
/
V O L U M E  4 3  S E P T E M B E R  1 ,  1 9 7 8  N U M B E R  1 8  J O C E A h

T H E  J O  URNO F Or ame
Chemistry

P U B L IS H E D  B IW E E K L Y  B T  T H E  A M E R IC A N  C H E M IC A L  S O C IE T Y



t h e  j o u r n a l  o f  Organic Chemistry
E D I T O R - I N - C H I E F :  FREDERICK D. GREENE

D ep artm en t o f  C hem istry, M assach u setts In s t itu te  o f  T echnology, Cam bridge, M assach u setts 02139

S E N I O R  E D I T O R S

W e r n e r  H e r z

Florida S ta te  U niversity  
T allahassee, Florida

W i l l i a m  J .  l e  N o b l e
S tate U niversity o f New York 

at S tony Brook 
S tony Brook, N ew  York

James A. Moore
U n iversity  o f  D elaw are  

N ew ark, D elaw are

A S S I S T A N T  E D I T O R :  Theodora W. Greene

M a r t i n  A .  S c h w a r t z

Florida S ta te  U niversity  
T allahassee, Florida

Eugene C. Ashby 
Robert A. Benkeser 
John I. Brauman 
Robert M. Coates 
Samuel Danishefsky

David A. Evans 
Janos H. Fendler 
Neville Finch 
Paul G. Gassman 
Donald M. Jerina

A D V I S O R Y  B O A R D

Carl R. Johnson IV
William M. Jones V
Jay K. Kochi H
Albert I. Meyers W
John G. Moffatt IV

Marvin L. Poutsma 
William A. Pryor 
Henry Rapoport 
William H. Saunders, Jr. 
Martin F. Semmelhack

William J. Sheppard 
Nicholas J. Turro 
Milan R. Uskokovic 
Earle Van Heyningen 
George W. Whitesides

E X - O F F I C I O  M E M B E R S :  George H . Coleman, Sanibel Island, Florida  
Peter A. Beak, l  Jniversiiy o f  Illinois {S ecreta ry  o f  th e  D ivision o f  Organic C h em istry o f  th e  A m erican C hem ical S o c ie ty )

Published by the
A M E R I C A N  C H E M I C A L  S O C I E T Y

B O O K S  A N D  J O U R N A L S  D I V I S I O N

D. H. Michael Bowen, D irector; Marjorie 
Laflin, Assistant to the Director

Editorial Department: Charles R. Bertsch, 
Head; Marianne C. Brogan, Associate 
Head; Susan H. Reich, Assistant Editor; 
Robert J. Palangio and Kenneth E. 
Phillips, Editorial Assistants; Mark 
Hackworth, Staff Editor 

Magazine and Production Department: Bacil 
Guiley, Head

Research and Development Department: 
Seldon W. Terrant, Head

Advertising Office: Centcom, Ltd., 25 Silvan 
Road South, Westport, Conn. 06880.

© Copyright, 1978, by the American 
Chemical Society. P e r m i s s i o n  of the Amer
ican Chemical Society is granted for libraries 
and other users to make reprographic copies 
for use beyond that permitted by Sections 
107 or 108 of the U.S. Copyright Law, pro
vided that, for all articles bearing an article 
code, the copying organization pay the stated 
per-copy fee through the Copyright Clear
ance Center, Inc. For further information 
write to Office of the Director, Books and 
Journals Division at the ACS Washington 
address.

Published biweekly by the American 
Chemical Society at 20th and Northampton 
Sts., Easton, Pa. 18042. Second class postage 
paid at Washington, D.C., and at additional 
mailing offices.

E d i t o r i a l  I n f o r m a t i o n

i n s t r u c t i o n s  f o r  a u t h o r s  are printed in 
the first issue of each volume. Please conform 
to these instructions when submitting man
uscripts.

American Chemical Society 
1155 16th St., N.W.
Washington, D.C. 20036 
(202)872-4600

N otice

M a n u s c r i p t s  f o r  p u b l i c a t i o n  should be 
submitted to the Editor, Frederick D. Greene, 
at his Cambridge, Mass., address.

Correspondence regarding a c c e p t e d  p a 

p e r s  a n d  p r o o f s  should be directed to the 
Editorial Department at the address below.

P a g e  c h a r g e s  of $70.00 per page may be 
paid for papers published in this journal. 
Payment does not affect acceptance or 
scheduling of papers.

B u l k  r e p r i n t s  o r  p h o t o c o p i e s  of indi
vidual articles are available. For information 
write to Business Operations, Books and 
Journals Division, at the ACS Washington 
address.

The American Chemical Society and its 
Editors assume no responsibility for the 
statements and opinions advanced by con
tributors.

S u b s c r i p t i o n  a n d  B u s i n e s s  I n f o r m a t i o n

1 9 7 8  s u b s c r i p t i o n  p r i c e s ,  printed or mi
crofiche, including postage. Microfiche by air 
mail; printed by surface mail. Printed edition 
air mail or a:r freight rates available from 
Membership & Subscription Services at the
address below.

U.S. Foreign
Member $26.00 $36.00
Nonmember 104.00 114.00
Supplementary 20.00 38.00

material 
(available in
microfiche only)

N e w  a n d  r e n e w a l  s u b s c r i p t i o n s  should 
be sent with payment to the Office of the 
Controller at the ACS Washington address.

C h a n g e s  o f  a d d r e s s  must include both old 
and new addresses with ZIP code and a recent 
mailing label. Send all address changée ro the 
Membership & Subscription Services. Please 
allow 6 weeks feC change to become effective.

Editorial Department 
American Chemical Society 
P,0. Box.3330 . . .
Columbus, Ohio 432.10 
(614) 42.1.-6940, Rr,t. 317' ■

Authors last p rinted  in the issue o f January

C l a i m s  f o r  m i s s i n g  n u m b e r s  will not be
allowed if loss was due to failure of notice of 
change of address to be received in the time 
specified; if claim is dated, (a) North Ameri
ca: m ore than 90 days beyond issue date, (b) 
all other foreign: more than one year beyond 
issue date; or if the reason given is “missing 
from files”. Hard copy claims are handled by 
Membership & Subscription Services.

M i c r o f i c h e  editions of all ACS primary 
publications, by single volume or entire back 
issue collection, are available. For additional 
microfilm (and microfiche) information, 
contact Microforms Program at the ACS 
Washington address or call (202) 872-4554.

To order s i n g l e  i s s u e s  o r  b a c k  v o l u m e s ,  

printed or microfiche, contact Special Issue 
Sales at the ACS Washington address, or call 
(202) 872-4365. Current year single issue 
$5.00. Prior year single issue $5.00. Back 
volume $115.00. Foreign postage addition
al.

S u p p l e m e n t a r y  m a t e r i a l  mentioned in 
the journal appears in the microfilm edition. 
Papers containing supplementary material 
are noted in the Table of Contents with a ■. 
See Supplementary Material notice at end of 
article for number of pages. Orders over 20 
pages are available only on 24X microfiche. 
Orders must state photocopy or microfiche. 
Full bibliographic citation including names 
of all authors and prepayment are required. 
Prices are subject to change.

U.S. Foreign
Microfiche $3.00 $4.00
Photocopy

1-8 $5.50 $7.00
9-20 6.50 8.00

Single microfiche or paper copies of Supple
mentary Material may be ordered from 
Business Operations, Books and Journals 
Division at the ACS Washington address, or 
call (202) 875-4559.

Membership & Subscription Services
American Chemical Society
P.O. Box 3337
Columbus, Ohio 43210
(Cl 4) 421-7230

6, 1978



JOCEAh 43(18) 3435-3634 (1978) 
ISSN 0022-3263

TH E JOURNAL OF Organic Chemistry
©  C op yrigh t 1978

VOLUME 43, NUMBER 18 by th e  A m er ica n  C hem ical S o c ie ty  SEPTEMBER 1, 1978

Ka-Kong Chan,* 
Anthony C. Specian, Jr., and 

Gabriel Saucy
Bruce L. Onisko, Heinrich K. Schnoes,* 

and Hector F. DeLuca

Iwao Ojima,* Tetsuo Kogure, 
Toshinaga Terasaki, and Kazuo Achiwa

Amolak C. Jain,* Deepak K. Tuli, and 
Ramesh C. Gupta

Sow-Mei L. Chen,* Robert E. Schaub, 
and Charles V. Grudzinskas

Martin D. Higgs and D. John Faulkner*

Paul F. Wiley,* David W. Elrod, and 
Vincent P. Marshall

Roland E. Lehr,* Charles W. Taylor, 
Subdh Kumar, He Duck Mah, and 

Donald M. Jerina

Tetsuo Otsubo, Dieter Stusche, and 
Virgil Boekelheide*

David Kamp and Virgil Boekelheide*

David Kamp and Virgil Boekelheide*

Gary L. Grünewald,* D. Eric Walters, 
and Timoth R. Kroboth

David N. Harpp,* Barry T. Friedlander, 
Charles Larsen, Kosta Steliou, and 

Alan Stockton

Vytautas Grakauskas* and 
Allen M. Guest

Philip Klemarczyk and 
Myron Rosenblum*

David Meidar,* Yuval Halpern, and 
Tuvia Sheradsky

Ioannis M. Takakis and 
Yorke B. Rhodes*

Roger Barlet

Mario Anastasia,* Alberto Fiecchi, and 
Antonio Scala

Louis D. Quin* and Lory B. Littlefield

A. Fitzgerald,* J. A. Campbell,* 
G. D. Smith, C. N. Caughlan, and 

S. E. Cremer

3435 Synthesis of (2i?,4'R,8'i?)-a-Tocopheryl Acetate (Vitamin E Acetate) Using 
[3,3] Sigmatropic Rearrangement

3441 Two New Vitamin D Isomers. Formation of
(3S,10.R)-(Z,Z)-9,10-Secocholesta-5,7,14-trien-3-ol and Its lOS-Epimer from 
cis-IsotachysteroL via Facile [1,7] Sigmatropic Rearrangements

3444 Effective Biomimetic Route to D(+)-Pantothenate Using Asymmetric
Hydrogenation Catalyzed by a Chiral Rhodium Complex in the Key Step

3446 Synthesis of Pomiferin, Auriculasin, and Related Compounds

3450 Prostaglandins and Congeners. 19. Vinylstannanes: Useful Organometallic 
Reagents for the Synthesis of Prostaglandins and Prostaglandin 
Intermediates

3454 Plakortin, an Antibiotic from Plakortis halichondrioides
3457 Biosynthesis of the Anthracycline Antibiotics Nogalamycin and 

Steffimycin B

3462 Synthesis of the Non-K-region and K-Region trans-Dihydrodiols of 
Benzo[e]pyrene

3466 Syntheses of Dihydropyrenes and Triple-Layered [2.2]Metacyclophanes

3470 Syntheses of syrt- [2.2]Metacvclophanes and Triple-Layered anti- [2.2]Metacyclophanes

3475 Chemical Behavior of cis- 15,16-Dimethyldihydropyrene

3478 Synthesis of Bridgehead Hydroxyl-Substituted Benzobicyclo[3.2.1]octenes 
and -octadienes via an Acyloin Rearrangement in the 
Benzobicyclo[2.2.2]octene Ring System

3481 Use of Trimethylsilyl Group in Synthesis. Preparation of Sulfinate Esters 
and Unsymmetrical Disulfides

3485 Dinitromethane

3488 Competitive Processes in the Hydration of Dicarbonyl 
ij5-(Cyclopentadienyl)alleneiron Cations

3493 Specific Ortho Bromination of Substituted Benzenes. 3. Gas-Phase 
Dealkylation of the tert-Butyl Group from 4-t-Bu-2-BrCeH3X

3496 Cyclopropanation of Some Simple Olefinic Compounds. Byproduct 
Formation in Excess Simmons-Smith Reagent

3500 Reduction of gem-Dihalocyclopropanes with Zinc. Monoreductive
Dehalogenation of gem-Dihalocyclopropyl Methyl Ketones and Dioxolanes

3505 Side-Chain Inversion of Steroidal Olefins Promoted by Hydrogen Chloride

3508 Importance of the Structure of the Phosphorus Functionality in Allowing 
Dihedral Angle Control of Vicinal 13C-31P Coupling. Carbon-13 NMR 
Spectra of 7-Substituted Bicyclo[2.2.1]heptane Derivatives

3513 Solid-State Studies on Crowded Molecules. Crystal and Molecular 
■ Structures of 2,2,3-Trimethvl-l-phenylphosphetane 1-Oxide and 

2,2,3,3,4-Pentamethyl-l-phenylphosphetane 1-Oxide



2A J. Org. Chem., Vol. 43, No. 18,1978

CROWN ETHERS
WE STILL HAVE THE LOWEST PRICES

S Y N T H E T IC  A P P L IC A T IO N S
Crown ethers are known for their ability to form stable complexes 
with alkali and alkaline earth cations. Cation complexation results in 
highly activated (“naked”) anions which are useful in a wide variety 
of synthetic applications. A few of these applications are listed 
below.

O N E  S T E P  H Y D R O L Y S IS /D E C A R B O X Y L A T IO N  O F  M A L O N IC  
E S T E R S  T O  A L K Y L  E S T E R S

R-CH(C02Et)2 1) KOH/18-Crown-6

2) Heat

D. H. Hunter, R. A. Perry, Synthesis, 1977 (1), 37.

R-CH2C02Et
45-95%

ChhO
o

n 2b f „ ■

A R Y L  C O U P L IN G S

18-Crown-6

KOAc/Benzene
CH3i O

R -O C -C I

P R E P A R A T IO N  O F  C Y A N O F O R M A T E S

18-Crown- 6/KCN
0

R-O-C-CN
66% (from Aniline)

Best Literature Yield is 25% 

G. W. Gokel, L. Blum, and S. H Korzenowski, Tetrahedron Lett., 1977 (22) 1871.

CH2CI2

M. E. Childs, W. P. Weber, J. O rg. Chem., 41(21) 3486(1976)

62-94%

H Y D R O G E N  C Y A N ID E  A D D IT IO N  

W IT H O U T  H Y D R O G E N  C Y A N ID E

S E L E C T IV E  H Y D R O L Y S IS  O F  E S T E R S

0 9

18-Crown-6/Benzene

KCN (catalytic amount) 
Acetone cyanohydrin 
reflux 3 hr.

C. L. Liotta, A. M. Dabdouband L. H. Zalkow 
Tetrahedron Lett., 1977 (13), 1117

R-C-O-R' K 02(KOH)/18-Crown-6 RCOH + R'OH
(Amides & Nitriles remain unaffected)

J. San Filppo, L. J. Ramano, C.l. Chern, and J. S. Valentine,./. O rg. Chem., 41 (3) 586 
(1976).

S Y N T H E S IS  O F  A L L E N E S  A N D  C Y C L O P R O P A N E S
a/b : 1/4 85%

+ Acetone

IM P R O V E D  P E P T ID E  S Y N T H E S E S
Or*+CHv  «

CHa- C=CH

Dicyclohexo-18-crown-6 t 

KOH/Benzene £ > = = <
c h 3

c h 3

O Rh I
© -C H z -C I +  K-O-C-C-N-BOC  

H H
Merrifiekd Resin

18-Crown-6/DMF

50“C

tí I
. ® - C H 20-C -C -N -B 0C  

^  H H

100% T. Sasaki, S. Eguchi, M. O hnoand F. Nakata, J. O rg. Chem ., 41, 2409 (1976)

R. W. Roeske, P.D. Gessellchen, Tetrahedron Lett., 1976 (38), 3369-3372.

Potassium cyanide in the presence of 18-Crown-6 reportedly gives selective 
cleavage of protected amino acids and peptides from oxyacyl resins.
J. P. Tam, W. F. Cunningham-Rundles, B. W. Erickson, and R. B. Merrifield, Tetrahedron  
Lett., 1977, 4001.

Parish Chemical offers almost two hundred Crown Ethers and re
lated ligands. If we don’t already have the one you need we can 
probably make it for you. We also do contract research on applica
tions. If you need technical assistance give us a call or drop us aline. 
We’ll be happy to help.

D IS P L A C E M E N T  O F  B R O M ID E  B Y  O X Y G E N

Br
18-Crown-6/K02

W R IT E  F O R  O U R  

A P P L IC A T IO N S  B O O K L E T
63%

T. Yamaguchi and H. C. Van der Plas, Rec. Trav. Chim. Pays-Bas, 96 (3), 89(1977).

o-

A R Y L  H A L ID E S  F R O M  A N IU N E S

_  18-Crown-6

N2BF4

CHCI3/CH3I

18-Crown-6

W KOAc/CHCla

Cl Cl
G. W. Gokel, and S. H. Korzenowski, Tetrahedron Lett., 1977 (43), 3519.

R E D U C T IO N  O F  D IA Z O N IU M  S A L T S

N 2B F 4 Dicyclohexo-18-crown-6

CH2Cl2/Cu

G. D. Hartman, S. E. Biffar, J. O rg. Chem., 42, 1468 (1977).

CHaO N2BF4
18-Crown-6/CHCh

CH 3I
Cu20  H3P 02

S. H. Korzenowski, L. Blum, J. O rg. Chem., 42, 1469 (1977'

1405 Benzo-15-crown-5 5g $13.65; 25g $48 .50

1816 1 2 -Crown-4 5g $12.50; 25g $49.50

3424 15-Crown-5, tech. 100g $87 .50

2259 1 5 -Crown-5, purified 5g $10.50; 25g $ 3 4 .9 5

1404 Cyclohexo-15-crown-5 5g $16.50; 25g $58.95

3423 18-Crown-6, tech. 100g $39.25; 500g $165.00

2260 18-Crown-6, purified 5 g $ 5 .5 0 ; 25g $ 2 4 .9 5

2428 18-Crown-6, acetonitrile complex 10g $8.25; 50g $31.75

3411 Dibenzo-18-crown-6, tech. 25g $15.85; 100g $45.75

1350 Dibenzo-18-crown-6, 99% 10g $10.25; 50g $ 3 2 .9 5

2261 Dibenzo-24-crown-8 lg $ 7 .9 5 ; 5g $24.75

1406 Dicyclohexo-18-crown-6, tech. 10g $12.50; 100g $98.50

2032 Dicyclohexo-18-crown-6, purified 5 g $ 1 0 .9 5 ; 2 5 g $ 46 .9 6 ;

(white crystals mp 50-60) 100g $170.00

2262 Dicyclohexo-24-crown-8 Ig $12.50; 5g $37.50

P A R IS H  C H E M IC A L  C O M P A N Y
815 W EST COLUMBIA LANE, PROVO, UTAH 84601 (801)375-4943
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A N E W
F L U O R I N A T I N G

R E A G E N T
DIETHYLAMINOSULFUR TRIFLUORIDE (D A ST)

Recently, Middleton1 and Markovskij and co-workers2  have shown 
diethylaminosulfur trifluoride (DAST) 3 to be an excellent reagent for 
the replacement of the oxygen function in alcohols and carbonyl con
taining compounds with fluorine.

The use of DAST has several advantages over other fluorinating re
agents such as SF4. The reagent itself is a liquid which can be handled 
in conventional laboratory glassware. Reactions can be carried out under 
very mild conditions allowing multi-functional alcohols to be selectively 
fluorinated. Furthermore, side reactions such ascarbonium ion rearrange
ments and dehydrations are less likely to occur when using DAST.

Primary, secondary and tertiary alcohols can be fluorinated with 
DAST usually in high yields. Reaction with most substrates is rapid, 
even at-50°C. DAST is also fineing applications in sugar chemistry. It 
has been utilized in the synthesis of 3-deoxy-3-fluoro-D-glucoses and 
was found to be a mild enough reagent to allow the use of the O-acetyl 
protecting .group in the synthesis of 6 -fluoro-6 -deoxy-D-glucopyranose6.

Aldehydes and ketones undergo reaction with DAST, usually at am
bient temperature, to give good yields of the gem-difluoro derivatives. 
A particular advantage here is that the reaction can be run under non- 
acidic conditions rendering it especially useful for acid-sensitive sub
strates (e.g. pivaldehyde).

(C H 3 ) 3C C H O  d a s t .  (c h 3 ) 3c c h f ,
C C I3 F 78%

Carboxylic acids give the acid fluoride2 . A more recent publication7 

has described the application of DAST to prepare gem -6 ifluorosacchar- 
ides from sugar aldehydes and ketones in the pyranosyl form.

Tetraalkylthiuran disulfide, triphenylphosphine, triphenylphosphine 
disulfide and trimethylchlorosilans are also fluorinated with DAST2 .

Available from s tock :
11976-8 Diethylaminosulfur trifluoride 10g—$25.00; 50g—$88.50
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A  n e w  s y n t h e s i s  o f  ( 2 R , 4 'R , 8 7 ? ) - a - t o c o p h e r y l  a c e t a t e  ( l b )  w a s  a c h i e v e d  b y  t h e  a p p l i c a t i o n  o f  s t e r e o s e le c t i v e  [ 3 ,3 ]  

s i g m a t r o p i c  ( C l a i s e n )  r e a r r a n g e m e n t .  T r e a t m e n t  o f  t h e  ( S ) - c h r o m a n y l a c e t a l d e h y d e  6  w i t h  p r o p y n y l m a g n e s i u m  

b r o m i d e  g a v e  t w o  d i a s t e r e o m e r i c  a c e t y l e n i c  c a r b i n o l s ,  ( R ) - 1 5 a  a n d  ( S ) - 1 6 a  ( ~ 2 : 1 ) .  O r t h o e s t e r  C l a i s e n  r e a r r a n g e 

m e n t  o f  a l l y l i c  a l c o h o l s  (R,E)~  1 7  a n d  ( S , Z ) - 1 8 ,  r e s p e c t i v e l y ,  y i e l d e d  t h e  s a m e  u n s a t u r a t e d  e s t e r ,  (R ,E )-  1 9 a ,  w i t h  

e s s e n t i a l l y  c o m p l e t e  c h i r a l  t r a n s m i s s i o n .  T h e  e s t e r  1 9 a  w a s  c o n v e r t e d  in r o  t o s y l a t e  2 4 b  b y  s t a n d a r d  t r a n s f o r m a 

t i o n s .  C o u p l i n g  o f  2 4 b  w i t h  t h e  o p t i c a l l y  a c t i v e  n i n e - c a r b o n  s y n t h o n  2 5 c  f u r n i s h e d  t o c o p h e r y l  b e n z y l  e t h e r  ( l c ) .  

H y d r o g e n a t i o n  o f  l c  f o l l o w e d  b y  a c e t y l a t i o n  t h e n  a f f o r d e d  l b  (vitamin E  acetate). T h e  c o m p l e t e  t r a n s f e r  o f  c h i r a l 

i t y  f r o m  (R ,E ) - 1 7  a n d  ( S , Z ) - 1 8  t o  (R ,E )-  1 9 a  d e m o n s t r a t e s  t h e  w i d e  p o t e n t i a l  a p p l i c a b i l i t y  o f  t h i s  [ 3 ,3 ]  s i g m a t r o p i c  

p r o c e s s  in  t h e  s y n t h e s i s  o f  o p t i c a l l y  a c t i v e  s u b s t a n c e s .

Previous approaches to the synthesis of ('2R,4'R,8'R)-a- 
tocopherol (la) and the acetate lb have involved Wittig re
actions between the homologous chromanyl aldehydes 2 and

Scheme I

la, R = H (vitamin E)
b, R = COCH3
c, R = CH2C6H5

2a, R = COCH3; R, = CHO 
b, R = CH2Ph; R, = CHO
3, R = COCH3; R, = CH2CHO
4, R = CHjPh; R, = CH2CH20 S 0 2C6H„-pCH3
5, R = H; R, = CH2COOH
6, R = CH2Ph; R, = CH2CHO

7a, R2 = CH2CH2P+Ph3Br-
b, R2 = CH2P+Ph3Br~
c, R2 = CHjMgBr 

8a, R2 = CH2CH2OH
b, R2 = CH2OH

3 and the optically active side chain synthons 7a1 and 7b,2 
respectively, or alternatively, coupling of the chromanyl tos
ylate 4 with the Grignard reagent 7c3b (Scheme I). In our re
cent papers,33’4 the preparation of highly enantiomerically 
pure isoprenoid synthons such as 8a4 and 8b3a (precursors to
7) via [3,3] sigmatropic (Claisen) rearrangements was de
scribed. The success of this approach (Scheme II) depends on 
the complete transfer of chirality from allylic alcohols such 
as (R,Z)-lla and (S,E)- 12b [derived from acetylenic carbinols 
(R)-10a and (S)-10b, respectively] to the optically active 
product (S,E)- 13a.4 An important feature of this synthesis 
involves the economical utilization of both antipodal or dia
stereomeric carbinols (f?)-10a and (S)-10b for the production 
of the same target molecule. Furthermore, the absolute con
figuration of the final product can be manipulated simply by 
choosing the right combination of absolute configuration and 
geometry of the allylic alcohols. Thus, allylic alcohols (R,Z)- 
-11a and (S,E)-I2b give the optically active (»S',A)-13a (path 
i, Scheme II), whereas the isomers possessing the alternate 
geometry, namely, (jR,E)-12a and (S,Z)-llb, generate the 
antipodal or diastereomeric (R,E)-I3h (path ii). In this 
manner, it is possible to construct optically active isoprenoid 
synthons utilizing either a “ right-to-left” (path i)5 or “ left- 
to-right” (path ii)5 strategy. In the present report, we would 
like to disclose an alternative synthesis of vitamin E acetate 
(lb), which further demonstrates the versatility of this con
cept.

Our synthetic plan (Scheme III) was based upon the con
sideration that the vitamin E molecule could be constructed 
starting from the chroman moiety using a “ left-to-right” 
approach, provided diastereomerically pure carbinols 17 [cf. 
(R,E)-12a] and 18 [cf. (S,Z)-llb] were readily accessible 
(Scheme III). We envisioned that the synthon 19a [cf. (R,E)~ 
13b], resulting from orthoester Claisen rearrangement of these 
carbinols and possessing the required chirality at the newly 
secondary methyl center, would be easily elaborated into the 
target molecule 1.

0022-3263/78/1943-3435$01.00/0 © 1978 American Chemical Society 3435
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Results and Discussion
We set as our first goal the preparation of the required di- 

astereomerically pure acetylenic carbinols. The starting ma
terial for our synthesis was the readily available optically ac
tive 2-chromanylacetaldehyde 6, easily obtained from (S)- 
chroman-2-acetic acid (5)6 as described previously.2 Treat
ment of 6 with propynylmagnesium bromide4 gave a 2:1 
mixture of acetylenic carbinols 14a (Scheme III). Crystalli
zation of the corresponding mixture of 3,5-dinitrobenzoates 
14b followed by alkaline hydrolysis and further crystallization 
of the crude hydrolysate afforded the major acetylenic car
binol 15a. The minor carbinol 16a was obtained from the 
mother liquor by recrystallization The absolute configura
tions of 15a and 16a7 were assigned to be R and S, respec
tively, by chemical transformations described below.

Reduction of 15a with sodium bis(2-methoxyethoxy)alu- 
minum hydride4 gave the allylic alcohol (R,E)-17, whereas 
partial hydrogenation of 16a with Lindlar catalyst8 afforded 
the (S,Z)-18. Claisen rearrangement of 17 and 18 with triethyl 
orthoacetate-propionic acid4’9 in both cases yielded the same 
unsaturated ester (3fi,4£)-19a [cf. (R,E)- 13b in Scheme II]. 
On the other hand, partial hydrogenation of 15a furnished the 
R,Z allylic alcohol 20, which underwent Claisen rearrangement 
to give the diastereomeric unsaturated ester (3S,4E)-21a [cf. 
(S,E)- 13a in Scheme II]. Based on the results of various Cla
isen rearrangements reported earlier,4 the absolute configu
ration of the newly introduced asymmetric center in unsatu

14-16a. R =  H 19.21a, R =  OC2H5

rated ester 19a could be assigned to be R. This was further 
confirmed by the following sequence of transformations. 
Hydrolysis of ester 19a gave the corresponding unsaturated 
acid 19b, ozonolysis of which yielded a mixture of acidic 
compounds which was then treated with diazomethane. The 
crude product was purified by column chromatography on 
silica gel to give (E)-(+)-dimethyl 2-methylsuccinate10 (22) 
(Scheme IV). A reference sample of 22 was further prepared 
from the unsaturated acid 13b (R' = OH), which had been 
shown to have the R configuration4’11 and was in turn derived 
via allylic alcohols {R,E)- 12a and (S,Z)-llb, from the optically 

S c h e m e  I V

( R , E ) - 1 2 a , ( S , Z ) - l l b  — *  ( R , £ ) - 1 3 b
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active acetylenic carbinols 10a and 10b, respectively.4 'H 
NMR studies of 22 [derived from unsaturated acid 13b (R/ = 
OH)] using an optically active shift reagent [tris[((heptaflu- 
oroprop-3-yl)hydroxymethylene)-d-camphorato]europi- 
um(III), Eu(hfbc)3]12 revealed the presence of a singlet signal 
for the sec-carbomethoxy group (CH3CHCOOCH3) at 5 4.78 
(racemic 22 displayed two singlets at 5 4.78 and 4.82, respec
tively, with equal intensity), while the primary carbomethoxy 
function (CH2COOCH3) of 22 exhibited a singlet at 5 4.69. 
Comparison of 22 derived from ester 19b with the reference 
sample [derived from unsaturated acid (R,E)-13b] thus firmly 
established the R configuration of the sec-methyl group in 
acid 19b. Based on previous results and the established 
mechanism4 of the Claisen rearrangement, these results 
provide confirmation of the absolute configurational assign
ment of the starting allylic alcohols (2R,3£)-17 and 
(2S,3Z)-18.

The enantiomeric purity of the new chiral center in 19a was 
first estimated to be nearly 100% by NMR studies on 22 as 
mentioned earlier. The exact enantiomeric compositions at 
C(3), however, were obtained by LC analysis4"13 of the corre
sponding (R)-a-methyl-p-nitrobenzylamide derivatives 19c 
and 21c: showing 98.9% R, 1.1% S [19c derived from (R,E)-\7]\ 
98.8% R, 1.2% S [19c derived from (S,Z)-18];and 4% R, 96% 
S [21c derived from (R,Z)-20], respectively. The transfer of 
chirality therefore was essentially 100% in going from allylic 
alcohols (R,E)-17 and (S,Z)-18 to unsaturated ester (R,E)- 
19a.

Having accomplished the synthesis of the desired key in
termediate 19a (cf. compound 13b as shown in Scheme II) 
with 99% R purity at C(3), we then proceeded to construct the 
target molecule 1. Hydrogenation of unsaturated ester 19a 
using 5% palladium on carbon gave the saturated ester 23a

Scheme V

2 3 a ,  R  =  O C I I  

b, R = OH
H CH,

/

2 4 a ,  R  =  H

b, R  =  S 0 2C 6H 4 - p C H 3
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I
l a . b

(Scheme V). 4H NMR studies of the corresponding methyl 
ester 23d, using a chiral shift reagent, indicated the enan
tiomeric composition at C(3) to be approximately 90% S and 
10% R. Thus, racemization had occurred to a certain extent 
during hydrogenation using palladium as catalyst.4® On the 
other hand, hydrogenation of 19a with Raney nickel at 25 °C, 
30 psi, resulted in partial cleavage of the benzyl ether group; 
therefore, the crude product of hydrogenation was treated 
with benzyl chloride-potassium carbonate to give the desired 
saturated ester 23a in good yield. This material was converted 
to the corresponding (R)-(+)-a-methyl-p-nitrobenzylamide 
23c, having an enantiomeric composition at C(3) of 96.1% S 
and 3.9% R by LC analysis. Clearly, Raney nickel catalyst is 
preferred, although the reaction conditions for the hydroge
nation step have not yet been optimized. Reduction of satu
rated ester 23a (derived from 19a by hydrogenation using 
palladium catalyst)14 with sodium bis(2-methoxyethoxy)- 
aluminum hydride afforded the optically active chromanyl 
alcohol 24a, which was then converted to the corresponding 
tosylate 24b in the usual manner.20 With this optically active 
tosylate 24b in hand, the stage was set to achieve the final goal, 
which could be accomplished by coupling of 24b with an op
tically active nine-carbon synthon derived from 25a. To this 
end, the nine-carbon Grignard reagent 25c,3a prepared from 
alcohol 25a3®’15 via the bromide 25b,3a was allowed to react 
with the tosylate 24b in the presence of Li2CuCl43a"16 to give 
(2R,4'R,8'R ) -a-tocopheryl benzyl ether (lc)3a (69% yield), 
which was then converted to the corresponding acetate lb,17 
shown to be identical (IR, NMR, and MS spectroscopy, GC, 
and TLC) with an authentic sample.2

In summary, a new synthesis of vitamin E (lb) was achieved 
by the application of stereoselective [3,3] sigmatropic rear
rangement. It was further demonstrated that both R and S 
allylic alcohols {R,E)-17 and (S,Z)-18 [cf. (R,E)- 12a and 
(S,Z)-lib, Scheme II] could be utilized productively to give 
the same optically active synthon (19a), and the transfer of 
chirality in this [3,3] sigmatropic process was essentially 100%. 
These findings, together with our earlier reports3’4 and results 
of other groups,18 demonstrate the wide potential applicability 
of these Claisen rearrangements in the synthesis of optically 
active substances.19

Experimental Section
General. M e l t i n g  p o i n t s  w e r e  d e t e r m i n e d  o n  a  R e i c h e r t  m i c r o 

m e l t i n g  p o i n t  a p p a r a t u s  a n d  a r e  u n c o r r e c t e d .  S p e c t r a l  a n d  g a s  

c h r o m a t o g r a p h i c  m e a s u r e m e n t s  w e r e  p e r f o r m e d  b y  m e m b e r s  o f  t h e  

P h y s i c a l  C h e m i s t r y  D e p a r t m e n t  o f  H o f f m a n n - L a  R o c h e  I n c .  u s i n g  

t h e  f o l l o w i n g  i n s t r u m e n t s :  I R ,  B e c k m a n n  I R  9  o r  P e r k i n - E l m e r  6 2 1  

s p e c t r o p h o t o m e t e r s ;  U V ,  C a r y  M o d e l  1 4  s p e c t r o m e t e r ;  N M R ,  V a r i a n  

A - 6 0  a n d  H A - 1 0 0  s p e c t r o m e t e r s  w i t h  t e t r a m e t h y l s i l a n e  a s  a n  i n t e r n a l  

s t a n d a r d ;  G C ,  B e c k e r  4 0 9  o r  H e w l e t t - P a c k a r d  5 7 0 0  i n s t r u m e n t s  w i t h  

a  f l a m e  io n i z a t i o n  d e t e c t o r ;  [«]d , P e r k i n - E l m e r  1 4 1  p o l a r i m e t e r .  L C  

s e p a r a t i o n s  w e r e  c a r r i e d  o u t  a s  d e s c r i b e d  p r e v i o u s l y .4 ’ 1 3  C o l u m n  

c h r o m a t o g r a p h y  w a s  p e r f o r m e d  u s i n g  M e r c k  ( D a r m s t a d t )  s i l i c a  g e l,  

0 .0 6 3 - 0 .2  m m . U n le s s  o t h e r w is e  n o t e d ,  t h e  “ u s u a l  w o r k u p ”  p r o c e d u r e  

in v o l v e s  d i lu t i o n  o f  t h e  r e a c t i o n  m i x t u r e  w i t h  w a t e r  o r  b r i n e  f o l lo w e d  

b y  t h r e e  e x t r a c t i o n s  w i t h  t h e  s p e c i f i e d  s o l v e n t .  T h e  o r g a n i c  e x t r a c t s  

w e r e  t h e n  c o m b i n e d ,  w a s h e d  w h e n  a p p r o p r i a t e  w i t h  H 2 0 , 1  N  H C 1 ,  

s a t u r a t e d  N a H C C L ,  a n d / o r  s a t u r a t e d  b r i n e ,  d r i e d  o v e r  M g S 0 4, f i l 

t e r e d ,  a n d  c o n c e n t r a t e d  u n d e r  w a t e r  a s p i r a t o r  p r e s s u r e  a t  3 0 - 4 0  ° C  

o n  a  r o t a r y  e v a p o r a t o r .

(2S,2R*)-l-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl- 
2fl-benzopyran-2-yl)-3-pentyn-2-ol (15a) and (2S,2S*)-1- 
(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl-2JI-benzopy-
ran-2-yl)-3-pentyn-2-ol (16a). A s o l u t i o n  o f  t h e  a l d e h y d e  62 ( 6 4  g , 

0 . 1 9  m o l)  in  1 . 0  L  o f  d r y  e t h e r  w a s  a d d e d  d r o p w i s e  a t  ~ 4  ° C  w i t h  

m e c h a n i c a l  s t i r r i n g  u n d e r  a r g o n  t o  a  s u s p e n s i o n  o f  p r o p y n y l m a g -  

n e s iu m  b r o m id e  ( ~ 2 . 5  m o l;  p r e p a r a t io n  d e s c r ib e d  p r e v i o u s l y 4) in  ~ 1 . 0  

L  o f  e t h e r .  W h e n  t h e  a d d i t io n  w a s  c o m p le t e ,  t h e  r e a c t io n  m i x t u r e  w a s  

f u r t h e r  s t i r r e d  a t  ~ 4  ° C  f o r  0 .5  h  a n d  t h e n  a t  2 5  ° C  f o r  0 .5  h . T h e  r e 

a c t i o n  m i x t u r e  w a s  p o u r e d  in  s m a l l  p o r t i o n s  in t o  5 0 0  m L  o f  s a t u r a t e d  

a q u e o u s  N H 4C I  s o l u t i o n .  I t  w a s  w o r k e d  u p  w i t h  e t h e r  t o  g i v e  7 4  g  o f  

t h e  c r u d e  p r o d u c t  14a ( m i x t u r e  o f  i s o m e r s  c a .  2 : 1 ) .  T h i s  m a t e r i a l  ( 7 0
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g, 0.185 mol) was dissolved in 300 mL of dry pyridine, and the resulting 
solution was added at 4 °C to a solution of 73.6 g (0.37 mol) of p-tol- 
uenesulfonyl chloride and 39 g (0.19 mol) of 3,5-dinitrobenzoic acid 
in 300 mL of dry pyridine.20 The mixture was stirred at ~4 °C for 4
h. It was worked up with CHCI3 as usual, and the crude dinitroben- 
zoate 14b was crystallized from CH3OH-CHCI3 (~3:1) to give 63 g 
(59.4%) of 15b as yellow crystals (~84% 15b and 16% 16b by NMR). 
A small sample was recrystallized from CH3OH-CHCI3 for analysis: 
mp 150-156 °C; [a]25D +24.9° (c 4.39, CHC13); MS m/e 572 (M+); !H 
NMR (CDCI3) 5 1.34 (s, C(2) CH3, -95% of 15b), 1.44 (s, C(2) CH3, 
-5% of 16b), 1.80 (d, O CCH 3), 1.9-2.0 (m, CH2), 2.04, 2.14, and 2.16 
(s, 3ArCH3), 2.34 (d, CH2CH), 2.63 (t, ArCH2CH2), 4.58 (s, PhCH20, 
minor isomer), 4.63 (s, PhCH20, major isomer), 5.95 (m, CHC=C),
8.95 (m, 3,5-N02Ph, minor 16b), 7.4 (m, PhCH20), 9.12 (s, 3,5- 
N02Ph). Anal. Calcd for C32H32N20 8: C, 67.12; H, 5.63; N, 4.87. 
Found: C, 66.81; H, 5.67; N, 4.80.

The above dinitrobenzoate (60 g) was dissolved in 150 mL of 
methanol and 100 mL of 6 N NaOH. It was refluxed for 2.0 h and 
worked up with ether as usual to give 41.0 g of yellow oily material 
after chromatography on 150 g of silica gel (ether-petroleum ether 
2:3 as eluent). This mixture of acetylenic carbinols 15a and 16a was 
then crystallized from ether-petroleum ether (30-60 °C) to give 27.5 
g (38.5% from 6) of the major carbinol 15a: mp 89-91 °C; —16.2°
(c 5.05, CHCI3); MS m/e 378 (M+); IR (KBr) 3450 (OH) cm"1; 
NMR (CDCI3) b 1.29 (s, 3, C(2) CH3), 1.81 (d, C=CCH3), 2.07, 2.19, 
and 2.14 (3s, 9, 3ArCH3 ), 2.63 (t, CH2), 3.08 (d, CHOH), 4.66 (s, 
ArCH20-), 4.75 (m, CHOH), 7.4 (m, ArCH2-). Anal. Calcd for 
C25H3o0 3: C, 79.33; H, 7.99. Found: C, 79.20; H, 7.89.

The mother liquor from the first crystallization, yielding a mixture 
of 63 g of 15b and 16b, was evaporated to dryness at reduced pressure 
to give an oily residue. This was quickly filtered through 400 g of 
Florisil. Elution with CHC13 afforded 36 g of oily material which was 
dissolved in 100 mL of CH3OH containing 50 mL of 6 N NaOH. It was 
refluxed for 1.5 h and worked up with ether as usual. The crude 
product was filtered through 100 g of silica gel. Elution with ether- 
petroleum ether (2:3) gave 20 g of oily material consisting of ap
proximately 26% of 15a and 74% of 16a (by NMR). Crystallization of 
this material twice from ether-hexane gave 5.01 g (7% from 6) of 
acetylenic alcohol 16a as white crystals: mp 74-76 °C; [ « ] 25d  -42° ( c

5.01, CHCI3); MS m/e 378 (M+); IR (KBr) 3450 (OH) cm“ 1; iH NMR 
(CDCI3) b 1.34 (s, 3, C(2) CH3), 1.81 (d, C=CCH3), 2.07,2.21, and 2.14 
(3s, 9, 3ArCH3), 2.61 (t, CH2), 3.30 (d, CHOH), 4.65 (s, C6H5CH20),
4.82 (m, CHOH), 7.4 (m, ArCHj-). Anal. Calcd for C25H3o03: C, 79.33;
H, 7.99. Found: C, 79.41; H, 8.13.

(2S,2R*,3jE)-l-(.'l,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 
yl-2H-l-benzopyran-2-yl)-3-penten-2-ol (17). The acetylenic al
cohol 15a (5.0 g, 13.2 mmol) was dissolved in 50 mL of dry ether and 
treated dropwise with a solution of 4.1 mL (29 mg-atom of hydrogen) 
of sodium bis(2-methoxyethoxy)aluminum hydride (Aldrich Red-Al, 
70% in benzene) in 10 mL of ether. The resulting solution was refluxed 
for 17 h under argon and then cooled in an ice bath. A solution of 10% 
(by volume) aqueous H2S04 (100 mL) was carefully added. The 
mixture was filtered and washed with ether and water. The aqueous 
phase was again extracted with ether. The combined ether phases 
were washed with saturated aqueous NaHC03 solution and water and 
dried over MgS04. Evaporation of ether to dryness at reduced pres
sure yielded 5.21 g of crude product which was crystallized from pe
troleum ether to give 4.23 g of 17 as white needles: mp 68-70 °C; [a]25o 
-24.0° (c 5.00, CHC13); MS m/e 380 (M+); Raman (5145 A, neat) 1690 
cm“ 1; !H NMR (CDC13) 6 1.24 (s, 3, C(2) CH3), 1.66 (d, C=CCH3),
I. 79-2.02 (m, 2CH2), 2.06, 2.13, and 2.18 (3s, 9, 3ArCH3), 2.63 (m, 
CH2), 3.06 (s, OH), 4.42 (m, CHOH), 4.65 (s, ArCH20-), 5.58 (m, 
(E)-CH=CH, J = 15.5 Hz) 7.4 (m, ArCH2-). Anal. Calcd for 
C25H320 3: C, 78.91; H, 8.48. Found: C, 79.12; H, 8.63.

(2S,2S*,3Z)-l-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 
yl-2H-l-benzopyran-2-yl)-3-penten-2-ol (18). A mixture of 2.5 
g (6.60 mmol) of acetylenic alcohol 16a, 0.25 g of Lindlar catalyst, and 
0.1 mL of quinoline in 15 mL of ethyl acetate-hexane (2:1) was hy
drogenated at 23 °C for 4.0 h. The catalyst was removed by filtration 
and washed with ethyl acetate. The solvent was evaporated to dryness 
in vacuo, and the oily residue was dissolved in diethyl ether (300 mL), 
washed with 1 N HC1 and water, and dried over anhydrous MgS04. 
Evaporation of ether to dryness in vacuo gave 2.51 g of yellow oil which 
upon crystallization from pentane afforded 2.05 g of 18 as white 
crystals: mp 84-86 °C; [a]25D -30.6° (c 5.04, CHCI3); Raman (5145 
A, neat) 1675 [(Z)-C=C] cm“ 1; XH NMR (CDCI3) 6 1.41 (s, 3, C(2) 
CH3), 1.73 (d, C=CCH3), 2.11,2.18, and 2.23 (3s, 9,3ArCH3), 4.69 (s, 
ArCH20), 5.50 (m, (Z)-CH=CH, J = 7.5 Hz), 7.43 (m, C6H6). Anal. 
Calcd for C26H3203: C, 78.91; H, 8.48. Found: C, 78.69; H, 8.39.

(2S,3R *,4E’)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramcth-

yl-2ii-l-benzopyran-2-yl)-3-methyl-4-hexenoic Acid Ethyl 
Ester (19a). (A) From Allylic Alcohol 17. A mixture of 4.42 g 
(0.0116 mol) of (P.,E)-17,13.1 g (0.081 mol) of triethyl orthoacetate, 
and 85.5 mg (1.16 mmol) of propionic acid in a flask equipped with 
a short distilling column was degassed, placed under argon, and heated 
in an oil bath at 140 °C. The ethanol that formed was removed by 
distillation, and the solution was refluxed for 4.0 h. The excess of re
agent was removed under vacuum, and the resulting oily product was 
quickly chromatographed on 125 g of silica gel. Elution with 1:4 
ether-petroleum ether (30-60 °C) afforded 4.86 g (92% yield) of un
saturated ester 19a as a colorless oil: H 25d  +0.9° (c  5.05, CHC13); MS 
m/e 450 (M+); Raman (5145 A, neat) 1680, 1755 cm-1; JH NMR 
(CDCla) b 1.01 (d, J = 6 Hz, CHCH3), 1.17 (s, 3, C(2) CH3), 1.19 (t, 
COOCH2CH3), 1.78 (broad s, CH2), 2.07, 2.13, and 2.17 (3s, 9, 
3ArCH3), 2.82-2.52 (m, 3 ), 4.05 (q, COOCH2CH3), 4.64 (s, ArCH20),
5.52 (m, (E)-CH=CH, J = 15.5 Hz), 7.4 (m, CeHs). Anal. Calcd for 
C29H380 4: C, 77.16; H, 8.51. Found: C, 77.30; H, 8.50.

(B) From 18. A mixture of 500 mg of S,Z allylic alcohol 18,1.48 g 
of triethyl orthoacetate, and 9.7 mg of propionic acid was allowed to 
react as described above. After purification of the crude product by 
column chromatography on silica gel, 479 mg (81% yield) of the un
saturated ester 19a was obtained as a colorless oil: [ « ] 2Sd  +0.5° (c  4.2, 
CHCI3); IR and NMR spectra were identical with those described 
above in A.

(2S,3R*,4E)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 
yl-2H-l-benzopyran-2-yl)-3-methyl-4-hexenoic Acid (19b). A
solution of 2.0 g (4.4 mmol) of unsaturated ethyl ester 19a ([<*]2Sd 
+0.9°) in 7 mL of methanol and 2 mL of 6 N aqueous NaOH was re
fluxed for 2.0 h. The solution was diluted with water and extracted 
with ether. The aqueous alkaline phase was cooled in an ice bath and 
then acidified with concentrated hydrochloric acid. It was worked up 
with ether in the usual manner to give 1.57 g of unsaturated acid 19b 
as a colorless oil (84% yield): [a]26D —2.7° (c 3.18, CHC13); MS m/e 422 
(M+); IR (neat) 3000-3400, 1710 (COOH) cm"1; XH NMR (CDC13) 
b 1.06 (d, 3, CHCH3), 1.21 (s, 3, C(2) CH3), 1.75 (t, CH2), 2.08, 2.15, 
and 2.21 (3s, 9, 3ArCH3), 2.56 (t, CH2), 4.64 (s, ArCH20), 5.48 (m, 
(E)-CH=CH, J = 15.5 Hz), 7.4 (m, C6H5), 9.95 (broad, COOH). Anal. 
Calcd for C27H34C4: C, 76.75; H, 8.12. Found: C, 76.85; H, 8.09.

(2S,3Jf*,4E)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 
yl-2ff-l-benzopyran-2-yl)-3-methyI-4-hexenoic Acid (R )-a - 
Methyl-p-nitrobenzylamide (19c). A solution of 38 mg of unsatu
rated acid 19b (derived from R,E allylic alcohol 17 via ester 19a) and 
203 mg of oxalyl chloride in 5 mL of dry benzene was refluxed for 1.0 
h and worked up with ether in the usual manner to give 38 mg of the 
corresponding acid chloride. This material was treated with 49.8 mg 
of (R)-a-methyl-p-nitrobenzylamine as reported before13 to give the 
corresponding amine 19c which was analyzed by LC using conditions 
as described previously.13 The enantiomeric composition at C(3) was 
shown to be 1.1% S (k' 13.5) and 98.9% R (50 X 0.45 cm column packed 
with Partisil 10; eluent 20% THF in heptane, at 3 mL/min).

Similarly, the unsaturated acid 19b, which was derived from S,Z 
allylic alcohol 18, was transformed into the corresponding amide 19c 
as a viscous oil: LC 1.2% 3S (k' 13.5) and 98.8% 3R\ MS m/e 570 (M+); 
IR (neat) 3300 (NH), 1647 (amide CO) cm-1.

(2S,2R*,3Z)-l-(.3,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 
yl-2ff-l-benzopyran-2-yl)-3-penten-2-ol (20). A mixture of 5.0 
g (13.2 mmol) of acetylenic alcohol 15a, 0.5 g of Lindlar catalyst, and 
0.3 mL of quinoline in 150 mL of hexane-ethyl acetate (1:2) was 
stirred in an atmosphere of hydrogen at 25 °C until 1 equiv of hy
drogen was consumed. Workup as described above for 18 gave a yellow 
oil which upon crystallization from petroleum ether in a dry ice- 
acetone bath afforded 3.41 g of 20 as a white semisolid substance: mp
31-33 °C; H 25d -27.4° (c 3.67, CHC13); MS m/e 380 (M+); 3H NMR 
(100 MHz, CDC13) 51.30 (s, 3, C(2) CH3), 1.67 (d, 3, C=CCH3), 2.11,
2.18, and 2.22 (3s, 9,3ArCH3), 2.96 (s, OH), 4.69 (s, 2, ArCH20), 4.82 
(m, 1, CHOH), 5.51 (m, 2, (Z)-CH=CH), 7.43 (m, 5, C6H5). Anal. 
Calcd for C25H320 3: C, 78.91; H, 8.48. Found: C, 79.00; H, 8.44.

(2S,3S*,4E)-6-(3,4-Dihydro-6-benzyIoxy-2,5,7,8-tetrameth- 
yl-2fZ-l-benzopyran-2-yl)-3-methyl-4-hexenoic Acid Ethyl 
Ester (21a). A mixture of 4.0 g (10.5 mmol) of the R,Z allylic alcohol
20,77.3 mg (1.05 mmol) of propionic acid, and 11.8 g (73.5 mmol) of 
triethyl orthoacetate was refluxed for 3.0 h, while the ethanol that 
formed was removed by distillation. The mixture was worked up as 
described earlier. The crude product was chromatographed on 125 
g of silica gel. Elution with ether-petroleum ether (1:4) gave 4.72 g 
(98% yield) of unsaturated ester 21a as a colorless oil: [a]25D +19.6° 
(c 5.02, CHCI3); MS m/e 450 (M+); IR (neat) 1735 (COOC2H5) cm"1; 
JH NMR (100 MHz, CDC13) 5 1.05 (d, CHCH3), 1.20 (s, 3, C(2) CH3),
1.20 (t, 3, COOCH2CH3), 2.08,2.14, and 2.19 (3s, 9,3ArCH3), 2.57 (m, 
2, CH2COOC2H5), 4.08 (q, 2, COOCH2CH3), 4.67 (s, 2, ArCH20), 5.45
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( m , 2 ,  C H = C H ) ,  7 .4 2  ( m , C 6 H 6). A n a l .  C a l c d  f o r  C 2 9 H 3 8 0 4 : C ,  7 7 . 1 6 ;  

H ,  8 . 5 1 .  F o u n d :  C ,  7 7 . 4 3 ;  H ,  8 .5 0 .

(2S,3S*,4.E)-6-(3,4-Dihydro-G-benzyloxy-2,5,7,8-tetrameth- 
yl-2ff-l-benzopyran-2-yl)-3-methyl-4-hexenoic Acid (21b). A

m i x t u r e  o f  u n s a t u r a t e d  e s t e r  21a ( 1 . 5  g ,  3 . 3 4  m m o l ) ,  2  m L  o f  6  N  

N a O H ,  a n d  1 0  m L  o f  m e t h a n o l  w a s  r e f l u x e d  f o r  2 .0  h . W o r k u p  a s  

u s u a l  g a v e  1 . 3 3  g  (9 4 %  y ie ld )  o f  t h e  u n s a t u r a t e d  a c i d  21b a s  a  c o lo r le s s  

o i l :  H 25d  +  2 2 . 4 °  (c  2 .6 7 ,  C H C 1 3 ) ; M S  m / e  4 2 2  ( M + ) ;  I R  ( n e a t )  

3 0 0 0 - 3 4 0 0 ,  1 7 1 0  ( C O O H )  c m " 1 ; ‘ H  N M R  ( 1 0 0  M H z ,  C D C 1 3 ) <5 1 . 0 2  

( d , 3 ,  C H C H S) , 1 . 1 5  ( s ,  3 ,  C ( 2 )  C H 3 ) ,  2 .0 6 ,  2 . 1 2 ,  a n d  2 . 1 7  ( 3 s ,  9 , 

3 A r C H 3 ) , 4 .6 5  ( s , 2 ,  A r C H 2 ) , 5 .4 5  ( m , 2 ,  C H = C H ) ,  7 .3 8  ( m , C 6H 5 ),

1 0 .9 0  ( C O O H ) .  A n a l .  C a l c d  f o r  C 2 7 H 34 O 4 : C ,  7 6 . 7 5 ;  H ,  8 . 1 2 . F o u n d :  

C ,  7 6 .6 4 ;  H ,  8 .0 7 .

T h e  a c i d  21b w a s  c o n v e r t e d ,  a s  d e s c r i b e d  e a r l i e r ,  t o  t h e  c o r r e 

s p o n d in g  ( R ) - a - m e t h y l - p - n i t r o b e n z y l a m i d e  2 1 c, w h o s e  e n a n t i o m e r ic  

c o m p o s i t io n  a t  C ( 3 )  w a s  s h o w n  b y  L C  ( c o n d i t i o n s  t h e  s a m e  a s  d e 

s c r i b e d  f o r  19c) t o  b e  9 6 %  3 S  a n d  4 %  3 R.
(R)-(-)-(E)-3,7-Dimethyl-4-octenoic Acid [13b; R' =  OH]. A  

m ix t u r e  o f  4 .0  g  o f  ( S ,Z ) - 6 - m e t h y l - 2 - h e p t e n - 4 - o l  (lib) [ p r e p a r e d  f r o m

( S ) - 6 - m e t h y l - 2 - h e p t y n - 4 - o l  (10b) o f  9 3 .6 %  S  a n d  6 .4 %  R  b y  L i n d l a r  

h y d r o g e n a t io n  a s  r e p o r t e d  p r e v i o u s l y 4], 2 2 6  m g  o f  p r o p io n i c  a c id ,  a n d

3 6 .6  g  o f  t r i e t h y l  o r t h o a c e t a t e  w a s  r e f l u x e d  f o r  1 6  h , w h i le  t h e  e t h a n o l  

t h a t  f o r m e d  w a s  r e m o v e d  b y  d i s t i l l a t i o n .  W o r k u p  a s  d e s c r i b e d  e a r l i e r  

g a v e  3 .6 7  g  o f  t h e  u n s a t u r a t e d  e s t e r  (R,E)~  13b ( R '  =  O C 2 H 5 ) a s  a  

c o l o r l e s s  o i l ,  [a]25D — 1 8 . 1 °  ( n e a t ) .  A  2 .0 - g  s a m p l e  o f  t h i s  e s t e r  w a s  

r e f l u x e d  in  5  m L  o f  m e t h a n o l  a n d  3  m L  o f  6  N  N a O H  f o r  2  h . W o r k u p  

in  t h e  u s u a l  m a n n e r  a f f o r d e d  1 . 5 4  g  o f  u n s a t u r a t e d  a c id  13b: b p  9 9 - 1 0 0  

° C  ( 0 .6  m m )  ( K u g e l r o h r ) ;  [ a ] 25p  - 2 . 7 °  ( n e a t ) ;  h o m o g e n e o u s  b y  G C  

a n a l y s i s  ( c o n d it io n s  d e s c r ib e d  p r e v i o u s l y 4). A n a l .  C a l c d  f o r  C i o H 18 0 2: 

C ,  7 0 . 5 5 ;  H ,  10 .6 6 .  F o u n d :  C ,  7 0 . 1 1 ;  H ,  1 0 . 4 2 .

S i m i l a r l y ,  t h e  u n s a t u r a t e d  a c i d  13b, [«]26d — 2 . 6 °  ( n e a t ) ,  w a s  a l s o  

p r e p a r e d  f r o m  ( R ,£ ) - 6 - m e t h y l - 2 - h e p t e n - 4 - o l  (12a) [9 5 .9 %  R  a n d  4.1%
5  p r e p a r e d  f r o m  ( R ) - 6 - m e t h y l - 2 - h e p t y n - 4 - o l  (10a) a s  r e p o r t e d  p r e 

v i o u s l y 4].

(jR)-(+)-Dimethyl 2-Methylsuccinate (22). (A) From Unsat
urated Acid 19b. A  s o l u t i o n  o f  t h e  u n s a t u r a t e d  a c i d  19b ( 1 . 0 3  g )  in  

2 0  m L  o f  e t h y l  a c e t a t e  w a s  c o o le d  in  a  d r y  i c e - a c e t o n e  b a t h .  A  s t r e a m  

o f  o z o n e  ( 3 % )  w a s  s lo w l y  b u b b l e d  t h r o u g h  u n t i l  t h e  s o l u t i o n  b e c a m e  

b lu e  ( ~ 2 0  m in ) .  M o s t  o f  t h e  e t h y l  a c e t a t e  w a s  r e m o v e d  in  v a c u o ,  a n d  

t h e  r e a c t i o n  m i x t u r e  w a s  h e a t e d  w i t h  2 5  m L  o f  10% a q u e o u s  s o d i u m  

c a r b o n a t e  a n d  1 5  m L  o f  3 0 %  H 20 2  a t  8 0  ° C  f o r  3  h . I t  w a s  c o o le d  in  a n  

ic e  b a t h ,  a c i d i f i e d  w i t h  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d ,  a n d  f i n a l l y  

s a t u r a t e d  w i t h  N a C l .  E x t r a c t i o n  w i t h  e t h e r  a n d  w o r k u p  in  t h e  u s u a l  

m a n n e r  g a v e  7 1 5  m g  o f  p r o d u c t  w h ic h  w a s  d i s s o lv e d  in  1 0  m L  o f  e t h e r  

a n d  t r e a t e d  w i t h  a  s o l u t i o n  o f  e t h e r e a l  d i a z o m e t h a n e  ( 2 5  m L )  a t  2 3  

° C  f o r  ~ 1 . 0  h .  E v a p o r a t i o n  o f  e t h e r  g a v e  6 4 5  m g  o f  a  y e l lo w  l i q u i d  

w h i c h  w a s  c h r o m a t o g r a p h e d  o n  3 0  g  o f  s i l i c a  g e l .  E l u t i o n  w i t h  

e t h e r - p e t r o l e u m  e t h e r  ( 1 :4 )  g a v e  1 2 9  m g  o f  m a t e r i a l  w h ic h  w a s  f u r t h e r  

p u r i f i e d  b y  K u g e l r o h r  d i s t i l l a t i o n  a t  1 0 0  ° C  ( 2 0  m m )  t o  g i v e  1 1 4  m g  

o f  ( R ) - ( + ) - d i m e t h y l  2 - m e t h y ls u c c in a t e  (22) a s  a  c o lo r le s s  l iq u id :  [ « ] 25d  
+ 4 . 2 °  (c  5 .4 2 ,  C H C I 3 ) [ l i t . 1 0  [a ]25D + 6 . 1 ° ] ;  G C  ( 1 0 %  O V - 1 0 1 ,  G C Q  

1 0 0 / 2 0 0 ,  8 0 - 2 5 0  ° C )  r e t e n t i o n  t i m e ,  2 6  ( 6 7 .6 %  o f  22), 3 3 . 6  ( 2 1 . 1 %  o f  

u n k n o w n  w i t h  m o l e c u l a r  w e i g h t  1 7 4 ) ,  a n d  3 9 .8  m i n  ( 3 .3 %  o f  u n k n o w n  

w i t h  m o l e c u l a r  w e i g h t  1 8 6 ) .  G C - I R  s h o w e d  t h e  m a j o r  c o m p o n e n t  t o  

b e  c o m p l e t e l y  i d e n t i c a l  w i t h  a  s a m p l e  o f  r a c e m i c  d i m e t h y l  2 - m e t h 

y l s u c c i n a t e :  ! H  N M R  ( C D C l a )  6 1 . 2 4  ( d ,  C H C H 3 ) , 2 . 3 5 - 3 . 1  ( m , 

C H C H 3  a n d  C H 2C O O C H 3 ), 3 .6 9  ( s , C H 2C O O C H 3 ), 3 . 7 1  ( s , C O O C H 3 ); 

! H  N M R  [ 1 0 0  M H z ,  C D C 1 3 , 2 0  m g  o f  s a m p l e  a n d  4 0  m g  o f  E u ( h f b c ) 3]

6 2 . 3 8  ( d , C H C H 3) , 4 .6 9  ( s , C H 2 C O O C H 3) , 4 .7 8  ( s , C H 3 C H C O O C H 3 ). 

C o m p a r is o n  o f  t h i s  m a t e r ia l  w i t h  r a c e m ic  d i m e t h y l  2 - m e t h y ls u c c in a t e  

a n d  a  r e f e r e n c e  s a m p l e  o f  ( R ) - ( + ) - d i m e t h y l  2 - m e t h y l s u c c i n a t e  p r e 

p a r e d  f r o m  3 ( f ? ) , 7 - d i m e t h y l - 4 ( E ) - o c t e n o i c  a c i d  (13b) f i r m l y  e s t a b 

l i s h e d  i t s  R  c o n f i g u r a t i o n  a n d  s h o w e d  n o  d e t e c t a b l e  S  e n a n t i o m e r  

p r e s e n t .
(B) From Unsaturated Acid 13b. T h e  u n s a t u r a t e d  a c i d  13b ( 2 5 0  

m g , [ a ] 25n  —2 . 6 ° )  w a s  o z o n iz e d  a s  d e s c r i b e d  a b o v e  t o  g i v e  2 0 9  m g  o f  

p a r t l y  c r y s t a l l i n e  a c i d i c  s u b s t a n c e .  T h i s  w a s  t r e a t e d  w i t h  c o ld  C H C 1 3 

a n d  f i l t e r e d  t o  r e m o v e  t h e  i s o v a l e r i c  a c i d  t h a t  f o r m e d .  T h e  C H C 1 3 

f i l t r a t e  w a s  e v a p o r a t e d ,  a n d  t h e  r e s i d u e  w a s  d i s s o l v e d  in  e t h e r  a n d  

t r e a t e d  w i t h  1 0  m L  o f  e t h e r e a l  d i a z o m e t h a n e .  E v a p o r a t i o n  o f  e t h e r  

a f f o r d e d  1 0 8  m g  o f  22 a s  a  s l i g h t l y  y e l lo w  l i q u i d :  [<*]25d  + 1 - 6 °  (c  2 .5 2 ,  

C H C 1 3) ; G C  ( 9 7 .6 %  p u r e )  ( c o n d it io n s  t h e  s a m e  a s  in  A )  r e t e n t io n  t im e ,

2 6 .2  m in ; XH  N M R  ( 2 0  m g  o f  s a m p le  a n d  4 0  m g  o f  E u ( h f b c ) 3  in  C D C 1 3, 

1 0 0  M H z )  5 2 .4 3  ( d ,  C H C H 3) , 4 . 7 2  ( s ,  C H 2 C O O C H 3 ), 4 .8 2  (s , 

C H 3 C H C O O C H 3 , 9 0 %  R ), 4 .8 8  ( s ,  C H 3 C H C O O C H 3, - 1 0 %  S).
Racemic Dimethyl 2-Methylsuccinate. A  5 .0 - g  ( 0 .0 4 4  m o l)  

s a m p le  o f  m e t h y l  s u c c in ic  a n h y d r i d e  in  3 0  m L  o f  m e t h a n o l  c o n t a in in g  

1  m L  o f  c o n c e n t r a t e d  H 2 S 0 4  w a s  r e f l u x e d  f o r  1 6  h . I t  w a s  d i lu t e d  w i t h  

w a t e r  a n d  e x t r a c t e d  w i t h  e t h e r .  T h e  e t h e r  e x t r a c t  w a s  w a s h e d  w i t h  

s a t u r a t e d  N a H C 0 3  a n d  w a t e r  a n d  d r i e d  o v e r  M g S 0 4. E v a p o r a t i o n

o f  e t h e r  t o  d r y n e s s  in  a  r o t a r y  e v a p o r a t o r  a t  2 5  ° C  a n d  p u r i f i c a t i o n  

o f  t h e  c r u d e  p r o d u c t  b y  K u g e l r o h r  d i s t i l l a t i o n  [ 1 1 0 - 1 1 5  ° C  ( 2 0  m m )]  

a f f o r d e d  5 .9 4  g  o f  r a c e m i c  d i m e t h y l  2 - m e t h y l s u c c i n a t e :  M S  m / e  1 2 9  

( M +  -  3 1 ) ;  4H  N M R  ( 1 0 0  M H z ,  C D C 1 3) 6 1 . 2 1  ( d , C H C H 3 ), 2 . 3 - 3 . 0 5  

( m , C H C H 3  a n d  C H 2 C O O C H 3) , 3 . 6 5  ( s ,  C H 3 C O O C H 3) , 3 .6 6  ( s , 

C O O C H 3) ; 4H  N M R  [ 1 0 0  M H z ,  C D C 1 3, 3 1  m g  o f  s a m p l e  a n d  6 2  m g  

o f  E u ( h f b c ) 3] 6 2 .4  ( d , C H C H 3). 4 .6 9  ( s ,  C H 2 C O O C H 3 ), 4 .7 8  ( s ,  (R)- 
C H 3 C H C O O C H 3 ) , 4 .8 2  ( s ,  ( S ) - C H 3 C H C O O C H 3 ).

(2R,3S*)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl- 
2 H -1-benzopy ran-2-yl )-3-methylhexanoic Acid Ethyl Ester 
(23a). (A) Hydrogenation with Palladium Catalyst. A m i x t u r e  o f

3 .3 6  g  o f  u n s a t u r a t e d  e s t e r  19a a n d  3 5 0  m g  o f  5 %  p a l l a d i u m  o n  c a r b o n  

w a s  h y d r o g e n a t e d  in  2 0  m L  o f  e t h y l  a c e t a t e  a t  2 3  ° C  a n d  a t m o s p h e r i c  

p r e s s u r e  u n t i l  1  e q u i v  o f  h y d r o g e n  w a s  c o n s u m e d  (4  h ) .  W o r k u p  g a v e

3 .0 7  g  o f  e s t e r  23a a s  a  c o lo r le s s  o i l :  [o ]25d  —0 .2  °  (c 4 . 1 4 ,  CHC13); M S  

m /e  4 5 2  ( M + ) , 4 3 7 ,  4 0 7 ,  3 6 2  ( b a s e  p e a k ) ;  I R  ( n e a t )  1 7 3 0  c m - 1 ; 4H  

N M R  (CDC13) 6 0 .9 4  ( d , CHCH3), 1 . 2 3  ( s ,  C ( 2 )  C H 3) ,  1 . 2 3  ( t ,  

COOCH2CH3), 1 . 4 - 1 . 8 5  ( m , 6 , CH2), 2 .0 8 , 2 . 1 4 ,  a n d  2 . 1 9  ( 3 s ,  ArCH3), 
2 .0 0 - 2 .4  (m , CH2COO), 2 .5 8  ( t , CH2CH2), 4 . 1 0  (q , COOCH2CH3), 4 .6 7  

( s , ArCH20), 7 .4  ( m , ArCH20).
(B) Hydrogenation with Raney Nickel. T h e  u n s a t u r a t e d  e s t e r  

19a ( 1 . 0  g ,  2 . 2 2  m m o l)  w a s  h y d r o g e n a t e d  w i t h  ~ 2 0 0  m g  o f  R a n e y  

n ic k e l  in  e t h y l  a c e t a t e  ( 2 5  m L )  a t  2 5  ° C  ( 3 0  p s i )  f o r  4 .0  h . T h e  c a t a l y s t  

w a s  f i l t e r e d  o f f  a n d  w a s h e d  w e l l  w i t h  e t h y l  a c e t a t e .  E v a p o r a t i o n  o f  

e t h y l  a c e t a t e  in  v a c u o  g a v e  1 . 0  g  o f  c o l o r l e s s  o i l  w h i c h  w a s  d i s s o l v e d  

in  D M F  ( 1 0  m L )  a n d  t r e a t e d  w i t h  5 3 2  m g  ( 3 .8  m m o l)  o f  a n h y d r o u s  

p o t a s s i u m  c a r b o n a t e  a n d  4 3 5  m g  ( 3 .8  m m o l)  o f  b e n z y l  c h lo r i d e  a t  2 5  

° C  f o r  6 0  h . T h e  r e a c t i o n  m i x t u r e  w a s  d i lu t e d  w i t h  w a t e r  a n d  e x 

t r a c t e d  w i t h  e t h e r .  W o r k u p  in  t h e  u s u a l  m a n n e r  g a v e  9 3 0  m g  o f  c r u d e  

p r o d u c t  w h i c h  w a s  p u r i f i e d  b y  t h i c k - l a y e r  c h r o m a t o g r a p h y  o n  s i l i c a  

g e l  ( e t h e r - p e t r o l e u m  e t h e r  2 :3 )  t o  g i v e  6 5 0  m g  o f  s a t u r a t e d  e s t e r  23a 
a s  a n  o i l: [a ]25D - 1 - 4  0 (c  4 .9 7 , C H C 1 3); I R ,  M S ,  a n d  N M R  s p e c t r a  w e r e  

i d e n t i c a l  w i t h  t h e  m a t e r i a l  d e s c r i b e d  i n  A .

T h e  e s t e r  23a ( 2 0 0  m g )  w a s  h y d r o l y z e d  in  a q u e o u s  N a O H - M e O H  

t o  g i v e  1 8 9  m g  o f  t h e  a c i d  23b w h i c h  w a s  t h e n  c o n v e r t e d  i n t o  t h e  

c o r r e s p o n d i n g  a m id e  23c a s  d e s c r i b e d  f o r  t h e  p r e p a r a t i o n  o f  19c. L C  

a n a l y s i s  i n d i c a t e d  t h e  e n a n t i o m e r i c  c o m p o s i t i o n  a t  C ( 3 )  t o  b e  9 6 . 1 %  

S  a n d  3 .9 %  R  ( tw o  5 0  c m  X  4 .5  m m  c o lu m n s  in  s e r i e s ,  P a r t i s i l  1 0 ,  R - 1 9 ,  

f l o w  r a t e  a t  ~ 3  m L / m i n ,  e l u t e d  w i t h  1 : 4  T H F -  h e p t a n e ,  m o n i t o r e d  

a t  2 5 4  r a n ;  r e t e n t i o n  v o lu m e  1 8 2  m L  f o r  R  a n d  1 9 4  m L  f o r  S ) .

(2R,3S*)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl- 
2H-1 -benzopyran-2-yl)-3-methylhcxanoic Acid (23b). A  m i x t u r e  

o f  6 0 0  m g  o f  e t h y l  e s t e r  23a ( p r e p a r e d  f r o m  P d / C  h y d r o g e n a t i o n  o f  

19a) a n d  2  m L  o f  6  N  N a O H  in  1 0  m L  o f  m e t h a n o l  w a s  r e f l u x e d  f o r

2 .0  h . W o r k u p  in  t h e  u s u a l  m a n n e r  g a v e  t h e  c r u d e  o i ly  a c id ,  w h ic h  w a s  

q u i c k l y  f i l t e r e d  t h r o u g h  a  c o lu m n  o f  s i l i c a  g e l  ( 1 0  g ) .  E l u t i o n  w i t h  

C H C 1 3  y i e l d e d  5 1 0  m g  (9 0 %  y i e l d )  o f  t h e  a c i d  23b a s  a  c o l o r l e s s  o i l:  

[ « ] 2 B d  - 1 . 7 °  (c  1 . 9 3 ,  C H C 1 3) ; M S  m / e  4 2 4  ( M + ) ;  I R  ( n e a t )  3 0 0 0 - 3 4 0 0 ,  

1 7 0 5  ( C O O H )  c m " 1 . A n a l .  C a l c d  f o r  C 2 7 H 36 0 4: C ,  7 6 .3 8 ;  H ,  8 .5 5 .  

F o u n d :  C ,  7 6 . 1 8 ;  H ,  8 .6 7 .

T h e  e n a n t i o m e r i c  p u r i t y  a t  C ( 3 )  w a s  d e t e r m i n e d  b y  N M R  a n a l y s i s  

o f  t h e  c o r r e s p o n d i n g  m e t h y l  e s t e r  23d [ 3 0  m g  o f  23d, 8 0  m g  o f  

E u ( f o d ) 3 , a n d  5  ML  o f  C H 3O D  in  C D C 1 3]: <5 9 .3 0  ( s , C O O C H 3 , 1 0 %  3 R ),
9 . 3 3  ( s ,  C O O C H 3 , 9 0  ±  2 %  3 S ) .

(2R,3S*)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl- 
2H-l-benzopyran-2-yl)-3-methylhexan-l -ol (24a). T h e  e s t e r  23a 
( 2 .2  g ,  4 . 8 5  m m o l ;  p r e p a r e d  f r o m  19a b y  P d / C  h y d r o g e n a t i o n )  in  2 0  

m L  o f  d r y  e t h e r  w a s  t r e a t e d  d r o p w i s e  w i t h  a  s o l u t i o n  o f  1 . 8 1  m L  ( 1 3  

m m o l)  o f  s o d i u m  b i s ( 2 - m e t h o x y e t h o x y ) a l u m i n u m  h y d r i d e  ( 7 0 %  in  

b e n z e n e )  in  2  m L  o f  e t h e r .  T h e  r e s u l t i n g  s o l u t i o n  w a s  r e f l u x e d  f o r  3 .0  

h  a n d  t h e n  c o o le d  t o  0  ° C ,  a n d  t h e  e x c e s s  o f  h y d r i d e  w a s  d e s t r o y e d  

b y  c a r e f u l  a d d i t i o n  o f  1 0  m L  o f  1 . 0  N  H 2 S 0 4 f o l l o w e d  b y  1 0 0  m L  o f  

w a t e r .  T h e  p r e c i p i t a t e  w a s  f i l t e r e d  a n d  w a s h e d  w e l l  w i t h  e t h e r .  T h e  

a q u e o u s  p h a s e  w a s  s e p a r a t e d  f r o m  t h e  e t h e r  l a y e r  a n d  w a s  e x t r a c t e d  

a g a i n  w i t h  e t h e r .  W o r k u p  o f  t h e  e t h e r  p h a s e  in  t h e  u s u a l  m a n n e r  g a v e

2 . 1 8  g  o f  c r u d e  p r o d u c t  w h ic h  w a s  c h r o m a t o g r a p h e d  o n  1 0 0  g  o f  s i l i c a  

g e l.  E l u t i o n  w i t h  3 :7  e t h e r - p e t r o l e u m  e t h e r  a f f o r d e d  1 . 5 5  g  ( 7 8 %  y ie ld )  

o f  t h e  a l c o h o l  24a a s  a  c o l o r l e s s  o i l :  [ « ] 25d  —0 .6 °  (c  1 . 0 1 ,  C H C 1 3 ) ; I R  

( n e a t )  3 3 5 0  ( O H )  c m " 1 ; J H  N M R  ( C D C 1 3) 6 0 .8 8  ( d ,  C H 3 C H - ) ,  1 . 2 2  

( s , C ( 2 )  C H 3), 1 . 3 —1 . 5  ( m , C H C H 3  a n d  3 C H 2), 1 . 8  ( t ,  2 ,  C H 2) , 2 . 0 8 , 2 . 1 4 ,  

a n d  2 . 1 9  ( 3 s ,  A r C H 3 ) , 2 .6 2  ( t ,  2 ,  C H 2) , 3 .6 2  ( t ,  C H 2 O H ) ,  4 .6 6  ( s ,  

A r C H 2 0 ) ,  7 .4  ( m , C 6H 5). A n a l .  C a l c d  f o r  C 27H 38 0 3: C ,  7 8 .9 8 ;  H ,  9 .3 3 .  

F o u n d :  C ,  7 8 . 9 1 ;  H , 9 .2 3 .
(2R,3S*)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl- 

2H-l-benzopyran-2-yl)-3-methylhexan-l-ol p-Toluenesulfonate 
(24b). A  s o l u t i o n  o f  1 . 2 3  g  ( 2 .9 8  m m o l)  o f  a l c o h o l  24a in  4  m L  o f  d r y  

p y r i d i n e  ( d r i e d  a n d  d i s t i l l e d  o v e r  b a r i u m  o x i d e )  w a s  t r e a t e d  i n  p o r 

t io n s  w i t h  1 . 1 4  g  ( 5 .9 6  m m o l)  o f  p - t o l u e n e s u l f o n y l  c h lo r id e  a t  ~ 0  ° C .Z0 

T h e  r e s u l t i n g  s o l u t i o n  w a s  s t i r r e d  a t  0  ° C  f o r  3 . 0  h  a n d  t h e n  k e p t  a t  

—1 0  ° C  f o r  1 6  h . T h e  m i x t u r e  w a s  p o u r e d  in t o  1 0 0  m L  o f  ic e  w a t e r  a n d
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a c i d i f i e d  w i t h  3  N  H C 1  ( c a . 5 0  m L ) .  I t  w a s  e x t r a c t e d  w i t h  e t h e r ,  a n d  

t h e  c o m b i n e d  e t h e r  e x t r a c t s  w e r e  w a s h e d  w i t h  w a t e r  a n d  d r i e d  o v e r  

a n h y d r o u s  p o t a s s i u m  c a r b o n a t e - s o d i u m  s u l f a t e  ( ~ 1 : 1 ) .  E v a p o r a t i o n  

o f  e t h e r  in  v a c u o  y i e l d e d  1 . 8 0  g  o f  2 4 b  a s  a  y e l lo w  o i l :  [ « ] 25d  + 1 . 4 °  ¡<5

2 .0 6 ,  C H C l s ) ;  M S  m / e  5 6 4  ( M + ) ; I R  ( n e a t )  1 3 6 5  ( - 0 S 0 2) c m 1 ; ' H  

N M R  ( C D C 1 3 ) 6 0 .8 2  ( d , C H C H 3) , 1 . 2 2  ( s ,  C ( 2 )  C H 3 J ,  1 . 3 - 1 . 6  ( m , 7 ) ,  

1 . 7 7  ( t ,  C H 2) ,  2 . 0 8 , 2 . 1 6 ,  a n d  2 . 2 1  ( 3 s ,  A r C H 3 ) ,  2 .4 2  ( s ,  C H 3T o s ) ,  2 .5 8  

( t ,  A r C H 2) , 4 .0 4  ( t ,  C H 2 S 0 3- ) ,  4 .6 7  ( s ,  A r C H 2 0 ) ,  7 .4  ( m , A r C H 2 a n d  

C H 3 C 6H 4S 0 3 ) , 7 .7 8  ( d , C H 3 C 6H 4 S 0 3 ).

(2R,4'Ji,8'i?)-a-Tocopherol Benzyl Ether (lc). A  s o l u t i o n  o f

1 . 2 4  g  ( 6 .0  m m o l)  o f  ( R ) - 2 , 6 - d i m e t h y l h e p t y l  1 - b r o m i d e  (25b) ( p r e 

p a r e d  f r o m  ( S ) - ( + ) - / 3 - h y d r o x y i s o b u t y r i c  a c i d  v i a  t h e  C ( 9 )  a l c o h o l  

25a)3 in  3  m L  o f  d r y  e t h e r  w a s  a d d e d  d r o p w i s e  a t  2 3  ° C  w i t h  s t i r r i n g  

u n d e r  a r g o n  t o  a  s u s p e n s i o n  o f  1 9 5  m g  ( 8  m m o l)  o f  p o w d e r e d  m a g 

n e s i u m  in  3  m L  o f  e t h e r .  T h e  r e s u l t i n g  m i x t u r e  w a s  r e f l u x e d  w i t h  

s t i r r i n g  u n d e r  a r g o n  f o r  3 .0  h  a n d  t h e n  w a s  f u r t h e r  s t i r r e d  a t  2 5  ° C  f o r

1 . 0  h . I t  w a s  t h e n  c o o le d  t o  —7 5  ° C  in  a  d r y  i c e - a c e t o n e  b a t h .  T o  t h i s  

m i x t u r e  0 . 1  m L  o f  L i 2 C u C l 4 w a s  f i r s t  a d d e d  f o l l o w e d  b y  a  s o l u t i o n  o f  

0 .6 4  g  ( 1 . 1 4  m m o l)  o f  t h e  p - t o l u e n e s u l f o n a t e  24b in  1 0  m L  o f  T H F .  

T h e  r e s u l t i n g  r e a c t io n  m i x t u r e  w a s  s t i r r e d  a t  —7 5  ° C  f o r  1 0  m in ,  a n d  

t h e n  i t  w a s  a l lo w e d  t o  w a r m  t o  2 5  ° C  a n d  s t i r r e d  f o r  1 7  h  u n d e r  a r g o n .  

T h e  m i x t u r e  w a s  t h e n  t r e a t e d  w i t h  5  m L  o f  1  N  a q u e o u s  H 2 S 0 4 a n d  

w o r k e d  u p  b y  e t h e r  e x t r a c t i o n  in  t h e  u s u a l  m a n n e r  t o  g i v e  1 . 0 3  g  o f  

c r u d e  p r o d u c t .  T h i s  m a t e r i a l  w a s  p u r i f i e d  b y  t h i c k - l a y e r  c h r o m a 

t o g r a p h y  o n  s i l i c a  g e l ,  a n d  e lu t io n  w i t h  e t h e r - h e x a n e  ( 5 :9 5 )  a f f o r d e d  

4 0 9  m g  o f  ( 2 R , 4 , R , 8 , R ) - a - t o c o p h e r o l  b e n z y l  e t h e r  (lc; 6 9 %  y i e l d ) ,  

[ a ] 25o  + 0 . 4 °  (c  4 . 1 9 ,  b e n z e n e )  [ l i t .3“  [ a ] 25D + 0 . 7 °  (c  1 . 9 5 ,  b e n z e n e ) ] .  

A n a l .  C a l c d  f o r  C 36 H 560 2: C ,  8 3 .0 2 ;  H ,  1 0 .8 4 .  F o u n d :  C ,  8 2 .9 8 ;  H ,

1 0 . 9 5 .
(2R,4’R,8'R)-a-Tocopheryl Acetate (lb). A  m i x t u r e  o f  lc ( 3 2 6  

m g , 0 .6 3  m m o l)  a n d  6 0 0  m g  o f  5 %  p a l la d iu m  o n  c a r b o n  in  5  m L  o f  T H F  

c o n t a i n i n g  t w o  d r o p s  o f  c o n c e n t r a t e d  H C 1  w a s  h y d r o g e n a t e d  a t  2 5  

° C  a n d  a t m o s p h e r i c  p r e s s u r e  f o r  1 . 5  h . W o r k u p  g a v e  2 3 9  m g  o f  

( 2 R , 4 'R , 8 'R ) - a - t o c o p h e r o l  (la) a s  a  l i g n t  y e l lo w  o i l  w h ic h  w a s  t r e a t e d  

w i t h  2  m L  o f  d r y  p y r i d i n e  a n d  2  m L  o f  a c e t i c  a n h y d r i d e  a t  2 5  ° C  f o r  

1 6  h . T h e  m i x t u r e  w a s  p o u r e d  i n t o  ic e  w a t e r  a n d  e x t r a c t e d  w i t h  

C H C I 3 . T h e  c o m b in e d  C H C 1 3  e x t r a c t s  w e r e  s u c c e s s i v e l y  w a s h e d  w i t h  

a q u e o u s  1  N  H C 1 ,  s a t u r a t e d  N a H C O j  s o l u t i o n ,  a n d  H 20  a n d  d r i e d  

o v e r  M g S 0 4. E v a p o r a t i o n  o f  s o l v e n t  in  v a c u o  g a v e  2 5 0  m g  o f  c r u d e  

p r o d u c t  w h i c h  w a s  p u r i f i e d  b y  t h i c k - l a y e r  c h r o m a t o g r a p h y  o n  s i l i c a  

g e l  ( e t h e r - p e t r o l e u m  e t h e r  1 : 4 )  t o  y i e l d  1 8 8  m g  ( 6 4 % )  o f  lb a s  a  l i g h t  

y e l lo w  o i l :  [ a ] 25D + 2 . 6 °  (c  2 ,  C 2 H s O H )  [ l i t . 2 [ f f ]25D + 3 . 2 °  ( C 2H 3 O H ) ] ;  

M S  m / e  4 7 2  ( M + ) ;  9 7 .8 %  p u r e  b y  G C  ( O V - 1 0 1 ,  G C Q  1 0 0 / 1 2 0 , 6  f t  X  

4  m m  c o lu m n ,  2 5 0  ° C ;  r e t e n t i o n  t i m e ,  5 2 . 3  m i n ) ;  I R ,  N M R ,  a n d  U V  

s p e c t r a  w e r e  i d e n t i c a l  w i t h  a n  a u t h e n t i c  s a m p l e  ( E a s t m a n  K o d a k ,  

h i g h e s t  p u r i t y ) .  A n a l .  C a l c d  f o r  C 3 i H 5 2 0 3 : C ,  7 8 .7 6 ;  H ,  1 1 . 0 9 .  F o u n d :  

C ,  7 8 .8 2 ;  H ,  1 1 . 1 7 .
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W a r m i n g  a  s o l u t i o n  o f  ( 3 S ) - ( Z ) - 9 , 1 0 - s e c o c h o l e s t a - 5 ( 1 0 ) , 6 , 8 ( 1 4 ) - t r i e n - 3 - o l  (cis-i s o t a c h y s t e r o h )  i n  d e c a n e  p r o 

d u c e d  t w o  n e w  i s o m e r s  o f  v i t a m i n  D 3 : ( 3 S , 1 0 S ) - ( Z , Z ) - 9 , 1 0 - s e e o c h o l e s t a - 5 , 7 , 1 4 - t r i e n - 3 - o l  (5a) a n d  ( 3 S , 1 0 f ? ) - ( Z , Z ) -

9 , 1 0 - s e c o c h o l e s t a - 5 , 7 , 1 4 - t r i e n - 3 - o l  (5b). T h e  r e a c t i o n  h a s  b e e n  s h o w n  t o  b e  r e v e r s i b l e ,  a n d  t o  o c c u r  v i a  a n  i n t r a m o 

l e c u l a r  [ 1 , 7 ]  h y d r o g e n  t r a n s f e r .  S t e r e o c h e m i s t r y  a t  C - 1 0  w a s  a s s i g n e d  b y  c h e m i c a l  c o r r e l a t i o n  w i t h  d i h y d r o t a c h y -  

s t e r o l ,  a n d  d o u b l e  b o n d  g e o m e t r y  w a s  d e d u c e d  f r o m  N M R  d a t a  a n d  m e c h a n i s t i c  c o n s i d e r a t i o n s .  A c t i v a t i o n  p a r a m 

e t e r s  f o r  t h e  r e a c t i o n s  t o  5a a n d  5b, c a lc u l a t e d  f r o m  k i n e t i c  d a t a ,  a r e  A H *  =  2 3 .0  ±  1 . 2  k c a l / m o l ,  A S *  =  - 1 6 . 3  ±

3 . 3  e u  a n d  A H *  =  2 3 . 2  ±  1 . 2  k c a l / m o l ,  A S *  =  — 1 7 . 1  ±  3 .4  e u ,  r e s p e c t i v e l y .

For the past decade work in our laboratories has focused 
on the isolation and characterization of biologically active 
vitamin D metabolites. Since metabolite identification de
pends heavily on spectral correlations, we have, as part of our 
general program, prepared most of the known triene isomers 
of vitamin D, for which required spectral data were often not 
available, because their original syntheses1-2 predated the 
advent of modern spectroscopic techniques. One of these 
compounds, cis-isotachysterol, was originally described by 
Verloop et al.3 who noted that prolonged heating (60 °C) of 
a methanol solution of this compound produced a shift of the 
UV absorption maximum from 253 to 265 nm and an increase 
in absorption intensity. A spectral change of this kind is 
reminiscent of that occurring in the thermal isomerization of 
previtamin D (1) to vitamin D (2) via a [l,7]sigmatropic shift. 
In the case of c is -isotachysterols (3), an exactly analogous 
rearrangement (C-19 —*■ C-14 H migration) would yield the 
new and unusual vitamin D isomer(s) 4 (C-14 stereochemistry 
R  or S ,  or both) featuring (5Z,7Z) double-bond geometry. A

3

5a,R, =CH3 -,R2 = H 
5b, R| =H ; R2 z CH3

reinvestigation of this reaction has now shown that cis- iso- 
tachysterol3 (3) undergoes an alternative sigmatropic rear
rangement involving intramolecular hydrogen transfer from 
C-15 to C-10 and resulting exclusively in (3S,10S)-(Z,Z)-
9,10-secocholesta-5,7,14-trien-3-ol (5a) and its (lOjR)-epimer 
(5b).

Results and Discussion
In refluxing toluene, c is -isotachysterols (3) was smoothly 

converted to two products (5a,b) which were separated by 
preparative TLC. High resolution mass spectrometry showed 
them to be isomers of the starting material (C27H44O) and 
both exhibited the UV absorption maximum of a conjugated 
triene ehromcphore (273 nm). The NMR spectra indicated 
three olefinic protons (two as an isolated AB pattern, the third 
coupled to two other protons) and an additional secondary 
methyl instead of the olefinic methyl of the starting material. 
Given the structure of 3 and the conditions of its conversion 
to 5a and 5b, 7he spectral evidence required that both prod
ucts be A6’7’14-trienes differing in configuration at C-10. Ste
reochemistry at C-10 was established by chemical correlation 
to dihydrotachysterol2 (DHT2) , 4 an historically important 
reduction product of vitamin D2. Ozonolysis of 5a gave 18- 
hydroxy ketone 7a, identical (as determined by combined 
GC/MS) with the ozonolysis product obtained from DHT2 for 
which the (10S) configuration has been established.6-6 Ozo
nolysis of 5b, on the other hand, furnished hydroxy ketone 7b, 
exhibiting a mass spectrum nearly identical to that of 7a, but 
clearly distinguished from the latter by GC retention time. 
These correlations establish the (10S) and (10R )  configura
tions for 5a and 5b, respectively, and confirm the C-5 terminus 
of the triene system for both isomers.

The major difference between the strikingly similar XH- 
NMR spectra of the two new isomers is that between the 
chemical shifts of the 3a protons. This difference allowed 
assignment of the stereochemistry of the 5,6-double bond by 
spectral correlation with dihydrovitamins 6a,b and 8a,b. The 
3a proton of 5a occurs at 5 4.05, very similar to that found for 
8a (4.02 ppm) ,6 but not to that observed for 6a (3.61 ppm) . 6 
Analogously, the 3a proton of 5b resonates at 5 3.52, similar

6 a ,R , =CH3 ;R 2 =H 
6 b, R| -  H ; R2 -  CH3

7a, R, =CH3 ;R 2 = H 8 a, R, "Otts ;R2 = H
7b, R, = H , R2 =CH3 8 b ,R, =H ; R2 -C H 3

0022-3263/78/1943-3441$01.00/0 © 1978 American Chemical Society
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Figure 1. K i n e t i c s  o f  t h e  d e c r e a s e  o f  c i s - i s o t a c h y s t e r o h  c o n c e n t r a t io n  

w i t h  t im e  a t  80 ( • ) ,  90 ( a ), 100 ( ■ ) ,  a n d  110 ° C  (O ) . T h e  r e a c t io n  w a s  

r u n  in  d e c a n e  u n d e r  n i t r o g e n  g a s ;  t h e  o r d i n a t e  r e p r e s e n t s  t h e  n a t u r a l  

lo g  o f  t h e  s t a r t i n g  m a t e r i a l  c o n c e n t r a t i o n  in  a r b i t r a r y  u n i t s .

Table I. Mass Spectral Intensities0 of M, M + 1, and M +
2 for Trienes 5a and 5b Formed Thermally from 3 in

_______________________ CH3OD

m /e

cis-
i s o t a c h y s t e r o l 3

(3)
t r i e n e

5a
t r i e n e

5b

3 8 4 1 0 0 . 0 1 0 0 . 0 1 0 0 . 0

3 8 5 3 0 . 8 3 / 5 3 0 . 7

3 8 6 5 .7 5 . 5 5 . 7

0  E a c h  v a l u e  r e p r e s e n t s  t h e  m e a n  o f  t h r e e  m e a s u r e m e n t s  w i t h  

t h e  i n t e n s i t y  o f  m /e  3 8 4  t a k e n  a s  1 0 0 .

Table II. Comparison of Kinetics of Thermal 
_______________Rearrangements.

r e a r r a n g e m e n t  A H *, k c a l / m o l _____________ A S * ,  e u

3 —► 5at 
3d — 5b« 
I e —  2 h 
9 — 10

2 3 . 0  ±  1 . 2 °  

2 3 . 2  ±  1 . 2 °

1 8 . 5  ±  0 . 1 b
21 .6  ±  0 .2 C

- 1 6 . 3  ±  3 . 3 °  

- 1 7 . 1  ±  3 . 4 °  

- 2 1 . 8  ± 0 . 4 6 

- 1 7 . 2 C

0 C a l c u l a t e d  f o r  9 5  ° C .  b C a l c u l a t e d  f r o m  d a t a  i n  r e f  1 0  f o r  7 0  

° C .  c R e f e r e n c e  1 1 .  d R e g i s t r y  n o .  6 6 9 6 6 - 1 5 - 2 .  e R e g i s t r y  n o .  

1 1 7 3 - 1 3 - 3 .  f  R e g i s t r y  n o .  6 6 9 0 1 - 5 2 - 8 .  «  R e g i s t r y  n o .  6 6 9 6 6 - 1 6 - 3 .  

h R e g i s t r y  n o .  6 7 - 9 7 - 0 .

Figure 2. A r r h e n i u s  p lo t  o f  r a t e  c o n s t a n t s  f o r  f o r m a t i o n  o f  i s o m e r  5a 
( • )  a n d  i s o m e r  5 b  ( A )  f r o m  c i s - i s o t a c h y s t e r o l a  i n  d e c a n e  s o l u t i o n s  

a t  8 0 , 9 0 , 1 0 0 ,  a n d  1 1 0  ° C .

to that found for 8b (3.57 ppm) , 6 but not to that observed for 
6b (3.82 ppm) .6 These comparisons indicate (5Z ) stereo
chemistry for both triene isomers. Since both products arise 
by intramolecular hydrogen migration (see next paragraph), 
the known geometric requirement for an antarafacial transi
tion state in [l,7]sigmatropic rearrangements7 dictates the 
(1Z ) geometry for the central double bond in both compounds; 
structures 5a and 5b, therefore, define the reaction prod
ucts.

To examine the mechanism of the rearrangement, c is- iso
tachysterola was heated in CH3OD. Products 5a and 5b were

isolated by preparative TLC, and the isotopic composition of 
their molecular ions was determined by mass spectrometry. 
As expected for an intramolecular hydrogen transfer, no 
deuterium was incorporated into the products (Table I). The 
reversibility of the reaction was demonstrated by heating a 
solution of 5a in xylene and isolating 3 and 5b.

The kinetics of the reaction were examined at 80, 90,100, 
and 1 1 0  °C in decane solutions. The decrease in starting ma
terial concentration (Figure 1) followed first-order kinetics 
except at later times for the higher temperatures where the 
influence of back reaction was evident. Triene isomer 5a was 
formed 1.9-2.0 times faster than triene isomer 5b. The acti
vation parameters (Table II) show that the formation of iso
mer 5a is favored over 5b kinetically. Isomer 5b is, however, 
the major product. At 120 °C, the equilibrium mixture in 
decane consists of 24% of 5a, 36% of 3, and 40% of 5b. Thus 
isomer 5b is thermodynamically preferred over 5a by 0.4 
kcal/mol (AF ° ) .  For both isomers, the C-10 methyl would be 
almost exclusively axial to minimize the severe steric inter
action between the C-19 and C-7 protons. This conformational 
bias has been experimentally confirmed for compounds 8 a and 
8 b.6 Thus, the C-3 hydroxyl would be forced into an axial or
ientation in 5a and an equatorial one in 5b, accounting for the 
thermodynamic stability of the latter. The A  value of 0.5 
kcal/mol for the equatorial preference of an hydroxyl sub
stituent on a cyclohexane ring in nonpolar solvents supports 
this interpretation.8

The activation parameters for the conversion of 3 —► 5a + 
5b calculated from our kinetic results are in accord with data 
for other [l,7]sigmatropic rearrangements in analogous sys
tems. Table II lists the corresponding values for the previ
tamin D3 (1) to vitamin D3 (2) reaction, one of the earliest



(3S,10R)-(Z,Z)-9,10-Secocholesta-5,7,14-trien-3-ol J. Org. Chem., Vol. 43, No. 18, 1978 3443

known [l,7]sigmatropic isomerizations,9’10 and for the reaction 
of triene 9 to its isomer 10, studied by Schlatmann et al.u The 
large negative entropy of activation reflects the high degree 
of order in the transition state. Since the activation parame
ters for the isomerization of 1 —*■ 2 and 9 —» 10 compare so 
closely to those found for the formation of trienes 5a and 5b 
from 3, it is reasonable to assume that the same type of 
mechanism applies to each case. Unlike the reaction from 3 
to 5a and 5b, however, the conversion of 1 to 2 involves two 
transition states (transfer of one of the C-19 hydrogens to ei
ther the a  or the /3 face of the 8,9-double bond in 1) that lead 
to the same product.12

Experimental Section
M a s s  s p e c t r a  w e r e  o b t a i n e d  o n  a n  A E I  M o d e l  M S - 9 0 2  m a s s  s p e c 

t r o m e t e r  a t  7 0  e V  u s i n g  a  d i r e c t  p r o b e  f o r  i n t r o d u c t i o n  o f  s a m p l e s  

( s o u r c e  t e m p e r a t u r e ,  1 1 0 - 1 3 0  ° C  a b o v e  a m b i e n t ) ;  h i g h  r e s o l u t i o n  

m a s s  s p e c t r a  w e r e  m e a s u r e d  o n  t h e  s a m e  i n s t r u m e n t  c o u p l e d  t o  a n  

A E I  M o d e l  D S - 5 0  d a t a  s y s t e m  a n d  u s i n g  p e r f l u o r o k e r o s e n e  a s  a n  

i n t e r n a l  m a s s  s t a n d a r d .  U V  a b s o r p t i o n  s p e c t r a  w e r e  r e c o r d e d  o n  a  

B e c k m a n  M o d e l  2 5  in s t r u m e n t .  N M R  s p e c t r a  w e r e  t a k e n  o n  a  B r u k e r  

2 7 0  M H z  F T  s p e c t r o m e t e r  u s i n g  C D C I 3  a s  s o l v e n t  a n d  t e t r a m e t h y l -  

s i l a n e  a s  i n t e r n a l  s t a n d a r d .  G C - M S  w a s  c a r r i e d  o u t  o n  a  V a r i a n  M o d e l  

2 7 4 0  g a s  c h r o m a t o g r a p h  c o u p l e d  t o  a  D u p o n t  2 1 - 4 9 1  B  m a s s  s p e c 

t r o m e t e r .  F o r  a n a l y t i c a l  T L C ,  a i r - d r i e d  s i l i c a  g e l  G  p la t e s  ( 5  X  2 0  c m , 

0 .2 5  m m  t h i c k )  w e r e  u s e d .  F o r  p r e p a r a t i v e  T L C ,  2 0  X  2 0  c m  p la t e s  

c o v e r e d  w i t h  a  0 .7 5  m m  t h ic k  l a y e r  o f  s i l i c a  g e l  H  a n d  s i l i c a  g e l P F - 2 5 4  

( 1 : 1 )  w e r e  u s e d .  H P L C  w a s  p e r f o r m e d  o n  a  D u p o n t  8 3 0  l i q u i d  c h r o 

m a t o g r a p h  w i t h  a  W a t e r s  M o d e l  U 6 K  i n j e c t o r  a n d  2 5 4  n m  d e t e c t o r ;  

a  P a r t i s i l - 1 0  c o lu m n  ( 0 .4 6  X  5 0  c m , W h a t m a n )  w a s  o p e r a t e d  a t  8 0 0  

p s i g  w h i c h  g a v e  a  f lo w  r a t e  o f  2 .2  m L / m i n  u s i n g  1 %  2 - p r o p a n o l  in  

h e x a n e  a s  s o lv e n t .  O z o n e  w a s  p r o d u c e d  w i t h  a  S u p e l c o  m ic r o o z o n a t o r .  

C o m m e r c i a l  S k e l l y s o l v e  B  w a s  d i s t i l l e d  a n d  t h e  f r a c t i o n  b o i l i n g  b e 

t w e e n  6 7  a n d  6 9  ° C  w a s  u s e d .  D i h y d r o t a c h y s t e r o l 2  w a s  a  g e n e r o u s  g i f t  
f r o m  t h e  P h i l i p s  D u p h a r  C o . ,  A m s t e r d a m ;  m e t h a n o l - d i  (9 9 %  D )  w a s  

p u r c h a s e d  f r o m  S t o h l e r  I s o t o p e  C h e m i c a l s .

cis-IsotachysteroL (3). A n  e t h e r  s o lu t io n  ( 2 0 0  mL) o f  5 6 .7  m g  o f  

i s o t a c h y s t e r o L  [ ( 3 S ) - ( E ) - 9 , 1 0 - s e c o c h o l e s t a - 5 ( 1 0 ) , 6 , 8 , ( 1 4 ) - t r i e n - 3 - o l ,  

p r e p a r e d  f r o m  v i t a m i n  D 3  ( 2 )  b y  t h e  p r o c e d u r e  o f  M u r r a y  e t  a l . 13 ] w a s  

i r r a d i a t e d  u n d e r  N 2 f o r  3 5  m in  u s i n g  a n  ic e  b a t h ,  v i g o r o u s  s t i r r i n g ,  

V y c o r  f i l t e r ,  w a t e r - c o o l e d  q u a r t z  i r r a d i a t i o n  a p p a r a t u s ,  a n d  a  m e r 

c u r y - a r c  l a m p  ( H a n a u  T Q  1 5 0  Z z ) .  T h e  s o l v e n t  w a s  r e m o v e d  b y  

e v a p o r a t i o n  a n d  t h e  r e s u l t i n g  r e s i d u e  w a s  p u r i f i e d  o n  a  2 0  X  2 0  c m  

s i l i c a  g e l  p r e p a r a t i v e  T L C  p la t e .  A f t e r  d e v e lo p in g  t h e  p la t e  f o u r  t im e s  

w i t h  1 0 %  e t h y l  a c e t a t e  in  S k e l l y s o l v e  B  t w o  b a n d s  w e r e  e l u t e d  w i t h  

e t h y l  a c e t a t e .  T h e  b o t t o m  b a n d  w a s  s t a r t i n g  m a t e r i a l  ( i d e n t i c a l  t o  

i s o t a c h y s t e r o l s  b y  U V ,  M S ,  G C ,  a n d  T L C )  w h i l e  t h e  t o p  z o n e ,  a f t e r  

f l a s h  e v a p o r a t i o n  o f  s o l v e n t ,  g a v e  1 4  m g  ( 2 5 % )  o f  cis- i s o t a c h y s t e r o L

( 3 )  a s  a  c l e a r  o i l :  U V  ( E t O H )  Xmax 2 5 3  n m  (e 1 3  0 0 0 ) ;  N M R  ( C D C I 3 ) 

S 5 .8 3  a n d  5 .8 0  ( A B ,  J =  1 2 . 7  H z ,  2  H ,  C - 6 ,7 ) ,  3 .9 0  ( m , 1  H ,  C - 3 ) ,  1 . 8 0  

( s ,  3  H ,  C - 1 9 ) ,  0 .9 4  ( d , J =  6 .3  H z ,  3  H ,  C - 2 1 ) ,  0 .8 8  ( s ,  3  H ,  C - 1 8 ) ,  0 .8 7  

(d , J =  6 .6  H z ,  6  H ,  C - 2 6 ,2 7 ) ;  m a s s  s p e c t r u m ,  m / e  ( r e l a t i v e  in t e n s i t y )  

3 8 4  ( M + ,  1 0 0 ) , 3 6 9  (2 1 ) ,  2 7 1  ( 5 1 ) ,  2 5 3  ( 2 5 ) ,  2 1 7  (2 2 ) , 1 9 9  ( 1 8 ) ,  8 1  ( 4 0 ) ; 

M + , m / e  c a lc d  f o r  C 2 7 H 44O  3 8 4 . 3 3 9 3 ,  f o u n d  3 8 4 .3 3 8 0 ;  h o m o g e n e o u s  

o n  T L C  (Rf 0 . 5 4 , 1 5 %  e t h y l  a c e t a t e  in  S k e l l y s o l v e  B )  a n d  L C  ( ¿ r  =  4 .9 0  

m i n ) ;  t w o  p e a k s  a r e  o b s e r v e d  o n  G C 14  ( L i t .  U V  ( e t h e r )  Amax 2 5 3  n m  

( i  1 5  0 0 0 ) 3 ).
Preparation of Isomers 5a and 5b. A  s o l u t i o n  o f  9 .5  m g  o f  cis- 

i s o t a c h y s t e r o L  (3) in  1 0  m L  o f  t o l u e n e  w a s  r e f l u x e d  u n d e r  n i t r o g e n  

f o r  3  h . T h e  s o l v e n t  w a s  r e m o v e d  b y  f l a s h  e v a p o r a t i o n  a n d  t h e  r e 

s u l t i n g  o i l  w a s  p u r i f i e d  b y  p r e p a r a t i v e  s i l i c a  g e l  T L C .  T h e  p l a t e  w a s  

d e v e lo p e d  w i t h  1 5 %  e t h y l  a c e t a t e  in  S k e l l y s o l v e  B  a n d  t w o  b a n d s  w e r e  

e lu t e d  w i t h  e t h y l  a c e t a t e .  T h e  t o p  b a n d  g a v e  t r ie n e  is o m e r  5a ( 1 . 8  m g , 

19 % )  a s  a n  o i l :  U V  ( E t O H )  Amax 2 7 3  n m  (e 1 8  0 0 0 ) ;  N M R  ( C D C 1 3 ) 5

6 . 2 1  a n d  6 . 1 3  ( A B ,  J =  1 1 . 4  H z ,  2  H ,  C - 6  a n d  C - 7 ) ,  5 .4 8  ( d d ,  J =  2 .9  

a n d  1 . 8  H z ,  1 H ,  C - 1 5 ) ,  4 .0 5  (m , 1 H , C - 3 ) ,  1 . 1 0  (d , J =  7  H z ,  3  H ,  C - 1 9 ) ,  

0 .9 3  ( d , J =  6 .3  H z ,  3  H , C - 2 1 ) ,  0 .8 8  ( d , J =  6 .3  H z ,  6  H ,  C - 2 6 ,2 7 ) ,  0 .8 7  

(s , 3  H ,  C - 1 8 ) ;  m a s s  s p e c t r u m ,  m /e  ( r e l a t i v e  in t e n s i t y )  3 8 4  ( M + , 1 0 0 ) ,  

3 6 9  ( 1 8 ) ,  3 5 1  ( 1 3 ) ,  2 7 1  ( 4 0 ) ,  2 5 3  ( 2 2 ) ,  2 4 4  ( 3 3 ) ,  1 5 9  ( 2 2 ) ,  1 4 5  ( 2 3 ) ,  1 3 3

( 4 0 ) ; M + , m / e  c a lc d  f o r  C 27H 44O  3 8 4 . 3 3 9 3 ,  f o u n d  3 8 4 . 3 3 7 5 ;  h o m o g e 

n e o u s  o n  T L C  (Rf 0 .7 7 ,  1 5 %  e t h y l  a c e t a t e  in  S k e l l y s o l v e  B )  a n d  L C  

(Sr  =  2 . 7 1  m in ) ;  G C 14  g a v e  t w o  p e a k s .  T h e  b o t t o m  b a n d  w a s  r e a p p l ie d  

t o  a  s i l i c a  g e l  p r e p a r a t i v e  T L C  p la t e  w h ic h  w a s  d e v e l o p e d  t h r e e  t im e s  

u s in g  1 0 %  e t h y l  a c e t a t e  in  S k e l l y s o l v e .  B .  T w o  z o n e s  w e r e  e l u t e d  w i t h  

e t h y l  a c e t a t e .  T h e  u p p e r  z o n e  g a v e  2 .7  m g  ( 2 8 % )  o f  s t a r t i n g  m a t e r i a l  

( i d e n t i c a l  t o  a u t h e n t i c  cis- i s o t a c h y s t e r o l s  b y  U V ,  T L C ,  a n d  N M R ) ,  

a n d  t h e  lo w e r  z o n e  g a v e  t r i e n e  i s o m e r  5b ( 2 .9  m g ,  3 1 % )  a s  a n  o i l :  U V  

( E t O H )  Amax 2 7 3  n m  (r 1 9  0 0 0 ) ;  N M R  ( C D C I 3 ) 5 6 . 1 4  a n d  6 .0 5  ( A B ,

J  =  1 1  H z ,  2  H ,  C - 6  a n d  C - 7 ) ,  5 .4 9  ( d d , J  =  3  a n d  2  H z , 1 H ,  C - 1 5 ) ,  3 .5 2  

( m , 1  H ,  C - 3 ) ,  1 . 0 8  ( d ,  J  =  7  H z ,  3  H ,  C - 1 9 ) ,  0 .9 3  ( d ,  J  =  6  H z ,  3  H ,  

C - 2 1 ) ,  0 .8 8  ( d , J  =  6  H z ,  6  H ,  C - 2 6 , 2 7 ) ,  0 .8 6  ( s ,  3  H ,  C - 1 8 ) ;  m a s s  

s p e c t r u m ,  m / e  ( r e l a t i v e  i n t e n s i t y )  3 8 4  ( M + , 1 0 0 ) ,  3 6 9  ( 1 9 ) ,  3 5 1  ( 1 3 ) ,  

2 7 1  ( 4 2 ) ,  2 5 3  ( 2 2 ) ,  2 4 4  ( 2 0 ) ,  1 5 9  ( 2 2 ) ,  1 4 5  ( 2 3 ) ,  1 3 3  ( 2 8 ) ;  M + ,  m / e  c a lc d  

f o r  C 27H 44O  3 8 4 .3 3 9 3 ,  fo u n d  3 8 4 .3 3 8 7 ;  h o m o g e n e o u s  o n  T L C  (Rf 0 . 5 1 ,  

1 5 %  e t h y l  a c e t a t e  in  S k e l l y s o l v e  B )  a n d  L C  ( I r  =  5 . 5 1  m in ) ;  G C  g a v e  

t w o  p e a k s . 14

Ozonolysis of Compounds 5a, 5b, and DHT2.4 A  s a m p l e  ( 2 0  fig) 
o f  e a c h  c o m p o u n d  w a s  d i s s o l v e d  in  5 0  fiL o f  d i c h l o r o m e t h a n e  c o n 

t a i n i n g  1 0 0  fig o f  p y r i d i n e ,  c o o le d  w i t h  a  d r y  i c e / 2 - p r o p a n o l  b a t h ,  a n d  

o z o n iz e d  t o  e x c e s s .  A f t e r  s p a r g i n g  w i t h  n i t r o g e n ,  t h e  s a m p l e s  w e r e  

d i r e c t l y  e x a m i n e d  b y  c o m b i n e d  G C - M S  u s i n g  a  2  m m  X  1  m  g l a s s  

c o lu m n  p a c k e d  w i t h  3 %  O V - 2 2 5  o n  V a r a p o r t  3 0 , 1 0 0 / 1 2 0  m e s h ,  o p 

e r a t e d  i s o t h e r m a l l y  a t  9 0  ° C  a t  a  H e  f l o w  r a t e  o f  2 7  m L / m i n .  F r o m  

D H T 2, d - h y d r o x y  k e t o n e  7a w a s  o b t a i n e d  [ i  r  =  7 .4  m in ;  m / e  ( r e la t iv e  

i n t e n s i t y )  1 2 8  ( M + ,  1 0 ) ,  1 1 0  ( 2 ) ,  8 2  ( 1 2 ) ,  7 4  ( 1 0 0 ) ,  7 1  ( 3 0 ) ] .  T r i e n e  

is o m e r  5a a l s o  g a v e  7a [ t r  =  7 .4  m in ;  m / e  ( r e l  i n t e n s i t y )  1 2 8  ( M + , 1 2 ) ,  

1 1 0  ( 1 ) ,  8 2  ( 1 0 ) ,  7 4  ( 1 0 0 ) ,  7 1  ( 3 2 ) ;  7 0 %  y i e l d  r e l a t i v e  t o  t h e  a m o u n t  o f  

7a f o r m e d  f r o m  D H T 2] . T h e  m o r e  p o l a r  i s o m e r  5b g a v e  7b [ f R  =  8 .5  

m in ;  m / e  ( r e l  in t e n s it y )  1 2 8  ( M + , 1 7 ) ,  1 1 0  ( 3 ) ,  8 2  ( 1 1 ) , 7 4  ( 1 0 0 ) ,  7 1  ( 3 8 ) ; 

8 5 %  y i e l d  r e l a t i v e  t o  t h e  a m o u n t  o f  7a f o r m e d  f r o m  D H T 2] . 1B U n d e r  

t h e  G C  c o n d it io n s  c h o s e n ,  o n ly  t h e  m o s t  v o la t i l e  d e g r a d a t i o n  p r o d u c t s  

( i .e . ,  7a,b) a r e  e l u t e d ;  t h e  h i g h e r  m o l e c u l a r  w e i g h t  p r o d u c t s  f o r m e d  

b y  o z o n o l y s i s  o f  5a,b o r  D H T 2 r e q u i r e  e l e v a t e d  t e m p e r a t u r e s  f o r  

e l u t i o n .  C o i n j e c t i o n  o f  o z o n o l y s i s  p r o d u c t s  f r o m  5a a n d  D H T 2  g a v e  

a  s in g le  p e a k  w i t h  f  r  =  7 .4  m in ,  w h i le  c o in je c t io n  o f  t h e  p r o d u c t s  f r o m  

5b a n d  D H T 2 g a v e  t w o  p e a k s  ( i n ’ s  =  7 . 5  a n d  8 .7  m in ) .

Deuterium Incorporation Study. T o  a  P y r e x  t u b e  w a s  a d d e d  1 . 0  

m g  o f  cis-i s o t a c h y s t e r o l s  ( 3 )  in  0 .3 0  m L  o f  C H 3 O D . A f t e r  f r e e z i n g  t h e  

s o l v e n t  in  l i q u i d  n i t r o g e n ,  t h e  t u b e  w a s  s e a l e d  a n d  h e a t e d  t o  1 1 0  ° C  

f o r  3  h . T h e  s o l v e n t  w a s  r e m o v e d  a n d  0 .3  m L  o f  C H 3 O H  w a s  a d d e d  

a n d  t h e n  e v a p o r a t e d .  T h e  p r o d u c t s  w e r e  p u r i f i e d  b y  p r e p a r a t i v e  T L C  

a s  d e s c r i b e d  a b o v e .  T h i s  g a v e ,  a s  e v i d e n c e d  b y  U V  a b s o r p t i o n ,  0 . 2 1  

m g  o f  i s o m e r  5a, 0 . 1 6  m g  o f  s t a r t in g  m a t e r i a l  ( 3 ) ,  a n d  0 .2 3  m g  o f  i s o m e r  

5b. M a s s  s p e c t r a l  a n a l y s i s  o f  t h e s e  t w o  p r o d u c t s  a n d  a  s a m p l e  o f  

s t a r t i n g  m a t e r i a l  t h a t  h a d  n e v e r  b e e n  e x p o s e d  t o  C H 3 O D  is  s u m m a 

r i z e d  in  T a b l e  I.

Reaction Reversibility. I s o m e r  5a ( 1 . 8  m g )  w a s  d i s s o l v e d  in  1 . 0  

m L  o f  x y l e n e  a n d  h e a t e d  t o  1 2 5  ° C  f o r  2 .5  h . A f t e r  e v a p o r a t i o n  o f  

s o l v e n t ,  t h e  r e s i d u e  w a s  p u r i f i e d  b y  p r e p a r a t i v e  T L C  a s  d e s c r i b e d  

a b o v e .  T h i s  g a v e  0 . 3 1  m g  o f  s t a r t i n g  m a t e r i a l  5a, 0 .4 7  m g  o f  3 ,  a n d  0 .4 3  

m g  o f  5b. P r o d u c t  i d e n t i t y  w a s  c o n f i r m e d  b y  U V ,  T L C ,  a n d  N M R ;  

p r o d u c t  a m o u n t s  w e r e  q u a n t i t a t e d  b y  U V .

Kinetic Experiments. A  s o l u t i o n  o f  cis - i s o t a c h y s t e r o l g  ( 3 )  in  n- 
d e c a n e  w a s  d i lu t e d  t w e n t y f o l d  w i t h  n - d e c a n e  p r e h e a t e d  t o  t h e  d e s i r e d  

t e m p e r a t u r e .  T h e  r e a c t i o n  w a s  m a i n t a i n e d  u n d e r  n i t r o g e n ;  t e m p e r 

a t u r e  w a s  c o n t r o l le d  w i t h  a n  o i l  b a t h  a n d  t h e r m o s t a t .  T h e  s t a r t i n g  

m a t e r i a l  c o n c e n t r a t i o n  w a s  i n i t i a l l y  0 .0 5  m g / m L .  A t  t h e  i n d i c a t e d  

t im e s  ( F ig u r e  1 )  a n  a l iq u o t  w a s  r e m o v e d ,  c o o le d , t h e n  a n a l y z e d  b y  L C  

a s  d e s c r i b e d  a b o v e .  T h e  d e c r e a s e  in  t h e  p e a k  h e i g h t  o f  cis - i s o t a -  

c h y s t e r o L  o n  t h e  L C  t r a c e  w a s  f o l lo w e d  v e r s u s  t im e .  S e m i l o g a r i t h m i c  

p lo t s  o f  t h e s e  d a t a  w e r e  m a d e  ( F ig u r e  1 ) ,  a n d  t h e  s lo p e  o f  t h e  r e s u l t in g  

l in e  f o r  e a c h  t e m p e r a t u r e  g a v e  t h e  s u m  o f  t h e  f o r w a r d  r a t e  c o n s t a n t s .  

T h e  L C  t r a c e  w a s  c a l i b r a t e d  w i t h  s t a n d a r d s  o f  5a a n d  5b o f  k n o w n  

c o n c e n t r a t io n .  T h i s  a l lo w e d  m e a s u r e m e n t  o f  t h e  r a t i o  o f  t h e  a m o u n t s  

o f  5a t o  5b ( b a s e d  o n  p e a k  h e i g h t s  o f  5a a n d  5b o n  L C  t r a c e s  o f  a l i 

q u o t s  t a k e n  a t  e a r l y  t im e  p o in t s )  a n d  d i r e c t l y  g a v e  t h e  r a t i o  o f  t h e  t w o  

f o r w a r d  r a t e  c o n s t a n t s . 16  K n o w i n g  t h e  r a t i o s  a n d  t h e  s u m s ,  t h e  t w o  

r a t e  c o n s t a n t s  w e r e  c a l c u l a t e d  f o r  e a c h  t e m p e r a t u r e  a n d  f i t t e d  t o  a  

l i n e a r  e q u a t i o n  ( F i g u r e  2 ) . S l o p e s ,  i n t e r c e p t s ,  a n d  t h e  e r r o r s  in  t h e s e  

m e a s u r e m e n t s  w e r e  d e t e r m i n e d  b y  t h e  m e t h o d  o f  C l e l a n d . 1 7  T h e r 

m o d y n a m i c  p a r a m e t e r s  ( T a b l e  I I )  w e r e  d e r i v e d  f r o m  t h e  s lo p e s  a n d  

i n t e r c e p t s  a s  d o n e  b y  H a v i n g a  a n d  c o - w o r k e r s . 1 1
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A s y m m e t r i c  s y n t h e s i s  o f  D ( + ) - p a n t o t h e n a t e  f r o m  k e t o p a n t o y l  l a c t o n e  f o l l o w i n g  a  b i o m i m e t i c  r o u t e  u s i n g  a s y m 

m e t r i c  h y d r o g e n a t i o n  in  t h e  k e y  s t e p  i s  d e s c r i b e d .  T h e  a s y m m e t r i c  h y d r o g e n a t i o n  o f  k e t o p a n t o y l  l a c t o n e  w a s  e f f e c 

t i v e l y  c a t a l y z e d  b y  a  r h o d i u m  c o m p l e x  w i t h  B P P M  a s  c h i r a l  l i g a n d  t o  a f f o r d  D ( — ) - p a n t o y l  l a c t o n e  w i t h  8 6 .7 %  o p t i 

c a l  p u r i t y  u n d e r  o p t i m u m  c o n d i t i o n s .  T h i s  w a s  f u r t h e r  r e c r y s t a l l i z e d  t o  g i v e  t h e  p u r e  l a c t o n e  in  g o o d  y i e l d .  T h e  

p u r e  D (—) - p a n t o y l  l a c t o n e  t h u s  o b t a i n e d  w a s  c o n v e r t e d  t o  e t h y l  D ( + ) - p a n t o t h e n a t e  b y  r e a c t i n g  w i t h  ( 3 - a la n in e  

e t h y l  e s t e r .

Pantothenic acid is a member of the B complex vitamins 
and is an important constituent of Coenzyme A. Pantothenic 
acid is converted to pantetheine, which further reacts with 
adenosine triphosphate (ATP) to form Coenzyme A. The 
biosynthesis of pantothenic acid from valine has been pos
tulated to involve1’2 (a) the oxidative deamination of valine 
to a-ketoisovaleric acid, (b) the hydroxyméthylation of this 
acid to form ketopantoyl lactone, (c) the asymmetric reduction 
of ketopantoyl lactone to pantoyl lactone, and (d) the coupling 
of pantoyl lactone with /3-alanine to give pantothenic acid 

Scheme I
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a Transaminase. b Ketopantoaldolase. c Reductase. 

d Pantothenate synthetase.

(Scheme I). Among these processes, step c is the most signif
icant since only D(+)-pantothenic acid derived from d (—)- 
pantoyl lactone has biological activity.3 Although the bio
logical synthesis of D(+)-pantothenic acid has been reported 
using microbial reduction of ketopantoyl lactone to pantoyl 
lactone,4 no attempts have been made on the chemical 
asymmetric synthesis of this substance following the bio
synthetic route. We have found that a rhodium complex with 
a chiral pyrrolidinodiphosphine, (2S,4S)-7V-ferf-butoxycar- 
bonyl-4-diphenylphosphino-2-diphenylphosphinomethyl- 
pyrrolidine (BPPM) ,5 displays a high chiral recognition ability 
comparable to that of microorganisms, and thus the chiral 
rhodium complex can be considered as a functional biomi
metic model of the ketopantoyl lactone reductase. We wish 
to present here an effective biomimetic route to D(+)-pan- 
tothenic acid using a catalytic asymmetric hydrogenation in 
the key step as an application of the successful hydrogenation 
of a-keto esters catalyzed by neutral rhodium complexes with 
phosphine ligands.6

One of the key compounds in the biosynthetic route is ke
topantoyl lactone since the asymmetric reduction of this 
compound is the characteristic process in biological systems. 
This eliminates the need for the optical resolution of racemic 
pantoyl lactone as employed in the commercial synthesis of 
D(+)-pantothenic acid derivatives.7 As the formation of ke
topantoyl lactone is not restricted to enzymatic process but 
a simple aldol condensation, we started the asymmetric syn
thesis from ketopantoyl lactone.

0022-3263/78/1943-3444$01.00/0 © 1978 American Chemical Society
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Table I. Asymmetric Hydrogenation of Ketopantoyl Lactone to D(-)-Pantoyl Lactone Catalyzed by the
BPPM-Rhodium(I) Complex

Solvent

Initial H2 
pressure, 

atm Conditions“
Conversion5

%
M 25d , c

deg

Optical 
purity,d 

% ee

Benzene 50 10  °C, 48 h 95.4 -23.4 46.2
Benzene 50 20 °C, 48 h 99.2 -43.4 85.5
Benzene 50 30 °C, 48 h 10 0 .0 -44.0 86.7
Benzene 50 50 °C, 24 h 10 0 .0 -43.0 84.8
THFe 50 0°C, 70 h 46.1 -13.4 26.4
THFe 50 15 °C, 48 h 69.7 -41.9 82.6
THFC 50 30 °C, 48 h 99.5 -40.9 80.7
Chlorobenzene 50 50 °C, 48 h 94.5 -32.2 63.5
Toluene 50 50 °C, 48 h 99.6 -39.4 77.7

0 A 0.99-1.06 mol % amount of the catalyst was employed; [BPPM]/[Rh] = 1.12-1.17. 6 Determined by GLC analysis. As the reaction 
does not involve any side reactions at all, this value corresponds to the chemical yield.c Measured in water; c = 2.010-2.098. d Optical 
purity was calculated on the basis of the maximum rotation of the pure enantiomer, [o ] 25d  max -50.7° (c 2.05, H20) (ref 3). e THF 
= tetrahydrofuran.

The asymmetric hydrogenation of ketopantoyl lactone was 
carried out by means of a homogeneous rhodium complex 
having BPPM as the chiral ligand. This gave D(-)-pantoyl 
lactone with an optical purity of 86.7% in almost quantitative 
yield under optimum conditions.8 The results obtained in the 
asymmetric hydrogenation under a variety of conditions are 
summarized in Table I. The corresponding asymmetric hy
drogenation using (—)-DIOP9 as the chiral ligand in tetrahy
drofuran at 20 °C resulted in only a 35% enantiomeric ex
cess.

As Table I shows, (i) the optical yield is affected by the 
solvent employed, with benzene affording the best results as 
far as we have examined, and (ii) a remarkable effect of the 
reaction temperature on the optical yield is observed. It is of 
interest that the extent of asymmetric induction decreases 
precipitously at temperatures below ca. 1 0  °C. This phe
nomenon could be caused by either (i) a change in the rate
determining step or (ii) an exchange of one mechanism for 
another, provided the reaction proceeds via two parallel 
mechanisms. A configurational change of the chiral ligand in 
the coordination sphere of the rhodium complex could be also 
suggested.

As to the direction of asymmetric induction, R  configuration 
is found to be extremely favored, thus leading to the formation 
of the naturally occurring d(—)-pantoyl lactone which has 
been shown to have the R  configuration.315 Thus, the direction 
of asymmetric induction realized in the present reaction is the 
same as that observed in the asymmetric hydrogenation of 
pyruvates using either (—)-DIOP or BPPM as the chiral li
gand.6

The pantoyl lactone thus obtained was easily purified to 
give the pure D isomer by recrystallization from n-hexane- 
benzene. Accordingly, a pure sample of D ( - ) -pantoyl lactone 
was obtained in at least 70% yield from ketopantoyl lactone. 
The pure sample of D ( - ) -pantoyl lactone was converted in 
77% yield to the ethyl ester of D(+)-pantothenic acid by re
acting with /3-alanine ethyl ester. The transformations of ethyl 
D(+)-pantothenate to D(+)-pantothenic acid and to pan
tetheine are known processes.3' 10 Synthesis of calcium pan
tothenate from D ( - ) -pantoyl lactone, /3-alanine, and calcium 
metal or ions has been established.7

As the optical yield attained in a microbial reduction of 
ketopantoyl lactone using baker’s yeast has been reported to 
be ca. 72%,4 our chiral rhodium catalyst is shown to be superior 
to baker’s yeast in this reaction. Although Lanzilotta et al. 
recently have found that specific strains of an ascomycete, 
B y sso c h la m y s  fu lu a , can achieve exceedingly high optical 
yield production of the D isomer,4 the isolation procedure from 
aqueous media, i.e., extraction, recovery of raw materials, and 
purification, is very troublesome because of the high solubility

of the product in water. Thus, the present reaction has some 
advantages from a synthetic point of view; i.e., (i) conversion 
of the reaction is virtually 1 0 0 %, and (ii) the isolation of the 
product is quite simple and convenient since the reaction is 
carried out in small amounts of nonaqueous media.

Further studies on achieving high stereoselectivity using 
a variety of chiral ligands are actively under way.

E x p e r im e n ta l  S e c t io n
Measurements. M e l t i n g  p o in t s  a n d  b o i l in g  p o in t s  a r e  u n c o r r e c t e d .  

T h e  i n f r a r e d  s p e c t r a  w e r e  m e a s u r e d  o n  a  H i t a c h i  E P I - G 3  s p e c t r o 

p h o t o m e t e r  u s in g  s a m p l e s  a s  n e a t  l i q u i d  o r  in  K B r  d i s k s .  T h e  n u c le a r  

m a g n e t i c  r e s o n a n c e  s p e c t r a  w e r e  o b t a i n e d  u s i n g  a  V a r i a n  X L - 1 0 0 ,  

H A - 1 0 0 ,  o r  T - 6 0  s p e c t r o m e t e r  w i t h  M e ,t S i  a s  a n  i n t e r n a l  s t a n d a r d .  

A n a l y t i c a l  g a s  c h r o m a t o g r a p h y  ( G L C )  w a s  c a r r ie d  o u t  o n  a  S h im a d z u  

G C - 3 B F  u s in g  a  c o lu m n  p a c k e d  w i t h  3 %  P E G - 2 0 M .

Materials. [ R h ( c y c l o o c t a - l , 5 - d i e n e ) C l ] 2  w a s  p r e p a r e d  f r o m  r h o 

d i u m  t r i c h l o r i d e  t r i h y d r a t e  a n d  c y c l o o c t a - 1 , 5 - d i e n e . 1 1  B P P M  w a s  

p r e p a r e d  f r o m  L - 4 - h y d r o x y p l o r i n e  in  a c c o r d a n c e  w i t h  a  p r e v i o u s l y  

r e p o r t e d  m e t h o d .5  K e t o p a n t o y l  l a c t o n e  w a s  p r e p a r e d  b y  t h e  o x id a t io n  

o f  D L - p a n t o y l  l a c t o n e  w i t h  I V - b r o m o s u c c i n i m i d e  in  8 5 %  y i e l d  b y  a  

m o d i f i e d  m e t h o d  o f  B r o q u e t  a n d  B e d i n . 1 2  T h e  s h i f t  r e a g e n t  f o r  N M R  

m e a s u r e m e n t s ,  t r i s [ 3 - ( t r i f l u o r o m e t h y l h y d r o x y m e t h y l e n e ) - d - c a m -  

p h o r a t o ] e u r o p i u m ( I I I )  [ E u f f a c a m B ] ,  w a s  c o m m e r c i a l ly  a v a i l a b l e  f r o m  

W il l o w  B r o o k  L a b o r a t o r i e s ,  I n c .

Preparation of the Catalyst Solution. T h e  o p t i c a l l y  a c t i v e  c a t 

a l y s t  w a s  p r e p a r e d  in  s i t u  b y  t h e  r e a c t i o n  o f  [ R h ( c y c l o o c t a - l , 5 -  

d i e n e ) C l ]2  w i t h  t h e  c h i r a l  d i p h o s p h i n e  in  a  d e g a s s e d  s o l v e n t  a t  a m 

b i e n t  t e m p e r a t u r e .  I n  a  t y p i c a l  e x p e r im e n t ,  2 4 .4  m g  ( 4 .9 5  X 1 0 - 6  m o l)  

o f  [ R h ( c y c l o o c t a - l , 5 - d i e n e ) C l ] 2  a n d  6 0 .0  m g  ( 1 . 0 8  X 1 0 - 4  m o l)  o f  

B P P M  w e r e  d i s s o lv e d  in  8  m L  o f  b e n z e n e  u n d e r  a n  a r g o n  a t m o s p h e r e  

a n d  s t i r r e d  f o r  1 5  m in . S i m i l a r ly ,  t h e  ( —) - D I O P - r h o d i u m  c a t a l y s t  w a s  

p r e p a r e d  f r o m  2 4 .4  m g  ( 4 .9 5  X  1 0 - 5  m o l)  o f  [ R h ( c y c l o o c t a - 1 , 5 -  

d i e n e ) C l ] 2 a n d  5 3 . 8  m g  ( 1 . 0 8  X 1 0 - 4  m o l)  o f  ( — ) - D I O P  in  8  m L  o f  

b e n z e n e .
Asymmetric Hydrogenation of Ketopantoyl Lactone. In a

t y p i c a l  r u n ,  1 . 2 8  g  ( 1 0 . 0  m m o l)  o f  k e t o p a n t o y l  l a c t o n e  w a s  a d d e d  t o  

8  m L  o f  a  d e g a s s e d  b e n z e n e  s o lu t io n  o f  B P P M - r h o d i u m  c o m p le x  ( 1 .0 8  

X 1 0 - 2  m m o l ,  1 . 0 8  m o l% )  in  a  a u t o c l a v e  u n d e r  a r g o n .  A f t e r  t h e  a r g o n  

a t m o s p h e r e  w a s  d i s p la c e d  b y  h y d r o g e n ,  t h e  h y d r o g e n a t io n  w a s  c a r r ie d  

o u t  u n d e r  a n  i n i t i a l  h y d r o g e n  p r e s s u r e  o f  5 0  a t m  a t  3 0  ° C  f o r  4 8  h  w it h  

s t i r r i n g .  T h e  G L C  a n a l y s i s  o f  t h e  r e a c t i o n  m i x t u r e  r e v e a l e d  t h a t  t h e  

c o n v e r s io n  o f  t h e  r e a c t io n  w a s  10 0 % . T h e  s o l v e n t  w a s  e v a p o r a t e d ,  a n d  

t h e  r e s i d u e  w a s  d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e  t o  a f f o r d  1 . 2 1  g  (9 3 % ) 

o f  p a n t o y l  l a c t o n e :  b p  9 2  ° C  (4  m m H g ) ;  [ a ] 25p  —4 4 .0 °  (c  2 . 0 1 0 ,  H 2 0 ) .  

A n  N M R  ( 1 0 0  M H z )  m e a s u r e m e n t  u s in g  E u ( f a c a m ) 3 s h o w e d  t h a t  th e  

p u r i t y  o f  t h e  e n a n t i o m e r  t h u s  o b t a i n e d  w a s  8 6 %  e n a n t i o m e r i c  e x 

c e s s .
T h e  p a n t o y l  l a c t o n e  ( 1 . 2 1  g )  t h u s  o b t a i n e d  w a s  r e c r y s t a l l i z e d  f r o m  

n - h e x a n e - b e n z e n e  ( 3 : 1 )  t o  a f f o r d  8 5 4  m g  (7 0 .6 % )  o f  p u r e  D ( —( - p a n t o y l  

l a c t o n e ,  [ a ] 25n —5 0 .8  ±  0 . 1 °  (c  2 .0 5 5 ,  H 2 0 ) .
W h e n  t h e  c o n v e r s i o n  o f  t h e  r e a c t i o n  w a s  lo w e r  t h a n  9 9 % , t h e  r e 

a c t i o n  m i x t u r e  w a s  s u b m i t t e d  t o  c o l u m n  c h r o m a t o g r a p h y  o n  s i l i c a .  

T h e n ,  p a n t o y l  l a c t o n e  w a s  s e p a r a t e d  f r o m  u n r e a c t e d  k e t o p a n t o y l  

l a c t o n e  a n d  u s e d  f o r  t h e  m e a s u r e m e n t  o f  o p t i c a l  r o t a t i o n .

Synthesis of Ethyl D(+)-Pantothenate. E t h y l  D ( + ) - p a n t o -  

t h e n a t e  w a s  s y n t h e s iz e d  b y  a  m o d i f i e d  m e t h o d  o f  G i i s s n e r  e t  a l . 1 3  P u r e
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D ( — ) - p a n t o y l  l a c t o n e  ( 2 .6 0  g , 2 0  m m o l ) ,  o b t a i n e d  in  t h e  a b o v e  r e a c 

t io n ,  w a s  m i x e d  w i t h  f r e s h l y  d i s t i l l e d  (3 -a la n in e  e t h y l  e s t e r  ( 2 .8 0  g ,  2 4  

m m o l)  in  2 0  m L  o f  b e n z e n e  a n d  h e a t e d  u n d e r  r e f l u x  f o r  6  h .  A f t e r  t h e  

s o l v e n t  w a s  e v a p o r a t e d ,  t h e  r e s i d u e  w a s  s u b m i t t e d  t o  c o lu m n  c h r o 

m a t o g r a p h y  o n  s i l i c a .  T h e  u n r e a c t e d  p a n t o y l  l a c t o n e  w a s  r e c o v e r e d  

( 0 .5 2  g , 2 0 % )  f r o m  t h e  n - h e x a n e - b e n z e n e  e l u a t e ,  a n d  e t h y l  D ( + ) -  

p a n t o t h e n a t e  ( 3 .8 0  g , 7 7 % )  w a s  o b t a i n e d  f r o m  t h e  e t h e r  e lu a t e .  E t h y l  

D ( + ) - p a n t o t h e n a t e :  c o lo r le s s  l i q u i d ;  [ « ] 18d  + 4 2 . 2 0 °  (c  2 . 1 8 ,  a b s o lu t e  

E t O H ) .  A n a l .  C a l c d  f o r  C n H 2 i 0 5N ;  C ,  5 3 .4 3 ;  H ,  8 .5 6 ;  N ,  5 .6 6 . F o u n d :  

C ,  5 3 . 3 9 ;  H ,  8 .6 9 ; N ,  5 .4 7 .

T h e  p r e v i o u s l y  r e p o r t e d  m a x i m u m  r o t a t i o n  o f  t h i s  c o m p o u n d  b y  

G i i s s n e r  e t  a l .  w a s  [<*]18 d  + 3 6 . 8 °  (c  4 .6 8 ,  a b s o l u t e  E t O H ) .  T h i s  lo w e r  

v a lu e  c o u ld  b e  d u e  t o  a  p a r t i a l  r a c e m iz a t io n  d u r in g  d i s t i l l a t i o n  a t  h ig h  

t e m p e r a t u r e .
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Synthesis of Pomiferin, Auriculasin, and Related Compounds
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N u c l e a r  p r é n y l a t i o n  o f  3 ' , 4 '- d i - 0 - m e t h y l o r o b o l  (4 )  w i t h  p r e n y l  b r o m i d e  u n d e r  a l k a l i n e  c o n d i t i o n s  h a s  y i e l d e d  i t s

7 - O - p r e n y l  (8 ) , 6 - C - p r e n y l  ( 1 2 ) ,  a n d  6 ,8 - d i - C , C - p r e n y l  (9 )  d e r i v a t i v e s .  A c e t y l a t i o n ,  p a r t i a l  m é t h y la t i o n ,  a n d  c y c l i -  

z a t i o n  w i t h  f o r m i c  a c i d  o f  1 2  a n d  9  s e p a r a t e l y  a n d  t h e i r  N M R  s p e c t r a  e s t a b l i s h e d  t h e i r  s t r u c t u r e s .  C y c l o d e h y d r o g e 

n a t i o n  o f  9  w i t h  D D Q  g a v e  d i - O - m e t h y l  d e r i v a t i v e s  ( 6  a n d  1 8 )  o f  p o m i f e r i n  a n d  a u r i c u l a s i n ,  r e s p e c t i v e l y .  P o m i f e r i n

( 1 )  a n d  a u r i c u l a s i n  ( 5 )  t h e m s e l v e s  w e r e  s y n t h e s i z e d  b y  n u c l e a r  p r é n y l a t i o n  o f  o r o b o l  ( 1 9 ) ,  g i v i n g  t h e  6 - C - p r e n y l  ( 2 1 )  

a n d  t h e  6 ,8 - d i - C , C - p r e n y l  ( 2 0 )  d e r i v a t i v e s .  C y c l o d e h y d r o g e n a t i o n  o f  6 ,8 - d i - C , C - p r e n y l o r o b o l  (2 0 )  a f f o r d e d  b o t h  

t h e  i s o m e r s  ( 1  a n d  5 ) .  C y c l o d e h y d r o g e n a t i o n s  o f  2 1  a n d  1 2  y i e l d e d  6 " , 6 " - d i m e t h y l p y r a n o [ 2 " , 3 " : 7 , 6 ] o r o b o l  ( 2 2 ) a n d  

i t s  d i m e t h y l  e t h e r  ( 1 6 ) ,  r e s p e c t i v e l y .

Pomiferin was isolated from the fruit of the osaje orange 
tree, M a c lu ra  p o m ifera  Raf., along with osajin (Dr. D. Dreyer, 
Western Regional Research Laboratory, Berkeley, states that 
both osajin and pomiferin are present in almost equal amounts 
in the fruit), and assigned the structure of 5,3'4'-trihy- 
droxy-6 -C - prenyl-6 " ,6"-dimethylpyrano[2",3":7,8]isofla- 
vone (1) by Wolfrom et al.1’2 using mostly the chemical

1 ,  R  =  H  ( p o m i f e r i n )

6 , R  =  M e

methods of degradation and color reactions. The only syn
thetic evidence given so far has been the synthesis of its de
rivative, dihydroisopomiferin (2 ), formed in two stages. 
Wolfrom et al.2 synthesized dihydroisopomiferin (2) from 
bis(dihydropyrano)phloroglucinol (3) by Hoesch reaction with
3,4-dimethoxybenzyl cyanide, followed successively by iso
flavone condensation with ethyl formate in the presence of 
sodium and déméthylation with KI, whereas Raizada et al.3

synthesized 2 from S' '̂-di-O.-methyloroboiiJ) by reacting it 
with prenyl bromide in the presence of zinc chloride and 
benzene. Auriculasin recently isolated from M ille t ia  au r ic u -  
la t a  (Leguminosae) has been assigned the isomeric structure 
5 by Minhaj et al.4 on the basis of its special data and those on 
its trimethyl ether and triacetate. We now report the synthesis

4 ,  R  =  M e  

1 9 ,  R  =  H

0022-3263/78/1943-3446$01.00/0 © 1978 American Chemical Society
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5 ,  R  =  H  ( a u r i c u l a s i n )

1 8 ,  R  =  M e

of both the natural compounds 1 and 5 and their 3',4'-dimethyl 
ethers 6 and 18, respectively.

The synthesis of 3',4'-dimethyl ethers (6  and 18) starts with 
the preparation of orobol 3',4'-dimethyl ether (4) which has 
been accomplished by Bass’s general method of isoflavone 
synthesis.5 It involves heating 2,4,6-trihydroxyphenyl 3,4- 
dimethoxybenzyl ketone (7) with methanesulfonyl chloride

in the presence of boron trifluoride etherate and DMF. Orobol 
3',4'-dimethyl ether (4), when refluxed with prenyl bromide 
in the presence of K2CO3 and acetone, yielded its 7-prenyl 
ether (8 ) as shown by its NMR spectrum.6 Thus, it showed

besides the signals of the starting compound, a doublet of 
OCH2 at 4.53, two singlets of an olefinic gem-dimethyl group 
at 1.75 and 1.82, and a triplet of one methine hydrogen at 5.42 
ppm. On the other hand, when orobol dimethyl ether (4) was 
reacted with prenyl bromide in the presence of methanolic 
sodium methoxide, a mixture of three compounds was iso
lated. The product formed in the largest yield was identified 
as the 6 ,8 -di-C,C-prenyl derivative (9). Thus, it formed a di
acetate (10) (NMR 2.23, 2.41 ppm (2 s)). Further, both the 
hydroxy compound (9) and its diacetate (10) showed no signal

9 ,  R  =  H ;  R ,  =  M e  

1 0 ,  R  =  A c ;  R ,  =  M e  

2 0 ,  R  =  R ,  =  H

for aromatic protons of the condensed benzene ring but in
stead showed signals of two C-prenyl groups. The structure 
of di-C,C-prenylisoflavone (9) was finally supported by 
treatment with HCOOH when dihydroisopomiferin dimethyl 
ether (1 1 ) was obtained in agreement with the earlier de

scription.2’3 Further NMR spectra showed the expected two 
triplets of four protons each at 2.58 and 2.78 ppm.

The second product of the above prénylation reaction was 
identified as the 6 -C-prenyl derivative (12) on the basis of 
formation of its diacetate (13) (NMR 2.33, 2.40 ppm (2 s)) and 
a monomethyl ether (14) (NMR 3.87, 3.89 ppm (2 s, three 
methoxy groups)). Further the NMR spectra of all these

compounds, viz. 12,13 and 14, showed the presence of only one 
C-prenyl unit and one aromatic proton of the ring A (NMR 
6.49,6.87, and 6.36 ppm (s), respectively). The orientation of 
the C-prenyl unit in the 6  position was established by acid 
cyclization of 14 to give the dihydropyrano derivative (15)

which showed a negative ferric reaction and two triplets at 1.81 
and 2.67 ppm in its NMR spectrum. Had this been the 8 -C- 
prenyl isomer, it would not have yielded the 2 ,2 -dimethyl 
dihydropyrano derivative. The third minor product of the 
above C-prenylation reaction was identified as 7-prenyloxy- 
3',4'-dimethoxy-5-hydroxyisoflavone (8 ).

The above C-prenyl derivatives 9 and 12 were separately 
cyclodehydrogenated with DDQ. The latter (12) gave 2,2- 
dimethylpyrano derivative having the structure 5-hydroxy- 
3,,4'-dimethoxy-6,/,6"-dimethylpyrano[2",3":7,6]isoflavone
(16). In accordance with this structure, it formed a mono- 
acetate (17: NMR 2.30 ppm (1  s, 3 H)) and both compounds 
(16 and 17) showed two characteristic doublets at about 5.5

1 6 ,  R  =  H ;  R ,  =  M e

1 7 ,  R  =  A c ;  R ,  =  M e

2 2 ,  R  =  R ,  =  H
2 3 ,  R  =  R ,  =  A c

and 6 .6  ppm of the pyran ring and a deshielded aromatic hy
drogen as a singlet at 6.26 ppm. But 6,8-di-C,C-prenyl-3',4'- 
di-O-methylorobol (9) on cyclodehydrogenation with DDQ 
gave two products. The major product was found identical 
with pomiferin dimethyl ether (6 ). The angular pyrano 
structure was proved by its mass spectrum which showed a 
mass ion peak at 392 having the m /e  value of (M — 56)+ 
characteristic of an o-prenylphenol.7 The minor product was 
identified as a linear pyrano isomer, viz., auriculasin dimethyl 
ether (18), by its mass spectrum showing the mass ion peak 
at 393 having an m/e value of (M — 55)+.

In order to synthesise pomiferin (1) and auriculasin (5) 
themselves, orobol (19) prepared from di-O-methylorobol (4) 
by heating with HI was subjected to nuclear prenylation as
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in an earlier case. Here, a mixture of two products was ob
tained. The major product was identified as 6 ,8 -di-C,C- 
prenylorobol (20) by its NMR spectrum. The second product 
was characterized as 6 -C-prenylorobol (2 1 ) because it gave a 
trimethyl ether (14) identical with the one described above.

Cyclodehydrogenation of 21 with DDQ provided 5,3',4'- 
trihydroxy-6,/,6"-dimethylpyrano[2",3":7,6]isoflavone (22). 
Its structure was supported by the formation of its triacetate
(23) and NMR spectra of both 22 and 23.

When 6 ,8 -di-C,C-prenylorobol (20) was refluxed with DDQ 
in benzene, a mixture of two 2 ,2 -dimethylpyrano derivatives 
(1 and 5) was obtained. The structures of both of these de
rivatives were established by preparing their dimethyl ethers 
with 2 mol of dimethyl sulfate. The dimethyl ether of the 
major chromene (1) was found identical with 6  and that of the 
minor chromene identical with 18. Further, the compound 1 
was found identical in all respects with the natural sample of 
pomiferin,1 and the compound 5 with auriculasin. Hence the 
constitutions of pomiferin and auriculasin are established by 
their total syntheses.

Experimental Section
General. A l l  m e l t i n g  p o i n t s  a r e  u n c o r r e c t e d .  U n l e s s  s t a t e d  o t h 

e r w i s e ,  U V  d a t a  w e r e  t a k e n  in  M e O H ;  f i g u r e s  b e f o r e  p a r e n t h e s e s  

r e p r e s e n t  \ max in  n a n o m e t e r s  a n d  t h o s e  w r i t t e n  in  p a r e n t h e s e s  lo g  

t v a l u e s ;  I R  s p e c t r a  w e r e  r e c o r d e d  in  N u j o l  m u l l ;  N M R  s p e c t r a  w e r e  

r u n  o n  a  8 0  M H z  m a c h i n e  in  C D C I 3  w i t h  M e 4 S i  a s  a n  i n t e r n a l  s t a n 

d a r d ;  c h e m i c a l  s h i f t s  a r e  e x p r e s s e d  in  p a r t s  p e r  m i l l i o n  ( p p m )  

d o w n f i e l d  f r o m  M e 4S i ;  Rf v a l u e s  r e f e r  t o  T L C  c a r r i e d  o u t  o n  p la t e s  

c o a t e d  w i t h  s i l i c a  g e l  “ G ” , a n d  t h e s e  p la t e s  w e r e  e i t h e r  d e v e lo p e d  w it h  

1 0 %  a q u e o u s  s u l f u r i c  a c id  o r  w i t h  3 %  a lc o h o l ic  f e r r i c  c h lo r id e ;  c o lu m n  

c h r o m a t o g r a p h y  w a s  d o n e  o n  s i l i c a  g e l ;  o n e  o f  t h e  f o l lo w in g  s o l v e n t  

s y s t e m s  w a s  u s e d  f o r  T L C :  ( A )  b e n z e n e ,  ( B )  b e n z e n e - e t h y l  a c e t a t e  

( 9 : 1 ) ,  ( C )  b e n z e n e - e t h y l  a c e t a t e  ( 1 7 : 3 ) ,  a n d  ( D )  t o l u e n e - e t h y l  f o r 

m a t e - f o r m i c  a c i d  ( 5 : 4 : 1 ) .

3',4'-Di-o-methylorobol (4). T o  a  w e l l - s t i r r e d  a n d  ic e - c o o le d  s o 

l u t i o n  o f  2 , 4 , 6 - t r i h y d r o x y p h e n y l  3 , 4 - d i m e t h y l o x y b e n z y l  k e t o n e  (7) 
(4  g )  in  D M F  ( 3 5  m L )  w a s  a d d e d  b o r o n  t r i f l u o r i d e  e t h e r a t e  (7  m L )  

d r o p w i s e  d u r i n g  t h e  c o u r s e  o f  3 0  m in .  T h e  t e m p e r a t u r e  w a s  r a i s e d  t o  

6 0  ° C  a n d  t h e n  m e t h a n e s u l f o n y l  c h lo r i d e  ( 4 .5  m L )  in  D M F  ( 1 0  m L )  

w a s  a d d e d  in  o n e  lo t .  T h e  r e s u l t i n g  m i x t u r e  w a s  h e a t e d  f o r  9 0  m in  o n  

a  w a t e r  b a t h ,  c o o le d ,  a n d  t h e n  a d d e d  t o  i c e - c o ld  w a t e r  ( 5 0 0  m L ) .  T h e  

s o l i d  w a s  c o l l e c t e d  a n d  c r y s t a l l i z e d  f r o m  a  p y r i d i n e - w a t e r  m i x t u r e  

w h e n  4 s e p a r a t e d  a s  c o lo r le s s  c r y s t a l s  ( 3 .6  g ) :  m p  2 5 3 - 2 5 4  ° C ;  Rf 0 .4 6  

( s o lv e n t  B ) ;  i n t e n s e  g r e e n  f e r r i c  r e a c t io n ;  I R  3 3 8 0 , 1 6 4 0  c m - 1 ; U V  2 6 2  
( 3 .9 7 ) .

A n a l .  C a l c d  f o r  C i z H ^ O g :  C ,  6 4 .9 ; H ,  5 .0 .  F o u n d :  C ,  6 5 .0 ;  H ,  5 . 1 .

5-Hydroxy-7-prenyloxy-3',4'-dirnethoxyisoflavone ( 8 ) . A  s o 
l u t i o n  o f  t h e  i s o f l a v o n e  4 ( 1 0 0  m g )  in  a c e t o n e  ( 2 0  m L )  w a s  r e f l u x e d  

w i t h  p r e n y l  b r o m i d e  ( 0 .0 5  m L )  a n d  K 2 C O 3 ( 1  g )  f o r  3  h . A c e t o n e  w a s  

d i s t i l l e d  o f f  a n d  w a t e r  a d d e d  t o  t h e  r e s i d u e .  T h e  s o l i d  t h u s  o b t a i n e d  

c r y s t a l l i z e d  f r o m  M e O H  y i e l d i n g  8  a s  c o l o r l e s s  n e e d l e s  ( 9 0  m g ) : m p  

1 2 7 - 1 2 8  ° C ;  Rf 0 .5 5  ( s o lv e n t  A ) ;  g r e e n  f e r r i c  r e a c t i o n ;  I R  3 4 5 0  a n d  

1 6 5 0  c m “ 1 ; U V  Amax 2 5 5  ( 4 . 1 4 ) ;  N M R  1 . 7 5 , 1 . 8 2  ( 6  H ,  2  s ,  ( C H 3 ) 2C = ) ,

3 .9 0  ( 6  H ,  s ,  2 C H 3 0 ) ,  4 . 5 3  ( 2  H ,  d ,  J  =  7  H z ,  O C H 2), 5 .4 2  ( 1  H ,  t ,  J =

6 .5  H z ,  A r C H 2C H = ) ,  6 . 3 5 ,  6 .9 8  ( 2  H .  2  d , J =  3  H z ,  H - 6  a n d  -8 , r e 

s p e c t i v e l y ) ,  6 . 8 2 - 7 . 0 2  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  -6 ' ) .  a n d  7 .8 0  ( 1  H ,  s , 
H - 2 ) .

A n a l .  C a l c d  f o r  C 2 2 H 2 2 0 6: C ,  6 9 . 1 ;  H ,  5 .9 .  F o u n d :  C ,  6 8 .9 ; H ,  6 .0 .

Nuclear Prenylation of 3',4'-Di-0-methylorobol (4). T o  a  s o 

lu t io n  o f  4 (4  g )  in  a n h y d r o u s  M e O H  ( 1 5 0  m L )  w a s  a d d e d  a  m e t h a n o l ic  

s o l u t i o n  o f  s o d i u m  m e t h o x i d e  ( 5  g  o f  N a / 6 0  m L  o f  M e O H ) .  T h e  

m i x t u r e  w a s  c o o le d ,  t r e a t e d  w i t h  p r e n y l  b r o m i d e  ( 6  m L )  in  o n e  lo t ,  

a n d  r e f l u x e d  f o r  4  h . A f t e r  r e m o v a l  o f  t h e  s o l v e n t ,  t h e  m i x t u r e  w a s  

t r e a t e d  w i t h  ic e  a n d  a c i d i f i e d  in  c o ld  d i lu t e  H C 1 .  T h e  s o l id  p r o d u c t  

w a s  e x a m i n e d  b y  T L C  u s i n g  t h e  s o l v e n t  s y s t e m  B  w h i c h  s h o w e d  t h e  

p r e s e n c e  o f  f o u r  m a i n  c o m p o u n d s .  I t  w a s  t h e r e f o r e  s u b j e c t e d  t o  c o l 

u m n  c h r o m a t o g r a p h y  a n d  t h e  c o lu m n  e l u t e d  s u c c e s s i v e l y  w i t h  ( 1 ) 

b e n z e n e - l i g h t  p e t r o le u m  ( 1 :9 ) ,  ( 2 )  b e n z e n e - l i g h t  p e t r o l e u m  ( 1 :4 ) ,  (3 )  

b e n z e n e - l i g h t  p e t r o l e u m  ( 1 : 1 ) ,  a n d  (4 )  b e n z e n e - e t h y l  a c e t a t e  ( 9 : 1 )  
w h e n  f o u r  f r a c t i o n s ,  A - D ,  w e r e  o b t a i n e d .

Fraction A c r y s t a l l i z e d  f r o m  a  b e n z e n e - l i g h t  p e t r o l e u m  m i x t u r e  

t o  y i e l d  6,8-di-C,C-prenyl-3',4'-dimethoxy-5,7-dihydroxyiso- 
flavone (9) a s  c o l o r l e s s  c r y s t a l s  ( 0 .7 3  g ) :  m p  1 2 4 - 1 2 5  ° C ;  Rf 0 .6 5  

( s o lv e n t  B ) ;  g r e e n  f e r r i c  r e a c t io n ;  I R  3 3 4 0 , 1 6 3 0 , 1 6 8 0  c m - 1 ; U V  \ max 

2 1 0 ,  2 4 0  ( 3 .8 0  a n d  4 . 1 0 ,  r e s p e c t i v e l y ) ;  9 0  M H z  N M R  1 . 7 7 , 1 . 8 5  ( 1 2  H ,  

2  s ,  2 ( C H 3 ) 2 C = ) ,  3 .4 8  (4  H ,  d ,  J =  7  H z ,  2 A r C H 2 C H = ) ,  3 .9 0  ( 6  H ,  s ,

2 C H 3 0 ) ,  5 . 1 0 - 5 . 4 0  ( 2  H ,  m , 2 A r C H 2 C H = ) ,  6 . 9 0 - 7 . 3 0  ( 3  H ,  m , H - 2 ' ,  

- 5 ' ,  a n d  - 6 ' ) ,  a n d  7 .9 2  ( 1  H ,  s ,  H - 2 ) .

A n a l .  C a l c d  f o r  C 2 7 H 3 o0 6: C ,  7 2 . 0 ;  H ,  6 .7 .  F o u n d :  C ,  7 2 . 0 ;  H ,  7 . 1 .

T h e  d i a c e t a t e  ( 1 0 )  p r e p a r e d  f r o m  9 b y  t h e  a c e t i c  a n h y d r i d e - p y r i 

d i n e  m e t h o d  c r y s t a l l i z e d  f r o m  a  b e n z e n e - l i g h t  p e t r o l e u m  m i x t u r e  a s  

c o lo r le s s  f l a k e s :  m p  1 1 4 - 1 1 5  ° C ;  Rf 0 .3 5  ( s o lv e n t  B ) ;  I R  1 7 5 0  a n d  1 6 4 0  

c m - 1 ; U V  Amax 2 0 6  a n d  2 5 4  ( 4 .0 2  a n d  4 . 3 2 ,  r e s p e c t i v e l y ) ;  N M R  1 . 7 2 ,

1 . 8 4  ( 1 2  H ,  2  s , 2 ( C H 3 ) 2C = ) ,  2 . 2 3 , 2 . 4 1  ( 6  H ,  2  s , 2 C H 3 C 0 2), 3 . 2 8 , 3 . 4 7  

(4  H ,  2  d , J =  7  H z , 2 A r C H 2), 3 . 8 7 , 3 . 9 4  ( 6  H ,  2  s , C H 3 0 ) ,  4 . 8 0 - 5 . 2 0  (2

H ,  m , 2 X C H = ) ,  6 . 8 0 - 7 . 1 2  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  -6 ' ) ,  a n d  7 .8 7  ( 1  H ,

s ,  H - 2 ) .

A n a l .  C a l c d  f o r  C 3 1 H 34 O 8 : C ,  6 9 .7 ;  H ,  6 .4 .  F o u n d :  C ,  7 0 .0 ;  H ,  6 .8 .

Fraction B w a s  c r y s t a l l i z e d  f r o m  M e O H  w h e n  5-hydroxy-7- 
prenyloxy-3',4'-dimethoxyisoflavone (8) f o r m e d  c o lo r le s s  c r y s t a l s  

( 0 . 1 5  g ) ;  m p  a n d  m m p  w i t h  t h e  s a m p l e  p r e p a r e d  a b o v e  1 2 7 - 1 2 8  ° C .

Fraction C  w a s  c r y s t a l l i z e d  f r o m  e t h y l  a c e t a t e - l i g h t  p e t r o l e u m  

m i x t u r e  t o  g iv e  6 - C - p r e n y l - 3 ' , 4 '- d i m e t h o x y - 5 , 7 - d i h y d r o x y i s o f l a v o n e  

( 1 2 )  a s  c o lo r le s s  c r y s t a l s  ( 0 .2 5  g ) :  m p  2 0 9 - 2 1 0  ° C ;  Rf 0 .5 8  ( s o lv e n t  A ) ;  

I R  1 6 2 0  a n d  3 3 0 0  c m - 1 ; U V  Xmax 2 1 8  a n d  2 5 4  ( 4 . 1 8  a n d  4 .0 9 , r e s p e c 

t i v e l y ) ;  N M R  1 . 6 5 , 1 . 7 8  ( 6  H ,  2  s ,  ( C H 3 ) 2 C = ) ,  3 .4 0  ( 2  H ,  d ,  J =  7  H z ,  

A r C H 2 C H = ) ,  3 .6 9  ( 6  H ,  s ,  2 C H 3 0 ) ,  5 . 0 6 - 5 . 3 2  ( 1  H ,  m , C H = ) ,  6 .4 9  

( 1  H ,  s ,  H - 8 ) , 6 . 8 5 - 7 . 2 6  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  -6 ' ) ,  a n d  7 .9 7  ( 1  H ,  s , 

H - 2 ) .

A n a l .  C a l c d  f o r  C 2 2 H 2 2 0 e :  C ,  6 9 . 1 ;  H ,  5 .8 .  F o u n d :  C ,  6 9 .2 ;  H ,  6 . 1 .

T h e  d i a c e t a t e  ( 1 3 )  p r e p a r e d  f r o m  1 2  b y  t h e  a c e t i c  a n h y d r i d e -  

p y r i d i n e  m e t h o d  c r y s t a l l i z e d  f r o m  b e n z e n e  a s  c o l o r l e s s  n e e d l e s :  m p  

1 8 4 - 1 8 5  ° C ;  Rf 0 .4 5  ( s o lv e n t  C ) ;  I R  1 6 3 0  a n d  1 7 4 5  c m “ 1 ; N M R  1 . 6 4 .

I .  8 0  ( 6  H ,  2  s ,  ( C H 3 ) 2C = ) ,  2 . 3 3 ,  2 .4 0  ( 6  H ,  2  s ,  2 C H 3 C 0 2) ,  3 . 2 5  ( 2  H , 

d ,  J  =  7  H z ,  A r C H 2), 3 .8 8  ( 6  H ,  s ,  2 C H 3 0 ) ,  4 . 8 2 - 5 . 1 2  ( 1  H ,  m , 

A r C H = ) ,  6 .8 7  ( 1  H ,  s ,  H - 8 ) , 6 .9 0 - 7 .2 0  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  -6 ' ) ,  a n d

7 .8 2  ( 1  H ,  s ,  H - 2 ) .

A n a l .  C a l c d  f o r  C ^ H ^ O s :  C ,  6 6 .9 ; H ,  5 .6 .  F o u n d :  C ,  6 6 .8 ; H ,  5 .9 .

Fraction D o n  c r y s t a l l i z a t i o n  f r o m  a n  a c e t o n e - M e O H  m i x t u r e  

a f f o r d e d  t h e  s t a r t i n g  m a t e r i a l  4 ,  2 . 3  g .

Dihydroisopomiferin 3',4'-Dimethyl Ether (11). T h e  i s o f l a v o n e  

9  ( 2 0 0  m g )  w a s  h e a t e d  w i t h  f o r m i c  a c i d  ( 2 5  m L )  o n  a  b o i l i n g  w a t e r  

b a t h  f o r  2  h  a n d  t h e n  l e f t  o v e r n i g h t  a t  r o o m  t e m p e r a t u r e .  T h e  p r o d u c t  

w a s  p o u r e d  i n t o  ic e - c o l d  w a t e r  ( 2 5 0  m L )  a n d  t h e  s o l i d  w a s  c o l l e c t e d  

a n d  s u b j e c t e d  t o  c o lu m n  c h r o m a t o g r a p h y .  E l u t i o n  w i t h  a  b e n z e n e -  

l i g h t  p e t r o l e u m  m i x t u r e  ( 1 : 4 )  g a v e  11 w h i c h  c r y s t a l l i z e d  f r o m  

M e O H - a c e t o n e  m i x t u r e  a s  c o lo r le s s  n e e d le s :  m p  2 1 3 - 2 1 4  ° C  ( l i t .2  m p

2 0 7 .5 - 2 0 9  °Cy,R{ 0 .5 0  ( s o lv e n t  B ) ;  I R  1 6 3 5  c m “ 1 ; N M R  1 . 3 4 , 1 . 3 7  ( 1 2  

H ,  2  s ,  ( C H 3 ) 2C < ) ,  1 . 7 8 , 1 . 8 7  (4  H ,  2 1 ,  J =  6  H z ,  2 A r C H 2 C H 2) , 2 .5 8 ,

2 .7 8  (4  H ,  2  t ,  J =  6  H z ,  2 A r C H 2) , 3 . 8 1 ,  3 .8 4  ( 6  H ,  2  s ,  2 C H 3 0 ) ,

6 . 8 0 - 7 . 2 0  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  - 6 ' ) ,  a n d  7 . 7 2  ( 1  H ,  s ,  H - 2 ) .

A n a l .  C a l c d  f o r  C 2 7 H 3o 0 6: C ,  7 2 . 0 ;  H ,  6 .7 .  F o u n d :  C ,  7 2 . 0 ;  H ,  6 .9 .

6-C-Prenyl-5-hydroxy-7,3',4'-trimethoxyisoflavone (14). A n  

a c e t o n e  s o l u t i o n  o f  t h e  i s o f l a v o n e  1 2  ( 2 0 0  m g )  w a s  r e f l u x e d  w i t h  d i 

m e t h y l  s u l f a t e  ( 0 . 1 4  m L )  in  t h e  p r e s e n c e  o f  i g n i t e d  K 2 C 0 3  ( 1  g )  f o r  

3  h . T h e  s o l v e n t  w a s  r e m o v e d  a n d  t h e  r e s i d u e  t r e a t e d  w i t h  w a t e r  ( 1 0 0  

m L ) .  T h e  s o l i d  w a s  c o l l e c t e d  a n d  c r y s t a l l i z e d  f r o m  M e O H  w h e n  14 
s e p a r a t e d  a s  c o lo r le s s  p la t e s  ( 1 6 0  m g ) :  m p  1 3 4 - 1 3 5  ° C ;  Rf 0 .6 0  ( s o lv e n t  

B ) ;  g r e e n  f e r r i c  r e a c t io n ;  I R  3 2 5 0  a n d  1 6 2 0  c m - 1 ; U V  2 1 6  a n d  2 8 0  ( 3 .8 3  

a n d  4 .0 5 ,  r e s p e c t i v e l y ) ;  N M R  1 . 6 5 , 1 . 7 8  ( 6  H ,  2  s ,  ( C H 3 ) 2C = ) ,  3 . 3 5  ( 2  

H ,  d ,  J =  7  H z ,  A r C H 2C H = ) ,  3 . 8 7 , 3 . 8 9  (9  H ,  2  s ,  3 C H 3 0 ) ,  5 . 1 9  ( 1 H ,

t ,  J  =  6 .5  H z , A r C H 2C H = ) ,  6 .3 6  ( 1  H ,  s , H - 8 ) , 6 . 8 8 - 7 . 0 1  ( 3  H ,  m , H - 2 ' ,  

- 5 ' ,  a n d  - 6 ' ) ,  a n d  7 . 8 1  ( 1  H ,  s ,  H - 2 ) .

A n a l .  C a l c d  f o r  C 2 3 H 24 0 e: C ,  6 9 .7 ;  H ,  6 . 1 .  F o u n d :  C ,  7 0 .0 ;  H ,  5 .9 .

6",6"-Dimethyl-7,3',4'-trimethoxy-4",5"-dihydropyrano[2",3":
5.6] isof!avone (15). T h e  i s o f l a v o n e  14 ( 1 0 0  m g )  w a s  h e a t e d  w i t h  

f o r m i c  a c i d  (10 m L )  f o r  3  h . T h e  p r o d u c t  c r y s t a l l i z e d  f r o m  a  b e n 

z e n e - l i g h t  p e t r o le u m  m ix t u r e  t o  a f f o r d  15 a s  c o lo r le s s  c r y s t a l s  (6 0  m g ) : 

m p  1 8 5 - 8 6  ° C ;  Rf 0 .3 6  ( s o lv e n t  B ) ;  I R  1 5 7 5  a n d  1 6 4 0  c m “ 1 ; N M R  1 . 4 0  

( 6  H ,  s ,  ( C H 3 ) 2 C < ) ,  1 . 8 1 , 2 . 6 5  (4  H ,  2 1 , J  =  7  H z ,  A r C H 2C H 2), 3 .8 8  (9  

H ,  s ,  3 C H 3 0 ) ,  6 .3 7  ( 1  H ,  s , H - 8 ) , 6 . 6 5 - 7 . 2 7  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  - 6 ') ,  
a n d  7 . 7 2  ( 1  H ,  s ,  H - 2 ) .

A n a l .  C a l c d  f o r  C 2 3 H 240 6: C ,  6 9 .7 ;  H ,  6 . 1 .  F o u n d :  C ,  7 0 .0 ;  H ,  5 .8 .

6",6"-Dimethyl-5-hydroxy-3',4'-dimethoxypyrano[2",3":
7.6] isoflavone ( 1 6 ) .  T o  a  s o l u t i o n  o f  t h e  i s o f l a v o n e  12 ( 1 5 0  m g )  in  

f r e s h l y  d i s t i l l e d  d r y  b e n z e n e  ( 3 0  m L )  w a s  a d d e d  D D Q  ( 9 0  m g )  a n d  

t h e  r e s u l t i n g  m i x t u r e  r e f l u x e d  f o r  2  h  o n  a  b o i l i n g  w a t e r  b a t h  w h e n  

c o l o r l e s s  h y d r o q u i n o n e  s e p a r a t e d  o u t .  I t  w a s  f i l t e r e d  w h i l e  h o t  a n d  

t h e  f i l t r a t e  e v a p o r a t e d  t o  d r y n e s s .  T h e  r e s i d u e  o n  c o l u m n  c h r o m a 

t o g r a p h y  a n d  e l u t i o n  w i t h  b e n z e n e - l i g h t  p e t r o l e u m  m i x t u r e  ( 1 :3 ) 

y ie l d e d  16 (8 0  m g )  a s  l ig h t  y e l lo w  n e e d le s :  m p  1 3 6  ° C ;  l i g h t  g r e e n  f e r r i c  

r e a c t io n ;  Rf 0 .5 5  ( s o lv e n t  B ) ;  I R  1 6 2 0  c m - 1 ; U V  2 0 8  a n d  2 7 6  ( 4 .0 3  a n d

4 .0 7 , r e s p e c t iv e ly ) ;  6 0  M H z  N M R  1 . 4 2 , 1 . 6 6  ( 6  H ,  2  s ,  ( C H 3 ) 2C < ) ,  3 .8 6  

( 6  H ,  s ,  2 C H 3 0 ) ,  5 . 5 3 , 6 . 6 3  ( 2  H ,  2  d ,  J =  1 0  H z ,  A r C H = C H ) ,  6 .3 6  ( 1  

H ,  s ,  H - 8 ) , 6 . 9 2 - 7 . 2 2  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  - 6 ' ) ,  a n d  7 .8 4  ( 1  H ,  s , 
H - 2 ) .

A n a l .  C a l c d  f o r  C 2 2 H 20O 6: C ,  6 9 .4 ;  H ,  5 .3 .  F o u n d :  C ,  6 9 .6 ;  H ,  5 .4 .
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T h e  m o n o a c e t a t e  o f  17 p r e p a r e d  f r o m  16 b y  t h e  a c e t i c  a n h y 

d r i d e - s o d i u m  a c e t a t e  m e t h o d  c r y s t a l l iz e d  f r o m  M e O H  a s  w h i t e  f la k e s :  

m p  1 8 5 - 1 8 6  ° C ;  Rf 0 .4 5  ( s o lv e n t  B ) ;  2 2 0  M H z  N M R  1 . 4 0 , 1 . 4 5  ( 6  H ,  

2  s ,  ( C H 3 ) 2C < ) ,  2 .3 0  ( 3  H ,  s , C H 3 C 0 2), 3 .8 0  ( 6  H ,  s ,  2 C H 3 0 ) ,  5 . 5 5 , 6 . 7 6  

( 2  H ,  2  d ,  J  =  1 0  H z ,  A r C H = C H ) ,  6 .4 0  ( 1  H ,  s ,  H - 8 ) ,  6 . 7 6 - 7 . 0 0  ( 3  H , 

m , H - 2 ' ,  - 5 ' ,  a n d  - 6 ' ) ,  a n d  7 . 7 4  ( 1  H ,  s , H - 2 ) .

A n a l .  C a l c d  f o r  C 24H 2 2 O 7 : C ,  6 8 .2 ;  H ,  5 .3 .  F o u n d :  C ,  6 8 .2 ;  H ,  5 .2 .

Pomiferin 3',4'-Dimethyl Ether (6) and Auriculasin 3',4'- 
Dimethyl Ether ( 1 8 ) .  A  s o l u t i o n  o f  t h e  i s o f l a v o n e  9  ( 3 0 0  m g )  a n d  

D D Q  ( 1 5 0  m g )  in  b e n z e n e  ( 2 5  m L )  w a s  r e f l u x e d  f o r  3 0  m in .  T h e  

p r o d u c t  o n  c o lu m n  c h r o m a t o g r a p h y  a n d  e l u t i o n  w i t h  b e n z e n e - l i g h t  

p e t r o l e u m  m i x t u r e  ( 1 : 4 )  g a v e  a  s o l i d  w h i c h  a g a i n  p r o v e d  t o  b e  a  

m i x t u r e  b y  T L C .  T h i s  o n  f r a c t i o n a l  c r y s t a l l i z a t i o n  f r o m  e t h y l  a c e 

t a t e - l i g h t  p e t r o l e u m  m i x t u r e  g a v e  a  s o l i d  ( m o t h e r  l i q u o r  A )  w h i c h  

r e c r y s t a l l iz e d  f r o m  M e O H  t o  a f f o r d  6  a s  l ig h t  y e l lo w  n e e ld e s  ( 1 2 0  m g ) : 

m p  1 3 0 - 1 3 1  ° C  ( l i t .2  m p  1 3 2  ° C ) ;  Rf 0 .7 0  ( s o lv e n t  B ) ;  g r e e n  f e r r i c  r e 

a c t i o n ;  I R  3 3 6 0 , 1 6 3 0  c m - 1 ; U V  2 2 4  a n d  2 7 8  ( 4 . 1 8  a n d  4 .2 8 ,  r e s p e c 

t i v e l y ) ;  N M R  1 . 5 0  ( 6  H ,  s , ( C H 3 ) 2C < ) ,  1 . 7 0 , 1 . 8 2  ( 6  H ,  2  s ,  ( C H 3 )2 C = ) ,

3 . 3 8  ( 2  H ,  d ,  J  =  8  H z ,  A r C H 2 C H = ) ,  3 .9 0  ( 6  H ,  s ,  2 C H 3 0 ) ,  5 . 2 3  ( 1  H ,  

t, J  =  7  H z , A r C H 2C H = ) ,  5 . 5 3 , 6 .6 6  ( 2  H ,  2  d , J  =  1 0  H z ,  A r C H = C H ) ,

6 . 8 7 - 7 . 1 5  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  -6 ' ) ,  a n d  7 .8 2  ( 1  H ,  s ,  H - 2 ) ;  M S  4 4 8  

( M + ) ,  4 3 3  3 9 5 ,  3 9 2  ( M  -  5 6 ) + , 3 7 7 ,  2 1 5 , 1 8 1 , 1 5 2 ,  9 7 .

A n a l .  C a l c d  f o r  C 2 7 H 280 6: C ,  7 2 . 3 ;  H ,  6 .3 .  F o u n d :  C ,  7 2 . 0 ;  H ,  6 .6 .

T h e  m o t h e r  l iq u o r  A  a f t e r  e v a p o r a t i o n  y ie ld e d  a  v is c o u s  m a s s  w h ic h  

a f t e r  c r y s t a l l i z a t i o n  t w i c e  f r o m  M e O H  g a v e  1 8  a s  s h i n i n g  y e l lo w  

n e e d l e s  ( 4 0  m g ) :  m p  9 8 - 9 9  ° C ;  Rf 0 .6 2  ( s o lv e n t  B ) ;  g r e e n  f e r r i c  r e a c 

t io n ;  I R  1 6 4 5  c m - 1 , U V  2 1 8  a n d  2 7 4  ( 4 .2 5  a n d  4 .3 4 ,  r e s p e c t i v e l y ) ;  1 0 0  

M H z  N M R  1 . 4 4 ,  1 . 4 8  ( 6  H ,  2  s ,  ( C H 3 ) 2 C < ) ,  1 . 6 8 ,  1 . 8 0  ( 6  H ,  2  s ,  

( C H 3 ) 2 C = ) ,  3 . 3 6  ( 2  H ,  d ,  J  =  7 .5  H z ,  A r C H 2 C H = ) ,  3 .9 0  ( 6  H ,  s , 

2 C H 30 ) ,  5 . 1 6 - 5 . 3 2  ( 1  H ,  m , A r C H 2C H = ) ,  5 . 5 6 , 6 . 7 0  ( 2  H ,  2  d ,  J  =  1 0  

H z ,  A r C H = C H ) ,  6 . 8 3 - 7 . 1 8  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  -6 ' ) ,  a n d  7 .8 4  ( 1  H ,  

s ,  H - 2 ) ;  M S  4 4 8  ( M + ) ,  4 3 3 , 4 0 5 , 3 9 3  ( M  -  5 5 ) + ,  3 7 7 , 3 6 5 , 3 5 1 , 3 3 8 , 2 1 5 ,  

1 8 1 , 1 6 2 , 1 1 8 , 9 1 .

A n a l .  C a l c d  f o r  C 2 7 H 280 6: C ,  7 2 . 3 ;  H ,  6 .3 .  F o u n d :  C ,  7 2 . 0 ;  H ,  6 . 1 .

Orobol (19) w a s  p r e p a r e d  b y  d e m e t h y l a t i o n  o f  4  w i t h  H I  a n d  

i d e n t i f i e d  b y  c o n v e r t i n g  i t  i n t o  i t s  a c e t a t e  w h i c h  c r y s t a l l i z e d  f r o m  

M e O H  a s  w h i t e  f l a k e s :  m p  1 6 0 - 1 6 1  ° C  ( l i t .8  m p  1 6 3  ° C ) ;  Rf 0 .5 4  

( s o lv e n t  B ) ;  N M R  2 .2 6 ,  2 .3 0 ,  a n d  2 .3 8  ( 1 2  H ,  3  s ,  4 C H 3 C 0 2 ) , 6 .8 7  ( 1  

H ,d ,J  =  3  H z ,  H - 6 ) , 7 . 1 4  ( 1  H ,  d ,  J  =  3  H z ,  H - 8 ) , 7 . 1 8 - 7 . 3 8  ( 3  H ,  m , 

H - 2 ' ,  - 5 ' ,  a n d  - 6 ' ) ,  a n d  7 .9 2  ( 1  H ,  s ,  H - 2 ) .

Nuclear Prenylation of Orobol (19). T o  a  s o l u t i o n  o f  o r o b o l  19 
( 2  g )  in  a n h y d r o u s  M e O H  ( 1 0 0  m L )  w a s  a d d e d  a  m e t h a n o l i c  s o lu t io n  

o f  s o d i u m  m e t h o x id e  ( 2 . 1  g  o f  N a / 2 5  m L  o f  M e O H ) .  T h i s  m i x t u r e  w a s  

c o o le d  a n d  t r e a t e d  w i t h  p r e n y l  b r o m id e  ( 2 .6  m L )  in  o n e  l o t  a n d  t h e n  

r e f l u x e d  f o r  2  h . T h e  p r o d u c t  o n  c o l u m n  c h r o m a t o g r a p h y  a n d  s u c 

c e s s i v e  e l u t i o n  w i t h  ( 1 )  b e n z e n e - l i g h t  p e t r o l e u m  ( 1 : 4 ) ,  ( 2 )  b e n z e n e  

a l o n e ,  a n d  ( 3 )  e t h y l  a c e t a t e - b e n z e n e  ( 1 : 9 )  g a v e  t h r e e  f r a c t i o n s  A  t o  

C .

Fraction A c r y s t a l l i z e d  f r o m  a  b e n z e n e - l i g h t  p e t r o l e u m  m i x t u r e  

t o  y i e l d  5,7,3',4'-tetrahydroxy-6,8-di-C,C-prenylisoflavone (20)
a s  c o l o r l e s s  c r y s t a l s  ( 1 2 0  m g ) :  m p  1 5 6 - 1 5 7  ° C ;  Rf 0 .4 6  ( s o lv e n t  D ) ;  

g r e e n  f e r r i c  r e a c t i o n ;  N M R  1 . 4 8 , 1 . 7 5 ,  1 . 8 2  ( 1 2  H ,  3  s ,  2 ( C H 3 ) 2 C = ) ,

3 . 2 5 - 3 . 5 0  (4  H ,  m , 2 A r C H 2 C H = ) ,  5 . 0 0 - 5 . 3 7  ( 2  H ,  m , 2 A r C H 2 C H = ) ,  

6 . 5 8 - 7 . 0 6  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  -6 ' ) ,  a n d  8 . 0 1  ( 1  H ,  s ,  H - 2 ) .

A n a l .  C a l c d  f o r  C 2 5 H 260 6: C ,  7 1 . 1 ;  H ,  6 .2 .  F o u n d :  C ,  7 0 .8 ;  H ,  6 .0 .

Fraction B  o n  c r y s t a l l i z a t i o n  f r o m  b e n z e n e - l i g h t  p e t r o l e u m  

m i x t u r e  a f f o r d e d  6-C-prenylorobol ( 2 1 )  a s  w h i t e  f l a k e s  (9 0  m g ) :  m p  

2 4 3 - 2 4 4  ° C ;  Rf 0 .3 0  ( s o lv e n t  D ) ;  I R  1 6 5 5 ,  1 6 2 0  c m 1 ; N M R  

( C D 3 C O C D 3) 1 . 6 5 , 1 . 7 8  ( 6  H ,  2  s ,  ( C H 3 )2 C = ) ,  3 .4 2  ( 2  H ,  d ,  J  =  7  H z , 

A r C H 2 C H = ) ,  5 . 0 8 - 5 . 3 2  ( 1  H ,  m , A r C H 2 C t t = ) ,  6 . 3 3  ( 1  H ,  s ,  H - 8 ) ,

6 . 7 5 - 7 . 2 1  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  -6 ' ) ,  a n d  7 .9 5  ( 1  H ,  s ,  H - 2 ) .

A n a l .  C a l c d  f o r  C 20H 1 8 O 6: C ,  6 7 .8 ;  H ,  5 .2 .  F o u n d :  C ,  6 7 .5 ;  H ,  5 . 3 .

A n  a c e t o n e  s o lu t io n  o f  2 1  ( 6 0  m g )  w a s  t r e a t e d  w i t h  d i m e t h y l  s u l f a t e  

( 0 .0 3 5  m L )  a n d  a n h y d r o u s  K 2 C 0 3  ( 1  g )  f o r  4  h . T h e  p r o d u c t  c r y s t a l 

l iz e d  f r o m  M e O H  y i e l d i n g  1 4  a s  c o l o r l e s s  n e e d l e s  ( 4 0  m g ) ;  m p  a n d  

m m p  w i t h  t h e  s y n t h e t i c  s a m p l e  p r e p a r e d  a b o v e  1 3 4 - 1 3 5  ° C .

Fraction C  p r o v e d  t o  b e  t h e  s t a r t i n g  c o m p o u n d .

6",6'',6'",6"'-Tetramethy]-4",5",4"',5"'-tetrahydro-3',4'-dihy- 
droxybis(pyrano[2",3'':7,8::2'",3"':5,6]isoflavone[dihydroiso- 
pomiferin]) (2). T h e  i s o f l a v o n e  20 ( 1 0 0  m g )  w a s  h e a t e d  w i t h  f o r m i c  

a c i d  ( 1 5  m L )  f o r  2  h .  T h e  p r o d u c t  c r y s t a l l i z e d  f r o m  b e n z e n e - l i g h t  

p e t r o le u m  m i x t u r e  y i e l d i n g  2 a s  c o lo r le s s  c r y s t a l s  ( 5 0  m g ) : m p  2 6 2 - 2 6 3  

° C  ( l i t .2  m p  2 6 4 . 5 - 2 6 5  ° C ) ;  Rf 0 . 6 1  ( s o lv e n t  C ) ;  N M R  1 . 2 5 ,  1 . 3 5  ( 1 2  

H ,  2  s ,  2 ( C H 3 ) 2C < ) ,  1 . 6 2 - 1 . 8 5  (4  H ,  m , 2 A r C H 2 C H 2), 2 . 5 8 - 2 . 8 6  (4  H , 

m , 2 A r C H 2 C H ) ,  6 . 8 1 - 7 . 2 0  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  - 6 ' ) ,  a n d  7 .8 2  ( 1  H , 

s ,  H - 2 ) .

A n a l .  C a l c d  f o r  C 25H 260 6: C ,  7 1 . 1 ;  H ,  6 .2 . F o u n d :  C ,  7 0 .9 ;  H ,  6 .0 .

6",6"-Dimethyl-5,3',4'-trihydroxypyrano[2",3":7,6]isoflavone

(22). T o  a  s o lu t io n  o f  21 ( 1 0 0  m g )  in  b e n z e n e  ( 3 0  m L )  w a s  a d d e d  D D Q  

( 5 0  m g )  a n d  t h e  r e s u l t i n g  s o l u t i o n  r e f l u x e d  f o r  3 0  m in .  T h e  p r o d u c t  

o n  c o lu m n  c h r o m a t o g r a p h y  a n d  e lu t io n  w i t h  b e n z e n e - l i g h t  p e t r o le u m  

( 1 : 1 )  y ie l d e d  2 2  a s  l ig h t  y e l lo w  n e e d le s  ( 2 0  m g ) : m p  1 6 6 - 1 6 7  ° C ;  R f  0 .6 6  

( s o lv e n t  C ) ;  l ig h t  b r o w n  f e r r i c  r e a c t io n ;  N M R  1 . 4 8  (6  H ,  s , ( C H 3) 2C < ) ,  

5 . 5 8 , 6 . 6 1  ( 2  H ,  2 d ,  J  =  1 0  H z ,  A r C H = C H ) ,  6 . 2 5  ( 1  H ,  s , H - 8 ) ,  7 . 2 5 -

7 . 5 3  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  - 6 ') ,  a n d  7 . 8 1  ( 1  H ,  s ,  H - 2 ) .

A n a l .  C a l c d  f o r  C 20H 1 6 O 6 : C ,  6 8 .2 ;  H ,  4 . 5 .  F o u n d :  C ,  6 8 . 1 ;  H ,  4 .6 . 

T h e  t r i a c e t a t e  (23) p r e p a r e d  f r o m  22 b y  t h e  a c e t i c  a n h y d r i d e -  

p y r i d i n e  m e t h o d  c r y s t a l l i z e d  f r o m  M e O H  a s  c o l o r l e s s  c r y s t a l s :  m p  

1 5 1 - 1 5 2  ° C ;  R f  0 .4 0  ( s o lv e n t  D ) ;  N M R  1 . 4 7  (6  H ,  s ,  ( C H 3 ) 2C < ) ,  2 .4 2  

(9  H ,  s ,  3 C H 3C 0 2) ,  5 . 5 9 , 6 . 6 8  ( 2  H ,  2  d ,  J  =  1 0  H z ,  A r C H = C H ) ,  6 .2 7  

( 1  H ,  s , H - 8 ) ,  6 . 8 5 - 7 . 2 1  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  - 6 ') ,  a n d  7 .6 7  ( 1  H ,  s , 

H - 2 ) .

A n a l .  C a l c d  f o r  C 26 H 2 2 0 9 : C ,  6 1 . 9 ;  H ,  4 .6 . F o u n d :  C ,  6 1 . 4 ;  H ,  4 .8 . 

Pomiferin (1) and Auriculasin ( 5 ) .  A  s o lu t io n  o f  20 ( 1 5 0  m g )  a n d  

D D Q  ( 7 0  m g )  in  d r y  b e n z e n e  ( 3 0  m L )  w a s  r e f l u x e d  f o r  1 0  m in .  T h e  

p r o d u c t  o n  c o l u m n  c h r o m a t o g r p h y  a n d  e l u t i o n  w i t h  b e n z e n e - l i g h t  

p e t r o l e u m  m i x t u r e  ( 1 :9 )  g a v e  a  s o l i d  w h i c h  a g a i n  p r o v e d  t o  b e  a  

m i x t u r e  o n  T L C .  T h i s  o n  f r a c t i o n a l  c r y s t a l l i z a t i o n  f r o m  e t h y l  a c e 

t a t e - l i g h t  p e t r o l e u m  m i x t u r e  y i e l d e d  a  s o l i d  ( m o t h e r  l i q u o r  A )  w h ic h  

w h e n  c r y s t a l l i z e d  f r o m  M e O H  a f f o r d e d  p o m i f e r i n  ( 1 )  a s  p a l e  y e l lo w  

c r y s t a l s  ( 5 0  m g ) :  m p  a n d  m m p  w i t h  t h e  n a t u r a l  s a m p l e  1 9 8 - 1 9 9  ° C  

( l i t . 2 m p  2 0 0 .5  ° C ) ;  R f  0 .5 8  ( s o lv e n t  A ) ;  g r e e n  f e r r i c  r e a c t i o n ;  U V  2 8 0  

a n d  3 1 0  ( 4 .4 0  a r .d  4 . 5 1 ,  r e s p e c t i v e l y ) ;  N M R  1 . 5 0  (6  H ,  s ,  ( C H 3) 2C ) ,  

1 . 7 0 , 1 . 8 3  (6  H ,  2 s ,  ( C H 3 ) 2C = ) ,  3 . 3 8  ( 2  H ,  d ,  J  =  8  H z ,  A r C H 2C H = ) ,

5 . 2 5  ( 1  H ,  t ,  J  =  6 .5  H z ,  A r C H 2C H = ) ,  5 . 6 2 , 6 . 7 2  ( 2  H ,  2  d ,  J  =  1 0  H z , 

A r C H = C H ) ,  6 . 9 3 - 7 . 2 6  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  a n d  - 6 ') ,  a n d  7 .9 0  ( 1  H ,  s , 

H - 2 ) .  T h e  I R  s p e c t r u m  w a s  s u p e r i m p o s a b l e  o n  t h a t  o f  n a t u r a l  s a m 

p le .

A n a l .  C a l c d  f c r  C 25H 240 6: C ,  7 1 . 4 ;  H ,  5 .7 .  F o u n d :  C ,  7 1 . 3 ;  H ,  5 .5 .  

T h e  i d e n t i t y  o f  t h e  s y n t h e t i c  p o m i f e r i n  w a s  f u r t h e r  e s t a b l i s h e d  b y  

c o n v e r t i n g  i t  ( 5 0  m g )  i n t o  i t s  d i m e t h y l  e t h e r  (6 )  b y  r e f l u x i n g  w i t h  

d i m e t h y l  s u l f a t e  ( 0 .0 2 5  m L ) ,  d r y  K 2C 0 3 ( 1  g ) ,  a n d  a c e t o n e  ( 3 0  m L )  

f o r  2  h ; m p  a n d  m m p  w i t h  t h e  s a m p l e  d e s c r i b e d  a b o v e  w e r e  1 3 2  

° C .

T h e  m o t h e r  l iq u o r  A  o n  e v a p o r a t i o n  y ie ld e d  a  s e m is o l id  m a s s  w h ic h  

c r y s t a l l i z e d  f r o m  b e n z e n e  y i e l d i n g  a u r i c u l a s i n  ( 5 )  a s  p a l e  y e l lo w  

n e e d le s  ( 2 0  m g ) : m p  1 7 4 - 1 7 6  ° C ;  g r e e n  f e r r i c  r e a c t io n ;  R f  0 .5 5  ( s o lv e n t  

A ) ;  U V  Xmal[ 2 4 0 ,  3 1 0  ( 4 .4 0  a n d  4 . 5 2 ) ;  N M R  ( w it h  9 0  M H z  m a c h i n e )

1 . 8 6  (6  H ,  s ,  ( C H 3 ) 2C < ) ,  1 . 9 0  (6  H ,  s ,  ( C H 3 ) 2C = ) ,  3 . 5 2  ( 2  H ,  d ,  J  =  7  

H z ,  A r C H 2C H = ) ,  5 . 2 0 - 5 . 3 1  ( 1  H ,  m , A r C H 2C H = ) ,  5 . 4 5 ,  6 . 4 1  ( 2  H ,  

2  d ,  J  =  1 0  H z ,  A r C H = C H ) ,  6 .9 9 - 7 .3 7  ( 3  H ,  m , H - 2 ' ,  - 5 ' ,  - 6 ') ,  a n d  7 .9 6  

( 1  H ,  s ,  H - 2 ) .  T h e s e  p r o p e r t i e s  a g r e e  c l o s e l y  w i t h  t h o s e  d e s c r i b e d  f o r  

n a t u r a l  c o m p o u n d .4

A n a l .  C a l c d  f o r  C 2 5H 2 4 0 6: C ,  7 1 . 4 ;  H ,  5 .7 .  F o u n d :  C ,  7 1 . 3 ;  H ,  5 .4 .  

I t s  i d e n t i t y  w a s  e s t a b l i s h e d  b y  c o n v e r t i n g  i t  ( 5 0  m g )  i n t o  i t s  d i 

m e t h y l  e t h e r  ( 1 8 )  b y  r e f l u x i n g  w i t h  d i m e t h y l  s u l f a t e  ( 0 .0 2 5  m L ) ,  

K 2C 0 3 ( 1  g ) ,  a n d  a c e t o n e  ( 1 0  m l)  f o r  2  h ; m p  a n d  m m p  w it h  t h e  s a m p le  

p r e p a r e d  a b o v e  w e r e  9 8 - 9 9  ° C .
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( ¿ ¿ - P G E 2 a n d  c e r t a i n  1 5 - d e o x y - 1 6 - h y d r o x y p r o s t a g l a n d i n s  w e r e  p r e p a r e d  t y  t h e  c o n ju g a t e  a d d i t i o n  t o  c y c l o p e n -  

t e n o n e s  o f  t h e  m i x e d  c u p r a t e  d e r i v e d  f r o m  t h e  a p p r o p r i a t e l y  f u n c t i o n a l i z e d  1 - a l k e n y l s t a n n a n e s .  T h e  p r e p a r a t i o n ,  

B JZ  r a t i o ,  a n d  i s o m e r i z a t i o n  o f  (E)- a n d  ( Z ) - l - ( t r i - n - b u t y l s t a n n y l ) - l - a l k e n e s  f r o m  t h e  c o r r e s p o n d i n g  1 - a l k y n e s  

a r e  d i s c u s s e d .  I n  a d d i t i o n ,  t h e  u s e f u l n e s s  o f  ( f ? ) - l - a l k e n y l s t a n n y l  r e a g e n t  in  p r o v i d i n g  a  f a c i l e  p r e p a r a t i o n  o f  t h e  

c o r r e s p o n d i n g  C E ) - l - i o d o -  o r  ( _ E ) - l - b r o m o - l - a l k e n e  is  d e s c r i b e d .

Recent reports from these laboratories2 and elsewhere3 
have described useful procedures for the synthesis of prosta
glandins based upon the conjugate addition to cyclopenten- 
ones of (E)-l-alkenyl ligands of lithiocuprate derived from 
(jE)-l-iodo-l-alkenes. We now report our efforts in utilizing 
the facile vinylstannyl cleavage4 5 of readily available vinyl- 
stannane derivatives to generate the appropriately func
tionalized (E)-l-lithio-l-alkenyl reagents necessary for 
prostaglandin synthesis.

Treatment of l-octyn-3-ol (1) with chlorotriethylsilane and 
imidazole in DMF6 provided the silyl ether 2, which upon 
treatment7 with tri-n-butylstannane (TBS-H) in the presence 
of azobis(isobutyronitrile) (AIBN) was converted to (E ) - l - 
(tri-rc-butylstannyl)-3-(triethylsilyloxy)-l-octene (3) in 87% 
yield after distillation (Scheme I). None of the corresponding

OR

ÇH— CCHCsKjj

1. R = H
2 , R =  Si(C2H5)3

Scheme I

BusSn
( n ■ Bu);¡SnH 
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/  \
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+

0

Z  isomer of vinylstannane 3 was detectable in the 13C NMR 
spectrum. We find it noteworthy that in situations wherein 
a trityloxy group is present in the molecule, no addition of 
TBS-H to an acetylene is noted.

Lithiation of vinylstannane 3 with 1 equiv of n-BuLi at —50 
°C for 1 h, followed by addition of 1 -pentynylcopper solubi
lized in tri-n-butylphosphine8 and treatment of the resulting 
asymmetric cuprate with the trimethylsilyloxy protected 
cyclopentenone 49 provided, after deblocking and dry-column 
chromatography, a 42% yield of d l-PGE2 (5) and d/-15-epi- 
PGE2 (6 ) in a ratio of ca. 40:60.10’u

This facile preparation of vinylstannanes was also extended 
to the /3-chain precursors for 15-deoxy-16-hydroxyprosta- 
glandins2d’12-1s as illustrated in Scheme II. Hydrostannation 
of 4-methyl-4-(‘ rimethylsilyloxy)-l-octyne14 (7) with 1 equiv 
of TBS-H yielded (90%) l-(tri-n-butylstannyl)-4-methyl-
4-(trimethylsilyloxy)-l-octene (8 ) as an E / Z  (8 a/8 b) mixture 
in the ratio of 10:1. The presence of the Z  isomer 8 b was clear 
from the 13C NMR spectrum; the signals due to carbons 1, 2, 
3, and V  had minor side peaks shifted ±0.5-1.5 ppm attrib
utable to the Z  isomer. We have observed very similar 13C 
NMR patterns in other functionalized vinylstannanes, al
though no separation was observed by TLC or GLC.

Vinylstannane 8  was lithiated with 1 equiv of n-BuLi at —35 
°C for 2 h and converted to the mixed cuprate, which was 
conjugatively added to the bis(trimethylsilyloxy)cyclopen- 
tenone 915 in the manner described above to furnish all race
mic 15-deoxy-16-hydroxy-16-methylprostaglandin Ej (10) 
and all racemic 13-cis-15-deoxy-16-hydroxy-16-methyl- 
prostaglandin Ei (11) in an overall 60% yield. The ratio of 
10/11 was 12:1, approximately reflecting the original E /Z  ratio 
of starting vinylstannane (8 a/8 b). The less polar 13-cis con
gener 11 was identified by comparison of the 13C NMR spec
trum of 11 with the spectrum of authentic 13-cis-15-deoxy-
16-hydroxy-16-methylprostaglandin E2.16 The two 16-epimers 
of both 10 and 11 were not separable by TLC and HPLC, al
though the 13C NMR spectrum clearly indicated the presence 
of two epimers in each instance.

Lithium-tin exchange of vinylstannane 8 was a slower 
process than that for the allylic counterpart 3; under the 
conditions adequate for lithiation of 3 (1 equiv of rc-BuLi, —50 
°C, 1 h), 8  was only partially lithiated. We now routinely ac
complish the lithium-tin exchange with 1 equiv of n-BuLi at 
—35 °C for 2 h in THF. We wish to point out that at this 
temperature, vinyl-tin cleavage is extremely slow in 
ether.17

In an effort to prepare the /3-chain precursor 13b for the 
synthesis of a 16,16-dimethylprostaglandin, trimethylsil- 
yloxyoctyne18 12 was treated with TBS-H and AIBN. The 
product obtained gave a complex 4H NMR spectrum, which 
upon careful inspection implied a 3:2 mixture of (Z )- and

0022-3263/78/1943-3450$01.00/0 © 1978 American Chemical Society
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Scheme III

(E)-vinylstannanes 13a and 13b, respectively (Scheme III). 
Lithiation of this mixture under the usual conditions (—50 °C, 
THF, 2 h) indicated that the Z  isomer is considerably less 
reactive than the corresponding E  isomer. Intrigued by this 
anomaly in the E  vs. Z  ratio, we investigated the conditions19 
necessary to isomerize 13a to 13b.

A sample of octyne 12 was treated with 0.9 equiv of TBS-H 
and a catalytic amount (0.2%) of AIBN (135 °C, 2 h). GLC (5% 
SE-30) and 1H NMR spectrum indicated that the Z  isomer 
13a was predominantly present (10:1 ratio). Further heating 
(2  h) produced no change on this ratio, nor did further heating 
after an additional 0.2 equiv of TBS-H was added; when fresh 
AIBN was added to the same reaction mixture, again no 
change was observed. However, when a second additional 
charge of TBS-H and AIBN was added to this reaction mix
ture, followed by heating, a Z /E  ratio of 2:3 was observed. 
Further heating did not affect this ratio; but when a third 
charge of TBS-H and AIBN was added, a ratio of 1:9 (Z /E )  
was achieved.20 A new peak appeared on GLC which had the 
identical retention time as hexa-n-butylditin (14). Apparently 
the destruction of excess TBS-H (bubbles were evident) be
comes a competitive reaction when the rate of isomerization 
is decreased as in the case of the hindered 4,4-dimethyloctyne 
( 1 2 ) .

We have observed this unusual Z /E  vinylstannane ratio 
with other propargylic ethers wherein there are substitutions 
adjacent to the silyloxy function. In such cases, we recommend 
the use of excess TBS-H in order to achieve a high E / Z  ratio. 
It is apparent that the E / Z  ratio cannot be assumed and must 
be determined in each instance.

Scheme IV
Bu;JSn H
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Vinylstannanes represent useful precursors for various 
functionalized vinyl halides as illustrated in Scheme IV. When 
treated with 1 equiv of bromine in carbon tetrachloride21 at 
—20 °C, the (fi)-l-vinylstannane 3 was converted to bromo- 
tri-n-butylstannane (15) and (E)-l-vinyl bromide 16. The 
stannane 15 can be easily removed by passing the reaction 
mixture through a short pad of silica gel with hexane. The 
triethylsilyl protecting group of the product 16 was unex
pectedly cleaved to give 17, which can then be reprotected. 
Inspection of the XH NMR spectrum of 17 did not enable us 
to characterize the double bond configuration. However, the 
exclusive trans nature of the vinyl bromide was confirmed 
from the XH NMR spectrum of the trichlorourethane deriv
ative 18, prepared in situ in a NMR tube with a few drops of 
trichloroacetyl isocyanate22 ( J \ i% = 13.5 Hz), which was 
identical with the urethane prepared from an authentic
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sample.23 Vinyl bromide 17 has been used as a 0-chain pre
cursor for prostaglandin synthesis via Grignard conjugate 
addition.23

Similarly, vinylstannane 2 1 , prepared by treating 4-hy- 
droxy-l-octyne2d (19) with chlorotriethylsilane to give 20 
followed by addition of TBS-H and AIBN, was converted into 
the corresponding vinyl bromide 2 2  which, upon silica gel 
chromatography, provided the alcohol 23.

Utilizing the stereospecific vinyl-tin cleavage reaction,24 
we have also investigated the transformation of vinylstan- 
nanes to the corresponding vinyl iodides,3d which undergo 
facile lithiation at -78  °C with i-BuLi and are used widely in 
prostaglandin synthesis.2'3 Treatment of vinylstannane 2 1  
with 1 equiv of iodine in ether furnished iodotri-n-butyl- 
stannane (24) and vinyl iodide 25. The silyl protecting group 
of 25 was cleaved to provide 26 during purification (filtration 
with hexane through a short pad of silica gel to remove 24).25 
Iodination of various functionalized vinylstannanes indicates 
that this transformation is both stereospecific and quantita
tive.26

Experimental Section
A l l  r e a c t i o n s  w e r e  p e r f o r m e d  u n d e r  a n  a t m o s p h e r e  o f  a r g o n  o r  n i 

t r o g e n .  S o lv e n t s  w e r e  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e  u s i n g  a  B u c h i  

r o t a v a p o r  f o l l o w e d  b y  v a c u u m  p u m p i n g .  B o i l i n g  p o i n t s  a r e  u n c o r 

r e c t e d .  D r y - c o l u m n  c h r o m a t o g r a p h y  w a s  c a r r i e d  o u t  w i t h  W o e lm  

s i l i c a  g e l  ( e q u i l i b r a t e d  w i t h  1 0 %  o f  t h e  e l u t i n g  s o l v e n t  f o r  s e v e r a l  

h o u r s ) .

I n f r a r e d  ( I R )  s p e c t r a  w e r e  r e c o r d e d  w i t h  n e a t  s a m p l e s  o n  a  P e r -  

k i n - E l m e r  M o d e l  2 1  s p e c t r o p h o t o m e t e r  o r  N i c o l e t  7 1 9 9  F T - I R  i n 

s t r u m e n t .  P r o t o n  m a g n e t i c  r e s o n a n c e  O H  N M R )  s p e c t r a  w e r e  r e 

c o r d e d  in  C D C I 3 s o l u t i o n s  o n  H A - 1 0 0 D  s p e c t r o m e t e r .  C a r b o n - 1 3  

m a g n e t i c  r e s o n a n c e  ( 13 C  N M R )  s p e c t r a  w e r e  t a k e n  in  C D C 1 3  s o lu t io n s  

o n  V a r i a n  X L - 1 0 0 F T  N M R  s p e c t r o m e t e r  ( 2 5 .2  M H z ) .  C h e m i c a l  s h i f t s  

o f  ' H  a n d  1 3 C  N M R  a r e  g i v e n  in  p a r t s  p e r  m i l l i o n  d o w n f i e l d  f r o m  a n  

in t e r n a l  t e t r a m e t h y ls i l a n e  s t a n d a r d .  M a s s  s p e c t r a  ( M S )  w e r e  r e c o r d e d  

o n  a n  A E I  M S - 9  i n s t r u m e n t  a t  7 0  e V .

3-(Triethylsilyloxy)-l-octyne (2). T o  a  s t i r r e d  s o l u t i o n  o f  5 0  g  

( 0 .4  m o l)  o f  l - o c t y n - 3 - o l  a n d  8 3  g  ( 1 . 2 2  m o l)  o f  i m i d a z o l e  in  5 0 0  m L  

o f  d r y  D M F ,  c o o le d  in  a n  ic e  b a t h  t o  5  ° C  u n d e r  a n  a t m o s p h e r e  o f  

n i t r o g e n ,  w a s  s lo w ly  a d d e d  9 0  g  (0 .6  m o l)  o f  t r ie t h y lc h lo r o s i la n e .  A f t e r  

1 5  m in ,  t h e  r e a c t i o n  m i x t u r e  w a s  w a r m e d  t o  r o o m  t e m p e r a t u r e  a n d  

s t i r r e d  o v e r n i g h t .  I t  w a s  t h e n  c a u t i o u s l y  p o u r e d  i n t o  a  m i x t u r e  o f  5 0 0  

g  o f  ic e  a n d  7 5 0  m L  o f  h e x a n e  w i t h  s t i r r i n g .  T h e  a q u e o u s  p h a s e  w a s  

s e p a r a t e d  a n d  e x t r a c t e d  w i t h  h e x a n e .  T h e  c o m b i n e d  h e x a n e  e x t r a c t  

w a s  w a s h e d  w i t h  w a t e r  a n d  b r i n e  a n d  d r i e d  ( a n h y d r o u s  s o d i u m  s u l 

f a t e ) .  T h e  s o l v e n t  w a s  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e  t o  g i v e  a n  o i l  

w h ic h  w a s  v a c u u m  d i s t i l l e d  t o  a f f o r d  8 3 . 5  g  ( y i e l d  8 7 % )  o f  c o l o r l e s s  

l i q u i d :  b p  7 0 - 7 2  ° C  ( 0 .3  m m ) ;  ' H  N M R  6 2 . 3 5  ( d ,  J  =  2  H z ,  C - l  H ) ,

4 . 3 6  ( t d ,  J  -  6  a n d  2  H z ,  C - 3  H ) ;  M S  m /e  2 4 0  ( M + , c a lc d  f o r  

C u H 28O S i ,  2 4 0 . 1 9 0 4 ;  f o u n d ,  2 4 0 . 1 9 0 1 ) ,  1 6 9  ( M  -  C 6H U ).

(E)-l-(Tri-n-butylstannyl)-3-(triethylsilyloxy)-l-octene (3). 
T o  a  s t i r r e d  m i x t u r e  o f  2 0  g  ( 7 8 .6  m m o l)  o f  3 - ( t r i e t h y l s i l y l o x y ) - l -  

o c t y n e  (2 )  a n d  1 5 0  m g  o f  a z o b i s ( i s o b u t y r o n i t r i l e )  w a s  a d d e d  3 0  m L  
( 1 1 3  m m o l)  o f  t r i - n - b u t y l s t a n n a n e  w i t h  a  s y r i n g e  u n d e r  a  n i t r o g e n  

a t m o s p h e r e .  T h e  m i x t u r e  w a s  h e a t e d  a t  1 3 0  ° C  a n d  s t i r r e d  f o r  2  h , 

t h e n  c o o le d  t o  r o o m  t e m p e r a t u r e .  T h e  e x c e s s  t r i - r a - b u t y l s t a n n a n e  w a s  

r e m o v e d  b y  d i s t i l l a t i o n  a t  7 0  ° C  ( 0 .0 5  m m ) .  T h e  p r o d u c t  w a s  v a c u u m  

d i s t i l l e d  a t  1 6 5  ° C  ( 0 .0 5  m m )  t o  g i v e  3 6 . 5  g  ( y i e l d  8 7 % )  o f  c o l o r l e s s  

l i q u i d :  * H  N M R  5 4 .0 5  ( b r  m , 1  H ,  C - 3  H ) ,  6 .0  ( m , 2  H ,  o l e f i n ) ;  1 3 C  

N M R  6  1 5 2 . 2  ( C - 2 ) ,  1 2 6 . 6  ( C - l ) ,  7 7 .0  ( C - 3 ) ,  3 8 .2  ( C - 4 ) ,  3 2 . 0 , 2 9 . 3 , 2 7 . 4 ,

2 5 . 1 ,  2 2 .8 ,  1 4 . 1 ,  1 3 . 7 ,  9 .6 , 6 .9 , 5 . 1 .  A n a l .  C a l c d  f o r  C 26H 5 6 O S i S n :  C ,  

5 8 .7 6 ;  H , 1 0 .6 2 .  F o u n d :  C ,  5 8 .9 9 ;  H ,  10 .6 9 .

(//-Prostaglandin E2 (5) and flf/-15-Epiprostaglandin E2 (6). 
T o  a  s t i r r e d  s o l u t i o n  o f  3 . 2  g  ( 6 .0  m m o l)  o f  ( E ) - l - ( t r i - n - b u t y l -  

s t a n n y l ) - 3 - ( t r i e t h y l s i l y l o x y ) - l - o c t e n e  ( 3 )  in  2 .5  m L  o f  f r e s h l y  d i s t i l l e d  

T H F ,  c o o le d  in  a  d r y  i c e - a c e t o n e  b a t h  u n d e r  a n  a t m o s p h e r e  o f  n i 

t r o g e n ,  w a s  a d d e d  2 .6  m L  ( 6 .2  m m o l)  o f  n - B u L i  ( 2 .4  M  in  h e x a n e )  

d u r i n g  1 5  m in .  T h e  r e s u l t i n g  s o l u t i o n  w a s  s t i r r e d  a t  t h e  s a m e  t e m 

p e r a t u r e  f o r  2 0  m in ,  t h e n  a t  —5 0  ° C  f o r  1  h .  T o  t h i s  r e s u l t i n g  v i n y l l i -  

t h iu m  s o lu t io n  w a s  a d d e d ,  a t  —7 8  ° C ,  a  s o lu t io n  o f  0 .7 9  g  ( 7 .0 2  m m o l)  

o f  1 - p e n t y n y l c o p p e r 27  a n d  2 .4 3  g  ( 1 2  m m o l)  o f  t r i - n - b u t y l p h o s p h i n e  

in  4  m L  o f  e t h e r  d u r i n g  1 0  m in .  A f t e r  s t i r r i n g  a t  - 7 8  ° C  f o r  2  h ,  t h e  

m i x e d  c u p r a t e  ( y e l lo w  s o l u t i o n )  w a s  f o r m e d  a n d  a  s o l u t i o n  o f  1 . 6 2  g  

( 4 .3 9  m m o l)  o f  4 - ( t r i m e t h y l s i l y l o x y ) - 2 - ( 6 '- c a r b o t r i m e t h y i s i l y l o x y -  

2 ' - ( Z ) - h e x e n y l ) c y c l o p e n t - 2 - e n - l - o n e  (4) in  3  m L  o f  e t h e r  w a s  a d d e d  

d u r in g  1 5  m in . T h e  m i x t u r e  w a s  a l lo w e d  t o  s t i r  a t  —7 8  ° C  f o r  1 0  m in ,

t h e n  a t  —3 5  ° C  f o r  1 . 5  h , r e c o o le d  t o  —7 0  ° C  a n d  q u e n c h e d  b y  p o u r in g  

in t o  1 0 0  m L  o f  c o ld  s a t u r a t e d  N H 4C I  a n d  1 0 0  m L  o f  e t h e r .  T h e  

a q u e o u s  l a y e r  w a s  s e p a r a t e d  a n d  e x t r a c t e d  w i t h  e t h y l  a c e t a t e .  T h e  

c o m b i n e d  o r g a n i c  e x t r a c t  w a s  w a s h e d  w i t h  d i l u t e  H C 1 ,  w a t e r ,  a n d  

b r i n e ,  a n d  t h e  s o l v e n t  w a s  e v a p o r a t e d  t o  d r y n e s s  t o  g i v e  a  p a l e  b r o w n  

o i l .  T h e  o i l  w a s  t r e a t e d  w i t h  3 0  m L  o f  a c e t i c  a c i d ,  1 5  m L  o f  T H F ,  a n d

7 .5  m L  o f  w a t e r  a n d  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  1  h ,  t h e n  d i lu t e d  

w i t h  t o l u e n e  a n d  c o n c e n t r a t e d  in  v a c u o  t o  d r y n e s s .  T h e  r e s i d u a l  o i l  

w a s  a p p l i e d  t o  1 5  g  o f  s i l i c a  g e l  ( S i l i c  A R C C - 7 )  a n d  w a s h e d  w i t h  8 0  

m L  o f  h e x a n e  f o l l o w e d  b y  1 0 0  m L  o f  e t h y l  a c e t a t e ;  t h e  e t h y l  a c e t a t e  

e l u a t e  w a s  c o n c e n t r a t e d  in  v a c u o  t o  a f f o r d  2 .4  g  o f  y e l l o w  o i l .  T h i s  

l i q u i d  w a s  s u b j e c t e d  t o  s i l i c a  g e l  d r y  c o lu m n  c h r o m a t o g r a p h y ,  e l u t i n g  

w i t h  h e x a n e - E t O A c - H O A c  ( 2 0 :8 0 : 1 ) .  F r o m  t h e  c o lu m n  s e g m e n t s  w a s  

is o la t e d  3 9 5  m g  o f  t h e  le s s  p o la r  (R/ 0 .5 )  d l-  1 5 - e p i - P G E 2  (6 ) : I R  v 3 4 0 0  

( O H ) ,  1 7 1 0  ( C = 0 ) ,  9 7 0  (trans- C = C ) ;  ‘ H  N M R  & 0 .8 7  ( b r  t ,  2 0 - C H 3),

2 .7 5  ( d d ,  J  =  1 7  a n d  9  H z ,  o n e  o f  1 0 - C H 2) , 4 .0 6  ( m , 1 1 0 - H  a n d  1 5 - H ) ,

5 .4 0  ( m , A 6 - H ) ,  5 .6 6  ( m , A 1 3 - H ) ;  13 C  N M R  3  2 1 4 . 8  ( C - 9 ) ,  1 7 7 . 7  ( C - l ) ,

1 3 6 . 6  ( C - 1 4 ) ,  1 3 0 . 8  ( C - 5 ) ,  1 3 0 . 1  ( C - 1 3 ) ,  1 2 6 . 9  ( C - 6 ) , 7 2 . 4  ( C - 1 5 ) ,  7 2 . 1  

( C - l l ) ,  5 4 .9  ( C - 1 2 ) , 5 1 . 1  ( C - 8 ) , 4 6 .4  ( C - 1 0 ) ,  3 7 . 1  ( C - 1 6 ) ,  3 3 . 2  ( C - 2 ) ,  3 1 . 8  

( C - 1 8 ) ,  2 6 .4  ( C - 4 ) ,  2 5 .2  ( C - 7 ) ,  2 5 .0  ( C - 1 7 ) ,  2 4 .6  ( C - 3 ) ,  2 2 .6  ( C - 1 9 ) ,  1 4 . 0  

( C - 2 0 ) ;  M S  m / e  3 3 4  ( M  -  H 2 0 ,  c a lc d  f o r  C 20H 3 0 O 4 , 3 3 4 . 2 1 4 4 ;  f o u n d ,  

3 3 4 . 2 1 3 6 ) ,  3 1 6 ,  2 9 8 , 1 9 0 .  T h e  m o r e  p o l a r  (Rf 0 .3 5 )  p r o d u c t  ( 2 6 5  m g )  

w a s  i d e n t i f i e d  a s  d ( - P G E 2  (5); I R  v 3 4 0 0  ( O H ) ,  1 7 1 0  ( C = 0 ) ,  9 7 0  

( t r o n s - C = C ) ;  >H  N M R  5 0 .8 7  ( b r  t ,  2 0 - C H 3 ) , 2 . 7 5  ( d d ,  J  =  1 7  a n d  7  

H z ,  o n e  o f  1 0 - C H 2) , 4 .0 6  ( m , 1 1 0 - H  a n d  1 5 - H ) ,  5 . 3 6  ( m , A 5 - H ) ,  5 .6 0  

( m , A 1 3 - H ) ;  13 C  N M R  3 2 1 4 . 6  ( C - 9 ) ,  1 7 7 . 9  ( C - l ) ,  1 3 6 . 6  ( C - 1 4 ) ,  1 3 1 . 6  

( C - 1 3 ) ,  1 3 0 . 8  ( C - 5 ) ,  1 2 6 . 7  ( C - 6 ) , 7 3 . 3  ( C - 1 5 ) ,  7 2 . 1  ( C - l l ) ,  5 4 . 5  ( C - 1 2 ) ,

5 3 .6  ( C - 8 ) , 4 6 .2  ( C - 1 0 ) ,  3 6 .9  ( C - 1 6 ) ,  3 3 . 3  ( C - 2 ) ,  3 1 . 8  ( C - 1 8 ) ,  2 6 .4  ( C - 4 ) ,

2 5 . 2  ( C - 7  a n d  C - 1 7 ) ,  2 4 .5  ( C - 3 ) ,  2 2 .6  ( C - 1 9 ) ,  1 4 . 0  ( C - 2 0 ) ;  M S  m /e  3 3 4  

( M  -  H 2 0 ,  c a lc d  f o r  C 2o H 300 4 , 3 3 4 , 2 1 4 4 ;  f o u n d ,  3 3 4 . 2 1 5 3 ) ,  3 1 6 ,  2 9 8 , 

1 9 0 .
(E)-l-(Tri-n-butylstannyl)-4-methyl-4-(trimethylsilyloxy)- 

1-octene (8a). T h i s  m a t e r i a l  w a s  p r e p a r e d  f r o m  t h e  h y d r o s t a n n a t i o n  

o f  7 b y  t h e  p r o c e d u r e  d e s c r i b e d  f o r  t h e  p r e p a r a t i o n  o f  3: b p  1 5 0 - 1 5 5  

° C  ( 0 .0 6  m m ) ;  I R  v 1 6 0 0  ( o l e f i n ) ;  7H  N M R  3 0 .0 8  ( s ,  M e 3 S i ) ,  1 . 2 0  (s ,

4 - C H 3 ) , 2 .3 0  ( b r  s ,  2 H , C - 3  H ) ,  6 .0  ( m , 2  H ,  o l e f i n ) ;  1 3 C  N M R  ( th e -  

n u m b e r s  in  p a r e n t h e s e s  d e n o t e d  *  i n d i c a t e  t h e  c h e m i c a l  s h i f t s  d u e  

t o  t h e  c o r r e s p o n d in g  Z  is o m e r  8b) 3 1 4 6 . 1  ( 1 4 5 .6 * )  ( C - 2 ) ,  1 3 0 . 5  ( 1 2 9 . 8 * )  

( C - l ) ,  7 6 .0  ( C - 4 ) ,  5 1 . 2  ( 4 9 .7 * )  ( C - 3 ) ,  4 2 .2  ( 4 2 .6 * )  ( C - 5 ) ,  2 9 .2  ( C - 2 ') ,  2 7 . 5  

( 4 - C H 3 ), 2 7 . 3  ( C - 3 ') ,  2 6 .2  ( C - 6 ) , 2 3 . 3  ( C - 7 ) ,  1 4 . 2  ( C - 8 ) , 1 3 . 7  ( C - 4 ') ,  9 .5 2  

( 1 0 . 3 * )  ( C - l ' ) ,  2 .6 9  ( M e 3S i ) .  A n a l .  C a l c d  f o r  C 2 4 H 5 2 O S i S n :  C ,  5 7 . 2 5 ;  

H ,  1 0 . 4 1 .  F o u n d :  C ,  5 7 . 1 2 ;  H ,  10 .6 9 .

All Racemic 15-Deoxy-16-hydroxy-16-methylprostagIandin 
Ei (10) and All Racemic 13-c/s-15-Deoxy-16-hydroxy-16- 
methylprostaglandin Ei (11). T o  a  s t i r r e d  s o l u t i o n  o f  6 .0 3  g  ( 1 1 . 9  

m m o l )  o f  ( E ) - l - ( t r i - n - b u t y l s t a n n y l ) - 4 - m e t h y l - 4 - ( t r i m e t h y l s i l y -  

l o x y ) - l - o c t e n e  (8a) in  5  m L  o f  T H F ,  c o o le d  in  a  d r y  i c e - a c e t o n e  b a t h  

u n d e r  a n  a t m o s p h e r e  o f  n i t r o g e n ,  w a s  a d d e d  5 . 5  m L  ( 1 2 . 0  m m o l)  o f  

n - B u L i  ( 2 .2  M  in  h e x a n e )  d u r i n g  1 5  m in .  T h e  r e s u l t i n g  s o l u t i o n  w a s  

s t i r r e d  a t  t h e  s a m e  t e m p e r a t u r e  f o r  1 0  m in ,  t h e n  a t  - 3 5  ° C  f o r  2  h . T h e  

f o l lo w in g  e x p e r i m e n t s  ( m ix e d  c u p r a t e  f o r m a t i o n ,  c o n ju g a t e  a d d i t i o n ,  

d e b l o c k i n g ,  a n d  d r y - c o lu m n  c h r o m a t o g r a p h y )  w e r e  p e r f o r m e d  in  t h e  

m a n n e r  d e s c r i b e d  f o r  t h e  p r e p a r a t i o n s  o f  5  a n d  6 . F r o m  t h e  d r y - c o l 

u m n  s e g m e n t s  w a s  i s o l a t e d  2 . 1  g  o f  a l l  r a c e m i c  1 5 - d e o x y - 1 6 - h y -  

d r o x y - 1 6 - m e t h y l p r o s t a g l a n d i n  E i  (10) ] 'H  N M R  3 1 . 1 2  ( s ,  1 6 - C H 3 ),

4 .0 8  ( q ,  J  =  8  H z ,  1 1 0 - H ) ,  5 .4 5  ( d d ,  J  =  1 5  a n d  7  H z ,  C - 1 3  H ) ,  5 . 7 2  ( d t ,  

J  =  1 5  a n d  7  H z , C - 1 4  H ) ;  13 C  N M R 28  3  2 1 5 . 5  ( C - 9 ) ,  1 3 3 . 8  ( C - 1 3 ) ,  1 2 9 . 5

( 1 2 9 . 4 )  ( C - 1 4 ) ,  7 3 . 0  ( 7 2 .9 )  ( C - 1 6 ) ,  7 1 . 9  ( C - l l ) ,  5 4 .6  ( C - 8  a n d  C - 1 2 ) , 4 6 .3  

( C - 1 0 ) ,  4 4 .8  ( C - 1 7 ) ,  4 2 .2  ( 4 1 . 1 )  C - 1 5 ) ,  3 4 . 1  ( C - 2 ) , 2 9 . 3 ,  2 8 . 8 , 2 7 . 5 ,  2 6 .4 ,

2 6 . 2 . 2 6 . 1 . 2 4 . 6 . 2 3 . 3  ( C - 1 9 ) ,  1 4 . 1  ( C - 2 0 ) ;  M S  m /e  3 5 0  ( M  -  H 20 ,  c a lc d  

f o r  C 2 1 H 340 4, 3 5 0 .2 4 5 7 ;  f o u n d ,  3 5 0 .2 4 7 0 ) ,  3 3 5 .  3 3 2 , 3 1 7 , 2 9 3 , 2 7 5 ,  2 5 0 ,  

2 3 2 ,  2 0 4 ]  a n d  1 7 0  m g  o f  a l l  r a c e m i c  1 3 - c i s - 1 5 - d e o x y - 1 6 - h y d r o x y -

1 6 - m e t h y p r o s t a g l a n d i n  E i  ( 1 1 ) ;  4H  N M R  5 1 . 4 6  ( s ,  1 6 - C H 3 ) , 4 .0 0  ( b r  

q ,  J  =  8  H z ,  1 1 / 3 - H ) ,  5 .4 8  ( t ,  J  =  9  H z ,  C - 1 3  H ) ,  5 .7 6  ( m , C - 1 4  H ) ;  1 3 C  

N M R 28  5 2 1 5 . 6  ( C - 9 ) ,  1 7 7 . 8  ( C - l ) ,  1 3 3 , 6  ( C - 1 3 ) ,  1 2 8 . 4  ( 1 2 8 . 2  ( C - 1 4 ) ,

7 3 . 3  ( 7 3 .0 )  ( C - 1 6 ) ,  7 2 . 1  ( C - l l ) ,  5 5 .4  ( C - 8 ) , 4 9 .0  ( C - 1 2 ) ,  4 6 .5  ( C - 1 0 ) ,  4 3 .9

( 4 0 .4 )  ( C - 1 5 ) ,  3 9 .2  ( C - 1 7 ) ,  3 4 . 2  ( C - 2 ) ,  2 9 . 3 ,  2 8 .9 ,  2 7 . 1 ,  2 6 .6 ,  2 6 .0 ,  2 4 .8 ,

2 4 .5 ,  2 3 . 2  ( C - 1 9 ) ,  1 4 . 1  ( C - 2 0 ) .  M S  m /e  3 5 0  ( M  -  H 2 0 ,  c a lc d  f o r  

C 2 i H 34 0 4, 3 5 0 . 2 4 5 7 ;  f o u n d ,  3 5 0 . 2 4 7 7 ) ,  3 3 2 ,  2 7 5 ,  2 5 0 ,  2 3 2 .

Preparation and Isomerization of (Z)- and (E)-l-(Tri-n- 
butylstannyl)-3-(trimethylsilyloxy)-4,4-dimethyl-l-octene (13a 
and 13b). A  s o l u t i o n  o f  2  g  (8 .8  m m o l)  o f  3 - ( t r i m e t h y l s i l y l o x y ) - 4 , 4 -  

d i m e t h y l - l - o c t y n e 18  (12), 2 .6  m L  ( 9 .7  m m o l ,  1 . 1  e q u i v )  o f  t r i - n -  

b u t y l s t a n n a n e  a n d  1 0 0  m g  o f  a z o b i s ( i s o b u t y r o n i t r i l e )  w a s  s t i r r e d  in  

a n  o i l  b a t h  u n d e r  a n  a r g o n  a t m o s p h e r e  a n d  t h e  t e m p e r a t u r e  w a s  

r a i s e d  g r a d u a l ly  t o  1 3 5  ° C .  A f t e r  2  h , a n  a l i q u o t  w a s  a n a l y z e d  b y  G L C  

( 6  f t ,  5 %  S E - 3 0 ,  o v e n  t e m p e r a t u r e  2 3 0  ° C ) ,  t w o  p e a k s  w e r e  o b s e r v e d  

a t  r e t e n t i o n  t i m e s  o f  4 . 7  a n d  5 . 1  m in  in  a  r a t i o  o f  ~ 5 5 : 4 5 ,  t h e  f o r m e r  

b e i n g  a s s i g n e d  t o  ( E ) - l - ( t r i - n - b u t y l s t a n n y l ) - 3 - ( t r i m e t h y l s i l y l o x y ) -

4 , 4 - d i m e t h y l - l - o c t e n e  (13b) [XH  N M R  b 3 .6 6  ( m , C - 3  H ) ,  5 .9 2  ( m , 

o le f i n ) ]  a n d  t h e  l a t t e r  t o  t h e  c o r r e s p o n d i n g  Z  i s o m e r  13a [1 H  N M R
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5 3 . 5 2  ( d , J  =  1 0  H z ,  C - 3  H ) ,  5 . 9 1  ( d , J  =  1 4 ,  C - l  H ) ,  6 .4 6  ( d d ,  J =  1 4  

a n d  1 0  H z ,  C - 2  H ) j .

T h i s  r e a c t i o n  m i x t u r e  w a s  d i s t i l l e d  u n d e r  v a c u u m  t o  a f f o r d ,  a f t e r  

a  f o r e r u n ,  t h e  d e s i r e d  13a/13b p r o d u c t  m i x t u r e ;  b p  1 4 0 - 1 4 2  ° C  (0 .0 2  

m m ) ;  M S  m /e  4 5 7  ( M  — C 4H 9 , c a lc d  f o r  C 2 i H 4 5 O S i 1 1 6 S n ,  4 5 7 . 2 2 5 7 ;  

f o u n d ,  4 5 7 . 2 2 5 5 ) ,  3 6 7 .

A f t e r  t h r e e  s u c c e s s i v e  t r e a t m e n t s  o f  t h e  a b o v e  r e a c t i o n  m i x t u r e  

w i t h  a d d i t i o n a l  T B S - H  ( 0 .6  m L  e a c h )  a n d  A I B N  ( 1 0  m g  e a c h )  a t  1 3 5  

° C  f o r  2  h ,  t h e  p r o d u c t  E /Z  r a t i o  o f  a p p r o x i m a t e l y  9 : 1  w a s  o b t a i n e d .  

A  p e a k  o f  h e x a - n - b u t y l d i t i n  ( A l f r e d  B a d e r  C o .)  a t  a  r e t e n t i o n  t im e  

o f  7 . 2  m i n  o n  G L C  w a s  a l s o  o b s e r v e d .

W h e n  t h e  a b o v e  e x p e r i m e n t  w a s  r e p e a t e d  u s i n g  0 .9  e q u i v  ( 7 .9  

m m o l)  o f  t r i - n - b u t y l s t a n n a n e ,  t h e  in i t ia l  p r o d u c t  E /Z  r a t i o  (13b/13a) 
w a s  1 : 9  a s  e v i d e n c e d  b y  G L C  a n d  t h e  ' H  N M R  s p e c t r u m .  A f t e r  t w o  

s u c c e s s i v e  t r e a t m e n t s  o f  t h e  r e a c t io n  m i x t u r e  w i t h  a d d i t i o n a l  T B S - H  

a n d  A I B N  a s  d e s c r i b e d  a b o v e ,  t h i s  r a t i o  w a s  c o n v e r t e d  t o  7 :3 .

(E)-l-Bromo-3-hydroxy-l-octene (17). T o  a  s t i r r e d  s o l u t i o n  o f  

5 . 8 5 g ( 1 1 . 0 m m o l )  o f  ( E ) - l - ( t r i - n - b u t y l s t a n n y l ) - 3 - ( t r i e t h y l s i l y l o x y ) -  

1 - o c t e n e  (3) in  6  m L  o f  C C I 4 , c o o le d  a t  — 2 0  ° C  u n d e r  a n  a t m o s p h e r e  

o f  n i t r o g e n ,  w a s  a d d e d  v e r y  s l o w l y  a  s o l u t i o n  o f  1 . 7 5 9  g  ( 1 1 . 0  m m o l)  

o f  b r o m in e  in  6  m L  o f  C C I 4  d u r i n g  a  p e r i o d  o f  1  h . A f t e r  a d d i t i o n ,  t h e  

d r o p p i n g  f u n n e l  w a s  r i n s e d  w i t h  0 .5  m L  o f  C C I 4  a n d  t h e  s o lu t io n  w a s  

a d d e d  t o  t h e  r e a c t i o n  m i x t u r e  d r o p w i s e  u n t i l  a  f a i n t  y e l lo w  c o lo r  

p e r s i s t e d .  T h e  s o lu t io n  w a s  a l lo w e d  t o  w a r m  t o  r o o m  t e m p e r a t u r e  a n d  

c o n c e n t r a t e d  in  v a c u o  t o  g iv e  a  m i x t u r e  o f  b r o m o t r i - n - b u t y l s t a n n a n e  

(15) a n d  ( E ) - l - b r o m o - 3 - ( t r i e t h y l s i l y l o x y ) - l - o c t e n e  (16) a s  a  c o lo r le s s  

l i q u i d ;  I R ,  n o  O H ; ' H  N M R  5 4 . 1 0  ( m , C - 3  H ) ,  6 . 2 1  ( m , o l e f i n ) .  T h e  

l iq u id  w a s  a p p l ie d  t o  6 0  g  o f  s i l i c a  g e l  ( S i l i c A R  C C - 7 )  a n d  w a s h e d  w it h  

3 0 0  m L  o f  h e x a n e  f o l l o w e d  b y  3 0 0  m L  o f  e t h y l  a c e t a t e .  T h e  h e x a n e  

s o l u t i o n  w a s  c o n c e n t r a t e d  in  v a c u o  t o  g i v e  4 .6  g  o f  b r o m o t r i - r a -  

b u t y l s t a n n a n e  (15); M S  m /e  3 6 6  ( M + , c a lc d  f o r  C i 2 H 2 7 1 1 6 S n B r ,  

3 6 6 . 0 3 1 1 ;  f o u n d ,  3 6 6 . 0 3 1 2 ) ,  3 0 9  ( M  -  C 4H 9), 2 8 7 .  T h e  e t h y l  a c e t a t e  

s o l u t i o n  w a s  c o n c e n t r a t e d  in  v a c u o  t o  g i v e  3 . 1  g  o f  ( £ ) - l - b r o m o - 3 -  

h y d r o x y - l - o c t e n e  (17): I R  v 3 4 0 0  ( O H ) ,  1 6 3 0  ( C = C ) ;  XH  N M R  5 4 . 1 0  

( q ,  J  =  6 .5  H z ,  C - 3  H ) ,  6 .2 3  ( d d ,  J  =  1 3 . 5  a n d  6 .5  H z ,  C - 2  H ) ,  6 .3 2  ( d , 

J  =  1 3 . 5  H z ,  C - l  H ) ;  M S  m /e  1 3 5  ( M  -  C 5 H „ ,  c a lc d  f o r  C 3 H 4 B r O ,  

1 3 4 .9 4 4 6 ;  f o u n d ,  1 3 4 . 9 4 4 7 ) ,  1 2 7  ( M  -  B r ) .  A  f e w  d r o p s  o f  t r i c h l o r o a -  

c e t y l  i s o c y a n a t e  w a s  a d d e d  t o  t h e  1 H  N M R  s a m p l e  t u b e  o f  17 t o  

p r o v i d e  t h e  t r i c h l o r o u r e t h a n e  d e r i v a t i v e  1 8  a n d  t h e  'H  N M R  s p e c 

t r u m  w a s  r e c o r d e d :  5 5 .2 7  ( q , J  =  7 .5  H z ,  C - 3  H ) ,  6 . 1 9  ( d d , J  =  1 3 . 5  a n d

7 .5  H z ,  C - 2  H ) ,  6 .5 5  ( d ,  J  =  1 3 . 5  H z ,  C - l  H ) ,  8 .5 4  ( b r  s ,  N H ) .

4-(Triethylsilyloxy)-l-octyne (20). T h i s  m a t e r i a l  w a s  p r e p a r e d  

f r o m  t h e  s i l y l a t i o n  o f  1 9  b y  t h e  p r o c e d u r e  d e s c r i b e d  f o r  t h e  p r e p a r a 

t i o n  o f  2: b p  5 4 - 5 4 . 5  ° C  ( 0 .2  m m ) ;  J H  N M R  1 . 9 7  ( t ,  J  =  3  H z ,  C - l  H ) ,  

2 . 3 5  ( d d ,  J  =  6  a n d  3  H z ,  C - 3  H ) ,  3 . 8 7  ( b r  q u i n t e t ,  J  =  6  H z ,  C - 4  H ) .  

A n a l .  C a l c d  f o r  C i 4 H 28O S i :  C ,  6 9 .9 3 ;  H ,  1 1 . 7 4 .  F o u n d :  C ,  6 9 .4 2 ;  H ,

1 1 . 8 9 .

(E)-l-(Tri-n-butylstannyl)-4-(triethylsilyloxy)-l-octene (21).
T h i s  m a t e r ia l  w a s  p r e p a r e d  f r o m  t h e  h y d r o s t a n n a t i o n  o f  20 a c c o r d in g  

t o  t h e  p r o c e d u r e  d e s c r i b e d  f o r  t h e  p r e p a r a t i o n  o f  3 :  ' H  N M R  5 2 .3 0  

( m , C - 3  H ) ,  3 .6 8  ( m , C - 4  H ) ,  5 .9 2  ( m , o l e f i n ) ;  1 3 C  N M R  < 5 14 6 .2  ( C - 2 ) ,

1 3 0 . 2  ( C - l ) ,  7 2 .4  ( C - 4 ) ,  4 6 .4  ( C - 3 ) ,  3 6 .9  ( C - 5 ) ,  2 9 .3 ,  2 7 . 7 , 2 7 . 4 , 2 3 . 0 , 1 4 . 1 ,

1 3 . 7 ,  9 .5 ,  7 .0 ,  5 . 3 .

A n a l .  C a l c d  f o r  C 26H 5 6 0 S i S n :  C ,  5 8 .7 5 ;  H ,  1 0 . 6 2 .  F o u n d :  C ,  5 8 .6 8 ;

H ,  1 1 . 0 6 .

(E)-l-Bromo-4-hydroxy-l-octene (23). T h i s  m a t e r i a l  w a s  p r e 

p a r e d  f r o m  2 1  a c c o r d i n g  t o  t h e  p r o c e d u r e  d e s c r i b e d  f o r  t h e  p r e p a r a 

t io n  o f  1 7 :  I R  v 3 4 0 0  ( O H ) ,  1 6 3 0  ( C = C ) ;  >H  N M R  5 2 . 2  ( t ,  J  =  6  H z , 

C - 3  H ) ,  3 .6 6  ( q u in t e t ,  J  =  6  H z ,  C - 4  H ) ,  6 .2 0  ( m , 2  H ,  o l e f i n ) ;  M S  m /e  
1 4 9  ( 1 5 1 )  ( M  -  C4H9 ), 1 1 9  ( 2 1 2 )  ( M  -  C 5 H u O ) .

( E )  -1 -Iodo-4-hydroxy-1 -octene ( 2 6 ) .  T o  a  s t i r r e d  s o l u t i o n  o f

I .  0 6 3  g  ( 2  m m o l)  o f  ( E ) - l - ( t r i - n - b u t y l s t a n n y l ) - 4 - ( t r i e t h y l s i l y l o x y ) -  

1 - o c t e n e  (21) in  1 5  m L  o f  e t h e r  w a s  a d d e d  5 0 7  m g  ( 2  m m o l)  o f  i o d in e  

p o r t io n w is e .  T h e  s o lu t io n  w a s  a l l o w e d  t o  s t i r  a t  r o o m  t e m p e r a t u r e  f o r  

2  h  a n d  a  p a l e  r e d d i s h  c o l o r  p e r s i s t e d  in  t h e  r e a c t i o n  m i x t u r e .  T h e  

s o l v e n t  w a s  e v a p o r a t e d  in  v a c u o  t o  d r y n e s s  t o  g i v e  a  m i x t u r e  o f  ¡0 - 
d o t r i - n - b u t y l s t a n n a n e  (24) a n d  ( E ) - l - i o d o - 4 - ( t r i e t h y l s i l y l o x y ) - l -  

o c t e n e  (25) a s  a  y e l lo w  l i q u i d :  I R  v 1 6 0 5  ( C = C ) ,  n o  O H ; 1 H  N M R  d
2 . 1 8  ( t ,  J, 7  H z ,  C - 3  H ) ,  3 .6 8  ( q u in t e t ,  J  =  7  H z , C - 4  H ) ,  6 .0  (d , J  =  1 5  

H z ,  C - l  H ) ,  6 .5 2  ( d t ,  J  =  1 5  a n d  7 . 5  H z ,  C - 2  H ) ;  M S  m /e  3 3 9  ( M  -  

C 2 H 5), 3 1 1  ( M  -  C 4 H 9), 2 0 1  ( M  -  C 3H 4I ) ,  1 6 7  ( C 3 H 4I ) .  T h i s  m i x t u r e  

w a s  a p p l i e d  t o  2 0  g  o f  s i l i c a  g e l  ( S i l i c A R  C C - 4 )  a n d  w a s h e d  w i t h  2 0 0  

m L  o f  h e x a n e  f o l l o w e d  b y  2 0 0  m L  o f  e t h e r .  T h e  h e x a n e  s o l u t i o n  w a s  

c o n c e n t r a t e d  in  v a c u o  t o  g i v e  0 .7 5  g  o f  i o d o t r i - n - b u t y l s t a n n a n e  (24). 
A n a l .  C a l c d  f o r  C i 2 H 2 7 I S n :  C ,  3 4 .5 8 ;  H  6 .5 2 .  F o u n d :  C ,  3 5 . 2 2 ;  H ,  6 .6 2 . 

T h e  e t h e r  s o l u t i o n  w a s  c o n c e n t r a t e d  in  v a c u o  t o  g i v e  0 .5 7  g  o f  ( £ ) -  

l - i o d o - 4 - h y d r o x y - 5 - o c t e n e  (26); I R  v 3 4 0 0  ( O H ) ,  1 6 3 0  ( C = C ) ;  * H  

N M R  5 2 . 1 4  ( m , C - 3  H ) ,  3 .6 4  ( m , C - 4  H ) ,  6 . 1 0  ( d ,  J  =  1 5  H z ,  C - l  H ) ,

6 .5 6  ( d t ,  J  =  1 5  a n d  7 .5  H z ,  C - 2  H ) ;  M S  m /e  2 5 4  ( M + , c a lc d  f o r  

C 8H i 5 IO , 2 5 4 . 0 1 6 9 ;  f o u n d .  2 5 4 . 0 1 7 1 ) ,  1 9 7  ( M  -  C 4 H 9), 1 6 7  ( M  -  

C 6H u O ).
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T h e  C a r i b b e a n  s p o n g s  Plakortis halichondrioides  c o n t a i n s  a  l i p i d - s o l u b l e  a n t i b i o t i c ,  p l a k o r t i n .  T h e  s t r u c t u r e  

o f  p l a k o r t i n  ( 1 )  w a s  d e d u c e d  f r o m  s p e c t r o s c o p i c  d a t a  a n d  b y  c h e m i c a l  d e g r a d a t i o n .  P l a k o r t i n  ( 1 )  w a s  s h o w n  t o  b e  

a  c y c l i c  p e r o x i d e .  A  r e l a t e d  k e t o n e  ( 1 2 )  w a s  i s o l a t e d  a n d  t h e  s t r u c t u r e  d e d u c e d  f r o m  s p e c t r o s c o p i c  d a t a .

Although there have been several large compilations of 
data recording in the in vitro antimicrobial activity of marine 
sponges,2 relatively few of the metabolites responsible for 
antimicrobial activity have been isolated and identified.3 
Antimicrobial screening of crude extracts of some Caribbean 
sponges revealed that the crude ethanol extract of P la k o r t is  
h a lic h o n d rio id e s  (Wilson) inhibited the growth of S t a p h y 
lococcu s a u re u s  and E sc h e r ic h ia  coli. The antimicrobial ac
tivity was associated with the major metabolite of the sponge, 
which was named plakortin. In this paper, we wish to describe 
the structural elucidation of plakortin (1).

P la k o r t is  h a lic h o n d rio id e s  (Wilson) was collected using 
SCUBA (—10 m) at Hookers Reef, Panama. The ether-soluble 
portion of an ethanol extract of the sponge was chromato
graphed on Florisil to obtain plakortin (1) (5.7% dry weight). 
Plakortin (1) had the molecular formula C18H32O4. The in
frared spectrum of plakortin (1 ) indicated the presence of an 
ester group (1735 cm-1) and the absence of other carbonyl or 
hydroxyl groups. The 13C NMR spectrum contained a car
bonyl signal at S 171.9 (s), a methoxyl signal at 51.5 (q), two 
signals for carbon atoms bearing oxygen at 81.0 (s) and 78.8 
(d), and two signals at 134.4 (d) and 131.5 (d) due to a disub- 
stituted olefin. The JH NMR spectrum confirmed the pres
ence of a trans-disubstituted olefin [5 5.38 (dt, 1 H, J = 15,6, 
6  Hz) and 5.10 (dd, 1 H, J = 15,9 Hz)] and a methyl ester [5 
3.70 (s, 3 H)]. We therefore concluded that plakortin (1) was 
the methyl ester of a carboxylic acid containing a cyclic per
oxide and a trans-disubstituted olefin.

The JH spectrum also contained four additional methyl 
signals at S 1.37 (s, 3 H), 0.97 (t, 3 H, J = 7 Hz), 0.90 (t, 3 H, J  
= 7 Hz), and 0.80 (t, 3 H, J  = 7 Hz) and a signal assigned to the 
proton at C-3 at 4.49 (m, 1 H, J  =  9.5, 6 , 3.5 Hz) which was 
coupled to two mutually coupled signals at 3.05 (dd, 1 H, J  =
15.5, 9.5 Hz) and 2.35 (dd, 1 H, J  = 15.5, 3.5 Hz) and a third 
signal at 2.18 (m, 1 H). Since each of the triplet methyl signals 
must be adjacent to a methylene group, the structure of 
plakortin (1) could be solved by determining the position of 
the olefinic bond in the chain, its relationship to the peroxide 
ring, and the size of the peroxide ring.

The presence of the peroxide ring was confirmed by re

duction of plakortin (1) with lithium aluminum hydride in dry 
ether at 0 °C to obtain the triol 2. On acetylation with acetic 
anhydride in pyridine, the triol gave a diacetate 3. By com
parison of the ’H NMR spectra of the triol 2 and the diacetate 
3, we deduced that the triol contained a primary alcohol, de
rived from reduction of the methyl ester, together with sec
ondary and tertiary alcohols resulting from reduction of the 
cyclic peroxide ring.

Ozonolysis of plakortin (1), followed by addition of dimethyl 
sulfide to the ozonide, gave a mixture of an acid 5 and an al
dehyde 4 which rapidly autoxidized to the acid 5. The acid 5, 
Ci5H260 6, had lost a three-carbon fragment and contained 
only two methyl triplets at 5 0.97 and 0.92 in the XH NMR 
spectrum. Esterification of the acid 5 with diazomethane, 
followed by hydrogenation of the corresponding diester 6 over 
1 0% palladium on charcoal, resulted in the formation on the
7 -lactone 7 (IR1765 cm-1). The secondary alcohol function-

( U 0 > ^ C O O M e

4 R = CH O

5 R = C O O H

6 R = C O O M e

7 R = H

8 R = A c

ality of the lactone 7 was acetylated with acetic anhydride in 
pyridine to obtain the corresponding acetate 8 . Hydrogenation 
of plakortin (1 ) under identical conditions resulted in the 
formation of a dihydroxy ester (9) which did not cyclize to a 
lactone, indicating that the ester which had resulted from 
cleavage of the olefin was involved in 7 -lactone formation with 
the oxygen on the fully substituted carbon atom. Since the 
olefinic proton at 5 5.10 in plakortin (1) was coupled to only 
one nonolefinic proton, there must be an alkyl group at 
C-8 .

wo j . ^ C O O M e

9 10

Reduction of plakortin (1) with lithium tri-feri-butoxy- 
aluminum hydride in refluxing ether resulted in reduction of 
the ester group, but not the peroxide bond, to obtain a primary 
alcohol 10. The mutually coupled signals at 5 2.35 and 3.05 in 
the XH NMR spectrum of plakortin (1) were absent from the 
XH NMR spectrum of the alcohol 10, suggesting that these 
signals were due to a methylene group situated between the

0022-3263/78/1943-3454$01.00/0 © 1978 American Chemical Society
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Table I. Chemical Shifts (6), Eu(fod)3-Induced Chemical 
Shifts (Ad), and Calculated and Measured (Using 

Dreiding Model) Eu-hydrogen Distances for Selected 
Hydrogen Atoms in the ’H NMR Spectrum of Alcohol 10

5, ppm A5, ppm Scaled» Â r Â' meas» n
Ha 3.84 a
Hb 3.84 a
He ~2.3 7 .6 6 5 .5 5 .4
Hd ~1.8 4.83 6 .4 6 .2
He 4.11 5.77 6 .0 6 .0
Hf 2.2 3.13 7 .4 7 .8
Hg -1.5 2.28 8 .2 8 .4
Hh -1.5 3.71 7 .0 7 .3
CH3-ax 1.39 2.28 8 .2 7 .8
CH3-eq 6.6

a V a r i a t i o n  o f  c h e m i c a l  s h i f t  w i t h  c o n c e n t r a t i o n  o f  E u ( f o d ) 3  

a d d e d  w a s  n o t  l i n e a r .

carboxylic ester and the carbon bearing the peroxide func
tionality. Since the proton signal at & 4.49 in 1 was coupled to 
three other protons, there must be a side chain at C-4. A lan
thanide-induced shift (LIS) study on the alcohol 10 (see 
below) clearly showed the presence of a six-membered per
oxide ring. Thus both alkyl side chains at C-4 and C-8  must 
be ethyl groups, allowing the structure 1 to be drawn.

Some stereochemical information could be obtained from 
interpretation of the LIS data. The protons at C-5 could be 
resolved into two signals with coupling constants of 13 and 12 
Hz and 13 and 4 Hz, respectively. These coupling constants 
are typical of methylene protons in a six-membered ring which 
are coupled to a single axial proton. The coupling between the 
protons at C-3 and C-4 (6  Hz) was best observed in the spec
trum of plakortin (1) and indicated an equatorial proton at 
C-3. A semiquantitative analysis of the LIS data (Table I) 
allowed an assignment of a europium ion position and con
firmed these stereochemical assignments. The relative ste
reochemistry at C- 8  has not been determined.

On treatment with sodium methoxide in methanol, 
plakortin (1) underwent an interesting rearrangement to an 
isomeric ether 11. The ether 11 contained a hydroxyl group

11

(IR 3550 cm-1) which was shown to be at C-2. The XH NMR 
spectrum of 11 contained a signal at 5 4.34 (d, 1 H, J  =  2.5 Hz) 
which was shifted to & 5.10 on acetylation; this signal was as
signed to the C-2  proton of an a-hydroxy ester. A spin-de- 
coupling study on the ether 11 revealed that the a-hydroxy 
proton at C-2 was coupled to a proton at & 3.80, which was in 
turn coupled to a single proton at & 2.32 by a 10-Hz coupling 
constant. The proton at 2.32 ppm was in turn coupled to two

Scheme I. A Mechanism for the Rearrangement of 
Plakortin (1) to Alcohol 11

/ -C O O M e
HO

11

mutually coupled methylene protons at 1.91 and 1.36 ppm. 
A mechanism for the rearrangement is suggested in Scheme 
I .

The sponge contained a ketone 12 as a minor metabolite. 
The structure of ketone 12, C14H24O, was assigned on the basis 
of its spectral data. The ultraviolet [Xmax (MeOH) 237 nm (e 
18 900)] and infrared (1690 cm-1) spectra indicated the 
presence of an a,/3-unsaturated ketone. The 'H NMR spec
trum contained four methyl signals at 5 2.10 (s, 3 H), 1.07 (t, 
3 H, J  = 7 Hz), 0.95 (t, 3 H, J  = 7 Hz), and 0.85 (t, 3 H, J  = 7 
Hz), a methylene quartet at 2.44, and three olefinic protons 
at 6.00 (s, 1 H), 5.39 (dt, 1 H, J  = 15, 6 , 6  Hz), and 5.07 (dd, 1 
H, J  =  15, 9 Hz). The methyl triplet at 5 1.07 and the meth
ylene quartet at <5 2.44 suggest the presence of an ethyl ketone, 
while the singlets at 5 6.00 and 2.10 are due to a proton at C-4 
and a methyl group at C-5 which lie cis to the carbonyl group. 
All other features of the !H NMR spectrum and the 13C NMR 
spectrum are consistent with the remaining portion of the 
ketone 12  being identical with the eight-carbon side chain in 
plakortin (1).

Cyclic peroxides of steroids having the general structure 13 
have been found in many sponges.4 Since the steroidal per
oxides were found as mixtures of a  and ¡3 peroxide isomers in

the same 85:15 ratio that was obtained by photooxidation of 
ergosterol,5 it has been suggested that the cyclic peroxides 
were autoxidation products of steroidal 5,7-dienes. The cyclic 
peroxide chondrillin (14) was shown to be optically active and 
must therefore be formed by an enzyme-mediated addition 
of oxygen to the corresponding diene.6 Since plakortin (1) was 
also optically active and was not a mixture of diastereoisomers, 
it must be assumed that plakortin (1) was formed by en
zyme-mediated reactions. The isolation of the ketone 12 as 
a minor product has led to the suggestion that both the ketone 
12 and plakortin (1) might be derived from a common 1,3- 
diene intermediate 15 (Scheme II). The carbon skeleton of 
plakortin (1 ) has not previously been described.

Experimental Section

M e lt in g  p o in t s  w e r e  m e a s u r e d  o n  a  F i s h e r - J o h n s  a p p a r a t u s  a n d  a r e  

r e p o r t e d  u n c o r r e c t e d .  XH  a n d  1 3 C  N M R  s p e c t r a  w e r e  r e c o r d e d  o n  

V a r í a n  H R - 2 2 0  a n d  C F T - 2 0  i n s t r u m e n t s ,  r e s p e c t i v e l y .  I n f r a r e d  a n d  

u l t r a v i o l e t  s p e c t r a  w e r e  r e c o r d e d  o n  P e r k i n - E l m e r  M o d e l  1 3 6  a n d  1 2 4  

s p e c t r o p h o t o m e t e r s ,  r e s p e c t i v e l y .  O p t i c a l  r o t a t i o n s  w e r e  m e a s u r e d  

o n  a  P e r k i n - E l m e r  1 4 1  p o l a r i m e t e r ,  u s i n g  a  1 0 - c m  c e l l  t h e r m o s t a t e d  

a t  2 0  ° C .  L o w - r e s o l u t i o n  m a s s  s p e c t r a  w e r e  r e c o r d e d  o n  a  H e w l e t t -  

P a c k a r d  5 9 3 0 - A  m a s s  s p e c t r o m e t e r .  H i g h - r e s o l u t i o n  m a s s  m e a s u r e 

m e n t s  w e r e  o b t a i n e d  f r o m  t h e  A n a l y t i c a l  F a c i l i t y  a t  C a l i f o r n i a  I n 

s t i t u t e  o f  T e c h n o l o g y .  A l l  s o l v e n t s  u s e d  w e r e  e i t h e r  s p e c t r a l  g r a d e  o r  

r e d i s t i l l e d  f r o m  g l a s s  p r i o r  t o  u s e .
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Scheme II. Both Plakortin (1) and the Ketone 12 Can Be 
Derived from a Common Intermediate (15)

12 1

Extraction and Chromatography. Plakortis halichondrioides 
( W i l s o n )  w a s  c o l l e c t e d  b y  h a n d ,  u s i n g  S C U B A  ( - 1 0  m ) ,  a t  H o o k e r s  

R e e f ,  S a n  B i a s ,  P a n a m a  ( 9 °  3 3 '  3 5 "  N ,  7 9 °  4 1 '  W )  a n d  s t o r e d  in  e t h 

a n o l  f o r  ~ 1  y r .  T h e  s p o n g e  (4 9  g  d r y  w e i g h t )  w a s  h o m o g e n i z e d  in  

e t h a n o l  a n d  f i l t e r e d .  T h e  s o l i d  w a s  e x h a u s t i v e l y  e x t r a c t e d  w i t h  e t h 

a n o l  in  a  S o x h l e t  e x t r a c t o r ,  a n d  t h e  c o m b i n e d  e t h a n o l  e x t r a c t s  w e r e  

e v a p o r a t e d  t o  a  g u m . T h e  o r g a n i c  m a t e r i a l  w a s  p a r t i t i o n e d  b e t w e e n  

w a t e r  a n d  e t h e r  t o  o b t a i n  a  c r u d e  e t h e r  e x t r a c t  ( 6 .9  g ) .  T h e  e t h e r  e x 

t r a c t  ( 5 . 1  g )  w a s  c h r o m a t o g r a p h e d  o n  a  F l o r i s i l  c o l u m n  u s i n g  a  s e 

q u e n c e  o f  s o l v e n t s  o f  i n c r e a s i n g  p o l a r i t y  f r o m  h e x a n e  t h r o u g h  e t h e r  

a n d  e t h y l  a c e t a t e  t o  m e t h a n o l .  A  f r a c t i o n  e lu t e d  w i t h  e t h e r  w a s  f u r t h e r  

p u r i f i e d  b y  L C  o n  ,u - P o r a s i l  u s i n g  4 %  e t h e r  in  h e x a n e  t o  o b t a i n  t h e  

k e t o n e  1 2  (9 0  m g , 0 .2 5 %  d r y  w e i g h t ) .  F r a c t i o n s  e l u t e d  w i t h  5 - 2 0 %  

e t h y l  a c e t a t e  in  e t h e r  g a v e  p la k o r t i n  ( 1 ;  2 .0 8  g , 5 .2 %  d r y  w e ig h t ) ,  w h ic h  

w a s  e s s e n t i a l l y  p u r e  b u t  w h i c h  c o u l d  b e  f u r t h e r  p u r i f i e d  b y  L C  on  

M -P o r a s i l  u s in g  7 %  e t h e r  i n  h e x a n e .

Plakortin (Methyl 4,8-diethyl-6-methyl-3,6-peroxy-9-dode- 
cenoate, 1 ) :  [ a ] D 20 + 1 8 9 °  (c  2 .9 , C H C 1 3) ; I R  ( C C 1 4) 1 7 3 5 , 1 4 7 0 , 1 4 5 0 ,  

1 3 9 0 , 1 0 0 0 , 9 7 5  c m " 1 ; XH  N M R  ( C D C I 3 ) b 0 .8 0  ( t ,  3  H ,  J  =  7  H z ) ,  0 .9 0  

( t ,  3  H ,  J  =  7  H z ) ,  0 .9 7  ( t ,  3  H ,  J  =  7  H z ) ,  1 . 3 7  ( s ,  3  H ) ,  1 . 5 5  ( d d ,  1  H ,  

J  =  1 3 , 4  H z ) ,  2 .0 5  ( m , 3  H ) ,  2 . 1 8  ( m , 1  H ) ,  2 . 3 5  ( d d ,  1  H ,  J  =  1 5 . 5 , 3 . 5  

H z ) ,  3 .0 5  ( d d , 1 H ,  J  =  1 5 . 5 , 9 . 5  H z ) ,  3 .7 0  (s , 3  H ) ,  4 .4 9  (m , 1  H ,  J  =  9 .5 ,

6 . 3 . 5  H z ) ,  5 . 1 0  ( d d ,  1  H ,  J  =  1 5 , 9  H z ) ,  5 . 3 8  ( d t ,  1  H ,  J  =  1 5 , 6 , 6  H z ) ;  

1 3 C  N M R  ( C D C I 3 ) b 1 1 . 0  ( q ) ,  1 1 . 5  ( q ) , 1 3 . 9  ( q ) ,  2 1 . 3  ( q ) ,  2 5 . 2  ( t ) ,  2 9 . 5

( t ) ,  2 9 .9  ( t ) ,  3 1 . 4  ( t ) ,  3 4 .9  ( d ) ,  3 6 .0  ( t ) ,  4 0 .2  ( d ) ,  4 6 .5  ( t ) ,  5 1 . 5  ( q ) ,  7 8 .8

( d ) ,  8 1 . 0  ( s ) ,  1 3 1 . 5  ( d ) ,  1 3 4 . 4  ( d ) ,  1 7 1 . 9  ( s ) ;  h i g h - r e s o l u t i o n  m a s s  

m e a s u r e m e n t  3 1 2 . 2 2 8 ,  C 1 8 H 3 2 O 4  r e q u i r e s  3 1 2 . 2 3 0 .

7-Ethyl-5-methyl-4,8-undecadien-3-one ( 1 2 ) :  [ a l o 20  + 1 7 °  (c

1 . 4 ,  C H C I 3 ) ; U V  ( M e O H )  2 3 7  n m  (e 1 8  9 0 0 ) ;  I R  ( C C 1 4) 1 6 9 0 ,  1 6 2 5  

c m " 1 ; XH  N M R  ( C D C 1 3) b 0 .8 5  ( t ,  3  H ,  J  =  7  H z ) ,  0 .9 5  ( t ,  3  H ,  J  =  1 
H z ) ,  1 . 0 7  ( t ,  3  H ,  J  =  7  H z ) ,  2 . 1 0  ( s ,  3  H ) ,  2 .4 4  ( q ,  2  H ,  J  =  7  H z ) ,  5 .0 7  

( d d ,  1  H ,  J  =  1 5 , 9  H z ) ,  5 . 3 9  ( d t ,  1 H ,  J =  1 5 , 6 , 6  H z ) ,  6 .0 0  ( s ,  1  H ) ;  13 C  

N M R  ( C D C I 3 ) b 8 .2  ( q ) ,  1 1 . 6  ( q ) ,  1 4 . 1  ( q ) ,  1 9 . 6  ( q ) ,  2 5 .6  ( t ) ,  2 8 .0  ( t ) ,

3 7 . 5  ( t ) , 4 2 .6  ( d ) ,  4 7 .4  ( t) , 1 2 4 . 4  ( d ) , 1 3 2 . 1  ( d ) , 1 3 2 . 7  ( d ) ,  1 5 6 .9  ( s ) , 2 0 1 . 6  

( s ) ;  h i g h - r e s o l u t i o n  m a s s  m e a s u r e m e n t  2 0 8 . 1 8 1 ,  C i 4H 240  r e q u i r e s  

2 0 8 . 1 8 3 .

Reduction of Plakortin (1) with Lithium Aluminum Hydride.
L i t h i u m  a lu m in u m  h y d r id e  ( 2 0  m g , 0 .5 3  m m o l)  w a s  a d d e d  t o  a  s t i r r e d  

s o lu t io n  o f  p la k o r t in  ( 1 ;  3 0  m g , 0 .0 9 6  m m o l)  in  d r y  e t h e r  a t  0  ° C .  A f t e r  

s t i r r in g  f o r  1 5  m in ,  t h e  e x c e s s  r e a g e n t  w a s  d e s t r o y e d  w i t h  e t h y l  a c e t a t e  

a n d  t h e  p r o d u c t  w a s  p a r t i t i o n e d  b e t w e e n  e t h e r  a n d  d i lu t e  h y d r o 

c h lo r i c  a c id .  T h e  e t h e r  e x t r a c t  w a s  d r i e d  o v e r  a n h y d r o u s  s o d i u m  

s u l f a t e  a n d  t h e  s o l v e n t  e v a p o r a t e d  t o  y i e l d  a  c r u d e  a l c o h o l  m i x t u r e  

( 2 3  m g ) .  T h e  m i x t u r e  o f  a l c o h o l s  w a s  s e p a r a t e d  o n  a  s i l i c a  g e l  p la t e  

t o  o b t a i n  t h e  t r io l  2  ( 1 5  m g , 5 5 %  t h e o r e t i c a l )  a n d  t h e  a lc o h o l  1 0  ( 2  m g ) . 

T h e  t r io l  2  g a v e  t h e  f o l lo w in g  s p e c t r a l  d a t a :  I R  ( C C 1 4) 3 2 2 5 , 1 4 7 0 , 1 3 9 0 ,  

9 7 5 , 8 8 0  c m - 1 ; XH  N M R  ( C D C 1 3) b 0 .8 0  ( t ,  3  H ,  J  =  7  H z ) ,  0 . 9 1  ( t ,  3  H ,  

J  =  7  H z ) ,  0 .9 8  ( t ,  3  H ,  J  =  7  H z ) ,  1 . 1 9  ( s , 3  H ) ,  3 .8 5  ( m , 3  H ) ,  5 . 2 2  ( d d ,  

1  H ,  J  =  1 5 ,  9  H z ) ,  5 . 5 5  ( d t ,  1  H ,  J  =  1 5 ,  6 , 6  H z ) .

A  p o r t io n  o f  t h e  t r io l  ( 1 0  m g , 0 .0 3 5  m m o l)  w a s  d i s s o lv e d  in  a  m i x t u r e  

o f  a c e t i c  a n h y d r i d e  ( 1  m L )  a n d  p y r i d i n e  ( 2  m L )  a n d  t h e  s o lu t io n  w a s  

a l l o w e d  t o  s t a n d  o v e r n i g h t  a t  r o o m  t e m p e r a t u r e .  E v a p o r a t i o n  o f  t h e  

r e a g e n t s  in  v a c u o  g a v e  a  r e s i d u e  w h ic h  w a s  p a r t i t i o n e d  b e t w e e n  e t h e r  

a n d  w a t e r .  T h e  e t h e r  e x t r a c t  w a s  d r i e d  o v e r  s o d i u m  s u l f a t e  a n d  t h e  

s o l v e n t  e v a p o r a t e d  t o  g i v e  a  r e s i d u e  ( 1 1  m g )  w h i c h  w a s  p u r i f i e d  b y  

L C  o n  M - P o r a s i l  u s i n g  4 0 %  e t h e r  in  h e x a n e  a s  e l u e n t  t o  o b t a i n  t h e  

d i a c e t a t e  3  (9  m g ,  7 0 %  t h e o r e t i c a l ) :  I R  ( C C 1 4) 3 4 5 0 ,  1 7 3 0  c m - 1 ; XH  

N M R  ( C D C I 3 ) b 0 .8 2  ( t ,  3  H ,  J  =  7  H z ) , 0 .9 3  ( t ,  3  H ,  J  =  7  H z ) ,  0 .9 8  ( t, 

3  H ,  J  =  7  H z ) ,  1 . 1 1  ( s ,  3  H ) ,  2 .0 0  ( s ,  3  H ) ,  2 .0 4  ( s ,  3  H ) ,  4 .0 9  ( m , 2  H ) ,

5 . 2 3  ( m , 2  H ) ,  5 .5 0  ( d t ,  1  H ,  J  =  1 5 ,  6 , 6  H z ) ;  h i g h - r e s o l u t i o n  m a s s  

m e a s u r e m e n t  3 7 0 . 2 7 3 ,  C 2 i H 38 0 B r e q u i r e s  3 7 0 . 2 7 2 .

Ozonolysis of Plakortin (1). A  s t r e a m  o f  o z o n e  in  o x y g e n  w a s  

b u b b l e d  i n t o  a  s o l u t i o n  o f  p l a k o r t i n  ( 1 ;  2 0  m g ,  0 .0 6 4  m m o l)  in  d i  

c h lo r o m e t h a n e  ( 5  m L )  a t  —7 8  ° C  u n t i l  a  b l u e - c o l o r e d  s o l u t i o n  w a s  

o b t a i n e d .  E x c e s s  o z o n e  w a s  r e m o v e d  in  a  s t r e a m  o f  d r y  n i t r o g e n .  D i 

m e t h y l  s u l f i d e  ( 0 .2  m L )  w a s  a d d e d ,  a n d  t h e  s o l u t i o n  w a s  a l l o w e d  t o  

w a r m  t o  r o o m  t e m p e r a t u r e .  A f t e r  3 0  m in ,  t h e  s o l v e n t s  w e r e  r e m o v e d  

in  v a c u o  t o  o b t a i n  a  y e l lo w  o i l .  C h r o m a t o g r a p h y  o f  t h e  p r o d u c t  o n  a  

s i l i c a  g e l  p la t e  u s in g  1 : 1  h e x a n e - e t h e r  g a v e  t h e  a l d e h y d e  4 (9  m g ,  4 6 %  

t h e o r e t i c a l )  a n d  t h e  a c i d  5 ( 7  m g ,  3 6 %  t h e o r e t i c a l ) .  O n  s t a n d i n g  

o v e r n i g h t ,  t h e  a l d e h y d e  4 o x i d i z e d  t o  t h e  a c i d  5. A  s o l u t i o n  o f  d i a z o 

m e t h a n e  s o lu t io n  in  e t h e r  w a s  a d d e d  t o  a  s o lu t io n  o f  t h e  a c i d  5 in  e t h e r  

u n t i l  t h e  s o lu t io n  r e m a in e d  y e l lo w . E v a p o r a t i o n  o f  t h e  s o l v e n t  i n  v a c u o  

g a v e  t h e  m e t h y l  e s t e r  6 . I n  a  s u b s e q u e n t  e x p e r im e n t ,  p la k o r t i n  ( 1 ;  1 2 0  

m g ,  0 .3 8  m m o l)  w a s  c o n v e r t e d  i n t o  t h e  e s t e r  6  ( 1 1 5  m g ,  0 . 3 7  m m o l)  

in  9 6 %  y i e l d .

Acid 5 :  I R  ( C C 1 4) 2 6 6 5  ( b r ) ,  1 7 4 0 , 1 7 0 5  c m “ 1 ; >H  N M R  ( C D C 1 3 ) b 
0 .9 2  ( t ,  3  H ,  J  =  7  H z ) ,  0 .9 7  ( t ,  3  H ,  J  =  7  H z ) ,  1 . 3 9  ( s ,  3  H ) ,  2 .0 4  (dd,
1  H ,  J  =  1 5 , 1 0  H z ) ,  2 .2 3  ( m , 1  H ) ,  2 .4 2  ( d d ,  1  H ,  J  =  1 5 . 5 , 3 . 5  H z ) ,  2 .5 0  

( m , 1  H ) ,  3 .0 2  ( d d ,  1  H ,  J  =  1 5 . 5 ,  9 .5  H z ) ,  3 .4 0  (s , 3  H ) ,  4 . 5 2  ( m , 1  H ,  

J  =  9 .5 ,  6 , 3 . 5  H z ) .

Ester 6: i H  N M R  ( C D C 1 3 ) 0 .8 6  ( t ,  3  H ,  J  =  7  H z ) ,  0 . 9 1  (t, 3  H ,  J  =  

7  H z ) ,  1 . 3 0  ( s ,  3  H ) ,  2 . 0 1  ( d d ,  1  H ,  J  =  1 5 , 1 0  H z ) ,  2 . 1 8  ( m , 1  H ) ,  2 . 3 7  

( d d ,  1  H ,  J  =  1 5 , 3  H z ) ,  2 .5 0  ( m , 1  H ) ,  3 . 0 3  ( d d ,  J  =  1 5 , 9  H z ) ,  3 .6 7  ( s ,  

3  H ) ,  3 .7 0  ( s ,  3  H ) ,  4 .5 0  ( m , 1  H ) .

Hydrogenation of Ester 6 . P a l l a d i u m  o n  c h a r c o a l  c a t a l y s t  ( 1 0 % ,

1 0  m g )  w a s  a d d e d  t o  a  s o lu t io n  o f  t h e  e s t e r  6  ( 1 1 5  m g , 0 .3 7  m m o l) ,  a n d  

t h e  s o lu t io n  w a s  s t i r r e d  u n d e r  a n  a t m o s p h e r e  o f  h y d r o g e n  o v e r n i g h t .  

T h e  c a t a l y s t  w a s  r e m o v e d  b y  f i l t r a t i o n  a n d  t h e  s o l v e n t  e v a p o r a t e d  

t o  o b t a i n  t h e  l a c t o n e  7  a s  a  p a l e  y e l lo w  o i l  ( 1 1 5  m g ) :  I R  ( C C 1 4) 3 2 0 0 ,  

1 7 6 5 , 1 7 3 0  c m “ 1 ; 1 3 C  N M R  ( C D C 1 3) b 1 1 . 7  ( q ) ,  1 2 . 0  ( q ) ,  2 3 . 5  ( t ) ,  2 4  3  

( t ) ,  2 7 . 6  ( q ) ,  3 7 . 8  ( t ) ,  3 9 .9  ( t ) ,  4 0 .3  ( t ) ,  4 0 .6  ( d ) ,  4 2 . 2  ( d ) ,  5 1 . 8  ( q ) ,  6 9 . 1

( d ) ,  8 4 .6  ( s ) ,  1 7 3 . 5  ( s ) ,  1 7 3 , 6  ( s ) .  A  p o r t io n  o f  t h e  l a c t o n e  7  ( 1 2  m g )  w a s  

d i s s o l v e d  in  a  m i x t u r e  o f  a c e t i c  a n h y d r i d e  ( 0 .5  m L )  a n d  p y r i d i n e  ( 1 . 0  

m L ) ,  a n d  t h e  s o l u t i o n  w a s  a l l o w e d  t o  s t a n d  o v e r n i g h t .  T h e  s o l v e n t s  

w e r e  r e m o v e d  in  v a c u o ,  a n d  t h e  r e s i d u e  w a s  p a r t i t i o n e d  b e t w e e n  e t h e r  

a n d  w a t e r .  T h e  o r g a n ic  m a t e r i a l  w a s  p u r i f i e d  b y  L C  o n  ¿ ¿ -P o r a s i l ,  u s in g  

4 0 %  e t h e r  in  h e x a n e  a s  e l u a n t ,  t o  o b t a i n  t h e  l a c t o n e  a c e t a t e  8  ( 7  m g ,  

5 6 %  t h e o r e t i c a l ) :  I R  ( C C 1 4) 1 7 6 5 , 1 7 4 0  c m - 1 ; i H  N M R  ( C D C 1 3) 6 0 .9 8  

( t ,  6  H ,  J  =  7  H z ) ,  1 . 4 1  ( s ,  3  H ) ,  2 .0 2  ( s ,  3  H ) ,  2 .2 6  ( d d ,  1  H ,  J  =  1 3 , 1 0  

H z ) ,  2 .5 4  ( m , 2  H ) ,  2 .6 7  ( m , 1  H ) ,  3 . 6 7  ( s ,  3 H ) ,  5 . 4 1  ( m , 1 H ) ;  h i g h - r e s 

o l u t i o n  m a s s  m e a s u r e m e n t  3 2 8 . 1 8 6 ,  C 1 7 H 28O 6 r e q u i r e s  3 2 8 . 1 8 8 .

Reduction of Plakortin (1) with Lithium Tri-tert-hutoxy- 
aluminum Hydride. L i t h i u m  t r i - i e r t - b u t o x y a l u m i n u m  h y d r i d e  ( 1 0 0  

m g ,  0 .3 9  m m o l)  w a s  a d d e d  t o  a  s o l u t i o n  o f  p l a k o r t i n  ( 1 ;  5 0  m g ,  0 .0 6  

m m o l)  in  e t h e r  ( 1 0  m L ) ,  a n d  t h e  s o l u t i o n  w a s  b o i l e d  u n d e r  r e f l u x  f o r

2  h . T h e  e x c e s s  r e a g e n t  w a s  d e s t r o y e d  b y  a d d i t i o n  o f  w a t e r ,  a n d  t h e  

r e a c t i o n  p r o d u c t  w a s  p a r t i t i o n e d  b e t w e e n  e t h e r  a n d  d i lu t e  h y d r o 

c h lo r i c  a c id .  T h e  e t h e r  e x t r a c t  w a s  d r i e d  o v e r  a n h y d r o u s  s o d i u m  

s u l f a t e  a n d  t h e  s o l v e n t  e v a p o r a t e d  t o  g i v e  a  c o lo r le s s  o i l  ( 4 8  m g ) . T h e

0 1 1  w a s  p u r i f i e d  b y  L C  o n  f i - P o r a s i l ,  u s i n g  4 0 %  e t h e r  in  h e x a n e  a s  e l 

u a n t ,  t o  o b t a i n  t h e  a lc o h o l  10 ( 3 8  m g , 8 5 %  t h e o r e t i c a l ) :  I R  ( C C L j)  3 3 1 0 ,  

1 4 7 0 , 1 3 8 8 , 9 7 5  c m - 1 ; XH  N M R  ( C D C 1 3) b 0 .7 9  ( t ,  3  H ,  J  =  7  H z ) ,  0 .8 7  

( t ,  3  H ,  J  =  7  H z ) ,  0 .9 8  ( t ,  3  H ,  J  =  7  H z ) ,  1 . 3 9  ( s ,  3  H ) ,  1 . 4 5  ( t ,  1  H ,  J  
=  1 4  H z ) ,  1 . 5 2  ( d d , 1 H ,  J  =  1 4 , 5  H z ) ,  2 .0 4  (m , 5  H ) ,  2 .2 0  ( m , 1 H ) ,  3 .8 4  

( t ,  2  H ,  J  =  6  H z ) ,  4 . 1 1  ( m , 1  H ) ,  5 .0 9  ( d d ,  1  H ,  J  =  1 5 , 9  H z ) ,  5 . 3 6  ( d t ,  

1  H ,  J  =  1 5 , 6 ,  6  H z ) .

Lanthanide-Induced Shift Experiment. A  s o lu t io n  o f  t h e  a lc o h o l  

10 ( 7  m g )  in  d e u t e r i o c h lo r o f o r m  ( 5 0 0  /xL) w a s  p r e p a r e d .  N M R  s p e c t r a  

( 2 2 0  M H z )  w e r e  r e c o r d e d  a f t e r  e a c h  a d d i t i o n  ( 5  fih) o f  a  s o l u t i o n  o f  

E u ( f o d ) 3  ( 2 7  m g )  in  d e u t e r i o c h lo r o f o r m  ( 5 8  /x L ) . T h e  i n d u c e d  s h i f t s  

( A b) w e r e  d e d u c e d  b y  p lo t t in g  t h e  c h e m i c a l  s h i f t  o f  e a c h  p r o t o n  s ig n a l  

a g a i n s t  t h e  q u a n t i t y  o f  r e a g e n t  a d d e d .  T h e  i n d u c e d  s h i f t s  a r e  s u m 

m a r i z e d  in  T a b l e  I .

Treatment of Plakortin (1) with Sodium Methoxide. P l a k o r t i n  

( 1 ;  2 5  m g ,  0 .0 8  m m o l)  w a s  a d d e d  t o  a  1  N  s o l u t i o n  o f  s o d i u m  m e t h 

o x i d e  in  m e t h a n o l  ( 1 0  m L ) ,  a n d  t h e  s o l u t i o n  w a s  a l l o w e d  t o  s t a n d  a t  

r o o m  t e m p e r a t u r e  f o r  3  h . T h e  b a s e  w a s  n e u t r a l i z e d  b y  a d d i t i o n  o f  

d r y  i c e  a n d  t h e  s o l v e n t  e v a p o r a t e d .  T h e  e t h e r - s o l u b l e  m a t e r i a l  ( 2 2  

m g )  w a s  e s s e n t i a l l y  o n e  c o m p o u n d  w h ic h  w a s  p u r i f i e d  b y  L C  t o  o b t a i n  

t h e  a l c o h o l  1 1  ( 1 4  m g ,  5 6 %  t h e o r e t i c a l ) :  I R  ( C C L )  3 5 5 0 , 1 7 3 0  c m - 1 ; 

XH  N M R  ( C D C I 3 ) b 0 .8 2  ( t ,  3  H ,  J  =  7  H z ) ,  0 .8 6  ( t ,  3  H ,  J  =  7  H z ) ,  0 .9 8  

( t ,  3  H ,  J  =  7  H z ) ,  1 . 1 4  ( s ,  3  H ) ,  1 . 3 6  ( m , 1  H ) ,  1 . 6 8  ( m , 1  H ) ,  1 . 9 1  ( m , 

1  H ) ,  2 .0 2  ( m , 3  H ) ,  2 . 3 2  ( m , 1  H ) ,  3 . 7 7  ( s ,  3  H ) ,  3 .8 0  ( d d ,  1  H  ,J  =  1 0 ,

2 .5  H z ) ,  4 .3 4  ( d , 1  H ,  J  =  2 .5  H z ) ,  5 . 1 4  ( d d ,  1 H ,  J  =  1 5 , 9  H z ) ,  5 . 3 4  ( d t ,  

1 H ,  J  =  1 5 , 6 , 6  H z ) ;  13 C  N M R  ( C D C 1 3) 1 2 . 6 , 1 3 . 6 , 1 3 . 9 , 2 5 . 2 , 2 5 . 6 , 2 7 . 4 ,

2 9 . 7 ,  4 0 .8 ,  4 1 . 6 ,  4 4 .7 ,  4 7 .9 ,  5 2 . 1 ,  7 1 . 9 ,  8 3 . 3 ,  8 4 . 8 , 1 3 1 . 3 , 1 3 4 . 3 , 1 7 2 . 7 .

Acetylation of Alcohol 1 1 .  A  s o l u t i o n  o f  t h e  a l c o h o l  1 1  ( 8  m g )  in  

a c e t ic  a n h y d r i d e  ( 0 .2  m L )  a n d  p y r id in e  ( 0 .3  m L )  w a s  a l lo w e d  t o  s t a n d  

a t  r o o m  t e m p e r a t u r e  f o r  1 8  h .  T h e  s o l v e n t  w a s  r e m o v e d  in  v a c u o  t o  

o b t a i n  t h e  c o r r e s p o n d i n g  a c e t a t e :  XH  N M R  ( C D C 1 3 ) 5 0 .8 2  ( t ,  3  H ,  J  
=  7  H z ) ,  0 .9 2  ( t ,  3  H ,  J  =  7  H z ) ,  0 .9 7  ( t ,  3  H ,  J  =  7  H z ) ,  1 . 1 0  ( s ,  3  H ) ,
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2 . 1 5  ( s ,  3  H ) ,  3 . 7 1  ( s , 3  H ) ,  3 . 8 1  ( d d ,  1  H ,  J  =  1 0 , 2 . 5  M z )  5 . 1 0  ( d , 1  H ,  
J  =  2 .5  H z ) ,  5 . 1 5  ( m , 1  H ) ,  5 . 3 5  ( m , 1  H ) .
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Biosynthesis of the Anthracycline Antibiotics Nogalamycin
and Steffimycin B

i
i
j
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R eceived M arch 2 0 ,1 9 7 8

I t  h a s  b e e n  s h o w n  t h a t  t h e  a g l y c o n e s  o f  n o g a l a m y c i n  ( 1 )  a n d  s t e f f i m y c i n  B  ( 3 )  a r i s e  f r o m  t e n  a c e t a t e  u n i t s  s t a r t 

in g  w i t h  t h e  m e t h y l  g r o u p s  a t  C - 9 .  T h e  n e u t r a l  s u g a r s  a r e  d e r i v e d  f r o m  g lu c o s e ,  w h i le  C H 3 O  a n d  C H 3N  m e t h y l  

g r o u p s  c o m e  f r o m  m e t h i o n i n e .

The antibiotic nogalamycin (1) has been of interest as an 
antitumor agent for a number of years.1 Some of its conversion 
products are even more active in this respect, and their anti
tumor properties are being extensively investigated.2 Fur
thermore, 1 is a member of the anthracycline antibiotic family 
of which one member, adriamycin, is widely used in cancer 
chemotherapy.3 Steffimycin (2) and steffimycin B (3) are also 
anthracycline antibiotics although they are only very modestly 
active as antitumor agents. However, the steffimycins are 
members of a subgroup of three anthracyclines whose struc
tures differ markedly from the other anthracyclines. For these 
reasons i t  was fe lt that it  would be worthwhile to investigate 
the biosynthesis of 1,2, and 3 and compare their biosynthesis 
with those of daunomycin4 and c-pyrromycinone5 which have 
already been reported. In the case of daunomycin only bio
synthesis of the aglycone was established, but in the present 
work the biosynthesis of the sugars was also studied.

The procedure utilized to study the biosynthetic pathways 
of 1 and 3 was addition of 13C-labeled compounds which might 
logically be expected to act as antibiotic precursors to fer
mentations of S tr e p to m y c e s  n o g a la te r , UC-2783, and 
S tre p to m y c e s  e lg re teu s, UC-5453, grown on minimal media. 
The 13C-enriched 1 and 3 formed by S . n o g a la te r  and S . e l
g re te u s , respectively, was isolated, and the positions of the 
13C-enriched carbon atoms established by 13C NM R spectra. 
As a result of previous work4-5 and current concepts of bio
synthesis, it  seemed very probable that both aglycones would 
be bu ilt completely from acetate units. For example, i t  has 
been shown4 that the aglycone of daunomycin arises through 
a polyketide intermediate derived from acetate and one unit 
of propionate w ith loss of the terminal carboxyl group. Ollis 
and co-workers5 have proposed a similar biosynthetic pathway 
for e-pyrromycinone, the aglycone of rutilantin. A common 
biosynthetic pathway for formation of hydroxyanthra- 
quinones by fungi is the condensation of ten acetate units.6 
Accordingly, S . n o g a la te r  and S . e lg re te u s  fermentations in 
appropriate carbon-poor media were enriched w ith  
CH313COONa and 13CH3COONa to give 1 and 3 labeled with

3 ,  R  =  C H 3

13C. Isolation of the products was carried out, and 13C NMR 
spectra were obtained to establish the positions of the carbon 
atoms enriched with 13C. Similar procedures were used, but

0022-3263/78/1943-3457$01.00/0 © 1978 American Chemical Society
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Figure 2 . 13 C  NMR s p e c t r u m  ( M e 2S O - d 6) o f  s t e f f i m y c i n  B a t  n a t u r a l  

a b u n d a n c e  1 3 C  c o n c e n t r a t i o n .

Figure 3 . 13C N M R  s p e c t r u m  ( C D C I 3) o f  n o g a l a m y c i n  f r o m  c u l t u r e s  

s u p p l e m e n t e d  w i t h  C H 3 1 3 C O O N a .

CH3O CH3°
(] AM j ; (ch3)2n

UUl u

CH3-5"
CH3-5‘ CH3-3"

Figure 4 . 13C N M R  s p e c t r u m  ( C D C I 3 ) o f  n o g a l a m y c i n  f r o m  c u l t u r e s  

s u p p l e m e n t e d  w b h  1 3 C H 3C O O N a .

adding 13CH3-labeled methionine and uniformly 13C-labeled 
glucose, to study incorporation of one-carbon units and sugar 
biosynthesis.

Before discussing biosynthesis, it is necessary to reassign 
some of the 13C chemical shifts previously published for l .7 
The 13C NMR spectrum of 1 was originally taken in CDC13 
and C-7 and C-4' were assigned chemical shifts of 8 69.7 and
71.1, respectively. The spectra of several of the analogues were 
taken in DMF-d7, and in the spectrum of the analogue which 
has nogalose replaced by methoxyl, the chemical shift assigned 
to C-7 was 5 72.5. This discrepancy was somewhat surprising. 
A 13C NMR spectrum of 1 has now been taken in DMF-d7, and 
the resulting differences in chemical shifts of some of the 
carbon atoms makes it necessary to reverse the C-7 and C-4' 
assignments. In the DMF-d7 spectrum, the peaks for C-2\ 
C-3', and C-5' have moved downfield by 8 0.6 while the peak 
originally assigned to C-4' has moved downfield by 8 2.2. The 
peak movements are much more consistent if the chemical 
shift originally assigned to C-7 is assigned as C-4' which would 
then have moved downfield by 8 0.6 in DMF-d?. Also, the new 
value agrees much better with that for C-7 in the analogue 
mentioned above. In the DMF-d7 spectrum, the peaks for C-8 , 
C-9, and C-1 0  have undergone very substantial changes from 
the values obtained for them in CDCI3 with C-8  and C-9 peaks 
moving upfield by 8 1.3 and 1.1, respectively, while the C-10 
peak moved downfield by 8 1.2. The change of 8 2.2 downfield 
for the reassigned value of C-7 would fit in with these rea
sonably large changes which probably are a result of confor

mation differences in the two solvents perhaps arising from 
DMF-d7 binding of the C-9 hydroxyl group. In order to in
vestigate the chemical shifts assigned to C-4a and C-12a, about 
which there was some doubt, a gated decoupling spectrum was 
run in DMF-d7. In such a spectrum, C-4a should show cou
pling with the proton at C-3, but C-12a should be a singlet as 
no protons are in appropriate positions for coupling. The 
spectrum showed a well-defined singlet at 8 116.9 establishing 
that this value should be assigned to C-12a as the 8 116.1 peak 
in the CDCI3 spectrum moved to 8 116.9 in DMF-d7. The 
peaks at 8 115.0 and 114.7 showed so much splitting that the 
exact coupling was not established. However, these results 
make necessary the assignment of peaks at 8 116.1 and 114.1 
in the CDCI3 spectrum of 1 to C-12a and C-4a, respectively.

The chemical shifts in the 13C NMR spectrum of 1 have 
thus been completely assigned,7 and the spectrum is shown 
in Figure 1. The spectra derived from 1 enriched with 13C by- 
addition of CH313COONa and 13CH3COONa are shown in 
Figures 3 and 4, respectively. In both cases a polyketide in
termediate derived totally from acetate should give ten strong 
peaks assignable to alternate carbon atoms in the aglycone. 
The addition of CH313COONa should have enriched carbons 
starting at C-9, and 13CH3COONa should enrich the carbon 
atoms starting with CH3 at C-9. The spectrum (Figure 3) de
rived from 1 enriched with CH313COONa has chemical shifts 
of 8 191.2 (C-5), 171.9 (COOCH3), 161.7 (C-6 ), 155.9 (C-4),
143.2 (C-lOa), 137.2 (C-2), and 133.4 (C-lla) which are so 
strong relative to the signals for adjacent carbon atoms that
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Figure 5 . 13C N M R  s p e c t r u m  ( C D C I 3 ) o f  n o g a l a m y c i n  f r o m  c u l t u r e s  Figure G. 13C N M R  s p e c t r u m  ( C D C I 3 ) o f  n o g a l a m y c i n  f r o m  c u l t u r e s  

s u p p l e m e n t e d  w i t h  u n i f o r m l y  1 3 C - l a b e l e d  D - g lu c o s e .  s u p p l e m e n t e d  w i t h  1 3 C H 3 - la b e l e d  m e t h i o n i n e .

it is quite clear that these carbon atoms are enriched in 13C as 
expected if the aglycone were derived from ten acetate units. 
The strong peaks at 8 69.9 and 71.5 must arise from C-9 and 
C-7, respectively. The expected tenth peak, which after the 
above reassignment would be at 8 116.1, would arise from 
C-1 2 a if the polyacetate biogenesis view is correct. There is 
a peak at this position albeit one not nearly so strong as the 
others. However, in view of the absence of other aromatic 
carbon peaks in this area, it must arise from an enriched C-12a 
carbon atom. In such case, the labeled carbon atoms would be 
exactly as expected for polyacetate biosynthesis of the agly
cone portion of 1. In addition, weakly enriched peaks arising 
from some of the carbon atoms in the two sugars can be ob
served, but this would have no bearing on the biosynthesis of 
aglycone. The spectrum (Figure 4) of material derived from 
13CH3COONa enrichment is somewhat more complex. Only 
six peaks in the carbonyl and aromatic region are quite ob
viously strongly enriched in 13C with respect to other aromatic 
and carbonyl peaks, and polyketide biosynthesis would re
quire seven. The peak with a chemical shift of 8114.1 is slightly 
higher than other enriched carbon atom peaks so it seems 
probable that it represents C-4a and C-5a after reassignment 
of C-4a. Such a situation would be that expected from poly
acetate biosynthesis. The methyl carbon at C-9 would be ex
pected to be enriched, and this is the case as is obvious from 
comparing methyl peak heights in Figure 1 with those in 
Figure 4. In the spectrum of 1 the ratio of the height of the C-9 
CH3 peak to the height of the C-5' CH3 peak is 0.66 while in 
the spectrum in Figure 4 it is 2.13 showing quite clearly that 
the CH3 carbon at C-9 is enriched. The same argument ap
plied to the peaks arising from C-8  and C-10 established that 
they have been substantially enriched. Thus, the expected 
ten-carbon atoms have been shown to arise from C-2 of ace
tate, and the consistency of CH313COONa and 13CH3COONa 
is perfect with the reassignment of C-4a, C-12a, C-7, and C-4'. 
However, a number of peaks arising from sugar carbon atoms 
and various methyl groups are high enough to indicate 13C 
enrichment of these carbon atoms. Such incorporations are 
known to occur.

Addition of uniformly 13C-labeled glucose to an S . n o ga la te r  
fermentation was for the purpose of determining whether or 
not the two sugars of 1 were derived from glucose. It is known 
that the amino sugar has the glucose configuration,7 although 
not whether it is D  or L ,  suggesting a strong possibility of direct 
origin from glucose. Nogalose, the neutral sugar, has the L -  

rhamnose configuration, and it has been shown that many 
microorganisms can convert D-glucose to L-rhamnose.8 The 
13C NMR spectrum in Figure 5 is that obtained from material

enriched in 13C by inclusion of uniformly labeled glucose in 
the fermentation. Carbon atoms in methyl groups and in C-l 
to C- 6  of nogalose were substantially enriched although not 
nearly at the level obtained in the aglycone arising from la
beled acetate. A comparison of Figures 1 and 5 with respect 
to peak heights of peaks from aliphatic carbon atoms relative 
to those of aromatic carbons shows that peaks at 8 100.8 (C- 
1"), 84.3 (C-4"), 81.3 (C-2 "), 78.7 (C-3"), 67.7 (C-5"), and 18.3 
(CH3 at C-5") arise from enriched carbon atoms establishing 
that glucose is directly converted to nogalose. The results were 
not as clear with respect to the amino sugar. Peaks at 8 97.0 
(C-l'), 75.1 (C-50, 69.6 (C-40, 66.4 (C-30, and 24.0 (CH3 at 
C -5 ') have heights comparable to those from nogalose and 
must also arise from enriched carbon atoms, strongly 
suggesting that the amino sugar is derived from glucose. 
However, no enriched peak for C-2' was seen. All of the methyl 
groups show evidence of 13C enrichment indicating degrada
tion of glucose to one-carbon fragments which were ultimately 
used for méthylation.

The addition of 13CH3-labeled methionine to S. n o g a la te r  
fermentations gave 1 whose 13C NMR spectrum (Figure 6 ) 
showed substantial enrichment in the four CH3O groups (8
61.4, 58.9, 52.6, and 48.8), in the methyl groups attached to 
nitrogen (8 41.6), and in one CH3C group, the one at C-3" in 
nogalose. Relative peak heights in Figures 1 and 6  quite clearly 
establish the enriched carbon atoms. These results confirm 
that methyl groups on heteroatoms arise from methionine, 
and that at some stage in the conversion of D-glucose to 
nogalose a transfer of methyl from methionine to C-3" of 
nogalose occurs. Figure 11 shows the origin of the various 
carbon atoms.

Investigation of the biosynthesis of 3 was carried out in the 
same fashion except using the organism S . e lg re teu s. Because 
of the nearly identical structures of 2 and 3 it was assumed 
that results obtained for 3 would hold for 2. Since yields of 3 
were better than those of 2, the formation of 3 was studied. 
Incorporation of CH313COONa into 3 gave material whose 13C 
NMR spectrum (Figure 7) indicated substantial enrichment 
of nine-carbon atoms with 13C while there was slight enrich
ment of CH30  groups and sugar carbon atoms. The enrich
ment of the nine most enriched carbon atoms calculated on 
the basis of relative peak heights was at least 20-fold. These 
highly enriched carbon atoms were C-5, C-2, C-4, C-6 , C-lOa, 
C-lla, C-12a, C-9, and C-7. The latter carbon atom was ap
parently misassigned at 8 70.29 originally and it should have 
been 8 71.6 with C-3' at 8 70.2 (Figure 2). This pattern of en
richment would be appropriate for formation of steffimycin- 
one (the aglycone of 2 and 3) from ten acetate units with the
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Figure 7. 1 3 C  N M R  s p e c t r u m  ( M e 2 S O - d e )  o f  s t e f f i m y c i n  B f r o m  

c u l t u r e s  s u p p l e m e n t e d  w i t h  C H 3 1 3 C O O N a .

Figure 9 . 1 3 C  N M R  s p e c t r u m  ( M e 2 S O - d g )  o f  s t e f f i m y c i n  B  f r o m  

c u l t u r e s  s u p p l e m e n t e d  w i t h  u n i f o r m l y  1 3 C - l a b e l e d  D - g lu c o s e .

Figure 8. 1 3 C  N M R  s p e c t r u m  ( M e 2 S O - d 6) o f  s t e f f i m y c i n  B f r c m  Figure 10. 1 3 C  N M R  s p e c t r u m  ( M e 2 S O - d 6) o f  s t e f f i m y c i n  B f r o m  

c u l t u r e s  s u p p l e m e n t e d  w i t h  1 3 C H aC O O N a .  c u l t u r e s  s u p p l e m e n t e d  w i t h  1 3 C H 3 - la b e l e d  m e t h i o n i n e .

initial acetate giving C-9 and its attached CH3, and an even
tual loss of the carboxyl carbon in the terminal acetate unit 
as in daunomycin. If such were the case, enrichment with 
13CH3COONa should lead to ten highly enriched carbon 
atoms in steffimycinone, and this is what happens. In the 
spectrum (Figure 8 ) obtained from material isolated from an
S . e lg re te u s  fermentation to which 13CH3COONa had been 
added, eight aromatic and carbonyl carbon atoms gave peaks 
which were five- to ten-fold larger than the peaks for the other 
aromatic carbon atoms. Furthermore, these were the peaks 
expected from polyacetate synthesis being those arising from 
C-10, C-1 2 , C-6 a, C-5a, C-ll, C-4a, C-l, and C-3. However, it 
appeared that the acetate methyl group had also been incor
porated into the sugar and CH3O carbon atoms making it 
somewhat more difficult to clearly establish that carbon at C-8  
and CH3 at C-9 were, as would be expected from acetate bio
synthesis, greatly enriched with 13C. The height of the C-8  
peak is about the same as that of the clearly enriched carbon 
atoms and about 1.8 times as high as the C-2 ' peak whereas 
in the spectrum of 3 (Figure 2 ) the height of the C- 8  peak is 
lower than the C-2' peak height. This change in relative height 
strongly suggests 13C enrichment at C-8 . The C-9 CH3 group 
also gives a very strong peak, but it is not in an absolute sense 
a great deal stronger than is the one for methyl at C-5'. In the 
spectrum of 3, the C-9 CH3 peak is the weaker one whereas in 
the enriched material it is stronger, and it is obviously 
many-fold higher than peaks due to C-7 or C-9. Furthermore,

such a carbon atom would not be expected to arise from a 
conversion of 13C methyl or acetate to a one-carbon fragment 
as could carbon atoms in the sugar. Thus, the patterns seen 
in the spectra reproduced in Figures 7 and 8  are consistent 
with the view that steffimycinone arises from ten acetate units 
starting at the C-9 CH3 with loss of the terminal carboxyl.

A fermentation of S . e lg re te u s  to which 13C uniformly la
beled D-glucose had been added gave a sample of 3 whose 13C 
NMR spectrum is shown in Figure 9. The height of peaks 
derived from the six C-l' to C-6 ' carbon atoms of the sugar 
relative to the aromatic carbon peak heights in Figure 9 and 
in the spectrum of 3 (Figure 2) are such that they demonstrate 
13C enrichment of these carbon atoms two- to fivefold. In this 
case, the glucose must be incorporated intact into the 2,4- 
di-O-methyl-L-rhamnose moiety. The only other carbon 
atoms enriched were those of the CH30  groups again 
suggesting breakdown of glucose to one-carbon units which 
are used for me'hylation.

The results of addition of 13CH3-labeled methionine to an
S . e lgreteu s fermentation were quite clear cut. Figure 10 shows 
the spectrum of 3 derived from such a fermentation. The 
carbon atoms of the CH30  groups were so highly enriched that 
the peaks arising from them are virtually the only ones visible, 
and it is clearly shown that methylation on oxygen occurs by 
direct transfer of methyl groups from methionine with no 
other methylation by methionine.

Figure 12 shows the origin of the various carbon atoms.
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o  c-l of CH3C00Na 

□ C-2 of CH3C00Na 

A D-Glucose 

• CH3 of methionine

Figure 1 1 .  O r i g i n  o f  v a r i o u s  c a r b o n  a t o m s  in  n o g a l a m y c i n .

Experimental Section
Fermentation. S .  nogalater and S. elgreteus  w e r e  s t o r e d  a n d  

m a i n t a i n e d  o n  s t e r i l e  s o i l s  in  t h e  c u l t u r e  c o l l e c t i o n  o f  T h e  U p j o h n  

C o m p a n y  a n d  w e r e  c u l t u r e d  in  s e e d  m e d i a  a s  d e s c r i b e d  b y  A r c a m o n e  

a n d  c o - w o r k e r s . 10  F o l l o w i n g  4 8  h  o f  a e r o b i c  i n c u b a t i o n  o f  t h e  s e e d  

s t a g e  a t  2 8  ° C ,  t h e  c u l t u r e s  w e r e  u s e d  a s  in o c u la  ( 5 % )  f o r  a n  in o r g a n i c  

s a l t s  m e d i u m  t e r m e d  P . A . S . 1 1  e n r i c h e d  w i t h  0 . 1 %  y e a s t  e x t r a c t  a n d  

t h e  i n d i c a t e d  c a r b o n  s o u r c e .  I n d i v i d u a l  f e r m e n t a t i o n s  w e r e  c a r r i e d  

o u t  in  1 0 0 - m L  v o lu m e s  in  5 0 0 - m L  w i d e - m o u t h e d  E r l e n m e y e r  f l a s k s  

s h a k e n  a t  2 5 0  r p m .  I n  a l l  c a s e s ,  t h e  1 3 C - e n r i c h e d  c a r b o n  s o u r c e s  w e r e  

e i t h e r  i n c o r p o r a t e d  i n t o  P . A . S .  b e f o r e  i n o c u l a t i o n  o r  w e r e  a d d e d  t o  

c u l t u r e s  3 6  h  a f t e r  in o c u la t io n .  W h e n  O U ^ O O O N a  o r  13 C H 3 C O O N a  

(9 0 % , S t o h l e r  I s o t o p e  C h e m i c a l s )  w a s  u s e d  a s  a  1 3 C  s o u r c e ,  t h e y  w e r e  

i n c o r p o r a t e d  i n t o  s t e r i l e  m e d i a  a t  a  c o n c e n t r a t i o n  o f  1  g / L  o f  P . A . S .  

I n  t h e s e  e x p e r i m e n t s  t h e  P . A . S .  m e d i u m  w a s  a d d i t i o n a l l y  s u p p l e 

m e n t e d  w i t h  0 . 1 %  y e a s t  e x t r a c t  a n d  0 .5 %  u n e n r i c h e d  C H a C O O N a .  

U n d e r  t h e s e  c o n d i t i o n s ,  S .  nogalater  a n d  S .  elgreteus  w e r e  c u l t u r e d  

a e r o b i c a l l y  a t  2 8  ° C  f o r  7 2 - 9 6  h . I n  t h e  e x p e r i m e n t s  u s in g  1 3 C - l a b e l e d  

D - g lu c o s e  ( > 5 0 %  u n i f o r m l y  l a b e l e d ,  M e r c k  S h a r p  &  D o h m e )  a n d  

1 3 C H 3 - la b e l e d  m e t h i o n i n e  ( 9 0 % , M e r c k  S h a r p  &  D o h m e ) ,  t h e  r e 

l a b e l e d  m a t e r i a l  w a s  i n j e c t e d  a t  3 6  h  p o s t i n o c u l a t i o n  a s  a  s t e r i l e  

a q u e o u s  s o l u t i o n .  I n  b o t h  c a s e s  t h e  1 3 C - c a r b o n  s o u r c e s  w e r e  a d d e d  

t o  f i n a l  c o n c e n t r a t i o n s  o f  6 0  m g / L  o f  P . A . S .  m e d i u m  e n r i c h e d  w i t h  

0 . 1 %  y e a s t  e x t r a c t  a n d  0 .5 %  u n e n r i c h e d  C H - jC O O N a .  A l l  f e r m e n t a 

t i o n s  w e r e  i n c u b a t e d  a e r o b i c a l l y  a t  2 8  ° C  f o r  7 2  h  f o l l o w i n g  is o t o p e  

a d d i t i o n .

Isolation, (a) Nogalamycin (1). T h e  i s o l a t i o n  o f  1 w a s  c a r r i e d  o u t  

b y  a  p r e v i o u s l y  u n p u b l i s h e d  p r o c e d u r e  d e v e l o p e d  b y  M e y e r  a n d  

H o f s t e t t e r . 1 2  A  4 -  t o  4 . 5 - L  f e r m e n t a t i o n  w a s  a d j u s t e d  t o  p H  2  w i t h  

c o n c e n t r a t e d  H C 1  a n d  f i l t e r e d  u s i n g  f i l t e r  a i d .  T h e  f i l t e r  c a k e  w a s  

w a s h e d  w i t h  1 / 1 0  v / v  o f  w a t e r ,  a n d  t h e  f i l t r a t e  w a s  e x t r a c t e d  w i t h  

t h r e e  1 / 4  v / v  o f  r a - B u O H . T h e  c o m b i n e d  e x t r a c t s  w e r e  e v a p o r a t e d  t o  

d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e ,  a n d  t h e  r e s i d u e  w a s  d i s s o l v e d  in  1 0 0  

m L  o f  H 2O . T h e  a q u e o u s  s o l u t i o n  w a s  a d j u s t e d  t o  p H  7  w i t h  1  N  

N a O H  a n d  e x t r a c t e d  w i t h  t h r e e  4 0 - m L  p o r t i o n s  o f  C H 2C I 2 . T h e  

c o m b i n e d  e x t r a c t s  w e r e  e v a p o r a t e d  t o  d r y n e s s  u n d e r  r e d u c e d  p r e s -

O C-l c f  CH 3C00Na 

□ C-2 o f CH 3C00Na 

A D-Glucose 

• CH3 c f methionine

Figure 1 2 .  O r i g i n  o f  v a r i o u s  c a r b o n  a t o m s  i n  s t e f f i m y c i n  B .

s u r e ,  a n d  t h e  r e s i d u e  w a s  c h r o m a t o g r a p h e d  o n  2 0  g  o f  s i l i c a  g e l  u s in g  

C H 2C I 2- C H 3O H  ( 9 : 1 ) .  T h e  f r a c t io n s  c o n t a in in g  p u r e  1  w e r e  c o m b in e d  

o n  t h e  b a s i s  o f  T L C  in  C H C I 3 - C H 3O H - H 2 O  ( 7 8 :2 0 :2 )  a n d  e v a p o r a t e d  

t o  g i v e  3 0 - 6 0  m g  o f  p u r e  1 .

(b) Steffimycin B ( 3 ) .  T h i s  w a s  i s o l a t e d  b y  t h e  p r o c e d u r e  o f  

B r o d a s k y  a n d  P .e u s s e r 1 3  e x c e p t  f o r  t h e  c h r o m a t o g r a p h i c  p u r i f i c a t i o n .  

T h i s  w a s  d o n e  b y  a  c o m b in a t io n  o f  p r e p a r a t i v e  T L C  ( C H C I 3 - C H 3O H ; 

9 5 :5 )  a n d  s i l i c a  g e l  c h r o m a t o g r a p h y  ( C H 2C I 2- C H 3 O H ; 9 9 : 1 ) .  T h e  y i e l d  

f r o m  3 -  t o  3 . 5 - L  f e r m e n t a t i o n s  w a s  9 0 - 1 4 0  m g  id e n t i f i e d  b y  T L C  u s in g  

C H C I 3 - C H 3 O H  ( 9 5 :5 ) .
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S y n t h e s e s  o f  tra n s-9 ,1 0 - d i h y d r o x y - 9 , 1 0 - d i h y d r o b e n z o [ e ] p y r e n e  ( 1 4 b )  a n d  o f  t r a r e s - 4 , 5 - d i h y d r o x y - 4 , 5 - d l h y d r o -  

b e n z o [ e ] p y r e n e  ( 1 7 a )  a r e  d e s c r i b e d .  T h e  p r e p a r a t i o n  o f  t h e  n o n - K - r e g i o n  t r i m s - d i h y d r o d i o l  1 4 b  p r o c e e d e d  v i a  

s t a n d a r d  p r o c e d u r e s  f r o m  9 - o x o - 9 , 1 0 , l l , 1 2 - t e t r a h y d r o b e n z o [ e ] p y r e n e  ( 7 ) ,  t h e  s y n t h e s i s  o f  w h i c h  i s  d e s c r i b e d .  I n 

t r a m o l e c u l a r  c y c l i z a t i o n  o f  m e t h y l  4 - p y r e n y l b u t y r a t e  (6 ) in  H F  p r o d u c e d  p r i m a r i l y  t h e  u n d e s i r e d  s e v e n - m e m b e r e d  

r i n g  k e t o n e  8 , b u t  c y c l i z a t i o n  in  h o t  p o l y p h o s p h o r i c  a c i d  g a v e  t h e  d e s i r e d  k e t o n e  7  in  g o o d  y i e l d .  E v i d e n c e  i s  p r e 

s e n t e d  t h a t  8  i s  t h e  k i n e t i c  p r o d u c t  o f  c y c l i z a t i o n  a n d  t h a t  7  i s  t h e  m o r e  s t a b l e  i s o m e r  w h i c h  i s  p r o d u c e d  u n d e r  c o n 

d i t i o n s  o f  t h e r m o d y n a m i c  c o n t r o l .  T h e  N M R  s p e c t r u m  o f  t h e  n o n - K - r e g i o n  d i h y d r o d i o l  1 4 b  in  a c e t o n e - d 6 i n d i 

c a t e s  t h a t  t h e  h y d r o x y l  g r o u p s  a d o p t  a  p r e d o m i n a n t l y  q u a s i - d i a x i a l  c o n f o r m a t i o n .  T h e  t r a n s - K - r e g i o n  d i h y d r o d i o l  

1 7 a  w a s  p r e p a r e d  f r o m  f c e n z o [ e ] p y r e n e  [ B ( e ) P ]  b y  a  m u l t i s t e p  p r o c e d u r e  i n v o l v i n g  c o n v e r s i o n  o f  B ( e ) P  t o  t h e  cis- 
d i o l ,  o x i d a t i o n  t o  t h e  q u i n o n e ,  a n d  r e d u c t i o n  o f  t h e  q u i n o n e  w i t h  K B H 4 . T h e  trans- d io l  1 7 a  e a s i l y  o x i d i z e s  in  t h e  

p r e s e n c e  o f  a i r .

Recent studies of benzo[a]pyrene [B(a)P) 1 and benz[a]- 
anthracene (BA) 2 have provided strong evidence for the im
portance of the metabolic route: arene —*• arene oxide —* 
dihydrodiol —1► diol epoxide in the activation of those poly
cyclic aromatic hydrocarbons to ultimate mutagenic and 
carcinogenic forms. Moreover, these studies have demon
strated that isomeric dihydrodiols (1) and diol epoxides (2 )

differ considerably in their properties, with dihydrodiols that 
can form “bay region” 3 diol epoxides being metabolically ac
tivated to a considerably greater extent than isomeric dihy
drodiols that do not have a double bond that forms part of a 
bay region. Specifically, for B(a)P and BA, the derivatives 3 
and 4 form highly mutagenic and tumorigenic diol epox
ides.

We have described a theoretical approach4 that rationalizes 
the high reactivity of the diol epexides derived from 3 and 4

based upon their calculated relative ease of conversion to 
carbonium ions.5 As part of our program to further test the 
predictive value of the calculations, we have synthesized the 
K- and non-K-region dihydrodiols of benzo[.E]pyrene [B(e)P], 
Although the tumorigenicity of B(e)P has been questioned, 
a recent report indicates that B(e)P has significant activity 
as a tumor initiator.6 The non-K-region dihydrodiol derived 
from B(e)P, 14b (Scheme II), has a double bond in a bay re
gion, and its diol epoxide is calculated to be fairly reactive,

S c h e m e  I

although less reactive than those derived from 3 and 4 
(AEdeioc/d values for 14b, 3, and 4 are 0.713,0.794, and 0.766, 
respectively). However, if metabolic activation of 14b to a diol 
epoxide is important in the carcinogenesis of B(e)P, it may be 
anticipated that 14b would be substantially more carcinogenic 
than B(e)P. Also, unlike other dihydrodiols of PAH thus far 
prepared, 14b is unique in having both  the benzylic hydroxyl 
group and the double bond form parts of bay regions.

Results and Discussion
Synthesis of 9-Oxo-9,10,ll,12-tetrahydrobenzo|>]- 

pyrene (7). A general synthetic approach to the preparation 
of non-K-region dihydrodiols of PAH utilizes as starting 
material an appropriate tetrahydrobenzo ring ketone.7 The 
required ketone (7, Scheme I) for the synthesis of 14b has not 
been previously described in the literature. The ester, 6 , was 
prepared in 90% overall yield from y-l,2,3,6,7,8-hexahydro-
4-pyrenylbutyric acid (5) 8 by esterification followed by de
hydrogenation. Cyclization of 6  in HF afforded two light yel
low aromatic ketones, 7 and 8  (7/8 = 1:7). The seven-mem
bered ring ketone 8  was also the major product when the acid 
chloride derived from 6 was cyclized in AlCl3/benzene.

The nuclear magnetic resonance (NMR) spectrum of 7 al
lowed its assignment as the desired six-membered ring ketone. 
Thus, the chemical shift of the proton at C8 in 7 (8 9.64) is 
significantly downfield from the other aromatic protons (8

0022-3263/78/1943-3462$01.00/0 © 1978 American Chemical Society
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Scheme II

14 b . R = H _12 b ,  R H

7.95-8.45), as expected for a hydrogen that is in a “bay region” 
and also in the plane of a carbonyl group. Similarly, H5 in 4- 
oxo-l,2,3,4-tetrahydrophenanthrene is shifted downfield (8
9.45) relative to the other aromatic proton absorptions (8
7.25-7.95).7 In contrast, the seven-membered ring ketone, 8 , 
has all aromatic proton absorptions in the range 8 7.9-8.3. As 
shown in Scheme II, reduction of 7 with LiAlH4/THF gave 
alcohol 10 (94%), which was dehydrated in HOAc/HCl to al- 
kene 11 (84%). Dehydrogenation of 11 over Pd/C at 220 °C 
gave B(e)P, which was identified by its UV spectrum and 
mixture melting point with an authentic sample. The struc
ture of the seven-membered ring ketone, 8 , was assigned on 
the basis of consistency with spectral evidence (see Experi
mental Section) and the source of its production.

Good yields (8 6%) of the desired six-membered ring ketone, 
7, were obtained upon cyclization of 6 in polyphosphoric acid 
at 90-100 °C. In polyphosphoric acid at 100 °C, 8  is rapidly 
isomerized to 7. Thus, it is likely that 8  is the kinetic product 
of cyclization, but that under the more forcing conditions in 
PPA, it is converted to 7. The formation of seven-membered 
rather than six-membered rings in intramolecular acylation 
reactions is unusual. To our knowledge, only two other ex
amples of this type have been reported,9’10 and in one of those 
cases the position attacked was activated by a methoxyl 
group.9 The kinetically controlled formation of the seven- 
membered ring ketone from 6  is understandable, in this case, 
as an intramolecular manifestation of the well-documented 
much greater reactivity of the C4 position of pyrene toward 
Friedel-Crafts acylation relative to the other positions in 
pyrene.11

Attempts to convert the seven-membered ring ketone, 8 , 
to the unknown hydrocarbon, cyclohepta[cd] pyrene, have 
thus far been unsuccessful. The ketone can be converted to 
the dihydro compound, 9 (Scheme I), in good yield (8 6 % 
overall), but both dehydrogenation with DDQ or Pd/C and 
bromination (NBS)/dehydrobromination (DBN) failed to 
yield isolable amounts of cyclchepta[cd] pyrene.

Synthesis of trans-9,10-Dihydroxy-9,10-dihydroben- 
zo[e]pyrene, 14b. Ketone 7 was converted to alkene 11 in 
good yield, as described in the previous section. Conversion 
of 11 to t r a n s -tetrahydrodiacetate 12a was effected with 
AgOAc/l2 in 63% yield. Although initial formation of the io- 
doacetate derivative of 11 was very rapid, prolonged heating 
at benzene reflux in the presence of excess AgOAc was re
quired to effect formation of 12a. The major identifiable by
product of the reaction was B(e)P. The tetrahydrodiacetate, 
12a, was brominated with NBS in CCI4 to give a high yield 
(91%) of a mixture of stereoisomeric bromodiacetates (13), 
which was directly dehydrobrominated with DBN in dry 
THF. Yields of the dihydrodiol diester, 14a, were variable, 
ranging from virtually quantitative to very low. Good yields 
of 14a seem to require avoidance of extended reaction periods

and of high temperatures (an optimum yield was reached at
2.5 h and 0 °C) and careful handling of the crude product, 
which is very sensitive to acid. On several occasions, handling 
of a sample of 14a, known to be pure by NMR, resulted in the 
formation of additional products, believed to be phenolic ac
etates based upon the chemical shift of the acetate protons (8 
2.45 and 2.53). Since virtually quantitative yields of 14a were 
produced several times from the diastereomeric mixture 
(roughly 1 :1 ), both stereoisomers evidently suffer dehydro- 
bromination under these conditions.

Conversion of 14a to dihydrodiol 14b was effected in am- 
moniacal MeOH. The crude product was purified by column 
chromatography on Florisil, followed by crystallization from 
CH2CI2. Although dihydrodiol 14b was also sensitive to acid, 
it proved easier to purify than its precursor, 14a. Conse
quently, in relatively large-scale preparations of 14b, 12a was 
converted to 14b with only minimal purification at interme
diate stages. When this approach was used, overall yields of 
50-60% were typically achieved in the three-step sequence. 
Attempts to convert 12a directly to 14a with DDQ, by a re
cently described procedure,12 were unsuccessful. The structure 
of dihydrodiol 14b was firmly established by its spectral 
properties, most revealing of which was the NMR spectrum 
(see Experimental Section).

The coupling constant, 5/ 9,10» between the carbinol hydro
gens is not clearly visible in acetone-d6 and is evidently <1.5 
Hz. In Me2SO-d6> however, J 9,10 is measurable as ~0.8 Hz. 
These values indicate that the hydroxyl groups reside in a 
predominantly quasi-diaxial conformation, as has been ob
served for other dihydrodiols in which the benzylic hydroxyl 
group is in a “bay region” .7’13 In dihydrodiol diacetate 14a, the 
immediate synthetic precursor of 14b, J 9,10 = 2.2 Hz, 
again indicative of a predominant quasi-diaxial relationship 
of the acetoxyl groups. Previous attempts to prepare diol ep
oxides by direct epoxidation of benz[a]anthracene 1 ,2 -dihy- 
drodiol14 and benzo[a]pyrene 9,10-dihydrodiol15 proved ex
ceedingly difficult because mixtures of products were formed. 
Like 14b, these bay region dihydrodiols have hydroxyl groups 
that reside predominantly in the quasi-diaxial conformation, 
and they are not stereoselectively attacked on the face of the 
ring that bears the allylic hydroxyl group.16 Although dihy- 
drobenzo[e]pvrene, 1 1 , is smoothly epoxidized with m-chloro- 
peroxybenzoic acid, dihydrodiol 14b was converted to several 
products by a tenfold excess of m-chloroperoxybenzoic acid 
in THF at 0 °C.

Synthesis of tra«s-4,5-Dihydroxy-4,5-dihydroben- 
zo[e]pyrene (17a). The K-region t r a n s -dihydrodiol of ben
zo [e ] pyrene, 17a, was prepared in three steps from benzo [e ] - 
pyrene, as shown in Scheme III. Oxidation of B(e)P with Os04 
gave the cis-diol 15a, which was purified by conversion to the 
diacetate with Ac2 0 /pyridine (50% overall yield), followed by 
conversion back to 15a (97% yield) in ammoniacal MeOH.

Scheme III

I
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Figure 1. Ultraviolet spectra of frcns-9,10-dihydroxy-9,10-dihy- 
drobenzo[e]pyrene (in EtOH) and irons-4,5-dihydroxy-4,5-dihy- 
drobenzoje]pyrene (in 85:15 = M e0H/H 20).

Oxidation of the cis-diol 15a to the quinone 16 was effected 
quantitatively with DDQ in dioxane. An attempt to prepare 
quinone 16 directly from B(e)P by oxidation with Na2Cr2 0 7  
in acetic acid was unsuccessful. Reduction of the quinone with 
KBH4 gave the crude frarcs-diol 17a, which was directly 
converted to the more easily purified irons-diacetate 17b. 
Ammoniacal MeOH, under N2, converted 17b to the air-sen
sitive t r a n s -diol 17a in quantitative yield. The ultraviolet 
spectra of the K-region t r a n s -dihydrodiol 17a, and of the 
non-K-region t r a n s -dihydrodiol 14b, are presented in Figure
1.

Biological Activity. Metabolic activation of isomeric 
dihydrodiols from BA,17 7-methylbenz[a]anthracene,18 
chrysene,19 dibenzo[a,/i]anthracene,20 and B(a)P21 has re
sulted in the highest mutagenic response for those benzo-ring 
dihydrodiols which have bay region double bonds, presumably 
through metabolism to bay region diol epoxides. A major in
terest in benzo[e]pyrene dihydrodiol stems from the fact that 
it may not be metabolized to a diol epoxide. Benzo[a]pyrene
9,10-dihydrodiol, which also has quasi-axial hydroxyl groups, 
is metabolized almost entirely by hydroxylation of the aro
matic nucleus.15

Experimental Section
Proton magnetic resonance spectra were recorded on Varian T-6Q, 

XL-100, and 220 MHz spectrometers. Unless otherwise noted, CDCI3 
was used as solvent. Coupling constants, J, are recorded in hertz and 
chemical shifts in parts per million (ol with tetramethylsilane as in
ternal standard. UV spectra were recorded on a Cary 16 spectropho
tometer. Melting points are uncorrected. The designations a and d 
are used to indicate relative stereochemistry. Benzo[e]pyrene was 
obtained from Aldrich Chemical Co., Milwaukee, Wise.

Methyl 4-Pyrenylbutyrate (6 ). 7 - l ,2 ,3 ,6 ,7 ,8 -Hexahydro-4 -py- 
renylbutyric acid (5; 2.5 g)8 was dissolved in MeOH (400 mL) and 
concentrated HC1 (12 drops) was added. After 5 h at room tempera
ture, the reaction was worked up in the usual manner, giving methyl
7 -l,2 ,3 ,6 ,7 ,8 -hexahydro-4 -pyrenylbutyrate as a light yellow solid (2.62 
g, 99%): mp 50-54 °C; !H NMR (60 MHz) 5 6.9-7.1 (3 H, m), 3.66 (3 
H, s), 1.6-3.3 (12 H, m); M+ 308. Methyl 7 - 1 ,2 ,3,6,7,8-hexahydro-4- 
pyrenylbutyrate (2.57 g) and 10% Pd/C (0.25 g) were mixed and heated 
at 220 °C under N2 for 3 h. The residue was taken up in EtOAc and 
filtered through Celite. The EtOAc was removed, leaving a yellow oil 
which was crystallized from EtOAc/hexane to give 6 as a white solid 
(2.29 g, 91%): mp 48-50 °C; >H NMR (60 MHz) b 7.8-8.4 (9 H, m), 3.66 
(3 H, s), 3.1-3.5 (2 H, m), 2.2-2.6 (4 H, m); M+ 302.

8-0x0-8,9,10,1 l -tetrahydrocyclohepta[ci/]pyrene (8). Liquid 
HF (20 mL) was added to ester 6 (1.0 g) in a polystyrene container at 
0 °C. The mixture was stirred at room temperature for ~10 h, then 
H20  (2 0  mL) was added and the mixture was extracted with CH2C12 
(2 X  30 mL), saturated aqueous NaHC0 3  (2 X  30 mL), and H20  (20

mL). The usual werkup left a yellow solid (0.86 g, 96%) of mp 172-174 
°C after recrystallization from EtOAc/i-PrOH: ’ H NMR (220 MHz) 
b 7.9-8.3 (8  H, m), 3.25 (2 H, t), 2.95 (2 H, t), 2.38 (2 H, quintet); M+ 
270. Anal. Calcd for C20H 14O: C, 8 8 .8 6 ; H, 5.22. Found: C, 88.77; H,
5.26.

9-0x0-9,10,11,12-tetrahydrobenzo[e]pyrene (7). A solution of 
ester G (6.06 g) in polyphosphoric acid (250 mL, Victor Chemical Co.) 
was stirred under N2 for 2 h at 100 °C. The solution was cooled, H20  
(400 mL) was added, and the mixture was extracted with EtOAc (2 
X 200 mL). The usual workup yielded a solid residue, which upon 
recrystallization from benzene/cyclohexane gave 7 as a yellow solid 
(4.65 g, 8 6%): mp 133-134 °C; JH NMR (220 MHz) b 9.64 (H8, dd), 
7.95-8.45 (7 H, m), 3.52 (2 H, t), 2.90 (2 H, t), 2.35 (2 H, quintet), J 7,g 
= 7.8, J 68 = 2.0 Hz. Anal. Calcd for C20H 14O: C, 8 8 .8 6 ; H, 5.22. Found: 
C, 88.61; H, 5.35.

10,1 l -Dihydrocyclohepta[cd]pyrene (9). Ketone 8  (300 mg) was 
added, under N2, to a mixture of LLAIH4 (40 mg) in freshly distilled 
THF (10 mL). The mixture was stirred for 5 min, then aqueous NH4C1 
(1 mL) was carefuLy added dropwise and the mixture was treated with 
CH2C12 (75 mL) and H20  ( 1 0  mL) and was filtered. The usual workup 
gave 8-hydroxy-8,9,10,ll-tetrahydrocyclohepta[cd]pyrene as a white 
solid (282 mg, 93%) which was used without further purification. The 
above alcohol (165 mg) was added, under N2, to a mixture of glacial 
HOAc (50 mL) and concentrated HC1 (2 drops) at 85 °C and the so
lution was stirred for 30 min. The reaction mixture was cooled and 
then poured onto ice (150 g). The white precipitate that formed was 
collected by filtration, washed extensively with saturated aqueous 
NaHCC>3 and H20, and dried to give 9 (143 mg, 93%): mp 113-114 °C; 
JH NMR (60 MHz) b 7.6-8.2 (8  H, m), 6.85 (Hg, d), 6.26 (H9, m),
3.2-3.6 (2 H, m), J 8,9 = 11.5, J 7i8 = 6.0 Hz. Anal. Calcd for C2oH i4: C, 
94.45; H, 5.55. Found: C, 94.17; H, 5.66. Conversion of 9 to the epoxide 
via the bromohydrin Amberlite route16 as usual, except that 0 °C 
workup of the bromohydrin was required to avoid decomposition, 
afforded 8,9-epoxy-8,9,10,ll-tetrahydrocyclohepta[c,d]pyrene as a 
light yellow solid: mp 149-151 °C (dec); JH NMR (100 MHz) b 2.1-4.0 
(5 H, m), 4.33 (H8, d), 7.8-8.3 (8  H, m), J 8j9 = 4.5 Hz; M+ 270 (base 
peak).

9-Hydroxy-9,10,ll,12-tetrahydrobenzo[e]pyrene (10). Ketone 
7 (3 g) was dissolved in dry THF (30 mL) and added dropwise, under 
N2, to a suspension of LiAlH4 (0.153 g) in dry THF (30 mL). The 
mixture was stirred for 10 min, then aqueous NH4C1 was added and 
the mixture was filtered. The collected solids were extensively washed 
with EtOAc and the solvents were removed under reduced pressure, 
leaving a yellow solid, which was dissolved in EtOAc (200 mL). The 
usual workup gave 10 as a yellow solid (2.84 g, 94%) which was used 
without further purification: XH NMR (60 MHz) b 7.7-8.5 (8  H, m),
5.40 (H9, m), 2.8-3.3 (2 H, m), 1.7-2.3 (2  H, m).

9,10-Dihydrobenzo[e]pyrene (11). Alcohol 10 (2.84 g) was dis
solved, under N2, in a mixture of glacial HOAc (150 mL) and con
centrated HC1 (4 drops) at 85 °C and the solution was stirred for 2 h. 
Ice was added to the mixture and 11 precipitated. The alkene was 
collected by filtration, washed extensively with saturated aqueous 
NaHC08 and H20, and dried to give 11 as a yellow solid (2.22 g, 84%), 
which melted at 1 2 0 - 1 2 2  °C after one crystallization from cyclohex
ane: 'H NMR (60 MHz) 6 7.9-8.6 (8  H, m), 7.45 (H12, m), 6.40 (Hu , 
m), 3.2-3.6 (2  H, o ) ,  2.3-2.7 (2  H, m), J u , 12 = 10, J  10 ,12 = ~ L  Jio.n 
= 5 Hz. The reaction of 11 (80 mg) with m-chloroperoxybenzoic acid 
(550 mg) in anhydrous THF (15 mL) under N2 for 1.5 h gave, after 
conventional workup, 9,10-epoxy-9,10,ll,12-tetrahydrobenzo[e]- 
pyrene: mp 156-157 °C; 'H NMR (100 MHz) b 4.88 (H9, d), 3.93 (H10, 
m), J 9il0 = 4.5 Hz. Attempts to prepare the epoxide via the brom
ohydrin route were unsuccessful because of competitive formation 
of small amounts cf ring-brominated tetrahydroepoxide, which could 
not be removed by fractional crystallization.

trans-9,10-Diacetoxy-9,10,ll,12-tetrahydrobenzo[e]pyrene 
(12a). Iodine (1.71 g) was added to a suspension of AgOAc (2.29 g) in 
dry benzene (150 mL), under N2. The mixture was stirred for 1 h, then 
alkene 11 (1.62 g) was added and the mixture was stirred at room 
temperature for 1 h and then was refluxed for 14 h. The reaction 
mixture was filtered hot and the solids were washed with hot benzene. 
The filtrate was concentrated to give a solid which upon recrystalli
zation from CH2Cl2/EtOAc gave 12a as a white solid (1.0 g) of mp 
200-202 °C. Additional 12a (0.5 g) was obtained by concentrating the 
mother liquor and chromatographing the residue on Florisil, with 
CH2CI2 as solvent: total yield 1.5 g (63%); 'H  NMR ( 1 0 0  MHz) b
7.7-8.4 (8  H, m), 6 .6 8  (H9, d), 5.42 (H10, q), 3.2-3.6 (2 H, m), 2.2-2.6 
(2 H, m), 2.10 (3 H, s), 1.96 (3 H, s), J 9 10 = J 1 0 1 1  = 3.0 Hz; M+ 372. 
Anal. Calcd for C^HsoCh: C, 77.40; H, 5.41. Found: C, 77.35; H, 
5.36.

12-Bromo-9a, 10/3-diacetoxy-9,10,11,12-tetrahydrobenzo[e]- 
pyrene (13). A mixture of CC14 (50 mL), /V-bromosuccinimide (50
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m g ) ,  12a (9 4  m g ) ,  a n d  a , a ' - a z o i s o b u t y r o d i n i t r i l e  ( 5  m g )  w a s  m a i n 

t a i n e d  a t  6 5  ° C  w i t h  a  h e a t  l a m p  w h i l e  a  s t r e a m  o f  N 2  w a s  p a s s e d  

t h r o u g h  t h e  s o l u t i o n .  T y p i c a l  r e a c t i o n  t i m e s  w e r e  3 0  m i n ,  a l t h o u g h  

t h e  t i m e  o f  i n i t i a t i o n  v a r i e d  f r o m  1 0  m in  t o  1  h , a n d  w a s  n o t e d  b y  t h e  

d i s s o l v i n g  o f  t h e  N B S .  W o r k u p  in  t h e  u s u a l  m a n n e r  g a v e  t h e  c r u d e  

p r o d u c t  ( 8 6  m g ,  9 1 % )  a s  a  r o u g h l y  1 : 1  m i x t u r e  o f  d i a s t e r e o m e r i c  

b r o m o d i a c e t a t e s .  R e c r y s t a l l i z a t i o n  f r o m  CCI4  y i e l d e d  o n e  i s o m e r :  XH  

N M R  ( 6 0  M H z )  <5 8 . 0 - 8 . 8  ( 8  H ,  m ) ,  6 .8 7 - 6 .9 6  ( H 9, m ) ,  6 . 1 - 6 . 3  ( H 12 , 

d d ) ,  5 . 4 - 5 . 6  ( H 1 0 , m ) ,  2 . 9 - 3 . 3  ( 2  H ,  m ) ,  2 .0 8  ( 3  H ,  s ) ,  2 .0 5  ( 3  H ,  s ) .  R e 

c r y s t a l l i z a t i o n  o f  t h e  m o t h e r  l i q u o r s  f r o m  e t h e r  g a v e  t h e  s e c o n d  i s o 

m e r :  ! H  N M R  ( 6 0  M H z )  8 8 .0 - 8 .6  ( 8  H ,  m ) ,  7 .0 6  ( H 9, d ) ,  6 .0 - 6 .4  ( 2  H ,  

m ) ,  2 . 6 - 3 . 6  ( 2  H ,  m ) ,  2 . 1 6  ( 3  H ,  s ) ,  2 .0 8  ( 3  H ,  s ) .  B o t h  i s o m e r s  w e r e  

s l i g h t l y  c r o s s - c o n t a m i n a t e d ,  a n d  w e r e  n o t  p u r i f i e d  f u r t h e r .

trans-9,10-Diacetoxy-9,10-dihydrobenzo[e]pyrene (14a). T o  

a  s o l u t i o n  o f  13 ( 2 5 0  m g , i s o m e r i c  m i x t u r e )  in  f r e s h l y  d i s t i l l e d  T H F  

( 1 5  m L )  a t  0  ° C ,  u n d e r  N 2 , w a s  a d d e d  l , 5 - d i a z a b i c y c l o [ 4 . 3 . 0 ] n o n -

5 - e n e  ( 7 0  d r o p s ) .  T h e  m i x t u r e  w a s  s t i r r e d  a t  0  ° C  f o r  2 .5  h . E t O A c  ( 5 0  

m L )  w a s  a d d e d  a n d  t h e  o r g a n i c  p h a s e  w a s  e x t r a c t e d  w i t h  H 20  ( 2  X  
4 0  m L ) ,  0 . 1  N  H C 1  ( 2  X  4 0  m L ) ,  s a t u r a t e d  a q u e o u s  N a H C C L  (4 0  m L ) ,  

a n d  H 20  ( 4 0  m L ) ,  d r i e d ,  f i l t e r e d ,  a n d  c o n c e n t r a t e d  t o  g i v e  14a a s  a n  

o f f - w h i t e  s o l id  ( 1 9 2  m g , 9 4 % ) t h a t  w a s  p u r e  b y  N M R .  R e c r y s t a l l i z a t i o n  

o f  14a f r o m  E t O A c  g a v e  m a t e r i a l  o f  m p  1 4 6 - 1 4 7  ° C ;  XH  N M R  ( 1 0 0  

M H z )  5 7 . 9 - 8 . 6  ( 8  H ,  m ) ,  7 . 8 1  ( H 1 2 , d ) ,  7 .0 5  ( H 9, b r  s ) ,  6 .5 7  ( H u , m ) ,

5 .4 7  ( H 1 0 , d d ) ,  2 .0 5  (3  H ,  s ) ,  1 . 9 7  ( 3  H ,  s ) ,  J l0 n  =  5 .6 , J u  X2 =  1 0 . 5 ,  J 9  w  

=  2 .2  H z ;  M +  3 7 0 .

t r a n s - 9 , 10-Dihydroxy-9,10-dihydrobenzo[e]pyrene (14b).
D i a c e t a t e  14a ( 1 0 6  m g )  w a s  d i s s o l v e d  in  T H F  ( 3 0  m L )  a n d  M e O H  ( 3 0  

m L )  a n d  N H 3  w a s  b u b b l e d  t h r o u g h  t h e  c o o le d  (0  ° C )  s o l u t i o n  f o r  1 5  

m in .  T h e  s o l u t i o n  w a s  s t i r r e d  f o r  2 8  h  a t  r o o m  t e m p e r a t u r e ,  t h e n  

c o n c e n t r a t e d ,  a n d  t h e  r e s i d u e  w a s  c h r o m a t o g r a p h e d  o n  F l o r i s i l  w i t h  

C H 2 C 1 2  a s  t h e  f i r s t  s o l v e n t ,  w h i c h  r e m o v e d  m i n o r ,  h i g h ly  c o l o r e d  

i m p u r i t i e s ,  t h e n  w i t h  E t O A c / C H 2 C l 2  =  1 : 1 , w h i c h  e l u t e d  14b ( 7 5  m g , 

9 1 % ) .  A l t h o u g h  T L C  ( s i l i c a  g e l ,  1 : 1  =  E t O A c / h e x a n e )  s h o w e d  o n l y  

o n e  s p o t ,  14b w a s  f u r t h e r  p u r i f i e d  b y  r e c r y s t a l l i z a t i o n  f r o m  C H 2 C 1 2 , 

w h i c h  g a v e  14b a s  a n  o f f - w h i t e  s o l i d :  m p  1 8 5 - 1 8 6  ° C  d e c ;  * H  N M R  

( 1 0 0  M H z ,  a c e t o n e - d 6 a f t e r  e x c h a n g e  w i t h  M e O H - c L )  S 8 .6 - 8 .8  ( 2  H , 

m ) ,  8 . 0 - 8 .4  ( 6  H ,  m ) ,  7 . 7 2  ( H 1 2 , d ) ,  6 .5 8  ( H „ ,  d d ) ,  5 .6 4  ( H 9 b r  s ) ,  4 .5 4  

( H 1 0 , m ) ,  J 1 1 4 2  =  1 0 .0 ,  J  1 0 , 1 1  =  5 .4 ,  J 9, n  =  1 . 1  H z ;  U V  ( E t O H )  Xmax 

(r)  2 3 0  ( 3 9  6 0 0 ) , 2 4 2  ( 4 7  3 0 0 ) ,  2 7 5  ( 2 4  2 0 0 ) ,  2 8 3  ( 2 9  7 0 0 ) ,  2 9 5  ( s h , 

1 3  5 0 0 ) ,  3 3 7  ( 1 3  2 0 0 ) ,  3 4 7  ( 1 4  6 0 0 ) ,  3 6 1  ( 1 3  6 0 0 ) .  T h e  f l u o r e s c e n c e  

s p e c t r u m  ( M e O H , e x c i t a t i o n  a t  2 4 2  o r  2 8 0  n m )  e x h i b i t e d  a  b r o a d  

e m i s s i o n ,  w i t h  m a x i m a  a t  3 9 7  a n d  4 0 6  n m ,  a n d  a  s h a l l o w  m i n i m u m  

a t  4 0 2  n m . A n a l .  C a l c d  f o r  C 2o H i4 0 2: C ,  8 3 .9 0 ; H ,  4 .9 3 . F o u n d :  C ,  8 3 .8 3 ;  

H ,  5 . 1 3 .

t r a n s - 9 , 10-Dihydroxy-9,10, ll,12-tetrahydrobenzo[e]pyrene 
(12b). T e t r a h y d r o d i a c e t a t e  12a ( 1 8 2  m g )  w a s  d i s s o l v e d  in  T H F  ( 3 0  

m L )  a n d  M e O H  ( 6 0  m L )  a n d  N H 3  w a s  b u b b l e d  t h r o u g h  t h e  c o o le d  

(0  ° C )  s o l u t i o n  f o r  1 5  m in .  T h e  s o l u t i o n  w a s  s t i r r e d  f o r  2 4  h  a t  2 5  ° C  

a n d  c o n c e n t r a t e d ,  a n d  t h e  r e s i d u e  w a s  d i s s o l v e d  in  C H 2 C 1 2 ( 5 0  m L ) .  

T h e  u s u a l  w o r k u p  g a v e  a  r e s i d u e  f r o m  w h i c h  12b ( 1 1 0  m g ,  7 8 % )  w a s  

o b t a i n e d  b y  c r y s t a l l i z a t i o n  f r o m  C H 2 C 1 2  a s  a n  o f f - w h i t e  s o l i d :  XH  

N M R  ( 1 0 0  M H z ,  a c e t o n e - d 6, a f t e r  e x c h a n g e  w i t h  M e O H - d ,i )  8 7 .9 - 8 .8  

( 8  H ,  m ) ,  5 .4 0  ( H 9, b r  s ) ,  4 .4 2  ( H i 0, m ) ,  3 . 3 - 3 . 6  ( 2  H ,  m ) ,  2 . 1 - 2 . 8  ( 2  H , 

m ).
cis-4,5-Dihydroxy-4,5-dihydrobenzo[e]pyrene (15a). T o

b e n z o [ e ] p y r e n e  ( 1  g )  in  p y r i d i n e  ( 1 2  m L )  w a s  a d d e d  a  s o lu t io n  o f  O s C L  

( 1  g ) in  p y r id in e  ( 2  m L ) .  T h e  s o lu t io n  w a s  s t o r e d  a t  r o o m  t e m p e r a t u r e  

f o r  6  w e e k s  in  t h e  d a r k .  T h e  d e s i r e d  o s m a t e  e s t e r ,  w h ic h  h a d  s e p a r a t e d  

a s  a  d a r k  p r e c i p i t a t e ,  w a s  d e c o m p o s e d  w i t h  N a H S C L  in  a q u e o u s  

p y r i d i n e 22  f o l l o w e d  b y  e x t r a c t i o n  o f  t h e  d i h y d r o d i o l  i n t o  E t O A c .  

C o n v e n t i o n a l  w o r k u p  g a v e  t h e  c r u d e  p r o d u c t ,  w h i c h  w a s  a c e t y l a t e d  

w i t h  A c 2 0 / p y r i d i n e  a t  r o o m  t e m p e r a t u r e  f o r  1 6  h . T h e  c i s - d i a c e t a t e  

15b ( 7 3 0  m g , 5 0 % )  w a s  i s o l a t e d  b y  p r e p a r a t i v e  l a y e r  c h r o m a t o g r a p h y  

o n  s i l i c a  g e l ,  u s i n g  C H C I 3 / C H 3 O H  =  9 0 :5  a s  s o l v e n t ,  a s  a  s o l i d :  m p  

1 9 2 - 1 9 4  ° C ;  M +  3 7 0 ;  * H  N M R  ( 1 0 0  M H z )  8 8 . 4 - 8 . 7  ( 4  H ,  m ) ,  1.5-1.1 
( 6  H , m ) , 6 .5 0  (2  H ,  s ) ,  2 .0 6  ( 6  H ,  s ) .  A n a l .  C a l c d  f o r  C ^ H i s O i :  C ,  7 7 .8 2 ;  

H ,  4 .8 9 . F o u n d :  C ,  7 7 . 7 1 ;  H ,  5 .0 5 .  T h e  c i s - d i a c e t a t e  ( 6 0 0  m g )  w a s  

d i s s o l v e d  in  T H F  ( 1 0  m L )  a n d  M e O H  ( 7 0  m L )  a n d  t h e  s o l u t i o n  w a s  

s a t u r a t e d  w i t h  N H 3 . T h e  r e a c t i o n  w a s  w o r k e d  u p  a f t e r  2 4  h  a t  r o o m  

t e m p e r a t u r e  t o  g i v e  t h e  c r u d e  p r o d u c t ,  w h i c h  u p o n  r e c r y s t a l l i z a t i o n  

f r o m  E t O A c  g a v e  15a ( 4 5 0  m g ,  9 7 % )  a s  a  s o l i d :  m p  2 0 8 - 2 1 4  ° C  d e c ;  

M +  2 8 6 .

Benzo[e]pyrene-4,5-dione (16). A  s o lu t io n  o f  cis- d ih y d r o d i o l  15a 
( 5 0  m g )  a n d  D D Q  ( 3 0 0  m g )  in  d i o x a n e  ( 2 5  m L )  w a s  s t i r r e d  a t  r o o m  

t e m p e r a t u r e  o v e r n i g h t .  T h e  s o l v e n t  w a s  r e m o v e d  a n d  t h e  r e s i d u e  w a s  

d i s s o l v e d  in  C H C I 3 . T h e  o r g a n i c  p h a s e  w a s  w a s h e d  w i t h  s a t u r a t e d  

N a 2 C 0 3 , d r ie d ,  a n d  c o n c e n t r a t e d  t o  g i v e  16 ( 4 7  m g ,  9 5 % ) ,  w h ic h  u p o n  

r e c r y s t a l l i z a t i o n  f r o m  C H C I 3  h a d  m p  > 3 2 0  ° C .  A n a l .  C a l c d  f o r  

C 20H i 0O 2: C ,  8 5 .0 9 ;  H ,  3 . 5 7 .  F o u n d :  C ,  8 4 .8 3 ;  H ,  3 . 3 2 .

t r a n s - i , 5-Dihydroxy-4,5-dihydrobenzo[e]pyrene (17a). A 
m i x t u r e  o f  q u i n o n e  1 6  ( 1 4 9  m g )  a n d  K B H 4 ( 1 2 0  m g )  in  f r e s h l y  d i s t i l l e d

T H F  ( 1 0 0  m L )  a n d  ¿ - P r O H  ( 3 0  m L )  w a s  r e f l u x e d  f o r  3  d a y s .  T h e  r e 

a c t i o n  w a s  w o r k e d  u p  t o  g i v e  t h e  c r u d e  trans-d i h y d r o d i o l ,  w h ic h  w a s  

c o n v e r t e d  t o  t h e  trans- d i a c e t a t e  in  p y r i d i n e  ( 2  m L )  a n d  A c 20  ( 3  m L )  

a t  r o o m  t e m p e r a t u r e  f o r  1 6  h . T h e  r e a c t i o n  m i x t u r e  w a s  c o n c e n t r a t e d  

t o  d r y n e s s  a n d  t h e  trans- d i a c e t a t e  17b ( 1 2 0  m g ,  6 1 % )  w a s  i s o l a t e d  b y  

p r e p a r a t i v e  l a y e r  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  u s i n g  b e n z e n e / E t O A c  

=  9 5 : 5  a s  d e v e l o p i n g  s o l v e n t .  R e c r y s t a l l i z a t i o n  f r o m  M e O H / E t O A c  

g a v e  17b a s  a  s o l i d ;  m p  2 0 1 - 2 0 5  ° C ;  XH N M R  ( 1 0 0  M H z )  8 8 . 4 - 8 .8  (4 
H , m ) , 7 . 5 - 7 . 9  ( 6  H ,  m ) , 6 .3 8  ( 2  H ,  s ) ,  1 . 9 4  ( 6  H ,  s ) ;  M +  3 7 0 .  A n a l .  C a lc d  

f o r  C 24H i 8 0 4: C ,  7 7 . 8 2 ;  H ,  4 .8 9 .  F o u n d :  C ,  7 7 .7 6 ;  H ,  4 .8 6 .  T l i e  t r a n s 

d i a c e t a t e  17b w a s  c o n v e r t e d  t o  t h e  i r a r c s - d i o l  17a u n d e r  c o n d i t i o n s  

t h a t  w e r e  u s e d  t o  c o n v e r t  15b t o  15a, e x c e p t  t h a t  t h e  r e a c t i o n  w a s  r u n  

u n d e r  N 2  in  o r d e r  t o  a v o i d  o x i d a t i o n  o f  t h e  a i r - s e n s i t i v e  t r a n s - d i h y -  

d r o d i o l .  T h e  i r o n s - d i h y d r o d i o l  17a w a s  o b t a i n e d  in  q u a n t i t a t i v e  y ie ld :  

m p  > 1 8 5  ° C  d e c ;  U V  ( M e O H )  Xmax (r)  2 5 4  ( 5 9  7 0 0 ) ,  2 6 1  ( 7 7  9 5 0 ) ,  2 8 7  

( 1 4  9 0 0 ) ;  M +  2 8 6  ( b a s e  p e a k ) .  N o  q u i n o n e  c o u ld  b e  d e t e c t e d  b y  a n a 
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Syntheses of Dihydropyrenes and Triple-Layered [2.2]Metacyclophanes
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T w o  s y n t h e t i c  r o u t e s  h a v e  b e e n  e x p l o r e d  f o r  t h e  p o s s i b le  s y n t h e s i s  o f  a  b r i d g e d  [2 2 ] a n n u l e n e  ( 3 )  o f  t h e  p e r o p y -  

r e n e  t y p e .  A l t h o u g h  t h e  s y n t h e s i s  o f  3  w a s  n o t  a c h i e v e d ,  a  n u m b e r  o f  cis- a n d  i r o n s - 1 , 2 , 3 - t r i s u b s t i t u t e d - 1 5 , 1 6 - d i -  

m e t h y l d i h y d r o p y r e n e s  w e r e  p r e p a r e d .  A l s o  t h e  t r i p l e - l a y e r e d  [2 .2 ] m e t a c y c l o p h a n e  d e r i v a t i v e  2 4  h a s  b e e n  s y n t h e 

s i z e d  a n d  s h o w n  t o  h a v e  a  s t a i r c a s e - t y p e  g e o m e t r y .

One of the important outstanding problems in Hiickel 
molecular orbital theory is the experimental definition of 
whether, and at what ring size, the larger [4n + 2]annulenes 
will lose aromaticity and simply show polyene character. As 
has been discussed elsewhere,1 bridged [4n  + 2]annulenes are 
probably the best experimental models for testing this upper 
limit. In Haddon’s system for empirically evaluating aroma
ticity by measuring effective ring currents, trans-15,16-di- 
methyldihydropyrene (1) is an exceptionally good example

of aromaticity in annulenes and was selected as the reference 
standard for comparing other molecules.2 It seemed, therefore, 
that, in trying to assess the aromaticity of a bridged [2 2 ]an- 
nulene, a peropyrene structure such as 3, having a double 
fran.s-15,16-dimethyldihydropyrene moiety, would be par
ticularly appropriate. Aside from having the desirable features 
of the dihydropyrenes, structure 3 offers some intriguing 
possibilities for valence tautomerization. It is well known that 
the dihydropyrenes readily undergo valence tautomerization 
(1 ^ 2 )  both thermally and photochemically.3 A similar va
lence tautomerization of 3 could yield both 4 and 5, molecules 
whose relative thermodymamic stability would be of some 
interest.

The first approach we investigated for the synthesis of 3 is 
outlined in Scheme I and is based on methods previously de
veloped for the synthesis of t r a n s -dihydropyrene derivatives.4 
The steps in the conversion of 2,5-dimethylaniline (6 ) to 8  
proceeded in good yield and require no comment. The cou
pling reaction of 8 with 2 ,6 -bis(mercaptomethyl)toluene gave 
a mixture of the syn and anti isomers (9a and 9b) of 2,11-di- 
thia-5,7-dibromo-6,8,18-trimethyl[3.3]metacyclophane in an 
overall yield of 84%, but with a ratio of syn to anti isomers of 
1 .3:1.0. This is in sharp contrast to the parent example, where 
the ratio of syn to anti isomers is 1.0:7.0.4 As has been dis
cussed elsewhere,5 the relative ratios of syn to anti isomers 
formed in these coupling reactions is very dependent on what 
substituents are present. Electron-withdrawing substituents, 
such as the bromine atoms present in 8 , greatly increase the

relative amount of syn isomer formed, presumably due to 
charge-transfer stabilization of the transition state leading 
to the syn isomer. The formation of such a large fraction of the 
syn isomer was unfortunate, both because the anti isomer is 
the one needed as precursor for the synthesis of 3 and because 
of the additional difficulties in separation and purification of 
lib from the mixture.

Scheme I

0022-3263/78/1943-3466801.00/0 © 1978 American Chemical Societ.v
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In practice, it proved expedient to carry along the mixture 
of isomers, 9a and 9b, through the Stevens rearrangement and 
the Hofmann elimination steps, and then effect the separation 
and purification at the dihydropyrene stage. In this way the 
cis- and trans-l,3-dibromo-2,15,16-trimethyl-15,16-dihy- 
dropyrenes, 1 1a and lib, were isolated in the pure state in 
yields of 20 and 10%, respectively. Both are deep green, crys
talline compounds, which can readily be distinguished by 
comparison of their NMR spectra with that of the parent cis- 
and irons-15,16-dimethyldihydropyrenes.4 The chemical shift 
values for the protons of the internal methyls of 11a are r 11.97 
and 11.89, whereas the protons of the internal methyl groups 
of lib appear at r 13.98 and 13.93.

Although the von Braun reaction in using a pure sample of 
lib gave 12 in 77% yield, the more convenient use of the crude 
mixture of 11a and lib in the von Braun reaction led to the 
desired trans isomer 12 in only 15% yield plus the corre
sponding cis isomer in 18% yield. Reduction of 12 with diiso- 
butylaluminum hydride in benzene gave 13 in 96% yield and 
this, in turn, with sodium borohydride led to the diol 14 in 99% 
yield.

Normally, the next step would have been the conversion of 
the diol 14 to the corresponding dibromide 15. However, we 
were surprised to find that none of the standard procedures 
for effecting this transformation were successful. In each case 
polymeric black tars resulted. Apparently, the dihydropyrene 
moiety is such a good electron donor that the dibromide 15, 
when first formed, readily yields the corresponding carbonium 
ion, which undergoes self-alkylation leading to polymerization. 
To circumvent this the diol 15 was dissolved in acetic acid 
containing p-toluenesulfonic acid and saturated with hy
drogen sulfide. Under these circumstances the carbonium ion 
derived from 15 is captured by the nucleophilic hydrogen 
sulfide and the desired dimercaptan 16 was formed in 47% 
yield.

The coupling reaction between 16 and 2,6-bisfbromo- 
methyl)toluene proceeded in high yield to give a mixture of 
the two possible a n t i -dithiacyclophanes of which 17 appeared 
to be the predominant isomer. The assignment of anti geom
etry to the mixture is based on the close correspondence of its 
NMR spectrum to that of 8,16-dimethyl-2,ll-dithia[3.3]- 
metacyclophane.4 The protons of the internal methyl groups 
of 17 appear as two singlets at r 14.17 and 13.58. Also, exam
ination of molecular models suggests that the syn isomer 
analogous to 17 would be subject to severe steric interactions 
and so be unlikely to form.

Attempts to convert 17 to 3 by all of the standard methods 
of ring contraction and sulfur elimination were in each case 
unsuccessful. The reaction of 17 with dimethoxycarbonium 
fluoroborate4 led to immediate tars, presumably via formation 
of a dihydropyrenyl carbonium ion followed by self-alkylation. 
However, both the benzyne-Stevens rearrangement6 and the 
Wittig rearrangement7 were also unsuccessful.

In view of our lack of success in effecting the conversion of 
17 to 3 and the apparent instability of the dihydropyrene 
moiety toward the reaction conditions required in the final 
stages, we decided to try a modified approach starting from 
1 0 , in which both dihydropyrene units would be introduced 
during the same final reaction. This modified approach is 
summarized in Scheme II.

When the mixture of stereoisomers from the Stevens rear
rangement, depicted by the overall structure 1 0 , was subjected 
to the von Braun reaction, only the mixture of isomers having 
anti geometry, as shown by 18, could be isolated and it was 
formed in 52% yield. In support of this assignment 18, un
derwent a Hofmann elimination to give only t r a n s  -1,2-dicy- 
ano-2,15,16-trimethyldihydropyrene (12), a somewhat more 
efficient route for the synthesis of 1 2  than that described 
earlier. Since the final step in Scheme II was expected to lead

Scheme II

20, R = -CH2OH

to only one isomer, it was decided not to try to separate the 
mixture of stereoisomers at this stage, but simply to carry 
through the intermediate steps with mixtures of stereoiso
mers.

The conversion, then, of 18 in successive steps to 19,20, and 
21 proceeded well following the usual pattern. The coupling 
of 21 with 2,6-bis(mercaptomethyl)toluene occurred in 65% 
yield to give the dithiacyclophane 22. A Wittig rearrangement 
of 2 2 , using n-butyllithium followed by addition of methyl 
iodide, proceeded well, giving 23 in 89% yield. Although 23 was 
obtained as a complicated mixture of isomers, the lack of any 
signal in the region of r  3.5, where the aromatic protons of 
syn-[2 .2 ]me~acyclophanes appear, rules out the presence of 
any isomers having syn geometry. Thus, the mixture of iso
mers represented by 23 appeared to be a suitable precursor 
for 3. Unfortunately, however, the standard methods for 
removing sulfur with concomitant introduction of carbon- 
carbon double bonds, both the Hofmann elimination and the 
pyrolysis of the corresponding tetrasulfoxide, were completely 
unsuccessful in converting 23 to 3.

As additional proof for the structural assignment made to
23, it was subjected to desulfurization using Raney nickel. As 
expected, this gave the triple-layered [2 .2 ]metacyclophane
24. The question of whether the triple-layered cyclophane 
should be assigned the conformation shown by 24 or that of 
25 was of some interest. It is now known that for benzene rings, 
in contrast to cyclohexane rings, it requires less energy to 
deform the ring to a boat than to a chair conformation.8^10 
This is due to the fact that the benzene 7r-orbital overlap is

2 8 , R = -Me 2 J ,  R = -Me
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more favorable in the boat than in the chair conformation. 
Umemoto, Otsubo, and Misumi provided the first experi
mental evidence for this preference when they prepared the 
two conformations, 26 and 27, of the triple-layered [2.2]me- 
tacyclophane and showed that equilibration between these 
two conformations occurred readily at 100 °C with 27 being 
strongly favored.11 In 27 all three benzene rings have boat 
conformations, whereas in 26 the central benzene ring is forced 
into a chair conformation. The driving force for the isomer
ization of 26 to 27 is the change in the central benzene ring 
from a chair to a boat conformation. Since Gschwend has 
shown that the energy barrier for conformational flipping for 
simple [2.2]metacyclophanes is about 33 kcal/mol,12 it is re
markable that the isomerization of 26 to 27 should occur so 
readily.

Furthermore, this same study by the Osaka group showed 
that even with an internal methyl substituent, as in 28 and 29, 
equilibration again occurred at 100 °C giving a mixture of 28 
and 29 in a ratio of 1:17. In the case of 29, a strong nuclear 
Overhauser effect was observed for the internal methyl and 
hydrogen substituents, which are forced into close proximity 
in the up-down conformation. In contrast, 28 does not exhibit 
a nuclear Overhauser effect. The differences in geometry be
tween 28 and 29 are also evident :n their NMR spectra; the 
signal for the internal methyl protons of 28 appear at r 9.42, 
whereas in 29 they are seen at r 8.93. Our product from the 
Raney nickel desulfurization of 23 was purified by sublimation 
at 150 °C and was a single compound. Its NMR spectrum 
showed the protons of the internal methyl groups as two sin
glets at r 9.34 and 9.54. These values are in accord with that 
of 28 and permit the assignment of the staircase-type geom
etry of 24 to our tetramethyl derivative. Examination of mo
lecular models suggests that the up-down conformation 25 
would have severe, if not prohibitive, steric interactions be
tween the internal methyl groups.

E x p erim en ta l S e c tio n 13

l,4-Dimethyl-2,6-dibromo-3,5-bis(chloromethyl)benzene (8)
The bromination of 2,5-dimethylaniline was carried out as described 
by Bures and Meskan14 and on a 4 M scale gave 2,4-dibromo-3,6- 
dimethylaniline, mp 58-59 °C (lit.14 mp 61 °C), in 92% yield. This was 
then subjected to deamination following the procedure of Coleman 
and Talbot15 to give 2,6-dibromo-p-xylene as a yellow oil [bp 82-88 
°C (2mm)] in 56% yield. Asolution of 30.0 g of 2,6-dibromo-p-xylene 
in 75 mL of chloromethyl methyl ether was boiled gently under reflux 
while 30 mL of fuming sulfuric acid (30%) was added dropwise over 
a period of 30 min. A precipitate formed during the reaction and this 
was collected by filtration followed by a brief wash with water on the 
filter. The resulting solid was recrystallized from carbon tetrachloride 
to give 35.0 g (94%) of colorless needles: mp 185-187 °C; NMR, singlet 
at r 5.2 (4 H, -CH 2C1), and singlets at 7.30 and 7.40 (3 H each, -CH 3); 
mass spectrum m/e 361. Anal. Calcd for CioHioBr2Cl2: C, 33,26; H,
2.77. Found: C, 33.12; H, 2.75.

syn- and anti-2,ll-Dithia-5,7-dibromo-6,9,18-trimethyI- 
[3.3]metacyclophanes (9a and 9b). A solution of 8.44 g of 1,4- 
dimethyl-2,6-dibromo-3,5-bis(chloromethyl)benzene (8) and 4.30 g 
of 2,6-bis(mercaptomethyl)toluene4 in 700 mL of benzene was added 
dropwise with stirring to a boiling solution of 4.2 g of potassium hy
droxide in 2 L of ethanol under a nitrogen atmosphere. After the ad
dition was complete (3 days), the solvent was removed under reduced 
pressure and the residual solid was extracted with benzene. After 
concentration of the benzene extract, there separated 9.35 g (84%) of 
a colorless solid whose NMR spectrum showed it to be a mixture of 
the syn and anti isomers, 9a and 9b, in a ratio of 1.3:1.0. The two iso
mers could be separated by TLC, but :t proved more convenient to 
allow the mixture to crystallize from benzene and then mechanically 
separate the syn (plates) and anti (needles) isomers.

In this way the syn isomer (9a) was isolated as colorless plates: mp 
236-238 °C; NMR, an A2B multiplet at r 3.0-3.4 (3 H, ArH), two AB 
multiplets at 4.95 and 6.44 (4 H, J = 15 Hz, ArCH2-) and at 5.93 and
6.15 (4 H, J  = 15 Hz, ArCH2-), and singlets at 7.32,7.33, and 7.40 (3 
H each, CH3-); mass spectrum m/e 472. Anal. Calcd for Ci9H2oS2Br2: 
C, 48.32; H, 4.27. Found: C, 48.41; H, 4.25.

The trans isomer (9b) was isolated as colorless needles: mp 234-236

°C; NMR, an A2B multiplet at t  2.6-2.9 (3 H, ArH), two AB multiplets 
at 5.94 and 6.30 (4 H, J = 15 Hz, ArCH2-) and 6.26 and 6.30 (4 H, J 
= 15 Hz, ArCH2-), and singlets at 7.11, 8.37, and 8.90 (3 H each, 
-CH3); mass spectrum m/e 472. Anal. Calcd for Ci9H2oS2Br2: C, 48.32; 
H, 4.27. Found: C, 48.41; H, 4.27.

Stevens Rearrangement to Give 10. Tp a solution of 13.7 g of the 
mixture of 9a and 9b from the above experiment in 400 mL of meth
ylene chloride held at —20 °C was added portionwise with stirring 10.1 
g of dimethoxycarbonium fluoroborate.16 After several hours the 
solution was allowed to warm to room temperature and the solvent 
was removed by decantation. The crystalline residue was washed 
several times with methyl formate and dried to give 18.2 g (93%) of 
white crystals, mp 209-213 °C dec. Anal. Calcd for C2iH2eS2Br2B2Fg: 
C, 37.31; H, 388. Found: C, 37.64; H, 3.90.

The bissulfonium salt (18.2 g) was dissolved in 300 mL of dry tet- 
rahydrofuran and then 6.2 g of potassium tert-butoxide was added 
all at once. After addition of dilute aqueous hydrochloric acid, the 
organic layer was extracted with ether, dried, and concentrated to give
12.6 g (93%) of a pale yellow oil. The NMR spectrum of 10 was very 
complicated, showing it to be a mixture of stereoisomers of both syn 
and anti geometry. The high-resolution mass spectrum of 10 showed 
the parent molecular ion at 497.970 (calcd for C2iH24S2Br2: 497.969). 
Anal. Calcd for C2iH24S2Br2: C, 50.41; H, 4.83. Found: C, 50.54; H,
4.88.

Hofmann Elimination to Give 11a and lib. To a solution of 12.6 
g of 10 in 150 mL of methylene chloride held at 0 °C under a nitrogen 
atmosphere there was added 8.9 g of dimethoxycarbonium fluo
roborate.16 After the mixture had warmed to room temperature, it 
was stirred for 24 h and then 50 mL of ethyl acetate was added. The 
solvent was removed by decantation and the residue was washed with 
methyl formate and dried to give 16.0 g (90%) of a pale brown glass. 
Anal. Calcd for C23H3oS2Br2B2F8: C, 39.24; H, 4.30. Found: C, 39.40; 
H, 4.47.

To a solution of 1.3 g of sodium hydride in 400 mL of dry tetrahy- 
drofuran was added 15.0 g of the bissulfonium salt with stirring under 
a nitrogen atmosphere. In those runs where the solution did not turn 
an immediate deep green, the solvent was removed by decantation 
and replaced by fresh, dry tetrahydrofuran containing the appropriate 
amount of sodium hydride. When there was no longer any change in 
color, the solution was filtered and the fíltrate was concentrated. The 
resulting green solid was taken up in petroleum ether (30-60 °C) and 
chromatographed over silica gel.

trans-l,3-Dibromo-2,15,16-trimethyldihydropyrene (11b) was
isolated from the first eluate fraction and, after recrystallization from 
pentane, was obtained as 800 mg (10%) of deep green, nearly black, 
crystals: mp 187-188 °C; NMR, an AB at t 1.02 and 1.32 (4 H, J = 8 
Hz, ArH), an A2B at 1.42 (2 H, J = 8 Hz, ArH) and 1.93 (1H, J = 8 Hz, 
ArH), and singlets at 6.58, 13.93, and 13.98 (3 H each, -C H 3); mass 
spectrum m/e 404, 389, and 374. Anal. Calcd for Ci9Hi6Br2: C, 56.47; 
H, 3.99. Found: C, 56.50; H, 4.02.

cis-l,3-Dibromo-2,15,16-trimethyldihydropyrene (lla) was 
isolated from the second fraction of eluate and, after recrystallization 
from pentane, was obtained as 1.60 g (20%) of deep green crystals: mp 
178-180 °C; NMR, an AB at r 0.83 and 1.28 (4 H, J = 8 Hz, ArH), an 
A2B at 1.81 (2 H, J = 8 Hz, ArH) and 2.50 (1 H, J  = 8 Hz, ArH), and 
singlets at 6.33,11.89, and 11.97 (3 H each, -CH3); mass spectrum m/e 
404,389, and 374. Anal. Calcd for CigHi6Br2: C, 56.47; H, 3.99. Found: 
C, 56.38; H, 3.89.

cis-l and | trans-l,3-Dicyano-2,15,16-ttrimethyldihydropyrenes
(12). The crude mixture of lla  and lib  (ratio of 2:1) from the Hof
mann elimination reaction, weighing 4.66 g, was dissolved in 30 mL 
of N-methylpyrrolidone containing 11.3 g of cuprous cyanide and 
heated at 110 °C for 20 h under a nitrogen atmosphere. The warm 
dark solution was poured into 500 mL of a 1:1 mixture of water and 
concentrated aqueous ammonium hydroxide solution. After the so
lution had been stirred for 3 h, the solid was collected by filtration and 
dried. It was then mixed with silica gel, placed at the top of a silica gel 
column, and eluted with a 1:1 mixture of benzene and carbon tetra
chloride.

trans-l,3-Dicyano-2,l5,16-trimethyldihydropyrene (12) was
recovered from the first fraction of eluate and, after recrystallization 
from a benzene-hexane mixture, gave 290 mg (15%) of deep green 
plates: mp 197 °C; NMR, an AB at r 0.95 and 1.14 (4 H, J  = 8 Hz, 
ArH), an A2B at 1.19 (2 H, J  = 8 Hz, ArH) and 1.74 (1 H, J  = 8 Hz, 
ArH), and singlets at 6.50,13.94, and 13.98 (3 H each, -CH 3); mass 
spectrum m/e 296, 281, and 266. When the above experiment was 
repeated using pure lib, the yield of 12 was 77%. Anal. Calcd for 
C2iH)pN2: C, 85.11; H, 5.44; N, 9.45. Found: C, 84.95; H, 5.48; N,
9.24.

cis-l,3-Dicyano-2,15,16-trimethyldihydropyrene was recovered 
from the second fraction of eluate and, after recrystallization from
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a benzene-hexane mixture, gave 360 mg (18%) of deep green crystals: 
mp 185-187 °C; NMR, an AB at r 0.74 and 0.99 (4 H, J  = 8 Hz, ArH), 
an A2B at 1.52 (2 H, J = 8 Hz, ArH) and 2.24 (1 H, J  = 8 Hz, ArH), and 
singlets at 6.72,11.88, and 11.96 (3 H each, -CH3); mass spectrum m/e 
296, 281, and 266. The cis isomer reacts readily with oxygen in the 
presence of light, even indirect laboratory lighting.17 Anal. Calcd for 
C2iH16N2: C, 85.11; H, 5.44; N, 9.45. Found: C, 84.87; H, 5.39; N,
9.32.

trans-1,3-Diformyl-2,15,16-trimethyldihydropyrene ( 13). To
a solution of 420 mg of 12 in 100 mL of dry benzene was added drop- 
wise with stirring a 20% solution of diisobutylaluminum hydride in 
benzene. After the solution had been stirred at room temperature for 
10 min, there was added successively 5 mL of methanol, 20 mL of 
dilute aqueous hydrochloric acid, and 500 mL of benzene. Hydrolysis 
of the aldimine was complete in about 30 min, whereupon the benzene 
layer was separated, dried, and concentrated to give 410 mg (96%) of 
deep green crystals: mp 190-192 °C; NMR, a singlet at t —1.58 (2 H, 
-CHO), an AB at 0.60 and 1.28 (4 H, J  = 8 Hz, ArH), an A2B at 1.36 
(2 H, J = 8 Hz, ArH) and 1.92 (1 H, J  = 8 Hz, ArH), singlets at 6.54,
13.61, and 13.78 (3 H each, -CH 3); mass spectrum m/e 302, 287, and 
272. Anal. Calcd for C21H180 2: C, 83.42; H, 6.00. Found: C, 83.32; H,
5.94.

trans-l,3-Bis(hydroxymethyl)-2,15,16-trimethyldihydropy- 
rene (14). To a solution of 400 mg of 13 in 250 mL of dry tetrahy- 
drofuran at room temperature was added 100 mg of sodium borohy- 
dride. After the mixture had been stirred for 4 h, it was cooled to 0 °C 
and dilute aqueous hydrochloric acid was added, followed by ether. 
The organic layer was separated, dried, and concentrated to give 400 
mg (99%) of green crystals: mp 210-212 °C; NMR, an AB at r 1.11 and
1.36 (4 H, J  = 8 Hz, ArH), an A2B at 1.44 (2 H, J  = 8 Hz, ArH) and
1.97 (1 H, J  = 8 Hz, ArH), an AB at 4.16 (2 H, J = 12 Hz, ArCH2OH) 
and 4.30 (2 H, J  = 12 Hz, ArCH2OH), and singlets at 6.73,13.99, and
14.08 (3 H each, -CH3); mass spectrum m/e 306. Anal. Calcd for 
C2iH220 2: C, 82.32; H, 7.24. Found: C, 82.06; H, 7.16.

trans-l,3-Bis(mercaptomethyl)-2,15,16-trimethyldihydropy- 
rene (16). A solution of 165 mg of 14 in 150 mL of glacial acetic acid 
was saturated with dry hydrogen sulfide and 40 mg of p-toluenesul- 
fonic acid was added in one portion. The mixture was stirred at room 
temperature for 3 h while bubbling hydrogen sulfide through the 
mixture. After addition of 200 mL of water, the mixture was extracted 
with benzene and the benzene extract was washed with water and 
dried. Concentration of the benzene extract followed by chromatog
raphy of the residual solid over deactivated silica gel using a 1:1 
mixture of benzene-petroleum ether (30-60 °C) for elution gave 85 
mg (47%) of green crystals: mp 103-105 °C; NMR, an AB at r 1.37 and
1.41 (4 H, J  = 8 Hz, ArH), an A2B at 1.49 (2 H, J  = 8 Hz, ArH) and
2.00 (1 H, J  = 8 Hz, ArH), an ABX at 5.08 and 5.34 (4 H, Jab = 14 and 
J a x  = 7 Hz, ArCH2SH), a triplet at 8.04 (2 H, J  = 7 Hz, -SH), and 
singlets at 6.86,13.97, and 14.07 (3 H each, -CH3); mass spectrum m/e 
338. Anal. Calcd for C2iH22S2: C, 74.53; H, 6.55. Found: C, 74.23; H,
6.32.

Dithiacyclophane 17. A solution of 17 mg of 16 and 14 mg of
2,6-bis(bromomethyl)toluene in 35 mL of benzene was added drop- 
wise with stirring under a nitrogen atmosphere to a solution of 30 mg 
of potassium hydroxide in 500 mL of ethanol held at room tempera
ture. When the addition was complete (5 h), the solution was con
centrated and the solid residue was extracted with benzene. Con
centration of the benzene extract gave 27 mg (100%) of deep green 
crystals melting over a broad range. This appeared to be a mixture 
of the two possible anti isomers having the overall structure shown 
by 17. Since the usual methods of separation and purification of these 
isomers by chromatography were not effective, the mixture of isomers 
was used directly in the attempts to synthesize 3. The mixture showed 
an NMR spectrum having a multiplet in the region of t 1.4-2.2 (ArH), 
a multiplet at 2.7-2.9 (ArH), two sets of AB patterns at 5.11 and 5.66 
(J ab  = 15 Hz, ArCH2S-) and 6.03 and 6.48 (J ab = 14 Hz, ArCH2S-), 
and singlets at 8.28,8.73,9.20,13.58, and 14.17 (CH3-); high-resolution 
mass spectrum m/e 454.180 (calcd for C3oH3oS2: 454.179).

When a solution of the mixture of anti isomers corresponding to 
the 17 in methylene chloride was treated with dimethoxycarbonium 
fluoroborate, immediate formation of a black, polymeric tar occurred. 
So it was not possible to effect a normal Stevens rearrangement. 
Similarly, the benzyne-Stevens rearrangement procedure6 gave no 
useful product. Furthermore, an attempt to effect a Wittig rear
rangement7 was likewise unsuccessful.

von Braun Reaction with 10 to Give 18. A solution of 2.47 g of 
the mixture of isomers corresponding to 10 and 8.0 g of cuprous cya
nide in 60 mL of JV-methylpyrrolidone was heated at 165 °C for 21 
h. It was then poured into 400 mL of a 1:1 mixture of water and con
centrated aqueous ammonium hydroxide. After the resulting mixture 
had been stirred with cooling for 3 h, the solid precipitate was collected

by filtration, washed with water, and dried. The resulting solid was 
mixed with silica gel, placed at the top of a silica gel column, and 
eluted with methylene chloride. From the eluate there was isolated
1.01 g (52%) of a yellow oil: NMR, an A2B multiplet at r 2.2-3.0 (3 H, 
ArH), a multiplet at 5.8-6.9 (6 H, ArCH^ and ArCH-), a singlet at
7.28 (3 H, -CH3), a singlet at 7.72 (6 H, CH3S-), and singlets at 8.6 and
9.4 (3 H each, CH3-); high-resolution mass spectrum m/e 392.137 
(calcd for C23H24N2S2: 392.138). From the NMR spectrum it is clear 
that 18, although a mixture of stereoisomers, has entirely the anti 
geometry.

Treatment of 18 under the conditions for the Hofmann elimination, 
as described earlier, gave iroras-l,3-dicyano-2,15,16-tr'imethyldihy- 
dropyrene (12) in 25% yield as deep green crystals, mp 197 °C, iden
tical in all respects with the sample of 12 described previously.

Conversion of 18 to 19,20,21, and 22. To a solution of 1.01 g of 18 
in 50 mL of dry benzene was added drepwise with stirring 5 mL of an 
18% solution of diisobutylaluminum hydride in benzene. After the 
mixture had been stirred at room temperature, it was coooled and 
successive additions with stirring were made of 10 mL of methanol, 
5 mL of water, and 30 mL of dilute aqueous hydrochloric acid. The 
organic layer was separated, washed with water, dried, and concen
trated to give 500 mg (49%) of a pale orange oil: NMR, a singlet at r 
—0.68 (2 H, -CHO), an A2B multiplet at 2.2-3.1 (3 H, ArH), a broad 
multiplet at 4.7-8.2 (15 H, ArCHC, ArCH2-, -CH3, CH3S-), and 
broad singlets at 8.7 and 9.5 (6H, -CH 3); high-resolution mass spec
trum m/e 398.137 (calcd for C23H26S20 2: 398.137). The spectral data 
are fully in accord with the assignment of structure 19 to this oil.

A mixture of 500 mg of 19 and 45 mg of sodium borohydrde in 15 
mL of dry tetrahydrofuran was stirred at room temperature for 3 h. 
It was then decomposed by the addition of dilute aqueous hydro
chloric acid. The organic layer was extracted with ether, dried, and 
concentrated to give 507 mg (100%) of a pale yellow oil: NMR, a 
multiplet at t 2.1-3.1 (3 H, ArH), a broad singlet at 5.10 (4 H, 
-C H 2OH), a multiplet at 5.0-7.9 (15 H, ArCH<, ArCH2-  -CH 3, 
CH3S-), a broad singlet at 8.24 (2 H, -OH), and broad singlets at 8.7 
and 9.5 (3 H each, -CH3); high resolution mass spectrum m/e 402.168 
(calcd for C23H3oS20 2: 402.169). The spectral data are fully in accord 
with the assignment of structure 20 to this oil.

To a stirred solution of 107 mg of 20 in 15 mL of dry benzene there 
was added dropwise a solution of 63 mg of phosphorus tribromide in 
3 mL of benzene. After the mixture had been stirred for 2 h, it was 
washed with ice water, dried, and concentrated to give 94 mg (67%) 
of a yellow oil: NMR, a multiplet at t 2.1-3.0 (3 H, ArH), a multiplet 
at 5.28 (4 H, -CH 2Br), a multiplet at 4.6-7.0 (6 H, ArCHC, ArCH^), 
a multiplet at 7.0-7.8 (9 H, CH3-), broad singlets at 8.7 and 9.5 (6 H, 
CH3-); mass spectrum m/e 526, 528, and 530 (the relative peak in
tensities correspond to the expected bromine isotope distribution for 
C23H2gS2Br2). These spectral data are in accord with the assignment 
of structure 21 to this oil.

A solution of 94 mg of 21 and 32 mg of 2,6-bis(mercaptomethyl)- 
toluene in 20 mL of benzene was added dropwise with stirring to a 
solution of 98 mg of potassium hydroxide in 500 mL of ethanol. When 
the addition was complete (5 h), the mixture was stirred an additional 
12 h and then concentrated. The residue was taken up in benzene and 
chromatographed over silica gel to give 65 mg of a pale yellow oil: 
NMR, a multiplet at r 2.1-3.1 (6 H, ArH), a multiplet at 5.3-8.0 (20 
H, ArCHC, ArCH^, CH3S-), and a series of broad singlets at 8.5-9.6 
(12 H, -CH 3); nigh-resolution mass spectrum m/e 550.185 (calcd for 
C32H3gS4: 550.186). These spectral data are fully in accord with the 
assignment of structure 22 to this product.

Wittig Rearrangement of 22 to Give 23. To a solution of 51 mg 
of 22 in 3 mL of dry tetrahydrofuran there was added by syringe 0.10 
mL of a 2 N solution of n-butyilithium in hexane. After 10 min, 0.03 
mL of methyl iodide was added, followed by 5 mL of water. The or
ganic layer was extracted with methylene chloride, washed with water, 
dried, and concentrated to give 48 mg (89%) of a yellow oil; NMR, a 
multiplet at r 2.1-3.1 (6 H, ArH), a multiplet at 5.9-8.0 (12 H, ArCHC, 
ArCH^), a series of singlets at 7.8-7.9 (12 H, CH3S-), and a series of 
singlets at 8.4-0.6 (12 H, CH3-); mass spectrum m/e 578. These data 
are in accord with the assignment of structure 23 to this oil.

Triple-Layered [2.2]Metacyclophane 24. A solution of 48 mg 
of 23 in 40 mL of a 3:1 mixture of absolute alcohol and benzene con
taining commercial Raney nickel was boiled under reflux for 18 h. 
After removal of the Raney nickel and concentration of the filtrate, 
the residue was taken up in hexane and chromatographed over silica 
gel. The main fraction of eluate gave 2.5 mg (8%) of colorless crystals. 
These were purified by sublimation at 150 °C (10—4 mm) to give white 
crystals: mp 320 °C (sealed tube); NMR, an A2B multiplet at r 2.88 
(4 H, d, J ab  = 7 Hz, ArH) and 3.20 (2 H, t, J ab = 7 Hz, ArH), a mul
tiplet at 6.5-7.9 (16 H, ArCH2—), and singlets at 9.34 and 9.54 (6 H 
each, CH3-); high-resolution mass spectrum m/e 394.265 (calcd for
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C3oH:14: 394.266).
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A study has been made of the effect of substituents in influencing the relative amounts of syn and anti isomers 
formed in the coupling reaction to give substituted 2,11 -dithia[3.3]metacyclophanes. Photolytic extrusion of sulfur 
from syn-2,ll-dithia-5,7-dicyano-15-methoxy-6,9,18-trimethyl[3.3]metacyclophane (11) has led to the first exam
ples of simple syn-[2.2]metacyclophanes. Using the standard methods of 2,ll-dithia[3.3]metacyclophane formation 
followed by ring contraction with sulfur extrusion we have been able to prepare the triple-layered an£i-[2.2]metacy- 
clophane 1. Oxidation of 1 readily yields the bisdienone 28, demonstrating the role of the central benzene ring in 
such triple-layered anti- [2.2]metacyclophanes as a transmitter of electronic effects.

The molecule shown by structure 3 has been proposed 
as a good model for testing the theoretical prediction that the 
larger [4n + 2]annulenes will lose their aromaticity and simply 
exhibit polyene character. In an accompanying paper,1 we 
have described attempts to synthesize 3 starting either with 
preformed dihydropyrene derivatives or using the standard 
sulfur methods developed for synthesizing dihydropyrenes. 
Unfortunately, 3 does not appear to survive the reaction

l  i

rivative 3. In the present paper we describe our experiences 
in exploring this approach to 3.

The synthesis of 1 requires anti geometry, and so the factors 
affecting the ratio of syn to anti isomers in metacyclophane 
formation were of immediate concern to us. Vogtle, Weider, 
and Forster have described the effect of substituents on the 
syn-anti equilibrium of 2,ll-dithia[3.3]metacyclophanes, 
where conformational flipping is readily possible.3 For ex
ample, the equilibrium between 4 and 5 lies completely on the

conditions required for its generation by these routes. An al
ternate possibility for synthesizing 3 is to employ the quinone 
approach originally used for the preparation of trans-
15,16-dimethyldihydropyrene.2 In this approach the key steps 
are the conversion of a triple-layered anti-[2.2]metacyclo
phane 1 to quinone 2 and this, in turn, to the peropyrene de

side of the syn conformer 4, presumably due to the more fa
vorable charge-transfer interaction possible with the syn ge
ometry. However, reduction of the nitro group in 4 to give the 
amino derivative 6 leads to an equilibration that is completely 
on the side of the anti conformer 7.

With bulky groups such as methyl at the 9 and 18 positions,

0022-3263/78/1943-3470$01.00/0 © 1978 American Chemical Snrietv
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equilibration of the syn and anti isomers of 2,ll-dithia[3.3]- 
metacyclophanes is no longer possible. Thus, for these com
pounds the ratio of syn to anti isomers will be determined by 
their relative rates of formation. Again, however, charge- 
transfer interaction should preferentially lower the energy of 
activation for formation of the syn isomer and so substituents 
should play an important role in influencing the relative 
amounts of syn and anti isomers formed. This is found to be 
true, and the data available from this and other studies are 
summarized in Table I.

As can be seen, the ratio of syn to anti isomers varies widely 
depending upon the substituents present, going from 1:7 for 
the unsubstituted case to 10:1 where one ring has an elec
tron-donating methoxyl and the other ring has electron- 
withdrawing cyano groups. Since for our purposes we required 
both anti geometry and the presence of a methoxyl group in 
one ring and two cyano groups in the other ring, the 10:1 dis
tribution in the coupling reaction was quite discouraging. 
However, this distribution was clearly the result of kinetic 
control and it seemed possible that equilibration under 
thermodynamic control at a later stage might be much more 
favorable for providing the anti isomer.

Our first task then was providing 3,ll-dithia[3.3]metacy- 
clophanes with the appropriate substitution pattern, re
gardless of the relative ratios of syn and anti isomers. The 
coupling reaction of 2,6-bis(mercaptomethyl)-4-methoxy- 
toluene and 2,6-bis(chloromethyl)-3,5-dibromo-l,4-dimeth- 
ylbenzene occurred in 71% yield to give 10, having a syn to anti 
ratio of isomers of 2.5:1.0 as shown in Table I. Unfortunately, 
the replacement of bromide by cyanide in the von Braun re
action proceeded very poorly with 10; the syn isomer of 10 gave 
the syn isomer of 11 in only 5% yield, whereas the anti isomer 
of 10 gave the anti isomer of 11 in 24% yield. To circumvent 
this the cyano precursor 15 for the coupling reaction was 
prepared as outlined in Scheme I.

Although the coupling of 15 with 2,6-bis(mercapto- 
methyl)-4-methoxytoluene then provided a more efficient 
route to 11, the ratio of syn to anti isomers in this coupling 
reaction was 10:1, as shown in Table I. It was important, 
therefore, in selecting a route for ring contraction and expul
sion of sulfur to choose one that might be expected to give 
increased amounts of the anti isomer. The photochemical 
expulsion of sulfur in the presence of trimethyl phosphite is

Scheme I

15

T able I. E ffect o f  Substituents on the Relative Amounts 
o f  Syn and A nti Isom ers Form ed in the Coupling Reaction

substituents syn/anti
compd Ri r 2 r 3 R4 ratio

74 H H H H 1:7
85 H H H n o 2 1:1
91 Br CH3 Br H 1.3:1
1 0 Br c h 3 Br OCH3 2.5:1
1 1 CN c h 3 CN o c h 3 10:1

known to involve an intermediate diradical6-8 and so this was 
the method selected. Irradiation of the syn isomer of 11 in the 
presence of trimethyl phosphite gave the syn-[2.2]metacy- 
clophane 16 in 20% yield and the corresponding anti isomer 
17 in 40% yield.

16_, r = -cm ry, R = -CN
18, R = -CH=0 2J_, R = -CH=0
19, R = -CHjOH 22̂ , R = -CMjOH
20, R = -Cft20CH3 2¿, R = -CHjBr

To our knowledge the isolation of 16 is the first reported 
example of a simple syn- [2.2]metacyclophane.9 Previously, 
we had tried to prepare syn-8,16-dim ethyl [2.2]metacyclo- 
phane by the Raney nickel desulfurization of a syn- 
bis(methylthio)-8,16-dimethyl[2.2]metacyclophane, but the 
product was entirely the anit-8,16-dimethyl[2.2]metacyclo- 
phane.4 Similarly, treatment of [2.2.2](l,3,5)cyclophan-l-ene 
with osmium tetroxide at 0 °C gave entirely the anti-5,13- 
diformyl[2.2]metacyclophane and none of the syn isomer.10 
Intuitively, one would expect the strain energy of syn- [2.2]- 
metacyclophanes to be comparable to that of [2.2]paracyclo- 
phane, and Boyd has shown from heats of combustion that the 
relative strain energies of [2.2]paracyclophane, [2.2]meta- 
paracyclophane, and anii-[2.2] metacyelophane are 32.6, 24.5, 
and 13.5 kcal/mol, respectively.11 However, despite the strong 
driving force for a syn to anti isomerization in the [2.2]meta- 
cyclophane series, this would not be expected to occur spon
taneously, for Gschwend has shown that the energy barrier 
to conformational flipping in anti- [2.2]metacyclophane is 33.2 
kcal/mol,12 and for derivatives having methyl substituents at 
the 8 and 16 positions, the barrier must be very much high
er.

One possible explanation for the stability of 16 could be that 
there is an exceptionally strong charge-transfer interaction 
due to the presence of the two cyano groups. It was of interest, 
therefore, to make a series of derivatives in which the cyano 
groups were replaced by other substituents, including elec
tron-donating groups. This was readily done. Reduction of 16 
with diisobutylaluminum hydride gave the corresponding 
diformyl derivative 18, and sodium borohydride reduction of 
18 gave the diol 19. Treatment of 19 with methanol containing 
a trace of hydrogen chloride immediately gave the corre
sponding methyl ether 20. The syn and anti isomers of [2.2] - 
metacyclophanes are readily distinguished by their NMR 
spectra and all of these transformation products, 18,19, and 
20, are clearly syn isomers and are stable at ambient temper
atures.

Reich and Cram first showed that heating [2.2]paracyclo- 
phanes at 200 °C leads to ring opening and isomerization via 
diradical intermediates.13 If syn- [2.2] metacyclophanes have 
comparable strain energies to those of [2.2]paracyclophanes, 
it would be expected that they might show a similar thermal
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isomerization. This has been found to be true. When a sample 
of the syn isomer 16 was heated above its melting point 
(194-196 °C) in a sealed capillary and held at that tempera
ture for a period of time, the sample recrystallized and, on 
NMR analysis, was found to have undergone a quantitative 
conversion to the anti isomer 17. Similarly, the syn-diformyl 
derivative 18 on being heated at 215 °C was converted quan
titatively to the corresponding anti isomer 21. Thermal 
isomerization of the syn isomers 19 and 20 to their corre
sponding anti isomers was also effected, but was accompanied 
by considerable decomposition. Apparently, the syn geometry 
in the [2.2]metacyclophane series strongly promotes thermal 
carbonium ion formation followed by self-alkylation.

From these data it can be concluded that the influence of 
substituents on the relative ratios of sy n - and a n ti-  [2.2] me- 
tacyclophanes is a result of their effect on reaction rates and 
that thermodynamically anfi-[2.2]metacyclophanes are 
greatly favored over syn-[2.2]metacyclophanes regardless of 
the nature of the substituents. Furthermore, the combination 
of photochemical extrusion of sulfur followed by thermal 
isomerization is a practical, efficient route for converting 
s y n - 2 ,1 1 -dithia[3.3]metacyclophanes completely to a n ti-
[2.2]metacyclophanes.

With the way now clear for preparing the appropriately 
substituted an ti-  [2.2]metacyclophane 17, the overall synthetic 
approach to 1 could be continued. Following the same pro
cedures used with 16, the transformation of 17 to 21 and then 
on to 22 proceeded well and in high yield. Treatment of 22 
with phosphorus tribomide then gave 23. A coupling reaction 
between 23 and 2,6-bis(mercaptoraethyl)-4-methoxytoluene 
gave the dithiacyclophane 24 as a single product in 56% yield 
(Scheme II). The assignment of a staircase geometry to 24 is 
based both on its NMR spectrum, which clearly fits an anti 
isomer, and the assumption that an up-down conformation 
would require prohibitive steric interactions between the in
ternal methyl groups.

In an attempt to effect ring contraction with sulfur extru
sion, a solution of 24 in trimethyl phosphite was irradiated 
using a medium-pressure mercury lamp. A single product was 
isolated in 51% yield having the correct composition and 
molecular weight expected for 1. However, the spectral 
properties of the product were inconsistent with those to be 
expected for a triple-layered anti-[2.2]metacyclophane. Its 
ultraviolet absorption spectrum showed maxima at 211 (t

53 000), 238 (14 500), and 287 nm (3500), but with none of the 
longer wavelength absorptions characteristic of the an ti-
[2.2]metacyclophanes of this series. Its NMR spectrum shows 
the four aromatic protons as an AB pattern at r 3.44 and 3.52 
( J a b  = 3 Hz) instead of the singlet to be expected for 1. Also, 
there is no signal in the region of r 9.5 where the internal 
methyl protons of an an ti-  [2.2]metacyclophane should occur. 
However, these spectral data are in good accord with those 
reported by Kannen, Umemoto, Otsubo, and Misumi for tri
ple-layered [2.2]metaparacyclophanes.14 We have, therefore, 
assigned structure 26 to this product and its formation is 
logically explained as a photochemical isomerization of the 
initially formed 1 going via the benzvalene intermediate 25 
to the final product 26.

Attempts to obtain 1 by using shorter irradiation times with 
24 were unsuccessful. However, when a low-pressure mercury 
lamp was substituted for the medium-pressure lamp, irra
diation of 24 did give 1 in low yield. Apparently, the photo
chemical isomerization of 1 to 26 is wavelength dependent and 
is favored by the longer wavelengths of light emitted by the 
medium-pressure lamp. As expected, the ultraviolet absorp
tion spectrum of 1 had, in addition to maxima at 207 (e 13 000) 
and 259 nm (6600), bands at 310 (1000) and 340 nm (500) as 
is characteristic for the an ti-  [2.2]metacyclophanes in this 
series. Likewise, the four aromatic protons of 1 appear as a 
singlet at r 3.28 and the internal methyl protons as two singlets 
at t 9.38 and 9.41.

Because of the poor yield in the photochemical conversion 
of 24 to 1, an alternate method for this transformation was 
sought. When 24 was subjected to a Wittig rearrangement, a 
mixture of stereoisomers corresponding to 27 was formed in

93% yield. Raney nickel desulfurization of 27 then led to 1 but, 
again, in disappointingly small yield.

An unusual feature of anfi-5,13-dimethoxy-8,16-di- 
methyl[2.2]metacyclophane (29) is its easy oxidation under 
mild conditions to the bisdienone 30.2 Presumably the first 
step in this oxidation is the formation of a radical cation which 
is delocalized over both aromatic rings.15 Of immediate in
terest, then, was whether the central aromatic ring of 1 would 
enter into such a delocalization process and allow the forma
tion of the extended bisdienone 28. In fact, treatment of 1 with 
an acetone solution of chromic acid reagent for a few minutes 
at room temperature effected a complete conversion of 1 to
28. The central benzene ring in triple-layered a n ti-  [2.2] me- 
tacyclophanes having a staircase conformation is clearly a very
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effective transmitter of electronic effects between the benzene 
rings at each end.

In the case of 30, treatment with N -bromosuccinimide led 
smoothly in high yield to the corresponding quinone.2 How
ever, treatment of 28 with /V-bromosuccinimide gave only 
extensive decomposition and none of the desired quinone 2. 
Unfortunately, lack of material precluded exploring other 
possible routes for the conversion of 28 to 2.

Experimental Section16
2 . 6 -  B i s ( m e r c a p t o m e t h y l ) - 4 - m e t h o x y t o l u e n e .  To a stirred so

lution of 1.52 g of thiourea in 59 mL of ethanol was added 3.08 g of
2,6-bis(bromomethyl)-4-methoxytoluene,2'17 and the mixture was 
boiled under reflux for 1 h. After removal of the solvent under reduced 
pressure, a solution of 6.5 g of potassium hydroxide in 25 mL of water 
was added to the residual solid and the resulting mixture was boiled 
under reflux for 3 h. When the solution had cooled, it was acidified 
and extracted with ether. The ether extract was washed with water, 
dried, and concentrated to give 2.05 g (96%) of a clear oil: NMR, a 
singlet at t 3.2 (2 H, ArH), a singlet at 6.20 (3 H, -OCH3), a doublet 
at 6.25 (4 H, J = 7 Hz, ArCH2-), a singlet at 7.65 (3 H, ArCH3), and 
a triplet at 8.35 (2 H, J = 7 Hz, -SH); mass spectrum m/e 214.047 
(calcd for CioHi4OS2: 214.049). Anal. Calcd for CioHi4OS2: C, 56.07; 
H, 6.59. Found: C, 55.93; H, 6.52.

syn- a n d  a n t i - 5 , 7 - D i b r o m o - 6 , 9 , 1 8 - t r i m e t h y l - 1 5 - m e t h o x y -  

2 , l l - d i t h i a [ 3 . 3 ] m e t a c y c l o p h a n e  ( 1 0 ) .  A solution of 2.03 g of 2,6- 
bis(mercaptomethyl)-4-methoxytoluene and 3.42 g of 2,6-dibromo-
5.5- bisfchloromethyU-l^-dimethylbenzene1 in 250 mL of benzene 
was added dropwise with stirring to a boiling solution of 1.6 g of po
tassium hydroxide in 1.0 L of ethanol. When the addition was com
plete (24 h), the solution was concentrated and the residual solid was 
extracted with dichloromethane. Concentration of the dichloro- 
methane extract was followed by chromatography of the residue over 
silica gel using a 1:2 mixture of benzene-petroleum ether (30-60 °C) 
as eluent. The first fraction of eluate gave 2.42 g (51%) of the syn 
isomer of 1 0  as white needles: mp 254-256 °C; NMR, a singlet at r 3.47 
(2 H, ArH), an AB pattern at 6.30 and 5.20 (4 H, J = 15 Hz, ArCH2~), 
a singlet at 6.08 (4 H, ArCH2-), a singlet at 6.27 (3 H, -OCH3), and 
three singlets at 7.42,7.46, and 7.55 (3 H each, -CH 3); mass spectrum 
m/e 502. Anal. Calcd for C2oH22Br2OS2: C, 47.82; H, 4.41. Found: C, 
47.52; H, 4.33.

The second fraction of eluate gave 940 mg (20%) of the anti isomer 
of 1 0  as white crystals: mp 235-237 °C; NMR, a singlet at r 3.05 (2 H, 
ArH), an AB pattern at 6.37 and 6.27 (4 H, J = 14 Hz, ArCH2-), an 
AB at 6.21 and 6.07 (4 H, J  = 14 Hz, ArCH2-), a singlet at 6.17 (3 H, 
-OCH3), and singlets at 6.32, 8.58, and 8.68 (3 H each, -CH 3); mass 
spectrum m/e 502. Anal. Calcd for C2oH22Br2OS2: C, 47.82; H, 4.41. 
Found: C, 47.59; H, 4.47.

2 . 6 -  D i b r o m o - 3 , 5 - b i s ( m e t h o x y m e t h y l ) - l , 4 - d i m e t h y l b e n z e n e

( 1 3 )  . A solution of 27.0 g of sodium methoxide in 200 mL of methanol 
was added dropwise with stirring to a solution of 68.6 g of 1 2  in 450 
mL of dry benzene. When the addition was complete, the resulting 
solution was boiled under reflux for 11 h. After removal of the inor
ganic precipitate by filtration, the filtrate was washed with water and 
concentrated to give 66.1 g (98%) of a colorless solid, mp 122-123 °C. 
A sample recrystallized from methanol gave soft needles: mp
122.5- 123.5 °C; NMR, a singlet at r 5.28 (4 H, ArCH2-), a singlet at
6.58 (6 H, -OCH3), and singlets at 7.31 and 7.48 (3 H each, -CH 3). 
Anal. Calcd for Ci2H16Br20 2: C, 40.94; H, 4.58. Found: C, 40.65; H,
4.48.

2 . 6 -  D i c y a n o - 3 , 5 - b i s ( m e t h o x y m e t h y l ) - l , 4 - d i m e t h y l b e n z e n e

(14) . To a solution of 66.0 g of 13 in 200 mL of N-methylpyrrolidone 
was added 50.4 g of cuprous cyanide and the mixture was heated at 
170 °C for 66 h. It was then poured into a cold solution of 300 mL of 
concentrated ammonium hydroxide and 300 mL of water. The gray 
precipitate was collected by filtration, washed with water, and dried. 
It was then taken up in dichloromethane and chromatographed over 
silica gel to give 27.5 g (60%) of colorless crystals. A sample recrys
tallized from 2-propanol gave white crystals: mp 116-117 °C; NMR, 
a singlet at r 5.28 (4 H, ArCH2-), a singlet at 6.53 (6 H, -OCH3), and 
singlets at 7.21 and 7.51 (3 H each, -CH 3). Anal. Calcd for 
Ci4Hi6N20 2: C, 68.38; H, 6.60. Found: C, 68.64; H, 6.39.

2.6- Dicyano-3,5-bis(bromomethyl)-l,4-dimethylbenzene (15). 
A solution of 10.0 g of 14 in 30 g of a 30% solution of hydrogen bromide 
in acetic acid was stirred at room temperature for 48 h. It was then 
poured into 200 mL of ice water and extracted with dichloromethane. 
After the dichloromethane extract had been washed with water, it was 
dried and concentrated. The residual solid was taken up in a 2:1 di- 
chloromethane-hexane mixture and chromatographed over silica gel

to give 8.12 g (52%) of white crystals: mp 168-170 °C; NMR, a singlet 
at t  5.39 (4 H, ArCH^), and singlets at 7.22 and 7.49 (3 H each, -CH3); 
mass spectrum m/e 341.919 (calcd for Ci2HioBr2N2: 341.919). Anal. 
Calcd for C12H10Br2N2: C, 42.11; H, 2.92. Found: C, 42.01; H, 2.73.

syn- a n d  anti-5,7 - D i c y a n o - 6 , 9 , 1 8 - t r i m e t h y l - 1 5 - m e t h o x y -  

2 , l l - d i t h i a [ 3 . 3 ] m e t a c y c l o p h a n e  ( 1 1 ) .  A solution of 17.75 g of 1 5  and 
11.10 g of 2,6-bis(mercaptomethyl)-4-methoxytoluene in 1 L of ben
zene was added dropwise with stirring to a solution of 8.55 g of po
tassium hydroxide in 6 L of ethanol boiling under reflux. When the 
addition was complete (5.5 days), the solution was concentrated and 
the residual semisolid was extracted with hot chloroform. The chlo
roform extract was concentrated and the residue was chromato
graphed over silica gel using benzene as eluent.

The first fraction of eluate gave 4.63 g (23%) of the syn isomer of 
11 as colorless crystals: mp 276-277 °C; NMR, a singlet at r 3.56 (2 
H, ArH), an AB pattern at 5.39 and 6.17 (4 H, J = 16 Hz, ArCH2-), 
a singlet at 6.04 (4 H, ArCH2-), a singlet at 6.22 (3 H, -OCH3), and 
singlets at 7.37, 7.42, and 7.55 (3 H each, -CH 3); mass spectrum m/e 
394.116 (calcd for C22H22N2OS2: 394.116). When a sample of the syn 
isomer of 1 0  was subjected to the von Braun reaction, as described for 
the preparation of 1 4 ,  the product, formed in only 5% yield, was 
identical in all respects with this specimen. Anal. Calcd for 
C22H22N2OS2: C, 66.99; H, 5.62. Found: C, 67.25; H, 5.55.

The second fraction of eluate gave 505 mg (2%) of the anti isomer 
of 11 as colorless crystals: mp 291-292 °C; NMR, a singlet at t 3.09 
(2 H, ArH), a multiplet at 5.92-6.38 (8 H, ArCH2-), a singlet at 6.16 
(3 H, -OCH3), and singlets at 7.55, 8.56, and 8.68 (3 H each, -CH 3); 
mass spectrum m/c 394.119 (calcd for C22H22N2OS2: 394.116). When 
a sample of the anti isomer of 1 0  was subjected to the von Braun re
action, as described for the preparation of 14, the product, formed in 
24% yield, was identical in all respects with this specimen. Anal. Calcd 
for C22H22N2OS2: C, 66.99; H, 5.62. Found: 66.91; H, 5.57.

P h o t o c h e m i c a l  E x t r u s i o n  o f  S u l f u r  t o  Give syn- a n d  anti-
4 , 6 - D i c y a n o - 5 , 8 , 1 6 - t r i m e t h y l - 1 3 - m e t h o x y [ 2 . 2 ] m e t a c y c l o p h a n e  

( 1 6  a n d  1 7 ) .  A suspension of 1.79 g of the syn isomer of 1 1  in 100 mL 
of trimethyl phosphite was irradiated with a 450-W medium-pressure 
Hanovia lamp for 46 h. The homogeneous solution was then poured 
onto 200 g of crushed ice and stirred at room temperature for 2 h. The 
solid, which had precipitated, was collected by filtration, washed with 
water, and extracted with dichloromethane. The dichloromethane 
extract was washed with water, dried, and concentrated to give 3 g of 
a clear oil. This was chromatographed over silica gel using dichloro
methane as eluent.

The product from the first fraction of eluate was recrystallized from 
a mixture of dichloromethane-petroleum ether (30-60 °C) to give 510 
mg (33%) of the anti isomer 17 as colorless crystals: mp 291-292 °C; 
NMR, a singlet at r 3.24 (2 H, ArH), a singlet at 6.21 (3 H, -OCH3), 
multiplets at 6.90-7.36 and 6.36-6.56 (8 H, ArCH2-), and singlets at
7.31, 9.21, and 9.41 (3 H each, -CH 3); UV (tetrahydrofuran), maxima 
at 218 (t 49 000), 245 (20 000), and 338 nm (1200);mass spectrum m/e 
330.172 (calcd for C24H22N20: 330.173), 315, and 300. Anal. Calcd for 
C22H22N20 : C, 79.97; H, 6.71. Found: C, 79.80; H, 6.62.

The product from the second fraction of eluate was recrvstallized 
from ether to give 247 mg (17%) of the syn isomer 16 as colorless 
crystals: mp 194r-196 °C; NMR, a singlet at r 3.90 (2 H, ArH), a singlet 
at 6.36 (3 H, -OCH3), a multiplet at 6.46-7.08 (8 H, ArCH2-), and 
singlets at 7.63,7.78, and 7.90 (3 H each, -CH3); UV (tetrahydrofuran), 
maxima at 232 (t 37 000), 292 (2700), and 346 nm (520); mass spectrum 
m/e 330, 315, and 300. Anal. Calcd for C22H22N20: C, 79.97; H, 6.71; 
N, 8.48. Found: C, 79.75; H, 6.57; N, 8.24.

A sample of the syn isomer 1 6  was sealed under vacuum in a capil
lary tube and heated just above its melting point for 5 h. At the end 
of this time 1 6  was completely converted to the anti isomer 1 7 ,  iden
tical in all respects with the sample obtained above.

anti-i, 6 - D i f o r m y l - 5 , 8 , 1 6 - t r i m e t h y l - 1 3 - m e t h o x y [ 2 . 2 ] m e t a c y -  

c l o p h a n e  ( 2 1 ) .  To a solution of 746 mg of 1 7  in 22 mL of dry benzene 
was added at room temperature 4.8 mL of a 20% solution of diiso- 
butylaluminum hydride in benzene. After the solution had stood at 
room temperature for 2 h, additions were made successively with 
stirring of 3.5 mL of methanol, 3.5 mL of water, and 10 mL of aqueous 
10% hydrochloric acid. The organic layer was extracted with benzene, 
washed with water, dried, and concentrated. The residual solid was 
recrystallized from a benzene-hexane mixture to give 744 mg (98%) 
of pale yellow prisms: mp 191-192 °C; NMR, a singlet at r — 0.75 (2 
H, ArCHO), a singlet at 3.35 (2 H, ArH), a singlet at 6.22 (3 H, 
-OCH3), multiplets at 6.21-6.32 and 6.86-7.60 (8 H, ArCH2-), and 
singlets at 7.32,9.24, and 9.42 (3 H each, -CH3); UV (tetrahydrofuran), 
maxima at 217 (e 38 000), 253 (2600), and 352 nm (1700); mass spec
trum m/e 336. Anal. Calcd for C22H240 3: C, 78.54; H, 7.19. Found: C, 
78.49; H, 7.16.

syij-4,6-Diformyl-5,8,16-trimethyl-13-methoxy[2.2]metacy-
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c l o p h a n e  ( 1 8 ) .  A 405-mg sample of 1 6  was reduced with diisobut- 
ylaluminum hydride following the same procedure described above 
for preparing 2 1 .  Chromatography of the product over silica gel using 
dichloromethane as eluent gave 243 mg (59%) of yellow needles: mp 
208-210 °C (sealed capillary); NMR, a singlet at t -0.38 (2 H, ArCE), 
a singlet at 4.15 (2 H, ArH), two multiplets at 6.14-6.75 and 7.04-7.30 
(8 H, ArCH2-), a singlet at 6.48 (3 H. -OCH3), and singlets at 7.57, 
7.50, and 7.90 (3 H each, -CH 3); UV (cyclohexane), maxima at 212 (t 
25 000), 240 (16 000), and 360 nm (440); mass spectrum m/e 336.174 
(calcd for C22H240 3: 336.173), 321, and 306.

A sample of the syn isomer 18, sealed under vacuum in a capillary 
tube, was heated at 215 °C for 5 h. When the tube was cooled, the 
contents was shown to be completely identical with the anti isomer 
21.

a n  t i - 4 , 6 - B i s ( h y d r o x y m e t h y l ) - 5 , 8 , 1 6 - t r i m e t h y l -  1 3 - m e t h o x y -

[ 2 . 2 ]  m e t a c y c l o p h a n e  ( 2 2 ) .  To a stirred solution of 879 mg of 2 1  in 
22 mL of a 2:1 mixture of tetrahydrofuran-2-propanol was added 65 
mg of sodium borohydride. After the mixture had been stirred at room 
temperature for 3.5 h, 10 mL of aqueous 5% hydrochloric acid was 
added. The organic layer was extracted with chloroform, washed with 
water, dried, and concentrated to give 889 mg (100%) of white needles: 
mp 227-230 °C; NMR (Me2SO-d6), a singlet at t 3.16 (2 H, ArH), a 
singlet at 5.25 (4 H, -CH 2OH), a singlet at 6.20 (3 H, -OCH3), two 
multiplets at 6.4-6.7 and 7.0-7.8 (8 H, ArCH2-), and singlets at 7.57,
9.29, and 9.50 (3 H each, -C H 3); mass spectrum m/e 340.201 (calcd 
for C22H280 3: 340.204). Anal. Calcd for C22H2803: C, 77.61; H, 8.29. 
Found: C, 77.47; H, 8.01.

s y n - 4 , 6 - B i s ( h y d r o x y m e t h y l )  - 5 , 8 , 1 6 - t r i m e t h y l - 1 3 - m e t h o x y -  

[ 2 . 2 j m e t a c y c l o p h a n e  ( 1 9 )  a n d  s y n - 4 , 6 - B i s ( t n e t h o x y m e t h y l ) -

5 , 8 , 1 6 - t r i m e t h y l - 1 3 - m e t h o x y [ 2 . 2 ] m e t a c y c l o p h a n e  ( 2 0 ) .  A 122-ir_g 
sample of 1 8  was reduced with sodium borohydride as described for 
the preparation of 2 2 .  After crystallization from methanol, there was 
isolated 117 mg (95%) of white crystals: mp 172-173 °C (sealed cap
illary); NMR, singlets at r 4.20 (2 H, ArH), 5.48 (4 H, ArCH2OH), and
6.48 (3 H, -OCH3), two multiplets at 6.50-6.75 and 7.14-7.36 (8 H, 
ArCH2-), and singlets at 7.82 and 7.84 (9 H, -CH 3); UV (tetrahv- 
drofuran), maxima at 275 (e 2500) and 297 nm (1400); mass spectrum 
m/e 340.

When a sample of 19 was heated at 200 °C, the NMR spectrum of 
the starting material was quickly replaced by that of 22, but the 
thermal isomerization was accompanied by decomposition. Anal. 
Calcd for C22H280 3: C, 77.61; H, 8.29. Found: C, 77.07; H. 8.19.

A 110-mg sample of 1 9  in 5 mL of methanol was treated with one 
drop of concentrated hydrochloric acid. It was then poured into an 
aqueous solution of sodium bicarbonate and extracted with dichlo
romethane. After concentration, the residual oil was chromatographed 
over silica gel using chloroform as eluent. The main fraction of eluate 
gave 20 as a colorless oil: NMR, singlets at r 4.20 (2 H, ArH), 5.77 (4 
H, ArCH2OCH3), 6.48 (3 H, -OCH3), and 6.61 (6 H, -OCH3), two 
multiplets at 6.6- 6.8 and 7.2-7.4 (8 H, ArCH2-), and singlets at 7.81,
7.86, and 7.94 (9 H, -CH 3); mass spectrum m/e 368.236 (calcd fcr 
C24H320 3: 368.235).

A sample of 20 heated above 200 °C quickly had its NMR spectrum 
replaced by a new one, apparently corresponding to the anti isomer 
of 20, but considerable decomposition occurred.

anti-4,6-Bis(bromomethyl)-5,8,16-trimethyl-13-methoxy-
[ 2 . 2 ]  m e t a c y c l o p h a n e  ( 2 3 ) .  To a stirred suspension of 720 mg of 2 2  

in 22 mL of dry benzene there was added with stirring 0.25 mL of 
phosphorus tribromide. After the solution had stood at room tem
perature for 1 h, it was poured into 5C mL of water and the organic 
layer was extracted with benzene. The benzene extract was washed 
successively with water, aqueous bicarbonate, and water before it was 
dried and concentrated. The residual oil was chromatographed over 
silica gel using dichloromethane as eluent. The product from the main 
fraction of eluate was recrystallized from a 1:4 mixture of benzene- 
hexane to give 423 mg (41%) of white prisms: mp 160-163 °C; NMR, 
singlets at r 3.25 (2 H, ArH), 5.25 (4 H, -CH 2Br), and 6.21 (3 H, -  
OCH3), two multiplets at 6.55-6,78 and 6.92-7.48 (8 H, ArCH2), and 
singlets at 7.58,9.33, and 9.47 (3 H each, -CH 3); mass spectrum m/e 
466.035 (calcd for C22H26OBr2: 466.033). Compound 2 3  is unstable 
to oxygen and light, but can be stored in the dark under nitrogen.

42-Methy]-45-methoxy-4[l,3],83>6-dimethyl-8u[l,5,2,4],ll2- 
methyl-ll5-methoxy-llu[l,3]-tribenzospiro[7.5]-2,6-dithiatri- 
decaphane18 (24). A solution of 76 mg of 23 and 35 mg of 2,6- 
bis(mercaptomethyl)-4-methoxytoluene in 60 mL of benzene was 
added dropwise with stirring to a solution of 35 mg of potassium hy
droxide in 125 mL of ethanol. When the addition was complete (9 h), 
the mixture was concentrated and the residue was extracted with 
dichloromethane. After the dichloromethane extract had been washed 
with water, dried, and concentrated, the residual solid was chroma
tographed over silica gel using dichloromethane as eluent. The

product from the main fraction of eluate was recrystallized from a 
benzene-hexane mixture to give 47 mg (56%) of colorless crystals: mp 
254-257 °C; NMR, singlets at r 3.06 (2 H, ArH), 3.48 (2 H, ArH), 6.18 
(3 H, -OCH3), and 6.21 (3 H, -OCH3), multiplets at 6.04-6.25 and
6.30-6.42 (8 H, ArCH2-) and multiplets at 6.48-6.75 and 7.04-7,48 
(8 H, ArCH2-), and singlets at 8.74, 8.77, 9.24, and 9.58 (3 H each, 
-C H 3);UV'(tetrahydrofuran), maxima at 207/c 41 000), 247/25 000), 
303 (3320), and 327 nm (640); mass spectrum m/e 518.229 (calcd for 
C32H380 2S2: 518.231).

32-Methyl-35-methoxy-3[l,3],63’6-dimethyl-6u[l,5,2,4],92-me- 
thyl-95-methoxy-9u[l,3]-tribenzospiro[5.5]undecaphane18 (26).
A suspension of 118 mg of 2 4  in 100 mL of trimethyl phosphite was 
irradiated for 27 h using a 450-W medium-pressure Hanovia lamp. 
The solution was then poured onto 200 g of crushed ice and stirred 
at room temperature for 2 h. The organic matter was extracted with 
dichloromethane, washed with water, dried, and concentrated. The 
residual oil was then chromatographed over silica gel using dichlo
romethane as eluent. The main fraction of eluate gave 53 mg (51%) 
of a colorless oil: NMR, an AB pattern at r 3.44 and 3.52 (4 H, J  = 3 
Hz, ArH), a singlet at 6.21 (6 H, -OCH3), two multiplets at 6.64-7.56 
and 7.80-8.62 (16 H, ArCH^), and singlets at 8.04 and 9.94 (6 H each, 
-CH 3); UV (tetrahydrofuran), maxima at 211 (e 53 000), 238 (14 500), 
and 287 nm (35001; mass spectrum m/e 454, 439,424,409, 394, and 
379. Anal. Mol wt calcd for C32H380 2: 454.287. Found (high-resolution 
mass spectrum): 454.285.

3 2 - M e t h y l - 3 5 - m e t h o x y - 3 [ l , 3 ] , 6 3 ’6- d m e t h y l - 6 u [ l , 5 , 2 , 4 ] , 9 2 - m e -  

t h y l - 9 5 - m e t h o x y - 9 u [ l , 3 ] - t r i b e n z o s p i r o [ 5 . 5 ] u n d e c a p h a n e 18  ( 1 ) .

A .  V i a  t h e  W i t t i g  R e a r r a n g e m e n t  o f  2 4  t o  2 7  a n d  D e s u l f u r i z a 

t i o n .  To a stirred solution of 42 mg of 2 4  in 3 mL of dry tetrahydro
furan was added 0.125 mL of a 1.5 M solution of n-butyllithium in 
hexane at room temperature. After the solution had been stirred for 
10 min, 0.2 mL of methyl iodide was added. The mixture was then 
poured into 10 mL of water and extracted with dichloromethane. After 
the dichloromethane extract had been washed with water, dried, and 
concentrated, it gave 41 mg (93%) of a mixture of isomers of 2 7  as a 
yellow oil: NMR, a singlet at r 3.28 (4 H, ArH), multiplets at 5.96-6.44 
and 7.00-7.80 (14 H, ArCH< and ArCH2-), a singlet at 7.85 (6 H, 
-SCH3), and four singlets at 9.00-9.55 (3 H each, -CH 3); mass spec
trum m/e 546 and 499.

To a solution of 41 mg of 27 in 10 mL of a 1:1 absolute ethanol- 
benzene mixture was added a spatula of commercial Raney nickel and 
the mixture was boiled under reflux for 11 h. The catalyst was re
moved by filtration and washed with dichloromethane. The combined 
dichloromethane washings were concentrated and the solid residue 
was purified by preparative thin-layer chromatography using benzene 
as eluent. The band at Rf 0.5 gave 2.6 mg of 1 as colorless crystals: 
NMR, a singlet at t 3.28 (4 H, ArH), a singlet at 6.22 (6 H, -OCH3), 
multiplets at 6.50-8.70 and 7.00-7.40 (16 H, ArCH2), and two singlets 
at 9.38 and 9.41 (6 H each, -CH 3); UV (tetrahydrofuran), maxima at 
207 (t 13 000), 259 (6600), 310 (1000), and 340 nm (500); mass spec
trum, m/e 454,439,424,409,394,379, and 364. Anal. Mol wt calcd for 
C32H380 2: 454.287. Found (high-resolution mass spectrum): 
454.289.

B .  V i a  I r r a d i a t i o n  o f  2 4 .  A suspension of 21 mg of 2 4  in 0.5 mL of 
trimethyl phosphite in a 5-mm quartz tube was irradiated using a 
low-pressure Rayonet mercury resonance lamp for 2 days. The solu
tion was then poured into water, stirred at room temperature for 2 h, 
and extracted with dichloromethane. After the dichloromethane 
extract had been washed with water, it was dried and concentrated. 
Preparative thin-layer chromatography over silica gel using dichlo
romethane as eluent gave a band at Rf 0.6 which yielded 2 mg (11%) 
of a colorless solid, whose spectral properties agreed in all respects 
with the specimen obtained in A.

O x i d a t i o n  o f  1 t o  G i v e  t h e  B i s d i e n o n e  28. To a stirred suspension 
of 4 mg of 1 in 0.5 mL of acetone was added 0.01 mL of a prepared 
chromic acid reagent.2 After the deep green solution had been stirred 
at room temperature for 5 min, 2 mL of water and 2 mL of dichloro
methane were added. The aqueous layer was separated and extracted 
with dichloromethane. The combined dichloromethane extract and 
organic layer was washed successively with aqueous bicarbonate so
lution and water. The dichloromethane solution was then dried and 
concentrated to give 3.4 mg (92%) of a yellow oil: NMR, a singlet at 
r 3.75 (4 H, C (= 0 )C H = C < ), a broad multiplet at 6.90-7.70 (18 H, 
-CH 2-) , and two singlets at 8.81 and 8.83 (6 H each, -C H 3); UV (tet
rahydrofuran), maxima at 223 (r 22 000), 277 (23 000), 332 (1800), and 
355 nm (1400); mass spectrum m/e 424,409, 394,379, and 364. Anal. 
Mol wt calcd for C3oH320 2: 424.240. Found (high-resolution mass 
spectrum): 424.236.
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The synthesis of cis-15,16-dimethyldihydropyrene derivatives has been reexamined and 2-nitro-cis-15,16-di- 
methyldihydropyrene (8) has been prepared both by nitration of cis-15,16-dimethyldihydropyrene (2) and by inde
pendent synthesis. Acetylation of a's-15,16-dimethyldihydropyrene gives both the 1- and 2-acetyl derivatives (10 
and 11) in a ratio of 2:1. In contrast to the trans series, cis-15,16-dimethyldihydropyrene (2) readily reacts with oxy
gen to give a nonaromatic diepoxide.

The development of the dithiacyclophane-sulfur extru
sion route for the synthesis of irans-15,16-dimethyldihy- 
dropyrene (1) made possible the concomitant synthesis of 
Cfs-15,16-dimethyldihydropyrene (2), albeit in poor yield.1 
For purposes of comparing the chemical properties of the cis-

i  2 3

and irans-15,16-dimethyldihydropyrenes, as well as making 
a comparison of the physical and chemical properties of 2 with 
l,6:8,13-ethanediylidene[14)annulene (3),2-3 where both types 
of molecules have the same saucer-shaped geometry but dif
ferent perimeter contours, we needed additional quantities 
of cis-15,16-dimethyldihydropyrene.

The difficulty in the previous synthesis was the coupling 
reaction of 4a and 5 which, although it proceeds in about 75% 
overall yield, gives the syn and anti isomers of 9,18-di- 
methyl-2,ll-dithia[3.3]metacyclophane (6a and 7a) in a ratio 
of about l :? .1 For the synthesis of 2 only the syn isomer is 
useful and so the unfavorable syn to anti isomer distribution 
in the coupling reaction is a severe disadvantage. Subse
quently, it was found that substituents present in 4 or 5 affect 
the ratio of syn to anti isomers formed and the role of sub
stituents in such coupling reactions is discussed in an ac

companying paper.5 On the assumption that the presence of 
a nitro group, as in 4b, would improve the syn to anti isomer 
ratio and that the nitro group could be removed as a final step, 
we undertook the synthesis of 2-nitro-cts-15,16-dimethyl- 
dihydropyrene (8), as shown in Scheme I.

To obtain the requisite 2,6-bis(bromomethyl)-4-nitrotol- 
uene (4b), 2-methylisophthalaldehyde was nitrated and then 
converted by standard procedures to 4b. The coupling reac
tion of 4b ar.d 5 proceeded in 47% overall yield, giving a mix
ture whose NMR spectrum showed the ratio of syn to anti 
isomers (6b /7b) to be 1:1. Since the Stevens rearrangement

Scheme I

0022-3263/78/1943-3475$01.00/0 © 1978 American Chemical Society
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of syn-2,ll-dithia[3.3]metacyclophanes gives mixtures of both 
the syn and anti isomers of the corresponding [2.2]metacv- 
clophanes,1 separation was not attempted at this stage but, 
instead, the mixture was carried through the complete se
quence of Stevens rearrangement, oxidation of the product 
to the corresponding disulfoxide, and pyrolysis of this to give 
the cis and trans isomers of 2-nitro-15,16-dimethyldihydro- 
pyrene (8 and 9).

Although 8 and 9 could readily be separated and charac
terized, they were obtained in exceedingly poor yield and this 
is not a useful route for preparing cis-15,16-dihydropyrenes. 
In order to obtain samples of 2 for study, we then repeated the 
original synthesis.1 As expected, nitration of 2 proceeded 
smoothly in 88% yield to give 8, identical in all respects with 
the specimen obtained previously by independent synthe
sis.

However, in contrast to trans-15,16-dimethyldihydro- 
pyrene, which undergoes initial electrophilic substitution only 
at the 2 position,6 cis-15,16-dimethyldihydropyrene (2) reacts 
with acetic anhydride in the presence of boron trifluoride 
etherate to give a mixture of the 1-acetyl and 2-acetyl deriv
atives 10 and 11 in a ratio of 2:1. The correct assignment of 
structure in each case was readily apparent from its NMR 
spectrum.

Also, in contrast to t ru n s -15,16-di melhyld ihyd ropyrene, 
the cis isomer 2 slowly reacts with air, and to be preserved it 
must be stored in the dark under vacuum. Since the reaction 
of 2 with oxygen is promoted by light, it seemed probable that 
singlet oxygen was involved. When a solution of 2 in chloro
form containing methylene blue was irradiated with an ordi
nary tungsten lamp in the presence of oxygen, conversion of 
2 to a new product containing two oxygen atoms was complete 
in 180 s. The composition, molecular weight, and spectra of 
this new oxygenated product, formed in essentially quanti
tative yield, are in full accord with its assignment of structure
13. This is also a logical result. Attack on 2 by singlet oxygen 
would be expected to give 12 which, in turn, by thermal rear
rangement would lead to 13.

The ultraviolet absorption spectrum of 13 has a long 
wavelength band at 333 nm (c 7750), as would be expected for 
such a conjugated tetraene.7 In the NMR spectrum of 13 the 
symmetry of the molecule is evidenced by the fact that the 
protons of the internal methyl groups appear as a singlet (r
8.61) as do the vinyl protons at the 4 and 5 positions and at the 
9 and 10 positions (r 3.56 and 4.09). The protons at the 1 and 
8 positions appear as a doublet of doublets at r 6.53, in good 
analogy to other examples of cyclic vinyl epoxides.8

Under the same reaction conditions used for the conversion 
of 2 to 13, trans-11>, 16-dimethyldihydropyrene (1) remains

unchanged. Apparently, the internal methyl groups of 1 pro
vide sufficient steric hindrance that reaction with singlet 
oxygen does not occur. In the case of the cis isomer 2 approach 
of singlet oxygen from the side anti to the methyl groups is free 
of steric hindrance.

E x p erim en ta l S e c tio n 9

2 , 6 - B i s ( b r o m o m e t h y l ) - 4 - n i t r o t o l u e n e  ( 4 b ) .  A .  2 - M e t h y l - 5 -  

n i t r o i s o p h t h a l a l d e h y d e .  A solution of 4.82 g of 2-methyliso- 
phthalaldehyde1 in 29 mL of concentrated sulfuric acid was added 
dropwise with stirring to a solution of 17.3 g of ammonium sulfate and
5.8 mL of 90% nitric acid in 28 mL of concentrated sulfuric acid held 
at 0 °C. When the addition was complete, the mixture was stirred for 
an additional 3.5 h and then was poured onto 250 g of ice. After the 
mixture had warmed to room temperature, the precipitate was col
lected by filtration, washed with water, and dried. This gave 5.63 g 
(90%) of a cream-colored solid, mp 98-100 °C. A sample, after rec
rystallization from a dichloromethane-hexane mixture, gave crystals: 
mp 101-101.5 °C; NMR, singlets at r —0.50 (2 H, -CHO), 1.15 (2 H, 
ArH), and 6.95 (3 H, -CH 3). Anal. Calcd for C9H7N 04: C, 55.96; H, 
3.65; N, 7.25. Found: C, 55.72; H, 3.69; N, 7.62.

B .  2 , f i - B i s ( h y d r o x y m e t h y l ) - 4 - n i t r o t o l u e n e .  A solution of 170 
mg of 2-methyl-5-nitroisophthalaldehyde in 5 mL of tetrahydrofuran 
was added with stirring to a suspension of 75 mg of sodium borohy- 
dride in 10 mL of tetrahydrofuran. After the resulting mixture had 
been stirred at room temperature for 6 h, it was decomposed by ad
dition of 3 mL of dilute hydrochloric acid followed by 5 mL of brine. 
The organic layer was extracted with ether, washed with water, dried, 
and concentrated. The residual solid was recrystallized from 2-pro
panol to give 87 mg (50%) of pale yellow crystals: mp 140-142 °C; 
NMR, singlets at r 1.73 (2 H, ArH), 5.17 (4 H, -C H 2OH), and 7.64 (3 
H, -CH3); mass spectrum m/e 197.070 (calcd for C9H11NO4: 197.069). 
Anal. Calcd for C9H11NO4: C, 54.82; H, 5.62; N, 7.10. Found: C, 54.75; 
H, 5.82; N, 6.96.

C .  2 , 6 - B i s ( b r o m o m e t h y l ) - 4 - n i t r o t o l u e n e .  A solution of 2.61 g 
of 2,6-bis(hydroxymethyl)-4-nitrotoluene in 15 g of a 30% solution 
of hydrogen bromide in acetic acid was stirred at room temperature 
for 16 h. The suspension was diluted with water and the precipitate 
was collected by filtration. The resulting dry solid was chromato
graphed over silica gel using a 1:1 mixture of benzene-hexane as el
uent. The main fraction of eluate gave 1.91 g (45%) of colorless crys
tals: mp 154-155 °C; NMR, singlets at r 1.80 (2 H, ArH), 5.44 (4 H, 
-CH2Br), and 7.47 (3 H, -CH3); mass spectrum m/e 325,323, and 321. 
Anal. Calcd for C9H9N 0 2Br2: C, 33.44; H, 2.79. Found: C, 33.25; H,
3.01.

C o u p l i n g  o f  4 b  a n d  5  t o  G i v e  t h e  S y n  a n d  A n t i  I s o m e r s  6 b  a n d

7 b .  A solution of 2.92 g of 2,6-bis(mercaptomethyl)toluene1 and 5.14 
g of 2,6-bis(bromomethyl)-4-nitrotoluene ( 4 b )  in 750 mL of benzene 
was added dropwise with stirring to a boiling solution of 2.7 g of po
tassium hydroxide in 3 L of ethanol. When the addition was complete 
(5 days), the solution was concentrated and the residual solid was 
extracted with dichloromethane. After the dichloromethane extract 
had been washed with water and dried, it was concentrated and the 
residual solid was chromatographed over silica gel using a 1:1 mixture 
of dichloromethane-petroleum ether (30-60 °C) as eluent. The main 
fraction of eluate gave 2.55 g (4 7 % )  of a colorless solid melting over 
a broad range. The NMR spectrum of the mixture showed the signals 
of the syn and anti isomers ( 6 b  and 7 b )  sufficiently separated so that 
the spectrum of each could be individually analyzed. The syn isomer 
6 b  showed a singlet at r 2.50 (2 H, ArH), a singlet at 3.35 (3 H, ArH), 
a doublet at 5.97 (4H ,J  = 15 Hz, ArCH2-), a doublet at 6.09 (4 H, J 
= 15 Hz, ArCH2), and singlets at 6.36 and 7.48 (3 H each, CH3-). The 
anti isomer 7 b  showed a singlet at r 1.81 (2 H, ArH), a multiplet at 
2.62-2.90 (3 H, ArH), a singlet at 6.28 (8 H, ArCH2~), and singlets at
8.59 and 8.71 (3 H each, -CH 3). The integration values indicated the 
syn to anti isomer ratio to be 1:1. The mass spectrum of the mixture 
showed m/e 313.115 (calcd for CrsHigNC^Ss: 313.114).

2 - N i t r o - c i s - 1 5 , 1 6 - d i m e t h y l d i h y d r o p y r e n e  ( 8 )  a n d  2 - N i t r o -  

t r a n s - 1 5 , 1 6 - d i m e t h y l d i h y d r o p y r e n e  ( 9 ) .  A .  S t e v e n s  R e a r 

r a n g e m e n t  o f  6 b  a n d  7 b .  A solution of 2.55 g of the 1:1 mixture of 6 b  

and 7 b  in 74 mL of dichloromethane was added dropwise with stirring 
to a suspension of 3.20 g of dimethoxycarbonium fluoroborate10 in 
10 mL of dry dichloromethane held at —20 °C under a nitrogen at
mosphere. After the mixture had been stirred for 5 h, 40 mL of methyl 
formate was added with stirring and the precipitate was collected by 
filtration. This gave 3.75 g (92%) of the bis(sulfonium fluoroborate) 
as a tan solid, mp 220 °C dec. The bis(sulfonium fluoroborate) was 
added in one portion with stirring to a suspension of 500 mg of sodium 
hydride in 300 mL of tetrahydrofuran. After the mixture had been 
stirred at room temperature for 9 h, it was decomposed by the addition
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of water and aqueous hydrochloric acid. The organic layer was ex
tracted with ether, washed with water, dried, and concentrated. 
Chromatography of the residue over silica gel using a 1:1 mixture of 
dichloromethane-petroleum ether (30-60 °C) as eluent gave 2.4 g 
(93%) of a yellow oil. The NMR spectrum of the oil was complicated, 
but appropriate for the expected mixture of isomers. The protons for 
the internal methyl groups of the tmi(-[2.2]metacyclophane isomers 
appeared in the region of r 8.96-9.42, whereas the corresponding 
methyl protons of the syn isomers appeared in the region of r 7.2-7.6. 
The comparative integration values for these areas indicated the ratio 
of syn to anti isomers to be 1:3. Since attempts to separate the indi
vidual isomers were not fruitful, the mixture was employed directly 
in the next step.

B. Oxidation of the Stevens Rearrangement Product. To a
solution of 110 mg of the mixture of isomers from the Stevens rear
rangement in 10 mL of dichloromethane was added 125 mg of m- 
chloroperbenzoic acid and the mixture was stirred at room temper
ature for 16 h. The solution was then decanted from the solid, washed 
with water, dried, and concentrated. The residual oil was again taken 
up in dichloromethane, washed with aqueous base followed by water, 
dried, and concentrated. This gave 124 mg (100%) of a pale yellow oil. 
The complicated NMR spectrum of the oil showed the protons of the 
internal methyl groups of the anti isomers at t 9.0-9.4 and those of 
the syn isomers at r 7.5-8.0, with the integration values for these re
gions indicating again a ratio of syn to anti isomers of 1:3.

C. Pyrolysis of the Disulfoxide Mixture. The pyrolysis was 
conducted in the normal apparatus used for sulfone pyrolyses with 
the preheater set at 150 °C and the oven at 500 °C.U A sample of 100 
mg of the disulfoxide mixture from the above experiment was placed 
in the pyrolysis apparatus and the pressure was reduced to 1 Torr. 
After 2 h the pyrolysate was collected and purified by preparative 
thin-layer chromatography over silica gel (silica gel PF254) using a 
1:1 mixture of benzene-petroleum ether (30-60 °C) for elution.

The first purple band (Rf 0.35) gave 4.6 mg of deep purple crystals: 
mp 172-173 °C; identical in all respects with an authentic sample of 
2-nitro-inm,s-15,16-dimethyldihydropyrene (9).6

The second purple band (Rf 0.20) gave 2 mg of 2-nitro-cts-15,16- 
dimethyldihydropyrene (8) as deep purple crystals: mp 140-145 °C; 
NMR, singlet at r 0.72 (2 H, ArH), two doublets at 0.90 and 1.90 (2 
H each, J  = 7.5 Hz, ArH), doublet at 1.61 (2 H, J  = 8 Hz, ArH), a 
triplet at 2.23 (1 H ,J  =  8 Hz, ArH), and singlets at 11.89 and 11.98 
(3 H each, -CH 3); UV (cyclohexane), maxima at 288 (c 5400), 342 
(35 200), 378 (17 400), 484 (12 700), 562 (1170), and 617 nm (1370); 
mass spectrum m/e 277, 262, 247, and 201. Anal. Mol wt calcd for 
C18H15NO2: 277.110. Found (high-resolution mass spectrum): 
277.108.

2-Nit.ro-cis-15,16-dimethyldihydropyrene was also prepared 
independently. A solution of 1.8 mg of cis-15,16-dimethyldihydro- 
pyrene1 and 1.9 mg of cupric nitrate trihydrate in 0.5 mL of acetic 
anhydride was stirred at 0 °C for 1 h. Ice (2 g) was then added and the 
mixture was allowed to warm to room temperature with stirring. After 
extraction of the mixture with ether, the ether extract was washed 
successively with aqueous bicarbonate solution and water, dried, and 
concentrated. The residue was chromatographed over silica gel using 
dichloromethane as eluent to give 2.1 mg (88%) of deep purple crystals, 
identical in all respects with the specimen of 2-nitro-ci's-15,16-di- 
methyldihydropyrene (8) described above.

1- and 2-Acetyl-cis-15,16-dimethyldihydropyrene (10 and 11). 
To a solution of 2.0 mg of cis-15,16-dimethyldihydropyrene (2)1 in 
1 mL of acetic anhydride held at 0 °C was added 5 drops of boron 
trifluoride etherate with stirring. After the mixture had been stirred 
for 10 min, 2 mL of water was added and the mixture was allowed to 
warm and was stirred at room temperature for 2 h. The organic con
stituents were extracted with dichloromethane and the dichloro
methane extract was washed successively with aqueous bicarbonate 
solution and water, dried, and concentrated. The residual green solid 
was purified by thin-layer chromatography over silica gel using di
chloromethane for elution.

The first band (Rf 0.4) gave 1 mg (40%) of l-acetyl-cis-15,16-di- 
methyldihydropyrene (10) as deep green crystals: NMR, doublets at

r  0 .3 5  a n d  1 . 1 3  ( 1  H  e a c h ,  J  =  8  H z ,  A r H ) ,  a  s i n g le t  a t  1 . 1 7  ( 2  H ,  A r H ) ,  

a n  A B  p a t t e r n  a *  1 . 7 3  a n d  1 . 9 1  ( 2  H ,  J  =  8  H z ,  A r H ) ,  a  d o u b l e t  a t  1 . 6 7  

( 2  H ,  J  =  8  H z ,  A r H ) ,  a  t r i p l e t  a t  2 . 3 7  ( 1  H ,  J  =  8  H z ,  A r H ) ,  a  s i n g le t  

a t  7 .0 6  ( 3  H ,  - C ( = 0 ) C H 3 ) , a n d  s i n g le t s  a t  1 1 . 9 4  a n d  1 1 . 9 7  ( 3  H  e a c h ,  

- C H 3 ); ( c y c lo h e x a n e ) ,  m a x i m a  a t  3 5 8  ( t  1 2  0 0 0 ) , 4 2 3  ( 1 2 0 0 ) ,  4 4 2  ( 10 0 0 ) ,  

5 7 0  ( 1 0 0 ) ,  a n d  6 1 6  n m  ( 1 0 0 ) .  A n a l .  M o l  w t  c a lc d  f o r  C 20H 18 O : 2 7 4 . 1 3 6 .  

F o u n d  ( h i g h - r e s o l u t i o n  m a s s  s p e c t r u m ) :  2 7 4 . 1 3 9 .

T h e  s e c o n d  b a n d  (Rf 0 .3 )  g a v e  0 .5  m g  o f  2 - a c e t y l - c i s - l  5 , 1 6 - d i -  

m e t h y ld i h y d r o p y r e n e  a s  d e e p  g r e e n  c r y s t a l s :  N M R ,  a  s i n g le t  a t  r  1 . 0 4  

( 2  H ,  A r H ) ,  a n  A B  p a t t e r n  a t  0 .9 8  a n d  1 . 2 0  (4  H ,  J  =  8  H z ,  A r H ) ,  a  

d o u b l e t  a t  1 . 6 9  ( 2  H ,  J  =  8  H z ,  A r H ) ,  a  t r i p l e t  a t  2 . 3 2  ( 1  H ,  J  =  8  H z ,  

A r H ) ,  a  s i n g l e t  a t  7 .0 6  ( 3  H ,  - C ( = 0 ) C H 3 ) ,  a n d  s i n g le t s  a t  1 1 . 8 5  a n d  

1 1 . 9 6  ( 3  H ,  e a c h ,  - C H 3 ) ; U V  ( c y c l o h e x a n e ) ,  m a x i m a  a t  2 6 2  (e 1 2  0 0 0 ) , 

3 3 3  ( 1 3  0 0 0 ) , 3 6 7  ( 9 3 0 0 ) , 4 6 7  ( 2 6 0 0 ) , 5 7 0  ( 1 0 0 ) ,  a n d  6 1 7  n m  ( 2 0 0 ) . A n a l .  

M o l .  w t  c a lc d  f o r  C 20H 1 8 O : 2 7 4 . 1 3 6 .  F o u n d  ( h i g h - r e s o l u t i o n  m a s s  

s p e c t r u m ) :  2 7 4 . 1 3 8 .

Oxidation of cis-15,16-Dimethyldihydropyrene (2) to 13. A

s t r e a m  o f  o x y g e n  w a s  s lo w l y  b u b b l e d  t h r o u g h  a  s o l u t i o n  o f  1 . 0  m g  o f  

c i 'x - 1 5 , 1 6 - d i m e t h y l d i h y d r o p y r e n e  (2)1 i n  0 .2  m L  o f  c h lo r o f o r m  c o n 

t a i n i n g  a  t r a c e  o f  m e t h y le n e  b l u e  w h i l e  t h e  s o l u t i o n  w a s  i r r a d i a t e d  

w i t h  a n  o r d i n a r y  2 5 0 - W  i n c a n d e s c e n t  l a m p .  A f t e r  1 8 0  s  t h e  s o l u t i o n  

w a s  r e m o v e d  a n d  c h r o m a t o g r a p h e d  o v e r  s i l i c a  g e l .  F r o m  t h e  m a i n  

f r a c t i o n  o f  e l u a t e  t h e r e  w a s  i s o l a t e d  1 . 1  m g  ( 1 0 0 % )  o f  a  y e l lo w  o i l :  

N M R ,  a  s in g le t  a t  r  3 .5 6  ( 2  H ,  - C H = C < ) ,  a  d o u b l e t  o f  d o u b le t s  a t  3 .7 0  

( 2  H ,  J  =  2  H z ,  J 1 =  9  H z ,  - C H = C < ) ,  a  d o u b l e t  o f  d o u b l e t s  a t  4 .0 3  

( 2  H ,  J  -  2  H z ,  J 1 =  9  H z ,  - C H = C < ) ,  a  s i n g l e t  a t  4 .0 9  ( 2  H ,  

- C H = C H - ) ,  a  d o u b l e t  o f  d o u b l e t s  a t  6 . 5 3  ( 2  H ,  J  =  2 ,  J 1 =  4  H z ,  

C - C H O C < ) ,  a n d  a  s i n g le t  a t  8 . 6 1  ( 6  H ,  - C H 3 ) ; U V  ( e t h a n o l ) ,  m a x i m a  

a t  2 0 7  (e 1 0  3 0 0 ) ,  2 2 3  ( 8 7 2 0 ) ,  2 3 0  ( 1 0  7 0 0 ) ,  2 3 9  ( 1 4  8 0 0 ) ,  2 4 9  ( 7 3 0 0 ) ,  

2 6 1  ( 8 2 5 0 ) ,  2 7 2  ( 9 9 4 0 ) ,  3 0 3  ( 3 5 5 0 ) ,  3 1 7  ( 5 2 3 0 ) ,  a n d  3 3 3  n m  ( 7 7 5 0 ) .  

A n a l .  M o l  w t  c a lc d  f o r  C 1 8 H 1 6 O 2 : 2 6 4 . 1 1 5 .  F o u n d  ( h i g h - r e s o l u t i o n  

m a s s  s p e c t r u m ) :  2 6 4 . 1 1 4 .

T h e  s a m e  p r o d u c t  w a s  o b t a i n e d  w h e n  o x y g e n  w a s  b u b b le d  t h r o u g h  

a  c h lo r o f o r m  s o l u t i o n  o f  2  in  t h e  a b s e n c e  o f  m e t h y l e n e  b l u e ,  b u t  t h e  

r e a c t i o n  r e q u i r e d  h o u r s  f o r  c o m p l e t i o n .
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Maleic anhydride and 1,2-naphthalenediol, on heating to 180 °C, produced a mixture of the benzobicyclo[3.2.1]- 
octene derivative 2 and the benzobicyclo[2.2.2]octene derivative 3. This was the result of Diels-Alder addition to 
form 3, followed by extensive rearrangement of 3 to 2. Purified compound 3 was converted to 2 in high yield via an 
acyloin rearrangement; this process occurred thermally or with acid or base catalysis. The utility of this rearrange
ment for the preparation of bridgehead hydroxyl-substituted benzobicyclo[3.2.1]octenes and -octadienes was dem
onstrated by the conversion of the anhydride 2 to the bisdecarboxylated hydroxy ketones 4 and 5 and the amino 
alcohol 6. Presence of the bicyclo[3.2.1] ring system was confirmed crystallographically for the hydrochloride salt 
of 6.

Benzobicyclo[2.2.2]- and -[3.2.1]octenes, -octadienes, and 
-octatrienes bearing bridgehead hydroxyl substituents are 
uncommon. Only one benzobicyclo[3.2.1] octadiene1 and two 
benzobicyclo[2.2.2]octene2 and -octatriene3 examples are 
known. We report the synthesis of a bridgehead hydroxyl- 
substituted benzobicyclo[2.2.2]octene and its facile conversion 
to bridgehead hydroxyl-substituted benzobicyclo[3.2.1]octene 
and -octadiene derivatives via an acyloin rearrangement. 
Rearrangements in the benzobicyclo[2.2.2]octene, -octadiene, 
and -octatriene ring systems are well known and have been 
initiated by a cationic species (H+, Br+, Cl+, NO+)4a_c or by 
solvolysis of a sulfonate ester,4d-e producing a carbonium ion, 
or by irradiation;4f’S’h ours is the first example of an acyloin 
rearrangement in this ring system.

The Diels-Alder addition of maleic anhydride to 2-naph- 
thol, producing 1, has previously been reported as an entry

into the benzobicyclo[2.2.2]octene ring system.5 When we 
attempted to extend this procedure by adding maleic anhy
dride to 1,2-naphthalenediol at 180 °C under inert atmo
sphere, we observed the formation of two isomeric products, 
2 (major) and 3, which were separable by column chroma
tography or by fractional recrystallization. Compound 2 was 
subsequently hydrolyzed and subjected to anodic decarbox
ylation to produce the olefin 4. Catalytic hydrogenation of 4 
to 5 followed by reductive amination gave the amine 6 (see 
Scheme I). All assigned structures were consistent with ob
served IR and NMR spectra, and the presence of the benzo- 
bicyclo[3.2.1]octene skeleton was confirmed by X-ray struc
ture determination of the hydrochloride salt of 6.

The minor product of the Diels-Alder reaction was the 
expected adduct 3. The infrared spectrum of 3 was very similar 
to that of 1; in particular, 3 had a ketone carbonyl absorption 
at 1735 cm-1 (cf. 1730 cm-1 observed for 1). In addition, IR 
showed that the hydroxyl group is strongly intramolecularly 
hydrogen bonded, consistent with the presence of an a-hy- 
droxy ketone. In the NMR spectrum of 3, the methylene 
protons Hio appeared as a pair of doublets. Hi0anti had a 
chemical shift of 5 2.68, while Hjoayn, which is shielded by the 
aromatic ring, appeared at b 2.57. The aromatic protons of 3 
appeared as a multiplet between 7.2 and 7.7 ppm. The mass 
spectral fragmentation patterns of 1 and 3 showed a number

Scheme I

a The terms “ syn”  and “ anti”  are used relative to  the aro
matic ring. b Com pound 7 constituted <5%  o f  the amine 
product and was not identified.

of similarities; significant among these was the appearance 
of a peak at M — 42, consistent with the retro-Diels-Alder loss 
of ketene. The UV spectrum provided further evidence for the 
assigned structure of 3; it showed maxima at 255 and 292 nm, 
compared to literature values6 of 265 and 295 nm for com
pound 1.

In comparison, the major product 2 had a carbonyl ab
sorption at 1690 cm-1 in the infrared and a strong UV maxi
mum absorption at 251 nm (e 12 600), indicative of a conju
gated ketone. Intramolecular hydrogen bonding of the hy
droxyl group was again observed by infrared spectroscopy, 
indicating the rearranged structure 2. In contrast to the mass 
spectra of 1 and 3, compound 2 showed no M — 42 fragment; 
this observation is also consistent with the presence of a 
rearranged carbon skeleton.

The yield and the product ratio in the Diels-Alder reaction 
were found to be dependent upon the purity of both the na- 
phthalenediol and the maleic anhydride. Higher proportions 
of 3 relative to 2 and higher overall yields were observed when 
the naphthalenediol was dried over MgSCU and recrystallized 
from carbon disulfide and when commercial maleic anhydride 
(containing as much as 14% maleic acid) was sublimed prior 
to use. Table I lists yields and product ratios which were ob
tained under various conditions. Prolonged heating led to 
increased yields of 2 at the expense of 3; this is consistent with 
initial formation of 3 and subsequent acyloin rearrangement 
to 2.

Characteristic of acyloin rearrangements, the conversion 
of 3 to 2 occurs thermally and with acid and base catalysis. The

0022-3263/78/1943-3478$01.00/0 © 1978 American Chemical Society
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Table I. P roduct Ratios O btained in the D iels-A lder 
Addition o f  M aleic Anhydride to 1,2-Naphthalenediol

%

conditions
ratio of 
3 to 2“

overall
yield

commercial maleic anhydride,* 6 * 170 °C, 13:87 42.6
20 min

sublimed maleic anhydride, 180 °C, 20 25:75 61.3
min

sublimed maleic anhydride, 180-190 °C, 44:56 70.5
5 min
a Product ratios were determined by IR as described in the text. 

6 This material was found to contain 14% maleic acid.

Scheme II

T able II. F irst-O rder Rate Constants fo r  the 
Rearrangem ent o f  3 to 2 at 82 °C (A ceton itrile  at R eflux )

________conditions____________________ k, h-1____________
CH3CN, A° 2.46 (±0.22) X 10“ 3
CH3CN, p-TsOH, A6 2.98 (±0.15) X 10~3

0 202.8 mg of 3 in 75 mL of CH3CN. b 204.2 mg of 3 + 3.2 mg 
of p-TsOH in 75 mL of CH3CN.

crystalline hydroxy ketone 3 underwent rearrangement to 2 
at its melting point. The reaction proceeded more slowly at 
82 °C (acetonitrile at reflux) and was conveniently monitored 
by infrared spectroscopy. The changes in ketone carbonyl 
absorbance of 3 and 2 were linear with concentration over the 
range 0-37 mg/mL in acetonitrile solution. Table II lists 
first-order rate constants for the rearrangement in acetonitrile 
at reflux under neutral conditions and with added p-tolu- 
enesulfonic acid. The base-catalyzed rearrangement was 
complicated by competing condensation reactions, which 
interfered with the determination of rate constants; changes 
in the infrared spectra were, however, consistent with base 
catalysis. Rearrangement of 2 to 3 was not observed; this 
suggests that 2 is considerably more stable than 3 due to 
conjugation of the ketone carbonyl group. This is not always 
the case; Colard et al., for example, reported an instance (see 
Figure 1) in which a conjugated acyloin was less stable than 
its nonconjugated isomer.8 Ring strain effects would probably 
favor the bicyclo[2.2.2] system over the bicyclo[3.2.1] system, 
according to results obtained with several equilibrating di- 
benzobicyclo[3.2.1]- and - [2.2.2] octadiene systems.9

Further evidence for the structure of 2 was afforded by 
conversion to the bicyclo[3.2.1]octadienone 4. Following hy
drolysis, compound 2 readily underwent electrolytic decar
boxylation10 in pyridine to produce 4 in 49% yield from the 
anhydride. In the NMR spectrum of 4, the aromatic proton 
ortho to the carbonyl group (Hi) was deshielded relative to 
the other aromatic protons. The vinyl protons He and H7 
appeared as a doublet of doublets and a doublet, respectively. 
The bridgehead proton H5 appeared as a broad multiplet at
& 3.81. The methylene protons Hi0 produced a doublet of
doublets centered at 5 2.90 and a doublet at d 2.53. Irradiation
of the bridgehead proton H5 caused the methylene protons
to appear as two doublets due to geminal coupling (J = 10 Hz).
It was determined from a Dreiding model of 4 that H5 should
couple with Hioanti (H-C-C-H dihedral angle «40°) but not
with Hiosyn (H-C-C-H dihedral angle «80°), permitting the 
assignment of the peaks at 6 2.90 to Hioantl, and the doublet 
at 5 2.53 to Hiosyn. The shielding effect on H103yn by the car
bonyl and/or aromatic systems lends further support to these 
assignments.

Attempted anodic decarboxylation of 3 gave a low yield of 
a mixture of two ketones (Scheme II). The major product was 
compound 4; the presence of carbonyl absorption at 1740 cm-1

in the ketone mixture suggested that the minor product was 
compound 8. The product ratio of 4 to 8 was estimated to be 
about 4:1 on the basis of the IR carbonyl absorptions. The 
susceptibility of 8 to rearrangement prevented thin layer or 
gas chromatographic isolation of a pure sample uncontami
nated with 4.

The facile acyloin rearrangement of a benzobicyclo[2.2.2] - 
octene affords a convenient procedure for the synthesis of 
bridgehead hydroxyl-substituted benzobicyclo[3.2.1]octenes 
and -octadienes. For example, ketone 4 was readily hydroge
nated to 5, which underwent reductive amination with am
monium acetate and sodium cyanoborohydride.11 The re
ductive amination afforded a mixture of two amines, separable 
by LC. The major product, comprising 95% of the isolated

9

product, was shown to be the amine 6 by X -ray  crystallo
graphic analysis o f  the hydrochloride salt.12 The minor 
product was not isolated in sufficient quantity to identify. It 
is likely that it was either 7a (the stereoisomer o f 6) or 7b 
(arising from  contamination o f  the ketone 5 with a small 
am ount o f  the bicyclo[2.2.2]octenone 9).

E x p erim en ta l S ection

Infrared spectra were recorded on a Beckman IR-33 spectropho- 
tomer. NMR spectra were obtained on a Varían T-60, EM360, or 
HA-100 spectrometer using tetramethylsilane as internal standard. 
UV spectra were recorded on a Cary 14 spectrophotometer. Melting 
points were determined on a Thomas-Hoover Uni-melt and are un
corrected. Mass spectra were obtained on a Varian CH5 spectrometer. 
Elemental analyses were performed on an F&M Model 185 by Mr. 
Tho Nguyen of The University of Kansas.

9-Keto-l,2,3,4-tetrahydro-l,4-ethanonaphthalene-2,3-dicar- 
boxylic Anhydride (1). This material was prepared as described by 
Takeda et al./3 IR (KBr) 3075, 3025, 2980, 2950,1865 and 1775 (an
hydride C = 0 ), 1730 (ketone C = 0 ), 1470, 1450, 1395, 1345, 1285, 
1255,1235 (sh), 1215,1195,1170,1140,1095,1060,995,970,930,900, 
825,805,755,735,705,680 cm "1; NMR (Me2SO-d6) & 7.35 (s, 4, aro
matic), 3.43 (d, 1), 2.93 (m, 1), 2.44-2.68 (m, 2), 2.28-2.41 (m, 1), 2.03 
(m, 1); mass spectrum m/e (rel intensity) 242 (19, M+), 215 (7), 214
(48), 200 (2), 141 (6), 129 (11), 128 (100), 127 (5), 115 (6).

1,2-Naphthalenediol.13 To a stirred solution of sodium dithionite 
(300 g, 1.72 mol) in distilled water (3.75 L) at 25 °C was added 1,2-
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Table III

________product (2) concn, M_________________ time, h_______

Run 1: 202.8 mg of 3 Dissolved in 75 mL of CH3CN at Reflux 
0.21 X IO- 3 16.50
0.31 37.92
1.45 76.50
2.27 116.00

Run 2: 204.2 mg o f 3 +  3.2 mg of p-TsOH  in 75 mL 
of CH3CN at Reflux

0.21 X IO- 3 16.67
0.72 38.08
1.96 76.67
2.79 116.17

naphthoquinone (50.0 g, 0.316 mol). The solution turned gray, then 
black, and then clarified as a small amount of tar formed. The mixture 
was stirred for 15 min and was filtered to remove the tar. The solution 
was saturated with NaCl and cooled to - 5  °C for 30 min. The 
cream-colored precipitate was collected by filtration and immediately 
dissolved in 1.5 L of hot CS2- The solution was dried with MgS04, 
filtered, and concentrated to 100 mL on a steam bath under a stream 
of argon. Upon cooling, 21.5 g (42.4%) of naphthalenediol was collected 
as purple-brown crystals, mp 103-105 °C (lit.13 mp 104 °C). This 
material was of adequate purity for the Diels-Alder reaction; however, 
white crystals could be obtained by sublimation.

Reaction of Maleic Anhydride with 1,2-Naphthalenediol. 
Maleic anhydride was sublimed prior to use. 1,2-Naphthalenediol was 
freshly prepared as described above. Under argon atmosphere, a 
mixture of maleic anhydride (16.7 g, 0.170 mol) and 1,2-naphtha- 
lenediol (16.7 g, 0.104 mol) was heated at 180-190 °C for 5 min. The 
mixture was taken up in 150 mL of hot ethyl acetate and the solution 
was concentrated in vacuo to give a brown semisolid mass. This was 
shaken with 800 mL of ether and allowed to stand for 30 min. Filtra
tion afforded 19.0 g (70.6%) of a mixture of the products 3 and 2 in a 
ratio of 44:56 as determined by IR analysis. A 2.9-g portion of the 
product mixture was separated by medium-pressure liquid chroma
tography on silica (Merck, 230-400 mesh), column size 25 X 1000 mm, 
eluting with hexane-ethyl acetate (3:2) at a pressure of 40 psi. The 
first 700 mL was discarded; the bicyclo[3.2.1] product 2 was contained 
in the next 150 mL. Another 350 mL was discarded, and the following 
500 mL contained the bicyclo[2.2.2] product 3, contaminated with 
traces of 2; 3 was further purified by a recrystalization from tolu
ene-ethyl acetate: mp 187-192 °C; UV Amax (CH3CN) 226 (r 4350), 
255 (347), 292 nm (377); IR (KBr) 3480 (OH), 2982, 1850 and 1775 
(anhydride 0 = 0 ) ,  1735 (ketone 0 = 0 ,  log e 6.13), 1264,1234,1163, 
1082,1053 (sh), 1016,934,862, 763 (sh), 754 (sh), 740, and 732 cm "1; 
NMR (CD3CN) 5 7.2-7.7 (m, 4, aromatic), 4.63 (s, 1, OH), 3.92 (m, 2 
of H2, H3, and H4), 3.61 (m, 1 of H2, H3, and H4), 2.68 (d, 1, Hio“ 11), 
and 2.57 (d, 1, Hiosyn); mass spectrum m/e (rel intensity) 258 (M+,
8), 231 (5), 230 (38), 216 (2), 160 (4), 157 (8), 156 (6), 144 (26), 133 (9), 
132 (100), 131 (37), 129 (6), 128 (9), 116 (6), 115 (15), 103 (12), 77 (10), 
51 (5). Anal. Calcd for C14H10O5: C, 65.11; H, 3.90. Found: C, 65.36; 
H, 3.87.

Compound 2: mp 204.5-205.5 °C; UV Amax (C2H5OH) 251 (e 12 600), 
290 (1770), 297 nm sh (1740); IR (KBr) 3458 (OH), 1855 and 1775 
(anhydride C = 0 ), 1690 (ketone C=C>, log e 5.97), 1604, 1296, 1265 
(sh), 1242 (sh), 1228,1212 (sh), 1192,1100,1077, 929, 920 (sh), 771, 
725, and 628 cm“ 1; NMR (CD3CN) h 8.01-8.35 (m, 1, Hi), 7.35-7.95 
(m, 3, H2, H3, H4), 4.60 (s, 1, OH), 3.92 (t, 1, bridgehead), 3.57 (d, 1, 
methine), 3.26 (d, 1, methine), and 2.30 (m, 2, methylene); mass 
spectrum m/e (rel intensity) 258 (M+, 20), 231 (15), 230 (88), 204 (7), 
203 (7), 202 (30), 196 (7), 188 (11), 186 (30), 185 (15), 184 (27), 172 (5), 
170 (8), 169 (6), 168 (27), 161 (6), 160 (48), 159 (5), 158 (21), 157 (27), 
156 (27), 145 (14), 144 (100), 143 (8), 141 (5), 140 (7), 139 (6), 133 (13), 
132 (91), 131 (100), 130 (13), 129 (27), 128 (30), 127 (15), 116 (16), 115
(36), 114 (5), 104 (7), 103 (36), 102 (15), 89 (9), 83 (8), 79 (8), 78 (30), 
77 (48), 76 (12), 75 (8), 70 (10), 69 (6), 66 (7), 65 (9), 64 (21), 63 (16), 
57 (12), 55 (15), 53 (7), 52 (9), 51 (30), 50 (10), 45 (7). Anal. Calcd for 
Ci4H10O5: C, 65.11; H, 3.90. Found: C, 65.11; H, 3.82.

Rearrangement of l-Hydroxy-9-keto-l,2,3,4-tetrahydro-
l,4-ethanonaphthalene-2,3-dicarboxylic Anhydride (3) to 8- 
Hydroxy-9-keto-6,7,8,9-tetrahydro-5,8-methano-5H-benzocy- 
cloheptene-6,7-dicarboxylic Anhydride (2). Method A. Com
pound 3 (47 mg, 0.18 mmol) was heated under an argon atmosphere 
at 170-180 °C for 10 min. The product was cooled and crystallized 
from ethyl acetate-ether to yield 2 (41 mg, 87.2%), mp 205-206 °C, 
identical to an authentic sample by IR and mixed melting point.

Method B. The changes in ketone carbonyl absorbances of 3 and 
2 were found to be linear with concentration over the concentration 
range 0-37 mg/mL in acetonitrile solution. Compound 3 was dissolved 
in acetonitrile at reflux with or without added p-toluenesulfonic acid. 
Periodically aliquots were withdrawn and the extent of rearrangement 
determined from the IR spectrum. First-order rate constants were 
determined by linear least-squares analysis of the concentration vs. 
time data. Experimental data for two runs are listed in Table III.

8-Hydroxy-8,9-dihydro-5,8-methano-5H-benzocyclohepten-
9-one (4). A mixture of the anhydride 2 (1.25 g, 4.84 mmol), Et3N (1.25 
mL), and distilled water (10 mL) was heated at reflux for 30 min. This 
solution was added to pyridine (95 mL) in a water-jacketed electrolysis 
cell fitted with a rubber stopper through which a thermometer and 
a concentric pair of cylindrical platinum gauze electrodes of matched 
surface area (outer electrode 4-cm diameter X 5-cm long) had been 
inserted. The magnetically stirred solution was cooled to 18 °C, and 
an initial current of 0.8 A was applied to the solution, resulting in an 
observable evolution of gas within ~60 s. The solution was maintained 
at 17-23 °C, and within several hours became dark brown. The re
action was terminated after 24 h (final current 0.5 amp), although a 
slow evolution of gas was observable. The black solution was con
centrated in vacuo to 5-10 mL, combined with concentrates from 
three other runs, and further concentrated in vacuo to give a viscous 
black oil. Dry column chromatography of this oil on a 5 cm X  50 cm 
column packed with silica (Woelm, activity III, 500 g) developed with 
CHC13 afforded 1.78 g (49.3%) of 4 as a pale yellow oil (isolated by 
extraction with ethyl acetate of a 28.8-cm long band beginning 8.8 cm 
from the base of the column and visualized by UV): IR (CHC13) 3630 
and 3512 (OH), 2968,2900,1689 (ketone), 1600,1450,1381,1359,1324, 
1286,1226,1135,1116,1090,1055,1029, 957,932,891, and 861 cm“ 1; 
UV Amax (C2H5OH) 246 (f 8040), 295 (706) nm; NMR (CDCI3)
7.83- 8.23 (m, 1, aromatic), 7.00-7.83 (m, 3, aromatic), 6.66 (d of d, 1,
He, Je-5  =  5 Hz, 7  =  6 Hz), 5.96 (d, 1, H7, J 7-6 =  6 Hz), 4.47 (s, 1,
OH), 3.81 (m, 1, H6), 2.70-3.10 (d of d, 1, H10imti, Jioa-io* = 10 Hz, J 1(M 
= 5 Hz), and 2.53 (d, 1, Hi0ayi’, J io»-io» = 10 Hz). A high-resolution 
mass spectrum gave a parent ion of 186.06845 (calcd 186.06802).

Electrolytic Decarboxylation of l-Hydroxy-9-keto-l,4-eth- 
ano-1,2,3,4-tetrahydronaphthalene-2,3-dicarboxylie Anhydride
(3). Anhydride 3 (357 mg, 1.38 mmol) was stirred in distilled water 
(4 mL) and Et3N (1 mL) at room temperature for 10.5 h. The mixture 
was added to 100 mL of pyridine and the electrolysis reaction was 
carried out as described above. Medium-pressure liquid chromatog
raphy was carried out on silica (Merck, 230-400 mesh), column size 
15 X 1000 mm, eluting with hexane-ethyl acetate (8:1) at a pressure 
of 40 psi. After a 550-mL forerun, 100 mL of eluate was collected and 
evaporated to leave 102 mg (39.7%) of a pale yellow oil. The IR spec
trum was identical with that of 4 with an additional peak at 1740 cm-1. 
The NMR was identical with that of 4 with additional absorption from 
5 3.3 to 3.6. Using the ketone carbonyl absorbance vs. concentration 
correlations for anhydrides 3 and 2, the ratio of 8 to 4 was estimated 
to be about 1:4. The following chromatographic procedures failed to 
achieve separation of the mixture: thin-layer chromatography using 
Merck silica plates (solvents, ratio, R f  of ketone mixture: benzene- 
CHC13, 1:1,0.21; hexane-CHCl3, 1:1,0.06; hexane-EtOAc, 4:1, 0.37; 
hexane-benzene-EtOAe, 20:4:1, 0.08; hexane-EtOAc-CHCl3, 21:2:2, 
0.17; benzene, 0.11; CHC13, 0.33; hexane-EtOAc, 1:1,0.77); gas chro
matography on a 6 ft X 0.125 in. column of 5% FFAP on Chromasorb 
G at 140-200 °C; medium-pressure liquid chromatography on silica 
(Merck, 230-400 mesh) using hexane-EtOAc, 20:1, column size 15 X 
1000 mm, at 40 psi.

8-Hydroxy-6,7,8,9-tetrahydro-5,8-methano-5If-benzocyclo- 
hepten-9-one (5). Ketone 4 (1.87 g, 10.0 mmol) in EtOH (15 mL) was 
hydrogenated over 5% Pd/C (320 mg) on a Parr Shaker at an initial 
pressure of 33 psi for 10 min, at which time 1 equiv of hydrogen had 
been consumed. The solution was filtered and the solvent removed 
in vacuo, leaving 1.86 g (98.9%) of a colorless oil: IR (CHCI3) 3630 and 
3510 (OH), 2964,2886,1682 (ketone), 1600,1446 (br), 1376,1320,1291, 
1263, 1130, 1114, 1084, 987, 947, and 894 cm "1; NMR (CDC13) 6
7.84- 8.14 (m, 1, aromatic), 7.07-7.84 (m, 3, aromatic), 4.15 (s, 1, OH),
3.29-3.53 (m, 1, bridgehead), and 0.80-3.20 (m, 6, aliphatic); UV 
(EtOH) Amax 220 (e 627), 246 (t 8040), and 295 nm («706). Anal. Calcd 
for C12H12O2: C, 76.57; H, 6.42. Found: C, 76.59; H, 6.36.

Reductive Amination of 5. The hydroxy ketone 5 (849 mg, 4.51 
mmol) was stirred in 13.5 mL of absolute methanol with ammonium 
acetate (3.48 g, 45.1 mmol). Sodium cyanoborohydride (199 mg, 3.16 
mmol) was added and the mixture was stirred at room temperature 
for 7 days. The mixture was cooled on an ice bath and concentrated 
HC1 was added dropwise until the pH was < 2. Methanol was removed 
in vacuo. Distilled water (6 mL) and 1 N HC1 (4 mL) were added. The 
solution was extracted with 4 X 15 mL of ether. The ether layers were 
washed with 2 X  20 mL of 5% NaHC03 solution, dried with M gS04,



Preparation of Sulfinate Esters J. Org. Chem., Voi. 43, No. 18,1978 3481

and evaporated to give 80 mg (9.4%) of the starting material 5. The 
acidic aqueous portion was adjusted to pH 10 with solid NaOH and 
was extracted with 5 X 15 mL of ether. The ether layers were com
bined, dried with MgSC>4, and evaporated to give a brown semisolid 
mass. Trituration with ether (10 mL) provided 570 mg (66.8%) of an 
off-white solid. LC (Partisil 10/25,25 cm X 4.6 mm column, methanol, 
flow rate = 5 mL/min) afforded separation into two components. A
147-mg sample was dissolved in 0.3 mL of CH3OH and injected onto 
the column in 10-mL portions; collecting and evaporating the fractions 
yielded 141 mg of 6: retention time 9.8 min; mp 101-102 °C; IR (KBr) 
3355,3290,3075 (br), 3030 (sh), 2955,2875,2855 (sh), 1595,1485,1450, 
1365,1320,1260,1215,1190,1165,1140,1115,1090,1065,1005,980, 
970 (sh), 935,905,755, and 725 cm“ 1; NMR (CDCI3) 5 6.90-7.50 (m, 
4, aromatic), 4.03 (s, 1, methine), 2.97-3.15 (m, 1, bridgehead), and 
0.80-2.38 (m, 6, aliphatic); mass spectrum m/e (rel intensity) 190 (M 
+ 1,7), 189 (M+, 47), 188 (17), 173 (12), 172 (91), 171 (8), 157 (7), 145
(9), 144 (24), 143 (14), 133 (11), 132 (100), 131 (16), 130 (55), 129 (34), 
128 (45), 127 (8), 118 (9), 117 (38), 116 (29), 115 (54), 103 (9), 92 (11), 
91 (9), 90 (5), 89 (7), 77 (12), 65 (7), 51 (7). Anal. Calcd for Ci2H15NO: 
C, 76.15; H, 7.99; N, 7.40. Found: C, 76.37; H, 8.04; N, 7.39.

Dry HC1 gas was passed over the surface of a solution of 6 in ether. 
The solid product, 6-HC1, was collected by filtration. Recrystallization 
from isopropyl alcohol gave crystals (mp 257 °C) suitable for X-ray 
analysis: IR (KBr) 3270,3190,3035, 2975 (sh), 2950,2840,2665 (sh), 
2605 (sh), 1630,1595,1510,1490 (sh), 1465 (sh), 1445,1355,1305,1260,
1250,1200,1070, 765, and 725 cm -1.

LC also provided 4.8 mg of an unidentified amine with a retention 
time of 16.9 min; its hydrochloride had mp 220 °C dec.
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Sulfinate Esters and Unsymmetrical Disulfidesla
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Alkoxytrimethylsilanes and sulfinyl chlorides have been shown to couple efficiently to afford sulfinate esters; ki
netic data indicate that a nonionic transition state is involved. The parallel reaction between aralkylthiotrimeth- 
ylsilanes and sulfenyl chlorides gives unsymmetrical disulfides. An attempt to prepare sulfenate esters by the reac
tion of a sulfenyl chloride and an alkoxytrimethylsilane gave no reaction; in fact, sulfenate esters were shown to be 
cleaved by either chlorotrimethylsilane or trimethylsilyl cyanide to yield sulfenyl chlorides or thiocyanates, respec
tively. The reaction of tert-butyl hypochlorite with an alkylthiosilane gave disulfide.

A variety of silicon derivatives have seen widespread and 
growing use in the past few years2 as protective groups and 
synthetic mediators. For instance, it is well known2*1’3 that acid 
chlorides react smoothly with alkoxysilanes to produce esters 
in good yield. Heteroatom analogues of this reaction could be 
of great utility; however, incomplete synthetic information 
and virtually no detailed mechanistic data are available for 
this reaction class2*1’4 (eq 1), which in principle encompasses

RCC1 +  (CH3):1SiOR' —  RCOR' +  (CHj.SiCI

an impressive number of important functionalities. We wish 
to report on two facile syntheses using the trimethylsilyl 
group.

RXC1 + (CHghSiYR' — RXYR' + (CH3)3SiCl (1) 

X  = O, NR, S, S = 0 , PR, P (= 0 )R ; Y = O, NR, S

When sulfinyl chlorides are treated with aralkoxytri- 
methylsilanes (eq 2), sulfinate esters (1) are cleanly produced 
in very good yield (Table I).6

0  0
II II

RSC1 +  R 'O SiiC H .) — -  R SO R ' +  ;CH.).,SiCl (2)
1

R ' =  R  =  ara lky l

The precursor alcohols may be conveniently silylated7 with 
hexamethyldisilazane using imidazole as catalyst. One 
equivalent of the alkoxytrimethylsilane is added to an 
equivalent of a sulfinyl chloride and the reaction is allowed 
to proceed at room temperature. The progress of the reactions 
may be conveniently followed by *H NMR spectroscopy, the 
singlet for chlorotrimethylsilane increasing at the expense of 
the peak for the trimethylsilyl group of the alkoxytrimeth
ylsilane. Chlorotrimethylsilane may be easily removed by

0022-3263/78/1943-3481$01.00/0 © 1978 American Chemical Society
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Table I. Preparation of Sulfinate Esters

sulfinate ester (1) registry no.
yield,

%
bp (torr) 
[mp], °C n d 22 P 22

(a) CH3S(0)0C2H5 819-75-0 81 85-87 (80)“ 1.4357°
(b) CH3S(0)0CH2C6H5 35896-44-7 88 105-106 (1.5)6 1.54126 1.164
(c) C6H5S(0)0C2H5 1859-03-6 83 87-88 (0.5)c 1.5351“ 1.148
(d) C6H6S(0)0CH2C6H5 29624-04-2 95 150 (0.025) d 1.5888d 1.148
(e) C6H5CH2S(0)0C2H5 42300-72-1 54 83-84 (0.25)° 1.5370°
(f) C6H5CH2S(0)0CH2C6H5 3358-25-6 48 [49-50] 1

0 Lit.5a 57-58 °C (25 Torr); rcD25 1.4333. bLit.5b 105 °C (0.03 Torr); no201.5380.° Lit.6“ 64-65 (0.06 Torr); rcD201-5370. d Lit.5b 135-137
’C (0.05 Torr); rcD18 1.5887. e Lit.5d 69-71 °C (0.025 Torr); nD‘22 1.5362. 1 Lit.5e 51-52 °C.

Table II. Preparation of Unsymmetrical Disulfides

disulfide (5) registry no.
silyl thioether 

used registry no.
yield,

%
bp (torr) 
[mp], °C rcD23

(a) C6H5CH2SSC6H4- 16601-19-7 C6H5CH2SSi(CH3)3 14629-67-5 85 [33-34]°
CH3-p

(b) C6H5SSC3H7 20126-55-0 C3H7SSi(CH3)3 18143-79-8 67 71-73 (0.1)fc 1.5838
(c) C6H5SSC3H7 C6H6SSi(CH3)3 4551-15-9 87 71-73 (O.l)6 1.5840
(d) c6h 6c h 2s s c 2h 5 2123C-16-0 C6H5CH2SSi(CH3)3 86 69-71 (0.2)c 1.5841
(e) p-CH3C6H4SSC6H5 29627-34-7 C6H5SSi(CH3)3 d

( f )  — CHSSCH, 5750C-00-2 — CH,,SSi(CHA 1578-37-6 80 60-61 (0.8) 1.5661
° Lit.12a 34-35 °C. b Lit.uf 87-93 °C (0.1 Torr). c Lit.12b 75 °C (0.1 Torr). d 1:2:1 mixture by GLC.13

rotary evaporation. One useful application of this reaction 
involves the synthesis of menthylsulfinates, precursors of 
chiral sulfoxides.8 By combining benzenesulfinyl chloride (2) 
and neat menthoxytrimethylsilane (3) the crude diastereo- 
meric (4) mixture was obtained in 91% yield (eq 3). Crystal -

0  0
II II

C(;H-SC1 +  (CH;,),SiOMen —  C ;H,S0Men +  (CH:,);,SiCl (3) 

2 3 4
lization of the product from methanol gave the desired dia- 
stereomer in over 95% optical purity.9 This approach should 
be useful in those cases where simple methoxide displacement 
on the sulfinyl chloride is ineffective.

We reasoned that other sulfur halides, such as sulfenyl 
chlorides, should be reactive tcward alkylthiotrimethylsi- 
lanes.10

R'SCl + RSSi(CH3)3 -  R'SSR + (CH3)3SiCl (4)

This was realized in that a variety of unsymmetrical disulfides 
510 were prepared in isolated yields averaging over 80% (Table 
II). In aralkyl and dialkyl cases only trace amounts of the 
symmetrical moieties are produced.13 In a typical procedure 
a CCI4 solution of the sulfenyl chloride (prepared in situ) is 
added dropwise to the alkylthiotrimethylsilane at 0 °C. The 
rapid discharge of the color of the sulfenyl chloride is used to 
monitor the reaction. After isolation of the product disulfide, 
no trace of the symmetrical disulfide was noted by TLC.

Of special interest was the synthesis of the mixed disulfide 
5f, reported to be a prime odor constituent of freshly baked

g ^ C H 2SSCH,

5f

bread.14 We prepared this compound by the silicon exchange 
reaction using furfurylthiotrimethylsilane and methanesul- 
fenyl chloride. It was also prepared by the sulfenimide 
route111-« from either N-(methylthio)phthalimide or N- 
(methylthio)succinimide and furfuryl mercaptan. In each of 
the three syntheses a colorless liquid was obtained in ~75% 
yield. Gas chromatographic analysis, TLC, and MS revealed

a single substance in each case under conditions which would 
have revealed the symmetrical species. In no case, under a 
variety of evaluation conditions, did the odor of the unsym
metrical species even remotely resemble the smell of baked 
bread. The spectral properties of our product appear to agree 
well with the published data; however, the disagreement as 
to the odor pinpoints the difficulty in evaluation of problems 
of this kind, particularly when the target compounds can 
undergo disproportionation readily.

Of considerable interest would be an effective synthetic 
route to sulfenate esters 6.

RSOR
6

While the reaction of arylsulfenyl chlorides with alkoxide gives 
the desired ArSOR,15 no general, reproducible technique is 
available for the preparation of the dialiphatic derivatives. 
When various alkoxytrimethylsilanes were reacted with ar
ylsulfenyl chlorides, only starting materials were isolated.16 
In contrast, the reverse reaction involving treatment of methyl 
benzenesulfenate or o-nitrobenzenesulfenate with trimeth- 
ylchlorosilane gave the corresponding sulfenyl chlorides.17

ArSOCH3 + ClSi(CH3)3 -*  ArSCl + CH3OSi(CH3)3

This result suggested that sulfenates could be conveniently 
converted to thiocyanates by reaction with trimethylsilyl 
cyanide.18

C6H5 SOCH3 + NCSi(CH3)3
— C6H6SCN + CH3OSi(CH3)3

The reaction was essentially quantitative to form phenyl 
thiocyanate uncontaminated with the isothiocyanate.19

We felt that the mechanism of the exchange reaction was 
of considerable interest in that there appears to be a sub
stantial number of synthetically useful silicon-halide inter
change reactions of this general type (eq l ).2fa.h.4 Two distinct 
mechanistic pathways can be envisioned for the reaction of 
sulfinyl chlorides with trimethylsilyl ethers (Scheme I). In 
pathway 1, a charged intermediate is portrayed by attack of 
the ether oxygen on the electrophilic sulfinyl sulfur.21 In the
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Scheme I

0

RSC1

RSO+Si(CH3)3 c r

R'
pathway 1̂

+ R'OSifCH ). RSOR' +  CISiiCH,);;

second possibility, a four-center transition state is suggested 
which is associated with a minimum of charge generation.24 
A study of the effect of solvent polarity on reaction rate was 
helpful in differentiating these possibilities. If pathway 1 were 
operative, a rate increase of some several hundred would be 
expected in going from hydrocarbon solvents to methylene 
chloride,26 while for the second, only a small change should 
be noted. A useful comparison in this regard obtains in the 
cheleotropic decomposition of 7. This reaction has been

studied over a wide variety of solvent polarities from isooctane 
to 96% ethanol; a rate change of only 15-fold was noted.27

The rate of the silicon-halide interchange reaction was 
studied in five solvents (Table III) and a rate increase of only 
ninefold was found. This would be approximately the ex
pected change if the transition state were nonionic.28 In ad
dition, such a transition state should be sensitive to steric 
factors. Consistent with this is the observation that when 
ethoxytrimethylsilane is used, an overall rate decrease of a 
factor of about 10 is observed, the same relative rates for each 
solvent being maintained.

We have found a number of formally analogous reactions 
between phosphorus and sulfur halides with trimethylsilyl 
derivatives of oxygen, nitrogen, and sulfur functions.46’29 
These are under active investigation in our laboratory.

Experimental Section30
Preparation of the Silylated Alcohols. The required silylated 

alcohols were synthesized by essentially the same procedure. The 
alcohol (1.0 mol), hexamethyldisilazane (0.62 mol), and imidazole (0.5 
g) were refluxed for 8 h. Distillation at reduced pressure (aspirator) 
removed the residual hexamethyldisilazane. Distillation of the residue 
under vacuum gave the product as a colorless oil. (CH3)3SiOCH3: 53%; 
bp 57-58 °C (760 mm) [lit.31 bp 67 °C (760 mm)]. (CH3)3SiOC2H5: 
64%; bp 66-74 °C (760 mm) [lit.32 bp 75 °C (760 mm)]. (CH3)3- 
SiOCH2C6H5: 88%; bp 82 °C (8.5 mm) [lit.33 bp 92 °C (19 mm)]. 
(CH3)3SiOCioHi9 (menthyl): 79%; bp 59-60 °C (0.35 mm).

Preparation of the Silylated Thiols. The procedure employed 
was as above.34 (CH3)3SiSCH2C5H6: 65%; bp 74-76 °C (0.6 mm); 
NMR (CCU) 5 0.3 [9 H, s, Si(CH3)3], 3.7 (2 H, s, CH2), 7.2 (5 H, m, 
C6H5). (CH3)3SiSC6H5: 66%; bp 43-44 °C (1.1 mm) [lit.34 bp 72-74 
°C (3 mm)].

Preparation of Sulfinyl Chlorides. Methane and benzenesulfinyl 
chloride were prepared by the low temperature chlorination of the 
disulfide in the presence of acetic anhydride35 in methylene chloride 
as solvent.36 CH3(SO)Cl: 70%; bp 46-48 °C (20 mm) [lit.35 bp 47-48 
°C (15 mm)]. C6H5(S0)C1: 98%; nD22 1-6053 (lit.35 nD25 1.6062).

a-Toluenesulfinyl chloride was prepared similarly by the chlorin-

Table III.“ Relative Rates of the Reaction C6H5(SO)Cl 
+ ROSi(CH3)3 -> C6H5(SO)OR + (CHahSiCl

105k, W5k,
n n i~ 1 4 T .m o l '- l

solvent €
L mol 1 s 1 
(R = C2Hs)

r̂el
(R = C2H5)

L mol 1 s 1 
(R = CH3)

c6d 12 2.02 3 1
CC14 2.24 5 2 72
c6h 65 2.30 7 2 110
CDCIa 4.81 16 5 150
CH2C125 9.08 27 9 310
0 The reaction was monitored by 1H NMR spectroscopy (T = 

36 ± 1 °C) using equal concentrations of substrate. b Added HC1 
increased the rate only by ~30%.

ation of benzyl thiolacetate.37 CsHsCHtfSOjCl:90%; ran221.5784 (lit.37 
nD25 1.5872).

Benzyl Thiolacetate. Benzylthiotrimethylsilane (7.8 g, 0.04 mol) 
and acetyl chloride (4.7 g, 0.06 mol) were stirred together for 4 days. 
A small amount of solid material which had accumulated was collected 
and the volatiles were removed in vacuo. The resulting clear, colorless 
liquid was distilled under reduced pressure to give pure benzyl thiol
acetate (6.1 g, 92%); bp 82-85 °C (1.75 mm) [lit.38 75-76 °C (0.8 mm)]; 
reD24 1-5581 (lit.38 nD25 1.5565).

Sulfinate Esters. The procedure for the preparation of these 
materials was essentially the same for each member. Essential data 
are collected in Table I. Any deviations from the sample procedure 
(below) are cited.

Ethyl Methanesulfinate. Methanesulfinyl chloride (9.85 g, 0.10 
mol) was introduced into a dry flask fitted with a pressure-equalizing 
dropping funnel. Ethoxytrimethylsilane (71.8 g, 0.10 mol) was placed 
in the dropping funnel and the apparatus was flushed with nitrogen. 
The ethoxytrimethylsilane was added dropwise over a period of 10 
min, with constant stirring. The reaction appeared to be virtually 
complete overnight. Trimethylchlorosilane was removed by rotary 
evaporation and the resulting oil was distilled under reduced pressure:
8.7 g (81%); bp 85-87 °C (80 mm) [lit.5a 57-58 °C (25 mm)]; raD 1.4357 
(lit.5a nD25 1.4333).

Benzyl Benzenesulfinate. The reaction was carried out in the 
same way as for methyl methanesulfinate using benzenesulfinyl 
chloride (8.03 g, 0.05 mol) and benzyloxytrimethylsilane (9.0 g, 0.05 
mol). Purification was achieved by column chromatography using 
Merck 7734 silica gel (70 g) and a column of diameter 2.5 cm. The el
uant was a 30:70 percent mixture by volume of ethyl acetate and 
carbon tetrachloride. The appropriate fractions were concentrated 
by rotary evaporation and then subjected to a high vacuum (0.1 mm) 
for 1.5 h to remove last traces of solvent: yield 11.0 g (95%).

Benzyl a-Toluenesulfinate. a-Toluenesulfinyl chloride (5.82 g, 
0.033 mol) was introduced into a round-bottom flask fitted with a 
pressure-equalizing dropping funnel. Benzyloxytrimethylsilane (6.00 
g, 0.033 mol) was placed in the dropping funnel and the apparatus was 
flushed with nitrogen. The benzyloxytrimethylsilane was added over 
a period of about 10 min and the reaction mixture was stirred for 5 
days; a white precipitate gradually formed. The reaction mixture was 
concentrated by rotary evaporation, several portions of carbon tet
rachloride were added, and the mixture was evaporated again to en
sure that trimethylchlorosilane was completely removed. The crystals 
were collected and washed with a small amount of diethyl ether. The 
crude material (4.0 g, 48%) was recrystallized from ethyl acetate: mp
49-50 °C (lit.6e mp 51-52 °C).

(—)-Methyl (—)-(S)-Benzenesulfinate. Benzenesulfinyl chloride 
(8.02 g, 0.05 mol; and 1-menthoxytrimethylsilane (11.4 g, 0.05 mol) 
were mixed in a 50-mL round-bottom flask and the contents was 
stirred for 48 h. A very small amount of solid separated out and NMR 
showed the reaction to be about 95% completed. The reaction mixture 
was concentrated by rotary evaporation to remove trimethylchlo
rosilane; a slightly yellowish colored oil was obtained. This oil was 
taken up in methanol (40 mL) and the methanolic solution was cooled 
using dry ice. The resulting crystals were collected and washed with 
cold methanol. On standing the crystalline material changed to an
oil-crystal mixture (6.35 g, 91%) which was then crystallized from 
methanol. This procedure was repeated and the crystals were washed 
using cold pentane: mp 37—40 °C (lit.9b 49-51 °C); [a]o -195.3° (c 2.0, 
acetone) [lit.9 [«]d -205.5° (c 2.0, acetone)].

Unsymmetrical Disulfides. The procedure for the preparation 
of these compounds is the same for each one. Yields and properties 
are presented in Table II.

Benzyl p-Tolyl Disulfide. A solution of p-tolyl disulfide (6.16 g,
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0.025 mol) in 50 mL of CC14, protected from moisture by a calcium 
chloride drying tube, was cooled to 0 °C, and sulfuryl chloride (3.38 
g, 0.025 mol) was added followed by 3 drops of triethylamine. The red 
color of the sulfenyl chloride appeared immediately on mixing the 
reagents. The conversion was complete after 2 h by NMR analysis. 
This solution was then added dropwise to a solution of benzylthio- 
trimethylsilane (9.8 g, 0.05 mol) cooled in an ice-salt bath. The loss 
of color of the sulfenyl chloride was used as an end point for the re
action. The volatiles were removed by rotary evaporation, leaving a 
white solid which was crystallized from methanol to give 10.5 g (85%); 
mp 33-34 °C (lit.12a 34-35 °C).

Furfuryl Methyl Disulfide. Furfuryl mercaptan (1.14 g, 0.01 mol) 
was silylated in CC14 (25 mL) solution by treatment with l-(tri- 
methylsilyl)imidazole39 (1.40 g, 0.01 mol). Imidazole was removed by 
filtration and the filtrate was treated dropwise with methanesulfenyl 
chloride40 (0.94 g, 0.01 mol) in CC14 (25 mL) at 0 °C. After the addition 
was complete the volatiles were removed by rotary evaporation and 
the residue was distilled in vacuo to give 1.62 g (80%): bp 60-61 °C (0.8 
mm); no23 1.5661; d2222 1.0796. The spectral properties (NMR, IR, 
MS) were identical with those in the literature.14

The Attempted Preparation of an Unsymmetrical Diaryl 
Disulfide. The reaction was carried out as above, using di-p-tolyl 
disulfide (3.08 g, 0.0125 mol), sulfuryl chloride (1.687 g, 0.0125 mol), 
and phenylthiotrimethylsilane (4.55 g, 0.025 mol). VPC analysis of 
the resulting reaction mixture indicated a 1:2:1 mixture of symmet- 
rical/unsymmetrical/symmetrical disulfides, respectively.

Preparation of Furfuryl Methyl Disulfide from lV-(Methyl- 
thio)succinimide. Furfuryl thiol (1.15 g, 0.01 mol) and N-(methyl- 
thio)succinimide (1.5 g, 0.01 mol) were refluxed in benzene (25 mL) 
for 72 h, after which time NMR showed the reaction to be complete. 
The reaction mixture was allowed tc cool to room temperature and 
succinimide (0.88 g, 89%) was collected by filtration. After the filtrate 
was concentrated by rotary evaporation, the residue was distilled 
under reduced pressure to give 1.26 g (79%) of a colorless liquid, the 
properties of which were identical with those of the compound pre
pared by the sulfuryl chloride-alkylthiotrimethylsilane route.

Methyl Benzenesulfenate. A solution of diphenyldisulfide (21.8 
g, 0.1 mol) in 200 mL of CC14, protected from moisture by a calcium 
chloride drying tube and cooled to 0 °C, was treated with sulfuryl 
chloride (13.5 g, 0.1 mol) followed by a few drops of triethylamine. The 
reaction mixture, which immediately turned red, was stirred for 2 h. 
The solvent was then removed by rotary evaporation, leaving ben- 
zenesulfenyl chloride as an oily, dark red liquid, which was used 
without further purification. The benzenesulfenyl chloride (28.8 g, 
0.2 mol) was added dropwise to a solution of sodium methoxide 
[prepared from sodium (4.56 g, 0.2 mol) and methanol (200 mL)] 
cooled to -20°C. When the addition was completed, the solution was 
allowed to warm to room temperature. Methanol was removed by 
rotary evaporation and the residue was filtered of solid material. The 
filtrate was distilled under reduced pressure to give 2.8 g (10%): bp
49-51 °C (0.3 mm) [lit.41 88-89 °C (0.4 mm)].

Methyl o-Nitrobenzenesulfenace. A solution of sodium meth
oxide [prepared from sodium (0.46 g, 0.02 mol) and methanol (20 mL)] 
was added dropwise to a stirred solution of o-nitrophenylsulfenyl 
chloride (3.8 g, 0.02 mol) in 40 mL of methanol cooled in an ice bath. 
Addition was completed over a period of 20 min and stirring was then 
continued for a further hour. The reaction mixture was cooled to —20 
°C and the resulting solid was collected by filtration. The product was 
recrystallized twice from methanol (1.24 g, 34%): mp 49-50 °C (lit.42 
54 °C).

Reaction between Methyl o-Nitrobenzenesulfenate and 
Trimethylchlorosilane. Methyl o-nitrobenzenesulfenate (0.050 g, 
0.27 mol) and trimethylchlorosilane (0.050 g, 0.43 mol) were intro
duced into an NMR tube containing deuterated chloroform (0.5 mL). 
NMR indicated that the reaction was >90% complete after 2 weeks 
and comparison of this spectrum with that of an authentic sample of 
o-nitrophenylsulfenyl chloride showed the two to be identical.

Reaction between Methyl Benzenesulfenate and Trimethyl
chlorosilane. Methyl benzenesulfenate (0.21 g, 1.9 mol) and tri
methylchlorosilane (0.25 g, 2.2 mol) were mixed in an NMR tube. 
NMR indicated that the reaction was complete after 2 h. Comparison 
of the NMR spectrum with that of an authentic sample of benzene
sulfenyl chloride shows that the features in the range & 7.0-8.0 are 
identical.

Reaction between Methyl Benzenesulfenate and Trimeth- 
ylsilyl Cyanide. Methyl benzenesulfenate (1.1 g, 7.9 mol) was dis
solved in carbon tetrachloride (5 mL) and the solution was cooled to 
—20 °C using an acetone/dry ice bath. Trimethylsilyl cyanide (0.81 
g, 7.9 mol) dissolved in carbon tetrachloride (5 mL) was added drop- 
wise from a dropping funnel over a period of 10 min. The reaction 
mixture was allowed to warm to room temperature and the reaction

was monitored by NMR. After 18 h the reaction was complete; carbon 
tetrachloride was removed by rotary evaporation. Vacuum distillation 
of the resulting residue gave a clear colorless liquid: bp 50-51 °C (1.0 
mm) [lit.43 89-90 °C (8 mm)]; nD26 1.5704 (lit.43 rcD25 1.5712).

Reaction between tert-Butyl Hypochlorite and Benzylthio- 
trimethylsilane. Benzylthiotrimethylsilane (5.88 g, 0.03 mol) was 
dissolved in CCI4 (25 mL) on a 50-mL round-bottom flask, feri-Butyl 
hypochlorite44 (1.62 g, 0.015 mol) was added dropwise over 10 min; 
NMR showed the reaction was complete in 12 h. The feri-butoxy- 
trimethylsilane was shown (NMR) to be present in the reaction 
mixture. The mixture was reduced in volume by rotary evaporation 
and the resulting dibenzyl disulfide recrystallized from ethanol (2.65 
g, 62%): mp 68-71 °C; mmp 68-70 °C.

Reaction between tert-Butylhypochlorite and Phenylthio
trimethylsilane. The reaction was carried out as above. Diphenyl 
disulfide was formed (1.52 g, 47%): mp 60-61 °C; mmp 60-61 °C.
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Alkali salts of dinitromethane were obtained in high yields in the saponification of methyl cyanodinitroacetate 
or methyl dinitroacetate, prepared in the nitration of methyl cyanooximinoacetate and methyl malonate, respec
tively. These salts were used in the synthesis of fluorodinitromethane, fluorodinitroethanol, dinitroethanol, 2,2- 
dinitropropanediol, and dimethyl 4,4-dinitropimelate.

Potassium dinitromethane was first prepared by Villiers2 
in 1884 by reduction of bromodinitromethane, which was 
obtained3 in low yields in the nitration of 2,4,6-tribromoani- 
line. Free dinitromethane,4 an unstable pale yellow oil, de
composes readily at ambient temperatures. Dinitromethane 
was also obtained in low yields in the nitration of halogenated 
olefins, such as trichloroethylene.5 More recently potassium 
dinitromethane was prepared6 in 23% yield by the Ter Meer 
reaction7 of chloronitromethane.

KNO2 -KOH
CH3N 02 + Cl2 — C1CH2N 02 — K+-CH(N02)2

Dinitromethane salts are also obtained from the alkali salts 
of dinitroethanol,7 which are available in good yields in the 
oxidative nitration8 of nitroethanol.

The present investigation resulted from a need for a more

practical synthesis of dinitromethane salts. New routes to the 
compound were investigated based on methyl dinitroacetate 
and methyl cyanodinitroacetate.

The nitration of malonates was first investigated by Bou- 
veault and Wahl9 in 1903, who reported the synthesis of ethyl 
dinitroacetate with little experimental details. Kissinger and 
Ungnade10 prepared a number of alkyl dinitroacetates in
10-20% yields in the nitration of alkyl malonates.

We obtained methyl malonate by a modification of a re
ported procedure;11 yields were improved by 30% and the 
isolation procedure was simplified. The nitration of this 
monoester with nitrogen tetroxide, 100% nitric acid, nitric- 
sulfuric acid, and red fuming nitric acid was investigated. The 
best yield of methyl dinitroacetate, 55-60%, was obtained 
using an excess of 20% red fuming nitric acid in methylene 
chloride at 3-7 °C.
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H 02CCH2C 02CH3 + HN03 -*  HC(N02)2C 02CH3

A side reaction product of these nitrations, 3,4-bis(carbome- 
thoxy)furazan 2-oxide,12 could be readily separated.

On storage at ambient temperature for several days, methyl 
dinitroacetate gradually decomposed to the furazan deriva
tive.

H( '< NOpXXbCl 1 • — ^ CH3020C---- CC02CH3
II II
n ^q^ n —►O

The alkali salts of methyl dinitroacetate, however, were found 
to be storable at ambient temperatures. When treated with 
aqueous alkalies at 70-80 °C, the salts underwent saponifi
cation to give the corresponding salts of dinitromethane in 
90-95% yields.

Na+-C(N02)2C 02CH3 + 2NaOH 
h 2o

Na+-CH(N02)2 + Na2C 03 + CH3C»H
A

Potassium dinitromethane is sparingly soluble in water, 
whereas the sodium salt is very soluble. Both salts can be 
stored without any noticeable decomposition for several weeks 
at ambient temperatures. These salts are sensitive to impact, 
and in larger scale work aqueous solutions of the sodium salt 
were used for safe handling.

Ammonium dinitromethane, previously reported by me
tathesis reaction,4 was obtained by heating methyl dini
troacetate with ammonium hydroxide.

HC(N02)2C 02CH3 + NH4OH NH4+-CH (N 02)2

Fluorodinitromethane was previously reported13 by fluo- 
rination of aqueous ammonium dinitromethane. Aqueous 
sodium dinitromethane was fluorinated to give fluorodini
tromethane in 75-80% yields.

(H 2 0 )
Na+-CH(N02)2 + F2 -»- FCH(N02)2

Fluorodinitromethane was also obtained in ca. 60% yield in 
the fluorination of aqueous alkali salts of methyl dinitroace
tate. Methyl fluorodinitroacetate is thus hydrolyzed under 
the reaction conditions.

<h 20 )
K +-C (N 02)2C 02CH3 + F2 — ► [FC(N02)2C 02CH3] 

h 2o
— FC(N0 2)2H + c o 2 + c h 3o h

The analogous fluorination of the ethyl ester,14 however, 
yielded a mixture of fluorodinitromethane and ethyl fluoro
dinitroacetate.

Dialkyl dinitromalonates have not been previously re
ported,15 but mononitromalonates are known.16 We found 
that dimethyl nitromalonate undergoes slow nitration in ni
tric-sulfuric acid to give dimethyl dinitromalonate in 20-25% 
yields.

N 02CH(C02CH3)2 + HNO3-H 0SO4 — (N 02)2C(C02CH3)2

The compound was identified by its elemental analysis and 
NMR spectrum. Dimethyl dinitromalonate reacted with 
methanolic potassium hydroxide to give methyl potassium 
dinitroacetate, which on acidification yielded the previously 
reported methyl dinitroacetate.

CH 3 OH
(N 02)2C(C02CH3)2 + KOH K +-C (N 02)2C 02CH3

h 3o +
— HC(N02)2C02CH3

The second route to dinitromethane was based on cyano- 
dinitromethide salts. The nitration of methyl cyanoacetate 
with the mixed acid was reported17 to give low yields (20-30%) 
of the dinitro derivative. Much better yields of methyl 
cyanodinitroacetate, 80-85%, were reported17 in the nitration 
of methyl cyanooximinoacetate, available quantitatively in 
the nitrosation of cyanoacetate with sodium nitrite-phos
phoric acid.

H3PO4
NCCH2C 02CH3 + NaN02 — NCC(=N0H)C02CH3

h n o 3
— *► NCC(N02)2C 02CH3 
h 2s o 4

Methyl cyanodinitroacetate in methylene chloride solution 
reacted with water at ambient temperatures to give the 
known17 dinitroacetonitrile.

NCC(N02)2C 02CH3 + H20  — NCC(N02)2H
+ C 02 + CH3OH

When an aqueous solution of dinitroacetonitrile salts was 
heated with 2 mol of an alkali hydroxide, the nitrile underwent 
saponification to give the alkali salt of dinitromethane, the 
alkali carbonate, and ammonia.

NCC(N02)2-Na+ + 2NaOH 
h 2o
— Na+CH(N02)2 + Na2C 03 + NH3

A

The rate of this reaction was conveniently followed by the 
disappearance of the nitrile UV absorption at 350 nm. The 
reaction was completed in ca. 2 h at 80-85 °C, and the yield 
of dinitromethane salts was practically quantitative. At 105 
°C the saponification was completed in 15-20 min.

Sodium dinitromethane solution, obtained in this one-pot 
reaction, was used directly in the synthesis of other geminal 
dinitro compounds. Formaldehyde (1 mol) was added, and the 
resulting sodium dinitroethanol18 was fluorinated according 
to a reported procedure19 to give fluorodinitroethanol in 
70-80% yields.

Na+-CH(NQ2)2 + CH20  — Na+-C(N02)2CH20H

FC(N02)2CH20H
h 2o

Similarly, sodium dinitromethane solution was used directly 
in the synthesis of 2,2-dinitropropanediol. Formaldehyde (2 
mol) was added, and the alkaline solution was then neutralized 
with acetic acid to give the diol.6

K+-CH (N02)2 + CH20  ** K + -(N 02)2CH20H
A

c h 2o
H0CH2C(N 02)2CH20H

OH-

Dinitromethane salts react with 2 mol of a,/3-unsaturated 
carbonyl compounds to give the corresponding Michael con
densation products.7 When the crude sodium dinitromethane 
solution above was treated with 2 mol of methyl acrylate, di
methyl 4,4-dinitropimelate20 was obtained in 65% yield.

Na+-CH(N02)2 + 2CH2= C H C 0 2CH3
-  (N 02)2C(CH2CH2C 02CH3)2

Fluorination of sodium dinitroacetonitrile was reported21 
to give fluorodinitroacetonitrile, which was hydrolyzed to 
fluorodinitroacetamide. We found that fluorodinitroaceto
nitrile can be hydrolyzed to fluorodinitromethane in 75-80% 
yields. A l,l,2-trichloro-l,2,2-trifluoroethane solution of the 
nitrile was stirred with concentrated hydrochloric acid at 
ambient temperature for 10-12 h to give fluorodini-
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Na+-C(N02)2CN + F2 ^  FC(N02)2CN

HCl HC1
— FC(N02)2C0NH2 — FC(N02)2H

A

Fluorodinitromethane and fluorodinitroethyl methyl car
bonate, rather than fluorodinitroacetonitrile, were the fluo- 
rination products of aqueous sodium dinitroacetonitrile 
containing small amounts of methanol.

Experimental Section
Caution. Because of the explosive nature of many compounds 

described in this paper, safety shielding is strongly recommended in 
all the experimental work. Salts of dinitromethane should be handled 
with utmost care: remotely and in small quantities.

Methyl Malonate. To a stirred solution of 132 g (1.0 mol) of di
methyl malonate in 250 mL of methanol at room temperature was 
added dropwise (15 min) with occasional cooling a solution of 66 g (1.0 
mol) of 85% potassium hydroxide in 150 mL of methanol. After 15 
min, the mixture was acidified with 1 mol of concentrated hydro
chloric acid and filtered. The filter cake (KC1) was washed with two 
25-mL portions of methanol. The combined filtrate and washing were 
concentrated on a rotating evaporator, and the residual liquid was 
dissolved in 150 mL of methylene chloride. The solution was filtered 
from a small amount of salts. The filtrate was distilled to give 95 g 
(80% yield) of methyl malonate: bp 90 °C (0.5 mm); NMR (CDCI3) 
5 3.44 (s, 2 H), 3.75 (s, 3 H), and 11.1 (s, COCH).

Methyl malonate was also obtained in 85% yield when diethyl 
malonate instead of dimethyl malonate was used. Ethyl malonate was 
obtained in 85% yield from diethyl malonate followed the above 
procedure but using ethanol as the solvent.

Methyl Dinitroacetate. T oa  stirred and cooled solution of 80 g 
of 20% red fuming nitric acid in 60 mL of methylene chloride at —5 
°C was added 25 g of methyl malonate. After 3 h at 5-7 °C, the reac
tion mixture was drowned in 150 mL of ice-water. The methylene 
chloride solution was washed with three 75-mL portions of ice-water, 
dried, and concentrated on a rotary evaporator to leave 21 g of crude 
methyl dinitroacetate (60% yield). An analytical sample was obtained 
by distillation: bp 37-38 °C (0.02 mm) [reported17 bp 38 °C (0.02 
mm)]; NMR (CDC13) 5 4.00 (s, 6 H) and 6.75 (s, 1 H).

3,4-Bis(methoxycarbonyl)furazan 2-Oxide. The title compound 
was isolated from crude methyl malonate nitration mixtures from 
which methyl dinitroacetate was removed by extraction with aqueous 
sodium bicarbonate. The crude 3,4-bis(methoxycarbonyl)furazan 
2-oxide was distilled to give a pale yellow liquid: bp 93 °C (0.25 mm); 
NMR (CDCI3) 5 3.96 (s) and 4.02 (s). Anal. Caled for C6H5N20 6: C, 
35.65; H, 2.99; N, 13.86. Found: C, 35.40; H, 2.81; N, 13.61.

Potassium Dinitromethane. A. From Methyl Potassium Di
nitroacetate. To a stirred solution of 1.5 g of potassium hydroxide 
in 15 mL of water was added 4.05 g (0.02 mol) of methyl potassium 
dinitroacetate, and the mixture was heated at 65-70 °C for a few 
minutes. The deep orange-red solution turned turbid and began to 
deposit some yellow solid. The mixture was cooled to 0-5 °C. The 
yellow crystalline solid was collected and washed with two 5-mL 
portions of ice-water. Air-dried solid amounted to 2.6 g (90% yield), 
mp 220 °C (expl) (reported4 mp 216 °C dec).

B. From Potassium Dinitroacetonitrile. A stirred suspension 
of 3.4 g (0.02 mol) of potassium cyanodinitromethide in 15 mL of 10% 
aqueous potassium hydroxide was heated at 90-95 °C for 2 h. Am
monia odor, strong at the beginning, gradually faded away. The yellow 
solution was cooled to 0-5 °C. The yellow crystalline solid was col
lected and washed with two 5-mL portions of ice-water: 2.5 g (85% 
yield); mp 220 °C (expl).

Ammonium Dinitromethane. To a stirred suspension of 4.1 g 
(0.025 mol) of methyl dinitroacetate in 10 mL of water was added 10 
mL of 14% ammonium hydroxide, and the mixture was heated in an 
open Erlenmeyer flask at 85-90 °C for 1.5 h. The solution was cooled 
in a refrigerator overnight, and a yellow crystalline solid was collected. 
The filter cake was washed with 2 mL of ice-water. The air-dried 
yellow solid weighed 2.4 g (77% yield): mp 110 °C dec (reported4 mp 
105 °C); IR (Nujol mull) no 0 = 0 .

Potassium Dinitroethanol. A suspension of 1.0 g of potassium 
dinitromethane obtained from methyl potassium dinitroacetate in 
5 mL of 10% aqueous formaldehyde was heated at 90-95 °C for a few 
minutes, and the solution was cooled to 0-5 °C. A yellow solid was

troacetamide. The resulting hydrochloric acid solution of the
amide was heated at 80-85 °C for 2  h to give fluorodini-
tromethane.

collected and washed with ice-water. The air-dried material weighed
0.9 g, mp 152 °C dec alone or when mixed with an authentic sample 
of potassium dinitroethanol.6

In another experiment, a suspension of potassium dinitroethanol 
obtained from potassium dinitromethane was fluorinated at 0-5 °C 
with elementary fluorine. The aqueous fluorination mixture was ex
tracted with methylene chloride. Fluorodinitroethanol, bp 33-34 °C 
(0.1 mm), was isolated from the extract and identified by its pub
lished19 physical properties.

Fluorodinitromethane. A. From Potassium Dinitromethane.
A stirred suspension of 3.1 g (0.02 mol) of potassium dinitromethane 
in 25 mL of water was fluorinated with elemental fluorine following 
a previously described technique.19 When all of the yellow potassium 
salt was consumed, the fluorination mixture was extracted with five
10-mL portions of methylene chloride. The combined extracts were 
dried and distilled to give 2.0 g of fluorodinitromethane, bp 36-37 °C 
(20 mm) [reported13 bp 35-38 °C (20 mm)].

B. From Methyl Dinitroacetate. A suspension of potassium salt 
of methyl dinitroacetate (150 g, 0.75 mol) in 1400 mL of water was 
fluorinated at 0-5 °C with 0.65 mol of fluorine over a 7-h period. The 
aqueous reaction mixture was extracted with ten 150-mL portions 
of methylene chloride. The combined extracts were dried with an
hydrous sodium sulfate and concentrated using an 18 in Vigreux 
column. The amount of product present in the distillation residue was 
determined by fluorine NMR spectroscopy using benzotrifluoride as 
the standard. There was obtained 60 g of fluorodinitromethane, 65% 
yield based on methyl potassium dinitroacetate.

C. From Fluorodinitroacetonitrile. A mixture of 13.4 g (0.09 mol) 
of fluorodinitroacetonitrile in 50 mL of l,l,2-trichloro-l,2,2-trifluo- 
roethane and 15 mL of concentrated hydrochloric acid was stirred for 
10 h at room temperature. The fluorine NMR signal at 41 91-4 for 
fluorodinitroacetonitrile disappeared, and a strong signal for fluo- 
rodinitroacetamide at <j> 101 appeared in the hydrochloric acid phase. 
The phases were separated, and the hydrochloric acid solution was 
heated at 80-85 °C for 1.5 h. During this time, carbon dioxide was 
evolved and some water-insoluble liquid was formed. The reaction 
mixture was allowed to cool and was extracted with five 15-mL por
tions of methylene chloride. The combined dried extracts were dis
tilled to give 9.9 g (90% yield) of fluorodinitromethane.

Dimethyl Dinitromalonate. To a stirred solution of 4 g of 100% 
nitric acid in 15 mL of concentrated sulfuric acid at room temperature 
was added 2.7 g of dimethyl nitromalonate.22 After 30 min the reaction 
mixture was drowned on ice and an insoluble oil was extracted with 
20 mL of methylene chloride. The dried extract was distilled in a 
microdistillation apparatus to give 0.7 g of a colorless liquid: bp 85-87 
°C (0.1 mm); NMR (CDCI3) 5 4.04 (s). Anal. Calcd for C5H6N208: C, 
27.04; H, 2.72; N, 12.61. Found: C, 27.35; H, 2.75; N, 11.82.

A 2.22-g (0.01 mol) sample of dimethyl dinitromalonate was treated 
at ambient temperature with an excess of methanolic potassium hy
droxide. A yellow potassium salt of methyl dinitroacetate was col
lected and washed with methanol: 1.8 g (90% yield); mp 216 °C dec 
(reported17 mp 213-214 °C).

A suspension of the methyl potassium dinitroacetate above in 5 mL 
of ice-water was acidified with 2 mL of 20% hydrochloric acid. The 
water-insoluble liquid which separated on acidification was extracted 
with 10 mL of methylene chloride. The extract was dried and distilled 
to give 1.1 g (76% yield) of methyl dinitroacetate.

Fluorodinitroethyl Methyl Carbonate. Methyl cyanodinitroa- 
cetate (120 g, 0.635 mol) was stirred with 250 mL of water at 25-30 
°C with occasional ice-water cooling until a clear solution resulted 
(45 min). The acidic solution was neutralized (pH 7-8) with 10% 
aqueous sodium hydroxide, 400 mL of l,l,2-trichloro-l,2,2-trifluo- 
roethane was added, and the mixture was fluorinated (5.5 h) with 0.6 
mol of elemental fluorine at 5-8 °C. The phases were separated, and 
the aqueous phase was extracted with three 50-mL portions of 
methylene chloride. The l,l,2-trichloro-l,2,2-trifluoroethane solution 
was combined with the methylene chloride extracts. The combined 
solutions were dried and concentrated to remove the solvents. The 
residue, 40 g of a pale yellow liquid, analyzed by fluorine and proton 
NMR spectroscopy, contained ca. 15% of fluorodinitroacetonitrile, 
30% of fluorodinitromethane, and 55% of fluorodinitroethyl methyl 
carbonate. This mixture was fractionated, and after removal of the 
two volatile components, 20 g of the carbonate, bp 60 °C (0.5 mm), 
was obtained: NMR (CDCI3) S 3.84 (s, CH3) and 5.18 (d, J h f  = 16 Hz, 
CH2).23 Anal. Calcd for C4H5N2F07: C, 22.65; H, 2.38; N, 13.21. Found: 
C, 22.41; H, 2.20; N, 12.98.

Registry No.—Dimethyl malonate, 108-59-8; methyl malonate, 
16695-14-0; ethyl malonate, 1071-46-1; diethyl malonate, 105-53-3; 
methyl dinitroacetete, 25160-76-3; 3,4-bis(methoxycarbonyl)fura- 
zan 2-oxide, 18322-90-2; potassium dinitromethane, 32617-22-4;
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methyl potassium dinitroacetate, 33717-84-9; potassium dini- 
troacetonitrile, 6928-22-9; ammonium dinitromethane, 12373-04-5; 
potassium dinitroethanol, 6928-29-6; fluorodinitroethanol, 17003-
75- 7; fluorodinitromethane, 7182-87-8; fluorodinitroacetonitrile, 
15562-09-1; fluorodinitroacetamide, 15562-10-4; dimethyl dinitro- 
malonate, 66901-53-9; dimethyl nitromalonate, 5437-67-2; fluorodi- 
nitroethyl methyl carbonate, 66901-54-0; methyl cyanodinitroacetate, 
66901-55-1; diethyl nitromalonate, 603-67-8; dinitromethane, 625-
76- 3.
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Hydration of the allene complex [3, Fp = CpFe(CO)2], under acidic conditions, gives a mixture of ketone and al
dehyde complexes (4 and 5). The aldehyde complex is shown to be derived by acid catalyzed rearrangement of the 
allyl alcohol complex (6) in a process involving the metal-stabilized cation (7). Rearrangement occurs at an appre
ciable rate even at pH 3.3, reflecting the unusually high stability of 7. Hydration of syn-3-methylallene and syn-3- 
phenylallene complexes (13a,b) proceeds in a manner closely paralleling the parent complex, but the isomeric anti-
3-methylallene and rmii-3-phenylallene complexes (14a,b) behave differently. These undergo hydration principal
ly through the less stable tautomeric 1-methylallene and 1-phenylallene complexes (15a,b) due to steric effects as
sociated with the anti substituent.

Recently, our interest in the use of complexes such as 1 
as organometallic synthons prompted us to examine the 
preparation of the precursor ketones (2) by routes other than 
those previously employed1 [Fp = j^-CsHsFefCO^].

Since it is well known that coordinated olefins in Fp(olefin) 
cations readily add a number of carbon and heteronuclear 
nucleophiles,2 we considered the prospect that Fp(allene) 
cations might serve as useful precursors of 2. The allene 
complexes are readily available either through an exchange 
reaction involving the Fp (isobutylene) cation and an allene3 
or by protonation of a (b-propargyl)Fp complex.4 The latter 
are conveniently obtained by metalation with Fp anion of 
either 1-halo- or l-tosyloxy-2-alkynes.5 While the exchange 
reaction with monosubstituted allenes may be expected to 
afford mixtures of syn- and anti-3-substituted allene com
plexes,3 protonation of (cr-progargyl)Fp complexes has been 
observed to proceed stereospecifically to give the syn stereo
isomers exclusively.6’7 Furthermore, syn and anti stereoiso
mers have been shown to be thermally interconvertible

through a succession of 1,2 shifts by the Fp group3 (Scheme
I).

Results
Hydration o f the Fp(allene) Cation. In general, the ad

dition of nucleophiles, including hydroxide ion, to Fp(allene)

0022-3263/78/1943-3488$01.00/0 © 1978 American Chemical Society
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cations has been shown to occur preferentially at C (l).7 
However, hydration in acid media might be expected to yield 
the desired ketone, since under these conditions addition to 
C(l) would be expected to be reversible, while reaction at C(2) 
would not.

In the event, hydrolysis of the parent cation (3) in aqueous 
acetone at room temperature for 10 min gave a 1:2 mixture of 
the desired ketone (4) and a second component in 61% yield. 
This substance could not be separated chromatographically 
from the ketone, but an JH NMR spectrum of the mixture 
showed the presence of an aldehyde proton as a doublet signal 
at 8 9.2, as well as a methyl doublet at 8 1.20, a one proton 
double quartet at 8 2.3, and a singlet resonance at 8 4.67 for 
cyclopentadienyl protons. On the basis of these data, the 
complex was assigned the structure 5, and this was readily

3 4 5
confirmed by its synthesis from a-bromopropionaldehyde 
diethyl acetal by metalation and hydrolysis.

The formation of 4 in this reaction requires no special 
comment, but the aldehyde (5) represents a form of rear
rangement product not hitherto observed in the reactions of 
Fp(allene) cations with nucleophiles.7

The allyl alcohol 6, a likely intermediate in the rearrange
ment reaction, may be prepared by treatment of 3 with ben- 
zyltrimethylammonium acetate, followed by lithium alumi
num hydride reduction of the acetate, or more directly by 
treatment of 3 with excess 0.1 N sodium hydroxide.

Brief exposure of the allyl alcohol (6) to 1 equiv of fluo- 
roboric acid in aqueous acetone at room temperature con
verted it to a 1:2 mixture of 4 and 5 in 70% yield. Significantly, 
when hydration of 3 was carried out in D20-acetone, the 
propionaldehyde complex obtained was found to be mono- 
deuterated exclusively at C(3).

These results are in accord with a mechanism involving 
intermediacy of the cationic carbene complex (7), generated 
by protonation of the allyl alcohol (6). Subsequent hydride

CHO

5

shift within this cation yields the aldehyde (5). This latter step 
requires no special comment, since it is well precedented.8 
However, the formation of the carbene complex (7) under 
comparatively mild acid conditions is remarkable.

Evidence for the transient existence of the parent cationic 
carbene complex (8) was provided some years ago by Jolly and

Pettit,9 and by Green, Ishaq, and Whiteley.10 More recently 
the phenyl-stabilized derivatives 911 and 1012 have been iso
lated. The present results show that these ions may be gen
erated even in relatively weak acid media. Thus, rearrange-

8 9 10
ment of the allyl alcohol (6) takes place rapidly in an aque
ous-acetone solution 0.2 M in HBF4, and formation of 4 and 
5 from 3 occurs with equal ease in 0.06 M aqueous-acetone 
solutions of the salt, which therefore cannot be more than 0.06 
M in HBF4. Hydrolytic rearrangement of 3 takes place slowly 
even when the salt is suspended in an aqueous phosphate so
lution buffered to pH 3.3.

With these considerations in mind, we undertook an ex
amination of the hydrolysis of 3 in aqueous acetic acid-sodium 
acetate solutions, under conditions which would preclude the

4
rapid formation of 7, but would allow reversible formation of 
the acetate (11) and hydrolysis of the more reactive enol ac
etate intermediate (12). These reactions are summarized 
below.

We found that aqueous acetic acid-sodium acetate solutions 
(pH 3.3) were effective in converting the allene complex (3) 
to ketone (4). The crude product, obtained in 53% yield, 
contained <10% of the undesired aldehyde. Similarly, treat
ment of the allyl acetate (11) under these conditions converted 
it in 73% yield to the ketone (4), containing 10% of the isomeric 
aldehyde.

Preparation o f Syn- and Anti-Substituted Allene 
Complexes. The results obtained with the parent allene 
complex (3) prompted us to examine the reactions of the re
lated 3-methyl- and 3-phenylallene complexes. These sub
stances may exist in geometrically isomeric syn and anti forms 
(13 and 14), which may equilibrate with one another through 
the intermediacy of the 1-substituted allene complex (15). The 
syn complexes (13a,b) were readily prepared by low-tem
perature protonation of the related tr-propargyl complexes 
(16a,b), a process shown earlier3’6 to proceed with high ste
reospecificity (Scheme II).

Although the emit-3-methylallene complex (14a) is ther
modynamically more stable than the syn isomer, it cannot be 
obtained in pure form by thermal isomerization of the latter 
complex, since equilibration results in a 2:1 mixture of anti 
and syn isomers. However, good advantage may be taken of 
the transperiplanar stereospecificity of the protonation re
action, which converts 16 to 13. The reverse process should 
be equally stereospecific. In the event, deprotonation of an 
equilibrium mixture of 13a and 14a by treatment with dicy- 
clohexylethylamine at 0 °C for 30 min smoothly deprotonated 
13a, leaving 14a unchanged. The latter was then isolated by 
precipitation from methylene chloride solution with ether.

The preparation of the anti-3-phenylallene complex (14b) 
was more direct, since the syn complex (13b) is completely 
isomerized to 14b on heating in methylene chloride solution 
at 40 °C for 30 min.

Before considering the hydration reactions of substituted 
Fp(allene) cations it is of interest to digress briefly to note the
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behavior of the parent cation (3) on deprotonation with di- 
cyclohexylethylamine. In contrast to the reaction of 13a, which 
is smoothly converted to 16a on treatment with this amine, 
similar treatment of 3 yields the <r-allenyl complex (18), rather 
than the anticipated c-propargy] complex (17). We believe 
that 17 is the initial product of this reaction, but that it 
undergoes a rapid sigmatropic change to give the more stable 
allenyl complex (18).

The same process may intervene in the metalation of pro- 
pargyl bromide5,13 or benzenesulfonate6 by Fp anion, which 
yields 18 rather than 17, although a preference for Sn2' dis-

H

3 17 18

placement in this reaction cannoc be excluded. A similar sig
matropic process appears to be involved in the formation of 
(cis- and trans- (2-butenyl)Fp on deprotonation of the

Fp(cis-2-butene) cation,14 and in deuterium label scrambling 
on deprotonation of the Fp(l,l-d:deuterioisobutylene) cation 
at 0 °C.14

Merour and Cadiot15 have also reported that (l,l'-dideu- 
terioallyl)Fp, prepared by metalation of l,l'-dideuterioaliyl 
tosylate, undergoes facile equilibration at ambient tempera
ture.

The limited data would suggest that equilibrium between 
isomeric (^-allybFp complexes favors the complex with a 
primary metal-carbon bond. Analogously, sigmatropic change, 
which interconverts (j)!-propargyl)Fp and (i^-allenylJFp 
complexes, suggests the order of stability as:

R= alk,ar
R

Table I. Hydration Products of Aliene Complexes 13 and
14

allene complex products and ratio % yield

syn (13)
CHO

F p — <
x— R

,—OH 
FP ^

R/
2119 20

a, R = Mea 2e P 0 60
b, R = Ph* 107 V 0

R

70

anti (14) F p — (
r °

R

22

/— OH 
F p — (A— R

OH
Fp A

2 3 2 4

a, R = Mec 2« 0 l ' 30
b, R = Phd 2* i k 0 10

a Registry no.: 59752-01-1. * Registry no.; 66807-52-1. c Reg-
istry no.: 41357-51-1. d Registry no.: 66807-54-3. e Registry no.: 
66769-04-8. > Registry no.: 66769-05-9. >■ Registry no.: 66769-15-1. 
h Registry no.: 66769-16-2. 1 Registry no.: 41611-23-8. > Registry- 
no.: 41611-24-9. k Registry no.: 56810-66-3. * Registry no.: 
66769-17-3.

The difference in energy between such isomers cannot, 
however, be great, since when R = CH2OH16 or CF^OMe3 
equilibrium favors the allenyl form, possibly due to attractive 
interaction between the heteroatom and a carbonyl ligand.

Hydration o f Substituted Allene Complexes. With both 
syn and anti isomers (13 and 14) in hand, we proceeded to 
examine their behavior on hydration. The syn-3-methyl- and 
3-phenylallene complexes (13a,b) behaved like the parent 
complex, yielding mixtures of ketone and aldehyde complexes 
(19 and 20). These results are summarized in Table I.

The allyl alcohol complexes (21a,b) were not isolated in 
these reactions, but could be prepared independently, as for 
the parent complex, by quenching the cations (13a,b) with 
hydroxide. As anticipated, treatment of these alcohols with 
a catalytic amount of HBF4 in acetone solution converted 
them to the corresponding aldehydes (19a,b).

The corresponding anti-3-methyl- and 3-phenylallene 
complexes (14a,b) behaved very differently on hydration. 
Complex 14a yielded only the rearranged ketone and allyl 
alcohol complexes (22a and 24a) in low yield when treated 
under conditions used in the hydration of 13a and 13b. Sim
ilarly, 14b gave only the rearranged ketone complex (22b) and 
a smaller amount of the unrearranged allyl alcohol (23b).

The formation of ketones 22a,b may be depicted as pro
ceeding through hydration of the less stable tautomeric form 
of the allene complexes (15a,b), as shown in Scheme III.

Scheme III

14 15 24

2 2R = H
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This sequence of steps closely resembles the course of re
action leading to the aldehyde (5) from the parent complex
(3). The formation of the butanone complex (22a) does not 
involve hydration at C-2 of the aliene complex (15a) rather 
than at C-3, since when the reaction of 14 is carried out in D2O, 
monodeuteration occurs at C-4 in the product in accord with 
the steps: 14 —»-15 —̂ 24 —»- 22. The failure of water to add to 
the internal carbon atom in the reactive intermediate aliene 
complexes (15a,b), as it does with 3 and with the isomeric syn 
complexes (13a,b), is noteworthy and may possibly reflect 
increased charge accumulation at the terminal aliene carbon 
center (C-3) due to substitution at this point. Evidence for the 
role of allyl alcohols (24a,b) as intermediates in the formation 
of ketone complexes (22a,b) is provided by the observation 
that mixtures of 22a and 24a are converted to 22a on treat
ment with HBF4.

The failure of the anti complexes (14a,b) to undergo hy
dration competitive with isomerization to their less stable 
tautomers (15a,b) must be attributed to steric effects asso
ciated with the substituent at C-3. Pronounced steric effects 
are to be expected, since, unlike the uncomplexed ligand, al- 
lenes bound to transition metals through ir complexation are 
distorted from linearity.17 In Fp(tetramethylallene) tetra- 
fluoroborate the aliene carbon framework forms an angle of 
145.7°, with the uncoordinated carbon atom being bent away 
from the iron atom, but in the plane defined by this atom and 
the coordinated carbon atoms.18 The consequence of this 
distortion is to greatly increase the steric hindrance of an anti 
substituent at C-3 for nucleophilic addition to both C-l and 
C-2, since such reaction takes place trans to the iron-olefin 
bond23’19 (25).

Since hydration of the syn complex (13a) gives none of the 
products formed from its anti isomer (14a), the activation 
energy for hydration must be at least 2 kcal/mol less than the 
energy barrier (23 kcal/mol)3 separating these isomers, as
suming a symmetrical energy barrier between 15a and both 
13a and 14a. Furthermore, the activation energy for hydration 
of 14a must then be at least 2 kcal/mol higher than the acti
vation energy for conversion of 14a to 15a. Thus, steric effects 
associated with the methyl substituent in 14a must contribute 
at least 4 kcal/mol to the activation energy for hydration of 
this complex compared with its syn isomer 13a.

Finally, since hydration of 14 proceeds through the less 
stable isomer (15), and hydration of this species competes 
effectively with its further isomerization to 13, it follows that 
the rate-limiting step in the hydration of 14 is its conversion 
to 15. It is therefore not surprising that hydration of 14 under 
conditions similar to those applied to 13 is a much slower 
process, as is evidenced by the comparative yields of hydration 
products. This is particularly so for 15b, where steric effects18 
due to the phenyl group would be expected to appreciably 
destabilize the complex relative to its isomer 14b and raise the 
energy barrier for the exchange of 14b with 15b. The forma
tion of a small amount of the unrearranged alcohol (23b) in 
the hydration of this substance no doubt reflects the balance 
between steric effects which retard rearrangement to 15b as 
well as nucleophilic attack at C-l in complex 14b.

Experimental Section
Solvents were routinely dried by standard procedures, maintained 

under nitrogen over molecular sieves, and degassed prior to use.
All reactions, subsequent purification procedures, and spectroscopic 

examinations were performed under nitrogen. Reactions were con
ducted in flame-dried apparatus.

Infrared spectra were recorded on Perkin-Elmer Model 137 and 
457 spectrophotometers. Nuclear magnetic resonance spectra were 
recorded on Varian Model A 60-A (NIH GM-13183), Perkin-Elmer 
R-32 (NSF GU-3852), and Bruker WH-90 (NSF GU-3852, GP-37156) 
spectrometers.

Melting points were determined in sealed capillaries and are un
corrected.

Elemental analyses were performed by Galbraith Laboratories, 
Knoxville, Tenn.

Hydration of Fp(CH2CCH2)BF4 (3). Formation of 4 and 5. The
salt (3; 0.2 g, 0.7 mmol) was dissolved in 10 mL of acetone at room 
temperature and to this was added 1 mL of water. An immediate color 
change from yellow to orange took place. Reaction was allowed to 
continue for 10 min and the solution was then poured into a mixture 
of 10 mL each of methylene chloride and water. The organic layer was 
separated and the aqueous layer was extracted once with 10 mL of 
methylene chloride. The combined organic extracts were dried, sol
vent was removed, and the residue was chromatographed on 10 g of 
activity III neutral alumina. Elution with ether-petroleum ether 
mixtures of increasing polarity removed the product as a single yellow 
band (with 70% ether-petroleum ether). The yield of product (4 and
5), obtained as a yellow oil, was 0.094 g (61%). 4: IR (CH2CI2) 1965, 
2030,1640 cm -1; NMR (CS2) 5 4.76 (s, 5, Cp), 1.92 (s, 3, CH3CO), 1.60 
(s, 2, CH2CO). 5: IR (CH2C12) 1965, 2030, 1640 cm "1; NMR (CS2) 6
9.2 (d, 1, J  = 3 Hz, CHO), 4.67 (s, 5, Cp), 2.3 (dq, 1, J = 3,6 Hz, FpCH),
1.20 (d, 3, J -  6 Hz, CH3). Anal. Calcd for Ci0Hi0FeO3: C, 51.32; H,
4.30. Found: C, 51.32; H,4.15.

Preparation of Fp(CH3CHCHO) (5). A 0.5 M solution of NaFp 
in THF was prepared from dicarbonyl ?;5-cyclopentadienyliron 
dimer,20 and this was added (160 mL, 80 mmol) to 2-bromopropion- 
aldehyde diethyl acetal (16.7 g, 80 mmol) at room temperature. After 
stirring the solution for 3.5 h, solvent was removed in vacuo and the 
residue was extracted with petroleum ether. The combined extracts 
were filtered under nitrogen, and the solution was concentrated and 
then chromatographed on 200 g of activity III neutral alumina. The 
acetal, which hydrolyzes on the column, was eluted with 60-80% 
ether-petroleum ether as a yellow band. Removal of the solvent left 
a yellow solid, which was recrystallized from ether-petroleum ether 
by blowing a stream of nitrogen through the mixture. The yield of 5, 
mp 70-72 dec, was 2 g (11%). Its LH NMR spectral properties were 
identical with the product obtained in the hydration of 3. Anal. Calcd 
for C10H10FeO3: C, 51.32; H, 4.30. Found: C, 50.81; H, 4.10.

Deprotonation of Fp(CH2CCH2)BF4 (3). Formation of 18. The 
allene complex (0.15 g, 0.40 mmol) was suspended in 5 mL of meth
ylene chloride and cooled to 0 °C. Dicyclohexylethylamine (0.086 g, 
0.4 mmol) was added to the solution. After 30 min reaction was 
complete. The solution was filtered under nitrogen through a short 
column of activity III alumina and the solvent was evaporated to give 
0.060 (70%) of Fp(allenyl) (18).6

Synthesis of Fp(AcOCH2CCH2) (11). The allene complex (3) was 
added to a methylene chloride solution (5 mL) of benzyltrimeth- 
ylammonium acetate (0.15 g, 0.70 mmol), prepared from benzyltri- 
methylammonium tetrafluoroborate by exchange on Dowex 1. After 
stirring for 30 min, 30 mL of ether was added and the resulting mix
ture was filtered under nitrogen. Evaporation of solvent left the 
product (11), 0.114 g (83%), as an orange oil, which was used without 
purification: IR (CH2C12) 1960, 2030, 1725 cm "1; NMR (CS2) 6 5.65 
(t, 1, J = 1.5 Hz, C H =), 5.0 (t, 1, J = 1.5 Hz, C H =), 4.82 (s. 5, Cp),
4.4 (t, 2, J = 1.5 Hz, CH'>OAc). 1.95 (s, 3, CH3).

Synthesis of Fp(HOCH2CCH2) (6). A. LiAlH4 (0.06 g, 1.5 mmol) 
was suspended in 50 mL of ether and cooled to 0 °C. The allyl acetate 
complex (11; 0.57 g, 2.0 mmol) was dissolved in 5 mL of ether and 
added to this by stringe. After 30 min the reaction was quenched 
successively with 1 mL of H20 , 1 mL of 15% NaOH, and 3 mL of water. 
The mixture was filtered under nitrogen and the ether solution was 
separated and dried. After removal of solvent, the residue was taken 
up in petroleum ether and chromatographed on 10 g of activity III 
alumina with 60-80% ether-petroleum ether to give 0.162 g (35%) of 
allyl alcohol complex (6), mp 58-59 °C. The product could be further 
purified by crystallization as yellow needles from ether-petroleum 
ether: IR (CH2C12) 3600, 2020,1960 cm -1; NMR (CS2) & 5.75 (t, 1, J 
= 1.5 Hz, CH =), 5.0 (br s, 1, C H =), 4.78 (s, 5, Cp), 4.0 (br s, 2, 
CH2OH), 1.55 (br s, 1, OH). Anal. Calcd for Cj.oHioFe03: C, 51.32; H,
4.30. Found: C, 51.20; H, 4.31.
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B. The allene complex (3; 0.2 g, 0.7 mmol) was dissolved in 20 mL 
of carefully dried acetone and to this was added 7 mL of a 0.1 N NaOH 
solution. The reaction mixture turned brown immediately. After 10 
min the reaction was worked up and chromatographed on alumina. 
Elution with ether-petroleum ether gave the alcohol, 0.53 g (35%), 
identical with the product obtained above.

Rearrangement of Fp(HQCH2CCH2) (6). The allyl alcohol 
complex (0.02 g, 0.1 mmol) was dissolved in 5 mL of acetone and 1.0 
mL of 0.1 M HBF4 was added. The solution was stirred at room 
temperature for 10 min and then worked up. Chromatography on 10 
g of activity III neutral alumina gave 0.014 g (70%) of product as an 
amber oil. A XH NMR spectrum of the product showed it to be a 
mixture of 4 and 5 in a ratio of 1:2.

Preparation of Fp(CH2COCH3) (4) from 3. The allene complex 
(3; 0.20 g, 0.70 mmol) and potassium acetate (0.070 g, 0.7 mmol) were 
taken up in a solution of 1.0 mL of acetic acid and 0.1 mL of water. The 
solution was stirred at room temperature for 0.5 h. At the end of this 
period, 20 mL of methylene chloride was added, and the organic layer 
was separated and dried. After removal of solvent, the product was 
taken up in a small amount of ether and chromatographed on 10 g of 
activity III neutral alumina. Elution with 60-80% ether-petroleum 
ether gave 0.073 g (50%) of product shown by its XH NMR spectrum 
to be 4. A small amount, estimated to be <10%, of the aldehyde (5) 
was also present.

Hydrolysis of Fp(CH2CCH2)BP4 with D20 . The allene complex 
(0.2 g, 0.7 mmol) was dissolved in 10 mL of carefully dried acetone and
1.0 mL of D20  (99.8%) was added. The solution was stirred for 10 min, 
acetone was then evaporated, and the product was worked up as de
scribed in the hydrolysis of 3. The yield of product was 0.080 g (52%). 
A NMR spectrum of the product showed the aldehyde component to 
have resonances at 5 9.2 (CHO), 4.67 (Cp), 2.3 (FpCH), and 1.2 (CH3) 
in ratios of 0.9:4.6:1.0:2.2 (average of three integrations). The ketone 
component similarly showed resonances at 5 4.76 (Cp), 1.92 (CH3CO), 
and 1.60 (CH2CO) in a ratio of 5.0:1.9:1.9.

Conversion o f Fp(AcOCH2CCH2) (11) to FpCH2COCH3 (4). 
The acetate (0.050 g, 0.2 mmol) was taken up in 1 mL of acetic acid 
containing 0.1 mL of water and 0.1 g of potassium acetate. After 
stirring at room temperature for 0.5 h, methylene chloride and water 
were added and the organic layer was separated and dried. Solvent 
was removed in vacuo and the residue was taken up in petroleum ether 
and chromatographed on activity III alumina. Elution with 60-80% 
ether-petroleum ether gave the product as a 10:1 mixture of 4 and 5 
in 73% yield.

Hydration o f Fp(CH2CCH2)BF4_ at pH 3.3. The allene salt (3; 
0.30 g, 1.0 mmol) was suspended in 1.5 mL of a phosphate buffer so
lution (pH 3.3) and stirred at room temperature for 15 min. The re
sulting gummy material was added to 5 mL of methylene chloride, 
and the organic phase was separated. After extraction of the aqueous 
phase with methylene chloride, the combined organic solutions were 
dried, solvent was removed, and the residue was chromatographed 
on 10 g of activity III alumina. Elution gave 55 mg of product (25%), 
shown by NMR spectral analysis to be a 3:2 mixture of 
Fp(CH2COCH3) and Fp(CH2CHCHO).

Preparation of Fp(aflfi-CH2CCHCH3)BF4 (14a). The syn-3- 
methylallene complex (13a), prepared by protonation of 12,3 was al
lowed to equilibrate in refluxing methylene chloride solution. A so
lution of this mixture (0.50 g, 1.6 mmol) in 10 mL of methylene chlo
ride was cooled to 0 °C and was then treated with 0.63 mmol of dicy- 
clohexylethylamine for 30 min. At the end of this time 50 mL of ether 
was added and the precipitate was collected under nitrogen in a 
Schlenk tube and washed with 100 mL of 1:1 methylene chloride- 
ether mixtures. The residue was dissolved in 10 mL of methylene 
chloride and filtered. Addition of ether to this solution gave 0.14 g of 
14a (41% based on the presence of 0.33 g of this isomer in the initial 
mixture). An NMR spectrum taken in CD3NQ2 did not indicate the 
presence of syn isomer in the product: NMR (CD3NO2) <> 6.4 (m, 1, 
=C H ), 5.7 (s, 5, Cp), 3.2 (m, 2, = C H 2), 2.1 (m, 3, CH3).

Preparation o f Fp(syn~CH2CCH Ph)BF4 (13b) and of 
Fp(anti-CH2CCHPh)BF4 (14b). The syn.-3-phenylallene complex 
(13b; 0.5 g, 1.3 mmol) was prepared by protonation of 16,5 following 
the procedure employed in the preparation of 13a: NMR (acetone-d6, 
0 °C) S 8.2 (s, 1, =C H ), 7.3-7.9 (m, 5, Ph), 6.1 (s, 5, Cp), 3.6 (d, 2, J = 
4 Hz, = C H 2). This product was suspended in 10 mL of methylene 
chloride and the solvent was brought to reflux for 30 min. Ether (30 
mL) was then added to ensure complete precipitation of product, 
which was collected in a Schlenk tube and washed with methylene 
chloride-ether (1:1). The product (14b) was dried in vacuo: yield 0.43 
g (86%); NMR (acetone-de) S 7.3-7.9 im, 6, Ph, ==CH), 6.05 (s, 5, Cp),
3.9 (d, 2, J = 4 Hz, = C H 2); NMR (CD3N 02) 6 7.3-7.7 (m, 6, Ph, 
= C H ), 5.85 (s, 5, Cp), 3.7 (d, 2, J  = 4 Hz, = C H 2).

Hydration o f Fp(syn-CH2CCHCH3) (13a). Formation o f 19a 
and 20a. The procedure employed for the hydration of 3 was followed. 
From 0.21 g of 13a, 0.09 g (60%) of a 2:1 mixture of 19a and 20a was 
obtained after chromatographic purification on alumina. The mixture, 
which could not be separated, showed: IR (CH2C12) 2030,1965,1640 
cm -1; NMR (CS2) 6 9.2 (d, 1, J  = 3 Hz, CHO), 4.78 (s, 5, Cp), 4.68 (s, 
5, Cp), 0.6-2.4 (m, CH, CH2, CH3). Anal. Calcd for Cn H12Fe03: C, 
53.26; H, 4.84. Found: C, 53.58; H, 5.01.

Hydration of Fp(syn-CH2CCHPh) (13b). Formation o f 19b and 
20b. Hydration of 1.0 g of 13b, following standard conditions, except 
that reaction time was 1 h, gave 0.38 g (47%) of a 10:1 mixture of 19b 
and 20b after purification of the crude product on alumina. The 
mixture showed: IR (CH2C12) 2030,1965,1640 cm-1; NMR (CS2) of 
19b 6 9.15 (s, 1 CHO), 7.05 (s, 5, Ph), 4.72 (s, 5, Cp), 3.33 (m, 1, FpCH),
2.5 (m, 2, CH2); NMR of 20b 5 7.15 (s, 5, Ph), 4.46 (s, 5, Cp), 3.28 (s, 
2, PhCH2), 1.76 (s, 2, FpCH2).

Preparation o f Fp(cis-HOCH2CCHCH3) (21a). Fp(syn-3- 
methylallene) tetrafluoroborate (13a; 0.21 g, 0.7 ¡mmol) was takeniup 
in a small volume of carefully dried acetone and treated with 7 mL 
of 0.1 N NaOH. After stirring for 10 min, the solution was extracted 
with methylene chloride and finally chromatographed on 10 g of 
alumina. Recrystallization from ether-petroleum ether gave 0.05 g 
(30%) of 2ta; IR (CH2C12) 3590, 2020,1955 c m '1; NMR (CS2) 5 6.22 
(q, 1, J  = 7 Hz, CH =) 4.8 (s, 5, Cp), 4.0 (br s, 2, CH2), 1.74 (d, 3, J =
7 Hz, CH3), 1.18 (br s, 1, OH). Anal. Calcd for Cn H120 3Fe: C, 53.26;
H, 4.84. Found: C, 53.10; H, 5.02.

Preparation of Fp(cis-HOCH2CCHPh) (21b). Treatment of 
Fp(syre-3-phenylallene) tetrafluoroborate (13b; 0.25 g, 0.7 mmol) with
8 mL of 0.1 N NaOH as with 13a above gave 0.05 g (25%) of the alcohol 
(21b): mp 109-110 °C; IR (CH2C12) 3590, 2030, 1960 c m '1; NMR 
(acetone-d6) S 7.66 (br s, 1, =CH ), 7.29 (m, 5, Ph), 4.88 (s, 5, Cp), 4.28 
(d, 2, J = 6 Hz, CH2), 3.8 (t, 1, J  = 6 Hz, OH). Anal. Calcd for 
Ci6H14Fe03: C, 61.97; H, 4.55. Found: C, 61.21; H, 4.31.

Rearrangement of 21b to 19b. The allylic alcohol (21b; 0.06 g, 0.2 
mmol) was dissolved in 5 mL of acetone and 0.2 mL of 0.1 M HBF4 
(48%) was added at room temperature. After 90 min of reaction, 30 
mL of CH2C12 was added, the solution was dried, and solvent was 
removed. An NMR spectrum of the product revealed it to be 3:1 
mixture of 21b and 19b.

Hydration of Fp(anti-CH2CCHCH3)BF4 (14a). Preparation 
o f 22a. The salt (14a; 0.064 g, 0.2 mmol) was taken up in 5 mL of ac
etone and 0.2 mL of water was added. After stirring at room temper
ature for 10 min, 20 mL of CH2C12 was added and the solution was 
dried and filtered. Chromatography of the product on 10 g of activity 
III neutral alumina with ether-petroleum ether gave 22a as a yellow 
solid (0.015 g, 30%); IR (CH2C12) 2G30,1960,1635; NMR (CS2) 6 4.66 
(s, 5, Cp), 2.40 (q, 1, J = 7 Hz, FpCH), 1.98 (s, 3, CH3CO), 1.18 (d, 3, 
J = 7 Hz, CH3). Anal. Calcd for CnHi20 3Fe: C, 53.26; H, 4.84. Found: 
C, 53.10; H, 4.86.

Treatment o f 14a with D20 . Formation o f 22a and 24a. When 
the reaction was carried out on a larger scale (0.2 g of 14a) in D20, the 
product, obtained as a yellow oil (0.050 g, 30%) after chromatography 
on alumina, exhibited NMR absorption (CS2) at S 5.76 (br s, = C H ),
4.94 (br s, =C H ), 4.8 (s, Cp), 4.15 (m, CHOH), and 1.14 (d, CH3), in 
addition to resonances assigned to the major product (22a). The ratio 
of major to minor products (22a/24a) estimated from the relative 
intensities of cyclopentadienyl resonances was 2:1.

The product obtained above was taken up in 10 mL of THF and 0.5 
mL of CF3COOD was added at room temperature. Reaction was al
lowed to continue at room temperature for 30 min. Solvent was then 
removed in vacuo and the crude product was chromatographed on 10 
g of alumina. Elution with ether-petroleum ether gave 0.036 g of 
product identified as the monodeuterated complex (22a).

Hydration of Fp(anti-CH2CCHPh)BF4 (14b). Formation o f 
22b and 23b. The hydration of 0.31 g (0.8 mmol) of 14b following re
action and workup conditions for 3 gave 0.025 g (10%) of a mixture 
of 22b [IR (CH2C12) 2030,1965,1640 cm“ 1; NMR (CS2) 6.9-7.8 (m, 
Ph), 4.58 (s, 5, Cp), 3.3 (q, 1, J  = 7 Hz, FpCH), 1.4 (d, 3, J = 7 Hz, 
CH3)] and 23b [IR (CH2C12) 2030, 1965 cm“ 1; NMR (CS2) 5 6.9-7.1 
(m, Ph), 5.93 (s, 1, =C H ), 5.1 (s, 2, CH2OH), 4.4 (s, 5, Cp), 2.05 (br s,
I, OH)]. A third singlet resonance at 5 4.87 about half the intensity 
of the resonance assigned to cyclopentadienyl protons may indicate 
the presence of the isomeric allyl alcohol 24b.

Preparation o f the Allyl Alcohol (24a). Treatment of ¥p(anti-
3-methylallene) tetrafluoroborate (0.2 g, 0.6 mmol) in acetone solution 
with 7 mL of 0.1 N NaOH solution at room temperature for 10 min 
gave 0.013 g (10%) of the allyl alcohol (24a), after chromatography on 
alumina; IR (CH2C12) 3590, 2020,1950 cm "1; NMR (CS2) 5 5.47 (q, 
1, J = 7 Hz, =C H ), 4.8 (s, 5, Cp), 4.15 (br s, 2, CH2), 4.1 (br s, 1, OH)
1.75 (d, 3, J = 7 Hz, CH3).
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Preparation of the Ally] Alcohol (24b). Treatment of Fp(onii-
3-phenylallene) tetrafluoroborate (0.76 g, 2 mmol) as above with 21 
mL of 0.1 N NaOH in acetone gave 0.10 g (16%) of the allyl alcohol 
(24b): IR (CH2C12) 3590, 2030,1960 cm“ 1; NMR (CS2) 8 7.1-7.4 (m,
5, Ph), 5.94 (s, 1, = C H ), 5.1 (s, 2, CH2), 4.4 (s, 5, Cp). 1.65 (d, 1 ,J  = 
4 Hz, OH).
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The use of solid acid catalyst for the gas-phase dealkylation of a tert -butyl group from 4-i-Ru-‘2-BrCf,H:)X was 
studied. Reactions were carried out in a flow system in the temperature range of 250-400 °C at atmospheric pres
sure. The tendency of the bromine atom to cleave under the experimental conditions was followed. The lifetime of 
the catalyst was limited, but it could be reactivated easily. The advantages and limitations of the process are dis
cussed.

Introduction
Electrophilic aromatic substitution has been and still is 

being investigated, offering a large body of data including 
information on isomer distribution in the electrophilic sub
stitution of substituted benzenes.2 However, only a limited 
number of procedures for the selective introduction of a 
functional group into a substituted benzene using bulky 
positional protecting groups have been described earlier.1’3“12 
One of the bulk groups more frequently used as a positional 
protecting group is the tert-butyl group. In order to recover 
the final product, i.e., the 1,2-disubstituted aromatic com
pound, the tert-butyl group is usually removed by transfering 
it to another aromatic nucleus via a Friedel-Crafts type 
transalkylation reaction.1’3“5’12 Catalysts for this reaction are 
generally based on aluminum chloride and related Lewis acid 
halides. However, this procedure requires an extensive sepa
ration technique due to the formation of a complex between 
the reactants and products with the catalyst as well as the 
formation of by-products.12

We now wish to report the easy and fast dealkylation of the 
tert-butyl group from 4-t-Bu-2-BrCi;H,'|X over an acidic solid 
catalyst in a continuous process.

Results and Discussion
In the course of our studies on the specific ortho bromina- 

tion of substituted benzenes,1’3’4 we found that the removal 
of the tert-butyl group from 4-i-Bu-2-BrCfiH,.X to yield 2- 
B rC e^X  is achieved in the liquid phase by transalkylation 
reaction (eq 1), using AICI3 as catalyst, and excess benzene as

X = CH3, C2Hs, Cl, Br

solvent to shift the equilibrium composition to the right-hand 
side of eq 1.

Although resulting in high yields and high isomer purity, 
the batch reaction is not convenient for preparation on a large 
scale. Since it is known that the tert-butyl group attached to 
an aromatic ring has a great tendency to cleave over solid 
acidic catalysts at elevated temperatures,13 we investigated

0022-3263/78/1943-3493$01.00/0 © 1978 American Chemical Society
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Figure 1. Composition of the reaction mixture after passing la over 
Si02-A l203 at T = 350 °C at various feed rates (N2 flow rate = 50 
mL/min.): • , o-bromotoluene; A, la; O, byproducts.

the cleavage of the tert -butyl group from 4-t -Bu^-BrCfiHsX 
in the gas phase over solid acid catalyst (eq 2).

a, X = CH3 ; Y = H
b, X = Cl; Y = H
c, X = Br; Y = H
d, X = C2H5; Y = H
e, X = CH3;Y  = CH3

This process has the advantage of a flow system in which 
the used catalyst can be regenerated and no byproducts, ex
cept for isobutylene, are formed in the process. Thus, sepa
ration of the product from the unreacted precursor is very 
simple since the difference in boiling points of ArH and t- 
BuAr is in the range of 80 °C at atmospheric pressure. The 
recovered precursor can be recycled. Further, in liquid-phase 
transalkylation reactions, the Lewis acid catalyst must be 
quenched prior to distillation. The present process does not 
require any washing of the products, and the product mixture 
can be directly distilled.

As expected,14 no dealkylation reactions took place when 
silica or alumina were used as the catalysts even at 450 °C. We 
did not use graphite-intercalated metal halides, which are 
known to rapidly decrease their activity during the process 
since active Lewis acid is leached out from the graphite.15 On 
the other hand, an acid washed silica-alumina (7:1) catalyzed 
the gas-phase de-terf-butylation of la  to give 2a in good 
conversions and excellent yields. The degree of conversion is 
dependent upon both the reaction time (Figure 1) and the 
temperature (Figure 2). Increasing both the temperature and 
the reaction time increases the degree of conversion.

Olah and Meyer investigated the effect of AICI3 on the 
isomerization of halotoluenes.16 They found that fluoro- 
toluenes and chlorotoluenes isomerize predominantly through 
intramolecular 1,2 shift. The observation of rearranged 
products containing as much as 20% chlorobenzene formed 
by disproportionation points to the methyl group as the mi
grating entity. In general, the isomerization rate was low at 
100 °C, and increased in the order F > Cl. However, isomer
ization of bromotoluene was completed in ca. 30 min at am
bient temperatures, giving the equilibrium isomers mixture. 
However, based on the data presented,16 it could not be con
cluded whether the isomerization of 0-, m-, and p-bromoto- 
luenes proceeds through an intermolecular or an intramo
lecular mechanism.

Although silica-alumina is a much weaker acid than AICI3, 
we used elevated temperatures in which cleavage of the C-Br

Figure 2. Composition of the reaction mixture after passing la over 
Si02-Al20 3 at various temperatures (contact time -  Is ) :* ,  0-bro
motoluene; A, la; ■, byproducts.

bond may occur even by the catalysis of an acid as weak as 
silica-alumina. Indeed, C-Br cleavage was observed yielding 
dibromotoluenes and toluene (eq 3) as well as m- and p -bro
motoluene (eq 4).

While the intermolecular isomerization (eq 3) results in 
easily separated products, the intramolecular isomerization 
yields isomers which are difficult to separate. It has been ob
served that the extent of isomerization reactions increases 
when both the reaction time and temperature are increased. 
Table I summarizes selected de-terf-butylation data of la  to 
give 2a. The data suggest that while the conversion and 
isomerization have the same qualitative dependence upon the 
temperature and the reaction time, the yield is scarcely af
fected by these parameters.

When transalkylation reactions were carried out in the 
liquid phase, and catalyzed by water-promoted Lewis acids, 
it was shown17 that the reaction rate was dependent upon the 
basicity of 1. The more basic 1 is, the higher the reaction rate. 
Moreover, measurement of AH* revealed that the more basic 
1 is, the lower AH*, i.e., the less temperature dependent is the 
reaction rate.

Since both the liquid-phase transalkylation and the gas- 
phase dealkylation are catalyzed by the same species, i.e., the 
proton, the behavior of 1 over silica-alumina was expected to 
be similar to that of 1 in a liquid-phase system containing 
water-promoted Lewis acids. Figure 3 shows good agreement 
with this expectation. The most basic, le, gives the highest 
conversion with the least dependence upon temperature while 
the least basic, 1c, gives the lowest conversion with the highest 
temperature dependence.

Alkenes are well known poisons for many solid catalysts as 
they tend to polymerize on the catalyst surface. In the present 
experiments, measurements show a gradual decrease of the 
conversion as the onstream time increased (Figure 4). This 
decrease in the catalyst activity is attributed to polymerization 
of the isobutylene formed in the process. The extent of de
crease in activity varies, depending upon the temperature and 
the reaction time. However, the catalyst can be regenerated
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Table I. Yields and Purities of o-Bromotoluene Obtained by the Dealkylation of la over Si02-Al203 at Various Reaction
Conditions

T,
°C

contact time, 
s

feed rate, 
h "1 % conversion

% recovery 
of precursor

% purity of 
ortho isomer

350 0.2° 60 45 53 >99.5
300 1.06 1.1 51 48 99.5
325 1.0h 1.1 60 35 99.0
350 0.4“ 30 48 50 99.0
350 0.8“ 15 53 43 98.7
400 0.2“ 60 51 46 98.5
350 1.2“ 10 56 40 98.2
400 0.4“ 30 54 42 98.2
350 1.06 1.1 65 28 98.0
350 2.5“ 5 60 35 97.5
375 1.0h 1.1 73 17 97.0
400 1.0* 1.1 80 5 96.5

“ Nitrogen flow rate = 50 mL/min. b Nitrogen flow rate = 400 mL/min.

Figure 3. Percent conversion of ortho bromo-substituted benzenes 
on passing la-le  over SiO^AhOs at various temperatures (contact 
time = 0.2 s): O. la; A, lb; ■, lc ; O, Id; T, le.

Onstream time, h
Figure 4. Catalytic activity (% conversion) of Si02-AI2O3 as a function 
of the onstream time. T = 350 °C; contact time = 0.2 s: A, over fresh 
catalyst; ■, over reactivated catalyst.

to ca. 80% of its original reactivity by heating it to 500 °C in 
an air stream.

Conclusion
The present process provides a simple method for the re

moval of the blocking group, namely, the tert-butyl group. 
Yield is excellent in this process with ca. 50% conversion. 
Workup requires only separation by distillation after which 
the unreacted precursor can be recycled.

Experimental Section
Reagents. All starting materials were prepared as described pre

viously.3
Experimental Procedure. Gas-phase reactions over SiCh-ALOa 

(7:1) were carried out in a 210 X 11.3 mm glass tube reactor in which 
the catalyst was supported by glass wool. The reactor was charged with
8.6 g (15 mL) of the solid catalyst, while dry N2 was passed through 
at rates of 50 and 400 mL/min. The reactor was electrically heated to 
a predetermined temperature (temperature deviation was ±2 °C). 
Products emerging from the catalytic reactor were condensed and 
analyzed by gas-liquid chromatography. Under the experimental 
conditions used, the space velocity was in the range of 9.2 X 10~5 to
1.7 X 10-6 mol/s g of catalyst, and the contact time over the catalyst 
was 0.2-2.5 s.

Analysis of Products. Products were analyzed by gas-liquid 
chromatography using a Varian gas chromatograph Model 2800 
equipped with thermal conductivity detector. A 3 ft X Vs in. 10% SE-30 
on gas Chromosorb P column was used to analyze reaction mixtures. 
For isomer analysis a 10 ft X Vs in. 3% XE-60 on gas Chromosorb P 
column separated ortho isomer from meta and para isomers. Peak

areas were integrated using an Autolab digital integrator Model
6300.
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The Simmons-Smith reaction of certain unreactive alkenes of the types CH2=CH CH 2CC>2R (R = H, 1; CH3, 2; 
CD3, 3) and CH2=CH CH 2CH20R' (R' = COCH3, 4; CH3, 5; H, 6) has been studied in excess diiodomethane and 
zinc-copper couple or zinc-mercury couple. In some cases the initially formed cyclopropane adducts reacted fur
ther to furnish ethers, formais, and transesterification byproducts. Ester 2 gave 10 and 11; alcohol 6 afforded 12, 
9, 14, and 15. Qualitatively, the order of reactivity of these compounds appears to follow the trend 6 > 5 > 2 > 4 >  
1. A convenient procedure for the preparation of symmetrical formais is reported.

The reaction of alkenes with methylene iodide and zinc- 
copper couple, the Simmons-Smith reaction, has long been 
a useful synthetic tool for the preparation of cyclopropane 
compounds.1 Vinylic alkyl substituents enhance the reaction 
rate, but excessive substitution brings about rate retarda
tion.1’2 Oxygen functions, particularly hydroxyl, in the vicinity 
of the double bond may enhance the reaction rate and direct 
the attack cis stereospecifically.1’3 The nature of the “ meth
ylene transfer” intermediate has been discussed.1

Previous reports indicate that Simmons-Smith reactions 
of relatively unreactive alcohols furnish cyclopropyl alcohols, 
and in addition, ethers and formais when carried out under 
forcing conditions. For example, estr-5(10)-ene-3a,17/8-diol 
gave not only the alcohol that results from direct cyclopro
panation of the double bond but also the corresponding 
methyl and ethyl ethers.4 Similarly, bicyclo[3.2.1]oct-6-en-l-ol 
afforded exo-tricylo[3.3.1.02’4]nonan-l-ol and the corre
sponding ethyl and isopropyl ethers.5 In another work, Ma- 
jerski and Schleyer6 obtained symmetrical formais as side 
products during cyclopropanation reactions of allyl alcohols. 
In fact, depending upon reaction conditions, some of these 
alcohols furnished the corresponding formais predominant
ly.

The above results prompted an investigation of terminal, 
unsubstituted alkenes 1-6. These were prepared by standard 
methods and identified spectroscopically. All reactions were 
carried out in anhydrous ethyl ether using a large excess of 
diiodomethane and zinc-copper couple. Replacement of 
zinc-copper with amalgamated zinc (the use of which is un
precedented in Simmons-Smith reactions) afforded the same 
products, albeit in lower yields (Table I). Variation in the 
couple has also been reported by Conia,7 who obtained higher 
yields with zinc-silver in lieu of zinc-copper couple. In this

work, the use of zinc-mercury as a substitute for zinc-copper 
was not thoroughly explored.

CH2=CHCH 2C 02R
1, R = H
2, R = CH3
3, R = CD3

CH2=CH CH 2CH2OR'
4, R' = COCH3
5, R' = CH3
6, R' = H

16, R' = CH2OCH2CH2CH =CH 2
Cyclopropanation of 1, 4, and 5 gave the corresponding 

cyclopropane adducts 7 ,8, and 9, respectively. Similar treat
ment of 2, prepared from 1 and diazomethane and uncon
taminated by ethyl ester, yielded 10 as the major product 
contaminated by ethyl ester 11. When 10 was subjected to the 
reaction conditions for 5 days, the crude mixture consisted of 
unreacted 10 (47%), ethyl ester 11 (40%), and two unidentified 
products (13%) of greater VPC retention times. Reduction of 
the mixture with lithium aluminum hydride afforded 12 as 
the only isolable product. These results might suggest C-H

8, R' = COCH3
9, R' = CH3 

12, R ' = H

7, R = H
10, R = CH3 
13, R = CD3
1 1 ,  R = C ,H S

14, R' = CH2OC2H5

15, R ' = CH20
17, R' = CH2OCH2CH2C H = C H 2

insertion; however, analogous reaction of the trideuterated 
methyl ester 3 yielded the corresponding methyl ester 13 as 
well as the nondeuterated ethyl ester 11, thus excluding a 
possible C-H insertion mechanism. It has been shown by 
Blanchard and Simmons1 that if the reaction is carried out in 
ethyl ether, side products such as methyl iodide, ethoxyzinc 
iodide, and others are formed. Generation of these species is 
particularly favored here since excess reagent and longer re
action periods were employed. Therefore, it is conceivable that 
11 may be formed via transesterification of 10 or 13 by 
ethoxyzinc iodide.

Cyclopropanation of 6 has been reported8 as yielding only 
25-26% of 12. In this work, two additional products were ob
tained under various conditions and identified as 14 and 15 
(Table I). Formal 15 was the major product in several runs, 
as suggested by Majerski and Schleyer,6 who incidently were 
the first to obtain symmetrical formais in Simmons-Smith 
reactions (see above). On accasion, a third byproduct was 
obtained and identified as 9. Structural elucidation of 14 
presented initial difficulty due to the absence of the molecular 
ion in the mass spectrum and the superposition of the oxy-
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T a b le  I. C y c lo p ro p a n a tio n  o f  V a rio u s  À lk en es

Alkene
Alkene/C^U/Zn-Cu“ 

(molar ratio)
Reaction 
period, h % relative composition6

1 7 Unidentified
1 1:3:5.4 84 72 12 16

6 10 11
2 1:3:5.4 48 37 57 6

1:3:5.4C 48 63 35 2
1:3:6 24 19 78 3d
1:6:12 37 6 81e 13e

4 8
4 1:3:5.4 48 50 50

1:3:5.4C 48 87 13
1:3:6 24 38 62d
1:2:2.5 60 23

5 9
5 1:3:3 48 3 97

87 f
1:3:3C 48 16 84

77/

6 12 14 15
6 1:3:5.4 48 0 46 17 37

1:3:5.4C 48 0 43 25 32
1:2:2 48 23 71 4 3
1:3:6 2 0 57 12 31
1:3:6 24 0 46 11 43d

° A 0.05-mol amount of alkene was used in most experiments. 6 Determined from VPC peak areas. c Zinc-mercury was used instead 
of zinc-copper couple. d Percent relative yields were determined by use of cylooctane as an internal area standard. e Isolated yield 
of 10 and 11 combined is 50%. 1 Isolated yield. e Reference 10.

Table II. Product Analysis of 6 as a Function of Time

Time, h
% relative VPC area

6 12 14 15
1.00 100
1.33 98 2
1.83 79 19 3
2.50 42 55 3
3.00 30 63 7
4.00 13 75 10 3
5.00 5 76 14 6
7.00 72 15 14
9.00 67 17 16

11.00 58 19 23
19.00 56 19 25
29.00 54 19 27
45.75 50 20 30
72.00 49 21 30

120.00 46 21 33

methylene protons of the two alkyl groups in the NMR spec
trum. This accidental degeneracy resulted in a symmetrical 
heptet centered at h 3.47 and was not removed by changing the 
solvent to benzene. Finally, elemental analysis and spin de
coupling revealed the structure. Irradiation of the methyl 
protons (6 1.13) caused the collapse of the heptet to a triplet 
(C3H5CH2CH2O-) and a broad singlet (-OCH2CH3). The 
structural assignments were confirmed by spectroscopic 
comparison with authentic samples.

The independent synthesis of 15 and 16 as well as the un- 
symmetrical 14 is worthy of mention as it provides a simple, 
convenient procedure for symmetrical formals. As a typical 
example, 6 was sealed in a tube with anhydrous calcium 
chloride powder and paraformaldehyde and heated at 98-100 
°C for 3 days. Distillation gave starting 6 and 16 (56%). This 
eliminates the inconvenience associated with depolymerizing 
paraformaldehyde. Although there is an equilibrium involved 
between the alcohol and the formal, the large difference in 
boiling points affords a convenient separation by simple dis

tillation. Authentic samples of 14 and 15 were prepared in the 
same manner from 12 and ethanol.

In an attempt to find optimum conditions for the formation 
of alcohol 12, cyclopropanation of 6 was repeated and samples 
were withdrawn periodically and analyzed by VPC (Table II). 
A plot of the time course of the reaction (Figure 1) reveals the 
initial formation of 12, which, being unstable under the re
action conditions, reacts further to yield formals 14 and 15 
either directly or indirectly. Hydrolysis of 15 was carried out 
with an equivolume solution of 10% aqueous sulfuric acid and 
THF. Analysis of the mixture by VPC indicated starting 15 
(4%) and 12 (96%). Thus, aqueous mineral acid hydrolysis of 
the reaction mixture of 6 could provide 12 in high yield, Partial 
cleavage of 15 was also effected by refluxing with zinc iodide, 
a strong Lewis acid byproduct in Simmons-Smith reactions, 
in anhydrous ethyl ether. VPC analysis revealed starting 15 
(52%) and 12 (48%). Reaction of 12 alone with the Simmons- 
Smith reagent furnished starting 12 (27%), 9 (6%), 14 (19%), 
and 15 (48%). Under more vigorous conditions, it gave 12 
(12%), 14 (68%), and 15 (20%). Interestingly, when 15 was 
subjected to the reaction conditions, it afforded 14 (48%) with 
the remainder being starting material. Reaction of 15 with 
diiodomethane in ethyl ether at the exclusion of zinc-copper 
couple failed, as analysis of the mixture revealed starting 
material only. Another interesting result was obtained during 
cyclopropanation of 16, which also gave product 14 (29%) in 
addition to 17 (35%) and 15 (36%). These control reactions in 
conjunction with the results of Figure 1 suggest the following:
(a) cyclopropanation of 6 occurs faster than formal generation;
(b) alcohol 12 furnishes 14 and 15; (c) symmetrical formal 15 
is cleaved slowly under the reaction conditions to give un- 
symmetrical formal 14 via subsequent reactions; and (d) 14 
seems to be the thermodynamically most stable product.

It should be emphasized that the various byproducts dis
cussed above were obtained as a result of strenuous reaction 
conditions in an effort to increase the cyclopropane yields of 
unreactive olefinic compounds.
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Figure 1. Product composition in the Simmons-Smith reaction of 
3-buten-l-ol as a function of time.

Finally, a qualitative order of reactivity of the five com
pounds studied here may be inferred from the unreacted 
starting material obtained under similar reaction conditions 
(Table I). Thus, 6 > 5 > 2 > 4 > 1 ,  Since these substrates are 
not activated (inductive effect) or deactivated (steric effect) 
by alkyl substitution at the vinyl locants, the above order of 
reactivity may reflect the ability of the methylene transfer 
reagent to coordinate with the oxygen functional groups at the 
homoallylic positions.

E xperim ental Section

Materials and Equipment. Analytical VPC separations were 
carried out on an F and M Model 5750 gas chromatograph equipped 
with a flame ionization detector and a mechanical integrator using 
a 12 ft X V8 in stainless steel column packed with 7 g of 20% Carbowax 
20M on 60-80 mesh Chromosorb P. Preparative VPC separations 
were performed on an F and M Model 700 gas chromatograph 
equipped with a thermal conductivity detector. An aluminum column 
packed with 40 g of 20% Carbowax 20M on 60-80 mesh Chromosorb 
P was employed. NMR spectra were obtained on Hitachi Perkin- 
Elmer R-20 and Varian Model A-60 spectrometers (60 MHz) in CCI4 
solution and are reported in units of 5 (ppm) downfield from a MeiSi 
in CCI4 external reference. Infrared spectra (~5% CC14 solution) were 
recorded on a Perkin-Elmer Model 337 infrared spectrophotometer. 
Boiling points are uncorrected. Microanalyses were carried out by 
Schwarzkopf Microanalytical Laboratories, Woodside, N.Y. All so
lutions were dried over anhydrous MgSCL or anhydrous Na2S04.

The ethyl ether used for Simmons-Smith reactions was distilled 
over lithium aluminum hydride. Freshly opened cans (Mallinckrodt) 
were also satisfactory. Commercial samples of diiodomethane and 
zinc-copper couple were used without further purification. 3- 
Buten-l-ol (6) was prepared by reduction of 3-butenoic acid (1) with 
lithium aluminum hydride: bp 28 °C (12 mm); n23p 1.4197 [lit.9 bp 
115 °C (770 mm), n25p 1.4182]. Treatment of 6 with acetic anhydride 
in pyridine gave 3-butenyl acetate (4): bp 120-123 °C; rc23n> 1.4240 
[lit.10 bp 121-123 and 126 °C, re25p 1.4104 and n20D 1.4105]. Reaction 
of 6 with diazomethane (prepared from iV,iV'-dimethyl-iV,Af'-dini- 
trosoterephthalamide)11 and a catalytic amount of boron trifluoride 
etherate in ethyl ether12 afforded 4-methoxy-l-butene (5): bp 70-72

°C; n22D 1.3910 [lit.13 bp 68-69 °C (750 mm), n20D 1.3976]. Methyl
3-butenoate (2) was obtained from 1 and diazomethane: bp 104-106 
°C; n23p 1.4070 [lit.13 bp 106 °C (745 mm)]. The compounds described 
above were at least 97% pure by VPC. Structural assignments were 
confirmed by IR and NMR spectroscopy.

Zinc-M ercury Couple for Simmons-Smith Reactions. Amal
gamated zinc was prepared according to a procedure described in the 
literature14® except that zinc dust was used instead of mossy zinc. The 
couple was washed thoroughly first with water and then with ether. 
It was dried in a desiccator under vacuum.

Trideuteriomethyl 3-Butenoate (3). The trideuterated methyl 
ester was prepared according to the procedure of Sarett.14b A 250-mL 
round-bottom flask equipped with a condenser and drying tube was 
charged with anhydrous potassium carbonate (17.3 g, 0.151 mol) and 
purified acetone (80 mL). The mixture was heated at reflux for 3 h, 
at the end of which the heating source was removed and 3-butenoic 
acid (10.8 g, 0.125 mol) in dry acetone (25 mL) was added dropwise. 
Foaming occurred and a white slurry resulted. After heating for an 
additional 0.5 h, trideuteriomethyl iodide (15.5 g, 0.107 mol) in dry 
acetone (45 mL) was added dropwise, and the flask was heated at 
reflux for 20 h. The mixture was diluted with ethyl ether until po
tassium iodide precipitated out of solution. Filtration, drying, and 
removal of the solvents by distillation at atmospheric pressure gave 
a crude product which was purified by distillation to give 6.0 g (47%) 
of a colorless liquid: bp 107 °C; n28p 1.4050. The NMR spectrum is 
identical with that of the protio ester except that the singlet due to 
the methoxy protons at 6 3.52 is absent (0.0 H); IR 3095, 2990, 2260, 
2200,2125, 2080,1745,1645,1420,1410,1335,1292,1270,1192,1093, 
992, 922 cm -1.

l,l-Di(3-butenoxy)m ethane (16). 3-Buten-l-ol (8.64 g, 0.120 
mol), paraformaldehyde (1.80 g, 0.0599 mol), and powdered calcium 
chloride (3.33 g, 0.0300 mol), which was predried in an oven at 150 °C, 
were sealed in a tube and heated in an oil bath at 100 °C for 3 days. 
The mixture was diluted with ether (50 mL) and filtered. After drying 
and concentration, the residue was distilled to give starting material 
and 5.2 g (56%) of a colorless liquid: bp 65-68 °C (9 mm); NMR S 2.27 
(q, 4 H, allylic methylene), 3.49 (t, 4 H, oxymethylene), 4.54 (s, 2 H, 
methylenedioxy), 4.79-5.22 (m, 4 H, C-4 vinyl), 5.44-6.14 (m, 2 H, C-3 
vinyl); IR 3080, 2985, 2930, 2875,1740,1640,1425,1375,1180,1124, 
1078, 1040, 1000, 965, 921 cm -1. Anal. Calcd for C9H160 2: C, 69.19:
H, 10.32. Found: C,69.15; H, 10.25.

l-(2-Cyclopropylethoxy)-l-ethoxym ethane (14) and 1,1-Di-
(2-cyclopropylethoxy)methane (15). 2-Cyclopropylethanol (12; 
0.860 g, 0.0100 mol), absolute ethanol (0.460 g, 0.0100 mol), parafor
maldehyde (0.300 g, 0.0100 mol), and anhydrous calcium chloride 
(0.555 g. 0.00500 mol) were sealed in a tube and heated as above. After 
workup of the reaction mixture and removal of ether, the crude 
product was separated by VPC (at 170 °C) to give four fractions with 
retention times of 1.7 (5%), 5.3 (55%), 6.5 (12%), and 19.8 (28%) min. 
The first fraction (5%) was not identified. The second fraction (55%) 
was shown to be 14: n 27p 1.4520; NMR 5 —0.1 to 1.3 (cyclopropane),
I. 13 (t, methyl), 1.39 (q, methylene at C-2; total measured area be
tween 6 -0 .1  and 1.7 is 10 H), 3.47 (heptet, 4 H, -CH 2OCH2OCH2-),
4.51 (s, 2 H, methvlenedioxy); IR 3070, 2975,2870,1375,1192,1122, 
1103,1087,1053,1041,1021, 951 cm“ 1. Anal. Calcd for C8H160 2: C, 
66.63; H, 11.18. Found: C, 66.51; H, 11.02. The third fraction (12%) 
was identified as 12. The fourth fraction (28%) was identified as 15: 
n27D 1.4390; NMR & —0.16 to 1.2 (m, 10 H, cyclopropane), 1.43 (q, 4 
H, methylene at C-2), 3.53 (t, 4 H, methylene at C-l), 4.57 (s, 2 H, 
methylenedioxy); IR 3070, 3000, 2925, 2870,1455, 1415,1370,1190, 
1123, 1092, 1065, 1045, 1023, 963, 930, 885 cm "1. Anal. Calcd for 
CnH20O2: C, 71.70; H, 10.94. Found: C, 71.56; H, 10.86.

General Cyclopropanation Procedure. To a 250-mL round- 
bottom flask equipped with a condenser, drying tube, and dropping 
funnel was added zinc-copper couple (0.10-0.60 mol) or zinc-mercury 
couple (0.15-0.27 mol), a few crystals of iodine, and anhydrous ethyl 
ether (50-75 mL). The stirred mixture was heated at reflux for 0.5 h. 
A solution of methylene iodide (0.10-0.30 mol) and the olefinic 
compound (ca. 0.05 mol) in anhydrous ethyl ether was added drop- 
wise, and the mixture was refluxed for the specified time. The flask 
was cooled in an ice-water bath, and the mixture was hydrolyzed by 
the dropwise addition of a saturated ammonium chloride solution (100 
mL). The aqueous layer was extracted several times with ether, and 
the combined ether extracts were washed with saturated potassium 
carbonate (100 mL) and then with brine (100 mL). The ether layer 
was dried, filtered, and concentrated at atmospheric pressure to give 
an oily mixture which was analyzed by VPC and purified either by 
preparative VPC cr by distillation. Specific examples are given below, 
and repeated experiments using modifications of reagent ratios or 
reaction conditions are shown in Table I.
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Cyclopropanation of 3-Butenoic Acid (1). Reaction of 5.4 g (0.05 
mol) of 1 afforded 12% (by VPC) of cyclopropylacetic acid and 16% 
of an unidentified compound. The former was identified by com
parison with an authentic sample.16

Cyclopropanation of 3-Buten-l-yl Acetate (4). Using the above 
procedure, 5.7 g (0.050 mol) of 4 afforded an oily mixture which upon 
VPC analysis gave two fractions. The first fraction (38%) was iden
tified as 4 by coinjection with an authentic sample. The second frac
tion (62%) had bp 77 °C (56 mm), n23p 1.4220 [lit.10® n25p 1.4200]. Its 
NMR and IR spectra were identical with those reported for 2-cyclo- 
propylethyl acetate. 16,17

Cyclopropanation of 3-Buten-l-yl Methyl Ether (5). 3-
Buten-l-yl methyl ether (4.30 g, 0.050 mol) was treated with the 
Simmons-Smith reagent, and the crude product was distilled and 
identified as 2-cyclopropvlethyl methyl ether (9; 4.36 g, 87%); bp 97 
°C (micro bp18 106 °C); n26D 1-4002; NMR 5 -0.11 to 1.24 (m, 5 H, 
cyclopropane), 1.45 (q, 2 H, methylene at C-2), 3.28 [s, methoxy pro
tons; overlapping with 5 3.37 (t, methylene at C-l); total area 5 H]; IR 
3080, 3005, 2985, 2925, 2870, 2730,1445,1375,1320,1267,1233,1201, 
1171,1120,1045, 1016, 997, 966, 926, 885, 820 cm“ 1. Anal. Calcd for 
C6H120: C, 71.95; H, 12.08. Found: C, 72.22; H, 11.82.

Cyclopropanation of Methyl 3-Butenoate (2). Cyclopropanation 
of 2 (5.0 g, 0.050 mol) followed by VPC (column temperature, 145 °C) 
yielded three fractions. The first fraction (retention time of 4.8 min; 
19%) was identical with 2 by coinjection. The second fraction (ret
ention time of 8.6 min; 78%) had identical NMR and IR spectra with 
those of methyl cyclopropylacetate19 (10). The third fraction (ret
ention time of 10.2 min; 3%) was identified as ethyl cyclopropylacetate
(11): n22p 1.4205; NMR, the complex multiplet due to the five cyclo
propane protons had a chemical shift between 8 —0.05 and 1.3 and 
overlapped with the triplet due to the methyl protons between 8
1.0-1.4 (total area 8 H), 5 2.04 (d, 2 H, methylene at C-2), 4.02 (q, 2 H, 
ethoxy methylene); IR 3080, 2980,1735,1320,1259,1208,1185,1118, 
1102, 1038, 1023, 989, 955, 912, 828 cm -1. Anal. Calcd for C7H120 2: 
C, 65.60; H, 9.44. Found: C, 65.73; H, 9.67.

A mixture of the second and the third fractions was isolated by 
preparative VPC and reduced with lithium aluminum hydride. Only 
one product was obtained which had identical NMR and IR spectra 
with an authentic sample of 2-cyclopropylethanol (12).

Simmons-Smith Reaction of Methyl Cyclopropylacetate (10). 
Using the standard cyclopropanation procedure, a mixture of 10 (2.89 
g, 0.0253 mol), diiodomethane (40.2 g, 0.150 mol), zinc-copper couple 
(20.0 g), and a catalytic amount of iodine in ethyl ether (100 mL) was 
heated at reflux for 5 days. After the usual workup procedure, the 
sample was analyzed by VPC and found to consist of starting 10 (47%), 
ethyl ester 11 (40%), and two unidentified, longer retention time 
products (13%). Other products of extremely short retention times 
were also observed and are probably the same as those observed and 
accounted for elsewhere.1

Cyclopropanation of Trideuteriomethyl 3-Butenoate (3). The 
Simmons-Smith reaction of the deuterated ester (same condition as 
for 2) gave starting material and two other fractions which were iso
lated by preparative VPC and analyzed. The second fraction had n28p 
1.4195. The NMR spectrum was similar to that of 10 as reported,19 
except that the singlet due to the methoxy groups at 8 3.6 was absent: 
NMR 8 -0.3 to 1.4 (m, 5 H, cyclopropane), 2.10 (br d, 2 H, methylene 
at C-2); IR 3085, 3015, 2920, 2255, 2190, 2120, 2080,1740,1320,1270, 
1194,1121,1090,1050,1023, 998,967, 938, 835 cm -1. The NMR and 
IR spectra of the third VPC fraction were identical with those of 11, 
indicating the complete absence of deuterium.

Cyclopropanation of 3-Ruten-l-ol (6). A. Under Various 
Conditions. The Simmons-Smith reaction of 6 (10.8 g, 0.150 mol), 
when carried out under various conditions (Table I), furnished four 
fractions. The first fraction was observed in small amount after several 
repetitions of the reaction. It was tentatively identified as 2-cyclo- 
propylethyl methyl ether (9) by comparison of its VPC retention time 
with that of the sample isolated from cyclopropanation of 5. The 
second fraction (retention time of 8.4 min at 158 °C; 11%), n21 d 1.4520, 
was identified as 14 by comparison of its spectral properties with those 
of the authentic sample prepared above. The third fraction (retention 
time of 10.8 min at 158 °C; 46%) had NMR and IR spectra identical 
with those of 2-cyclopropylethanol (12). The fourth fraction (retention 
time of 38.2 min at 158 °C;43%), n21 p 1.4390, was identified as 15 by 
spectroscopic comparison with an authentic sample.

B. Product Analysis as a Function of Time. Using the general 
procedure, a mixture of 6 (7.2 g, 0.10 mol), diiodomethane (80.4 g, 0.30 
mol), and zinc-copper couple (22.2 g, 0.30 mol) in anhydrous ethyl 
ether (100 mL) was heated at reflux. Samples (1 mL) were withdrawn 
with a syringe at appropriate intervals and analyzed by VPC. Weight 
percent relative amounts of products calculated from VPC areas are
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given in Table II. Molar response corrections were not made (see 
Figure 1).

Cleavage of l,l-Di(2-cyclopropylethoxy)methane (15). A. 
With Mineral Acid. Ketal 15 (1.0 g, 0.0054 mol) was dissolved in 
tetrahydrofuran (30 mL). A 10% aqueous sulfuric acid solution (30 
mL) was added, and the heterogeneous solution was heated with 
vigorous stirring for 21 h. The solution was extracted several times 
with 50 mL portions of ether, and the combined ether extracts were 
washed successively with water, potassium carbonate, and brine. 
Drying, filtration, and removal of ether gave a crude product which 
on VPC analysis showed starting formal (4%) and 12 (96%).

B. With Zinc Iodide. A mixture of 15 (1.84 g, 0.010 mol), zinc iodide 
(6.38 g, 0.202 mol), and a few crystals of iodine in anhydrous ether (30 
mL) was heated at reflux for 48 h. Analysis by VPC indicated starting 
15 (52%) and 12 (48%).

Simmons-Smith Reaction of 2-Cyclopropylethanol (12). 2-
Cyclopropylethanol (2.15 g, 0.025 mol), methylene iodide (6.70 g, 0.025 
mol), zinc-copper couple (3.7 g, 0.05 mol), and a few crystals of iodine 
were dissolved in ether (25 mL), and the mixture was heated at reflux 
for 24 h. VPC of the crude mixture revealed the following composition: 
12 (27%), 9 (6%), 14 (19%), and 15 (48%). In a second reaction, a mix- 

■ture of 12 (1.00 g, 0.012 mol), methylene iodide (20.1 g, 0.075 mol), 
zinc-copper couple (10.0 g, 0.135 mol), and a few crystals of iodine in 
ether (100 mL) was heated at reflux for 84 h. The following com
pounds were observed upon VPC analysis: 12 (12%), 14 (68%), and 15 
(20%). Other shorter retention time peaks were also observed in small 
amounts but were not identified.

Simmons-Smith Reaction of l,l-Di(2-cyclopropylethoxy)- 
methane (15). Using the general procedure, a mixture of 15 (1.84 g, 
0.010 mol), methylene iodide (8.04 g, 0.030 mol), zinc-copper couple 
(4.44 g, 0.061 mol), and a catalytic amount of iodine in ether (30 mL) 
was heated at reflux for 48 h. Analysis by VPC gave starting 15 (52%) 
and 14 (48%). When the reaction was repeated using the same mate
rials as above, but not using zinc-copper couple, 15 was recovered 
unreacted.

Cyclopropanation of l,l-Di-(3-butenoxy)methane (16). Using 
the general procedure, a mixture of 16 (3.9 g, 0.025 mol), diiodo
methane (40.2 g, 0.15 mol), zinc-copper couple (20.0 g, 0.27 mol), and 
a catalytic amount of iodine in ether (100 mL) was heated at reflux 
for 5 days. Analysis of the crude product mixture by VPC revealed 
three fractions. The first fraction (29%) had an identical NMR spec
trum with that of 14. The second fraction (35%), n26p 1.4278, was 
identified as l-(3-butenoxy)-l-(2-cyclopropylethoxy)methane (17) 
on the basis of the following data: NMR 8 —0.2 to 1.2 (m, 5 H, cyclo
propane), 1.36 (q, 2 H, cyclopropylcarbinyl protons), 2.24 (q, 2 H, 
allylic protons), 3.46 (t, 4 H, -CH 2OCH2OCH2-), 4.50 (s, 2 H, meth- 
ylenedioxy), 4.73-5.22 (br d, 2 H, terminal vinyl protons), 5.27-5.98 
(m, 1 H, internal vinyl proton); IR 3075, 3005, 2930, 2870,1640,1460, 
1420, 1370, 1178, 1115, 1083. 1037, 1017, 950, 914, 882 cm“ 1. Anal. 
Calcd for C10H18O2: C, 70.55; H, 10.66. Found: C, 70.39; H, 10.47. The 
third fraction (36%) had an NMR spectrum identical with that of
15.
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The monoreduction, by means of zinc powder in alcoholic potassium hydroxide, of IX gem-dihalocyclopropyl 
methyl ketones and six gem-dihalocyclopropylmethyldioxolanes was reported and gave satisfactory yields. With 
ketones, contrary to dioxolanes, the monoreduction occurred without general stereoselectivity, but required critical 
temperature control and precise reaction times to prevent total reduction. a-Alkylated ketones (R2 = R3 = H; Ri 
= Me, i-Pr, or t-Bu) led predominantly to cis isomers, especially with bulky Rj, while a,/?- (R3 = H; R j = Me; R2 = 
Me or i-Pr) and (3,/3'-dialkylated ketones (Ri = H; R2 = R3 = Me) gave steric preference depending on the nature 
of the halogen. In all cases, dioxolanes gave a stereoselective formation of the trans isomers. These results were ra
tionalized by postulating a predominant initial zinc attack at the less hindered C -X  bond. With dioxolanes, the sec
ond step would be a high inversion of the resulting a-halocyclopropyl radicals. With ketones, intermediates could 
be carbanions and results explained by an easier inversion of the a-chlorocyclopropyl carbanions relative to the a- 
bromocyclopropyl carbanions.

A large variety of reagents can bring about reductive mo- 
nodehalogenation of gera-dihalocyclopropanes.1’2 Further
more, recent studies examined the stereoselectivity of such 
a monoreduction with organotin hydride,3-5 lithium alumi
num hydride (LiAlH4),6’7 or related hydrides.8’9 Moreover,

* * CH X 3/N a0H /H 20  
TEBA chloride

X
------

Ri

A A room  temperature R /  \ /  COMeR3 COMe or slight heating (a)
/

X

glycol h 2o

(C) H+ <d>

]
X

zinc powder in acetic acid10 or ethanol-acetic acid11 was rev
ealed as an efficient and cheap means for reducing dihalocy- 
clopropanes. The recent reduction with zinc in alcoholic po
tassium hydroxide appeared particularly attractive as a ste
reoselective and easy method.2

We wish now to report the monoreduction of gem-dihalo- 
cyclopropyl methyl ketones and their corresponding dioxo
lanes with this latter reagent. It was of interest to test the 
generality of the monoreduction, with a free or a protected 
carbonyl group as ring substituent, and to check its stereo
selectivity especially with a crowded group such as a dioxo- 
lane.

The substrates were easily available by dihalocarbenic 
addition to olefinic ketones (a) or to dioxolanes (b) with sub
sequent ketalization (c) or hydrolysis (d) if needed.12 The 
two-step procedure (a + c) for dioxolane synthesis was pre

ferred to the direct addition (b). Conversely, for ketones, the 
direct method (a) was better except for compounds with Ri 
= H, which required steps b and d.

R e s u lts

Results are summarized in Tables I and II. Our experi
mental conditions (method mi) gave monoreduced rings as 
major products with satisfactory yields.

Ketones A -K  (Table I) underwent reduction more easily 
than dioxolanes L-Q (Table II) with the exception of the di- 
chloro ketone F, which was not reduced in boiling ethanol but 
required boiling propanol or butanol. It is also noteworthy that 
dibromo ketones underwent monoreduction more readily than 
dichloro ketones. In both cases formation of fully reduced 
cyclopropanes was difficult to avoid.

For ketones the extent of the reduction was greatly de
pendent on the temperature. In order to limit the reduction 
and to obtain preferably monoreduced ketones each substrate 
required specific temperature conditions and reaction time. 
Furthermore, for a few ketones we determined a critical 
temperature belcw which the extent of the reduction was 
considerably reduced and above which the complete reduction 
occurred rapidly. In all cases stereoisomeric pairs of cis and 
trans monoreduced compounds (cis and trans refer to the 
position of the halogen relative to the acetyl group) were ob
tained without general selection.

For dioxolanes, with careful temperature and reaction time 
controls we obtained a stereoselective monoreduction, giving 
predominantly the trans isomer.

I d e n t i f i c a t io n  a n d  C h a r a c te r iz a t io n

Identification and configurational assignments of the re
duced compounds were easily achieved by comparison with 
halocarbenoid adducts of olefinic dioxolanes previously pre
pared.13 Halocyclopropanation by halogen exchange gave both 
chloro- and bromodioxolanes which were converted, when

0022-3263/78/1943-3500$01.00/0 © 1978 American Chemical Society
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Table I. Monoreduction of gnm-Dihalocyclopropyl Methyl Ketones

no.
substrate 

Ri R2 R3 X
registry

no.
temp, time, 

°C h

% yield 
mono- full 
redn redn no.

trans isomer 
registry 

no. % no.

cis isomer 
registry 

no. %

trans/
cis

(t/c)
A Me H H CI 2568-72-1 60 20 90 0 it 66793-70-2 35 lc 66788-39-4 65 0.53
B Me H H Br 2568-73-2 60 17 95 5 2t 52034-84-1 37 2c 64731-69-7 63 0.58
C ¿-Pr H H CI 52100-72-8 60 30 80 0 3t 66788-35-0 30 3c 66788-40-7 70 0.43
D i-Pr H H Br 52100-82-0 40 25 75 0 4t 66788-36-1 20 4c 66788-27-0 80 0.25

80 20 0 100
E i-Bu H H CI 52100-73-9 50 50° 40 15 5th 66788-37-2 10 5c6 66788-28-1 90 0.11
F Me Me H CI 52100-74-0 97 5 70 5 6t 66808-14-8 35 Be 66788-29-2 65 0.54

n o 5 50 25 50 50
G Me Me H Br 52100-83-1 50 24 30 0 7t 62234-89-3 58 7c 66101-85-7 42 1.38

53 18 70 30
60 18 100

H Me ¿-Pr H CI 52100-76-2 50 48 70 10 8t 66808-15-9 13 8c 66788-30-5 87 0.15
I Me i-Pr H Br 52100-85-3 50 15 50 50 9t 62234-90-6 55 9c 66808-13-7 45 1.22
J H Me Me CI 3591-54-6 20 45 85 0 10t 66788-38-3 90 10c 66788-31-6 10 9.00
K H Me Me Br 52100-90-0 20 40 90 0 l it 66236-48-4 20 11c 66788-32-7 80 0.25

45 6 75 0 50 50 1.00

a An increased reaction time did not give higher yields o f monoreduced compounds. b 5t and 5e were not isolated and were identified 
by chromatographic analogy with other stereoisomer pairs.

Table II. Monoreduetion of gem-Dihalocyclopropylmethyldioxolanes

X

% yield trans isomer ______cis isomer_____  trans/

no.
substrate 

R i R 2 R 3 X
registry

no.
meth-temp, time, 

od a °C h
mono-
redn

full
redn no.

registry
no. % no.

registry
no. %

cis
(t/c)

L Me H H Cl 66788-33-8 mi 60 15 75 0 12t 64731-81-3 62 12c 64731-82-4 38 1.63
m2 84 18 95 0 57 43 1.33

M Me H H Br 66788-34-9 mi 80 90 90 10 13t 64731-53-9 65 13c 64731-54-0 35 1.85
N H Me H Cl 52100-78-4 mi 80 6 95 5 14t 64731-55-1 72 14c 64753-84-0 28 2.57
O H Me H Br 52100-87-5 mx 45 72 70 15 15t 64731-56-2 79 15c 64753-85-1 21 3.76
P H Me Me Cl 52100-80-8 mi 80 15 100 0 16t 59083-00-0 64 16c 59082-99-4 36 1.77

m2 84 15 90 5 90 10 9.00
m3 65 15 30 7 75 25 3.00
m3 65 40 60 10 75 25 3.00

Q H Me Me Br 52100-89-7 mi 45 50 85 15 17t 59083-02-2 77 17c 59083-01-1 23 3.35
m2 84 14 0 100

a mi = Zn/EtOH/KOH; m2 = LÌAIH4/DME; m3 = LÌAIH4/THF.

needed, into corresponding ketones by final acid hydrolysis. 
(An example can be found in Scheme I.) Halocarbene addition 
on this starting olefinic dioxolane gave isomeric ratios similar 
to those obtained by reduction of L and M (12t/12c = 72:28 
for halocarbene addition; 12t/12c = 62:38, 13t/13c = 57:43 
for monoreduction). Conversely, reduction of A and B gave 
reversed ratios ( l t / l c  = 35:65, 2 i/2c = 37:63).

The isomeric ratios were estimated by gas chromatography, 
taking into account the molecular response factor of each 
stereoisomer.

2t, 7t, and 9t were recently described.14 The other ketones 
are new compounds which gave satisfactory elemental analysis 
(Cl ±  0.3%, Br ±  0.5%).

The configurational assignments of the above compounds 
are supported by their NMR and IR spectral characterization 
(Table III): the values of the coupling constants 3J Vic V'l trans 
~  5 Hz, 3Jcis ~  8 Hz) for the two vicinal cyclopropyl protons

with isomers 6t to l i t  and 6c to 11c; the induced shifts by 
Eu(dpm)3, higher for H3 than for H2 and H4 with isomers lc  
to 4c and lower for h2 than for H3 and H4 with isomers It to 
4t; the greater deshielding of the H4 proton in trans isomers 
(diamagnetic anisotropy of the carbonyl group affecting the 
proton in the cis position more); the lower i<co absorptions for 
the trans isomers relative to the cis isomers (important halo
gen field effect when the halogen and the carbonyl are in cis 
position).13

The trans and cis configurations of the dioxolanes were also 
determined by the XH NMR chemical shift of the H4 proton 
which showed, as in ketones, a greater deshielding and a lower 
3Jvic for the trims stereoisomer. However, the best distinction 
occurred again with corresponding methyl ketones (Table IV). 
The monoreduced stereoisomers 12 to 15 showed two 3JV¡c and 
the'determination of configurations required the LIS effect, 
with Eu(dpm)3, on the corresponding ketones.
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Scheme I

L M

le 2c

Zn/EtO H /KOH  
60 °C 
20 h

Zn/EtO H /K O H  
60 °C 
17 h

COMe 'COMe

Discussion
The stereoselective reduction of dioxolanes appears easy 

to rationalize, but in the reduction of ketones the results 
cannot be explained as easily.

With dioxolanes the predominant formation of the trans 
isomer (t/c between 1.63 and 3.76) seems strongly dependent 
on steric factors. For instance, in comparative monoreduction 
of dichloro and dibromo compounds the stereoselectivity was 
larger with bromo compounds. On the other hand, when the 
buttressing dioxolane group is more distant from the halogens 
the stereoselectivity was reversed (t/c = 1.77 with P, 0.5 with
R).

R
m „  80 °C, 26 h

yield o f  m onoreduction 
100%

Previous zinc monoreductions of gem-bromofluorocyclo- 
propanes proceeded with complete retention of configuration 
at low temperature and slight inversion at high temperature. 
Moreover, gem-dibromocyclopropanes gave the more hin
dered monoreduced cyclopropanes (syn stereoselection). To 
explain these results a three-step mechanism has been pos
tulated:2 (a) formation of interconvertible radicals with major 
retention of configuration (slow conversion occurring only at 
high temperature with a-fluorocyclopropyl radicals and

trans isomer + cis isomer. 
33% 66%

possibly at lower temperature with more easily convertible 
a-bromocyclopropyl radicals); (b) further reduction of radicals 
toward unconvertible anion with retention of configuration 
(direct formation of anion being ruled out because such an 
intermediate would be rapidly protonated, due to the protic 
solvent used, before any inversion could occur); and (c) final 
protonation with solvent.

On the contrary, with our substrates, the less hindered 
monoreduced compounds were preferentially obtained. With 
respect to the preceding mechanism our own results can be 
interpreted as a predominant attack of zinc metal at the less 
hindered C-Br bond followed by a high inversion of the re
sulting a-bromocyclopropyl radical. The increased inversion 
of a-bromocyclopropyl radicals ^-substituted with a dioxolane 
group as compared to the unsubstituted radicals would be 
ascribed to the effect of oxygens as previously suggested15 and 
to the steric crowding between the dioxolane group and the 
cis halogen atom.

Using methods m2 and m3 we observed, with the exception 
of the ambiguous case of L, an increased trans preference (see
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Table III. Spectroscopic Identification of Monohalocyelopropyl Methyl Ketones

chemical shifts, S, ppm____________  coupling constants, IR absorption
chloro
compd

bromo Ri 
compd (Hi, Me, i-Pr)

R2 R3 
(H2, Me, i-Pr) (H3, Me)

H4CX J, Hz rco, cm 1
trans cis ^HiR, Jh2H4 ^h3h4 ^H2Ha trans cis

It 1.38 0.66 1.60 3.38 5 7.5 5.6 1694
lc 1.40 1.01 1.73 2.94 7.8 5.5 6.2 1706

2t 1.55 0.89 1.82 3.33 5.3 8.2 5 1693
2c 1.43 1.09 1.75 2.85 7.7 5.7 6.6 1704

3t 1.00, 0.85 0.75 1.50 3.42 5 7.5 5.8 1694
3c 0.96, 0.82 0.90 1.52 2.97 8 4.8 6.8 1705

4t 1.05, 0.87 0.82 1.65 3.40 5.2 8 5.5 1692
4c 0.98, 0.80 0.93 1.54 2.93 7.8 4.8 7 1704

6t 1.34 1.09 1.65 3.52 7.8 1691
6c 1.35 1.14 1.97 2.63 5.2 1703

n 1.37 1.09 1.62 3.52 7.5 1689
7c 1.37 1.15 2.00 2.55 5.2 1703

8t 1.41 1.05, 0.97 1.65 3.48 8 1692
8c 1.37 1.07, 0.97 1.70 2.66 4.5 1703

9t 1.45 1.08,1.02 1.65 3.49 7.3 1690
9c 1.38 1.09,1.02 1.70 2.59 5.5 1703

lot 1.95 1.11 1.33 3.42 5 1697
10c 1.85 1.18 1.29 3.12 8.2 1703.5

lit 1.99 1.14 1.35 3.41 4.8 1696
1 1 c 1.94 1.21 1.29 3.12 8 1703

Table IV. Spectroscopic Identification of Monohalocyclopropylmethyldioxolanes

corresponding ketone

dioxolane
i5h 4.
ppm

trans?
Hz

3 1 .V CIS?
Hz

§ h 4,
ppm

^ tra n s?
Hz

3 j  .y  cis?
Hz ¡'CO, cm 1

12c 2.95 5 8 2.94 5.5 7.8 1706
1 2 t 3.10 4.5 7.8 3.38 5 7.5 1694
13c 2.96 5 8.2 2.85 5.7 7.7 1704
13t 3.14 4.5 8 3.33 5.3 8.2 1693
14c 2.78 5 8 3.00 5 8.2 1705.5
14t 2.98 4.5 7.8 3.42 , 4.5 7.5 1697
15c 2.80 4.8 8 3.02 5.2 8 1704.5
15t 3.03 4.5 7.8 3.36 5 7.8 1695.5
16c 2.77 8.5 3.12 8.2 1703.5
16t 2.90 4.8 3.42 5 1697
17c 2.78 8.3 3.12 8 1703
17t 2.92 4.6 3.41 4.8 1696

P in Table I and R below). The attack of the reagent at the to dihalodioxolanes. Moreover, the increasing steric effect led
less-hindered position remains, but it is probable that the to increased stereoselectivity (see the decrease of t/c with the
direct intermediate is the carbanion6 and that its inversion increase of the size of R from Me to t-Bu). Attack by zinc
can take place in the absence of protic solvent and occurs more 
rapidly than with corresponding radicals.

m i, 67 h, 80 °C
R — »- 18t + 18c

m2, 14 h, 84 "C 
m 3 , 40 h, 65 °C

(f/c = 32:48 with method mj, 48:52 
with methods m2 and m3)

With ketones, the monoreduction results are very depen
dent on the ring alkylation and can again be rationalizated by 
postulating a predominant zinc attack at the less-hindered 
C -X  and a possible inversion involving not only the ketonic 
radicals but also the ketonic carbanions. Indeed, the ketonic 
radicals, less strained than the dioxolane radicals, are stabi
lized and can undergo carbanions before inversion. We ob
served three different cases.

(1) With the a-alkylated dihalo ketones A-E the monore
duction occurred with an opposite stereoselectivity relative
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Scheme II

would occur at the halogen cis to the acetyl group since the 
latter, in a cisoid conformation,16 is less bulky than R1( par
ticularly when Ri = ¿-Pr or t-Bu.

(2) With the a,/3-dialkyl dihalo ketones F-H, dichloro ke
tones led predominantly to cis isomers and dibromo ketones 
predominantly to trans isomers. These results are consistent 
with an enhanced zinc attack in position cis to the carbonyl 
and with a slower inversion of bromo carbanions.

(3) Conversely, with the /3,/3-dialkyl dihalo ketones I and J, 
the cis isomer was preferentially formed from dibromo ketone 
and the trans isomer from dichloro ketone. The major initial 
zinc attack would be reversed, due to steric effects, and fol
lowed by a more important inversion with the chloro carb
anions. Slower inversion of the a-bromo carbanions vs. the 
«-chloro carbanions is compatible with previously reported 
results about carbanion stability.3’17“18 According to these 
results we can write the following sequence of inversion bar
riers:

>  X -------- 7 \
Br CH3

Moreover, the /3-acetyl group will be a stabilizing group for 
a-chloro and a-bromo carbanions, allowing an intermediate 
inversion rate.

For synthetic purposes it is interesting to note that, with 
this reducing agent, in addition to the monoreduction, gem - 
dihalocyclopropyldioxolanes or ketones can lead to completely 
reduced compounds if no proper precautions are taken. Thus, 
the easily available starting compounds and the easy total 
reduction with zinc can allow the formation of cyclopropyl 
ketones or dioxolanes of any substitution (Scheme II). The 
dihalocarbonic addition to ketones gives higher fields, but fails 
with Ri = H.12 In the latter case it is necessary to utilize ole- 
finic dioxolanes.

Experimental Section
Infrared spectra were recorded from thin liquid films on Perkin- 

Elmer 237 or 521 instruments. 1H NMR spectra were obtained on a 
Perkin-Elmer R-10 nuclear magnetic resonance spectrometer.

General Procedure. Typically, the ketones or the corresponding 
dioxolanes (2 g) were added to ethanolic potassium hydroxide (10%, 
20 mL) and stirred with zinc powder (6 g). Overall comparison showed 
that ketones were reduced more easily than dioxolanes and that total 
reduction was avoided only with moderate reaction temperature. 
Comparatively to dioxolanes, temperature and time reaction of mo
noreduction of ketones required greater control (Table I), but this

Table V. Values of A (hertz) for lc,t-4c,t

isomers R X h 4 h 3 h 2

lc Me Cl 492 1055 498
it Me Cl 900 996 468
2c Me Br 510 1086 510
2t Me Br 905 1000 462
3c i-Pr Cl 460 1075 510
3t i-Pr Cl 1055 1085 450
4c i -Pr Br 475 1100 520
4t i-Pr Br 1055 1110 450

Table VI. Evaluation of A for Protons H3 and H4 in 
Ketones Corresponding to Dioxolanes 14c,t and 15c,t

________ corresponding ketones______
dioxolanes X a h 3 a h 4

14c Cl 894 432
14t Cl 810 720
15c Br 918 450
15t Br 780 720

reduction proved to be equally general.19 As examples we can describe 
the preparation of 7t and 7c for ketones and general methods mj, m2, 
and m3 for dioxolanes.

cis- and trans-l-Acetyl-2-bromo-l,3-dimethylcyclopropanes 
(7t and 7c). l-Ace^yl-2,2-dibromo-l,3-dimethylcyclopropane (G; 2 
g, 7.4 mmol) was mixed with zinc powder (6 g) and ethanolic potas
sium hydroxide (10%, 20 mL). The reaction was followed by VPC and 
after 18 h at 53 °C the yield of the monoreduction increased no moTe 
and reached 70%, while a large amount of total reduction (30%) was 
unavoidable. With a lower reaction temperature (50 °C) total re
duction was avoided, but the monoreduction was greatly slowed down 
and reached only 30% after 24 h of reaction. With a higher reaction 
temperature (60 °C) only total reduction was observed. The reaction 
mixture was then filtered and 200 mL of water was added to the fil
trate. After extraction of the aqueous layer with ether, added organic 
layer and ethereal extract were neutralized with an ammonium 
chloride solution and then dried and concentrated in vacuo.

Method mi. The starting crude dioxolane20 (2 g, 6.3-9.5 mmol) was 
added to an ethanolic potassium hydroxide and zinc powder mixture. 
This mixture was stirred for a variable time (6-90 h) and generally 
with refluxing ethanol temperature.21 Extraction and separation were 
unchanged compared with ketones.

Method m2. The starting dioxolane (2 g) was stirred with lithium 
aluminium hydride (LiAlH4; 0.5 g, 13 mmol) and 25 mL of refluxing 
DME was carefully dried over potassium hydroxide. After about 15 
h of reaction a few drops of water were added, permitting separation 
of organic layer and mineral aggregate. After neutralization by am
monium chloride solution the organic layer was dried and concen
trated in vacuo with slight warming.

Method m3. Similar to method m2 except THF replaced DME.
Characterization. In a general way dibromodioxolanes appeared 

more susceptible to total reduction than dichlorodioxolanes. It was 
difficult to isolate monohalodioxolanes with a satisfactory purity. 
Indeed, often they were transformed into corresponding ketones 
during the chromatographic isolation. Consequently satisfactory el
emental analyses were obtained only with ketones (Cl ±0.3%, Br 
±  0.5%). However, by analytical chromatography with the use of 
moderate injector temperature, it was easy to observe the products 
of reduction without decomposition. Comparison with retention times 
of monohalocarbenoic adducts of olefinic dioxolanes and transfor
mation into corresponding ketones13 allowed unambiguous identifi
cation of these mor.oreduced dioxolanes.

In VPC it is noteworthy to note that trans stereoisomers always 
show retention times smaller than cis stereoisomers.

Configuration. Lanthanide Induced Shifts (LIS Effect). De
termination of the configuration for lc to 4c and It to 4t required 
study of the LIS effect. Relative shifts of protons, after addition of 
Eu(dpm)3, in a molecule containing a complexation center such as a 
carbonyl, is a very useful tool for this determination.22 Halogens were 
not involved in the complexation23 and the LIS effect allowed un
ambiguously the attribution of configuration for monohalo-substi
tuted compounds 1-4. The slope, A, of the equation

1  = -  So = /(C eu/C o)

where 5q — shift without chelate, Ceu — molar concentration of che
late, (Sc = shift with chelate, and Co = molar concentration of halo-
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ketone, is characteristic for each proton.24 A is higher for H3 than for 
H4 and H2 with isomers lc to 4c and lower for H2 than for H3 and H4 
with isomers It to 4t. Values of A (in hertz) are given in Table V.

Likewise, for the determination of the configurations of dioxolanes 
we used the LIS effect of corresponding ketones. The configuration 
of dioxolanes 12t, 12c, 13t, and 13c was determined by the study of 
ketones It, lc, 2t, and 2c. We assigned the configuration of dioxolanes 
14c, 14t, 15c, and 15t by the evaluation of A for protons H3 and H4 in 
corresponding ketones (Table VI).
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The reaction of hydrogen chloride on 7-, 8(14)-, and 14-ene steroids was investigated. A 14a-chloro compound is 
the product of kinetically controlled addition of the acid. A 14/3-chloro compound with the side chain in the 17a 
configuration originates in diethyl ether at temperatures lower than -3 0  °C in the presence of hydrogen chloride, 
via a carbocation at Cj4. There is evidence that the inversion occurs through two distinct rearrangements involving 
the intermediary formation of a 12,14a-cyclo-12,13-seco-5a-cholest-13(17)-ene.

In a previous communication1 we reported that 3/3-acetyl- 
oxy-5a-cholest-7-, -8(14)-, or -14-enes (la, 2a, and 3a) undergo 
inversion of the side chain by the action of hydrogen chloride 
in diethyl ether at -6 0  °C to yield 3/3-acetyloxy-14-chloro- 
5a, 14/1,17/3//-cholestane (4a), possibly through the interme
diary formation of 3/3-acetyloxy-12,14a-cyclo-12,13-seco- 
5a-cholest-13(17)-ene (5a). Caspi et al.2 simultaneously de
scribed the isolation of 3/3-acetyloxy-5«,17/3//-cholest-14- 
ene (6a) by the action, on 2a, of hydrogen chloride in chloro
form at -78  °C and prolonged treatment with NaHC03. More 
recently it has been shown that the same rearrangement is also 
caused by hydrogen bromide.3

In order to clarify the mechanism of the side chain inver
sion, we decided to explore the processes involving the action 
of hydrogen chloride on 7-, 8(14)-, and 14-ene steroids.

Hydrogen chloride has long been considered to promote the 
direct isomerization of the 7 or 8(14) double bond of steroids 
to the 14 position.4 In fact 14- and 8(14)-ene steroids in an 
approximately 1:1 ratio were isolated when the reaction was 
carried out at 0 °C in chloroform solution.5 However Cornforth 
et al.,6 operating at —30 °C on 3/?-benzoyloxy-5a-cholest- 
8(14)-ene (2b), isolated a compound to which the structure 
of 3|8-benzoyloxy-14a-chloro-5a-cholestane (7a) was attrib
uted. When a chloroform solution containing this adduct was 
shaken with aqueous NaHC03, dehydrochlorination occurred 
and 3/3-benzoyloxy-5a-cholest-14-ene (3b) was obtained.

In order to definitively prove that the 14-ene (3b) is never 
formed by the direct action of hydrogen chloride on 8( 14)-ene

la, R = AcO 
b, R = BzO

3a, R = AcO 
b, R = BzO

2a, R = AcO 
b, R = BzO

C81117

4 a , R = AcO;R, = ß-Cl
b, R = BzO; R, = ß-Cl
c, R = AcO; R, = d-H

0022-3263/78/1943-3505$01.00/0 © 1978 American Chemical Society



3506 J. Org. Chem., Voi. 43, No. 18,1978 Anastasia. Fiecchi, and Scala

9a, R = CHO 
b, R = COOH

12
11

COOCH;,

(2b), we submitted 3b at —30 °C in chloroform to the action 
of hydrogen chloride. 7-Ene (lb) and 8(14)-ene (2b) were 
treated under the same conditions in separate experiments. 
In each case the 1H NMR spectrum of the residue, obtained 
from the evaporation of the reaction mixture, did not show any 
signal attributable to olefinic protons. The only product iso
lated by crystallization was the chloro derivative, to which the 
structure 7a is now assigned on the basis of 1H NMR evidence. 
The mother liquors did not contain any 8(14) isomer. The XH 
NMR spectrum of 7a shows a singlet for the C-18 protons at 
5 0.92. The C-18 protons resonate at 5 1.18 in the 148-chloro 
derivative 4b. Since side-chain inversion from the 17a to the 
17(8 configuration causes an upfield shift of 0.06 ppm as 
measured in 38-acetyloxy-5a,148-cholestane (7 c ) 7  and in 
3/3-acetyloxy-5a,14/3,17|8if-cholestane (4 c ) , 2  a value of 5 1.12 
is expected for the C-18 protons of the as yet unknown 3/3- 
acetyloxy-14-chloro-5a,14r8-cholestane (7b). Moreover the
0.27-ppm downfield shift for the C-18 protons of 7a, with re
spect to the 14a-unsubstituted compound, compares well with 
the reported value of 0.25 ppm downfield shift for the C-19 
protons of the 5a-chloro steroids.8

Solid 7a was stable at room temperature for at least 1 year. 
It was rapidly transformed in chloroform solution at 25 °C 
(and more slowly at 0 °C) into 2b and 3b in a 1:4 ratio, both 
in the presence or absence of 0.5 M NaHC03, as determined 
by TLC on silica gel-AgN03.9 7a was quantitatively trans
formed into 3b by treatment with a 0.5 M methanolic solution 
of triethylamine. The high rate of solvolysis of 7a is in good 
agreement with the postulated effect of strong steric strain 
in enhancing the rates of solvolysis of highly branched tertiary 
chlorides.10-12 Formation of both 2b and 3b indicates that 
carbonium ion intermediates are involved in the reaction.

The electrophilic addition of hydrogen chloride to olefins 
has long been considered to involve intermediates with car
bonium ion character.13’148 Moreover, there is evidence that

the structure of the olefin plays a role in the reaction mecha
nism.140 The exclusive formation of a 14a-chloro derivative 
from 7-, 8(14)-, and 14-enes indicates that a common C-14 
carbonium ion intermediate is involved in the reaction.

When the addition of hydrogen chloride was carried out in 
diethyl ether at —30, —60, or —78 °C for 3-7 h to 0.01-M so
lutions of lb, 2b, or 3b, respectively, 3/3-benzoyloxy-14- 
chloro-5a,148-178H-cholestane (4b) was quantitatively iso
lated.15’16 4b was stable at 25 °C in chloroform or ether solu
tion, as well as in the presence of 0.5 M NaHCO;i; it was 
quantitatively transformed into the epimerized 14-ene 6 b by 
triethylamine in methanol at 50 °C, and was solvolyzed in 
methanol at the same temperature to yield the compounds 6 b 
and 5b17 in 20:1 ratio as determined by GLC and TLC on silica 
gel-AgN03.

The epimerized 14-enes 6 a and 6 b were quantitatively 
reconverted into the 14/3-chloro compounds 4a and 4b by 
addition, at —78 °C, of hydrogen chloride for few minutes, and 
transformed into the spiranic compounds 5a and 5b by 
treatment with 4-toluenesulfonic acid in boiling benzene.

The addition of hydrogen chloride to either 2b or 3b in di
ethyl ether at — 73 °C for 20 min resulted in the quantitative 
formation of the 14a-chloride 7a, which was quantitatively 
transformed into the epimerized 14/3-chloro compound 4b by 
further exposure to the hydrogen chloride.

These results prove that the epimerized 14-chloro com
pounds originate from the “natural” 14a-chloro compounds, 
the products of kinetically controlled addition of hydrogen 
chloride to an 8(14)- or a 14-ene steroid, and suggest that 7a 
is transformed into 4b via a discrete cationic intermediate.140 
This was proven by submitting 7a at —78 °C to hydrogen 
chloride enriched in 3HC1. The labeled 4b was dehydrochlo- 
rinated with triethylamine in methanol to give 6 b, showing 
a 25% loss of radioactivity associated to a hydrogen of the 15 
position. The location of the residual radioactivity was as
certained as follows. The labeled 6 b was oxidized to the diol 
8 a with 0s04. The configuration of the 14/3-0 H (and by con
sequence of the 15/3-OH) was assigned by measurement of the 
shift of the C-18 proton signal in the solvent pair deuter- 
iochloroform-pyridine.18 The observed value (0.16 ppm) was 
identical with that calculated for a dihedral angle of 60° be
tween the C-18 methyl group and the 14/3-hydroxy group. The 
labeled 8 a was oxidized with chromium trioxide to the hy
droxy ketone 8 b, which contained 50% of the radioactivity of 
the labeled 4b, thus proving that both the 15-hydrogens were 
labeled. The hydroxy ketone 8 b was oxidized with chromium 
trioxide to the keto acid 9b, which contained 25% of the orig
inal radioactivity of 4b after alkaline exchange at room tem
perature and rebenzoylation, thus indicating that 25% of the 
radioactivity of 4b was associated with the 8 -hydrogen. To 
locate the residual 25% of the radioactivity of 4b, the com
pound 6 b was ozonized and the resulting keto aldehyde 9a was 
pyrolyzed6 to give the unsaturated aldehyde 10  (isolated as 
the semicarbazone) which contained 51% of the total radio
activity. The semicarbazone of the aldehyde 10  was degraded 
to the ( R ) ( —)-2,6-dimethylheptanoic acid,19 isolated as the 
amide,20 which showed a complete loss of radioactivity. This 
fact indicated that the label in fragment 10  is located at the 
aldehydic hydrogen (25%) and at the 17-hydrogen (25%). 
Position 16 could be excluded, since at least part of the ra
dioactivity in this position should be lost in the retro-Michael 
reaction on the keto aldehyde 9a.

It can be concluded that, in the rearrangement of 7a to 4b, 
the discrete cation 11 should be formed. Moreover a hydrogen 
is lost from the 17a position and a hydrogen added at the 178 
position.

Transformation of the cation 11 into the 148-chloro com
pound 4b requires inversion at the 7  carbon to the charge. 
Intermediary formation of the very strained pentacyclic
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compound 12  appears very unlikely, as both junctions of the 
cyclopropane ring are trans. A more reasonable hypothesis 
appears to be consistent with intermediary formation of the 
spiranic olefin 5b. Some facts are in agreement with this as
sumption: (a) methyl 3/3,14/3-dihydroxy-15-oxo-5/3,14/l-an- 
drostane- i 7/'i-carboxylate (13) was transposed by thionyl 
chloride in pyridine into the spiranic compound 14;21 (b) the 
acetate 3a was transformed in part into the spiro compound 
5a by boron trifluoride in benzene;22 (c) spiro compounds such 
as 5 are formed by treatment of 7-, 8(14)-, and 14-ene steroids 
with 4-toluenesulfonic acid in refluxing benzene.17 However, 
it seems unlikely that transposition is promoted by a classical, 
planar carbocation 1 1 , since there is no conformation of the 
molecule in which the C12-C 13 bond is aligned with the vacant 
p orbital at C14, as it appears from molecular models. This 
assumption is supported by the evidence that the transposi
tion of the 10/3-methyl group of 5a-cholestane-4a,5a-diol 
4a-acetate occurs owing to the alignment of the C10-C 19 bond 
with the vacant p orbital at C5.23 Moreover the presence of the 
label at the 8  and 15 position of 4b proves that 8(14)- and
14-enes are reversibly formed during the transposition, which 
could occur by addition of hydrogen chloride to the A14 double 
bond by way of an AdgS mechanism140 involving a transition 
state in which the chlorine atom of acid interacts with the 0 
side of the carbocation. The interaction allows alignment of 
the C12-C 13 bond and promotes ring C contraction and for
mation of the spiro compound, with the loss of the Ha-hy
drogen.

Final evidence of intermediary formation of the spiro 
compounds requires that the action of hydrogen chloride on 
these products should afford epimerized 14/3-chloro com
pounds. In fact 5b was instantaneously transformed into 4b 
when dissolved at -78  °C in hydrogen chloride saturated 
ether. It can be inferred that a proton attacks 5b at the 17/1 
position, promoting ring C enlargement with final introduc
tion of a chloride ion at the 14/3 position.

Experimental Section
All melting points are uncorrected. Infrared spectra were taken as 

Nujol mulls and absorptions are reported as reciprocal centimeters, 
NMR spectra were taken on a Varian HA-100 as chloroform-di so
lutions and are reported as b units relative to Me4Si, and optical 
rotations were taken as chloroform solutions. Gas-liquid chroma
tography (GC) was done on 1 or 3% SE 30 columns (2 m X  2.5 mm). 
The mass spectra were determined on an LKB 9000 spectrometer 
either by GC (on 3% SE 30 column, 2 m X  2.5 mm) or by direct inlet 
(di). Radioactivity determinations were carried out as reported pre
viously.24 Molar radioactivity (MR) was expressed in nCi/nmol.

3/J-Benzoyloxy-14-chloro-5a,14a-cholestane (7a). The ben
zoates lb, 2b, and 3b in CHCI3 were treated with HC1 under the same 
conditions described by Cornforth6 for 2b. In each case the obtained 
solid white residue did not show any signal attributable to olefinic 
protons in the NMR spectrum at 0 °C. Crystallization of the residue 
from petroleum ether at -3 0  °C gave pure 3d-benzoyloxy-14- 
chloro-5a,14a-cholestane (7a): mp 157 °C (lit.6 mp 153-156 °C); NMR 
(0 °C) b 0.92 (s, C-13 Me), 0.83 (s, C-10 Me); mass spectrum (di) m/e 
490 (M+ -  HC1), 475, 377, 255. Anal. Calcd for C34H51O2CI: C, 77.5; 
H, 9.7; Cl, 6.7. Found: C, 77.6; H, 9.9; Cl, 6.8.

7a was also obtained in 20 min by treating a 20-25 mM solution of 
la, 2a, or 3a in diethyl ether at —78 °C.

A solution of 7a (100 mg) in CHCI3 (10 mL) was left at 25 °C for 2 
h, cooled at 0 °C, and washed with ice-water. The aqueous solution 
was titrated for Cl-  ions (calcd 6.7 mg, found 6.6 mg). After usual 
workup of organic solution, chromatography of the residue on silica 
gel G-Celite-AgN03 (1:1:0.3) yielded 2b (18 mg) and 3b (76 mg), 
whose physical constants (mp, GC, and mass spectrum) were identical 
with those of authentic specimens. Treatment of 7a with 0.5 M 
methanolic triethylamine, after usual workup, afforded pure 3b in 
quantitative yields.

3/5-Benzoyloxy-14-chloro-5a,14/?,17/3Ii-cholestane (4b). In
typical experiments the benzoates lb, 2b, and 3b (500 mg) in diethyl 
ether (100 mL) were treated with HC1 at —60 °C for 5 h. The pressure 
in the reaction vessel was then lowered to about 20 mm without in
terrupting the cooling. The residue was poured into ice water and

extracted with diethyl ether. The organic layer was dried (Na2S04) 
and evaporated in vacuo to give solid 3/3-benzoyloxy-14-chloro- 
5a,14/?,17/3/i-cholestane (4b): mp 130-132 °C; NMR 5 1.18 (s, C-13 
Me), 0.81 (s, C-10 Me); mass spectrum (di) m/e 490 (M+ -  HC1). Anal. 
Calcd for C34Hbi0 2C1: C, 77.5; H, 9.7; Cl, 6.7. Found: C, 78.0; H, 9.5; 
Cl, 6.7.

3/3-Benzoylcxy-5a, 17(3i/-cholest-14-ene (6b). 3/3-Benzoyloxy-
14-chloro-5a,145,17/l//-cholestane (4b; 500 mg) in methanol (50 mL) 
and triethylamine (5 mL) was refluxed for 30 min. After usual workup, 
3/3-benzoyloxy-5a,17/3//-cholest-14-ene (6b; 470 mg) was obtained 
as an oil. Crystallization from methanol gave pure 6b: mp 67-70 °C; 
[a]21D +61.1°; NMR 6 5.08 (m, C-15 H), 1.09 (s, C-13 Me), 0.87 (s, C-10 
Me); mass spectrum m/e 490 (M+). Anal. Calcd for C34H50O2: C, 83.2;
H, 10.3. Found: C, 83.5; H, 10.2.

Radioactive 3)S-Benzoyloxy-14-chloro-5a,14/3,17/3ii-cholestane 
(4b). 3/3-Benzcyloxy-14-chloro-5a,14a-cholestane (7a; 300 mg) in 
diethyl ether (60 mL) was treated at —78 °C with 3HC1 for 5 h. After 
usual workup 4b was obtained by crystallization from petroleum ether 
(MR 156, unchanged after repeated crystallizations). Localization 
of radioactivity was determined after dilution of the product (1:9) with 
unlabeled 4b.

Radioactive 3/S-Benzoyloxy-5a,17/S.H-cholest-14-ene (6b).
Radioactive 4b (MR 15.6) was dehydrochlorinated as described above 
and tritiated 6b was crystallized to constant radioactivity (MR 11.7; 
75% of 4b).

Radioactive 3/3-Benzoyloxy-5a,17/51T-cholestane-14a,15/3-diol 
(8a). Osmium tetroxide (360 mg) was added to a solution of radioac
tive 6b (500 mg) in diethyl ether (7 mL) containing pyridine (0.5 mL) 
and the mixture was allowed to stand at room temperature in the dark 
for 24 h. After usual workup, the diethyl ether-dichloromethane so
lution was shaken with potassium hydroxide (1.5 g) and D-mannitol 
(1.5 g) in water (15 mL). The product was isolated with the usual 
washing and drying procedures. Crystallization from MeOH gave 430 
mg of radioactive 3/3-benzoyloxy-5a,17/3if-cholestane-14/3,15/3-diol
(8a): mp 173-174 °C; [a]21D -11 °; NMR (CDC13) b 4.28 (m, 15a-H),
I. 07 (s, C-13 Me), 0.77 (s, C-10 Me); NMR (pyridine-ds) b 4.4 (m, 
15a-H), 1.23 (s, C-13 Me), 0.81 (s, C-10 Me); mass spectrum (di) m/e 
506 (M+ -  18), 354,216; MR 11.7. Anal. Calcd for C34H5204: C, 77.8; 
H, 10.0. Found: C, 77.5; H, 9.8.

Radioactive 3/3-Benzoyloxy-14-hydroxy-5a, 14/3,17/3H -cho- 
lestan-15-one (8b). Compound 8a (300 mg) in pyridine (0.5 mL) was 
added at 0 °C to a solution of chromium trioxide (300 mg) in pyridine 
(3 mL) and dichloromethane (12 mL) and the mixture was stirred for 
5 min. After usual workup and crystallization of the crude residue 
from methanol, radioactive 8b was obtained: mp 135-137 °C; mass 
spectrum m/e (di) 522 (M+); IR 3310,1740,1720 cm-1; MR 7.8 (50% 
of 4b). Anal. Calcd for C34H50O4: C, 78.1; H, 9.6. Found: C, 78.3; H,
9.4.

Radioactive 3/3-Benzoyloxy-14-oxo-14,15-seco-5a,17/31i-cho- 
lestan-15-oic acid (9b). Chromium oxide (56 mg) in acetic acid (2.8 
mL) was added at 0 °C to a solution of radioactive 8b (200 mg) in 
acetic acid (8 mL) and benzene (1 mL). The mixture was allowed to 
stand at room temperature for 2 h. After usual workup and crystal
lization of the residue from isooctane-diethyl ether, radioactive 9b 
was obtained: mp 159-161 °C; [ o ] 25d  -33 °; mass spectrum (di) m/e 
520 (M+ -  18), 354 (M+ -184); IR 1740,1710 cm "1; MR 7.8 (50% of 
4b). Anal. Calcd for C34H5o06: C, 75.8; H, 9.3. Found: C, 75.5; H, 9.4. 
Me ester, mass spectrum (di) m/e 521 (M+ — 31), 479 (M+ — 73), 354 
(M+ -  196). Acid 9b after saponification at 25 °C and rebenzoylation 
showed MR 3.9 (25% of 4b).

Radioactive 3/3-Benzoyloxy-14-oxo-14,15-seco-17/SJ7-choles- 
tan-15-al (9a) and its Pyrolysis. A solution of labeled 6b (300 mg) 
in dichloromethane (5 mL) was ozonized at —70 °C until excess ozone 
was present. The solvent was removed and the residue was stirred for 
2 h with acetic acid (7 mL) and Zn powder (0.5 g). After usual workup 
oily compound 9a was obtained: IR 2700,1720,1714 cm-1; NMR b 9.67 
(H15, t, J  = 1.5 Hz); mass spectrum m/e 522 (M+), 354 (M+ -  168). 
The keto aldehyde (9a) was heated at 15-mm pressure (capillary leak 
fed with N2) to 200 °C; the temperature was raised during 2 h to 250 
°C and maintained there for 3 h. The volatile product, trapped in a 
receiver at -3 0  °C, was taken up in a little diethyl ether and washed 
with NaHCOa solution. The solvent was removed to give the crude 
aldehyde 10. This was transformed in its semicarbazone: mp 134 °C; 
[a]21D —23°; mass spectrum m/e 225 (M+); MR 7.7 (49% of 4b). Anal. 
Calcd for Ci2H23N30 : C, 64.0; H, 10.2; N, 18.7. Found: C, 64.3; H, 9.8; 
N, 18.4.

(R )(-)-2,6-Dim ethylheptanoic Acid Amide. Potassium per
manganate was added to a boiling acetone solution of the semicar
bazone of the unsaturated aldehyde 10. After usual workup the acid 
fraction was treated with thionyl chloride. The resulting acid chloride
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gave the amide, which was crystallized from n-hexane to yield the pure 
product: mp 75-77 °C;20 MR 0.0.

3/5-Benzoyloxy-12,i4a-cyclo-12,13-seco-5a-cholest-13(17)-ene 
(5b). Compound Gb (500 mg) was added to a mixture of anhydrous
4-toluenesulfonic acid (250 mg) and benzene (125 mL) and refluxed 
for 5 min. After usual workup the crude residue was chromatographed 
on silica gel G-Celite-AgN03 (1:1:0.3). Fractions eluted with petro
leum ether gave 5b (400 mg): oil; NMR 5 1.46 (t, J = 0.7 Hz, C-13 Me), 
0.93 (d, J = 7 Hz, C-20 Me), 0.84 (d, J  = 6 Hz, C-25 Me2), 0.8 (s, C-10 
Me); mass spectrum (di) m/e 490 (M+), 206, 121. Anal. Calcd for 
C34H50O0: C, 83.2; H, 10.3. Found: C, 83.4; H, 10.0.

Treatm ent o f 3/J-Benzoyloxy-12,14a-cyclo-12,13-seco-5a- 
cholest-13(17)-ene (5b) with Hydrogen Chloride. The spiro olefin 
(5b;17 200 mg) was dissolved in hydrogen chloride saturated ether (20 
mL) at -7 8  °C. The solution was poured instantaneously into a 
NaHCOs saturated solution and extracted with diethyl ether, the 
organic layer was dried (Na2S04) and evaporated in vacuo to give 
3/?-benzoyloxy-14-chloro-5a,14/3,17/3if-cholestane (4b).
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Carbon-13 NMR spectra were obtained on norbornenes with the 7 position bearing the following substituents: 
C12P (syn and anti), Me2P (syn and anti), Me2(S)P (anti), Me3P+ (anti). Norbornanes with 7-Cl2P and 7-Me2P were 
also studied. For the groups Me2(S)P and Me3P+, vicinal C-P coupling was clearly controlled by dihedral angle 
relations; carbons anti to P were strongly coupled (about 16 Hz), while carbons syn to P showed no coupling. This 
result is consistent with observations made previously for rigid cyclohexanes bearing these substituents in equatori
al or axial positions, respectively. However, the trivalent groups C12P and Me2P showed no indication of their vici
nal coupling (absolute), being minimized at the same dihedral angle; with these groups in either the syn or anti 7 
position of norbornene or in the 7 position of norbornane, coupling to the two sets of vicinal carbons differed very 
little. Again this result is consistent with observations from cyclohexanes and leads to the conclusion that dihedral 
angle control of vicinal (C-P) coupling is not general in phosphorus chemistry. One-bond 13C -31P coupling was also 
considered; there was no consistent relation with steric crowding in the compounds studied. Chemical shifts of the 
phosphorus compounds followed the expected trends, with 7 -gauche carbons shifted relatively upfield and anti car
bons relatively downfield from the corresponding bicyclo[2.2.1]heptane. Curiously, in syn-7-bromonorbornene 
both types of 7 carbon were shifted upfield.

From a study2 of the effect of phosphorus functions on 
the 13C NMR spectra of the cyclohexane ring came an indi
cation that three-bond 13C-31P coupling was under steric 
control in a Karplus-like relation for tetravalent phosphorus 
functions (e.g., Me2(S)P and Me3P+) but not for some triva
lent functions (e.g., C12P and Me2P). To illustrate, 31P cou
pling to ring carbons 3 and 5 was 13 Hz when Me2(S)P was 
placed in the equatorial position of 4-teri-butylcyclohexane 
(dihedral angle about 180°), but only 4 Hz when in the axial

position (dihedral angle about 60°), strongly suggestive of a 
Karplus effect. On the other hand, C12P similarly placed gave 
■Vpc values of 11 and 9 Hz, respectively, and Me2P gave values 
of 11 and 8 Hz. However, uncertainty about dihedral angles 
in the axially substituted cyclohexanes, which might be ca
pable of distortion to skew-boat conformations, left the sit
uation unclear. We also3 encountered cases among some 
phosphorinane derivatives (1-4) where a dihedral angle con
trol of vicinal coupling was suggested. Thus, two 3JPC path

0022-3263/78/1943-3508$01.00/0 © 1978 American Chemical Society
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ways exist in 3-methyl derivatives, but that to the ring carbon 
(C-4) is mediated by a small dihedral angle (60° for an ideal 
chair) while that to CH3 by a large angle (180°). In compounds
1,2, and 3 ,3Jpc was small (6-7 Hz) for C-4 and large for CH3

4

(16-18 Hz). In this series, the phosphine (4) also showed an 
apparent steric dependence for coupling (~0 Hz to C-4 and 
5 Hz to CH3).

We have now prepared a group of 7-substituted bicy- 
clo[2.2.1]heptane derivatives partly to clarify this apparent 
inconsistency of steric control of 13C -31P coupling. This ring 
system is characterized by considerable rigidity and thus di
hedral angles can be reasonably evaluated. In this paper, we 
will show unequivocally that the covalent character of the 
phosphorus atom does indeed have a commanding influence 
in allowing a normal Karplus relation to exist. These bicyclic 
compounds have other 13C NMR spectral features of interest, 
and their 31P NMR spectra, which are reported elsewhere,4 
are also of significance.

A sizable literature is developing on the existence of Kar- 
plus-like relations between 3Jpc and dihedral angle. Such 
relations seem well established for phosphine oxides5 and 
phosphonates.6 However, our own previous studies2’3 appear 
to be the only ones concerned with phosphine sulfides and 
phosphonium salts, as well as with trivalent functions. 7- 
Substituted bicyclo[2.2.1]heptane derivatives are of value in 
such studies because two different coupling paths with widely 
divergent dihedral angles are present, as shown below for the 
unsaturated system:

Dihedral angles are known7 from X-ray analysis of anti-7- 
norbornenyl p-bromobenzoate to be 164° for PCCC-3 and 57° 
for PCCC-5. Angles in solution cannot deviate much from 
these values. Therefore, 3Jpc should differ drastically to C-2,3 
or C-5,6 if a normal Karplus relation prevails. The same effects 
would, of course, be present in syn-7-norbornene derivatives, 
and for norbornanes as well. Examples of each ring type are 
included in the present study.

Synthesis. The starting compound for all of our synthetic 
work was syn-7-bromonorbornene, which was prepared by the 
method of Kwart and Kaplan.8 The Grignard reagent from 
this bromide was converted to the cadmium derivative9 for 
alkylation of PC13. This reaction gave a low yield (16%) of a 
mixture of syn-1- (5, 20%) and anft-7-norbornenylphospho- 
nous dichloride (6,80%). The mixture was not separated but 
was used directly in the next reaction, that with méthylmag
nésium iodide (Scheme I). The mixture of phosphines 7 and 
8 was then reacted with methyl iodide or sulfur. The products 
after purification were further enriched in the anti structures 
(9 and 10, respectively) and it was not possible to observe 
definite spectra for the minor isomers.

That the major isomer from the alkylation of PC13 had the

Scheme I

I i  CdC], 

I  A PCI,

S

10

anti structure was readily apparent from the 13C NMR spec
trum. This spectrum will be discussed in detail subsequently, 
where it will be seen that the steric crowding of CI2P with the 
syn methylenes (C-5,6) caused their 13C shifts to be substan
tially upfield of the minor isomer. Other reactions (e.g., car
bonation10) of Grignard reagents derived from 7-halonor- 
bornenes likewise give mostly anti products.

Hydrogenation of syn-7-bromonorbornene gave 7-bromo- 
norbornane,6 and this was converted to the phosphonous di
chloride 11 and the phosphine 12 (Scheme II). The last reac
tion gave a product containing small but spectrally significant 
amounts of other products which were not easily removed by 
distillation. Usable spectral data for 12 nevertheless were 
collected on this crude product.

13C N M R  Spectra of 7-Substituted Norbornenes. Since 
the synthetic method led, as already noted, to considerably 
more of the anti isomers (6, 8,9,10) than of the syn, spectral 
data were more readily collected for the anti series of com
pounds, and they form the basis of most of the 13C NMR 
study. Assignment of peaks in the spectra of both anti and syn 
isomers was straightforward and requires no comment. Data 
appear in Table I.

The data reveal in a striking way that a Karplus relation is 
most definitely in effect in the case of the phosphine sulfide
(10) and the phosphonium salt (9). The 3Jpc values to C-2,3, 
where the dihedral angles are large (164° 7), are 15.9 and 16.5

Scheme II

12
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Table 1.13C NMR Spectral Data 

P -
registry no. C-1,4 C-2,3 C-5,6 C-7 p -ch3

C12P 66793-02-0 44.0 (14.6) 136.6 (6.2) 22.1 (9.7) 71.2 (47.6)
Me2P 66793-03-1 44.1 (11.0) 137.3 (6.1) 22.8 (8.6) 64.5 (12.2) 13.1 (12.8)
Me2(S)P 66793-04-2 43.7 (0) 138.5 (15.9) 22.8 (01 58.6 (44.6) 21.8 (54.3)
Me3P+(I) 66793-05-3 43.5 (0) 137.7 (16.5) 23.8 (0) 52.5 (40.9) 10.2 (53.1)

C12P 66793-06-4 a
Me2P 66793-07-5 a

134.8 (6.7) 25.5 (<1)
133.9 (3.7) 24.3 (2.6)

76.7 (40.3)
66.8 (6.1) 14.2 (12.6)

C12P
Me2P

66793-08-6 42.2 (13.4) 27.5 (10.4)
66793-09-7 39.4 (12) 27.6 (10)

31.5 (6.1) 65.4 (45.8)
31.7 (7) 54.9 (11) 17.1 (14)

D. Miscellaneous

20047-65-8 44.3 132.8 22.7 66.0

13237-88-2 42.8 27.5 27.5 58.5

41.85 135.2ft 24.6 b 48.5 6

36.15 29.65 29.6 6 38.36

a Not clearly observed on spectrum. 6 Data of J. B. Stothers, C. T. Tan, and K. C. Teo, Can. J. Chem., 51, 2893 (1973).

Hz, respectively, which are quite close to those reported2 for 
equatorial substitution on the cyclohexane ring. On the other 
hand, no 31P coupling was observed for C-5,6, where the di
hedral angle should be about 570.7 This is near the angle (65°) 
of minimum coupling reported11 for three-bond 13C -13C 
coupling in carboxylic acids in rigid systems. These results 
therefore provide confirmation of a small dihedral angle in the 
1-axially substituted 4-terfc-butylcyclohexanes where 3Jpc 
is only about 4 Hz. This is a conformationally significant point, 
for it shows that the chair shape is largely retained in these 
cyclohexanes and that a skew-boat conformation, which would 
have quite large dihedral angles to C-3,5 (153-169° 2), is not 
adopted.

The trivalent phosphorus functions C12P and Me2P, on the 
other hand, show no semblance of a normal Karplus relation. 
Coupling to C-5,6, which should be minimal in such a relation, 
is even larger than that to C-2,3. This, of course, confirms the 
observation made previously for .these groups as substituents 
on cyclohexanes2 and results in the conclusion that the nature 
of the phosphorus functionality does play a controlling role 
in determining if stereodependence of three-bond coupling 
will prevail. Stereodependence of two-bond coupling is also 
determined by the phosphorus function,12 but here no strong 
relation exists for the tetracovalent functions of phosphorus,

and it is the trivalent state that exhibits the steric control. 
Also, a recent observation of two substantially different3 J  pc 
values for 1,6-diphosphatriptycene, where the dihedral angles 
involved are the same, suggests that an influence on 3J  may 
arise from orientation of the lone pair orbital.13

The two trivalent derivatives in the syn series (5 and 7) show 
the same absence of a minimum for 3Jpc to the carbon(5,6) 
related by small dihedral angle, thus establishing that the 
situation holds for both sp3 and sp2 carbon. (It will be seen in 
the next section that the norbornyl derivatives also fail to have 
the Karplus minimum.)

Chemical shift differences in an isomer pair at the carbons 
7 oriented to phosphorus were of immediate value in assigning 
their structures. Thus, it is known14 from studies of other 7- 
substituted norbornenes that relative to norbornene itself the
1,3-interactions between a 7-substituent syn to a CH2 group 
(C-5,6) cause these ring carbons to be upfield shifted. The 
same effect is observed for the other isomer but at the sp2 
carbons. Such upfield shifts, routinely observed for carbons 
with a 7 -gauche oriented substituent, have commonly been 
explained by the operation of steric compression, although the 
effect is not yet fully understood and may have a more com
plex origin.15 Indeed, upfield shifts of a smaller magnitude are 
sometimes experienced for carbon in the 7-antiperiplanar
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Table II. Comparison of a Effects and 1 Jpc for Phosphorus Compounds0

C12P Me2P Me2(S)P Me3P+
< v ____________________a__________ h/__________ a__________ \J a 1J

X 22.7 47.6 16.0 12.2 10.1 44.6 4.0 40.9

px:- > - ' H 21.6 44 12.3 10 9.0 51 1.5 48
i-Bu— ^

H

X 20.7 45 11.6 9 13.5 53 4.4 51
f-Bu—

CH3CH2CH2CH2P 29.7 44 19.4 12 21.4 54

° Cyclohexyl data of ref 2 are used; the a effect was determined by subtracting the value for cyclohexane (5 27.7) from the C-l chemical 
shifts. Butyl data are given in ref 17.

relation.16 The operation of the y-gauche interaction in the 
isomeric phosphonous dichlorides 5 and 6, and in their cor
responding dimethyl derivatives 7 and 8, is clearly evident, 
and allows the assignment of their structure. For one dichlo
ride and its dimethyl derivative, C-5,6 are upfield by about 
2 ppm of the value for norbornene, and these compounds are 
assigned the anti structures 6 and 8, respectively. For the other 
pair, it is C-2,3 which are upfield shifted, and these compounds 
are assigned the syn structures 5 and 7. Support for these as
signments comes from the chemical shifts of C-7; the 1,3 in
teraction between the C-7 substituent and the CH2 groups of 
the anti isomers is greater than that involving the sp2 carbon 
of the syn isomers, and the C-7 chemical shifts for the anti 
isomers are considerably upfield of the syn isomers (C12P, 5.5 
ppm; Me2P 2.3 ppm). Coupling information also is applicable 
to the structure assignments. As already noted, the three-bond 
P-C coupling in the sulfide (10) and the salt (9) is dependent 
on the dihedral angle, and only the anti assignment to these 
compounds allows the Karplus-like relation expected from 
the earlier cyclohexane studies2 to prevail.

The phosphorus substituents give the expected downfield 
shifts at C-7 relative to norbornene. These a effects were of 
very similar magnitude to those seen for substitution on cy
clohexane.2 The one-bond 13C -31P coupling was also similar, 
in spite of the fact that the hybridization at C-7 of the bicyclic 
compounds differs from that of a cyclohexane carbon. More 
s character is diverted into the exocyclic bonds of the bicyclics 
to allow for the contraction of the internal bond (C1-C 7-C 4 
is 96° in anti-7-norbornenyl p-bromobenzoate7), but there 
is no clear trend in the data to show relevance to P-C coupling. 
Thus, in the anti series, the two trivalent groups have slightly 
enhanced Jpc values, as would be expected from increased s 
character, but the tetravalent functions had slightly smaller 
values. Inconsistencies also were present when an open-chain 
model17 was used for comparison. Data that illustrate these 
divergencies are collected in Table II. The absence of a clear 
relation between ring strain and 13C -13C coupling has also 
been noted for COOH bonded to various strained cyclic car
bons.11

For the two phosphorus compounds in the syn series, values 
for1 Jpc are smaller by several hertz than they are in the anti 
series. Recent reports6b’6c’18 have noted that 1-Jpc for phos- 
phonates is slightly smaller in sterically congested structures, 
but in the trivalent phosphorus derivatives of the norbornenes 
(and in the cyclohexanes as well; see Table II), the opposite 
is seen to be true, since steric crowding is obviously smaller 
in the syn than in the anti series. It is therefore premature to 
draw any broad conclusions about the influence of steric

congestion on the magnitude of lJpc- Thus, a proposal19 that 
bond angles increase to relieve steric congestion, and that this 
angle effect is to be associated with increased 1Jpc, must be 
viewed with caution, for it is not a general phenomenon.

13C NMR Spectra o f the 7-Norbornyl System. The two

11, P = C12P
12, P = Me2P

norbornyl derivatives 11 and 12 gave 13C NMR spectra that 
were easily assigned (Table I). The steric crowding of C-2,3 
caused these carbons to resonate several ppm to higher field 
than comparable carbons in norbornane (for 11, 2.1; for 12, 2.0 
ppm). This has been observed for 7-COOH11 and 7-CH314 
norbornanes. Also seen in these latter two compounds is a 
downfield shift for C-5,6 (1.4 and 2.1 ppm, respectively) rel
ative to norbornane, and this effect is reproduced in the 
phosphorus compounds ([[= [/9: [2= 2/[ PPM(/The net effect 
is to create for these compounds a considerable difference 
between CH2 groups syn and anti to the 7-substituent. There 
are exceptions to this situation, however; it has been reported 
that 7-OH causes upfield shifts of equal magnitude at both 
C-2,3 and C-5,6,20 and we have found that this is true also for
7-bromonorbornane.21 This curious effect was also noted in 
our work with syn-7-bromonorbornene; both the crowded sp2 
carbons as well as the uncrowded CH2 groups were shielded 
(2.4 and 1.9 ppm, respectively) relative to norbornene, whereas 
for syn -7-methylnorbornene14 and the two phosphorus 
compounds 5 and 7, deshielding occurs at the CH2 groups. 
There is obviously a danger in assuming for the 7-substituted 
bicyclo[2.2.1]heptane system that the usual consistency in the 
direction of substituent effects prevails without exception.

The expectation that 3Jpc for 11 and 12 would fail to show 
minima in the usual Karplus region was realized. In fact, for 
both compounds the value for V pc-5,6> where the dihedral 
angle is large, was considerably smaller than that for 3Jpc-2,3- 
These two compounds are important to our argument that the 
trivalent groups C12P and Me2P (and possibly others) are not 
generally to be associated with the usual Karplus control of 
3J PC; here both coupling pathways are to carbons of sp3 hy
bridization, whereas our previous examples depended on 
structures with mixed sp2 and sp3 carbons. It is possible that 
a minimum in the absolute three-bond coupling occurs at
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some quite different dihedral angle than is encountered for 
the tetravalent functions. At present, however, no experi
mental data are available that bear on this point.

Finally, we emphasize that only absolute values for 3Jpc, 
as obtained in the routine practice of NMR spectroscopy, are 
considered in this paper; sign determinations have not been 
made. However, it seems quite unlikely for a sign difference 
to exist for a pair of syn and anti (or cis and trans2) isomers 
that have nearly the same absolute values for :iJ, and for the 
present we are ignoring a sign change as a possible explanation 
for the apparent absence of a Karplus minimum in the abso
lute values for the trivalent derivatives. Nevertheless, while 
very little work has been done on the signs of three-bond C-P 
coupling, it is known that in phosphines the sign may be either 
positive (in aromatic derivatives13 22) or negative (in acetylenic 
derivatives23). In the study of acetylenic compounds,23 it was 
noted that the sign for the tetravalent derivatives was the 
opposite of that for the trivalent derivatives and that for the 
two types of phosphorus functions different degrees of im
portance had to be attributed to the several factors usually 
considered in the coupling mechanism (Fermi contact, spin 
dipolar, and orbital terms). A difference in coupling mecha
nism would seem to offer a possible explanation for the vari
ability in dihedral angle control of 3Jpc as noted in the present 
study.

Experimental Section

General. Proton-decoupled Fourier transform 13C NMR spectra 
were obtained with a JEOL FX-60 Spectrometer at 15 MHz. All 
samples were run in CDCI3 solution. Analyses were performed by 
MHW Laboratories, Garden City, Mich. All reactions involving 
phosphorus compounds were conducted under nitrogen. Melting 
points are corrected; boiling points are uncorrected.

syn-7-Bromonorbornene. This compound was prepared by the 
procedure of Kwart and Kaplan,8 which involves first the addition 
of bromine to norbornene to form 2,7-dibromonorbornene, and then 
dehydrohalogenation with potassium iert-butoxide. The product had 
bp 42 °C (3.2 mm) (lit.8 bp 68-70 °C (13 mm). Its 13C NMR spectrum 
is given in Table I.

7-Norbornenylphosphonous Dichloride (syn- 5 and anti-6).
The Grignard reagent was prepared from 4.86 g (0.20 mol) of mag
nesium and 17.3 g (0.10 mol) of syn-7-bromonorbornene in 100 mL 
of anhydrous ether. The reaction was initiated with methyl iodide. 
To the refluxing dark solution was added 18.3 g (0.10 mol) of cadmium 
chloride (dried at 110 °C) in small portions from a reservoir attached 
by Gooch tubing. The mixture was cooled to room temperature and 
the precipitate of metallic halides removed by filtration in a nitrogen 
atmosphere. The filtrate containing the organocadmium reagent was 
added dropwise to a solution of 27.0 g (0.20 mol) of phosphorus tri
chloride in 500 mL of anhydrous ether at —78 °C. A voluminous 
precipitate formed and was removed by filtration under nitrogen after 
the mixture was warmed to room temperature. The mixture was 
distilled through a short Vigreaux column and the fraction boiling at 
75-78 °C (3 mm) was collected as product (2.3 g, 16.4%). The 31P 
NMR spectrum, to be discussed in detail elsewhere,4 had signals for 
the anti isomer (6) at h +190.9 (80%) and the syn (5) at 5 +199.7 (20%). 
The 13C NMR spectrum is given in Table I. The 4H NMR (CDC13) 
spectrum only showed separate signals for the isomers in the vinyl 
region (anti, b 6.2 (m, 79%); syn, 5 6.1 (m, 21%)); others were 5 1.2 (m, 
2 H, endo-H-5,6), 1.8 (m, 2 H, exo-H-5,6), 2.6 (m, 1 H, H-7), 3.5 (m, 
2 H, H-1,4).

Dimethyl(7-norbornenyl)phosphine (syn-7, and antf-8) and 
Methiodide (9). A mixture of phosphonous dichlorides 5 and 6 (14.4 
g, 0.078 mol) was added dropwise to the Grignard reagent prepared 
from 6.08 g (0.25 mol) of magnesium turnings and 35.3 g (0.25 mol) 
of methyl iodide in 300 mL of ether. Gentle reflux was permitted. At 
the end of the reaction, a saturated solution of ammonium chloride 
was added. Layers were then separated and the ether layer was dried 
(MgS04). Distillation left an oil that was fractionated with a Vigreaux 
column. After three distillations, the fraction (2.4 g, 20%) of bp 48-52 
°C (2.5 mm) was taken as product. The 13C NMR spectrum (Table 
I) showed that the anti isomer accounted for about 80% of the product. 
Analysis was performed on the methiodide (9), prepared in benzene 
solution and recrystallized from benzene-chloroform, mp 270-273

°C dec. The 13C NMR spectrum of 9 is given in Table I. The only 
signal attributable to the syn isomer was that of the methyl carbon 
(6 12.5 ('Jpc = 53.7 Hz)). The analysis of 9 follows.

Anal. Calcd for Ci0H18IP: C, 40.54; H, 6.08. Found: C, 40.30; H,
6.06.

Dimethyl(anti-7-norbornenyl)phosphine Sulfide (10). A
mixture of 2.8 g (0.018 mol) of phosphine 8 prepared as above and 3.0 
g of sulfur in 200 mL of benzene was refluxed for 4 h. The mixture was 
cooled to room temperature and excess sulfur was removed by fil
tration. After four recrystallizations from ethanol-water, the product
(10) had mp 133-135 °C. The 13C NMR spectrum obtained on this 
sample was only that of the anti isomer; 31P NMR analysis4 did reveal 
that a few percent of the syn isomer was still present.

Anal. Calcd for C9H15PS: C, 58.06; H, 8.06. Found: C, 57.89; H,
8.26.

7-Bromonorbornane. Syn-7-bromonorbornene was hydrogenated 
as first described by Kwart and Kaplan,8 using a PtC>2 catalyst at 50 
psi. Occasionally hydrogen uptake was incomplete; the sample was 
distilled and again subjected to the hydrogenation. The product had 
bp 40 °C (3 mm) (lit.8 bp 70-72.5 °C (15 mm)); its 13C NMR spectrum 
is recorded in Table I.

7-Norbornylphosphonous Dichloride (11). The Grignard re
agent was prepared from 35.0 g (0.20 mol) of 7-bromonorbornane and
4.86 g (0.20 mol) of magnesium turnings in 200 mL of ether. Initiation 
of the reaction by methyl iodide was required. The cadmium reagent 
was then prepared by the slow addition, at reflux, of 18.3 g (0.10 mol) 
of anhydrous cadmium chloride. The solution from removal of pre
cipitated metallic halides was added to a solution of 54 g (0.39 mol) 
of phosphorus trichloride in 300 mL of ether at —78 °C. After solids 
had been removed by filtration, the solution was fractionally distilled 
(Vigreaux column) twice and the product (11) collected at 80-85 °C 
(4.0 mm), yield 12.7 g (32%). The 13C NMR spectrum is given in Table
I.

Dimethyl(7-norbornyl)phosphine (12). To the Grignard reagent 
prepared from methyl iodide (21.3 g, 0.15 mol) and 3.63 g (0.15 mol) 
of magnesium in ether was added 10.0 g (0.05 mol) of 7-norbornyl- 
phosphonous dichloride (11). After addition of saturated ammonium 
chloride solution, layers were separated; the ether layer was dried 
(MgS04) and distilled. Product (12) was collected at 48-52 °C (2.5 
mm), yield 6.3 g. The sample was difficult to purify; its 13C NMR 
spectrum was obtained on the crude product (Table I).
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The crystal and molecular structures of the two unsymmetrically substituted phosphetane oxides, 2,2,3-tri
methyl-1 -phenylphosphetane 1-oxide (TPO) and 2,2,3,3,4-pentamethyl-l-phenylphosphetane 1-oxide (PPO), 
have been determined by X-ray analysis and the single methyl group was found to be trans to the phenyl substitu
ent in both instances. Both structures exhibit P-C bond distances to the least substituted ring carbon atom that 
are substantially shorter [1.788 (5) A, TPO; 1.799 (5) A, PPO] than previously reported values for this class of com
pounds. The four-membered ring in TPO is puckered with an angle of 16.7°, while the ring in PPO is puckered at 
an angle of 29.8°. These two structures are compared to five structures from the literature which contain the phos
phetane ring system. The degree of puckering has been related (qualitatively) to the number of interactions be
tween methyl substituents on the four-membered ring. The ring systems all pucker such that a lone methyl substit
uent on the ring occupies a pseudoequatorial position. Both compounds crystallize in the monoclinic space group 
P2i/c with TPO having unit cell dimensions of a = 10.582 (7), b = 12.688 (7), c = 10.229 (4) A, and d = 119.03 (4)° 
and PPO having unit cell dimensions of a = 17.165 (16), b = 7.226 (2), c = 11.365 (10) A, and ft = 102.24 (7)°. The 
final R values are 0.047 for TPO and 0.065 for PPO.

The chemistry of the four-membered heterocyclic phos- 
phetanes has received considerable attention over the past 
nine years.3 This is due in part to the fact that ring constraint 
in this system provides a structural asset for the analysis of 
phosphorus stereochemistry (particularly in polytopal rear
rangements).4 Also, a ring methyl substituent bearing a cis or 
trans relationship to a functional group on phosphorus 
(structures 1-3) provides a convenient probe for following 
stereochemical changes about phosphorus in chemical reac- 
tions.5a>b

0 0 0
1 2 3

R = ALKYL, ARYL, Cl, OH, 0CH3

Previous X-ray studies have focused on derivatives of 36a’c’d 
and the resultant isomer assignments have been valuable for 
spectral and stereochemical correlations.7 The X-ray results 
of 2 have already been applied in a 13C NMR study and the 
X-ray data for 1 is in agreement with the assignments in that 
same study.7b

Moreover, the inherent properties of ring strain, ring 
puckering, and conformational preference provided special 
interest in carrying out the X-ray work. With regard to con
formational aspects, the following equilibria can be considered 
(Scheme I).

Scheme I
H 0

0022-3263/78/1943-3513$01.00/0

Although the preference in the solid state may not parallel 
that in solution, several features are noted. The conforma
tional energy difference between 1A and IB is not clear cut. 
The C(3)-CH3 group might be expected to favor a pseudo
equatorial position (1A); however, because of the long P-C 
bonds (relative to C-C) the usual preference rules for carbo- 
cyclics may not be applicable. Conformational analysis in
volving second row elements may require different consider
ations.8 Conformer 2B with pseudoequatorial groups at po
sitions 1 and 4 does not contain the apparent energetically 
unfavorable nonbonded repulsions (CH3—CH3 and CH3—Ph) 
found in 2A, thus indicating 2B as the more stable conform
er.

Moret and Trefonas6b have suggested that a study of an 
unsymmetrically substituted phosphetane ring should be 
carried out to determine whether the 1,2 P-C bond distance 
would be longer than the 1,4 P-C bond as suggested by its 
ring-opening reactions or whether they would be equivalent. 
In fact, subsequent chemical reactions have shown that the 
ring can be cleaved at either position depending on the 
cleavage reagent. For example, treatment of 1,2,2,3,3-pen- 
tamethyl-l-phenylphosphetanium bromide with phenylli- 
thium opens the ring at the more substituted P-C bond,5e 
whereas sodium hydroxide treatment of either 1,2,2,3-tetra- 
methyl-l-phenylphosphetanium iodide or 1,2,2,3,3-penta- 
methyl-l-phenylphosphetanium iodide gave ring opening at 
the least-substituted P-C bond.5f Alkaline hydrolysis of PPO 
also opens the ring at the least-substituted position.5f The 
basis for the direction of ring opening is dependent on the 
relative ground state-transition state free-energy differences. 
It is really not valid to relate the direction of cleavage to the 
relative length of the P-C bonds in the starting material.

The heterocycles 2,2,3-trimethyl-l-phenylphosphetane 
1-oxide (1, TPO, with R = phenyl) and 2,2,3,3,4-penta- 
methyl-1-phenylphosphetane 1-oxide (2, PPO, with R = 
phenyl) represent the first examples of unsymmetrically 
substituted phosphetane oxides whose three-dimensional 
structures have been determined.

E x p e r im e n ta l  S e c t io n

Crystal Data. Both TPO and PPO were recrystallized from cy
clohexane. The compounds were prepared by published methods5c’d

© 1978 American Chemical Society
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Table I. Crystal Data and Experimental Conditions

TPO (Cj2H17PO) PPO (CmH21PO)

a, A 10.582 (7) 17.165 (16)
6 , A 12.688 (7) 7.226 (2)
c, A 10.229 (4) 11.365 (10)
ß, deg 119.03 (4) 102.24 (7)
Z 4 4
D calcd, g/cm3 1.150 1.14
Dexpt, g/cm 3 1.140 1.12
ß, cm-1 2.01 1.78
voi of unit cell, A3 1200 1379
crystal dimensions, 0.63 X  0.38 X 0.18 X  0.64 X

mm 0.32 0.65
0-28 scan time
background count. and 10 10

time, s
take off angle, deg 4 4
scan rate, deg/min 2 2
scan width, deg 2 2
total reflections 1215 1712

scanned
obsd reflections 997(7 >  2<rl) 1244(7 >  3u7)
radiation M oKa 0.71069 0.71069
final R factor 0.047 0.065

0.042 0.080

Table II. Selected Bond Distances and Angles for TPO
and PPO with Their Standard Deviations in Parentheses

TPO PPO

Bond Distances, A
P -0 1.472 (3) P -0 1.477 (4)
P-C(2) 1.835 (4) P-C(2) 1.840 (5)
P -C  (4) 1.788 (5) P-C(4) 1.799 (5)
P -C (8) 1.800 (3) P-C(10) 1.819 (5)
C(2)-C(3) 1.548 (7) C(2)-C(3) 1.584 (7)
C(2)-C(5) 1.535 (6) C(2)-C(8) 1.515 (8)
C(2)-C(6) 1.504 (6) C(2)-C(9) 1.527 (8)
C(3)-C(4) 1.536 (6) C(3)-C(4) 1.584 (7)
C(3)-C(7) 1.515 (9) C(3)-C(6) 1.525 (8)
C(8)-C(9) 1.366 (8) C(3)-C(7) 1.519 (8)
C(8)-C(13) 1.345 (6) C(4)-C(5) 1.513 (8)
C(9)-C(10) 1.388 (9) C (1 0 )-C (ll) 1.350 (7)
C (1 0 )-C (ll) 1.362 (9) C (ll)-C (12 ) 1.387 (8)
C (ll)-C (12 ) 1.359 (10) C(12)-C(13) 1.393 (10)
C(12)-C(13) 1.374 (8) C(13)-C(14) 1.331 (11)

Bond Angles, deg
C(2)-P -C (4) 79.4 (2) C (2)-P -C (4) 80.8 (2)
0 -P -C (8 ) 111.4 (2) O -P-C(IO) 109 4 (2)
0 -P -C (2 ) 121.3 (2) 0 -P -C (2 ) 116.2 (2)
0 -P -C (4 ) 122.3 (2) 0 -P -C (4 ) 117.4 (2)
C(2)-P -C (8) 108.9 (2) C (2)-P-C(10) 116.8 (2)
C (4)-P -C (8) 109.4 (2) C(4)-P-C (10) 114.1 (2)
P-C (2)-C (3) 89.3 (2) P -C (2)-C (3) 86.9 (3)
C(2)-C(3)~ 97.3 (3) C (2 )-C (3)- 96.3 (4)

C(4) C(4)
C (3)-C (4)-P 87.8 (2) C (3)-C (4)-P 88.3 (3)

and the melting points were in agreement with values from the liter
ature (TPO = 84-86 °C, PPO = 135-136 °C). Table I gives lattice 
parameters and experimental conditions.

Both data sets were reduced in the usual manner after application 
of Lorentz and polarization corrections.9 Form factors for P, O, and 
C were taken from the International Tables.10“ The hydrogen scat
tering factors were from Stewart, Davidson, and Simpson.11 Anom
alous scattering correctic^ns for phosphorus were also included.1® The 
PPO data were corrected for absorption12 (n = 1.78 cm-1), but no 
correction was applied to the TPO data.

Structure Determination and Refinement. The structures of 
both TPO and PPO were solved by Patterson syntheses. Both 
structures were refined by full-matrix least-squares techniques. 
Difference Fourier syntheses were used to locate the position of the

Figure 1. ORTEF plot of TPO at the 50% probability level. The hy
drogen atoms are arbitrarily assigned isotropic temperature factors 
of 1.0 in this illustration.

CIS)

Figure 2. ORTEP plot of PPO at the 50% probability level. The hy
drogen atoms are arbitrarily assigned isotropic temperature factors 
of 1.0 in this illustration.

hydrogen atoms at an intermediate state (R = 0.091 for TPO, R = 
0.084 for PPO). In the final stages of the refinements, atomic coor
dinates and anisotropic thermal parameters were adjusted for the P, 
O, and C atoms and positional and isotropic parameters were allowed 
to vary for the H atoms. The weighting scheme used in the final stages 
of refinement was a statistical one based on that suggested by Stout 
and Jensen.13 The residuals for TPO were R -  0.047 and ftw = 0.042 
and R = 0.065 and flw = 0.08014 for PPO.

Results

Figures 1 and 2 are ORTEP9 drawings o f TPO and PPO. 
Selected bond distances and angles are listed in Table II.

Structural Details of the Phosphetane Ring System. 
The lone ring methyl group [C(7) in TPO and C(5) in PPO] 
is trans to the phenyl group in both structures.

The structural details that will be emphasized are those for 
which differences are observed between these compounds and 
previous structures. Structural data on several phosphetane 
derivatives are shown in Figure 5 for purposes of comparison. 
The P-C bond „engths involving an unsubstituted a carbon 
(1.788 (5) A, TPO) and a monosubstituted a carbon (1.799 (5) 
A, PPO) are the shortest distances of this type reported to 
date. Previously reported values range from 1.83 to 1.94 A. The
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Me CIS TO PHENYL (MINOR ISOMER) 
—4.99-

Me Me

1.55(2) Ì. 83 (1) J 0 
'  \ _  ,1.48(11

P ' ,
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Figure 5. Summary of pertinent data for several phosphetane structures. Structures 1 and 2 are from this work. Structures 3-5 were reported 
by Haque,6c>d structure 6 was reported by Swank and Caughlan,6® and structure 7 was reported by Moret and Trefonas.66 Estimated standard 
deviations are in parentheses.
(*) The phenyl group is rotated by 90° with respect to the phenyl substituents on P in structures 1-4.

phosphoryl bond lengths (1.472 (3) A, TPO; 1.477 (4) A, PPO) 
are both shorter than previously observed values6 (1.48-1.51 
A ) though still longer than the normal phosphoryl distance 
of 1.45 A . 15

The C-C distances in the four-membered ring of TPO are 
shorter than have been observed in phosphetane ring systems 
in the past. For TPO, these distances are 1.548 (7) A  and 1.536
(4) A. Previously reported values range from 1.55 (2 ) to 1.66
(2 ) A.

Table IV summarizes the intramolecular distances that are 
less than or approximately equal to the sum of the van der 
Waals radii.16 Since TPO contains fewer substituents than 
previous phosphetane derivatives, the number of substitu
ent-substituent interactions is reduced to where the ring C-C

distances approach normal values. The P = 0  bond is short
ened and the P-C(4) bond length approaches the average 
found in other compounds containing tetravalent phospho
rus. 17a,b The greater length of the 1,2 versus the 1,4 P-C bond 
(about 0.04 A) may have a steric origin and may be related to 
the C(8)-0 (PPO) and C(5)-0 (TPO) distance (Table IV); the 
apparent discrepancy for compound 4 is not completely un
derstood at this time.

Although TPO apparently shows a methyl-phenyl inter
action, based on sums of van der Waals radii (see Table IV), 
this interaction is of less importance than the methyl-methyl 
and methyl-phosphoryl oxygen interactions. The P-C (phe
nyl) distance of 1.800 (3) A is in good agreement with values 
reported in the literature176 and does not differ from values
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Table IV. Intramolecular Distances in TPO and PPO 
That Are Less Than or Approximately Equal to the Sum 

of the van der Waals Radii

methyl-methyla

methyl-methyl 
(diaxial) 

methyl-phenyl6 
methyl-oxygen c

PPO_______________ TPO__________
C(5)-C(7) = 3.011 A  C(5)-C(7) = 2.966 A 
C(6)-C(9) = 2.885 A 
C(7)-C(8) = 2.882 A 
C(5)-C(8) = 4.858 A

C(9)-C(10) = 3.287 A  C(6)-C(8) = 3.250 A  
C(5)-0 = 3.314 A  C(5)-0 = 3.178 A 
C(8)-0 = 3.169 A 
C(7)-0 = 3.37 k d

° Bondi16 estimates rw (Caiiphatic) = 1-70 A; therefore, an in
tramolecular distance <3.4 A  may be significant. 6 Bondi16 esti
mates rw (Caromatic) = 1.77 A, and since the effective size of the 
phenyl group is related to its rotational position an intramolecular 
distance <3.4-3.5 A  may be significant. c Bondi16 estimates rw 
(= 0 , normal to bond axis) = 1.6-1.7 A; therefore, an intramo
lecular distance <3.3-3.4 A  may be significant. d The C(7)-0 
distance of 3.377 A  in PPO is a diaxial cross-ring interaction and 
probably serves to prevent further puckering of the phosphetane 
ring.

previously observed for this class of compounds.6c’d No ap
parent shortening of the P-C (phenyl) bond due to a decreased 
amount of crowding is observed in TPO.

Of the three apparent methyl-phosphoryl oxygen interac
tions in PPO only one is significantly less than the sum of the 
van der Waals radii. This reduction in the number of signifi
cant M e-0  interactions in PPO (relative to the symmetrical 
pentamethyl isomers) apparently allows the P-C (4) bond 
length to approach the expected value for this type of bond 
and the P -0  bond to be shortened (although perhaps not 
significantly). The P-C phenyl bond length of 1.819 (5) A  is 
within the limits for a normal bond of this type, again indi
cating that no undue crowding of the phenyl substituent takes 
place in the symmetrically substituted compounds.

All phosphetane ring structures to date exhibit puckering 
of the four-membered ring. The amount of pucker in the 
four-membered ring is defined as the angle between the planes 
C(2)-P-C(4) and C(2)-C(3)-C(4). For TPO the amount of 
pucker is 16.7°, while PPO is puckered with an angle of 29.8°. 
Qualitatively, these variations may be explained in terms of 
the number of substituent interactions; packing interactions 
have been assumed to be negligible as there are very few in- 
termolecular distances significantly less than the sums of the 
van der Waals radii. The number and type of substituent in
teractions for several phosphetane derivatives are summarized

in Table V. An interaction is considered to exist only between 
substituents which are attached to adjacent ring atoms and 
cis to one another with respect to the phosphetane ring system 
(the diaxial cross-ring M e-0  interaction observed in PPO is 
also included).

Energetically, the most important interactions are the 
methyl-methyl interactions as they result in distances sub
stantially less than 3.4 A  distance based on van der Waals radii 
(see Table IV). Variations in puckering due to the type of 
substituent on the P atom are expected to be small relative 
to the variation in puckering due to different numbers of 
substituent interactions. PPO with three methyl-methyl in
teractions is puckered to a greater extent than any other 
phosphetane ring system, while TPO with only one methyl- 
methyl interaction displays less puckering than any of the 
symmetrically substituted compounds which have two 
methyl-methyl interactions.

The average puckering angle for the symmetrically sub
stituted compounds is 22.9° with a standard deviation of 2.6° 
and a standard deviation of tKe mean of 1.1°.18 The two un- 
symmetrical structures have puckering angles that are sub
stantially different from this mean value. One might expect 
that an unsubstituted phosphetane ring system would exhibit 
less puckering than any of the structures studied to date.

In the solid state, TPO exists in the form 1A with an 0-C(7) 
distance of 4.81 A . For PPO, which is in form 2B in the crys
talline state, the C (7)-0  distance of 3.37 A  and the methyl- 
phenyl distance [C(6)-C(10)] of 4.95 A  agree well with dis
tances measured from the molecular model of 2B. Both 
structures contain methyl-oxygen distances [C(5)-0 = 3.178 
A  in TPO; C(8)-0 = 3.169 A] that are somewhat less than the 
sum of the van der Waals radii (3.3-3.4 A ).16

Some observations can be made concerning the direction 
of puckering and the substitution pattern of the ring system. 
On examination of Figure 5 (compounds 1 and 3-7) and Figure 
2 (compound 2), it is apparent that the direction of puckering 
is such that a single methyl group attached to a ring carbon 
is pseudoequatorial in all examples studied to date. A more 
detailed analysis (still of a qualitative nature) can be based 
on the substituents on C(3) and P; some of the possible 
puckering forms are illustrated in Figure 6. In six cases 
(compounds 1 and 3-7 in Figure 5), there is a single methyl 
substituent on C(3). The phosphetane ring system puckers 
such that cross-ring interactions between the substituents on 
P and C(3) are minimized. Since interactions involving a 
pseudoaxial C(3)-H substituent are relatively small, the larger 
possible diaxial cross-ring interaction between the other 
substituent on C(3) and the substituent on P determines the 
direction of puckering in these phosphetane ring systems. 
Form 1A is the minimum energy form for compounds 1 and

Table V. Summary of Number and Type of Substituent Interactions in Phosphetane Ring Systems

compd
registry

no.

no. of
methyl-methyl

interactions

no. of 
methyl-X 

interactions

no. of 
methyl-Y 

interactions
puckering 
angle, deg

1 34136-10-2 1 1 (X = Ph) 1 (Y = O) 16.7
2 35623-55-3 3 1 (X = Ph) 1 (Y = 0 )a 29.8
3 20047-46-5 2 2 (X = Ph) 2 (Y = O) 23.8
4 16083-91-3 2 ( l)6 2 (X = Ph) 2 (Y = O 19.9, 23.4
5 26674-18-0 2 2 (X = Cl) 2 (Y = O) 26.4
6 17405-94-6 2 2 (X = O) 2 (Y = O) 19.6
7 35623-39-3 2 2 (X = Ph)c 2 (Y = CH3) 24

° Compound 2 contains two Me-0 interaction distances that appear to be too long to be significant in this analysis. The distances 
are both >3.3 A  and are shown in Table IV. Therefore, only one of these three interactions has real significance (see Table IV and text). 
6 Value in parentheses involves possible cross-ring diaxial methyl-methyl interactions. Compound 4 exhibits cross-ring Me-Me distances 
of 3.52 (molecule 1) and 3.48 A (molecule 2) which are probably not significant relative to the interactions between methyl groups 
that are cis to each other and attached to neighboring ring carbon atoms.c The plane of the phenyl group is oriented ~90° away from 
the phenyl group plane in the other structures containing a phenyl substituent on the P atom.
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2 A 2 B (COMPOUND 2)

Figure G. Puckering direction of the four-membered rings in several 
phosphetane derivatives.

4-7. Compound 3 exists in form ID (Figure 6) and is different 
from compounds 1,4,5, and 7 when the substituents on P are 
taken into consideration; the phenyl group, which is larger 
than the oxygen substituent, is cis to the C(3)-methyl group 
and occupies a pseudoequatorial position.

Compound 2, with two methyl groups on C(3), is a case 
where the relative size of the two substituents on P become 
important when the possible diaxial cross-ring interactions 
are considered in terms of the direction of ring puckering. In 
this work, compound 2 was found to exist in form 2B , which 
is very similar to form ID in terms of diaxial cross-ring in
teractions. There are two possible diaxial cross-ring interac
tions to consider in compound 2; a methyl-oxygen interaction 
(form 2 B ) or a methyl-phenyl interaction (form 2 A ). The 
methyl-phenyl diaxial interaction would be an energetically 
unfavorable situation, whereas the methyl-oxygen interaction 
that occurs in form 2 B  is the minimum energy form for this 
system.

Based on these observations, it is reasonable to suggest that 
the direction of ring puckering is determined by the possible 
diaxial cross-ring interactions between substituents on C(3) 
and P in the phosphetane ring systems. The two possible sets 
of cross-ring interactions between cis-pseudoaxial substituents 
in any phosphetane derivative must be considered, and the 
lowest energy cross-ring interaction form will correspond to 
the observed puckering form. Forms 3A  and 3 B  (Scheme II) 
illustrate the situation in general terms. When R3 ~ R4 in size 
(based on van der Waals radii) and Ri »  R2, then the phos
phetane ring system will exist in form 3A . If R2 »  Ri and R3 
»  R4, the ring system will exist in form 3B . For the case 
where Ri ~ R2 and R3 > R4, the most stable form for the 
ring system will be form 3A. If Ri ~ R2 and R3 < R4, then the 
ring will be puckered in form 3B . For the two cases where (a) 
Ri > R2 and R3 < R4 or (b) Ri ~ R2 and R3 *  R4, the proba
bility of a correct prediction for the form of ring puckering is 
decreased.

Both 13C and lH NMR analyses of TPO and PPO in solu
tion with lanthanide shift reagents, which includes angular 
as well as distance considerations, indicate that the structures 
in solution parallel that of the crystalline state. The details 
of this study will be published elsewhere.19
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Three general classes of 5(6)-substituted benzimidazoles were compared according to common or similar frag
mentation pathways in the mass spectrometer. The 5(6)-alkyl derivatives fragment through a common intermedi
ate of mle 131 as demonstrated by metastable ion ratios for the 2-13C-labeled compounds. It is suggested that this 
intermediate possesses a ring-expanded structure resembling that of 1,3-diazaazulene whose fragmentation behav
ior is very similar. For both species, competitive pathways exist for loss of the 2 carbon and carbocyclic ring carbons 
with HCN or CN- fragments. Moreover, the expected loss of the 2 carbon of the imidazole ring with these fragments 
is not the predominant process. The second general group of derivatives fragments by complete loss of the 5(6) sub
stituent (NO2, Cl, CO2H, COCH3) to give a common ion of m/e 117. Again, the metastable losses of HCN and 
H13CN from the 2-13C-labeled derivatives confirms the common structure of this ion and indicates predominant 
loss of carbocyclic ring carbons. Finally, the similar behavior of several 5(6)-alkenylbenzimidazoles implies frag
mentation through a common 143 ion which may result from a ring-expansion process similar to that of styrene. 
The three main fragmentation pathways observed here should be general for a variety of benzimidazole derivatives. 
More importantly, the metastable ratio technique for common ion identification is found to be much more reliable 
for 13C-labeled compounds than for those with 2H labeling. Increased availability of 13C-enriched reagents makes 
this technique one of broad applicability in mass spectral investigations.

The application of mass spectrometry to the identifica
tion and structure determination of heterocyclic compounds 
has recently been experiencing explosive growth. For such 
application, the observation of straightforward fragmentation 
behavior general to a given class of heterocycles would be most 
desirable. Such is not often the case, however. A recent survey 
indicates that rearrangements and competitive fragmentation 
pathways are very common for heterocyclic compounds.1 
These processes make difficult the understanding of the de
tails of the mass spectral behavior. In this paper, we discuss 
the general and detailed behavior of several 5(6)-substituted 
benzimidazoles (structures I-XVI). Isotopic labeling is em-

I, X
II, X

III, X
VII, X

V ili, X
IX, X
X, X

XI, X
XII, X

XIII, X
XIV, X
XV, X

XVI, X

ç h 3

CH3
c h 2c h „o h
CH2CH2C1
c o 2h
COCH3
n o 2
Cl
CH(OH)CH3
c h = c h 2
c h = c h c o 2h
c h = c h c o 2c h 3
c h = c h c o 2c h 2c h = c h 2
c h = c h c o n h c h 2c h = c h 2

IV V, Y  = SH
VI, Y  = SH

ployed to indicate possible fragmentation mechanisms and 
probable intermediate structures. The techniques presented 
here are general and should be useful for indicating and es
tablishing ionic structures and fragmentation pathways for 
other heterocycles.

An extensive literature investigation of benzimidazoles 
revealed a paucity of mass spectral information despite 
widespread industrial and academic interest in this family of 
heteroaromatics.2 Only recently, during the course of our

work, did reports appear concerning more detailed investi
gations of the parent benzimidazole3’4 and 1-ethylbenzim- 
idazole.5 This work supports our contention that common 
fragmentation pathways may exist for compounds which are 
structurally similar or even quite different. For example, for 
benzimidazole, indazole, and o-aminobenzonitrile (below), 
rearrangement of the molecular ions of all three compounds 
to a common structure is observed prior to fragmentation of 
the metastable ions.3’4 Our work with substituted benzimid-

H H
azoles and related heterocycles indicates that extensive re
arrangement to common structures probably occurs for many 
daughter ions as well as molecular ions.

In this paper, extensive use is made of 13C labeling in the 
2 position of benzimidazoles for two purposes. In our initial 
observations on unlabeled and 2H-labeled benzimidazoles, it 
was apparent that rearrangement processes and/or competi
tive fragmentations were occurring for many derivatives. It 
was necessary to determine whether either or both of these 
possibilities involved only hydrogen scrambling or if carbon 
atoms were involved as well in skeletal rearrangements. The 
second goal was to develop a technique involving the labeled 
carbon to confirm common ionic structures. This technique 
involves metastable ions and requires two or more competitive 
fragmentations of the ion suspected of a common structure. 
For two major groups of 5(6)-substituted benzimidazoles, 
common structures were found for the major daughter ions 
using this technique. In addition, skeletal rearrangements and 
competitive fragmentations were found to be quite extensive 
for all derivatives studied.

The details of the fragmentation behavior are discussed in 
terms of general pathways and behavior. Three major groups 
were observed with classification made according to the most 
intense pathway. Of course, with heterocycles such as benz
imidazoles, several competitive pathways may be observed 
for any given derivative and some of the more interesting and 
useful of the minor paths will be described on an individual 
basis.

Procedures

The syntheses of several deuterium-labeled derivatives as 
well as the 2-13C-labeled compounds are given in the Exper

0022-3263/78/1943-3518$01.00/0 © 1978 American Chemical Society
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imental Section. The procedure developed for the latter was 
based on generality as well as conservation of the expensive 
carbon-13-containing reagent used. Phillip’s original synthesis 
of benzimidazoles6 employs ring closure of an aromatic ortho 
diamine with a large excess of formic acid in refluxing 4 N 
hydrochloric acid. We found that only a slight excess of formic 
acid is necessary to give almost quantitative yields under 
similar conditions. Furthermore, rather than using commer
cially available [13C1 formic acid, the much less expensive so
dium [13C] formate was employed with in situ liberation of the 
acid. These two measures brought the cost of 2-13C-labeled 
benzimidazoles enriched to 90% down to ca. $30 per 200 mg 
sample.

For replacement of exchangeable hydrogens with deuteri
um, prior exchange by recrystallization or reprecipitation from 
2H20  gave disappointing results. Reexchange of the deuterium 
in the sample with exchangeable hydrogens absorbed on the 
walls of the source is the probable explanation, since more 
than adequate time exists for ca. 50 collisions with the source 
walls before ionization takes place.7 This problem was over
come by introducing a 2H20  slurry of the sample into the 
source on the solid probe. Repeated spectral scans were then 
made for several minutes after operating pressures were 
reached. The amount of exchangeable deuterium incorporated 
into the parent ions varied in a nonregular manner with time, 
and the spectrum or spectra with the highest isotope incor
poration were employed. Deuterium exchange was routinely 
increased to 90% or better with this method.

The procedure presented here for the comparison of ionic 
structures in the mass spectrometer is based on two require
ments. The ion under consideration must undergo two or more 
competitive fragmentations and each must exhibit a mea
surable metastable peak. The comparison is made of the ratio 
of intensities of the metastable peaks of the competitive 
fragmentations. For ions of the same structure but from dif
ferent parent or precursor species, the ratio of metastable 
intensities will be the same.6-11

The requirement of competitive fragmentations is generally 
satisfied by losses of fragments of different molecular weight 
and composition.9'10 However, with nitrogen-containing 
heteroaromatics such as benzimidazoles, almost all frag
mentations involving the skeletal framework result in loss of 
HCN. The hydrogen, carbon, and nitrogen atoms lost with this 
fragment may come from different parts of the molecule, 
however. For example, in the scheme below, two possible in
termediates for partial or complete “ scrambling” of carbon 
atoms involved in HCN loss are presented. For structure A,

it is possible that two mutually exclusive, competitive frag
mentations occur which do not require prior rearrangement 
of the benzimidazole nucleus. Thus, fragments i and ii would 
involve completely different HCN molecules. The second 
possibility involves rearrangement of the nucleus prior to 
fragmentation, for example, to structure B or C. Structure B 
might then lose HCN by competitive loss of fragments iii and

A further consideration is the energy of the species under 
consideration. Thus, for example, one can envision a situation 
where the ionic lifetime is comparable to the time required for 
rearrangement. Competitive losses of HCN could occur from 
structure A via fragment i and from structure B via fragment 
iii. A priori, the presence of a 2H or 13C label would not dis
tinguish among these three (and other) possibilities. However,

because of energetic requirements, it is possible to eliminate 
some of these possibilities from consideration.

It is well known that ionization of molecules with 70 eV 
electrons results in molecular ions with a broad range of 
energies and lifetimes.8 For our purposes, it is possible to break 
this distribution down into three general groups.8 First, those 
parent ions with insufficient energy to fragment before ar
riving at the detector are seen as molecular ions. Second, those 
parent ions with sufficient energy to fragment in the source 
are detected as daughter ions. (Qualitatively, the higher the 
initial ionic energy, the greater the probability of continued 
fragmentation to daughter ions of lower molecular weight.) 
Finally, parent ions with intermediate energies and lifetimes 
fragment between the source and the detector and are ob
served as metastable peaks. For each daughter ion, of course, 
similar energetic requirements again lead to observation of 
the daughter ion, a metastable ion, or a second daughter 
ion.

Examining the processes discussed above for structures A 
and B, for example, it is possible to qualitatively relate the 
type of process with the relative energy and lifetime of the ion 
under consideration.12 That is, it has been observed that direct 
cleavage fragmentations, e.g., loss of i or ii from A, are favored 
at high energies. Rearrangement processes, e.g., to structure 
B or C, are favored at lower energies and longer lifetimes. 
Thus, if competitive fragmentations are occurring from two 
different structures, e.g., i from A and iii from B, the former 
should be most evident with the stable (parent and daughter) 
ion peaks while the latter should predominate almost com
pletely with metastable peaks. To rephrase, if rearrangement 
is taking place it will generally be complete on the time scale 
of the metastable peaks.

This conclusion has been widely supported by experimental 
observations involving both alkanes and heteroatom-con- 
taining compounds.3’4’9"11’13’14 In almost all cases, rear
rangement processes which were incomplete for stable ions 
were found to be complete for the longer lived metastables. 
An example of special interest involves the monodeuterated 
derivatives of benzimidazole, indazole, and o-aminobenzo- 
nitrile previously mentioned.3'4 For all three isomeric com
pounds, losses of HCN and 2HCN were competitive for both 
the stable and metastable ions. With the stable ions, the ratios 
of HCN to 2HCN lost from the parent ions were widely dif
ferent for the three compounds. However, the ratios of met
astable peaks for these two losses were within experimental 
error for all three. The two conclusions which may be drawn 
from the identical isotopic metastable ratios are, first, that the 
competitive losses of HCN and 2HCN involve rearrangement 
that may be incomplete for stable ions but complete for 
metastable ions; and second, the rearranged structures are 
identical for all three compounds. The obvious corollary to the 
former is that for the stable ions, fragmentation may be oc
curring from both the rearranged and unrearranged struc
tures, the amount from each being somewhat dependent on 
how similar the common rearranged structure is to each of the 
three parent structures.

In this paper, the confirmation of a common structure relies 
on the ratio of metastable peak intensities for the competitive 
losses of H13CN and H12CN. While this would be a trivial 
comparison if no rearrangement processes were taking place 
and a single fragmentation mechanism were observed, such 
is definitely not the case for benzimidazoles. The a priori 
prediction for 2-unsubstituted benzimidazoles in general is 
that loss of HCN should involve the 2 carbon almost exclu
sively.15 In fact, loss of carbocyclic carbons compares favorably 
or predominates for all the 2-labeled derivatives studied 
here.16 Thus, the 2-13C label provides a means of confirming 
common structure as well as assisting in the elucidation of the 
nature of the rearranged structures and the types of compet-
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Table I. Summary of the Mass Spectral Behavior of 5(6)-Substituted Benzimidazoles
base ion

registry (M = M - no. of ring synth.
5(6)-substituent no. parent) HCN paths0 major path exp.6 2H C 13C d ref

(VII) C 0 2H 15788-16-6 155 M no 1

OO1XO1§

no 6
-H C N

(VIII) COCH3 58442-16-3 145 no 1 M -  CH3 -  CO no 117 117 e
-H C N

(IX ) n o 2 94-52-0 163 M no 2 M  -  N 0 2 -  HCN no 9 117 6
(X ) Cl 4887-82-5 152 M yes 2 M -  Cl -  HCN 

M -  HCN -  HCN
no ? 117 6

(XI) CH(OH)CH3 66792-92-5 119 no 2 M -  CH3 -  CO
-H C N

(XII) C H = C H 2 4070-35-3 144 M yes 3 M -  C2H2 -  HCN 144? 144 23
143 143

(XIII) C H = C H C 02H 51819-00-2 188 M no 2 M  -  OH -  CO - 143 27
HCN

(XIV) C H = C H C 02CH3 66792-93-6 202 M no 2 M -  CH30  -  CO 143 e
-H C N

(X V) C H = C H C 02CH2- 66792-94-7 171 no 2 M  -  CH2= C H - 143 e
ch= ch2 ch2o -  CO 

-H C N
(XVI) CH =CH CON H CH 2- 66792-95-8 171 no 2 M  -  CH2= C H C - 143 e

ch= ch2 h2n h  -  CO 
-H C N

(I) ch3 614-97-1 132 M yes 2 M -  H -  HCN 131 131 131 6
(II) ch2ch2oh 15788-11-1 131 no 2 M -  CH2OH - 131 131 28

HCN
(III) CH2CH2C1 14984-14-6 131 no 2 M -  CH2C1 - 131 28

HCN
(IV) 4(7)-CHs 4887-83-6 132 M yes 2 M -  H -  HCN 131 131 131 6

(V) DAA 275-94-5 130 M yes 2 M -  HCN no no no 19
(VI) DAA-2-SH 15852-41-2 162 M yes 2 M -  HCN no no no 19

“ Number of major, competitive fragmentation pathways at 70 eV. 6 Ring expansion probable in the listed ions.c 2H labeling indicates 
hydrogen scrambling in the ions listed. d 13C labeling indicates skeletal rearrangement in the ions listed. e New compounds.

itive fragmentation mechanisms involved in HCN loss from 
benzimidazoles.

R esults and D iscussion

Benzimidazole. The details of the fragmentation behavior 
of the parent benzimidazole will be discussed in a subsequent 
paper in relation to similar heterocycles. A few general ob
servations are important, however, for comparison with the 
behavior of the 5(6)-substituted derivatives described here. 
Both 2H and 13C labeling3 indicate that fragmentation of the 
parent ion occurs by competitive processes apparently in
volving both unrearranged and rearranged structures. Rear
rangement is complete for metastable ions, although com
petitive loss of labeled and unlabeled HCN is still observed. 
For metastable ions of benzimidazole, therefore, either the 
rearrangement process results in specific partial scrambling 
of both carbon and hydrogen or competitive mechanisms exist 
for fragmentation of the rearranged species. The latter has 
been assumed to be the case by Maquestiau and co-workers 
in their conclusion that the most reasonable common structure 
for fragmentation of benzimidazole, indazole, and o-amino- 
benzonitrile ions is through the latter structure with loss of 
the amine nitrogen and a ring carbon predominating. Our 
work with multiple labeling, i.e., 2H in the 1 and 2 positions 
and 13C in the 2 position, clearly confirms competitive 
mechanisms for the metastable fragmentations. That is, losses 
of HCN, 2H13CN, and either or both 2HCN and H13CN exhibit 
significant metastable peaks. Since rearrangement to a com
mon structure is required by the 2H-labeling experiments,3 
competitive mechanisms for HCN loss from this structure 
must exist and partial, incomplete hydrogen scrambling is 
occurring as required by loss of HCN from the trilabeled 
benzimidazole.

For benzimidazole, then, the following conclusions can be 
drawn. Metastable ions, and perhaps most of the stable ions, 
have rearranged completely before fragmentation. This pro
cess involves both the rearrangement of the carbon-nitrogen 
skeleton and scrambling of hydrogens on the imidazole ring 
with a limited number of hydrogens on the carbocyclic ring. 
Separate mechanisms probably exist for skeletal and hydrogen 
rearrangements. Competitive loss of labeled and unlabeled 
HCN may, therefore, result from partial scrambling of the 
label (2H) and/or competitive mechanisms for fragmentation 
involving different atoms of the rearranged structure (13C and 
2H). Evidence for the 5(6)-substituted benzimidazoles studied 
here indicates that both of these possibilities take place. That 
is, scrambling and rearrangement processes combine with 
competitive fragmentation mechanisms for many of these 
benzimidazoles.

S u b stitu ted  B en zim idazoles. The 5(6)-substituted 
benzimidazoles and the two 1,3-diazaazulenes examined here 
are listed in Table I along with some important features of 
their mass spectral behavior. The inherent stability to frag
mentation of this family of heteroaromatics is attested to by 
the intensity of the parent ion peak which, for more than half 
of the derivatives, is the base or most intense peak in the 
spectrum. In contrast to the fragmentation of benzimidazole, 
the parent ions of most derivatives do not lose HCN (column 
four). In fact, the major fragmentation path in all cases (last 
column) involves initial loss of all or part of the substituent 
rather than part of the benzimidazole nucleus. These initial 
steps, then, should be observed generally with similarly- 
substituted aromatic compounds, while later steps are unique 
to the benzimidazoles. Three families of derivatives are evi
dent from the major pathways followed: (1) the alkyl deriva
tives fragmenting through a 131 ion; (2) those derivatives
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T a b le  II. D eu teriu m  an d  C a rb on  Iso top e  R a tios  fo r  the C om p etitive  L oss o f  H C N /2H C N  and H C N /H 13C N , resp ectiv e ly ,
fr o m  S e le cte d  Ion s a

benzimidazole ___________deuterium___________ ____________ carbon
substituent [ion — 2H CN ]b/ [m *(H CN )W [ion -  HCN ] b/ [m *(H CN )W

and ions [ion -  2HCN] [m*(2HCN)[ [ion -  H 13CN] [m*(H13CN)[

H 119 (M+-) 1.0d 1.4d 1.2 2.6
118 (M+- -  H-) (1.8)
92 (M+- -  HCN) 5
5(6)-Cl
153 (35C1 -  M+-) 1.2 1.5 1.3 3.5
126 (153 -  HCN) (0.3) 0.4 0.6
118 (M+. -  Cl) (1.1) (0.7) (0.7) 1.7
91 (118-H C N ) (0.3) (0.4) (2)

5(6 )-N 02 
118 (M+- -  N 0 2) 0.8 0.7 0.5 1.7
106 (M+. -  NO -  CO) (1- 2) (2-3)
91 (118 -  HCN) 
5(6)-COCH3

0.3 0.4 « D (1.3)

118 (M+- -  CH3 -  CO) 0.6 1.7
91 (118 -  HCN) (1.5)
5(6)-CHs 
132 (M+- -  H-) < 0.6 1.3
105 (132 -  HCN) 0.8
4(7)CH3 
132 (M+- -  H) 1.2 2.4 <0.7 1.4
105 (132 -  HCN) 0.8

4(7)-CH3-2-13C -l,2 -2H2c 
134 (M+- -  H) m*HCN +  m‘*H13CN „  , m *H 13CN + m*2H I3CN , r

m*HCN +  m‘►H13CN m*HCN + ro*2HCN
a Values in parentheses are inexact because of additional daughter ions from competing reactions or from very small m* intensities. 

b Daughter ion intensity ratios. c Metastable ion intensity ratios. d Values from ref 3. e Combined metastable ratios for both carbon-13 
and deuterium.

which lose the substituent completely to give an intermediate 
117 ion; and (3) the alkenyl compounds which exhibit a strong 
143 ion. While two of the derivatives display a single frag
mentation pathway (column five), most exhibit two appar
ently independent sequences starting from the parent or im
mediate daughter ions. Nonetheless, the major pathway in 
almost all cases accounts for most of the total ion current and 
offers an easily recognized and characteristic feature of the 
type of substituent present.

A lk y l S u b s t itu e n ts . 131 Io n s . It is immediately evident 
from the similarity of the stable ion spectra of the 5(6)-alkyl 
derivatives (I—III) that the most important fragmentation 
pathway probably involves a common intermediate.17 In all 
cases (Scheme I), the initial loss gives an ion of m/e 131 which 
is by far the most intense daughter ion. The intensity of this 
ion may reasonably be ascribed to charge stabilization through 
extensive delocalization. The ring-expanded structure D was

initially postulated in accord with similar ring expansions 
reported for other heteroaromatics such as the isomeric 
methyl quinolines.18 If D is the structure of this intermediate, 
one would expect the 4(7)-methyl derivative (IV) to also 
fragment via this structure. Indeed, the mass spectra of I and 
IV are almost superimposable, strongly supporting common 
structures and fragmentation pathways for the stable ions of 
these isomers.

Proof of common structure, however, rests on the 2-13C- 
labeled derivatives of the methyl isomers I and IV. In Table 
II are given the metastable ratios for loss of H12CN to H13CN 
from the 132+ ions (131+ plus the label), i.e., via the two paths 
in Scheme I. The experimentally equal values for I and IV 
show that metastable fragmentation must occur through ions 
of common structure which most probably result from ring 
expansion. The ratios for the stable ions are also approxi
mately equal, although these values are much less accurate 
due to the presence of daughter ions of the same m/e values 
resulting from different fragmentation pathways involving 
both the parent ion and the (M — H) ion. The necessity of 
using metastable ions for confirmation of common structure 
is again indicated here. Stable ion daughter peaks may consist 
of ions resulting from fragmentation of more than one pre
cursor ion, making comparisons between less similar species,
e.g., the other alkyl benzimidazoles, very difficult. Metastable 
ions, however, identify both the parent and daughter ions 
unambiguously Additionally, the similar energy and generally 
complete rearrangement of metastables ensures comparisons 
of the same structure and usually eliminates competing direct 
cleavage processes involving unrearranged ions.

The postulated structure D is assumed to be the common 
structure for the 131 ions of the other 5(6)-alkyl derivatives 
II and III as well as for I and IV. Although isotopic labeling was 
not employed for these derivatives, the preponderance of the
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Table III. Comparison of Parent (m i+), Daughter (m2+), and Metastable (m*) Ion Intensities for Successive
Fragmentations of 131+ Ionsa_____________ ____________________________ _

131/104 104/77 77/51
m*13l/
m*104

m*104/ 
m* 77

T O l+ /

m 2 + mT/m* mz+/m*
m i 1 /

m2+ mT/m* mT/m*
mT/
m-2+ mT/m* m2+/m*

4(7)-CH3 7.2 6.7 0.9 0.8 1.3 1.6 1.3 6.3 5.1 1.5 3.8
5(6)-CH3 8.2 7.3 0.9 0.7 1.3 1.8 1.4 7.1 5.3 1.4 3.9
5(6)-CH2CH2OH 26 11 0.4 0.5 0.6 1.2 1.5 (12) (7) 1.4 (10)
5(6)-CH2CH2Cl 57 15 0.3 0.4 0.5 1.1 1.4 (12) (9) 1.7 (11)
diazaazulene 1.4 5.8 4.2 1.9 37 21 9

a Values of mT/m* and m2+/m* times 102 units; values are averages of 6-10 consecutive spectra with standard deviations of 6-17%; 
values in parentheses are estimates with ±50% error.

Table IV. Exact Mass Determination of the 104-102 Peaks 
of V a

peak formula calcd obsd mass

104 c6h 4n 2 104.0374
c 7h 6n 104.0500 104.0494

103 c6h 3n 2 103.0296
c 7h 5n 103.0422 103.0424

102 c6h 2n 2 102.0203
c7h 4n 102.0344 102.0355

“ Obtained by peak matching with a resolution of 5000 at m/e 
100 using perfluorotributylamine standard, reference peak at 
99.99361.

131 ions in the spectra and the similarity of daughter and 
metastable ion intensities for subsequent fragmentations of 
this ion (Table III) strongly support this assumption.17 With 
D as the common structure, the loss of H12CN probably in
volves the two carbons in the seven-membered ring attached 
to nitrogen. Two competing mechanisms are suggested, one 
of which involves loss of the 2-13C label, the other results in 
loss of unlabeled HCN. Alternatively, the rearrangement 
process involving ring expansion of the carbocyclic ring could 
also involve rearrangement of the imidazole nucleus to some 
other structure such as a seven-membered ring analogue of
o-aminobenzonitrile. The question, then, is whether the 
common ring-expanded species possesses structure D or fur
ther rearrangement takes place involving the imidazole nu
cleus as found for benzimidazole itself. To help answer this 
question, an analogue of structure D was examined. The 
somewhat unstable compound 1,3-diazaazulene (cyclohep- 
timidazole (V)) was synthesized according to the literature 
procedure19 and the 2-2H- and 2-13C-labeled derivatives were 
obtained by slight modification of this synthesis.

The initial fragmentation steps of V (Scheme II) involve the 
loss of 26 and 28 mass units for both the 2H- and 13C-labeled 
compounds (26 and 27 for nonlabeled). While the former could 
a priori involve either H2C2 or CN-, exact mass determination 
of the M — 26 and related daughter ions (Table IV) is consis
tent with a single nitrogen atom :n these ions. Further, the loss 
of CN- is reasonable in that a cation is formed from the parent 
radical cation by this process. Surprisingly, the losses of both

Scheme II

76* •
78+

(labeled)
I T

CN- and HCN fragments involve no detectable scrambling of 
either the deuterium or carbon-13 label for either stable or 
metastable ions.20 This lack of rearrangement before frag
mentation attests to the relative stability of the charged
1,3-diazaazulene nucleus and strongly supports a similar 
structure for the common 131+ ions of benzimidazoles I-IV. 
In addition, the observation of two clearly separate frag
mentation pathways for V (Scheme II) is excellent support 
for two analogous paths for the 131 ions of I-IV, i.e., the 
competitive losses of fragments v and vi from structure D in 
Scheme I.

It could be argued that a direct comparison of the behavior 
of the V radical cation (130 m/e) with the 131 cation of I-IV 
is not justified on the basis of different electronic states for 
these two ions. It is our feeling that the major differences be
tween the radical cation and cation of similar structure here 
is that the former should be relatively less stable and undergo 
losses of small radical molecules as well as neutral molecules. 
For the 1,3-diazaazulene radical cation, these two differences 
are evident in relatively greater daughter ion intensities and 
loss of CN-, respectively. Nonetheless, both loss of CN- and 
HCN in the spectrum of V display strong metastable peaks. 
These ions possess energies and lifetimes similar to the 131+ 
ions, although the (former) radical cations show no evidence 
of rearrangement prior to fragmentation. Unless such long- 
lived radical cations are inherently less prone to rearrange
ment, an unreasonable assumption in view of the extensive 
rearrangement observed for the benzimidazole radical cation, 
the 131+ ion, should also be relatively unsusceptible to rear
rangement because of the charge delocalization in structure
D.

To clarify the nature of the scrambling or rearrangement 
processes leading to competitive losses of 1H /2H and 13C /12C 
with HCN, the trilabeled compound [l,2-2H2-2-13C]-4(7)- 
methylbenzinddazole was synthesized and examined. Al
though the major metastable losses from the M — 1 ion of this 
derivative involve 2H13CN and either 2HCN or H13CN, a 
significant loss of HCN occurs. Since this loss must involve 
hydrogens of the carbocyclic ring, limited scrambling of these 
hydrogens with the imidazole hydrogens is taking place. This 
suggests a hydrogen scrambling mechanism in addition to that 
proposed for competitive loss of carbons. Separate mecha
nisms for hydrogen scrambling and skeletal rearrangement 
have been reported for benzene7 and were observed for 
benzimidazole in this work. It is possible that the exchange
able hydrogen of structure D is responsible for promoting such 
limited scrambling, especially in view of the lack of scrambling 
of the 2 hydrogen of V with the carbocyclic ring hydrogens.

Our view of the overall fragmentation behavior of the 
common 131 ions of I-IV involves the basic nuclear framework 
of V. The loss of a small radical molecule from the parent ion 
via /3 cleavage of the 5(6) substituent occurs with rearrange
ment to the ring-expanded structure D. Like the parent ion 
of V, subsequent fragmentation occurs via two competitive 
mechanisms involving loss of the 2 carbon and either of the



two carbocyclic ring carbons, respectively. Rearrangement of 
the nuclear framework of structure D or V prior to fragmen
tation is not evident. A mechanism exists for limited scram
bling of the hydrogens of D which is separate from that in
volving competitive loss of carbon. The existence of common 
ion D and its subsequent behavior offers a ready means of 
identifying benzimidazole derivatives with alkyl substituents 
on the carbocyclic ring. Similar structures are possible for 
alkylbenzimidazoles with additional substituents on the 
carbocyclic ring. Derivatives with additional substitution on 
the imidazole ring, however, exhibit more complicated be
havior with the possibility of other ring-expanded interme
diates, and these structures will be discussed in a subsequent 
paper.

Fragmentation via the 117 Ion. In addition to ring ex
pansion on loss of part of the 5(6) substituent, complete loss 
of a substituent may occur with formation of a 117 ion, i.e., an 
ion possibly similar to the M — 1 ion of benzimidazole. The 
four derivatives which follow this pathway are VII-X. Al
though the relative intensity of the 117 ions compared to 
subsequent daughter ions is less than that of the common 131 
ions above, this ion is still one of the most intense and is the 
intermediate in the preferred fragmentation pathway of 
VII-X. The presence and behavior of the 117 ion, then, rep
resents an identifying characteristic for the benzimidazole 
nucleus of these derivatives.

Scheme III depicts the general mass spectral behavior of 
VII-X. For the carboxyl and acetyl derivatives, the two-step 
loss of the substituent to give the 117 ion is the exclusive 
fragmentation pathway. For the chloro compound (IX), a 
competitive pathway exists involving loss of HCN from the 
parent ion followed by loss of either the chloro group or a 
second HCN molecule. The nitro derivative (X) also displays 
a characteristic alternative in the sequential loss of NO and 
CO.21 These alternative paths for IX and X  will be discussed 
in more detail later.

It was initially suspected that the 117 ions of VII-X  pos
sessed a common structure. The relative intensities of the 117 
ions with respect to daughter and metastable ions associated 
with the sequential loss of two HCN molecules were very 
similar for VII-X as well as for the M — 1 ion of benzimidazole. 
Initial 2H-labeling studies involving replacement of the 1 
hydrogens of IX and X  were disappointing, however. The 
competitive metastable ratios for losses of HCN and 2HCN 
were not similar (Table II). Carbon-13 labels were therefore 
incorporated in the 2 positions of VIII-X and the fragmen
tations of the labeled 118 ions observed. For all three com
pounds, the ratios of metastable loss of HCN to H13CN were 
essentially identical (Table II). Even the benzimidazole M — 
1 ion, although much less intense and, therefore, exhibiting 
weak metastables, displayed an approximately similar ratio. 
One can conclude, then, that these 117 ions all possess the 
same structure.

The establishment of a common structure for these 117 ions 
raises the question of the nature of this structure. A priori, the 
benzimidazole nucleus might be expected to maintain its in
tegrity prior to fragmentation. The common behavior of 
benzimidazole, imidazole, and o-aminobenzonitrile indicates 
that skeletal rearrangement occurs even for the parent radical 
cation.3’4 Nuclear rearrangement of the 117 ion is therefore 
quite probable, especially in view of the predominate meta
stable loss of unlabeled HCN from the 2-13C-labeled 117 ions 
of VIII-X. Although the o-aminobenzonitrile structure is 
presumed for benzimidazole,3 a variety of other structures are 
possible (Scheme III). The present labeling studies allow no 
differentiation among possibilities and additional suitably 
labeled models are not readily available. Thus, until further 
labeling is carried out on the carbocyclic ring of these com
pounds and appropriate models are constructed, choosing a
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Scheme III

H -x -
X = Cl, n o 2, 
c o 2h , c o c h 3

specific structure for the common 117 ions is not possible.
The success of the carbon-labeling experiment in demon

strating common structure for the 117 ions despite inability 
of the deuterium label to do so points to an important ad
vantage of this technique. The common ions examined here, 
both the 131 and 117 species, arise from prior fragmentation 
of different molecular ions. In the successful application of 
deuterium labeling to common structure proof,3'4 only the 
parent ions of different molecules were examined. It is entirely 
possible (as shown for the trilabeled derivative of benzimid
azole and IV) that facile hydrogen scrambling may occur in
dependent of or in addition to skeletal rearrangements. This 
may be especially true for compounds such as benzimidazoles 
which have a labile and exchangeable hydrogen in the 1 po
sition. It is not unreasonable to assume that partial hydrogen 
scrambling occurs to different extents prior to formation of 
a common daughter ion for widely different derivatives, i.e., 
IX and X. Thus, carbon-13 labeling is much more likely to 
substantiate common structures than deuterium labeling for 
ions resulting from fragmentation of different parent ions. For 
parent ions of common structure but different origin, both 
methods may be effective.

As mentioned previously, both the chloro and nitro deriv
atives exhibit fragmentation pathways other than via the 117 
ion. For the chloro compound, the initial step in two additional 
paths involves HCN loss and the 2-13C label shows that 
competitive mechanisms are involved. The M — HCN frag
ment thus formed may then lose either HCN or Cl- with sub
sequent fragmentation of the daughter ions thus obtained. 
While the molecular ion preferentially loses H12CN over 
H13CN in metastable transitions (with a ratio of 3.5), the M 
-  HCN ion undergoes predominant loss of H13CN. This se
quential loss of two HCN molecules seemingly parallels the 
behavior of benzimidazole, 118+- —»■ 91+- —>► 64+-. However, the 
M — HCN ion at m/e 91 shows complete scrambling of re
tained carbon-13 before fragmentation. Thus, similar mo
lecular fragments are lost for both carbons, but differences in 
the amounts of carbon scrambling or in the competitive 
fragmentation pathways are observed.

The alternate pathway for 5(6)-nitrobenzimidazole (IX) 
involves the well-documented21 loss of NO with transfer of an 
oxygen atom to the ring. Subsequent loss of CO leads here to 
an ion of m/e 106. While it would be interesting to postulate 
a structure similar to a protonated 1,3-diazapentalene for this 
ion, the nuclear rearrangements observed for benzimidazole 
and in I-IV preclude such speculation. It is highly probable 
that imidazole moiety ring opening is combined with other 
skeletal rearrangements to give a 106 ion whose structure is 
quite different from the parent molecule.
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Table V .a Comparison of 1434- Ions of
Vinylbenzimidazoles using the Relative Intensities of m+ 

(143+), d+ (116+), and m* (94.1)

substituent X m+/d+
(m+/m*) X 

10-2
(d+/m*) X 

IO-2

H 2.4 1.4 0.6
C02H 1.7 1.3 0.7
co2ch3 1.6 0.6 0.4
co2ch2ch= ch2 1.8 0.7 0.4
CONHCH2CH=CH2 1.8 0.7 0.4

“ Values obtained are averages of two or more spectra run 
consecutively.

The final derivative (XI) classed with these 117 ions is in
cluded because of the similarity of its behavior to the acetyl 
derivative although its base peak and main fragmentation 
path are through a 119 rather than 117 ion. For this a-hy- 
droxyethyl compound, sequential loss of CH3* and CO par
allels VIII. In this case, however, concomitant transfer of two 
hydrogen atoms occurs to the benzimidazole nucleus. The 119 
ions thus obtained are relatively intense (as the base peak) and 
its relative stability may well be due to charge delocalization 
within the benzimidazole framework. However, in view of 
extensive skeletal rearrangement in the other derivatives, it 
is quite possible that the subsequent sequential loss of two 
HCN molecules from the 119 ion involves rearrangement and 
quite probable that competitive fragmentation mechanisms 
exist.

Our main interest in this derivative was in the nature of the 
hydrogen transfer from the side chain. To study this in more 
detail, the a-deuterio derivative was synthesized by sodium 
borodeuteride reduction of the acetyl compound. Very little 
scrambling of the 2H with the methyl hydrogens is observed 
prior to CH3. loss. Almost all of the 2H is transferred to the 
nucleus on CO loss, analogous to the general behavior of 
benzyl alcohols.21 In contrast to simple benzyl alcohols, 
however, this 119 ion does not evidence loss of an H2 molecule 
but shows sequential loss of two HCN. In addition, the met
astable loss of 2HCN is observed in the statistical amount from 
both the 119 and 92 ions. Complete hydrogen scrambling is 
therefore occurring in the metastable ions in contrast to the 
limited hydrogen scrambling of the benzimidazole 118 ion and 
the common 131 and 117 ions. This 119 ion, although exhib
iting the sequential losses of two HCN, does not behave like 
other derivative cations and radical cations. This unique be
havior must be related to the presence of the additional hy
drogen atoms in promoting hydrogen scrambling and perhaps 
skeletal rearrangements. This possibility may be further in
vestigated using combined 13C and 2H labeling.

5(6)-Vinyl Derivatives. The vinyl derivatives studied 
include the parent 5(6)-vinylbenzimidazole (XII) and four 
derivatives of ;6-[5(6)-benzimidazole)acrylic acid (XIII-XVI). 
While the mass spectral behavior of the latter compounds is 
fairly straightforward, i.e., via initial loss of carboxylic acid 
fragments, the behavior of the parent is complex. Three major 
fragmentation pathways are evident involving (in decreasing 
importance): (a) initial loss of H- followed by HCN, (b) loss 
of C2H2, and (C(c) direct loss of HCN. Although HCN loss is 
the least important of the three, the fact that this fragmen
tation of the molecular ion is observed for only two of all the 
derivatives examined (XII and X) attests to the relative sta
bility of these two substituents to fragmentation. For most 
derivatives, the initial loss involves all or part of the substit
uent, while for the chloro and vinyl groups a significant 
number of molecules lose HCN initially from the benzimid
azole framework.

The loss of C2H2 is the second most important fragmenta
tion of XII. With 2H labeling in the a position of the vinyl

group, almost complete loss of the label is observed in this 
process. This is consistent with one of two possibilities with 
regard to hydrogen scrambling in the side chain. Assuming a 
four-membered transition state involving transfer of the 
terminal hydrogen prior to loss of acetylene molecule, either 
no hydrogen scrambling occurs prior to fragmentation or 
scrambling does occur and a large deuterium isotope effect 
greatly favors transfer of hydrogen over deuterium. The latter 
is consistent with scrambling observed in the major frag
mentation path.

The predominant fragmentation of XII involves initial loss 
of H- from the parent ion followed by two HCN molecules. 
Incorporation of deuterium in the a position results in loss of 
both hydrogen and deuterium in the initial step in the ratio 
of 3.4 and 3.6 for stable and metastable ions, respectively. 
These values are consistent with complete scrambling of 
side-chain hydrogens coupled with a deuterium isotope effect 
of 1.7-1.8 for hydrogen atom loss. Observation of the same 
hydrogen/deuterium ratios for stable and metastable ions 
indicates fast hydrogen scrambling before fragmentation, 
since a slow rearrangement process would be expected to give 
a significantly different value for the two energetically dif
ferent types of ions.

In line with the behavior of the alkyl-substituted derivatives 
and with the behavior of styrenes,22 it seems reasonable to 
postulate a ring-expanded structure for the M -  1 (143) ion 
of XII. The relative stability of this ion is attested to by its 
intensity compared to other daughter ions and subsequent 
fragmentation. The observed fragmentations of this ion do 
not involve the side-chain, but rather sequential loss of two 
HCN molecules. Further, essentially complete hydrogen- 
deuterium scrambling occurs in the labeled 143 ions prior to 
loss of HCN or 2HCN. While a reasonable structure for this 
ion would be an eight-membered carbocyclic ring similar to 
that postulated for styrene,22 the tendency of many of the 
benzimidazole derivatives to undergo extensive skeletal re
arrangement makes other structures possible.

For the remaining vinyl carboxylic acid derivatives, the 
initial fragmentation involves loss of all or part of the car
boxylic acid group. By far the most important process in all 
cases is formation of the 143 ion via loss of CO from the low 
intensity vinyl acrylonium ion. Similar to the behavior of the 
143 ion of the parent vinyl compound, fragmentation of these 
ions involves loss of two HCN molecules. A comparison of 
relative stable and metastable ion intensities17 (Table V), as 
was presented in Table III for the 131 ions, strongly supports 
a common structure for the 143 ions derived from all five al
kenyl compounds. This 143 ion, then, represents a general 
fragmentation pathway for these derivatives and should serve 
as an identifying characteristic for related compounds.

Conclusions
The representative 5(6)-substituted benzimidazoles studied 

here may be classed into three groups according to common 
fragmentation pathways. Within two of these groups, proof 
of common intermediate structure is presented for selected 
131 and 117 ions employing 13C labeling with the metastable 
ratio technique. Strong supporting evidence of common 
structure for the remaining 131 species and for the 143 ions 
is provided by comparison of relative stable and metastable 
ion intensities.

The use of 2H and 13C labeling further indicated that skel
etal rearrangements and/or competitive fragmentation 
mechanisms exist for most, if not all, derivatives for the parent 
or common intermediate ions of the major fragmentation 
pathways. The exact nature of these rearrangements and 
mechanisms is not apparent from this work for most deriva
tives. For the common 131 ions, however, very good evidence 
exists for a ring-expanded structure similar to 1,3-diazaazu-



lene with the competitive fragmentations involving the 2 
carbon and carbocyclic ring carbons. In addition to skeletal 
rearrangements, independent hydrogen scrambling takes 
place for several derivatives and may, indeed, be a general 
phenomena.

The detailed examination of these benzimidazoles indicates 
that, in general, their mass spectral behavior is much more 
complex than previously postulated.15-16 Nonetheless, the fact 
that common intermediates and fragmentation pathways exist 
allows classification into general families of derivatives. These 
general paths should be valuable for identification and char
acterization of additional benzimidazoles according to the type 
of substitution present. Furthermore, the use of the meta
stable ratio technique developed here for common structure 
proof of carbon-13-labeled compounds should be generally 
applicable to many isotopically labeled compounds. Such 
isotopic labeling (13C, 15N, and 170 ) will become increasingly 
important in elucidating the complex mass spectral behavior 
of heterocyclic compounds.

Experimental Section
All aromatic diamines (except 2,3-diaminotoluene) used in the 

synthesis of the various benzimidazoles were commercially available 
or previously described in the literature. DCME («.«-dichloromethyl 
methyl ether) was purchased from Aldrich; this material may be 
carcinogenic and must be handled with due precautions. The car- 
bon-13-labeled compounds used in the synthesis of 13C-labeled de
rivatives (sodium [13C]formate and [13C]thiourea) were 90% enriched 
and purchased from Merck Isotopes. All other reagents and solvents 
were commercially available and purified as needed.

General Synthesis of Benzimidazoles. A. Phillip’s Procedure 
(Formic Acid). The appropriate aromatic diamine (Aldrich) (0.01 
mol) was slurried with excess formic acid in 20 mL of 4 N HC1. The 
mixture was heated at reflux for 6-8 h and charcoal added carefully 
to the dark reaction mixture. After filtering and cooling, the strongly 
acidic mixture was neutralized with dilute NaOH or NaHCO? to pH
7. The precipitated benzimidazole was collected by filtration and air 
dried. Generally, recrystallization from water or aqueous ethanol gave 
the desired pure product. Several of the derivatives, such as the 
5(6)-chloro, 5(6)-methyl, and 5(6)-acetyl compounds, are extremely 
hydroscopic. These materials could be readily purified by column 
chromatography on silica with ethyl acetate solvent. All mp’s and IR 
data agreed with those previously reported.

B. Alternative Procedure (DCME). One equivalent of the re
agent a,a-dichloromethyl methyl ether (DCME) was added dropwise 
to a cooled (0 °C) mixture of 1 equiv of aromatic ortho diamine plus 
1 equiv of tri-n-butylamine in dry THF. After complete addition, the 
reaction mixture was allowed to warm to room temperature and 
stirring continued for 4-24 h. The pure product precipitated as the 
hydrochloride salt, and may be neutralized with dilute NaHC03. This 
procedure gave the following isolated yields of benzimidazoles (sub
stituent and percent yield): H, 100%; 5(6)-CH3,61%; 4(7)-CH3,80%; 
5(6)-N02, 70%; 5(6)-COCH3, 62%; 5(6)-Cl, 74%.

Complete characterization of the previously unreported 5(6)-ac- 
etylbenzimidazole is given in ref 23.

2,3-Diaminotoluene. A suspension of 2-nitro-6-methylaniline (1.0 
g, 0.007 mol) in 45 mL of 3 N sodium hydroxide containing 9 g of so
dium dithionite was heated at 80 °C with stirring for 3 h. The orange 
starting material gradually dissolved to give a clear, colorless solution 
which was filtered hot and allowed to cool. Extraction with ether, 
which was then dried with 4A molecular sieves and evaporated, gave 
the desired product as tan crystals in 90% yield, mp 77-78 °C.

[2-13C]-4(7)-Methylbenzimidazole (IV). A mixture of 2,3-di
aminotoluene (0.244 g, 0.002 mol) and sodium [13C]formate 13C (0.167 
g, 0.0024 mol) was added to 2-3 mL of 5 N hydrochloric acid. The 
mixture was heated at 90 °C for 4 h, diluted to 6 mL, and made slightly 
basic with concentrated ammonium hydroxide. The oil which initially 
separated rapidly solidified to give a light yellow product in 85% yield, 
mp 142-144 (lit.24 mp 145 °C).

The following compounds were obtained with the above procedure 
and quantities from commercially available diamines which were first 
purified by sublimation in vacuo at 80 °C.

[2- 13C]Benzimidazole. An 80% yield of needles was obtained on 
cooling the hot neutralized reaction mixture, mp 170 °C (lit24 mp 170 
°C).

[2-13C]-5(6)-Chlorobenzimidazole (X). An 85% yield of off-white 
precipitate was obtained from the neutralized reaction mixture, mp
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125 °C (lit.25 mp 125-126 °C).
[2-l3C] 5(6)-Nitrobenzimidazole(IX).The reddish-brown crude 

material was obtained in 90% approximate yield. A small sample was 
recrystallized from water, mp 199-200 °C (lit.26 mp 209-210 °C).

[2-13C]-‘5(6)-Acetylbenzimidazolei(VIII). This material was 
isolated in the same manner as the 5(6)-methyl derivative above. 
Synthesis of the starting diamine has been described.23

[a-2H]-5(6)-(a-Hydroxyethyl)benzimidazole (XI). 5(6)-Ac- 
etylbenzimidazole was reduced with a 10% excess of NaBD4 in ethanol. 
This material was isolated as described.23 The NMR of this material 
exhibited no «-hydrogen resonance, while the methyl group was ob
served as a singlet.

[a-2H]-5(6)-Vinylbenzimidazole. Dehydration of the «-deuterio 
derivative described above was carried out in the manner described.23 
The NMR of this material showed no splitting of the terminal 
methylene hydrogens by an a hydrogen.

/3-[5(6)-Benzimidazole]acrylie Acid Chloride. d-[5(6)-Benz- 
imidazole] acrylic acid27 (1.0 g, 0.005 mol) was refluxed with 10 mL 
of thionyl chloride for 4 h. The slurry thus obtained was dried in vacuo 
to remove excess thionyl chloride to give an off-white dry solid which 
was used as obtained.

Methyl /3-[5(6)-Benzimidazole]acrylate (XIV). To a cooled (0 
°C) 5-mL sample of methanol was added the acid chloride prepared 
above (0.5 g, 0.002 mol). After stirring 4 h, the grey precipitate was 
filtered, dissolved in water, and neutralized with NaHCO?,. Extraction 
with chloroform twice followed by solvent evaporation gave an off- 
white product in 89% yield which was used as obtained.

Allyl /?-[5(6)-Benzimidazole]acrylate (XV). This material was 
obtained in 68% yield in the same manner as XIV using allyl alcohol. 
A small analytical sample was prepared by sublimation at 80 °C and
0.5 mm Hg: mp 100 °C; NMR (Me2SO-d6) 5 7.4 (H2, s), 7.12-6.73 (3 
aromatic H + 1 vinyl H, m’s), 5.68 (1 vinyl H, Jtrans = 16 Hz), 5.08 (1 
allyl H, m), 4.52 (2 allyl H, m), 3.85 (2 allyl H, ~d, J at 5 Hz).

Anal. Calcd for Ci3H12N202: C, 68.41; H, 5.30; N, 12.27. Found: C, 
67.82; H, 5.39; N, 11.87.

JV-Allyl-j3-[5(6)-benzimidazole]acrylamide (XVI). This ma
terial was obtained in 75% yield from the acid chloride and excess allyl 
amine. The crude reaction mixture was cooled to -5  °C overnight to 
give golden needles of product. Recrystallization from 50% aqueous 
methanol gave pale yellow needles: mp 232-238 °C (thermal poly
merization); NMR (Me2SO-de) <> 8.10 (H2, s), 7.85-6.85 (4 H, m’s), 6.68 
(1 vinyl H, d, J = 16 Hz), 5.9 (1 H, m), 5.15 (2 H, m), 3.9 (2 H, m); IR 
(KBr pellet) 3320,3100-2600,1660,1615,1540,1465,1420,1350,1315, 
1300, 1285, 1260, 1225, 1210, 1035, 1005, 970, 950, 890, 860, 820 
cm-1.

[2-13C]-l,3-Diazaazulene-2-thiol (VI). This material was pre
pared according to the procedure of Nozoe, Makai, and Murato,19 
except that [13C]thiourea was used instead of thiourea in the con
densation with methyl tropolone.

[2-13C]-l,3-Diazaazulene (V). Using the above carbon-13-labeled 
material, the literature procedure19 was used for the oxidative 
desulfurization in dilute nitric acid. After neutralization of the product 
solution, the desired material could be isolated in very pure form by 
chloroform extraction, drying over 4A sieves, and solvent evaporation 
to give bright yellow crystals. Rapid air oxidation of this material 
requires cold storage under argon or nitrogen.

[2-2H]-l,3-Diazaazulene. The unlabeled thiol derivative VI was 
slurried with D20 containing 10% HN03 and normal desulfurization 
carried out to give the desired material with greater than 90% deu
terium incorporated in the 2 position.

Mass Spectra. All spectra were obtained on the AIE-MS902 op
erating at low resolution unless otherwise noted for specific exact mass 
determinations. Spectra of compounds with deuterium-replaced 
exchangeable hydrogens were obtained by repeated scanning of a D20 
slurry of the compound introduced on the probe directly into the 
source. For labeled compounds, the amount of isotope incorporation 
was determined by using a minimal ionizing potential (—8—14 eV) to 
directly observe the parent ions. Spectral comparisons involving ratios 
of parent, daughter, and metastable peaks (e.g., Table V) were carried 
out on a series of spectra run consecutively for each compound. The 
compounds being compared were run in rapid succession under 
conditions as nearly identical as possible. It should be noted that these 
ratios, i.e., p+/m* and d+/m*, have no absolute significance and may 
vary greatly with small changes in operating conditions or machine 
configurations.

Acknowledgments. We gratefully acknowledge support 
from the National Institutes of Health under Grant No. 
2501-GM15256 and the Macromolecular Research Center of 
The University of Michigan.



3526 J. Org. Chem., Vol. 43, No. 18,1978 Mathias and Overberger

Registry No.— 2 ,3 - D i a m i n o t o l u e n e ,  2 6 8 7 - 2 5 - 4 ;  2 - n i t r o - 6 - m e t h y l-  

a n i l i n e ,  5 7 0 - 2 4 - 1 ;  / 3 - [ 5 ( 6 ) - b e n z i m i d a z o l e ] a c r y l i c  a c i d  c h lo r i d e ,  

6 6 7 9 2 - 9 1 - 4 ;  5 ( 6 ) - c h l o r o b e n z o t r i a z o l e ,  9 4 - 9 7 - 3 .

Supplementary Material Available: T a b l e  o f  m a s s  s p e c t r a  d a t a  

f o r  b e n z i m i d a z o l e  s u b s t i t u e n t s  (6  p a g e s ) .  O r d e r i n g  i n f o r m a t i o n  c a n  

b e  f o u n d  o n  a n y  c u r r e n t  m a s t h e a d  p a g e .

References and Notes
(1) Q. N. Porter and J. Baidas, “Mass Spectrometry of Heterocyclic Com

pounds”, Wiley-lnterscience, New York, N.Y., 1971.
(2) P. N. Preston, Chem. Rev., 74, 279 (1974).
(3) A. Maquestlau, Y. Van Haverbeke, R. Flammang, M. C. Pardo, and J. El- 

quero, Org. Mass Spectrom., 9, 1186 (1974).
(4) A. Maquestlau, Y. Van Haverbeke, R. Flammang, M. C. Pardo, and J. El- 

quero, Org. Mass Spectrom., 10, 558 (1975).
(5) A. Maquestlau, Y. Van Haverbeke, R. Flammang, M. C. Pardo, and J. El- 

quero, Org. Mass Spectrom., 10, 313 (1975).
(6) M. H. Phillips, J. Chem. Soc., 2395 (*928); 1143 (1931).
(7) J. H. Beynon and R. G. Cooks, Adv. Mass Spectrom., 6, 835 (1974).
(8) R. G. Cooks, I. Howe, and D. H. Williams, Org. Mass Spectrom., 2, 137 

(1969).
(9) T. W. Shannon and F. W. McLafferty, J. Am. Chem. Soc., 88, 5021 

(1966).
(10) J. L. Occolowitz, J. Am. Chem. Soc., 91, 5202 (1969).
(11) A. Selva, U. Vettori, and E. Gaetanl, Org. Mass Spectrom., 9, 1161 

(1974).
(12) D. H. Williams and R. G. Cooks, Chem. Commun., 663 (1968).

(13) S. Meyerson and P. N. Rylander, J. Chem. Phys., 27, 901 (1957).
(14) S. Meyerson and P. N. Rylander, J. Am. Chem. Soc., 78, 5799 (1956).
(15) T. N ishiwaki, J. Chem. Soc. C, 428 (1968).
(16) S.-O. Lawesson, G. Schroll, J. H. Bowie, and R. G. Cooks, Tetrahedron, 

24, 1875 (1968).
(17) D. H. W illiam s, R. G. Cooks, and I. Howe, J. Am. Chem. Soc., 90, 6759 

(1968).
(18) S. Safe, W. D. Jamieson, and O. Hutzinger, Org. Mass Spectrom., 6, 33 

(1972).
(19) T. Nozoe, I. Makal, and I. Murato, J. Am. Chem. Soc., 76, 3352 (1954).
(20) Compound VI is the intermediate In the synthesis o f V, and the mass spectra 

of labeled and unlabeled derivatives were obtained. With both the S - H and 
2-13C derivatives, two fragmentation pathways were observed involving 
competitive loss of HCN and HNCS in which no scrambling was observed. 
The 2H was cleanly lost w ith both fragments while the 13C was lost only 
with the HNCS, Thus, the same tw o fragmentation m echanism s are ob
served fo r V and VI.

(21) H. Budzikiewlcz, C. Djerassl, and D. H. W illiam s, “ Mass Spectrom etry, 
Organic Compounds” , Holden-Day, San Francisco, Calif., 1967.

(22) A. Venema, N. M. M. Nibbering, and T. J. de Boer, Org. Mass Spectrom., 
3, 1584(1970).

(23) C. G. Overberger and L. J. Mathias, J. Polym. Sci., Pofym. Chem. Ed., In 
press.

(24) R. C. Weast, Ed., "Handbook of Chemistry and Physics", 53rd ed, Chemical 
Rubber Publishing Co., C leveland, Ohio, 1972.

(25) D. J. Rabiger and M. M. Joullle, J. Chem. Soc., 915 (1964).
(26) J. Ridd and B. Smith, J. Chem. Soc., 1363 (1960).
(27) C. G. Overberger and C. J. Podsladly, Bioorg. Chem., 3, 16, 35 (1974).
(28) C. G. Overberger, B. Kosters, and T. St. Pierre, J. Polym. Sci., Part A-1, 

5, 1987(1967).

Carbon-13 Nuclear Magnetic Resonance Chemical Shifts of Substituted 
Benzimidazoles and 1,3-Diazaazulene

L. J. Mathias and C. G. Overberger*

Department of Chemistry and the Macromolecular Research Center, The University of Michigan,
Ann Arbor, Michigan 48109

Received November 14,1977

The 13C NMR chemical shifts of a variety of substituted benzimidazoles and two 1,3-diazaazulenes are presented. 
Peak assignment is made with substituent-induced chemical shifts (SCS) and long-range and 13C -13C cou
pling constants. The SCS of benzimidazole derivatives are compared to those of benzenes. Excellent correlations 
of ¿(Ci) are observed with ap and og for 5(6) substituents. Similar correlations involving the para carbon (Ca) exhib
it greater scatter than those of the 2 carbon. The 5(C2) values also correlate well with pKa, and this correlation is 
used to predict a pKa of 3.4 for 5(6)-acetylbenzimidazole. The 13C spectrum of 1,3-diazaazulene is unambiguously 
assigned. The chemical shifts do not agree with previously calculated charge densities. The average chemical shifts 
of the carbocyclic carbons indicate decreasing electron density in the seven-membered ring in the series azulene,
1,3-diazaazulene, protonated 1,3-diazaazulene, and tropylium ion.

The determination and assignment of 13C NMR chemical 
shifts is rapidly becoming routine in many laboratories. This 
routine use is dependent on the confirmation of shift assign
ments by techniques such as partial or complete coupling of 
carbons to hydrogens. Increases in instrument sensitivity as 
well as the development of gated decoupling has made the 
acquisition of completely coupled spectra readily feasible. The 
interpretation of these coupled spectra is simplified by the fact 
that first-order analysis is generally sufificient for determi
nation of not only one-bond but two- and three-bond coupling 
constants at the resolutions normally available. These long- 
range coupling constants should be characteristic of specific 
molecular subunits as are long-range hydrogen-hydrogen 
coupling constants in XH NMR spectroscopy.

One of the most obvious and useful examples of long-range 
13C -1H coupling involves the methyl group. Unlike the small 
to negligible 1H -1H coupling of ring and methyl hydrogens, 
ring carbons exhibit large exocyclic coupling constants to 
methyl hydrogens. For both pyridine2 and quinoline3 deriv
atives, the 2t/i3c_iH of the ipso carbon is found to be approxi
mately 6 Hz, while the 2Jrsc-m of the ortho carbons generally 
falls between 4 and 5 Hz. These coupling constants should be

characteristic for methyl-substituted compounds and should 
allow ready identification of both the ipso and ortho carbon 
resonances in coupled spectra. Furthermore, the relatively 
small effect of a methyl substituent on the chemical shift of 
carbons other them the ipso carbon should allow identification 
of the 13C resonances of the unsubstituted compounds once 
the spectrum of the methyl derivative is assigned. Thus, the 
examination of the spectrum of a methyl analogue is useful 
for the assignment of the spectrum of the parent com
pounds.

The 13C NMR spectrum of benzimidazole has been reported 
previously in comparison with the spectra of purine deriva
tives.4 The spectra of the benzimidazole HC1 salts and the 
sodium salt of the anion were also given. Protonation of either 
the anion or the neutral benzimidazole resulted in downfield 
shifts of C5,6 along with upfield shifts of C2, € 4,7, and Cg,9. 
These characteristic protonation shifts were then applied to 
purine spectra to determine the site of protonation of this 
material.4

In this paper, we report the 13C chemical shifts of a number 
of substituted benzimidazoles. The long-range coupling of 
methyl hydrogens is used to more completely assign the
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_______Table I. The 13C Chemical Shifts of Benzimidazoles and 1,3-Diazaazulenesa_______ ________

_______________________________________carbon______________________________________
registry 10 or

compound no. 2 4 5 6 7 8 9 c h 3
I6 141.46 115.41 122.87 122.87 115.41 137.92 137.92
I-HCP 139.58 114.44 127.29 127.29 114.44 129.79 129.79
r 141.95 115.64 123.23 123.23 115.64 (138.5) (138.5)
p 51-17-2 141.41 115.87 127.52 127.52 115.87 132.19 132.19
1* 139.6 115.5 127.6 127.6 115.5 130.4 130.4
ir 141.69 115.28 134.23 125.79 115.24 135.96 137.32 21.70
ip 614-97-1 (141.1) 115.57 138.38 129.40 115.69 130.61 132.80 22.44
n r 141.80 126.23 124.07 123.70 113.59 138.07 138.39 17.04
u p 4887-83-6 140.67 126.75 127.85 127.56 112.95 131.54 131.69 16.99
IV 615-15-6 152.89 115.14 123.11 123.11 115.14 139.60 139.60 14.31
IVC 152.92 115.49 127.38 127.38 115.49 132.82 132.82 13.51
Vd 312-73-2 (141.4) 116.88 124.78 124.78 116.88 138.44 138.44 (119.8)
Ve 141.50 117.29 125.80 125.80 117.29 138.00 138.00 119.87vr 4887-82-5 143.72 116.98 129.23 124.09 116.01 (132.3) (137.5)
vir 58442-16-3 145.18 118.05 133.14 124.09 115.64 141.48 138.87 26.79̂
VIII 94-52-0 147.15 113.63 (147.2) 119.38 115.79 (145.1) (139.3)
VIII'c 147.48 114.14 146.39 121.08 117.07 140.83 137.14
IXe 15852-41-2 187.09 139.16 123.45 134.79 123.45 139.16 157.78 157.78
X e 275-94-5 167.83 136.14 134.55 140.20 134.55 136.14 161.67 161.67
X« 155.90 143.16 140.98 149.53 140.98 143.16 154.81 154.81
azulene h 137.7 136.7 123.0 137.2 123.0 136.7 140.6 140.6
° In CD3OD or 1:4 CD3OD + CH3OH unless otherwise noted. b Values reported in ref 4 .c In CD3CO2D or 1:4 CD3CO2D + CH3CO2H. 

d 1:2:2 CH3OH + CDCI3 + Me2SO-d6- e In Me2SQ-d6. f ¿(COCH3). g In Me2SO-ds + 10% concentrated HC1. h Reference 18.

spectra of methyl derivatives: 2J c - C H 3 equals 6.5-8.0 and 
3Jc-CH3 falls between 4.0 and 6.0 Hz. Substituent-induced 
chemical shifts are correlated with various substituent pa
rameters and with pK a. Finally, a procedure is established for 
carbon identification in 13C spectra employing long-range 
13C -13C coupling in enriched samples. This procedure allows 
unambiguous assignment of the spectrum of 1,3-diazaazu- 
lene.

Experimental Section
The syntheses of the various compounds are described in the pre

ceding paper in this series.1 Carbon-13 enriched sodium formate and 
thiourea were used to obtain enriched benzimidazoles and 1,3-dia- 
zaazulene derivatives, respectively.

Most of the NMR spectra were obtained with a JOEL-PFT-lOO 
although a Varian CFT-20 was used for several samples with identical 
results for overlapping data. The resolution obtained was 0.3 to 0.7 
Hz for the former instrument and 1.0 Hz for the latter. Solvent mix
tures of deuterated and nondeuterated materials were generally 
employed to reduce overall cost. Hydrogen-decoupled spectra were 
obtained in 5 min to 3 h while coupled spectra required 4 to 18 h for 
adequate signal acquisition of even concentrated solutions. All 
chemical shifts are relative to internal Me4Si or calculated with respect 
to Me4Si from solvent resonance frequencies reported by Levy and 
Nelson.6 Any values reported in parentheses are approximate due to 
low intensity or unresolved coupling.

Results and Discussion
The compounds studied consist of the parent benzimidazole

(I); three isomeric methyl benzimidazoles (II-IV); 2-trifluo- 
romethylbenzimidazole (V); 5(6)-chloro- (VI), 5(6)-acetyl-
(VII), 5(6)-nitrobenzimidazole (VIII); and two 1,3-diazaazu- 
lene derivatives (IX and X). Compounds I—III and VI-X were 
also prepared with 90% 13C enrichment in the 2 position and 
these enriched compounds are designated by a prime, e.g., I'. 
The 13C chemical shifts of I and its two ions have been previ
ously reported.4

The 13C chemical shifts of I-X  are presented in Table I for 
all of the solvent systems employed. The literature values for 
benzimidazole, protonated benzimidazole, and azulene are 
given for comparison. The greater solubility of the compounds 
studied here in methanol, acetic acid, and dimethyl sulfoxide 
(Me2SO) led to the use of these solvents since concentrated 
solutions greatly facilitate acquisition of spectra. Comparison

H H
I, X = H III
II, X = CH3
VI, X = Cl
VII, X = COCH|
VIII, X = N02

@3 -H
iv , y = ch3
V, Y = CF3

of chemical shifts, however, must be made with the awareness 
that solvent and concentration changes can cause several ppm 
differences in chemical shift.5 Carbon assignments were ini
tially made by application of substituent-induced chemical 
shifts (SCS) for monosubstituted benzenes to the shifts of the 
parent benzimidazole. The characteristic quartet for two- and 
three-bond coupling to methyl hydrogens was then used to 
identify the ipso and ortho carbon peaks of II-IV in the 
13C -1H coupled spectra.'This technique was especially ¡im
portant for the 4(7)-methyl derivative (IIT) for which the 
chemical shifts of the C5 and C6 peaks were within 0.5 ppm of 
each other, as were those of C8 and C9. The three-bond cou
pling to the methyl hydrogens, however, allowed ready iden
tification of C5 and C9, respectively.

For the 2-13C-enriched derivatives, large three-bond 
13C-13C couplings through the imidazole nitrogens were ob
served in all cases. The much smaller two-bond couplings to 
the quaternary 8 and 9 carbons were not always resolved and 
in some cases merely resulted in peak broadening. The 4,8 and
5,7 peaks in the spectrum of X  were surprisingly close to
gether. With X ', however, a doublet was observed for the 4,8 
peak with 3Ji3c-i3c = 12.2 Hz.

The effect of solvent on 13C chemical shift has not been 
extensively evaluated in the literature, although Levy and

IX, Z = SH
X, Z= H
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Table II. Subsequent-Induced Chemical Shifts (SCS) of Substituted Benzimidazoles in CD3ODa

substitutent 2 4 5 6 7 8 9

5-CH3 (II) -0.3 -0.4 11.0 2.6 -0.4 -2.5 -1.2
4-CH3 (III) - 0.2 10.6 0.8 0.5 - 2.1 -0.4
2-CH3 (IV) 10.9 -0.5 - 0.1 - 0.1 -0.5 1.1 1.1
2-CF3 (V). -0.6 1.2 1.6 1.6 1.2 - 0.1 - 0.1
5-C1 (VI) 1.8 1.3 6.0 0.9 0.4 - 1.0 - 6.2
5-COCH3 (VII) 3.2 2.4 9.9 0.9 0.0 3.0 0.4
5-NO2 (VIII) 5.2 - 2.0 24.0 -3.9 0.2 6.6 0.8

a Ppm from the corresponding carbon substituent6 of benzimidazole; positive values indicate downfield shifts. b The ipso carbon
is italic.

co-workers have investigated a few benzene derivatives.5 
Generally, a change of solvent does not greatly change 
chemical shifts (< l -2  ppm) unless strong solvent-solute in
teractions occur such as protonation or hydrogen bonding. 
Interacting substituents such as carboxyl, acetyl, and amino 
groups are then most affected. A careful investigation of the 
13C shifts of imidazole, however, revealed that even for such 
diverse solvents as CDCI3, Me2SO-d6, acetone-d6, and water, 
the chemical shifts varied by less than 1.1 ppm.6

In this study, the use of methanol, acetic acid, and dimethyl 
sulfoxide (Me2SO) was dictated by solubility requirements. 
With methanol and Me2SO only small differences were ob
served with the reported shifts of benzimidazole in ethanol.4 
Even on protonation in Me2SO, the benzimidazolium carbon 
peaks were within 1.5 ppm of the values given for an ethanol 
solution.4

The effect of acetic acid on chemical shifts is complicated, 
of course, by partial protonation. The pffa of acetic acid is 4.75 
while that of protonated benzimidazole is 5.53,7 indicating that 
complete protonation of I will not occur in this solvent. Cor
respondingly smaller changes should be observed in the shifts 
of I in acetic acid than in HCl-Me2SO-d6, although qualita
tively similar changes should occur. On protonation of both 
the anionic and neutral benzimidazole, upfield shifts are ob
served for C2, C4J, and C8>g and a downfield shift for Cs^.4 In 
acetic acid, however, only the Cg.g peak is moved upfield and 
the C5,6 peak downfield by more than 1 ppm. For the more 
basic methyl isomers (II-IV), C5 and C6 change 3.6-4.3 ppm 
while Cg and C9 move —4.5 to —6.8 ppm. The much less basic 
2-trifluoromethylbenzimidazole (V) exhibits no peak shifts 
greater than 1 ppm in acetic acid, suggesting little or no pro
tonation. Partial protonation in acetic acid, then, adequately 
accounts for the changes in chemical shift of I-IV, since even 
for completely protonated benzimidazole, the C2 and C4 7 
peaks change by only 1-2 ppm.4 Interestingly enough, the use 
of acetic acid greatly reduces the difference in relative inten
sity of hydrogen-substituted and quaternary carbons. Indeed, 
with short pulse delays, integration becomes possible for
I-IV.

The substituent-induced chemical shifts (SCS) of several 
benzimidazoles are presented in Table II and may be com
pared to corresponding values for monosubstituted benzene 
derivatives.5 While both the ipso and para SCS for the 4(7)- 
methyl and the four 5(6)-substituents parallel the benzene 
values, the ortho values do not. Only the para chlorine SCS 
is more than 20-30% different than the benzene values for the 
ipso and para SCS, and even this value lies in the correct di
rection. Such good agreement is encouraging for the use of 
literature SCS for initial spectrum interpretation of multiply 
substituted benzene derivatives such as benzimidazoles. Using 
the appropriate parent compound for comparison, both the 
ipso and para carbons of most derivatives should be readily 
assignable on the basis of direction and, in most cases, amount 
of SCS. Since meta carbons generally exhibit SCS of < 1 ppm 
for the benzimidazoles as for the benzene derivatives, iden

tifying meta carbons is straightforward. Only the ortho car
bons are not easily assigned for benzimidazoles on the basis 
of benzene SCS. Anomalously large ortho values are observed 
for C6 of IT and for C4 of VIT. Furthermore, an anomalously 
large para SCS is observed for C9 of VI, although the assign
ment of this peak is certain. While it would be tempting to 
attribute the anomalous SCS for C4 of VII' to a preferred 
conformation of the acetyl group, the observations on sub
stituted benzaldehydes8 suggest this is not the case. The dif
ference in the SCS of C4 and C6 of VII' may, however, reflect 
disparate electronic interactions of the 5(6) substituent with 
these two positions. For all three electron-withdrawing groups 
(Cl, CH3CO, and N 02), the C4 resonance is shifted farther 
downfield or less far upfield than that of Cfi. This effect may 
well be related *0  structural proximity to the electron-rich 
imidazole nucleus. Further studies of N-alkylated (nontau- 
tomeric) derivatives should clarify this effect.

Assuming that the overall electronic effects of 5(6) sub
stituents of benzimidazole are transmitted normally, i.e., 
through a combination of field and resonance contributions, 
then correlations should exist between chemical shifts of 
specific carbons and various substituent parameters. By 
analogy with benzene derivatives,9 the carbon para to the 
substituent should exhibit the best correlations. In addition, 
there is some discussion in the literature about the amount 
and kind of electronic interaction between the benzene and 
imidazole nuclei of benzimidazoles.10 If strong interaction is 
occurring in the ground state, substituent correlations should 
also exist for the 2 carbon.

Figures 1 and 2 give plots of SCS for C8 and C2 with respect 
to (Tp and <rp+.9’11 The straight lines drawn are included merely 
for comparison; a least-squares analysis does not seem justi
fied for four experimental points. The values for C8 give about 
equal scatter with <xp and <rp+. For C2, however, excellent 
correlations are apparent with ap and <re, while o-p+ gives much 
greater scatter. The parameters <tq refer to pAa’s of 6-substi- 
tuted 1-naphthoic acids.11 The correlations for C2 are, in 
general, much better than for the para carbon C8. The fact that 
C2 correlates so well with crp indicates that the electronic effect 
of the 5(6) substituent is transmitted to the 2 carbon by a 
combination of resonance and field contributions in about 
equal amounts.11

The relatively poor correlation for C8 with <rp or <rp+ may be 
related to the disparate electronic interactions previously 
postulated to account for the anomalous shifts of C4 in V I'- 
VIII'. That is, interaction of the 5(6) substituent with the 
imidazole nitrogens and 2 carbon interrupt or compete with 
interaction with the 8 carbon. The Hammett-type parameters 
employed here probably do not reflect the correct relative 
amounts of resonance and field effects,11 Thus the observed 
correlation is not good.

On the basis of the good correlations of C2 SCS with <rp, it 
might be expected that §(C2) would also be related to other 
physical properties of these derivatives. Figure 3 is a plot of 
<5(C2) against literature values of pK a of 5(6)-substituted



Substituted Benzimidazoles and 1,3-Diazaazulene J. Org. Chem., Vol. 43, No. 18,1978 3529

Figure 1. The Cg SCS of 5(6)-substituted benzimidazoles are plotted 
against ap (X) and <rp+ (0) values taken from ref 11.

benzimidazolium ions.12 The correlation is relatively good, 
considering that the 13C NMR spectra were obtained in 
methanol while the pKa values were determined for 1:1 eth
anol-water mixtures.12 From Figure 3 it seems apparent that 
the pK & of a new 5(6)-substituted benzimidazole can be ap
proximated from the 13C chemical shift of the 2 carbon. Thus, 
the pK a of VIT is predicted to be approximately 3.4 on the 
basis of its S(C2) of 145.18 ppm. It seems reasonable to suggest 
that analogous heterocyclic acids and bases would obey similar 
relationships and that the use of 13C NMR spectroscopy for 
estimation of physical properties might be extremely bene
ficial.

In addition to the above generalizations, specific comments 
should be made on the SCS values for the methyl and triflu- 
oromethyl derivatives. For all three methyl isomers, the ipso 
SCS lies between 10.6 and 11.0 ppm, values which are almost 
2 ppm greater than that of toluene. In addition, the chemical 
shift of the methyl carbon at the 2 position is at much higher 
field than those at the 5 and the 4 positions. This is the reverse 
of the relative ordering of chemical shifts of the ring carbons 
in the parent compound, for which the order C'2 > C5 > C4 is 
observed with C2 farthest downfield. This latter order is 
consistent with both the calculated <7 and x charge densities.4 
The large upfield shift of the 2-methyl carbon may reflect 

. greater substituent shielding by the electron-rich x cloud of 
the imidazole ring or electron transfer from the imidazole ring 
to the 2 substituent through the a bond. The carbon of the 
2-CF3 group also resonates at higher field than expected, oc
curring at 119.8 ppm compared to 124.5 for a,a,a-trifluoro- 
toluene.13 The relatively high electron density of the a carbons 
of these 2 substituents may well be related to the unusual re
activity of functional groups at this position.14 A further un
usual feature of the 2 position is the ipso SCS of the 2-CF3 
group. A value of —0.6 ppm for V may be compared to one of 
—9.0 ppm for a,a,a-trifluorotoluene.13 It is evident, then, that 
the 2 position of benzimidazole displays unusual behavior in 
the 13C NMR in terms of its own chemical shifts and that of 
substituents attached at this position.20

The 13C NMR spectra of the 13C-enriched benzimidazoles 
were determined to establish a procedure for peak assignment 
via long-range 13C -13C coupling. From reported observations 
on 13C-labeled naphthalene and pyridine derivatives,15 it was 
expected that 3Ji3c-13C3 would be larger than either 2 Jlsc-i^c 
or V i3c_i3c. Indeed, V mcjsc was found to be greatly enhanced 
through the nitrogen of pyridine compared to similar coupling 
constants in benzene derivatives.16 With the benzimidazole 
derivatives, 3Ji3c_i3c  of the 2 carbon to the 4 and 7 carbons was

F igure 2. The C2 SCS of 5(6)-substituted benzimidazoles are plotted 
against <rp (X )  and <T6 ( 0 )  values taken from ref 11.

F igure 3 .13C NMR chemical shifts of C2 are plotted against pKa of 
5(6)-substituted benzimidazoles taken from ref 12.

the largest in all the spectra at 5-6 Hz, while 4J i3q- 13c and 
2J i3c_wc were on the order of 0 and 1-2 Hz, respectively. Thus, 
with imidazole-containing heterocycles labeled with 13C in the 
2 position, long-range 13C -13C readily identifies carbons three 
bonds away.

This procedure was then applied to 1,3-diazaazulene sim
ilarly labeled in the 2 position. The unlabeled compound ex
hibits three distinct groups of peaks in the 1H-decoupled 
spectrum: a low intensity C 9jkj peak; a pair of peaks of medium 
intensity for the C2 and C8 carbons; and a close pair of peaks 
of high relative intensity attributed to the 4,8- and 5,7-carbon 
pairs. While calculations of x electron density have been 
carried out or. this molecule, the large discrepancies in values 
make them useless in peak assignment.17 The 2-13C label, 
however, clearly distinguishes the C2 from the C6 peak and the 
large doublet (3Ji3c_isc = 12.2 Hz) observed for the C4j8 peak 
confirms its identity. Thus, the use of a readily available 
13C-labeled derivative of X  {allows ̂ unambiguous assignment 
of its 13C NMR spectrum.

The chemical shifts observed for X  can be compared to 
those of azulene. In decreasing chemical shift (low to high 
field), the order for X  is 2 > 9,10 > 6 > 4,8 > 5,7, differing from 
that of azuler.e18 only in a reversal of 2 and 9,10. Comparison 
of the relative order with calculated x electron density17 is 
disappointing. None of the three calculations gives even 
general agreement with the observed chemical shifts, indi
cating that additional theoretical consideration of X  is war
ranted.
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Comparison of the individual carbon chemical shifts of X  
with those of azulene indicates a definite transfer of electron 
density from the seven- to the five-membered ring. While the 
C43 shifts are similar, those of Cb and C5/7 are 3.0 and 11.6 ppm 
further downfield for X  than for azulene. This is consistent 
with the 4.05 D dipole moment of X 17 and a charge-distribu
tion structure such as that drawn below. The tropylium-like 
character of the seven-membered ring of X  is further en
hanced by protonation of the imidazole ring. For benzimid-

azole in HCl/Me2SO, the peaks of the 2 and 8,9 carbons are 
moved upfield by 1.9 and 8.1 ppm, respectively, while the 4,7 
peak remains unchanged and the 5,6 peak moves downfield
4.4 ppm. Under the same conditions, the 2 and 9,10 peaks of 
X  are also moved upfield (11.9 and 6.9 ppm, respectively). All 
of the remaining carbon peaks of the seven-membered ring, 
however, are shifted downfield by 6.4-9.3 ppm, a much greater 
average shift than for I. The average chemical shift of carbons
4-8 of X  is 136.3 and of protonated X, 143.6 ppm. Both of 
these values are closer to the chemical shift of tropylium ion 
(155.3 ppm19) than the average for azulene of 131.2 ppm. The 
series of seven-membered ring derivatives azulene, X, pro
tonated X, and tropylium ion is one of gradually decreasing 
average electron density in the carbocyclic ring. As expected 
from the dipole measurement, X  exhibits a greater electron 
transfer from the seven- to the five-membered ring than az
ulene.

Conclusions
The determination of long-range 13C -1H and 13C -13C 

coupling constants is extremely useful for peak assignment 
in 13C NMR spectroscopy. Observation of exocyclic coupling 
to methyl hydrogens allows assignment of the ipso and ortho 
carbons of methyl compounds, while the 8J i3_i3c of 2-13C- 
enriched imidazole derivatives identifies carbons three bonds 
distant. For 5(6)-substituted benzimidazoles, correlations of 
13C chemical shifts with various Hammett a parameters are

observed, the most useful of which should be the relationship 
of 6(C2) to pK &. The chemical shifts of carbons in the carbo
cyclic ring of 1,3-diazaazulene indicate qualitatively a lower 
average electron density for this ring than in azulene. Pro
tonation of the imidazole ring further decreases the average 
electron density and makes the seven-membered ring even 
more tropylium-like for this azulene analogue.
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Optically active isomeric pyridylethanols have been prepared by microbial (C. macerans) reduction of the corre
sponding acetyl derivatives. The absolute stereochemistry of each alcohol was determined as S by conversion to 
(+)-(S)-methyl O-acetyllactate. Reduction of 2,2'-pyridil by the same organism yielded (—)-di(2-pyridyl)ethane- 
diol, whose configuration was established as R,R by conversion to (S,S)-dimethyl diacetyltartrate. The stereospeci-
ficity of these reductions is discussed with reference to

In a recent study of asymmetric cathodic reduction, Kopi- 
lov, Kariv and Miller1 examined the reductions of 2-, 3- and
4-acetylpyridines in the presence of alkaloids known to adsorb 
on the cathode under the reduction conditions. Since Miller 
et al. obtained high optical yields (40 and 48% for la and lb, 
respectively), additional studies employing this technique for 
the synthesis of a wide variety of medicinal compounds can 
be expected. Although a detailed mechanism was not pro-

nPVtin n n l n  rmf miViinnT Ia T T Q nmirr’irrhf T̂ n

;’s rule for predicting their absolute stereochemistry.

posed, it is apparent that any mechanism proposed must ac
count for the absolute stereochemistry of the products. The 
configurations of (—)-la, (—)-lb , and (—)-lc  were assigned
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Table I. Summary of Optical Properties of la, lb, lc, and 2b and Ozonolysis Products

)mpd.
registry

no.
specific rotation, deg

specific 
rotation 

of acetate
registry

no.
specific rotation of ozonolysis product

observed reported2 4 c,d

la 59042-90-9 -56.7 (c 3.88, -56.1 (c 0.5, -98  (c 2.31, 66842-20-4 -35.7 (c 2.81,
EtOH) EtOH) EtOH) acetone), ee 85%

ib 5096-11-7 -30  (c 4.92, -40.2 (c 0.87, -102 (c 3.37, 66842-21-5 -34.5 (c 2.32,
EtOH) MeOH) EtOH) acetone), ee 82%

lc 54656-96-1 -29.5 (c 1.60, -43.4 (c 0.5, -74.7 (c 5.57, 66842-22-6 -32.0 (c 3.54,
CHCI3) EtOH) EtOH) acetone), ee 79%

2a 66900-45-6 -51.7 (c 2.44, -17.4 (c 0.78, 66842-23-7 +19.1 (c 1.39,
EtOH) EtOH) CHCI3), ee 81%

“ Authentic sample prepared from (+)-(S)-lactic acid has specific rotation -42 (c 2.13, acetone). b Registry no. 14031-88-0. c Authentic 
sample prepared from (—)-(S,S)-tartaric acid has specific rotation +23.7 (c = 1.52, CHCI3). d Registry no. 6304-92-3.

H

(a) 2-pyridyl, R = H (d) 2-pyridyl, R = -COCH;

(b) 3-pyridyl, R = H le) 3-pyridyl, R = -COCH;

(c) 4-pyridyl, R = H If) 4-pyridyl, R = -COCH-

2

(a) R = H (b) R = -COCH3

by Gottarelli and Samori2 using Horeau’s method, which is 
known to have exceptions.3 Cervinka4 independently assigned 
the absolute stereochemistry of the isomeric pyridylethanols; 
however, his assigned configuration for (—)-la differed from 
that of Gottarelli and Samori. The latter investigators used 
the absorption spectra and the chiroptical properties of these 
compounds to interpret the spectral properties of the pyridine 
chromophore. Since the configurations of la, lb, and lc ap
pear critical in at least two studies, we transformed optically 
active samples of these compounds into compounds of known 
absolute stereochemistry. In addition to the alcohols (+)-la, 
(+)-lb, and (+)-lc Miller et al. also obtained dimeric reduc
tion products from 2-acetylpyridine. In order to distinguish 
between erythro- and threo- l ,2-di(2-pyridyl)ethanediols we 
have examined the microbial and chemical reduction of 2,2'- 
pyridil.

In addition to our interest in determining the absolute 
stereochemistry of the alcohols obtained from microbial re
duction of the corresponding ketones, we were interested in 
the asymmetric syntheses of these compounds. While chiral 
reducing agents have recently been successfully used for 
asymmetric synthesis,6 the presence of a basic nitrogen atom 
in the acetyl pyridines introduces many complications.68 In 
the course of examining the chiral reduction by microorgan
isms of several tetrahydro polycyclic ketones, we found that 
the chemical and optical yields in these reductions were fre- j 
quently high and that the method had the distinct advantage; 
of producing alcohols of a consistent configuration.611 As there 
were no analogous examples of the reduction of heterocyclic 
ketones, we were interested in determining the effect of a 
heteroatom, nitrogen, on the course of the reduction.

When C ryptococcus macerans, a microorganism which 
reduces acetophenone quantitatively to optically pure (S)-

Scheme I
1 1. 03 ^OAc

(d), (e),(f) ----------- ► 'C
2' CH2 ^ 2  C 0 2CH3 C 0 2 CH3

3

phenylethanol,6b is used to reduce the three isomeric acetyl- 
pyridines, the resulting alcohols are formed in good chemical 
and optical yields (Table I). The absolute stereochemistries 
of the alcohols were then determined by first acetylating the 
hydroxyl group, followed by ozonolysis of the pyridine de
rivative to a mixture of acids (Scheme I). The latter were 
methylated and pure methyl O-acetyllactate (3) was isolated 
and its specific rotation measured. The optical properties of 
the alcohols, acetates, and 3 formed are summarized in Table
I. T hese results clearly establish that C. macerans reduced  
each o f the ketones to  the S alcohol. Thus, with the configu
rations of the isomeric pyridylethanols established, it is clear 
that Cervinka’s assignment of the (R ) configuration to (—)- 
2-pyridylethanol2 was in error and that Horeau’s method 
correctly  predicted the absolute stereochemistry of (—)-la, 
(-)-lb , and (-)-lc .

The configurations of la, lb, and lc are those expected from 
Prelog’s rule7 (shown in Figure 1) which states that if the ke
tone is placed with the larger group on the observer’s left as 
shown, the hydroxyl group formed is closer to the observer. 
Thus the rule predicts that the alcohols formed from reduction 
of acetophenone and the isomeric acetylpyridines each have 
the same absolute stereochemistry, as is observed. The sim
plicity of predicting the configuration of alcohols formed by
C. macerans using Prelog’s rule contrasts with the difficulties 
associated in interpreting the weak and complex CD bands 
exhibited by these compounds. The latter are very difficult 
to use in assigning the absolute stereochemistry of a pyridine 
derivative whose configuration is not known.

While studying the asymmetric cathodic reduction of 
acetylpyridines, Kopilov, Kariv, and Miller1 isolated small 
quantities of the corresponding pinacols. The pinacols were 
optically inactive in every case. However, the authors did not 
specify whether the observed pinacols were the erythro or 
threo isomers or mixtures. In an earlier study8 on the reduc
tion of a series of benzil derivatives we had shown that C. 
macerans provided optically active threo diols. Samples en
riched in the erythro isomers, which are meso, were prepared 
by hydride reduction of the appropriate benzil. When 2,2'- 
pyridil was used as a substrate for C. macerans an optically 
active diol was isolated whose NMR spectrum differed from 
the spectrum of the major isomer formed by hydride reduction 
of 2,2'-pyridil. These results enable us to assign threo and 
erythro configurations to the microbial and chemical reduc
tion products, respectively. The absolute stereochemistry of 
( -) -d i(2-pyridyl)ethanediol was determined by conversion 
to (S,S)-(+(-dimethyl diacetyltartrate 4 as shown in Scheme
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2 b 1. 0 3

2. CH2 Nj

Scheme II

COj CH3

O Ac H
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II. The absolute stereochemistry of (—)-di(2-pyridyl)eth- 
anediol was thus established as (R,R).

The observation that the threo (R,R)-diol is the predomi
nant product while the erythro isomer forms to less than 5% 
of the threo isomer requires some comment. Since the erythro 
isomer is present only to a small extent, it is apparent that the 
enzyme responsible for reducing the carbonyl group of the 
half-reduced 2,2'-pyridil distinguishes between R and S 
configurations, stereoselectively and preferentially reducing 
the former. The surprising sensitivity of the enzyme to the 
differences between a carbons bearing a hydrogen, a hydroxyl, 
and a pyridyl ring in an [/?] or [S] arrangement indicates the 
necessity of accumulating additional experimental data before 
it is possible to order the effective size of substituents. The 
observation that the presence of a heteroatom (nitrogen) in 
these compounds does not alter the stereochemical course of 
the reduction from that of the carbon analogue is consistent 
with Prelog’s rule, if in the half-reduced pyridil the 2-pyridyl 
ring is considered to be the larger substituent while 
CHOHC5H5N is the smaller, which emphasizes steric effects 
over electronic considerations. These results strongly suggest 
that configurations assigned to alcohols as a result of microbial 
reduction have general applicability and therefore deserve 
more attention than they have received.

Experimental Section
Microbial Reduction. A1-L Erlenmeyer flask containing 250 mL 

of a sterile solution of 6% glucose, 4% peptone, 4% yeast extract, and 
4% malt extract was inoculated with a culture of C. macerans. The 
flask was shaken at 30 °C for 2 days, and 100 mg of 2,2'-pyridil was 
added to the optically dense culture. Shaking was continued for 7 days 
and the suspension was then made alkaline with 10% KOH and ex
tracted three times with 250-mL portions of ethyl acetate. The ethyl 
acetate solution was dried over anhydrous Na3S04 and concentrated 
in vacuo. No starting material was detected in the NMR spectrum of 
the crude extract. The threo diol (2a) was formed in ~80% yield along 
with ~5% of the erythro isomer (detected by NMR). The mixture was 
separated by thick-layer chromatography (silica gel, ethyl acetate: 
hexane (1:1)) to yield the threo diol (2a), 72 mg, which was recrys
tallized from 50% aqueous EtOH, mp 92-93 °C. The [a]25D data of this 
sample and the other optically active alcohols obtained from microbial 
reduction of the isomeric acetylpyridines are summarized in Table
I.

Microbial reductions of the acetylpyridines were carried out in a 
similar manner.

Ozonolysis of (-) -S -ld , ( -) -S -le , ( -) -S -lf ,  and (-)-2b . (£>)-
4-Pyridylethanol acetate If was prepared by acetylating (—)-lc with 
acetic anhydride in pyridine in the usual manner. The crude acetate

was purified by thick layer chromatography on silica gel (ethyl ace- 
tate:hexane (15:85)) and distilled in vacuo (colorless oil, NMR (in 
CDCI3)): 6 1.50 (3 H, d, J = 6.7 Hz), 2.11 (3 H, s), 5.83 (1H, q, J = 6.7 
Hz), 7.24 (2 H, d, J = 5.7 Hz), 8.58 (2 H, d, J = 5.7 Hz). The [a]25D data 
of this sample and those of the other optically active acetates are 
summarized in Table I.

A solution of the acetate (151 mg) If in 50 mL of dichloromethane 
was ozonized at 0 °C using a stream of ozone (2-4%) [from an Ozon
ator, Model 03V2]. When the ozonolysis was complete (—24 h) the 
solvent was removed in vacuo and 5 mL of 97% formic acid and 2 mL 
of 30% hydrogen peroxide were added. The solution was stirred at 50 
°C for 1 h, at which time unreacted hydrogen peroxide was decom
posed with sodium sulfite and the solvent was removed in vacuo. 
Excess saturated aqueous sodium bicarbonate was added to the res
idue and the solution was extracted with hexane. The aqueous layer 
was then acidified with hydrochloric acid, saturated with sodium, 
chloride, and extracted several times with ether. The ether extract 
was washed with saturated sodium chloride, dried over sodium sulfate, 
and concentrated in vacuo. The NMR spectrum of the crude reaction 
mixture showed that 3 was produced in ~65% yield. An ether solution 
of this mixture was esterified with diazomethane. The solvent was 
removed and the residue distilled (bp 102-103 °C (99 mm)) to yield 
methyl (-)-(S)-3,62 mg, 41% yield. The [a]25p of 3 formed from Id 
and le is listed in Table I.

(—)-Methyl O-Acetyllactate. A solution of (+)-(S)-lactic acid 
(90 mg) in 5 mL of dry ether was esterified with diazomethane. The 
resulting methyl ester was treated with acetic anhydride (5 mL) and 
pyridine (1 mL) overnight at room temperature. The mixture was 
poured into water and extracted with ether and the ether solution was 
washed vyith 10% HC1 and saturated sodium bicarbonate solution, 
dried over anhydrous sodium sulfate, and concentrated. The residue 
was distilled (bp 102-103 °C (99 mm Hg)) to provide methyl (-)-3 
in an overall yield of 83%: 95 mg; [«]25d —42.0° (c 2.133, acetone); ’H 
NMR (in CDCI3) 6 1.47 (3 H, d, J = 7.1 Hz), 2.14 (3 H, s), 3.76 (3 H, 
s), 5.10 (1 H, q, J = 7.1 Hz). Anal. Calcd for CeHioO.,: C, 49.31; H, 6.85; 
Found: C, 49.20; H. 6.91.

Ozonolyses of Id, le, and 2b were carried out as described above. 
A sample of authentic (+)-4 was previously prepared.8 The [a]25D data 
and enantiomeric excess (ee) of products are given in Table I.

Registry No.—2,2'-Pyridil, 492-73-9; 2-acetylpyridine, 1122-62-9;
3-acetylpyridine, 350-03-8; 4-acetylpyridine, 1122-54-9; (+)-(S)-lactic 
acid, 79-33-4.
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Several substituted methylenecyclopropanes were reacted with peracid. In general, this resulted in a direct con
version to cyclobutanones, although in the case of 18 an intermediate oxaspiropentane was characterized. Meth- 
ylenecyclopropane 26 gave lactone 27 rather than a cyclobutanone product. The mechanisms of these conversions 
are discussed, with an emphasis on their stereochemical features.

Subsequent to our initial disclosure of the synthesis of 
an oxaspiropentane derivative,2 several laboratories have 
described the generation of this highly strained heterocyclic 
system, either by the epoxidation of methylenecyclopropanes3 
or by the condensation of carbonyl compounds with cyclo
propyl sulfur ylides.4 The synthetic potential of oxaspiro- 
pentanes as intermediates has also been explored in some 
detail, most notably by Trost and co-workers.5 The most 
commonly observed reaction of this system is a facile, acid- 
catalyzed transformation into an isomeric cyclobutanone.3’4 
In the present report we describe further examples of the 
peracid oxidation of methylenecyclopropane derivatives which 
reveal some unexpected complications in the oxaspiropen- 
tane-cyclobutanone rearrangement.

The oxidation of benzylidenecyclopropane (I) with an ex
cess of m-chloroperbenzoic acid (MCPBA) in CH2CI2 solution 
at 0 °C gave a 95% yield of 2-phenylcyclobutanone (2) 
(Scheme I). The presumed oxaspiropentane intermediate 3 
was not observed in this reaction, although it has been pre
pared by the sulfur ylide method and shown to isomerize to
2.4 In a similar fashion diphenylmethylenecyclopropane (4) 
was converted into 2,2-diphenylcyclobutanone (5) (Scheme
I).

For comparison purposes, benzylidenecyclobutane (6) was 
subjected to the reaction conditions used for the oxidation of 
1 (Scheme I). In this case, the spiroepoxide 7 was easily ob
tained. The analogous rearrangement of 7 to 2-phenylcyclo- 
pentanone (8) could be accomplished in high yield, but more 
rigorous conditions were required. For example, 8 was formed 
by heating a benzene solution of 7 containing p-toluenesul- 
fonic acid to reflux for several hours, or by simply heating a 
benzene solution of 7 in a sealed tube to 150 °C.

Thus, it appears that the cyclopropyl moiety of 3 seems to 
greatly facilitate its rearrangement relative to that of 7. The 
phenyl substituent of 3 must also contribute to its lability, 
since the parent oxaspiropentane has been isolated from an
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epoxidation reaction conducted under similar conditions to 
those used for l .3a.b These features are explained by proton
ation of the intermediate oxaspiropentane followed by ring 
opening to give a cyclopropylcarbinyl cation (e.g., 9), which 
subsequently undergoes pinacolic rearrangement6 to generate 
a cyclobutanone.3® Stabilization of the intermediate cation 
by cyclopropyl and phenyl substituents should enhance its 
formation.

Further insight into the oxaspiropentane-cyclobutanone 
rearrangement is provided by the MCPBA oxidation of 
irons-2,3-dimethylmethylenecyclopropane (10). In this in
stance, a 40:60 ratio of cis- and irons-2,3-dimethylcyclobu- 
tanone (11 and 12, respectively) was obtained. This product 
ratio appears to be kinetically derived, since thg two cyclo
butanones did not interconvert under simulated reaction 
conditions. Thus, the migrating center has suffered stereo
chemical randomization in the transformation of oxaspiro
pentane 13 into product. This is not consistent with a simple 
alkyl migration mechanism, where retention of configuration 
is the rule for migrating groups.6 However, a more elaborate 
form of the mechanism described above can satisfactorily 
account for the facts (see Scheme II). The key intermediate 
is again a cyclopropylcarbinyl cation. In this instance, the 
initially formed cation 14 (which would be expected to rear
range exclusively to the trans-cyclobutanone 12) isomerizes 
to a secondary cyclopropylcarbinyl cation 15. Rotation about 
the bond joining the cationic carbon to the cyclopropyl ring 
effectively randomizes the initial stereochemistry. Preferential 
migration of the methyl-substituted carbon of 14 now gener
ates both cyclobutanone products.36 (The 2,4-dimethylcy- 
clobutanones expected from migration of the primary cyclo
propyl carbon of 15 were not observed). It is surprising that 
the interconversion of the cyclopropylcarbinyl cations is 
competitive with pinacolic ring expansion, which should be 
an energetically favorable process. An alternative mechanism 
to account for the stereochemical results involves fragmen
tation of 14 to the open-chain cation 16, which then recloses 
efficiently to cyclobutanones 11 and 12.

Additional complications arise with methylenecyclopro
panes substituted on the ring with an ester group. Inter-

IP—
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estingly, the dimethyl ester of Feist’s acid (17; trans-2,3-di- 
carbomethoxymethylenecyclopropane) did not react with 
p-nitroperbenzoic acid (PNPBA).3e Apparently the neigh
boring ester groups greatly deactivate the double bond toward 
epoxidation.7 Reaction of monoester 18 yielded a mixture of 
cyclobutanones 19 and 20 in a 28:72 ratio (Scheme III). These 
products are stable to the reaction conditions. In this case, 
careful workup of the reaction mixture prior to completion of 
the peracid oxidation revealed the formation of an interme
diate. Thus, the NMR spectrum showed (among other signals) 
a sharp doublet at 51.43 (J  = 5 Hz) and a quartet at 8 3.42 (J 
= 5 Hz). No cyclobutanone carbonyl was visible in the IR 
spectrum. Refluxing this material in benzene solution or 
simply passing it through a GLC column transformed it into 
a mixture of cyclobutanones 19 and 20. This information is 
most readily interpreted in terms of the oxaspiropentane 
structure 21 for the labile intermediate. The clean NMR is 
consistent only with a stereoselective epoxidation. The indi
cated stereochemistry is assigned on the basis of peracid at
tack on 18 from the face of the molecule away from the carb- 
ethoxy group. This preference is expected by analogy with 
other rigid olefins possessing neighboring ester functions7 and 
is consistent with the lack of reactivity of 17.

Methylenecyclopropane 22 (a stereoisomer of 18) was oxi
dized to essentially the same mixture of cyclobutanones 19 and 
20 as obtained from 18. The spiropentane intermediate was 
not pursued in this instance, but it surely possesses structure
23. Finally, a mixture of 18, 22, and small quantities of the 
other two stereoisomers 24 and 25 also gave the same mixture 
of cyclobutanones. The small amounts of these other com
pounds would not be expected to perturb product ratios ap
preciably, but the formation of positional isomers of 19 and 
20 would have been observed. Thus, stereochemistry is lost 
in the rearrangement process just as it was with 10, and com
mon intermediates in the reactions of 21 and 23 appear likely. 
The most curious feature of these reactions is that the ob
served products can only be rationalized by preferential mi
gration of the ester-bearing carbon to the electron-deficient 
center of a cyclopropylcarbinyl cation. This is not at all the 
expected substituent effect for such an electron-withdrawing 
group. (The fragmentation-cyclization mechanism mentioned 
above is even less appealing for similar reasons.)

A possible clue to this puzzle was provided by the peracid 
oxidation of methylenecyclopropane 26, a reaction in which 
no cyclobutanone product was observed. Instead, a clean 
conversion to keto lactone 27 took place. This transformation 
can be understood in terms of the mechanism indicated in 
Scheme IV. The key feature of this explanation is intramo
lecular trapping of the cationic center by the neighboring ester 
function to give 28. The indicated ring opening of 28 gives enol 
ether 29, which must have been hydrolyzed to 27 under the 
reaction or workup conditions. Thus, the ester group plays an 
active role in this situation.

EtO,C CO,Et CO,Et
26

A similar intermediate 30 can be proposed in Scheme III. 
In order to account for the loss of stereochemistry the inter
conversion of cyclopropylcarbinyl cations must be a com
petitive process as elaborated above. If, for stereoelectronic 
reasons, the cyclobutanes are formed directly from 30 with 
exclusive migration of the cyclopropyl bond that is coplanar 
with the bridging ester group, then migration of the carbon 
bearing this group follows as a natural consequence of the 
intervention of cation 30. It is not at all clear why cyclobuta
nones are formed from 18 and 22, whereas 26 leads to lactone 
27, although the degree of substitution at the original exocyclic 
olefinic carbon is probably the key difference.

Experimental Section
General. NMR spectra were recorded on a Varian HR-220 spec

trometer. Infrared spectra were recorded on a Perkin-Elmer IR-7 
prism spectrophotometer. Commercial m-chloroperbenzoic acid was 
recrystallized from CH2CI2 and determined to be >99% peracid; p- 
nitroperbenzoic acid was used in commercial form (>97%). Anhydrous 
Na2S0 4  was used as a drying agent.

Peracid Oxidation of Benzylidenecyclopropane (l).8 A mixture 
175 mg of 1 and 400 mg (1.75 equiv) of MCPBA in 5 mL of CH2CI2 was 
stirred at 0 °C for 1  h. The solution was washed successively with so
lutions of NaHCO j. NaHS03, and NaHC03 and dried. Removal of 
the solvent and GLC isolation gave 2-phenylcyclobutanone (2) (95%): 
IR 5.62,6.72,6.93,8.56,13.3,14.3 Mm; NMR 5 2.18 (m, 1), 2.48 (m, 1),
2.98 (m, 1), 3.11 (m, 1), 4.44 (t, 1, J = 5 Hz), 7.19 (m, 5). NMR and IR 
analysis of the crude product indicated only 2 .

Peracid Oxidation of Diphenylmethylenecyclopropane (4).9 
A mixture of 1.0 g of 4 and 1 g of PNPBA was stirred at 25 °C for 24 
h. After addition of 20 mL of pentane and cooling to 0 °C the slurry 
was filtered. Removal of the solvent gave 0.96 g(8 8 %) of 2 ,2 -diphen- 
ylcyclobutanone (5) as a clear liquid: IR 5.61 Mm; NMR 8 2.76 (t, 2, J 
= 8.5 Hz), 3.08 (t, 2, J = 8.5 Hz), 7-7.8 (m, 10). Anal. Calcd for 
Ci6H1 4 0: C, 86.45; H, 5.92. Found: C, 86.4; H, 5.9.

Peracid Oxidation of Benzylidenecyclobutane (6).10 A mixture 
of 80 mg of 6  and 250 mg (2.5 equiv) of MCPBA in 5 mL of CH2CI2 was 
stirred at 0 °C for 30 min, washed successively with solutions of 
NaHCOs, NaHSOs, and NaHC03, and dried. Removal of solvent gave 
75 mg (85%) of l-oxa-2-phenylspiro[2.3]hexane (7): IR 6.72, 6.85, 6.94,
7.08,9.04,10.3,11.5.13.2,14.3 pm; NMR 51.61 (m, 1), 1.83 (m, 2), 2.34 
(m, 2), 2.50 (m, 1), 3.65 (s, 1 ), 7.12 (m, 5). Anal. Calcd for CnHi20: C, 
82.46; H, 7.55. Found: C, 82.3; H, 7.6.

Pyrolysis of 7. A 15-mg sample of 7 in 10 mL of benzene was heated 
in a sealed tube at 150 °C for 24 h. Removal of solvent gave 14 mg 
(93%) of 2-phenylcyclopent,anone (8): IR 5.75,6.74, 6.27,14.4 Mm.u

Acid-Catalyzed Rearrangement of 7. A 10-mg sample of 7 in 10 
mL of benzene was refluxed with 1 mg of p-toluenesulfonic acid for 
24 h. The solution was washed with a solution of NaHC03 and dried. 
Removal of the solvent gave 9.5 mg (95%) of 2-phenylcyclopentanone
(8).

Peracid Oxidation of trans-2,3-Dimethylmethylenecyclo- 
propane (10).12  A mixture of 100 mg of 10 and 0.5 g (2.4 equiv) of 
MCPBA in 5 mL of CH2C12 was stirred at 25 °C for 24 h. GLC analysis 
indicated 50% conversion of 10 to two compounds in a 40:60 ratio. GLC 
isolation gave cis-2,3-dimethylcyclobutanone (1 1 ) and trans-2 ,3 - 
dimethylcyclobutanone (12) (85% total yield) identified by spectral 
comparison. 1 3  Analysis of the crude reaction mixture by NMR and 
IR indicated the presence of starting material and the two cyclobu
tanones. The cyclobutanones were independently shown to be stable
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to a 1:1 solution of MCPBA and m-chlorobenzoic acid in CH2C12 at 
25 °C for 72 h and to the GLC analysis conditions.

Peracid Treatment of 17. A mixture of 1.0 g of 17 and 5.0 g of 
PNPBA in 20 mL of CH2C12 was refluxed for 48 h. After the addition 
of 20 mL of pentane and cooling to 0 °C the slurry was filtered. The 
solvent was removed from the filtrate to give 0.91 g (91%) of recovered
17.

2-Methyl-3-ethylidene-l-carbethoxycyclopropane. To a stirred 
mixture of 65 g of 3-iodo-2-pentene14  and 0.5 g of electrolytic copper 
at 100 °C was added 50 mL of ethyl diazoacetate over a 12-h period. 
Distillation of the resulting mixture [118-121 °C (20 mm)] gave 29 
g of 3-iodo-3-ethyl-2-methyl-l-carbethoxycyclopropane. To this 
material in 600 mL of ether was added 24 g of a 50% oil dispersion of 
sodium hydride, followed by 6  mL of ethanol which caused the solu
tion to reflux. After stirring for 2 h, a solution of 40 mL of acetic acid 
in 40 mL of ether was added cautiously. After 100 mL of H20  was 
added slowly, the solution was washed with H20  and NaHCOs solu
tion and dried. Distillation gave 10 g (63%) of 2-methyl-3-ethyli- 
dene-l-carbethoxycyclopropane [90-95 °C (30 mm)]. GLC analysis 
indicated the presence of the four possible isomers, 24,25,18, and 22, 
in a 5:8:75:12 ratio. Products 18 and 22 were collected by preparative 
GLC. 1 5

Peracid Oxidation of t rans-2-Methy 1-an ti-.'i-ethy lidene-1 - 
carbethoxycyclopropane (18). A mixture of 147 mg of 18 and 183 
mg (1.1 equiv) of PNPBA in 5 mL of CH2C12 was stirred at —15 °C 
for 24 h. The solution was washed successively with solutions of 
NaHCOs, NaHSOs, and NaHC0 3  and dried. Removal of solvent 
under vacuum at 0 °C gave a liquid whose NMR indicated the pres
ence of 2 0 % starting material and 80% of a new product assigned as 
anii-trans-3,4-di methyl-5-carbethoxy-2-oxaspiro[2.2] pentane (21): 
NMR b1.25 (t, 3, J = 7 Hz), 1.26 (d, 3, J = 5 Hz), 1.43 (d, 3, J = 5 Hz),
1.70 (d, 1, J = 5 Hz), 3.42 (quart, 1, J = 5 Hz), 4.03 (m, 2). The rem
aining proton is not visible, but integration shows it to be in the b
1.15-1.30 region.

GLC of this material gave a 25% yield of trans-trans-2,4-di- 
methyl-3-carbethoxycyclobutanone (19) and a 65% yield of trans- 
cis-2,4-dimethyl-3-carbethoxycyclobutanone (20). Compound 19: IR
5.62.5.78.7.30.8.28.8.55.9.70 Mm; NMR b 1.20 (d, 6 , J = 7 Hz), 1.30 
(t, 3, J = 7 Hz), 2.20 (t, 1, J = 7 Hz), 3.46 (quin, 2, J = 7 Hz), 4.18 
(quart, 2, J = 7 Hz). Anal. Calcd for C9H1 4 O3 : C, 63.51; H, 8.29. Found: 
C, 63.2; H, 8.5. Compound 20: IR 5.62,5.80,7.30,8.50,9.70 nm; NMR 
b 1.14 (d, 3, J = 7 Hz), 1.22 (d, 3, J = 7 Hz), 2.75 (d of d, 1, J = 8  Hz, 
J = 7 Hz), 3.48 (m, 1), 3.69 (m, 1 ), 4.17 (m, 2). Anal. Calcd for C9HHO3 : 
C, 63.51; H, 8.29. Found: C, 63.3; H, 8.4.

Independent submission of 19 and 20 to a 1 : 1  mixture of p-nitro- 
benzoic acid and PNPBA in CH2C12 under the above conditions gave 
no interconversion of isomers by GLC analysis.

Oxidation of 18 at 25 °C gave cyclobutanones 19 and 20 in a 28:72 
ratio in 95% yield by GLC analysis against an internal standard.

Peracid Oxidation of 22. A 15-mg sample of 22 was oxidized with 
PNPBA as described above at 25 °C to 19 and 20 in a 25:75 ratio in 
96% yield.

Peracid Oxidation of 2-Methyl-3-ethylidene-l-carbethoxy- 
cyclopropane. The mixture of the four stereoisomers obtained by 
synthesis was oxidized as above at 25 °C to give 19 and 20 in a 27:73 
ratio in 92% yield by GLC.

Rearrangement of 2 1 . The mixture of 18 and 21 obtained above 
was refluxed for 2 h in 2 mL of benzene. Analysis by NMR indicated 
conversion of 21 to 19 and 20. GLC integration indicated 18% 18,21% 
19, and 53% 20.

2,2-Dimethyl-3-isopropylidene-1 -carbethoxycyclopropane
(26). To a mixture of 50 g of tetramethylallene and 0.25 g of electro
lytic copper at reflux was added 100 g of the ethyl diazoacetate over 
a 12-h period. Distillation of the crude reaction mixture gave 20 g of 
starting aliéné and 51 g (52%) of 26: bp 93-96 °C (30 mm). GLC gave 
a pure sample: IR 5.83,7.33,7.49,8.69 pm\ NMR b 1.25 (t, 3, J = 7 Hz),
1.25 (s, 3), 1.28 (s, 3), 1.72 (s, 3), 1.80 (s, 3), 1.86 (m, 1), 4.01 (m, 2). Anal. 
Calcd for CnHiS0 2: C, 72.49; H, 9.95. Found: C, 72.2; H, 10.0.

Peracid Oxidation of 26. A mixture of 1.0 g of 26 and 1.0 g (1 
equiv) of MCPBA in 50 mL of CH2C12 was stirred at 0 °C for 2 h. 
Washing the mixture successively with solutions of NaHC02, 
NaHS03, and NaHCOs and then drying and removal of the solvent 
gave a mixture of starting material (3%) and 3,3,5,5-tetramethyl-4- 
keto-5-hydroxpentanoic acid 6-lactone (27; 91%): IR 5.70, 5.80,7.30,
8.80, 9.04, 10.0 ;tm; NMR 6 1.18 (s, 6), 1.47 (s, 6), 2.67 (s, 2); mass 
spectrum m /e  (rel intensity) 170 (6), 142 (6), 114 (10), 88 (40), 70 (13), 
59 (87), 56 (100). Anal. Calcd for C9Hu0 3: C, 63.51; H, 8.29. Found: 
C, 63.5; H, 8.1.

An experiment using PNPBA at —10 °C under the above conditions 
also gave 27 (95%). An experiment using 10% methanol in CH2C12 as 
the solvent under these conditions gave 27 as the only product 
(90%).

Registry No.— 1, 7555-67-1; 2, 42436-86-2; 4, 7632-57-7; 5, 
24104-20-9; 6, 5244-75-7; 7,66826-70-8; 10,5070-00-8; 17,14750-79-9; 
18, 40897-15-2; 19, 66826-71-9; 20, 66826-67-3; 21, 66826-68-4; 22, 
40897-16-3; 24, 40897-13-0; 25, 40897-14-1; 26, 1131-99-3; 27, 
14744-26-4; 3-iodo-2-pentene, 40897-12-9; ethyl diazoacetate, 623-
73-4; 3-iodo-3-ethyl-2-methyl-l-carbethoxycyclopropane, 66826-69-5; 
tetramethylallene, 1000-87-9.
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T h e  b a s e - c a t a l y z e d  r e a c t i o n  o f  a - c y a n o - o - t o l u n i t r i l e  w i t h  2 - h a l o p y r i d i n e s  ( a n d  a n a l o g u e s )  a f f o r d s  1 1 - c y a n o -  

B / i - b e n z o t h lq u i n o l i z i n - B - o n e  ¡m i n e  (9) a n d  i t s  c o n g e n e r s  in  m o d e s t  y i e l d .  All o f  t h e s e  i m i n e s  a r e  e a s i l y  h y d r o l y z e d  

t o  t h e  c o r r e s p o n d i n g  q u i n o l i z i n o n e s  ( e .g . ,  10). T h e  a c t i o n  o f  h y d r o g e n  b r o m i d e  o n  9 c o n v e r t s  i t  t o  t h e  6 - a m i n o - l l -  

c y a n o a c r i d i z i n i u m  io n  ( 1 1 ) .

Earlier research from this laboratory1 showed that the 
acid-catalyzed cyclization of 2-(2-cyanobenzyl)pyridine (1) 
led to salts of the 6-aminoacridizinium (benzo[b]quinoliz- 
inium) ion. Unfortunately, the only known route to 1 involved 
ring opening of the acridiziniurr. ion in the presence of hy- 
droxylamine followed by dehydration of the resulting oxime. 
While such a reaction sequence should constitute a plausible 
route to derivatives of 2, there appeared to be advantage in

seeking a more direct pathway. The patent literature2-4 had 
reported that phenylacetonitrile (3) in the presence of sodium 
amide would undergo condensation with 2-bromopyridine in 
30-58% yield. It appeared plausible that substitution of the 
commercially available a-cyano-o-tolunitrile (4) for phenyl- 
acetonitrile (3) would afford a 2-(2-cyanobenzyl)pyridine 
derivative (6) similar to I except for an extra nitrile function.

3, X = H
4, X = CN

5, X = H
6, X = CN 
(not isolated)

Since the anion from a-cyano-o-tolunitrile (4) is known to 
undergo self-condensation with great ease,5 the anion was 
generated in the presence of an excess of the o-bromopyridine 
(or o-bromopyridine analogue) by addition of the mixture of 
bromopyridine and nitrile 4 in glyme to a solution of sodium 
ethoxide in the same solvent. The initial reaction mixture was 
yellow-orange, but after a 12-h reflux it had become dark 
brown. Although the product consisted of a complex mixture, 
extraction and crystallization procedures afforded an orange 
solid with physical properties which did not correspond to 
those of any known self-condensation product. Consistent 
with our expectations for the dinitrile 6 the low-resolution 
mass spectrum of the product exhibited a molecular ion at a 
m/e value of 219. However the IR suggested the presence of 
an imine as well as a nitrile function and the UV visible 
spectrum indicated the presence of more conjugation than 
would be possible with the dinitrile 6.

These data plus reactions to be discussed later could be 
explained by assuming that any of the dinitrile 6 formed would 
immediately be converted to its ambident anion 7, which could 
cyclize to anion 8 which, upon acidification, would afford

ll-cyano-6/i-benzo[i>]quinolizin-6-one imine (9). A con
vincing argument for the correctness of 9 as the structural 
formula of the product isolated can be seen in Table I, where 
a direct comparison is made of the electronic spectral data for 
our new product with those of 6H-benzo[ò]quinolizin-6-one 
imine prepared earlier by the addition of hydroxide ion to the
6-aminoacridizinium cation. The close agreement of the 
electronic spectrum of the new product 9 with that of the 
parent compound is remarkable and provides convincing ev
idence that the chromophores of the two systems are very 
similar.

Characteristic of a compound bearing an imine group the 
new product 9 is readily hydrolyzed, even by aqueous acetic 
acid. The hydrolysis is accompanied by a color change, the 
imine (9, Scheme I) being orange while the quinolizinone (10) 
is yellow. An attempt to separate the two compounds (9 and 
10) chromatographically on alumina gave results that indi
cated that even alumina served as a catalyst for the hydrolysis. 
This catalysis was demonstrated by heating the pure imine

Scheme I

CN CN

CN
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Table I. Comparison of Electronic Spectral Data of 
6iT-Benzo[fe]quinolizin-6-one Imine with that of Its 
(presumed) 11-Cyano Derivative (9) in 95% Ethanol 

Solution

6i/-benzo[6]- 
quinolizin-6-one imine“ 11-cyano derivative (9)6
m̂axi HIÏ1 loge m̂axi Jog €

475 3.30 478 3.62
450 3.66 454 3.90
429 3.84 426 3.93
403 4.01 298 4.05
387 3.98 378 3.99
337 3.58
325 3.49 322 3.81

309 3.74
269 4.09

260 4.12 260 4.11
241 4.45 242 4.45
235 4.48 233 4.47

a Registry no.: 7561-83-3. b Registry no.: 66749-71-1.

9, mp 244-245 °C, in 95% ethanol with a small amount of 
suspended alumina. The product isolated in quantitative yield 
was the pure quinolizinone derivative (10), mp 284-285 °C.

This facile hydrolysis has complicated the isolation of a pure 
acridizinium derivative (11). This could be accomplished by 
addition of hydrogen bromide to the imine 9 under essentially 
anhydrous conditions. A comparison of the electronic spectral 
data for 11 (as the tetrafluoroborate salt) with those obtained 
from 6-aminoacridizinium chloride (2) is shown in Table II. 
Again the spectral evidence appears to confirm our structural 
assignment.

Treatment of the cyanoquinolizinone 10 with alkaline hy
drogen peroxide, followed by acidification, gave both the
ll-carboxy-6H-benzo[6]quinolizine-6-one (12) and a dicar - 
boxylic acid 13 formed by opening of the amide linkage. At 
least some of the carboxyquinolizinone 12 may be an artifact 
produced during the acidification process, since it is known 
that a-(2-pyridyl)toluic acid undergoes cyclization rapidly in 
the presence of a trace of mineral acid.2

Similar results were obtained in the condensation of a- 
cyano-o-tolunitrile (4) with 2-bromo-4-methylpyridine, a 29% 
yield of the expected imine (14) being obtained.

1 4 ,  Z  =  N H  1 6

1 5 ,  Z  =  O

Aside from the methyl signal at 8 2.23 the most notable 
feature in the proton NMR of 14 was a signal at 8 7.2-7.9 
corresponding to a proton which exchanged on treatment with 
deuterium oxide. The unsubstituted imine 9 had an ex
changeable proton at 8 8.67. There appears to be a paucity of 
NMR data for the imine signal in the literature: a value of 8
7.37 being reported6 for the ketimine present in the polymer 
of malononitrile and 8 9.4 being listed for the imine resonance 
in diphenylketimine.7 Perhaps accounting in part for the 
scarcity of data, Roberts7 et al. have reported that the imine 
proton is rarely detectable in several common deuterated 
solvents. It was observed that the unsubstituted imine (9) 
underwent exchange in deuteriochloroform even in the ab-

Table II. Comparison of Electronic Spectral Data of
6-Aminoacridizinium Ion with Those 

_______of 6-Amino-11-cyanoacridizinium Ion_________

ll-cyano-6-aminoacridizinium
6-aminoacridizinium ion0 (2)___________ionb (11)

•̂max> log e m̂ax) nm loge

450 2.93
427 3.88 426 3.81
405 4.04 412 4.01
380 4.06 379 4.16
340 3.68 362 4.03
257 4.25 257 4.38
241 4.56
235 4.55 233 5.02

a In 95% ethanol as the chloride. Registry no.: 7547-90-2. b In 
acetonitrile as the tetrafluoroborate. Registry no.: 66749-73-3.

sence of deuterium oxide, although several days were required 
for completion.

The amide (15) obtained by hydrolysis of the methylqui- 
nolizine imine (14) underwent an interesting reaction when 
heated at 150 °C with dimethyl sulfate. On the basis of spec
tral data and elemental analysis the new compound has been 
assigned as 16.

2-Bromopyridine analogues which have been found to un
dergo the condensation-cyelization reaction with a-cyano-
o-tolunitrile include 2-chloro-3-methylpyrazine, yielding 17 
(7%), and 2-chloroquinoline and 2-chloro-4-methylquinoline, 
yielding 19 and 21 in yields of 44 and 49%, respectively.

C N  C H 3
C N

’ r n r V f

U 12I J  | ( ) | 4

Zz 2

1 7 ,  Z  =  N H 1 9 ,  Z  =  N H ;  R  =  H

1 8 ,  Z  =  O 2 0 ,  Z = 0 ; R  =  H

2 1 ,  Z = N H ; R  =  C H 3

2 2 ,  Z  =  0 ;  R  =  C H 3

After completion of this project, but before completion of 
the manuscript, Douglass and Hunt8 described an alternate 
route to 7-cyano-12H-dibenzo[h,/]quinolizin-12-one imine
(19) via the reaction of quinoline 1-oxide with a-cyano-o- 
tolunitrile in the presence of acetic anhydride and triethyl- 
amine. Interestingly, the related dibenzoquinolizine derivative
(20) which they obtained by hydrolysis of 19 had been pre
pared earlier9 by a method similar to ours except that methyl 
a-cyano-o-toluate had been used instead of a-cyano-o-toiu- 
nitrile.

As a route to benzoquinolizine derivatives our method offers 
the advantages of being general yet requiring only a single 
operation using commercially available starting materials, 
advantages which may outweigh the modest yields ob
tained.

Experimental Section
T h e  e l e m e n t a l  a n a l y s e s  w e r e  c a r r i e d  o u t  b y  M - H - W  L a b o r a t o r i e s ,  

G a r d e n  C i t y ,  M i c h i g a n .  M e l t i n g  p o i n t s  w e r e  d e t e r m i n e d  in  c a p i l l a r y  

t u b e s  w i t h  a  T h o m a s - H o o v e r  m e l t i n g  p o i n t  a p p a r a t u s  a n d  a r e  u n 

c o r r e c t e d .  U l t r a v i o l e t  a b s o r p t i o n  s p e c t r a  w e r e  d e t e r m i n e d  w i t h  a  

B e c k m a n  M o d e l  D B - G  s p e c t r o m e t e r  a n d  i n f r a r e d  s p e c t r a  w e r e  t a k e n  

in  K B r  d i s k s  w i t h  a  P e r k i n - E l m e r  M o d e l  2 3 7  s p e c t r o m e t e r .  H  N M R  

s p e c t r a  w e r e  o b t a i n e d  a t  6 0  M H z  o n  a  V a r i a n  T - 6 0  s p e c t r o m e t e r  u s in g  

t e t r a m e t h y l s i l a n e  a s  t h e  i n t e r n a l  s t a n d a r d .
Generalized Condensation-Cyclization Procedure. A  t h r e e -  

n e c k  f l a s k  i s  f i t t e d  w i t h  t w o  r e f l u x  c o n d e n s e r s ,  a  g l a s s - c o v e r e d  m a g 

n e t ic  s t i r  b a r ,  a n d  a  g la s s  s t o p p e r ,  a l l  p r e v i o u s l y  d r i e d  in  a n  o v e n .  A t o p
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o n e  r e f l u x  c o n d e n s e r  i s  p l a c e d  a  d r o p p i n g  f u n n e l ,  a n d  t h e  e n t i r e  s y s 
t e m  i s  p r o t e c t e d  w i t h  c a l c i u m  c h l o r i d e  d r y i n g  t u b e s  a n d  m a i n t a i n e d  
u n d e r  a  s t a t i c  N 2 a t m o s p h e r e .

T h e  f l a s k  i s  c h a r g e d  w i t h  1 . 1 - 1 .2  e q u i v  o f  N a H  a n d  a b o u t  1 0 0  m L  
o f  g l y m e  f r e s h l y  d i s t i l l e d  f r o m  L i A l H 4. A n  e x c e s s  o f  a b s o l u t e  e t h a n o l  
w a s  a d d e d  d r o p w i s e  t o  t h e  N a H  s u s p e n s i o n  u l t i m a t e l y  r e s u l t i n g  i n  
a  c l e a r  s o l u t i o n .

C o m m e r c i a l  g r a d e  a - c y a n o - o - t o l u n i t r i l e ,  p u r i f i e d  b y  v a c u u m  d i s 
t i l l a t i o n  a n d  r e c r y s t a l l i z a t i o n  f r o m  m e t h a n o l  ( 1  e q u i v ) ,  a n d  2  e q u i v  
o f  t h e  2 - h a l o p y r i d i n e  ( o r  a n a l o g u e )  w e r e  d i s s o l v e d  i n  d r y  g l y m e  a n d  
a d d e d  d r o p w i s e  t o  t h e  r a p i d l y  s t i r r e d  m i x t u r e .  I n i t i a l l y  a n  o r a n g e  
s o l u t i o n  i s  g e n e r a t e d  w h i c h  t u r n s  t o  a  b r o w n  s u s p e n s i o n .  A f t e r  a d d i 
t i o n  i s  c o m p l e t e  t h e  m i x t u r e ,  s t i l l  u n d e r  N 2  a t m o s p h e r e ,  w a s  r e f l u x e d  
f o r  1 2 - 2 4  h .

T h e  r e a c t i o n  m i x t u r e  w a s  c o o l e d  t o  r o o m  t e m p e r a t u r e  a n d  p o u r e d  
i n t o  f i v e  v o l u m e s  o f  w a t e r  c o n t a i n i n g  1  e q u i v  o f  N H 4C I  a n d  a  w e i g h e d  
a m o u n t  o f  f i l t e r - a i d .  A n  i m m e d i a t e  p r e c i p i t a t i o n  o c c u r r e d .  T h e  p r e 
c i p i t a t e  w a s  c o l l e c t e d ,  w a s h e d  w i t h  w a t e r ,  a n d  d r i e d  i n  a  v a c u u m  o v e n  
a t  5 0  ° C .  T h e  d r i e d  s o l i d  w a s  e x t r a c t e d  i n  a  S o x h l e t  e x t r a c t o r  f o r  1 5  
h  w i t h  2 0 0  m L  o f  e t h y l  a c e t a t e .  C o n c e n t r a t i o n  o f  t h e  y e l l o w  o r  o r a n g e  
s o l u t i o n  a f f o r d e d  t h e  c y c l i z e d  p r o d u c t ,  w h i c h  f r e q u e n t l y  n e e d e d  p u 
r i f i c a t i o n  b y  c o l u m n  c h r o m a t o g r a p h y  o n  a l u m i n a  i n  a d d i t i o n  t o  
c r y s t a l l i z a t i o n .

ll-Cyano-6ff-benzo[fejquinolizin-6-one Imine (9). S t a r t i n g  
w i t h  2 - b r o m o p y r i d i n e  a n d  f o l l o w i n g  t h e  s t a n d a r d  p r o c e d u r e  9  w a s  
o b t a i n e d ,  m p  2 3 7 - 2 4 2  ° C ,  i n  2 7 %  y i e l d  a f t e r  a n  1 8 - h  r e f l u x .  W i t h o u t  
c h r o m a t o g r a p h y ,  b u t  a f t e r  r e c r y s t a l l i z a t i o n  f r o m  1 - b u t a n o l ,  t h e  a n 
a l y t i c a l  s a m p l e  w a s  o b t a i n e d  a s  l o n g  o r a n g e  n e e d l e s :  m p  2 4 4 - 2 4 5  ° C ;  
U V max (9 5 %  e t h a n o l )  4 7 8  ( s h )  ( lo g  r  3 .6 2 ) ,  4 5 4  s h  ( 3 .9 0 ) ,  4 2 6  ( 3 .9 3 ) ,  3 9 8
( 4 .0 5 ) ,  3 7 8  s h  ( 3 .9 9 ) ,  3 2 2  ( 3 .8 1 ) ,  3 0 9  ( 3 .7 4 )  2 6 9  ( 4 .0 9 ) ,  2 6 0  ( 4 .1 1 ) ,  2 4 2  
s h  ( 4 .4 5 ) ,  2 3 3  n m  ( 4 .4 7 ) ;  I R  ( K B r )  3 3 4 0  ( C = N H ) ,  2 2 0 9  c m “ 1  ( C N ) ;  
m  N M R  (CDCI3 ) 8 6 .7 0  ( m ,  1 ) ,  7 . 1 5 - 8 .0 5  ( m ,  6 ) ,  8 .6 7  ( b r  s ,  1 , C = N H ) ,
9 .2 4  ( d ,  1 , J  =  8  H z ,  C - 4 ) ;  m a s s  s p e c t r u m  m / e  ( r e l  i n t e n s i t y )  2 1 9  ( 7 0 ) ,  
1 9 2  ( 1 0 ) ,  1 6 4  ( 6 ) .  A n a l .  ( C 14H 9N 3)  C ,  H ,  N .

6-Amino-ll-cyanoacridizinium Tetrafluoroborate (11). D r y  
H B r  w a s  b u b b l e d  t h r o u g h  a  s o l u t i o n  o f  0 .4 4  g  o f  t h e  i m i n e  9  i n  4 0  m L  
o f  d r y  g l y m e .  T h e  y e l l o w  p r e c i p i t a t e  w a s  c o l l e c t e d  a n d  d i s s o l v e d  i n  
1 5  m L  o f  h o t  w a t e r .  A f t e r  f i l t r a t i o n  t o  r e m o v e  a  s m a l l  a m o u n t  o f  u n 
d i s s o l v e d  s o l i d  a  c o n c e n t r a t e d  a q u e o u s  s o l u t i o n  o f  s o d i u m  t e t r a f l u 
o r o b o r a t e  w a s  a d d e d ,  p r e c i p i t a t i n g  0  .4 0  g  ( 6 5 % )  o f  t h e  e x p e c t e d  s a l t  
l l .  T h e  s a l t  c r y s t a l l i z e d  f r o m  a c e t o n i t r i l e  a s  y e l l o w  n e e d l e s :  m p  
2 4 7 - 2 4 9  ° C ;  U V max ( C H 3C N )  4 5 0  s h  ( lo g  r  2 .9 3 ) ,  4 2 6  ( 3 .8 1 ) ,  4 1 2  ( 4 .0 1 ) ,  
3 7 9  ( 4 .1 6 ) ,  3 6 2  s h  ( 4 .0 3 ) ,  2 6 8  s h  ( 4 .3 4 ) ,  2 5 7  s h  ( 4 .3 8 ) ,  2 3 3  n m  ( 5 .0 2 ) ;  
I R  ( K B r )  3 3 5 5 - 3 2 1 5  ( N H 2) ,  2 2 2 5  ( C N ) ,  1 0 8 0  c m " 1  ( B F 4) .  A n a l .  
( C 14H 10B F 4N 3)  C ,  H ,  N .

ll-Cyano-6Ji-benzo[b]quinolizin-6-one (10). T o  5  mL o f  w a t e r  
i n  4 5  m L  o f  a c e t i c  a c i d  1 .2 5  g  o f  t h e  i m i n e  9  w a s  a d d e d  a n d  t h e  m i x t u r e  
w a s  r e f l u x e d  f o r  1  h .  T h e  s o l u t i o n  w a s  c o n c e n t r a t e d  t o  2 0  m L .  T h e  
a d d i t i o n  o f  2 0  m L  o f  w a t e r  i m m e d i a t e l y  p r e c i p i t a t e d  1 .2 5  g  ( 9 9 % )  o f  
y e l l o w  s o l i d ,  m p  2 8 3 - 2 8 5  ° C .  T h e  a n a l y t i c a l  s a m p l e  w a s  o b t a i n e d  a s  
l o n g  y e l l o w  n e e d l e s :  m p  2 8 4 - 2 8 5  ° C ;  U V m ax ( 9 5 %  e t h a n o l )  4 5 2  ( lo g  
« 3 .7 0 ) ,  4 2 7  ( 3 .9 3 ) ,  3 9 4  s h  ( 4 .0 4 ) ,  3 8 4  ( 4 .1 7 ) ,  3 6 3  s h  ( 4 .0 6 ) ,  3 0 9  ( 3 .7 8 ) ,  
2 9 6  ( 3 .7 3 ) ,  2 6 5  ( 4 .2 1 )  2 3 8  ( 4 .5 2 ) ,  2 3 5  n m  ( 4 .5 1 ) ;  I R  ( K B r )  2 2 0 8  ( C N ) ,  
1 6 9 0  c m " 1  ( C = 0 ,  a m i d e ) ;  N M R  ( C F 3C O O H )  5 7 .1 0  ( m ,  1 ) ,  7 . 3 3 - 8 .0 7  
( m ,  5 ) ,  8 . 3 0  ( d ,  1 , J  =  7  H z ) ,  8 .9 8  ( d ,  1 , J  =  7  H z ) .  A n a l .  ( C i 4H 8N 20 )  
C , H , N .

S i n c e  t h e  a m i d e  (1 0 )  i s  e a s i l y  f o r m e d  b y  h y d r o l y s i s  o f  t h e  i m i n e  (9 )  
i t  a p p e a r s  a s  a  b y p r o d u c t  i n  i t s  p r e p a r a t i o n .  W h e n  t h e  p r e p a r a t i o n  
o f  l l - c y a n o - 6 H - b e n z o [ 6 ] q u i n o l i z i n - 6 - o n e  i m i n e  ( 9 )  w a s  c a r r i e d  o u t  
e s s e n t i a l l y  a s  d e s c r i b e d  e x c e p t  t h a t  t h e  u n r e c r y s t a l l i z e d  p r o d u c t  w a s  
s u b j e c t e d  t o  c o l u m n  c h r o m a t o g r a p h y  o n  a l u m i n a ,  e l u t i o n  o f  t h e  y e l lo w  
b a n d  ( a m i d e )  a n d  o r a n g e  b a n d  ( i m i n e )  f o l l o w e d  b y  h y d r o l y s i s  w i t h  
d i l u t e  a c e t i c  a c i d  a f f o r d e d  t h e  a m i d e  1 0  i n  3 2 %  y i e l d ,  m p  2 8 3 - 2 8 5  
° C .

A  s i m i l a r  e x p e r i m e n t  c a r r i e d  o u t  w i t h  2 - c h l o r o  i n s t e a d  o f  2 - b r o -  
m o p y r i d i n e  a f f o r d e d  o n l y  a  2 1 %  y i e l d  o f  a m i d e  1 0 .

ll-Carboxy-6H-benzo[b]quinolizin-6-one ( 1 2 ) .  T o  a  s u s p e n s i o n  
o f  0 .2  g  o f  a m i d e  1 0  i n  1 5  m L  o f  9 5 %  e t h a n o l ,  5  m L  o f  2  N  N a O H  w a s  
a d d e d  a l o n g  w i t h  5  m L  o f  3 0 %  H 20 2. A f t e r  t h e  m i x t u r e  w a s  s t i r r e d  f o r  
4  h  a t  r o o m  t e m p e r a t u r e  i t  w a s  r e f l u x e d  f o r  a n  a d d i t i o n a l  2  h .  T h e  
c o o l e d  m i x t u r e  w a s  a c i d i f i e d  a n d  d i l u t e d  w i t h  w a t e r .  E x t r a c t i o n  w i t h  
m e t h y l e n e  c h l o r i d e  a n d  e v a p o r a t i o n  o f  t h e  s o l v e n t  a f f o r d e d  0 .0 9  g  
( 4 0 % )  o f  a  d u l l  y e l l o w  s o l i d ,  w h i c h  T e c r y s t a l l i z e d  t o  a f f o r d  y e l l o w  m i 
c r o c r y s t a l s :  m p  2 0 5 - 2 1 0  ° C ;  I R  ( K B r )  2 6 9 0 - 2 4 9 0 ,  ( C O O H ,  H - b o n d e d ) ,  
1 7 0 2 - 1 6 8 0  ( C = 0 ,  a c i d ,  a m i d e ) ,  1 2 8 5  c m “ 1  ( C O O H ) .  A n a l .  
( C 14 H 9N 0 3 - y 2H 20 )  C ,  H ,  N .

a-(2-Pyridyl)-o-carboxyphenylacetic Acid ( 1 3 ) .  T h e  h y d r o l y s i s  
w a s  c a r r i e d  o u t  a s  f o r  1 2  e x c e p t  t h a t  r e f l u x i n g  w a s  c o n t i n u e d  f o r  1 8  
h  a n d  t h e  r e a c t i o n  m i x t u r e  w a s  c a r e f u l l y  n e u t r a l i z e d .  T h e  r e s i d u e  
o b t a i n e d  b y  e x t r a c t i o n  w i t h  C H 2C 12 a n d  e v a p o r a t i o n  o f  t h e  s o l v e n t

a f f o r d e d  0 .1 8  g  ( 3 2 % )  o f  t h e  d i a c i d  13. P u r e  13 w a s  o b t a i n e d  f r o m  
e t h a n o l  a s  c o lo r l e s s  n e e d l e s :  m p  2 1 7 - 2 2 2  ° C ;  U V max (9 5 %  e t h a n o l )  2 6 6 ,
2 3 1  s h ,  2 2 7  n m ;  I R  ( K B r )  2 6 7 0 - 2 4 7 0  ( H - b o n d e d  C O O H ) ,  1 7 0 5 - 1 6 8 0  
( C — O ) ,  1 2 8 0  c m - 1  ( C O O H ) ;  ' H  N M R  [ ( D 3C ) 2S O ]  5 7 . 4 1 - 8 .2 7  ( m ,  7 ) ,
8 .5 0  - 8 . 6 7  ( m ,  1 ) .  A n a l .  ( C 14 H h N 0 4-V4H 20 )  C , H ,  N .

ll-Cyano-2-methyl-6fl-benzo[b]quinolizin-6-one Imine ( 1 4 ) .  
T h e  s t a n d a r d  p r o c e d u r e  w a s  u s e d  w i t h  2 - b r o m o - 4 - m e t h y l p y r i d i n e  
a n d  t h e  o r a n g e  c h r o m a t o g r a p h i c  b a n d  w a s  c o l l e c t e d  s e p a r a t e l y  a n d  
t h e  s o l v e n t  w a s  r e m o v e d ,  a f f o r d i n g  0 .6 3  g  ( 5 .4 % )  o f  t h e  i m i n e  1 4 , m p  
2 2 7 - 2 2 9  ° C .  R e c r y s t a l l i z a t i o n  f r o m  1 - b u t a n o l  a f f o r d e d  o r a n g e  
p l a t e l e t s :  m p  2 2 9 - 2 3 0 ;  U V m ax ( 9 5 %  e t h a n o l )  4 7 3  s h  ( l o g  t  3 . 4 8 ) ,  4 4 3  
s h  ( 3 .7 8 ) ,  3 9 4  ( 4 X 1 ) ,  3 2 2  ( 3 .7 1 ) ,  3 0 9  ( 3 .6 2 ) ,  2 6 9  s h  ( 3 .9 5 ) ,  2 5 6  s h  ( 3 .9 6 ) ,  
2 3 6  s h  ( 4 .4 1 ) ,  2 3 2  n m  ( 4 .4 3 ) ;  I R  ( K B r )  3 3 1 0  ( C = N H ) ,  2 2 1 0  c m - 1  ( C N ) ;  
J H  N M R  ( C D C 1 3) 8 2 .3 3  ( s ,  3 , 2 - M e ) ,  6 .4 7  ( m ,  1 ) ,  7 . 2 3 - 7 . 9 3  ( m ,  6 , o n e  
H  e x c h a n g e a b l e  w i t h  D 20 ) ,  8 .8 6  ( d ,  1 , J  =  8  H z ) .  A n a l .  ( C i j H n N s )  C ,  
H ,  N .

ll-Cyano-2-methyl-6H-benzo[b]qmnolizin-6-one ( 1 5 ) .  T h e
r e m a i n i n g  o r a n g e - y e l l o w  a n d  y e l l o w  c h r o m a t o g r a p h i c  f r a c t i o n s  f r o m  
t h e  p r e c e d i n g  e x p e r i m e n t  w e r e  c o m b i n e d  a n d  t h e  s o l u t e  w a s  s u b j e c t e d  
t o  h y d r o l y s i s  i n  d i l u t e  a c e t i c  a c i d ,  a f f o r d i n g  2 .7 3  g  ( 2 3 .3 % )  o f  15, m p  
2 6 3 - 2 6 5  ° C .  R e c r y s t a l l i z a t i o n  f r o m  a c e t i c  a c i d  a f f o r d e d  y e l lo w  n e e d l e s :  
m p  2 6 4 . 5 - 2 6 5  ° C ;  U V max ( 9 5 %  e t h a n o l )  4 5 2  s h  ( l o g  e 3 .7 6 ) ,  4 2 0  s h  
( 3 .8 7 ) ,  3 8 2  ( 4 .2 1 ) .  3 6 4  s h  ( 4 .1 8 ) ,  3 0 9  ( 3 .7 2 ) ,  2 9 7  ( 3 .6 7 ) ,  2 6 2  s h  ( 4 .2 4 ) ,
2 3 2  n m  ( 4 .5 7 ) ;  I R  ( K B r )  2 2 1 0  ( C N ) ,  1 6 8 5  c m ' 1  ( C = 0 ,  a m i d e ) ;  XH  
N M R  ( C F 3C O O H )  8 2 .3 9  ( s ,  3 , 2 - M e ) ,  6 .7 8  ( d ,  1 , J  =  7  H z ) ,  6 . 9 6 - 8 . 0 6  
( m ,  5 )  a n d  8 .5 2  ( d ,  1 ,  J  =  7  H z ) .  A n a l .  ( C 1 5 H 10 N 2O )  C ,  H ,  N .

6 -  Methoxy-ll-(lV-methylcarbamoyl)-2-methylacridizinium 
Methylsulfate ( 1 6 ) .  A  s u s p e n s i o n  o f  0 .8 6  g  o f  t h e  a m i d e  (15) i n  1 0  
m L  o f  d i m e t h y l  s u l f a t e  w a s  h e a t e d  f o r  5  h  a t  1 5 0  ° C  a n d  t h e  c o o l e d  
r e a c t i o n  m i x t u r e  w a s  p o u r e d  i n t o  a n h y d r o u s  e t h e r .  T h e  e t h e r  l a y e r  
w a s  d e c a n t e d  f r o m  a n  o i l  w h i c h  w a s  f r a c t i o n a l l y  c r y s t a l l i z e d  f r o m  
e t h a n o l .  F r o m  t h e  m o r e  s o l u b l e  f r a c t i o n  0 .2 5  g  ( 1 8 % )  o f  a  y e l l o w  s o l i d ,  
m p  2 5 5 - 2 5 9  ° C ,  w a s  o b t a i n e d .  T h e  a n a l y t i c a l  s a m p l e  w a s  r e c r y s t a l 
l i z e d  f r o m  a c e t o n i t r i l e :  m p  2 5 9 - 2 6 2  ° C ;  L JV m ax ( 9 5 %  e t h a n o l )  4 2 6  s h ,  
3 4 2 , 3 1 2 , 2 4 2  s h ,  2 2 2  n m ;  I R  ( K B r )  1 6 5 7  c m ' 1  ( C = 0 ,  a m i d e ) ;  1H  N M R  
( C F 3C O O H )  8 2 .5 8  ( s ,  3 , 2 - M e ) ,  3 .8 6  ( s ,  3 ,  C O N H M e ) ,  3 .9 5  ( s ,  3 , 
M e S 0 20 - ) ,  4 .2 5  ( s ,  3 , O M e ) ,  7 . 0 3 - 7 . 3 7  ( m ,  1 ) , 7 . 7 0 - 8 . 2 7  ( m ,  4 ) ,  
8 . 4 7 - 9 . 0 0  ( m ,  2 ) .  A n a l .  ( C i 8H 2o N 20 6S )  C ,  H ,  N .

ll-Cyano-l-methyI-2-aza-6.H-benzo[6]quinolizin-6-one Imine 
(17). U s i n g  2 - c h l o r o - 3 - m e t h y l p y r a z i n e  i n  t h e  g e n e r a l  p r o c e d u r e  t h e r e  
w a s  o b t a i n e d  f r o m  t h e  e t h y l  a c e t a t e  e x t r a c t  a  s o l i d  w h i c h  d i d  n o t  
c o m p l e t e l y  d i s s o l v e  i n  m e t h y l e n e  c h l o r i d e .  R e c r y s t a l l i z a t i o n  o f  t h i s  
r e s i d u e  f r o m  1 - b u t a n o l  y i e l d e d  2 .8 %  o f  t h e  i m i n e  17 a s  d e e p  o r a n g e  
n e e d l e s :  m p  2 4 0 - 2 4 2  ° C ;  U V max (9 5 %  e t h a n o l )  4 5 8  s h  ( lo g  e 3 .9 8 ) ,  4 3 7  
( 3 .9 0 ) ,  3 9 2  ( 3 .9 1 ) ,  3 7 3  ( 3 .8 8 ) ,  3 0 3  s h  ( 3 .7 1 ) ,  2 9 1  s h  ( 3 .7 7 ) ,  2 3 7  n m  ( 4 .4 4 ) ;  
I R  ( K B r )  3 3 2 5  ( C = N H ) ,  2 1 9 8  c m " 1  ( C N ) ;  XH  N M R  ( C F 3 C O O H )  5
3 .6 3  ( s ,  3 , 1 - M e ) ,  7 . 9 0 - 9 . 1 0  ( m ,  7 ) .  A n a l .  ( C i 4H 10N 4) C ,  H ,  N .

ll-Cyano-l-methyl-2-aza-61T-benzo[ft]qumolizin-6-one (18). 
C h r o m a t o g r a p h y  o f  t h e  m e t h y l e n e  c h l o r i d e  s o l u t i o n  a n d  s l o w  e l u t i o n  
w i t h  b e n z e n e  a f f o r d e d  a  y e l l o w  s o l i d  w h i c h  o n c e  r e c r y s t a l l i z e d  f r o m  
1 0 :1  a c e t i c  a c i d / w a t e r  a f f o r d e d  0 .5 1  g  ( 4 .3 5  % ) o f  18: m p  2 7 0 - 2 7 2  ° C  
d e c ;  U V m a x  ( 9 5 %  e t h a n o l )  4 3 8  s h  ( l o g  e 3 .8 8 ) ,  4 2 4  s h  ( 3 .9 7 ) ,  3 8 3  ( 4 0 5 ) .  
3 6 4  s h  ( 4 .0 0 ) ,  2 7 0  s h  ( 4 .0 8 ) ,  2 3 6  n m  ( 4 .4 4 ) ;  I R  ( K B r )  2 2 0 8  ( C N ) ,  1 6 9 0  
c m “ 1  ( C = 0 ,  a m i d e ) ;  XH  N M R  ( C F 3C O O H )  6 3 .6 7  ( s ,  3 , 1 - M e ) ,  7 .6 8  
( d ,  1 , J  =  6  H z ,  C - 4 ) ,  8 .0 1 - 8 .6 4  ( m ,  3 ) ,  8 .8 6  ( m ,  1 ) ,  9 .2 7  ( d ,  1 , J  =  6  H z ,  
C - 3 ) .  A n a l .  ( C i 4H 9N 30 )  C ,  H ,  N .

Condensation-Cyclization with 2-Chloroquinoline and 2- 
Chloro-4-methylquinoline. T h e  s t a n d a r d  p r o c e d u r e  w a s  f o l 
l o w e d .

F o r  i m i n e  19 t h e  y i e l d  w a s  4 4 %  o f  y e l l o w  s o l i d ,  m p  2 0 8 - 2 1 2  ° C ,  
w h i c h  w a s  r e c r y s t a l l i z e d  f r o m  1 - b u t a n o l :  m p  2 1 0 - 2 1 2  ° C  [ l i t .8 2 1 4 - 2 1 5  
° C ) ;  U V m a x  ( 9 5 %  e t h a n o l )  4 6 4  ( l o g  e 3 .7 7 ) ,  4 3 8  ( 4 .0 4 ) ,  4 1 7  ( 4 .0 3 ) ,  3 9 8  
( 3 .9 5 ) ,  3 1 4  ( 4 .0 9 ) ,  3 0 1  ( 4 .0 1 ) ,  2 7 9  ( 4 .0 7 ) ,  2 3 8  n m  ( 4 .5 0 ) ;  I R  ( K B r )  3 2 5 0  
( C = N H ) ,  2 1 9 8  c m ' 1  ( C N ) .  A n a l .  ( C 18 H n N 3) C ,  H ,  N .

I m i n e  21 w a s  o b t a i n e d  ( b e f o r e  c h r o m a t o g r a p h y )  a s  a  y e l l o w  s o l i d ,  
m p  2 1 5 - 2 1 8  ° C ,  i n  4 9 %  y i e ld ,  b u t  t h i s  w a s  p r o b a b l y  c o n t a m i n a t e d  w i t h  
t h e  h i g h e r  m e l t i n g  a m i d e  2 2 .  A  s a m p l e  w a s  p u r i f i e d  b y  c h r o m a t o g 
r a p h y  a n d  r e c r y s t a l l i z a t i o n  f r o m  1 - b u t a n o l :  m p  2 1 1 - 2 1 2  ° C ;  U V m ax 
( 9 5 %  e t h a n o l )  4 6 4  s h  ( l o g  e 3 .8 4 ) ,  4 3 8  ( 4 .0 8 ) ,  4 1 4  ( 4 .0 8 ) ,  3 9 2  s h  ( 4 .0 2 ) ,  
3 1 1  ( 4 .1 6 ) ,  3 0 1  ( 4 .1 7 ) ,  2 7 9  s h  ( 4 .1 2 ) ,  2 3 6  n m  ( 4 .5 1 ) ;  I R  ( K B r )  3 2 4 5  
( C = N H ) ,  2 2 0 3  c m " 1  ( C N ) ;  XH  N M R  5 2 .8 1  ( s ,  3 ,  M e ) ,  7 . 6 7 - 9 . 3 0  ( m ,  
10).

7- Cyano-12IT-dibenzo[b,f]quinolizin-12-one (20) and its 5- 
Methyl Derivative (22). A s  r e p o r t e d  b y  D o u g l a s s  a n d  H u n t 8 t h e  
i m i n e  19 u n d e r g o e s  h y d r o l y s i s  t o  t h e  a m i d e  20, m p  1 9 1 - 1 9 2  ° C  ( l i t .8'9 

1 8 9 - 1 9 0 , 1 9 0  ° C ) .  A n a l .  ( C i 8H i 0N 2O )  C ,  H ,  N .
T h e  h y d r o l y s i s  o f  t h e  h o m o l o g o u s  i m i n e  2 1  g a v e  t h e  e x p e c t e d  a m i d e  

22, w h i c h  c r y s t a l l i z e d  f r o m  a c e t i c  a c i d :  m p  2 3 1 - 2 3 2  ° C ;  U V m a l  ( 9 5 %  
e t h a n o l )  4 2 0  ( 4 .0 5 ) ,  4 0 4  ( 4 .2 6 ) ,  3 8 6  ( 4 .2 4 ) ,  3 0 6  ( 4 .0 8 ) ,  2 9 5  ( 4 .1 1 ) ,  2 7 9  
s h  ( 4 .1 2 ) ,  2 3 6  ( 4 .5 5 ) ,  2 3 2  n m  s h  ( 4 .5 4 ) ;  I R  ( K B r )  2 2 1 3  ( C N ) ,  1 6 7 6  c m ' 1



A Convenient Synthesis of Azidothiophenes J. Org. Chem., Voi 43, No. 18,1978 3539

( C = 0 ,  a m i d e ) ;  4H  N M R  ( C F 3 C O O H )  5 2 .1 9  ( s ,  3 ,  M e ) ,  6 . 7 6  ( s ,  1 ) ,
7 . 0 3 - 7 . 6 3  ( m ,  6 ) ,  7 . 8 8 - 8 . 0 2  ( m ,  1 ) ,  8 . 7 0  ( m ,  1 ) .  A n a l .  ( C 19 H 1 2 N 20 )  C ,  
H ,  N .
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S e v e r a l  a z i d o t h i o p h e n e s  h a v e  b e e n  p r e p a r e d  b y  t r e a t m e n t  o f  l i t h i u m  t h i o p h e n e  d e r i v a t i v e s  w i t h  p - t o l u e n e s u l f o -  
n y l  a z i d e  a n d  s u b s e q u e n t  f r a g m e n t a t i o n  o f  t h e  i n t e r m e d i a t e  t r i a z e n e - l i t h i u m  s a l t s .  H i g h  y i e l d s  h a v e  b e e n  o b t a i n e d  
f o r  a l l  3 - a z i d o  c o m p o u n d s ;  c o n v e r s e l y ,  y i e l d s  a r e  l o w  i n  t h e  c a s e  o f  2 - a z i d o  d e r i v a t i v e s .  2 - A z i d o -  a n d  3 - a z i d o t h i o -  
p h e n e  h a v e  b e e n  c o n v e r t e d  t o  t h e  c o r r e s p o n d i n g  l - ( t h i e n y l ) - l , 2 ,3 - t r i a z o l e s  b y  r e a c t i o n  w i t h  a c e t y l e n e  o r  d i m e t h y l  
a c e t y l e n e d i c a r b o x y l a t e .  T h e r m a l  d e c o m p o s i t i o n  o f  3 - a z i d o t h i o p h e n e  a n d  3 - a z i d o b e n z o [ 6 ] t h i o p h e n e  i n  a c e t i c  a n h y 
d r i d e  o r  i n  a  m i x t u r e  o f  a c e t i c  a n d  p o l y p h o s p h o r i c  a c i d s  h a s  b e e n  i n v e s t i g a t e d  a s  a  p o s s i b l e  r o u t e  t o  t h i e n o o x a -  
z o l e s .

The azido group represents a very attractive starting 
group in organic synthesis.1 Heteroaromatic azides derived 
from five- and six-membered rings containing nitrogen can 
be obtained by nucleophilic displacement of a suitable leaving 
group by azide ion.1’2 Heteroaromatic azides derived from 
five-membered rings containing sulfur and oxygen have re
ceived only scant attention. For example, Gronowitz and co
workers3 reported the preparation of 3-azido-2-formylfurano 
and -thiophen by nucleophilic displacement of the corre
sponding 3-bromo derivatives with azide ion. However, no 
azides could be obtained from 2- and 4-bromo-3-formylthio- 
phene, 5-bromo-2-formylthiophene, and bromothiophenes 
carrying electron withdrawing groups thus limiting the scope 
of this reaction. Moreover this method is unsuited for the 
preparation of the parent azides or those carrying electron 
releasing groups.

We wish to report a convenient synthesis of azidothiophenes 
and some of their reactions. We have found that azidothio
phenes can be obtained by treatment of the corresponding 
lithium derivatives with p-toluenesulfonyl azide and subse
quent fragmentation of the resulting triazene salts.4 Thus, 
treatment of an ethereal solution of 3-lithium thiophene with 
tosylazide at —70 °C for 4-5 h and decomposition of the re
sulting triazene salt with an aqueous solution of tetrasodium 
pyrophosphate at room temperature afforded 3-azidothio
phene (1) in 85% yield.

The azides 2-6,9, and 10 reported in Table I were prepared 
analogously; 3-azido-2-formylthiophene (7) and 4-azido-3- 
formylthiophene (8) were obtained by hydrolysis with 2 N HC1 
of the corresponding acetals (3 and 4).

All 3-azidothiophenes (1 and 3-8) and 3-azidobenzo[6]- 
thiophene (10) are stable compounds which showed no sign 
of decomposition on standing in the dark at room temperature 
for several days; 2-azidothiophene (2) and 2-azidobenzo[5]- 
thiophene (9) are somewhat unstable at room temperature but 
can be stored in the dark at low temperature for some days.

The low yields obtained in the preparation ofcthese two latter 
azides are attributed in part to some decomposition taking 
place during the fragmentation of the intermediate triazene 
salt and workup of the reaction mixture.6

All azido compounds prepared in this work were charac
terized by spectra (IR, NMR, MS) and, when possible, ele
mental analysis.

The IR spectra showed the expected N3 asymmetric 
stretching absorption in the region 2080-2100 cm-1. The mass 
spectra showed, in addition to the parent ion, the expected 
peaks corresponding to loss of a nitrogen molecule [M — 28] 
and peaks due to subsequent loss of HCN. In particular, in the 
mass spectra of 2-azidothiophene (2) and 2-azidobenzo[6]- 
thiophene (9), the molecular ion peaks were noticeably less 
intense than the corresponding peaks of the 3-azido deriva
tives; this trend is in line with the reduced stability observed 
with 2-azido compounds.

Azides 1 and 2 were allowed to react with acetylene and 
dimethyl acetylenedicarboxylate at room temperature for
48-56 h affording the l-(3-thienyl)-l,2,3-triazoles, 11 and 12,

11 R =  H 13, R =  H
12, R =  COOCH3 14, R =  COOCH3

and l - (2-thienyl)-l,2,3-triazoles, 13 and 14, respectively, in 
almost quantitative yield.

On the other hand reaction of 3-azidothiophene (1) with 
acetic anhydride under reflux gave 3-diacetylamino-2-ace- 
toxythiophene (16) in 52% yield as the only identifiable 
product. The formation of compound 16 is not unexpected

0022-3263/78/1943-3539$01.00/0 © 1978 American Chemical Society



3540 J. Org. Chem.., Vol. 43, No. 18,1978 Spagnolo and Zanirato

Table I. Yields and Physical, IR, and Analytical Data of Azidothiophenes (1-10)

compd
registry

no.
yield,

%
mp or bp (mm), 

°C
Ns, 

cm 1

3-azidothiophene (1) 66768-57-8 85 55-56 (15) 2080
2-azidothiophened (2) 66768-58-9 10 a 2100
3-azido-2-formylthiophene ethylene acetal (3) 66768-59-0 65 36-37 2085
4-azido-3-formylthiophene ethylene acetal (4) 66768-60-3 70 100-102 (15) 2095
3-azido-2-methylthiothiophene (5) 66768-61-4 68 103-107 (15) 2090
3-azido-4-methylthiothiophene (6) 66768-62-5 70 33-34 2100
3-azido-2-formylthiophene (7) 56473-97-3 88 b 57-58° 2095
4-azido-3-formylthiophene (8) 66768-63-6 85 h 50-52 2090
2-azidobenzo[b]thiophened (9) 66768-64-7 7 38-40 2085
3-azidobenzo[6] thiophene (10) 66768-65-8 83 54-55 2090

° It was obtained as an oil whose bp could not be determined due to its decomposition on heating. b Obtained by hydrolysis from 
the corresponding acetal.c Lit.3 mp 56.6-57.2 °C. d Satisfactory analytical data (±0.4% for C, H, N, S) were reported for all compounds 
except those noted.

since thermolysis of aryl azides under similar reaction con
ditions is known to lead to the formation of o-acetamidoaryl 
and o-diacetylaminoaryl acetates presumably via rearrange
ment of the intermediate 0 ,/V-diatylarylhydroxylamines.7

Under the same conditions 2-azidothiophene (2) did not 
give any identifiable products and 3-azidobenzo[6] thiophene
(10) gave small amounts (18%) of 3-diacetylamino-2-acetox- 
ybenzo[6]thiophene (17) together with a solid which has been 
tentatively assigned the 3-acetamido-2-acetoxybenzo[b]- 
thiophene (18) structure.

NHCOCH3 Nc

9  \s
.cocHa
C0 CH3

0 COCH3

15 16

Attempts to obtain 2-methylthieno[3,2,d]oxazole (19) and
2- methyl[l]benzothieno[3,2-d]oxazole (20) by heating com
pounds 16 and 17, respectively, at 250-350 °C, in the absence 
or presence of phosphorus pentoxide,8 were unsuccessful. 
Thermolysis of 3-azidothiophene (1) and 3-azidobenzo[6]- 
thiophene (10) in a mixture of polyphosphoric and acetic 
acids9 was likewise unsuccessful; in these instances 3-aceta- 
midothiophen-2(57/)-one (15) (64%) was formed from azide 
1 and compound 18 (34%) from azide 10 (cf. a previous rep
ort100 of the failure of this method for the synthesis of the
8,8-dioxide of 2-methyl[l]benzothieno[3,2-d]oxazole from
3- azidobenzo[b]thiophen 1,1-dioxide).

In summary, azidothiophenes are obtained in fair to good 
yields by treatment of lithium thiophene derivatives with 
p-toluenesulfonyl azide and subsequent fragmentation of the 
intermediate triazene-lithium salts. This procedure offers a 
convenient general route to the synthesis of azidothiophenes, 
thus allowing an extensive investigation of their chemical 
reactivity.

Experimental Section
All melting points are uncorrected. 2-Bromothiophene,11 3-bro- 

mothiophene,12 2-formyl-3-bromothiophene ethylene acetal,13 3- 
formyl-4-iodothiophene ethylene acetal,14 3-bromo-4-methyl-

thiothiophene,14 3-bromo-2-methylthiothiophene,15 and 3-bromo- 
benzo[6]thiophene16 were prepared as described in the literature. IR 
spectra are for solutions in carbon disulfide unless otherwise stated; 
NMR spectra were recorded in carbon disulfide at 60 MHz on a JEOL 
C 60 HL using Me4Si as internal standard; mass spectra were recorded 
on a JEOL DMS 100 instrument.

Preparation of Azidothiophenes (1-6) and Azidobenzo[b]- 
thiophenes (9 and 10). General Procedure. A solution of the ap
propriate bromothiophene derivative or 3-bromobenzo[6]thiophene 
(0.05 mol) in 20 mL of dry ether was added dropwise with stirring at 
—70 °C to n-butyUithium, 35 mL, 1.6 N in ether. The reaction mixture 
was stirred for 45 mm at -70 °C, after which an ethereal solution of 
tosylazide17 (0.055 mol) was added dropwise. After the addition was 
complete the resulting mixture was stirred for 5 h at —70 °C and the 
yellow triazene salt which had formed was rapidly filtered off and 
washed several times with dry ether. This material was then sus
pended in 150 mL of dry ether and treated at 0 °C with a solution of
22.5 g (0.05 mol) of 'etrasodium pyrophosphate decahydrate in 250 
mL of water. After stirring overnight at room temperature the ether 
layer was separated and the aqueous solution was extracted twice with 
pentane. The combined organic layers were washed with water and 
dried. The solvent was evaporated and the residue was chromato
graphed on a Florisil column using petroleum ether (bp 30-60 °C) as 
eluant.

2- Azidobenzo[6]thiophene was prepared by the same procedure 
except that direct metalation of benzo[fa]thiophene was effected with 
a refluxing ether solution of n-butyllithium.

3- Azido-2-formylthiophene (7) and 4-azido-3-formylthiophene (8) 
were obtained from the corresponding ethylene acetals (3 and 4) by 
hydrolysis with 2 N HC1 solution at room temperature.

Yields and physical, IR, and analytical data are collected in Table
I.

l - ( 2-Thienyl)- and l-(3-Thienyl)-l,2,3-triazoles (11-14). 
General Procedure. About 2 molar equiv of acetylene or di
methyl acetylenedicarboxylate were added to 20 mL of an acetone or 
benzene solution respectively of azides 1 and 2 (500 mg). The reaction 
mixture was allowed to stand at room temperature for 24-56 h until 
TLC showed the absence of azide. The excess solvent was removed 
and the residue was chromatographed on a silica gel column using 10% 
ether-pentane as eluant.

l-(2-Thienyl)-l,2,3-triazole (13) was obtained in 95% yield as 
white plates: mp 58-60 °C; NMR h 7.04 (3 H, m), 7.59, and 7.78 (AB 
q, J = 1.2 Hz); mass spectrum, m/e 151 [M+], 123,122, 96, 70. Anal. 
Calcd for C6H6N3S: C, 47.66; H, 3.33; N, 27.78; S, 21.20. Found: C, 
47.68; H, 3.32; N, 27.85; S, 21.35.

l-(3-Thienyl)-l,2,3-triazole (11) was obtained in 96% yield as 
white needles: mp 70-72 °C; NMR 5 7.50 (3 H, m), 7.70 and 7.92 (AB 
q, J = 1.2 Hz); mass spectrum, m/e 151 [M+], 123,122, 96,83. Anal. 
Found: C, 47.75; H, 3.37; N, 27.85; S, 21.15.

4.5- Dimethoxycarbonyl-l-(2-thienyl)-l,2,3-triazole (14). This 
product was obtained in 95% yield as white needles: mp 56-57 °C; 
NMR S 3.80 (6 H, s), 7.20 (3 H, m); mass spectrum, m/e 267 [M+], 239, 
208,207,149. Anal. Calcd for C10H9N3O4S: C, 44.94; H, 3.39; H, 15.72; 
S, 11.99. Found: C, 45.05; H, 3.38; N, 15.65; S, 12.03.

4.5- Dimethoxycarbonyl-l-(3-thienyl)-l,2,3-triazole (12 ). This 
product was obtained in 92% yield: mp 91-92 °C; NMR 5 3.98 (6 H,
s), 7.40 (3 H, m); mass spectrum, m/e 267 [M+], 239, 208,207,149,83. 
Anal. Found: C, 44.98; H, 3.35; N, 15.81; S, 11.86.

Thermal Decomposition of 3-Azidothiophene (1) in Acetic 
Acid-Polyphosphoric Acid. A mixture of the 3-azidothiophene (0.5
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g), polyphosphoric acid (4 g), and acetic acid (10 mL) was stirred and 
heated at 100 °C for 1 h and then poured on ice. Extraction with 
chloroform gave a solid which was chromatographed on silica gel. 
Elution with 20% ether-pentane furnished 3-acetamidothiophen- 
2(5H)-one (15) (0.4 g, 64%); mp 153-155 °C; IR rmax 3380 (NH), 1705 
(amide 0 = 0 ) ,  and 1675 cm' 1  (C = 0 ); NMR (CDC13) 5 2.21 (3 H, s),
4.03 (2 H, d, J =  3.1 Hz), and 7.87 (1 H, t, J = 3.1 Hz); mass spectrum, 
m/e 157 [M+], 115,86. Anal. Calcd for C6H7N 0 2S: C, 45.85; H, 4.49; 
N, 8.92; S, 20.39. Found: C, 45.90; H, 4.50; N, 8.89; S, 20.30.

Thermal Decomposition of 3-Azidothiophene (1) in Acetic 
Anhydride. A solution of 3-azidothiophenone (0.4 g) in 6  mL of acetic 
anhydride was refluxed for 6  h (until TLC showed that no starting 
material was left). The reaction mixture was poured into water and 
extracted with chloroform. The combined extracts were washed with 
water, dried, and evaporated to give an oily residue which was chro
matographed on silica gel. Elution with pentane afforded 3-dia- 
cetylamino-2-acetoxythiophene (16) (0.4 g, 52%) as a yellow oil: bp 
118-120 °C (1 mm); IR rmaz 1780 (ester C = 0 ) and 1720 cm- 1  (amide 
0 = 0 ) ;  NMR 5 2.20 (6  H, s), 2.24 (3 H, s), 6.47 and 6.77 (AB q, J =  5.6 
Hz); mass spectrum, m/e 241 [M+], 199, 157, 139. Anal. Calcd for 
CioHn N 0 4S: C, 49.80; H, 4.56; N, 5.80; S, 13.27. Found: C, 49.85; H, 
4.54; N, 5.86; S, 13.21.

The same compound (16) was obtained in quantitative yield from
3-acetamidothiophene-2(5H)-one (15) in refluxing acetic anhy
dride.

Thermal Decomposition of 3-Azidobenzo[ hjthiophenc in 
Acetic Anhydride and in an Acetic Acid-Polyphosphoric Acid 
Mixture. Decomposition of 3-azidobenzo[6]thiophene (10) (0.5 g) 
in boiling acetic anhydride (10 mL) as described above for 3-az- 
idothiophene led, after column chromatography, to (i) trace amounts 
of an unidentified yellow oil, (ii) 3-diacetylamino-2-acetoxyben- 
zo[6 ]thiophene (17) (0.15 g, 18%) as white plates, and (iii) a solid 
material (18) (0.25 g). 17 had: mp 117-118 °C; IR (CHCI3 ) vmax 1775 
(ester 0 = 0 )  and 1720 cm- 1  (amide C = 0 ); NMR 8 2.4 (9 H, s), 7.4 (4 
H, m); mass spectrum, m/e 291 [M+], 249,207,189,165. Anal. Calcd 
for C14H 1 3 NO4S: C, 57.72; H, 4.50; N, 4.81; S, 11.00. Found: C, 57.78; 
H, 4.48; N, 4.89; S, 10.93.18 had: mp 148-152 °C; IR (CHCI3) ¡ w  3410 
(NH), 1775 (ester C = 0 ), and 1690 cm- 1  (amide C = 0 ); NMR 2.1 (3 
H, s), 2.28 (3 H, s), 7.3 (4 H, m); mass spectrum, m/e 249 [M+], 207,
165,164,136,86,84.

A satisfactory elemental analysis could not be obtained for 18.
Thermolysis of azide 10 (0.5 g) in a mixture of polyphosphoric acid 

(4 g) and acetic acid ( 1 0  mL) at 100 °C gave, after chromatography: 
(a) a solid material (0.1 g), mp 140-150 °C, whose spectral analysis 
showed it to be a mixture of products, the major component being 
compound (18); and (b) a complex mixture of unidentifiable products 
(0.3 g).
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Syntheses of Indoles and Carbolines via Aminoacetaldehyde Acetals1
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Aminoacetaldehyde dimethyl acetal has been condensed with 1,3-cyclohexanediones and cyclized with acid to 4- 
oxo-4,5,6,7-tetrahydroindoles. These oxoindoles have, in turn, been condensed with formaldehyde and methylami- 
noacetaldehyde dimethyl acetal and cyclized with acid to octahydro-/3-carboline derivatives. Indole has been con
densed with formaldehyde and methylaminoacetaldehyde dimethyl acetal and cyclized with acid to a tetrahydro-
7-carboline derivative.

For several years, we have used aminoacetaldehyde ace
tals in the synthesis of isoquinoline derivatives.2 In this paper, 
we would like to present a modified experimental procedure 
for the use of these versatile acetals for the synthesis of 4- 
oxo-4,5,6,7-tetrahydroindoles3 and to extend the work to fi- 
and 7-carboline systems.

0022-3263/78/1943-3541$01.00/0

4-Oxo-4,5,6,7-tetrahydroindoles, prepared by an alternate 
route,4 have been developed5-6 as synthetic intermediates. In 
a preliminary communication,3 we described the preparation 
of these compounds (1 — 3, Scheme I) by an extremely simple 
process. The synthesis involves a remarkably stable enamine 
2, which undergoes an intramolecular condensation to yield

© 1978 American Chemical Society
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Table I. 4-Oxo-4,5,6,7-tetrahydroindoles
0

3

Registry Yield,
Compd no. R R' % Mp, °C

3a 13754-86-4 H H 33 184-186“
3b 20955-75-3 CH3 H 33 182-1836
3c 13671-74-4 H c6h 5c -

h 2
61 81-82“

3d 66842-60-2 CH3 c6h 5c -
h 2

57 Viscous liquid

3e 51471-08-0 H c h 3 60 84-86d
3f 20955-76-4 CH3 c h 3 65 109-1106
0 Lit.12 mp 188-190 °C. b Analytical data were within ±0.3% 

for C, H, N. c Lit.4 mp 80-81.5 °C. d Lit.12 mp 85-86 °C.

the 4-oxotetrahydroindole 3. The synthesis is similar to one 
described by Gomez Sanchez and co-workers,7’8 involving the 
reactions between D-glucosamine (as the aminoaldehyde) and
1,3-diketones. The compounds prepared are described in 
Table I. The proton NMR spectra of these indoles showed 
characteristic peaks at h 6.7 (t, J = 3 Hz, 1, H-2) and 6.5 (t, J 
= 3 Hz, 1, H-3) for 3a, and similar peaks were observed for 3b. 
For compounds 3c, 3d, 3e, and 3f these protons (H-2 and H-3) 
appear as single peaks in the region of ¿i 6.5-6.7.

The precise experimental procedures for the preparation 
of 3a, 3b, 3c, and 3d have been changed from the original 
publication3 (see ref 9). In more recent papers, similar ring 
closures of enamine acids10 and methylaminovinyl com
pounds11 have been described.

Scheme I
0

+ R'NHCHzCH(OCH3)2
0

R
1

0 0 

_  jl ? H (0C iu  i c  r .  r V m

TT v  f
| » I
R' R'

2 3

Table II. Condensation Products from 3, 
Methylaminoacetaldehyde Dimethyl Acetal, and 

Formaldehyde

0

4

Compd Registry no. R R' Yield, %
4a 66842-61-3 H H 59
4b 66842-62-4 CH3 H 88
4c 66842-63-5 H C6H5CH2 73 (crude)
4d 66842-64-6 c h 3 c6h 6c h 2 34 (45 crude)
4e 66842-65-7 H CH3 61 (92 crude)
4f“ 66842-66-8 c h 3 c h 3 65
“ This compound was crystalline and melted at 71-72 °C. The

others were viscous oils.

The general method involving Mannich reactions with 
aminoacetals13 was applied to the oxoindoles 3 and indole it
self to yield 0-carboline derivatives (Scheme I) and a 7 -car- 
boline derivative (Scheme II), respectively. The oxoindoles 
3 described in Table I were allowed to react with formaldehyde 
and methylaminoacetaldehyde dimethyl acetal in glacial 
acetic acid14 to yield the condensation products 4 listed in 
Table II. These materials were mostly viscous liquids and were 
not completely characterized. Their NMR spectra exhibited 
the expected peaks. Evidence for the fact that the Mannich 
reaction takes place at C-2 rather than C-3 of the oxoindoles 
is derived from the 13C NMR spectra of the products 4. Car
bons 2 and 3 of 3f were shown to appear at 124.3 and 105.7 
ppm (downfield from Me4Si), respectively, by correlation with 
known spectra of pyrrole15 and indole16 and their derivatives. 
After the addition of the side chain (as shown in 4f), these 
carbons appeared at 132.4 and 103.4 ppm, a shift of +8.1 for 
carbon 2 and —2.3 for carbon 3. For pyrrole15 these shifts are 
+9.4 and —1.9, respectively. For indole they are +10.5 and 
—2.2.16 Indole gave the corresponding Mannich base 7 as an
ticipated.14

Ring closure of the Mannich bases 4a-f and 7 to the corre
sponding hydroxy compounds was carried out by treatment 
with dilute HC1.17’18 4-Hydroxy-iV-methyl-l,2,3,4-tetrahy- 
dro-7-carboline (8) was obtained in 62% yield. The products

Scheme II

Cu
I

H

9



Indoles and Carbolines via Acetals J. Org. Chem., Vol. 43, No. 18,1978 3543

Table III. 2-Methyl-4-hydroxy-5-oxo-l,2,3,4,5,6,7,8- 
octahydro-d-car bolines °

O OH

Compd
Registry

no. R R'
Yield,

% Mp,°C
5a 66842-67-9 H H 20 173-175
5b 66842-68-0 CH3 H 56 178-180
5c 66842-69-1 H c6h 5c h 2 86 154-156
5d 66842-70-4 c h 3 c6h 6c h 2 57 135-136
5e 66842-71-5 H c h 3 63 157-159
5f 66842-72-6 c h 3 c h 3 77 159-160
° Analytical data were within ±0.4% for C, H, N.

Table IV. 2-Methyl-5-oxo-l,2,3,4,5,6,7,8-octahydro-lS- 
carbolinesa
0

Registry Yield,
Compd no. R R' % Mp,°C

6a 66842-73-7 H H 59 193-195
6b 66842-74-8 CH3 H 57 227-229
6c 66842-75-9 H C6H5CH2 55 124-125
6d 66842-76-0 CH3 c6h 5c h 2 50 131-133
6e 66842-77-1 H c h 3 45 166-168
6f 66842-78-2 CH3 c h 3 74 130-131

“ Analytical data were within ±0.35% for C, H, N for all new
compounds in the table except for 6a, where they were C, +0.75, 
H, +0.60, and N, -0.35.

derived from 4a-f are described as 5a-f in Table III. The 
proton NMR spectra of these compounds showed a charac
teristic broad triplet (J = 4-6 Hz) for H-4 in the 5 4.75-5.1 
region. However, this proton (H-4) was buried beneath the 
benzyl protons in compounds 5c and 5d.

The hydrogenolysis of the various hydroxy compounds, 
5a-f and 8, was accomplished with some difficulty over pal
ladium on carbon.19 The time and temperature of the hy
drogenolysis were varied to accomplish the desired results. In 
no case was an /Y-benzyl group removed by hydrogenolysis. 
The known compound iV-methyl-l,2,3,4-tetrahydro-7 -car- 
boline (9)20 was obtained in 66% yield. The various /¡-carboline 
derivatives (6a—f) are described in Table IV.

Experimental Section
Melting points were measured on a Thomas-Hoover capillary 

melting point apparatus or on a Reichert hot stage apparatus and are 
uncorrected. Proton NMR spectra were determined in CDCI3 with 
a Me4Si standard on a Varian A-60 instrument. The proton noise- 
decoupled 13C NMR spectra were measured in CDCI3 on a Bruker 
WP-60 FT spectrometer with 8K computer memory using a 10 mm 
sample tube. Spectra were recorded on a 4000 Hz sweep width at 15.08 
MHz using the fast Fourier transform technique. All solvent evapo
rations were carried out on a Biichi rotary vacuum evaporator. 
Analyses were carried out by Baron Consulting Co., Orange, Conn.

4-Oxo-4,5,6,7-tetrahydroindoles 3a, 3b, 3e, and 3f. A mixture 
of 4.48 g (0.04 mol) of 1,3-cyclohexanedione, 6.4 g (0.06 mol) of ami- 
noacetaldehyde dimethyl acetal, and 0.2 g of p-toluenesulfonic acid 
in 150 mL of benzene was heated to reflux for 24 h with continuous 
removal of H2O through a Dean-Stark tube. The benzene was evap
orated, and the orange residue was treated with an ice-cold mixture 
of 60 mL of 3 N HC1 and 50 mL of CHCI3. The mixture was stirred for 
a few minutes at room temperature, and the aqueous acidic layer was 
separated and transferred to a continuous extraction apparatus de
signed for extraction with heavier-than-H20 liquids. The mixture was 
extracted with CHCI3 overnight or until no more material was ex
tracted. A few chips of CaC03 were placed in the CHCI3 reservoir to 
neutralize any acid which might be extracted.21 After removal of the 
solvent from the extract, the residue was dissolved in 10 mL of ben- 
zene/acetone (4:1) and placed on top of a short column (2.4 X 11 cm) 
of silica gel22 and eluted with benzene/acetone (4:1). Fractions of 75 
mL were taken. The product, 3a (1.8 g), obtained from fractions 2, 3, 
and 4, was crystallized from benzene/hexane. Compounds 3b, 3e, and 
3f were prepared in the same manner. Compound 3f had the following 
spectral properties: 'H NMR (CDC13) S 6.57 (s, 2, H-2 and H-3); 13C 
NMR (CDCI3) (downfield from Me4Si) 124.3 (C-2) and 105.7 (C-3) 
ppm.

4-Oxo-4,5,6,7-tetrahydroindoles 3c and 3d. A mixture of 2.24 g 
(0.02 mol) of 1,3-cyclohexanedione, 5.85 g (0.03 mol) of Al-benzyla- 
minoacetaldehyde dimethyl acetal, 70 mL of benzene, and 0.1 g of 
p-toluenesulfonic acid was heated to reflux for 24 h with continuous 
removal of H20 with a Dean-Stark tube. The benzene was removed, 
and the residue was heated to 45-50 °C with 30 mL of 3 N HC1 for 4 
h. A gummy material separated. The mixture, gum and all, was ex
tracted with CHCI3, washed (H20), dried (Na2SO,i), and concentrated 
to give 3.75 g of dark red viscous material. This was dissolved in 10 
mL of benzene/acetone (4:1) and chromatographed over silica gel as 
described for 3a to give 2.75 g of 3c which was crystallized from ben
zene/hexane. Compound 3d was prepared in the same manner.

Mannich Bases Derived from Compounds 3. A solution of 0.01 
mol of the 4-oxo-4,5,6,7-tetrahydroindole in 5 mL of acetic acid was 
treated with 0.012 mol of methylaminoacetaldehyde dimethyl acetal. 
The mixture was heated to 70-75 °C for 2 h, cooled, diluted with about 
50 mL of H20, and extracted with ether to remove any nonbasic ma
terial. The aqueous acidic layer was basified (NH4OH) and extracted 
with CHCI3. The CHCI3 layer was washed (H20), dried (Na2S04), 
concentrated to a residue, dissolved in 15 mL of benzene/acetone (4:1), 
and chromatographed over a silica gel column as described for 3a. The 
eluents were concentrated to give the Mannich bases which, except 
for 4f, were viscous oils. Compound 4f melted at 71-72 °C and had 
the following spectral properties: XH NMR (CDCI3) S 6.5 (s, 1, H-3) 
and 4.54 (t, 1, -CH(OCH3)2); 13C NMR (CDC13) (downfield from 
Me4Si) 132.4 (C-2) and 103.4 (C-3) ppm.

4- Hydroxy-l,2,3,4,5,6,7,8-octahydro-5-oxo-d-carbolines 5. 
General Procedure. A solution of the appropriate Mannich base 4 
(0.005 mol) in 15 mL of 8 N HC1 was warmed to 60-70 °C for 5 min. 
After cooling, the mixture was washed (CHC13), basified (NH4OH), 
and extracted with CHCI3. The CHC13 extract was washed (H20), 
dried (Na2S04), concentrated to a residue, and crystallized to yield 
the product (5a from chloroform/hexane; 5b from acetone/hexane; 
and 5c, 5d, 5e, and 5f from benzene/hexane).

5- Oxo-1,2,3,4,5,6,7,8-octahydro-d-carbolines 6. A mixture of the 
hydroxycarboline 5 and an equal weight of 5% Pd/C, 8 N HC1 (5 mL 
per 0.1 g of carboline), and ethanol (5 mL per 0.1 g of carboline) was 
hydrogenated in a Paar apparatus at 16 psi until no more hydrogen 
was absorbed. The hydrogenations of 5a, 5b, 5e, and 5f were carried 
out at room temperature, and those of 5c and 5d were carried out at 
60-65 °C. The catalyst was removed by filtration, and the filtrate was 
concentrated to a small volume, basified (NH4OH), and extracted 
with CHCI3. The CHCI3 layer was washed (H20), dried (Na2S04), and 
concentrated to a residue which was crystallized to give the product 
(6a from ether; 6b and 6e from chloroform/hexane; and 6c, 6d, and 
6f from benzene/hexane).

Mannich Base 7. This compound was prepared from indole by a 
method identical with that described above for 3 except that the 
formaldehyde was added dropwise and the solution was not heated 
but was allowed to stir for 1 h. The product, 4 g (80%), was obtained 
by triturating the crude final residue (see procedure for 4) with hex
ane. The compound melted at 79-80 °C. Anal. Calcd for Ci4H2oN202: 
C, 67.72; H, 8.12; N, 11.28. Found: C, 67.97; H, 8.05; N, 11.22.

4-Hydroxy-2-methyl-l,2,3 ,4-tetrahydro-7 -carboline (8). 
Compound 7 (2 g, 0.01 mol) was added to 60 mL of 6 N HC1 which had 
been previously cooled to 0 °C. The solution was stirred at 0 °C for 
1 h and at room temperature for 3.5 h and then basified (NH4OH) and 
extracted with CHCI3. The CHCI3 layer was washed (H20), dried
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(Na2SC>4), and evaporated to give 1 g (62%) of 8 which was recrystal
lized from CHCI3 to give the product, mp 205-207 °C. Anal. Calcd for 
Cl2HuN20: C, 71.76; H, 6.98; N, 13.85. Found: C, 70.99; H, 6.89; N, 
13.87.

2-Methyl-l,2,3,4-tetrahydro-y-carboline (9). A mixture of 0.202 
g of 8,0.2 g of 5% Pd/C, 10 mL of 6 N HC1, and 10 mL of ethanol was 
hydrogenated at 17 psi for 16 h at room temperature. The product was 
isolated as described above for 6. The final residue was triturated with 
benzene to give 0.123 g (66%) of crystalline 9 with mp 163-165 °C. 
After recrystallization from acetone/benzene, the compound melted 
at 172-173 °C (lit.20 mp 171-172 °C).
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Cyclization of the products of reaction between phenacyl bromide and 4,6-dimethyl-2-pyrimidone and 2-methyl-
4-pyrimidone gave the 6- and 8-azaindolizinones 7 and 9, which on reaction with phosphoryl chloride gave the cor
responding 5- and 7-chloro-6- and -8-azaindolizines 2 and 5, respectively. The substitution of chlorine from 2 and 
5 by hydroxide, methoxide, and amide was investigated; displacement of chlorine by all these nucleophiles occurred 
with the 5-chloro-6-azaindolizine 2, whereas only méthoxylation occurred with the 7-chloro-8-azainolizine 5. Reac
tion of 2 with phosphoryl chloride gave the peri condensed structure 13. Formylation of the product of ammonolysis 
of 2 gave the l,7-diazacyclo[3.2.2]azine 16.

Both 6- and 8-azaindolizines can be formally classified 
as ir-excessive1 heteroaromatic systems and as such would be 
expected to show a propensity toward electrophilic rather than 
nucleophilic substitution processes. Electrophilic substitution 
of both 6- and 8-azaindolizines has been shown2’3 to occur 
preferentially at C-3 and then at C-l, findings which are 
broadly in agreement with theoretical MO calculations.4’5 
Although the 6- and 8-azaindolizines are it excessive, the MO 
calculations indicate both systems to have sites of considerable 
electron deficiency. The sites of minimum electron density, 
as might be expected, occur within the pyrimidine moiety 
specifically at C-5 and C-7, the C-5 site being the most defi
cient for the 6-aza- and the C-7 site for the 8-azaindolizine 
system.

Although nucleophilic displacement from pyrimide and 
other -ir-deficient1 heteroaromatic systems is common, even 
hydride ion displacement being possible,6 no instances of 
successful nucleophilic displacement from the indolizine 
nucleus have been reported, and of the seven possible azain
dolizines only the 1-azaindolizine system has been shown to 
undergo nucleophilic displacement of chlorine.7-9 In this paper

we describe the reactivity of the chlorine in 5-chloro-7- 
methyl-2-phenyl-6-azaindolizine (2) and 7-chloro-2-phenyl-
8-azaindolizine (5). Attempts to effect direct nucleophilic 
subtitution on 7-methyl-2-phenyl-6-azaindolizine (1) by 
treatment with sodamide or sodium methoxide at tempera
tures up to 180 °C merely resulted in decomposition or at 
lower temperatures in the recovery of starting material.

The chloro-6- and 8-azaindolizines 2 and 5 were prepared 
by heating the corresponding 6- and 8-azaindolizinones 7 and 
9 with phosphoryl chloride. 7-Methyl-2-phenyl-6-azaindol- 
izin-5(6//)-one (7) and 2-phenyl-8-azaindolizine-7(8//)-one
(9) were each obtained by reacting 4,6-dimethyl-2-pyrimidone 
and 2-methyl-4-pyrimidone, respectively, with phenacyl 
bromide. In each reaction the minor product was the corre
sponding azaindolizinone 7 and 9 and the major product the 
corresponding iV-phenacylpyrimidones 11 and 12 which were 
readily cyclized to the 6- and 8-azaindolizinones 7 and 9 by 
heating at 180 CC. While the reaction of 4,6-dimethyl-2-py- 
rimidone with phenacyl bromide can only lead, on cyclization, 
to the 6-azaindolizin-5(6//)-one 7, 2-methyl-4-pyrimidone 
could give either the 2-phenyl-8-azaindolizin-7(8//)-one 9 or
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Azaindolizines J. Org. Chem., Vol. 43, No. 18,1978 3545

the 8-azaindolizin-o(8//)-one 10. That the former 8-azain- 
dolizin-7(8ff)-one 9, the product expected from quaterniza- 
tion at the more accessible nitrogen, was obtained was con
firmed by its alternative formation by the déméthylation of
7-methoxy-2-phenyl-8-azaindolizine (6).3 The IR and XH 
NMR spectra of both the 6- and 8-azaindolizinones 7 and 9 
show these compounds to exist in the keto forms. The con
version of the 6- and 8-azaindolizinones 7 and 9 to the corre
sponding chloroazaindolizines 2 and 5 by treatment with 
phosphoryl chloride occurred in good yield and presumably 
substitution occurs in a manner analogous to that postulated 
for the conversion of pyridones to chloropyridines.10

The chloroazaindolizines 2 and 5 were each treated with 
sodium hydroxide, sodium methoxide, and ammonia or 
sodamide. Hydrolysis of 5-chloro-7-methyl-2-phenyl-6-aza- 
indolizine (2) with aqueous sodium hydroxide was slow and 
after refluxing for several hours only a 9% yield of the azain- 
dolizinone 7 was obtained. The 7-chloro-2-phenyl-8-azain- 
dolizine 5 when similarly treated with sodium hydroxide gave 
only unchanged starting material. In contrast méthoxylation 
of either the 5-chloro-6-azaindolizine 2 or the 7-chloro-8- 
azaindolizine 5 occurred readily by refluxing each with sodium 
methoxide in boiling methanol to give the corresponding 5- 
and 7-methoxyazaindolizines 3 and 6 in high yield. Cleavage 
of the ether linkage of both 3 and 6 with hydrochloric acid gave 
the 6- and 8-azaindolizinones 7 and 9. Replacement of chlorine 
by amino occurred when the 5-chloro-6-azaindolizine 2 was 
treated with a solution of anhydrous ammonia in ethanol in 
a sealed tube at 130-150 °C. The IR spectrum of the resulting
5-amino-7-methyl-2-phenyl-6-azaindolizine 4 showed the 
presence of the amino group by absorptions at 3480,3340, and 
1655 cm-1 and the XH NMR spectrum showed a broad 2 H 
signal at 5 7.14. No analgous replacement of chlorine by amino 
occurred when 7-chloro-2-phenyl-8-azaindolizine (5) was 
treated with either ammonia or with sodamide in liquid am
monia.

Refluxing 5-chloro-7-methyl-2-phenyl-6-azaindolizine (2) 
with phosphoryl chloride gave a dark red product whose mass 
spectrum showed a molecular ion at m/e 412 corresponding 
to the m/e value expected for a molecule constructed from two 
units of the percursor 2 less two molecules of hydrogen chlo
ride. The XH NMR spectrum of this dark red compound was 
simple and apart from methyl and phenyl absorptions at <51.93 
and ô 7.20-7.88 showed only two other singlets at ô 5.96 and
6.08. This suggests the compound to have the centrosymmetric 
structure 13. Irradiation at the frequency of the methyl signal 
resulted in sharpening of the 2 H singlet at ô 6.08; this singlet 
was therefore assigned to H-3 and H-8 and that at 6 5.96 to H-2 
and H-7. The bridging between the two 6-azaindolizine units 
leading to 13 can be envisaged to occur by the interaction of 
the electron rich C-3 site of one 6-azaindolizine molecule with 
the electron deficient C-5 site of another, accompanied by the 
elimination of hydrogen chloride. Small quantities of 13 were 
also isolated when the 6-azaindolizin-5(6if)-one 7 was treated 
with phosphoryl chloride, in its conversion to 2. Formylation 
and protonation studies on 13, which has 16 peripheral ir 
electrons, suggest it to behave essentially as two separate 6- 
azaindolizine units. Thus formylation gave the 2,7-diformyl 
derivative 14 and the XH NMR spectrum of 13 in trifluo- 
roacetic acid indicated the formation of the nitrogen proton- 
ated dication 15. The spectrum of the dication was similar in 
pattern to that of the free base 13 showing no midfield 
methylene or methine signals. Slow deuterium exchange12 of 
the H-2 and H-7 protons was observed when the spectrum of 
13 was recorded in deuteriotrifluoroacetic acid.

Previous work on both 5-methyl-6-azaindolizines2 and 
aminoindoles13 suggested that formylation of 5-aminoazain- 
dolizines may serve as a convenient route to diazacycl[3.2.2]- 
azines. Accordingly treatment of 5-amino-7-methyl-2-phe-

Me

R
1, R = H
2, R = Cl
3, R = OMe
4, R = NH2

7, R = H
8, R = CHO

5, R = Cl
6, R = OMe

10

13, R = H
14, R = CHO

17, R, = CHO; R2 = H; R3 = Cl
18, R, = CHO; R2 = H; R3 = N(Me)2
19, R, = H; R2 = CHO; R3 = N(Me),

nyl-6-azaindolizine (4) with a preformed solution of the 
Vilsmeier complex14 at room temperature gave 16 as the sole 
product of reaction in 31% yield; significantly no 3-formyl 
derivative of 4 was isolated suggesting the attack of the Vils
meier electrophile to occur only at the exocyclic 5-amino 
group.2 The diazacyclazine 16 did not ring open on treatment 
with acid15 nor did it undergo formylation. In contrast to the 
formylation of the 5-amino-6-azaindolizine 5 the 6-azain- 
dolizin-5(6H)-one 7 and the 5-chloro-6-azaindolizine 2 gave 
formyl products resulting from attack at the electron rich C-3 
and/or C-l sites. Thus 7 gave 3-formyl-7-methyl-2-phenyl-
6-azaindolizin-5(6H)-one (8) whose formyl proton occurred 
at particularly low field (S 10.82) due to the anisotropic de
shielding effect of the nearby 5-keto group. Formylation of 
the 5-chloro-6-azaindolizine 2 gave in addition to 8 the three 
formyl-6-azaindolizines 17,18, and 19, all in low yield. The H-8 
absorption of aldehydes 17 and 18 showed, when compared 
to the H-8 absorption position of their percursor 2, peri shifts 
of 110 and 78 Hz, respectively; such shifts can only arise by 
formylation at C-l; aldehyde 19 showed no such per shift. 
Formation of the 5-dimethylamino-6-azaindolizine aldehydes 
18 and 19 presumably arises by nucleophilic displacement of 
the 5-chloro group of 2 by dimethylamino during the course 
of formylation.

Experimental Section
The instruments used and general procedures are as given in ref 3. 

XH NMR signal assignments were made on the basis of the relative
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proximity of the protons to nitrogen and by the assistance of double 
resonance; weakly coupled signals are marked by asterisks.

Attempted Reaction between 7-MethyI-2-phenyl-6-azaindo- 
lizine (1) and (a) Sodamide and (b) Sodium methoxide. (a) 7-
Methyl-2-phenyl-6-azaindolizine2 (1) (500 mg, 2.4 mmol) was added 
to a suspension of NaNH2 (0.5 g, 12.8 mmol) in dry IV,IV-dimethyl- 
aniline16 (20 cm3) and the mixture was heated at 110 °C for 4 h under 
N2. Water was added and the resulting mixture was extracted with 
CHC13. The extract was washed with water, dried, and evaporated to 
remove CHCI3 and /V,/V-dimethylaniline. The residual solid was 
subjected to TLC which gave only starting material (177 mg, 35%). 
Raising the reaction temperature to 180 °C resulted in complete de
composition of the starting material.

(b) 7-Methyl-2-phenyl-6-azaindolizine (1) (1 g, 4.8 mmol) was 
added to a solution of NaOMe prepared from MeOH (20 cm3) and Na 
(1 g, 43.5 mmol) and the resultant was refluxed for 8 h. The solvent 
was removed and the residue was treated with water and extracted 
with CHCI3. The extract gave only unchanged starting material (0.93 
g, 93%).

Reaction between 2-Hydroxy-4,6-dimethylpyridine and 
Phenacyl Bromide. A solution of 2-hydroxy-4,6-dimethylpyrimi- 
dine17 (17.5 g, 0.14 mol) and phenacyl bromide (28.1 g, 0.14 mol) in 
EtOH (200 cm3) was refluxed on a water bath for 1.5 h. The solid 
which separated was filtered from the hot solution, washed with a little 
boiling EtOH, and dried under vacuum to give 2-hydroxy-4,6- 
dimethylpyrimidine hydrobromide (9.1 g, 31%) as a pale orange 
solid which did not melt below 300 °C: Xmax 305 nm (log e 3.79); IR 847, 
1627,1735, 2500-3300 cm"1; NMR [(CD3)2SO] 2.44 (6 H, Me-4 and 
Me-6), 6.74 (H-5).

Anal. Calcd for C6H9N2BrO: C, 35.14; H, 4.42; N, 13.66; Br, 38.97. 
Found: C, 35.4; H, 4.5; N, 13.8; Br, 39.0.

The ethanolic solution was refluxed for a further 1.5 h and the 
EtOH was. removed. The brown solid obtained was dissolved in water 
(400 cm3) and the solution was extracted with ether (4 X 100 cm3). 
NaHCOs (25 g) was added to the aqueous part and the solution was 
heated for 15 min on a boiling water bath. The solid (4.4 g) which 
separated was collected and dried. The UV and NMR spectra of this 
solid indicated it to be a 1:4 mixture of 7-methyl-2-phenyl-6-azain- 
dolizin-5(6ff)-one (7) and 4,6-dimethyl-l-phenacylpyrimid-2(l//)- 
one (11).

The residual aqueous bicarbonate phase was extracted with CHCI3 
(5 X 200 cm3) and the CHC13 extract was dried and evaporated to give 
a pale yellow solid which was recrystallized from CHC13 to give 4,6- 
dimethyl-l-phenacylpyrimid-2(l jff)-one (11) (1.17 g, 3%) as nee
dles: mp 166.5 °C; Xmax 243, 305 nm (log c 4.17, 3.89); IR 760,1225, 
1608,1655,1690 cm '1; NMR (CDC13) 2.11 (3 H, Me), 2.35 (3 H, Me),
5.51 (2 H, methylene), 6.16 (H-5), 7.33-8.13 (m, 5H, Ph); mass spec
trum m/e 242 (M+, 40% base peak).

Anal. Calcd for C14Hi4N20 2: C, 69.41; H, 5.83; N, 11.56. Found: C, 
69.2; H, 5.7; N, 11.8.

7-Methyl-2-phenyl-6-azaindolizin-5(6Ji)-one (7). The pyri- 
midone 11 (50 mg) was heated at 180 °C under vacuum (10 mm) for 
15 min to give 7 (44 mg, 96%) as a buff colored solid: mp 275 °C dec; 
Xmax 253, (277), (305) nm (log e 4.69; 4.09; 3.72); IR 832,1200,1410, 
1640, 1693, 3100, 3210, cm"1; NMR [(CD3)2SO] 2.13* (3 H, Me-7), 
6.23* (H-8), 6.58 (H-l), 7.20-7.78 (m, 5 H, Ph), 7.83 (H-3), 10.88 
(broad, NH); mass spectrum m/e 224 (M+, base peak).

Anal. Calcd for C14H12N20: C, 74.98; H, 5.39; N, 12.49. Found: C, 
75.1; H, 5.3; N, 12.8.

2-Methyl-l-phenacylpyrimid-4(lii)-one (12). 4-Hydroxy-2- 
methylpyrimidine18 (5.5 g, 50 mmol) and phenacyl bromide (10 g, 50 
mmol) were heated together at 60 °C for 8 h in dimethylformamide 
(10 cm3). The dark red product was dissolved in water (150 cm3) and 
washed with CHC13 (3 X 100 cm3). NaHC03 (5 g) was added to the 
aqueous part and the needles which separated were collected, washed 
with a little water, and dried at 50 °C (0.01 mm) to give hydrated 12 
(3.2 g, 27%); Xmax 248 (log 14.47); IR 750,1210,1520,1590,1639,1690, 
3430 (broad) cm '1; NMR [(CD3)2SO] 2.22 (3 H, Me), 5.72 (2 H, 
methylene), 5.97 (d, J = 7.5 Hz, H-5), 7.40-8.20 (m, 5 H, Ph), 7.59 (d, 
J = 7.5 Hz, H-6).

Anal. Calcd for Ci3Hi2N20 2-1/2H20 : C, 65.81; H, 5.62. Found: C, 
65.7; H, 5.6. Heating the hydrated pyrimidone 12 at 110 °C (0.01 mm) 
for 30 min gave the anhydrous pyrimidone; mp 172-182 °C, followed 
by the formation of new crystals at 184 °C which decomposed at 270 
°C; Xma* 248 nm (log f 4.48); IR 759,1228,1528,1627,1643,1692 cm“ 1; 
NMR (CDC13) 2.25 (3 H, Me), 5.50 (2 H, methylene), 6.05 (d, J = 7.5 
Hz), 7.32 (d, J = 7.5 Hz, H-6), 7.40-8.17 (m, 5 H, Ph), the NMR 
spectrum in (CD3)2SO was identical to that of the above hydrated 
derivative; mass spectrum m/e 228 (M+, 1% base peak), 210 (M+ -  
18, base peak).

Anal. Calcd for C13Hi2N20 2: C, 68.41; H, 5.30; N, 12.27. Found C,

68.1; H, 5.4; N, 12.3.
2-Phenyl-8-azaindolizin-7(8H)-one (9). (a) A solution of 7- 

methoxy-2-phenyl-8-azaindolizine3 (6) (100 mg) in concentrated 
hydrochloric acid 120 cm3) was heated on a boiling water bath for 30 
min and evaporated to dryness. The solid obtained was dissolved in 
water (20 cm3) and the solution was made basic by the addition of 
NaHCCB and extracted with CHCI3. The extract was dried and 
evaporated and the residue was sublimed at 200 °C (0.01 mm) to give 
9 (80 mg, 85%) as a pale yellow solid which decomposed at 270 °C: Xmax 
243, (249) 290,299, (329) nm (log e 4.50,4.47,4.12,4.13,3.54); IR 728, 
760, 811, 968, 1219, 1440,1680, 2800, 3140 cm“ 1; NMR [(CD3)2SO]
5.78 (d, J = 8.0 Hz, H-6). 5.89 (d, J = 1.5 Hz, H-l), 7.06-7.70 (m, 5 H, 
Ph), 7.36 (H-3), 8.17 (d, J = 8.0 Hz, H-5), 11.52 (broad, NH, disap
pears on addition of D20); mass spectrum m/e 210 (M+, base

Anal. Calcd for Ci3H10N2O: C, 74.27; H, 4.79; N, 13.32. Found; C, 
74.0; H, 5.0; N, 13.3.

(b) The pyrimidone 12 (100 mg) was heated at 180 °C under vacu
um (15 mm) for 30 min and the product sublimed at 200 °C (0.01 mm) 
to give 9 (90 mg, 68%) with identical spectral characteristics to the 
sample obtained above.

Reaction between 7-Methyl-2-phenyl-6-azaindolizin- 
5(6Ji)-one (7) and Phosphoryl Chloride. A solution of the 6-aza- 
indolizinone 7 (300 mg) in POCI3 (45 cm3) was refluxed for 4 h and 
the bulk of the POCI3 was then removed at 60 °C (10 mm). The dark 
colored residue was poured onto crushed ice (30 g), basified by the 
addition of 2 M NaOH, and extracted with CHCI3 (4 X 50 cm3). The 
CHCI3 extract was dried and evaporated and the gum obtained was 
subjected to TLC with benzene. Two main bands developed. The 
material from the fast moving orange colored band was extracted with 
CHCI3 and the extract concentrated to approximately 5 cm3 and 
cooled in ice. 4,9-Dimethyl-l,6-diphenyldi(6-azaindolizino)- 
[3,4,5-af:3',4',5'-tfc]pyrazine (13) (8 mg, 3.1%) separated as dark 
red prisms: mp 262.5-265 °C dec; Xmax (CH2C12) 268, (288), (410), 
(438), 460,486 nm (log i 4.80,4.55,3.47,3.87,4.09,4.17); IR 698, 760, 
839, 1387, 1541, 1615 cm '1; NMR (CDCI3) 1.93* (6 H, Me-4 and 
Me-9), 5.96 (2 H, H-2 and H-7), 6.08* (2 H, H-3 and H-8), 7.20-7.88 
(m, 10 H, Ph-1 and Ph-6); NMR (CF3COOH) 2.20* (6 H, Me-4 and 
Me-9), 6.69* (2 H, H-3 and H-8), 6.78 (2 H, H-2 and H-7), 7.70 (10 H, 
Ph-1 and Ph-6); mass spectrum m/e 412 (M+, base peak).

Anal. Calcd for C28H20N4: C, 81.53; H, 4.89; N, 13.58. Found C, 81.7; 
H, 4.7; N, 13.8.

The material from the slower moving band which gave a green 
Ehrlich’s test was extracted and recrystallized from petroleum ether 
to give 5-chloro-7-methyl-2-phenyl-6-azaindolizine (2) (243 mg, 
75%) as white flakes: mp 144.5-145 °C; Xmax 254, (256), (283), (300), 
358 (broad) nm (log e 4.71, 4.71, 3.95, 3.57, 3.45); IR 728, 768,1245, 
1407,1620 cm“ 1; NMR (CDC13) 2.39* (3 H, Me-7), 6.70 (H-l), 7.00* 
(h-8), 7.10-7.75 (m, 5 H, Ph), 7.70 (H-3); mass spectrum (36C1) m/e 
242 (M+, base peak).

Anal. Calcd for Ci4HuN2Cl: C, 69.28; H, 4.57; N, 11.54; Cl, 14.61. 
Found; C, 69.3; H, 4.3; N, 11.5; Cl, 14.9.

7-Chloro-2-phenyl-8-azaindolizine (5). A solution of the 8- 
azaindolizinone 9 (100 mg) in P0C13 (10 cm3) was gently refluxed for 
4 h and the product was worked up as in the reaction between the
6-azaindolizinone 7 and P0C13. TLC with benzene/ethyl acetate (20:1) 
gave a fast-moving yellow band. The material from this band was 
extracted and recrystallized from benzene to give 5 (82 mg, 75%): mp 
212 °C dec; Xmax 254, 325, 370 (broad) nm (log t 4.60, 3.88, 3.47); IR 
737,770,1090,1132,1510,1609 cm“ 1; NMR (CDC13) 6.50 (d, J = 7.0 
Hz, H-6), 6.84 (H-l), 7.26 (H-3), 7.30-7.76 (m, 5 H, Ph), 8.07 (d, J =
7.0 Hz, H-5); mass spectrum (35C1) m/e 228 (M+, base peak).

Anal. Calcd for Ci3H9N2Cl: C, 68.28; H, 3.97; N, 12.25; Cl, 15.50. 
Found: C, 68.5; H, 4.1; N, 12.0; Cl, 15.4.

Reaction between 5-Chloro-7-methyl-2-phenyl-6-azaindol- 
izine (2) and (a) Hydroxide ion, (b) Methoxide, and (c) Ammonia, 
(a) A suspension cf 2 (20 mg) in aqueous NaHC03 was heated on a 
boiling water bath for 30 min, cooled, and extracted with CHC13. The 
extract was dried and evaporated and the residue was subjected to 
TLC with benzene and then with benzene/ethyl acetate (4:1). The 
fast-moving band gave unchanged 2 (12 mg, 60%). TLC indicated the 
crude hydrolysis product to contain only traces of the azaindolizinone
7.

A suspension of 2 (35 mg) in 2 M aqueous NaOH was heated on a 
boiling water bath for 6 h and the hydrolysis product was worked up 
as in the attempted hydrolysis using NaHC03. The fast-moving band 
gave unchanged 2 (15 mg, 43%). The slower-moving band gave (7), (3 
mg, 9%).

(b) A suspension of 2 (40 mg, 0.16 mmol) in a methanolic solution 
of NaOMe obtained from MeOH (20 cm3) and Na (0.3 g) was refluxed 
for 30 min. The MeOH was evaporated and the residue was dissolved
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in water, dried, and evaporated and the residue obtained was 
subjected to TLC with benzene. Only one band developed; the ma
terial from this band was recrystallized from petroleum ether to give
5-methoxy-7-methyl-2-phenyl-6-azaindolizine (3) (32 mg, 81%) 
as pale green needles: mp 87 °C; Xmax253, (276), (289), 322 nm (log 
e 4.67,4.02,3.78,3.46); IR 700,758,1570,1630 cm“ 1; NMR (CDCI3) 
2.30* (3 H, Me-7), 4.13 (3 H, OMe), 6.47 (H-l), 6.65* (H-8), 7.20-7.80 
(m, 5 H, Ph), 7.55 (H-3).

Anal. Calcd for Ci5HuN20: C, 75.61; H, 5.92; N, 11.76. Found: C, 
75.8; H, 5.8; N, 11.8.

Demethylation of 3 (10 mg) with hydrochloric acid gave 7 in 
quantitative yield.

(c) The 6-azaindolizine 2 (100 mg) was heated at 140 °C for 4 h in 
a sealed glass tube containing EtOH (10 cm3) saturated with anhy
drous NH3 at 0 °C. After cooling the tube was opened and the solvent 
was evaporated. The residue was subjected to TLC with benzene/ethyl 
acetate (2:1) and gave one main band. The material from this band 
was recrystallized from benzene containing a small percentage of 
EtOH to give 5-amino-7-methyl-2-phenyl-6-azaindolizine (4) (65 
mg, 71%) as small white crystals which decomposed at temperatures 
greater than 215 °C: Amax 257, 301, 331 (broad) nm (log e 4.61, 3.82, 
3.49; IR 699, 765, 1540, 1610, 1655, 3050, 3340, 3450 cm"1; NMR 
[(CD3)2SO] 2.17* (3 H, Me), 6.50 (2 H, H-l and H-8), 7.14 (2 H, broad, 
NH2), 7.20-7.78 (m, 5 H, Ph), 7.89 (H-3); NMR (CDC13) 2.32 (3 H, 
Me), 6.52 (H-l), 6.65* (H-8), 7.12-7.74 (m, 5 H, Ph), 7.22 (H-3); mass 
spectrum m/e 223 (M+, base peak).

Anal. Calcd for C14H13N3: C, 75.31; H, 5.87; N, 18.82. Found: C, 75.3; 
H, 5.9; N, 18.6.

Attempted Reaction between 7-Chloro-2-phenyl-8-azaindo- 
lizine (5) and (a) Hydroxide Ion, (b) Amide Ion, and (e) Ammo
nia. (a) A suspension of 5 (10 mg) in 2 M aqueous NaOH (5 cm3) was 
heated on a boiling water bath for 6 h, cooled, and extracted with 
CHCI3. The extract was dried and evaporated to give unchanged 5 in 
quantitative yield.

The same procedure was repeated with the suspension-contained 
in a sealed tube at a reaction temperature of 130 °C. The crude 
product was subjected to TLC using benzene and benzene/ethanol 
(10:1); this gave only unchanged 5 (6.3 mg, 63%).

(b) The azaindolizine 5 (20 mg, 0.08 mmol) was added to a stirred 
suspension of NaNH2 (100 mg, 2.6 mmol) in liquid NH3 (10 cm3) at 
—33 °C. The suspension gradually darkened and after 30 min the NH3 
was allowed to evaporate and the residue was treated with water and 
extracted with CHCI3. The extract was evaporated to give a brown 
amorphous solid from which no crystalline material could be ob
tained.

(c) The azaindolizine 5 (30 mg) was heated at 140 °C and also at 200 
°C for 4 h in a sealed glass tube containing EtOH (10 cm3) which had 
been saturated with anhydrous NH3 at 0 °C. In each case only un
changed 5 was recovered.

Reaction between 7-Chloro-2-phenyl-8-azaindolizine (5) and 
Methoxide Ion. The chloro-8-azaindolizine 5 (14 mg, 0.06 mmol) in 
MeOH (2 cm3) was added to a solution of NaOMe, obtained from 
MeOH (4 cm3) and Na (50 mg, 2.2 mmol), and refluxed for 2 h. The 
solvent was removed, water (25 cm3) was added, and the mixture was 
extracted with CHC13. The Extract was washed with water, dried, and 
evaporated! to yield 6 (13 mg, 97%) as a yellow crystalline solid, mp 
139-143 °C, with spectral characteristics identical with those previ
ously reported.3

4,9-Dimethyl-l,6-diphenyldi(6-azaindolizino)[3,4,5-af:3',4',5'- 
dcjpyrazine (13). A solution of the chloro-6-azaindolizine 2 (5 mg) 
in POCI3 (10 cm3) was refluxed for 4 h. The excess POCl3 was removed 
at 60 °C (10 mm) and ice (5 g) was added to the residue which was then 
basified with 2 M NaOH. Extraction with CHC13 and evaporation of 
the solvent gave 13 (3 mg, 70%) with identical mp and IR spectrum 
to that of the sample obtained from 7 with POCl3.

Formylation of 4,9-Dimethyl-l,6-diphenyldi(6-azaindol- 
izino)[3,4,5-af:3',4',5'-<ic]pyrazme (13). Formylation2 of 13 (20 mg) 
gave a product which was subjected to TLC with benzene/ethyl ace
tate (10:1). The material from the slow moving orange band was ex
tracted to give 2,7-diformyl-4,9-dimethyl-l,6-diphenyldi(6-aza- 
mdolizino)[3,4,5-af:3',4',5'-dc]pyrazine (14) (22 mg, 97%); mp >350 
°C; \maJt (CH2CI2) 274,370, (452), 467 nm (log£4.72,4.12,4.19,4.28); 
IR 702, 830, 1200, 1500, 1545, 1608, 1645 cm-1; NMR (CF3COOH) 
2.28* (6 H, Me-4 and Me-9), 7.58* (2 H, H-3 and H-8), 7.72 (10 H, 
Ph-1 and Ph-6), 9.72 (2 H, CHO-2 and CHQ-7). Calcd mass for 
C30H20N4O2: 468.1586. Found M+ (base beak): 468.1585.

6-Methyl-3-phenyl-l,7-diazacyclo[3.2.2]azine (16). Formyla
tion2 of the amino-6-azaindolizine 4 (50 mg) yielded a product which 
after TLC with petroleum ether/ethyl acetate (1:1) gave two bands. 
The material from the faster moving band gave unchanged 4 (6 mg). 
The material from the following yellow band on extraction and rec

rystallization from benzene/petroleum ether gave 16 (16 mg, 31%) as 
yellow needles: mp 155-157 °C; Amax (238), 247,332,404,416 nm (log 
£ 4.34,4.43,4.30,3.72,3.69); IR 700,778,1133,1540,1595 cm '1; NMR 
(CDCI3) 3.00* (3 H, Me), 7.33-8.11 (m, 5 H, Ph), 7.40 (H-l), 7.65* 
(H-7), 8.83 (H-3). Calcd mass for Ci5HnN3: 233.0952. Found M+ (base 
peak): 233.0952.

An attempted formylation2 of 16 (5 mg, 0.02 mmol) gave only un
changed starting material (3 mg).

Attempted Ring Opening of 6-Methyl-3-phenyl-l,7-diaza- 
cyclo[3.2.2]azine (16). A solution of 16 (5 mg) in MeOH (2 cm3) 
containing concentrated hydrochloric acid (0.2 cm3) was left at room 
temperature for 24 h. The solution was concentrated under reduced 
pressure, basified with 2 M aqueous sodium hydroxide, and extracted 
with ether. The extract gave unchanged 16 (5 mg).

3-Formyl-7-methyl-2-phenyl-6-azaindolizin-5(6H)-one (8). 
Formylation2 of the azaindolizin-5(6H)-one7 (100 mg) gave 8 (58 mg, 
52%) as yellow crystals from CHC13: mp 258 °C dec; Amax 225, 272, 
(293), 365 nm (log e 4.12,4.28,3.86,4.19); IR 791,838,1360,1638,1690, 
3110,3250 cm-1; NMR [(CD3)2SO] 2.22* (3 H, Me), 6.46* (H-8), 6.49 
(H-l), 7.28-7.74 (m, 5 H, Ph), 10.82 (CHO); mass spectrum m /e  252 
(M+, base peak).

Anal. Calcd for Ci5H12N20 2: C, 71.42; H, 4.79. Found: C, 71.3; H,
4.9.

Formylation of 5-Chloro-7-methyl-2-phenyl-6-azaindolizine
(2). Formylation2 of 2 (58 mg) gave four products which were sepa
rated by TLC using benzene-ethyl acetate (3:1). The material from 
the fastest moving band gave 5-chloro-l-formyl-7-methyl-2- 
phenyl-6-azaindolizine (17) (2 mg, 3%): mp 169.5-170 °C: Amax 
(243), 249, (276), 339 nm (log e 4.27,4.29,3.71, 3.92); IR 700,728,1220, 
1420,1609,1650 cm“ 1; NMR (CDCI3) 2.55* (3 H, Me), 7.47 (H-3), 7.50 
(5 H, Ph), 8.10* (H-8), 10.04 (CHO). Calcd mass for Ci5Hn35ClN20: 
270.0559. Found M+ (79% base peak): 270.0555.

The next band gave a product which crystallized from benzene/ 
petroleum ether to give 5-(iV, IV-dimethylamirio)-1-formyl-7- 
methyl-2-phenyl-6-azaindolizine (18) (4 mg, 6.0%) as needles: mp
208.5 °C; Xmax 240, 367 nm (log t 4.54, 424);IR 757, 850,1410,1510, 
1648 cm-1; NMR (CDCI3) 2.47* (3 H, Me-7), 3.07 (6 H, NMe2), 7.22 
(H-3), 7.32-7.64 (m, 5 H, Ph), 7.78* (H-8), 9.98 (CHO). Calcd mass 
for Ci7H17N30: 279.1371. Found M+ (base peak): 279.1369.

The material from the next yellow band was extracted and rec
rystallized from benzene/petroleum ether to give 5-(iY,A’-dimeth- 
ylamino)-3-formyl-7-methyl-2-phenyl-6-azamdolizine (19) (17 
mg, 25%) as yellow crystals: mp 178 °C; Amax 246, 272,330 (broad), 407 
nm (log £ 4.48, 4.16, 3.70, 4.05); IR 702, 795,1170, 1352,1530,1610, 
1645 cm"1; NMR (CDC13) 2.38* (Me-7), 3.05 (6 H, NMe2), 6.37 (H-l), 
6.68* (H-8), 7.30-7.72 (m, 5 H, Ph), 9.80 (CHO). Calcd mass for 
C17Hi7N30: 279.1371. Found M+ (35% base peak): 279.1369. The 
slowest moving band gave 8 (17 mg, 28%).
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Use of (Thio)Acetal Esters as Reagents for the Protection of Alcohols. 
Synthesis of 2-Tetrahydrothienyl Ethers1
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Primary and secondary alcohols can be converted in high yields into their 2-tetrahydrothienyl (THT) ethers by 
an acid-catalyzed exchange reaction with 2-tetrahydrothienyl diphenylacetate. The characteristics of the THT 
group as a protecting group for alcohols are discussed. Conditions for quantitative removal under neutral condi
tions are described. This acetal exchange reaction also provides an excellent method for the preparation of other 
mixed acetals, in particular THP and THF ethers.

The protection of hydroxyl groups, often as mixed acetals, 
is an extensively used technique in the synthesis of poly
functional compounds.2 Recently, several new protecting 
groups have been introduced, which can be removed with a 
highly specific reagent.3

The methylthiomethyl (MTM) group has been recom
mended in this respect because of its stability toward both 
basic and mildly acidic conditions and its easy cleavage under 
neutral conditions with certain metal ions.3b’4’5 In the acetal 
series, protecting groups with a cyclic structure, in particular 
2-tetrahydropyranyl (THP) ethers, have been employed 
frequently. We have focused our attention on the synthesis 
of 2-tetrahydrothienyl (THT) ethers. Previously, two THT 
ethers have been prepared in moderate yield by reaction of 
alcohols with 2,3-dihydrothiophene,5 but this procedure is not 
suitable for the introduction of a THT protecting group. In 
this study we describe an efficient method for the protection 
of primary and secondary alcohols with a THT group. This 
method appears to be also very suitable for the introduction 
of THP and THF groups. The possibility of selective cleavage 
of THT ethers in the presence of THF ethers and vice versa 
is discussed.

Results and Discussion
Synthesis of 2-Chlorotetrahydrothiophene (2-CI- 

THT). In view of the favorable results obtained with the re
action of 2-chlorotetrahydrofuran with alcohols,3d our initial 
objective was to use 2-C1-THT as a reagent for introducing the 
THT group. Various reports in the literature deal with the 
chlorination of THT.6>7 2-C1-THT has not been isolated in a 
pure state because of its lack of stability.613

Conversion of THT into 2-C1-THT could be accomplished 
in apolar solvents [N-chlorosuccinimide in benzene at 25 °C 
(50% conversion)613 or chlorine in carbon tetrachloride at 40 
°C (80% conversion)613]. By contrast, sulfuryl chloride in re
fluxing pentane was reported to cause extensive polymeriza
tion.6a Because of the successful application of sulfuryl chlo
ride to the chlorination of tetrahydrofuran3d and 1,3-dithiane,8 
we have reexamined its reaction with THT. It appeared that 
THT could be converted into 2-C1-THT in 75% yield by a 
simple and fast procedure.9

1) S02Cl2i e cu  
0°C, 30min

2) Et3N 
25°C,30min

Q - c ,
75%

Polymerization was effectively retarded by addition of 
triethylamine. In more polar solvents, mixtures of 2-C1-THT 
and 2,3-diCl-THT were formed and the yield of chlorinated 
products decreased (see Table I). The reaction exhibits the 
same characteristics as the reaction with chlorine which was 
studied by Wilson and Albert.7

It is generally accepted10 that upon reaction of sulfides with 
chlorinating agents, sulfonium salts are formed in the first 
step. In general, two structures are possible.11 To our knowl-

R1 R2 Cl— X R1 R2 R1 For
I© l©© I © 1

X Cl Cl X

edge no spectroscopic data are available on sulfonium salts 
formed with chlorine or sulfuryl chloride.12 Upon addition of 
sulfuryl chloride to a solution of THT in CDC13, the signals 
of the original NMR spectrum shifted downfield appreciably 
(a protons, 1.4 ppm; (3 protons, 0.8 ppm).13 Interestingly, ex
actly the same spectrum was obtained when thionyl chloride 
(1.0 equiv) was added at —65 °C to a CDCI3 solution of THT 
sulfoxide.We When CDCI3 solutions of THT and chlorine (1.0 
equiv each) were mixed at —75 °C, the NMR spectrum rev
ealed the presence of both THT and the chlorosulfonium 
chloride 2 (5 4.2 and 2.7) in about equal quantities. Compar-

S0;Cl2i 
• -55°C

1
Q «  *

f ©  ©

S0C12 r— \

- 65°c S i
¿{ S02CI 0 ©

Q «

i f “ 0 ~  Br
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 —

 
On Q

ison with data obtained for the 1:1 adduct of THT and bro
mine (2a) (a and 3 protons shifted 0.8 and 0.3 ppm)12 leads 
to the conclusion that the charge separation in the adduct with 
chlorine is more pronounced, and therefore structure 2 seems 
most likely. Also, these data indicate that chlorosulfonium 
salts 1 and 2 have the same cation since their spectra are 
identical and a different anion. Only 2 is in equilibrium with 
its components because of the better nucleophilicity of chlo
ride ion.
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Table I. Product Composition from Reactions of THT 
with Sulfuryl Chloride in Various Solvents“

Molar ratio Yield (%) of
Molar ratio 2-C1-THT/ methoxylated

THT/S02C12 Solvent 2,3-diCl-THT derivatives
5:1 CH2C12 3:2 35
5:1 THF 9:1 35
5:1 Benzene 20:1 60
1:1 Benzene 20:1 35
1:1 CC14 20:1 75

“ See Experimental Section.

Table II. Protection of Primary and Secondary Alcohols
as THT Ethers via THT Diphenylacetate

Substrate Method“ Yield, % b (2'-H) n23D
1-Hexanol a 99 5.19 1.4728
2-Phenylethanol a 95 5.18 1.5496
Benzyl alcohol a 98 5.21 1.5582
Geraniol a 99 5.22 1.5123
2-Pentanol b 85 5.36 1.4711
Cyclohexanol b 90 5.39 1.5104

Table III. Synthesis of THF and THP Ethers by Acetal 
Exchange Reactions

N ROH f (CH2)n]

T  ^ O ^ ^ C H P h z  1%TsOH,r.t. ^ ‘ O '^ 'O R  
CCI« orCH2Cl2

7a,b; n=2,3

Substrate

Yield (%) of 
THF ether 

(n = 2)“

Yield (%) of 
THP ether 

(n = 3)5
1-Hexanol 99 96
2-Phenylethanol 99 94
2-Pentanol 90 85, 96“
Cyclohexanol 91 90,96“

0 CCI4, 30 min. b CH2C12, 5 min.

2-tetrahydrothienyl diphenylacetate (6) is a stable crystalline 
solid, easily obtainable in 60-65% yield by reaction of di- 
phenylacetic acid with 2-C1-THT. The procedure for the re
action of (thio)acetal ester 6 with primary alcohols is ex-

“ Method a: room temperature, 5 h. Method b: 40-50 °C, 16 
h.

Reaction of 2-C1-THT with Alcohols. A solution of 2- 
Cl-THT in carbon tetrachloride, prepared as depicted above, 
reacted only sluggishly with alcohols. The best conversions 
were obtained by reaction with 2 equiv of the THT-sulfuryl 
chloride reaction mixture in carbon tetrachloride-acetonitrile 
(1:1) at 25 °C in the presence of triethylamine.14 However, use 
of 2-C1-THT has no advantage over dihydrothiophene.5 Both 
suffer from (i) a lack of quantitative conversion of the alcohol 
and (ii) contamination of the crude product with 4-(2-te- 
trahydrothienyl)-2,3-dihydrothiophene (3), which could only 
be removed by extensive chromatography (Scheme I). A 
possible explanation for this deviation from the results ob
tained with 2-C1-THF, which reacts rapidly with alcohols at 
room temperature,3d becomes clear by inspection of Scheme 
I.

Compared with the THF series,15 the equilibrium between 
4 and 5 is shifted toward 4 and the side reaction leading to 
2,3-dihydrothiophene and subsequently to 3 becomes im
portant.

Synthesis of THT Ethers by Reaction with THT Di
phenylacetate. An excellent preparation of THT ethers could 
be realized by a (thio)aeetal exchange reaction. The reagent

Scheme I
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ceedingly simple. Stirring in carbon tetrachloride with a cat
alytic amount of p-toluenesulfonic acid at room temperature 
for 5 h results in quantitative precipitation of diphenylacetic 
acid. After addition of some sodium carbonate, the mixture 
is filtered and concentrated, affording THT ethers of better 
than 95% purity in the yields indicated in Table II. Optimum 
yields for THT ethers of secondary alcohols were obtained by 
reaction at 40-50 °C for 16 h.

By contrast, reaction of 6 with tertiary alcohols and phenols 
produced mixtures of the expected THT ethers and dimer 3. 
This was also observed when the reactions with primary al
cohols were conducted in the presence of more than 5% of 
p-toluenesulfonic acid or when more polar solvents were 
employed.16 Protection of a primary alcohol in the presence 
of a tertiary alcohol proceeds with better than 90% selectivity. 
Comparing tertiary with primary alcohols, the concentration 
of thiacarbenium ion intermediate 4 will be increased, both 
because of the lower reaction rate of 4 with tertiary alcohols 
and because of the faster protonation of THT ethers from 
tertiary alcohols to give 5.17 The use of more polar solvents will 
also lead to a higher concentration of 4.18 As a consequence, 
the irreversible formation of dimer 3 is favored.

Introduction of Other Protecting Groups by (Thio)- 
Acetal Exchange Reactions. The appropriate reagents for 
the protection of alcohols as THF and THP ethers (7a,b; see 
Table III) could be synthesized conveniently by reaction of 
diphenylacetic acid with 2-C1-THF and 2,3-dihydropyran in 
yields of 82 and 64%, respectively. The acid-catalyzed reaction 
of alcohols with these acetal esters proceeded even faster than 
with (thio)acetal ester 6. Applying the same conditions (car
bon tetrachloride, 2% p-toluenesulfonic acid, and room tem
perature), quantitative formation of 1-hexanol THF and THT 
ethers required 10 min and 5 h, respectively.

Thus, by using reagents 7a,b nearly quantitative conversion 
of primary and secondary alcohols into THF and THP ethers 
under mild conditions (carbon tetrachloride, l%p-toluene-
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Table IV. Synthesis of MTM  and MM Esters

„  DNaH.HMPA „ P pT\ U,
^ O H  2)C l ^ V " 0

8cue
v x " "

R X Yield, %° Mp, °C

8a Ph2CH s 90 31-32
8b 4-N02Ph s 95 55-56
8c 2,4-diN02Ph s 99 25
8d 4-N02Ph 0 90 74-75
8e 2,4-diN02Ph 0 85 60-61.5
“ Yields are based on products of better than 95% purity 

(NMR).

sulfonic acid, and room temperature for 30 min) could be 
achieved.19 In more polar solvents, these reactions were still 
faster but an equilibrium resulted which contained 5-15% of 
the alcohol. The results are summarized in Table III.

THF- and THP-protected tertiary alcohols were only 
formed in moderate yields (40 and 75%, respectively) due to 
their sensitivity to acid. In view of the pronounced advantages 
of these acetal exchange reactions, we recommend compounds 
7a,b as standard reagents for the protection of alcohols with 
THF and THP groups.19

The suitability of (thio)acetal esters for the introduction 
of MTM and methoxymethyl (MM) groups was also studied 
(Table IV).20 The requisite esters could be synthesized in 
excellent yields using the conditions described for the for
mation of phenolic MTM ethers.21’22 It appeared that the 
transfer of MTM groups from methylthiomethyl diphenyl- 
acetate (8a) to 1-hexanol required rather drastic conditions 
(carbon tetrachloride, 5% p-toluenesulfonic acid, and reflux 
for 2 h). Under these conditions the MTM ether engaged in 
a disproportionation reaction to form acetal 10  and (dithio)- 
acetal I la .23a Attempts to circumvent this problem by using 
(thio)acetal esters 8b-e, containing better leaving groups, were 
not successful (see Table V). The MM ether of 1-hexanol was 
formed in reasonable yields by reaction with 8d,e, but the 
formation of disproportionation products 10  and l ib  could 
not be retarded satisfactorily (see Table V).23b It can be con
cluded that the (thio) acetal exchange reaction is only suc
cessful for the protection of alcohols when an appreciable 
difference in acid sensitivity exists between the (thio)acetal 
ester and the corresponding ether.

Cleavage of the TH T Ethers. The THT group can be re
moved by a fast reaction under mild conditions. When 2- 
phenylethanol THT ether was treated with mercuric chloride

(1.5 equiv) in acetonitrile-water (4:1; 10 mL per mmol) at 25 
°C for 10 min, 2-phenylethanol could be isolated quantita
tively. Using standard conditions,315 the THT group was re-

Hg CI2
CH3C N -H 2O (VO 

r . t . , 10min

Ph
.OH

100 %

moved appreciably faster than the MTM group (see Experi
mental Section), clearly indicating the possibility of selective 
removal. Likewise, THT ethers are more sensitive toward 
acid-catalyzed hydrolysis than MTM ethers, which are fairly 
resistant to the conditions employed for the removal of THP 
groups.30 In acetic acid-water-THF (3:1:1) at 25 °C, the THT 
group was 90% cleaved in 3h, a rate comparable to that of the 
THP group but appreciably slower than that of the THF 
group.

Also, conditions were elaborated for the selective cleavage 
of THT ethers in the presence of the highly acid-sensitive 
THF ethers.24 These consisted of treatment with (i) mercuric 
chloride (1.5 equiv) buffered with calcium carbonate (3.0 
equiv) in acetonitrile-water (4:1) at 25 °C for 10 min (MTM 
ethers are unaffected under these conditions30) or with (ii) 
silver nitrate (2.0 equiv) buffered with 2,6-lutidine (2.0 equiv) 
in THF-water (4:1) at 25 °C for 90 min. THP, MEM, and 
TBMe2Si groups are also unaffected under these conditions. 
Conversely, THF and THP groups could be removed selec
tively in the presence of a THT group by reaction with 
methanol at reflux temperature during 1 h.3d Under these 
conditions, THT ethers are unaffected, while cleavage is rapid 
in the presence of 5% p-toluenesulfonic acid. These results are 
schematically represented in Table VI.

Further work concerning the reactions of 2-C1-THT and 
acetal ester 6 with nucleophiles is in progress.

Experimental Section
General. All melting points are uncorrected. IR spectra were re

corded on a Unicam SP-100 spectrophotometer. NMR spectra (5 
expressed in parts per million) were taken on a Jeol PS-100 instru
ment. Elemental analyses of the crystalline products were performed 
by Mr. W. J. Buys, TNO Laboratory of Organic Chemistry, Utrecht, 
Neth. For analytical and preparative GC analyses, a 2 m, 3% SE-30 
on Chromosorb W (80-100 mesh) column and a 6 m, 20% SE-30 on 
Chromosorb W (60-80 mesh) column were employed, respectively. 
Column chromatography was performed with silica gel (MN, 70-270 
mesh).

Materials. Commercial tetrahydrothiophene (Aldrich) was dis
tilled and stored over calcium chloride. Solvents were purified and 
dried according to standard procedures. Sulfuryl chloride was distilled 
in a nitrogen atmosphere before use. Commercial chloromethyl methyl 
ether was freshly distilled from sodium carbonate. Chloromethyl 
methyl sulfide24 and tetrahydrothiophene sulfoxide25 were prepared

Table V. Acid-Catalyzed Reaction of 1-Hexanol with MTM and MM Esters
n _ C6Hi30

.0  ■CH2 ch3

R — CH2 CH3 -"-~ C6^ 3-QH‘» n -C 6H130 ^  + <

® * 9a.b

V

n — CsH-|30
ch2

10
ch3x

ch2/
CH3X 11a,b

(Thio)acetal ester
No. R X
8a Ph2CH S
8b 4-N02Ph s
8c 2,4-diN02Ph s
8d 4-N02Ph 0
8e 2,4-diN02Ph 0

“ GC analysis.

Conditions for 95% conversion of I-hexanol
CCl4~5% TsOH; reflux (2 h) 
Benzene-5% MsOH; 45 °C (6 h) 
Benzene-10% MsOH; 20 °C (7 h) 
Ether-10% MsOH; 20 °C (16 h) 
Benzene-5% MsOH; 20 °C (1.5 h)

Product distribution“
9a (30%); 10 + 11a (70%) 
9a (50%); 10 +  11a (50%) 
9a (25%); 10 +  11a (75%) 
9b (80%); 10 +  lib  (20%) 
9b (75%); 10 +  lib  (25%)
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Table VI. Removal of Some (Thio)Acetal Protecting 
___________ Groups by Selected Reagents

Protecting HgCl2-  AcOH-
group HgCl2 CaC03 H20-THF MeOH

Table VII. Product Composition from Reactions of THT 
________ with Sulfuryl Chloride in Chloroform

Molar ratio
Volume % 

THT
Molar ratio 

THT/SO2CI2
2-C1-THT/

2,3-diCl-THT
7 1:1 3:5

15 2:1 1:1
35 5:1 2:1
20 5:1 3:1
40 10:1 2:1

by known procedures. All reagents were used as high grade commer
cial products.

2-Chlorotetrahydrothiophene (2-C1-THT). A solution of sul
furyl chloride (6.75 g, 50 mmol) in carbon tetrachloride (25 mL) was 
added dropwise with efficient stirring to a chilled solution of THT 
(4.4 g, 50 mmol) in carbon tetrachloride (100 mL) in an atmosphere 
of dry nitrogen. A fluffy white precipitate was formed. The ice bath 
was removed after stirring at 0 °C for 30 min. Upon warming to room 
temperature, the precipitate dissolved and evolution of hydrogen 
chloride was observed. Triethylamine (4.0 g, 40 mmol) was added over 
a 2-min period, and a white precipitate formed. Stirring was continued 
at room temperature for 30 min. The resulting reaction mixture was 
cooled to —16 °C to attain complete precipitation of triethylammo- 
nium chloride, which was removed by filtration in a nitrogen atmo
sphere. A slightly yellow colored solution of 2-C1-THT was obtained 
which was used directly for subsequent reactions either as such or 
after evaporation of the solvent to a volume of ca. 25 mL.

Chlorination of THT with Sulfuryl Chloride in Various Sol
vents (Table I). The chlorinations were carried out under nitrogen 
by addition of sulfuryl chloride (10 mmol) to well-stirred solutions 
of THT (30 mL of solvent) at 0 °C. Triethylamine (10 mmol) was 
added and stirring was continued at 0 °C for 30 min and at room 
temperature for 1 h. Relative amounts of 2-C1-THT and 2,3-diCl- 
THT were determined by NMR spectroscopy after filtration and 
evaporation of the solvent I(CDC13) 2-H at a 5.77 (m) and 5.63 (s), 
respectively]. The yield of chlorinated products was determined by 
reaction with methanol (20 mmol) in the presence of pyridine (10 
mmol), as described by Wilson and Albert.6c’7 In polar solvents like 
chloroform, the molar ratio of 2-C1-THT and 2,3-diCl-THT was de
pendent upon both the concentration of THT and the molar ratio of 
the reactants (see Table VII).7

Reactions of 2-C1-THT with Alcohols (Scheme I). To a stirred 
solution of the alcohol (10 mmol) and triethylamine (15 mmol) in 
acetonitrile (40 mL) was added at room temperature in two portions 
a solution of 2-C1-THT (2 equiv based on THT) in carbon tetrachlo
ride (40 mL). Stirring at room temperature was continued for 16 h. 
The precipitate was filtered off, and ether was added to the filtrate. 
The resulting solution was washed with water and brine and dried 
(MgSCL). After evaporation of the volatile components, the crude 
product was purified by column chromatography (20 g; 3:1 ben
zene-hexane). The pure THT ethers were obtained in yields of 60 and 
55% for 1-hexanol and cyclohexanol, respectively. In another exper
iment, a partially evaporated solution of 2-C1-THT (5 equiv) in carbon 
tetrachloride (20 mL) was mixed with acetonitrile (50 mL), and the 
resulting solution was added dropwise to a stirred solution of 1-hex
anol (10 mmol) and triethylamine (15 mmol) in acetonitrile (50 mL). 
After stirring for 16 h and workup as described above, a mixture was 
obtained of about equal amounts of 1-hexanol THT ether (60% yield) 
and dimer 3 [NMR (CDC13) 6 5.9 (s, 1 H, 5-H) and 4.1 (t, 1 H, 2'- 
H)].

2-Tetrahydrothienyl Diphenylacetate (6). A solution of 2-C1- 
THT in carbon tetrachloride (from a 0.1-mol scale chlorination) was 
concentrated to a volume of ca. 30 mL and diluted with THF (50 mL). 
This mixture was added to a stirred solution of diphenylacetic acid 
(10.6 g, 0.05 mol) and triethylamine (10.1 g, 0.10 mol) in THF (100 
mL). Precipitation of triethylammonium chloride started almost 
immediately. The suspension was stirred at room temperature for 2 
h. The reaction mixture was kept at —16 °C for 1 h, filtered, diluted 
with ether (150 mL), and washed with sodium carbonate solution, 
water, and brine. After drying with a mixture of MgS04 and MgO (to 
remove the last traces of triethylammonium chloride) and evaporation 
of the solvents, an oil was obtained which was dissolved in a minimal 
amount of dry ether (ca. 20 mL). Upon cooling to —16 °C, 6 crystal
lized as white needles which were collected by filtration, yield 60-65% 
(9-10 g). An analytical sample was obtained by crystallization from 
benzene-hexane: mp 82-83 °C; IR 3050 and 2950 (C-H), 1730 (C-O), 
1180, 1145, and 1110 (C-O), and 750 and 700 (phenyl) cm“ 1; NMR 
(CDCI3) 6 7.24 (s, 10 H, phenyl), 6.20 (m, 1 H, 2-H), 4.97 (s, 1 H, 
Ph2C-H), and two broad multiplets at a 2.6-2.9 (2 H, 5-H) and 1.7-2.2 
(4 H, 3- and 4-H).

Anal. Calcd for Ci8H180 2S: C, 72.46; H, 6.08; S, 10.72. Found: C, 
72.41; H, 6.11; S, 10.89.

General Procedure for the Protection of Alcohols with a THT 
Group (Table II). For primary alcohols, a solution of the alcohol (5 
mmol), (thio)acetal ester 6 (5 mmol, 1.5 g), and p-toluenesulfonic acid 
(0.02 equiv, 19 mg) in carbon tetrachloride (25 mL) was stirred for a 
minimum of 5 h at room temperature. For secondary alcohols, 1.3 
equiv of 6 was employed and the reaction temperature was maintained 
at 40-50 °C for 16 h. In both cases diphenylacetic acid separated 
quantitatively. Sodium carbonate (1.0 g) was added, and stirring was 
continued for 30 min. The reaction mixture was filtered and the sol
vent evaporated. The residue was treated with hexane (10 mL), and 
the THT ether could be isolated after filtration and evaporation. 
Alternatively, aqueous workup was possible by filtering, diluting with 
ether, washing with sodium carbonate solution and brine, drying 
(MgS04), and evaporating the solvents. The yields are given in Table 
II. THT ethers isolated in this way were of better than 95% purity. 
The last traces of impurities could be removed by chromatography. 
The THT ethers are colorless oils which are stable for months when 
stored at -16 °C with some MgO. Distillation is only convenient with 
the lower boiling compounds because THT ethers slowly decompose 
when heated above 100 °C. Also, GC analyses of solutions of THT 
ethers (temperatures up to 170 °C) could be performed, but purifi
cation by preparative GC was not successful. IR spectra of all THT 
ethers exhibited an absorption at ca. 710 cm-1 with medium intensity. 
In the NMR spectra the signal for the 2'-H is characteristic. It was 
found at a 5.2 for protected primary alcohols and at 6 5.35-5.4 for 
secondary alcohols. Two broad multiplets are found at 5 2.7-2.9 (5'-H) 
and 5 1.8-2.2 (3'- and 4'-H).

1- Hexanol THT Ether: bp 52 °C (0.025 mm); n23p 1.4728; IR 2980 
and 2900 (C-H), 1075 (C-O), and 710 cm '1; NMR (CDC13) 5 5.19 (m, 
1H, 2'-H, 2J = 6 Hz), 3.56 and 3.22 (tof AB, 2H, 1-H, J a b  = 9 Hz and 
Jx-H 2-H = 6.5 Hz), 1.5 (m, 2 H, 2-H), 1.25 (m, 6 H, CH2), and 0.86 (t, 
3 H, CH3).

2- Phenylethanol THT Ether: n23p 1.5496; IR 3080, 2980, and 
2900 (C-H), 1075 (C-O), 750 and 695 (phenyl), and 710 cm"1; NMR 
(CDCI3 ) 6 7.16 (s, 5 H, phenyl), 5.18 (m, 1 H, 2'-H, 2J = 6 Hz), 3.80 
and 3.40 (tof AB, 2 H, 1-H, J a b  = 9 H z and J j.h  2 -h  = 7 Hz), and 2.82 
(t, 2 H, 2-H, J = 7 Hz).

Benzyl Alcohol THT Ether: n23n 1.5582; IR 3100, 2980, and 2900 
(C-H), 1055 (C-O), 740 and 690 (phenyl), and 710 cm-1; NMR 
(CDCI3 ) 5 7.23 (s. 5 H, phenyl), 5.21 (m, 1H, 2'-H, 2J = 6 Hz), and 4.63 
and 4.26 (AB, 2 H, 1-H, JAB = 11.5 Hz).

Geraniol THT Ether: n23D 1.5123; IR 2950 and 2900 (C-H), 1660 
(C=C), 1050 (0=0), and 710 cm“ 1; NMR (CDCI3) 6 5.30 and 5.08 (m, 
2 H, =CH), 5.22 (m, 1 H, 2'-H, 2J = 6 Hz), 4.08 and 3.85 (d of AB, 2
H, 1-H, JAB = 11.5 Hz and JUH 2.H = 7 Hz), 2.02 (m, 4 H, CH2), 1.63 
(s, 6 H, CH3), and 1.57 (s, 3 H, CH3).

Pentanol-2 THT Ether: bp 39 °C (0.025 mm); n23c 1.4711; IR 2980 
and 2900 (C-H), 1050 (C-O), and 710 cm '1; NMR (CDCI3) a 5.36 (m, 
1H, 2'-H), 3.57 (p, 1H, 1-H, J = 6 Hz), 1.3-1.4 (m, 4 H, CH2), 1.13 and
I. 06 (d, 3 H, CH3, J = 6 Hz), and 0.88 (m, 3 H, CH3).

Cyclohexanol THT Ether: bp 70 °C (0.015 mm); n23D 1.5104; IR
2980 and 2920 (C-H), 1065 (C-O), and 715 cm '1; NMR (CDC13) a 5.39 
(m, 1 H, 2'-H, 2J = 6 Hz), 3.4 (m, 1 H, 1-H), and 1.2-1.8 (m, 10 H, 
CH2).

2-Tetrahydrofuranyl Diphenylacetate (7a). This compound 
was obtained by reaction of diphenylacetic acid and triethylamine 
with 2-C1-THF in 82% yield as described in ref 1.

2-Tetrahydropyranyl Diphenylacetate (7b). A solution of di
phenylacetic acid (20 mmol, 4.24 g) and 2,3-dihydropyran (18 mmol,
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1.50 g) in benzene (25 mL) was refluxed for 16 h. The reaction mixture 
was washed twice with sodium carbonate solution and with brine. 
Acetal ester 7b was isolated after drying (MgS04), evaporation, and 
crystallization of the oily residue from hexane as white crystals: 3.4 
g (64%); mp 59-60 °C; IR3050, 2950, and 2900 (C-H ),1740 (C = 0 ), 
1200, 1160, 1110, and 1025 (C-O), and 745 and 695 (phenyl) cm-1; 
NMR (CDC13) S 7.24 (s, 10 H, phenyl), 6.06 (m, 1 H, 2-H), 5.04 (s, 1 
H, Ph2C-H), 3.55 (m, 2 H, 6-H), and 1.3-1.7 (m, 6 H, 3-, 4-, and
5-H).

Anal. Calcd for C19H2o03: C, 77.00; H, 6.80. Found: C, 76.82; H,
6.93.

General Procedure for the Protection of Alcohols with THF 
and THP Groups (Table III). To a stirred solution of the alcohol 
(2 mmol) and p-toluenesulfonic acid (0.01 equiv, 4 mg) in carbon 
tetrachloride (10 mL) was added acetal ester 7 (primary alcohols, 2.1 
mmol, and secondary alcohols, 2.2 mmol). Within 5 min precipitation 
of diphenylacetic acid started. Stirring was continued at room tem
perature for 30 min, and the reaction mixture was then diluted and 
washed twice with sodium carbonate solution and with brine. After 
drying (MgS04) and evaporation, THF and THP ethers were ob
tained as products of better than 95% purity. Spectra (GC, IR, and 
NMR) and refractive indexes were identical with those of products 
synthesized by literature procedures.3420

General Procedure for the Preparation of MTM and MM 
Esters (8a-e) (Table IV). Under an atmosphere of dry nitrogen, 
sodium hydride (55% dispersion in oil; 2.32 g, 55 mmol) was washed 
twice with dry pentane (10 mL) and HMPA (5 mL) was added. To this 
stirred suspension was added dropwise, while cooling with a water 
bath, a solution of the acid (50 mmol) in HMPA (50 mL). When the 
addition was completed (ca. 30 min) and hydrogen evolution had 
ceased, the water bath was removed and the clear solution was stirred 
for another 30 min. Addition of chloromethyl methyl (thio)ether in 
one portion caused a slightly exothermic reaction. After stirring for 
3 h at room temperature, the mixture was poured into a saturated 
sodium hydrogen carbonate solution (250 mL) and extracted with 
ether (3 X  100 mL). The combined organic layers were washed with 
water (3 X  100 mL) and brine. After drying (MgS04) and evaporation 
of the solvent, (thio)acetal esters 8a-e were isolated in the yields in
dicated in Table IV. Compounds 8a,c,e crystallized only with diffi
culty.

Methylthiomethyl Diphenylacetate (8a): white (hexane); mp 
31-32 °C; IR 3150 and 2920 (C-H), 1730 (C = 0 ), 1120 (C-O), 960 
(S-C-O), and 740 and 690 (phenyl) cm "1; NMR (CDCI3) S 7.25 (s, 10 
H, phenyl), 5.07 (s, 2 H, S-CH2-0 ) ,  5.02 (s, 1 H, Ph2C-H), and 1.95 
(s, 3 H, CH3).

Methylthiomethyl 4-Nitrobenzoate (8b): white needles (1:1 
ether-pentane); mp 55-56 °C; IR 3080 and 2900 (C-H), 1720 (C = 0 ), 
1520 and 13301N02), and 1240 and 1080 (C-O) c m '1; NMR (CDC13) 
S 8.28 (s, 4 H, phenyl), 5.44 (s, 2 H, S-CH2-0 ) , and 2.31 (s, 3 H,
C H g ) .

Anal. Calcd for C9H9N 04S: C, 47.58; H, 3.99; N, 6.17; S, 14.09. 
Found: C, 47.70; H, 4.12; N, 6.15; S, 14.12.

Methylthiomethyl 2,4-Dinitrobenzoate (8c): solidifies slowly 
at -1 6  °C; mp 25 °C; IR 3080 and 2900 (C-H), 1740 (C = 0 ), 1530 and 
1330 (N 02), and 1250 and 1080 (C-O) cm“ 1; NMR (CDC13) S 8.76 (d, 
1 H, 3-H, J  = 2.0 Hz), 8.57 (d of d, 1H, 5-H, J = 2.0 and 8.0 Hz), 8.01 
(d, 1 H, 6-H, J = 8.0 Hz), 5.42 (s, 2 H, S-CH2-0 ) ,  and 2.30 (s, 3 H,
C H s ) .

Methoxymethyl 4-Nitrobenzoate (8d): white needles (1:5 ben
zene-hexane); mp 74-75 °C; IR 3080 and 2940 (C-H), 1720 (C = 0 ), 
1520 and 1340 (N 02), and 1280, 1160, and 1080 (C-O) cm“ 1; NMR 
(CDCI3) 6 8.26 (s, 4 H, phenyl), 5.54 (s, 2 H, O-CHs-O), and 3.58 (s, 
3 H, CHs).

Anal. Calcd for C9H9NO5: C, 51.19; H, 4.30; N, 6.63. Found: C, 51.22; 
H, 4.27; N, 6.64.

Methoxymethyl 2,4-Dinitrobenzoate (8e): pale yellow (1:1 
benzene-hexane); mp 60-61.5 °C; IR 3080 and 2940 (C-H), 1740 (C 
= 0 ) ,  1530 and 1330 (N 02), and 1270, 1167, and 1040 (C-O) cm“ 1; 
NMR (CDCI3) b 8.79 (d, 1 H, 3-H, J  = 2.0 Hz), 8.59 (d of d, 1 H, 5-H, 
J  = 2.0 and 8.0 Hz), 8.02 (d, 1 H, 6-H, J  = 8.0 Hz), 5.51 (s, 2 H, 0 -  
CH2-O), and 3.57 (s, 3 H, CH3).

Reactions of 8a-e with 1-Hexanol (Table V). Applying the 
conditions depicted in Table V, reactions were carried out with 
equimolar amounts of 1-hexanol and esters 8a-e (ca. 30 mL of solvent 
per 10 mmol). The disappearance of 8a-e and the conversion of 1- 
hexanol were followed by TLC and GC (120 °C), respectively. Esters 
8b-e were insoluble in carbon tetrachloride. In general, the best 
conversions were obtained with methanesulfonic acid as a catalyst. 
The reactions were worked up following the precedure described 
above for THT, THF, and THP ethers. Products 9a,b, 10, and 11a 
were isolated as pure compounds by preparative GC (190 °C).

1-Hexanol MTM Ether (9a): re22D 1.4524; IR 2940 and 2880 
(C-H), 1070 (C-O), 725, and 675 cm -1; NMR (CDC13) h 4.56 (s, 2 H,
O-CHz-S), 3.48 (t, 2 H, 0-C H 2, J = 6.5 Hz), 2.04 (s, 3 H, S-CH3), 1.55 
and 1.25 (m, 8 H, CH2), and 0.87 (t, 3 H, CH3).

1-Hexanol MM Ether (9b): rc20D 1.4043 (lit.26 n20D 1.4045); IR 
2960 and 2900 (C-H), and 1140,1100, and 1040 (O-C-O) cm“ 1; NMR 
(CDCI3) 6 4.58 (s, 2 H, O-CH2-O), 3.50 (t, 2 H, 0 -C H 2, J = 6.5 Hz),
3.30 (s, 3 H, OCH3), 1.55 and 1.25 (m, 8 H, CH2), and 0.89 (t, 3 H, 
CHs).

Di-l-hexyloxymethane (10): n22n 1.4264; IR 2940 and 2880 
(C-H), and 1100,1060, and 1030 (O-C-O) cm“ 1; NMR (CDCI3) b 4.59 
(s, 2 H, O-CH2-O). 3.46 (t, 4 H, 0-C H 2, J = 6.5 Hz), 1.55 and 1.25 (m, 
16 H, CH2), and 0.88 (t, 6 H, CH3).

Dimethylthiomethane (11a): NMR (CDCI3) 5 3.56 (s, 2 H, CH2) 
and 2.07 (s, 6 H, CHS) [lit.27 (CCI4) b 3.45 and 2.05].

Cleavage of THT Ethers. General. Mercuric chloride (812 mg, 
3 mmol) was added to a stirred solution of 2-phenylethanol THT ether 
(416 mg, 2 mmol) in a mixture of acetonitrile and water (4:1; 20 mL). 
After 10 min the reaction mixture was filtered through Celite, which 
was eluted with ether (2 X 10 mL). The resulting mixture was washed 
with a 10% ammonium acetate solution, water, and brine and dried 
with magnesium sulfate. Evaporation of the solvents gave a colorless 
oil, 248 mg (100%), with spectra identical with an analytical sample 
of 2-phenylethanol.

Selectivity. The experiments concerning selective cleavage of the 
THT group were carried out with 1-hexanol THT ether (1 mmol per 
25 mL of solvent). The reactions were followed by GC (150 °C) with 
naphthalene as an internal standard. Disappearance of the THT ether 
occurred simultaneously with the formation of 1-hexanol; other 
products were not detected.

Standard conditions for the cleavage of MTM ethers are the fol
lowing:311 (i) mercuric chloride (1.5 equiv) in acetonitrile-water (4:1) 
at 25 °C for 4 h (THT ether: 0 °C, 5 min) and (ii) silver nitrate (5 
equiv) and 2,6-lutidine (3 equiv) in THF-water (4:1) at 25 °C for 45 
min (THT ether: 5 min). However, by employing methyl iodide (3 
equiv) and sodium hydrogen carbonate (3 equiv) in moist acetone at 
25 °C,3b the THT ether hydrolyzed at a comparable rate (90% con
version in 6 days).

Registry No.—3,13042-82-5; 7b, 66675-13-6; 8a, 31280-16-7; 8b, 
5388-04-5; 8c, 66675-02-3; 8d, 66675-03-4; 8e, 66675-04-5; 9a, 
66675-05-6; 9b, 66675-06-7; 10, 54815-12-2; 11a, 1618-26-4; THT, 
110-01-0; sulfury. chloride, 7791-25-5; 2-C1-THT, 22432-03-6; THT 
diphenylacetate, 66675-01-2; 1-hexanol, 111-27-0; 2-phenylethanol, 
60-12-8; benzyl alcohol, 100-51-6; geraniol, 106-24-1; 2-pentanol, 
6032-29-7; cyclohexanol, 108-93-0; 1-hexanol THT ether, 66675-07-8;
2-phenylethanol THT ether, 66675-08-9; benzylalcohol THT ether, 
66675-09-0; geraniol THT ether, 66675-10-3; 2-pentanol THT ether, 
66675-11-4; cyclohexanol THT ether, 66675-12-5; 2,3-dihydropyran, 
110-87-2.
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Reaction of lV-(substituted thio)phthalimides with organic isocyanides results in sulfur-nitrogen bond cleavage 
and formation of new a adducts 1. In addition to 1 ,2-alkylthio-5-aminooxazoles (2) were prepared for the first time 
by this method from 2-isocyanoacetamides. Likewise, when sulfur transfer reagents such as 2-alkyldithiobenzim- 
idazoles and bsnzothiazoles are reacted with isocyanides, sulfur-sulfur fission results in the formation of a adducts 
possessing attachment of the heterocycle through nitrogen (4, 6) or sulfur (5) to the isocyanide carbon. Product 
structure, isomer distribution, and reaction scope are discussed. Reactions of the parent heterocycles with isocyan
ides are also fcund to give a adducts 7 ,8 ,9 , and 10 formed by nitrogen-hydrogen heterolysis.

Reaction of sulfenamides with organic isocyanides 
(Scheme I) has been found to give a adducts 1 (Table I). The 
reaction is visualized as proceeding through a polar interme
diate, much in keeping with the generally accepted mechanism 
encountered with a number of other well-known a additions 
to isocyanides,2 including certain sulfur compounds.3-5

Moreover, sulfenamides have been shown to serve as ef-

Scheme I
0
II

a C\  -.SR'
N—SR' —*- RNC +

CX  L J

II
0

1

fective sulfur transfer agents,6-8 with the products therefrom 
indicative of sulfur transfer via a positive sulfenium inter
mediate.

The reaction appears fairly general, although with certain 
isocyanides possessing an active methylene group, an alter
native reaction is also possible (Scheme II). Although the 
corresponding a adduct can be isolated, significant amounts 
of the novel 2-alkylthio-5-aminooxazoles 2 are also formed. 
Since oxazole formation has been postulated in certain in
stances to proceed through a nitrile ylid,9 especially during 
the Cornforth rearrangement, its intermediacy is suggested 
here. Curiously, present evidence indicates that the a adduct 
in Scheme II cannot be transformed to the substituted oxa
zole, but rather the two products are formed simultaneously 
and apparently independently regardless of whether the re
action is carried out at room temperature or in refluxing ace
tonitrile.

To further define the reaction scope, other types of divalent 
sulfur compounds were reacted with organic isocyanides, with 
the results diagrammed in Scheme III.

From the examples given in Schemes I—III it becomes ap
parent that the a additions depicted require facile cleavage 
of the sulfenamides or mixed disulfides to give relatively stable 
sulfenium cation and mercaptide or amine anions. A case in 
point is disulfides derived from benzothiazoline-2-thione 
which behave analogously to M-alkylthiophthalimides, except 
that while the sulfenamides derived from imides and amines 
cleave to give a nitrogen anion and sulfenium cation, the mixed 
disulfides give the latter ion and resonance stabilized mer
captide anion as addends.

n(m.3?fi3/7S/1 ‘M3.a5'c>3<Rm nn/n if) 1078 Amarini™ Phnniinnl ïnnintii
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Table I. Products'1 From Reaction of Isocyanides with Sulfenamides and Disulfides
Mate- registry

rial no. ______ ______ R_________________R/_________  R " % yield_______mp, °C_______ pertinent spectral data6~d

la 66858-78-4 2,6-(CH3)2C6H3 CH(CH3)2 75 109-110

b 66858-79-5 (CHs)3C CH(CH3)2 54 140-142

c 66858-80-8 C6H5CH(CH3) CH(CH3)2 77 105-106

d 66858-81-9 C6H5CH2CH(C6H5) CH(CH3)2 50 98-100

e C2H50C (0 )C H 2 CH(CH3)2 51 89-91

fc C6H5N(i -Pr>C(Q)-
ch2

CH(CH3)2 <10 140-145

« 66858-82-0 2,6-(CH3)2C6H 3 n-C3H 7 71 130-132

h 66858-83-1 2,6-(CH3)2C6H 3 CßHö 62 169-171

i 66858-84-2 2,6-(CH3)2C6H3 C(CH3)3 43 160-162

2a 66858-85-3 (CH3)2CH (CHshCH C6H5 31 oil

2b 66858-86-4 cyclohexyl (CH3)2CH c6h 5 63 oil

IR 5.6, 5.8-5.9 (C = 0 ) , 6.25 
Mm (C = N ); NM R 5 1.35 (d, 
6, CH(CH3)2), 2.28 (s, 6, 
ArCH3), 3.42 (m, 1, 
CH(CH3)2)

IR 5.65,5.8 (C = 0 ) ,  6.08-6.2 
jim (C = N ); NM R 5 1.20 (s,
9, C(CH3)3), 1.30 (d, 6, 
CH(CH3)2), 3.6 (m, 1, 
SCH(CH3)2)

IR 5.60, 5.8 (C = 0 ) ,  6.18 Mm 
(C = N ); NM R 5 1.1-1.3 
(multiple doublets, 
unequal intensity, syn/anti 
and chiral CH(CH3)2), 3.2 
and 3.9 (minor and major 
heptet, syn/anti CH(C- 
H3)2), 4.6 and 5.05 (major 
and minor quartet, syn/ 
anti CH(CH3)2), 7.2 (m, 5, 
ArH)

IR 5.6, 5.8 (C = 0 ),6 .2 n m  
(C = N ); NM R 6 1.1 (d, 
fractional (CH(CH3)2), 1.4 
(2d, fractional chiral 
CH(CH3)2), total at 1.1 and
1.4 (6 protons), 3.15 (m, 2, 
chiral CH2CH), 3.85 
(heptet, 1, CH(CH3)2), 4.6 
and 5.1 (unequal triplet, 
syn/anti ArCHCH2), 7 (m,
10, ArH)

IR 5.65, 5.8 (C = 0 ) ,  6.2 Mm 
(C = N ); NM R 5 1.20 (t, 3, 
CH3CH2), 1.35 (d, 6, 
(CH3)2C), 4.07 (heptet, 1, 
SCH), 4.12 (s, ca. 1.6, 
NCH2), 4.13 (quartet, 2, 
CH2CH3), 4.30 (s, ca. 0.5, 
NCH2, remaining syn/anti 
isomer)

IR 5.65, 5.8 (C = Q ), 6.05 
(C = 0 ) , 6.2-6.3 fim (C = N ); 
NM R <5 1-1.16 (multiple 
doublets, 12, syn/anti 
CH(CH3)2), 3.8 and 3.97 
(2s, 2, syn/anti CH2N), 4.95 
(heptef, 1, NCH(CH3)2)

IR  5.7, 5.8-5.9 (C = 0 ) ,6 .2 -
6.3 /xm (C = N ); NM R <5 0.82 
(t, 3, CH2CH3), 1.5 (m, 2, 
CH2CH3), 2.20 (s, 6, 
ArCH3), 2.8 (t, 3, SCH2)

IR 5.65, 5.8 (C = 0 ) ,  6.2 nm 
(C = N ); NM R h 2.4 (s, 6, 
ArCH3), 6.9-7.5 (m, 5,
ArH)

IR 5.68, 5.85 (C = 0 ) ,  6.2 ßm 
(C = N ); NM R 6 1.6 (s, 9, 
C(CH3)3) 2.22 (s, 6, ArCH3)

IR 6.2, 6.3 Mm (oxazole and 
phenyl ring); NM R 5 1.23 
(d, 6, CH(CH3)2), 1-43 (d,
6, CH(CH3)2), 3.82 (heptet, 
1, CH(CH3)2), 4.20 (heptet, 
1, CH(CH3)2), 6.75 (s, 1,4- 
oxazole H)

IR 6.18, 6.3 Mm (oxazole and 
phenyl ring); NM R S 1.2 [d, 
6, (CH3)2C], 1-2.3 (m, 10, 
cyclohexyl H), 3.6 (m, 1, 
CHS), 4.1 (heptet, 1,
NCH), 6.42 (s, 1, 4-oxazole 
H)
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Table I (continued)

Mate
rial

registry
no. R R' R" % yield mp, °C pertinent spectral data6“0'

3

4

66858-87-5 

66858-88-6 2,6-(CH3)2C6H3 cyclohexyl H

59 oil

136-138

IR 6.2-6.35 Mm (C=N); NMR 
8 1.1 (d, 6, OCHCH3), 0.8- 
1.8 (m, 10, cyclohexyl H), 
1.95 (s, 6, ArCH3), 2.3-2.7 
(m, 4, NCH3), 3.3-4.2 (m,
3, OCH and SCH)

NMR S 1.0-1.9 (m, 10,

5a 66858-89-7 2,6-(CH3)2C6H3 cyclohexyl H 50-60

cyclohexyl H), 2.40 (s, 6, 
ArCH3), 3.05 (m, 1, SCH), 
7.0 (m, 3, ArH), 7.4 (m, 4, 
heterocyclic H); 13C=N 
152.5,13C=S 188.6 

NMR 8 1.1-1.9 (m, 10,

b 66858-90-0 2,6-(CH3)2C6H3 cyclohexyl Cl 76 140-141

cyclohexyl H), 2.2 (s, 6, 
ArH), 3.8 (m, 1, CHS), 
7.2-8.2 (m, 4, heterocyclic 
H); 13C=N  152.6,155.6 

IR 6.3 (C=N), 6.4 Mm (hetero

6a 66858-91-1 2,6-(CH3)2C6H3 cyclohexyl 64 160-162

ring); NMR & 1.05-1.9 (m, 
10, cyclohexyl H), 2.20 (s,
6, ArCHs), 3.8 (m, 1, SCH), 
8.07 (d, J = 2 Hz, 1,4- 
heterocyclic H); 13C==N 
153.2,155.1; single-crystal 
X-ray

IR 6.2 (C=N), 6.35 Mm

b 66858-92-2 2,6-(CH3)2C6H3 n-C3H7 65 201-203

(heteroaromatic); NMR 5 
0.9-1.9 (m, 20, cyclohexyl 
H), 2.40 (s, 12, ArCH3), 
3.05 (m,.2, SCH), 7.3 (AB 
quartet, 4, hetero H), 
13C=N  151.7,13C=S 169.1 

IR 6.2 (C=N), 6.35 um
(heteroaromatic); NMR 8 
0.88 (t, 6, CH2CH2CH3), 
1.55 (m, 4, CH2CH2CH3), 
2.48 (s, 12, ArCH3), 2.80 (t, 
4, SCH2CH3CH3), 7.04 (m, 
6, ArH), 7.4 (AB quartet,
4, hetero H); 13C=S 168.0

a Elemental analyses [C, H(S), N] consistent with structure. b IR (CHCI3), NMR (CDCI3) . c All materials possessing 2,6-xylyl and/or 
phthaloyl moieties display respectively ca. <5 2.2-2.4 (s, ArCH3), ca. 7.0 (s, 3, ArH), and ca. 7.8 (A2B2 quartet, 4, ArH). d 13C NMR res
onances in ppm from Me4Si. e Per general formula 1, Scheme I.

Addition products with attachment at nitrogen (4) or sulfur
(5) have been isolated. In one instance these pure isomers were 
separately shown to be convertible in refluxing acetonitrile 
to an equilibrium mixture of ca. 42% 4 and 58% 5a. This ob
servation is in accord with previous studies of S vs. N at
tachments of benzothiazole-2-thione derivatives,10 although 
in the present case the S derivative is predominate. In fact, 
5b was isolated without evidence for nitrogen attachment and 
further completely resisted isomerization to 4 in refluxing 
acetonitrile, suggesting a steric influence on equilibrium.

In Scheme III reaction occurs only at both heteronitrogens, 
leading to bisadduct 6. Attachment of the isocyanide carbon 
to heteronitrogens rather than mercapto exo-sulfur does not, 
however, necessarily preclude initial attack of isocyanide at 
this latter atom, followed by rearrangement. The propensity 
for final nitrogen rather than sulfur alkylation and acylation 
in these heterocyclic ring systems has previously been studied 
by Halasa.11

Nitrogen attachment is exclusively found with simple un
catalyzed a addition of isocyanides to benzothiazole-2-thione 
and other heterocyclic thiones (Scheme IV). The preparation 
of such adducts appears new12 and a limited scope expansion 
is presented in Table II. Although benzothiazoline-2-thione 
and certain of its nuclear substituted derivatives react with

isocyanide in a few hours or less in refluxing toluene, other ring 
systems require more stringent conditions. Refluxing di- 
methylformamide was found to effect reaction between 
sluggish benzimidazoline-2-thione rings and isocyanide. 
Certain closely related ring systems underwent addition to 
give materials 7,8  and 9.

The formations of 7-10, like 5 and 6, are sensitive to steric 
influences. Benzothiazoline-2-thione reacted a good deal faster 
than the more acidic 5-chloro isomer with 2,6-xylyl isocyanide.
5-Methylbenzimidazole-2-thione, unlike the unsubstituted 
homologue, when permitted to react with 2 mol of 2,6-xylyl 
isocyanide produced only the monoadduct, and from the 
downfield shift of the 7-proton multiplet (coupled to the ad
jacent 6 proton), reaction occurred only at the 1-nitrogen to 
give 7h, with no formation of 2:1 adduct.

Structure proofs for the new products arising from organic 
isocyanides and divalent sulfur compounds as listed in Tables 
I and II are based on methods of preparation, elemental 
analyses, and spectral interpretations with pertinent ab
sorptions listed in the tables.

Thus materials 1 and 3-10 are characterized by strong imino 
IR bands at 6.2-6.3 um. Compounds le  and If are the only 
materials that seemingly display syn/anti forms as indicated 
by multiple absorptions for the N-CH2 and CH(CH3)2.
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Scheme II
O

phthalimide
anion

o

Spectra of the oxazoles 2 are quite consistent with those 
found for such ring systems.13 Additionally, simple acid hy
drolysis of 2a furnishes the expected degradation product, 
namely 2-(isopropylthiocarbamoyl)-IV-isopropylacetanil- 
ide.

Compounds 6 possess one sharp xylvl methyl peak (12 
protons) (]H NMR) and by 13C display the predicted maxi
mum decoupled absorptions for the requisite different carbon 
atoms. If 6 were unsymmetrical, with one imino moiety linked 
through sulfur, the !H and 13C spectra would entail more 
complexities. Similarly, only one kind of aromatic methyl and 
formyl proton respectively could be observed for the sym
metrical adduct 10.

13C NMR analysis is especially valuable in verifying the 
presence of a thiocarbonyl moiety in materials 4 and 6-10. The 
13C =S  absorption, particularly those derived from thiazole 
or oxazole ring systems (4, 7a-f), is prominent with its 
downfield position between 178 and 200 ppm, in keeping with 
this resonance as found in the parent heterocycles such as 
benzothiazole-2-thione.14 The absence of such thiocarbonyl 
absorptions immediately suggests derivatization through 
sulfur as in 5 rather than nitrogen (single-crystal X-ray crys
tallography of 5b confirms this assignment, see Experimental 
Section).

The iminoformyl groups (HC=N) in materials 7-10 are also 
confirmed by 13C off-resonance experiments, where the single 
proton coupling serves to locate this resonance among the 
other sp2 carbon-heteroatom absorptions. In these cases

Scheme IIIa

R 'S C = N R  
H

2RNC +  2Ï Jl C— SSR'

C = N R
R'SX

6

H

H

Scheme IV

H
RNC +

H C = N R

,N Vinert /  \
C = S  solvent C = S

heterocycle 7, 8 , 9, 10

where measurements were made (see Table II), this absorption 
was located at ca. 145 ppm, upfield only from the thiocarbonyl 
resonance.

Experimental Section
Representative procedures for the preparation of the materials 

listed in Tables I and II are as follows:
l,3-Dioxo-iV-(2,6-xylyl)-2-isoindolinecarboximidothioic Acid, 

Isopropyl Ester (la). Technical Af-(isopropylthio)phthalimide15 (4.4 
g, 0.02 mol) was placed in 100 mL of acetonitrile with 2.6 g of 2,6-xylyl 
isocyanide. The mixture was heated to reflux after an initial IR at 
room temperature indicated partial reaction (C =N  band emerging 
at 6.2-6.3 mhi). After 30 min at reflux, the reaction was substantially 
complete, although 0.6 g of additional sulfenamide was added, as it 
became clear that this reagent contained significant amounts of 
phthalimide. The cooled mixture was filtered to remove phthalimide 
and solvent evaporated from the filtrate to give a mushy solid that
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C H = N R

7
a 66858-93-3 2,6-(CH3)2C6H3

b 66858-94-4 2,6-(CH3)2C6H3 5-C1

c 66858-95-5 2,6-(CH3)2C6H3 6-N 0 2

d 36858-96-6 2,6-(CH3)2C6H3 6-C2H5O

e 66858-97-7 2,6-(CH3)2C6H3

f 66858-98-8 cyclohexyl

g 66922-24-5 2,6-(CH3)2C6H3

h 66858-99-9 2,6-(CH3)2C6H3 5-CHa

I
C R = N R

8
CH3 6 6 8 5 9 -0 1 -6
l

C B = N R

9
S 66858-63-7

RN^CH—N^lN—CH=̂ NR

10

S 64 150-151 NM R ô 7.1-7.5 (m, 3, ArH), 9.00 
(m, 1, 4-BT), 9.29 (s, 1, C H = N ); 
13C H = N  148.2,13C = S  193.6

s 67 175-180 IR 6.05 pm (C = N ); NM R 5 7.4 (m, 
2, ArH), 9.17 (m, 1, 4-BT), 9.27 
(s, 1, C H = N ); 13C H = N  147.9, 
13C = S  193.6

s 36 >290 NM R 5 8.3 (m, 2, ArH), 9.33 (d, J  
=  8 Hz, 4-BT), 9.35 (s, 1, C H = N )

s 69 155-156 NM R 5 1.4 (t, 3, CH2CH3), 4.03 (q, 
2, CH2CH3), 6.8-7.2 (m, 5, ArH), 
8.97 (d, J  = 8 Hz, 4-BT), 9.30 (s, 
1, C H = N )

0 50 167-168 NM R 5 7.2-7.4 (m, 3, ArH), 8.4 (m, 
1, 4-BO), 8.96 (s, 1, C H = N ); 
13C H = N  146.8,13C = S  181.0

s 34 131-132 NM R 5 1.1-2.2 (m, 10, cyclohexyl), 
3.40 (m, 1, C H N =C ), 7.2-7.5 (m, 
3, ArH), 8.83 (m, 1,4-BT), 9.32 
(s, 1, C H = N ); 13C H = N  145.4, 
13C = S  192.6

NH 245-247 NM R (Me2SO), 7.0-7.4 (m, 6, ArH), 
8.58 (m, 1, 7-BI), 9.23 (s, 1, 
C H = N )

NH 40 231-234 NM R Ô 2.42 (s, 3 ,5-CH3), 7.0 (m, 
5, ArH), 8.40 (m, 1, 7-BI), 9.17 
(s, 1, C H = N ); 13C H = N  147.0, 
13C = S  170.6

47 125 NM R Ô 3.42 (t, 2, CH2S), 4.60 (t, 
2, CH2N), 8.70 (C H = N ); 
1SC H = N  147.0,13C = S  200.7

15 113-115 NM R S 3.62 (d, J  = 1 Hz, 3, NCH3),
6.75 and 7.6 (2 m, J  = 1 Hz, 
N C H =C H N ), 8.88 (s, 1, C H = N )

268-270 IR 6.05 pin (C = N ); NM R 5 7.35-7.6 
Cm, 2, 5, 6-BI), 8.70-9.02 (m, 2,
4, 7 BI), 9.30 (s, 2, C H = N )

° Elemental analyses (C, H, N) consistent with structure. 6 In 8, 9,10, R  = 2,6-(CH3)2C6H3. c IR (CHC13), NM R (CDC13), 13C in 
ppm from Me4Si. d All materials possessing 2,6-xylyl displayed NM R 6 ca. 2.2 (s, ArCH3) and ca. 7.0 (ArH). e BT-benzothiazole, BI- 
benzimidazole, BO-benzoxazole.

crystallized hard after several hours. Recrystallization from hot 
methylcyclohexane (after filtering off more phthalimide) afforded
2.9 g of la  as a first crop, mp 109-111 °C, and 0.8 g additional com
pound from the mother liquors.

1.3- D io x o -J V -(te r t-b u ty l)-2 -iso in d o lin eca rb ox im id o th io ic  
Acid, Isopropyl Ester ( lb ) ,  tert-Butyl isocyanide (1.66 g, 0.02 mol) 
was dissolved in 50 mL of dry acetonitrile containing 4.86 g (0.022 mol) 
of (V-(isopropylthio)phthalimide. After standing 24 h at room tem
perature, the isocyanide (IR) had vanished to be replaced by a strong 
C =N  band at 6.2 pm. After solvent removal, the residue was dissolved 
in hot hexane and filtered and product allowed to crystallize on 
cooling, thereby yielding 3.3 g of white crystals. An analytical sample 
was*obtained by a second re crystallization from hexane.

1.3- D ioxo-JV -(ethoxycarbonylm ethyl)-2 -isoindolin ecarboxi- 
m idothioic A cid , Isopropyl Ester ( le ) .  Ethyl 2-isocyanoacetate16 
(0.02 mol, 2.26 g) was mixed with 4.5 g (0.02 mol) of technical N- 
(isopropylthio)phthalimide and allowed to stand at room temperature 
for 2 days. After this time there was still a trace of isocyanide present 
as determined by IR. The mixture was filtered to remove small

amounts of phthalimide and the filtrate treated on a vacuum rotary 
evaporator to remove solvent. The residual 3.4 g of oil proved to be 
nearly pure le  (NMR and IR). Scratching induced crystallization and 
the material was recrystallized from methylcyclohexane to give 2.2 
g of solid, while a final recrystallization from hexane furnished the 
analytical sample.

l,3 -D ioxo-iV -(A r-isopropylcarbaniloylm ethyl)-2-isoindoline- 
carbox im id oth ioic  A cid , Isopropyl Ester (I f ) ,  and 5-(JV-Iso- 
p rop y la n ilip o )-2 -(isop rop y lth io )ox a zo le  (2a). 2-Isocyano-lV- 
isopropylacetanilide17 (0.02 mol, 4.04 g) and an equimolar amount 
of N-(isopropylthio)phthalimide (4.5 g) were dissolved in 100 mL of 
acetonitrile and the mixture heated at reflux for 2 h, then permitted 
to stand overnight. At the same time an identical charge was placed 
in acetonitrile and without heating the solution was allowed to stand 
overnight at room temperature. Infrared spectra of both solutions 
after standing were identical. They were both separately worked up 
in an identical manner as follows to give essentially the same distri
bution of products I f  and 2a: Acetonitrile was removed under vacuum 
then the residue taken up in ether and washed with 2.5% caustic to
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remove phthalimide. During this process 1.1 g of solid, neutral If was 
filtered off. The ether filtrate after drying over magnesium sulfate 
was vacuum treated to remove solvent and the residue triturated with 
ca. 50 mL of pentane. An additional 1.0 g of If was thereby obtained. 
The clear pentane solution was evaporated to give 2.5 g of oil as crude 
2a. Although a sample of this material did not survive injection into 
a GLC column at 200 °C, it was purified by elution with pentane 
through neutral (Wohme) alumina, to give after filtering through clay
1.4 g of clear, near-colorless oil which exhibited an NMR spectra in
dicative of high assay 2a.

The combined solids obtained as described above were dissolved 
in chloroform and eluted through a silicic acid column with 98% 
CHCl3/ 2% EtOH, to give a viscous white oil, which was characterized 
by only one spot on TLC. The material was triturated with pentane 
to give 0.3 g of white powdery solid, which by NMR was shown to 
consist of both syn and anti a adduct If.

Material 2a, 0.4 g, was shaken at room temperature with ca. 20 mL 
of 12% HC1. The oil appeared to nearly dissolve in this medium when 
crystals appeared. After standing 0.5 h, the acidic mixture was diluted 
with 25 mL of water and filtered. The washed and then dried crystals 
were recrystallized from isopropyl alcohol to give 0.24 g of 2-(isopro- 
pylthiocarbamoyl)-A-isopropylacetanilide: mp 138-139 °C; IR 
5.95-6.15 Mm (C = 0 ); : H NMR (CDC13) 5 1.04 and 1.08 (2 d, 12, J = 
7 Hz, 2 (CH3)2CH), 3.54 (heptet, 1, J  = 7 Hz, SCH), 3.60 (d, 2, J  = 6 
Hz, HNCH2), 4.98 (heptet, 1, J  = 7 Hz, NCH), 6.48 (m, broad, 1, NH),
7-7.6 (multiplets, 5, ArH); MS revealed parent molecular ion at 294 
and fragmentation pattern consistent with structure.

Anal. Calcd for C15H22N2O2S: C, 61.19; H, 7 53; N, 9.51. Found: C, 
61.19; H, 7.55; N, 9.48.

2-Cyclohexylthio-5-(iV-isopropylanilino)oxazole (2b). Equi
molar amounts (0.01 mol) of 2-isocyano-iV-isopropylacetanilide and
4-cyclohexylthio-2,6-dimethylmorpholine18 were heated at reflux in 
acetonitrile until the isocyanide band had essentially vanished. Upon 
cooling, the solvent was removed and the residual oil was eluted 
through neutral alumina with pentane to give, on solvent removal,
2.0 g of 2b.

2,6-Dimethyl-4-morpholme-lV-(2,6-xylyl)carboximidothioic 
Acid, Cyclohexyl Ester (3). 2,6-Xylyl isocyanide (0.05 mol) was 
mixed in 100 mL of acetonitrile with an equimolar amount of 4-cy- 
clohexylthio-2,6-dimethylmorpholine.18 The mixture was refluxed 
for several hours, until the isocyanide band (IR) had essentially dis
appeared. On evaporation of solvent an oil was obtained which was 
filtered through clay as product.

JV-(2,6-Xylyl)benzothiazoline-2-thione-3-carbonimidothioic 
Acid, Cyclohexyl Ester (4). 2,6-Xylyl isocyanide (0.01 mol, 1.3 g) 
and 2-cyclohexyldithiobenzothiazole18 (0.01 mol, 2.8 g) were mixed 
together in 50 mL of acetonitrile and the temperatdre was raised to 
reflux. After 12 h at this temperature, the mixture was cooled and 
solvent evaporated to give a viscous syrup. Column chromatography 
through silica gel (elution with cyclohexane/ethyl acetate v/v 4:1) gave 
the first elutant collected as 4, recrystallized hexane, mp 136-138 °C, 
yield 0.4 g.

jV-(2,6-Xylyl)-S-(2-benzothiazolyl)carbonimidodithioic Acid, 
S'-Cyclohexyl Ester (5a). The second fraction collected from 4 was 
rechromatographed with cyclohexane/ethyl acetate (LC) to give upon 
solvent evaporation 0.6 g of solid, recrystallized from pentane.

Isomerization of 4 and 5a. Solutions of pure 4 and 5a were sepa
rately boiled in CD3CN for ca. 24 h. During this time (after ca. 12 h) 
it was established by examining the SH NMR of the solutions that 
each had established an equilibrium of ca. 42% 4 and 58% 5a. Upon 
evaporation of the NMR solvent, both pure 4 and 5a were isolated 
from the reaction mixtures by recrystallization from hexane (4) and 
chromatography (5a).

JV-(2,6-Xylyl)-S-(5-chloro-2-benzothiazolyl)carbonimidodi- 
thioic Acid, S'-Cyclohexyl Ester (5b). 2,6-Xylyl isocyanide (0.015 
mol, 1.96 g) and 5-chloro-2-cyclohexyldithiobenzothiazole18 (0.015 
mol) were mixed together in acetonitrile and the temperature raised 
to reflux. A clear solution was thereby achieved. Reflux was continued 
overnight, but on cooling an oil layer was observed. IR of the solvent 
phase showed almost no isocyanide remaining. The lower layer was 
separated and scratching induced crystallization of the lower oil layer 
with 5.1 g filtered from the mixture. An analytical sample was re- 
crystallized from isopropyhalcohol. Material 5b was examined by single 
crystal X-ray and found to be monoclinic, space group P ‘11 a, with a 
= 11.515 (3) A, b = 16.585 (5) A, c = 11.681 (4) A, S = 95.66 (2)°, with 
unit cell volume = 2219.9 A3 for Z = 4. Preliminary structural re
finement has resulted in R\ = 0.09. Details of the complete structure 
refinement will be published elsewhere.19

Bis[7V,jV'-(2,6-xylyl)]benzinridazole-l, 3-dicar boximidothioic 
Acid, Dicyclohexyl Ester (6a). 2-Cyclohexyldithiobenzimidazole20 
(0.022 mol, 5.8 g) was mixed in 100 mL of dry acetonitrile with 0.02

mol (2.62 g) of 2,6-xylyl isocyanide and the mixture refluxed overnight. 
After this time, the IR indicated no remaining isocyanide. Small 
amounts of solid were filtered off the cooled reaction mixture and the 
solution treated under vacuum to remove acetonitrile. The residue 
was taken up in ether and washed with 2.5% caustic, then water. After 
drying over magnesium sulfate, the material was vacuum treated to 
remove solvent and the residue permitted to stand under hexane for 
2 days. Crystals (4.1 g) were deposited, which were once again rec
rystallized from isopropyl alcohol. An analytical sample was obtained 
by a further recrystallization from heptane.

5-Chloro-3-[(V-(2,6-xylyl)formidoyl]benzothiazoline-2-thio- 
ne (7b). 5-Chlorobenzothiazoline-2-thione (4.0 g, 0.02 mol) was placed 
in 100 mL of toluene and heated at reflux with an equimolar amount 
of 2,6-xylyl isocyanide. After 4 h the isocyanide absorption (IR 4.7 Mm) 
had vanished, and on cooling the product separated. The solid ma
terial was removed by filtration, taken up in methylene chloride, and 
washed with 5% sodium hydroxide (to remove starting thiazole). The 
dried organic phase was then vacuum treated and the residual solid 
was recrystallized from ethyl alcohol.

3-[IV-(2,6-Xylyl)formimidoyl]benzoxazoline-2-thione (7e). 
Equimolar (0.02 mol) charges of benzoxazoline-2-thione and 2,6-xylyl 
isocyanide were placed in toluene and heated at reflux until only 
traces of isocyanide remained as monitored by IR. This reflux period 
was longer than that required for the sulfur analogues (i.e., 6a). After 
cooling and separating the solid by filtration, the product was dis
solved in methylene chloride and washed with 5% sodium hydroxide. 
After drying, the material was vacuum treated and the residue rec
rystallized from isopropyl alcohol.

l-[IV-(2,6-Xylyl)formimidoyl]benzimidazolinethione (7g) and
l,3-Bis[IV-(2,6-xylyl)formimidoyl]-2-benzimidazolinethione 
(10). Benzimidazoline-2-thione (3.8 g, 0.02 mol) was mixed with an 
equimolar amount of 2,6-xylyl isocyanide in 100 mL of DMF and re
fluxed for 12 h. Upon cooling overnight 10 crystallized and was sep
arated and purified by recrystallization from pyridine. The DMF 
filtrate was poured into 500 mL of water and the solid formed was 
filtered off, dried, and recrystallized from acetonitrile to give a base 
soluble 1:1 adduct (7g).

5-Methyl-l-[AT-(2,6-xylyl)formimidoyl]-2-benzimidazoline- 
thione (7h). 5-Methylbenzimidazoline-2-thione (4.1 g, 0.025 mol) was 
mixed with 6.5 g (0.05 mol) of 2,6-xylyl isocyanide in 150 mL of DMF 
and the material refluxed for 24 h. On cooling, no solid separated, so 
the clear DMF solution was poured into water to give solid, which after 
air drying was recrystallized from acetonitrile to give 2.9 g of a 1:1 
adduct (7h). There was no evidence for ohe 2:1 adduct.

3-[iV-(2,6-Xylyl)formidoyl]thiazolidine-2-thione (8). Thiazo- 
lidine-2-thione (2.4 g, 0.02 mol) was placed in diglyme with an equi
molar amount of 2,6-xylyl isocyanide. The mixture was refluxed for 
6 h, solvent removed, and the residue placed on a porous plate. The 
material was recrystallized from acetonitrile to give 7.4 g.
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The isolation and structure determinations of three new heliangolides from Eupatorium recurvans Small are re
ported. The major lactone eurecurvin (la) was a cis-A4i5,cis-A9'10-germacradienolide, as was a minor lactone con
stituent le. The third lactone was a trans-A1(10),cis-A4’5 isomer, 4a. Details of the structure and stereochemistry 
were established by X-ray analysis of le and 4a.

In the present article we continue our reports3-5 on con
stituents of Eupatorium species sensu stricto which have 
yielded various cytotoxic and antitumor sesquiterpene lac
tones and describe the isolation and structure determination 
of three new heliangolides la, le, and 4a from Eupatorium 
recurvans Small.6 E. capillifolium (Lam.) Small, E. com-

! ,CH3

c, R  = CH2OAc; R, =  Ac
d, Ri =  CHO; R2 = H
e, Rj = CH3; R2 = H
f, Rj =  CH3; R2 =  H b, R =  H

4a, R =  H
b, R =  Ac

positifolium Walt., E. Leptophyllum DC., and E. pinnatifi- 
dum Ell. yielded no significant sesquiterpene lactone frac
tions.7

The major lactone component of E. recurvans, which we 
have named eurecurvin, C22H30O8, mp 185-186 °C, was an 
a-methylene 7-lactone as evidenced by the usual criteria [LH 
NMR spectral data in Table I, narrowly split doublets at 6.45 
and 5.72 ppm (Ha and H*,), and appropriate signals of the 13C 
NMR spectrum in Table II, particularly the triplet at 122.9 
ppm]. That it was incorporated in partial structure A was 
shown by spin decoupling experiments on the lactone and its 
derivatives in various solvents, which will not be discussed in 
detail. A vinyl methyl group (broadened signal at 1.83 ppm) 
was found to be allylically coupled to Hf resonating at 5.44 
ppm. Mass and NMR spectral analyses revealed the presence 
of two ester groups, an acetate and a 2-methylbutyrate.

0022-3263/78/1943-3559801.00/0 © 1978 American Chemical Society
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Table I. 'H  NMR Spectra of E. recurvan s  Constituents and Derivatives“

C om p d H - l H -2 H -3 H -5 H -6 H -7 H -8 H -9 H -13 H -1 4 6 H -15 Side chain  &  m isc.

l a c 5.80 dbr 5.80 dbr 6.03 dbr 6.43 dd 3.32 m 6.29 dbr 5.44 dbr 5.72 d 1.90 br 4.47 b r d 2.46 m  ( H - 2 ') , 1 .43 ,1 .7 2  m
(1 1 ,2 ) (1 5 ,1 1 ,3 )  

2.64 m
(4.5, 3) (11) (1 1 ,9 ) (9, 2, 3, 3) (6, 2) (6) (3)

6.45 d
(H -3 ') ,0.81 i  (H -4 ) ,6 1.23 
(d  (H -5 ') ,6 2.16 (A c ) 6

(1 5 ,2 , 4.5) (3)
2.43 m , 1 .6 8 ,1.48 m , 1.21l a e 5.40 m 5.34 br 5.60 m 6.00 dd 3.14 m 5.40 m 5.40 m 5.60 d 1.70 br 4.09 t

6.30 d 4.24 t d ,6 0 .8 9 1,6 2.1 (A c )6
l b c 5.67 dbr 2.43 m 5.79 dbr 5.88 br 6.43 dd 3.32 m 6.34 dbr 5.47 dbr 5.74 d 1.90 br 4.69 d S ide  chain  as in la :  2.06,

(1 1 ,2 )  ' (1 5 ,1 1 ,3 ) (4.5, 3) (11) (1 1 ,9 ) (9, 2, 3, 3) (2, 6) (6) (3) (15) 2.14 (A c )6
6.47 d 4.90 d

(1 5 ,2 , 4.5) (3) (15)
S ide  chain  as in la :  1.96,l c c 6.71 dbr 2.28 m 5.74 dbr 5.91 dbr 6.44 dd 3.30 m 6.32 dbr 5.53 dbr 5.74 d 1.82 br 4.67 dbr

(1 1 ,2 ) (15, 11, 3) (4 .5 ,3 ) ( i d (1 1 ,9 ) (9, 2, 3 ,3 ) (2, 6) (6) (3) (15) 2.06 (A c )6
2.40 m 6.48 d 4.83 dbr
(1 5 ,2 ,4 .5 ) (3) (15)

S id e  ch a in  as in l a :  2.13l d c 5.80 dbr 2.48 m 5.74 dbr 6.75 dbr 6.45 dd 3.53 m 6.35 dbr 5.41 dbr 5.80 d 1.66 br 9.64
(11, 2) (4.5, 3) (11) (1 1 ,9 ) (2, 6) (6) (3)

6.50 d 
(3)
5.58 d

(A c )6

le^ 5.28 d b r« 2.20 m 5.36 ddb r 5.28 d b r« 5.96 dd 2.83 m 5.89 dbr 5.36 d 1.83 br 1.72 b r 6 2.44 m  (H -2 ') ,  1.49 m , 1.67
(1 0 .5 ,3 ) (16 .5 ,10 .5 ) (6, 3) (ID (1 1 ,9 ) (9 ,1 .5 , 3, 3) (6 ,1 .5 ) (6) (3) m  (H -3 '), 0 .9 2 1 (H -4 ') ,6

3 6.34 a 1.19 d  (H -5 ') ,6 2.14 (A c ) 6
2.01 m 
(1 6 .5 ,3 , 3) 
1.92 m

(3)

l e e 5.34 m 5.25 dd 5.34 m 5.97 dd 3.05 m 5.34 m 5.34 m 5.55 d 1.69 br 1.80 br S ide  chain  as in la :
2.27 m 6.14 d 2.1 (A c )6

2a f 3.85 dd 1.59 m 5.46 dd 5.20 dbr 6.33 dq 5.10 1.94 db 1.26 4.50 d br S ide  chain  as in la :
11 ,3 ) 2.63 m (6, 2) (11) (1 1 ,1 .7 ) (1.7) (15)

4.60 dbr
2 .07 ,2 .1 8  (A c )6

(15)
2 b  t 3.92 dd 1.75 m 5.43 dd 5.18 dbr 6.36 dq 4.42 2.01 d 6 1.26 4.50 d br 2 .07 ,2 .1 9  (A c )6

(11, 3) 2.62 m (6, 2) (11) (1 1 ,1 .7 ) (1.7) (15)
4.63 dbr
(15)

3 f* 3.93 m 1.67 m 5.33 m 5.61 dbr 5.69 m 3.07 m 5.69 m 5.33 m 5.90 d 1.32 4.64 br S id e  chain  sam e as in la :
2.58 m (10) (3)

6.43 d
2 .03 ,2 .1 1  (A c )6

(3)
5.33 ddb r 2.28 m 5.26 ddbr 5.19 dbr 5.82 dd 2.84 m 4.12 br 5.22 br 5.73 d 1.85 br 1.79 d S ide  chain  as in l e :
(1 0 ,4 ) (1 6 ,6 ,4 ) (6, 3) (1 1 ,1 .5 ) (1 1 ,2 ) (~ 4 , 2) (~ 4 ) (2) (1.5) 2.03 (A c )6

2.73 m 6.40 d
(1 6 ,1 0 , 3) (2)

4 b / 5.36 m 2.33 m 5.28 dd 5.18 dbr 5.79 dd 2.98 m 5.54 br 5.36 br 5.85 d 1.84 br 1.81 d S ide  chain  as in le :
(10, 4) (16, 6, 4) (6 ,3 ) (1 1 ,1 .5 ) (1 1 ,2 ) (—4, 2) (—4) (2) (1.5) 2.03, 2.11 (A c )6

2.74 6.40 d
(1 6 ,1 0 , 3) (2)

“ Run at 270 MHz on a Bruker HX-270 instrument with Me4Si as an internal standard. Values are in ppm: d, doublet; br, broadened 
singlet; m, multiplet; t, triplet. Unmarked signals are singlets. Values in parentheses are coupling constants in hertz. b Intensity of 
three protons. c C5 D5 N solution. d Intensity of two protons. e (CDs^CO solution, f CDCI3  solution. « J values obtained by decoupling 
in C5 D5 N where signals are separated. h Run at 90 MHz.

Acetylation (acetic anhydride-pyridine) afforded a mono- and 
a diacetate, thereby establishing the presence of two hydroxyl 
groups. One of these was primary, as indicated by the down- 
field shift and conversion, on acetylation, of a two-proton 
signal at 4.47 ppm to two doublets (AB system) at 4.69 and

0

OCR
11 1

u

i II
0  |

1
CH,OH I1 0Lg 1

r~  i 1
1 H CH3

0
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H H H

I I I
I — c — c — c —

I I I
RCO H OH

II
O

4.90 ppm in the monoacetate and at 4.67 and 4.83 ppm in the 
diacetate, and allylic, as indicated by Mn02 oxidation of the 
parent compound to an a,/3-unsaturated aldehyde (downfield 
shift of Hg from 6.03 to 6.75 ppm). The chemical shift of the 
aldehyde proton (9.64 ppm) was characteristic of a cis rela
tionship between Hg and the aldehyde group, a conclusion 
which was confirmed by demonstration of an NOE between 
Hg and -CH 2OH in the parent compound (15% signal en
hancement). Consequently, A could be expanded to B.8 The 
other hydroxyl group was secondary, as indicated by the 
downfield shift of a one-proton signal from 5.80 and 5.67 ppm 
in the parent compound and monoacetate lb to 6.71 ppm in 
the diacetate lc. Spin decoupling experiments with la, lb, and 
lc  also established the presence of unit C.

Differentiation between the two structural possibilities 
afforded by the combination of B and C and location of the 
isobutyrate ester function on C-8 was made possible by oxi
dation of monoacetate lb with Jones reagent. Three major 
products were isolated which, on the basis of their spectral 
properties, could be assigned structures 2a, 2b, and 3, gener
ated as the result of an allylic transposition involving the 
secondary hydroxyl group and the double bond to which Hg 
is attached. Consequently, the free hydroxyl group of eure- 
curvin monoacetate is on C-l and not on C-3.9 An analogous 
allylic trans position (without migration of the11’13 double 
bond) had previously12 served to correlate the antileukemic 
sesquiterpene lactone eupacunin (5a) with eupatocunin (6).

The fortuitous loss of the isobutyrate residue during the 
formation of 2b clearly showed that it was attached to C-8 in 
the precursors lb  and la and that the acetate was located at 
C-3. That the 9,10 double bond was cis was demonstrated by



Sesquiterpene Lactones of Eupatorium recurvans J. Org. Chem., Vol. 43, No. 18,1978 3561

Table II. 13C NMR Spectra of E. recurvans Constituents“ 
Carbon atom* la c l f d 4ad

Table III. Crystal Data for le and 4a
le 4a

1 65.8 d 65.1 d 124.7 d
2 35.4 t 32.4 t 28.7 t
3 72.4 de 73.1 de 74.2 d'
4 141.5 143.9 138.5
5 125.9 d 126.0 d 126.9 d
6 75.8 de 74.1 de 76.4 d'
7 49.8 d 47.5 d 47.8 d
8 69.1 d 67.0 d 80.9 d'
9 124.0 d 123.2 d 78.8 d

10 142.5 139.0 136.2/
11 136.3 134.4 135.6/
12 170.9 169.2 169.7
13 122.9 t 121.91 123.6 t
14 19.9 q 17.6 q 14.2 q
15 65.3 t 23.3 q 23.1 q
1' 175.9 174.8 175.5
2' 42.7 d 41.5 d 41.1 d
3' 27.4 t 26.3 t 26.8 t
4' 10.8 q 11.6 q 11.6 q
5' 17.7 q 16.4 q 16.5 q
1" 170.9 169.2 170.2
2" 21.7 q 21.0 q 21.2 q

° Run at 67.9 MHz on a Bruker HX-270 instrument. Values are 
in ppm. Unmarked signals are singlets. b Assignments tentative 
and not verified by single frequency off-resonance decoupling. 
c CD3OD solution. d CDCI3 solution. “■/ Assignments may be 
interchanged.

irradiation at the frequency of the C-10 methyl signal, which 
resulted in 17% enhancement of the H-9 signal. Analysis of the 
coupling constants J 7,i3a, J 7,i3b, Je,i and J73 then showed that 
the lactone ring of eurecurvin must be trans fused and the C-8 
ester side chain d-13

We defer discussion of the stereochemistry at C-l until we 
have considered a second lactone (le; C22H30O7, mp 113-114 
°C), which was isolated in small amount only and seemed to 
differ from eurecurvin primarily in lacking the primary hy
droxyl group (see Tables I and II). Formation of a monoacetyl 
derivative If from this lactone was accompanied by a down- 
field shift of a signal in the cluster near 5.3-6.36 ppm, thus 
identifying the resonance of H -l. Analysis of the 1H NMR 
spectra of le  and If was facilitated by performing the spin 
decoupling experiments in CDCI3, CgDg, or C5D5N to separate 
relevant signals. This will not be discussed in detail. NOE 
studies showed that the two double bonds were cis (17% signal 
enhancement of H-5 on irradiation of H-15,16% enhancement 
of H-9 on irradiation of H-14); moreover, the coupling con
stants indicated that the relative stereochemistry at (M , C-3,

Formula C20H30O7 (406.48)
System Orthorhombic
Space grou» P2i2i2i
a ‘ 9.812 (7) À
b 14.375 (8) Â
c 15.691 (71 Â
d ca icd  L219 g  cm-3
Z 4

C20H30O7 (406.48) 
Trigonal 
P3x or P32 
10.548 (3) Â

17.418 (5) Â 
1.206 g cm-3 
3

Table IV. Lactone King Torsion Angles of le and 4a

C(6)-0(3)-C(12)-C(ll) Ü>1 -7.8° 6.9°
C(13)-C(ll)-C(12)-0(4) 0)2 -9.9° 4.7°
C(ll)-C(7)-C(6)-0(3) 0)3 -24.6° 13.1°
C(5)-C(6)-C(7)-C(8) 0)4 89.3° 136.1°

C-6, and C-8 was the same as that of eurecurvin. However, 
there was no direct evidence for orienting the lactone ring 
toward C-6 ar.d for attaching the acetate group to C-3 and the 
isobutyrate to C-8, instead of the reverse. To settle these 
points and to establish the stereochemistry at C -l,14 an X-ray 
analysis of the minor lactone was undertaken.

Crystal data for le  are listed in Table III. Figure 1 is a ste
reoscopic drawing of the molecule which represents the ab
solute configuration of the molecule (vide infra). The acetate 
and methyl isobutyrate functions are attached to C-3 and C-8, 
respectively, as in la, and the configuration of the C-l hy
droxyl is a. The C-4,C-5 and C-9.C-10 bonds are essentially 
parallel, with the methyl carbons projecting below the plane 
of the ring. Tables V, VI, and VII, containing bond lengths, 
bond angles, and torsion angles, and Tables XI and XII, listing 
final atomic and final anisotropic thermal parameters, are 
available as supplementary material.

The lactone torsion angles listed in Table IV show that if 
le possesses the absolute configuration shown in Figure 1, the 
chirality of the C = C C = 0  group is negative (co2 = —9.9°) and, 
as usual,15 paired with the sign of the C(a)-C(j3)—C(-y)-0  
torsion angle (103). The chirality of this chromophore has been 
related16 to the Cotton effect of an a,d-unsaturated lactone; 
since both la and le exhibit negative Cotton effects, the ab
solute configuration is as shown in the formulas and is the 
same as in all other sesquiterpene lactones of authenticated 
stereochemistry.

The close correspondence in the NMR spectra of eurecurvin 
and lactone le, which if examined in the same solvent differed 
significantly only in the shifts of protons and carbons in the 
vininity of the “ extra” primary hydroxyl group of la  (see 
Tables I and II), indicated that the configuration of lb at C-l
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F i g u r e  2. A stereoscopic drawing of a molecule of 4 a  showing its conformation in the crystalline state.

was the same as that of le. This was confirmed by application 
of Horeau’s method to lb, which was esterified w ith excess 
(+) - a -phenylbuty ric anhydride. The recovered ct-phenyl- 
butyric acid was negative (9.2% optical yield). Hence, the 
absolute configuration of eurecurvin at C -l is S (OH a).

Thus, the conformations and stereochemistries of la and 
le are the same as those of eupacunin (5a) and eupacunoxin 
(5b).17 I t  may be assumed that formulas 5a and 5b also rep
resent the absolute configurations of these compounds al
though CD curves of 5a and 5b were unfortunately not 
available. 18

The epoxides 2a/2b and 3 must be trans epoxides because 
Jones oxidation of eupatocunin (6 ) w ith a trans 1,10 double 
bond afforded the same substance as the oxidation of eupa
cunin (5b). The stereochemistry at C -l and C-2 shown in the 
formulas follows since other work emanating from this labo
ratory has shown1 1  that the oxidative transposition of ally lie 
alcohols, exemplified by conversion of la and 5b to com
pounds of this type, is accompanied by retention.

A th ird  lactone, mp 129-131 °C, isomeric w ith le , was iso
lated in a small amount only. I t  incorporated the usual a,/3- 
unsaturated lactone function: two vinyl methyls (broadened 
singlet and narrowly sp lit doublet at 1.85 and 1.79 ppm), a 
secondary hydroxyl group (signal at 4.12 ppm which moved 
to 5.54 ppm on acetylation), an acetate, and a 2-methylbuty- 
rate. Spin decoupling experiments in CDCI3 and C5D 5N to 
separate superimposed signals whenever necessary established 
the presence of partial structure D in which Hd, responsible 
for a doublet of doublets at 5.82 ppm, was tentatively assigned 
to the proton under the lactone oxygen and H e, at 4.12 ppm, 
to the proton under the hydroxyl. H e was in turn coupled to 
a broadened singlet (Hf) at 5.22 ppm, presumably a proton

0
D

H H H

■ —-c— c— c = c —
I I I

R"CO H CH3
II
0

E

under one of the two ester functions. H g (doublet at 5.19 ppm), 
vicinally coupled to Hd, was also allylieally coupled to the vinyl 
methyl resonating at 1.79 ppm; the existence of a strong NOE 
(18% signal enhancement) showed that the double bond was 
cis.

Irradiation of a multiplet at 5.33 ppm simplified multiplets 
at 2.73 and 2.28 ppm, representing protons which were gem- 
inally coupled to each other and vicinally coupled to a th ird  
proton resonating at 5.28 ppm. The latter was in turn  ally li- 
cally coupled to the second vinyl methyl responsible for the 
signed at 1.85 ppm. These results led to partial structure E with 
a trans double bond because of the absence of an NOE. 
Combination of D and E then led to the gross structure of 
formula 4a which was substantiated by the 13C NM R spec
trum and where, because of our failure to obtain homogeneous 
material from attempts at partial hydrolysis, the distribution 
of the two ester functions remained uncertain. The lactone 
ring was trans fused as evidenced by the small values of 
and J 7 ,i3 (2 Hz), typical of H-6d,H-7a heliangolides; 19 - 2 1  the 
small value of J 7 3  (2 Hz) required that the substituent on C-8  

be ¡3 orientated. The conclusion that the lactone ring was 
closed to C-6 , a possibility a priori not excluded by the de
coupling experiments (vide supra), was supported by the 
positive Cotton effect, whose sign was in agreement with that 
of other heliangolides containing a trans-fused lactone ring 
closed to C-6 . 19 “ 24 The values of J2,3 corresponded to those of
3-epinobilin ;2 1 hence, the ester function on C-3 was fi orient
ed.

However, the stereochemistry of the ester function on C-9 
could not be derived from the information at hand. I f  4a 
possesses the same conformation as eupaformonin (7, methyls 
anti) , 23 as seems likely, H - 8  approximately bisects the angle 
Ha-Cg-H^ and the observed value of 1/ 3,9 (~4 Hz) is satisfied 
by either a or ft orientation of the ester function on C-9. In a 
conformation with the two methyl groups syn, the observed 
value of Js ,9 requires an ester on C-9 to be a. A similar situa
tion exists in the case of eupatocunin (6 ) ,7 for which J$,9 was 
reported as 3 Hz and where the configuration at C-9 remained 
indeterminate .25

To settle the uncertainty about the distribution of the two 
ester functions between C-3 and C-8  and the stereochemistry 
at C-9, an X-ray analysis of 4a was undertaken. Crystal data 
are listed in Table III; Figure 2 is a stereoscopic drawing of the 
molecule which, in view of the positive CD, also represents the 
absolute configuration of the molecule for the reasons adduced 
earlier in the case of le  (see Table IV  for lactone ring torsion 
angles). The 2-methylbutyrate ester function is attached to 
C-9 and (3, as is the acetate on C-3 and the hydroxyl on C-8 . 
As surmised, the conformation resembles that of eupafor
monin, w ith the C-4 methyl projecting below the plane and
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the C-10 methyl above the plane of the ten-membered ring. 
Tables VIII, IX, and X, containing bond lengths, bond angles, 
and torsion angles, and Tables XIII and XIV, listing final 
atomic and final anisotropic thermal parameters, are available 
as supplementary material.

Experimental Section26
Extraction of E. recurvans. Above the ground parts of Eupato

rium recurvans Small, collected by Dr. R. K. Godfrey on August 31, 
1968, in the pine flatwoods between Cedar Key and Chiefland, Levy 
Co., Fla. (Godfrey #68143 on deposit in The Florida State University 
herbarium),27 wt 20 kg, were extracted with CHCI3 and worked up 
in the usual fashion29 to give 180 g of extract. A 100-g amount of the 
crude extract was chromatographed on 980 g of silicic acid (Mal- 
linckrodt 100 mesh) with solvents of increasing polarity, 500-mL 
fractions being collected. Elution with benzene and benzene-CHCR 
(fractions 1-58) gave 0.45 g of a crystalline triterpene mixture. Elution 
of the silicic acid column with CHCI3 (fractions 59-132) gave a gum 
which was rechromatographed over 150 g of silicic acid (CHCI3) to give 
a crystalline mixture of le  and 4a, which was separated by LC using 
an EtOAc-benzene (1:4) solvent system and a Porasil column. Elution 
of the original silicic acid column with MeOH-CHCl3 (1:24) (fractions 
138-144) gave la as the major compound.

Characterization of the Lactones. Lactone la, wt 16 g, mp
185-186 °C, was recrystallized from EtOAc-MeOH: [o]d +42.3° (c
3,01, CHCI3); CD curve [0]273 -  40 20; IR bands at 3450, 3430, 1760, 
1740,1650,1250,1160, and 1060 cm-1; strong UV end absorption.

Anal. Calcd for C22H3c08: C, 65.55; H, 7.16; O, 30.30; mol wt, 
422.1940. Found: C, 65.20; H, 6.93; 0 , 30.49; mol wt (MS), 
422.1927.

Other important mass spectral peaks were at m/e 363 (M+ — 
C2H30 2), 321 (M+ -  C5Hc02), 261 (M+ -  C2H30 2 -  C5H10O2), and 
243 (M+ -  C2H30 2 -  C5H10O2 -  H20).

A solution of 0.213 g (6.3 X  10~4 mol) of (±)-a-phenylbutyric an
hydride and 0.057 g of la (1.2 X  10-4 mol) in 2 mL of pyridine was 
allowed to stand at room temperature for 48 h. Excess anhydride was 
destroyed by adding 2 mL of water and allowing the mixture to stand 
at room temperature for 12 h. The solution was extracted with ether, 
and the extract was washed with water, three 10-mL portions of 5% 
NaHC03 solution, and again several times with water. The combined 
aqueous layers were washed with CHC13, acidified with 1 N H2S04, 
and extracted with CHC13. The CHC13 extract was dried and evapo
rated; this afforded 0.087 g of a-phenylbutyric acid (pure by TLC 
criteria), [o ] d  —0.87°. This corresponded to an optical yield of 
9.2%.

Acetylation of 0.4 g of la  with acetic anhydride-pyridine furnished 
lb and lc, which were separated by preparative TLC (EtOAC-ben- 
zene, 1:1). Yield of gummy lb, 0.13 g: IR bands at 3490,1760,1740, 
and 1240 cm-1.

Anal. Calcd for C24H320 9: mol wt, 464.2046. Found: mol wt (MS), 
464.2047.

lc , yield 0.21 g, was also gummy and had IR bands at 1760, 1740, 
and 1240 cm-1.

Anal. Calcd for C26H340io: mol wt, 506.2152. Found: mol wt (MS), 
506.2150.

Lactone le, yield 160 mg, had mp 113-114 °C after recrystallization 
from EtOAc-hexane: [cc]d +52.9° (c 0.945, CHC13); CD curve [0]267 
-2440 (MeOH): IR bands at 3500,1750,1730,1650,1240,1145, and 
1085 cm-1; strong UV end absorption. The mass spectrum did not 
exhibit the molecular ion; important peaks were found at m/e (% 
composition) 347 (M+ — C2H30 2, 11.9), 305 (M+ — CsHgCL, 83.2), 263 
(M+ -  C5H90 2 -  C2H20 , 56), 262 (M+ -  C2H20  -  CBH100 , 7.7), 245 
(M+ -  C2H40 2 -  C5H90 2, 54.2), 244 (M+ -  C2H40 2 -  C6H10O2, 16.4), 
227 (23), 199 (16.4), 167 (C9Hu 0 3, 17.6) and 163 (Ci0Hn O2, 43.5).

Anal. Calcd for C22H3o07: C, 65.01; H, 7.44; O, 27.55. Found: C, 
64.86; H, 7.34; O, 27.59.

Acetylation of 20 mg of le with acetic anhydride-pyridine gave If 
as a gum: IR bands at 1750,1730, and 1250 cm-1. The low-resolution 
mass spectrum exhibited diagnostic peaks at m/e 448 (M+), 389 (M+ 
-  C2H30 2), 347 (M+ -  C5H9O2), and 227 (M + -  2C2H40 2 -  
C6H90 2).

Anal. Calcd for C24H320 8: mol wt, 448.2097. Found: mol wt (MS), 
448.2097.

Lactone 4a, wt 85 mg, had mp 129-131 °C after recrystallization 
from EtOAc-hexane: [o]d —82.0° (c 1.26, CHC13); CD curve [0]264 
+ 1250 (MeOH); IR bands at 3420,1730,1650,1235, 1140, and 1055 
cm-1; strong UV end absorption.

Anal. Calcd for C22H3o07: C, 65.01; H, 7.44; 0 , 27.55; mol wt, 
406.1990. Found: C, 64.86; H, 7.34; O, 27.40; mol wt (MS),

406.1951.
Other significant peaks in the high-resolution mass spectrum were 

at m/e (% composition) 347 (M+ -  C2H30 2, 18.0), 305 (M+ -  C6H90 2, 
100), 263 (M+ -  C2H20  -  C5H90 2, 11.1), 262 (M+ -  C2H20  -  
C5H10O2, 14.3), 261 (M+ -  C2H30  -  C5H10O2, 3.5), 245 (M+ -  
C2H40 2 -  C5H90 2, 24), 244 (M+ -  C2H40 2 -  C5Hi0O2, 21), 227 (M+
-  C2H30 2 -  C5H io0 2 -  H20 , 18.7), 226 (M+ -  C2H40 2 -  C5Hi00 2
-  H20 , 11.6), 199 (C14H!60 , 19.3), and 166 (C9H10O3, 30.7).

Acetylation of 20 mg of 4a with acetic anhydride gave 4b as a gum.
The low-resolution mass spectrum exhibited diagnostic peaks at m/e 
448 (M+), 389 (M+ -  C2H30 2), 347 (M+ -  C5H90 2), and 227 (M+ -  
2C2H40 2 -  C6H90 2).

Oxidation o f la. A solution of 0.100 g of la in 10 mL of anhydrous 
ether was stirred at room temperature with 0.100 mg of activated 
M n02, the reaction being followed by TLC. After 4 days, the mixture 
was filtered and the precipitate washed with ether. The combined 
filtrate and washings were evaporated, and the residue was purified 
by preparative TLC (MeOH-CHCl3, 1:19). The major band yielded 
80 mg of starting material. A less polar minor band yielded aldehyde 
Id as a gum whose mass spectrum exhibited significant peaks at m/e 
420 (M+), 361 (M+ -  C3H20 2), 319 (M+ -  C6H90 2), 276 (M+ -  
C5H90 2 -  C2H30 2), and 241 (M+ -  C2H30 2 -  CsH10O2 -  H20).

Oxidation o f lb. To a solution of 0.100 g of lb  in 10 mL of acetone 
cooled to 0 °C was added dropwise with stirring Jones reagent until 
the solution remained red. Stirring was continued for an additional 
30 min, at which time excess reagent was destroyed by addition of 
2-propanol. After filtration, the filtrate and washings were evaporated; 
preparative TLC of the residue yielded 15 mg of 2a, 20 mg of 2b, and 
25 mg of 3 as gums. The IR spectrum of 2a had bands at 1770 and 1750 
cm-1.

Anal. Calcd for C24H30Oio: mol wt, 478.1839. Found: mol wt (MS), 
478.1840.

Other significant peaks in the mass spectrum were at m/e 419 (M+
-  C2H30 2), 377 (M+ -  C6H90 2), 376 (M+ -  C5H10O2), and 316 (M+
-  C5H10O2 -  C2H40 2).

The IR spectrum of 2b had bands at 3490, 1760, 1740, and 1730 
cm-1 .

Anal. Calcd for Ci9H220g: mol wt, 394.1264. Found: mol wt (MS), 
394.1267.

Other significant peaks in the mass spectrum were at m/e 335 (M+
-  C2H30 2), 334 (M+ -  C2H40 2), and 274 (M+ -  2C2H40 2).

The IR spectrum of 3 had bands at 3490,1760, and 1745 cm-1.
Anal. Calcd for C24H32Oio: mol wt, 480.1995. Found: mol wt (MS),

480.1994.
X-Ray Analysis o f le. Intensity data were measured on a Hilger- 

Watts automatic form circle diffractometer (Ni-filtered Cu Ka ra
diation, 6-26 scans, pulse height discrimination). The size of the 
crystal used for data collection was approximately 0.5 X 0.5 X 0.7 mm. 
There were 1725 independent reflections for 6 < 57°, of which 1628 
were considered to be observed [I >  2.5<r(/)]. The structure was solved 
by a multiple solution procedure30 and was refined by full matrix least 
squares. In the early stages of refinement it became apparent that 
C-19 of the isovalerate (see Figure 1, C-4' in the usual numbering) was 
disordered. Atom C-19 was replaced by two atoms, C-19A and C-19B, 
with occupancy factors of 0.75 and 0.25, respectively. With these oc
cupancy factors, the isotropic temperature factors for the two partial 
atoms were about the same. C-20 serves as the terminal methyl carbon 
for both C-19A and C-19B. In the final refinement, anisotropic 
thermal parameters were used for all carbon and oxygen atoms except 
C-19B and isotropic temperature factors were used for C-19B and the 
hydrogen atoms. The hydrogen atoms were not refined. The final 
unweighted and weighted R values were 0.057 and 0.079 for the 1628 
observed reflections. There were no peaks on the final difference map 
greater than ±0.2 e/A~3.

X-Ray Analysis o f 4a. The size of the crystal used for data col
lection was approximately 0.15 X 0.20 X 0.9 mm. Of the 1520 inde
pendent reflections for 6 <  57°, 1306 were considered to be observed. 
The structure was solved by the multiple solution procedure and was 
refined by full matrix least squares. Anisotropic thermal parameters 
were used for the heavier atoms and isotropic temperature factors for 
the hydrogen atoms. The hydrogen atoms were included in the 
structure factor calculations, but their parameters were not refined. 
The final discrepancy indices were R -  0.051 and Rw = 0.057 for the 
1306 observed reflections. There were no peaks greater than ±0.2 
e/A-3 on the final difference map.

Extraction o f Other Eupatorium  Species. Chloroform extracts 
of a previously studied31 collection of E. leptophyllum DC. did not 
furnish a significant quantity of sesquiterpene lactone fraction; nei
ther did two collections of E. compositifolium Walt. (Godfrey #61643 
and 67964) nor additional collections of previously studied32-33 E. 
capillifolium (Lam.) Small and E. pinnatifidum Ell.34
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Registry No.— la, 66922-25-6; lb, 66922-26-7; lc, 66922-27-8; Id, 
66922-28-9; le, 66922-29-0; If, 66922-35-8; 2a, 66922-30-3; 2b, 
66922-31-4; 3, 66922-32-5; 4a, 66922-33-6; 4b, 66922-34-7; (±)-a- 
phenylbutyric anhydride, 66922-36-9; (—)-a-phenylbutyric acid, 
938-79-4.

Supplementary Material Available: Tables V-XIV listing bond 
lengths, bond angles, torsion angles, final atomic parameters, and final 
anisotropic thermal parameters of compounds le  and 4a (12 pages). 
Ordering information is given on any current masthead page.
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Solvent deuterium isotope exchange (D20 , 50 °C) is readily observed above pD 5 at C-2 in imidazole and its C- or 
N-alkyl derivatives. The intermediate is an ylide, formed by base-catalyzed abstraction of H-2 from the imidazol- 
ium ion [path Y (2)]. A similar, but much slower, exchange can be observed at C-4 [Y(4)] or at C-5 [Y(5)] at 100 °C. 
In strongly alkaline media, NH-imidazoles exchange more rapidly at C-4 or C-5 by a carbanion pathway (C), in
volving C-proton abstraction from the neutral molecule; in A'-alkvlimidazoles, however, only H-5 exchanges by the 
C pathway [C(5)]. The resistance to carbanion formation at C-4 is ascribed to the adjacent lone pair (ALP) effect— 
a significant electrostatic repulsion between lone pairs in the coplanar, spz orbitals at N-3 and C-4. The partial con
tributions of the Y and C pathways are evaluated from kinetic data at pD 10-11 and in 1 N NaOD, respectively. For 
l-methylim;dazole (1 N NaOD, 100 °C), C(5) exchange occurs 15 times faster than Y (5), and Y(5) exchange is three 
times faster than Y(4). NMR signals for H-4 and H-5 are assigned on the basis of (1) spin-decoupling experiments,
(2) nuclear Overhauser enhancements, (3) chemical transformations of l-methylimidazole-d2, and (4) A<5 values. 
It is shown that ring protons adjacent to TV-methyl can be differentiated from other ring protons by a characteristic 
shift in 6 with variation of solvent (AS); furthermore, H-5 appears at higher field than H-4 in nonpolar solvents, and 
this order is reversed for polar solvents.

A number of ring-fluorinated imidazoles have recently 
become available through a photochemical synthesis devel
oped in this laboratory.2 In preparation for various bio
chemical and pharmacological studies with these and related 
compounds,3 we explored the possibilities for isotopic labeling 
of the ring by means of direct exchange with D20  and T20. 
The initial results were sufficiently at variance with our ex
pectations (based on literature data for imidazole itself)4 that 
a more detailed study seemed desirable both for theoretical 
and practical ends. The study involved an examination of both 
alkyl- and electronegatively-substituted imidazoles, and led 
to the formulation of some general concepts regarding C-H 
acidity in these heteroaromatic systems. In this first paper of 
the series,5 we summarize known pathways for exchange in 
imidazoles, present new data on the exchange of ring hydro
gens in both iV-methyl- and C-methylimidazoles, and offer 
interpretations which may have more general applicability.

Earlier studies on isotope exchange have dealt with imid
azole,4 Y-methylimidazole,4 and 4(or 5)-substituted imidaz-
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oles such as histidine, histamine, and their derivatives.6 In
formation on the effects of an electronegative substituent on 
rates and sites of exchange has been limited to one report on 
nitroimidazoles.7 Detailed kinetic studies with imidazole4e>f 
and with iV-methylimidazole4e’f have demonstrated the ex
istence of three basic pathways for exchange, which we shall 
designate the ylide (Y), carbanion (C), and electrophilic (E) 
pathways (Scheme I). Symbols, such as Y(2) and C(5), des
ignate the specific ring positions under discussion. Each 
pathway prevails in a different pH region, and the pathways 
show large differences in AF*.

The most facile exchange, which occurs at C-2, has been 
studied at 25-80 °C and follows the rate expressions

rate = feY[ImH+][OH-]

ôbsd “  kYK j { K x + [H+]) (1)

in which K i is the dissociation constant for the imidazolium 
ion (ImH+ — Im) and K w is the ion product for water. This 
rate law is consistent with the log &0bsd/pH profile,8 and is 
supported by the demonstration of an even more facile ex
change in 1,3-dimethylimidazolium ion (in which the positive 
charge cannot be lost by dissociation) .4f For (V-alkvlimidazoles 
(lb ), the constancy of fe0bsd ¡n the alkaline region (Figure 1, 
curve B) results from the fact that an increase in [OH- ] is 
directly offset by a decrease in [ImH+] (2b). For imidazole 
itself, however (Figure 1, curve A), fc0bad decreases again at 
high pH due to the formation of the (presumably unreactive) 
Im-  species. In both compounds, at moderate temperatures 
and at pH values between 7 and 11, total exchange at C-2 can 
be achieved conveniently without measurable exchange at C-4 
or C-5 (Table I).

Exchange at C-4 or C-5 is very much slower than at C-2 
(Table I), earlier experimental data having been obtained at 
160-190 °C;4e,f yet, the log fe0bsd/pH profiles suggest exchange 
mechanisms, Y (4) and Y (5), analogous to Y (2). At 50 °C and 
neutral or mildly alkaline pH, exchange at C-2 (in 1-methyl- 
imidazole) occurs 104-10B as rapidly as at C-4 or C-5. This 
relatively high kinetic acidity of H-2 (ti/2 = 42 min), and its 
strikingly greater reactivity than that of H-4 or H-5, may be 
the combined result of several phenomena: (1) the inductive 
influence of two nitrogen atoms on C-2 vs. one on C-4 or C-5;
(2) the effect of a full positive charge on C-2 vs. a partial charge 
on C-4 or C-5; (3) the possibility of slightly greater s character

This article not subject to U.S. Copyright. Published 1978 by the American Chemical Society.
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Table I. Solvent Deuterium Exchange of Ring Protons in Alkylimidazolesg

imidazole
registry

no.
Y(2),h

lO^obsd
C(5),c

10 &̂obsd
Y (4),

10 &̂obsd
Y(5),d
105feobsd

1-methyl 616-47-7 1.65 1.67 4.13c-d 11.3
1,2-dimethyl 1739-84-0 0.42 . 4.13c’d 4.13
1,4-dimethyl 6338-45-0 0.92 0.36 1.49
1,5-dimethyl 10447-93-5 1.43 3.72c>d
imidazole 288-32.4 0.58 6.47 3.85d 3.85
2-methyl 693-98-1 1.07 3.85d 3.85
4-methyl 822-36-6 0.50 23.1 3.50

° Ail rates are min l. b At 50 °C, pD 10-11; under these conditions, no exchange is observed at H-4 or H-5 for any compound in 
720 h. c At 100 °C, 1 N NaOD. d At 100 °C, pD 10-11.

Figure l. Theoretical curves illustrating the several pathways for 
exchange of imidazole ring protons, and the effect of pD and change 
in the state of ionization: A, path Y(2) for imidazole; B, path Y(2) for 
1-methylimidazole; C, path Y(4) for 1-methylimidazole; D, exchange 
of H-5 in 1-methylimidazole [Y(5) below and C(5) above, pD 11]; E, 
exchange of H-4 and H-5 in imidazole [Y(4,5) below and C(4,5) above, 
pD 11]. No numerical relationships are implied by the coincidence 
of the curves.

in the C(2)-H bond; and (4) enhanced stabilization of the ylide 
intermediate (3) through resonance with a neutral carbene 
form (9), which resonance stabilization is not available to 4 
or 5.

+ r = \  r = \

h n V n ' ' ' r  h V n - r  

3 9
The protons at C-4 and C-5 of 1-methylimidazole show 

relatively little difference in rate of exchange by the Y path
way up to pH ~12 (Table I and ref 4f); curiously, however, one 
of these hydrogens exchanges much more rapidly than the 
other at higher pH (Figure 1, curves C and D), with a linear 
dependence of fe0bsd on base concentration.

rate = &c[Im][OH_] 

feobsd = &c[OH~] (2)
The data are consistent with path C, involving the slow for
mation of an sp2 carbanion (6) from the neutral imidazole 
species. Presumably, H-2 in 1-methylimidazole could also 
undergo exchange by a carbanion (7) pathway [C(2)J, if the 
much more facile Y (2) pathway did not exist.5 For imidazole 
itself, &obsd for the C(5) pathway approaches a constant value 
at high pH (Figure 1, curve E), because the increase in [OH- ] 
is offset by a decrease in [Im], In the present study, we dem
onstrate that the more acidic proton in 1-methylimidazole is 
H-5, and not H-4 as previously assigned.4f

A third pathway for exchange (E) is found in strongly acidic 
media.45 At all three ring-carbon positions, log kn\K(i increases 
directly with H0, suggesting proton attack on 2

Table II. NMR Signal Assignments for N- 
_____ Methylimidazole Ring Protons_____

&, ppm
ref solvent H-2 H-4 H-5

10a CDC13 7.41 6.86 7.05
4c 7.41 6.86 7.05
10b 7.47 7.08 6.88
10c,f 7.43 7.05 6.90
a 7.41 7.03 6.87
10d C6Ü12 7.41 7.05 6.88
4f d 2o 7.63 7.13 7.03
10e 7.60 7.08 7.00
a

a Present investigation.
7.57 7.00 7.07

rate = feE[ImH+] [H0\

k0bsd = kE[H0] (3)

and the intermediacy of species such as 8. In this case, H-2 is 
~100-fold less reactive to exchange than H-4 or H-5, pre
sumably because amidine resonance must be lost in the course 
of proton attack at C-2.

Since the carbanion pathway (C) has been observed only 
in very strongly alkaline media and at high temperature, it has 
received relatively little attention.45 As the basicity of the 
imidazole ring is reduced, and the acidities of the ring hy
drogens are enhanced, by the introduction of electronegative 
groups, exchange by path C becomes significant at lower pH 
and lower temperature and may, in fact, replace path Y in 
importance.5 Accordingly, we found it necessary to explore 
the chemistry of path C more fully and, in particular, to ac
count for the differences in reactivity at C-4 and C-5.

Results and Discussion
NMR Assignments. In IV-alkylimidazoles, H-4 and H-5 

generally have different <5 values. Since the kinetics of solvent 
deuterium isotope exchange are most conveniently followed 
by NMR changes, there must be an unequivocal correlation 
of the two protons with their NMR signals. In Table II are 
summarized the 5 assignments given to the ring protons of
IV-methylimidazole in previous studies;10 in general, these 
assignments were based on a qualitative evaluation of elec
tronic effects and are inconsistent with respect to H-4 and 
H-5. The signal at lowest field is unquestionably that for H- 
2.11 On the basis of three experimental criteria, we have con
cluded that the ring proton signal at highest field (in nonpolar 
solvents) corresponds to H-5, and that H-5 is much more 
acidic than H-4. The order of the H-4 and H-5 signals is re
versed in shifting from solvent CDC13 to D20. In earlier work,45 
path C has been ascribed to exchange at C-4; as a result of our 
demonstration of this solvent reversal, however, the expla
nation offered by Wong and Keck for the order of acidities of 
H-4 and H-5 becomes invalid. The same NMR criteria were
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Table III. NMR Solvent Shifts (A5) for N-Methylimidazoles

imidazole position
8, ppm Ai5, ppm

CDCI3 Me2SO-d6 D20 Ai* a2c

1-methyl H-2 7.41 7.55 7.57 -0.14 -0.16
H-4 7.03 6.88 6.99 +0.15 +0.04
H-5 6.87 7.08 7.07 - 0.21 - 0.20

1,2-dimethyl H-4 6.87 6.68 6.84 +0.19 +0.04
H-5 6.77 6.97 6.97 - 0.20 - 0.20

1,4-dimethyl H-2 7.25 7.37 7.45 - 0.12 - 0.20
H-5 6.55 6.75 6.82 - 0.20 -0.27

1,5-dimethyl H-2 7.35 7.45 7.48 - 0.10 -0.13
H-4 6.74 6.59 6.73 +0.15 +0.01

° Adjusted to pD 10 to exclude partial ring protonation. 6 Ai = 5cdci3 ~ ¿ M c 2s o - d 6 - c A2 =  8 c d c i 3 ~ 6n2o-

applied to several other Af-methylimidazoles. both to confirm 
the validity of the methods and to extend their applicabili
ty.

1. Spin-Decoupling and NOE Experiments. While the 
NMR signals for H-4 and H-5 are primarily triplets (in N- 
methylimidazole),12 the signal which occurs at higher field in 
CDCI3 shows significant fine structure, which we attribute to 
four-bond coupling (J  <  0.3 Hz) with the protons of the N- 
methyl group. Irradiation at the N-methyl frequency results 
in sharpening of the triplet at 5 6.87 and loss of fine structure; 
no change is seen in the signal at 5 7.03. Assignment of the 
higher field signal to H-5 receives further support from nuclear 
Overhauser enhancement (NOE) experiments: saturation of 
the N-methyl protons by double resonance produced a 13% 
increase in peak intensity for the signal at 8 6.87 and a 3% in
crease for that at 5 7.03. The validity of these criteria was 
confirmed by examination of 1,4- and 1,5-dimethylimidazole, 
whose structures had been established by chemical degrada
tion131’ and by unequivocal synthesis.13c>d

2. Solvent Effects on 8 Values. In a variety of azole sys
tems, 0 values for ring protons adjacent to N -alkyl groups have 
been found to have a solvent dependence which distinguishes 
them from other ring protons. In the original study,100 N- 
methylimidazole was the only imidazole system subjected to 
this analysis; we have extended the method to a variety of 
substituted TV-methyl imid azoles and, on the basis of 20 
compounds examined to date, have found no exceptions14 to 
the following rule: for protons adjacent to the N-methyl group, 
0CDCI3 — OMejSO-ds (= Ai) or <>cdci3 — °d2o (= A2) have signifi
cant negative values ( - 0.1 to —0.6); for any remaining ring 
protons, these A values are either close to zero or are positive 
(Table III). The Ad test provides the same proton assignments 
for JV-methylimidazole as were obtained by spin-decoupling 
and NOE techniques. The reliability of this analytical tool is 
strengthened by the consistency of the results for the known
1,4- and 1,5-dimethylimidazoles (Table III).

3. Chemical Transformation. N  -Methylimidazole was 
subjected to exchange in 1 N NaOD at 100 °C; after 16 h, H-2 
and one of the remaining protons had exchanged completely, 
while the third proton (at 8 6.99 in D20  and 7.03 in CDCI3) had 
exchanged only to a negligible extent. This product, N- 
methylimidazole-d2, was nitrated13® to give a mixture con
taining 90% l-methyl-4-nitroimidazoIe-d2 and 10% 1- 
methyl-5-nitroimidazole-di. Since the structures of the iso
meric nitro derivatives had been established by chemical de
gradation13® and since all proton signals for the two isomers 
show uniquely different 8 values,10b it was relatively simple 
to use NMR not only to determine the ratio of the isomers 
following nitration, but also to demonstrate that the proton 
surviving exchange in N -methylimidazole is H-4 (5 7.03 in 
CDCI3). Furthermore, spin decoupling has no effect on the 
single ring proton signal of /V-methylimidazole-d2. On the 
basis of the NMR assignments and the nitration results, we 
conclude that H-5 had exchanged in preference to H-4.

Basis for Selective Exchange in JV-Methylimidazoles.
The carbanion intermediates necessary for exchange at C-4 
or C-5 by path C are 10 and 11, respectively. It is evident that 
10 contains lone pairs in adjacent, coplanar, sp2 orbitals, while 
the same lone pairs in 11 are nonadjacent. Thus, electrostatic

10 11
repulsion alone may be sufficient to render 10 energetically 
less favorable than 11. The energy difference between these 
two carbanions must be significant since, at 100 °C, H-5 can 
be exchanged completely by path C without measurable C 
exchange at H-4 over 90-100 h; even at 163 °C, there is no 
evidence for the formation of 10.15 This selectivity in carb
anion formation, which we find to be general for N-alkylim- 
idazoles, we have named the adjacent lone pair (ALP) ef
fect.16

Unusual exchange properties of pyridine and diazine rings 
have been interpreted on the basis of such electrostatic in
teraction.17 In iV-alkylpyridinium ions and in pyridine N- 
oxide, the order of base-promoted hydrogen exchange is H-2 
> H-3 > H-4;18 this order is consistent with labilization of the 
ring hydrogens via a combination of <r-, ir-, and field-inductive 
transmission from the positively-charged ring nitrogen atom, 
and with damping of the effect with increasing distance. In 
pyridine itself, however, H-2 is the least acidic proton;18 it is 
reasonable that the sp2 lone pair on nitrogen would resist 
strongly the creation of an sp2 carbanion at the most proxi
mate ring carbon atom. The ALP effect is eliminated as soon 
as the lone pair on nitrogen is utilized in covalent bonding, 
even by protonation.19

For an N-alkylimidazole, the rate of exchange by path Y (4) 
or Y(5) is independent of pD at any value at least 1.5 units 
higher than its pK  (Figure 1, curve C). Accordingly, paths Y 
and C can be differentiated by comparison of exchange rates 
at pD 10-11, in which range the base-dependent path C makes 
a negligible contribution, and in 1 N NaOD, in which medium 
exchange by path C greatly overwhelms that by path Y. For 
1-methylimidazole in 1 N NaOD at 100 °C, C(5) is 15 times 
as fast as Y (5) and 40 times as fast as Y (4) (Table I). A very 
slow C(4) pathway is ruled out by the fact that exchange at this 
position is no faster than 1 N NaOD than at pD 10-11.

Exchange in C,7V-Dimethylimidazoles. The ALP effect 
was subjected to further validation by study of the isomeric 
C,-/V-dimethylimidazoles. In the case of 1,2-dimethylimida- 
zole, 8 values for H-4 and H-5 were assigned on the basis of 
spin-decoupling experiments and A8 values (Table III). In 1 
N NaOD at 100 °C, C(5) exchange occurs ca. tenfold as fast 
as Y(5) or Y(4), the latter exchanges showing essentially the 
same rate (Table I). As in the case of 1-methylimidazole, no 
C(4) exchange can be detected (cf. 12) after 5 days at 100 °C. 
The 2-methyl group, by virtue of its electron-releasing ability,
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o.e>

Figure 2. Plot of NMR a values for ring protons of N -methylimidazole 
vs. a function of e, the solvent dielectric constant: A, H-2; O, H-4; •, 
H-5. For each solvent, assignments of H-4 and H-5 were made on the 
basis of spin-decoupling experiments.

exerts a three- to fourfold decrease in the rate of C(5) or Y(5) 
exchange relative to 1-methylimidazole, but has practically 
no effect on Y(4).

The ALP effect is seen again in a comparison of 1,4- and
1,5-dimethylimidazoles (Table I) and their respective carb- 
anions (13 and 14). In 1 N NaOD at 100 °C, C(5) exchange in
1,4-dimethylimidazole occurs 24 times as fast as Y(5) ex
change, and 10 times as fast as Y(4) exchange in 1,5-di- 
methylimidazole.20 In the latter compound, the rate of C-4 
exchange is the same at pD 11 as in 1 N NaOD; thus, exchange 
at this position occurs only by path Y. The energetically un
favorable carbanion (14) may be capable of generation in the 
presence of a strong, nonaqueous base; this possibility is under 
investigation.

Exchange in NH-Imidazoles. As already indicated, the 
rate of Y (2) exchange in imidazole falls off in strong base 
(Figure 1, curve A) due to the formation of the Im~ species. 
A similar decrease in rate is to be expected for Y(4) and Y(5) 
exchange and, thus, ky for NH-imidazoles is best evaluated 
only at the lower pD (10- 11). In fact, however, exchange at C-4 
or C-5 in imidazole is considerably /aster in 1 N NaOD than 
at lower [OD- ]. Based on an estimated pK2(D20)  = 15.2,21 
imidazole should be only partially in the Im~ form in this 
medium,22 and the C-H bonds in imidazole may be suffi
ciently acidic to permit the transient existence of carbanion 
15; this species, as in the cases of 11,12, or 13, would not be

subject to the ALP effect at C-5. Since path C(5) is 170 times 
as fast as path Y(5) for imidazole (Table I), the effect of a high 
concentration of base in decreasing the rate of the Y(5) 
pathway is easily overwhelmed by its favorable effect on the 
C(5) pathway. A plot of log ^c(obsd) vs. pD should follow the 
p K 2 titration curve (analogously to curve E of Figure 1), lev

eling off at base concentrations which are experimentally 
unattainable in D20. In accordance with the ALP effect, 
carbanion 15 has been formulated in the lower energy form; 
because of tautomerism, however, C-4 and C-5 are experi
mentally indistinguishable.

For 2-methylimidazole, pK 2 is ~0.6 unit higher than for 
imidazole;23 accordingly, C(5) exchange should be favored by 
the greater concentration of neutral species present in 1 N 
NaOD, but retarded by the electron-releasing ability of the 
methyl group. As shown in Table I, 2-methylimidazole ex
changes at C-5 ca. sixfold more slowly than does imidazole, 
suggesting the latter factor to be the more significant.

In 4-methylimidazole, C(5) exchange is much faster than 
for any other compound examined in this study. The result 
is surprising, since pK2 for the compound is probably com
parable to that for 2-methylimidazole and since the 4-methyl 
group should be somewhat more effective than 2-methyl in 
retarding carbanion formation at C-5 (cf. fc0bsd values for 1,2- 
and 1,4-dimethylimidazole). At the present time, we cannot 
offer a reasonable explanation for this phenomenon.5 Both 
2- and 4-methylimidazole undergo C(5) exchange faster than 
their 1-methyl derivatives. Although deactivation by the 1- 
methyl group may be due simply to electron release, it is 
possible that this substituent offers significant steric hin
drance to the formation of a solvated carbanion at the adjacent 
C-5 position.

In principle, the ALP effect should also exist between C-2 
and N-3. Its occurrence or nonoccurrence cannot be deter
mined with the present series of compounds, however, since 
Y(2) exchange may be 500-1000 times as fast as C(2) exchange 
(based on C(5) data). As demonstrated in the following paper,6 
studies with electronegatively-substituted imidazoles show 
that the ALP effect at C-2 is either much weaker than at C-4 
or is absent entirely.

Buffer Catalysis. In principle, a proton exchange depen
dent on hydroxide ion should also be subject to catalysis by 
weaker general bases, although the magnitude of the catalysis 
may be immeasurably small. Since the ylide pathway for ex
change requires proton abstraction from an already proton- 
ated species, this pathway should show particular sensitivity 
to buffer catalysis over a wide pH range. Relatively few at
tempts to demonstrate buffer catalysis of exchange in het
eroaromatic systems have been recorded, with inconclusive 
results;48 in particular, Wong and Keck4f found no measurable 
phosphate buffer catalysis in Y(2) exchange in imidazole or 
IV-methylimidazole. Preliminary to a more extensive inves
tigation of this question, we have found that exchange of H-2 
in IV-methylimidazole at pD 4.9 is enhanced 4.3-fold in the 
presence of 1 M acetate buffer (0.2 M substrate, 50 °C). 
General base catalysis of the carbanion pathway should also 
be demonstrable and is described in the following paper.5

Solvent Effects (A<5 Values). We have shown that com
parison of & values for the C-4 and C-5 protons of 1-methyl- 
and 1,2-dimethylimidazole in several solvents offers a con
venient and reliable means for assignment of the proton sig
nals. The data of Table III demonstrate the need for caution, 
inasmuch as the order of these signals in CDCI3 is reversed in 
D20  for both compounds. As an extension of these observa
tions, we have obtained 5 values for IV-methylimidazole pro
tons in 14 solvents (Figure 2). The 6 values do not provide a 
statistically acceptable correlation when plotted against sol
vent parameters such as Et24 or various functions of the di
electric constant (e).25 These 5 values were obtained at a single 
concentration of IV-methylimidazole; a more complete anal
ysis would require extrapolation to zero concentration, al
though the effect of concentration may be too small10e to ac
count for the several serious deviations in Figure 2. The basis 
for the overall effect of solvent polarity, as well as the differ
ential effects at the several ring positions (A<5 values), are not
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clear and are still under investigation. In any case, it is obvious 
from Figure 2 that the order of <5 values for H-4 and H-5 in 
IV-methylimidazoles is reversed in shifting from a nonpolar 
to a polar solvent, and that signal assignments cannot be made 
on the basis of electron density considerations alone.

Experimental Section26
Materials. 1-Methylimidazole, 2-methylimidazole, and 1,2-di- 

methylimidazole were obtained from commercial sources; NMR 
spectra showed these compounds to be of acceptable purity. Com
mercial samples of 4(5)-methylimidazole could not be freed of un
identified contaminants. This compound was prepared from acetol 
acetate, formaldehyde, ar.d ammonia,27 and purified by distillation: 
bp 90-92 °C (0.35 mm); NMR (CDC13), 6 2.25 (3 H, d, CH3), 6.76 (1 
H, m, H-4(5)), 7.55 (1 H, d, H-2).

1,4- and 1,5-Dimethylimidazoles. A solution of 4(5)-methylim- 
idazole (2.46 g, 0.03 mol) in 3 mL of benzene was stirred at 5 °C while 
a solution of methyl iodide (4.68 g, 0.033 mol) in 2 mL of benzene was 
added over 10 min; the mixture was then heated at reflux for 30 min. 
Evaporation of the solvent gave a yellow oil which was dissolved in 
20 mL of water. The solution was adjusted to pH 9.5 and was extracted 
with five 30-mL portions of chloroform. The combined extracts were 
washed with saturated brine and dried (Na2S04). Evaporation of 
solvent gave 2.41 g of yellow oil which, according to its NMR spectrum, 
was composed mainly of ca. equal parts of the desired isomers. Sep
aration was effected by chromatography on 320 g of neutral alumina 
and elution with chloroform-1% methanol, the 1,4 isomer emerging 
first in 32% yield; slower fractions provided the 1,5 isomer in 27% yield. 
Both compounds were obtained as oils, and were identified by mass 
spectra and by comparison of their NMR spectra with those of ma
terials prepared by unequivocal synthesis.13*1

Nitration of JV-Methylimidazole-d2- A solution of 1.0 g of N- 
methylimidazole in 10 mL of 1 N NaOD was heated at 100 °C for 16 
h. The solution, after cooling, was extracted with five 15-mL portions 
of ethyl acetate. The combined extracts were washed with a small 
amount of saturated brine and dried (Na2SC>4). Evaporation of the 
solvent gave a colorless oil (0.83 g); its NMR spectrum in both D2O 
and CDC13 showed only one proton peak in the aromatic region, whose 
area was slightly less than one-third that of the IV-methyl peak.

A solution of 0.50 g of this material in 1 mL of concentrated nitric 
acid was stirred at 0 °C while 2 mL of concentrated sulfuric acid was 
added in portions over 30 min. The mixture was boiled gently for 2 
h, poured into 5 mL of cold water, and brought to pH 5 with 10% so
dium hydroxide. A precipitate was collected (0.36 g), which was 
characterized by NMR and mass spectra as 2,5-dideuterio-l- 
methyl-4-nitroimidazole. Extraction of the filtrate provided an ad
ditional 0.16 g of nitrated material which, according to its NMR 
spectrum, was composed of the above compound and 2-deuterio-l- 
methyl-5-nitroimidazole in a 2:1 ratio. NMR spectral analysis was 
based on comparison with the spectra of the nondeuterated iso
mers,7,10b prepared by published procedures138 and separated by 
chromatography. l-Methvl-4-nitroimidazole: NMR (CDC13) b 3.76 
(3 H, s, N-CH3), 7.44 (1 K, br, H-2), 7.78 (1 H, d, J  = 1.5 Hz, H-5). 
l-Methyl-5-mtroimidazoLe: NMR (CDCla) b 3.98 (3 H, s, N-CHS), 7.59 
(1 H, br, H-2), 8.05 (1 H, d, J  = 1.2 Hz, H-4).

NMR Spectra. Values of 5 and J  were measured on a Varian 
HA-100 spectrometer relative to internal (or external) tetramethyl- 
silane or to sodium 3-(trimethylsilyl)propionate-d4 for D20  solutions. 
Room temperature was maintained at 25 °C while the probe tem
perature was measured at 30 °C. Spin-decoupling and NOE experi
ments were performed in the usual manner.28 A Varian A-60 spec
trometer was used for kinetic measurements.

Kinetic Measurements. Sodium deuterioxide (40%) was obtained 
from BioRad Laboratories and D20  from Aldrich Chemical Co. So
lutions of the imidazoles in D20  (0.2 M) were brought to the desired 
pD at a Corning pH meter (Model 101). Measured pD values were 
adjusted by addition of the correction factor 0.40.29 NMR sample 
tubes containing the imidazole solutions were maintained at the de
sired temperature ±0.5 °C in a thermostatically controlled bath or 
by immersion in a steam cone. At various intervals, the tubes were 
plunged into an ice bath to quench the exchange reaction and then 
brought back to 25 °C for NMR measurement. Each signal was inte
grated four to six times and the results were averaged; deviations never 
exceeded 5%. Nonexchanging C- or IV-methyl groups were used as 
internal integration standards. In the case of imidazole itself, the 
signal for sodium 3-(trimethylsilyl)propionate-d4 was used as an in
tegration standard; in parallel runs, internal sodium trimethylacetate 
was used with essentially the same results. No decomposition was 
observed for any of the compounds. Pseudo-first-order rate constants

were determined graphically over two or more half-lives for Y (2) and 
C(5) exchanges, and over 1-2 half-lives for Y(4,5) exchanges. The 
values of feQbs(j in Table I are averages of two to three runs, with de
viations of 5-10%.

Registry No.—2,5-Dideuterio-l-methyl-4-nitroimidazole,
66769-96-8; 2-deuterio-l-methyl-5-nitroimidazole, 66769-97-9; 1- 
methyl-4-nitroimidazole, 3034-41-1; l-methyl-5-nitroimidazole, 
3034-42-2.
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The ring protons of nitro- and fluoroimidazoles (and their iV-methyl derivatives) undergo base-catalyzed ex
change in D20  by a combination of carbanion (C) and ylide (Y) pathways. In the C pathway, a proton is abstracted 
from the neutral imidazole species, and in the Y pathway, from the imidazolium ion. In 4-X-imidazoles, C exchange 
occurs more readily at C-5 than at C-2, log fee correlating with <to0 for the N H - and with <tp° for the N-methyl series. 
For l-methyl-4-nitroimidazole, f 1/2 = 2 min at C-5 (50 °C, 0.2 N NaOD). In l-methyl-5-X-imidazoles, exchange at 
C-4 occurs only by the Y pathway, carbanion formation in the neutral species being retarded by the adjacent lone 
pair (ALP) effect at N-3. The same effect is seen in the lack of C exchange at C-4 in l-methyl-2-X-imidazoles. The 
ALP effect is considerably weaker or nonexistent at C-2. Most exchanges across the ring show correlations of log 
fe with <rm°. 4-Alkylimidazoles (but not 1,4-dialkylimidazoles) show enhanced C exchange at C-5, which may result 
from the existence of a trace concentration of the ketimine tautomer. Enhanced exchange at C-5 in 2-fluorohis- 
tidine is ascribed to a combination of the ketimine effect, C exchange involving catalysis by hydroxide ion and in
tramolecular general base catalysis by the side-chain primary amine function. The use of buffer catalysis for the 
tritium labeling of poorly reactive imidazoles is described.

In the first paper of this series,2 we summarized present 
knowledge on pathways for isotopic exchange of ring hydro
gens in imidazole, N-methylimidazole, and their C-methyl 
derivatives (Scheme I of preceding paper);2 base-catalyzed 
exchange occurs by a carbanion (C) pathway, in which a pro
ton is abstracted from the neutral imidazole species in the 
rate-limiting step, and/or an ylide (Y) pathway, involving base 
attack on the imidazolium ion. In addition, we established 
unequivocal assignments for the NMR signals of these hy
drogens, presented new data on the rates of solvent-deuterium 
exchange, and demonstrated that considerable differences in 
proton acidity are observed at C-4 and C-5, positions which 
should be fairly equivalent in electron density. These differ
ences were interpreted on the basis of the adjacent lone pair 
(ALP) effect; a ring-nitrogen atom bearing an sp2 lone pair 
provides a sizable electrostatic obstacle to the generation of 
an sp2 carbanion at an adjacent ring-carbon atom. While op
eration of the ALP effect is readily demonstrable at C-4 (ad
jacent to the lone pair at N-3), the magnitude of the effect at 
C-2 could not be evaluated because ylide exchange (Y) at the 
latter position may be 500-1000-fold faster than carbanion
(C) exchange. Ylide exchange is not subject to the ALP effect 
because the lone pair at N-3 is utilized in formation of the 
imidazolium ion. We had hoped, therefore, that electronega
tive substituents at C-4 or C-5 might retard the Y pathway at 
C-2 and permit an evaluation of C exchange at the latter po
sition. Further, it was conceivable that an electronegative 
group at C-5 might reduce or negate the ALP effect at C-4.

For various biological studies, we also needed practical 
routes to tritium-labeled fluoroimidazoles, as well as data on 
tritium loss from the labeled materials.3 Initial studies had 
already indicated that the apparent acidities4 of the ring hy
drogens in these compounds are inconsistent with expecta
tions based on nonfluorinated imidazoles. Thus, at pD 11 and 
50 °C, i 1/2 = 7 h for exchange of H-2 in histidine,5 while H-2 
in 4(5)-fluorohistidine fails to exchange over a wide range in
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temperature or pD.6 In contrast, H-5 in 2-fluorohistidine ex
changes with 11/2 = 20 h under the stated conditions, while H-5 
in histidine is totally inert to exchange (except at very high 
temperatures). In our attempt to rationalize the behavior of 
the fluoroimidazoles, we were also led to examine imidazoles 
containing nitro7 and several other substituents. Since al
kylation of the imidazole NH eliminates complications due 
to ionization in basic media, 1-methyl-X-imidazoles (series 
1-3) were examined first. The principal compounds investi
gated are summarized in Chart I.

This article not subject to U.S. Copyright. Published 1978 by the American Chemical Society.
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Table I. NMR Solvent Shifts (Aä) for A'-Methylimidazoles°

Compd Registry no. position
S, ppm Aò, ppmb

CDClg Me2SO-d6 d 2o Ai
la 3034-41-1 H-2 7.44 7.82 7.74 -0.38 -0.03

H-5 7.78 8.37 8.19 -0.59 -0.41
2a 3034-42-2 H-2 7.59 8.02 7.92 -0.43 -0.33

H-4 8.05 8.02 8.11 +0.03 -0.06
3a 1371-82-5 H-4 7.17 7.19 7.20 - 0.02 -0.03

H-5 7.20 7.67 7.45 -0.47 -0.25
lb 66787-67-5 H-2 7.04 7.32 7.36 -0.28 -0.32

H-5 6.43 6.85 6.81 -0.42 -0.38
2b 66787-68-6 H-2 7.42 7.58 7.50 -0.16 -0.08

H-4 6.57 6.72 6.68 -0.15 - 0.11
3b 66787-69-7 H-4 6.67 6.61 6.67 +0.06 0

H-5 6.67 6.95 6.82 -0.28 -0.15
le 41507-56-6 H-2 7.56 7.77 c - 0.21

H-5 7.66 8.02 c -0.36
2e 66787-70-0 H-2 7.63 7.97 c -0.34

H-4 7.79 7.70 c +0.09
3e 30148-21-1 H-4 7.09 7.12 c -0.03

H-5 7.17 7.50 c -0.33
a Parallel data for N,C-dimethylimidazoles are given in ref 2. b Ax = 6Cdci3 ~ ¿Me2SO-d6; A2 = ¿cdci3 -  »d2o- c Insufficiently soluble 

in D20  to provide reliable 5 values.

Results
General Methods. NMR Assignments. Identification of 

ring-proton NMR signals cannot be made unequivocally by 
application of electron density considerations,8 and we relied 
on the techniques previously used2 for the simpler N- 
methylimidazoles: (1) spin decoupling; (2) nuclear Overhauser 
enhancement; (3) solvent-dependent Ad values; and (4) 
chemical transformation. The first two methods depend on 
the fact that four-bond coupling between the protons of the 
iV-methyl group and any adjacent ring hydrogen is readily 
observed, while coupling to the distal hydrogen is not dis
cernible. Thus, irradiation at the N-methyl frequency results 
in loss of fine structure and increase in peak height for adja
cent protons, but is without effect on the signal for a distal 
proton. The third method is based on an empirical generali
zation: for protons adjacent to the N-methyl group, A<5i 
(=<5cdci3 ~ 5Me2SO-d6) and A52 [=5cdci3 -  5D2o] have significan! 
negative values (—0.10 to —0.60); for the remaining ring pro
ton, these A values are usually less than ±0.10 (Table I).2'9 To 
date, l-alkyl-5-fluoroimidazoles (e.g., 2b) are the only com
pounds which have given equivocal results in the solvent shift 
analysis. Identification of NMR signals in all fluoroimidazoles 
is confirmed, however, by spin decoupling and by examination 
of coupling constants: J4(h)5(f — J4(F)5(H) — 7-8 Hz; J2(H)4(F) 
— J2(f)4(H) — 1-2 Hz; J 2(h)5(F) — c/2(F)5(H) — 0 Hz.10 While 
electronegativity considerations suggest that the imidazole 
proton closer to the ni*ro group should appear at lower field 
in la and 2a, such an argument is inapplicable to 3a, making 
the A<5 criterion especially valuable in the latter case. For la, 
additional verification was obtained by its transformation to 
lb following isotope exchange (see below).

Kinetic Analysis. Rates of exchange of imidazole-ring 
protons in D20  (over a wide pD range) were obtained by in
tegration of NMR peak areas at various time intervals and at 
reaction temperatures which provided conveniently mea
surable rates. For N-methylimidazole and its C-alkyl deriv
atives, exchange at C-2 occurs, overwhelmingly, via the im- 
idazolium ion and the Y pathway [Y(2)].2 At any pD more than
1.5 units above the pK  of the compound, an increase in [OD~] 
is directly offset by a decrease in [ImD+], and further increase 
in the basicity of the exchange medium will have no effect on 
Ŷ(obsd) (ref 2, Figure IB). By virtue of its inductive effect, an 

electronegative substituent at C-4 or C-5 should enhance the 
acidity of H-2; at the same time, however, by(obsd) may be

reduced because of the reduction in pK. Thus, at a pD low 
enough to provide significant [ImD+], [OD~] may be van
ishingly small. A priori, one cannot predict the net effect of 
these opposing factors on Y exchange. Values of £0bsd were 
obtained at pD 9.5-10, generally at 50 °C. In this pD range, 
f e y ( o b s d )  has attained its maximum value and the contribution 
of f e c ( o b s d )  is negligible for most compounds. For the weakly 
basic fluoro- and nitroimidazoles, values of fe0bsd at pD 5 or 
7 showed little variation from those at the higer pD (as ex
pected). For very reactive or poorly reactive compounds, ex
trapolation to 50 °C was calculated from data at other tem
peratures, using an average value of Ea - 21 kcal/mol. Tem
perature-dependence studies with three compounds provided 
Ea values in the range 20-22 kcal/mol. Specific rate constants 
(k\) were calculated from the equation

^Y(obsd) = feyKw/(K i + [D+]) (1)

in which Kw is the ion product of D20  and K x is the disso
ciation constant for ImD+, both constants estimated for the 
reaction temperature (see Experimental Section). Since k x 
»  [D+] at pD 9.5-10, the contribution of [D+] in eq 1 can 
usually be ignored. Exchange at C-4 or C-5 in IV-methylim- 
idazole also occurs by an ylide (Y) mechanism, but at a rate 
104 to 105 slower than at C-2.2 The same considerations re
garding electronegative substituents should be applicable, 
although the inductive effect of the group should be felt more 
strongly at the adjacent ring position than at C-2. Values of 
&Y(4) and &y(5) were obtained similarly to fey<2) by use of eq 1 
and Ea = 21 kcal/mol.

In N-methylimidazole, exchange at C-5 also occurs by a 
carbanion [C(5)] mechanism in strongly basic media; this 
pathway involves the neutral imidazole species, and &„bsd is 
directly proportional to [OD~]. For this compound (in 1 N 
NaOD at 100 °C), C(5) exchange is ~15-fold faster than Y(5) 
exchange, ~40-fold faster than Y(4) exchange, but 800-fold 
slower than Y(2) exchange. Under these conditions, ti/2 = 7 
h for C(5), while C(4) exchange could not be detected over 200 
h. Values of total kohs(\ were determined in alkaline media 
(0.05-1 N NaOD), both the temperature and pD range 
sometimes being limited by the stability of the compound to 
ring degradation or solvolysis of the substituent. Values of 
f e c ( o b s d )  were obtained by subtraction of f e y ( 0 b s d )  (measured 
at pD 9.5-10) from total f e 0 b s d -  Plots of k c ( o b s d )  vs. [OD- ] 
provided reasonably linear slopes with values = kc- Even in
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Table II. Values of kobsda and k b for Deuterium Isotope Exchange (50 °C) in Imidazoles
n°2 F H CH3

S eries
Ring
S ite Path 105k . . —obsd k 105k . . —obsd k lo6ïobsi k 10°k-obsd k o° £ log k, F igure

£ 2 £ - k-33 x 10"2 2.33 x 10'5 d d e

Y_ 0.6Ô 6.46 x 10̂ 1.25 2.¿3 x 107 16500 1.62 x 105 9I 7O h7o9 x 10 m 6.72 5.22 3A
5 £ 2.2k -U2.41 x 10 2.06 x 10'5 k.kk x 10'°  p 6.00 -4.66 1A

Y_ 10.7 7.76 x 1010 1.46 3.02 x 107 l.hl 13.s O.19 1.55 £ 7.10 1.17 2A
2_ 2 JC 0.15 2.60 x 10'2 d d e

_Y 82.5 1.00 x 105 k9*5 I.O5 x 107 16500 1.62 x IO5 IU3OO h3.72 X 10 n 5.64 5.18 3B
4 £

Y
f

0.37 k.k7 x 10°
f

O.I7 , 4 3.63 x 10
f

O.52 5-13
f

0.46 1.18 0 4.28 0.72 2B
3̂ 4 c f f f f

X £ £ O.52 5-13 O.52 0.68 e
5 X 1.16 x 10'2 5.07 x io ' 5 2.09 x 10'5 5.26 x 10 6 2 3.k2 -4.81 IB

X £ g,h 1.41 13.8 O.52 0.68 e
a 2 i £ £ d d

j i 0.20 3 5.OI x 10fl 0.96 5.O7 x 10° 5030 7-59 X 101* k950 1.76 X IO1* D 5.54 k.83 3C
5 A X l.kO 3.90 x 10'2 a.2k x 10'5 2.90 x IO"** 0 2.27 -4.08 2C

Y_ £ o.ky 2.00 - 0.44 1.38 e

5 - 5 * C 60.6 O.O5 a.2k x 10'3 1.36 x 10"3 m 6.70 -k.17 3D
* ,5 * £ fi.ï £ 0.k9 2.08 ® O.kS 0.40-2 e

5 £ 3.O8

T * * 5 £ 2.83
o,’ 3 1.37 x io"3

-  Min'1• • m'"h n in "1 . £ For path C, k ^ is a linear function of [0D'). - Masked by the much faster Y exchange. - Only two expe rim en ta l p o in ts

available, f  No measurable exchange because of the ALP effect. — No measurable exchange in 30 d at 50° and/or 6 d at 100®. — Too unstable in D.,0 to
evaluate k . .. — Values of k and k include adjustment for f  — J For X = OF , k = 3-09 x 10 3 min 1 and k ■  3*51 x 107 F min . — Insol-—obsd —obsd — ImIT 3 -obsd — —
uble in DgO alone; kinetics run in D..0 containing 20b EMSO-d-, adjusted to pD 7 with CD.COOD. — The 1,1-tautomer is considered the kinetically active 
species. — since the kinetically active species is symmetrical, a s ta tis tica l correction has been applied to k. — Although H-u and H-5 are experiment
a lly  indistinguishable, the l,k-tautomer Is considered the active species. — H-k and H-5 are experimentally indistinguishable. — Based on loss of 
tritium  in HgO. — Specific rate constant due to intramolecular general base catalysis by the side-chain primary amine function, in min h
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Figure 1. Relative rate constants (k c) for carbanion exchange in nitro- . ,
and fluoro-l-methylimidazoles. Figure 2. Relative rate constants (k\) for ylide exchange in nitro- and

fluoro-l-methylimidazoles.

the most rapid exchanges, the contribution of the C pathway 
at pD 9.5-10 could be neglected. Values of &c and k\ are 
summarized in Table II, and relative rate constants for the two 
pathways are shown in Figures 1 and 2, respectively. The pK  
(H2O, 25 °C) values used for Y pathway calculations are given 
in Table III, and methods for their conversion to pK  (D20, 50 
°C) are given in the Experimental Section. For the ylide 
pathways, values of kohad are also given in Table II to em
phasize their lack of correlation with substituent parameters. 
Wherever “ no detectable exchange” is indicated in Table II, 
runs were continued for 30-60 days at 50 °C and/or 8 days at 
100 °C, stability permitting. The values of p in Table II are

derived from the Hammett correlations of Figures 3-5, the 
latter being based on the set of <r° values proposed by Cohen 
and Takahashi (Table IV).11

l-Methyl-4-X-imidazoles (Series 1). Exchange at C-5 
occurs by a combination of C and Y pathways, the former 
being far more significant in basic media. Thus, for X =  N 02,
0.02% of the total fc0bsd is due to Y exchange in 0.2 N NaOD, 
while the fraction rises to 23% for X  = F. In fact, H-5 in la is 
remarkably acidic for a nonquaternized heterocycle with i i /2

2 min at 50 °C in this medium. Introduction of a 4-nitro 
group into 1-methylimidazole increases total fc0bsd at C-5
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Figure 3. Hammett correlations of <rp° for X  vs. log k : A, series 1, log 
fec(5)l B, series 3, log fee©-

Table III. p K  Values (25 °C) Used in Calculations

series
X =

N 02 F H c h 3 c f3
1 -0.60“ 1.90 0 7.13* 7.206
2 2.13c 3.85b 7.136 7.70b
3 -0.44“ 2.30b 7.13fc 8.00 6
4 (pKx) -0.15“ 2.44 d 7.00e 7.56 6 2.28e
4 (pK2) 9.20“ 11.92ft 14.52/ 15.10e 10.6e
5 (pKj) -0.20S 2.40d 7.00e 7.85b
5 (pK2) 7.15“ 10.45d 14.52/ 15.10e
6 (pKi) 3.06d
6 ipK )̂ 10.70 d
7 (pffi) 1.22d
7 (pK2) 10.55d
“ Average of values given in ref 31. b Present investigation. 

c Reference 12. d H. J. C. Yeh, K. L. Kirk, L. A. Cohen, and J. S. 
Cohen, J. Chem. Soc., Perkin Trans. 2, 928 (1975). e L. A. Cohen 
and P. A. Cohen, manuscript in preparation. ! D. J. Brown, J. 
Chem. Soc., 1974 (1958). g E. Laviron, Bull. Soc. Chem. Fr., 2840 
(1963).

Table IV. <j® Values Used in Hammett Correlations“

<7° N02 F c h 3 cf3

do0 1.38b 0.88b -0.16 0.91
<7m° 0.68 0.33 -0.07 0.48
"e° 0.84 0.17b -0.12 0.54

° Reference 11. b Value for aqueous media.

86 000-fold in 0.2 N N&OD, but only 75-fold at pD 9.5; further, 
the nitro group is 7100-fold as effective as fluorine in pro
moting exchange at C-5 in 0.2 N NaOD, but only seven times 
as effective at pD 9.5. On the basis of the four substituents 
(including H) for which kinetic data has thus far been ob
tained, values of log &c(5) provide an acceptable Hammett 
correlation with aromatic crp° (Figure 3A); values of log ky(5), 
on the other hand, correlate best with <ro0 (Figure 4A). In the 
latter scale, the contribution of a1 is doubled11 and, presum
ably, the change to the tro0 scale is related to the presence of 
positive charge in the kinetically active species for ylide ex
change. The correlation with full <r° (a1 + <rR) for both path
ways shows that the kinetic acidity of the proton is determined 
by the net electron density at C-5. The magnitudes of the p 
values (Table II) show a high degree of sensitivity to electronic 
effects, paralleling those generally observed at an sp2 carbon 
of the benzene ring.

In lc  and Id, exchange at C-2 occurs overwhelmingly by the 
Y pathway; in fact, any contribution due to C exchange is in
discernible even in 1 N base. Introduction of electronegative

-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

2o°

Figure 4. Hammett correlations of ao0 for X  vs. log k: A, series 1, log 
fey©; B, series 2, log fey(4»; C, series 4, log fec(6)-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Om°

Figure 5. Hammett correlations of ffm° for X  vs. log k: A, series 1, log 
feY(2); B, series 2, log fey©; C, series 4, log fey©; D, series 5, log
fec(5)-

substituents at C-4, however, markedly depresses fev(2)obsd; 
evidently, the reduction in pKd is more critical than inductive 
activation of H-2 by the group at C-4. Although f e y ( 2 ) o b s d  de
creases with increasing electron withdrawal (Table II), fey(2) 
(which takes account of the variations in K-, and, thus, in 
[ImD+]) shows an order consistent with electron withdrawal. 
Values of log f e y < 2 )  correlate with <Tm °  (Figure 5A). We were 
initially puzzled by the fact that values of f e Y (o b a d )  for the two 
ring protons in series 1 show opposing trends; this phenome
non, however, is simply a consequence of the greater elec
tron-withdrawing effect of 4-X at C-5 than at C-2. Electron 
withdrawal by the nitro and fluoro groups results in measur
able C(2) exchange; log f e c ( 2 ) may follow the <rm° scale, as does 
log f e y < 2 ) ,  although only two experimental points are currently 
available. On the basis of these two points, f e c ( 2 ) o b s d  for 1- 
methylimidazole (in 1 N NaOD at 50 °C) should be almost 106 
slower than f e y ( 2 ) o b s d -  For X  = N 02, H-5 is 52-fold as reactive 
as H-2 in the C pathway and 12-fold as reactive in the Y 
pathway. The lower reactivity at C-2 relative to C-5 is due to 
the greater distance between X  and the proton undergoing 
exchange and, perhaps, to a partial ALP inhibition of carb- 
anion formation at C-2.

I-Methyl-5-X-imidazoles (Series 2). The magnitude of
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the ALP effect at C-4 is strikingly evident in this series, since 
a C(4) pathway is not observed, even with a nitro group at C-5. 
Slow exchange via the Y (4) pathway is observed, however, and 
the substituent effect correlates with <ro0 (Figure 4B), as in 
series 1. Interestingly, the p value is 2.8 units less than for se
ries 1, a factor which may result from the different sites of 
N-protonation relative to the substituent.

As in series 1, the C(2) pathway can be observed only for X 
= NO2 or F. The 5-nitro group is 3.5-fold as effective as 4-nitro 
in enhancing the acidity of H-2, possibly due to “ para” reso
nance withdrawal in the former case; to our surprise, however, 
the 5-fluoro group is 1200-fold as effective as 4-fluoro. 
Hopefully, rate data for additional members of both series will 
help explain this unusual order of enhancements, which 
suggests that the magnitudes (or pathways) of electronic 
transmission from C-4 and C-5 to C-2 are significantly dif
ferent; the nonequivalence in J 4(f)2(H) and c/ s(f)2(H) has been 
noted earlier.10 For series 2, fey(2) is consistently lower than 
for series 1, while both series provide acceptable correlations 
of log 1?y(2) with <rm° (Figures 5B and 5A, respectively). The 
effect of higher pK\ values in series 2 over series l 12 is seen in 
the values of fey(2)obsd, which are 94-fold greater for X  = N 02 
and 40-fold for X  = F.

l-Methyl-2-X-imidazoles (Series 3). C(5) exchange in 3a 
is 13-fold slower than C(2) exchange in 2a and 550-fold slower 
in 3b than in 2b. Presumably, the enhanced acidity at C-2 
results from the extra inductive effect of N-3 and/or other 
factors (see Discussion); in addition, electronic transmission 
from X-5 to C-2 may be stronger than from X-2 to C-5, for 
reasons not yet obvious. In any case, it is clear that, if any ALP 
effect exists at C-2, it is considerably weaker than at C-4. 
Compound 3b (X = F) is only 2.4-fold as reactive as 3c (X = 
H) in C(5) exchange, and a Hammett correlation for this series 
can be achieved only with £rp0 (Figure 3B). It is noteworthy 
that <Tp0 provides the best correlation for the two cases in 
which carbanion formation is required at C-5. This <t° scale 
does not hold for Y(5) exchange in series 1 or for C(5) exchange 
in the corresponding NH-imidazoles (see below); presumably, 
the IV-methyl group serves to reduce electron density at C-5. 
Y (5) exchange cannot be detected in 3a or 3b, due to the 
combined effect of low pit and the distance of the substituent 
from the reaction site. For the same reasons, Y (4) exchange 
is not seen for either compound, while C(4) exchange is not 
detected for any member of the series because of the ALP 
effect. Based on the data for 3c and 3d, we estimate ti/2 ^  1 
year (50 °C) for Y(5) exchange in 3a, and even longer at C-4. 
Similar estimates suggest that Y (5) exchange should be rea
sonably observable for 3b. Although the compound is suffi
ciently stable in 1 N NaOD (100 °C) to exhibit C(5) exchange, 
it decomposes too rapidly at pD 7-11 (50 °C) to provide rate 
data for Y (5) exchange. The instability of 3b in the lower pD 
range arises from the fact that displacement of the 2-fluoro 
group occurs only when the ring is protonated.13

Instability o f IV-Alkylnitroimidazoles. Compounds la, 
2a, and 3a decompose in alkaline media, the rates of break-

0,N H
XT XT OH:Nx̂

 ^ C H 3

H . . N 0 2
P r ~ \ -HO

CH,

la' 2a'
down rising sharply with base concentration and with tem
perature. Under comparable conditions, la  and 3a are 50- 
150-fold, respectively, more stable than 2a. We consider the 
first step in breakdown of la  and 2a to involve d addition of 
hydroxide ion to the 4,5-double bond, leading to the adducts 
la ' and 2a', respectively. The greater stability of la  may lie, 
therefore, in the fact that la ' cannot form as readily, being 
subject to an ALP effect not present in 2a'. The onset of

breakdown is readily detected by the appearance of new NMR 
signals; the multiplicity of the signals and their transience, 
however, prevented any speculation on the structures of in
termediates. Ultimately, the N-methyl signal is lost com
pletely, apparently by evaporation of methylamine. The 
breakdown of 3a in base may involve an addition-elimination 
mechanism at C-2 but, in contrast with the behavior of 3b, the 
nitro compound is stable at neutral pD. Apparently, the nitro 
group is sufficiently electron withdrawing to induce base at
tack on the neutral molecule, while ring protonation of the 
2-fluoroimidazole is necessary to achieve adequate electron 
deficiency at C-2. A detailed study of these dual pathways is 
in progress.

We have ignored consideration of isotope exchange via 
addition-elimination mechanisms, in which OD_ adds to the 
carbon atom carrying the electronegative group. Since nitro 
and fluoro are far better leaving groups than hydroxyl, it seems 
highly unlikely that the addition intermediates would revert 
to the starting compounds. Furthermore, such pathways 
cannot be considered for X  = H or CH3, and a duality of 
pathways is inconsistent with the linearity of the Hammett 
correlations.

Chemical Transformation. Although we had little reason 
to question the identity of the protons undergoing fast and 
slow exchange in la and 2a, chemical transformation provided 
a means for additional verification. Compound la was con
verted to la-d2 by exhaustive exchange in 0.1 N NaOD (100 
°C); the more labile deuterium atom was then back-exchanged 
in 0.1 N NaOH, and the resulting la-d was converted into 
lb-d by zinc reduction, diazotization, and irradiation in flu- 
oroboric acid. Since the product showed Jhf = 8.0 Hz, the 
hydrogen atom in lb-d must be adjacent to fluorine and, 
therefore, H-5 must be the more acidic proton.

Under the same exchange conditions, 2a gave only a mo- 
nodeuterated product, but the conversion of 2a to 2b has de
fied repeated efforts. Even when the intermediate 5-amino- 
1-methylimidazole (9) was generated from its stable tert- 
butoxycarbonyl derivative in fluoroboric acid, it failed to 
provide 2b after diazotization and irradiation. Ultraviolet 
spectral analysis showed only traces of a diazonium chromo- 
phore after addition of nitrite, indicating 9 to be extremely

H2î P )
O

•NV N\ ch3
P i

! V N"

NH,

m

8 9
unstable. The ALP effect may be operating to retard vinyla- 
mine resonance in 9, but should have no effect in 8 and may 
even enhance resonance overlap in the latter case.14-15 

4-X-Imidazoles (Series 4). Kinetic analyses of isotopic 
exchanges in the NH-imidazoles must take account of ion
ization to their anions in alkaline media. Since the latter 
species appear to be resistant to exchange in the temperature 
range investigated, values of total feobsd were adjusted for the 
fraction of NH species present in each medium, based on the 
pK.2 values given in Table III; specific rate constants were then 
calculated as for the AT-methylimidazoles. It is assumed that 
the ALP effect is operative throughout the series and, there
fore, that the 4-X tautomer is the only (or more) reactive 
species. Arguments have been advanced16 that the 4-X tau
tomer is thermodynamically preferred for most substituents. 
Exchange at C-5 occurs predominantly by the C pathway, 
values of log kC(h) correlating with co0 (Figure 4C); this result 
stands in contrast with the o-p° correlation required for the 
corresponding exchange in series 1. Electronegative substi
tution has a stronger enhancement effect in this series than 
in series 1, a factor which may again be due to the absence of
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the ¿V-methyl group. Figure 4C shows 4-methylimidazole to 
have an anomalously high rate of C(5) exchange, a phenom
enon also observed with 2-fluoro-4-alkylimidazoles (see 
below). Y (5) exchange is apparently too slow to be measured 
for 4a or 4b; on the basis of the data obtained for 4c and 4d 
(Table II), we estimate the half-time for exchange of H-5 in 
4a (D20, 100 °C) at 5 years!17

Carbanion exchange at C-2 could not be detected for any 
member of this series, while Y(2) exchange does occur and can 
be correlated with am° (Figure 5C).17 Values of fey® are fairly 
similar to those for series I and the p values differ by 1.2 
units.

2-X-Imidazoles (Series 5). Carbanion exchange at C-5 was 
observed for all members of the series, and log feC(5) values 
correlate with <rm° (Figure 5D). Values of fe0bsd for 2-X-im
idazoles are lower than those for the 4-X series; after adjust
ment for NH ionization, however, values of fee® for the former 
series are impressive, that for 5a being 43-fold that for 4a and 
~5000 times as great as for 3a. This puzzling result is also 
observed with X  = F, since 5b is 1000-fold as reactive as 3b. 
As in the case of series 4, Y (5) exchange was not observed for 
5a or 5b.

4-Alkylimidazoles. This series of studies had been un
dertaken originally in an attempt to account for the surpris
ingly facile tritium exchange at C-5 in 2-fluorohistidine (7);
e.g., at pH 9 (50 °C) this compound exchanges 800-fold faster 
than does 2-fluoroimidazole. The complex pH dependence for 
exchange (Figure 6) is inconsistent with simple C or Y path
ways, and suggests a role for an additional ionizing group. 
Indeed, the results are wholly in accord with C exchange in
volving a combination of hydroxide ion catalysis and intra
molecular general base catalysis by the side-chain primary 
amine function.

kohsd -  {fec[OH"l +  fc'c[/RNHdl/lm (2)
In this rate expression, / rnh2 = fraction of a-amino group in 
the unprotonated form (pK 8.85) and f\m = fraction of neutral 
imidazole species (pK210.55); fe'c is the specific rate constant 
for intramolecular general base catalysis of carbanion for
mation. An approximate value for fe'c was obtained by as
suming the contribution of fec[OH~] to fe0bsd to be very small 
at the lower pH values. Curve-fitting was then performed by 
approximation, providing the values of k'c = 1-58 X 10-4 
min-1 (30 °C) and fee = 0.33 M-1 min-1 (30 °C). For com
parison with the data for other compounds, these values were 
adjusted to 50 °C (Table II), taking E„ = 21 kcal/mol. These 
comparisons have limited validity, since H/D and H/T isotope 
effects have not been evaluated. The rate of tritium exchange 
is enhanced in the presence of carbonate buffer; e.g., at pH 9.2 
(0.1 M buffer), feQbsd is increased almost threefold.

After taking account of the contribution of an intramolec
ular pathway,20 we find that fee for H-5 in 2-fluorohistidine 
is still 50-fold greater than that for 2-fluoroimidazole. We were 
led, therefore, to examine the simpler analogue, 2-fluoro-4- 
methylimidazole (6); this compound also showed an unusually 
high value for fee®, the latter being 60 times that for 2-fluo
roimidazole and 250 times the predicted value (Figure 2C) 
based on 2 <r°.

We have noted that feobsd for C(5) exchange in 4-methyl- 
imidazole (4d) is also anomalously high, being ca. fourfold 
greater than the same exchange in imidazole and 21-fold 
greater than in 2-methylimidazole. For this compound, fee® 
is 10 times as great as the value predicted from Figure 4C. 
These three examples (4d, 6, and 7) demonstrate that an alkyl 
group at C-4 provides a significant enhancement effect on C(5) 
exchange. There seems no obvious way for an alkyl group to 
stabilize an adjacent carbanion; therefore, we tentatively 
suggest an alternative pathway for exchange, via the still un
detected tautomer, 10.19 It is noteworthy that rate enhance-

Figure 6. Dependence of total fe0bad on pH for loss of tritium from 
2-fluorohistidine-5-3l i  in H20  at 30 °C: O, experimental values; — , 
curve calculated from eq 2 and specific rate constants cited in text.

ment is not seen with 1,4-dimethylimidazole, in which com
pound such tautomerism cannot occur.

H3C H

X
10

Buffer Catalysis. Since the Y mechanism for exchange 
involves the attack of a base on the imidazolium ion, it is 
ideally suited for catalysis by buffer species. We have already 
reported that exchange of H-2 in N -methylimidazole is cat
alyzed by acetate buffer.2 Tritium incorporation at H-2 of 
histidine is also promoted by phosphate and Tris buffers, 
these findings having been applied for preparative purposes.20 
Labeling at C-2 in 4-fluoroimidazole occurs at pD 3-10 by the 
Y pathway, with ti/2 = 1200 h at 50 °C or 15 h at 100 °C; the 
exchange is even slower in more acidic or more alkaline media. 
Since pKi for 4b is 2.44, chloroacetic acid (pK 2.88) was cho
sen for possible catalysis of Y exchange; in 1M buffer (pD 2.44, 
50 °C), a 32-fold enhancement was obtained. The same buffer 
system was then used to achieve tritium labeling at C-2 in
4-fluorohistidine under very mild and practical conditions.

In the chloroacetate buffer medium, exchange of H-5 in 
fluoroimidazole is also accelerated (t \/2 = 13 h at 50 °C). In 
the absence of buffer, Y(5) exchange could not be observed 
at any pD; if the buffer species were catalyzing the Y pathway, 
extrapolation from the values of fey® for 4c and 4d suggests 
a buffer enhancement factor for 4b of 40 000! Since this factor 
seems unreasonably large, it may be the C(5) pathway which 
is being catalyzed by chloroacetate ion, providing a tenfold 
enhancement at pD 2.44 over feQbsd in 0.1 N NaOD; pending 
the acquisition of additional kinetic data, however, the role 
of the buffer catalyst at C-5 remains uncertain. Data were 
presented above for the intramolecular general base catalysis 
of C exchange in 2-fluorohistidine and, thus, it appears that 
both the C and Y pathways are sensitive to buffer catalysis.

Other Substituted Imidazoles. Studies with 4f at pD 10 
provided a value for Y (2) exchange (Table II and Figure 3C); 
however, the compound decomposes too rapidly in more al
kaline media to provide data for C(2) exchange. The carb- 
ethoxyimidazoles (le, 2e, and 3e) failed to show Y exchange 
at 50 °C (pD 7—10); at 100 °C, ester hydrolysis occurred too 
rapidly to provide usable data.

Discussion
Certain of the fey values in Table II are close to the range 

for diffusion-controlled reactions.21 Thus, fey® for la  = 7.76
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Table V. Half-Times for Exchange in 1-Methylimidazoles at 50 °C

0.1 N NaOD pD 9-10
H-2 H-4 H-5 H-2 H-4 H-5

none 42 min 2.5 yr 138 days 42 min 2.5 yr lyr
4-nitro 2.7 h 3 min 55 days 4.5 days
5-nitro 44 min >2 yr 14 h 132 days
2-nitro >2 yr 10 h >2 yr >2 yr
4-fluoro 33 days 12 days 38 days 33 days
5-fluoro 3.5 h >2 yr 23 h 285 days
2-fluoro >2 yr 97 days >2 yr >2 yr

X 1010 M_1 min'-1 at 50 °C or 8.33 X 107 M" 1 s" 1 at 25 °C. This both the C and Y pathways. Other surprising results have been
rate constant for base-catalyzed formation of the vinyl carb- 
anion is ca. Vso of the fcoH value for proton loss from HCN.22 
Considering that C-5 in la is subjected to the combined 
electron demands of the 4-nitro group, two ring nitrogen 
atoms, and a positive charge in the ring, a total electronega
tivity approaching that of the triply-bonded nitrogen in HCN 
is not unreasonable. Furthermore, in their review on base- 
catalyzed proton exchange in heterocycles,23 Elvidge et al. 
have argued that, because vinyl carbanions are usually not 
resonance stabilized, their kinetic acidities should be com
pared with those of oxygen acids rather than those of the 
common carbon acids.

The kinetic results with nitro- and fluoroimidazoles (Table 
II, Figure 1) have clearly shown the existence of significant 
carbanion-mediated exchange at C-2. In view of the powerful 
ALP effect of N-3 in preventing carbanion formation at C-4, 
it is somewhat surprising that a C(2) pathway can be observed 
at all. We might argue that electron withdrawal by two ring 
nitrogen atoms can partially counteract the ALP effect at C-2; 
yet, it seems unreasonable that the magnitude of such with
drawal could so greatly exceed the combined electronegativ
ities of N-3 and a 5-nitro group operating on C-4. Very strong 
bases (e.g., butyllithium in tetrahydrofuran) abstract H-2 
from N-alkylimidazoles with essentially total specificity.24 
This fact appears to support the absence of a significant ALP 
effect at C-2; yet,‘ we cannot rule out the possibility that proton 
abstraction is preceded by coordination of the lithium atom 
with the lone pair at N-3 and, thus, occurs by a Y rather than 
C pathway. It is also noteworthy that, in the presence of 
methoxide ion, C-2 in pyrimidine is the least acidic position 
in the ring;26 this carbon atom is also flanked by two nitrogen 
atoms, but the corresponding carbanion would be subject to 
two ALP interactions.

It is also conceivable that the sp2 carbanion at C-2 is elec
tronically different from that at C-4 or that the imidazole ring 
becomes partially deformed from planarity when H-2 is lost, 
thus reducing lone-pair repulsion. Alternatively, we may in
voke greater s character (hence, greater acidity) in the C(2)-H 
bond than in that at C-4;25 this explanation is supported both 
by crystal structure data for imidazole26 and by 13C -1H cou
pling constants.27 At best, however, orbital interactions 
through bonds or space are not yet well understood,28 and the 
imidazole case clearly demands further study.

These studies have demonstrated that both ylide and 
carbanion exchange in substituted imidazoles follow reason
ably logical, but complex, patterns. Although we fully recog
nize that the Hammett correlations (based on four points) 
have only limited reliability, they have proved useful in pre
dicting the conditions necessary to observe exchange with 
other substituted imidazoles. Further studies are in progress 
and, hopefully, the use of all three <x° scales will be supported 
with additional kinetic data. In addition to the large difference 
in ALP effect between C-2 and C-4, several phenomena have 
emerged which merit further exploration: (1) the enhance
ment effect of 4-alkyl substituents; (2) intramolecular general 
base catalysis in 2-fluorohistidine; and (3) buffer catalysis of

obtained in studies of acid-catalyzed exchange; these results 
will be reported separately.

A wide variety of ring-substituted histamines and histidines 
have been prepared for biological studies (in progress). On the 
basis of the results herein reported, random or site-specific 
tritium labeling of the imidazole ring in these compounds has 
become attainable in practice. The very large spread in half
times for exchange (see examples in Table V ) permits highly 
specific labeling in many cases. For poorly exchangeable 
protons, exchange is also attainable by the use of elevated 
temperatures or buffer catalysis; the optimum pH for such 
catalysis can be predicted from the pK  value of the compound 
and the appropriate Hammett plot (Figures 3-5).

Experimental Section29
Materials. The following compounds were synthesized by known 

methods: la,30 Id,2 2a,30 2d,2 3a,313e,32 4b,33 4d,2 4c,34 4f,35 5a,36 5b,33 
and 7.13 Imidazole, 1-methylimidazole, 2-methylimidazole, 1,2-di- 
methylimidazole, and 4-nitroimidazole were obtained from com
mercial sources.

4-Fluoro- 1-methylimidazole (lb). A solution of 5.08 g (0.04 mol) 
of la in 120 mL of 48% aqueous fluoroboric acid was chilled to —10 
to -1 5  °C with dry ice-acetone and 9.15 g (0.14 atom) of zinc powder 
was added over 30 min with stirring. At this point, the UV spectrum 
of the reaction mixture (measured on a small aliquot diluted with 
water) showed total loss of the nitro chromophore. The mixture was 
filtered through glass wool, and a solution of 3.2 g (0.048 mol) of so
dium nitrite in 20 mL of water was added with stirring over 20 min 
at —10 °C. The solution was purged with nitrogen and was irradiated 
for 5 h by the procedure described previously.33 The fluoroboric acid 
solution was then neutralized to pH 8 with concentrated sodium hy
droxide (cold) and was subjected to continuous extraction with ethyl 
acetate for 48 h. The extract was evaporated to give a semisolid resi
due, which was chromatographed on 15C g of silica gel. Elution with 
ethyl acetate-ether (1:1) gave 1.0 g (25%) of lb as a pale yellow 
semisolid; NMR (CDC13) 6 3.66 (3 H, d, CH3), 6.43 (1 H, q, H-5), 7.04 
(1 H, m, H-2); J 4,s = 8.0, J2A = 1.8, and J2,s »  1 Hz.

The same compound was obtained by direct methylation of 4-flu- 
oroimidazole with methyl iodide or dimethyl sulfate, using standard 
procedures.

4- F luoro-l-m ethylim idazole-d (lb -d ). l-Methyl-4-nitroim- 
idazole (0.5 g) was added to 50 mL of 0.1 N NaOD and the mixture was 
stirred at ambient temperature. When solution was complete (~15 
min), NMR showed one proton to have exchanged completely. The 
solution was then heated at 100 °C for 1.5 h, at which point the rem
aining proton had exchanged completely. This product was isolated 
by extraction with ethyl acetate and the more labile deuterium atom 
washed out by exposure to 0.1 N NaOH for 15 min. The monodeuterio 
compound was converted to 4-fluoro-l-methylimidazole-d by the 
procedure described above. Since this product showed J h.f = 8.0 Hz, 
the deuterium atom must be at C-2, and the very labile hydrogen atom 
in la must be that at C-5.

5- Fluoro-1 -methylimidazole (2b). Direct methylation of 4-flu- 
oroimidazole with methyl iodide or dimethyl sulfate, under neutral 
or basic conditions, and in polar or nonpolar media, gave lb exclu
sively. Repeated efforts to prepare 2b from 2a, following the reduc
tion-irradiation procedure used for the conversion of la to 2a, failed 
completely. Presumably, the intermediate 5-amino-l-methylimid- 
azole is very short-lived, even at the low temperature of reduction. 
Alternatively, 5-amino-l-methylimidazole (9) was generated in flu
oroboric acid solution from its (ert-butoxvcarbonyl derivative (see 
below), but again failed to produce 2b. The only successful approach,
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which follows, depends on a SnI rather than the common Sn2 path
way for nitrogen alkylation.

To a solution of 0.129 g (1.5 mmol) of 4-fluoroimidazole (4b) in 15 
mL of dry acetonitrile was added a solution of 0.125 mL (2 mmol) of 
methyl iodide in 2 mL of acetonitrile, followed by portionwise addition 
of 0.414 g (2 mmol) of silver perchlorate. The mixture was stirred 1 
h, another 0.125 mL of methyl iodide was added, and stirring was 
continued another hour at 40 °C. Two more portions of methyl iodide 
were added, with stirring for 1 h at 40 °C after each addition. The 
mixture was filtered and the filtrate was concentrated to a semisolid. 
This material was dissolved in 30 mL of ethyl acetate, the solution was 
washed with two 10-mL portions of saturated sodium bicarbonate, 
dried (Na2S04), and evaporated to a colorless semisolid, 0.103 g (69%) 
of 2b. Crystallization of the product from chloroform gave needles: 
mp 87-88 °C; NMR (CDC13) 8 3.62 (3 H, s, CH3), 6.57 (1 H, d, H-4), 
and 7.42 (1 H, br, H-2); J 4j5 = 7.5, J 2,4 = 1.0, and J2,s a* 0 Hz.

2-Fluoro-l-methylimidazole (3b). A. To a solution of 2-amino- 
1-methylimidazole (bisulfate)37 (3.65 g, 0.025 mol) in 150 mL of 48% 
fluoroboric acid was added a solution of 1.90 g (0.0275 mol) of sodium 
nitrite in 5 mL of water, over 10 min with stirring and ice cooling. The 
mixture was irradiated for 3 h, at which point the diazonium chro- 
mophore at 306 nm had disappeared. The reaction mixture was 
neutralized with concentrated NaOH to pH [] (dry ice cooling); the 
solution was then extracted with five 60-mL portions of ether. The 
combined extracts were dried (MgS04) and evaporated to a semisolid 
residue. Chromatography on 150 g of silica gel and elution with 
chloroform (2% ethanol) gave 3b as a pale yellow liquid: 0.87 g (35%); 
NMR (CDCla) 8 3.56 (3 H, s, CH3), 6.67 (1H, s, H-4), 6.67 (1H, s, H-5); 
J4,5 = 1.6, J 2>4 = 1.6, and J 2j5 — 0 Hz.

B. Direct methylation of 2-fluoroimidazole with dimethyl sulfate 
gave only the 1,3-dimethylimidazolium species, which underwent 
rapid loss of fluorine by solvolysis. The product was identified as
l,3-dimethyl-2-imidazolcne.

N-Methylation o f Ethyl Imidazole-4-carboxylate. To a solution 
of 4.20 g (0.03 mol) of 4e34 in 25 mL of methanol was added a solution 
of 8.52 g (0.06 mol) of methyl iodide in 10 mL of methanol, and the 
mixture was heated at reflux for 8 h. Evaporation of solvent gave a 
brown oil which was chromatographed on 120 g of silicic acid. Elution 
with chloroform (1.5% methanol) gave 1.82 g (40%) of 2e as a pale 
yellow oil; NMR (CDC13) 8 1.38 (3 H, t, CH2CH3), 3.96 (3 H, s, N- 
CH3), 4.36 (2 H, q, CH2CH3), 7.63 (1 H, m, H-2), 7.79 (1 H, d, H-4). 
Continued elution with the same solvent gave 0.22 g (5%) of le  as a 
pale yellow oil; NMR (CDC13) 8 1.37 (3 H, t, CH2CH3), 3.81 (3 H, s, 
N-CH3), 4.38 (2 H, q, CH2CH3), 7.56 (1 H, m, H-2), 7.66 (1 H, d, 
H-5).

1- Methylimidazole-5-carbohydrazide. A solution of 2.31 g (0.015 
mol) of 2e in 5 mL of hydrazine hydrate was heated at 100 °C for 1 h. 
The solution was concentrated to ~2 mL under reduced pressure and 
chilled, giving 1.71 g (81%) of colorless prisms, mp 187-187.5 °C. 
Further concentration of the filtrate gave an additional 0.32 g (15%) 
of a less pure material.

(eri-Butyl 1 -Methylimidazole-5-carbamate. To a solution of 
1.40 g (0.01 mol) of l-methylimidazole-5-carbohydrazide in 6 mL of 
water and 2 mL of concentrated hydrochloric acid was added dropwise 
over 10 min, with stirring at 0 °C, a solution of 1.04 g (0.015 mol) of 
sodium nitrite in 2 mL of water. The mixture was stirred 20 min at 
0°, neutralized to pH 7 with 10% sodium hydroxide, and extracted 
with five 10-mL portions of ethyl acetate. The combined extracts were 
dried (Na2S04) and evaporated to a pale brown semisolid, 1.41 g 
(93%). The acyl azide is unstable and was used immediately for the 
next step.

The total yield of crude azide was added to 20 mL of dry tert -butyl 
alcohol and the solution was heated at reflux for 2.5 h.33 Evaporation 
of solvent gave a yellow solid which was crystallized twice from ethyl 
acetate and once from methanol to give 1.49 g (81%) of colorless 
leaflets, mp 173 °C.

Anal. Calcd for C9Hi5N30 2: C, 54.80; H, 7.67; N, 21.30. Found: C, 
54.25; H, 7.28; N, 21.73.

This product was used to generate 5-amino-l-methylimidazole in 
fluoroboric acid solution. The aminoimidazole, however, failed to give 
2b when processed in a manner similar to that for the synthesis of 
4b.

2- Fluoro-4-methylimidazole (6). This compound was prepared 
from crude 2-amino-4-methylimidazole,37 using the procedure and 
the scale described above for the preparation of 3b. Total disap
pearance of the diazonium chromophore at 320 nm required irradia
tion for 1.5 h. The fluoroboric acid solution was neutralized to pH 7 
(cold) and was extracted with five 100-mL portions of ethyl acetate. 
The combined extracts were dried (Na2S04) and concentrated to a 
semisolid; chromatography on 59 g of silica gel and elution with ether 
gave a colorless powder, which was sublimed and recrystallized from

ligroin-ether (4:1): mp 81-81.5 °C (10% yield based on aminoacetone 
hydrochloride hydrate, the precursor of 2-amino-4-methylimidazole); 
NMR (CDCls) 8 2.20 (3 H, t, CH3), 6.40 (1 H, m, H-4 or H-5); J 24(6) 
= 1.3 Hz.

Anal. Calcd for C4H6N2F: C, 47.99; H, 5.03; N, 27.99; F, 18.98. 
Found: C, 47.87; H, 5.12; N, 28.77; F, 18.68.

2-Fluoro-L-histidine- 5-sH. To a solution of 75 mg of 2-fluoro- 
L-histidine (7) in 1 mL of tritiated water (5.0 Ci) was added 100 mL 
of triethylamine. The solution was stirred at ambient temperature 
for 4.5 days and was lyophilized. Normal water was added and the 
lyophilization repeated. The residue was treated with methanol and 
the solvent evaporated. Finally, the material was triturated with a 
small volume of cold methanol and filtered to give 32.5 mg of crys
talline material with a specific activity of 40 mCi/mmol.

Tritium Loss From 2-Fluoro-L-histidine- 5-3H. A stock solution 
of 4.9 mg/mL of water of the labeled compound was prepared with 
specific acitvby of 3.9 iiCi/nol. A 50-fiL aliquot was added to 5.0 mL 
of 0.1 KC1. The pH was adjusted to the desired level with 0.05 N 
NaOH and was maintained at that level throughout the run by use 
of a Radiometer autoburette (Model ABU 12). The temperature was 
maintained at 30 °C by circulation of water from a Haake water bath 
through the jacketed reaction vessel. A slurry of one part Dowex 50 
H+x 8 (200-400 mesh) and three parts water was prepared; 1-mL al
iquots of the slurry were added to Pasteur pipettes which had been 
loosely plugged with glass wool, and the columns were washed with 
water until the effluent was neutral. At various time intervals, 100-mL 
aliquots of the reaction mixture were transferred to the Dowex col
umns, the columns were washed with 5 X  0.5 mL of water, and the 
total effluent from each column was counted with a Perkin-Elmer 
liquid scintillation counter (Model 3375). Initial rates (up to ~10% 
exchange) were used to determine rate constants; initial and subse
quent radioactivity counts were taken as measures of concentration 
of unreacted substrate.

pK  Measurements, pK  values were obtained for the new com
pounds and for others for which data were unavailable or literature 
values were in doubt, pK  values were calculated from pH measure
ments in water at 25 °C (Corning pH meter, Model 101). Samples of 
20-40 mg were used, and seven to ten aliquots of acid or base added, 
pK  values were calculated for each addition and averaged to give the 
values in Table III; deviations were usually <0.10 unit. The effect of 
temperature on pK  was determined (up to 70 °C) for several com
pounds by following the change in pH of a half-neutralized solution. 
The averaged results were considered applicable to all compounds 
in the study: for pKu pX(50 °C) = pK(25 °C) -  0.50 and pK(100 °C) 
= pK(25 °C) —0.30.38 Values of pK (D20 , 25 °C) were calculated from 
the relationship pK(D20 ) = 1.018 pK (H20 ) + 0.43 (Table III, foot
note d). Temperature effects on pff(D20 ) were assumed comparable 
to those in H20. For pKw(D20 , 50 °C), 14.18 was used;39 for 100 °C, 
pKw = 13.13 was estimated by extrapolation.

Kinetic Measurements. The techniques used to follow rates of 
exchange by NMR spectroscopy are described in the previous paper.2 
For series 4 and 5,8 values are shifted in alkaline media, and may even 
become inverted in order. Upon completion of an exchange run, the 
solution was neutralized and the NMR spectrum compared with that 
of the original compound; since 4a and 5a are insoluble in water, the 
neutralized mixtures were saturated with NaCl and the compounds 
were extracted into Me2SO-d6 prior to spectral comparison. For C 
exchange, rate constants were obtained at three or four concentrations 
of NaOD, and kc  determined as the slope of a plot of fec(obsd) vs. 
[OD- ]. Ylide exchange was measured in D20  solutions which were 
brought to pD 9.5-10 (25 °C) with 0.1 N NaOD. Specific rate constants 
for Y exchange were calculated according to eq 1.
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Cyclization of 7-(2-hydroxyethoxy)-4-nitrobenzofurazan (3) and 7-(2-hydroxyethoxy)-4-nitrobenzofurazan (6) 
occurs in aqueous solution containing base to give the spiro Meisenheimer-type complexes 5 and 8, which have a 
high thermodynamic stability. A similar reaction occurs in Me2SO where the structures of 5 and 8 could be fully 
characterized by 1H NMR spectroscopy. The kinetics of formation and decomposition of 5 and 8 have been studied 
by the stopped-flow method between pH 1 and 12 in aqueous solution. It is found that 5 is only 2.5-fold more sta
ble than 8 (pAa5 = 6.86; pKa8 = 7.26), but it forms and decomposes much faster than its fiuroxanic analogue. These 
differences in rates are attributed to the IV-oxide group, which probably exerts a very unfavorable inf.uence on the 
C -0  bond-forming and bond-breaking processes associated with formation and decomposition of the furoxanic ad
duct 8. The ring opening of 5 and 8 is subject to general acid catalysis in aqueous solution with a Bryinsted coeffi
cient a of 0.44. The results are discussed by comparison with those obtained for benzenic analogues.

The proposal2“4 that the antileukemic activity of some 
benzofurazan and benzofuroxan derivatives may be due to 
their ability to easily form Meisenheimer-type complexes with 
essential cellular SH and/or amino groups has increased in
terest in the adducts obtained from covalent addition of

nucleophiles to these compounds. There is now convincing 
structural evidence, mainly from NMR studies, that such 
adducts are formed in the reaction of a variety of mono- and 
dinitrobenzofurazans and -benzofuroxans with hydroxide and 
methoxide ions.5“10 The thermodynamic and kinetic data for
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the formation and decomposition of this class of adducts have 
been reported mainly for the dinitro complexes 1 and 2.2a-9>n 
This is because formation of the mononitro adducts is fre
quently complicated by the occurrence of a number of other 
reactions, some of which are irreversible.8b’10 In order to avoid 
these complications and to carry out a comprehensive quan
titative analysis of the formation and decomposition of mo
nonitro adducts, we became interested in furazanic and 
furoxanic substrates leading to the formation of spiro com
plexes. Such systems have been successfully used in benzenic 
series.12-14 In the present work, we report data obtained for 
the formation and decomposition of spiro complexes 5 and 8 
derived from the cyclization of 7-(2-hydroxethoxy)-4-nitro- 
benzofurazan (3) and 7-(2-hydroxyethoxy)-4-nitrobenzofu- 
roxan (6), respectively, in aqueous solution.

Results
When base is added to an aqueous solution of the yellow- 

colored parent ethers 3 and 6, there is an immediate appear
ance of colorless species with absorption spectra showing 
maxima at 330 and 339 nm, respectively. Similar spectra are 
obtained in Me2SO solution, showing that the same species 
form in both solvents. Since 'H NMR measurements in water 
were precluded by low solubility of the substrates, confirma
tion that these species are the spiro complexes 5 and 8 was

obtained from 'H NMR spectroscopy in Me2SO solution. 
Thus, addition of base to a solution of 3 or 6 in Me2SO-d6 re
sults in an immediate reduction in the intensity of the signals 
characteristic of the ring and methylenic protons of 3 (<>, in
ternal reference Me4Si, 8.48 (H-5, d, J  = 10 Hz), 8.02 (H-6, d, 
J = 10 Hz), 4.64 (a-CH2, t), 3.84 (0-CH2, t)) and 6 (5 8.58 (H-5, 
d, J  = 9 Hz), 6.83 (H-6, d, J  = 9 Hz), 4.33 (a-CH2, t), 3.83 
(18-CH2, t)) and the development of new sets of signals con
sistent with the postulated structures of 5 and 8. In particular, 
as expected on formation of anionic complexes, the ring pro
tons H-5, H-6 now absorb at higher field and give two doublets 
which are seen at b 6.84 and 6.25 (J = 10 Hz) in the case of 5 
and b 7.12 and 4.95 (J  = 9 Hz) in the case of 8. Also, in con
formity with results reported for benzenic unsymmetrical 
spiro adducts,14 the nonequivalent dioxolane methylene 
protons of 5 and 8 give rise to a complex multiplet centered 
at 4.16 ppm in both cases. The resolution of these multiplets 
was not sufficient to allow an AA' BB' analysis. After the ad
dition of 1 equiv of base was completed, the stable spectra 
consisted only of the signals associated with 5 and 8. They 
were also similar to the spectra of solutions in Me2SO-d6 of 
the complexes 5 and 8 isolated as crystalline potassium salts 
(see Experimental Section).

The formation of 5 and 8 is essentially complete at pH 10.

Scheme I

3 (or 6) ^  5 (or 8) + H+ (1)
(GOH) spiro

complex
K k2

3 (or 6) + OH” ^ = i;4  (or 7) 5 (or 8) (2)
(GOH) (GO-) k~2 spiro

complex

To carry out a comprehensive thermodynamic and kinetic 
study of the formation and decomposition of these spiro ad
ducts, we have investigated the reactions in the pH range of 
1- 12, using dilute hydrochloric acid solutions, various buffer 
solutions, and dilute potassium hydroxide solutions. The ionic 
strength was always kept constant at 0.2 M by adding KC1 as 
needed. All pH values have been measured relative to the 
standard state in pure water, allowing the calculation of the 
hydrogen ion concentration [H+] of the solutions from the 
hydrogen ion activity an+ by means of the relation [H+] = 
aH+/t±, where y± is the trace activity coefficient in 0.2 M KC1 
(7± = 0.7515).

Equilibrium Measurements. In the large pH range 
studied, the possible pathways for interconversion of the glycol 
ethers 3 and 6 (GOH) and corresponding adducts 5 and 8 are 
shown in Scheme I. Whereas the first pathway involves direct 
internal cyclization of GOH, the second pathway, which is 
evidently much more favored in alkaline media, involves a 
rapid proton transfer from the glycol side chain to base fol
lowed by a slower internal cyclization of the formed glycolate 
anions (GO- ) 4 and 7.

As previously pointed out by different workers,12c’d13 the 
values of the equilibrium constant K  governing the ionization 
of the OH group of the parent glycols are unlikely to be much 
higher than 0.1 M-1 in water. Hence, at the pH used in the 
present work, the product K[OH_] will be « 1 ,  and the anion 
concentration [GO- ] can be neglected compared to the glycol 
concentration [GOH]. Accordingly, the stoichiometric equi
librium constant Kc (eq 3) usually associated to the conversion 
of GOH to spiro adducts through eq 2 may be reduced to the 
simplified eq 4 from which eq 5 can be deduced. In eq 5 X 2 is 
the equilibrium constant governing the internal cyclization 
of GO- . Furthermore, relation 7 holds between K c and the 
equilibrium constant K a (eq 6) associated with the formation 
of adducts through eq 1 at /u = 0.2 M (Kw is the autoprotolysis 
constant of water; pK w = 14.17 at 20 °C).

[complex]
(3)

([GOH] + [GO-])[OH~]
r. [complex] 

c "  [GOH] [OH- ]
(4)

K c = K K 2 (5)
[complex] [H+] 

a "  [GOH]
(6)

K a= K c x ^  
7±2

(7)

Measurements of the equilibrium optical densities at the 
absorption maxima of the adducts were made at 20 °C in 
buffered solutions in the pH ranges 6.5-8 and 6.8-8.5 for 5 and 
8, respectively. As expected, a plot, not shown, of log (OD -  
OD0)/(ODC -  OD) vs. pH according to the equation

log Qp = loS Ea + pH + log 7± (8)

where OD is the equilibrium optical density at a given pH, ODc 
the optical density in a basic solution where complex forma
tion is quantitative and OD0 the optical density of the parent
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Table I. Experimental and Calculated Pseudo-First-Order Rate Constants, i 0bsd> f̂> and &d> for the Formation and
Decomposition of the Furazanic Adduct 5 in Water0 ___________________________

pH ^ o b s d ?  S  ^ kf, s 1 f e d ,  s 1 pH & ob sd >  S kf, s 1 fed, s 1

1.30b 147 3.1 X 10“ 4 147 5.29c 0.24 4.80 X IO“ 3 0.235
1.46 b 118 3.56 X 10-4 118 5.98d 0.23 2.08 X IO“ 2 0.208
1.72b 63.4 3.49 X10“ 4 63.4 6.30d 0.275 4.7 X IO"2 0.227
1.986 36 3.6 X 10-4 36 6.72d 0.386 0.137 0.249
2.046 30.5 3.5 X IO“ 4 30.5 7.05d 0.605 0.327 0.278
2.126 24.3 3.28 X 10~4 24.3 7.38d 0.915 0.656' 0.26
2.20 6 18.8 3.12 X10“ 4 18.8 7.52e 1.34 1.045 0.294
2.35 b 14.23 3.33 X 10~4 14.23 7.89e 2.87 2.56 0.308
2.46 6 11.36 3.43 X 10-4 11.36 7.94« 2.65 2.3 0.252
4.04c 0.54 6 X 10-4 0.54 8.307 6 5.72 0.274
4.34c 0.375 8.77 X 10~4 0.374 8.62« 11.28 11.03 0.253
4.64° 0.278 1.29 X 1 0 -3 0.277 8.91« 22.4 22.14 0.254
4.96c 0.26 2.46 X 10 -3 0.26 9.10« 32.4 32.2 0.244

° At zero buffer concentration; = 0.20 M; t = 20 °C. b HC1 solutions (4.5 X 10 3-6.5 X 10" 
buffer. ep-Cyanophenoxide buffer, f Bicarbonate buffer. «Borate buffer.

■2 M). c Acetate buffer. d Phosphate

Figure 1. pH dependence of fe0bsd (s !) for the formation and de
composition of adducts 5 (plot a) and 8 (plot b) in water: 20 °C, g = 
0.20 M.

glycol, gives a straight line of slope +1 in both cases and af
fords

K a (5) = 1.38 X lO“ 7 M+'; K a (8) = 5.5 X IQ- 8 M+1

Figure 2. pH dependence of kf (s 4) and fed (s 4) for the formation 
and decomposition of adducts 5 (plots a) and 8 (plots b) in water: 20 
°C, m = 0.20 M.

Using eq 7, we also obtain values of K c

K c{5) = 1.17 X 107 M“ 1; K c(8) = 4.68 X 10« M“ 1

Kinetic Measurements. The kinetics of the interconver
sion of 3, 6 and adducts 5, 8 were studied spectrophotomet- 
rically at 330 and 339 nm, respectively, by using stopped-flow 
as well as conventional methods. In all runs, the concentra
tions of acid, base, or buffer components were in large excess 
over substrate concentration, assuring pseudo-first-order 
kinetics throughout. The logarithmic values of the observed 
first-order rate constant feQbsd for the combined formation and 
decomposition of 5 and 8 at 20 °C are plotted in Figure 1 as 
a function of pH. Since buffer catalysis of the decomposition 
of 5 and 8 has been observed in the more acidic buffers 
(chloracetate, formate, and acetate buffers) the A0bsd values 
used at pH <5 in these pH profiles are those extrapolated to 
zero buffer concentration. In contrast, no buffer catalysis has 
been detected in the more basic buffers. As can be seen smooth 
pH-rate profiles were obtained despite the fact that buffers 
of varying chemical types were used.

The rate constant fe0bsd reflects the rate of approach to 
equilibrium between the parent ethers and the adducts and 
can be expressed as the sum of the individual pseudo-first- 
order rate constants kf and kd, respectively, for the formation 
and decomposition of 5 and 8. Using a treatment similar to one 
previously described9’16 k{ and kd may be calculated from eq 
9 and 10 where pHi/2 is the experimental pH value corre

sponding to the half-formation of 5 (pHi/2 6.98) and 8 (pHi/2 
7.38).

________ k obsd________
1 +  (1 0 -ph /1 0 - ph i« )

________ ^obsd________
1 +  (1 0 -ph i/2/10“ Ph )

(9)

(10)

Tables I and II present the values of kf and ka calculated in 
this way at 20 °C together with the experimental values of
^obsd*

Complete data are graphically represented in Figure 2 
which shows the pH dependence of fcf and k&. These pH pro
files are consistent with equations of the form

k f= k f  + fe2K[OH-] = k f  + k2KKw (ii)
£Zh +7±

ftd = fe_2 + A_1[H+] = fc-2 + (12)
7±

Scheme I shows the reactions to which the various rate 
constants refer, viz., fe2 and kf refer to internal cyclization of 
the anions and the parent glycols, respectively, while fe_2 and 
k -i  refer to the noncatalyzed and H+-catalyzed ring opening 
of the adducts, respectively. The various rate coefficients 
could easily be determined from the two linear portions of the 
kf and kA pH rate profiles (high and low pH regions of each) 
respectively. We thus obtain: Kk2 = 3.1 X 106 M_1 s-1, fe_2 =
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Table II. Experimental and Calculated Pseudo-First-Order Rate Constants, k ohsd, k f, and k d, for the Formation and
Decomposition of the Furoxanic Adduct 8 in Water“

pH &obsd> S ^ fef, s 1 k d,s  1 pH &obsd> S 1 kf, s-7 kd, s-1

1.12* 0.568 3.12 X IO“ 7 0.567 6.72« 1.59 x  10-3 2.85 X IO“ 4 1.3 X IO '3
1.42* 0.305 3.34 X IO“ 7 0.304 7.05« 2.64 X IO '3 8.41 X IO“ 4 1.79 X IO"3
1.72* 0.155 3.39 X IO“ 7 0.154 7.52* 4.29 X IO-3 2.48 X IO“ 3 1.80 X IO-3
2.12* 6.62 X IO” 2 3.64 X IO -7 6.61 X IO“ 2 7.89* 6.34 X IO” 3 4.84 X IO '3 1.51 X IO“ 3
2.42* 3.1 X IO“ 2 3.40 X IO '7 3.09 X IO“ 2 8.23* 1.59 X IO“ 2 1.39 X IO“ 2 1.96 X IO“ 3
2.72* 1.6 X IO“ 2 3.69 X IO- 7 1.59 X IO"2 8.911 4.38 X IO“ 2 4.25 X IO“ 2 1.25 X IO“ 3
3.12* 7.8 X IO“ 3 4.29 X IO“ 7 7.79 X IO-3 9.11' 7.48 X IO“ 2 7.34 X IO“ 2 1.36 X IO“ 3
3.30c 5.65 X IO“ 3 4.70 X IO"7 5.64 X IO“ 3 9.47 i 0.164 0.162 1.32 X IO -3
3.74d 3.11 X IO“ 3 7.12 X IO -7 3.11 X IO“ 3 10.16' 0.8 0.8 1.33 X IO“ 3
4.34e 2.15 X IO“ 3 1.96 X 10~6 2.14 X IO"3 10.42; 1.45 1.45 1.32 X IO“ 3
4.64e 1.75 X IO“ 3 3.17 X IO"6 1.74 X IO -3 11.057 6.4 6.4 1.36 XIO- 3
4.94e 1.75 X IO"3 6.33 X IO“ 6 1.74 X IO“ 3 I I .357 10.68 10.67 1.14 X IO“ 3
5.367 1.48 X IO“ 3 1.40 X IO- 5 1.46 X IO“ 3 11.537 19.5 19.5 1.38 X IO“ 3
5.687 1.42 X IO“ 3 2.77 X IO“ 5 1.39 X IO“ 3 11.657 26.81 26.80 1.44 X IO“ 3
5.98«
6.30«

1.36 X IO"3 
1.39 X IO“ 3

5.20 X IO"5 
1.06 X IO“ 4

1.30 X IO“ 3 
1.28 X IO“ 3

11.897 35.33 35.32 1.09 X IQ“ 3

0 At zero buffer concentration; n = 0.20 M; t = 20 °C. * HC1 solutions (10""3-0.1 M). c Citrate buffer. d Formate buffer. e Acetate
buffer. 7 Succinate buffer. « Phosphate buffer. * p-Cyanophenoxide buffer. Borate buffer. 7 NaOH solutions (10 "3-7  X IO“ 3 M).

Table III. Kinetic and Equilibrium Data for Spiro Complex Formation in Water and Deuterium Oxide

5“ 8° 10 12

H20 k k 2, m - 1 1.17 X 107* 4.68 X 106* 1.8 X 107e 3 X 104*'*
1.24 X107e 4.10 X 106e 2.1 X 107c-7 3.9 X 104c’*

1.6 X 107e-«
Kk2, M-i s -1 3.1 X 106 5.5 X 103 6.3 X 10*7 9 X104*
k -2, S“ 1 0.25 1.34 X IO“ 3 0.037 2.3*
k u s -1 3.4 X IO“ 4 3.3 X IO“ 7

4.1 X 10-4d 2.95 X lQ~ld
k-i, M -is - 1 2.7 X 103 5.9 2.2 X 103* 1.8 X 104*

d 2o KK2, M- 1 2.17 X 107c 6.8 X 106c
Kk2, M- 1 s- 1 4.35 X 106 7.5 X 103
k-2, S" 1 0.20 1.1 x 10-3 1.7*
kl,S~l 1.43 X 10_4d 1.1 x io -7d
k -i, M- 1 S-« 4.13 X 103 9.3 3.3 X 103*
K K 2 (H20 )/KKa (IVO) 0.57 0.60
Kk2 (H20 )/Kk2 (D20) 0.71 0.73
fe_2(H20 ) /^ j  (D20) 1.25 1.22 1.35*
kf (H20)/Ä! (D20) 2.86' 2.70'
k -i (U20)/k-f (D20) 0.65 0.63 0.66*

° This work, t = 20 °C, n = 0.2 M. * KK2 determined spectrophotometrically.c KK% calculated from the ratio Kk2/k-2. d h\ calculated 
from L i X  KK2 X Kw (D20 )/y±2 withpffw (D2O) = 15.05 at 20 °C. e Reference 18 at 25 °C. f Calculated at 20 °C from ref 17. « Reference 
17 at 25 °C. * Reference 13b at 25 °C. ' Calculated from the values of k \ estimated according to footnote d.

0.25 s-1, fei = 3.4 X 10~4 s_1, and k -i  = 2.7 X 103 M_1 s 1 for 
5 and Kk2 = 5.5 X 103 M“ 1 s "1, k - 2 = 1-34 X 10“ 3s " 1, kf = 3.3 
X 10-7 s_1, and k\ = 5.9 M_1 s-1 for 8. In both cases, the K K 2 
values calculated from the ratio Kk2lk-% are in fairly good 
agreement with the K K 2 values determined spectrophoto
metrically (see Table III).

Inserting the values obtained for these parameters into the 
expression given by eq 13 for fe0bsd>we see that at low pH (pH 
<4), only the reverse reaction of 5 (or 8) + H+ -»  3 (or 6) is 
important while, above pH 8, only the reaction of 3 (or 6) + 
OH-  5=̂  4 (or 7) 5 (or 8) is important. This is in agreement
with our experimental results.

, ^ - iOh+ , , . , , k2K K w
hobsd = ---------- + «-2  + kl + — (13)

y± o h + 7 ±

In the intermediate pH range, values of fe0bsd are identical to 
those of k - 2, showing that the plateaus observed in the ex
perimental pH profiles of Figure 1 correspond to the uncata
lyzed ring opening of 5 and 8 and that adduct formation from 
internal cyclization of the glycols is negligible under our ex
perimental conditions. Therefore, the intersections in Figure 
1 between the fc_2 plateaus and the straight lines of slope +1

yield the pH-,/2 values corresponding to the half-formation of 
5 and 8. We thus obtain pHi/2 6.93 and 7.36 for 5 and 8, re
spectively, in excellent agreement with values determined 
thermodynamically.

As previously noted, buffer catalysis was observed in solu
tions of the most acidic buffers and was investigated in some 
detail with the chloracetate-chloracetic acid, formate-formic 
acid, and acetate-acetic acid systems. As is apparent from 
Figure 3 which presents the data for complex 8 in the ace
tate-acetic acid buffer, plots of the observed rate constant 
&obsd vs. the undissociated acid concentration [AH] are linear 
with pH dependent intercepts but pH independent slopes. 
Thus, feobsd can be expressed by eq 14 where &ah is the sec
ond-order rate constant for catalysis of the ring opening of 5 
and 8 by the buffer species AH:

&obsd = k-2  + k -i  [h +] + kAli[ m  (i4)
Table IV summarizes the /? a h  values determined from the 
slopes for the three buffer systems. Also, as expected and 
shown in Figure 4, a plot of the intercepts vs. the hydrogen ion 
concentration affords in both cases a straight line with an 
intercept equal to k - 2 and a slope equal to k-\. We thus ob-
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Table IV. Rate Constants kAn for Acid Catalysis of the Ring Opening of Spiro Complexes in Water

buffer
acidic species p A a"

&AH, M 1 s—1

5 b 8 b 10c 12°

H30+ -1 .74 2700 5.9 2200 18000
chloracetic acid 2.84 41 0.11 1 2 300
formic acid 3.74 11.7 0.024 2.3 60
acetic acid 4.64 4.75 0.011 0.9 25
water 15.66 7.2 X10“ 6 2.35 X IO“ 7 2.14 X 1C- 6 2.5 X IO“ 4

“ pK a at m = 0.20 M. 6 This work at t = 20 °C, n = 0.20 M. c Reference 13b at t = 25 °C, m = 0.30 M.

Figure 3. Effect of acetic acid concentration and pH on feQbsd for the 
decomposition of 8 in water: 20 °C, /r = 0.20 M; (a) pH 4.04; (b) pH 
4.17; (c) pH 4.34; (d) pH 4.64.

tain; fe_2 = 1.38 X 10“ 3s_I,k - i  = 6.2 M- 1s-  1 forthebenzo- 
furoxan adduct 8 and fe_2 = 0.22 s_1, fe-j = 2.5 X 103 M_1 s-1 
for the benzofurazan adduct 5. Within experimental error, 
these values agree well with the one previously determined 
from the pH profiles of Figure 2.

The rates of formation and decomposition of 5 and 8 have 
also been determined in deuterium oxide at 20 °C. The ob
served solvent isotope effects on K K 2 , Kk2, ft-2, and fe-i are 
given in Table III.

Discussion
Effect o f the Annelated Furazan and Furoxan Rings 

on Spiro Complex Formation. The values of equilibrium 
and rate constants for the formation and decomposition in 
water of spiro complexes 5 and 8 are collected in Table III 
which also includes some literature data on previously studied 
benzenic spirocomplexes 10 and 12 derived from l - (2-hy-

NO- NO,2 2
1 0  1 2

droxyethoxy)-2,4,6-trinitrobenzene ( 9 ) i 3 b , i 7 , i 8  an(j i_(2- 
hydroxyethoxy)-2,4-dinitrophtalene (11).136 As can be seen 
from a comparison of the K K 2 values, the stability of the ad
ducts 5 and 8 relative to the parent ethers is of the same order 
of magnitude as that of the trinitro adduct 10 (the ratios 
-K'K2(10)/KK’2(5) and KK2(10)/KK’2(8) are equal to 1.7 and
4.6, respectively) but much greater than that of the naph- 
talenic adduct 12 (the ratios KK2(5)IKK2{\2) and K K 2{8)/ 
K K 2( 12) are equal to about 300 and 115, respectively). These

Figure 4. Plots of the intercepts of lines in Figure 3 against the hy
drogen ion concentration: 20 °C; m = 0.20 M.

results clearly demonstrate the very strong stabilizing influ
ence exerted by the annelated furazan and furoxan rings on 
Meisenheimer-type adducts. That K K 2 is about 2.7-fold 
greater for 5 than for 8 indicates that the furazan moiety is 
somewhat more efficient than the furoxan one in stabilizing 
the adducts. Interestingly, this stability difference between 
5 and 8 is similar to the one we have found between the ad
ducts 13 and 14 formed from methanol and methoxide ion

attack on 4,6-dinitrobenzofurazan and 4,6-dinitrobenzo- 
furoxan in methanolic solution: pAa(13) = 6.15;19 p /fa(14) =
6.46.20 These results are consistent with the notion that the 
electron-donating effect of the oxygen atom of the N-oxide 
group may partially reduce the overall electron-withdrawing 
effect of the furoxan ring compared with that of the furazan 
analogue.21

Despite their similar stability, 5 and 8 have drastically 
different rates of formation and decomposition. For the ad
duct formation, K k2 is about 560-fold greater for 5 than for 
8, whereas the ratio fei(5)/A1(8) for direct internal cyclization 
of the parent ethers is found to be equal to about 1600. 
For adduct decomposition, the ratios fe_2(5)/&_2(8) and 
)e_1(5)/fe_i(8) of the rate constants for the noncatalyzed and 
H+-catalyzed ring opening are equal to about 200 and 700, 
respectively. One possible reason for differences in the rates 
of formation might be a stronger stabilization of the parent 
glycol 6 due to an intramolecular hydrogen bonding to the 
iV-oxide group. This would decrease the equilibrium constant 
K  governing the ionization of the side chain of 6, and hence 
Kk -2 for the formation of 8, as well as the k j value for direct 
internal cyclization of 6. However, this does not appear to be
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an attractive explanation since such hydrogen bonding would 
require the formation of a nine-membered ring, a process 
which is not expected to be very favorable. There is evidence 
that it probably does not take place. If hydrogen bonding was 
present in 6, one would expect different isotope effects on 
NK2, Kk2, and k\for 8 than on the similar terms for 5. As can 
be seen in Table III, this is not borne out by the experimental 
data; in fact, the ratios KK2(H20)/KK2(I)20), i f t 2(H20 ) /  
Kfe2(D20),and  fci(H20)/fci(D20) are about the same in the 
two systems. Also, we note that the values for the K K 2(H20)/ 
™ 2(D20 ) and K k2(li20)/Kk2(D20) ratios are identical to 
those recently reported by Bernasconi17 for the formation of 
the spiro complex derived from l-(3-hydroxypropoxy)-
2,4,6-trinitrobenzene CKX2(H20 )/K K 2(D20) = 0.585; 
Kk2(H20)/Kk2(D20 )  = 0.74). Furthermore, there seems to 
be no compelling reason why a stronger stabilization of 6 
should also affect the rate of decomposition of the adduct 8 
relative to that of its analogue 5. In fact, and in accord with 
previous discussions of similar situations,22’23 any reasonable 
explanation of the slower rates of formation and decomposi
tion of 8 must invoke an effect on the transition states which 
is not present (or present to a smaller extent) in either the 
reactants (6 or 7) or in the adduct 8. We believe that this effect 
is connected with the presence of the iV-oxide group and may 
be explained in terms of electrostatic considerations. Thus, 
we note that the negative glycolate oxygen can be removed 
from the N -0  oxygen in the glycolate anion 7, minimizing the 
repulsion, whereas in the adduct 8, no negative charge is left 
on the glycolate oxygen. In contrast, important electrostatic 
repulsion between the two oxygens may be expected in the 
transition state 15, which would result in an increase in its 
energy and in a concomitant decrease in the Kk2 and k~2 
values. When considering the k i,k - i  pathway, similar elec
trostatic destabilization of the transition state 16 might arise

15 16
from repulsion between the partially positive glycolate oxygen 
and the positive aza nitrogen, causing a decrease in the ki,k~i 
values. Since similar effects cannot operate in furazan series, 
this would explain the higher rates of formation and decom
position for 5 than for 8.

Buffer Catalysis. The present work shows the absence of 
buffer catalysis of the formation of the adducts 5 and 8, indi
cating that, in the corresponding experimental conditions (pH 
> 6), the parent ethers GOH and anions GO-  are in rapid 
equilibrium and the internal cyclization of these latter is rate 
determining. In contrast, under certain experimental condi
tions (pH <5), general acid catalysis of the decomposition of 
the adducts can be observed. As can be seen in Figure 5, plots 
of log &ah values vs. the pK.d values for the catalyzing acids 
are linear with slopes giving values of 0.44 and 0.43, respec
tively, for the Bronsted coefficient a. These results are, indeed, 
quite similar to those reported by Crampton13b and Bernas
coni24 for the acid-catalyzed decomposition of benzenic spiro 
adducts 10,12,17, and 18. Also, as proposed by these authors,

19

Figure 5. Bronsted plots for the acid catalyzed decomposition of 
adducts 5 (plot A) and 8 (plot B).

the most probable mechanism for the reaction is a concerted 
process, with a transition state such as 19. The microscopic 
reverse of this step, i.e., general base-catalyzed cyclization of 
the ethers 3 and 6, cannot be observed under conditions where 
buffer catalysis is effective because the equilibrium favors the 
ether over the complex, in agreement with the low values 
calculated for k\.

An estimation, using the Bronsted plots of Figure 5, of the 
&ah values for the less acidic general acids present in the 
buffer solutions (H2P 0 4~, HCO3- , boric acid) confirms that 
the catalytic effects of these species are undetectable in our 
experimental conditions. Of special interest are the k'\Yi 
values (/zah X 55.55) of 4 X 10~3 and 1.30 X 10-5  s_1 calculated 
for catalysis of the decomposition of 5 and 8, respectively, 
assuming that water is acting as a general acid. Comparing the 
values with the experimental values of 0.25 and 1.21 X 10-3 
s~4 measured for k - 2 reveals, in agreement with the weak 
isotope effect found for this step (k - 2 (H20)/fe- 2 (D20) is of 
about 0.65 in both cases), that the noncatalyzed decomposition 
of the adducts does not occur via a biomolecular reaction in
volving the transition state 19 (A = OH) but is certainly a 
unimolecular reaction. Thus, the formation and decomposi
tion of 5 and 8 are exclusively described by eq 2 at pH >5. At 
pH 5, the acid catalyzed ring opening of the adducts begins 
to compete with the noncatalyzed one and becomes the pre
dominant pathway at pH <4.

Experimental Section
Materials. 7-(2-Hydroxyethoxy)-4-nitrobenzofurazan (3) and 

-benzofuroxan (6) were prepared at room temperature by adding 5 
mL (5 mM) of 1 M sodium glycolate in ethylene glycol dropwise to 
a suspension of 1 g (^ 5  mM) of 7-chloro-4-nitrobenzofurazan or 
-benzofuroxan in 40 mL of ethylene glycol. The solutions were allowed 
to stand for 1 h and then acidified by concentrated hydrochloric acid, 
diluted with water, and extracted with chloroform or ethyl acetate. 
After repeated washing with dilute hydrochloric acid solutions, the 
CHCI3 or ethyl acetate solutions were dried over MgS04 and evapo
rated to yield brown crystals of 3 or 6 which were recrystallized from 
ethanol or a CHCls-acetone mixture: 3, mp 115 °C; 6, mp 124 °C.

The spiro adducts 5 and 8 were prepared as potassium salts by 
addition of nearly 1 equiv of 1 M methanolic potassium methoxide 
to a solution of the parent molecules 3 and 6 in acetonitrile. After the 
reaction, the solvent was evaporated off and the solid residues were 
washed repeatedly with anhydrous ether and then dried in vacuo. The 
adducts so obtained showed UV-visible and lH NMR spectra iden
tical to those obtained when they were generated in situ from base 
addition to aqueous or Me2SO solutions of the parent ethers. Acidi
fication resulted in quantitative regeneration of the starting materi
als.17 18
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HCl and KOH solutions were prepared from Titrisol. Buffer sol- 
solutions9 were made up from the best available commercial grades 
of reagents.

Rate and pH Measurements. Stopped-flow determinations were 
performed on a Durrum stopped-flow spectrophotometer, the cell 
compartment of which was maintained at 20 ±  0.5 °C. Other kinetic 
measurements were made using a Beckman Acta-3 spectrophotom
eter. All kinetics runs were carried out under pseudo-first-order 
conditions with a substrate concentration of about 4 X 10-5 M. Rate 
constants are accurate to ±3%.

The pH was measured on a Radiometer Model pH meter according 
to standard methods. The pH values are relative to the standard state 
in pure water. The pD values were obtained by adding 0.40 to the pH 
meter reading.25
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Reversed Micellar Catalysis. Catalysis of Dodecylammonium Propionate 
Reversed Micelles in the Hydrolysis of Alkyl p-Nitrophenyl Carbonates
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The hydrolysis rates of methyl and dodecyl p-nitrophenyl carbonates in nonpolar organic solvents such as ben
zene and hexane were greatly enhanced by dodecylammonium propionate, DAP. The rate of hydrolysis was propor
tional to the square of the detergent concentration. At higher concentration of water than about 1 X 10-1 M the rate 
decreased with the increase in water concentration, while at lower concentration than 1 X 10-1 M the rate was al
most irrespective of the water content. The rate varied greatly among five nonpolar solvents adopted, which was 
interpreted in terms of the substrate partitioning into the micellar core. Thermodynamic parameters of activation 
suggest that the mobility of the activation complex is highly restricted at the transition state (AS* = —30 to -5 3  
eu), nevertheless the large rate enhancement is brought about by the term of enthalpy of activation (AH* = 2-11 
kcal mol-1), which overwhelms the unfavorable enthropy term. Hexadecyltrimethylammonium propionate was 
about fourfold less effective to the reaction than DAP, while benzyldimethylhexadecylammonium chloride showed 
no catalytic effect at all under the same reaction conditions.

Reversed micellar catalysis is roughly classified into two 
categories: (1) the catalysis by detergent itself in the reversed 
micelles provided with the functional detergents and (2) the 
assistance of the restricted (rigid) field produced in the inte
rior core of reversed micelles. The former is exemplified in 
studies such as the mutarotation of glucose,3 the decomposi
tion of Meisenheimer complex,4 and the hydrolyses of su
crose,5 ATP,6 and 2,4-dinitrophenyl sulfate,7 where the gen
eral acid-base catalysis with detergents is concerned. The 
latter cases are seen in the ATP hydrolysis as catalyzed with 
the Mg2+ ion6 and the aquation of tris(oxalato)chroma- 
te(III).8

In this work, through the kinetic investigation for the hy
drolytic decomposition of alkyl p-nitrophenyl carbonates in 
the DAP reversed micelles, which belongs to the category (1),

we would like to extend the scope of reversed micellar catal
ysis.

Experimental Section
Materials. Dodecylammonium propionate (DAP) was prepared 

according to the method described earlier.9 Hexadecyltrimethylam
monium propionate (CTAP) was prepared by the replacement of the 
counteranion of hexadecyltrimethylammonium hydroxide with 
propionic acid by the aid of the anion exchange column chromatog
raphy (Amberlite IRA-400) technique. The surfactant, CTAP, was 
very hygroscopic and difficult to submit to the elemental analysis. 
CTAP was stored over phosphorus pentaoxide in a vacuum desiccator 
and the purity was established by TLC, IR, and NMR spectra. Ben- 
zyldimethylhexadecylammonium chloride (CBDAC1) was commer
cially obtained. Syntheses of methyl- (la) and dodecyl-p-nitrophenyl 
carbonates (lb) are described elsewhere.10 Distilled water using a glass 
distillator was used throughout all the kinetic runs. All the organic

fiftrtn /r»r* l-t
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Figure 1. Correlations between the observed first-order rate constants 
and DAP concentration in the hydrolysis of lb  (1.97 X 10-5 M) with 
different concentrations c f water: (O) 2.78 X  10-4 M, (• ) 0.495 M, 
and ( a ) 0.99 M in benzene at 25.0 °C.

solvents used was purified, dried, and stored over molecular sieve 
Linde type 4A. Since surfactants used in this work excepting CTAP 
were water free, the contamination of water in these systems was 
usually caused by solvents. In all runs, therefore, the amount of water 
in the solvents was carefully determined every time prior to the 
preparation of stock solution for kinetics on a Hiranuma Aquameter 
AQ-1 using Karl-Fischer P.eagent SS “ Mitsubishi”  ( /  = 0.3 mg/mL) 
with Standard Water Methanol Solution ( / = 0.5 mg/mL at 20 °C) 
for Karl-Fischer Reagent, Mitsubishi Chemical Industries Ltd., 
Tokyo. For CTAP, the amount of water was determined after the 
preparation of stock solution.

Kinetic Measurements. Reaction rates were determined spec- 
trophotometrically by monitoring the liberation of p-nitrophenol. 
The absorption maximas and molar extinction coefficients in DAP 
reversed micelles using different bulk solvents are as follows: e31i = 
10200 M _1 cm-1 in hexane, ¿311 = 12000 in cyclohexane, «311 = 11600 
in carbon tetrachloride, c317 = 12200 in benzene, e3i3 = 10800 in
1,2-dichloroethane, and 63u = 9200 in methanol. The molar extinction 
coefficient of p -nitrophenol was found to somewhat change with the 
water content in reversed micelles. Values cited above are for systems 
containing 0.20 M water. A reaction solution (3.0 mL) containing given 
amounts of DAP, water, and an organic solvent was placed in a ther- 
mostated cell. To this solution were injected 30 nh of the substrate 
dissolved in the same solvent to give an initial substrate concentration 
of 2 X 10-5 M. The reaction mixture in the cuvette was rapidly mixed 
using a slim Teflon rod and the increase of absorbance was followed 
on a Shimadzu UV-140 double beam spectrophotometer connected 
with a Riken SP-G3S recorder. An absorbance of the reaction mixture 
at infinite time was in good agreement with the value estimated from 
the molar extinction coefficient of p-nitrophenol independently ob
tained under the same condition. Good first-order kinetics were as
sured in all runs.

Partition Coefficients. Partition coefficients of la  between the 
aqueous and organic phases were determined for different solvent 
systems. A 12.5-mL solution of la (8 X 10~4 M) in the solvent was 
vigorously shaken with the same amount of water. After the separation 
of both phases, aliquots withdrawn from each phase were subjected 
to the spectroscopic determination. Substrate concentrations parti
tioned in both phases were obtained by the aid of the known extinc
tion coefficient. Partition coefficients (Kp = [la]Water/[la] organic solvent) 
thus obtained were 0.110 (hexane), 0.089 (cyclohexane), 0.013 (carbon 
tetrachloride), and 0.001 (1,2,-dichloroethane), respectively. Spec
troscopic determination of the benzene phase was impossible because 
of the overlapping of absorptions of substrate and solvent. The K p 
value was, therfore, estimated from only the absorbance of the 
aqueous phase. Most of la was found to be distributed in the benzene 
layer (Kp = 0 for benzene).

Results
Product Analysis. After the completion of the p-nitro

phenol release, the reaction mixture was subjected to the

[ D A P H 2/ M 2
Figure 2. Plots of the observed first-order rate constants against 
squares of DAP concentration in the hydrolysis of la in benzene (□ ) 
and in carbon tetrachloride (O) at 25.0 °C. Initial concentrations of 
substrate and water were 1.96 X 10-5 and 0.495 M, respectively.

high-speed liquid chromatography on a Toyo Soda HLC- 
802UR. Using a LS-310 column (30 cm in length) with hexane 
as eluant under the pressure of 10 kg cm-2, only p-nitrophenol 
and methanol were detected at Rts’ of 9.5 and 11 min, re
spectively, and no aminolyzate11 with dodecylamine was de
tected. This means that the reaction of carbonate esters in the

+  “ 0

slow
—  ROCO

rapid
H O '

ROH +  C02

DAP reversed micelles is simple and normal hydrolysis. In the 
alkaline hydrolysis of aryl alkyl carbonates, generally, the first 
stage of phenol liberation is the rate-determining step and the 
subsequent alcohol formation is very rapid.12 No efforts, 
therefore, were made to follow the formation and/or decay of 
the intermediate monoalkyl carbonates.

Rate Dependence on the DAP Concentration. Sponta
neous hydrolyses of substrates, la and lb, in organic solvents, 
such as benzene, hexane, or carbon tetrachloride, saturated 
with water were negligibly slow. The addition of DAP, how
ever, drastically enhanced the hydrolysis rates in these sol
vents, and the reaction rate increased parabolically with re
spect to the detergent concentration. For the case of lb  this 
situation is typically exemplified in Figure 1 with three dif
ferent water concentrations. When the rate was plotted 
against the square of DAP concentrations, a good linear re
lationship was attained as shown in Figure 2. These correla
tions were kept throughout all the experiments, irrespective 
of substrates and solvents:

rate = fc .-¡[DAP]2 [substrate! (1)

Effect of Water Concentration. Decomposition rates of 
the carbonate esters in DAP reversed micelles were found to 
be very sensitive to the water content of the system. As shown 
in Figure 3, between 1 and 0.1-0.2 M water in the 0.2 M 
DAP/benzene system, the rates are proportional to the re
ciprocal of water concentration:

rate l/jFUO] (2)

When the water concentration is lower than about 0.1 M 
(about 0.2 M for la), however, the rates are almost irrespective 
of water content. As a result, the rate eq 3 was valid though
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Figure 3. Water concentration dependency of the observed first-order 
rate constants in the hydrolysis of la  (O) and lb  (• ) at 25.0 °C with 
0.198 M DAP in benzene. The initial concentrations of la  and lb were 
1.96 X 10-B and 1.97 X 10~6 M, respectively.

Figure 4. Effect of solvent polarity on the hydrolysis rates of la  (1.96 
X 10-5 M) with 0.198 M DAP containing 0.198 M water at 25.0 °C.

over a limited range of water concentrations:
, [DAP]2 r ,

rate = . [substrate] (3)[H2OJ

The present findings for the effect of water on the reaction rate 
were in accordance with the preceding findings by Seno and 
his co-workers for ATP hydrolyses in the DAP micelles.6

Solvent Effect. The rate of p-nitrophenol release from la 
in the DAP reversed micelles was largely affected also by the 
sort of bulk solvents. When apparent first-order rate constants 
obtained in various solvents were, at first, plotted against the 
solvent polarity scale, Dimroth’s 2?t ( 3 0 ) , 13 there exists a 
minimum point around the polarity corresponding to that of 
benzene (Figure 4). Since DAP may not form reversed micelles 
in methanol and water, both polar solvent systems are dis
carded from further discussion. When rate constants for la  
in five nonpolar solvents were, then, plotted against the par
tition coefficients (K p), a good linear correlation between both 
parameters has been established as shown in Figure 5. This 
means that the hydrolysis rate of la  decreases when the sub
strate is more partitioned into the bulk solvent.

Thermodynamic Parameters o f Activation. For the 
hydrolysis of la  in the DAP reversed micelles containing 
different concentrations of water, thermodynamic parameters

Figure 5. Plots of the rate constants for the hydrolysis of la  in the 
DAP reversed micelles against the partition coefficients of the sub
strate between aqueous and organic phases. Numbers 1, 2, 3,4, and 
5 in the figure denote hexane, cyclohexane, carbon tetrachloride, 
benzene, and 1,2-dichloroethane, respectively.

Table I. Thermodynamic Parameters of Activation for the 
la Hydrolysis as Catalyzed with DAP Reversed Micelles a

solvent
[H20],

M

AH*,
kcal

mol-1
AS*

eu

AG*,
kcal

mol-1

reversed micellar catalysis
benzene 0.051 7.6 ±  0.5 -39 .9  ±  0.1 19.5 ±  0.6

0.495 9.6 ±  0.1 -3 4 .0  ±  0.0 19.7 ±  0.1
0.693 10.4 ±  0.2 -31 .7  ±  0.0 19.9 ±  0.2
0.891 10.6 ±  0.2 -31 .5  ±  0.0 20.0 ±  0.2

carbon 0.051 8.3 ±  0.5 -36 .1  ±  0.1 19.1 ±  0.6
tetra- 0.198 8.5 ±  0.1 -35 .1  ±  0.0 19.0 ±  0.1
chloride 0.495 10.7 ±  0.2 -29 .1  ±  0.0 19.3 ±  0.2

hexane 0.198 1.9 ±  0.3 -53 .1  ±  0.1 17.7 ±  0.4

hydroxide ion catalysis6
8.4 -2 6 16.1

“ Parameters were calculated using the third-order rate con
stants (ks) obtained at 25.0 °C. b Parameters were calculated 
using the second-order rate constants. Initial concentration o f la 
was 9.90 X 10-6 M in 9.9% (v/v) EtOFH .0%  (v/v) CH3CN aque
ous solution containing different amounts of sodium hydroxide 
at 25.0 °C.

of activation were evaluated using the third-order rate con
stants, k3 of eq 1, which are listed in Table I. Table I also in
cludes the parameters for the simple hydroxide ion catalysis 
of the la hydrolysis. There exists a good isokinetic relationship 
between enthalpies and entropies of activation. The increase 
of water content results in the increases of both enthalpy and 
entropy of activation. Isokinetic temperatures (d) obtained 
were 348 ±  13 and 351 ±  20 K for DAP/benzene and DAP/ 
carbon tetrachloride systems, respectively. The change of bulk 
solvent from hexane to carbon tetrachloride and then benzene 
reveals again the increases of enthalpy and entropy of acti
vation, which provides d = 385 ±  27 K.

Discussion
The structure of reversed micelles can be visualized as the 

aggregates of detergents with their ionic heads orienting into
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AS*/ca l mof’deg1
Figure 6. Isokinetic relationship of the la  hydrolysis as catalyzed with 
DAP reversed micelles in benzene and carbon tetrachloride containing 
different concentrations of water at 25.0 °C. Numbers in the figure 
refer to the water concentration.

Table II. The Observed First-Order Rate Constants of la
Hydrolysis in Different Reversed Micelles at 25.0 °Cn

________ detergent___________________ feobsd/s-1___________
DAP 9.98 X 1(T4
CTAP 2.60 X lO“ 4
CBDAC1 ~0

0 The initial concentration of the substrate was 1.96 X 10-5 M 
in 0.099 M detergent-0.15 M water-benzene system.

the interior core.2 The aggregation number of DAP in benzene, 
hexane, or carbon tetrachloride was estimated to be 2-5 by the 
NMR14’15 or VPO method.16 There remain, however, some 
controversies concerning the concept of cmc in reversed mi
celles.17’18 It is generally true that the cmc in reversed micelles 
is largely affected by the presence of solutes.3’7

In the DAP reversed micelles, generally, ionic head groups 
of the DAP molecule participate in reactions occurring in the 
interior core. The most common fashion of the catalysis with 
DAP reversed micelles is the general acid-base catalysis with 
the ammonium and/or carboxylate groups.2-7 The reaction 
rate of the carbonate hydrolyses increased with the increase 
in the detergent concentration (Figures 1 and 2). This suggests 
that the detergent molecules must participate directly as the 
catalyst also in our present case. Since the rate equation in
dicates the second-order dependence on the DAP concen
tration, the ternary aggregate of two molecules of DAP and 
one of the substrate must be involved in the reaction. In CTAP 
reversed micelles, the hydrolysis rate was decreased by about
3.8 times compared with that in the case of DAP micelles, 
while CBDAC1 micelles completely inhibited the reaction 
(Table II). The former detergent is expected to behave only 
as a general base catalysis because of the lack of acidic proton, 
meanwhile the latter is considered not to be the functional 
detergent for the present reaction since it bears neither an 
acidic proton nor an effective base. Judging from these results, 
in the present system DAP may be involved as general acid- 
base catalysts.

Solvent Effect. For hydrolyses of both esters the same 
kinetic relationship (eq 1-3) was established for all solvent 
systems used. Furthermore, even if the bulk solvent was al
tered, a good isokinetic relationship was attained (Table I and 
Results). These results were certain evidences indicating that 
the reaction occurs according to an identical mechanism.

A linear correlation between the hydrolysis rates and par
titioning coefficients of the substrate la in different solvents 
(Figure 5) suggests that partitioning of the substrate into the

Figure 7. Enlarged view of the correlation between the observed 
first-order rate constants of la  hydrolysis and relatively low con
centrations of water in 0.198 M DAP-benzene reversed micelles at 
25.0 °C.

water core is an important preequilibrium process. This is also 
proven by the relative rate ratio of the less hydrophobic sub
strate la to the more hydrophobic lb: &(ia)/&(ib) = 4-65 in
0.198 M DAP-1.10 M H20-benzene and 2.35 in 0.198 M 
DAP-2.78 X 10-3 M H20-benzene, respectively, at 25.0 °C. 
Quite similar results have been published by Menger and his 
co-workers for the hydrolysis of PNPA as catalyzed with im
idazole in AOT/octane reversed micelles.19

The importance of incorporation of substrates into the in
terior core was pronounced by the effect of water concentra
tion. Over the range where the rate eq 3 is valid, the decrease 
of water concentration caused the significant enhancement 
of hydrolysis rate, which is brought about mostly by the en
thalpy of activation (Table I and Figure 6). When the sub
strate is more concentrated in the water pool, the substrate 
will have more chance to interact directly with the detergent 
molecules. This should result in the decrease in the enthalpy 
of activation. Of course, meantime, the substrate may largely 
lose the motional freedom by being encapsulated in the re
stricted field,20 resulting in the decrease of entropy of acti
vation. These are revealed in the isokinetic relationship of 
Figure 6.

When the substrate is anchored very closely to the catalyst, 
the catalyst will work most effectively. In addition, the de
hydration from the ammonium and carboxylate ions (the 
hydrophobic ion pair21) will provide more powerful catalysts 
compared to those in the bulk aqueous media. Anyway, the 
entrapment of substrates in the rigid interior core of reversed 
micelles brings about the convenient proximity effect, which 
undergoes anchoring of substrates at the reaction site in a very 
similar manner to what enzymes do.

At first glance, under the extremely low concentration of 
water, it seems that the rate of hydrolysis is irrespective of the 
water content. However, the enlarged view of the relationship 
between the rates and amounts of water at relatively low 
concentration revealed the existence of a rate maximum 
around the point where the molar ratio of DAP to water is 
about 3-4 (Figure 7). Under the circumstances, the reactivity 
of water may be much different from that in the bulk solu
tion.3-22’23 The increase of water amount must enlarge the core 
size19’24-25 and increase the hydration of detergent ions and 
start to form hydrogen bondings by water molecule itself.26 
This will decisively make the catalyst and water less effec
tive.23
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The molecular mechanics method of Schleyer is shown to predict accurately acetolysis rates of rigid, polycyclic 
secondary derivatives reacting by a kc mechanism. Calculated rates are compared with experimental rates for sub
strates which may potentially react with a assistance, and such assistance is shown to be important for several reac
tions. Six of these assisted reactions involve either degenerate rearrangement or rearrangement to a less stable car
bon skeleton. These six reactions, consequently, cannot be downhill processes for which a assistance is not contro
versial, but rather must involve formation of »-bridged, nonclassical intermediates. In addition, calculated carboca- 
tion bond angles are shown to correlate well with the corresponding infrared carbonyl stretching frequencies.

A long-standing goal of organic chemistry has been to pre
dict rates of carbocation formation and rearrangement in 
solvolysis reactions. The development of molecular-me
chanical or empirical-force-field calculations has been a major 
step toward achieving this goal. The successful calculation of 
heats of formation, geometries, and strain energies for stable 
molecules has become practically routine with major efforts 
now being directed toward parameterization for more 
atoms.1-3 Applications to reactivity problems have not been 
common, but the following reactions have been studied: ester 
hydrolysis,4 aldol condensation,® nucleophilic addition to 
ketones,6 solvolysis reactions,7' 9 carbocation rearrange
ments,9’10 alcohol oxidation,11 alkene dimerization,12 and 
free-radical substitution,13

Application of the molecular mechanics method to solvol
ysis reactions is particularly interesting because it presents 
the possibility of separating steric effects from the other fac
tors governing these reactions. Solvolytic heterolysis of the 
bond between carbon and leaving group can be assisted by 
nucleophilic or basic solvent attack (a ks process,14 eq 1), or 
by nucleophilic neighboring group attack (a process,14 eq 
2), or it may be assisted or retarded by steric effects.15-18 One

of the prime questions of solvolysis chemistry concerns the 
extent to which these various factors affect the reaction rates 
of secondary derivatives. The reactions of primary and tertiary 
derivatives are relatively simple, since these compounds react 
by competitive ks and kA processes in the former case and by 
a simple ionization mechanism (a kc process)14 in the latter 
case.19 Secondary systems are more complex in that kc,k s, or 

processes may be involved, and it has proven extremely 
difficult to determine which is operating.18-19 Since methods 
have been developed recently for detecting ks processes,20
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much of the remaining uncertainty concerns distinguishing 
between kc and kA processes. This problem could be solved 
if rates of reaction by & simple, unassisted kc process could be 
calculated, since kA processes are assisted and would be 
readily revealed by reaction rates greater than the calculated 
unassisted ionization rates. Unfortunately, the several at
tempts at predicting unassisted solvolysis rates have not been 
wholly successful.18’21-25 The purpose of the present work is 
to describe the application of the method of molecular me
chanics to the calculation of unassisted solvolysis rates of 
secondary derivatives.

Molecular mechanics has been applied to the study of car
bocations and their rates of formation primarily by Schleyer 
and his co-workers.7-12 Since the calculation of force fields for 
solvolytic leaving groups was still in the developmental stage, 
Schleyer used hydride as a leaving-group model, eq 3, and 
further assumed that the carbocation would serve as a tran
sition state model; little experimental information was 
available for carbocations, so parameterization for carboca
tions required estimation of several terms.78

(e.g., isobutyl rather than isopropyl) should cause only minor 
differences in inductive effects, so such groups can be con
sidered to be isoinductive with an isopropyl group. Acetolysis 
rates for 21 compounds (other than 1 and 2) belonging to series 
3 were obtained from the literature; these are compounds 4-16 
(in these structures, the leaving group position is represented 
as E for exo, N for endo, Ax for axial, Eq for equatorial, and 
X  when epimers are not possible).

There is evidence that five compounds in this series (4-N,
5-N, 6-Ax, 9-N, and 10-N) react by a kc mechanism. A review 
of this evidence follows.

Publication of detailed studies of the 2-homoadamantyl 
derivatives (4) has not appeared, but Grunwald-Winstein m 
values of 0.86 and 0.99 have been measured for the exo and 
endo derivatives, respectively.30 Such a sensitivity to varia
tions in solvent polarity has been shown to be characteristic 
of reaction by kc mechanisms,14<20b so 4-N seems clearly to be 
a kc substrate. The slightly lower m value for the exo deriva
tive, 4-E, indicates involvement of a charge delocalization 
mechanism not operating in the reaction of 4-N.

RH -*  R+ + H-  (3)

5 strain = (strain energy)R+ — (strain energy)RH (4)

The validity of this approach (which ignores variation in sol
vation and entropy contributions) is evidenced by the fact that 
8 strain was found to correlate solvolysis rates for polycyclic 
bridgehead alkyl chlorides. 7c’d The bridgehead chlorides 
chosen for this initial test are particularly suitable in that there 
can be no interference from kaoi kA processes, and inductive 
effects are essentially constant (an isoinductive series).

The goal of the present work is to ascertain whether the 
Schleyer treatment can be extended to the study of the more 
complicated secondary derivatives. First it is necessary to 
provide a rigorous test of whether the Schleyer force field is 
applicable to secondary carbocations as it is to bridgehead 
carbocations.26 Such a test is performed by determining the 
degree to which the solvolysis rates of a series of rigid, poly
cyclic, isoinductive secondary derivatives known to react by 
a kc mechanism can be correlated with 5-strain values calcu
lated with the Schleyer force field. A test for more flexible 
secondary derivatives will be the subject of a future report.

The Test Series
Few secondary derivatives have been clearly shown to react 

by a kc mechanism. Two compounds which approach reaction 
by this unassisted process are 7-norbornyl (1) and 2-adam- 
antyl (2) tosylates.20 There is evidence that there may be weak 
assistance in the reaction of these substrates,7b’27,28 but there 
is no question that their reaction mechanisms closely approach 
the kc limit.29 Compounds forming an isoinductive series with 
1 and 2 must have two “ essential” isopropyl groups attached 
to the reactive center as in 3; the term “ essential” isopropyl 
group is used here because substitution further down the chain

3

Spurlock31 has studied the solvolysis of the 2-protoadam- 
antyl derivatives, 5-E and 5-N, and has obtained evidence 
indicating that 5-E reacts either by a k A or a kc mechanism 
and that 5-N reacts by a kc mechanism. The evidence is similar 
to that observed for the solvolysis of exo- and endo-2-nor- 
bornyl derivatives. First, a large exo-endo rate ratio (5-E/5-N) 
of 2512 is found for acetolysis. Also, the acetolysis products 
were the same for both exo and endo and included exo-2- 
protoadamantyl acetate and seven other tricyclic products;
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endo-2-protoadamantyl acetate was not formed. Attack from 
the exo side was shown to be kinetically favored (e.g., reduc
tion of 2-protoadamantanone with LiAlH4 gave only endo- 
2-protoadamantanol). The rearranged products can be ob
tained from concerted displacement by bonds a or b (19) of 
the leaving group in 5-E followed by various 1,2 carbon-carbon 
shifts and 1,3 hydride shifts, or by unassisted ionization of 5-E 
and 5-N to give the 2-protoadamantyl cation which then re
arranges. There are two bonds in 5-N which are approximately 
antiperiplanar to the leaving group (20), but participation by 
these bonds would give cyclobutyl carbinyl cations, not the 
products observed. The possibility of a fcA process for 5-N 
solvolysis can, therefore, be eliminated. It appears that 5-N 
must react by a kc mechanism to give the 2-protoadamantyl 
cation which enters the same manifold of cations formed by
5-E. The major question unanswered in this study is whether 
or not the large exo-endo rate ratio is the result of an accel
erated process for 5-E or is of steric origin. Both events 
seem reasonable in that two carbon-carbon bonds are in the 
antiperiplanar positions necessary for effective anchimeric 
assistance (a and b of 19) of 5-E solvolysis, and the endo C5

proton is well situated to sterically impede departure of the 
leaving group from 5-N. We will comment on these two 
possibilities later, but our current interest lies with deter
mining the kc or k& nature of 5-N solvolysis, and this is clearly 
indicated to be kc.

Acetolysis of axial and equatorial 2-noradamantanols, 6-Ax 
and 6-Eq, shows a similar pattern:32 (1) the axial-equatorial 
rate ratio is 1190, (2) both derivatives give the same product 
mixture (95.5% equatorial acetate and 4.5% exo-4-brendyl 
acetate for 6-Eq, and 92.7 and 7.3%, respectively, for 6-Ax),
(3) rearrangement of carbon-carbon bonds antiperiplanar to 
the leaving group gives the observed products for 6-Eq but not 
for 6-Ax (21 and 22), and those for 6-Ax give highly improb
able strained structures, and (4) reduction of the ketone shows 
that approach across the equatorial face is kinetically favored 
(reduction with LÍAIH4 gives 98% axial alcohol and 2% equa
torial alcohol). Two additional pieces of information are 
available from deuterium labeling experiments. First, 91.9% 
of the products from 6-Eq solvolysis derive from the degen
erate rearrangement of bond b of 21, and the remaining 8.1% 
derive from rearrangement of bond a to give the 4-brendyl 
cation, 23. And second, acetolysis of C4 or C2 monodeuterium

labeled 6-Ax gives 10-13% less deuterium scrambling than 
observed for 6-Eq. The sum of these experiments indicates 
either a kc or a mechanism for 6-Eq acetolysis and either 
a fec or a ks mechanism for 6-Ax acetolysis. The reduction in 
deuterium scrambling for 6-Ax acetolysis is consistent with 
some nucleophilic solvent assistance for this reaction. That 
such assistance must, however, be weak can be determined 
from the observation that products other than inverted, un
rearranged acetate are formed and from consideration of the 
transition state for this displacement process, 24. As can be 
seen, the transition state closely resembles that for 2-adam-

antyl tosylate, a known kc substrate,14 in that there are several 
severe nonbonded interactions between hydrogens and both 
nucleophile and leaving group.

Acetolysis of 2-brendyl derivatives (9-E and 9-N) yields the 
same product mixture and an exo-endo rate ratio of 1870.33 
Again there are no carbon-carbon bonds antiperiplanar to the 
endo leaving group which can participate to give the observed 
products; rather, highly strained cyclobutylcarbinyl cations 
would be formed by participation of a or b of 25. As in the

previous case, reaction of the exo derivatives by a kc or feA 
mechanism and of the endo derivatives by a kc mechanism is 
indicated.

The final member of series 3 which is indicated to react by 
a kc mechanism is endo-2-tricyclo[3.2.l.O3-6]octyl tosylate,
10-N, for which we suggest the trivial name endo-2-norbrendyl 
tosylate. Sauers, Parent, and Damle34 studied the acetolysis 
of 10-E and 10-N and found an exo-endo rate ratio of 192,85% 
endo and 15% exo alcohol from LiAlH4 reduction of the ke
tone, and exo acetate as the only reaction product from both
10-E and 10-N. Deuterium labeling studies revealed that there 
were no hidden degenerate rearrangements. These data are 
consistent with reaction of 10-N by a simple kc mechanism 
and with reaction of 10-E by a k A mechanism; a kA mechanism 
is indicated for 10-E because derivation of products from a 
classical cation would be expected, on the basis of the ketone 
reduction, to give some endo product.

The available evidence is, therefore, consistent with the 
seven compounds 1,2,4-N, 5-N, 6-Ax, 9-N, and 10-N as con
stituting an isoinductive kc series. If the Schleyer force field 
accurately represents the strain energy present in secondary 
carbocations, the solvolytic rates for this series of kc substrates 
should be well correlated by 5-strain values, eq 3 and 4. Table 
I contains the requisite strain energies and rate constants for 
all the molecules considered in this work. As models for tos- 
ylates we have used both hydrogen and methyl (i.e., R-H and 
R-Me) since methyl would seem more likely to represent 
differences in strain energies for epimeric pairs; however, in 
the present work, no advantage results from using the larger 
model. Actually, as Dubois has shown, the methyl is probably 
also too small to model a tosylate group properly.8

Figure 1 is a plot of 5 strain, using the R-Me model, against 
acetolysis rate for the seven kc compounds, and Figure 2 is the 
corresponding plot using the R-H model. With the exception 
of endo-2-protoadamantyl tosylate (5-N) a good correlation 
results (correlation coefficients of 0.97 in each case); the ex
pressions for the correlations are given in eq 5 and 6. The de
viation of the point for 5-N can be rationalized.

-log  k = 0.44(5 strain) + 8.06 L = Me (5)

-log  k = 0.44(5 strain) + 7.22 L = H (6)

We have used the carbocation as a transition state model, and 
this model can be expected to work as long as there is no in
crease in nonbonded interactions with the leaving group upon
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Table I. Strain Energies for a Series of Carbocations and Hydrocarbon Precursors and Acetolysis Rates for the Series 
_____________________________________________ of Alkyl Tosylates 1-16

strain energy, kcal/moP______ 5 strain
compd registry no. R-Me R-H° R+ L = H L = Me -log k, s_1 assistance «

1 10265-27-7 18.77 16.98 30.79 13.81 12.02 13.68 e 0
2 25139-43-9 8.56 6.87 9.21 2.34 0.65 8.23 5 0
4-E 66687-78-3 15.80 14.59 15.12 0.53 - 0.68 6.69d 1.06
4-N 66746-94-5 16.09 14.59 15.12 0.53 -0.97 8.08d 0
5-E 66687-79-4 19.10 18.29 20.51 2.22 1.41 6.50e 2.18
5-N 66748-95-6 21.84 18.29 20.51 2.22 -1.33 9.90e -2.43
6-Ax 66687-80-7 22.76 20.07 25.70 5.63 2.94 9.66/.P 0
6-Eq 66748-96-7 21.85 20.07 25.70 5.63 3.84 6.58 f'P 3.17
7-E 66687-81-8 37.42 34.17 40.34 6.17 2.92 5.65 s.p 3.69
7-N 66748-97-8 39.79 34.17 40.34 6.17 0.55 4.74<?.p 3.56
8 63561-18-2 45.90 (36.86) 54.68 17.82 8.78 4.50 h-P 7.40
9-E 66687-82-9 22.94 22.57 26.03 3.46 3.09 5.24‘d-P 4.18
9-N 66748-98-9 24.78 22.57 26.03 3.46 1.25 8.50-^ 0

10-E 673S-62-6 42.46 41.46 48.10 6.64 5.64 7.04 Ap 3.50
10-N 6239-91-4 43.26 41.46 48.10 6.64 4.84 9.32 -̂p 0
11-E 66687-83-0 41.30 (40.04) 42.79 2.75 1.49 3.83 '̂P 4.88
12-E 3097-76-5 43.05 41.21 69.74 28.53 26.69 10.65' 9.17
I2-N 10437-83-9 44.36 41.21 69.74 28.53 25.38 2.58' 16.66
13-E 6621-20-1 36.34 35.85 51.28 15.43 14.94 9.00 m 5.64
13-N 6621-28-9 38.49 35.85 51.28 15.43 12.34 2.35m 11.15
14 66687-84-1 27.47 25.47 30.98 5.51 3.51 4.79J 4.81
15-E 58918-47-1 20.03 18.29 15.03 -3.26 -5.00 6.99" - 1.20
16 15291-16-4 117.65 118.13 133.10 14.97 15.45 8.07° 6.83
17 66687-85-2 29.18
18 66687-86-3 51.71
0 Values in parentheses from this work, others from ref 3a. b Reference 21b. c R. K. Lustgarten, J. Lhomme, and S. Winstein, J.

Org. Chem., 37,1075 (1972). d Reference 30. e Reference 31. f Reference 32. s Reference 37. h Reference 38. ' Reference 33b. 1 Reference
33a. k Reference 34. ' Reference 42. m Reference 41. r Reference 39. ° Reference 44. p OBs/OTs = 3.0. q Deviation in rate from the 
kc line of Figure 4. r Strain energies were calculated using the force fields described in ref 3a and 7d.

5 STRAIN
Figure 1. A plot of log k against S strain for a series of proposed kc 
substrates where the leaving group is modeled by methyl. Excluding
5-N correlation coefficient = 0.97, standard deviation in log k = 0.48 
(1.0 including 5-N).

proceeding from the reactant to the transition state. Such 
interactions would not be reflected in the carbocation and if 
severe would cause our model to fail. As Spurlock has noted,31
5-N is just such a case; leaving group departure is severely 
hindered in this molecule by the endo hydrogen at C5, 20. 
Nonbonded hindrance to ionization is not reflected by the 
molecular-mechanical calculation but can be readily detected 
by examination of molecular models, or (we propose) by a 
negative deviation from Figures 1 or 2. Also, it is important 
to note that deviations of this sort may cause a substrate 
to be classified as a kt substrate but not vice versa; because of 
the inability of the present method to detect large increases 
in nonbonded strain in the transition state, molecules may 
appear to react too slowly but not too rapidly.

The correlation of unassisted solvolysis rates with strain

5 STOAIN
Figure 2. A plot of log k against & strain for a series of proposed kc 
substrates where the leaving group is modeled by hydrogen. Excluding
5-N correlation coefficient = 0.97, standard deviation in log k = 0.50 
(0.79 including 5-N).

values in Figures 1 and 2 indicates that the Schleyer molecu
lar-mechanics method accurately calculates the strain energies 
of polycylic secondary carbocations, and further, that 
employing hydrocarbons as tosylate models and carbocations 
as solvolytic-transition-state models is legitimate for these 
reactions. A further test of the method follows.

Correlation of Infrared Carbonyl Absorptions
Since both ketones and the corresponding secondary car

bocations (26 and 27) are trigonal and approximately sp2 hy
bridized, their infrared carbonyl stretching frequencies and 
carbocation stabilities exhibit similar dependencies upon 
conformation (upon bond angles in particular) about the tri
gonal center.35 If it can, therefore, be assumed that infrared
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Table II. Infrared Carbonyl Absorption Frequencies (vco) 
for Ketone 26 and C-C+-C Bond Angles (fl) for 27

Compd 1715 -  vco, cm~la_______ fl, deg________ ref

1 -58 112.9 21
2 -12 118.5 21
4 15 120.3 b
5 -28 116.7 31
6 -40 115.5 32
7 -38 114.5 37
8 -55 112.6 38
9 -32 116.2 c

10 -35 115.5 34
11 -20 117.7 37
12 -83 110.4 d
13 -60 112.6 41
14 -36 115.0 c
15 4 120.1 39
16 -42 112.7 44
17 -34 116.3 37

The absorption at 1715 cm 1is that for cyclohexane.21 b R.
K. Murray, Jr., K. A. Babiak, and T. K. Morgan, Jr., J. Org. 
Chem., 40, 2463 (1975). c A. Nickon, H. Kwasnik, T. Swartz, R.
0. Williams, and J. B. DiGiorgio, J. Am. Chem. Soc., 87, 1613 
(1965). d K. B. Wiberg, B. R. Lowry, and T. H. Colby, ibid., 83, 
3998 (1961).

carbonyl stretching frequencies are proportional to CCC bond 
angle, and further, that the CCC bond angle of a ketone will 
be similar to the same bond angle in the corresponding sec
ondary carbocation, then a further test of the accuracy of the 
Schleyer force field for calculation of structure and energy of 
secondary carbocations is provided. Thus, a direct correlation 
should exist between experimental infrared carbonyl ab
sorption frequencies and calculated C-C+-C  bond angles. We 
have collected in Table II the carbonyl infrared absorptions 
and the appropriate bond angles from molecular mechanical 
calculation for the 16 carbocations considered in the present 
study. These data are plotted in Figure 3, and with the ex
ception of the homocubyl point (16) an excellent correlation 
results.

O H
II 1c C+

/ \ / \
R R R R

26 27

The success with which molecular-mechanical calculations 
using the Schleyer force field correlate with infrared carbonyl 
absorption and with solvolysis rates for known secondary kc 
systems justfies the following conclusions: (1) these calcula
tions accurately predict the structure and energy of secondary 
carbocations; and (2) differences in strain energies between 
hydrocarbons and carbocations approximate the energies of 
activation for unassisted solvolysis of polycyclic alkyl tosyl- 
ates. In the following section these concepts are applied to 
identify the operation of neighboring carbon assistance.

Neighboring Carbon Assistance
As discussed earlier, it is often very difficult to distinguish 

between kc and k a processes. In the present study of polycyclic 
alkyl derivatives, neighboring group assistance can potentially 
be provided by a electrons of carbon-carbon bonds. There is, 
of course, much debate about the existence of (r-bridged or 
nonclassical intermediates,18 but there is no doubt regarding 
the importance of a bridging in the transition states for sec
ondary solvolyses. Actually, a bridging is common in transition 
states for processes in which rearrangement to a more stable 
ion occurs (a so-called downhill process).36

Figure 3. A plot of infrared carbonyl absorption frequency (1715 — 
i'co) against calculated C-C+-C bond angles (6) for compounds 1-17. 
Correlation coefficient = 0.97, standard deviation in carbonyl ab
sorption = 5.7 cm-1.

S STRATH

Figure 4. A plot of log k against b strain for substrates other than the 
kc models.

In Figures 1 and 2 the relationship between unassisted ac- 
etolysis rates and S strain is defined. If a secondary substrate, 
isoelectronic with 3, undergoes acetolysis by a kc mechanism, 
it should lie on the correlation lines of Figures 1 and 2 unless 
nonbonded interaction involving the leaving group increases 
significantly upon proceeding to the transition state; in this 
latter case the point should be below the line defined by the 
other kc substrates. In addition to the seven model kc sub
strates, we have performed strain calculations for 16 other 
isoinductive compounds which are either known not to be kc 
substrates or for which there is insufficient evidence available 
to specify reaction by a kc or a kA mechanism. Figure 4 is a plot 
of acetolysis rate against 5 strain for 11 of these additional 16 
substrates; included in the plot is the line defined by the kc 
substrates. Five substrates were not included in the plot be
cause their points were so far above the kc line that they dis
torted the figure. These five substrates are discussed below.

In Figure 4 the points for ten compounds lie above the kc 
line as would be expected for k± processes. One compound, 
exo -10-protoadamantyl tosylate (15-E), lies slightly below the 
kc line and is thus indicated to be a substrate. Table I 
contains an assistance column in which is presented the rate 
acceleration for each compound relative to the predicted kc 
rate (i.e., the amount the point is above or below the kc 
line).

To discuss the implications of Figure 4 for each compound
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would be prohibitively lengthy, but it should be noted that in 
the cases of 4-E,30 5-E,316-Eq,32 and 9-E33 the available evi
dence was not sufficient for the original authors to distinguish 
between kc and processes. Figure 4 clearly shows that, with 
the possible exception of 4-E, each of these compounds reacts 
by a kA mechanism. The amount of assistance calculated for
4-E is only 10106, Table I, and one of the kc substrates is this 
far above the kc line.

The other seven compounds of Figure 4 (7-E and 7-N,9’38
8,38 10-E,34 l l ,37 1 4,37 and 15-E39) were said by the original 
authors either to ionize with neighboring carbon assistance 
(7-E, 8, and 10-E) or to form bridged ions (7-N, 11,14, and
15-E); of course, formation of a bridged ion implies a neigh
boring-carbon-assisted process. The results of Figure 4 sup
port the original analyses in every case except that of 15-E, 
exo-10-protoadamantyl tosylate.40 The solvolysis of 15-E has 
been studied by Tichy, Kniezo, and Hapala40 who found that 
both 15-E and exo-4-twistly tosylate (29-E) gave the same 
product mixtures of approximately three parts 15-OS and one 
part 28-OS in 70% acetone, acetic acid, and ethanol, eq 7. A

deuterium labeling experiment was consistent with the 
scrambling expected from the bridged ion 28 and not with that 
expected from a series of equilibrating classical ions. Re
garding the discrepancy between our study of this solvolysis 
and that of Tichy et al., one possibility is that 15-E does react 
with assistance to form a bridged ion, but the assistance is too 
small to detect with our method. It should be recalled that 
theoretical studies indicate there may be little difference in 
stability between bridged and classical ions.41

Four compounds not included in Figure 4 because of the 
large degree of deviation from the figure are the cyclobutyl 
compounds 12-E, 12-N, 13-E, and 13-N. Wiberg and his co
workers have extensively studied the reactions of these com
pounds and have found that the endo compounds undergo 
acetolysis by kA mechanisms.41-43 Both endo compounds react 
much faster than cyclobutyl tosylate (12-N/cyclobutyl = 880,
13-N/cyclobutyl = 1467), and both compounds have available 
a symmetry-allowed disrotatory pathway to a highly stable 
cyclopropylcarbinyl cation, eq 8. The concerted rearrange-

—  <s>

12-N

ment is not possible for the exo derivatives, 12-E and 13-E, 
and they react much more slowly than cylobutyl (12-E/cy- 
clobutyl = 7.46 X 1 0 "6, 13-E/cyclobutyl = 3.37 X 10~4). 
Consequently, Wiberg and his co-workers described the exo 
isomers as having “particularly low reactivity” .43 Actually, the 
exo isomers only appear to be unreactive when compared to 
the highly reactive parent cyciobutyl system. Examination 
of Table II shows that the C-C+-C bond angles in the carbo
cations 12 and 13 are far less than the desired 120°, and ex
amination of Table I shows that the strain increase upon 
ionization of the compounds 12 and 13 is tremendous and is 
higher than that for any other compound treated, including

the notoriously unreactive 7-norbornyl derivative. Compari
son of the rates of 12-E and 13-E with the more appropriate 
model 7-norbornyl shows 12-E and 13-E reacting 3.51 X 103 
and 1.58 X 105 times as fast, respectively, as 7-norbornyl. 
Thus, our 5-strain prediction that 12-E and 13-E receive 
neighboring carbon assistance of 10917 and 105-64, respectively 
(Table I), appears to be quite reasonable.

A final compound not included in Figure 4 is 9-homocubyl 
tosylate, 16. Experimental44'45 and theoretical46 studies of the 
acetolysis and accompanying degenerate rearrangements of 
this system have been performed. Schleyer used the approx
imate relationship between infrared carbonyl absorption 
frequency and solvolysis rate to predict that the acetolysis of 
16 was accelerated by a factor of approximately 400 (see dis
cussion of the Foote-Schleyer relationship below).44 Ac
cording to Figure 4 the assistance is even greater, amounting 
to 106-83, Table I.

Intermediacy of Nonclassical Ions
In addition to the downhill process discussed above, two 

other mechanisms can result in a solvolytic reaction which 
appears to be accelerated relative to appropriate models under 
the same conditions. These mechanisms are neighboring group 
assistance to yield a bridged ion and enhanced hyperconju
gation. Several workers have noted18’47’48 that highly strained 
bent a bonds can provide an exceptional degree of hyper- 
conjugative stabilization to a developing carbocation, and thus 
lead to solvolytic rate enhancement. The cyclopropylcarbinyl 
system has been identified as having this property,18 while the 
2-norbornyl system has been identified as not having it.49 It 
appears, therefore, that a high degree of strain such as is 
present in cyclopropyl systems is necessary for enhancement 
of hyperconjugative ability. Since none of the systems ex
amined in the present study has cyclopropyl groups, it appears 
unlikely that reaction of any of these systems involves en
hanced hyperconjugation; however, it should be noted that 
the importance of this phenomenon remains to be clearly 
delineated.

The importance of neighboring carbon participation to yield 
a cr-bridged or nonclassical intermediate is a matter of long
standing debate.18 The molecular mechanics method permits 
the identification of several reactions which are clearly assisted 
yet which are not downhill processes; i.e., rearrangement to 
a more stable carbocation does not occur. If there is a bridging 
in the transition states for these processes (indicated by ac
celerated rates if enhanced hyperconjugation is ruled out, as 
it seems to be for the molecules under consideration in the 
presented study), and if rearrangement to a more stable 
classical cation can be ruled out, then it must be concluded 
that these ^-bridged transition states are leading to c-bridged, 
nonclassical intermediates.

Compounds 10-E and 16 fit the above description in that 
both compounds react at greatly accelerated rates, Table I, 
and both give products in which the original carbon skeleton 
is retained.33’44’45 Also, reaction of 10-E yields only the exo 
product, and as discussed earlier, the results of ketone re
duction by LiAH-R indicate that nucleophilic attack on the 
classical cation (10+) should yield some endo product as well 
as exo product; it should be recalled, however, that LiAlH4 is 
a rather unselective reagent.18 The reaction of 14-X is similar 
to that of 10-E or 16 in that an accelerated rate is observed, 
yet the reaction involves several degenerate rearrangements 
followed by a hydride shift to give the same nonclassical ion 
(below) as 9-E; a downhill process is not occurring.37

The reaction of 7-N, eq 9, provides another example of ac
celeration without downhill rearrangement. In this instance 
some rearrangement does occur, but it is uphill to yield 
products derived from cation 11 (in eq 9 the strain energies
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(40.34)

l
7-N-OAc +  11-E

of the two cations are given in parentheses below the struc
ture).37 Reaction of 11-E yields the same product mixture as 
does reaction of 7-N. Also, LiAlH4 reduction of the ketone 
corresponding to 7 (i.e., 2-twistbrendanone) results in less than 
1% of attack from the endo direction to give exo-2-twist - 
brendanol.37 In contrast, solvolytic substitution of 7-N pro
ceeds entirely from the sterically disfavored endo direction. 
Similarly, LiAlH4 reduction of the ketone corresponding to 
11 favors approach from the endo direction over approach 
from the exo direction by a factor of approximately 2. Again, 
the solvolytic results are in contrast, with attack coming ex
clusively from the exo direction to yield 11-E-OAc. These 
results are consistent only with formation of a nonclassical ion 
as shown in eq 9.

As a final example, the reaction of 9-E is analogous to that 
of 7-N in that the reaction is accelerated, and unrearranged 
acetate (9-E-OAc) and a more strained exo-4-brexyl acetate 
(17-0Ac) are formed;33 formation of a nonclassical ion is in
dicated from reaction of 9-E and 17-E.

These results indicating formation of nonclassical ions, 
combined with those of Coates,50 Brown,51 and Schleyer,7b 
demonstrate that nonclassical ions can be formed in solvolysis 
reactions. Much debate in this area has centered on deciding 
the classical or nonclassical nature of the 2-norbornyl cation, 
and this question still has not been settled.18-25 However, the 
present results and those referenced above show that whether 
the norbornyl cation is classical or nonclassical does not affect 
the following general principle: carbocations generated in 
solvolytic processes can have positive centers (carbonium 
carbons)52 which are pentacoordinate; such nonclassical 
cations52 are more stable than their classical counterparts, in 
which the positive centers are tricoordinate, and they will thus 
be formed at accelerated rates relative to the rate of formation 
of the corresponding classical carbocations.

Prediction of Rearrangement Rates. The molecular 
mechanics method permits accurate calculation of relative 
energies of carbocations and their precursors, and therefore 
offers the possibility of predicting the relative formation rates 
of isomeric carbocations. For example, the Is a substrates 7-E 
and 8 are known9-38 to rearrange as shown in eq 10 and 11 (in 
these equations the experimentally observed yields are given 
beneath the figure and 5-strain values [in kcal/mol] calculated 
from differences between the cation formed and the neutral 
precursor are given below the reaction arrows). According to 
the 5-strain values presented in eq 10, compound 7-E should 
rearrange upon acetolysis to give 9-(+). Nickon has shown that 
the favored cation is actually 17, the less stable isomer.9 Also, 
if the 5-strain value for the rearrangement process is used to 
predict the rate of reaction according to Figure 4, the predicted 
rate is approximately 103 times too slow. The reason for this 
failure, as has been made clear for this specific case by Nickon 
and co-workers9 and for the general case by Schleyer and co
workers,10 is the result of competition between bond-align
ment control and product-stability control. As these workers

have pointed out, rearrangement pathways are controlled not 
only by product stabilities but also by the geometric alignment 
of the involved bonds and orbitals, with dihedral angles of zero 
and 180° being preferred. The rearrangement of 7-E is un
usual in that considerations of bond alignment and product 
stability lead to opposite predictions; since formation of the 
less stable product is favored by bond alignment, bond 
alignment is seen to be the dominant factor.9

In the case of rearrangement of 8, bond-alignment and 
product-stability predictions are the same: 10+ is 3.61 kcal/mol 
more stable than 18, and the a-x dihedral angle is 165.2° and 
the b-x dihedral angle is 158.8° (for the methyl derivative). 
Again, however, using the rearrangement 5 strain of 2.20 
kcal/mol in conjunction with Figure 4, one fails to obtain the 
observed rate; instead, a predicted rate which is 104-5 times 
too fast is obtained.

Thus it appears that the 5-strain method in its present, 
simple formulation is useful for accurately predicting kc rates 
but not k& rates. As others have noted,9-10 prediction of 
rates requires consideration of both bond alignment and en
ergy factors.

Foote-Schleyer Correlation. Foote has shown that the 
rate of acetolysis for a large number of secondary tosylates can 
be correlated with the infrared carbonyl absorption frequency 
of the corresponding ketones.21 More recent research has 
shown that ks (e.g., cyclohexyl20), kc (e.g., 7-norbornyl20), and 
k± (3-methyl-2-butyl20a) substrates lie on the correlation line, 
implying that compensating factors must be involved in 
producing the correlation. As noted above, carbonyl 
frequencies are primarily a function of C -C (0)-C  bond angle, 
and it is surprising that a parameter which depends only on 
this one factor should be so well correlated with rates. Inclu
sion of our seven kc substrates (1 ,2 ,4-E, 5-N, 6-Ax, 9-N, and
10-N) in the Foote plot, Figure 5, shows poor agreement be
tween experimental and calculated rates (compounds 1 and 
2 were part of the original correlation).

Schleyer expanded the Foote correlation to include, in ad
dition to carbocation angle strain, contributions from reactant 
torsional strain, differences in nonbonded strain in ground and 
transition states, and inductive effects, eq 11. In applying this 
Schleyer treatment to the isoinductive kc substrates, the in
ductive contribution can be ignored. The third term in the 
equation, (GS — TS)/1.36, accounts for differences in non-
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Table III. Foote-Schleyer Parameters for Calculation of Acetolysis Rates.22

Compd
1715 -  vco,

cm-1 <t>i ( log &calcd) ° ( log kexptl)a (exptl -  ealed)
1 -58 60.60 7.25 6.37 0.88
2 -12 60,60 1.50 0.92 0.58
4-N 15 60,50 -2.05 0.77 -2.82
5-N -28 60,30 3.5 2.59 0.91
6-Ax -40 60,51 4.86 2.35 2.51
9-N -32 60,24 2.27 1.19 1.08

10-N -35 59,55 4.33 2.01 2.32
a Relative to cyclohexyl tosylate.

-(1715 - Vc0 )
Figure 5. A Foote plot for seven kQ substrates (points 1 and 2 were 
on Foote’s original plot).21

bonded strain and is estimated by referring to model systems. 
There is a degree of arbitrariness in the assignment of the 
strain values, and we have omitted this term from our calcu
lations. The results of applying eq 11 to our seven fec substrates 
are given in Table III. and, as is evident, there are significant 
discrepancies between calculated and observed rates. Inclu
sion of the term for nonbonded strain would give calculated 
rates slightly closer (< 10°-5) to the experimental rates in every 
case except 4-N, for which the calculated rate is already too 
large; relief of nonbonded strain, of course, gives larger cal
culated rates.

log kn\ = (1715 — ¡>co)/8  + 1.32 Y, (1 + cos 3<tn)
i

+ (GS — TS strain)/1.36 + inductive term (12)

It should be noted that Schleyer has pointed out that the 
Foote-Schleyer correlation is not expected to work for 
crowded substrates such as those considered in the present 
study.53 Our purpose in applying the method to these mole
cules is not intended as a criticism of the Foote-Schleyer 
treatment, since its limitations have already been discussed 
by one of the original authors, but rather to emphasize that 
prior to the present work the Foote-Schleyer approach was 
the best available method for predicting acetolysis rates of 
polycyclic secondary tosylates. The present molecular-me
chanical method should be superior since it accounts, with a 
high degree of accuracy, for differences of all four components 
of strain energy in both reactant and product carbocation.

Conclusions
The present work demonstrates that the molecular me

chanics method of Schleyer can be used to predict accurately 
the acetolysis rates of rigid, polycyclic secondary derivatives 
reacting by a fec mechanism. Comparison of these calculated 
fec rates with experimental rates for several substrates permits

the identification of accelerated reactions and involvement 
of u assistance. Operation of n assistance for substrates in 
which there is no downhill rearrangement is consistent only 
with the formation of nonclassical, a bridged intermediates 
for these substrates, and several such intermediates are 
identified.
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The chloroalkene epoxides, vinyl chloride oxide (1), trichloroethylene oxide (2), tetrachloroethylene oxide (3), 
cis- and trans- 1-chloropropene oxide (4 and 5), and cis- and trans- 1,3-dichloropropene oxide (6 and 7), were syn
thesized from their respective chloroalkenes via either autooxygenation (in the case of 2 and 3) or m-chloroperben- 
zoic acid oxidation (in the case of 1 and 4-7). Dichlorobenzene was a byproduct in the synthesis of both 6 and 7. In 
the case of 6, its formation was determined to be a result of a bimolecular reaction involving an intermediate in the 
synthesis of 6. Kinetics of hydrolysis at pH 7.4 and 37 °C were determined for compounds 2-7. Kinetics of thermal 
decomposition in dilute hydrocarbon solution were determined for compounds 2, 4, 5, and 7. The hydrolysis and 
thermolysis rates are discussed with respect to structure and mechanism of product formation.

Halogenated alkenes are widely employed as insecticides, 
industrial monomers, as solvents, and for other uses. Vinyl 
chloride has been shown to be carcinogenic to animals and 
man.1 Trichloroethylene has been shown to be carcinogenic 
to mice.1 These compounds and others including cis- and 
irons-1,3-dichloropropene are potent mutagens.2 Vinyl 
chloride and trichloroethylene have been shown to bind co
valently to cellular macromolecules.3 This binding requires 
metabolic oxidation of the compounds and there is some ev
idence which suggests that epoxides may be intermediates 
involved in the binding.4 Such epoxides have been proposed 
as potential activated carcinogenic intermediates5 based on 
their structural similarity to known epoxide and chloroether 
carcinogens.6 We have undertaken the synthesis and char
acterization of a number of such epoxides including vinyl 
chloride oxide (1), trichloroethylene oxide (2), tetrachlo-

1, R, = Ra = Rs = H
2, R, = H ; R2 = R3 = Cl
3, R t = R2 = R3 = Cl
4, R[ = R3 = H; R2 = CH3
5, R, = R2 = H; R3 = CH3
6, R, = R3 = H; R2 = CH2C1
7, R, = R2 = H; R3 = CH2C1

roethylene oxide (3), cis- and trans- 1-chloropropene oxide 
(4 and 5), and cis- and trans- 1,3-dichloropropene oxide (6 and
7). We determined and compared the rates and products of 
hydrolysis of these epoxides at physiological conditions. In

addition, we have carried out thermal degradations of several 
of these epoxides and determined the rate of degradation and 
the nature of the products formed.

Trichloroethylene oxide (2), synthesized by the autoox
idation of trichloroethylene,7 has been previously character
ized in this laboratory.8 Frankel et al.9 had reported the syn
thesis of tetrachloroethylene oxide (3) by the chlorine-ini
tiated photooxygenation of tetrachloroethylene. We modified 
this procedure by eliminating the chlorine initiator (which was 
found to catalyze the decomposition of the product) and al
lowing the reaction to go to completion. In this way the yield 
was improved and the purification of the product was greatly 
simplified.

Kirrman and co-workers synthesized 1-chloropropene oxide 
via dehydrohalogenation of l,l-dichloro-2-hydroxypro- 
pane.10 They obtained an unseparated mixture of cis and trans 
epoxides in low yield. Pure 4 and pure 5 were obtained in ex
cellent yield by the m-chloroperbenzoic acid (m-CPBA) oxi
dation of the respective cis- and trans- 1-chloropropenes. The 
NMR spectrum of each of the pure compounds was super
imposable on the NMR spectrum of the mixture obtained by 
the method of Kirrman.

cis- and trans- 1,3-dichloropropene oxide (6 and 7) were 
likewise synthesized by the m.-CPBA oxidation of the corre
sponding alkenes. NMR, IR, and mass spectra of the major 
products were consistent with two possible structures, i.e., the 
assigned epoxide structure (A) or the cyclic ether (B). Incre
mental addition of the lanthanide shift reagent Eu(fod)™  to 
compound 6 moved the chemical shifts of the methine (CH2) 
protons (H(b), assigned on the basis of peak shape and inte
gration) at a rate slower than that of either of the other protons 
H(a) or H(c) (Table I). The lanthanide reagents are known to

0022-3263/78/1943-3596$01.00/0 ©  1978 American Chemical Society
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Table I. NMR of Compound 6
chemi

cal
shift,

proton(s) 6 (ppm)

coupling slope of 
con- lanthanide-

no. of peak stant, induced
protons shape Hz shift“

H(a)
H(b)
H(c)

5.28
3.81
3.40

d
2-d, d 

m

3.5
b

1.56
0.92
1.96

“ Slope of a plot of Ao vs. weight of added Eu(fod). b Second- 
order effects did not allow determination of coupling constant.

complex with epoxide oxygens but not with chlorine.11 Such 
a shift, therefore, is consistent with A where the oxygen is 
proximal to proton H'a) and H(c) and distal to protons H(b). 
The chemical shift data were inconsistent with structure B

A B
where the reverse is true. In addition, the NMR pattern of 
protons H(b) and H(c) in 6 was strikingly similar to that of the 
corresponding protons in epichlorohydrin (as determined in 
this laboratory), thus confirming that compound 6 was indeed 
cis- 1,3-dichloropropene oxide.

A byproduct from the oxidation of both cis- and trans-
1.3- dichloropropene was an aromatic compound of molecular 
weight 146 containing two chorine atoms, i.e., dichlorobenzene 
(substitution pattern not known). In addition, the cis oxide 
6 contained some trans oxide (25%) and the trans oxide 7 
contained a trace (5%) of the cis oxide after epoxidation of the 
corresponding alkenes. Dichlorobenzene may be formally 
thought to arise from bimolecular addition and cyclization of 
the parent olefin and epoxide followed by loss of 2 mol of HCI 
and 1 mol of water. However, when cis- 1,3-dichloropropene 
was heated with cis-1,3-dichloropropene oxide, dichloro
benzene was not formed. The possibility that a reaction be
tween cis- 1,3-dichloropropene and 6 is acid catalyzed (by the 
m -chloroperbenzoic acid byproduct) or involves free radicals 
(from m-chloroperbenzoic acid) was explored by heating the 
compounds in the presence of catalytic amounts of either
1.4- dinitrobenzoic acid or benzoyl peroxide or both. In no case 
was dichlorobenzene a product. This compound, therefore,

H

I A ÀCr F
probably arises from a reaction involving an intermediate in 
the synthesis of 6 from the parent olefin. Petacid oxidations, 
however, are believed to involve a concerted, bimolecular 
mechanism (i.e., involving no detectable intermediate) be
tween olefin and peracid.12 The dichlorobenzene must 
therefore be formed in the course of a second oxidative 
pathway involving an intermediate such as CH2CI-CHOH- 
CHC1+. This would also account for the slight degree of non
stereospecificity during the course of the oxidation resulting 
in small amounts of trans oxide from the cis olefin and vice 
versa. The unoxidized olefin remained stereochemically pure 
so that formation of 7 from cis- 1,3-dichloropropene, for ex
ample, did not involve preliminary isomerization of cis olefin 
to trans olefin.

Vinyl chloride oxide (1) was also synthesized in good yield 
by m-CPBA oxidation of vinyl chloride. It was identified by 
its NMR spectrum which was identical with the published 
spectrum.13 Previously this compound had been synthesized

Figure 1. First-order plot for the decomposition of cis- 1-chloropro- 
pene oxide (4) in xylene at 200 °C.

by the chlorination of ethylene oxide.13 However, our proce
dure was easier to carry out and gave higher yields.

Since epoxides are potential metabolites of haloalkenes,4’5 
it was of interest to determine their stability under physio
logical conditions. Thus, pseudo-first-order hydrolysis rates 
were measured at 37 °C in aqueous solution buffered at pH
7.4, data which should be indicative of the epoxide reactivity 
toward cellular nucleophiles in vivo. All of the compounds 
tested gave good pseudo-first-order kinetics. As indicated in 
Table II, the presence of chlorine on the a position greatly 
increases the hydrolytic reactivity of aliphatic epoxides. Hy
drolyses at pH 7.4 of the a-chloroepoxides 1-7 occur with 
chlorine migration, yielding a-chlorocarbonyl compounds 
(Table II). Kirrman10b reported that other a-chloroepoxides 
hydrolyzed under neutral conditions to mixtures of a-chloro- 
and a-hydroxycarbonyl compounds. In the case of 2, it is clear 
that hydroxyl attacks at the less hindered monochlorinated 
carbon. An examination of products formed from hydrolyses 
of the a-chloroepoxides 1 and 4-7, which contain only one 
chlorine, does not indicate the site of hydroxyl attack since 
addition at either the chlorinated or nonchlorinated carbon 
can lead to the same products. The rates of hydrolysis of the 
monochloroepoxides I and 4-7 decrease as the substituent at 
C-2 changes in the order H > CH3 »  CH2C1. Molecular 
models show that the presence of a large substituent on C-2 
will not sterically hinder the approach of OH toward C-l, but 
the substituent effects indeed indicate that C-2 is the position 
of attack. Reactions of a-chloroepoxides with secondary amine 
nucleophiles are also believed to proceed via attack at C- 
2.14

Compounds 1-7 rearrange thermally to a-chlorocarbonyl 
compounds (Table II), a reaction generally believed to occur 
with intramolecular chlorine migration.15 Thermolysis rates 
of compounds 2,4,5, and 7 were determined in dilute toluene 
or xylene solutions (Table II). Compounds 2,5, and 7 showed 
good first-order kinetics with respect to epoxide decomposi
tion.16 The decomposition of 4 is complex (see Figure 1). The 
early stages of the reaction exhibit roughly first-order kinetics. 
HCI evolved during the early course of the reaction may cat
alyze the reaction during its later stages. The rate of ther
molysis of 2 in solution was reasonably close to that reported 
for its thermolysis in the gas phase (1.0 X 10-2 min-1 com
pared with 5 X 10-3 min- 1 17 at 130 °C).

There is evidence to suggest that the thermal rearrange
ment of a-chloroepoxides proceeds through an a-carbonyl 
carbonium ion intermediate:15

I II
The fivefold decrease in the rate of thermolysis of 7 with re
spect to 5 is consistent with the expected inductive effect ex-
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Table II. Hydrolysis and Thermolysis of g-Chloroepoxides

compd
registry

no.

hydrol
ysis
rate

constant“
min-1 hydrolysis products

thermolysis
rate

constant,6 
min-1 

(temp, °C) thermolysis product

ethylene oxide 
epichlorohydrin

2.1 X 10~5 c 
6.9 X 10- 4 d

ethylene glycol 
l,2-dihydroxy-3- 

chloropropaned
chloroacetaldehyde!vinyl chloride oxide (1) 7763-77-1 4.6 X 10"1 “ chloroacetaldehyde e

cis-1-chloropropene oxide (4) 21947-75-1 6.3 X 10- 2 polymer presumably 
from 1-chloro- 
propanal

5.8 X lO“ 3 
(200)«

1 - chloropropanalh

trans- 1-chloropropene 
oxide (5)

21947-76-2 1.6 X 10" 1 polymer presumably 
from 1-chloro- 
propanal

3.2 X lO' 2 
(200) ;

1 -chloropropanalh

cis- 1,3-dichloropropene 
oxide (6)

66826-72-0 2.4 X 10“ 3 a-chloroacrylaldehyde j

trans- 1,3-dichloropropene 
oxide (7)

66826-73-1 2.3 X 10~3 a-chloroacrylaldehyde 6.1 X lO“ 3 
(200)*

2,3-dichloropropanal, a- 
chloroacrylaldehyde

trichloroethylene oxide (2) 16967-79-6 5.3 X 10- 1 dichloroacetic acid* 1.0 X lO“ 2 
(130)'

dichloroacetyl chloride“*

tetrachloroethylene oxide 
(3)

16650-10-5 6.0 X lO" 2 c trichloroacetic acid“ 7.2 X lO- 3 
(100) “ .“

triehloroacetyl chloride

a Pseudo-first-order rate constant determined at 37 °C, pH 7.4. 6 First-order rate constant determined in solution.c J. N. Bronsted,
M. Kilpatrick, and M. Kilpatrick, J. Am. Chem. Soc., 51,428 (1929). Pseudo-first-order rate constant was determined at 20 °C, pH
7.0. d W. C. J. Ross, J. Chem. Soc., 2257 (1950). e Reference 21. 1 H. Gross and J. Freiberg, J. Prakt. Chem., 311,506 (1969). g First-order 
rate constant calculated for initial (linear) portion o f reaction. h Reference 10b .1 In xylene. 1 See Experimental Section. k Reference
7. 1 In toluene. m Reference 17. " Reference 9. 0 First-order rate constant determined in neat liquid phase.

erted on a carbonium ion center by a CH2C1 substituent rel
ative to a CH3 substituent.18 The large increase of the rate of 
thermolysis of 2 with respect to 5 (which was too slow to 
quantitate at 130 °C) at first sight might appear to argue 
against such an intermediate carbonium ion since carbonium 
ions are stabilized by a chlorine to about the same extent as 
a methyl substituent.19 However, one must also consider the 
effects of the formation of new functionalities on AG*. In 
particular, C-l is transformed in the transition state (which 
may be approximated by II) from a saturated carbon to an acyl 
chloride in the case of 2 or an aldehyde in the case of 5. One 
may roughly estimate that the transition state energy for 2 is 
15 kcal/mol lower than that for 5.20 The increased rate of 
isomerization of 2 relative to 5 is thus likely controlled by the 
energetically favorable formation of an acylhalide compared 
to an aldehyde functionality attached to the cation center.

Finally, it may be noted that epoxides 4 and 5 appear to be 
thermally more stable than originally reported,1011 decom
posing at an appreciable rate only at temperatures above 180 
°C.

Experimental Section
Infrared spectra were determined using a Perkin-Elmer Model 421 

spectrophotometer. Proton magnetic resonance spectra were recorded 
using a Varian Model T-60A spectrometer. Visible absorbances were 
read from a Gilford Model 240 spectrometer. Gas chromatographic 
analyses for hydrolysis kinetics of compounds 2 and 3 were performed 
on a Jarrel-Ash Model 28-710 gas chromatograph. Mass spectra were 
obtained on a DuPont Model 21-492 double-focusing high-resolution 
mass spectrometer. Chemical ionization mass spectrometry was 
performed using isobutane as the ionizing gas. Gas chromatogra
phy-mass spectrometry were carried out using a Varian Model 2740 
gas chromatograph with a 5 ft X Vs in. 3% SE30 column coupled to the 
mass spectrometer. High performance liquid chromatography (LC) 
was done on a Waters 6000A chromatograph using a Waters Cig m- 
Bondapak column. Incubations at 37 °C were done using a Dubnoff 
Metabolic Shaking Incubator. Microanalyses were performed by 
Spang Microanalytical Laboratory, Ann Arbor, Mich.

Trichloroethylene Oxide (2). This compound was synthesized 
by the benzoyl peroxide initiated oxygenation of trichloroethylene 
as previously described by us.8

Tetrachloroethylene Oxide (3). Tetrachloroethylene (100 mL,
0.978 mol) was heated to 90 °C in a photochemical immersion flask

under a dry ice condenser. The liquid was irradiated with a Hanovia 
250 W medium pressure mercury lamp while oxygen was bubbled 
through at a rate of 300 mL/min. Infrared spectra taken during the 
course of the reaction showed absorptions corresponding to tetrach
loroethylene, triehloroacetyl chloride, and tetrachloroethylene oxide.9 
No unidentifiable absorptions were observed. The reaction was 
monitored by IR by observing the disappearance of the tetrachlo
roethylene absorption at 905 cm-1 and the concomitant increase of 
absorptions at 1753 and 975 cm-1 belonging respectively to the acid 
chloride and the epoxide. During the reaction the ratio of the ab
sorptions at 975 and 1020 cm-1 belonging respectively to the epoxide 
and acid chloride did not change. After 35 h the absorption at 905 
cm-1 was negligible and the photooxygenation was terminated.

The product mixture (87.2 g, 0.506 mol) was partially esterified by 
the dropwise addition of 24 mL (0.40 mol) of ethanol at 0 °C. IR 
showed that the triehloroacetyl chloride was completely converted 
to the corresponding ethyl ester while 3 remained largely unreacted. 
This mixture was distilled at 87 mm and material boiling at 39-55 °C 
was collected. This was redistilled at 70 mm and 11.2 g (12%) of a 
colorless liquid boiling at 33-35 °C was collected: IR (salt plate) 1320, 
1365, 961, 869, 693, and 602 cm-1; mass spectrum (electron impact) 
m/e 180. Anal. Calcd for C2CI4O: C, 13.21; Cl, 78.00. F ound: C, 13.24, 
Cl, 78.08.

cis-l-Chloropropene Oxide (4). A solution of 10.0 mL (0.145 mol) 
of cis- 1-chloropropene and 35.0 g (0.172 mol) of 85% m-chloroper- 
benzoic acid in 150 mL of methylene chloride was refluxed for 16 h. 
An NMR spectrum at this time showed no starting material. The 
solution was cooled at -2 0  °C overnight and filtered. The filtrate was 
washed first with 100 mL of 5% sodium sulfite and then with 100 mL 
of 10% sodium bicarbonate and the organic layer dried over anhydrous 
magnesium sulfate. Methylene chloride was removed by distillation 
at atmospheric pressure. The residue was distilled at 180 mm and the 
fraction which boiled at 40-55 °C was collected. The heated oil bath 
was kept below 90 °C. The material was redistilled at 130 mm and 5.0 
g (37%) of a colorless liquid boiling at 32-34 °C was collected: IR 
(CH2CI2) 1478,1445,1401,1380,1300,1267,1220,1140,1071,1012, 
964, and 845 cm-1; NMR (neat) 5 5.08 (d, 1 H, Hi, J i 2 = 3.5 Hz), 3.08 
(d, q, 1 H, H2, J 1i2 = 3.5 Hz, J 2,3 = 5.0 Hz), 1.18 (d, 3 H, H3, J2,3 = 5.0 
Hz); mass spectrum (chemical ionization) (M + H)+ m/e 93. Anal. 
Calcd for C3H5CIO: C, 38.95; H, 5.45; Cl, 38.31. Found: C, 38.75; H, 
5.38; Cl, 38.25.

Compound 4 was stable in 15% methylene chloride solution. When 
left neat at 4 °C, however, it decomposed to a viscous material after 
2 weeks.

tracs-l-Chloropropene Oxide (5). This compound was prepared 
from 10.0 mL (0.145 mol) of tran§- 1-chloropropene using the same 
procedure that was used to prepare the cis compound. The product
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was distilled twice at 19C mm. In the second distillation 4.0 g (32%) 
of a colorless liquid boiling at 42-44 °C was collected: IR (salt plate) 
1450, 1407, 1381, 1288, 1256, 1134, 1065, 1025, 965, and 880 cm“ 1; 
NMR (neat) h 4.82 (d, 1 H, Hi, J 1>2 = 1.5 Hz), 3.13 (d, q, 1 H, H2, J i ,2 
= 1.5 Hz, J2 ,3 = 5.0 Hz), 1.22 (d, 3 H, H3, J 2,3 = 5.0 Hz); mass spectrum 
(chemical ionization) (M + H)+ m/e 93. Anal. Calcd for C3H6C10: C, 
38.95; H, 5.45; Cl, 38.31. Found: C, 38.84; H, 5.37; Cl, 38.29. Compound 
5 when stored at 4 °C decomposed to the extent of 20% over 1 
month.

cis-l,3-Dichloropropene Oxide (6). A solution of 15.0 mL (0.162 
mol) of cis-1,3-dichloropropene and 36.8 g (0.181 mol) of 85% m- 
chloroperbenzoic acid in 170 mL of carbon tetrachloride was refluxed 
for 7 h after which time subsequent NMR spectra showed little 
change. The mixture was cooled to —20 °C overnight and filtered. The 
filtrate was washed with 100 mL of 5% sodium bisulfite and 100 mL 
of 10% sodium bicarbonate and then dried over anhydrous magnesium 
sulfate. Solvent was removed by distillation at atmospheric pressure. 
The remainder was distilled in three fractions: Fraction 1 boiled at 
34 °C at 163 mm and contained 4.8 g (27%) of cis- 1,3-dichloropropene. 
Fraction 2 (6) boiled at 78-80 °C at 130 mm and, after a second dis
tillation, yielded 5.0 g (24%) of a colorless liquid: IR (salt plate) 1308, 
1270,1255,1084,907,681, and 645 cm -1; NMR (neat) 6 5.28 (d, 1 H, 
Hi, J i,2 = 3.5 Hz), 3.81 (2-d, d, 2 H, H3 and H4), 3.40 (m, 1 H, H2). 
Additional absorptions at 6 5.17 (s) and 3.67 (m) were superimposable 
on a spectrum of 7 and integrated to 25% of 6; mass spectrum (gas 
chromatography-MS, chemical ionization) (M + H)+ m/e 127 con
taining 2C1. Fraction 3 boiled at 48-50 °C at 15 mm and contained 3.0 
g (12%) of a colorless liquid: NMR (neat) S 7.30 (m); mass spectrum 
(gas chromatography-MS, chemical ionization) (M + H)+ m/e 147 
containing 2C1.

NMR Spectra of Compound 6 in the Presence of a Lanthanide 
Shift Reagent. Eu(fod) was added in 10-20-mg increments to a so
lution of 20 mg of 6 in 0.5 mL of carbon tetrachloride. NMR spectra 
were recorded and integrated after each addition.

trans- 1,3-Dichloropropene Oxide (7). This compound was 
prepared from 19.0 mL (0.205 mol) of trans- 1,3-dichloropropene using 
a procedure identical to that for cis- 1,3-dichloropropene oxide. The 
product mixture was distilled in three fractions: Fraction 1 boiled at
32-34 °C at 150 mm and contained 5.0 g (22%) of trans- 1,3-dichlo- 
ropropene. Fraction 2 (7) was distilled twice collecting 6.0 g (23%) of 
a colorless liquid boiling at 95-96 °C at 132 mm: IR (salt plate) 1464, 
1413,1295,1270,918,805,790,745, and 694 cm "1; NMR (neat) 5 5.17 
(broad s, 1 H), 3.67 (m, 3 H). An additional absorption at <5 5.28 (d, J 
= 3.5 Hz) integrated to about 5% of 7 was superimposable on a spec
trum of 6; mass spectrum (gas chromatography-MS, chemical ion
ization) (M + H)+ m/e 127 containing 2C1. Fraction 3 boiled at 60-62 
°C at 30 mm and contained 4.0 g (13%) of a colorless liquid whose 
NMR and gas chromatography-mass spectra were identical to those 
of the byproduct from the synthesis of cis-1,3-dichloropropene 
oxide.

Formation of Dichlorobenzene during the Synthesis of 6. Six
3-mL glass ampules were sealed containing 50 )iL of carbon tetra
chloride plus the following compounds: (1) cis-1,3-dichloropropene 
(25 pL) and 6 (25 mL); (2) 6 (50 mL); (3) cis- 1,3-dichloropropene (25 
¿¿L), 6 (25 iAu), and 1,4-dinitrobenzoic acid (1 mg); (4) cis-l,3-di- 
chloropropene (25 /rL), 6 (25 fiL), and benzoyl peroxide (1 mg); (5) 
cis- 1,3-dichloropropene (50 /xL) and benzoyl peroxide (1 mg); and (6) 
cis- 1,3-dichloropropene (50 /xL), 6 (10 ixL), benzoyl peroxide (1 mg), 
and 1,4-dinitrobenzoic acid (1 mg). These were heated at 85 °C for 
40 h after which time NMR spectra were recorded in CCI4. Spectra 
for reactions 1-3 and 6 showed no change from starting materials. 
Reaction 4 showed a new absorbance at 5 7.35 as well as absorbance 
characteristic of 6. No cis- 1,3-dichloropropene remained. Reaction 
5 showed a diminished quantity of cis- 1,3-dichloropropene as well 
as a new absorbance at 5 7.35. IR’s of reactions 4 and 5 showed new 
absorptions in each case superimposable on a spectrum of chloro
benzene.

m-Chloroperhenzoie Acid Oxidation of Vinyl Chloride. Vinyl 
chloride (100 mg, 1.62 mmol) and 35.0 mg (1.72 mmol) of 85% m- 
chloroperbenzoic acid were dissolved in 3 mL of chloroform-d and 
sealed in a 5-mL glass ampule. After heating at 55 °C for 3.5 h an 
NMR revealed, in addition to m-chloroperbenzoic acid and m-chlo- 
robenzoic acid, vinyl chloride (34%) and two new products A (55%) 
and B (11%). The major product (A) had an NMR <5 5.00 (d, d, 1 H, Hi, 
Jh2 = 2.5 Hz, J  1,3 = 1.5 Hz) and 2.96 (m, 2 H, H2 and H3), consistent 
for vinyl chloride oxide (1). The minor product B had an NMR 5 9.50 
(t, 1 H, J  = 1.5 Hz) and 4.02 (d, 2 H, J  = 1.5 Hz), consistent for chlo- 
roacetaldehyde.

Base-Catalyzed Hydrolysis of Compounds 6 and 7. A solution 
containing 10 mL of either 6 or 7 and 10 mg of sodium bicarbonate in
0.8 mL of a 1:1 mixture of D20  and acetone-d6 was allowed to stand

overnight. NMR’s of both mixtures after this time were identical, 5
9.53 (s, 1 H), 6.80 (d, 1 H, J  = 6.5 Hz), 6.73 (d, 1 H, J = 6.0 Hz); mass 
spectra (gas chromatography-MS, chemical ionization) (M + H)+ m/e 
91. These data were consistent for a-chloroacrylaldehyde.

Hydrolysis Kinetics of 2 and 3. A solution of 0.2 mL of acetone 
in 1.5 mL of 0.5 M sodium phosphate buffer, pH 7.4, was warmed to 
37 °C after which 10 mL of either 2 or 3 were added along with an equal 
volume of a suitable internal standard: chlorobenzene for 2 or ethyl 
trichloroacetate for 3. Incubation was continued for 3 half-lives. After 
incubation for various time intervals, 0.3 mL of ether was added and 
the phases vigorously mixed for 45 s. An aliquot of the ether layer was 
immediately analyzed by GLC using a 6 ft X 0.25 in. diameter column 
packed with 10% Apiezon on Chromosorb W for compound 2 or a 6 
ft X 0.25 in. diameter column packed with 10% SE 30 on Chromosorb 
W for compound 3. The relative concentration of epoxide was deter
mined from the ratio of its chromatogram peak area relative to that 
of the respective internal standard. The rates of hydrolysis were cal
culated from these data.

Hydrolysis Kinetics of Compounds 4-7 at pH 7.4. Following a 
procedure of Bartsch,21 50 mL of a 2:1 solution of 0.2 M tris-HCl 
buffer, pH 7.4, and acetone were warmed to 37 °C. To this was added 
10 juL of epoxide. Incubation was continued for 3 half-lives. At various 
times 1.5-mL aliquots of this solution were removed and immediately 
added to a solution containing 30 mg of p-nitrobenzylpyridinium 
chloride in 2.0 mL of ethylene glycol, shaken vigorously for 30 s and 
warmed at 37 3 C for 30 min in the case of 4 and 5 or 1 h in the case of
6 and 7. After this time 2.5 mL of a 1:1 mixture of triethylamine and 
acetone were added and the solutions were shaken. After an additional 
1 min the absorbance of the solutions at 575 nm was read against a 
reference containing 1.0 to 0.5 mL tris-HCl (pH 7.4), 0.5 mL of ace
tone, and 2.0 mL of ethylene glycol. A prior experiment confirmed that 
the concentration of the epoxide was proportional to the absorbance 
of the p-nitrobenzylpyridine adduct formed in this procedure. Rates 
of hydrolysis were calculated based on these data. Duplicate experi
ments show that rate constants were all within ± 10%.

Thermal Isomerization of Compound 7. Compound 7 (20 nL) 
was sealed in a 10-mL ampule and heated in an oil bath to 200 °C for 
40 h. An NMR spectrum (CDC13) showed three components, A, B, and 
C, in a ratio of 18:23:59. A: NMR 6 5.10 (s, 1 H), 3.63 (m, 3 H); mass 
spectrum (chemical ionization) (M + H)+ m/e 127. B: NMR <5 9.07 (s, 
1 H), 6.67 (d, 1 H, J = 2.0 Hz), 6.50 (d, 1 H, J = 2.0 Hz); mass spectrum 
(gas chromatography-MS, chemical ionization) (M + H)+ 91. C: NMR 
5 9.13 (d, 1 H, J  = 1.7 Hz), 4.47 (d, t, 1 H, J  = 1.7, 6.0 Hz). 3.95 (d, 2 
H, J = 6.0 Hz); mass spectrum (chemical ionization) (M + H)+ m/e 
127. Compounds A and B had NMR and mass spectra identical to 
trans- 1,3-dichloropropene oxide and the product from hydrolysis of
7 (a-chloroacrylaldehyde). Compound C had NMR and mass spec
trum consistent with 2,3-diehloropropanal.

Thermal Isomerization of Compound 2 in Solution. Into a 3-mL 
ampule was sealed 0.5 mL of a solution containing 15 mg of 2 in 4.0 
mL of xylene (dried and distilled over phosphorus pentoxide). The 
ampule was heated to 130 °C for 8 h (4 half-lives). Methanol (100 jiL) 
was added to the solution to convert acyl chloride to its corresponding 
methyl ester. The resultant solution was analyzed using LC on a Cis 
reverse-phase column, eluting with 50% methanol-water. A single 
peak eluted at a retention time identical to methyl dichloroacetate. 
No peak corresponding to trichloroacetaldehyde was observed. 
Comparison of the peak area from isomerized 2 with that from an 
identical injection sample of a solution of 15 mg of dichloroacetyl 
chloride and 100 gL of methanol dissolved in 4.0 mL of xylene indi
cated that 2 isomerized to dichloroacetyl chloride in a yield of 80%. 
Dichloroacetyl chloride dissolved in xylene was itself unchanged upon 
heating at 130 °C for 8 h.

Thermal Isomerization of Compounds 2,4,5,6, and 7 in Solu
tion. Into 3-mL ampules were sealed 0.5 mL of a solution containing 
10 mL of epoxide in 10 mL of either toluene or xylene (distilled and 
stored over phosphorus pentoxide). The ampules were heated to the 
desired temperature in an oil bath and cooled after various times. 
Samples were heated over a period of at least 3 half-lives. No HC1 was 
detected upon breaking the ampules, although the pH of the solutions 
was slightly acidic. The contents of the ampules were added to a so
lution containing 30 mg of p-nitrobenzylpyridinium chloride in 2.5 
mL of acetone, 1.0 mL of ethylene glycol, and 0.5 mL of 0.2 M tris-HCl 
buffered at pH 7.4. After these were warmed at 37 °C for either 30 min 
for 2,4, and 5 or 1 h for 6 and 7, 2.5 mL of a 1:1 mixture of triethyl
amine and acetone was added. The absorbance was read at 540 nm 
for compound 2 or at 575 nm for 4-7 against a reference containing 
acetone, ethylene glycol, and tris-HCl in the above proportions. Rates 
of thermolyses were calculated from these data. Duplicate experi
ments show rates were constant to ±10%. A subsequent experiment 
confirmed that the absorbance of the p-nitrobenzylpyridine adduct
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formed in this procedure was proportional to the concentration of 
epoxide for all compounds tested except 6. The thermolysis rate could 
therefore not be calculated from 6 from these data. Thermal isom
erization kinetics of compounds 2 and 5 were repeated in the presence 
of 2 mg of solid sodium bicarbonate added to each ampule to absorb 
any generated HC1. pH at all times remained slightly basic to indicator 
paper. Rate constants for isomerization were seen to be unaffected 
by this addition.
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Anionic a complexes (Meisenheimer complexes) formed 
from electron deficient aromatic compounds and a variety of 
organic and inorganic bases have been extensively studied and 
well characterized.1-6 We previously reported evidence for 
zwitterionic a complexes like 3a as intermediates in the for
mation of the bicyclic zwitterion 4a from reaction of sym- 
trinitrobenzene (la) and a-phenyl-N,./V-dimethylacetami- 
dine in ethanol7’8 and Me2SO. It was of interest to study the 
effect of diminished electron deficiency of the starting aro
matic in this reaction sequence. Surprisingly we have found 
that an entirely different reaction occurs when the aromatic 
substrate is 3,5-dinitrobenzonitrile (lb). Although related 
bicyclic ions in which the cyano group is part of the anionic 
function are well known,9 the bicyclic zwitterions 4b or 4c were 
not formed. Instead, a green solid crystallized from the 
ethanolic reaction solution which had visible maxima at 469 
and 596 nm, characteristic of a complexes of lb .10 The XH 
NMR and elemental analyses confirm the structure as 2 (see

Experimental Section). Compound 2 appears remarkably 
stable. The diminished electrophilicity of the ring in 3b rela
tive to 3a may make the 3b to 4b conversion less favorable 
than that of 3a to 4a.

While the XH NMR spectrum of 2 is easily recorded in 
Mfi2SO-d6 at room temperature, heating this solution to 50-60 
°C causes absorptions for 2 to diminish as new peaks appear. 
The latter are identical to those obtained from the reaction 
product of lb  and a-phenyl-N,N-dimethylacetamidine in 
Me2SO. The 1H NMR spectrum of this product, as well as the 
elemental analyses, confirm the structure as 5. A distinction 
between 5a and 5b cannot be made on the basis of the XH 
NMR spectrum.

Although no absoprtions other than those of 2 and 5 appear 
in the heated Me2SO solution of 2, it is unlikely that 2 is a 
direct precursor to 5. Cyclization of carbon-bonded a com
plexes like 2 does not occur in ethanol or Me2SO even in the 
presence of excess amidine.7’8

A likely mechanism for the formation of 5 would be disso
ciation of 2 to amidine and lb  as the solution is warmed. At
tack of amidine on the cyano group or a ring carbon of lb  can 
then occur, with eventual cyclization tc 5. It seems clear that 
amidine attack on lb  in Me2SO proceeds differently than in 
ethanol (i.e., amidine nitrogen attack on the ring or cyano 
group). In any case, if subsequent cyclization-aromatization 
is rapid relative to initial complex formation, no intermediates 
would be observed by NMR. We have no definitive explana-
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Table I

Ò C, ppm, from Me4Si
C -l C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10

quinoline 151.1 121.7 136.2 128.5 127.0 129.9 130.3 149.1 128.9
isoquinoline 153.3 144.0 121.0 127.0 130.7 127.7 128.1 129.3 136.2
nitrobenzene 148.3 123.4 129.5 134.7
IV,AT- dimethylaniline 151.3 113.1 129.7 117.2
aniline 147.9 116.3 130.0 119.2
2-aminopyridine 158.9 108.5 137.5 113.3 147.7

tion for the solvent effect observed in changing the reaction 
medium from ethanol to Me2SO.

Structures 5a and 5b differ in the number of aromatic car
bons bonded to two nitrogen atoms (i.e., 2 for 5a and 1 for 5b) 
indicating that the 1SC NMR spectrum of 5 might afford a 
distinction between these isomers.11 The chemical shifts of 
the aromatic ring carbons of quinoline,12 isoquinoline,12 ni
trobenzene,12 IV.iV-dimethylaniline,12 aniline,12 and 2-ami- 
nopyridine14 are summarized in Table I. The heteroaromatic 
ring carbons of 5 shew absorptions at 5 102.3, 111.3, 121.8,
133.0,135.4,137.0,143.3,156.9, and 160.7. The peaks at 156.9 
and 160.7 ppm point strongly to carbon atoms bonded to two 
nitrogens (similar to C-2) in 2-aminopyridine [with additional 
peaks at 130 (2), 128 (2), 127, and 125 for the CeH5 group].14 
Careful examination of the shift data shown above shows that 
only 5a is consistent with the recorded spectrum of 5.

It is quite apparent that in addition-cyclization reactions 
of amidines with electron-deficient aromatics, the solvent and 
electron-withdrawing ability of the ring substituents play a 
major role in directing the course of the reaction.

Experimental Section
All melting points are uncorrected. 1H NMR spectra were run on 

JEOL C-60-HL and MH-100 spectrometers with Me4Si as an internal 
reference. Visible and ultraviolet spectra were recorded on a Per- 
kin-Elmer Model 402 UV-visible spectrophotometer. Infrared spectra 
were recorded on a Perkin-Elmer Model 237B infrared spectropho
tometer. Elemental analyses were performed by Galbraith Labora
tories, Inc., Knoxville, Tenn., and G. I. Robertson Laboratories, 
Florham Park, N.J.

Aromatics and Amidines. sym-trinitrobenzene (la) was pur
chased from J. T. Baker and recrystallized three times from ethanol.
3,5-Dinitrobenzonitrile (lb) was purchased from Aldrich Chemical 
Co. and dried over P2O5 before use. a-Phenyl-lV.lV-dimethylaceta- 
midine was prepared as reported previously.8

Preparation of 2. A solution of 0.67 g (0.004 mol) of a-phenyl- 
N,N-dimethylacetamidine in 10 mL of ethanol and a solution of 0.63 
g (0.003 mol) of lb  in 50 mL of ethanol were mixed. The solution was 
filtered after 24 h to give 0,56 g (1.58 mol) of crystalline 2: mp 178-181

°C; UV visible maxima (Me2SO) 288,469, and 596 nm; IR (KBr) 3560, 
3375, 3200-2000, 1620, 1575, 1505, 1375, 1290, and 1135 cm“ 1; T l 
NMR (Me2SO-d6) 6 3.11 (s, 3 H, NCH3), 3.39 (s, 6 H, NCH3 and H20  
of hydration), 4.90 (d, J = 6 Hz, 1 H, CHC6H5], 5.22 (d, J  = 6 Hz, 1 
H, sp3 anionic ring proton), 6.98 (m, 2 H, C6H5), 7.50 (m, 3 H, CgHs),
8.00 (d, J  = 2 Hz, 1 H, para to CN), 8.23 (d, J  = 2 Hz, 1 H, para to 
N 02), 9.27 (br, 1 H, NH), and 9.54 (br, 1 H, NH). Anal. Calcd for 
Ci7H17N50 4-H20: C, 54.68; H, 5.12; N, 18.75. Found: C, 54.54; H, 5.05; 
N, 18.64.

Preparation of 5. This compound was prepared by two methods. 
A solution of 0.1 g of 2 in 1 mL of Me2SO was stirred at 60 °C for 48 
h. The mixture was added to water and the solid was filtered, washed 
with water, dried, and chromatographed (silica gel-chloroform). The 
solvent was removed from the major fraction under vacuum and the 
residue was recrystallized from methanol to yield 0.075 g (74%) of red 
crystalline 5: mp 263-265 °C; UV-visible maxima (Me2SO) 275,430, 
and 514 nm; IR (KBr) 3470,3370,3080,2920,1630,1605,1570,1530, 
1465, 1385, 1330, 1290,1250,1165, 930, 915, 855, 785, 730, and 705 
c m '1; XH NMR (Me2SO-d6) 5 2.67 (s, 6 H, NCH3), 7.32 (m, 5 H, C6H6),
7.79 (br, 2 H, NH), 8.40 (d, J  = 2 Hz, 1 H, ortho to both N 02 groups), 
and 9.26 (d, J  = 2 Hz, 1 H, peri proton). Anal. Calcd for C17H15N5O4: 
C, 57.78; H, 4.28; N, 19.82. Found: C, 57.70; H, 4.28; N, 19.41.

Compound 5 was also prepared by mixing solutions of 0.52 g of lb 
in 1 mL of Me2SO and 0.88 g of a-phenyl-lV.lV-dimethyiacetami- 
dine in 1 mL of Me2SO. The mixture was stirred for 30 min at 35 °C 
and at room temperature for 4 h and then added to anhydrous ether 
with continued stirring. After a few minutes the ether layer was de
canted off and 30 mL of water was added to the residue. Filtration of 
this slurry yielded a red powder which was chromatographed (silica 
gel-chloroform). Evaporation of solvent from the major fraction and 
crystallization of the residue from methanol-chloroform yielded 5, 
identical in all respects with the compound obtained by heating 2 in 
Me2SO (vide supra).
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The classical procedures for the deuteration of polycyclic 
aromatics are tortuous and inconvenient,1 involving heating 
the arene in D2O to 350 °C in the presence of a Pt catalyst or 
exchange with benzene-d«.2 A more convenient procedure for 
the deuteration of benzo[a]pyrene was recently published.3 
There also exists an excellent method developed by Makabe, 
but since it was published in Japanese it has not been used 
widely in the west.4 Their elegant method uses a mixture of 
BF3.D3PO4 and is useful with a variety of organic compounds. 
This experimental procedure was improved by Heredy and 
co-workers.5 The use of liquid deuteriohalides has also been 
reported.6 We have developed another technique for preparing 
deuterated aromatic compounds which is very rapid and 
convenient, requiring only BF3 and D2O.

The liquid acid prepared by blowing BF3 gas into D2O to 
prepare a 1:1 molar solution is a fascinating, strong acid sys
tem7'8 whose chemistry we are exploring. Its preparation is 
rapid and easy. It can be used for preparing deuterated aro
matics simply by stirring the neat aromatic with the BF3-D20 
system. Reactions with deactivated benzenes are too slow to 
be useful. The reaction proceeds nicely with polycyclic aro
matics and others whose electrophilic reactivity is as great as 
or greater than benzene. The system has obvious advantages 
over D2SO4. Since the proton is the only electrophile, com
peting electrophilic reactions such as sulfonation do not occur. 
Since BF3 and D2O are commonly available, the procedure is 
much more convenient than the use of deuteriohalides such 
as DBr and AlBr3 or DF or DC1 in CF3COOD.6 Results with 
a variety of aromatics are given in Table I.

Experimental Section
All compounds were purchased and were used without further 

purification.
Preparation of BF;cD20. A weighed amount of D20  (99.8%) was 

cooled in a ice-water bath and BF3 was bubbled into the liquid until 
a 1:1 molar ratio was reached as measured by the weight increase. 
BF3-D20  is a fuming liquid and was stored in a polyethylene bot
tle.

* Address correspondence to th is author a t Oak Ridge National Laboratory.

Table I. Deuteration of Aromatic Compounds

compd
registry

no.
temp,

°C
time,

h
H-D exchange,

%

benzene 71-43-2 25 61 45
toluene 108-88-3 25 24 74
chlorobenzene 108-90-7 25 120 14
o-xylene 95-47-6 25 48 81
m -xylene 108-38-3 25 48 85
p -xylene 106-42-3 25 48 81
cumene 98-82-8 25 41 78
tert -butylbenzene 98-06-6 25 30 dealkylates
rc-butylbenzene 104-51-8 25 48 70
tetralin 119-64-2 25 61 78
naphthalene 91-20-3 90 23 76
phenanthrene 85-01-8 105 20 81

Deuterium Exchange. The hydrocarbon was placed in a flask and 
a ca. 10 M excess of D20-BF3 was added. A condenser was connected 
and the reaction mixture was stirred at room temperature. Napth- 
alene and phenanthrene exchanges were carried out at 90 and 105 ° C , 
respectively, in fuming, slowly decomposing acid. After completion, 
the organic layer was separated, washed twice with water, and dried 
with silica gel. Naphthalene and phenanthrene were dissolved in CCI4 
after the reaction, the C C 14 layer was separated, washed with water, 
and dried over silica gel, and the CCI4 was evaporated.

Analysis of Deuterium Exchange. The possibility of deuterium 
incorporation into the aliphatic groups was examined by looking for 
aliphatic C-D stretching bands in the IR spectrum. While a diminu
tion of the Car-H stretch at about 3030 cm-1 and a new intense band 
at 2260 cm-1 due to Car-D stretch was observed, no bands attributable 
to Cai-D stretch were observed. Mass spectra indicated that a mixture 
of deuterated compounds was present in each reaction product. The 
extent of deuterium incorporation was measured by comparing the 
areas of the aromatic and aliphatic NMR peaks in the deuterated 
products. With benzene, chlorobenzene, naphthalene, and phenan
threne, D incorporation was estimated by adding a known amount 
of a standard compound (cyclohexane) to the CCI4 solution of deu
terated product and comparing peak areas. Reproducibility of the 
NMR technique was ±5% of the measured conversion.
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The most general procedure for the synthesis of 1-aryl-l- 
cyclopropanol previously available was that of De Puy and his 
co-workers2 (eq 1). An alternative procedure, based on 1-

0022-3263/78/1943-3602$01.00/0 © 1978 American Chemical Society
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Table I. Synthesis o f 1-Aryl-l-cyclopropanols°

1-Aryl-l-cyclopropanol6
Registry

no.

Bp (mm) 
or

mp, °C Yield,0 %
3,5-DNB5 

mp, °C
Registry

no.
p - (Dimethylamir.o)phenyl 66826-74-2 113-114 57 (0) 137-138 66826-75-3
[5-Coumaranylj 66859-36-7 130-132 (0.3) 51(0) 147-148 66826-76-4
p-Methoxyphenyl 15973-65-6 75-78 (0.5)d 52 (35) 109-110# 65109-90-2
p -Methylphenyl 40122-37-0 38-39« 71 (55) 114-115# 65109-92-4
Phenyl 29526-96-3 106-107 (20)f 75 (48) 104-105* 66826-77-5

“ Complete spectral characterization confirms the structural assignments. b Satisfactory microanalytical data were obtained for 
all of the 1-aryl-l-cyclopropanols and their 3,5-DNB derivatives. 0 The figures in parentheses indicate the percent yields obtained 
using the De Puy method.2-5 d Lit.5 bp 75-78 °C (0.5 mm) .0 Lit.2 mp 39-40 °C. < Lit. bp 119-121 °C (26 mm): S. Murai, T. Aya, and 
N. Sonoda, J. Org. Chem., 38,4354 (1973). * Melting point is identical with those of products prepared earlier by the De Puy proce
dure.5

CH2C1

CO
Í

CTLC1.

A r M g B r

EtoO

ÇTLC1 

A r— C— OMgBr ~

Ar OH
E t M g B r

FeCL * X (1)

CH,C1
ethoxycyclopropanol, has recently become available3-4 (eq
2).

EtO OH Ph OH

X  +  2PhMgBr — ► X  (2)
In our hands the De Puy synthesis proved satisfactory for 

the preparation of a series of 1-aryl-l-cyclopropanols con
taining moderately activating substituents in the aryl group 
(P-CH3, P-SCH3, P-OCH3).6 However, in attempting to syn
thesize 1-aryl-l-cyclopropanols containing even more acti
vating substituents (p-N(CHo,)2, 5-coumaranyl), this synthetic 
procedure failed, in spite of considerable experimental ef
fort.

First, these reactive aryl derivatives are converted into the 
Grignard reagents only with difficulty. The corresponding 
lithium compounds are far more accessible. However, these 
aryllithiums failed to add to l,3-dichloro-2-propanone over 
a variety of conditions. Instead, preferential enolization of the 
ketone invariably occurred.

Attempts to use 1-ethoxycyclopropanol with these aryl
lithiums likewise failed. Apparently the lithium salt of 1- 
ethoxycyclopropanol is formed, but further reaction does not 
occur even in refluxing ether over 24 h (eq 3).

EtO OH

X  +  2ArLi rffluxins Et;° - v  no product (3)
24 h

Experiments revealed a simple solution to the difficulty. 
Treatment of the reagent, 1-ethoxycyclopropanol, with an 
equimolar amount of methylmagnesium iodide converted it 
into a species which readily reacts with the desired aryllithium 
to give the desired products in high purity and satisfactory 
yields. Although we did not attempt to identify the interme
diate, we believe that the magnesium salt readily breaks down 
into cyclopropanone, whereas the intermediate lithium salt 
does not (eq 4 and 5). A further advantage of this procedure

EtO OH E tO OMgl 0X aw, X - A <«
0  Ar OLi Ar OH

ArLi +  X  X  X  (5)

is the fact that it requires only 1 mol of the desired arylli
thium.

In this way we successfully synthesized 1-[5-coumaranyl] - 
1-cyclopropanol (eq 6), which had previously eluded us in spite

of exhaustive efforts.5 Similarly, we were successful in ex
tending the procedure to the synthesis of the highly activated 
p-(dimethylamino)phenyl derivative (eq 7). This method

appears to provide a highly convenient general synthetic route 
to the 1-aryl-l-cyclopropanols.

Experimental Section
Melting and boiling points are uncorrected. NMR spectra were 

determined on a Varían T-60 spectrometer.
Synthesis of 1-ethoxycyclopropanol was done from 1-ethoxy- 

1-trimethylsiloxycyclopropane8 according to the method of Salaün3 
in 90% yield, bp 60-61 °C (18 mm) [lit.7 bp 60-62 °C (20 mm)].

Preparation of Aryllithiums. The aryllithiums were made by the 
treatment of the corresponding aryl bromides with n-butyllithi- 
um.8

Synthesis of 1-Aryl-l-cyclopropanols: l-[p-(Dimethyl- 
amino)phenyl]-l-cyclopropanol. To an oven-dried, nitrogen- 
flushed, 250-mL three-neck flask fitted with a septum inlet, a mag
netic stirring bar, a pressure equalizing dropping funnel, and a reflux 
condenser and topped with a connecting tube leading to a mercury 
bubbler was added magnesium (0.243 g, 10 mmol) and diethyl ether 
(20 mL). To this stirred suspension was added dropwise methyl iodide 
(1.42 g, 10 mmol) in ether (20 mL). After all of the magnesium was 
dissolved, the flask was cooled in an ice bath. To this was added 
dropwise 1-ethoxycyclopropanol (1.02 g, 10 mmol) in ether (20 mL). 
A gas, presumably methane, evolved, and a white suspension was 
observed. To a 100-mL flask fitted with a septum inlet and a magnetic 
stirring bar and topped with a connecting tube leading to a mercury 
bubbler was added p-(dimethylamino)bromobenzene (2.0 g, 10 mmol) 
and diethyl ether (20 mL). To this stirred solution at room tempera
ture was added dropwise a solution of 10 mmol of n-butyllithium in 
hexane (1.9 M, 5.3 mL) with the help of a syringe. Stirring was con
tinued for 2h.9 This solution was added dropwise with a double-ended 
needle to the white suspension prepared above, maintained at 0 °C. 
After the addition was over, the reaction mixture was brought to room 
temperature (30 min) and then maintained (oil bath) under reflux 
for 12 h. It was cooled to 0 0 C and saturated ammonium chloride so
lution added. After the usual workup and removal of solvents, the solid 
obtained was recrystallized from a 90:10 mixture of hexane-ethyl 
acetate. There was obtained 1.01 g (57%) of pale yellow crystals, mp 
113-114 °C.

This procedure was applied to the synthesis of a representative 
group of 1-aryl-l-cyclopropanols, and these were converted into the 
corresponding 3,5-dinitrobenzoates.5 The results are summarized in 
Table I.
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Registry No.— 1-Ethoxycyclopropanol, 13837-45-1; p-(dimeth- 
ylamino)bromobenzene, 586-77-6; 5-bromocoumarin, 66826-78-6; 
p-(methoxy)bromobenzene, 104-92-7; p-(methyl)bromobenzene, 
106-38-7; bromobenzene, 108-86-1.
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O-Benzyl-L-serine derivatives are useful in peptide syn
thesis. The currently available methods for preparing these 
compounds are laborious and not convenient for large-scale 
preparation. Okawa1 prepared O-benzyl-L-serine via bromi- 
nation of methyl acrylate and resolved the racemate of the 
N -acetyl derivative by acylase. The other method is benzy- 
lation of N-tert-butyloxycarbonyl-L-serine in sodium-liquid 
ammonia2 or in sodium hydride-dimethylformamide.3 The 
acylase method can obtain optically pure O-benzyl-L-serine 
but the amino-protecting group should be introduced again 
for peptide synthesis. The enzyme, however, is not cheap and 
is hard to obtain. The second method, benzylation of N- 
tert-butyloxycarbonyl-L-serine, is only around 50% in yield 
and racemization might occur in the benzylation process.

The direct resolution of N-tert-butyloxycarbonyl deriva
tives of racemic amino acids would be a better way of pre
paring optically pure protected amino acids rather than in
corporating the protecting group onto optically active amino 
acids or derivatives.

We present here a new method for the preparation of N- 
tert-butyloxycarbonyl-O-benzyl-L-serine and its antipode. 
Both enantiomers appeared optically pure and the yields are 
higher than the published values.

Starting from methyl acrylate, O-benzyl-DL-serine ob
tained1 was converted to N-tert-butyloxycarbonyl derivative4 
and then methylated by diazomethane.5 The butyloxycar
bonyl group might be introduced to the amino acid methyl 
ester prepared by thionyl chloride in methanol. The racemic 
acyl amino acid methyl ester was then hydrolyzed under 
papain catalysis to afford the L acid in 72% yield; its antipode 
was recovered in 81% yield from the unreacted D  ester by mild 
alkaline treatment.

The same approach to other amino acids including threo
nine derivative, which has two optical centers, is under in
vestigation.

Experimental Section
N-tert-Butyloxycarbonyl-O-benzyl-L-serine Dicyclohex- 

ylammonium Salt. N-ieri-butyloxycarbonyl-O-benzyl-DL-serine 
(mp 90-91 °C, from ether/n-hexane) (5.9 g, 20 mmol) prepared from

O-benzyl-DL-serine was dissolved in ether (100 mL). The ethereal 
solution of diazomethane1 was dropped in until the solution remained 
pale yellow. The mixture was then washed twice with 20-mL portions 
of 1 N NaHC03, dried over anhydrous sodium sulfate, and evaporated 
under reduced pressure to dryness. The oily ester (6.0 g, 98%) obtained 
was dissolved in 10 mL of dimethylformamide and then added to a 
phosphate buffer solution (0.05 M, pH 6.0) containing 5 mmol of (3- 
mercaptoethanol, 5 mmol of EDTA and 500 mg of crude papain. The 
mixture was kept at 35 °C with stirring and the pH was maintained 
at 6.0 by addition of 1 N NaOH. After 4 h and with no decrease in pH, 
the mixture was extracted twice with 50-mL portions of ether to re
cover the unreacted ester. The aqueous solution was then acidified 
to pH 3.0 with 3 N HC1 and extracted three times with 50-mL portions 
of ethyl acetate. The combined ethyl acetate was washed with water, 
dried over anhydrous sodium sulfate, and then evaporated under 
reduced pressure to give a colorless oil. The oil was dissolved in 30 mL 
of ether/n-hexane (1:1 v/v) followed by addition of dicylcohexylamine 
(1.6 mL). The precipitates formed after cooling were collected by 
filtration to give the title compound (3.4 g, 72%); mp 135-136 °C; Rf
0.78 (system A), 0.20 (system B); [<x]25d +25.0 (c 2, MeOH) [lit.7 mp
135.5-136 °C, [a]25D +24.3 (c 2.94, MeOH)].

Anal. Calcd for C15H21N05-C12H23N: C, 68.03; H, 9.24; N, 5.88. 
Found: C, 67.90; H, 8.92; N, 6.03.

N-tert-Butyloxycarbonyl-O-benzyl-D-serine Dicyclohex- 
ylammonium Salt. The unreacted ester obtained above in ether was 
washed with water, dried, and evaporated to give an oil (3.4 g, 11 
mmol), which was further digested with papain (50 mg) in the same 
way as described above (in 100 mL of solution) for 4 h and the un
reacted ester was isolated again (2.5 g, 8.1 mmol): Rf 0.88 (system B);
[ а ]  25 D  +2.5 (C 2, MeOH). It was hydrolyzed by stirring in a mixture 
of dioxane-1 N NaOH (1:1 v/v) (30 mL) with 1.5 equiv of alkali for 
20 min. The solution was then acidified and followed by extraction 
to prepare the dicyclohexylammonium salt of N-tert-butyloxycar- 
bonyl-O-benzyl-D-serine (3.8 g, 8 mmol): mp 133-134 °C; [a]25p —24.2 
(c 2, MeOH) [lit.7mp 130-131 °C; [a]25D -2S.6 (c 2.28, MeOH)];TLC 
data were the same as for the L isomer.

Anal. Calcd for C16H21N 0 5.Ci2H23N: C, 68.03; H, 9.24; N, 5.88. 
Found: C, 67.90; H, 9.11; N, 6.06.

The Steric Purity. An aliquot of N-ferf-butyloxycarbonyl-O- 
benzyl-L-serine and its antipode’obtained by the above procedure were 
dissolved in 5 mL of 2 N HCl-AcOH, respectively. After 1 h at room 
temperature, the reaction mixture was evaporated under reduced 
pressure at 25 °C to yield a residue which was then diluted to 5 mL 
with 1 N HC1 for optical rotation determination. The samples showed 
the same optical rotation in absolute value, respectively, as a sample 
of O-benzyl-L-serine1 similarly treated, [«]26d =7.4 (c 2,1 N HC1).

Registry No.—N-ierf-Butyloxycarbonyl-O-benzyl-L-serine di
cyclohexylammonium salt, 30200-52-3; N-tert-butyloxycarbonyl- 
O-benzyl-DL-serine, 53317-22-9; O-benzyl-DL-serine, 5445-44-3; di- 
cyclohexylamine, 101-83-7; N-tert-butyloxycarbonyl-O-benzyl-D- 
seTine dicyclohexylammonium salt, 10342-02-6.
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The 6,14-ercdo-etheno and 6,14-ercdo-ethanotetrahydro- 
oripavines are among the most potent analgesics known.1
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They were discovered by Bentley and co-workers during a 
study of the Diels-Alder reaction of thebaine with various 
dienophiles. /3-Dihydrothebaine (2) is a diene related to the- 
baine which could thus give Diels-Alder products of interest 
as potential analgesic intermediates. Earlier attempts to 
pursue this approach were limited because compound 2 was 
not readily available.25”3 In spite of the report by Schmid and 
Karrer4 that (J-dihydrothebaine (2) can be prepared from

Table I. Reaction of Thebaine with Alkali Metals in 
__________________ Liquid NH3__________________

%

no. elements equiv
thebaine

converted
%
2

%
3

1 K 1.0 50° 50 50
2 K 2.3 95 50 50
3 Ca 2.3 50“ 0 100
4 Li 2.3 62 0 100
5 K/FeCla6 2.3 95 0 100
6 Nac 2.3 95 0 100
7 Nad 2.3 95 25 75

0 50% o f unreacted thebaine recovered. h A few crystals o f FeCl3 
were added to liquid NH:i followed by K  metal. c Following the 
literature53 conditions Na metal was added over 35 min and after 
stirring for another 10 min the reaction was quenched. “ Reaction 
was carried out as described for K  metal.

v \ zvkHV v
o c h 3 o c h 3

3 4

thebaine (1) in 42% yield by reduction with LiAlHi in 
C6H6/ether, it has been pointed out on several occasions that 
2 is still essentially inaccessible.2’3’5'6 Bentley and co-workers6 
reexamined the reaction and noted that the reaction was 
“ capricious and slow and considerable amounts of thebaine 
were found in solution after 48 h reflux” . Furthermore, these 
authors studied the reaction utilizing mixtures of LiAlHV 
AICI3 and found that ratios of 1:1,1:3, or 1:4 of the reagents, 
respectively, gave mainly a rearranged product neodihy- 
drothebaine, whereas ratios of 4:1 or 3:1 yielded thebainone-A 
enol methyl ether 4 as the major product with traces of neo- 
dihydrothebaine and j8-DHT (2). Bentley, Robinson, and 
Wain5® had earlier carried out the reduction of thebaine with 
Na/liquid NH3 and found it to form the unconjugated diene, 
$-DHT (3) in 95% yield with no trace of 2. This was confirmed 
by Birch and Fitton3 who also reported that the isomerization 
of 3 to 2 cannot be accomplished by the usual basic re
agents.

We have found that the reaction of thebaine with K/liquid 
NH3 gives a 1:1 mixture of 2 and 3 in 95% yield. The procedure 
is reproducible and provides pure /3-DHT (2), mp 167-168 °C 
(lit.4170-171 °C), after one crystallization (isolated yield 34%). 
A comparative study of various amounts of K and other metals 
is shown in Table I. It was also observed that treatment of 
4>-DHT (3) with K/liquid NH3 in the presence of a catalytic 
amount of Fe(N03)3-9H20 7 gave a 1:1 mixture of 2 and 3 in 
79% yield. These results suggest that an intermediate dianion 
5 is formed which is protonated either at C5 or C7. However, 
in our hands attempts to increase the yield of 2 by modifica
tion of quenching conditions were not successful. On occasion 
enriched mixtures of 2 were obtained but the results were not 
reproducible.

Experimental Section
The following general procedure, as described below using potas

sium, was used for the reduction of thebaine with various alkali metals. 
The results are summarized in Table I.

Reaction of Thebaine (1) with K/Liquid NH$. The apparatus 
consisted of a 1-L, three-neck flask fitted with a mechanical stirrer, 
a reflux condenser which was in turn fitted with a KOH drying tube, 
and a ground glass stopper. The flask was insulated with a heating 
mantle. Approximately 600 mL of liquid NH3 was introduced into the 
flask followed by the addition of 44.0 g (0.141 mol) of thebaine. The 
sand-colored mixture was stirred and 12.6 g (0.322 mol, 2.3 equiv) of 
K was added in small pieces over a period of 80 min. As the K was 
added the resulting mixture became orange in color, which eventually 
turned dark red. The reaction mixture was stirred for 1 h and 
quenched by the addition of 24 mL of C2H5OH (200 proof). Stirring 
was then continued for 0.5 h and the NH3 was allowed to evaporate 
overnight. Then 500 g of crushed ice followed by 150 mL of H20  was 
added slowly. The resultant green solution was treated with solid C02 
until the mixture was acidic. Ether (2 L) was added and the layers 
were separated. The ether layer was washed with 4 X 250 mL of H20, 
dried, and concentrated to yield a tan powder. Analysis by NMR 
(CDCI3) shewed it to be a 1:1 mixture of 2 [olefin protons: 5 5.73 (d, 
1 H, 4.80 (d, 1 H)] and 3 [olefin protons: 5 6.10 (s, 1 H), 5.57 (t, 1 H)]. 
The mixture was boiled in 250 mL of ligroin (bp 63-75 °C) and then 
EtOAc was added until the solution was complete. After filtration 
while hot, the filtrate was allowed to stand at room temperature 
overnight and typically 15 g (34%) of 2, mp 167-168 °C dec (lit.4 
170-171 °Ci (free of 3 by NMR), was obtained. The filtrate on con
centration and crystallization gave pure 3, mp 150-152 °C (lit.5a 154 
°C).

Reaction of 0-DHT (3) with K/Liquid NH3. In a 100-mL 
three-neck flask, equipped as described above, approximately 65 mL 
of liquid NH3 and a catalytic amount of Fe(N03)3-9H20 were added 
to the flask followed by the slow addition of 750 mg (19.2 mmol, 3 
equiv) of K in small portions: the resulting solution, which was 
steel-gray in color, was then stirred for approximately 0.5 h. After 
addition of 2.0 g (6.4 mmol) of 3 the reaction mixture (red color) was 
stirred for 2 h and then quenched by the careful addition of 10 mL of 
ether followed by 10 mL of f^O/ether mixture. The NH3 was allowed 
to evaporate and an additional quantity of H20/ether mixture and 
an excess of NH4CI was added. The ether layer was separated and the 
aqueous layer was extracted once with ether. The combined ether 
extract was washed with H20, dried, and evaporated to leave 1.58 g 
(79%) of a red resin, identified as a 1:1 mixture of 2 and 3 (NMR).
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«-Lipoic acid has been recognized as a cofactor involved 
in the biochemical decarboxylation of a-keto acids and as a 
growth factor for a variety of microorganisms.1 This naturally 
occurring sulfur containing vitamin was isolated by Reed et 
al.2 from liver in 1951 and identified as l,2-dithiolane-3-valeric 
acid (1). Because of its important physiological properties, 
numerous synthetic studies of this acid have been carried 
out.1

In designing an efficient synthesis of d/-a-lipoic acid, two 
problems have to be considered. The first one is the selection 
of proper building blocks for the eight-carbon chain, and there 
are still many possibilités. In the first synthesis by Bullock et 
al.,3 ethylene and adipic acid half ester acid chloride were used 
as building blocks of the eight-carbon chain. In another syn
thesis by Braude et al.,4 6-heptenoic acid was subjected to 
Prins reaction. Other starting materials were 2-hydroxy- 
ethylanisole5 and 2-acetoxyethylcyclohexanone6 which were 
cleaved to give the eight-carbon chain with necessary func
tional groups. The second problem in the a-lipoic acid syn
thesis is the method of forming the dithiolane system. For this 
purpose, usually 1,3-diols, tosylates, and halides were con
verted to the dithiols by the reaction of sulfur compounds such 
as sodium disulfide,7 thioacetic acid,8 benzylmercaptane,8 and 
thiourea.3-5

We now wish to report a new simple synthetic method for 
d l -  a-lipoic acid using a butadiene telomer as a very suitable 
starting material, offering a new solution to the first problem 
mentioned above. Palladium-catalyzed telomerization of 
butadiene with various nucleophiles affords a number of 
useful telomers. In our continuous effort to utilize these tel- 
omers in organic synthesis, we have already synthesized a 
number of natural products starting from various butadiene 
telomers. In the present synthesis of d l -  a-lipoic acid, we used
3-acetoxy-l,7-octadiene (2), a telomer obtained easily with
l-acetoxy-2,7-octadiene (3) from butadiene and acetic acid.9'10 
The ester 3 can be rearranged to 2 with the palladium cata
lyst.

2 +  AcOH PdCli(PFhl)li
K O H

OAc

2

+

We have already utilized these easily available telomers for 
simple syntheses of 2,15-hexadecanedione,11’12 l-octen-3-ol 
(Matsutake alcohol),13'14 and diplodialide.15 The compound 
2 has the eight-carbon chain necessary for d l -  a-lipoic acid 
synthesis. In addition, its functional groups, namely two 
double bonds and one acetoxy group, are located at the right

positions and very suitable for conversion to dl-a-lipoic acid. 
The synthesis has been carried out by the following sequence 
of reactions.

OAc

6a, R =  H 
6b, R =  CH:i

OH OH

1
The first step of the synthesis is hydroboration of two ter

minal double bonds. At first the reaction was carried out with
9-borabicyclo[3.3.1]nonane. Although the hydroboration 
proceeded smoothly with this hydroborane, the separation of 
cyclooctanediol, formed by the oxidation of the reagent, from 
desired 1,3,8-octanetriol (4) was not easy. Therefore the hy
droboration of 2 was carried out using B2H6 to give the triol 
4 which is very soluble in water. The triol was isolated using 
a continuous extractor. Then in order to differentiate one 
hydroxy group from the 1,3-diol system, the latter was pro
tected by six-membered acetal formation using paracetal- 
dehyde to afford 5 in 64% yield from 2. The oxidation of the 
unprotected terminal alcohol was carried out with Jones re
agent to give carboxylic acid 6a in 73% yield. Although the 
oxidation was carried out under acidic conditions, the pro
tecting group of the 1,3-diols was not attacked. The carboxylic 
acid was methylated with diazomethane in order to avoid 
lactone formation in the next step. The protecting group was 
removed by heating with sulfuric acid in dry methanol to give 
methyl 6,8-dihydroxyoctanoate (7) in 92% yield. The ester 7 
is a known compound and the conversion of the ester to d l -  
a-lipoic acid has been carried out already. Following the 
method of the literature,3 the ester was treated with thiourea 
in hydroiodic acid and 6,8-dimercaptooctanoic acid (8) was 
isolated in 80% yield. The final step is the oxidative ring clo
sure to form the dithiolane ring by bubbling oxygen in the 
presence of ferric chloride. By this way. dl-a-lipoic acid was 
obtained as a yellow crystalline compound which was identi
fied by its melting point and spectral data.

Experimental Section
All boiling points and melting points were uncorrected. IR spectra 

were recorded as neat films on a JASCO IR-2 spectrometer. NMR 
spectra were recorded in CC14 on a HITACHI R-24 A, (60 MHz) with 
MeiSi as an internal standard.

0022-3263/78/1943-3606$01.00/0 © 1978 American Chemical Society
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3-Acetoxy- 1,7-oetadiene (2). A mixture of PdCl2(PPh3)2 (400 mg, 
0.57 mmol), KOH (200 mg, 3.56 mmol), acetic acid (21.0 g, 0.35 mol), 
and triethylamine (35.4 g, 0.35 mol) was placed in a 100-mL autoclave 
and then butadiene (29 mL, 0.35 mol) was introduced. The autoclave 
was placed in an oil bath kept at 90 °C and stirred with a magnetic 
stirrer. After 10 h, ether (20 mL) was added to the resulting mixture 
and the solution was acidified with 3 N HC1 and washed with brine. 
The organic layer was dried over magnesium sulfate and evaporated. 
The crude oil was distilled to give a mixture of 3-acetoxy-l,7-octadiene
(2) and l-acetoxy-2,7-octadiene (3) (1:2.7) (25 g, 85% based on buta
diene). The fractional distillation of the mixture gave pure 3-ace- 
toxyl-1,7-octadiene (2) (92 °C (24 Torr)): NMR (CCL,) 6 1.52 (4 H, m),
1.80-2.27 (2 H, m), 2.00 (3 H, s), 4.78-6.13 (7 H, complex m); IR 1742, 
1640,1375,1242 cm“ 1.

1.3.8- Octanetriol (4). A solution of 3-acetoxy-l,7-octadiene (2) 
(3.36 g, 20.0 mmol) in dry tetrahydrofuran (15 mL) was placed in a 
flask under nitrogen atmosphere. Next the flask was placed in an ice 
bath and a 2.4 M solution of B2H6 in tetrahydrofuran (15 mL) was 
added slowly. The solution was stirred for 2 h at room temperature. 
A mixture of 5 N NaOH (15 mL) and 28% hydrogen peroxide (10 mL) 
was added dropwise to the flask at 0 °C and the mixture was stirred 
for 3 h at room temperature. The reaction mixture was poured into 
a cooled aqueous sodium thiosulfate solution to remove excess hy
drogen peroxide. The solution was concentrated to 10 mL and con
tinuous extraction with ethyl acetate was carried out. The extract was 
evaporated to give a crude triol 4 (2.59 g). The triol 4 was used in the 
next step without purification.

l-Hydroxy-5-(2-methyI-l,3-dioxan-4-yl)pentane (5). A mixture 
of the crude triol 4 (2.59 g), paraldehyde (5 mL), and a catalytic 
amount of p-toluenesulfonic acid dissolved in dry dichloromethane 
(10 mL) was placed in a flask under nitrogen atmosphere. The reaction 
was carried out for 2 h at room temperature. An aqueous sodium bi
carbonate solution was added to the resulting mixture. The solution 
was extracted with dichloromethane and the extract was washed with 
brine. Dichloromethane and excess paraldehyde were removed under 
reduced pressure to give a crude oil. The oil was purified by column 
chromatography (silica gel, n-hexane/ether, 5:1) to afford alcohol 5 
(2.40 g, 63.8% from 2): NMR (CCL,) 5 1.24 (3 H, d, J  = 5 Hz), 1.40 (10 
H, broad), 3.31 (1 H, s), 3.40-4.23 (5 H, m), 4.65 (1H, q, J  = 5 Hz); IR 
3450, 2945, 2870,1135, 960 cm -1.

Methyl 5-(2-Methyl-l,3-dioxan-4 yl)valerate (6b). The alcohol 
5 (1.88 g, 10 mmol) dissolved in acetone (5 mL) was placed in a flask 
at 0 °C. Then Jones reagent (Cr(>3-H 2SC)4) was added to the flask 
slowly. The color of a solution turned to green. The Jones reagent was 
added dropwise until its red-brown color remained. After water was 
added to the flask, the resulting mixture was extracted with ether. An 
aqueous sodium carbonate solution was added to the extract to re
move neutral compounds. The aqueous layer was extracted with ether 
and acidified with 3 N HC1. The solution was extracted with dichlo
romethane and the extract was dried over magnesium sulfate. The 
solvent was removed to give the desired carboxylic acid 6a (1.46 g, 
72%): NMR (CC14) b 1.22 (3 H, d, J = 5 Hz), 1.48 (8 H, broad), 2.32 (2 
H, m), 3.20-4.22 (3 H, m), 4.60 (1 H, q, J = 5 Hz), 10.67 (1 H, s); IR 
1720 cm-1.

The crude carboxylic acid was converted to the methyl ester 6b with 
diazomethane. The product was purified by column chromatography 
(silica gel, n-hexane/ether, 10:1) to give the pure methyl ester 6b (1.40 
g, 65% from 5): NMR (CCL,) b 1.21 (3 H, d, J = 5 Hz), 1.42 (8 H, broad),
2.25 (2 H, m), 3.10-4.20 (3 H, m), 3.60 (3 H, s), 4.55 (1 H. q, J = 5 Hz); 
IR 2950,1740 cm“ 1.

Methyl 6,8-Dihydroxyoctanoate (7). A mixture of the protected 
product 6b (1.00 g, 4.63 mmol) and dry methanol (50 mL) was refluxed 
in the presence of a catalytic amount of concentrated sulfuric acid. 
After 24 h, the solution was concentrated to 10 mL and the residue 
was diluted with water. The solution was extracted with ether. From 
the extract, unchanged ester (258 mg) was recovered. The aqueous 
solution was neutralized with sodium hydrogen carbonate solution 
and concentrated under reduced pressure. The residue was extracted 
with boiling ethyl acetate. The extract was dried over magnesium 
sulfate and evaporated to give methyl 6,8-dihydroxyoctanoate (7) (605 
mg, 92.8% based on the consumed ester 6b): NMR (CCI4) 5 1.46 (8 H, 
m), 2.28 (2 H, t), 3.49-4.15 (5 H, m), 3.60 (3 H, s); IR 3370,2925,1740 
cm-1.

6.8- Dimercaptooctanoic Acid (8). A mixture of methyl 6,8- 
dihydroxyoctanoate (7) (500 mg, 2.63 mmol), thiourea (1.8 g, 23.6 
mmol), and 57% HI (4 g) was heated under reflux for 24 h. After 
cooling, KOH (4 g) in water (10 mL) was added and the mixture was 
refluxed for 12 h under nitrogen. The mixture was then extracted with 
ether, acidified with 3 N HC1, and extracted with dichloromethane. 
The extract was washed with water, dried over magnesium sulfate, 
and evaporated to give a yellow oil (522 mg). The oil was distilled

under reduced pressure (170-175 °C bath temperature (8.3 X 10~2 
Torr)) to give 6,8-dimercapotooctanoic acid (8) (438 mg, 80%): NMR 
6 3.08 (2 H, t, J = 6 Hz), 3.49 (1 H, m), 11.31 (1 H, s); IR 2925,1710, 
1410,1285 cm-1.

dl -a-Lipoic Acid (1). A mixture of dithiol acid 8 (190 mg, 0.913 
mmol) and water (6 mL) containing NaOH (31 mg, 0.775 mmol) and 
ferric chloride (2 mg) was placed in a flask. The color of the solution 
turned to dark red. A stream of oxygen was bubbled through the so
lution until the reddish color changed to pale yellow. After 9 h, the 
resulting pale yellow solution was washed with dichloromethane. The 
aqueous layer was acidified with 3 N HC1 and extracted with dichlo
romethane. The extract was dried over magnesium sulfate and 
evaporated to give a yellow oil, which solidified upon trituration with 
pentane. Crystallization from hexane gave dl-a-lipoic acid (1) (132 
mg, 70%) as yellow needles: mp 60-61 °C (lit. mp 60 °C,4 60-60.5 °C,6 
61 °C,3 61-62 °C6-«); NMR (CC14) 5 1.60 (8 H, broad), 2.37 (2 H, m),
3.08 (2 H, t, J = 6 Hz), 3.50 (1 H, m), 12.00 (1 H, s); IR 3300-2400, 
1690,1250, 945 cm -1.
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Stereoselective Synthesis of 1-Substituted 
(E ,E )- and (E,Z)-2,4-Decadienyl Derivatives
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Recently we required the ethyl esters o f  (E ,E )-2,4-decadi- 
enoic acid (1, R  = H) and the corresponding (E ,Z )-2,4-de- 
cadienoic acid (2, R =  H). Since these com pounds were to 
serve as starting materials in a synthesis o f  the prostaglandin 
nucleus, it was imperative that our syntheses be stereoselec-
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tive. The iV-isobutylamide of 1 (pellitorine) is an insecticidal 
compound from A n a c y c lu s  p y re th ru m . A number of syn
theses of pellitorine have proceeded via acid 1 or its esters,2-6 
which in turn were prepared by a number of different routes. 
However, the ready availability of (E,£)-2,4-decadienal7 led 
us to consider it as a precursor of acid 1 (R = H). Following the 
suggestion of Ohloff and Pawlak,4 we oxidized ( E ,E ) - 2,4- 
decadienal to the ethyl ester 1 (R = Et) in 80% yield using 
Mn02-NaCN in ethanol-acetic acid.8 VPC analysis of this 
product indicated that the ratio of the E ,E  ester 1 (R = Et) 
to the E ,Z  ester 2 (R = Et) was 93:7 which was the same as the 
ratio of isomers in the starting aldehyde.7 Thus it would ap
pear that the oxidation is stereoselective.

Next we turned to the preparation of the E ,Z  compounds 
2, 3, and 4. The ethyl ester 2 (R = Et) is one of the flavor

constituents of Bartlett pears.9 This ester has also been syn
thesized by a number of different routes.4’5’10 The methyl ester 
2 (R = Me, methyl stillingate) 11 has also been synthesized.2 
Unfortunately these syntheses proceed with either low yield 
or low stereoselectivity. Our route to ester 2 (R = Et) is shown 
in Scheme I.

The dianion of propargyl alcohol12 was alkylated with 1 - 
bromopentane in liquid NH3 to give 2-octyn-l-ol in 50% yield. 
This alcohol was oxidized to 2-octynal in 83% with Mn0 2 13 in 
CH2C12. Condensation of the 2 -octynal with the anion of 
triethyl phosphonoacetate14 produced ethyl (E)-2 -decen-
4-ynoate2 in 97% yield. The acetylene was reduced with hy
drogen and Lindlar’s catalyst15 to give the desired ethyl 
(E,Z)- 2,4-decadienoate (2, R = Et) in 94% yield. This was 
contaminated with 4% starting material and <2% of the E ,E  
isomer. The spectral data of the above ester 2 (R = Et) were 
identical with those reported from previous syntheses of this 
ester and for the product isolated from Bartlett pears.4’5 The 
ester 2 (R = Et) was reduced with diisobutylaluminum hy
dride in hexane to produce (2J,Z)-2,4-decadien-l-ol (4) in 90% 
yield. This can be oxidized with Mn02 to the corresponding 
aldehyde 3 which is one of the flavor constituents of black 
tea.16 Finally the (F,Z)-2,4-decadien-l-ol was acylated with 
isovaleryl chloride and triethylamine to give, in 98% yield, 
(E,Z)-2,4-decadienyl isovalerate (5) which has recently been 
isolated from cypress oil.18 The spectral data of our synthetic 
material were identical to those reported for the natural 
product.18

Experimental Section
A l l  I R  s p e c t r a  w e r e  t a k e n  i n  c h lo r o f o r m  s o lu t io n , o n  a  P e r k i n - E l m e r  

M o d e l  7 0 0  s p e c t r o p h o t o m e t e r  a n d  w e r e  c a l i b r a t e d  w i t h  t h e  1 6 0 1  c m - 1  

b a n d  o f  p o l y s t y r e n e .  T h e  4H - N M R  s p e c t r a  w e r e  t a k e n  in  d e u t e r -  

i o c h lo r o f o r m  o n  V a r i a n  M o d e l  T - 6 0  o r  M o d e l  X L - 1 0 0  s p e c t r o m e t e r s .  

T e t r a m e t h y l s i l a n e  w a s  u s e d  a s  a n  i n t e r n a l  s t a n d a r d .  C h e m i c a l  s h i f t s  

a r e  r e p o r t e d  o n  t h e  5 s c a le .  C o u p l in g  c o n s t a n t s  a r e  q u o t e d  in  h e r t z  a n d  

t h e  m u l t i p l i c i t y  o f  t h e  s i g n a l  i s  d e s i g n e d  a s  s i n g l e t  ( s ) ,  d o u b l e t  ( d ) ,  

t r i p l e t  ( t ) ,  q u a r t e t  ( q ) ,  a n d  m u l t i p l e t  ( m ) .  T h e  m a s s  s p e c t r a  w e r e  r e 

c o r d e d  w i t h  e i t h e r  a n  A t l a s  C H - 4 b  o r ,  f o r  h i g h  r e s o l u t i o n ,  o n  A E I -  

M S - 5 0  m a s s  s p e c t r o m e t e r .  I n  b o t h  c a s e s ,  t h e  s p e c t r a  w e r e  o b t a i n e d  

a t  7 0  e V .  G a s  c h r o m a t o g r a p h y  w a s  c a r r i e d  o u t  o n  a  H e w l e t t  P a c k a r d

Scheme I. Synthesis of Ethyl (E,/?)-2,4-Decadienoate
(2, R = Et)

M o d e l  5 8 3 0 A  u s i n g  h e l i u m  a s  t h e  c a r r i e r  g a s ,  6  f t  X  Vs in . O V - 1  a n d  

O V - 1 7  a s  t h e  c o lu m n s  a n d  f l a m e  i o n i z a t i o n  d e t e c t o r .

Ethyl ( E,Zi)- 2 ,4-I)ecadienoate ( 1 ,  R  =  Et). T o  2 5  m L  o f  e t h a n o l  

w a s  a d d e d  0 . 1 6 4  g  ( 1 . 0 8  m M )  o f  ( E , E ) - 2 , 4 - d e c a d i e n a l ,  1 . 9 5 2  g  o f  

M n 0 2 , 1 3  0 .2 7 7  g  ( 1 2  m M )  o f  s o d i u m  c y a n i d e ,  a n d  0 .0 9 8  m L  o f  a c e t i c  

a c id .  T h i s  m i x t u r e  w a s  a l lo w e d  t o  s t i r  a t  r o o m  t e m p e r a t u r e  o v e r n i g h t .  

T h e  M n 0 2  w a s  t h e n  f i l t e r e d  o f f  a n d  t h e  e t h a n o l  w a s  r e m o v e d  u n d e r  

r e d u c e d  p r e s s u r e .  T h e  r e s u l t i n g  s o l id  w a s  d i s s o l v e d  in  2 5  m L  o f  w a t e r  

a n d  t h i s  s o l u t i o n  w a s  e x t r a c t e d  w i t h  3  X  2 5  m L  o f  e t h y l  e t h e r .  T h e  

o r g a n i c  l a y e r  w a s  d r i e d  a n d  t h e  s o l v e n t  r e m o v e d  u n d e r  r e d u c e d  

p r e s s u r e  g i v i n g  0 . 1 4 3  g  (8 0 % )  o f  e s t e r  1  ( R  =  E t ) .  G C  a n a l y s i s  s h o w e d  

t h i s  e s t e r  t o  b e  9 5 %  p u r e  w i t h  n o  t r a c e  o f  s t a r t i n g  a l d e h y d e .  A  s m a l l  

q u a n t i t y  w a s  i s o la t e d  b y  g a s  c h r o m a t o g r a p h y :  I R  1 7 1 0 , 1 6 4 0 ,  a n d  1 6 2 0  

c m - 1 ; N M R  6 . 9 - 7 . 4  ( m , 1  H ) ,  5 . 5 - 6 . 2  ( m , 3  H ) ,  4 . 1 3  ( q , J  =  7 ,  2  H ) ,

2 .0 - 2 . 4  ( m , 1  H ) ,  0 . 7 - 1 . 6  (m , 9  H ) ;  M S  m /e  1 9 7  (8 ) , 1 9 6  ( 4 3 ) ,  1 5 1  ( 2 8 ) ,  

1 2 8  ( 1 1 ) ,  1 2 7  ( 1 5 ) ,  1 2 6  ( 1 3 ) ,  1 2 5  ( 1 0 0 ) ,  1 2 3  1 1 3 ) ,  1 2 2  ( 1 3 ) ,  1 2 1  (8 ) ,  1 1 4

( 8 ) ,  1 1 2  (6 ) , 1 1 1  ( 1 0 ) ,  1 0 9  (6 ) ,  1 0 8  ( 1 0 ) ,  1 0 7  (8 ) , 9 9  ( 1 8 ) ,  9 8  ( 3 0 ) ,  9 7  ( 5 3 ) ,  

9 6  ( 1 3 ) ,  9 5  ( 1 3 ) ,  9 4  ( 1 0 ) ,  9 3  ( 1 0 ) ,  8 4  (6 ) ,  8 3  ( 1 0 ) ,  8 2  ( 1 0 ) ,  8 1  ( 5 0 ) .  A n a l .  

C a l c d  f o r  C 1 2 H 2 0 O 2: C ,  7 3 . 4 3 ;  H ,  1 0 . 2 7 .  F o u n d :  C ,  7 3 . 2 9 ;  H ,  1 0 . 2 9 .

2 - O c t y n - l - o l .  I n  a  2 - L  f l a s k  w a s  c o n d e n s e d  1  L  o f  a m m o n i a  a n d  

a  c a t a l y t i c  a m o u n t  o f  F e f N C h b  w a s  a d d e d .  T o  t h e  s o lu t io n  w a s  s lo w ly  

a d d e d  1 2 . 5 5  g  ( 1 . 8  m o l)  o f  l i t h i u m .  A f t e r  t h e  b l u e  c o lo r  h a d  d i s a p 

p e a r e d ,  5 4 .6  m L  ( .9 2  m o l)  o f  p r o p a r g y l  a l c o h o l  in  2 0 0  m L  o f  t e t r a h y -  

d r o f u r a n  w a s  a d d e d  o v e r  1 5  m in .  T h e  m i x t u r e  w a s  l e f t  f o r  1  h  a n d  t h e n  

1 2 4  m L  ( 1 . 0  m o l)  o f  1 - b r o m o p e n t a n e  d i s s o l v e d  in  1 0 0  m L  o f  d r y  t e t -  

r a h y d r o f u r a n  w a s  a d d e d .  A f t e r  4 5  m in  t h e  r e a c t io n  w a s  q u e n c h e d  w i t h  

s o l i d  a m m o n i u m  c h lo r i d e .  T h e  a m m o n i a  w a s  e v a p o r a t e d  a n d  t h e  

r e s u l t i n g  s o l u t i o n  w a s  w a s h e d  w i t h  b r i n e  a n d  d r i e d  a n d  t h e  s o l v e n t  

r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e .  T h e  2 - o c t y n - l - o l  d i s t i l l e d  a t  9 0  ° C  

( 8  m m )  y i e l d i n g  5 7 . 2  g  (5 0 % ) o f  p r o d u c t :  I R  3 7 0 0 , 3 5 0 0 ,  2 3 3 0 ,  a n d  2 2 5 0  

c m - 1 ; N M R  4 . 1 6  ( m , 2  H ) ,  3 .6 7  (s , 1  H ) ,  2 . 0 - 2 . 3 6  ( m , 2  H ) ,  1 . 0 - 1 . 8  (m , 

6  H ) ,  0 . 7 - 1 . 0  ( m , 3  H ) ;  M S  m / e  1 2 6  ( 1 ) ,  9 5  ( 3 9 ) ,  9 3  (4 4 ) ,  9 1  ( 1 3 ) ,  8 3  ( 5 2 ) ,  

8 2  ( 1 7 ) ,  8 1  ( 3 0 ) ,  7 9  ( 3 9 ) ,  7 7  ( 2 2 ) ,  7 0  ( 7 4 ) ,  6 9  ( 4 8 ) , 6 8  ( 2 2 ) ,  6 7  ( 8 3 ) ,  6 6  

( 1 3 ) ,  6 5  ( 1 7 ) ,  5 7  ( 2 6 ) ,  5 5  ( 9 1 ) ,  5 4  ( 2 2 ) ,  5 3  ( 3 5 ) ,  5 2  ( 3 0 ) ,  5 1  ( 2 2 ) ,  4 3  (4 4 ) ,  

4 2  ( 3 9 ) ,  4 1  ( 1 0 0 ) ,  4 0  (2 2 ) , 3 9  ( 7 8 ) ,  3 1  ( 1 3 ) ,  2 9  ( 7 4 ) ,  3 8  (4 4 ) , 2 7  ( 5 2 ) .  A n a l .  

C a l c d  f o r  C 8H 1 4 0 :  C ,  7 6 . 1 4 ;  H ,  1 1 . 1 8 .  F o u n d :  C ,  7 6 . 3 3 ;  H ,  1 1 . 1 0 .

2 - O c t y n a l .  I n  a  5 0 0 - m L  f l a s k  w a s  p l a c e d  2 5 0  m L  o f  m e t h y l e n e  

c h lo r i d e ,  2 5  g  o f  a c t i v e  M n 0 2 , a n d  3 .6 4  g  ( 2 8 .9  m M )  o f  2 - o c t y n - l - o l .  

T h e  m i x t u r e  w a s  l e f t  a t  r o o m  t e m p e r a t u r e  f o r  4  h . T h e  M n 0 2  w a s  

f i l t e r e d  o f f  a n d  t h e  s o l v e n t  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e  y i e l d i n g  

2 .9 6 3  g  ( 8 3 % )  o f  2 - o c t y n a l  w h i c h  d i s t i l l e d  a t  4 9  ° C  ( 0 . 1  m m ) :  I R  2 2 5 0  

a n d  1 6 7 0  c m - 1 ;  N M R  9 .0 8  ( s ,  1 H ) ,  2 . 3 8  ( t ,  J  =  6 , 2  H ) ,  1 . 2 - 1 . 8  ( m ,  6  

H ) ,  0 . 7 - 1 . 2  ( m , 3  H ) ;  M S  m /e  1 2 4  ( 1 ) ,  1 2 3  ( 9 ) ,  1 0 9  ( 3 3 ) ,  9 6  ( 1 0 ) ,  9 5  

( 1 0 0 ) ,  8 1  ( 3 8 ) ,  7 0  ( 1 9 ) ,  6 8  ( 4 3 ) ,  6 7  ( 4 8 ) , 5 7  ( 1 9 ) ,  5 6  ( 1 4 ) ,  5 5  ( 5 2 ) ,  5 4  ( 1 4 ) ,  

5 3  ( 2 4 ) ,  4 1  (8 6 ) , 3 9  ( 5 7 ) ,  2 9  ( 9 0 ) , 2 8  ( 2 9 ) ,  2 7  ( 4 3 ) .  A n a l .  C a l c d  f o r  

C 8 H 1 2 0 :  C ,  7 7 . 3 8 ;  H ,  9 .7 4 .  F o u n d :  C ,  7 7 .4 5 ;  H ,  9 .9 0 .

E t h y l  ( j E ) - 2 - D e c e n - 4 - y n o a t e .  A  0 .9 5 7 - g  ( 1 9 . 9  m M )  s a m p l e  o f  

N a H  ( 5 0 %  m i n e r a l  o i l)  w a s  s t i r r e d  in  5 0  m L  o f  d r y  t e t r a h y d r o f u r a n .  

T o  t h i s  m i x t u r e  w a s  a d d e d  4 .6 4  g  ( 1 9 . 9  m M )  o f  t r i e t h y l  p h o s p h o n o 

a c e t a t e .  W h e n  t h e  e v o l u t i o n  o f  H 2  s t o p p e d ,  t h e  m i x t u r e  w a s  c o o le d  

t o  —2 0  ° C  ( C C I 4 a n d  d r y  ic e )  a n d  2 .4 7  g  ( 1 9 . 9  m M )  o f  2 - o c t y n a l  w a s  

a d d e d  s lo w l y  a n d  t h e  r e a c t i o n  w a s  l e f t  a t  — 2 0  ° C  f o r  2  h .  T h e  m i x t u r e  

w a s  t h e n  e x t r a c t e d  w i t h  e t h y l  e t h e r  a n d  t h e  e t h e r  l a y e r  d r i e d .  T h e  

s o l v e n t  w a s  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e  y i e l d i n g  3 . 7 7  g  (9 7 % )  o f  

t h e  d e s i r e d  e s t e r :  I R  2 2 5 0 , 1 7 0 5 , 1 6 2 0 ,  a n d  9 6 0  c m - 1 ; N M R  6 .6 7  ( d  t ,  

J  =  1 6  a n d  2 , 1  H ) ,  6 .0 3  ( d ,  J  =  1 6 , 1  H ) ,  4 . 1 5  ( q , J  =  7 , 2  H ) ,  2 . 2 - 2 . 5  

( m , 2  H ) ,  1 . 0 - 1 . 6  ( m , 9  H ) ,  0 . 6 - 1 . 0  ( m , 3  H ) ;  M S  m / e  1 9 4  ( 2 ) ,  1 7 9  ( 1 7 ) ,  

1 6 9  ( 5 ) ,  1 6 6  ( 1 2 ) ,  1 6 5  ( 4 8 ) , 1 5 1  ( 2 1 ) ,  1 4 9  ( 5 5 ) ,  1 4 8  ( 1 7 ) ,  1 4 7  ( 2 1 ) ,  1 3 8  

( 5 ) ,  1 3 7  ( 2 1 ) ,  1 3 3  ( 2 1 ) ,  1 2 5  ( 7 ) ,  1 2 4  ( 1 0 ) ,  1 2 3  ( 4 1 ) ,  1 2 1  ( 4 8 ) ,  1 2 0  ( 3 6 ) ,  

1 1 9  ( 5 9 ) ,  1 1 1  ( 1 0 ) ,  1 1 0  ( 4 3 ) ,  1 0 9  ( 5 5 ) ,  1 0 7  ( 1 7 ) ,  1 0 6  ( 1 7 ) ,  1 0 5  ( 4 5 ) ,  9 8  

( 1 9 ) ,  9 6  ( 2 6 ) ,  9 5  ( 2 1 ) ,  9 4  ( 6 9 ) , 9 3  ( 3 8 ) ,  9 2  ( 3 5 ) ,  9 1  ( 6 2 ) ,  8 3  ( 1 7 ) ,  8 2  ( 3 5 ) ,  

8 1  ( 5 2 ) ,  8 0  ( 1 4 ) ,  7 9  ( 7 1 ) ,  7 8  ( 1 9 ) ,  7 7  ( 5 0 ) ,  5 7  ( 1 7 ) ,  5 5  ( 8 3 ) ,  5 3  ( 2 7 ) ,  5 1

( 2 8 ) ,  4 1  ( 7 8 ) ,  3 9  ( 5 8 ) ,  2 9  ( 1 0 0 ) ,  2 8  ( 5 5 ) ,  2 7  ( 5 0 ) .  A n a l .  C a l c d  f o r  

C i 2 H 1 8 0 2: C ,  7 4 . 1 9 ;  H ,  9 .3 4 .  F o u n d :  C ,  7 4 . 1 0 ;  H ,  9 .4 3 .

E t h y l  ( E , Z ) - 2 , 4 - D e c a d i e n o a t e  ( 2 ,  R  =  E t ) .  I n  a  5 0 - m L  f l a s k  w a s  

p la c e d  0 . 1 1 5  g  o f  f r e s h l y  p r e p a r e d  L i n d l a r ’s  c a t a l y s t , 1 5  2  d r o p s  o f  

q u i n o l i n e ,  0 .9 0 6  g  ( 4 .6 7  m M )  o f  t h e  a b o v e  e s t e r ,  a n d  2 5  m L  o f  h e x a n e .
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A  s l i g h t  p o s i t i v e  p r e s s u r e  o f  h y d r o g e n  w a s  a p p l i e d  t o  t h e  f l a s k .  W h e n  

1  e q u i v  ( 1 0 3  m L )  o f  H 2  w a s  t a k e n  u p  t h e  c a t a l y s t  w a s  f i l t e r e d  o f f .  T h e  

s o l u t i o n  w a s  w a s h e d  w i t h  m i l d  a c i d  a n d  d r i e d  a n d  t h e  s o l v e n t  w a s  

r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e  y i e l d i n g  0 .9 0 0  g  o f  p r o d u c t  s h o w n  

t o  b e  9 4 %  p u r e  b y  G C  a n a l y s i s .  A  s m a l l  s a m p l e  w a s  i s o l a t e d  b y  g a s  

c h r o m a t o g r a p h y :  I R  1 7 1 0 , 1 6 3 0 ,  a n d  1 6 0 5  c m - 1 ; N M R  7 . 5 5  ( d ,  d ,  J  
=  1 6  a n d  1 0 , 1  H ) ,  5 .8 0  ( d . J  =  1 6 , 1  H ) ,  5 . 5 - 6 . 3  ( m , 2  H ) ,  4 . 1 8  ( q ,  J  =  
7 ,  2  H ) ,  2 . 0 - 2 . 2  ( m , 2  H ) ,  1 . 0 - 1 . 7  ( m , 9  H ) ,  0 . 7 - 1 . 0  ( m , 3  H ) ;  M S  m /e  
1 9 7  (9 ) , 1 9 6  ( 6 1 ) ,  1 6 7  (6 ) , 1 5 1  ( 4 2 ) ,  1 2 9  ( 4 8 ) , 1 2 8  ( 2 6 ) ,  1 2 7  ( 2 9 ) ,  1 2 6  ( 1 6 ) ,  

1 2 5  ( 1 0 0 ) ,  1 2 3  ( 1 9 ) ,  1 2 2  ( 3 2 ) ,  1 2 1  ( 1 6 ) ,  1 1 4  ( 1 0 ) ,  1 0 8  ( 1 9 ) ,  9 8  ( 2 6 ) ,  9 7

( 2 9 ) ,  8 1  ( 6 1 ) ,  7 9  ( 3 2 ) ,  6 7  ( 6 8 ) , 5 5  ( 2 9 ) ,  5 3  ( 2 3 ) ,  4 1  ( 4 2 ) ,  2 9  ( 9 0 ) . A n a l .  

C a l c d  f o r  C i 2H 20O 2: C ,  7 3 . 4 5 ;  H ,  1 0 . 2 7 .  F o u n d :  C ,  7 3 . 5 0 ;  H ,  1 0 . 2 0 .

(fi,Z)-2,4-Decadien-1 -ol (4). T o  4 .6 6  m L  ( 4 .5  m M )  o f  D I B A L  ( 2 0 %  

in  h e x a n e ,  A l d r i c h )  w a s  a d d e d  1 5  m L  o f  h e x a n e  a n d  t h i s  s o l u t i o n  w a s  

c o o le d  t o  0  ° C  ( N 2 a t m o s p h e r e )  w i t h  s t i r r i n g .  T h e n  0 .3 7 8  g  ( 1 . 9 2  m M )  

o f  e t h y l  ( E , Z ) - 2 , 4 - d e c a d i e n o a t e  (2, R  =  E t )  d i s s o l v e d  in  5  m L  o f  

h e x a n e  w a s  s lo w l y  a d d e d  t o  t h e  D I B A L  s o l u t i o n .  T h e  r e a c t i o n  w a s  

l e f t  a t  0  ° C  f o r  2  h . T o  t h e  r e a c t i o n  w a s  a d d e d  3  m L  o f  m e t h a n o l  a n d  

a f t e r  1 0  m in  1 0  m L  o f  a q u e o u s  d i lu t e  H C 1  w a s  a d d e d  a n d  t h e  m i x t u r e  

w a s  l e f t  f o r  1  h . T h e  r e s u l t i n g  s o l u t i o n  w a s  t h e n  e x t r a c t e d  w i t h  e t h y l  

e t h e r  a n d  t h e  o r g a n ic  l a y e r  w a s  d r i e d  a n d  t h e  s o l v e n t  r e m o v e d  y ie ld in g  

0 .2 6 6  g  (9 0 % )  o f  t h e  a l c o h o l  4. T h e  s p e c t r a l  d a t a  o f  t h e  c r u d e  a lc o h o l  

4 w e r e  i d e n t i c a l  t o  t h a t  r e p o r t e d  b y  T a b a c c h i  e t  a l . 18  f o r  (E ,Z ) -2 ,4 -  

d e c a d i e n - l - o l :  I R  3 4 0 0  a n d  9 8 0  c m - 1 ; N M R  5 . 2 - 6 . 7  ( m , 4  H ) ,  3 .7 9  (d , 

J  =  6 , 2  H ) ,  1 . 9 - 2 . 4  ( m , 3  H ,  o n e  e x c h a n g e s  o n  a d d i t i o n  o f  D 20 ) ,  1 . 0 - 1 . 8  

( m , 9  H ) ,  0 . 7 - 1 . 0  ( m , 3  H i .

( E,Z)-2,4-Decadien-l-yl Isovalerate (5). I n  a  2 5 - m L  f l a s k  w a s  

p la c e d  0 . 2 3 5  g  ( 1 . 5 3  m M )  o f  ( £ , Z ) - 2 , 4 - d e c a d i e n - l - o l  (4) d i s s o l v e d  in  

1 0  m L  o f  d r y  t e t r a h y d r o f u r a n .  T o  t h i s  s o l u t i o n  o f  t h e  a lc o h o l  w a s  

a d d e d  0 .2 2  m L  ( 1 . 6  m M )  o f  t r i e t h y l a m i n e  a n d  t h e n  0 .3 0  m L  ( 2 .5  m M )  

o f  i s o v a l e r y l  c h l o r i d e . 17  T h e  s o l u t i o n  w a s  r e f l u x e d  f o r  2  h  a n d  l e f t  a t  

r o o m  t e m p e r a t u r e  f o r  1 2  h . T h e n  2 5  m L  o f  e t h y l  e t h e r  w a s  a d d e d  a n d  

t h e  r e s u l t in g  s o lu t io n  w a s  e x t r a c t e d  w i t h  a q u e o u s  s a t u r a t e d  N a H C O ;). 

T h e  o r g a n i c  l a y e r  w a s  d r i e d  a n d  t h e  s o l v e n t  r e m o v e d  u n d e r  r e d u c e d  

p r e s s u r e  y i e l d i n g  0 .3 6 4  g  (9 8 % ) o f  t h e  d e s i r e d  e s t e r  5: I R  1 7 3 0  a n d  9 8 0  

c m “ 1 ; N M R  6 .4 - 6 .8  ( d , d  ,J  =  7 . 5  a n d  5 . 5 , 1  H ) ,  5 . 4 - 6 . 2  ( m , 3  H ) ,  4 .5 7  

( d ,  J  =  6 , 2  H ) ,  1 . 8 - 2 . 4  ( m , 4  H ) ,  1 . 1 - 1 . 7  ( m , 7  H ) ,  0 . 7 - 1 . 0  ( d ,  J  =  3 , 9  

H ) ;  M S  m /e  2 3 8  ( 6 ) ,  1 3 7  ( 5 ) ,  1 3 6  ( 5 ) ,  1 1 1  ( 4 ) ,  1 1 0  ( 8 ) ,  9 9  ( 4 ) ,  8 5  ( 1 0 0 ) ,  

8 3  ( 7 ) ,  8 2  ( 8 ) ,  8 1  ( 1 2 ) ,  8 0  ( 1 4 ) ,  7 9  ( 2 0 ) ,  7 7  ( 7 ) ,  7 1  ( 8 ) ,  6 9  ( 1 3 ) ,  6 8  ( 1 0 ) ,  

6 7  ( 2 2 ) ,  5 7  ( 7 9 ) ,  5 5  ( 1 8 ) ,  5 4  ( 1 0 4 ) ,  4 3  ( 2 9 ) ,  4 2  ( 7 ) ,  4 1  ( 4 0 ) ,  3 9  ( 1 2 ) ,  2 9

( 2 6 ) .  A n a l .  C a l c d  f o r  C 15 H 260 2 : C ,  7 5 . 5 8 ;  H ,  1 1 . 0 0 .  F o u n d :  C ,  7 5 . 5 3 ;  

H ,  10 .8 0 .
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Synthesis of Tetrasubstituted Cyclopropenes and 
Medium to Large Carbocyclic Alkenes by the 

Intramolecular Reductive Coupling of Diketones with
Titanium Trichloride-Lithium Aluminum Hydride
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Low-valent titanium reagents offer a convenient method 
for the preparation of alkenes from ketones.1 The intramo
lecular reductive coupling of dicarbonyls to cyclcalkenes 
has been carried out.2 Recently, McMurry and Kees have 
shown2c the potential of the method in medium- and large- 
ring carbocyclic synthesis by preparing cycloalkenes, ring size
4-16, with TiCla/Zn-Cu. There have been no reports of cy- 
clopropene synthesis by low-valent titanium reagents. 1 ,2 - 
Diphenylcyclobutene is the only strained-ring alkene to have 
been previously prepared by reductive coupling of a dike- 
tone.2biC We wish to report the first synthesis of cyclopropenes 
in addition to the synthesis of medium to large carbocyclic 
alkenes3 by the intramolecular reductive coupling of diben- 
zoylalkanes with TiCl3-LiAlH4.

Results and Discussion
Attempts to prepare 1,2-diphenylcyclopropene and 3- 

methyl-l,2 -diphenylcyclopropene by the coupling of diben- 
zoylmethane and 1 ,1 -dibenzoylethane were unsuccessful.4 
However, complete substitution of alkyl groups for the acidic 
hydrogens of the 1,3-diketone resulted in the successful 
preparation of tetrasubstituted cyclopropenes. 3,3-Dimethyl- 
and 3,3-diethyl-l,2-diphenylcyclopropene (2 and 4) were 
prepared in 40-46% yield by the coupling of dimethyl- and 
diethyldibenzoylmethane (1 and 3) with TiCl3-LiAlH4. A 
series of 1 ,2 -diphenylcycloalkenes was also investigated.
1,2-Diphenylcycloalkenes of ring size 5 ,8 , 9,10, and 12 were 
prepared in 50-60% yield by the coupling of a series of di- 
benzoylalkanes with TiCl3-LiAlH4.1,2-Diphenylcyclobutene 
and 1 ,2 -diphenylcyclohexene have previously been prepared 
by the TiCl3-LiAlH4 method.21* The results are summarized 
in Table I.

The yield (46%) of cyclopropene 2 by the TiCl3-LiAlH4 
method compares favorably with that (2 0%) of the procedure 
of Closs5 (alkyne, dichloroalkane, alkyllithium) as employed 
by Friedrich and Fiato6 in the synthesis of 2. The TiCL- 
LiAlH4 method also has the advantage of producing only one 
isomer. The TiCl3-LiAlH4 method would appear to be a new 
general route to 3,3-disubstituted cyclopropenes.7

The yields of the large cycloalkenes ranged between 50 and 
60%. Little or no drop in yield was noted for the synthesis of 
the medium rings in contrast to other methods of ring prep
aration.8 The apparent lack of variation of yield with ring size 
is in complete agreement with the results20 of McMurry and 
Kees. McMurry and Kees report higher yields of cycloalkenes 
by the more elaborate TiCl3/Zn-Cu method.20 Titanium re
agents apparently overcome effects8 encountered in the 
preparation of medium rings. Surprisingly, even rapid addi
tion of the diketones as powders to the TiCl3-LiAlH4 reagent 
under nitrogen only lowered the isolated yields of 1 ,2 -di
phenylcycloalkenes to 35-40%. It is remarkable that large, 
medium, normal, and strained rings can be prepared by the 
TiCl3-Li A1H4 method in moderate yield without the need to 
alter the reaction conditions.

The mechanism of the intermolecular coupling of carbonyls 
was suggested10 to proceed via reduction of a carbonyl to a 
radical anion followed by coupling to form the pinacol dianion. 
Judging from the results of Corey,9 c is -pinacol dianions are

0022-3263/78/1943-3609$01.00/0 © 1978 American Chemical Society
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Table I
Yields of Cycloalkenes from the Reductive Coupling of Diketones with THT3- I/1 AlH^

d i k e t o n e

P h C O C M e 2C O P h  ( 1 )

P h C O C E t 2C O P h  ( 3 )

P h C O ( C H 2 ) 2 C O P h "

r e g i s t r y  n o . ______________ c y c l o a l k e n e _________  r e g i s t r y  n o .

4 1 1 6 9 - 4 2 - 0

6 6 9 0 1 - 9 6 - 0

4 9 5 - 7 1 - 6

Me Me

Ph Ph
2

E t E t

Ph Ph
4

5 0 5 5 5 - 6 1 - 8

6 6 9 0 1 - 9 1 - 1

3 3 0 6 - 0 2 - 3

isolated 
yield, %

4 6

4 0

4 0 - 6 1 "

P h C O ( C H 2) 3 C O P h  ( 5 ) 6 2 6 3 - 8 3 - 8

Ph Ph

Ph Ph 

6

1 4 8 5 - 9 8 - 9 6 2

P h C O ( C H 2 ) 4 C O P h "

P h C O ( C H 2) 5 C O P h  ( 7 )

3 3 7 5 - 3 8 - 0

6 2 6 8 - 5 8 - 2

Ph Ph

Ph Ph 
8

4 1 3 1 7 - 8 7 - 7

6 6 9 0 1 - 9 4 - 8

3 5 , "  6 0 b

6 1

P h C O ( C H 2) 7 C O P h  (9 ) 2 8 8 6 1 - 2 1 - 4 6 6 9 0 1 - 9 3 - 7 5 3

Ph Ph 

10

P h C O ( C H 2 ) 8C O P h  ( 1 1 ) 6 2 6 8 - 6 1 - 7 6 6 9 0 1 - 9 2 - 6 4 9

P h C O ( C H 2 ) i 0C O P h  ( 1 3 ) 6 6 9 0 1 - 9 5 - 9

Ph Ph 

12

Ph Ph 

14

6 6 9 0 1 - 9 1 - 5 6 1

0  R e f e r e n c e  2 b .  6 H e a t e d  u n d e r  r e f l u x  5  d a y s  i n s t e a d  o f  1  d a y  a s  r e p o r t e d  i n  r e f  2 b .

not formed exclusively by the initial reduction. McMurry and 
Fleming have suggested23 that deoxygenation of the pinacol 
dianion may take place from a five-membered titanium(II) 
ring intermediate which collapses in nonconcerted manner 
to Ti02 and olefin. Several alternative mechanisms for the 
pinacolic coupling have recently been proposed.1*1’9 The for
mation of large and medium rings with high efficiency indi
cates that a titanium species might be simultaneously com- 
plexed with both carbonyl groups before reduction.

The synthesis of cyclopropenes by reductive coupling is 
remarkable when the ring strain (estimated at ~55 kcal10) is 
considered. Corey et al. have shown9 that the pinacolic cou
pling of 1,4-hexanedione with titanium(II) yields cis-1,2- 
dimethylcyclobutanediol (estimated strain ~26 kcal10). The 
preparation2b of 1 ,2 -diphenylcyclobutene (estimated strain 
~31 kcal10) by reductive coupling of the 1,4-diketone with 
TiCl3-LiAlH4 indicated that additional strain could be in

troduced at the deoxygenation step(s). The preparation of
1,2-diphenylcyclopropanes11 by the coupling of 1,3-glycols 
showed that a large amount of strain could be introduced at 
the deoxygenation stage and indicated that cyclopropenes 
might be accessable by the TiCl3-LiAlH4 method. For the 
cyclopropenes, roughly half of the strain is introduced in the 
initial coupling and the remainder in the deoxygenation 
step.

For normal and medium rings, the strain energies of the 
cycloalkenes are similar in value to those of the corresponding 
cycloalkanes.10 Thus, unlike the cyclopropene case, the major 
portion of the strain in the synthesis of normal, medium, and 
large cycloalkenes is introduced in the initial pinacolic cou
pling and relatively little is introduced at the deoxygenation 
step(s). McMurry and Kees have shown20 that aliphatic di- 
ketones and dialdehydes can be coupled to produce medium 
and large rings. It remains to be tested if phenyl groups are
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required in the final deoxygenation to yield cyclopropenes and 
cyclobutenes.

In conclusion, the intramolecular reductive coupling of 
diketones with TiCl3-LiAlH4 is an effective and convenient 
method for the preparation of moderate amounts of strained, 
normal, medium and large carbocyclic alkenes.

Experimental Section
3 . 3 -  Dimethyl-l,2-diphenylcyclopropene (2). L iA lH L j ( M C B )  (0 .6  

g ,  1 6  m m o l)  w a s  a d d e d  t o  5 . 7  g  ( 3 7  m m o l)  o f  f r e s h  T i C l 3  ( A l f r a - V e n -  

t r o n )  in  ~ 2 5 0  m L  o f  d r y  T H F  u n d e r  N 2 . T h e  b l a c k  m ix t u r e  w a s  h e a t e d  

u n d e r  r e f l u x  f o r  1 5  m in .  D i m e t h y l d i b e n z o y l m e t h a n e  ( 1 ) (2 . 0  g ,  8  

m m o l)  i n  d r y  T H F  ( u n d e r  N 2 ) w a s  a d d e d  d r o p w i s e  o v e r  a  p e r i o d  o f  

3 0  t o  6 0  m in .  T h e  m i x t u r e  w a s  h e a t e d  u n d e r  r e f l u x  f o r  6  d a y s . 1 2  T h e  

c o o l  r e a c t i o n  m i x t u r e  w a s  p o u r e d  i n t o  p e t r o l e u m  e t h e r  f o l l o w e d  b y  

a d d i t io n  o f  w a t e r .  T h e  o r g a n ic  l a y e r  w a s  s e p a r a t e d ,  w a s h e d ,  a n d  d r ie d .  

R e m o v a l  o f  s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  y i e l d e d  1 . 5  g  o f  c r u d e  

p r o d u c t  w h i c h  w a s  p u r i f i e d  b y  c o l u m n  c h r o m a t o g r a p h y  ( a l u m i n a /  

p e t r o l e u m  e t h e r - C F U C U )  t o  y i e l d  0 .8  g  o f  2  ( 4 6 % ) . T h e  o i l y  s a m p l e  

o f  2  s lo w l y  c r y s t a l l i z e d  u p o n  s t a n d i n g  a t  4  ° C :  m p  3 4 - 3 7  ° C  ( l i t .6  m p

4 3 .5 - 4 4 . 0  ° C ) ;  XH  N M R  ( C D C 1 3 ) 5 1 . 5 0  ( s ,  6  H )  a n d  7 . 2 - 7 . 7  ( m , 1 0  H ) ;  

m a s s  s p e c t r u m ,  p a r e n t  p e a k  2 2 0  ( 4 7 %  o f  b a s e  p e a k  a t  2 0 5 )  a n d  a  P  +  

1  o f  1 8 . 7 %  c o n s i s t e n t  w i t h  C i 7 H i 6 . T h e  U V  s p e c t r u m  w a s  in  g o o d  

a g r e e m e n t  w i t h  t h e  r e p o r t e d  s p e c t r u m .6 T h e  I R  s p e c t r u m  ( C C I 4 ) w a s  

i d e n t i c a l  w i t h  t h a t  o f  a n  a u t h e n t i c  s a m p l e . 1 2  A n a l .  C a l c d :  C ,  9 2 .6 8 ;  

H ,  7 . 3 2  F o u n d :  C ,  9 2 . 6 3 ;  H ,  7 . 3 1 .

T h e  p r o c e d u r e  d e s c r i b e d  f o r  t h e  p r e p a r a t i o n  o f  2  i s  r e p r e s e n t a t i v e  

f o r  t h e  c y c lo a lk e n e s  l i s t e d  in  T a b l e  I .  A l l  c o m p o u n d s  g a v e  U V  s p e c t r a  

c o n s i s t e n t  w i t h  t h e  s t r u c t u r e s  a n d  s h o w e d  o n l y  o n e  p e a k  o n  t h e  g a s  

c h r o m a t o g r a p h  ( 2  m  5 %  S E  2 0  c o l u m n ,  t e m p e r a t u r e  r a n g e  2 0 0 - 2 4 0  

° C ) .

3 . 3 -  Diethyl-l,2-diphenylcyclopropene (4): N M R  ( C D C I 3 ) 

5 0 .9 2  ( t ,  6  H ) ,  2 . 1  ( q ,  4  H ) ,  7 . 1 - 7 . 6  ( m , 1 0  H ) ;  m a s s  s p e c t r u m ,  p a r e n t  

p e a k  2 4 8  ( 1 0 %  o f  b a s e  p e a k  a t  2 1 9 ) ,  P  +  1  o f  2 0 .8 % , p e a k  a t  2 3 3  ( 3 %  

o f  b a s e )  c o n s i s t e n t  w i t h  C ig H g o -  A n a l .  C a l c d :  C ,  9 1 .8 8 ;  H ,  8 . 1 2 .  F o u n d :  

C ,  9 1 . 8 0 ;  H ,  8 .0 6 .

1.2- Diphenylcyelopentene ( 6 ) :  >H  N M R  ( C D C I 3 ) <5 2 . 1  ( m , 2  H ) ,

2 .9  ( t ,  4  H ) ,  7 . 1 9  ( s ,  1 0  H ) ;  m a s s  s p e c t r u m ,  b a s e  a n d  p a r e n t  2 2 0 .  T h e  

U V  s p e c t r u m  w a s  in  g o o d  a g r e e m e n t  w i t h  t h e  r e p o r t e d  s p e c t r u m . 14  

T h e  1 3 C  N M R  s p e c t r a  (XH  c o u p l e d  a n d  d e c o u p l e d )  w e r e  in  e x c e l l e n t  

a g r e e m e n t  w i t h  t h e  r e p o r t e d  s p e c t r a . 1 5

1.2- Diphenylcyclooctene ( 8 ) :  m p  7 4 - 7 6  ° C  ( l i t . 16  m p  7 7 . 5 ) ;  1 H 
N M R  (CDCI3 ) 5 1 . 5 - 1 . 9  ( b , 8  H ) ,  2 . 5 - 2 . 9  ( b , 4  H ) ,  7 . 1 3  ( s ,  1 0  H ) ;  m a s s  

s p e c t r u m ,  p a r e n t  2 6 2  w i t h  P  +  1  o f  2 2 .2 %  c o n s is t e n t  w i t h  C 2o H 22- T h e  

U V  s p e c t r u m  w a s  in  a g r e e m e n t  w i t h  t h e  p u b l i s h e d  v a l u e . 14  C a l c d :  C ,  

9 1 . 5 5 ;  H ,  9 .4 5 .  F o u n d :  C ,  9 1 . 2 9 ;  H ,  8 .5 2 .

1 . 2 -  Diphenylcyclononene ( 1 0 ) :  m p  4 2 - 4 5  ° C ;  ' H  N M R  ( C D C I 3 ) 

5 1 . 6 7  ( b s , 1 0  H ) ,  2 . 5 - 2 . 9  ( b , 4  H ) ,  7 . 1 3  (s , 1 0  H ) ;  m a s s  s p e c t r u m ,  p a r e n t  

2 7 6  c o n s i s t e n t  w i t h  C 2 1 H 24  A n a l .  C a l c d :  C ,  9 1 . 2 5 ;  H ,  8 .7 5 .  F o u n d :  C ,  

9 1 . 3 7 ;  H, 8 .6 0 .

1.2- Diphenylcyclodecene (12): m p  9 1 - 9 3  ° C ;  4H  N M R  ( C D C I 3 ) 

S 1 . 6 2  ( b s , 1 2  H ) ,  2 .5 - 2 .9  ( b , 4  H ) ,  7 .0 8  ( s , 1 0  H ) ;  m a s s  s p e c t r u m ,  p a r e n t  

2 9 0  w i t h  P  +  1  o f  2 4 .4 %  c o n s i s t e n t  w i t h  C 22H 26 - A n a l .  C a l c d :  C ,  9 0 .9 8 ;

H ,  9 .0 2 .  F o u n d :  C ,  9 0 .8 8 ; H ,  9 .0 2 .

1.2- Diphen;ylcyclododecene (14): mp 82-84 °C; XH NMR (CDCI3)
I .  5  ( b s ,  1 4  H ) ,  2 . 3 - 2 . 8  ( b , 4  H ) ,  7 .0 4  ( b s ,  1 0  H ) ;  m a s s  s p e c t r u m ,  p a r e n t  

3 1 8  w i t h  P  +  1  o f  ~ 2 6 %  c o n s is t e n t  w i t h  C 24H 30 . T h e  13 C  N M R  ( C D C I 3 , 

XH  d e c o u p l e d )  s h o w e d  a  t e n - l i n e  s p e c t r u m  c o n s i s t e n t  w i t h  t h e  

s t r u c t u r e .  T h e  s t e r e o c h e m i s t r y  w a s  t e n t a t i v e l y  a s s i g n e d  a s  c i s  o n  t h e  

b a s i s  o f  t h e  U V  s p e c t r u m  w h i c h  w a s  s i m i l a r  t o  t h a t  o f  8 . A n a l .  C a lc d :  

C ,  9 0 . 5 1 ;  H ,  9 .4 9 . F o u n d :  C ,  9 0 .3 4 ;  H ,  9 .5 8 .

T h e  d i b e n z o y l a l k a n e s  s h o w n  in  T a b l e  I  w e r e  p r e p a r e d  in  ~ 5 0 %  

y i e l d  b y  t h e  F r i e d e l - C r a f t s  a c y la t i o n 1 7  o f  d r y  b e n z e n e  ( A I C I 3  c a t a ly s t )  

w i t h  t h e  c o r r e s p o n d i n g  d i a c i d  c h lo r i d e s .  A l l  t h e  p r o d u c t s  w e r e  r e c 

r y s t a l l i z e d  f r o m  m e t h a n o l  a n d  d r ie d .  T h e  I R  a n d  N M R  s p e c t r a  w e r e  

c o n s i s t e n t  w i t h  t h e  p r o p o s e d  s t r u c t u r e s :  1 ,  m p  9 5 - 9 7  ° C ; 1 8  3 ,  m p  

1 0 4 - 1 0 5  ° C  ( l i t . 19  m p  1 0 4  ° C ) ;  5, m p  6 0 - 6 2  ° C  ( l i t .20  m p  6 3  ° C ) ;  7, m p  

8 7 - 8 9  ° C  ( l i t .2 1  m p  8 5  ° C ) ;  9 ,  m p  4 6 - 4 8  ° C  ( l i t . 22  m p  4 4  ° C ) ;  1 1 ,  m p  

9 0 - 9 2  ° C  ( l i t . 2 3  m p  9 4 - 9 6  ° C ) ;  1 3 ,  m p  9 4 - 9 6  ° C  ( l i t . 24 m p  9 8 - 9 9  ° C ) .  
C o n t r a r y  t o  e a r l y  reports,18 6 , 19  1  a n d  3  h a v e  b e e n  p r e p a r e d  in  m o d 

e r a t e  y i e l d s . 18 ®  T h e  y i e l d s  o f  1  a n d  3  w e r e  f o u n d  t o  b e  e r r a t i c  u n d e r  

t h e  p r e s e n t  s e t  o f  c o n d i t i o n s  a n d  f e l l  in  t h e  r a n g e  o f  2 0 - 5 5 % .
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On the Epimerization of 6a-Bromopenicillanic Acid 
and the Preparation of 6/J-Bromopenicillanic Acid
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The epimerization of penicillanic acid derivatives at C-6  
(see 1) has been of considerable interest for some years now, 
both to organic chemists and to biologists, since only com
pounds possessing the 6 /? configuration are biologically active 
as “penicillins”. It has been demonstrated (these points have 
been recently reviewed by Stoodley1) that both the bulk of the 
6  substituent and its electronic properties are important to 
this process, the former dictating the position of the equilib
rium and the latter the rate of its achievement. The 6 a epimer

rkv»r»r* nri rtn  i n n  / m i n  f V i i l ( l ) h l  f\ f\  ¡C\ / » . - i n n o  A , l f l
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is apparently always the thermodynamically favored species, 
presumably because of unfavorable steric interactions of 6/3 
substituents with the thiazolidine sulfur cis to them and with 
the 2/3-methyl group. Indeed, in certain cases where very bulky 
6  substituents are present, e.g., phthalimidopenicillin2 and 
hetacillin,3 the equilibrium amounts of 6(3 epimers are not 
detectable by the usual NMR methods, i.e., presumably 
< 1 % .

Another well-known case is that of the 6 -halopenicillanic 
acids. The 6 -bromo and 6 -chloro compounds have been pre
pared by treatment of 6/3-aminopenicillanic acid in the ap
propriate hydrogen halide solution with sodium nitrite and 
as prepared both have the 6 a configuration, la5 and lb .6 The 
former compound has also been obtained, again in the 6 a 
configuration, by partial hydrogenation of 6 ,6 -dibromopeni- 
eillanic acid, lc .7

R ,  H

la , R ,  =  H ;  R 2 =  Br
b ,  R ,  =  H ;  R 2 =  C l

c ,  R ,  =  R 2 =  B r

d ,  R ,  =  B r ;  R ,  =  H

Although certain derivatives have been reported,8’9 all 
previous attempts to detect, or isolate the parent 6/3-halo- 
penicillanic acids have failed.7-10 Despite this all available 
data1 would suggest that 6 -halopenicillanic acids should ep- 
imerize with moderate ease and probably even in aqueous 
solution. This is apparently true. Clayton et al.6 report that 
although la is recovered unchanged on prolonged exposure 
to dilute sodium hydroxide, exchange of the 6 a-hydrogen with 
solvent occurs. This suggests equilibration of la with an un- 
detectably (by NMR) small concentration of 6/3-bromopeni- 
cillanic acid, Id.

We report here the preparation of Id (as a mixture with la) 
and present evidence for the existence of a substantial (ca. 
1 2%) amount of Id in equilibrium with la in aqueous solu
tion.

The NMR spectrum of a 30 mM solution of la in 20 mM 
sodium pyrophosphate in H20  at pH 9.1 (aliquots were 
freeze-dried and spectra taken in 2H>0) maintained at 30 °C 
changed slowly with time. The initial spectrum was as ex
pected from those reported for lb10 and for la methyl ester:7 
r (2H20, p2H ca. 9) 8.52 (3 H, s, CH3), 8.42 (3 H, s, CH3), 5.71 
(1 H, s, 3-H), 4.90 (1 H, d, J  = 1.5 Hz, 6 -H), and 4.55 (1 H, d, 
J  = 1.5 Hz, 5-H). The magnitude of the coupling constant 
here, 1.5 Hz, is characteristic of that for a trans configuration 
between vicinal hydrogens in the /3-lactam ring of a penam 
system.11 Under the above conditions the following new peaks 
appear uniformly with time in a first-order manner (t i/ 2 ca. 
12 h): r 8.50 (3 H, s), 8.37 (3 H, s), 5.76 (1 H, s), and 4.44 and
4.39 (2 H, AB quartet, J  = 3.7 Hz). Integration indicates that 
a final (1 0  half-lives) conversion of 1 2  ±  2% of la to product 
has occurred. This product spectrum is readily interpretable 
as arising from the hitherto unknown Id. The coupling con
stant is as expected for cis /3-lactam protons11 and the chemical 
shift differences between these resonances and those of la are 
analogous to those between a- and /3-benzylpenicillin.12 The 
spectrum is certainly not consistent with those of other likely 
possibilities, the rearrangement product, 6 -bromo-2 ,3,4,5- 
tetrahydro-2,2-dimethyl-7-oxo-l,4-thiazepine-3-carboxylic 
acid,13 the penieilloate hydrolysis product,5 or 3,6-dicar- 
boxy-2,2-dimethyl-2,3-dihydro-l,4-thiazine, the rearrange
ment product of the penieilloate.5 Reactions producing these

species would not likely stop at 1 2 % reaction either, of 
course.

Incubation of either la or the equilibrium mixture from 
above in 2H20  (p2H ca. 9) for several days at 30 °C yielded 
spectra essentially identical to the final spectrum above except 
that the 6 -H resonance of the starting material had disap
peared and the 5-H resonance had collapsed to a single hy
drogen singlet at r 4.55 and that the AB quartet of the product 
had collapsed to a single hydrogen singlet at t  4.40. These 
observations are consistent with exchange at the C- 6  position 
of la concomitant with epimerization yielding 6 -2H-ld.

Hydrogenation of lc over 10% Pd/C in phosphate buffer at 
pH 7.5 yielded a product mixture, after uptake of 1 equiv of 
hydrogen, whose NMR spectrum indicated the same com
ponents present as in the aqueous equilibration mixture of la. 
Here also the content of the minor component, here proposed 
to be Id, was close to 10%. Hydrogenation of lc in dioxan over 
solid disodium hydrogen phosphate heptahydrate yielded the 
same mixture again but with 30% of the minor component. 
Elemental analysis of the p-bromophenacyl ester of the latter 
mixture (which still contained ca. 30% of the minor component 
by NMR) was identical, within the accepted limits to that of 
the ester of la.

We believe that the above data show that we have prepared 
(but not yet separated from its 6 -epimer la) Id and that the 
latter does arise from epimerization of la in aqueous solution 
to an equilibrium level of some 12%. Our attempts to separate 
the two epimers by several methods, including high pressure 
liquid chromatography, were not successful. In view of the 
available data1 1 2% does not seem to be an impossibly high 
equilibrium concentration of Id. It is of interest to note, for 
example, that Bose et al.14 have shown that although c is-
l,4-diphenyl-3-phthalimidoazetidin-2-one epimerizes com
pletely to the trans /3-lactam in the presence of base (as does 
the methyl ester of 6 -phthalimidopenicillin2), the analogous 
bromo compound, c¿s-3-bromo-l,4-diphenylazetidin-2-one, 
equilibrates with 30% of the cis isomer remaining. We do not 
understand, at present, the failure of Clayton et al.6 to observe 
Id in their spectra. We have carried out the epimerization 
under their reported conditions (NaOH or Na02H at pH
1 0 - 1 1 ) and have observed Id in quantities comparable to those 
under our conditions described above.

We are currently investigating the properties of Id and its 
analogues. In particular the epimeric mixtures of la and Id 
are potent irreversible inhibitors of /3-lactamases. Since pure 
la has no effect on these enzymes, the inhibitor must be Id. 
Experiments with purified /3-lactamases of B a c il lu s  c e re u s  
and E sc h e r ic h ia  coli suggest that Id is at least as effective as 
the naturally occurring inhibitor clavulanic acid.15 Details of 
these inhibition studies are reported elsewhere.16

Experimental Section
P r o t o n  n u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r a  w e r e  r u n  o n  t h e  2 7 0  

M H z  B r ü k e r  i n s t r u m e n t  a t  t h e  S o u t h e r n  N e w  E n g l a n d  H i g h  F i e l d  

N M R  F a c i l i t y  a t  Y a l e  U n i v e r s i t y ,  N e w  H a v e n ,  C o n n .  I n t e r n a l  s t a n 

d a r d s  w e r e  2 , 2 - d i m e t h y l - 2 - s i l a p e n t a n e  5 - s u l f o n a t e  in  2 H 20  a n d  
t e t r a m e t h y l s i l a n e  in  C D C I 3 .

6a-Bromopenicillanie Acid (la). T h e  N ,N '- d i b e n z y l e t h y l e n e -  

d i a m i n e  s a l t  o f  6 a - b r o m o p e n i c i l l a n i c  a c i d  w a s  p r e p a r e d  f r o m  6/3- 

a m i n o p e n i c i l l a n i c  a c i d  ( A l d r i c h  C h e m i c a l  C o .)  b y  d i a z o t i z a t i o n  i n  t h e  

p r e s e n c e  o f  s o d i u m  b r o m i d e 4 a n d  r e c r y s t a l l i z e d  f r o m  m e t h a n o l  t o  a  

c o n s t a n t  m e l t i n g  p o i n t ,  1 5 9 . 5 - 1 6 0 . 5  ° C  ( l i t .4 m p  1 5 9 - 1 6 0  ° C ) .  A  s o 

l u t i o n  o f  t h e  s o d i u m  s a l t  o f  t h i s  c o m p o u n d  w a s  o b t a i n e d  b y  s t i r r i n g  

a  s u s p e n s i o n  o f  t h e  a b o v e  a m i n e  s a l t  in  w a t e r  w i t h  a n  e x c e s s  o f  D o w e x  

5 0 W - X 8  r e s i n  in  t h e  s o d i u m  f o r m . T h e  s o l id  s o d i u m  s a l t  w a s  o b t a i n e d  

b y  f r e e z e - d r y i n g  t h i s  s o l u t i o n .

Hydrogenation of 6,6-dibromopenicillanic acid (lc) p r e p a r e d  

f r o m  6 / 3 - a m in o p e n ic i l la n ic  a c i d  b y  d i a z o t i z a t i o n  i n  t h e  p r e s e n c e  o f  
b r o m i n e 7.

(a) In Aqueous Solution. R o u t i n e l y  0 .5 - g  s a m p l e s  o f  6 ,6 - d i b r o -  

m o p e n i c i l l a n i c  a c i d  d i s s o l v e d  in  w a t e r  ( c a . 5 0  m L )  c o n t a i n i n g  0 .9  g  

( 2 .5  e q u i v )  o f  d i s o d i u m  h y d r o g e n  p h o s p h a t e  h e p t a h y d r a t e  a n d  0 . 1
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g  o f  1 0 %  P d / C  w e r e  h y d r o g e n a t e d  a t  r o o m  t e m p e r a t u r e  a n d  p r e s s u r e  

u n t i l  1  e q u i v  o f  h y d r o g e n  h a d  b e e n  t a k e n  u p  ( c a . 1  h )  a f t e r  w h i c h  t h e  

r a t e  o f  u p t a k e  s lo w e d  e s s e n t i a l l y  t o  z e r o . T h e  f i l t e r e d  s o lu t io n  w a s  t h e n  

f r e e z e - d r i e d  t o  o b t a i n  t h e  s o d i u m  s a l t s  o f  t h e  p r o d u c t s .  T o  o b t a i n  t h e  

p r o d u c t s  f r e e  o f  p h o s p h a t e ,  t h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  a t  0  ° C  

u n d e r  a  l a y e r  o f  d i e t h y l  e t h e r  a n d  t h e  p H  o f  t h e  a q u e o u s  l a y e r  r e d u c e d  

t o  1  b y  t h e  a d d i t i o n  o f  1  M  h y d r o c h l o r i c  a c i d .  T h e  e t h e r  l a y e r  w a s  

s e p a r a t e d ,  d r i e d  o v e r  m a g n e s i u m  s u l f a t e ,  a n d  e v a p o r a t e d  t o  d r y n e s s .  

T h e  r e s u l t i n g  a c id ,  a n  o i l ,  c o u ld  b e  u s e d  a s  s u c h  o r  c o n v e r t e d  in t o  t h e  

s o d i u m  s a l t  ( a d d  1  e q u i v  o f  a q u e o u s  s o d i u m  b i c a r b o n a t e  a n d  f r e e z e -  

d r y )  o r  t h e  iV . iV '- d i b e n z y l e t h y l e n e d i a m i n e  s a l t  ( o i l  d i s s o l v e d  in  e t h e r  
a n d  1  e q u i v  o f  t h e  a m i n e  a d d e d ) .

(b) In Dioxan. S a m p l e s  o f  6 ,6 - d i b r o m o p e n i c i l l a n i c  a c i d  ( 0 .5  g )  

d i s s o lv e d  in  5 0  m L  o f  d i o x a n e  ( f r e s h l y  d i s t i l l e d  f r o m  s o d i u m )  t o  w h ic h  

h a d  b e e n  a d d e d  1 . 8  g  o f  d i s o d i u m  h y d r o g e n  p h o s p h a t e  h e p t a h y d r a t e  

a n d  0 . 1  g  o f  1 0 %  P d / C  w e r e  h y d r o g e n a t e d  a t  r o o m  t e m p e r a t u r e  a n d  

p r e s s u r e  f o r  2  h . T h e  f i l t e r e d  s o lu t io n  w a s  e v a p o r a t e d  t o  d r y n e s s  u n d e r  

r e d u c e d  p r e s s u r e .  T h e  r e s i d u e  w a s  e x t r a c t e d  w i t h  e t h e r  a n d  t h e  s o 

lu t io n  d r ie d  a n d  e v a p o r a t e d .  T h e  r e s i d u a l  a c id ic  o i l  c o u ld  b e  c o n v e r t e d  

t o  i t s  s o d i u m  o r  W i V '- d i b e n z y l e t h y l e n e d i a m i n e  s a l t s  a s  a b o v e .

T o t a l  i s o l a t e d  m o n o b r o m o p e n i c i l l a n i c  a c i d  y i e l d s  w e r e  a b o u t  5 0 %  
in  e a c h  c a s e .

T h e  i n f r a r e d  s p e c t r a  o f  t h e  a m i n e  s a l t  o f  la a n d  t h e  a m i n e  s a l t s  

f r o m  t h e  h y d r o g e n a t i o n  m i x t u r e s  w e r e  v e r y  s i m i l a r .  T h e i r  N M R  

s p e c t r a ,  w h i c h  a r e  d i s c u s s e d  in  d e t a i l  a b o v e ,  i n d i c a t e  t h a t  t h e  h y 

d r o g e n a t i o n  p r o d u c t s  w e r e  m i x t u r e s  o f  la a n d  Id w i t h  t h e  l a t t e r  

m a k i n g  u p  a p p r o x i m a t e l y  1 0 %  ( a q u e o u s  h y d r o g e n a t i o n )  o r  3 0 %  ( d i 

o x a n e  h y d r o g e n a t i o n )  o f  t h e  t o t a l .  I t  i s  c l e a r  a l s o  f r o m  t h e  N M R  

s p e c t r a  t h a t  t h e  a m i n e  s a l t s  f r o m  t h e  h y d r o g e n a t i o n s  c o n t a i n e d  s m a l l  

b u t  v a r i a b l e  q u a n t i t i e s  o f  e x c e s s  a m i n e  a n d  t h u s  t h e s e  s a l t s  w e r e  n o t  

s u i t a b l e  f o r  c h e m i c a l  a n a l y s i s .  C o n s e q u e n t l y ,  s o d i u m  s a l t s  o f  p u r e  la 
a n d  o f  t h e  d i o x a n  h y d r o g e n a t i o n  m i x t u r e  w e r e  c o n v e r t e d  e s s e n t i a l l y  

q u a n t i t a t i v e l y  i n t o  p - b r o m o p h e n a c y l  e s t e r s  b y  t h e  m e t h o d  o f  

B a m b e r g  a n d  c o - w o r k e r s . 1 7  T h e  l a  e s t e r  ( m p  9 3 .5 - 9 4  ° C )  w a s  p u r i f i e d  

b y  r e c r y s t a l l i z a t i o n  f r o m  m e t h a n o l  a n d  y i e l d e d  t h e  f o l lo w in g  s p e c t r a l  

d a t a :  I R  ( K B r )  1 7 7 5  ( /3 - la c ta m  0 = 0 ) ,  1 7 4 0 , 1 7 0 0  c m " 1 ; N M R  ( C D C 1 3 ) 

r  8 . 3 2  ( 6  H ,  b r o a d  s ,  ( C H 3 )2) ,  5 . 3 4  ( 1  H ,  s ,  3 - H ) ,  5 . 1 9  ( 1  H ,  d ,  J  =  1 . 5  

H z ,  6 - H ) ,  4 . 6 3  ( 2  H ,  s ,  C H 2) ,  4 . 5 8  ( 1 H ,  d  , J  =  1 . 5  H z ,  5 - H ) ,  a n d  3 .2 0 ,

2 .0 9  (4  H ,  A B  q u a r t e t ,  J  =  8 .5  H z ,  A r - H ) .  A n a l .  C a l c d  f o r  

C i 6H 1 5 B r 2 N 0 4S :  C ,  4 0 .2 8 ;  H ,  3 . 1 7 ;  N ,  2 .9 4 ; B r ,  3 3 . 4 9 .  F o u n d :  C ,  4 0 .3 5 ;  

H ,  3 .0 9 ;  N ,  3 .2 8 ;  B r ,  3 3 . 2 0 .  T h e  h y d r o g e n a t i o n  p r o d u c t  e s t e r s ,  a n  o i l ,  

w e r e  p u r i f i e d  a s  a  m i x t u r e  b y  e l u t i o n  f r o m  a  s i l i c a  c o l u m n  w i t h  b e n 

z e n e  a n d  y ie l d e d  t h e  fo l lo w in g  s p e c t r a l  d a t a :  I R  ( n e a t )  1 7 7 5  ( /3 - la c ta m  

0 = 0 ) ,  1 7 5 0 ,  1 7 0 0  c m - 1 ; N M R  ( C D C I 3 ) , t h e  p e a k s  o f  t h e  a - e p i m e r  

a s  a b o v e  a n d  t h e  f o l l o w i n g  p e a k s  i n t e g r a t i n g  t o  c a .  3 0 %  o f  t h e  t o t a l :  

r  8 .2 8  ( 6  H ,  s ,  ( C H 3 ) 2), 5 . 3 7  ( 1  H ,  s ,  3 - H ) ,  a n d  4 . 7 1 ,  4 . 3 4  ( 2  H ,  A B  

q u a r t e t ,  J  =  4 .6  H z ,  5 - H ,  6 - H ) .  T h e  r e m a i n i n g  p e a k s  o f  t h e  / 3 -e p im e r  

a r e  s u p e r i m p o s e d  o n  t h o s e  o f  t h e  a - e p i m e r .  A n a l .  C a l c d  f o r  

C i e H i s B ^ N O i S :  a s  a b o v e .  F o u n d :  C ,  4 0 .2 5 ;  H ,  3 . 2 7 ;  N ,  3 . 1 1 ;  B r ,

3 3 .6 0 .
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In 1890 Beckmann observed that acetyl chloride, benzoyl 
chloride, and acetic anhydride catalyzed the isomerization of 
a-phenyl-N-benzylnitrone to N-benzylbenzamide.1 Since 
then many examples of the isomerization of nitrones into 
amides by acvlating reagents have been reported.2 Discussion 
continues on the mechanism of the rearrangement,2“ 5 but all 
investigators agree that the first step of the reaction is a 
nucleophilic displacement by the nitrone oxygen on the 
electrophilic carbon of the acylating reagent. Thus, in the case 
of the isomerization of an a-phenyl-ZV-alkylnitrone by an aroyl 
chloride it is presumed that the aroyloxy(benzylidene)am- 
monium chloride 1 is formed initially (eq 1). With the excep-

PhCH=NR + ArCOCl PhCH=NR

OCOAr
1

c r

— * PhCONHR (1)

tion of a few compounds obtained from the interaction of 
heterocyclic N-oxides with very electrophilic acyl halides,6“ 8 
compounds such as 1 have not been isolated.

We have augmented the evidence for the existence of 1 by 
treating a-phenyl-N-alkylnitrones and aroyl chlorides at 
ambient temperature in moist solvents (acetone, ether, and 
acetonitrile). The products, which apparently arise by the 
hydrolysis of 1 , are N-alkyl-O-aroylhydroxylamines (2 ) and 
aldehydes (eq 2 ).

O

II
1 + H,0 —* PhCHO + ArCONHR + HC1 (2)

2

The crude hydrochlorides 2-HC1 separated from the reac
tion mixture and were hydrolyzed to give the bases 2  (Table 
I). In those cases where 2 were oils (PhCC^NHMe, 
PhCOpNH-i-Bu, and 3 ,4 -Cl2C6H3C0 2NH-t-Bu) the corre
sponding hydrochlorides (2-HC1) were isolated and purified 
(Table I). Ñ-Methyl-0-(p-nitrobenzoyl)hydroxylamine hy
drochloride was also prepared in 58% yield when a-(p-nitro- 
phenyl)-IV-methylnitrone was substituted for a-phenyl-N- 
methylnitrone in the reaction with p-nitrobenzoyl chloride.

The proof of structure for 2 consists of NMR, IR, and mass 
spectroscopy. Unequivocal characterization was provided by 
utilizing a synthesis developed by Zinner9 to prepare N -  
methyl- and N-tert-butyl-0 -(p-nitrobenzoyl)hydroxylamine 
hydrochlorides and ZV-methyl- and N-iert-butyl-O-benzo- 
ylhydroxylamine hydrochlorides. The spectral and physical 
properties of the N-alkyl-0 -aroylhydroxy lam i ne hydrochlo
rides made by our method and that of Zinner’s were identical. 
The yields were comparable by the two methods in those in-

AAQfl / IQ  / i  O tí Q Q iîl 9Î*A1 A A /A fP) 1(172 A rrm nirinn P Ìim n io u l ÇJrt/>înf,t7
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Table I. The Reaction of a-Aryl-iV-alkylnitrones with Aroyl Chlorides
(Me>2C0-H20

ArCH=N (0)R + Ar'COCl — Ar'C02NHR + HC1 + ArCHO
2

Ar R Ar 'f

2 2-HC1
%

yield
rap,
°C

registry
no.

%
yield

mp,
°C

registry
no.

ph Med Ph oil 66809-88-9 67 131-134“'6 27130-46-7
ph Me p-02NC6H4 63 107-110“ 66809-82-3
ph Me to-C>9NC6H4 68 75-76“ 66809-83-4
Ph Me 3,4-Cl2C6H3 32 75-77“ 66809-84-5
Ph i-Bue Ph oil 51339-03-8 69 173-179° 66809-86-7
Ph t-Bu p -o2n c 6h 4 60 69-71“ 1746-98-1
Ph t-Bu to-02NC6H4 44 57-60“ 66809-85-6
Ph f-Bu 3,4-Cl2C6H3 oil 66809-89-0 49 145-148“ 66809-87-8

a Satisfactory analytical data for C, H, and N were reported. 6 Zinner10 reported a melting point of 123-124 °C. c Zinner9 reported 
a melting point of 178-180 °C. d Registry no.: 3376-23-6. e Registry no.: 3376-24-7. f Registry no.: PhCOCl, 98-88-4; p-0 2 NC6H4C0 Cl, 
122-04-3; m-02NC6H4C0Cl, 121-90-4; 3,4-Cl2C6H3COCl, 3024-72-4.

stances when the :V-alkyl group was te r t-butyl, but were 
dramatically lower by Zinner’s method (e.g., 7-14%) when the 
AT-alkyl group was methyl. The molecular ions for N -  
methyl-O-(p-nitrobenzoyl)- and A’-methyl-0-(3,4-dichlo- 
robenzoyl)hydroxylamines were determined and corre
sponded to the theoretical values. The NMR spectra taken 
in Me2SO-d6 for all the IV-methyl-O-aroylated hydroxylam- 
ines and hydroxylamine hydrochlorides showed a single sharp 
absorption peak for the methyl group at 5 2.95-3.10, while the 
methyl groups of the IV-terf-butyl-O-aroylated hydroxyl
amine hydrochlorides all absorbed at 5 1.30-1.40.

The reaction of opV-diarylnitrones and aroyl chlorides in 
ether followed by the addition of water afforded 0 ,N -  di- 
aroyl-o-aminophenols. For example, reaction of p-nitroben- 
zoyl chloride and a-phenyl-N-p-tolylnitrone gave a 74% yield 
of N - (p-nitrobenzoyl)-2-(p-nitrobenzoyloxy)-4-methylaniline
(3) (eq 3). Similarly, reaction of a-phenyl-fV-p-tolylnitrone

p-MeC6H4N=CHPh + p-0,NC6H4C0Cl
I
0

Scheme I
PhCH=NC6H4CH3-p C F

OCAr

0

5

OCAr

NHCOC6H4NO,-p 
1 . 0 C 0 C 6H 4NO,-p

- r j  < 3 .

Me
3

withp-chlorobenzoyl chloride formed N - (p-chlorobenzoyl)- 
2-(p-chlorobenzoyloxy)-4-methylaniline (4) in 53% yield. The 
identities of 3 and 4 were substantiated by alternate syntheses 
involving the reaction of 2-amino-5-methylphenol with p- 
nitrobenzoyl chloride and p-chlorobenzoyl chloride, respec
tively.

A reasonable mechanism to account for 3 and 4 is the for
mation and rearrangement of an aroyloxy(benzylidene)- 
ammonium chloride (5) into 6 , subsequent hydrolysis of 6  to 
7, and further aroylation of 7 (Scheme I). The rearrangement 
of 5 to 6 is quite similar to the reaction of N -arylnitrones with 
oxalyl chloride, in which a chloroglyoxalate group is intro
duced into the ortho position of the IV-aryl ring.11

Another mechanistic possibility is the formation ofO-(p- 
nitrobenzoyl)-ACp-tolylhydroxylamine (similar to the for
mation of 2 ) which ionizes to the nitrenium ion p- 
CH3C6H4NH+ and ap-nitrobenzoate ion. Recombination of 
these ions gives 7 and further aroylation of 7 yields 3. A 
precedent for this view is the ionization of IV-alkyl-iV-chlo- 
roanilines to N-alkyl-N-phenylnitrenium ions and a chloride

0

7

ion, which then forms o-chloro- and p-chloro-A’-alkylanil- 
ines. 12

Experimental Section
Synthesis of 2 and 2*HC1. The aroyl chloride (2 mmol) is added 

all at once to a well-stirred solution of the nitrone (2 mmol) in 6 mL 
of commercial acetone. Within several minutes the A-alkyl-O- 
aroylhydroxylamine hydrochloride (2-HC1) precipitates and is filtered, 
followed by washing with ether, whereupon more of the hydrochloride 
is collected from the filtrate. The 2-HCFs were slurried with water for 
a few minutes and the crude 2 was filtered. A-Methyl-CMm-nitro- 
benzoyl)- and A-teri-butyl-O-lp-nitrobenzoybhydroxylamines were 
recrystallized from cyclohexane, N-methyl-O-(p-nitrobenzoyl)- 
hydroxylamine was recrystallized from 95% ethanol, A-methyl-O- 
(3,4-dichlorobenzoyl)hydroxylamine was recrystallized from hexane, 
and N-tert-butyl-O-(m-nitrobenzoyl)hydroxylamine was recrystal
lized from petroleum ether (bp 63-65 °C).

Synthesis of 3. p -Nitrobenzoyl chloride (0.371 g, 2 mmol) was 
added to a solution of 0.211 g (1 mmol) of a-phenyl-lV-p-tolylnitrone 
in 10 mL of dry ether. After 5 min some nitrone hydrochloride pre
cipitated and was filtered. The filtrate was allowed to stand overnight 
and then treated with a few drops of water. The solvent was evapo
rated, the residue was slurried with a small quantity of cold methanol, 
and the crude 3 (0.30 g, 74%) was filtered. After recrystallization from 
ethanol 3 melted at 240-242 °C. Anal. Calcd for C21H15N3O7: C, 59.86; 
H, 3.59; N, 9.97. Found: C, 59.85; H, 3.73; N, 9.60.

Synthesis of 4. Compound 4 was prepared in a similar manner as 
3 in 53% yield. It melted at 202-203 °C after recrystallization from
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t o lu e n e .  A n a l .  C a l c d  f o r  C 2 i H i 5 C l 2N 0 3 : C ,  6 3 .0 2 ;  H ,  3 .7 8 ;  N ,  3 .5 0 .  
F o u n d :  C ,  6 2 .8 8 ;  H ,  4 .2 0 ;  N ,  3 .9 6 .

Alternate Synthesis of 3. T o  a  r a p i d l y  s t i r r e d  m i x t u r e  o f  1 . 2 3  g  

( 1 0  m m o l)  o f  2 - a m i n o - 5 - m e t h y l p h e n o l ,  1 0 0  m L  o f  b e n z e n e ,  a n d  2 1  

m L  o f  1  N  N a O H  w a s  a d d e d  in  p o r t i o n s  3 . 7 1  g  ( 2 0  m m o l)  o f p - n i t r o -  

b e n z o y l  c h lo r i d e .  A f t e r  1 . 5  h  t h e  c r u d e  3 w a s  f i l t e r e d ,  w a s h e d  w i t h  

w a t e r ,  a n d  w e ig h e d  ( 3 .6 4  g , 8 7 % ) . R e c r y s t a l l i z a t i o n  o f  3 f r o m  e t h a n o l  

g a v e  c r y s t a l s  m e l t i n g  a t  2 4 0 - 2 4 2  ° C .

Alternate Synthesis of 4. B y  e m p lo y i n g  t h e  s a m e  p r o c e d u r e  d e 

s c r i b e d  a b o v e  f o r  t h e  s y n t h e s i s  o f  3, c o m p o u n d  4 w a s  p r e p a r e d  in  9 5 %  

y i e l d  b y  a d m i x i n g  0 .6 2 0  g  ( 5  m m o l)  o f  2 - a m i n o - 5 - m e t h y l p h e n o l ,  2 5  

m L  o f  b e n z e n e ,  1 0  m L  o f  1  N  N a O H ,  a n d  1 . 7 5  g  ( 1 0  m m o l)  o f  p - c h lo -  

r o b e n z o y l  c h lo r i d e .  R e c r y s t a l l i z a t i o n  o f  4 f r o m  t o l u e n e  g a v e  c r y s t a l s  

t h a t  m e l t e d  a t  2 0 3 - 2 0 4  ° C .
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Our interest in 4,5-dihydropyridazines (1) as pseudodienes 
in Diels-Alder reactions prompted us to investigate the tau- 
tomerizations and self-condensations of this class of com
pounds.

Earlier1 we reported the preparation and X-ray structure 
of a trimer (2) of 4,5-dihydropyridazine (1) obtained in ~5% 
overall yield from dialkyl azodicarboxylate and furan. We find 
that this trimer is more easily prepared by the aqueous hy
drolysis of 2,5-dimethoxytetrahydrofuran, followed by addi
tion of hydrazine to the hydrolysis mixture. Yields are 35-40% 
based on dimethoxytetrahydrofuran. Since the isolation of 
succinaldehyde from this hydrolysis is reported in 30% yield,2 
the conversion of aldehyde to trimer is reasonably good.

It is known that the condensation of hexane-2,5-dione

0

(acetonylacetone (3)) with hydrazine affords a dimer of 3,6- 
dimethyl-4,5-dihydropyridazine3’4 rather than the monomer 
or trimer. More recently, De Mayo, Stothers, and Usselman4 
reduced the possible structures of the dimer to 6  and 7, giving

preference to 7 on the basis of 13C NMR data. Initial attempts 
to take X-ray structural data of the dimer itself were unsuc
cessful due to the instability of the dimer. However, the N- 
acetylated derivative of the dimer, originally reported by De 
Mayo, Stothers, and Usselman4 as being more stable, was 
successfully used in the structure determination. We have 
found, in support of the 13C NMR work, that 7 is the correct 
structure.

Crystal Data. C14H22N4O: monoclinic, P 2 j c ,  a  = 12.145
(1) A, b = 8.132 (1) A, c = 15.536 (2 ) /? = 110.44 (1 )°, Z = 4, D c 
=  1.21 g/cm3, Cu = Ka, X 1.54178 A. Of the 1050 data collected 
with a G.E. XRD-490 computer controlled system by the 
stationary counter, stationary-crystal method 971 were con
sidered statistically significant. Balanced Ross filters with Cu 
Ka radiation were used to measure all reflections to a 26 
maximum of 90°. The structure was solved by a multisolution 
2 2  sign expansion and ultimately refined (nonhydrogens) 
anisotropic, hydrogens with fixed isotropic temperature fac
tor) to Rw = 0.038. The surprising feature is that all 22 hy
drogen atoms are prominently displayed on the difference 
map. The hydrogens of the five methyl groups are rigidly 
constrained by the proximity of the other molecules and by 
steric requirements of the molecule itself and hence are readily 
apparent in the maps generated.

It is interesting to note the different reaction paths taken 
by 4,5-dihydropyridazine (1) and 3,6-dimethyl-4,5-dihydro- 
pyridazine (4) in their self-condensation reactions. While the 
steric requirements of the axial groups in the central ring are 
important in blocking trimerization of 4, the basic difference 
is that trimerization occurs from a 4,5-dihydrotautomer (l ) 5 
and dimerization appears to occur through a key 1,4-dihydro 
tautomer (5).4

To test how monosubstitution at position 3 might affect 
these reactions we synthesized 3-fe r t -butyl-4,5-dihydropyr- 
idazine (9) by condensation of 4-oxo-5,5-dimethylhexanal (8 ) 
with hydrazine. If the reaction is worked up without allowing 
the temperature to rise above room temperature, the product 
obtained is a viscous oil having a complex NMR similar to that

0022-3263/78/1943-3615$01.00/Q © 1978 American Chemical Society
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Figure 1.

of 7. If heated in refluxing benzene prior to workup, a crys
talline trimeric product (10) is obtained. If an attempt is made 
to distill the oil in vaccuo, some trimer (1 0 ) is produced along 
with substantial decomposition. This may indicate reversible 
formation of a dimer similar to 6 which goes back through the 
monomer 9 to trimer 10 upon heating.

In anticipation that both dimerization and trimerization 
might be sterically precluded we synthesized 3,6-di-£ert- 
butyl-4,5-dihydropyridazine (11) from the corresponding 
diketone and hydrazine. Indeed it was found to be monomeric 
although it quickly aromatizes in the presence of air.

In this work we have attempted to clarify the reaction paths 
available to 4,5-dihydropyridazines in their self-condensation 
reactions. If unsubstituted at the 6  or 3,6 positions they can 
trimerize via a 4,5-dihydro tautomer. If substituted in the 3

and 6  positions they may still dimerize via a 1,4-dihydro tau
tomer. The 3-substituted dihydropyridazines may well go by 
either route although we have only spectroscopic evidence for 
the dimerization at this time.

Experimental Section
M e l t i n g  p o i n t s  w e r e  t a k e n  in  o p e n  c a p i l l a r i e s  o n  a  M e l - t e m p  

m e l t i n g  p o i n t  a p p a r a t u s .  I n f r a r e d  s p e c t r a  w e r e  o b t a i n e d  o n  a  P e r -  

k i n - E I m e r  2 8 3 .  N M R  s p e c t r a  w e r e  o b t a i n e d  o n  a  V a r i a n  A 6 0  a n d  a  

H i t a c h i  P e r k i n - E l m e r  R 2 0 B .  E l e m e n t a l  a n a l y s e s  w e r e  c a r r i e d  o u t  b y  

G a l b r a i t h  A n a l y t i c a l  L a b o r a t o r i e s .

Synthesis of the Trimer of 4,5-Dihydropyridazine (2). T o  7 5  

m L  o f  H 2 O  w a s  a d d e d  4  d r o p s  o f  c o n c e n t r a t e d  H C 1  a n d  1 0  m L  ( 7 7  

m m o l)  o f  2 ,5 - d i m e t h o x y t e t r a h y d r o f u r a n .  A f t e r  s t i r r i n g  4 h  a t  4 0 - 5 0  

° C ,  t h e  m i x t u r e  w a s  a l lo w e d  t o  c o o l  t o  r o o m  t e m p e r a t u r e .  H y d r a z i n e  

( 3 .2  m L ,  1 0 0  m m o l)  w a s  a d d e d  a n d  s t i r r i n g  c o n t i n u e d  f o r  1  h . T h e  

r e a c t i o n  m i x t u r e  w a s  t h e n  e x t r a c t e d  w i t h  4  X  2 5  m L  o f  e t h e r  a n d  t h e  

e x t r a c t  d r ie d  o v e r  M g S O *  T h e  s o lv e n t  w a s  r e m o v e d  in  v a c c u o  y i e l d i n g

2 . 2 3  g  ( 3 6 %  y i e l d )  o f  2 .  R e c r y s t a l l i z a t i o n  f r o m  e t h e r  g a v e  w h i t e  c r y s 

t a l s ,  m p  1 3 8 - 1 4 0  ° C  ( l i t . 1 m p  1 3 9 - 1 4 0  ° C ) .

Synthesis of Dimer 7. T h e  d i m e r  w a s  s y n t h e s i z e d  b y  t h e  m e t h o d  

o f  O v e r b e r g e r  a n d  K e s s l i n , 3 m p  4 9 - 5 1  ° C  ( l i t .  m p  5 2 - 5 3  ° C ) .

Synthesis of the IV-Acetyl Derivative of 7. T h i s  d e r i v a t i v e  w a s  

p r e p a r e d  b y  t h e  m e t h o d  o f  D e M a y o ,  S t o t h e r s ,  a n d  U s s e l m a n ,  m p  

1 5 3 - 1 5 5  ° C  ( l i t .4 1 5 3 - 1 5 3 . 5  ° C ) .

Synthesis of 4-Oxo-5,5-dimethyhexanal. T h e  G r i g n a r d  r e a g e n t  

o f  2 - ( 2 - b r o m o e t h y l ) - l , 3 - d i o x a n e  w a s  p r e p a r e d  a c c o r d i n g  t o  t h e  

m e t h o d  o f  S t o w e l l 6 u s i n g  1 5  g  ( 7 6 .9  m m o l)  o f  2 - ( 2 - b r o m o e t h y l ) - l , 3 -  

d i o x a n e  a n d  5 . 6 1  g  ( 2 3 0  m m o l)  o f  M g  in  5 0  m L  o f  T H F .  T h i s  G r i g n a r d
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w a s  a d d e d  d r o p w i s e  b y  s y r i n g e  t o  a  s l i g h t  e x c e s s  ( 1 2  m L ,  9 7 .4  m m o l)  

o f  t r i m e t h y l a c e t y l  c h lo r i d e  in  5 0  m L  o f  t h e  T H F  w h i l e  m a i n t a i n i n g  

a  p o s i t i v e  N 2  p r e s s u r e .  T h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  0 .5  h  a f t e r  

a d d i t i o n  w a s  c o m p le t e  a n d  t h e n  1 5  m L  o f  w a t e r  w a s  a d d e d .  T h e  T H F  

w a s  r e m o v e d  in  v a c c u o  a n d  t h e  p r o d u c t  w a s  e x t r a c t e d  w i t h  a  3  X  7 5  

m L  p o r t io n  o f  h e x a n e .  T h e  h e x a n e  e x t r a c t  w a s  w a s h e d  w i t h  d i lu t e  H C 1  

a n d  d r i e d  o v e r  M g S 0 4.

C o n c e n t r a t i o n  o f  t h e  h e x a n e  a n d  d i s t i l l a t i o n  g a v e  2 - ( 3 - o x o - 4 ,4 -  

d i m e t h y l p e n t y l ) - l , 3 - d i o x a n e  ( 1 2 . 3 4  g , 6 1 . 7  m m o l) :  b p  1 1 5 - 1 2 2  ° C  (7  

m m ) ;  I R  ( n e a t )  2 9 6 2 , 2 8 5 1 , 1 7 0 8 ,  a n d  1 1 4 9  c m “ 1 ; N M R  ( C C R )  5 1 . 1 1  

( s ,  9  H ) ,  1 . 2 - 2 . 2  ( m , 4  H )  2 . 3 - 2 . 7  ( m , 2  H ) ,  3 . 4 - 4 . 3  ( m , 4  H ) ,  a n d  4 .4 5  

( t ,  1  H ) .

T h i s  c o m p o u n d  w a s  h y d r o l y z e d  t o  8  a s  f o l lo w s .  I n  a  5 0 - m L  f l a s k  

e q u i p p e d  w i t h  m a g n e t i c  s t i r r i n g  w a s  p la c e d  4 0  m L  o f  H 20  a n d  5 .3 4  

g  o f  2 - ( 3 - o x o - 4 , 4 - d i m e t h y l p e n t y l ) - l , 3 - d i o x a n e  a n d  1  g  o f  o x a l i c  a c id .  

A  D e a n - S t a r k  t r a p  m o d i f i e d  t o  r e t u r n  t h e  b o t t o m  l a y e r  w a s  a t t a c h e d  

a n d  f i l l e d  w i t h  w a t e r .  T h e  m i x t u r e  w a s  r e f l u x e d  f o r  3  h , s t e a m  d i s 

t i l l i n g  8  i n t o  t h e  t r a p .  T h e  p r o d u c t  w a s  t a k e n  u p  in  1 0  m L  o f  e t h e r ,  

d r i e d  o v e r  M g S 0 4, c o n c e n t r a t e d ,  a n d  d i s t i l l e d  in  v a c u o  ( b p  8 8  ° C  ( 1 2  

m m ) ) .  T h e  y i e l d  w a s  2 .3 0  g  ( 6 . 1 2  m m o l ,  6 1 % ) :  I R  ( n e a t )  2 9 6 8 ,  2 8 2 5  

( s h o u l d e r ) ,  2 7 1 8 ,  1 7 2 5 ,  a n d  1 7 0 7  c m “ 1 ; N M R  ( C C 1 4) & 1 . 1 4  ( s , 9  H ) ,

2 .5 0  ( s ,  4  H ) ,  a n d  9 .8 0  ( s ,  1  H ) .

Synthesis of the Trimer of 3-fert-ButyI-4,5-dihydropyridazine
( 1 0 ) .  I n  a  1 0 0 - m L  f l a s k  e q u i p p e d  w i t h  N 2 a t m o s p h e r e ,  c o n d e n s e r ,  a n d  

m a g n e t i c  s t i r r in g  w a s  p la c e d  5 0  m L  o f  b e n z e n e  a n d  3 . 0 1  g  ( 2 1 . 2  m m o l)  

o f  4 - o x o - 5 , 5 - d i m e t h y l h e x a n a l .  H y d r a z i n e  ( 9 7 % , 2  m L ,  6 3  m m o l)  w a s  

a d d e d  d r o p w is e .  A f t e r  s t i r r i n g  a t  r e f l u x  f o r  1  h  a  D e a n - S t a r k  t r a p  w a s  

a t t a c h e d  a n d  t h e  w a t e r  a z e o t r o p e d  o f f  o v e r  a  2 - h  p e r i o d .  T h e  b e n z e n e  

w a s  r e m o v e d  in  v a c c u o  a n d  t h e  o i l  p r o d u c e d  w a s  c r y s t a l l i z e d  b y  a d 

d i t i o n  o f  9 5 %  e t h a n o l .  A  s e c o n d  c r o p  o f  c r y s t a l s  w a s  o b t a i n e d  b y  a d 

d i t i o n  o f  w a t e r  t o  t h e  e t h a n o l .  T h e  y i e l d  w a s  1 . 3 0  g  ( 9 .4  m m o l ,  4 4 % ) : 

m p  1 2 3 - 1 2 5  ° C ;  I R  ( C H C 1 3) 2 9 6 0 , 1 6 2 4 , 1 4 7 5 ,  a n d  1 3 6 2  c m - 1 ; N M R  

5 1 . 0 9  ( s ,  9  H ) ,  1 . 9 - 2 . 6  ( m , 4  H ) ,  a n d  3 . 2 - 3 . 6  ( m , 1  H ) .  M a s s  s p e c t r u m  

s h o w e d  a  l a r g e  p a r e n t  io n  a t  4 1 4  ±  1 .

A n a l .  C a l c d  f o r  C 8H M N 2 : C ,  6 9 .5 2 ;  H ,  1 0 . 2 1 ;  N ,  2 0 .2 7 .  F o u n d :  C ,  

6 9 .3 6 ;  H ,  1 0 . 3 4 ;  N ,  2 0 . 1 4 .
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Daeniker2 had reported earlier that Ar-nitroso(2-methyl- 
amino)acetonitrile (I) undergoes an interesting rearrangement

Figure 1 .  D i f f e r e n t i a l  p u l s e  p o l a r o g r a m s  o f  r e a r r a n g e m e n t  o f  N -  
n i t r o s o - 2 ( m e t h y l a m i n o ) a c e t o n i t r i l e  in  b a s i c  m e t h a n o l  s o l u t i o n :  

S u p p o r t i n g  e l e c t r o l y t e  0 . 1  M  E t 4N C 1 0 4; t e m p e r a t u r e  2 2  ° C ;  [ O H ']  

=  0 .0 0 6  M ;  s c a n  r a t e  5  m V / s ;  d r o p  t i m e  1 . 0  s ;  p u l s e  a m p l i t u d e  5 0  m V  

( p - p ) ;  H g  f l o w  r a t e  1 . 2 0  m g / s .  C u r v e  1 :  0  m in .  C u r v e  2 :  6  m in .  C u r v e  

3 :  ~ 1 2  m in .  C u r v e  4 : ~ 2 0  m in .  C u r v e  5 :  ~ 3 2  m in .  C u r v e  6 : ~ 1 0 5  

m in .

in basic methanol solution to yield a-isonitroso-IV-methyla- 
minoacetonitrile (II) (eq 1). During the course of electroana-

ROH
CH3NCH2CN -----CH3NHCCN (1)

| Base jj
N = 0  NOH

I II
lytical studies on I and other ¿V-nitrosamines we observed that 
the kinetics of this reaction could be studied by differential 
pulse polarography. A similar application of this technique 
had been used by us to study the anchimeric role of the nitroso 
group in the aqueous basic hydrolysis of I.3 The current study 
lends support to the mechanism of rearrangement proposed 
by Daeniker and, in addition, outlines an isolation procedure 
for II that gives considerably improved yields.

In neutral methanol, I displays a single, diffusion-con
trolled, differential pulse polarographic peak at —1.52 V vs. 
SCE. In the presence of methoxide ion, however, the expected 
peak is followed by a second peak (—1.74 V), an unusual result 
for a nitrosamine.4 The heights of the two peaks vary in a 
regular fashion as a function of time. Typical results are shown 
in Figure 1 ; curves 1 - 6  were recorded on the same solution over 
a period of approximately 100 min. The species giving rise to 
the second peak is stable; once it is fully formed the peak 
height remains constant over a period of 1 2  h.

The most logical explanation for the observed polarographic 
results is that proposed by Daeniker (Scheme I). To insure 
that the reaction described by eq 1 is occurring in the po
larographic cell and that II is the species giving rise to the 
second peak, the solution conditions used in the polarographic 
cell were repeated on a preparative scale. The physical and 
spectral data for the sublimed product isolated were identical

Scheme I

CH3NCH2CN ^  CH3N— CHCN
I
N = 0  N = 0

w
I

H

, H+
------  ̂ CH3—fN-f-CCN —*> CH3NHCCN

‘ V| y  II
N— O- NOH

II

OO22-3263/78/1943-3617$01.00/0 © 1978 American Chemical Society
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Table I. Kinetic Data for the Rearrangement of N -
Nitroso(2-methylamino)acetonitrile in Basic Methanol

_________t ,  °C____________ ______ k, L  mol- 1  s-1 __________

1.0 ±  0.02 (5.96 ±  0.07) X 1 0 "3
11.0 ±  0.02 (1.41 ±  0.19) X 10~2
23.0 ±  0.02 (3.32 ±  0.09) X 10~2

AH * =  12.0 ±  0.34 kcal mol“ 1 A S *  =  -2 4 .7  eu

with those of a-isonitroso-JV-methylaminoacetonitrile re
ported earlier.2 A polarogram obtained after addition of the 
isolated crystals to the solution that yielded curve 6  (Figure 
1 ) showed an increase in peak height without any shift in peak 
potential, strongly suggesting that the isolated product is the 
species giving rise to the peak at —1.74 V.

The kinetics of the reaction in eq 1 were determined by 
measuring the rate of decay of the peak current at —1.52 V,
i.e., at the peak potential of species I. Kinetic studies were 
performed at 1.0,11.0, and 23 °C.

The reaction was found to be second order (first order with 
respect to both I and base). The second-order rate constants 
and activation parameters were calculated in the usual fash
ion6 and are given in Table I. The most significant value in the 
table is the large negative entropy of activation. A pathway 
that agrees with the kinetic observations is shown in Scheme 
I; a similar mechanism involving a three-membered ring was 
first suggested by Daeniker.2

The transformation of I to II is facilitated by the relatively 
high acidity of the methylene protons. The anion that forms 
is stabilized by the adjacent N -nitroso and nitrile groups. To 
check this conclusion, the next higher homologue of I, N -  
nitroso(3-methylamino)propionitrile (III), was examined 
polarographically under identical experimental conditions. 
Compound III gave single differential pulse polarographic 
peaks in b o th  neutral and basic methanol solutions that re
mained unchanged over a period of 1 2  h.

The strong acidity of the methylene protons in I is further 
supported by NMR studies. At room temperature in D20,1  
incorporates two deuteriums instantaneously to yield I-D2. 
No such incorporation occurs with III.

C H 3N C H 2C H 2C N

N = 0

m

Experimental Section
a-Isonitroso-JV-methylaminoacetonitrile (II) from 7V-Ni- 

troso(2-methylamino)acetonitrile (I). D r y  m e t h a n o l  ( 2 0  m L )  w a s  
p l a c e d  in  a  r o u n d - b o t t o m  f l a s k  f i t t e d  w i t h  a  d r y i n g  t u b e  a n d  a  s id e  

a r m  f o r  t h e  p a s s a g e  o f  N 2 g a s .  D r y  N 2 w a s  b u b b l e d  t h r o u g h  t h e  s o l u 

t i o n  f o r  1 0  m in .  A  f r e s h l y  c u t  p ie c e  o f  s o d i u m  m e t a l  ( 0 .2  g )  w a s  t h e n  

a d d e d  a n d ,  a f t e r  i t  h a d  r e a c t e d ,  I  ( 1 . 0  g )  w a s  a d d e d .  T h e  s o lu t io n  w a s  

a l l o w e d  t o  r e m a i n  a t  r o o m  t e m p e r a t u r e  f o r  5  h  in  a  n i t r o g e n  a t m o 

s p h e r e  a n d  t h e n  e v a p o r a t e d  t o  d r y n e s s  u n d e r  v a c u u m .  T h e  r e s i d u e  

w a s  d i s s o l v e d  in  w a t e r  ( 3 0 .0  m L )  a n d  a d j u s t e d  t o  p H  6 .5  w i t h  h y d r o 

c h lo r i c  a c i d .  T h e  s o l u t i o n  w a s  e v a p o r a t e d  t o  d r y n e s s  u n d e r  v a c u u m  

a n d  t h e  r e s i d u e  w a s  e x t r a c t e d  w i t h  c h lo r o f o r m  ( 3 0 0  m L ) .  T h e  c h l o 

r o f o r m  s o l u t i o n  w a s  e v a p o r a t e d  t o  d r y n e s s  u n d e r  v a c u u m  a n d  t h e  

r e s i d u e  w a s  s u b l i m e d  u n d e r  v a c u u m  y i e l d i n g  w h i t e  n e e d l e - s h a p e d  

c r y s t a l s  ( 0 .5  g ,  5 0 % ; m p  1 5 4 - 1 5 6  ° C  ( l i t .2 m p  1 5 5 - 1 5 7  ° C ) ) :  s in g le  s p o t  

o n  T L C ;  N M R  ( D 20 ) ,  - C H 3, 5 2 .9 0  ( s ,  3  H ) ;  I R  2 .9 3  ( O H ) ,  3 . 1 2  ( N H ) ,

4 .4 2  ( C = N ) ,  6 . 0 1  nm  ( C = N ) ;  U V m al in  a b s o lu t e  e t h a n o l  2 5 5 0  A .  A n a l .  

C a l c d :  C ,  3 6 .3 6 ;  H ,  5 .0 5 .  F o u n d :  C ,  3 6 .3 9 ;  H ,  5 . 1 0 .

K i n e t i c s  of I —* II.6 M e t h a n o l  s o lu t io n s  o f  c o n s t a n t  io n ic  s t r e n g t h  

c o n t a i n i n g  t e t r a p e n t y l a m m o n i u m  i o d i d e  a s  s u p p o r t i n g  e l e c t r o l y t e  

a n d  b a s e  w e r e  p r e p a r e d .  A  1 0 - 2  M  s o l u t i o n  o f  I  in  m e t h a n o l  w a s  u s e d  

a s  s t o c k  s o lu t io n .  T h e  c e l l  w a s  t h e r m o s t a t e d  a t  1 , 1 1 ,  a n d  2 3  ° C  u s in g  

F o r m a  S c i e n t i f i c  M o d e l  2 0 9 5  r e f r i g e r a t e d  a n d  h e a t e d  b a t h  a n d  c i r 

c u l a t o r .  T h e  d e c r e a s e  in  p e a k  c u r r e n t  w a s  m o n i t o r e d  b y  r e c o r d i n g  

s u c c e s s i v e  p o l a r o g r a m s  a t  f i x e d  t i m e  i n t e r v a l s .  A l l  t h e  o b s e r v a t i o n s  

w e r e  m a d e  t w ic e  t o  c h e c k  t h e  r e p r o d u c i b i l i t y  o f  t h e  r e s u l t s .  I n  a l l  c a s e s

00??r32fi3/7M/1943-3618S01 00/0

a  p l o t  o f  In  I p v s .  t w a s  l i n e a r  a n d  i n d e p e n d e n t  o f  c o n c e n t r a t i o n  o f  I ,  

i n d i c a t i n g  t h e  t r a n s f o r m a t i o n  t o  b e  f i r s t  o r d e r  w i t h  r e s p e c t  t o  I .  T h e  

p s e u d o - f i r s t - o r d e r  r a t e  c o n s t a n t s  w e r e  c a l c u l a t e d  f r o m  t h e  s lo p e  o f  

In  I p v s .  t. V a r i a t i o n  o f  t h e  p s e u d o - f i r s t - o r d e r  r a t e  c o n s t a n t s  w i t h  

c o n c e n t r a t i o n  o f  b a s e  w a s  l i n e a r  a t  a l l  t e m p e r a t u r e s ,  y i e l d i n g  a  f i r s t -  

o r d e r  r e a c t i o n  r a t e  w i t h  r e s p e c t  t o  b a s e .  S e c o n d - o r d e r  r a t e  c o n s t a n t s  

w e r e  c a l c u l a t e d  a n d  a r e  g i v e n  in  T a b l e  I .  T h e  a c t i v a t i o n  p a r a m e t e r s  

w e r e  c a l c u l a t e d  in  t h e  u s u a l  f a s h i o n . 6

S p e c t r a  a n d  D i f f e r e n t i a l  P u l s e  P o l a r o g r a p h y .  N M R ,  U V ,  a n d  
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Stopped-Flow Study of Salt Effects on the Hydroxide 
and Borate Ion Catalyzed Hydrolysis of Covalent 
p-Tolylsulfonylmethyl Perchlorate in Aqueous 

Borax Buffer Solutions

W i l l e m  B r e e m h a a r  a n d  J a n  B .  F .  N .  E n g b e r t s *

D epartm ent o f  Organic Chem istry, U niversity o f Groningen, 
9747 A G  Groningen, The N etherlands

R eceived M a y  2 ,1 9 7 8

As part of a detailed study of environmental1’2 and micellar 
effects3 on the general base-catalyzed hydrolysis of covalent4 
arylsulfonylmethyl perchlorates, we have recently reported 
kinetic salt effects on the water-catalyzed process.2 This 
pH-independent hydrolysis involves rate-determining proton 
transfer from the reactant to water via a dipolar transition 
state in which the negative charge at the a-sulfonyl carbon 
atom is highly dispersed.1’5 The electrolyte effects were ra
tionalized mainly by invoking the importance of electrostatic 
ion-water interactions in the joint cybotactic regions of the 
ions and the reactant and/or transition state. This theory

A r S 0 2C H 20 C 1 0 3 +  B  ^  [~ A rS 0 2C H 0 C 1 0 3l  

I  A r  =  p -C H 3C6H , ¿ o +

X B

— >  [ A r S 0 ,C H 0 C 1 0 3J  +  H B +

H iO jfast

A r S 0 2H  +  H C O O H  +  C IO / - 

B  =  H ,0

emerged as a result of the observation that the salt effects were 
predominantly governed by the charge type and density of the 
distinct ions.2 Electrolyte-induced changes in water structure 
were assigned a secondary role. As an extension of these 
studies, we now report the effects of some neutral electrolytes 
on the rates of hydroxide and borate ion catalyzed hydrolysis 
in aqueous borax buffer solutions of constant ionic strength 
( I  = 1.0 M). The main objective of this work was to see

(fi) 1Q7fi A m n rir* ‘3n Itt*
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Table I. Second-Order Rate Constants for the Hydroxide and Borate Ion Catalyzed Hydrolysis 1 and l-d 2 in Aqueous 
_______ ___________________________________Borax Buffer Solutions at 25 ±  0.05 °C

c o m p d c o n d i t i o n s p H  ( ± 0 . 0 2 )

/¿o h  X  1 0 4 , 

M -1 s —1 ^borate? M  ̂ S ^ /¿h o h //s d o h

1 A “ 9 .2 0 9 . 2 1 1 3 . 0
l - d 2 A° 9 . 2 0 1 . 5 1 1 . 9 6 . 1 6 .8
1 B 6 8 .8 8 1 0 . 1 1 0 . 1

l-d2 B 6 8 .8 8 1 . 9 4 1 . 4 5 . 2 7 . 2

“ 1  X  1 0  \  2  X  1 0  2 , 2 . 5  X  1 0  2 , a n d  4  X  1 0  2 M  b o r a x  s o l u t i o n s .  6 A s  u n d e r  o .  b u t  n o w  a t  c o n s t a n t  i o n i c  s t r e n g t h  (I  =  1 . 0  M

NaC104).

Table II. Kinetic Salt Effects on the Hydroxide and Borate Ion Catalyzed Hydrolysis of l-d 2 at 25 ±  0.05 °C

e l e c t r o l y t e m o l a r i t y

/¿obsd X  I O 2, M  

1  2

'* S \ f o r  Cborate X  1 0 2 M a

2 . 5  4

/¿OH X  IO “ 4, 

M - 1  s “ 1
^  borate?

M - 1  s - 1

NaCKV 0 . 5 1 7 . 6 2 0 .4 2 1 . 8 2 5 . 8 1 . 9 4 1 . 4
N a B r ° 0 . 5 1 8 . 4 2 2 . 6 2 3 . 8 3 0 . 2 1 . 9 4 2 . 0

N a C l 6 0 . 5 1 9 . 5 2 3 . 1 2 7 . 1 3 5 . 4 / 1 . 9 8 2 . 1
C s B r ' 0 . 5 2 8 .6 3 4 . 5 3 5 . 7 4 9 . 0 2 . 0 0 3 . 4

M e 4N B r d 0 . 5 3 5 . 4 4 3 . 6 4 4 . 3 5 7 . 2 2 .0 8 3 . 6
r c - B u 4N B r ' 0 .5 4 8 . 8 6 8 .7 7 5 . 7 1 0 4 1 . 9 0 9 .0

“ B o r a x  c o n c e n t r a t i o n .  NaCl a d d e d  u n t i l  / = 0 . 5  M . 6p H  8 .8 8 .  ‘ p H  9 . 0 1 .  d p H  9 . 1 4 . ' p H  9 . 2 2 .  /Cborax = 5  X  IO “ 2 M .

whether the simple theory advanced for the neutral hydrol
ysis2 could also provide a framework for understanding salt 
effects in these buffer systems.

Results and Discussion
It has been demonstrated that at low stoichiometric tetra

borate concentrations (as employed in the present study) and 
at pH >2 dissociation into boric and (mono)borate ion is es
sentially complete:6’7

B40 72-  + 7H20  fc* 2 B(OH) 3 + 2B(OH)4-

Thus, pseudo-first-order rate constants (feo bsd) for hydrolysis 
of 1 and its dideuterated analogue (P-CH3C6H4SO2CD2OCIO3 
(l-d2)) in borax buffers of pH ca. 9.0 will be composed of 
contributions due to hydroxide ion, borate ion, and water 
catalysis (eq 1 ) but the anion-induced deprotonation will 
dominate the “water” reaction1’2 by many orders of magnitude 
(feobsd (HaO) = 6.05 X  10~ 4 S“ 1, febora te  ca. 10 M- 1 s-\  k oh ca. 
1 0 5 M - 1  s_1 at 25 °C).

^ o b s d  — ^ O H C OH "b /¿b ora te1* borate d" /¿H2O0H2O (1)

Second-order rate constants /¿borate and /¿o h  for hydrolysis of 
1 and l-d2 in borax buffers both at constant and at differing 
ionic strength (I) were obtained by the stopped-flow technique 
and are listed in Table I. The large primary kinetic deuterium 
isotope effects clearly substantiate rate-determining depro
tonation of the substrates by the general base and definitely 
rule out a salt-induced mechanistic change toward an Sn2  type 
process. In view of the fast reaction of 1 with hydroxide ion, 
salt effects were largely determined for hydrolysis of l-d2- 
Results are displayed graphically in Figure 1. The fe0bsd values 
pertain to buffer solutions of constant ionic strength 1 M in 
which the concentration of the neutral electrolyte under study 
(csait) was varied between 0 and 0.5 M at constant /borate + 
/ Naci = 0.5 M (see Experimental Section). For the NaC104, 
NaBr, and CsBr solutions the pH (8 .8 8 ) was constant within 
experimental error and identical to that in the absence of the 
salt. However, for the tetraalkylammonium salts there was a 
slight increase in pH (pH 8 .8—9.2) with increasing csalt which 
will be partly responsible for the rate acceleration observed 
for these electrolytes. Nevertheless, the o rd e r  of the kinetic 
salt effect (rc-Bu4NBr > Me4NBr > CsBr > NaBr > NaC104) 
is similar to that observed for the water-catalyzed reaction.2 
In order to separate salt effects operating on /¿o h  and k borate? 
feobsd values have been measured at constant csait = 0.5 M in

Figure 1. P l o t s  o f  /¿Qbsd v s .  c o n c e n t r a t i o n  o f  s a l t  f o r  h y d r o l y s i s  o f  

l - d 2 in  a q u e o u s  b o r a x  b u f f e r s  o f  t o t a l  i o n i c  s t r e n g t h  X M  ( s e e  t e x t ) .

the presence of varying concentrations of borax and NaCl (for 
these two salts the sum of their ionic strengths was maintained 
at 0.5 M leading to a total ionic strength of 1.0 M). Kinetic data 
are summarized in Table II and plotted in Figure 2. First of 
all, we note that in all moderately concentrated salt solutions 
there exists a linear dependence of rate on the borax concen
tration.8 Second, the data show that there are only substantial 
kinetic salt effects on /¿bora te  whereas / ¿ o h  is hardly affected 
by the nature of the electrolyte. The salt effects on /¿borate 
follow the sequence NaC104 < NaBr < NaCl < CsBr ~  
Me4NBr < n-Bu4 NBr. It appears that borate anion catalysis 
is accelerated by increasing charge density on the anion and 
by decreasing charge density on the cation. Therefore it is 
likely that the salt effects are not just determined by the 
availability of water molecules for hydration of the reactants 
and the transition state.9 If structure 2 represents a likely 
model10 for the transition state for proton transfer from co
valent arylsulfonylmethyl perchlorates to the borate anion, 
it is reasonable to suppose that the hydrogen bond donor 
capabilities of the 0 -H a and 0 -H b bonds in 2  are enhanced
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kobsd x 10 sec"'

Figure 2. P l o t s  o f  fe0bsd v s - b o r a x  c o n c e n t r a t io n  a t  t o t a l  io n ic  s t r e n g t h  

1  M  f o r  h y d r o l y s i s  o f  l - c ^  in  t h e  p r e s e n c e  o f  0 .5  M  N a C 1 0 4, N a B r ,  

N a C l ,  C s B r ,  M e 4 N B r ,  a n d  n - B u 4N B r  ( s e e  t e x t ) .

as compared with those of the OH bonds in the B(OH)4“ 
anion. Now the order of the salt effects is consistent with the 
model advanced previously,2 which suggests that polarized 
and strongly oriented water molecules in type I cospheres11 
of anions of appreciable charge density will stabilize12 tran
sition states such as 2 through hydrogen bonding to Ha and 
Hb. Since the negative charge developed at the a-sulfonyl

5 -  “ I*
P -C H 3C6H 4S 0 2C H O C 1 0 3

K s+

A-L Ha B(OHb)3J
2

carbon atom in 2  is strongly dispersed,1 there will be no or only 
little transition state stabilization by interaction with water 
molecules of enhanced hydrogen bonding donor capability in 
the hydration sheaths surrounding cations of high charge 
density. This rationale then leads to the prediction, which is 
in agreement with experiment, that the greatest positive salt 
effects will be observed for electrolytes composed of cations 
of low charge density and hydration enthalpy (Na+ < Cs+ < 
Me4N+ < n-Bu4N+) and anions of high charge density and 
hydration enthalpy (C104~ < Br“ < Cl- ). In conclusion, we 
note that the present results reveal a striking similarity be
tween the order of kinetic salt effects on a molecule-ion re
action (i.e., l - d '2 with borate ion) and on a molecule-molecule 
reaction (i.e., I with water). This is not a priori anticipated in

terms of simple electrostatic theories for salt effects in aqueous 
media.13 The present data and those obtained earlier2 con
sistently suggest that kinetic salt effects on the hydrolysis of 
the arylsulfonylmethyl perchlorates at moderate or even 
higher electrolyte concentration predominantly reveal effects 
due to extensive hydration sphere overlap.14’15 These effects 
appear to be determined by the strength of directional ion- 
water interactions and by the magnitude of charge separation 
and delocalization which accompanies the transfer of the 
reactants into the transition state.15

Experimental Section
Materials. p - T o l y l s u l f o n y l m e t h y l  p e r c h l o r a t e  (1) a n d  i t s  d e u t e r -  

a t e d  a n a l o g u e  ( l - d 2 ) w e r e  p r e p a r e d  a s  d e s c r i b e d  p r e v i o u s l y ,  t a k i n g  

i n t o  a c c o u n t  t h e  a p p r o p r i a t e  s a f e t y  p r e c a u t i o n s . 2’6 T h e  s a l t s  u s e d  in  

a l l  e x p e r i m e n t s  w e r e  o f  t h e  h i g h e s t  q u a l i t y  a v a i l a b l e  ( u s u a l l y  f r o m  

M e r c k  o r  F l u k a )  a n d  w e r e  u s e d  a s  s u c h  w i t h  t h e  e x c e p t i o n  o f  n - 
B u 4N B r ,  w h ic h  w a s  r e c r y s t a l l i z e d  t w ic e  f r o m  e t h y l  a c e t a t e  a n d  d r ie d  

a t  4 5  ° C  in  v a c u o  o v e r  P 20 5 f o r  2 0  h . T h e  w a t e r  w a s  d e m i n e r a l iz e d  a n d  

d i s t i l l e d  t w i c e  in  a n  a l l  a l l - q u a r t z  d i s t i l l a t i o n  u n i t .

B u f f e r  s o l u t i o n s  o f  lo w  b o r a x  c o n c e n t r a t i o n  ( < 0 . 0 5  M )  w e r e  o f  

c o n s t a n t  io n ic  s t r e n g t h ,  I  =  1 . 0  M ,  a n d  w e r e  m a d e  u p  b y  w e ig h t .  T h e s e  

s o l u t i o n s  w e r e  p r e p a r e d  a s  f o l lo w s .  U p  t o  I  =  0 .5  M ,  N a C l  w a s  e m 

p lo y e d  a s  t h e  e l e c t r o l y t e .  T h e  f i n a l  io n ic  s t r e n g t h  w a s  a d j u s t e d  b y  

a d d i n g  c a l c u l a t e d  a m o u n t s  o f  N a C l  a n d  r h e  e l e c t r o l y t e  u n d e r  s t u d y .  

T h u s ,  t h e  s a l t  e f f e c t s  r e p o r t e d  in  t h i s  p a p e r  p e r t a i n  t o  v a r i a t i o n  b e 

t w e e n  0  a n d  0 .5  M  s a l t  a t  a  t o t a l  io n ic  s t r e n g t h  o f  1 . 0  M .

Kinetic Measurements. T h e  k i n e t i c  m e a s u r e m e n t s  w e r e  c a r r i e d  

o u t  u s i n g  a n  A m i n c o - M o r r o w  s t o p p e d - f lo w  a p p a r a t u s ,  c o n n e c t e d  t o  

a  d a t a  a c q u i s i t i o n  s t o r a g e  a n d  r e t r i e v a l  s y s t e m  ( D A S A R ) .  T h e  t w o  

r e a g e n t  s o l u t i o n s  w e r e  i n j e c t e d  in  e q u a l  q u a n t i t i e s .  T e m p e r a t u r e  

c o n t r o l  w a s  w i t h i n  ± 0 . 1  ° C .  T h e  c h a n g e  in  a b s o r b a n c e  a t  2 3 0  n m  w a s  

r e c o r d e d  o n  a  W  &  W  r e c o r d e r  ( t y p e  3 0 1 2 )  t o  a l lo w  t h e  c a lc u l a t i o n  o f  

t h e  p s e u d o - f i r s t - o r d e r  r a t e  c o n s t a n t s  (kooad). T h e s e  fe0bsd v a l u e s  w e r e  

r e p r o d u c i b l e  t o  w i t h i n  2%. T h e  e s t i m a t e d  a c c u r a c y  o f  koH  a n d  k borate 

l i s t e d  in  T a b l e  I  is  ± 6  a n d  ± 1 0 % ,  r e s p e c t i v e l y .  T h e  p H  m e a s u r e m e n t s  

w e r e  c a r r i e d  o u t  b y  m e a n s  o f  a  F i n d i p  p H  m e t e r ,  t y p e  5 5 5 A ,  u s i n g  a  

g l a s s  a n d  c a lo m e l  e l e c t r o d e  a t  2 5  ° C .  T h e  p H  v a l u e s  a r e  a c c u r a t e  t o  

w i t h i n  ± 0 . 0 2 .
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The seven-membered, aromatic a-tropolone ring 2 occurs 
naturally in three biosynthetically distinct classes:1’2 in the 
essential oils of C u p r e s sa e  (e.g., a-thujaplicin), in mold me
tabolites of the P én ic illiu m  family (e.g., stipitatonic acid) and 
in the C olch icu m  alkaloids (e.g., colchicine). The unique 
character of these seven-membered carbocycles has attracted 
considerable synthetic, biogenetic, and theoretical attention3 
since the structure elucidation of the first natural a-tropolone, 
stipitatonic acid by Dewar, in 1945. However, general syn
thetic entry into the a-tropolone system has been limited for 
the most part to the exhaustive oxidation of a-ketocyclo- 
heptanones3 or the [T2S + x2a] cycloaddition of dihaloketenes 
with cyclopentadienes followed by rearrangement.3’4

As a general approach to natural a-tropolone systems, we 
desired synthetic access to the a-tropolone ring via site-spe
cific single-carbon expansion of the corresponding suitably 
substituted phenol (e.g., 1 -»■ 2). This approach allows the 
utilization of well-defined phenolic chemistry in establishing 
the requisite substitution pattern or functionality on the

ultimately generated a-tropolone ring and minimizes subse
quent chemical manipulation in the presence of the a-tropo- 
lone system. We wish to report the realization of this general 
synthetic objective as illustrated by regiospecific syntheses 
of the isomeric thujaplicins y-3 and /3-4.

Our synthetic scheme called for the regiospecific estab
lishment of a dihydroaromatic silyl ether. The recent devel
opment of lithium/ammonia reduction of O-silylated phenols 
affords excellent regiopredictability and facile synthetic entry 
into such systems.7 For the synthesis of y-thujapiicin 3 
(Scheme I), dissolving metal reduction of triethylsilyl (4-iso- 
propylphenyl) ether 5 afforded the dihydroaromatic silyl ether
6 . Subsequent sodium trichloroacetate mediated dichloro- 
cyclopropanation and methanolic aqueous hydrochloric acid 
hydrolysis9’10 afforded the stable bicyclic dichlorocyclopro- 
panol 7. The regiospecificity of dichlorocyclopropanation is 
well established to proceed via attack on the most nucleophilic 
olefin in cases not overshadowed by steric considerations. The 
stability of such unsaturated bicyclic a,a-dichlorocyclopro- 
panols appears to be unique and 7 is thus a representative of 
a novel-class of jfunctionalized'cyclopropane.11’12 syrc-Hydroxyl 
directed peracid epoxidation afforded the epoxide 8  which

Table I. Physical Data for Isolated Intermediates in y-Thujaplicin Synthesis

registry no.
bp, °C/mm 
or Mp, °C IR, cm- 1 NMR (CDCl3/Me4Si), <5

MS (rule) 
rel abundance, %

5 66967-06-4 155-165/0.1 1580 (w) 
1250 (s) 
740 (s)

0.48-1.05 (brm, 15 H) 
1.13 (d, J  = 6.5 Hz, 6  H)
2.75 (q, J  =  6.5 Hz, 1 H)
7.75 (d, J = 10 Hz, 2 H) 
8.05 (d, J  =  10 Hz, 2 H)

250 (81) 
235 (73) 
195 (95) 
121 (1 0 0)

6 66967-07-5 Kugelrohr
150/0.1

1610 (med) 
1250 (stg)

1.05-0.50 (m, 21 H)
2.30 (b, qt, J  =  7.0 Hz, 1 H) 
2.65 (s, 2 H)
4.85 (s, 1 H)
5.35 (s, 2 H)

7° 66967-08-6 white spindles 
71.0-73.5

3425 (stg) 
850 (stg)

0.97 (d, J  = 7.0 Hz, 6 H)
1.82 (d, d, J = 7.5,1.5 Hz, 1 H) 
1.90-2.50 (m, 3 H)
2.64 (d, d, J  =  6.5, 4.5 Hz, 2 H) 
2.95 (brs, OH, 1 H)
5.30 (brs, 1 H)

2 2 0  (16) 
185 (89) 
167 (33) 
97 (100

8a>17 66967-09-7 white blocks 
75-77

3420 (stg) 
1040 (stg) 
830 (stg)

0.94 (d, d, J  = 6.5 Hz, 6 H)
1.50 (qt, J  = 6.5 Hz, 1 H)
1.62 (d, d, J = 9.0, 2.0 Hz, 1 H) 
1.83 (d, d, J  = 16.0, 2.0 Hz, 1 H) 
2.31 (d, d, J  = 16.0, 9.0 Hz, 1 H) 
2.5 (d, J  = 2.0 Hz, 2 H)
2.79 (t, J = 2.0 Hz, 1 H)

236 (4.2) 
201 (65) 
193 (96) 
175 (8 8 ) 
157 (100)

9a 66967-10-0 light oil 1622 (stg) 
1599 (stg) 
940 (stg)

1.20 (d, J  = 8.0 Hz, 6  H) 
2.80 (qt, J  = 8.0 Hz, 1 H) 
6.74 (d,J = 10.5 Hz, 1 H) 
7.12 (s, 2 H)
7.65 (d, J  = 10.5 Hz, 1 H)

182(79) 
139 (100) 
109 (32) 
103 (59)

a Satisfactory elemental analysis was obtained (C, H ±0.3%).

0022-3263/78/1943-3621$01.00/0 © 1978 American Chemical Society
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Table II. Physical Data for Isolated Intemediates in 5-Thujaplicin Synthesis

r e g i s t r y  n o . b p ,  ° C / m m IR, c m  1 NMR (CDCl3/Me4Si), &
MS ( m / e )  r e l  

a b u n d a n c e ,  %

10 6 6 9 6 7 - 1 1 - 1 1 5 0 - 1 6 2 / 0 . 1 1 5 8 0  ( w  m e d )  

1 2 6 0  ( s t g )

7 5 0  ( s t g )

0 . 6 0 - 1 . 1 0  ( m ,  1 5  H )

0 . 6 0 - 1 . 1 0  ( d ,  <7 =  7 . 0  H z ,  6  H )  

2 . 8 2  ( q ,  <7 =  7 . 0  H z ,  1  H )  

6 . 5 0 - 6 . 8 2  ( m ,  3  H )

7 . 0 8  ( t ,  J  =  9 .0  H z ,  1  H )

11 6 6 9 6 7 - 1 2 - 2 K u g e l r o h r  

1 5 0 ° / 0 . 1  m m

1 6 5 0  ( m e d )  

1 2 5 0  ( s t g )  

7 3 0  ( s t g )

1 . 1 6 - 1 . 7 8  ( m ,  2 1  H )

2 . 9 2  ( t ,  J  =  7 . 0  H z ,  1  H )  

5 . 4 8  ( b r ,  s ,  1  H )

6 .0 0  ( b r ,  s ,  1  H )

12° 6 6 9 6 7 - 1 3 - 3 1 5 4 / 0 . 1  

c o l o r l e s s  o i l

3 3 5 0  ( s t g )  

1 0 2 0  ( s t g )

0 . 9 7  ( d ,  <7 =  7 . 0  H z ,  6  H )

1 . 8 0  ( d ,  d ,  <7 =  7 . 5 , 1 . 5  H z ,  1  H )  

1 . 9 6 - 2 . 4 0  ( m ,  3  H )

2 . 5 0 - 2 . 7 0  ( m ,  2  H )

3 . 2 0  ( b ,  s ,  O H ,  1  H )

5 . 2 0  ( s ,  1  H )

2 2 0  ( 2 5 )  

1 8 5  ( 9 6 )  

1 6 7  ( 3 5 )  

9 7  ( 1 0 0 )

13 6 6 9 6 7 - 1 4 - 4 c o l o r l e s s  o i l 3 3 2 5  ( b r d ,  s t g )  

1 2 8 0  ( s t g )

7 7 0  ( s t g )

0 . 9 3  ( b r ,  t , <7 =  8 .0  H z ,  6  H )

1 . 4 5  ( q ,  <7 =  8 .0  H z ,  1  H )

1 . 5 5  ( b r ,  d ,  J  =  9 .0  H z ,  1  H )

1 . 8 5  ( d ,  t ,  <7 =  1 6 . 0 ,  2 . 5  H z ,  1  H )

2 . 2 4  ( d ,  J  =  1 5 . 5  H z ,  1  H )

2 . 4 5  ( d , < 7 =  1 5 . 5  H z ,  1  H )

2 . 5 0  ( d ,  d ,  d ,  <7 =  2 .0 ,  9 . 5 , 1 6 . 0  H z ,  1  H )  

2 . 8 3  ( b r ,  s ,  1  H )

3 . 5 0  ( b r ,  s ,  O H ,  1  H )

2 3 6  ( 5 . 5 )  

2 0 1  ( 5 8 )  

1 9 3 ( 1 0 0 )  

1 7 5  ( 8 5 )  

1 5 7  ( 1 0 0 )

14° 6 6 9 6 7 - 1 5 - 5 l i g h t  o i l 1 5 9 5  ( s t g )  

1 6 3 0  ( s t g )  

9 0 0  ( s t g )

1 . 1 8  ( d ,  J  =  8 .0  H z  6  H )  

2 . 7 2  ( q ,  <7 =  8 .0  H z ,  1  H )  

6 . 5 0 - 6 . 8 0  ( m ,  2  H )

1 8 2  ( 5 9 )  

1 3 9  ( 1 0 0 )  

1 0 9  ( 4 5 )

6.96 (d, d , J  =  8.5,1.10 Hz, 1 H) 103 (65)
7.48 (d, d, J = 6.0,9.5 Hz, 1 H)

0 Satisfactory elemental analysis was obtained (C, H ±0.3%).

Scheme I

5 6 7

1

9 8

upon treatment in refluxing benzene with a trace of p-tolu- 
enesulfonic acid catalyst gave the a-chlorotropone 9. Con
version of the a-chlorotopone 9 to 7 -thujaplicin 3 by treatment 
with aqueous phosphoric acid in acetic acid at reflux13 com
pleted the synthesis.

In a similar fashion, triethylsilyl 3-isopropylphenyl ether 
10 (Scheme II) could be reduced to dienylsilyl ether 11 then 
dichlorocyclopropanated and hydrolyzed to give the dichlo- 
ronorcarenol 12. Subsequent conversion of norcarenol 12  to 
epoxide 13 and acid-catalyzed ring expansion afforded the 
a-chlorotropone 14. Again completion of the synthesis could 
be effected by strong acid treatment of a-chlorotropone 14 to 
generate /8 -thujaplicin 4. Proceeding along identical lines, 
phenol 1 could be converted into a-tropolone 2 .

This phenol to a-tropolone conversion is direct in its syn
thetic manipulation, efficient in its yield, and reasonably 
general in synthetic applicability. The principle difficulty

Scheme II

4

encountered in the scheme is the effective and regiospecific 
dichlorocyclopropanation of hindered enol silyl ethers. Al
though enhanced nucleoplilicity of the enol silyl ether un
saturation ensures highly regioselective (>95%) olefin reac
tivity in the a-tropolone and (3- and 7 -thujaplicin syntheses, 
the dichlorocyclopropanation of cyclohexadienyl silyl ether 
15, an intermediate in proposed a-thujaplicin preparation, 
proceeded in unserviceably low yield (—12%). Apparently, 
steric hindrance to olefin access inhibits enol silyl ether re
activity.

The high yield rearrangement of the norcaranol oxide sys
tem ( 8  and 13) directly to the a-chlorotropone (9 and 14) 
represents an interesting synthetic transformation. The 
process is acid catalyzed and corresponds to an overall ring
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S c h e m e  III

18

9

expansion-bisdehydration of the resultant a-chloroenone 
system. In the 7 -thujaplicin sequence, both the epoxide 8 
(refluxing toluene, t j/ 2 »  24 h) and the parent olefin 7 (re
fluxing toluene or n-butyl alcohol-water, t y 2 »  24 h) possess 
excellent thermal stability. In addition, the parent norcarenol 
7 is stable to the acidic conditions required for epoxide 8  re
arrangement. Thus, the suggested mechanism for this ring 
expanding transformation (e.g., 8 — 9) is acid catalyzed e p 
ox id e  o p e n in g  to generate the bicyclic triol 16, followed by 
facile ring enlargement to the a-chloroenone diol 17 (Scheme
III). Subsequent acid mediated bisdehydration produces the 
a-chlorotropone 9. The rate-determing step must be epoxide 
opening, since no intermediates chould be detected (TLC) in 
the conversion of 8  to 9.

This postulated rate-determining oxirane opening requires 
rapid (or spontaneous) ring expansion of the saturated 7,7- 
dichloronorcaran-l-ol structure 16 (to 17), which is generated 
upon release of the C-3-C-4 constraint on the norcaranol 
system. The rapid rearrangement of saturated 7,7-dichloro- 
norcaranol systems relative to their A3’4-unsaturated coun
terparts has been observed.11 Furthermore, the observation 
that trisubstituted norcaranol oxide 8  rearranges at a rate 
faster than the corresponding disubstituted norcaranol oxide 
18 (competitively in the same reaction media) is consistent 
with rate-determining electrophilic epoxide opening. Such an 
oxirane substitution-reactivity pattern is a consequence of 
enhanced stability of the transition state incipient carbocation 
for the alkyl substituted oxirane 8  relative to the unsubsti
tuted analogue 18.

In addition, the regiospecific conversion of the a-chloro
tropone structures generated via this route to specific 2 -sub- 
stituted troponoids has considerable synthetic potential. For 
example, regiospecific displacement of the a-chloro substit
uent by methoxide under known conditions would generate 
specific O-methyltropolones.14 Alternate schemes for tropo- 
ione 0 -méthylation proceeding via the parent a-tropolone 
generally yield O-methyltropolone isomers as a consequence 
of facile a-tropolone tautomerization. Thus, diazomethane 
méthylation of O-demethylcolchicine affords both colchicine 
and isocolchicine.15 In principle, regiospecific a-chlorotropone 
generation and subsequent nucleophilic introduction of 
methoxide could circumvent such isomer formation.

Experimental Section
General. M e l t i n g  p o i n t s  w e r e  t a k e n  w i t h  a  T h o m a s - H o o v e r  a p 

p a r a t u s  u s in g  o p e n  c a p i l l a r i e s  a n d  a r e  u n c o r r e c t e d .  P r o t o n  m a g n e t i c  

r e s o n a n c e  s p e c t r a  w e r e  r e c o r d e d  a t  1 0 0  M H z  w i t h  a  J e o l  J N M -  

M H - 1 0 0  s p e c t r o m e t e r  e m p lo y i n g  t e t r a m e t h y l s i l a n e  a s  a n  i n t e r n a l  

s t a n d a r d .  L o w  r e s o l u t i o n  m a s s  s p e c t r a  w e r e  o b t a i n e d  b y  d i r e c t  i n 

s e r t io n  w i t h  a n  L K B  9 0 0 0  s p e c t r o m e t e r  a t  7 0  e V .  T h e  p a r e n t  io n  a n d  

t h e  m o s t  i n t e n s e  p e a k s  ( 2 - 4 )  a r e  r e p o r t e d .  I n f r a r e d  s p e c t r a  w e r e  o b 

t a i n e d  o n  a  P e r k i n - E l m e r  7 2 7  i n f r a r e d  s p e c t r o m e t e r .  E l e m e n t a l  

a n a l y s e s  w e r e  p r e f o r m e d  b y  G a l b r a i t h  L a b o r a t o r i e s ,  I n c . ,  K n o x v i l l e ,  

T e n n .  F o r  a l l  c o l u m n  c h r o m a t o g r a p h y ,  E .  M e r c k  ( t y p e  6 0 )  s i l i c a  g e l  

a n d  s h o r t  c o l u m n  t e c h n i q u e s  w e r e  u t i l i z e d  a n d  f o r  T L C  a n a l y s i s ,  E .

M e r c k  S i l i c a  G e l  6 0 , F - 2 5 4  p r e c o a t e d  ( 0 .2 5  m m )  p la t e s  w e r e  e m p lo y e d .  

M a g n e s i u m  s u l f a t e  w a s  u s e d  a s  t h e  d r y i n g  a g e n t  t h r o u g h o u t  a n d  a l l  

e x p e r i m e n t a l  p r o c e d u r e s  w e r e  p e r f o r m e d  u n d e r  a n  a t m o s p h e r e  o f  d r y  
n i t r o g e n .

P h y s i c a l  d a t a  f o r  t h e  i n t e r m e d i a t e  c o m p o u n d s  d e s c r i b e d  in  t h e  

e x p e r i m e n t a l  p r o c e d u r e s  a r e  p r e s e n t e d  in  T a b l e  I  (7 - t h u j a p l i c i n  

s y n t h e s i s )  a n d  T a b l e  I I  ( / J - t h u ja p l i c i n  s y n t h e s i s ) .

General Triethylsilyl Phenyl Ether Synthesis.8 T h e  r e q u i s i t e  

p h e n o l  ( 5 0 .0  m m o l)  w a s  d i s s o l v e d  in  a n h y d r o u s  d i m e t h y l  f o r m a m i d e  

( 4 0  m L )  t o  w h i c h  im i d a z o l e  ( 8 .5 0  g , 1 2 5 . 0  m m o l)  a n d  t r i e t h y l c h l o -  

r o s i l a n e  ( 9 .0 0  g , 0 .0 6  m m o l)  w e r e  s u b s e q u e n t l y  a d d e d .  T h e  s o l u t i o n  

w a s  h e a t e d  a t  r e f l u x ,  m a i n t a i n e d  f o r  3  h , a l l o w e d  t o  c o o l  ( ~ 1  h ) ,  t h e n  

p o u r e d  i n t o  p e n t a n e  ( 1 5 0  m L )  a n d  e x t r a c t e d  w i t h  c o ld  1  N  a q u e o u s  

s o d i u m  b i c a r b o n a t e ,  w a t e r ,  a n d  b r i n e .  T h e  o r g a n i c  l a y e r  w a s  d r i e d  

a n d  t h e  s o l v e n t  r e m o v e d  in  v a c u o  a f f o r d i n g  t h e  t r i e t h y l s i l y l  p h e n y l  

e t h e r  ( 4 8 .0  m m o l ,  9 6 % )  s u f f i c i e n t l y  p u r e  ( ~ 9 5 % ,  V P C )  t o  e m p lo y  in  

t h e  r e d u c t i o n  s t e p  w i t h o u t  p u r i f i c a t i o n .  I f  t h e  t r i e t h y l s i l y l  p h e n y l  

e t h e r  i s  t o  b e  s t o r e d  f o r  e x t e n d e d  p e r i o d s  ( ~ 4  m o n t h s )  d i s t i l l a t i o n  is  

s u g g e s t e d .  I n  a d d i t io n ,  p h e n o ls  r e l u c t a n t  t o  u n d e r g o  O - s i ly la t io n  (e .g ., 

2 - i s o p r o p y l p h e n o l )  r e q u i r e  e x t e n d e d  p e r i o d s  a t  r e f l u x  ( ~ 1 2  h )  a n d  

d i s t i l l a t i o n  p r i o r  t o  u s e .

Isopropyl-7,7-dichloronorcar-3-en-l-ols 10 and 15. (a) Dis
solving Metal Reduction of Triethylsilyl Isopropylphenyl 
Ethers. T h e  m e t h o d  o f  D o n a l d s o n  a n d  F u c h s 8  c a n  b e  e m p l o y e d  w i 

t h o u t  m o d i f i c a t io n .  H o w e v e r ,  o u r  i n i t i a l  s t u d i e s  u t i l i z e d  a n  a l t e r n a t e  

p r o c e d u r e  w h ic h  m ig h t  p r o v e  u s e f u l  in  la r g e r  s c a le  ( > 2 0  m m o l)  p h e n y l  

s i l y l  e t h e r  r e d u c t i o n  a n d  w h i c h  p r o d u c e s  c o m p a r a b l e  y i e l d s  w h e n  

u n d e r t a k e n  w i t h  t r i e t h y l s i l y l  p h e n y l  e t h e r s .  T h i s  m o d i f i e d  p r o c e d u r e  

is  d e s c r i b e d  h e r e .

I s o p r o p y l p h e n y l  t r i e t h y l s i l y l  e t h e r  5  o r  1 0  ( 2 .5 0  g , 1 0 . 0  m m o l)  w a s  

i n t r o d u c e d  ( in  1 0  m L  o f  a n h y d r o u s  T H F )  v i a  s y r i n g e  t o  a  —3 3  ° C  s o 

l u t i o n  o f  a n h y d r o u s  T H F  ( 5 5  m L ) ,  t e r t - b u t y l  a l c o h o l  ( 1 0  m L ) ,  a n d  

a m m o n ia  ( 1 2 0  m L )  c o n t a in in g  l i t h i u m  w ir e  ( 7 0 .0  m m o l) ,  T h e  r e a c t io n  

m i x t u r e  w a s  m a i n t a i n e d  a t  r e f l u x  f o r  3 5  m i n ,  t h e n  c o o le d  t o  —7 8  ° C ,  

q u e n c h e d  w i t h  a m m o n iu m  c h lo r id e  (4 .0  g ) ,  a n d  t h e n  h e x a n e  ( 1 5 0  m L )  

w a s  in t r o d u c e d  c a r e f u l l y .  W i t h  r a p i d  s t i r r i n g  a n d  g e n t l e  w a r m i n g  t h e  

b u l k  o f  t h e  a m m o n i a  is  a l l o w e d  t o  e v a p o r a t e  o v e r  t h e  c o u r s e  o f  %  h . 

S u b s e q u e n t  p a r t i t io n in g  o f  t h e  m i x t u r e  b e t w e e n  h e x a n e  ( 1 5 0  m L )  a n d  

s a t u r a t e d  a m m o n i u m  c h lo r i d e  s o l u t i o n  ( 2 0 0  m L )  f o l l o w e d  b y  d r y i n g  

t h e  o r g a n i c  l a y e r  a n d  s o l v e n t  r e m o v a l  a f f o r d e d  t h e  c r u d e  d i h y d r o a r 

o m a t i c  e n o l  e t h e r s  6  ( 2 .2 2 6  g ,  ~ 9 0 %  r e d u c e d )  a n d  1 1  ( 2 .0 9 0  g ,  ~ 9 0 %  

r e d u c e d ) .  T h e  s o le  i m p u r i t y  w a s  u n r e d u c e d  ( a n d  n o n i n t e r f e r i n g )  

s t a r t i n g  m a t e r i a l  a n d  t h e  c r u d e  p r o d u c t  w a s  c o n s e q u e n t l y  u t i l i z e d  

w i t h o u t  f u r t h e r  p u r i f i c a t i o n .

(b) Dihydroaromatic Triethylsilyl Enol Ether Cyclopropa- 
nation. T h e  c r u d e  d i h y d r o a r o m a t i c  s i l y l  e t h e r  6 o r  11 (— 9 .0  m m o l)  

w a s  d i s s o l v e d  in  f r e s h l y  d i s t i l l e d  t e t r a c h l o r o e t h y l e n e  ( 1 0  m L )  a n d  

a n h y d r o u s  d i m e t h o x y e t h a n e  ( 1 0  m L ) ,  t o  w h i c h  a n h y d r o u s  s o d i u m  

t r i c h l o r o a c e t a t e  ( 2 . 1 0 0  g ,  1 1 . 2 5  m m o l)  w a s  i n t r o d u c e d ,  a n d  t h e  s u s 

p e n s i o n  w a s  r e f l u x e d  f o r  1 . 5  h . T h e  s o l u t i o n  w a s  t h e n  c o o l e d ,  p o u r e d  

in t o  p e n t a n e  ( 1 5 0  m L ) ,  a n d  w a s h e d  r a p i d l y  w i t h  w a t e r  t h e n  b r i n e  a n d  

t h e  o r g a n i c  l a y e r  w a s  d r i e d .  S o l v e n t  r e m o v a l  in  v a c u o  a f f o r d e d  t h e  

c r u d e  s i l y l o x y  n o r c a r e n e  c o m p o u n d s  w h i c h  w e r e  i m m e d i a t e l y  

s u b j e c t e d  t o  s i l y l  e t h e r  h y d r o l y s i s .

(c) Methanolic Aqueous Hydrochloric Acid Hydrolysis. T h e  

c r u d e  p r o d u c t  s i l y l o x y  n o r c a r e n e  w a s  d i s s o l v e d  in  a  s o l u t i o n  o f  

m e t h a n o l  ( 1 5 0  m L )  a n d  1 0 %  ( b y  v o lu m e )  a q u e o u s  h y d r o c h l o r i c  a c i d  

( 5 0  m L )  t h e n  s t i r r e d  a t  r o o m  t e m p e r a t u r e  o v e r n i g h t .  T h e  m i x t u r e  w a s  

p a r t i t i o n e d  b e t w e e n  e t h e r  ( 3 0 0  m L )  a n d  w a t e r  ( 2 0 0  m L ) ;  t h e  e t h e r e a l  

l a y e r  w a s  w a s h e d  o n c e  w i t h  w a t e r  t h e n  b r i n e  a n d  d r i e d .  C h r o m a t o g 

r a p h y  ( 4 %  e t h y l  a c e t a t e / p e n t a n e )  a f f o r d e d  d i c h l o r o n o r c a r e n o ls  7 
( 1 . 4 3 3  g ,  6 5 %  b a s e d  o n  s t a r t i n g  e t h e r  5 )  a n d  12 ( 1 . 2 7 0  g , 5 8 % ) .

7,7-Dichloronorcaron-l-ol Oxides 8  and 13. T h e  p r e c u r s o r  

n o r c a r e n o l  7 (o r  12) ( 0 .8 8 0  g , 4 .0 0  m m o l)  w a s  d i s s o l v e d  in  a n h y d r o u s  

m e t h y le n e  c h lo r i d e  ( 7 5  m L )  a n d  m - c h l o r o p e r b e n z o i c  a c i d  ( 1 . 5 5 0  g ,

7 . 6  m m o l)  w a s  a d d e d  a n d  t h e  m i x t u r e  s t i r r e d  a t  r o o m  t e m p e r a t u r e .  

A f t e r  2  h , e x c e s s  p e r a c i d  w a s  d e s t r o y e d  b y  s t i r r i n g  w i t h  a q u e o u s  

t h i o s u l f a t e  s o lu t io n .  T h e  r e s u l t a n t  s o l u t i o n  w a s  p a r t i t i o n e d  b e t w e e n  

e t h e r  a n d  w a t e r  a n d  t h e  e t h e r e a l  l a y e r  w a s  w a s h e d  o n c e  w i t h  w a t e r  

t h e n  b r i n e  a n d  s u b s e q u e n t l y  d r ie d .  S o lv e n t  r e m o v a l  in  v a c u o  fo l lo w e d  

b y  c h r o m a t o g r a p h y  ( 1 0 %  e t h y l  a c e t a t e / p e n t a n e )  a f f o r d e d  t h e  e p o x id e s  

8  ( 0 .8 6 1  g ,  9 1 % ) ,  17, a n d  13 ( 0 .8 9 7  g , 9 5 % ) .
2-Chloro-5(or 6)-isopropyltropone 12 (or 17). T h e  p r e c u r s o r  

n o r c a r a n e  o x i d e  11 ( o r  16) ( 0 .3 0 6  g , 1 . 2 9  m m o l )  w a s  d i s s o l v e d  in  

b p n z e n e  ( 7 0  m L )  c o n t a i n i n g  p - t o l u e n e s u l f o n i c  a c i d  ( ~ 2 5  m g )  a n d  

r e f l u x e d  f o r  2 .5  h . T h e  r e a c t io n  m i x t u r e  w a s  t h e n  c o o le d  a n d  p a r t io n e d  

b e t w e e n  e t h e r  a n d  3 %  a q u e o u s  s o d i u m  b ic a r b o n a t e .  T h e  e t h e r e a l  l a y e r  

w a s  w a s h e d  w i t h  b r i n e  a n d  d r i e d  a n d  t h e  s o l v e n t  r e m o v e d  in  v a c u o  

a f f o r d i n g  t h e  c r u d e  a - c h l o r o t r o p o n e .  C h r o m a t o g r a p h y  ( 1 2 %  e t h y l  

a c e t a t e / p e n t a n e )  g a v e  t h e  i s o m e r i c  i s o p r o p y l c h l o r o t r o p o n e s  a s  c o l-
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o r l e s s  o i l s  1 2  ( 0 . 2 1 3  g ,  9 1 % )  a n d  1 7  ( 0 . 1 9 5  g ,  7 8 % ) .

T h u j a p l i c i n .  T h e  r e q u i s i t e  a - c h l o r o t r o p o n e  9  o r  1 4  ( 0 .2 0 7  g , 1 . 1 1  

m m o l)  w a s  d i s s o lv e d  in  g l a t i a l  a c e t i c  a c id  ( 1 0  m L )  c o n t a in in g  a q u e o u s  

p h o s p h o r i c  a c i d  (4 4 % ; 8  m l)  a n d  h e a t e d  a t  r e f l u x  f o r  1 5  h . 13  T h e  r e 

a c t i o n  m i x t u r e  w a s  t h e n  c o o le d  a n d  p o u r e d  i n t o  w a t e r  ( 4 0  m L )  a n d  

t h e  s o lu t io n  p H  a d j u s t e d  t o  p H  4 - 5  w i t h  a q u e o u s  s o d i u m  h y d r o x i d e .  

T h e  a q u e o u s  p h a s e  w a s  e x t r a c t e d  w i t h  m e t h y le n e  c h lo r i d e  ( 5  X  2 0  

m L )  t h e n  t h e  c o m b i n e d  o r g a n i c s  d r i e d  a n d  t h e  s o l v e n t  r e m o v e d  in  

v a c u o .  C h r o m a t o g r a p h i c  f i l t r a t i o n  ( S i l i c a  G e l ;  e t h e r  ( 5 0 % ) / p e n t a n e )  

a f f o r d e d  y - t h u j a p l i c i n  ( 3 )  [ m p  7 5 - 7 7  ° C  ( l i t . 16 m p  8 2  ° C ) ]  ( 0 . 1 4 2  g , 

7 8 % )  a n d  d - t h u j a p l i c i n  (4) [ m p  4 4 - 4 6  ° C  ( l i t . 1 6 m p  5 0 - 5 2  ° C ) ]  ( 0 . 1 5 0  

g , 8 3 % ) .

S c h e m e  I

¿-C4H a

B oc-L -L eu -O M e

3
B o c -N H C H C H O

4

L iC H 2C O ,E t
(5)

C H 3
\ H

O H

c h 2c h c h c h , c o 2r .

c h 3
n h r 4
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Pepstatin, isovaleryl-L-valyl-L-valyl-(3-S,4S)-statyl-L- 
alanyl-(3S,4S)-statine (l) , 1 is a low molecular weight inhibitor

2a, R, = R2 = H (3S,4S) 
b, R, = Ra = H (3R,4S)

5a, R ,  = Boc; R2 = C2H5 (3S,4S) 
b, R ,  = Boc; R2 = C2H5 (3E,4S )  

6 a, R ,  = Boc; R2 = H (3S,4S) 
b, R ,  = Boc; R 2 = H (3R,4S)

of acid proteases, e.g., pepsin, renin, and cathepsin D .2 Pep
statin contains the novel amino acid statine, (3S,4S)-4- 
amino-3-hydroxy-6-methylheptanoic acid (2a). Kinetic 
studies have shown that the (3S)-hydroxyl group in the statine 
residue in position 3 of pepstatin is necessary for tight-bind
ing-inhibition of pepsin.3’4 Synthetic statine is needed to 
further study the kinetic and biological properties of pepstatin 
and the importance of the (3S)-hydroxyl group of statine re
quires that its stereochemistry be rigorously established. 
However, while several syntheses of statine 2 have been re
ported,5' 8 the preparation of (3S,4S)-statine free of con
tamination from the (3 R ,4 S )  diastereomer is not readily 
achieved. We report here a convenient, high-yield synthesis 
of (3S,4S)-statine via a route that allows for separation of 
diastereomers and for determination of optical purity.

Results and Discussion
The preparation of statine derivatives is outlined in Scheme

I. Boc-L-leucine methyl ester (3) was reduced with diiso- 
butylaluminum hydride in toluene at —78 °C for 6  min. Excess 
hydride was destroyed with methanol,9 and the reaction 
worked up using Rochelle salt10 to solubilize the complex. 
Aldehyde 4 was isolated in 85% yield. Addition of lithium ethyl 
acetate (5) at —78 °C to 4 according to a modification of the 
procedure of Steulmann and Klostermeyer7 gave an 80% yield 
of the ester 5a,b as a mixture of diastereomers (60% (3S,4S); 
40% (3 R ,4 S )) . Diastereomers 5a and 5b can be separated by 
standard column chromatography over silica gel. A better and 
faster separation is achieved by using commercially prepared 
columns (Lobar) (3.7 X 44 cm) which can provide 1-2 g of pure 
5a from 2-4 g of the mixture in only a few hours. The overall 
yield of pure Boc-(3S,4S)-statine ethyl ester 5a from ester 3 
is 38-40%. Saponification of ester 5a gives acid 6a (8 6%) which, 
in turn, is readily converted to free statine 2a by mild acid 
hydrolysis with trifluoroacetic acid.

Both Boc acids 6a and 6b can be crystallized from diethyl 
ether-petroleum ether (30-60 °C) mixtures. It was possible 
to isolate the less soluble 6b by fractional crystallization of the 
mixture of diastereomers but further concentration of the 
mother liquor gave 6a in only 80% optical purity. We were 
unable to crystallize either 6a or 6b from isopropyl alco
hol.7

A convenient method for establishing the optical purity of 
the various statine diastereomers has been needed. Diaste
reomers 2a and 2b do not easily separate when subjected to 
standard amino acid analysis and other ion exchange condi
tions8 although separation can be achieved at high tempera
tures.6 We have found that the esters 5a and 5b are easily 
separated by gas-liquid chromatography (GC) on an OV-225 
column. A mass spectrum of the material eluting from the GC 
column shows that the diastereomers are chromatographing 
as the intact Boc esters 5a and 5b and have not been degraded
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Table I. Properties of Statine and Derivatives
registry

no. C-2 C-3
!H NMR, Ò 
C-4 C-5,6 C-7,8 M 24d, deg mp, °C

2aa 49642-07-1 2.43c
2.57

4.0 m 3.30 m 1.45 m 0.96 d (J = 6 Hz) -20 (c 1, H20) 20 1- 2 0 2 d

2 b“ 49642-13-9 2.40“
2.43

4.2 m 3.4 m 1.45 m 0.93 d ( J  = 5 Hz) 
1.01 d { J  = 6  Hz)

-18 (c 1, H 20 ) 202-203d

5a 6 67010-43-9 2.49“
2.52

4.0 m 3.6 m 1.45 m 0.92 d { J  = 6  Hz) -37.9 (c 0.84, CH3OH) oil

5b* 67010-44-0 2.45“
2.49

4.0 m 3.6 m 1.45 m 0.90 d ( J  = 5 Hz) 
0.92 d (J = 6  Hz)

-23.2 (c 0.94, CH3OH) oil

6a* 58521-49-6 2.52“
2.57

3.98 m 3.65 m 1,45 m 0.92 d ( J  = 6  Hz) -39.6 (c 0.31, CH3OH) 117-118

6 b* 66967-01-9 2.48“ 3.98 m 3.65 m 1.45 m 0.90 d ( J  = 5 Hz) -27.6 (c 0.31, CH3OH) 135-136
2.53 0.91 d ( J  = 6  Hz)

° Taken in D2O with DSS added as internal reference. * Taken in CDCI3 with internal Me4Si as standard. c AB portion of ABX 
pattern. d Data taken from ref 5, 6 , and 8 .

to either cyclic carbamates or dehydro amino acids. Using the 
GC method to analyze the diastereomeric purity of 5a and 5b 
it has been possible to prepare the optically pure (>99%) 
statine derivatives listed in Table I.

The data in the table show that the optical rotation of de
rivatives 2a, 2b, 5a, and 5b is not a sensitive test for optical 
purity. However, the nuclear magnetic resonance (NMR) 
spectra of these diastereomers can be used to assign configu
ration and to estimate optical purity. In general the C-2 pro
tons appear as an AB portion of an ABX pattern. The chem
ical shift of one of these protons resonates farther downfield 
in 2a and 5a than in 2b and 5b. This method is not as sensitive 
as the GC method for measuring optical purity and is probably 
accurate to only ±10%. In contrast to the above, the optical 
purity of the Boc acids 6a and 6 b can be accurately established 
by optical rotation and melting point (Table I). The rotations 
reported in the table were obtained on analytically pure de
rivatives shown to be single diastereomers by GC. To be cer
tain that no epimerization of the 3-hydroxyl group had oc
curred during saponification of 5a and 5b, the Boc acids 6 a 
and 6b were converted to methyl esters by reaction with dia
zomethane. Each sample was analyzed by GC and shown to 
be homogeneous (retention times: (3S,4S) methyl ester, 1 0 .0  
min; (3E,4S) methyl ester, 11.4 min).

Steulmann and Klostermeyer described the first synthesis 
of (3Sl,4.S')-Boc-Sta 6 a and reported that fractional crystalli
zation from isopropyl alcohol gave pure 6 a ([«]20d —27.8°; mp 
95 °C) . 7 However, we observe both a more negative rotation 
and a higher melting point for 6a (Table I). These differences 
could result from different experimental procedures or could 
indicate that the Boc-Sta 6 a reported by Steulmann and 
Klostermeyer contains only 77% of the (3S,4S) diastereomer. 
We found that a synthetic mixture of 6 a and 6 b, which con
tained 77% of the (3S ,4 S )  diastereomer by GC, gave a rotation 
of —28° and melted over the temperature range 97-102 °C. 
These results suggest that their fractional crystallization 
procedure may not provide an optically pure sample of 6 a.

Experimental Section
Melting points were determined on a Fisher-Johns melting point 

apparatus and are corrected. The 4H NMR spectra were recorded on 
a Bruker HX-90E-pulse Fourier transform NMR spectrometer in
terfaced with a Nicolet 1080 computer and disk unit. Optical rotations 
were measured at the sodium D line using a Perkin-Elmer 241 polar- 
imeter. Mass spectra were determined on a Finnigan Model 1015 mass 
spectrometer. Microanalyses were performed by Galbraith Labora
tory, Knoxville, Tenn.

Gas chromatography was carried out on a Nuclear Chicago Selectra 
System 5000 gas chromatograph using glass columns (4 ft X 5 mm) 
packed with 1% OV-225 cn gas Chromosorb Q (110-120 mesh) at 165 
°C. The injection temperature was 255 °C and the flow rate was 35 
mL/min.

Thin-layer chromatography (TLC) was performed on silica gel G

plates using 20% ethyl acetate in benzene as eluant [Rf (1)].
Preparative HPLC was carried out using a Lobar Lichroprep Si 60 

column, obtained from E. Merck, Darmstadt, Germany, eluting with 
20% ethyl acetate in hexane or benzene.

Boc-L-leucinal (4). To a stirred solution of Boc-L-leucine methyl 
ester 3 (4.0 g, 16.3 mmol) in dry toluene (70 mL) was added a hexane 
solution of diiscbutylaluminum hydride (40.8 mmol) at -78 °C under 
a nitrogen atmosphere. After 6 min, the reaction was quenched with 
methanol (4 mL)9 and Rochelle salt solution10 was added immedi
ately. The mixture was allowed to warm to 25 °C and ether (100 mL) 
was added. The etheral layer was separated and combined with ether 
extracts of the aqueous layer. The combined layers were dried 
(MgSCb) and concentrated under reduced pressure.

The crude product (oil) was passed through a short pad of silica gel, 
eluting with 4% ethyl acetate in benzene to remove the alcohol side 
product. The weight of Boc-leucinal obtained was about 2.98 g (85%): 
Rf ( 1) = 0.47; !H NMR (CDCI3) 6 9.57 (s, 1 H), 5.28 (1 H), 4.15 (1 H),
1.15-2.0 (m, 12 H, with singlet at 5 1.47), 0.96 (d, 6 H, J = 6 Hz). This 
product was used without further purification.11

(3/fS',4ii)-Ar-Boc-4-amino-.‘l-hydroxy-6-mcthylheptanoic Acid 
Ethyl Ester (5). To 5 mL of dry tetrahydrofuran cooled in dry ice- 
CCI4 was added diisopropylamine (15 mmol) under a nitrogen at
mosphere, followed by a solution of n-butyllithium in hexane (15 
mmol). After 1 h the bath temperature was lowered to -78 °C and dry 
ethyl acetate (15 mmol) was added via syringe and stirred for 15 min. 
Boc-leucinal 4 (2.15 g, 10 mmol) in 10 mL of tetrahydrofuran was 
added and the reaction mixture was stirred for 5 min before 1 N HC1 
was added. The flask was warmed to room temperature and the re
action mixture acidified with cold 1 N HC1 to pH 2-3, then extracted 
with ethyl acetate three times. The organic layer was washed with 
saturated NaCl and dried (MgS04). Evaporation under reduced 
pressure gave an oil which after silica gel column chromatography gave
2.42 g of Boc-Sta-OEt (80%) as a mixture of diasteromers (5a,b).

Chromatography of mixture 5a,b on silica gel eluting with a gra
dient of 10% ethyl acetate in benzene to 50% ethyl acetate in benzene 
separated 5a [R/(l), 0.21] from 5b [R/(l), 0.17].

(3S,4S)-iV-Boc-4-amino-3-hydroxy-6-methylheptanoic acid 
ethyl ester (5a) was isolated in 38-40% yield as an oil: GC retention 
time, 11.3 min; mass spectrum m/e, 303 (0.5), 230 (8.3), 202 (6.1), 187
(14) , 186 (32), 158 (10), 140 (5.7), 131 (14.9), 130 (84), 129 (6.2), 117 
(13), 86 (100), and 57 (95). See Table I for other physical constants.

(3R,4S)-JV-Boc-4-amino-3-hydroxy-6-methyl heptanoic acid 
ethyl ester (5b): GC retention time, 13.5 min; mass spectrum m/e, 
303 (0.3), 230 (8.3), 202 (4.1), 187 (14), 186 (32), 158 (10), 140 (5.7), 131
(15) , 130 (83), 129 (4.2), 86 (100), 57 (95). See Table I for other physical 
constants.

(3S,4,S’)-iV-Boc-4-amino-3-hydroxy-6-methylheptanoic Acid
(6a). A solution of ester 5a (548 mg, 1.8 mmol) in aqueous dioxane was 
maintained at pH 10 for 30 min. The solution was acidified (pH 2.5) 
with cold 1 N hydrochloric acid and the aqueous layer washed with 
ethyl acetate. The organic layer was dried (MgS04) and evaporated 
to give 428 mg (86%) of acid 6a. See Table I for physical constants. 
Anal. Calcd for Ci3H25N0 5: C, 56.70; H, 9.08; N, 5.09. Found: C, 56.66; 
H, 9.32; N, 5.C5.

(3R,4S)-Ar-Boc-4-amino-3-hydroxy-6-methyl Heptanoic Acid 
(6b). This compound was prepared from ester 5b using the procedure 
for 6a and was isolated in 90% yield. See Table I for physical constants. 
Anal. Calcd for Ĉ HasNOg: C, 56.70; H, 9.08; N, 5.09. Found: C, 56.68, 
H, 9.28; N, 5.11.
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C o m m u n i c a t i o n s

On the Mechanism of Flash Vacuum Pyrolysis of 
Phenyl Propargyl Ether. Intramolecular Deuterium 
Kinetic Isotope Effect on Claisen Rearrangement1

S u m m a ry : We wish to report the first intramolecular deute
rium kinetic isotope effect observed in the Claisen type rear
rangement of 2 -deuteriophenyl propargyl ether (8 ), which is 
interpreted in terms of a nonsynchronous mechanism.

S ir : It has been reported by Trahanovsky and Mullen2 that 
flash vacuum pyrolysis (FVP) of phenyl propargyl ether (1) 
gives rise to benzocyclobutene and 2-indanone (5). Based on 
their mechanistic studies, they proposed2 the mechanism 
shown in Scheme I for the formation of 5. Kinetic studies on 
the thermal rearrangement of 1 indicated that the step 1 to 
2 is rate determining.3 Furthermore, rearrangement of 1 to 2 
has been classified as a [3,3] sigmatropic process.3 Very re
cently, Dewar4 has presented results of MINDO calculations 
on some pericyclic reactions and has concluded that two-bond 
ractions are never synchronous, with the exception of a 
number of ene reactions, but are two-stage or two-step pro
cesses which involve unsymmetrical transition states. Fur
thermore, it has been indicated that the Cope rearrangement 
of 1,5-hexadienes, a [3,3] sigmatropic process according to 
Woodward-Hoffmann rules,5 is not a pericyclic reaction but 
follows a different mechanism which involves reaction inter
mediates.4

The study of secondary deuterium kinetic isotope effects 
provides a useful method to estimate the degree of force 
constant changes at the isotopic position between the ground 
and transition states,6 and consequently is a powerful tool in 
determining the degree of bond cleavage-bond formation that 
occurs at the transition states of two-bond reactions.

S c h e m e  I

It is the purpose of this work to further test the mechanism 
outlined in Scheme I, and to determine the relative timing of 
bond cleavage-bond formation at the transition state for the 
rearrangement of 1 to 2 .

The mechanism suggested for the FVP of 1 implies, among 
other things, transfer of the acetylenic hydrogen ( 7  hydrogen) 
of the reactant, during the rearrangement, to a position which 
ends up as nonaromatic in the product 2-indanone (5, Scheme 
I). Therefore, by substituting the acetylenic hydrogen in 1 by 
deuterium, subsequent FVP of the resulting deuterated ether 
should produce an indanone with all deuterium bonded to the 
nonaromatic position. Thus, phenyl 7 -deuteriopropargyl ether
(6 ) was synthesized by five successive exchanges of the 7  hy
drogen in l 7 using D20/NaOD in dried diethyl ether. The 
NMR analysis of 6  revealed that 87% of deuterium is incor
porated in the desired position. The FVP7 of 6 was carried out

O C H , C = C D

6  7

at 460 °C and 0.02 Torr. The NMR spectrum of the 2-indan
one (5) in CCI4 displays peaks at <5 7.15 (singlet, aromatic H’s) 
and 3.25 (singlet, nonaromatic H’s) and with an integration 
ratio of 1.00:1.00. The NMR spectrum of the deuterated 2- 
indanone derived from 6 gave an aromatic protons/nonaro- 
matic protons ratio of 1.30:1.00, consistent with the prediction 
and the structure given by 7. Thus, our observation further 
substantiates the mechanism proposed2 for the FVP of 1 
(Scheme I).

The problem of gaining an insight into the structure of the 
transition state for the rearrangement of 1 to 2 could be carried 
out by examining the magnitude of the intramolecular deu
terium kinetic isotope effect involved in the FVP of 2-deu
teriophenyl propargyl ether (8 ). Considering Scheme II, if 
bond formation is taking place at the rate-determining step, 
then due to the rehybridization change (sp2 to sp3) of the ortho 
C-H and C-D bonds an inverse isotope effect would be ex
pected in the FVP of 8 . If on the other hand, bond formation 
is occurring in a subsequent fast step, then &h would be equal 
to kj). The FVP of 8  should give rise to dienones 9 and 10, 
which subsequently lead to products 11 and 7, respectively. 
The proportion of 9 and 10 would depend on the magnitude 
of the &h/&d involved, and would be reflected in the ratio of 
11 to 7 as determined by NMR analysis. Synthesis of 8  was 
accomplished from the reaction of 2 -deuteriophenol9 with
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Triplet-Sensitized Photochemical Rearrangement of 
Geranonitrile at Elevated Temperature

S u m m a ry : Photolysis of geranonitrile (8 ) at 132 °C furnishes 
9 in a rearrangement that is not observed at 30 or 80 °C. This 
novel transformation can be rationalized through 1,3 shift of 
the cyano group in a biradical intermediate as shown in 
Scheme II.

propargyl bromide following the same procedure used for l .7 
The NMR analysis of 8 revealed 85% deuteration at the de
sired position. Flash vacuum pyrolysis of 8 was carried out 
under the same experimental conditions employed for 6 . The 
NMR spectrum of the deuterated 2-indanones derived from 
8 gave an integration ratio, obtained from at least ten inte
grations of aromatic/nonaromatic protons, corresponding to 
an intramolecular deuterium kinetic isotope effect of&hA d 
= 1.00 ±  0.01. Such a value of &hA d indicates that the ortho 
C-H and C-D bonds in 8  are undergoing negligible or no force 
constant changes in going into the rate-determining transition 
state. Thus the observed &hA d could be best accommodated 
by assuming that at the rate-determining transition state the 
oxygen-propargylic carbon ( a  carbon) bond in 1 is stretched 
in advance of any significant bond formation between the 
terminal acetylenic carbon ( 7  carbon) and the reacting ortho 
position. Therefore, the Claisen type rearrangement of 1 could 
be classified as a nonsynchronous process in accordance with 
Dewar’s conclusion.4

Attempts to determine the magnitude of the intramolecular 
fen/^n in the Claisen rearrangement of allyl 2 -deuteriophenyl 
ether, at 200-220 °C in a sealed ampule, leads to some dis
crepancy in the magnitude of the ^hA d- This is due to deu
terium exchange13 caused by the resulting phenol under such 
experimental conditions.
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S ir : We recently reported the novel photochemical rear
rangement of citral (1) at 80-190 °C to form bicyclic aldehydes 
2 and 3, products not seen at 30 “C;1 we noted that these re-

CHO hu
> 80  °C

1

actions could be accounted for by way of the biradical mech
anism of Scheme I, but that other pathways, including con
certed [t2s + t2s + ff2a] processes, were possible. In exploring

S c h e m e  I

6  7

this matter further we have examined the photochemical 
behavior of the closely related geranonitrile (8 ) at elevated 
temperature. We describe here the temperature-dependent 
photochemical isomerization of 8  to 9 in a process that may 
be mechanistically related to isomerization of citral to 2  and 
3, but that provides an example of a new type of rearrange
ment requiring overall 1 ,6  migration of the cyano group.

In agreement with earlier observations we found that the 
triplet-sensitized photolysis of 8  in acetone as solvent at 30 
°C gave as the only volatile products a ~4:1 mixture of the [2 
+ 2 ] cycloadducts 10 and l l .2 We obtained similar results with 
propiophenone as sensitizer in either benzene or chloroben
zene at 30 °C and in benzene at reflux (80 °C). However, at 132
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°C in refluxing chlorobenzene the propiophenone-sensitized 
irradiation of 8 furnished a volatile product consisting of 9 
(60%), 10 (30%), and 11 (10%). All photolyses in which chlo
robenzene was solvent were carried out with solid sodium bi
carbonate added to the reaction mixture to prevent the pos
sible accumulation of hydrogen chloride. In all experiments 
interconversion of the cis and trans isomers of geranonitrile
(8 ) was rapid relative to other reactions, and a considerable 
amount of polymer was formed. The volatile products were 
isolated and purified by preparative vapor-phase chroma
tography, and 9 was tentatively identified on the basis of its 
spectroscopic properties3 and the mechanistic considerations 
discussed below. This assignment was confirmed by com
parison of the new photoproduct with an authentic sample of 
9 prepared by the known acid-catalyzed Beckmann frag
mentation of a-fenchone oxime (1 2 ) .4

A stepwise mechanism for formation of 9,10, and 11 from 
8  is shown in Scheme II. This involves interaction of the 
double bonds of 8  to furnish biradicals 14 and 15, parallel to 
the suggested formation of 4 and 6  in Scheme I.5 Closure of 
15 to the bicyclic iminium species 16 and subsequent cleavage 
of the cyclobutane ring in the opposite sense could then fur
nish 9. Presumably this cyclization and rearrangement would 
not be possible in 14 because of the trans stereochemistry of 
the substituents. The postulated formation of 16 has rea
sonable precedent in intermediates discussed by other in
vestigators for several 1,4 transfers of a cyano group in radical 
reactions.6’7 In one of these earlier cases a labeling study has 
shown this transfer specifically to be an intramolecular rear
rangement.7 We are unaware, however, of any previous report 
of the 1,3 transfer of a cyano group in a free-radical process. 
If the mechanisms of Schemes I and II are valid, irradiation 
of 1 and 8 leads to analogous biradicals, but in the case of 1 the 
observed rearrangements entail a 1 ,2  migration of the formyl 
group, while in 8 the cyano group undergoes only a 1 ,3  shift.

One possible factor contributing to the observed specificity 
of rearrangement of the nitrile may be that a 1,2 shift in 14 or 
15 would require an intermediate (see 17) with an sp2-hybri- 
dized carbon atom in a strained three-membered ring. A 
similar intermediate in the rearrangement of 4 to 5, and of 6 
to 7, would have only sp3 carbons in the cyclopropane ring.

The present work then provides a second novel type of 
photochemical rearrangement that can compete with [2  + 2 ] 
cycloaddition at elevated temperature, and that can be ra
tionalized through a biradical intermediate of the sort gen
erally implicated8 in such cycloadditions. We are continuing 
our search for additional examples of such processes.9
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Poitediol, a New Nonisoprenoid Sesquiterpene Diol 
from the Marine Alga L a u ren cia  p o ite i

8

Scheme II

9

S u m m ary : A new sesquiterpenoid diol, poitediol (1), has been 
isolated from ethanol extracts of the red seaweed L a u r e n c ia  
p o ite i (Lamouroux) Howe. The structure of poitediol, as de
termined by X-ray crystallography, is composed of an un
precedented and nonisoprenoid bicyclo[6.3.0]undecane 
skeleton.

S i r :  Red seaweeds of the genus L a u r e n c ia  are known to pro
duce regular terpenoids which contain halogens.1 Brominated 
compounds are more commonly observed, but many chlori
nated examples are known. Structurally these compounds 
appear to be the products of a bromonium ion induced cycli
zation of acyclic precursors.2 We wish to report here the 
structure of an unusual L a u r e n c ia  metabolite, poitediol (1), 
which contains neither the expected halogen substituents nor 
regular sesquiterpenoid structure characteristic of metabolites 
from this source. Recent investigations indicate that halogen 
solvolysis and concomitant rearrangement may be the
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mechanistic pathway for the production of these nonisopre- 
noid metabolites.3

Standard column chromatography of the CHCls-ethanol 
extract of L. p o ite i (Lamouroux) Howe,4 followed by extensive 
LC on p-Porasil, gave poitediol (1) and dactylol (2), in addition 
to several other nonhalcgenated sesquiterpenoids. Details of 
isolation and purification are included as Supplementary 
Material. Dactylol (2) nas been recently isolated from the 
digestive glands of the herbivorous marine opisthobranch 
mollusc A p ly s ia  d a c ty lo m e la .5 In view of the isolation of 
dactylol from this seaweed source, it seems likely that Aplysia 
concentrates this metabolite while grazing on L . P o ite i or a 
related L a u r e n c ia  species.

Poitediol (1), [ajn —62.6° (c 4.3, CHCI3), isolated finally as 
a very low melting solid, mp ~40 °C, showed only an M+ -  
H20  fragment in its mass spectrum, but could be assigned the 
molecular composition C15H26O2 by elemental analysis. 
Acetylation (Ac20/py at 25 °C) gave a monoacetate which still 
contained hydroxyl absorptions (3450 cm '1) in its infrared 
spectrum, indicating that 1 is a diol composed of one secon
dary and one tertiary hydroxyl function. The 4H NMR spec
trum of 1 (CDCI3) showed bands at 5 5.18 (d,J = 2  Hz) and
5.05 (d, J = 2 Hz) which were attributed to an exo-methylene 
constellation. A four-line pattern at S 4.21 (J = 12, 4 Hz), 
which shifted to 5 5.50 in the corresponding acetate, was as
signable as the secondary alcohol methine proton. Another 
feature of the spectrum was a two-proton singlet at 5 2.32, 
which was observed as am AB double doublet in the spectrum 
of the acetate. Three methyl bands were also observed, two 
of which were singlets at & 0.94 and 0.86 and one of which was 
an overlapping doublet at 5 0.95. The region d 1.2-2.1 showed 
complex bands which integrated for ten additional protons.

The structure of poitediol was rigorously established by 
X-ray crystallography. Crystals of poitediol belong to the 
chiral, monoclinic space group P 2 X with a  =  9.412 (6 ), b =  
17.489 (8 ), c = 9.721 (3) A, and 0 = 114.69 (4)°. A calculated 
and measured density of 1.09 g/cm3 (Z  =  4) indicated that two 
m olecu les o f  C15H26O2 fo rm ed  th e  asymmetric unit. All dif
fraction maxima with 20 < 114.1° were collected on a fully 
automated four-circle diffractometer using graphite-mono- 
chromated Cu Ka (1.54178 A) radiation. Data were corrected 
for Lorentz, polarization, and background effects and only 
1290 (63%) of the 2046 reflections surveyed were judged ob
served (F 02 > 3<t(F02)).

The angular dependence of the reflections was eliminated 
as they were converted to normalized structure factors.6 Some 
difficulty was experienced in finding a reasonable set of 
phases. Presumably this difficulty had its genesis in the poor 
diffracting power of the crystal, which severely limited the 
high angle data. A magic integer approach7 was employed 
successfully. A to ta l o f  100 s ta r t in g  se ts , each  composed of 54 
normalized structure factors, was expanded into phases for 
the 250 largest normalized structure factors. A weighted E  
synthesis of the best set showed 2 1  chemically reasonable 
atoms. The remaining nonhydrogen atoms were located on the 
subsequent F 0 synthesis.8 Full-matrix least-squares refine
ments with anisotropic temperature factors for carbon and 
oxygen and isotropic hydrogens have converged to a final, 
unweighted crystallographic residual of 0.05 for the observed 
reflections.

Figure 1 is a computer-generated perspective drawing of 
one of the two crystallographically independent molecules of

F i g u r e  1 .  A  c o m p u t e r - g e n e r a t e d  p e r s p e c t i v e  d r a w in g  o f  o n e  m o le c u le  

f r o m  t h e  c r y s t a l  s t r u c t u r e  o f  p o i t e d i o l .

poitediol. The two conformations were identical within ex
perimental error and the metrical details in the following 
discussion are averages. Poitediol is an unusual sesquiterpene 
with a trans-fused bicyclo[6.3.0]undecane. The five-membered 
ring is in the envelope conformation with C(8 ) as the flap 
(0.615 A removed from the plane of atoms C(l), C(ll), C(1 0 ), 
and C(9)). The eight-membered ring does not assume any 
simple conformation. This may be a result of the hydrogen 
bonding observed in the crystal and characterized by the 
following short intermolecular contacts: 0(17)—0(17') (2.905 
A), 0(17)-0(16') (2.960 A), and 0(16)-0(16') (3.010 A). The 
torsional angles can be found in the Supplementary Material 
along with other crystallographic details. The X-ray experi
ment defines only the relative configuration of the molecule, 
which is I S *  A R * ,8S * , 9 R * . Molecular distances and angles 
are generally in agreement with accepted values.9
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S u p p l e m e n t a r y  M a t e r i a l  A v a i l a b l e :  E x p e r i m e n t a l  d e t a i l s  o n  

e x t r a c t i o n  o f  Laurencia poitei, i s o l a t i o n  a n d  c h a r a c t e r i z a t i o n  o f  

p o i t e d i o l ,  c r y s t a l l o g r a p h i c  i n f o r m a t i o n ,  a n d  T a b l e s  I —I I I  g i v i n g  

f r a c t i o n a l  c o o r d i n a t e s  a n d  t e m p e r a t u r e  f a c t o r s ,  b o n d  d i s t a n c e s ,  a n d  

b o n d  a n g le s  ( 1 0  p a g e s ) .  O r d e r in g  in f o r m a t i o n  is  g i v e n  o n  a n y  c u r r e n t  

m a s t h e a d  p a g e .

References and Notes
(1) W. Fenical J. Phycol., 11, 245 (1975).
(2) D. J. Faulkner, Pure Appl. Cheat., 48, 25 (1976).
(3) (a) B. M. Howard, W. Fenical, K. Hirotsu, and J. Clardy, J. Am. Chem. Soc., 

99, 6440 (1977); (b) B. M. Howard and W. Fenical, J. Org. Chem., 42 ,2518  
(1977).

(4) Laurencia poitei was collected in the Florida Keys, November, 1975, and 
subsequently identified by Dr. James Norris, Smithsonian Institution. 
Voucher specimens have been deposited in the National Herbarium.

(5) F. J. Schmitz, D. C. Campbell, K. Hollenbeak, D. J. Vanderah, L. S. Cier- 
eszko, P. Steudler, J. D. Eckstrand, D. van der Helm, P. Kaul, and S. Kul- 
karni, Proc. NATO Cortf. Mar. Nat. Prod. Chem., 293 -310  (1977).

(6) G. Germain, P. Main, and M. M. Woolfson, Acta Crystallogr., Sect. B, 26, 
274(19701.

(7) J. P. Declercq and G. Germain, Acta Crystallogr., Sect. A, 31, 367 
(1975).

(8) The following library of crystallographic programs was used; C. R. Hubbard, 
C. O. Quicksall, and R. A. Jacobson, “The Fast Fourier Algorithm and the 
Programs alff, alffdp, alfft, and friedel” , USAEC Report IS-2625, Iowa 
State University, Institute for Atomic Research, Ames, Iowa, 1971; W. R. 
Busing, K. O. Martin, and H. A. Levy, “ A Fortran Crystallographic Least-



3630 J. Org. Chem., Vol. 43, No. 18,1978 Communications

Squares Program” , USAEC Report ORNL-TM-305, Oak Ridge National 
Laboratory, Oak Ridge, Tenn., 1965; C. Johnson, “ortep, A Fortran 
Thermal-Ellipsoid Plot Program", U.S. Atomic Energy Commission Report 
ORNL-3794, Oak Ridge National Laboratory, Oak Ridge, Tenn., 1965.

(9) 0 . Kennard, D. G. Watson, F. H. Allen, N. W. Isaacs, W. D. S. Motherwell, 
R. C. Petterson, and W. G. Town, “Molecular Structures and Dimensions” , 
Crystallographic Data Centre, Cambridge, 1970.

(10) Department of Chemistry, University of Hawaii, Honolulu, Hawaii 
96822.

(11) Camille and Henry Dreyfus Foundation Teacher-Scholar Grant awardee 
1972-1977. Department of Chemistry, Cornell University, Ithaca, N.Y. 
14853.

William Fenical,* Gary R. Schulte10
I n s t i tu te  o f M a rin e  R e so u rce s  

S c r ip p s  In s t i tu t io n  o f  O ce a n o g ra p h y  
L a  J o l la ,  C a lifo rn ia  92093

Janet Finer, Jon Clardy*11
A m es L a b o r a to ry — U S D O E  a n d  D e p a r tm e n t  o f  

C h em istry , Iow a S t a t e  U n iv e rsity , A m es, Iow a 50011  

R eceiv ed  F e b ru a ry  2 0 ,1 9 7 8

Stereoselective Preparation of 
Lithium Phenylthio[2,2-dimethyl-cis-(and 
-irans-)-3-vinylcyclopropyl]cuprates and Their 
Reaction with (8-Iodocyclohexenones.
Cope Rearrangement of 3-(2,2-Dimethyl-
3-vinylcyclopropyl) -2-cyclohexen-1 -ones

S u m m a r y : Lithium phenylthio[2,2-dimethyl-ci's-(and
- trans-)-3-vinylcyclopropyl] cuprates were prepared in a 
highly stereoselective fashion and were allowed to react with
3-iodo-2-cyclohexen-l-one and 3-iodo-2-methyl-2-cyclo- 
hexen-l-one. The Cope rearrangement of the resultant 
products [/3-(2,2-dimethyl-3-vinylcyclopropyl)cyclohex- 
enones] was investigated.

S ir : Reports concerning the results of recent studies in this1 
and other2-3 laboratories have indicated that the Cope rear
rangement of ]S-(2-vinylcyclopropyl)-a,|8-unsaturated ketones 
could be a reaction of considerable synthetic utility. Our work1 
involved the preparation of the required substrates by reaction 
of /3-iodo enones with suitable cyclopropylcuprate reagents. 
For example, treatment of 3-iodo-2-methyl-2-cyclohexen- 
1-one (1) with lithium phenylthio(2 -vinylcyclopropyl)cuprate 
(mixture of epimers), followed by thermal rearrangement of 
the initially formed products 2 , afforded the bicyclic dienone 
3 (82%).

J. _2

In order to study the effect of structural variations on the 
Cope rearrangement step, and to produce rearrangement 
products which could serve as suitable synthetic precursors 
in projected natural product syntheses, we have extended this 
type of work to include the use of highly functionalized cy
clopropylcuprate reagents. We report herein (a) the s te r e o 
se lec tiv e  preparation of lithium phenylthio[2 ,2 -dimethyl- 
cis-(and - t r a n s - )-3-vinylcyclopropyl] cuprates (4 and 5, re
spectively), (b) the reaction of these reagents with the /3-iodo 
enones 1 and 13 to give the corresponding /3-(2,2-dimethyl-
3-vinylcyclopropyl)cyclohexenones, and (c) the thermal re
arrangement of the latter compounds. In connection with the 
last item, we have found that the Cope rearrangement of 2- 
methyl-3-(2,2-dimethyl-eis-3-vinylcyclopropyl)-2-cyclo- 
hexen-l-one (17) is a remarkably sluggish reaction, particu

Scheme I

~  ,5 , 12

a C H B r 3) N a O H —H j O ,  C 6H 5C H 2N + E t 3 C l - .  b H C 1 - H 20 -  

M e O H ,  r o o m  t e m p .  *  C s H 5N C r 0 3 H C l ,  C H 2C 1 2 . d  ( C 6H 5 ) 3- 

P = C H 2 , T H F ,  r o o m  t e m p .  e Zn,  H O  A c ,  r o o m  t e m p .  

/ f - B u L i  ( 2  e q u i v ) ,  1 0 : 1  E t 20 —T H F ,  - 9 0  ° C ;  C 6H 5 S C u ,  

- 2 0  ° C .  f f r c - B u L i ,  E t 2 0 ,  - 9 0  ° C .  h C H , O H ,  E t 20 .

Scheme II

(5 9 % )
J6

a 4 ( 1 . 5  e q u i v ) ,  E t 20 —T H F ,  r o o m  t e m p .  6  S e e  t e x t .  c R e 

f l u x i n g  o - d i c h l o r o b e n z e n e ,  3  h .  d R e f l u x i n g  o - x y l e n e ,  4 8  h .  

e 5  ( 1 . 5  e q u i v ) ,  E t 2 0 —T H F ,  r o o m  t e m p . / o - D i c h l o r o b e n -  

z e n e ,  s e a l e d  t u b e ,  2 2 0  ° C .

larly when compared with the facile rearrangement of 
structurally very similar compounds (e.g., 2,14).

The starting material for the synthesis of the two cuprate 
reagents 4 and 5 was the tetrahydropyranyl ether of 3- 
methyl-2 -buten-l-ol (6 ) 4 and the reactions involved are 
summarized in Scheme I. Of particular note in these syntheses 
was the high stereoselectivity associated with each of the 
transformations 8  —*■ 95 and 7 -*• 11.® In the former conversion, 
it was presumably steric factors which were primarily re
sponsible for the preferential reductive removal of the less 
hindered bromine atom (cis to CH3 and H, trans to CH3 and 
CH=CH2). On the other hand, the exchange reaction (step 
g) employed in the conversion of 7 into 11 was expected to 
involve the bromine atom which was cis to the CH2OTHP 
moiety. Protonation of the stabilized intermediate (cf. 10) thus 
formed would afford 1 1 .

The XH NMR spectra of the two epimeric compounds 9 and 
12 fully corroborated the stereochemical assignments. In 9 the 
proton adjacent to the bromine atom appeared as a doublet 
(6 3.02) with a coupling constant of 8  Hz, while the corre
sponding proton in 12 gave rise to a doublet (5 2.78) with J  =
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4 Hz. Since it is well known7 that coupling constants associ
ated with cts-vicinal protons on cyclopropane systems are 
larger than those related to trans protons, the stereochemical 
assignments appeared to be secure.

In spite of the fact that the copper-bearing carbon atom of 
the cis cuprate 4 appears to be quite hindered, this reagent 
reacted smoothly with the iodo enones 138 and l8 to afford the 
substitution products 14 and 17, respectively (see Scheme II). 
Although the former product 14 could be isolated in nearly 
pure form if reaction workup was carried out at or below room 
temperature, this compound rearranged slowly (to 15) upon 
standing. When a solution of 14 in hexane (bp 69 °C) was re
fluxed for ~4 h, 15 could be obtained in nearly quantitative 
yield. If either 14 or 15 was briefly heated (110 °C, neat) and 
then distilled under reduced pressure, the conjugated ketone
16 was obtained in >90% yield.

In marked contrast to 14, the structurally similar compound
17 was extraordinarily resistant to Cope rearrangement. In 
fact, it was found that in this case, there was a competition 
between rearrangement and “simple” epimerization. For 
example, when a solution of 17 in o-dichlorobenzene (bp 179 
°C) was refluxed for 3 h, there was obtained, in high yield, a 
mixture of two products 18 and 19 (ratio 0.8:1, respectively). 
In refluxing o-xylene (bp 144 °C), ~48 h was required for 
complete disappearance of 17, and the two products 18 and 
19 were obtained in a ratio of 2.7:1. Under both sets of condi
tions, the trans isomer 19 was stable.

The Cope rearrangement of cts-divinylcyclopropane sys
tems has been proposed9 to proceed via a boatlike transition 
state in which the vinyl groups are folded back over the 
three-membered ring. Molecular models clearly show that if 
such a geometric arrangement is to be achieved in the case of 
17, there is introduced a severe steric interaction between the 
vinyl methyl group and the c is -methyl group on the cyclo
propane ring (cf. 17a). This type of interaction is not involved 
in the rearrangement of 2 and 14 and it is thus possible to ra
tionalize, in a qualitative way, the striking difference in re
activity of 17 vs. 2 and 14.10

crude product.
(7) Cf. D. H. Williams and I. Fleming, “ Spectroscopic Methods In Organic 

Chemistry” , McGraw-Hill, London, 1973, p 107.
(8) E. Piers and I. Nagakura, Synth. Commun., 5, 193 (1975).
¡9) Cf. S. J. Rhoads and N. R. Raulins, Org. React., 22, 54 (1975).

(10) For a related example involving the thermolysis of c/s-1,1-dimethyl-2- 
vinyl-3-isobutenylcyclopropane, see T. Sasaki, S. Eguchi, and M. Ohno, 
J. Org. Chem., 37, 466 (1972).

(11) For a recent review concerning this type of reaction, see C. W. Spangler, 
Chem. Rev. 76, 187 (1976).
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New Methods and Reagents in Organic Synthesis. 3.1 
Diethyl Phosphorocyanidate: A New Reagent 
for C-Acylation

S u m m a ry : Diethyl phosphorocyanidate [DEPC, (EtO)2- 
P(0)CN], in combination with triethylamine, has been proved 
a new efficient reagent for the direct C-acylation of active 
methylene compounds with carboxylic acids.

S ir : Recent publications from our laboratory have revealed 
that diethyl phosphorocyanidate [DEPC, (Et0 )2P(0 )CN], 
in combination with triethylamine, may be used for (i) N- 
acylation1 (peptide| bond formation) ,2-5 (ii) S-acylation (thiol 
ester formation) ,6 and (iii) O-acylation (esterification) 3 (eq 
1-3).

R C O ,H
(EtO)2P(0)CN

EtjN

R'NHR'

R'SH

R'OH

R C O N R 'R "

R C O S R '

R C 0 2R '

(1 )

(2 )

(3)
We now wish to report that DEPC, together with triethyl

amine, may be efficiently used for the direct C-acylation of 
active methylene compounds with carboxylic acids as follows 
(eq 4).

H

17a

Treatment of the iodo enones 13 and 1 with the trans cu
prate reagent 5 gave excellent yields of the substitution 
products 20 and 19, respectively. Cope rearrangement of the 
former under conditions outlined in Scheme II afforded the 
annelation product 16 as the only isolable product (59% yield). 
Similar treatment of 19, however, resulted mainly in a 
homo-[1,5]-sigmatropic hydrogen shift11 to afford the trienone 
21. In this case, the annelation product 18 was formed in only 
minor amounts (ratio of 18/21 = 1:4).
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U L  (EtO)2P(0)CN  - .X
R C 0 2H  +  C H 2<  -------- — --------- -- R C O C H <  (4 )

Y  Y

X and/or Y: electron-withdrawing group

In the usual base-catalyzed C-acylation of active methylene 
compounds,7 carboxylic acids should first be converted to their 
activated derivatives such as acyl chlorides, acyl cyanides,8’9 
acyl azides,10’11 mixed anhydrides,12 carboxylic esters, and so 
on. Very few methods are concerned with the C-acylation by 
the direct use of carboxylic acids without prior isolation of 
active intermediates. Using DEPC in the presence of trieth
ylamine, however, the direct C-acylation13 of active methylene 
compounds with carboxylic acids easily occurs in a single 
operation under exceptionally mild conditions.

The preferred procedure is as follows. To a mixture of the 
carboxylic acid (1 .2  equiv) and the active methylene com
pound (1 equiv) in dimethylformamide is added DEPC (1.2 
equiv), followed by the addition of triethylamine (3.2 equiv). 
The mixture is stirred with ice cooling for 2 h, and then at 
room temperature for 20 h. After evaporation of the solvent, 
the residue is dissolved in benzene-ethyl acetate (1 :1) and 
worked up with acid (10% aqueous H2SO4) and alkali (5% 
aqueous NaHCOs). The crude product is purified by silica gel 
column chromatography and/or recrystallization. When the 
acylated product is an oil, it is characterized as its copper 
salt.

The reactions are best carried out in dimethylformamide 
solution, though hexane, toluene, diethyl ether, or tetrahy- 
drofuran may be used. We preferably used triethylamine as 
a base, but N.iV.AT'.N'-tetramethylethylenediamine, 1,5-
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Table I

. X

R C O ,H  +  C IL

V

(E tO )2P (0 )C N . E t3N 

in  DM F
R C O C H '

X

X

R X Y yield, 8 % mp,c ° C

P h C N C 0 2E t 9 3 . 4  ( 8 3 ) d 3 9 . 5 - 4 0 d

P h n o 2 H 8 5 . 5  ( 7 3 ) « 1 0 6 - 1 0 8 «

P h C N C N 9 2 . 8  ( 8 8 )  f 
( 8 7 ) *

1 2 9  >

P h C 0 2E t C 0 2E t 9 6 . 8 *  

( 6 8 - 7 5 ) 1

, ( 1 8 3 - 1 8 4 ) /

P h N C Tos 8 0 . 7  ( 6 5 ) k 1 3 9 - 1 4 1 *

P h ( C H 2) 2 C N C 0 2E t 9 8 .4 ( 2 0 9 - 2 1 1 )

n - C ä H n C N C C ^ E t 9 7 . 2 ( 1 0 1 - 1 0 2 )

C H 3 C 0 ( C H 2) 2 C N C 0 2E t 9 3 . 4 ( 1 6 8 - 1 7 0 )

C H 3 C O ( C H 2) 2
CHsCXCH^

C N C02Bu‘ quant ( 1 6 3 - 1 6 4 )

o/Xo
L J

C 0 2 E t C 0 2E t 5 8 . 1 1 ( 1 3 4 - 1 3 6 )

PhCH.CH-
1

C N C O a E t 8 7 .8 1 4 6 - 1 4 8 m

PhCHjOCONH

CHjCH(OH)CH-

PhCH,OCONH

C N C O a E t 6 3 . 8 1 2 8 - 1 3 0 "

a U n l e s s  o t h e r w i s e  s t a t e d ,  t h e  r e a c t i o n s  w e r e  c a r r i e d  o u t  a s  

d e s c r i b e d  i n  t h e  t e x t .  b Y i e l d s  b y  t h e  r e p o r t e d  p r o c e d u r e s  a r e  in  

p a r e n t h e s e s . c M e l t i n g  p o i n t s  o f  c o p p e r  s a l t s  a r e  i n  p a r e n t h e s e s .  

d B e n z o y l  c y a n i d e  w a s  u s e d :  l i t . 8 m p  4 1  °C. e B e n z o y l  c y a n i d e  w a s  

u s e d :  l i t . 9 m p  1 0 5 - 1 0 6  ° C .  1 B e n z o y l  c y a n i d e  w a s  u s e d :  l i t . 8 m p  

1 2 9 - 1 3 0  ° C .  *  B e n z a z i d e  w a s  u s e d . 10  h S o d i u m  h y d r i d e  w a s  u s e d  

i n  p l a c e  o f  t r i e t h y l a m i n e .  ‘  T h e  m i x e d  a n h y d r i d e  f r o m  b e n z o i c  

a c i d  a n d  e t h y l  c h l o r o c a r b o n a t e  w a s  u s e d . 12  1 L i t .  m p  1 8 2  ° C :  D .  

S .  T a r b e l l  a n d  J .  A .  P r i c e ,  J. Org. C hem ., 2 2 , 2 4 5  ( 1 9 5 7 ) .  k B e n z o y l  

c h lo r i d e  w a s  u s e d .  T h e  i s o l a t e d  p r o d u c t  w a s  5 - p h e n y l - 4 - t o s y l -  

o x a z o l e .  L i t .  m p  1 4 2 - 1 4 3  ° C :  A .  M .  v a n  L e u s e n ,  B .  F .  H o o g e n -  

b o o m ,  a n d  H .  S i d e r i u s ,  T etrah edron  L e tt .,  2 3 6 9  ( 1 9 7 2 ) . 1 S o d i u m  

h y d r i d e  ( 2  e q u i v )  a n d  l , 5 - d i a z a b i c y c l o [ 5 . 4 . 0 ] u n d e c - 5 - e n e  ( 2  e q u i v )  

w e r e  u s e d  i n  p l a c e  o f  t r i e t h y l a m i n e .  m [cr]23D  + 3 7 . 1 °  ( c  0 .9 ,  b e n 

z e n e ) .  n [a] 23 d  + 3 8 . 2 °  (c  0 .9 9 ,  c h l o r o f o r m ) .

diazabicyelo[5.4.0]undec-5-ene, sodium hydride, or potassium 
carbonate can be used with similar efficiency. Three equiva
lents of the base are indispensable, because 2 equiv are used 
for the activation of both the carboxylic acid and the active 
methylene compound and 1 equiv for the salt formation of the 
acylated product.

The scope of the new C-acylation procedure is shown in 
Table I.14 Benzoic acid efficiently coupled with various active 
methylene compounds, e.g., ethyl cyanoacetate, nitromethane, 
malononitrile, diethyl malonate, and tosylmethyl isocyanide. 
In the case of benzoylation of diethyl malonate, the use of 
sodium hydride in place of triethylamine gave a better result. 
Compared with the known method using activated forms of 
benzoic acid, the present method is more convenient to per
form and gives benzoylated products in much higher yields 
under mild reaction conditions, as shown in Table I.

3-Phenylpropionic acid and hexanoic acid caused no trouble 
to couple with ethyl cyanoacetate. Levulinic acid which con
tains 7 -keto function smoothly reacted with cyanoacetates 
to give the corresponding C-acylated products in excellent 
yields. The ethylene ketal derivative of levulinic acid also 
coupled with diethyl malonate to yield the C-acylated product 
1, which was easily converted to the 1,4-diketone15 2 by the 
successive treatment with (i) allyl iodide in the presence of 
tetra-n-butylammonium hydroxide, 16 (ii) sodium chloride in 
hot wet dimethyl sulfoxide,17 and (iii) methanolic hydrogen 
chloride.

Another interesting example of the C-acylation is the cou
pling of ethyl cyanoacetate with two N-protected derivatives

2

of a-amino acids, i.e., N-benzyloxycarbonyl-L-phenylalanine 
and -L-threonine, since the optical activities of the starting 
acids were retained in the products.

This direct C-acylation procedure in a single operation 
using DEPC appears to be quite general, may be used for 
many substrates containing various functions, and offers 
advantages over many existing methods.
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Thallium in Organic Synthesis. 52. Oxidations of
3-(Alkoxyaryl)propionic Acids by Thallium(III) 
Trifluoroaeetate: Synthesis of Dihydrocoumarins, 
Spirocyclohexadienone Lactones, and 
p-Benzoquinones1’2

S u m m a ry : Dihydrocoumarins, spirocyclohexadienone lac
tones, and p-benzoquinones are formed via intramolecular 
capture of radical cation intermediates generated from 3- 
(alkoxyaryl)propionic acids by oxidation with TTPA.

S i r :  The products obtained from the reactions of aromatic 
compounds with thallium(III) trifluoroaeetate (TTFA) de
pend on the oxidation potentials of the aromatic substrates. 
Arylthallium bis(trifluoro)acetates, the products of overall
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electrophilic aromatic thallation, are obtained from aromatic 
compounds with relatively high oxidation potentials (benzene, 
alkylbenzenes, halobenzenes, etc.), while biaryls, the products 
of overall dehydrodimerization, are obtained from aromatic 
compounds with lower oxidation potentials (polyalkoxyben- 
zenes, naphthalenes, etc.). Mechanistically, biaryl formation 
is believed to involve electron transfer from the aromatic 
substrate to Tl(III), reaction of the resulting aryl radical cation 
with another molecule of the aromatic compound, and oxi
dative aromatization of the intermediate thus produced.3

The synthetic potential of nucleophilic aromatic substitu
tion via radical cation intermediates is a topic of considerable 
current interest,4 and we have recently demonstrated the 
utility of TTFA-induced intramolecular oxidative coupling 
of aromatic substrates to biaryls via radical cations for the 
synthesis of aporphine5 and homoaporphine alkaloids.6 We 
now demonstrate that radical cations can be trapped intra- 
molecularly by a suitably positioned carboxyl group, and that 
this reaction has synthetic utility for the preparation of 
dihydrocoumarins, spirocyclohexadienone lactones, and p -  
benzoquinones.7

Reaction of 3-(3,4-dimethoxyphenyl)propionic acid (1) (1 
mmol) with 1 equiv of TTFA in TFA (30 mL) containing 
boron trifluoride etherate (1 mL) was instantaneous at 0 °C. 
The reaction mixture was therefore quenched im m e d ia te ly 12 
with water (50 mL); chloroform extraction followed by chro
matography of the crude product on silica using chloro
form-methanol (9:1) as eluent gave methyl 3-(2-hydroxy-
4,5-dimethoxyphenyl)propionate (3) in 2 0 % yield. Standard 
control experiments established that formation of the methyl

Scheme I

mation of the spirocyclohexadienone lactone 4 presumably 
arises via nucleophilic attack at the CH30 +=  methyl group 
by TFA (path b).

Evidence :n support of the mechanism outlined in Scheme 
I comes from the following observations. (1) Oxidation of the 
methyl ester 7 with TTFA gave the biaryl 8  in 58% yield. In-

1

ch3oh

3

ester in the above sequence of operations occurred during 
chromatography. Quenching of the oxidation medium with 
methanol led directly to the ester 3, while the use of t e r t -butyl 
alcohol gave a 3:1 mixture (57% yield) of the dihydrocoumarin 
2 and the spirocyclohexadienone lactone 4 .13>14

We suggest that formation of products 2-4 in these reac
tions is most easily explained on the basis of the ECE mech
anism15 outlined in Scheme I. Thus, one-electron oxidation 
of 1 by TTFA gives the radical cation 5, intramolecular reac
tion of which with the carboxyl group gives 6 ;16 dienone- 
phenol type rearrangement of 6  leads to the dihydrocoumarin 
2  (path a), which is either obtained as such on quenching of 
the reaction mixture with t e r t -butyl alcohol or is converted 
to the ester 3 when chloroform-methanol/silica is used. For-

tramolecular trapping of the radical cation is clearly impos
sible in this case, and hence intermolecular coupling occurs.
(2) Oxidation of 3-(3-methoxyphenyl)propionic acid (9) did 
not give any products of the type 2-4, but only the biaryl 10 
(56%). In this instance there is no mesomeric stabilization of

the reactive intermediates by the methoxy group, and inter
molecular coupling is again the preferred pathway. (3) Oxi
dation of 3-(4-methoxyphenyl)propionic acid (11), on the 
other hand, resulted both in dihydrocoumarin formation and 
in biaryl coupling to give 12 in 24% yield.

The fate cf the radical cations generated from 3-(3-alkoxy- 
aryl)propionic acids thus appears to depend on the position
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of the alkoxy substituent(s) relative to the carboxyethyl group. 
Substrates without a p  -alkoxy group undergo oxidative di
merization to biaryls, whereas those with a p-alkoxy group17 
give dihydrocoumarins and lesser amounts of spirocyclohex- 
adienone lactones.18 In agreement with these conclusions, 
oxidation of the acids 13 with TTFA followed by quenching 
with ieri-butyl alcohol gave the dihydrocoumarins 14.

1. TTF A

2. rB uO H

13 14
a, R , =  H ; R , =  R 3 =  0 C H ,0 ,  21%
b ,  R 1 =  R 2 = R 3 =  O C H 3, 53%

Moreover, use of methanol to quench the reaction mixture 
resulted in acid-catalyzed esterification and formation of a 
methyl 3 -(2 -hydroxyaryl)propionate; consequently, given that 
there is an alkoxy group para to the newly introduced hydroxy 
group and that excess TTFA is available, it is possible to effect 
a second, different type of oxidation.19 Thus, treatment of the 
acids 15 with 2 equiv of TTFA and quenching of the reaction 
mixture with methanol gave the p-benzoquinones 16 directly 
(Scheme II).

S c h e m e  I I

16
a, R , =  H ; R , =  O C H :t, 73%
b ,  R , =  R 2=  O C H 3, 61%

These results clearly demonstrate that aromatic radical 
cations can be trapped intramolecularly by a suitably situated 
carboxyl group. They illustrate, moreover, that a substantial 
degree of control is possible over the nature of the products 
obtained from such intramolecular trapping reactions by 
variation in substrate structure, amount of oxidant employed, 
and the isolation procedure used. Further studies are in 
progress to extend and exploit these novel oxidations.
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