
VOLUME 42 OCTOBER 14, 1977 NUMBER 21 JOCEAH

T H E  J O U R N A L  O F Organic
Chemistry

P U B L I S H E D  B I W E E K L Y  BY T H E  A M E R I C A N  C H E M I C A L  S O C I E T Y



t h e  j o u r n a l  o f  Organic Chemistry

EDITOR-IN-CHIEF: FREDERICK D. GREENE
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Werner Herz
Florida State University 

Tallahassee, Florida

SENIOR EDITORS

Martin A. Schwartz
Florida State University 

Tallahassee, Florida

James A. Moore
University of Delaware 

Newark, Delaware

ASSISTANT EDITOR: Theodora W. Greene

Robert A. Benkeser 
John I. Brauman 
Samuel Danishefsky 
Stanton Ehrenson 
David A. Evans

Neville Finch 
Paul G. Gassman 
Ralph Hirschmann 
Donald M. Jerina 
Carl R. Johnson

ADVISORY BOARD

William M. Jones 
Jay K. Kochi 
Albert I. Meyers 
John G. Moffatt 
Roy A. Olofson

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

Robert V. Stevens 
Barry M. Trost 
Nicholas J. Turro 
Earle Van Heyningen 
George W. Whitesides

EX-OFFICIO MEMBERS: George H. Coleman, Sanibel island, Florida
Edward M. Burgess, Georgia Institute of Technology (Secretary-Treasurer of the Division of Organic Chemistry of the American Chemical Society)

Published by the
AMERICAN CHEMICAL SOCIETY

BOOKS AND JOURNALS DIVISION

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

Editorial Department: Charles R. Bertsch, 
Head; Marianne C. Brogan, Associate 
Head; Robert J. Palangio and Kenneth
E. Phillips, Editorial Assistants

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, 1977, by the American 
Chemical Society. No part of this publication 
may be reproduced in any form without 
permission in writing from the American 
Chemical Society.

Published biweekly by the American 
Chemical Society at 2 0 th and Northampton 
Sts., Easton, Pa. 18042. Second class postage 
paid at Washington, D.C., and at additional 
mailing offices.

Editorial Information
Instructions for authors are printed in 

the first issue of each volume. Please conform 
to these instructions when submitting man
uscripts.

Manuscripts for publication should be 
submitted to the Editor, Frederick D. Greene, 
at his Cambridge, Mass., address.

Correspondence regarding accepted pa
pers and proofs should be directed to the 
Editorial Department at the address below.

Page charges of $70.00 per page may be 
paid for papers published in this journal. 
Payment does not affect acceptance or 
scheduling of papers.

Bulk reprints or photocopies of indi
vidual articles are available. For information 
write to Business Operations, Books and 
Journals Division, at the ACS Washington 
address. Requests for permission to reprint 
should be directed to Permissions, 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.

Subscription and Business Information
1977 subscription rates—including surface 

postage:

Do
mestic

Member $26.00
Nonmember 104.00
Supplementary 15.00

material
Air mail and Air freight rates are avail

able from Membership & Subscription Ser
vices, at the address below.

New and renewal subscriptions should 
be sent with payment to the Office of the 
Controller at the ACS Washington address. 
Changes o f address must include both old 
and new addresses with ZIP code and a recent 
mailing label. Send all address changes to the 
Membership & Subscription Services. 
Please allow 6 weeks for change to become 
effective. Claims for missing numbers 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 
America, more 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 icrofiche subscriptions are available 
at the same rates but are mailed first class to 
U.S. subscribers, air mail to the rest of the 
world. Direct all inquiries to Special Issue 
Sales at the ACS Washington address or call 
(202) 872-4554.

Single issues in hard copy and/or micro
fiche are available from Special Issues Sales 
at the ACS Washington address. Current 
year $5.00. Back issue rates available from 
Special Issues Sales. Back volumes are 
available in hard copy and/or microform. 
Write to Special Issues Sales at the ACS 
Washington address for further information. 
M icrofilm  editions of ACS periodical pub
lications are available frem volume 1  to the 
present. For further information, contact 
Special Issues Sales at the ACS Washington 
address.

Supplementary material mentioned in 
the journal appears in the microfilm edition. 
Single copies may be ordered directly from 
Business Operations, Books and Journals 
Division, at the ACS Washington address.

U.S.
PUAS,
Canada

Other
Foreign

Microfiche $2.50 $3.00 $3.50
Photocopy 

1-7 pages 4.00 5.50 7.00
8 - 2 0  pages 5.00 6.50 8 .0 0

Orders over 20 pages are available only on 
microfiche, 4 X 6  in., 24X negative, silver 
halide. Orders must state photocopy or mi
crofiche if both are available. Full biblio
graphic citation including names of all au
thors and prepayment are required. Prices 
are subject to change.

Canada,
PUAS Foreign
$35.00 $36.00
113.00 114.00
19.00 20 .0 0

American Chemical Society 
1155 I6thSt., N.W. 
Washington, D.C. 20036 
(202) 872-4600

Editorial tfspuitment 
American Chemical'Society
P.O. Box 3330 
Columbus, CHio 43210 
(614) 421-6940, Ext. 317.1

Membership & Subscription Services 
American Chemical Society 
P.O. Box 3337 
Columbus, Ohio 43210 
(614)421-7230

Notice to-Authors last printed in theissue o f  January 7, 1977



JOCEAh 42(21) 3225-3462 (1977) 
ISSN 0022-3263

THE JOURNAL OF Organic Chemistry
Volume  42, Num ber  21 October  14,1977

E lish a  B erm a n , Z eev  L u z, 3325 
Y eh u d a  M azu r,*  a n d  M o rd e c h a i S h eves

D on a ld  G. C o rn e ll an d  N ic o la e  F ilip escu *  3331

E llio t  N . M arv e ll*  a n d  R o n a ld  R u sa y  3336

G e o rg e  H . F ish er , D in g  C h an g , 3341 
G era ld in e  H o w a rd , an d  K a r l F o lk ers*

Conformational Analysis of Vitamin D and Analogues. 13C and 1H Nuclear 
Magnetic Resonance Study

Photorearrangement of 10-Methyloctalone in Concentrated Acid Solution

Stereoselectivity of the Retro-Ene Reaction of 2-Vinylcyclohexanols
Synthesis of 31- and 35-Amino Acid Carboxyl Terminal Fragments of the 
ß Subunit of the Human Chorionic Gonadotropin

S tep h en  J . W ra tten  an d  3343
D . J o h n  F au lk n er*

Metabolites of the Red Alga Laurencia subopposita

H u gh  W . T h om p son *  a n d  3350 
E u g en e  M cP h e rso n

Stereochemical Control of Reductions. 6. The Hydroxymethyl Group as a 
Hinge for Internal Reagent Delivery

T im o th y  B . P a tr ick *  an d  3354 
D o n a ld  J . S ch m id t

Concerning the Nature of Dimethylvinylidenecarbene

P e te r  K . F reem an ,*  T h om as A . H ard y , 3356 
J o h n  R . B a ly ea t, an d  L y le  D . W esco tt , J r .

Hydrogen Migration in 2-Carbena-6,6-dimethylnorbornane

Ja m es M . R e u te r  an d  R o b e r t  G . S a lom on* 3360 Ruthenium(II) Catalyzed Rearrangement of Diallyl Ethers. A Synthesis of 
7,¿-Unsaturated Aldehydes and Ketones

W a ta ru  A n d o,*  H iro fu m i H ig u ch i, 3365 
and T o sh ih ik o  M ig ita

Reactions of Unsaturated Sulfides with Carbenes. 22. Reactivities of Sulfur 
and Double Bond, and Formation of Unsaturated Sulfonium Ylides

A lessa n d ro  D on d on i,*  G aeta n o  B a rb a ro , 3372 
and  A r tu ro  B a tta g lia

Synthesis of 1,2,3,5-Oxathiadiazole 2-Oxides from Amidoximes and 
Thionyl Chloride and the Mechanism of Their Thermally Induced 
Fragmentation and Rearrangement to Carbodiimides

E . S m ak u la  H an d , W . W . P au d ler ,*  3377 
an d  S. Z a ch o w

Condensation of Aldehydes with Methylimidazo[l,2-a]pyridines

T a tsu o  T akesh im a,*  M otom u  M u ra ok a , 3383 
N a oa k i F u k ad a , A tsu m i T ak ayam a, 

an d  T a tsu o  Y am a m oto

Addition Reaction of /3-Imino- and /5-Oxodithiocarboxylic Acids with 
Methyl Propiolate and with Strongly Electrophilic Olefins

C lau d e  F . B ern a scon i*  and  3387 
J o se p h  R . G a n d ler  H

Intermediates in Nucleophilic Aromatic Substitution. 17. Kinetics of Spiro 
Meisenheimer Complexes. Effect of Ring Size

J o h n  S . L om as, P h am  K im  L u on g , 3394 
an d  J a cq u e s -E m ile  D u b o is*  ■

Nucleophilic Addition of o-Tolyllithium Compounds to Di-tert-butyl 
Ketone. Thermal and Organolithium-Catalyzed Isomerization of 
o-Tolyldi-tert-butylcarbinol Rotamers

Io la n d a  M . C u cco v ia , E ls ie  H . S ch rö te r , 3400 
R o b e r to  C. de B ap tista , and  

H ern á n  C h a im ov ich *

Effect of Detergents on the S- to N-Acyl Transfer of
S-Acyl-ß-mercaptoethylamines

M ich a e l E d en s, D av id  B o e rn e r , 3403 
C a ro l R o a n e  C hase, D a v id  N ass, and  

M e lv y n  D . S ch ia v e lli*

Mechanism of the Meyer-Schuster Rearrangement

M . E . K u eh n e*  an d  W . H . P a rson s 3408 Thiyl Radical and Mercuric Ion Induced Cyclizations of Dimethyl
Dipropargylmalonate and Dimethyl Propargyl-3-thiylallylmalonates

P a u l C a lu w e* a n d  T h om as G . M a je w icz  3410

F ra n k  J . W illiam s* an d  P a u l E. D on a h u e  34W

F. J . W illiam s,*  H . M . R e lies , 3419 
J . S . M a n e llo , an d  P . E . D on a h u e  ■

F .J .  W illiam s,*  H .M . R e lie s , 3425 
P . E . D on a h u e , an d  J . S. M a n e llo  ■

R . L . M a rk e z ich *  an d  O. S. Z am ek  3431

v i b j t f j j f i  n n m t i

1,9,10-Anthyridines
Reactions of Phenoxides with Nitro- and Halo-Substituted Phthalimides 
Reactions of Phenoxides with Nitro-Substituted Phthalate Esters

A Direct Synthesis of Phenoxy-Substituted Phthalic Anhydrides by 
Aromatic Nucleophilic Displacement
Reactions of Fluoride and Nitrite Ions with 4-Nitrophthalimides

9
1A

t « W  T - l l



2A J. Org. Chem., Vol. 42, No. 21,1977

NEW ARC LAMP SYSTEMS
• 6 -1 QX more power for given lamps
• Allows for use of lower-powered lamps 

for REDUCED OPERATIHG COST.
• Compact
• Excellent 

stability
• Versatile

The regulated power supplies are:
• modulatable up to 5 0 KHz
• capable of pulsed mode operation
• highly regulated
• low RF, filtered single pulse starters

The supplies can power most arc lamps from 7 5 w-1 0 0 0 w
P h o t o c h e m i c a l  R e s e a r c h  A s s o c i a t e s  I n c .  
U n i v e r s i t y  o f  W e s t e r n  O n t a r i o  

D e p a r t m e n t  o f  C h e m i s t r y  

L o n d o n ,  O n t . ,  C a n a d a  N 6 A  3 K 7  
( 5 1 9 )  6 7 9 - 6 1 8 1  T e l e x  0 6 4 - 7 5 9 7



J. Org. Chem., Vol. 42, No. 21,1977 3A

R . L . M ark ez ich ,*  0 .  S. Zam ek, 3435 
P . E. D on a h u e, and  F . J . W illiam s*

L. A . S h im p a n d  R . J . L agow * 3437

P a o lo  C e cch e re lli,*  M assim o C u rin i, 3438 
R o b e r to  P e ll ic c ia r i,  M . S. R a ju , 

and  E rn est W en k ert

S en g od a  G. R a m a sw am y  3440 
and  E lija h  Adam s*

W a lter  O . S iegl,*  F re d  C. F erris , and  3442 
P a tr ic ia  A . M u ce i

Ja m es K . W h itese ll*  and 3443 
R a n d a ll S. M atth ew s

H en ri U lr ic h  an d  D u rva su la  V . R a o*  3444

M ich a e l J . H a ire  3446

P. D e C le rc q  an d  M . V a n d ew a lle*  3447
M ich a e l T . H . L iu* and  3450 

K . R a m a krish n an

N O T E S

Reactions of 4-Nitrophthalic Anhydride with Potassium Fluoride and 
Potassium Nitrite

Direct Fluorination of 2,2,4,4-Tetramethylpentane. Sterically Protected 
Residual Protons?
Conversion of Virescenol A into Virescenol B

One-Vessel Synthesis of 4-Hydroxyproline from Glyoxal and Oxaloacetic 
Acid

A Convenient Synthesis of 3- and 4-Methylphthalonitrile

The Bimolecular Elimination of trans-2-Methylcyclooctyl Tosylate. A 
Reinvestigation

A Novel Intramolecular C Alkylation Involving a 1,4-Renzoquinone 
Derivative

Improved Reduction of Nitrimines to Nitramines Using Sodium 
Borohydride and Acetic Acid
Total Synthesis of (±)-Damsin
Thermal Decomposition of Phenylmethyldiazirine. Effect of Solvent on 
Product Distribution

D . K . B ates 3452 Aromatic Electrophilic Substitution by Pummerer Rearrangement 
Intermediates

G e o rg  W ittig  an d  R . D . H am ilton* 3454 Determination of the Rate of Reduction of Benzophenone- 1-UC by Lithium 
Benzhydrolate

A n to n io  F oee lla ,*  S id n ey  T e ite l, 
and  A rn o ld  B ross i

3456 A Simple and Practical Synthesis of Olivetol

A rth u r  G. S ch u ltz ,*  Jea n ette  E rh ard t, 
and W illia m  K . H agm ann

T o r u  K oizu m i,*  Y o sh ik o  K obayash i, 
H iro k o  A m itan i, an d  E iich i Y osh ii

E d w a rd  E. W aali,*  Jam es M . L ew is, 
D av is E. L ee, E d w in  W . A lle n  III , 

an d  A llen  K . C h ap p ell

C O M M U N IC A T IO N S

3458 Annélation of Phenols with Epoxides Derived from 2-Cycloalken-l-ones

3459 A Practical Method of Preparing Optically Active Dialkyl Phenyl 
Phosphates

3460 4,5-Benzo-l,2,4,6-cycloheptatetraene

■ Supplementary material for this paper is available separately (consult the masthead page for ordering information); 
it will also appear following the paper in the microfilm edition of this journal.

* In papers with more than one author, the asterisk indicates the name of the author 
to whom inquiries about the paper should be addressed.



4A J. Org. Chem., Vol. 42, No. 21,1977

NEW FLUOROOLEFINS
FROM
PCR RESEARCH CHEMICALS, INC.
These reactive monomers are anxious to react on your behalf:

F O  F F Ü F  F F C F j
I T I  I T I  I I I

F C  =  C - C - C I  F C  =  C - C F  F C  =  C - C - C F  3
I I I
F F F

A H  a v a i la b le  f r o m  s t o c k ;

11951-1 3-Chloro-2-phenyltetrafluoropropene-1
5 g -$ 4 5 .0 0 ;2 5 g -$  175.00 

11949 5 2-Phenylpentafluoropropene-1
5 g -$ 4 0 .0 0 ;2 5 g -$  150.00 

11956-0 Perfluoro-3-methylbutane-1 10g—$125.00

’¿¡.ueiws

11961-0 POCKET MASS SPEC K IT

/e created new compositions of matter, your 
PECTROSCOPIST can help you identify them 
economical and convenient POCKET MASS

APGR
P C R  R E S E A R C H  C H E M I C A L S ,  I N C
P.O. BOX 1778 GAINESVILLE, FLORIDA 32602 (904)376-7522

The a u th o r  d ra w s  o n  h is  35  y e a rs  o f  
e x p e r ie n c e  as a re s e a rc h  s c ie n t is t  
in  p h o s p h o ru s  c h e m is try  to  p ro d u c e  
a b o o k  th a t is  n o t  o n ly  re a d a b le  to  
the  n o n -c h e m is t  b u t  s o p h is t ic a te d  
e n o u g h  to  in te re s t  th e  p ro fe s s io n a l 
a s  well.

Using case histories, he traces the 
story of phosphorus from its accidental 
discovery to its present 'ole in nu
merous household and industrial 
products.

The arrangement of the book is con
venient for practicing chemists who 
wish to find various phosphorus com
pounds for the applications they have 
in mind. Chemistry teachers will find 
the material helpful as a textbook 
supplement and to give their students 
a better understanding of industrial 
research.

T o p ic s  c o v e r:
Phosphoric acids; food uses in phos
phates; dentifrices; fertilizers; cleaners, 
detergents, and dispersants; m etal treat
ing and cleaning; flame retardants; water 
softening; electroless p lating; industria l 
uses for organic and inorganic phos
phorus com pounds; DNA, RNA, and A TP; 
nerve gases and insecticides; toxic ity o f 
organophosphorus com pounds; and  
more.

238 pages (1976) clothbound $12.50 
ISBN 0-8412-0293-1 LC 75-44049

SIS/American Chemical Society 
1155 16th St., N.W./Wash., D.C. 20036

Please s e n d _________ copies of Phosphorus
Chemistry in Everyday Living at $12.50 per book

O Check enclosed for $ ___________ O  Bill me.
Postpaid in U.S. and Canada, plus 40 cents 
elsewhere.

Name

Address

City State Zip



J. Org. Chem., Vol. 42, No. 21,1977 5A

AUTHOR INDEX

Adams, E., 3440 
Allen, E. W., III, 3460 
Amitani, H., 3459 
Ando, W., 3365

Balyeat, J. R., 3356 
Barbaro, G., 3372 
Bates, D. K., 3452 
Battaglia, A., 3372 
Berman, E., 3325 
Bernasconi, C. F., 3387 
Boerner, D., 3403 
Brossi, A., 3456

Caluwe, P., 3410 
Ceccherelli, P., 3438 
Chaimovich, H., 3400 
Chang, D., 3341 
Chappell, A. K., 3460 
Chase, C. R., 3403 
Cornell, D. G., 3331 
Cuccovia, I. M., 3400 
Curini, M., 3438

de Baptista, R. C., 3400 
De Clercq, P., 3447 
Donahue, P. E., 3414, 3419, 

3425,3435 
Dondoni, A., 3372 
Dubois, J.-E., 3394

Edens, M., 3403 
Erhardt, J., 3458

Faulkner, D. J., 3343 
Ferris, F. C., 3442 
Filipescu, N., 3331 
Fisher, G. H., 3341 
Focella, A., 3456 
Folkers, K., 3341 
Freeman, P. K., 3356 
Fukada, N., 3383

Gandler, J. R., 3387

Hagmann, W. K., 3458 
Haire, M. J., 3446 
Hamilton, R. D., 3454 
Hand, E. S., 3377 
Hardy, T. A., 3356 
Higuchi, H., 3365 
Howard, G., 3341

Kobayashi, Y., 3459 
Koizumi, T., 3459 
Kuehne, M. E., 3408

Lagow, R. J., 3437 
Lee, D. E., 3460 
Lewis, J. M., 3460 
Liu, M. T. H „ 3450 
Lomas, J. S., 3394

Luong, P. K., 3394 
Luz, Z., 3325

Majewicz, T. G., 3410 
Manello, J. S., 3419, 3425 
Marvell, E. N., 3336 
Matthews, R. S., 3443 
Mazur, Y „ 3325 
McPherson, E., 3350 
Migita, T., 3365 
Mucci, P. A., 3442 
Muraoka, M., 3383

Nass, D., 3403

Parsons, W. H., 3408 
Patrick, T. B., 3354 
Paudler, W. W., 3377 
Pellicciari, R., 3438

Raju, M. S., 3438 
Ramakrishnan, K., 3450 
Ramaswamy, S. G., 3440 
Rao, D. V., 3444 
Relies, H. M., 3419, 3425 
Reuter, J. M., 3360 
Rusay, R., 3336

Salomon, R. G., 3360 
Schiavelli, M. D., 3403

Schmidt, D. J., 3354 
Schröter, E. H., 3400 
Schultz, A. G., 3458 
Sheves, M., 3325 
Shimp, L. A., 3437 
Siegl, W. O., 3442

Takayama, A., 3383 
Takeshima, T., 3383 
Teitel, S., 3456 
Thompson, H. W., 3350

Ulrich, H., 3444

Vandervalle, M., 3447

Waali, E. E., 3460 
Wenkert, E., 3438 
Wescott, L. D., Jr., 3356 
Whitesell, J. K., 3443 
Williams, F. J., 3414, 3419, 

3425, 3435 
Wittig, G., 3454 
Wratten, S. J., 3343

Yamamoto, T., 3383 
Yoshii, E., 3459

Zachow, S., 3377 
Zamek, O. S., 3431, 3435



O

O
Reactions, natural 

products, mechanisms, 
theory and spectroscopy 

covered comprehensively in

Jo u rn a l o f 
O rgan ic 

C h em istry
R e c o g n i z e d  b y  m a n y  o r g a n i c  c h e m i s t s  a s  t h e  l e a d in g  A m e r i c a n  

jo u r n a l  in t h e  f ie ld ,  th is  b i w e e k ly  p u b l i c a t i o n  b r in g s  
s u b s c r i b e r s  o v e r  1 , 0 0 0  a r t i c le s ,  n o t e s  a n d  c o m m u n i c a t i o n s

e a c h  y e a r — o v e r  4 , 0 0 0  p a g e s  in c lu d in g  o r ig in a l  c o n t r ib u t i o n s  
o n  f u n d a m e n t a l  r e s e a r c h e s  in all b r a n c h e s  o f  t h e  t h e o r y  a n d  

p r a c t i c e  o f  o r g a n i c  c h e m is t r y .  I m p r o v e d  p r o c e d u r e s ,  a c c o u n t s

The Journal of Organic Chemistry
American Chemical Society 1977
1155 Sixteenth Street, N.W.
Washington, D.C. 20036

Yes, I would like to receive THE JOURNA- OF ORGANIC CHEMISTRY 
at the one-year rate checked below:

ACS Member* 
Nonmember

U.S.
□  $26.00 
□  $104.00

Bill me □  Bill company □
Air freight rates available on request.

Foreign and Latin
Canada America

□  $36.00 □  $35.00
□  $114.00 □  $113.00 
Payment enclosed □

o f  n o v e l  o b s e r v a t i o n s  o r  c o m 
p o u n d s  o f  s p e c i a l  in te r e s t  a r e  

a l s o  n o t e d .  C o m p l e t e  a n d  m a il 
t h e  c o u p o n  N O W  t o  jo in  th e  

t h o u s a n d s  o f  o r g a n i c  c h e m i s t s  
w h o  f in d  th is  jo u r n a l  v ita l in 
k e e p i n g  c u r r e n t  in t h e  f ie ld .

AVAILABLE IN HARD COPY 
OR MICROFICHE.

N am e

Street
Home □  
Business [~]

City State Zip

Journal subscriptions start in January ’77.
Allow 60 days for your first copy to be mailed.
‘NOTE: Subscriptions at ACS member rates are for personal use only.



THE JOURNAL OF Organic Chemistry
Volume 42, Number  21

© Copyright 1977 
by the American Chemical Society October 14,1977

Conformational Analysis of Vitamin D and Analogues. 13C and XH Nuclear
Magnetic Resonance Study

Elisha Berman, Zeev Luz, Yehuda Mazur,* and Mordechai Sheves 

Departments of Isotopes and Organic Chemistry, The Weizmann Institute of Science, Rehouot, Israel
Received October 7,1976

Complete and self-consistent assignment of the 13C NMR spectra of the C3 -epimeric pairs of vitamin D3, trans- 
vitamin D3 , its keto analogue, and dihydrotachysteroL were made. The conformational flexibility of ring A in these 
compounds and their esters was investigated using the 13C as well as 1H NMR data. The merits and the complemen
tary nature of each approach are discussed in terms of the accuracy and reliability of the results. The relative excess 
of the equatorial conformer in the C3 epimeric pairs of vitamin D3 and its analogues was determined by both meth
ods. This analysis indicates that in the case of vitamin D3 and its C3  epimer the methylene group affects the equilib
rium population by stabilizing the chair conformation where the hydroxy group is axially oriented.

The recent discoveries of hormonal activity of vitamin 
D metabolites1 have renewed the interest in the structure and 
chemistry of vitamin D and their analogues.2 These ring B 
secosteroids exist as a mixture of two ring A conformations, 
which in solution are in dynamic equilibrium.

Detailed analysis of this equilibrium in vitamin D2 (11) 
using XH NMR spectroscopy was performed by La Mar and 
Budd. This analysis was based on the correlation between the 
observable coupling constants of the proton at C3-OH (J =
7.4 Hz)3 and the limiting values of the axial-axial and equa
torial-equatorial coupling constants for the cyclohexanol 
proton ( J  = 11.1 and 2.7 Hz).4 Accordingly, the ratio of the two 
conformers, the one with the OH group in an equatorial and 
the other in an axial orientiation (Figure 1), was calculated to 
be ca. 50:50.3 Using lanthanide-induced shifts this ratio was 
established to be 45:55 in favor of the OH-axial conformer, 
which, according to the temperature dépendance of these 
shifts, was also the thermodynamically more stable con
former.3 On the other hand, Wing et al.,5’6 analyzing the 
conformational equilibrium of vitamin D3 (1) by similar 
methods, established this ratio to be 54:43 in favor of the 
OH-equatorial conformer. This divergency of the results was 
attributed by the latter authors to the perturbation of the 
equilibrium ratio toward the OH-axial conformer by the 
complexing of the shift reagent with the substrate.5’6

The method of correlation of the observed spin-coupling 
constants with the Karplus equation was extended to ring A 
substituted vitamin D3 derivatives, as well as to the 10,19- 
dihydrovitamin analogues, possessing a diene instead of a 
triene chromophore.6-9 For some of these compounds this 
method gave consistent results, but for others it failed, since 
the multiplet structure due to the proton at C3 was insuffi
ciently resolved to allow such analysis.8 Even in favorable 
cases, the use of the Karplus relation has a relatively large

experimental error, up to 10% of the value obtained for the 
population ratio. As a result, the interpretation of the differ
ences in the conformational equilibria of compounds, whose 
population ratio varies slightly, will be difficult. An additional 
error may be introduced by using cyclohexanol as a model for 
all the compounds investigated, although some of these pos
sess at least one exocyclic double bond which may change the 
limiting coupling-constant values.

Our decision to utilize the 13C NMR data for the confor
mational analysis stems from the fact that there are intrinsi
cally large 13C chemical-shift differences10 between ring A 
carbon atoms in the respective conformers. The use of the 
sophisticated NMR techniques enables us to obtain 13C 
chemical shifts with a high degree of precision, better than 0.03 
ppm. Thus, a suitable choice of conformational analysis util
izing these 13C chemical shifts may yield results with relatively 
small experimental error. For example, the limiting range of 
13C chemical shifts used in the present work was 4.62 ±  0.07 
ppm (ca. 1.5% error) as compared to the limiting range of 8.4 
±  0.4 Hz4 (ca. 5% error) for the proton coupling constant ob
served in vitamin D3 (1) (vide infra).

In the present work, we have investigated the 13C NMR 
spectra of vitamin D 3 (1) and its C3 epimer 2. Other com
pounds studied include trans- vitamin D 3 (3), its keto analogue 
7, and dihydrotachysteroL (5) as well as their respective C3 
epimers 4 ,8, and 6. In addition, the 13C NMR spectra of the 
p-nitrobenzoate esters of these compounds ( l a  to 6a) were 
recorded and analyzed. To help in the analysis we have also 
studied the NMR spectra of cholesterol (9), epicholesterol
(10), and their p-nitrobenzoate esters 9a  to 10a and vitamin
D 2 ( l l ) .

The 13C NMR spectra of all the compounds studied gave 
well-resolved lines which could be fully assigned. We have first 
described in detail the assignments for the various com-
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pounds, for which we have used several techniques including 
13C chemical-shift additivity parameters, effects of lanthanide 
shift reagents (LIS), single-frequency off-resonance decou
pling (SFORD), and comparison with known structures.11 We 
have then interpreted the 13C resonances of the A ring in terms 
of the conformational equilibria between the two chair con- 
formers, and use the experimental results to determine the 
relative populations of the epimeric pairs. Finally, we have 
compared our results with those obtained from other sources 
and discussed them in terms of the possible steric factors 
which affect the conformational equilibria.

While this work was in progress the 13C NMR of vitamin 
D analogues, including vitamin D2 and D3, irons-vitamin D2, 
isotachysteroL, isovitamin D2 and their acetates were reported 
by Tsukida et al.12 They have also estimated the conforma
tional equilibrium of the two chair forms by an approach 
which differs from ours.

E x p e r im e n ta l  S e c t io n

With the exception of the following compounds, the samples used 
in this study were either commercially available or synthesized by 
previously described methods.

Epivitamin D 3  (2). A solution of 0.136 g (0.78 mmol) of diethyl 
azocarboxylate in 3 mL of dry tetrahydrofuran (THF) was added 
dropwise, under nitrogen atmosphere, to a cold solution (0 °C) of 0.200 
g of vitamin D3 (1) (0.52 mmol), 0.205 g of triphenylphosphine (0.78 
mmol), and 0.130 g of p-nitrobenzoic acid (0.78 mmol) in 8 mL of dry 
THF. The resulting mixture was stirred at room temperature for ca. 
6 h. The solvent was evaporated at room temperature, and the residue

was chromatographed on silica gel using ether-hexane (1:9 mixture) 
as eluent. The product was crystallized from a methanol-ether solu
tion to give 0.050 g of p-nitrobenzoate of epivitamin D3 (2a): mp
117-118 °C; [ o ] d  -44 ° (c 0.89 in CHC13), -1 °  (C6H6). To a solution 
of 0.040 g of 2a in 2 mL of methanol and 1 mL of ether a 5% KOH in 
methanol solution (2 mL) was added. The resulting mixture was 
stirred for 3 h at room temperature. The organic material was ex
tracted with ether. The organic layer was washed three times with 
saturated NaCl solution and dried over MgS04. The solvent was 
evaporated to dryness and the residue was chromatographed on silica 
gel, using a ether-hexane (3:7) mixture as eluent, to afford 0.025 g of 
epivitamin D3 (2): [«]d -0 .5° (c 0.9 in CeHg); UV \max 264 nm (e 
18 000).9b'13

Epi- trans-vitamin D 3  (4). The synthesis of 4 from 3 followed the 
same procedure as outlined above to give the p-nitrobenzoate epi- 
irans-vitamin D3 (4a): mp 104-105 °C; [a]n —95° (c 0.9 in CHC13). 
After hydrolysis, 4a yielded the required product, epi-traras-vitamin 
D3 (4): [a]D -30 ° (c 0.85 in C6H6); UV Amax 272 nm U 22 000).9b-13

EpidihydrotachysteroL (6 ). 6  was obtained by the same method 
from dihydrotachysteroL (5). The p-nitrobenzoate ester 5a, mp 
100-101 °C, [ o ] d  = -141° (c 1.0 in CHC13), was hydrolyzed to give 
epidihydrotachysteroh (6); UV Amax 242, 251, and 261 nm (e 34 500, 
40 000, and 26 000); exact mass calcd for C28H46O: 398.6782; found; 
398.6784.

NMR Spectra. All 13C NMR spectra were recorded on a Varian 
CFT-20 spectrometer, operating at 20 MHz. Flip angles of 45° or less 
were employed with 8K transform which gave ca. 1 Hz per data point 
for a 4000-Hz sweep width. Peak positions were determined by a 
software control and are considered to be accurate to within 0.03 ppm. 
The LIS experiments were done by adding small portions of 
Eu(fod)3u  (ca. 50 mg) to a CDC13 solution containing the compound 
under investigation (ca. 200 mg/mL), which was then filtered. All 'H  
NMR spectra were recorded on a Bruker HFX-90 spectrometer op
erating in FT mode with a 8K transformer which gave ca. 0.2 Hz per 
data point for a 900-Hz sweep width. Peak positions are considered 
to be accurate to within 2 X 10-3 ppm.

R e s u lts

(a )  A s s ig n m e n t  o f  th e  13C R e s o n a n c e s . The 13C chemical 
shifts for all observed peaks and their assignments are sum
marized in Table I. In the table, the numbering of the carbon 
atoms are given in the first column to the left. The other col
umns give the chemical shifts for the various compounds 
studied in ppm relative to Me4Si as internal standard. All 
measurements were performed in deuterated chloroform and 
recorded at room temperature. The concentration of the so
lution ranged between 0.5 and 0.1 M.

To illustrate the procedure of assignment, we discuss in 
some detail the analysis of vitamin D3. The relevant infor
mation is summarized in Table II. The carbon atoms of the 
side chain and of rings C and D were generally assigned by 
comparison with previous results for ergosterol (12) and 
cholesterol (9), discussed in detail in ref 11. Olefinic carbon 
atoms (i.e., C5, C6, C7, Cg, C10, C19) could be easily distin
guished from the rest of the carbon atoms by their large 
downfield shifts, and were further subdivided according to the 
multiplicity of the signals in the coupled spectra (C19 triplet 
(t), Cg and C7 doublets (d), and C5, C8, and C10 singlets (s), see 
column 2 in Table II). Within each subdivision, the peaks were 
finally assigned using single-frequency off-resonance pro
ton-decoupling experiments and by the effect of lanthanide 
shift reagents (column 4 in Table II).

Carbon-3 is readily identified by its unique chemical shift 
and by its multiplicity in the coupled spectrum and by its large 
LIS. The rest of the ring A carbon atoms were assigned by 
their LIS, and the characteristic a, /3,7 , and 5 shifts caused by 
esterification at position 3 (column 5 in Table II).15’16 The 
assignments were tested by comparing spectra of epimeric 
pairs and by comparison with calculated shifts (column 6, in 
Table II) based on 13C chemical-shift additivity parameters.17 
Good agreement was obtained for the alkane carbon atoms 
(standard deviation of 1.7 ppm), although the agreement for 
the olefinic carbon atoms proved less satisfactory (standard 
deviation 3.0 ppm). Similar analysis, although less extensive,
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T able 1 .13C N M R  D ata fo r  the Vitam ins D and Analogues“ 0

1 2 3 4 5 6 9 10
C no. (la ) (2a) (3a) (4a) (5a) (6a) 7 8 (9a) (10a) 11

1 32.05 32.40 31.20 31.15 33.20 31.30 30.90 30.95 37.35 33.30 32.00
(-0.05) “ (-0.35)“ (-0.35) (-0.25)“ (0.65) (0.75) (-0.3) (0.75)

2 35.25 35.60 34.80 34.75 34.95 32.05 35.30“ 35.35“ 31.70 28.95 35.25
(-3.15) “ (-3.25)c (-3.8) (-3.65)“ (-4.6) (-2.95) (-3.85) ( - 2.6)

3 69.20 69.70 69.00 68.95 70.90 69.65 66.55 66.65 71.75 67.15 69.20
(4.35) (4.15) (4.0) (4.05) (3.8) (4.5) (4.1) (5.4)

4 46.00 46.25 37.25 37.10 38.30 35.65 35.65“ 35.65“ 42.35 39.95 46.00
(-3.85) (-3.95) (-4.05) (-3.85) (-4.75) (-3 .2 ) (-4.2) (-3.4)

5 145.20 145.05 149.25 149.20 139.75 139.30 128.80 178.80 140.85 138.60 145.15
( - 0.8) (-0.75) (-0.85) ( - 0.8) ( -1 .6 ) ( - 0.8) (-1.55) (-0.04)

6 122.40 122.25 121.05 121.05 117.05 119.15 133.15 133.15 121.65 124.05 122.45
(0.55) (0.7) (0.55) (0.5) (1.25) (-0.5) (1.55) (-1.37)

7 117.65 117.65 116.0 115.9 115.75 115.60 115.65 115.65 31.95 32.05“ 117.60
( - 0.2) (-0.25) (-0.4) (-0.35) ( - 0.2) (-0.05) (0.0) (0.1)

8 142.10 142.15 144.55 144.65 142.15 142.20 156.45 156.45 31.95 31.95“ 142.10
(0.7) (0.8) (0.65) (0.6) (0.6) (0.0) (0.0) (0.0)

9 29.10 29.10 29.15 29.10 29.00 28.95 29.85 29.85 50.25 50.45 29.05
10 135.15 135.40 134.95 134.80 37.80 38.40 199.35 199.50 36.55 37.40 135.20

(-1.35) (-1.45) (-1.3) (-1.45) (0.2) (-0.05) (0.15) ( - 0.2)
11 22.30 22.35 22.40 22.35 22.40 22.35 22.20 22.20 21.15 20.85 22.25
12 40.65 40.65 40.70 40.60 40.55 40.45 40.45 40.45 39.90 39.85 40.50
13 45.90 45.95 46.00 46.00 45.70 45.65 47.10 47.10 42.35 42.40 45.80
14 56.40 56.45 56.70 56.60 56.60 56.55 57.30 57.35 56.30d 56.25“ 56.50
15 23.60 23.70 23.65 23.65 23.60 23.50 23.95 24.00 24.30 24.30 23.60
16 27.70 27.65 27.70 27.70 27.80 27.80 27.60 27.65 28.25 28.25 27.80
17 56.75 56.80 56.85 56.75 56.60 56.55 56.90 56.95 56.85d 56.85“ 56.60
18 12.00 12.00 12.20 12.15 12.40 12.40 12.15 12.20 11.90 11.85 12.30

(0.05) (-0.05) (-0.25) ( - 0.2) ( - 0.1) (-0.05)
19 112.35 112.50 108.15 108.2 17.85 (18.70 ( - ) ( - ) 19.40 18.70“ 112.35

(0.7) (0.6) (0.3) (0.4) (0.0) ( - 0.2) (0.05) (0.25)
“ Shifts are given relative to Me4Si and are accurate within ±0.05 ppm. The side-chain carbon resonances :not listed in the table

for compounds 1 to 4,7 to 10 and their esters are: C20, 36.20; C21, 18.90; C22, 36.20; C23, 23.95; C24, 39.60; C25, 28.05; C26, 22.60; C27, 22.80;
and for compounds 5, 6 and 11: C20, 40.35; C2i, 19.70; C22, 135.65; C23, 132.05; C24, 42.90; C26, 33.15; C26, 19.95; C27, 21.15; C28, 17.65.
6 The values in parentheses are AÒ tester ¿ o h ; estimated error ± 0.07 ppm; any A6 < 0.1 was neglected altogether for all carbons
other than ring A and B carbon atoms. c Assignment may be reversed down any column. d Original assignments have been reversed.
“ Appears as a shoulder on the C21 resonance peak.

T able  II. 1 3 C-C hem icai Shift Assignments o f  Carbons 1 to 19 fo r  Vitam in D 3

Vit D3(l)  shifts, Multi- LIS (A5),6 <5.ester ^OH C Calcdd Ergosterol,“
C no. ±0.05 ppm plicity“ ±0.15 ppm ppm ± 0.08 ppm shifts, ppm 0.1 ± ppm

1 32.05 t 2.9 - 0 .0 5 33.1 38.4
2 35.25 t 4.2 - 3 . 5 35.7 32.0
3 69.20 d 24.4 4.3® 71.1 69.5
4 46.00 t 2.8 -3.8® 43.6 40.5
5 145.20 s 2.6 -0 .8 144.9 140.5
6 122.40 d 3.0 0.5® 122.6 119.5
7 117.65 d 0.9 - 0.2 122.6 116.5
8 142.10 s 1.2 0.7 143.2 140.4
9 29.10 t 0.3 _ / 31.4 46.4

10 135.25 s 2.1 -1.3® 142.3 37.0
11 22.30 t 0.3 — 22.0 21.0
12 40.65 t _ / — 39.8 39.2
13 45.90 s — — 46.0 42.8
14 56.40 d 0.5 — 52.6 54.4
15 23.60 t 0.2 — 23.0 22.9
16 27.70 t — — 26.4 28.1
17 56.75 d — — 52.7 55.8
18 12.05 q 0.2 — 13.9 11.6
19 112.35 t 1.7 0.7 112.0 15.8

a The multiplicity was determined from off-resonance measurements at various offsets. ® Gradual increase of the concentration 
of Eu(fod)3 up to ca. 1:1 molar ratio. c Negative sign indicates an upfield shift. d Calculated from ref 15, using <5 = B + YliAijVi for 
j  = a, 0, and y carbons where 3 (alkyl) = -2.5 ppm and B(alkene) = 122.1 ppm relative to Me4Si. “ Taken from ref 16. < Bars indicate 
that observed differences are within the experimental error. __

were made for the rest of the compounds studied and the re
sults are given in Table I.

For those compounds which were also studied by Tsukida 
et al.12 there is complete agreement in the assignment of the

carbon resonances except for the reversal of the resonances 
due to C5 and Ci0. Our assignment is mainly based on the LIS 
effect. We performed careful shift measurements on these two 
signals as a function of added Eu(fod)314 and have assigned
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Table III. »H NMR Results
8“

Compd
H(6 ),
ppm

H(7),
ppm

3'7 h 6,H7,
Hz

H(19)z,
ppm

H(19)e,
ppm

H(3),
ppm

3^H (3),
Hz

H(18),
ppm

Ie 6 .2  (6 ) 6 .0  (6 ) 11 .2 4.9 (6 ) 4.7 (3) 3.9 (6 ) 3.8 0.5 (5)
2 6 .2  (1) 6 .0  (1) 11 .2 5.0 (1) 4.8 (0) 3.9 (6 ) 4.1 0.5 (5)
3C 6.5 (7) 5.8 (8 ) 11 .1 4.9 (8 ) 4.6 (9) 3.8 (8 ) 4.3 0.5 (6 )
4 6.5 (6) 5.8 (7) 11 .1 4.9 (7) 4.6 (8 ) 3.8 (8 ) 4.2 0.5 (6 )
5C 6.1 (5) 5.9 (0) 11 .1 3.6 (0) 4.8 0.5 (6 )
6 6 .2  (8 ) 5.8 (6 ) 11 .2 3.8 (5) 3.7 0.5 (6 )
7 8.4 (4)d 4.9 (9) 1 2 .0 4.1 (9) 3.8 0.5 (4)
8 8.4 (4 )d 5.0 (0) 12 .1 4.1 (8 ) 3.8 0.5 (4)
la 6.2 (5) 6 .0  (6 ) 11 .1 5.1 (2) 4.9 (0) 5.2 (6 ) 3.8 0.5 (5)
2a 6.2 (7) 6 .0  (8 ) 11.3 5.1 (2) 4.9 (2) 5.1 (6 ) 4.1 0.5 (5)
3a 6.5 (7) 5.7 (9) 11 .1 5.0 (0) 4.7 (1) 5.2 (3) ( - ) 6 0.5 (6 )
4a 6.5 (9) 5.8 (0) 11 .0 3.0 (3) 4.7 (3) 5.2 (8 ) 4.2 0.5 (6 )
5a 6 .2  (1) 5.8 (0) 11 .0 4.9 (3) 4.8 0.5 (7)
6a 6 .2  (0 ) 5.7 (0) 11 .0 5.1 (7) (■~ ) b 0.5 (4)

°  Chemical shifts are given in ppm downfield from Me4Si as an internai standard, SD = ±0.03 ppm; the coupling constants are given 
in Hz and believed to be accurate to ±0.2 Hz. 6 The fine structure of the multiplet was too distorted to permit analysis. c See also ref
3. d This part of the multiplet seemed to have a secondary splitting to a triplet probably arising from the H(4) protons.

Table IV. The Trans Vicinal Coupling Constants of H at C3, 13C3 Chemical Shift Differences, and the Relative Excess of
the Equatorial Chair Conformers at Room Temperature“

Compd ?J t , b Hz
N q,
%c

AN(H),
%d

A<5 (13C), 
ppmc

AN  (13C), 
%d

l(la) 7.6 (7.6) 57 - 8  ± 1 2 -0.48 (-0.27) - 1 0  ( - 8 ) ±  2
2  (2a) 8 .2  (8 .2) 65

3 (3a) 8 .6 70 1 ±  14 0.07 (0.01) 1 (0 ) ±  1
4 (4a) 8.5 (8.5) 69
5 (5a) 9.7 (9.3) 84 26 ±  15 1.29 (0.56) 27 (17) ±  3
6  (6a) 7.7 (7.7) 58
7 7.6 57 - 2 ±  11 -0.07 —2  ± 1

° Values in parentheses are for the corresponding p-nitrobenzoate esters. 5 Trans vicinal proton spin-spin coupling constant at 
C3. c Percentage of the OH-equatorial conformer calculated using the Karplus relation with c/ax>ax = 11.1 ± 0.2 Hz and Jeq,eq = 2.7 
±  0.2 Hz; errors estimated to be ca. ±10% of the value quoted. d Difference between the percentages of the equatorial conformer in 
the C3-epimeric pairs. e Difference in the 13C3 chemical shifts of the epimeric pairs.

the resonance that was more affected by the shift reagent to 
C5, since this carbon is closer to the hydroxyl group which is 
expected to be the binding site for the LIS reagent.

(b )  C o n fo rm a t io n a l A n a ly s is . In addition to the 13C NMR 
measurements, we have also studied the proton spectra of all 
compounds, some of which (1,3,5) have been previously an
alyzed.3-5 The chemical shift of the protons bonded to C3, Cis, 
C6, and C7, as well as the proton-proton spin-spin couplings 
of the C3 multiplet, 3J h (3 )> and the vicinal couplings, 
3J h (6 ),h (7 ), are summarized in Table III. In all spectra, the C3 
protons exhibited a heptet indicating fast dynamic equilib
rium between the two possible ring A conformers. We have 
employed these coupling constants to determine the equi
librium population of the conformers using the Karplus 
equation, as was done by La Mar et al. for vitamin D2 .3 The 
results are summarized in column 2  of Table IV.

We attempted a similar conformational analysis on the 13C 
NMR data. The analysis of 13C NMR data (Table I) shows 
that the resonance shifts of ring D and the side-chain carbon 
atoms are insensitive to changes in the structure of ring A, 
unlike those of ring C and the butadiene bridge. It also appears 
that all these resonances are similar in the C3-epimeric pairs 
(1,2; 3,4; 5,6; 7,8). In contrast, the resonances of the ring A 
carbon atoms differ significantly, not only among the com
pounds having dissimilar ring A structure but also between 
the pairs of epimers (e.g., C3 shifts in the pairs 1,2; or 3,4). 
These differences are attributed to the chair-chair confor
mational equilibrium of ring A,18 in which one conformer has

an equatorial and the other an axial OH group at C3 (Figure
1).

In principle, these differences can be used to determine the 
equilibrium constants between the two conformers, provided 
the chemical shifts 5eq and oax of the OH-equatorial and OH- 
axial conformers were known for a given atom. The observed 
shift 8 is then given by:

 ̂= ^0 t  (A/2)(1Veq lVax) (1)

Neq +  N ax =  1 (2 )

where 80 = 1/2 (̂ eq +  5“ ) is the average of oeq and (5ax, A = <5cq — 
5ax, and N eq, N ax are the fractional populations of the OH- 
equatorial and OH-axial conformers, respectively. This ap
proach cannot be utilized directly, since the values of 80 are 
unknown and cannot be ascertained.

We may, however, obtain more reliable information on the 
relative ratios of conformers within epimeric pairs. Corre
sponding conformers in C3 epimeric pairs have their ring A 
in a similar conformational relationship with respect to the 
rest of the molecule and are thus expected to show identical 
shifts (Figure 2). In particular, we may assume that A = 8eq 
-  oax is identical for an epimeric pair and interpret the 13C 
shift between the C3 epimers as solely reflecting the different 
populations of the two conformers. Thus, from eq 1 and 2

(<5epi -  8)/A = lVeqeP> -  Neq = AN (3)
where the superscript epi refers to the epimeric compound.
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Figure 1. Conformational equilibria in vitamin D3.

Figure 2. Conformational equilibria in vitamin D3 and epivitamin 
D3. (a) OH-axial conformers; (b) OH-equatorial conformers. Epivi
tamin D3 formulas are drawn inverted in the middle row to show the 
pseudoenantiomeric relationship of rings A in vitamin D3 and epivi
tamin D3.

Consequently, if A is known, we may determine the excess of 
one of the conformers in the epimeric compound from the 
relative shift (5epl — 0 ).

For the structures under consideration, we have chosen A 
= 4.62 ppm for the C3 resonances, which was calculated from 
the C3 shift of cholesterol (9) and epicholesterol (10). These 
two compounds have the C3 carbon with an equatorial-OH 
and an axial-OH conformation, respectively, and resemble the 
structure of the vitamin systems. Similar A values may be 
derived from compounds having analogous substitution pat
terns as the ring B secosteroids. For example, we calculate A 
= 4.9,4.6, and 4.4 ppm for the carbinol carbon in cholestanol,19 
androstanol,19 and 10-methyl-irans-decal-3-ol,20 respec
tively.21 For the ester derivatives, we use A = 3.27 ppm which 
was derived from the p-nitrobenzoic esters of cholesterol and 
epicholesterol.

D is c u s s io n

In this work we have determined the equilibrium population 
of the ring A conformers of vitamin D analogues using both 
1H and I3C NMR spectra. The first method relies on the 
spin-spin coupling of the protons at C3 using the Karplus 
relation,3'4 while the second approach uses the 13C chemical 
shift differences between an axial and equatorial carbinol 
groups.

The conformational analysis using 13C NMR data as uti
lized by us is based on the 7 -shift effect. This 7 effect is mainly 
a steric effect and is directly involved with the carbon under 
consideration (C3). This method does not give the absolute 
equilibrium ratios, but, nevertheless, provides reliable in
formation about the conformational equilibria.

In Table IV we have summarized the pertinent results used 
for the conformational analysis. The first column shows the 
vicinal coupling constants for the protons at C3, and the sec
ond the calculated populations of the OH-equatorial con
formers, using these values. In the fourth column are listed 
the differences between 13C chemical shifts of the C3 atoms 
in the C3-epimeric pairs. The third and the fifth columns show 
the differences between the percentage of the equatorial 
conformers of these epimeric pairs, calculated from the 4H and 
13C NMR data, respectively.
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Figure 3. Conformational equilibria in frans-vitamin D3 and epi- 
trans-vitamin D3. (a) OH-axial conformers; (b) OH-equatorial con
formers. Kpi-irans-vitamin D3 formulas are drawn inverted in the 
middle row to show the pseudoenantiomeric relationship of rings A 
in trans-vitamin D3 and epi-trans-vitamin D3.

As may be seen from Table IV, similar results are obtained 
for the relative excess of the equatorial conformers in the 
epimeric pairs (AN) using both the 13C and ‘H NMR methods. 
However, the errors in the calculation of the ANs using the 
!H NMR method are of the same order of magnitude as the 
ANs themselves. On the other hand, the 13C results are of 
much higher accuracy.

In the following, we discuss the four pairs of C3-epimeric 
compounds in order to determine the various factors that 
influence the conformational equilibrium in the vitamin D 
system.

D ih y d r o t a c h y s t e r o l 2  (5 ) . The population ratios of con
formers in dihydrotachysterol2 (5) and its epimer 6, obtained 
from the coupling constants analysis of the C3 proton, were 
found to be 84:16 and 58:42, respectively. Accordingly, 5 
possesses 26% more of the equatorial conformer than its ep
imer 6. A similar value was calculated from the corresponding 
13C NMR data (Table IV).

Dihydrotachysterol2 (5) and its epimer 6 may be regarded 
as analogues of trans- and cis-4-methylcyclohexanol, re
spectively. However, it was found that 5 and 6 have a higher 
proportion of the conformer with an axial CH3 group than the 
corresponding 4-methylcyclohexanols (16 and 58% in 5 and 
6 vs. <2 and 10% trans- and cis-4-methylcyclohexanol,22 re
spectively). This difference in population ratios is due to the 
1:3 peri interaction between the Cg-H and C10-CH3 groups, 
which destabilizes the conformers having an equatorial CH3 
group by about 1 kcal/mol.8a

The same ratios of conformers were found from the cou
pling-constant analysis of the C3 protons of the corresponding 
p-nitrobenzoate esters 5a and 6a. However, the relative excess 
of the OH-equatorial conformer, as calculated from the 13C 
spectra of 5a and 6a, was found to be lower than the corre
sponding excess in the alcohols (17 vs. 27%).23

t r a n s -V ita m in  D 3 (3) a n d  its  K e t o  A n a lo g u e  7. In both 
epimeric pairs the coupling constant of the C3 protons as well 
as the 13C chemical shifts of epimers were similar (see Tables 
IV and I). This similarity indicates that the OH-equatorial and 
OH-axial conformers in these pairs are not only magnetically 
equivalent, but are also in the pseudoenantiomeric relation
ship in respect to their ring A and C3 atoms (Figure 3). How
ever, we attribute the difference of 11% in the population ra
tios between the irans-vitamin D3 and its keto analogue (69 
vs. 58%) to the change in ring A geometry caused by substi
tuting the methylene by a carbonyl group.

The p-nitrobenzoate esters 3a and 4a have identical 4H  and
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13C NMR spectra and a similar ratio of the conformers as the 
corresponding alcohols 3 and 4.

Vitamin D3 (1). The 4H NMR spectra of 1 and 2 are similar 
and the only observable difference lies in their C3-proton 
spin-spin coupling constants (7.6 vs. 8.2 Hz).9b The calculated 
ratio of the conformers in 1 was 57:43 and in 2 was 65:35, i.e., 
an excess of 8% of the OH-axial conformer in vitamin D3 (1). 
Similar results were obtained from the analysis of their 13C 
NMR spectra. The corresponding p-nitrobenzoate esters la 
and 2a have almost the same population ratios as their parent 
alcohols.

The difference in the population ratio of the OH-equatorial 
and OH-axial conformers in 1 and 2, respectively, is surprising 
as they are expected to be identical due to the pseudoenan- 
tiomeric relationship of their rings A and C6 [as found in 
irons-vitamin D3 (3) and the keto analogue 7 systems (Figure
2)]. Therefore, it must be assumed that there are different 
steric interactions between ring A and C6 and rings C/D in the 
respective conformers of 1 and 2. These interactions are re
sponsible for the predominance of the ft conformation2 in 
which the methylene group lies above the plane of the buta
diene bridge.

X-ray single crystal-structure determination of vitamin D2
( l l )24 and D3Q4)25 have shown that two types of molecules, 
each with a different ring A chair conformation, are present 
in a unit cell. One molecule has the OH group in an equatorial 
orientation and the methylene group below the plane of the 
butadiene bridge (a conformation), while the other has the 
OH group in an axial orientation and the methylene group 
above the plane of the butadiene bridge (d conformation). It 
was also found that in the vitamin D2 the two molecules differ 
not only in the ring A conformations but also in their C6-C 7 
torsional angle, this angle being +175° for the a conformation 
and —164° for the /9 conformation.

Similar differences may also exist in the solution confor
mations of vitamin D3 (1) and its epimer 2. Thus, respective 
ring A conformers in the two epimers do not have a pseudoe- 
nantiomeric relationship, as the butadiene bridge is more 
distorted in the /? than in the a conformation.

A different approach to the conformational analysis of vi
tamin D analogues, using 13C NMR spectroscopy, was recently 
described by Tsukida et al.12 These authors have derived the 
C3 chemical shifts of the OH-equatorial and the OH-axial 
conformers using the respective chemical in shifts of the cis- 
and trans-4-iert-butylcyclohexanol and correcting for the 
substituent effects. In order to test this approach we have 
calculated the equilibrium populations in the compounds 
investigated by us, using our experimental data for the 13C3 
chemical shifts.26 However, these calculations resulted in 
population ratios which sometimes differed significantly from 
the respective ratios derived from the 3J h(3) data. Thus, the 
OH-equatorial conformer populations found in irons- vitamin

D3 (3) and its C3 epimer 4 were 46 and 44% as compared with 
70 and 69%, respectively, as established from the proton 
spin-spin coupling-constant values.

Registry No.— 1, 67-97-0; la, 6183-79-5; 2, 57651-82-8; 2a, 
60413-84-5; 3, 22350-41-0; 3a, 62743-69-5; 4, 57651-83-9; 4a, 60413-
85-6; 5, 67-96-9; 5a, 62743-70-8; 6, 62777-58-6; 6a, 60503-42-6; 7, 
62743-71-9; 8,62743-72-0; 9,57-88-5; 9a, 23838-12-2; 10,474-77-1; 10a, 
62743-73-1; 11, 50-14-6; p-nitrobenzoic acid, 62-23-7.
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When dissolved in concentrated sulfuric acid, 10-methyloctalone undergoes only complete protonation. It can be 
recovered unchanged after long periods of storage in the dark and subsequent hydrolysis of the acid solution. Irra
diation of the hydroxycarbocation generated by the octalone in acid with ultraviolet light of 300 nm caused an effi
cient rearrangement to l-hydroxy-3-(l-methylcyclopentyl)cyclopenten-2-yl cation. Time-lapse spectrometry ex
periments showed this first transformation to be virtually free of any side reactions. Further photolysis of the re
sulting solutions with light of 254 nm, where the first photoproduct exhibited strong absorption, caused a second 
rearrangement to a tricyclic hydroxycarbocation. The identity of the photoproducts was established from the spec
tral data of their neutral derivatives and their deuterated analogues. A reaction mechanism is proposed.

The photochemistry of unsaturated cyclic ketones has 
received much attention because these structures offer in
teresting interactions between the carbonyl and alkene w 
systems within the steric constraints of the cyclic configura
tion. Numerous photorearrangements of cyclohexenone in
corporated in polycyclic configurations have been reported.3 
Several interesting rearrangements have been uncovered on 
photolysis of 10-methyloctalone in organic solvents.4“6 

This paper describes our results obtained by irradiating 
A1>9-10-methyl-2-octalone 1 in concentrated sulfuric acid. The 
methyl group is not only a useful analytical “ label” in the 
complex problem of elucidating the structure of rearranged 
photoproducts, but also the natural angular substituent at the 
10 position of many steroid hormones. In fact, methyloctalone 
1 represents the common “ half-molecule” of androgens tes
tosterone 2 and androstenedione 3 , without the C  and D rings.

Since the classical method of assay of these hormones in bio
logical fluids involves measurement of fluorescence excited 
by ultraviolet light in concentrated sulfuric acid, the results 
outlined in this study are also relevant to the complicated and 
poorly-understood behavior of natural steroids in strongly 
acidic solutions.7

R e s u lts  a n d  D is c u s s io n

When dissolved in concentrated sulfuric acid, methyloc
talone 1 formed stable solutions of hydroxycarbocation 4. The 
UV spectrum of these solutions remained unchanged for many 
months. The absence of any dark reaction was also demon
strated by recovery of only the starting octalone 1 from acid 
solutions stored for a long time.

T im e -L a p s e  S p e c t r o m e t r y  (T L S ) .8 Figure 1 shows the 
consecutive changes in the UV spectrum of a dilute solution 
of 1 in concentrated acid on successive short irradiations at 
300 nm. The absorption band centered at 290 nm, character
istic of protonated 1, decreased progressively during the 
photolysis. The formation of photoproduct 5  was demon
strated by the appearance and corresponding increase in a new 
absorption band with Amax 265 nm. The UV spectra of 4 and 
5 are consistent with a,|3-unsaturated alicyclic ketones in 
sulfuric acid.9 After a total irradiation time of 6 min there was 
no residual reactant, as shown by scan 8. The absorption

curves in Figure 1 pass through three well-defined isosbestic 
points at 210, 277, and 318 nm. This isosbestic behavior 
testifies that the phototransformation is free of significant side 
or consecutive reactions.8 The existence of only two compo
nents, reactant ion 4 and photoproduct 5, was confirmed by 
the gas chromatographic analysis of extracted hydrolysates 
form preparative-scale photoreactions.

Further irradiation at 300 mm of the solution shown in 
Figure 1 after the completion of the 4 — 5 step caused only a 
very slow decrease in absorbance at 265 nm. However, pho
tolysis with light of 254 nm, where photoproduct 5  exhibited 
intense absorption, caused a rapid change in the absorption 
spectrum as shown in Figure 2. The peak at 265 nm in the last 
spectrum of Figure 1 decreased gradually with the simulta
neous appearance of a new maximum at 340 nm. This indi
cated that the first photoproduct 5 underwent photolysis to 
a second product. The isosbestic point formed at about 285 
nm by the first seven scans in Figure 2 is less well defined than 
the isosbestic points in the TLS diagram of Figure 1, with 
some intersections occurring in the 284-288-nm spectral re
gion. This suggests either the occurrence of minor consecutive 
or side reactions, or the presence of some residual protonated 
octalone. Since curves 15 and 16, corresponding to 10 and 12 
min total irradiation, did not pass through the isosbestic point, 
and the scans in 230-240-nm region did not cross at a clearly 
defined point, some further breakdown of the second photo
product seems likely.

P r e p a r a t iv e -S c a le  Ir ra d ia t io n  o f  1 in  S u lfu r ic  A c id . For
small scale preparative purposes, a 3 X 10~3 M solution of 1 
in sulfuric acid was photolyzed at 300 nm in a Vycor prepa
ratory cell. The progress of the photoreaction was evaluated 
by monitoring the UV spectra of diluted aliquots. At the end 
of the first 2 h of irradiation, the 4 -*■ 5 conversion was es
sentially complete with little, if any, other product being 
formed. Quenching of the photolyzed solution on ice and ether 
extraction of the hydrolysate followed by solvent evaporation 
yielded an oil with a faint yellow tint. No degradation products 
could be identified in the aqueous phase. GLC analysis of the 
extract indicated the presence of only one volatile component. 
The UV spectrum of this component, isolated by GLC and 
redissolved in sulfuric acid, was identical with that of photo- 
product 5 shown in scan 8 of Figures 1 and 2. This shows that 
product 6 was recuperated from concentrated acid solutions 
without irreversible change.
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Figure 1. Changes in the UV spectrum of a 6 X 10~5 M solution of 
10-methyioctalone in sulfuric acid, when irradiated at 300 nm. Total 
photolysis time indicated in the diagram to the right of the corre
sponding scan.

Id e n t if ic a t io n  o f  F ir s t  P h o to p r o d u c t .  Analytically pure 
photoproduct by GLC of ether extracted hydrolysate was a 
clear light-yellow liquid. Its mass spectrum, like that of 1, 
showed a prominent molecular ion peak at m/e 164. There is 
little doubt that the overall 1 —*• 6 reaction represents an 
isomerization.

The IR spectrum of 6 exhibited peaks at 1713 and 1683 
cm-1 characteristic of a carbonyl group which is either un
conjugated, out-of-plane with respect to an adjacent alkene 
group, or part of a cyclopentenone ring.10 The relatively in
tense IR peak at 1605 cm-1 is usually associated with a con
jugated alkene group.

The UV spectrum of 6 in methanol showed a moderately 
intense band centered at 228 nm with e = 1.1 X 104 L mol-1 
cm-1 consistent with the absorption of a conjugated carbonyl 
group.

The NMR spectrum showed the presence of a vinyl proton 
(triplet centered at 5.87 ppm vs. MeiSi J = 1.8 Hz) coupled 
to two equivalent protons. Multiplets centered at approxi
mately 2.6 and 2.3 ppm, each equivalent to two protons, sug
gested the presence of methylene groups adjacent to C = 0

WAVELENGTH, nm

Figure 2. Further changes in the UV spectrum of the same solution 
shown in Figure 1 on photolysis at 254 nm.

and/or C =C .U The rest of the spectrum displayed a broad 
unresolved band from about 1.3 to 1.9 ppm, with integration 
equivalent to 8 saturated protons, and a 3 hydrogen singlet 
at 1.20 ppm.

Structures 6,7 ,8, and 9 at first sight seemed to satisfy the 
above analytical data. They all have one vinyl proton, a ter
tiary methyl group, 8 “ high-field” methylene protons, C = 0  
and C =C  chromophores, and an appropriate number of 
methylene groups a to each of the two unsaturated groups. 
However, only 6 is consistent with a 1.8-Hz coupling constant 
observed for the vinyl proton of our photoproduct. All other 
structures contain methylene groups adjacent to the vinyl 
hydrogen which would be expected to give coupling constants 
of 6-7 Hz.14’15 Also the chemical shifts for the vinyl protons 
of 8 and 9 would be expected to be close to the 6.57 ppm re
ported by House and Thompson13 for 10. We observed an 
absorption signal attributed to a vinyl hydrogen at 5.87 ppm 
in the NMR spectrum of 6 in agreement with the resonance 
observed at 5.81 ppm for 3-iert-butylcyclopentenone.16 
Furthermore, the UV and IR data of Djerassi and Marshall12 
for an authentic sample of 7 are incompatible with the data 
for our photoproduct.

E f fe c t s  o f  D e u t e r a t io n . Following deuterium exchange, 
6 had an average of 2.5 deuterium atoms per molecule as de
termined by mass spectrometry and confirmed by its NMR 
spectrum. The corresponding methylene and vinyl hydrogen 
signals were reduced in intensity and showed quadrupole 
broadening without splitting. Complete exchange of the hy
drogens a to the carbonyl and the allyl hydrogens would 
generate molecule 11 with five deuterium atoms per molecule. 
Hence, only about 50% exchange was effected. The vinyl hy
drogen was replaced by deuterium in 80% of the molecules 
while only 30% exchange occurred at the high-field methylene 
group adjacent to the carbonyl group and 60% at the allylic 
low-field methylene protons. The exchange of the vinyl hy
drogen, which appears to be nonreplaceable, has been reported 
by other investigators.17 This seemingly unusual isotopic 
exchange pattern was determined by the stereoelectronic 
control of the relative rates of exchange. The orienting influ10
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ence depends on the degree of delocalization of electrons in 
perturbed axial and equatorial bonds a to the exocyclic ir or
bital.18

Since the transition state for enolization-ketonization type 
processes is stabilized by bonding between the a carbon and 
the carbonyl carbon involving o - 7 r  delocalization, an axial 8 
substituent is lost or gained preferentially over an equatorial 
8 substituent. In flexible systems such as cyclohexanone, all 
a hydrogens eventually assume an axial orientation and are 
subject to facile exchange. In more rigid ring systems such as 
cyclopentanone and especially cyclopentenone, however, the 
hydrogens are fixed in an intermediate position midway be
tween the axial and equatorial orientations. Furthermore, the 
transition state for the allylic hydrogen exchange is stabilized 
by bond delocalization over the 5 atoms of the enone system. 
It is reasonable, therefore, that in photoproduct 6 the ex
change of hydrogens a to the carbonyl group is less favorable 
than that of the allylic hydrogens.

Base-catalyzed exchange of 6 over two days in deuter- 
iomethanol yielded a product with an average of 3.6 deuterium 
atoms per molecule or about 70% replacement of exchangeable 
hydrogens. The distribution was d\ 3%, <¿2 11%, ds 26%, d4 
44%, and <¿516%. The main peaks in the mass spectrum of the 
deuterated 6 were found at m/e 153, 136, and 124 corre
sponding to loss of CH3, C2D4, and CD2CO, respectively. The 
analogous peaks in nondeuterated 6 were at m/e 149 (M+ — 
CH3), m/e 136 (M+ -  C2H4), and m/e 122 (M+ -  CH2CO, 
base peak).

N M R  S p e c t r o s c o p y  in  S u l fu r ic  A c id .  The species re
sponsible for light absorption and subsequent rearrangement 
is undoubtedly hydroxycarbocation 4 formed by protonation 
of 1 in concentrated sulfuric acid solution. Its NMR spectrum 
in D2SO4 correlates well with that of unprotonated 1 in 
CD2CI2. The signal for the vinyl proton found at 5.64 ppm in 
CD2CI2 was shifted to lower field by 0.8 ppm in D2SO4. The 
multiplet between 2.2 and 2.5 ppm in CD2CI2 due to the 
methylene protons adjacent to C = 0  and C =C  was separated 
into two broad unresolved bands at 2.6 and 2.9 ppm in D2SO4. 
Except for some loss of resolution, the saturated methylene 
groups appeared in the same spectral range from 1 to 2 ppm 
in both solvents. Similarly, the chemical shift of the methyl 
group remained unchanged. The downfield shift exhibited by 
protons adjacent to the a,d-unsaturated carbonyl group in 
sulfuric acid is undoubtedly due to the electron withdrawing 
or deshielding effect of protonation on the carbonyl group. It 
is thus apparent that 1 undergoes complete protonation but 
maintains its structural integrity when dissolved in sulfuric 
acid solution.

In separate experiments, 10-methyloctalone 1 was photo- 
lyzed in D2SO4 at 300 nm directly in the NMR tube. The ex
tent of photoconversion was monitored by recording ultravi
olet absorption spectra of aliquots diluted with sulfuric acid. 
After 4 h of total irradiation the 4 ^ -5  photoreaction was 
complete. The NMR spectrum of the irradiated solution was 
remarkably clean and consistent with photonated photo
product structure 5.

T h e  S e c o n d  P h o t o c h e m ic a l  R e a r r a n g e m e n t . Solutions 
(3 X 10-3 M) of 10-methyloctalone in sulfuric acid were first 
photolyzed at 300 nm until the first step was complete, as 
determined by recording the UV absorption of diluted ali
quots. The photolysis was then continued with a UV source 
of 254 nm. This second irradiation was terminated before all 
the first product 5 was reacted in order to minimize the com
plicating side or consecutive reactions which tended to give 
more complex reaction mixtures. Usually the first 4 —>• 5 step 
required about 4 h for completion. The subsequent photolysis 
at 254 nm was stopped after another 4 h.

The final solution was hydrolyzed over ice and extracted 
with methylene chloride. GLC analysis of the extract revealed

the presence of one major product representing about 50% of 
all components, eight other minor products, and unreacted 
cyclopentenone 6. When the residue of the evaporated 
methylene chloride was redissolved in acid, it gave the same 
UV-visible absorption as the acid solution before hydrolysis, 
and the same as that prepared from dissolving the GLC- 
trapped components in acid. These findings show that no 
essential change occurred during hydrolysis, that virtually all 
the products are volatile, and that they do not exhibit sensi
tivity to atmospheric oxygen during processing.

C h a r a c te r iz a t io n  o f  S e c o n d  P h o t o p r o d u c t .  Analytical 
samples of the major product from the photolysis of 5 were 
obtained by repeated collection of GLC fractions from the 
mixture of hydrolyzed and extracted products. The mass 
spectrum exhibited a relatively weak molecular ion peak at 
m/e 164, the same as that of 1 and its first photoproduct 6. 
Therefore, it seems that the second photochemical reaction 
represents another isomerization. Base-catalyzed deuterium 
exchange of the second product gave a species with molecular 
ion at m/e 168, a gain of four mass units, suggestive of four 
exchangeable hydrogen atoms.

The UV absorption spectrum of an ethanolic solution 
showed only a low intensity peak (e = 24 L mol-1 cm-1) 
around 280 nm with no other absorption band above 220 nm. 
The UV spectrum of an alcohol solution of the unresolved 
reaction mixture showed a broad relatively strong absorption 
band around 260-280 nm suggesting conjugated chromo- 
phores in the minor photoproducts. This could be the source 
of the 340-nm peak in the TLS diagram of the second photo
chemical conversion in sulfuric acid. The IR spectrum of the 
major product showed a peak at 1742 cm-1, consistent with 
an unconjugated carbonyl group in a five-membered ring.10

The XH NMR spectrum showed the presence of a methyl 
singlet at 1.02 ppm, eight methylene protons between 1.4 and
1.8 ppm, a partially resolved multiplet equivalent to three 
protons between 2.0 and 2.3 ppm, and a singlet equivalent to 
two protons at 2.4 ppm. There was no signal attributable to 
vinyl protons.

Several noise-decoupled 13C magnetic resonance spectra 
were recorded with a different number of scans, different 
angles of pulsation, and different time intervals between 
pulses. Analysis of these spectra revealed the presence of two 
quaternary carbon atoms at 50.2 and 54.1 ppm, a carbonyl 
carbon part of a cyclopentanone ring at 219.2 ppm,19 and eight 
carbons bearing hydrogen atoms between 14.4 and 43.6 ppm. 
Again, no absorption signals appeared in the spectral range 
between 120 and 170 ppm, usually associated with alkene 
carbon atoms. The 13C atoms with chemical shifts of 54.1 and
50.2 ppm and the carbonyl carbon gave resonance signals of 
lower intensity than the rest of the carbon atoms by a factor 
of about 2-2.4, as expected for 13C atoms not bonded to hy
drogens. The two quaternary carbons and the non-aldehydic 
carbonyl carbon require longer relaxation times and a slower 
scan rate than the proton-bearing carbons.20

The above analytical data have established that the second 
photoproduct must have a molecular weight of 164, a cyclo
pentanone ring, four exchangeable hydrogen atoms, five 
low-field protons, two of which give rise to an NMR singlet, 
eight protons in the methylene region between 1 and 2 ppm, 
a methyl group giving a singlet NMR peak, two quaternary 
carbon atoms, and no alkene group. There are three structures 
satisfying these requirements, namely 12,13, and 14.

Both configurations 12 and 13 contain the bicyclo[3.1.0]- 
hexan-3-one moiety. Strong support for the existence of such 
a group in the structure of the second photoproduct was 
provided by the similarity of its infrared spectrum with that 
of bicyclo ketone 15 synthesized by Winstein and Sonnens- 
berg.21 The resemblance is strong enough to exclude possi
bility 14 from consideration.22
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The selection of structure 13 over 12 was more subtle. A 
singlet corresponding to the angular methyl group was re
ported5 at 1.20 ppm in the 1H NMR spectrum of 16 which has 
marked structural similarity to 12. In contrast, the methyl 
signal of our second photoproduct was found at 1.02 ppm. 
Molecular models showed that the hydrogens of the freely 
rotating methyl groups of 12 and 16 have very similar orien
tations with respect to the carbonyl groups. Therefore, one 
would expect almost identical chemical shifts in their signal. 
On the other hand, the methyl group in 13 is oriented directly 
away from the carbonyl group and would be expected to ab
sorb at higher field than in 16. This also agrees with the re
ported signals at 1.1 ppm for methyl groups located at the 
bridgehead carbon in bicyclopropanes.23

The mass spectra of our last photoproduct and its deuter- 
ated analog are also more consistent with configuration 13 
than with 12. The base peak in the second photoproduct was 
found at m/e 81. The analogous peak in its deutero derivative 
is also at m/e 81 but relatively less abundant. This suggests 
that the peak at m/e 81 is caused by different fragments, one 
of which contains no exchangeable hydrogen atoms. When the 
fragment containing exchangeable hydrogens is “ subtracted 
out” by deuteration, the base at m/e = 81 becomes relatively 
less abundant. The presence of such a fragment was confirmed 
by the appearance of a prominent new peak at m/e 85 in the 
deuterated analog. Another significant difference between the 
two spectra consists of the changing of the prominent peak at 
m/e 96 in the product to m/e 100 in the deuterated product. 
This fragmentation pattern is easier to rationalize with 
structure 13 than 12 as shown in Scheme I. Loss of exocyclic 
methyl group is expected to occur readily. The double fission 
of the three-member ring suggested above is not unique. In 
fact,24 cleavage of the two bonds of the cyclopropane ring lead 
to the base peak at m/e 97 in the mass spectrum of 17. The 
formation of fragments at m/e 81 and 96 in the spectrum of 
12 would require cleavage of two cyclopropane bonds (one of 
which is part of a cyclohexane ring) and cyclohexane bond 
adjacent to the quaternary C9 (m/e 81) or to C9 (m/e 96) as 
shown in Scheme I. Such events, requiring a two-ring opening 
step, seem substantially less probable than the fragmentation 
shown for 13 in the same scheme.

Reaction Mechanism. The overall photochemical trans
formation of 1 in sulfuric acid is summarized is Scheme II. The 
outcome is quite different from the reactions reported for the 
photolysis of 10-methyloctalone in various neutral organic 
solvents.4-6 The absence of dimerization and reduction- 
dimerization combinations is not surprising, since, in acid, 
such reactions would require collisional interaction of two 
cations, an electrostatically unfavorable event. That afi to P,y 
double bond photoisomerization does not occur in acid is 
understandable since it also involves a collision between two 
cationic solute molecules and since it seems to originate in an 
n,II* rather than a II,II* excited triplet state. Since in sulfuric 
acid the nonbonding electrons of the carbonyl oxygen are 
subject to protonation, a n,n* reactive level excitable with 
light of 300 nm is extremely unlikely.

Scheme I

13 R = H, m/e = 81 R = H, m/e = 96 
R = I) m./e = 85 R = D. m/e = 100

Scheme II

£H3

13

The formation of hydroxycarbocation 5 from protonated 
bicyclic cyclohexenone 4 is readily visualized in terms of two
1,2 shifts with the intermediate formation of tertiary cation 
19, as shown in Scheme III. Actually only the first 1,2 migra
tion needs to be photochemically induced since the second 19 
—* 5 step could well take place after demotion to the ground 
state. The latter involves an energetically favorable trans
formation to a more stable allylic cation with further delo
calization on the hydroxyl oxygen.

The hydrolysis product 6 was isolated in 2-5% during the 
photolysis of 1 in alcohol.5 It was shown to be a side product 
from the photoreaction of tricyclic ketone 16 and not directly 
from 1. The photochemical 16 —► 6 rearrangement was re
versible. To explain retention of chirality at Cj and inversion 
at Cjo on going from 16 to 6, the authors had to postulate a 
diradical intermediate formed by initial homolytic cleavage 
of the C4-C 10 bond, an unusual step in both ground and pho
tochemical reactions.5 We feel that the two 1,2-shifts mech
anism from 4 to 5 is reasonable. Furthermore, no hydroxy
carbocation corresponding to 16 could be detected during the 
4 -*■ 5 reaction. If an intermediate similar to the diradical 
proposed for 16 — 6 reaction were formed in the acid reaction,
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Scheme III

PH,

HO

18

some protonated 16 should have been detectable. There is one 
more basic difference between the photochemical reaction of 
1 in alcoholic solution and in concentrated acid. The former 
gave side-product cyclopentenone 6 in less than 5% whereas 
the 4 —1► 5 reaction was essentially quantitative.

The mechanism of the second photorearrangement in acid 
solution from 5 to 18 is also reasonably explained by a se
quence of a 1,2-shift, 7 -proton elimination, tautomerization, 
and reprotonation, as shown in Scheme III. In terms of 
ground-state reactions, the 1,2 shift of a methyl group in the 
5 -*■ 20 initial step is apparently endothermic, as it converts 
an allylic cation with further stabilization from delocalization 
over the hydroxylic oxygen, to a simple tertiary carbocation. 
This undoubtedly is an excited-state reaction. Elimination 
of a proton with cyclopropane ring formation, as shown for the 
20 — 21 step, is a well established pathway for carbocation 
stabilization.25 The remaining enol —*• ketone tautomerization 
from 21 to 13 and reprotonation to homoaromatic26 carboca
tion 18 are readily acceptable steps. Again, only the initial 1,2 
shift requires an electronically excited state, while all the 
subsequent steps of the 5 -*■ 18 rearrangement are well un
derstood in terms of ground-state reactions.

E x p e r im e n ta l  S e c t io n

G e n e r a l . Ultraviolet spectra were recorded with a Cary 14 
spectrophotometer.27 Infrared spectra (IR) were obtained on 
a Perkin-Elmer 467 grating spectrophotometer with CC14 as 
solvent. Nuclear magnetic resonance (NMR) spectra were 
recorded with a Brucker WH-90 Fourier-transform spec
trometer in CD2CI2 or CDCI3, and chemical shifts are reported 
in parts per million (8) from tetramethylsilane. Gas-liquid 
chromatographic (GLC) analyses were performed with a 
Hewlett-Packard 5750B gas chromatograph with flame ion
ization detector and helium carrier gas. Columns were: column
A, 6 ft X 0.125 in., 5% Triton X-305 on Chromasorb W; column
B, 10 ft X 0.125 in., 3% JXR on Gas Chrom Q; column C, 4 ft 
X 0.125 in., 3% JXR on Gas Chrom Q; column D, 17 X 0.25 in., 
5% Triton X-305 on Chromasorb W. Mass spectra were ob
tained with an LKB-9000 combined gas chromatograph-mass 
spectrometer at an ionization potential of 70 eV employing 
either columns A or C.

The photolysis apparatus consisted of five low-pressure 
lamps, either 1.3-W type RPR-3000A or 1.8-W type RPR- 
2537A (The Southern New England Ultraviolet Co., Mid
dletown, Conn.) arranged in a circle with a 30-mm core. 
Photolysis of dilute solutions was carried out in a 1-cm ground 
glass stoppered quartz cuvette polished on four sides, with 
magnetic stirring and cooling by forced air draft. Preparatory 
reactions on more concentrated solutions were carried out in 
a Vycor cylindrical cell (22-mm i.d. X 33-cm length) cooled 
with a 16-mm o.d. cold-finger condenser with nitrogen bub
bling for agitation.

S y n th e s is  o f  A ' ’M O -M e t h y l -2 -o c t a lo n e .  The procedure
of Hussey28 was followed except that the mole ratio of meth- 
iodide to ketone was 2:1, essentially as recommended by 
Dauben.29 A solution of 9 g each of 2-methylcyclohexanone 
and potassium tert -butoxide in 100 mL of anhydrous tert- 
butyl alcohol was refluxed for 1 h. A solution of 46 g of 4-di- 
ethylamino-2-butanone methiodide (from 23 g each of 4- 
diethylamino-2-butanone and methyl iodide mixed slowly in 
100 mL of anhydrous tert-butyl alcohol) was added slowly 
with good cooling. After 16 h at room temperature, the mixture 
was heated to reflux for 1 h, and then acidified with ice cold 
hydrochloric acid. Solvent was removed under vacuum and 
the residue extracted with ether. Removal of the ether solvent 
and vacuum distillation of the remaining liquid gave 2.2 g of 
the crude octalone, bp 114-127 °C (4 mm), which proved to 
be 75% 10-methyloctalone by GLC analysis (13% yield). 
Further purification was by GLC fractionation using column
D.

P r e p a r a t io n  o f  D e u t e r a te d  S p e c ie s . Exchange deutera- 
tion was carried out on milligram amounts of photoproduct 
dissolved in a few tenths of a milliliter of deuteriomethanol 
to which a catalytic amount of sodium methoxide was added. 
The temperature of the solution was maintained at 50 °C for 
several hours after which the solvent was removed under a 
stream of nitrogen. The residue was dissolved in methylene 
chloride for injection into the gas chromatograph-mass 
spectrometer.

T im e -L a p s e  S p e c t r o m e tr y . Changes in the UV spectrum 
of a 6 X 10-5 M solution of 10-methyloctalone in concentrated 
sulfuric acid were recorded upon successive short intervals of 
irradiation with light of 300-nm wavelength (RPR-3000A 
source). Upon disappearance of the last traces of the starting 
octalone, 254-nm wavelength source lamps (RPR-2537A) were 
installed in the photochemical reactor and further changes 
in the UV spectrum were recorded upon continued photoly
sis.

P h o t o p r o d u c t  6. Forty milliliters of a 0.003 M solution of
10-methyloctalone in concentrated sulfuric acid was irradiated 
for 2 h with light of 300-nm wavelength. Monitoring of the 
photolysis was by UV spectroscopy on diluted aliquots. Upon 
disappearance of the last trace of starting material, the sulfuric 
acid solution was quenched in 250 g of ice and extracted with 
ether. Analysis of the extract showed the presence of a single 
photoproduct 6. Isolation of 6 was by GLC employing column 
B; spectral data: UVmax (MeOH) 228 nm, log e 4.04; IR (CCI4) 
3080,2875,1713,1683,1605,1184,990,866, and 847 cm“ 1; XH 
NMR (CD2CI2, ,90 MHz) 8 5.87 (t, 1 H, J = 1.8 Hz vinylic H),
2.6, 2.3 (m, 2H ea, cyclopentenone CH2), 1.9-1.3 (unresolved 
m, 8H cyclopentane CH2), 1.20 (s, 3H, CH3). Mass spectrum 
rule (rel. intensity): perhydro species 164 (M+, 33), 149 (22), 
136 (47), 122 (100); deuterated species 168 (M+, 45), 153 (16), 
136 (43), 124 (100).

P h o t o p r o d u c t  13. Forty milliliters of a 0.05 M solution of 
10-methyloctalone in concentrated sulfuric acid was irradiated 
for 24 h with light of 300-nm wavelength. Conversion of the 
protonated octalone to protonated photoproduct 6 was com
plete as shown by UV scans of diluted aliquots. The source 
lamps were changed to 254-nm wavelength (RPR-2537A) and
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irradiation continued for an additional 48 h. The sulfuric acid 
solution was quenched in 250 g of ice and extracted with ether. 
Analysis of the extract and isolation of the principal photo
product 13 was by GLC using column A.

Spectral data: IR (CCLt) 3470, 2990 (v w sh) 2952, 2920 (sh), 
2887,2860 (sh), 1742,1715 (sh), 1480,1452,1402,1380,1261, 
1177,1160,1130,1103,1062,1025,955,910, and 840 cm“ 1. *H 
NMR (CDCI3, 90 M Hz) 5 2.40 (s, 2H); 2.3-2.0 (m, 3H); 1.7-1.4 
(unresolved m, 8H cyclopentane CH2); 1.02 (s, 3H, CH3). 13C 
NMR (CDCI3, 22.6 M Hz) <5 (rel. intensity) 219.2 (45), 54.1 
(47), 50.2 (42), 43.6 (81), 41.9 (70), 40.4 (88), 37.8 (82), 31.5 (83),
25.5 (83), 24.8 (100), 14.4 (74). Mass spectrum m/e (rel. in
tensity): perhvdro species 164 (M+, 5), 149 (13), 136 (10), 123
(14) , 122 (18), 109 (30), 107 (20), 96 (42) 93 (30), 91 (22), 81 
(100), 67 (68); deuterated species 168 (M+, 8), 153 (16), 140
(15) , 127 (22), 124 (18), 113 (22), 112 (26), 110 (20), 109 (22), 
100 (58), 95 (32), 93 (28), 85 (72), 81 (100), 69 (52).
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The retro-ene reaction of a 2-vinylcyclohexanol occurs readily in the vapor phase at 400-450 °C giving an unsatu
rated carbonyl compound in good yield. For the reactant the terms cis and trans refer to the hydroxyl and vinyl 
groups, Ri refers to the other group on Ci, and R2 to that at C2. The numbers listed refer to percent E, percent Z, 
percent unidentified materials, and overall yield of product. Vapor phase reaction of the following examples was 
carried out: trans, 1 H, 2 H, 96,0,4,95; cis, 1 H, 2 H, 59,36,5,97; trans, 1 Me, 2 H, 92,0,8,98; cis, 1 Me, 2 H, 52,44, 
4,93; mixture trans (53), cis (47), 1 H, 2 Me, 81.14,5,92; mixture trans (90) cis (10), 1 Me, 2 Me, 92,0,8,96. The re
sults suggest that the reaction is concerted and the products are kinetically determined. The reaction constitutes 
a useful stereoselective procedure for the synthesis of trisubstituted olefins.

The last decade has seen a great enhancement of interest 
in the stereoselective syntheses of double bonds of known 
configuration. Problems associated with the widespread dis
persal of persistent insecticides in the environment and the 
discovery of insect pheremones have focussed attention par
ticularly on the preparation of trisubstituted double bonds.3 
Many concerted thermal rearrangements exhibit a high degree 
of stereoselectivity, and numerous examples of their use for 
the synthesis of such alkenes have been reported.4 Though the 
retro-ene reaction has not been used for this purpose, Arnold 
and Smolinsky5 have established that rearrangement of

trans-2-(alk-l-enyl)cycloalkanols leads to unsaturated al
dehydes in high yield and apparently with high stereoselec
tivity. They examined cycloalkanols of varying ring size from 
cyclopentanols to cycloheptanols. In all cases the double bonds 
formed were disubstituted, and only the trans isomers were 
found. These results suggested that the retro-ene reaction 
might be useful for the stereoselective synthesis of more highly 
substituted alkenes. However, in view of the known sensitivity 
of the ene reaction to steric effects,6 the stereoselectivity ob
served for disubstituted alkenes cannot a priori be extrapo
lated to more hindered systems. Therefore to ascertain the
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potential of the retro-ene reaction for the synthesis of alkenes 
of known configuration we have prepared and pyrolyzed a 
series of stereoisomeric 2-vinylcyclohexanols.

R e a c ta n ts , S y n th e s is , a n d  S t e r e o c h e m is t r y

Arnold5 prepared frans-2-alkenylcyclohexanols by treating 
cyclohexene oxide with an acetylide. This method suffers from 
poor yields and cannot be applied in general to substituted 
oxides. Both cis- and trans-2-vinylcyclohexanols have been 
prepared by Crandall.7 He based his configurational assign
ment on the reasonable assumption that vinyllithium reacts 
with cyclohexene oxide to open the ring in the trans manner. 
For our studies it was advantageous to use a route with greater 
general utility for the preparation of substituted vinylcyclo- 
hexanols. This route is shown in Scheme I. In the first step the 
use of an activated copper catalyst rather than a soluble ionic 
copper coordination compound8 gave better yields and no 
C-H insertion products. Reduction of the ester and formation 
of the homoallylic alcohol proceeded routinely. Though for
mation of the homoallylic product from a cyclopropylcarbinyl 
reactant is attributed to thermodynamic control, the 
homoallylic cation apparently reacts with water almost ex
clusively on the axial side. We obtained appreciable amounts 
of cis isomers only when the alcohol formed was tertiary. It is 
not clear whether the cis isomer9 arises by ring inversion at 
the cation stage or via equilibration of the tertiary alcohol after 
its formation. It is obvious, however, that the major product 
results from kinetic control in the trapping step.

Acid catalyzed reaction of 7-hydroxymethylbicy- 
clo[4.1.0]heptane gave only It , with no discernible l c  present. 
Collins’ oxidation of I t  gave 2-vinylcyclohexanone,10 and re
duction of this ketone with lithium aluminum hydride per
mitted a correlation between our assignments and those of 
Crandall.7 When 2-vinylcyclohexanone was reduced with 
lithium tri-s-butylborohydride, l c  was obtained in better than 
95% purity. Reaction of l-methyl-7-hydroxymethylbi- 
cyclo[4.1.0]heptane gave a mixture of two isomeric tertiary 
alcohols in 83:17 ratio. The major product was assigned the 
structure 2t with vinyl and hydroxyl groups trans,9 partially

T a b le  I. S te re o se le c t iv ity  o f  th e R e tro -E n e  R e a ct io n  o f  
___________ S u b stitu ted  V jn y lcy c lo h e x a n o ls_______________

% Other
Reactant % E %Z Yield0 products

It 100 0 95 4
l c 62 38 97 5
2t 100 0 98 8
2c 54 46 93 4
3t +  3c (53:47) 85 15 92 5
4t +  4c (90:10) 100 (-5  + 0) 0 (+5 -  0) 96 8

° Yields given are of total isolated material including by
products.

by analogy with the first example. This assignment was con
firmed by a study of the reaction between 2-vinylcyclohexa
none and methylmagnesium iodide. Two products were ob
tained in a 75:25 ratio. In this case the major isomer should be 
the cis product 2 c  because the Grignard reagents generally 
enter equatorially.11 As expected the major product of the ring 
opening corresponds to the minor isomer from the Grignard 
reaction. Opening of the cyclopropane ring of 1,6-dimethyl-
7-hydroxymethylbicyclo[4.1.0]heptane produced a mixture 
of 4t and 4 c  in 86:14 ratio. Thus both reactions which lead to 
tertiary alcohols give very similar ratios of isomers. Assign
ment in this last case was based purely on analogy with the 
earlier reactions.

The final pair of isomers, 3t and 3 c , was obtained by 
methylation of 2-vinylcyclohexanone followed by reduction 
of the methylation product. Alkylation caused unexpected 
problems, principally because we failed to recognize just how 
lethargic the Sn2 reaction of this enolate is. Reaction of the 
carbanion with methyl iodide must be carried out at elevated 
temperatures, even in the presence of HMPA. Reduction of
2-methyl-2-vinylcyclohexanone is not expected to show any 
great degree of selectivity because the methyl and vinyl groups 
have similar size requirements. This expectation was borne 
out since a mixture containing 53% of 3t and 47% of 3 c  was

obtained. Separation of the mixture was not attempted, and 
the more abundant isomer was assigned the 3t structure, 
primarily because the resonance of methyl group in that iso
mer was further downfield (1.13 ppm) than that of the other 
isomer (0.98 ppm).12

R e s u lts  a n d  D is c u s s io n

The vinylcyclohexanols were pyrolyzed in a flow reactor 
using nitrogen as a carrier gas. No attempt was made to opti
mize contact times or temperatures, but recovery was excellent 
in all cases, and the reaction was extremely clean. Aside from 
the retro-ene product only traces (4-8%) of other products 
were found, and no attempt was made to separate and identify 
these minor products. The results are listed in Table I. Before 
considering the significance of these data, we will discuss the 
structural assignments for the products. Products from both



3338 J. Org. Chem., Vol. 42, No. 21,1977 Marvell and Rusay

isomers of 1 and 2 have disubstituted double bonds, and the 
presence or absence of the out-of-plane C-H bending band 
at 970 ±  5 cm-1 was used to determine the double bond ge
ometry. Coupling constants for the olefinic protons could not 
be obtained from the NMR spectra. Interestingly, this as
signment was supported in both cases by the appearance of 
virtual coupling13 in the resonance of the allylic methyl groups 
of both trans isomers, and its absence in the cis isomers.

The initial product from 3t +  3 c  was inseparable on all GLC 
columns we tried, but the NMR spectrum showed that it was 
a mixture since two cleanly separated resonances appeared 
for the aldehydic proton with an intensity ratio ca. 5:1. The 
aldehyde was reduced to an alcohol, and the alcohols were 
separated by GLC giving a ratio of the two isomers of 85:15. 
The assignment of configurations to the stereoisomers of 
trisubstituted double bonds of the general type RC(M e)= 
CHR' has generally been based on the chemical shift of the 
methyl group and the coupling constant between the methyl 
and the olefinic proton.14 Two problems complicated appli
cation of this procedure to the products from 3t +  3 c . First the 
difference between the chemical shifts for the methyl groups 
was smaller than normal, thus lending a measure of uncer
tainty to the assignment. Second the R' group in our case is 
a methyl, and its doublet pattern could not be cleanly iden
tified. As a result the apparent splitting of the internal methyl 
resonance in the spectrum of the isomer assigned the E con
figuration could not be attributed with confidence to that 
coupling. Both indicators, however, lead to the same assign
ment for the E isomer, and this assignment is in agreement 
with expections based on the first four examples and on 
theory. This internal consistency engenders confidence in the 
assignment. The final example 4t +  4 c  gave a product which 
was not separable on any column we tried; however, the NMR 
spectrum of the product showed one sharp singlet at 2.02. 
Since the aldehydic proton of 6-methyl-6-octenal showed 
peaks for the E and Z  isomers separated by 15 Hz, we expected 
some small separation of the methyl resonances for the E and 
Z isomers of 7-methyl-7-nonen-2-one. However, even if some 
separation were present, about 5% of a second isomer would 
not be identified. The E assignment in this case was based 
purely on analogy.

The most obvious conclusion reached from our data is that 
the reaction of the trans isomers I t  and 2t (presumably also 
3t and 4t) is highly stereoselective. Tests using mixtures of E 
and Z products from I t  and Ic showed that 0.1% of the Z 
isomer could be identified in the E. Thus stereoselectivity is 
at least 99.9% for It. From this we conclude that the product 
is kinetically determined, and that stereomutation of the 
double bond does not occur. The stereoelectronic require
ments for the ene reaction demand a parallel alignment of the
O-H and C-C <s bond orbitals with the p orbitals of the ir 
bond.6 As Scheme II shows, this requirement can be quite 
adequately met by a chair-like arrangement in the (ee) con- 
former of the trans isomer. This gives the E isomer in the 
product. A boat-like arrangement which would give the Z 
isomer cannot meet the stereoelectronic requirement, and our 
results indicate this transition state must be at least 10 kcal/ 
mol above the chair-like state. It is also very clear from our 
results that the cis reactant is much less stereoselective. To 
treat this case we assume that conformational interconver
sions of the cyclohexane ring are fast compared to the retro- 
ene reaction, and the Curtin-Hammett principle applies. 
Transition states of the chair-like type having the OH either 
equatorial or axial (ke and ka of Scheme II, respectively) are 
attainable. The ke state meets the stereoelectronic require
ment better than the ka state, but the ke state introduces some 
steric interaction between the vinyl hydrogen and an axial 
hydrogen on the ring. While it is difficult to make any clear 
predictions, one certainly expects that (a) stereoselectivity

Scheme II. Conformational Effects on the Retro-Ene
Reaction of 2-Vinylcyclohexanols

will be reduced in comparison with trans reactants, and (b) 
stereoselectivity will be a function of the substituents R and 
R'.

These ideas can be compared with our experimental results 
if we assume that the trans reactants are 100% stereoselective 
in all cases, and that the cis isomers with the equatorial hy
droxyl give exclusively E products while those with axial hy
droxyls lead only to Z products. Thus for l c  k jk a = 1.6; for 
2c , 1.2; for 3 c , 2.2; and no information can be obtained for 4c. 
The values for k jk  a obtained seem quite reasonable in terms 
of the transition states. Clearly, addition of a methyl at Ci(R 
= Me) should increase the energy of the transition state for 
ke (Me is axial), but the full 1.7 kcal/mol of the AGconf. for 
methyl is not effective. The vinyl-methyl skew interaction in 
the ka transition state could account for some increase in en
ergy in that state. A A AG* of ca. 0.5 kcal/mol favoring ka 
would account for the effect of changing R = H to R = Me. For 
the change R' = H to R' = Me, i.e., l c  to 3c, the methyl should 
show the opposite effect and a AAG* of 0.5 kcal/mol favoring 
ke would give k jk s = 2.2 for 3 c . The agreement is better than 
this simplistic approach deserves.

E x p e r im e n ta l  S e c t io n

7-Carbethoxybicyclo[4.1.0]heptane. A mixture of 82.0 g (1.0 mol) 
of cyclohexene, 2.9 g of benzoyl peroxide, and 222 mg of (trimethyl 
phosphite)copper(l) chloride8 was heated until a green solution was 
obtained. To this was added a mixture containing 82 g of cyclohexene 
and 23 g (0.2 mol) of ethyl diazoacetate. The solution was heated to 
reflux overnight, and the cold mixture was filtered. Excess cyclo
hexene was removed by distillation, and the residual product was 
distilled with a 45-cm spinning band column giving 26 g (77%) of 7- 
carbethyoxybicyclo[4.1.0]heptane: bp 41 °C (1.9 mm) [lit.16 bp 110 
°C (18 mm)]; NMR (CC14) d 1.13 (t, 3H, J = 7 Hz), 1.1-1.5 (broad m, 
6H), 1.8 (broad m, 4H), 4.04 (q, 2H, J  = 7 Hz).

l-Methyl-7-carbethoxybicyclo[4.1.0]heptane. A 13 g sample 
(0.14 mol) of 1-methylcyclohexene was treated with 6.9 g (0.06 mol) 
of ethyl diazoacetate according to the procedure described above. 
Distillation gave 4.4 g (40%) of l-methyl-7-carbethoxybicyclo[4.1.0]- 
heptane: bp 125-130 °C (25 mm); NMR (CC14) 5 1.05 (s, 3H), 1.15 (t, 
3H, J  =  7 Hz), 1.1-1.3 (broad m,5H), 1.6 (broad m,4H),4.04 (q,2H, 
J = 7 Hz) [lit.17 bp 110 °C (18 mm)].
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Copper Catalyst. A solution containing 60 g of copper sulfate in 
400 mL of water was mixed with 10 g of 20 mesh zinc, and the mixture 
was stirred for 2 h at 100 °C. The precipitate was removed by filtration 
and was treated for 30 min with 100 mL of a solution containing 2  g 
of iodine in 100 mL of acetone. The catalyst was isolated by filtration 
and was washed with a 1 : 1  mixture of acetone and hydrochloric acid. 
After having been dried in vacuo at 66  °C for 2 h, 6.6  g of catalyst was 
obtained.

1.6- Dimethyl-7-carbethoxybicyclo[4.1.0]heptane. A mixture 
containing 300 mg of the copper catalyst and 6.0 g (55 mmol) of 1,2- 
dimethylcyclohexene was heated to reflux and 6.3 g (55 mmol) of ethyl 
diazoacetate was added dropwise. The mixture was heated at reflux 
overnight, and the product was isolated as described above. Distil
lation gave 3.6 g (51%) of l,6-dimethyl-7-carbethoxy- 
bicyclo[4.1.0]heptane: bp 133-135 °C (13 mm); NMR (CC14) 5 1.17 
(t, 3H, J  = 7 Hz), 1.1-1.3 (broad m, 4H), 1.23 (s, 6H), 1.6 (broad m, 
4H), 4.02 (q, 2H, J  = 7 Hz) [lit. 18 bp 105-125 °C (20 mm)].

7-Hydroxymethylbicyclo[4.1.0]heptane. A solution containing
5.6 g (33 mmoles) of 7-carbethoxybicyclo[4.1.0]heptane in 25 mL of 
anhydrous ether was added dropwise to a mixture of 1.25 g (32 mmol) 
of lithium aluminum hydride and 25 mL of ether. The reaction mix
ture was treated cautiously with 1  mL of water followed by 40 mL of 
10% sulfuric acid. The product was taken up in ether and dried 
(MgS04), and the ether was removed giving 3.8 g (90%) of 7-hydrox- 
ymethylbicyclo[4.1.0]heptane: NMR (CCI4) 5 0.70 (broad s, 2H),
l .  1—1.2 (broad m, 5H), 1.73 (broad s, 4H), 3.33 (d, 3/2 H, J  = 6  Hz),
3.59 (d, 1/2 H, J  = 6 Hz) 4.4 (OH). This spectrum matches that of an 
authentic sample. 16

1- M ethyl-7-hydroxymethylbicyclo[4.1.0]heptane. A 4.4 g
sample (24 mmol) of l-methyl-7-carbethoxybicyclo[4.1.0]heptane was 
reduced as described above. There was obtained 3.3 g (97%) of a liquid: 
NMR (CC14) 5 0.70 (m, 1 H), l . i l  (s, 3H), 1.1-1.3 (broad m, 5H), 1.7 
(broad m, 4H), 3.59 (m, 2H), 3.97 (OH). This crude material was not 
purified but was used directly in the next step.

1.6- Dimethyl-7-hydroxymethylbicyclo[4.1.0]heptane. A sample 
of l,6-dimethyl-7-carbethoxybicyclo[4.1.0]heptane was reduced as 
above, and the crude alcohol was isolated in 85% yield, 2.1 g: NMR 
(CCI4) S 1.04 (s, 3H), 1.16 (s, 3H), 1.1-1.3 (broad m, 5H), 1 .6  (broad
m, 4H), 3.54 and 3.68 (two d, 2H, J  = 7 Hz), 4.08 (OH). The crude 
product was used directly in the next step.

trans-2-Vinylcyclohexanol (It). A mixture of 3.4 g (26 mmol) 
of 7-hydroxymethylbicyclo[4.1.0]heptane and 25 mL of 10% sulfuric 
acid was stirred at room temperature overnight. The product was 
taken up in ether, and the ether solution was washed with sodium 
bicarbonate solution and then with saturated sodium chloride solu
tion. The solution was dried (Na2S0 4), the ether was evaporated and 
the crude product, 3.2 g (94%), was distilled giving 1 . 2  g, bp 41 °C (1.9 
mm) [lit.7 bp 44 °C (2 mm)]. GLC analysis on a 5% FFAP column at 
150 °C showed the product was a single substance: NMR (CC14) 6 1.2 
(m, 4H), 1.78 (m, 5H), 2.42 (OH), 3.18 (apparent sextet, spacing 4 Hz, 
probable d of t, J aa ~ 8 , J ae — 4 Hz), 5.05,5.75 (ABM part of ABMX, 
3H, Jab~  - .4 AM + J bm = 28, J mx — 6 Hz); IR (neat) 3400,1640,995,. 
910 cm-1.

trans-l-M ethyl-2-vinylcyclohexanol (2t). Reaction of 1- 
methyl-7-hydroxymethylbicyclo[4.1.0]heptane, 3.1 g (22 mmol), with 
25 mL of 10% sulfuric acid and isolation of the product as described 
above gave 1.0 g (32%) of a mixture of isomers after distillation. GLC 
analysis on a 5% FFAP column at 155 °C showed the mixture to 
contain 83% 2t and 17% 2c. Preparative GLC separation permitted 
isolation of 300 mg of pure 2t: NMR (CC14) <5 1.02 (s, 3H), 1.0-2.2 
(broad m, 9H), 2.3 (OH), 5.05,5.88 (ABM of ABMX, 3H, J MX = 7.5, 
4 am T J bm = 27 Hz); IR (neat) 3500,1640,970,910 cm-1. Anal. Calcd 
for C9H 160: C, 77.09; H, 11.50. Found: C, 76.82; H, 11.49.

trans-1,2-Dimethyl-2-vinylcyclohexanol (4t). A 2.1 g (13.6 
mmol) sample of l,6-dimethyl-7-hydroxymethylbicyclo[4.1.0]heptane 
was stirred with 25 mL of 10% sulfuric acid and worked up according 
to the procedure above. The distilled product was obtained in 76% 
yield (1.6 g) and GLC analysis on a 5% FFAP column at 160 °C showed 
the product contained 86% 4t and 14% 4c: NMR (CC14) & 1.02 (s, 3H),
1.08 (s, 3H), 1.5 (m, 8H), 4.92,5X4,6.12 (ABX, J AB = 1.8, J Ax = 18, 
J bx = 10 Hz). Anal. Calcd for CiqHisO: C, 77.87; H, 11.76. Found: C, 
77.97; H, 11.83.

2- Vinylcyclohexanone. A solution containing 2.0 g (16 mmol) of
2 -vinylcyclohexanol was added in one portion to a solution containing 
24 g (0.10 mol) of Collin’s reagent12 in 315 mL of methylene chloride. 
This mixture was stirred at room temperature for 2 h, and the solution 
was decanted from a gummy precipitate. The precipitate was ex
tracted with methylene chloride and the combined extracts and su- 
pernatent solution was washed with 5% sodium hydroxide, then 5% 
hydrochloric acid. The solution was concentrated to ca. 50 mL, dried

(MgS04), and the solvent removed, giving 1.82 g (92%) of crude ke
tone. Distillation, bp 95-96 °C (35 mm) [lit.7 bp 35 °C (0.3 mm)], gave
l. 67 g (85%) of 2-vinylcyclohexanone: NMR (CC14) 5 1.5-2.1 (broad
m, 6 H), 2.2-2.5 (m, 2H), 2.95 (m, 1 H), 5.1 and 6.0 (ABM of ABMX, 
J a b ~  1.5, J am + J bm = 28, J mx = 6.5).

cis-2-Vinylcyclohexanol (lc ) . A solution of 1.08 g (8.7 mmol) of 
2-vinylcyclohexanone in 25 mL of anhydrous THF was cooled in an 
ice bath under nitrogen, and 8.9 mL (8.9 mmol) of a 1 M solution of 
lithium tri-s-butylborohydride in THF was added dropwise. The 
solution was stirred at 0 °C for 6 h, and then 1  mL of water was added 
to the mixture. After 25 mL of ether had been added the solution was 
extracted with saturated ammonium chloride, water, and saturated 
sodium chloride. The ether solution was dried (MgS0 4 ) and the ether 
was removed by evaporation. The residue was mixed with 5 mL of 
acetic acid, the acid was neutralized with dilute sodium hydroxide, 
and the organic material was taken up in 10 mL of ether. To this was 
added 10 mL of 1.5 N sodium hydroxide and the mixture was cooled 
in an ice bath while 4 mL of 50% hydrogen peroxide was added. This 
mixture was stirred at room temperature for 1 2  h, and the layers were 
separated. The aqueous layer was extracted with ether; the ether so
lutions were combined and dried (MgS04). The ether was removed 
and the residue distilled giving 0 .6 6  g (60%) of a liquid which GLC 
analysis showed was at least 95% lc, bp 68-70 °C (4 mm). Preparative 
GLC on a 3% DEGS column at 165 °C gave 200 mg of oure lc : NMR 
(CC14) 5 1.1-2.0 (broad m, 9H), 2.18 (b, OH), 3.80 (broad s, W 1/2 = 11 
Hz, 1 H), 5.1 and 5.9 (ABM of ABMX, J mx = 6.5, J am + J bm = 28, 
J a b  ~1.5 Hz); IR (CC14) 3650, 3100,1640,1010. 920 cm "1.

eis-l-Methyl-2-vmylcyclohexanol (2c). A Grignard reagent was 
prepared from 15.6 mmol of methyl iodide, and a solution containing
1.8 g (14.5 mmol) of 2-vinylcyclohexanone in 20 mL of anhydrous 
ether was added dropwise. The reaction mixture was treated with 
saturated ammonium chloride solution and the ether layer was sep
arated and dried (MgS04). The ether was evaporated and 2.0 g (93%) 
of crude alcohoLwas obtained. GLC analysis showed this contained 
75% 2c and 25% 2t. A sample of 2c was separated by preparative GLC 
on a 5% FFAP column at 135 °C: NMR (CC14) £ 1.13 (s, 3H), 1.2-2.0 
(broad m, 10H), 5.0 and 5.9 (ABM of ABMX, Jab — 2, J mx = 8 , J Am 
+ J bm = 27 Hz); IR (neat) 3500,1640,1000, 910 cm“ 1. Anal. Calcd 
for C9H i60: C, 77.09, H, 11.50. Found: C, 76.97, H, 11.51.

2-MethyI-2-vinyleyclohexanone. A solution containing 1 mmol 
of lithium diisopropylamide in 25 mL of THF was prepared at —60 
°C under nitrogen using butyllithium as a base. To this solution at 
-6 0  °C was added a solution of 11 mg (0.89 mmol) of 2-vinylcyclo
hexanone in 2 mL of THF. This solution was allowed to warm to room 
temperature and it was heated then to 30 °C for 30 min. After 0.2 mL 
of HMPT had been added, 0.3 g (2.1 mmol) of methyl iodide was 
added and the solution was heated at 40 °C for 2 h. The solution was 
mixed with 25 mL of ether, and the mixture was washed with satu
rated ammonium chloride, water, and then saturated sodium chloride. 
The ether layer was dried (MgS04) and the solvent was removed, 
giving 110 mg (90%) of 2 -methyl-2 -vinylcyclohexanone: NMR (CC14)
51.09 (s, 3H). 1 .5-2.1 (broad m, 6H), 2.32 (m, 2H), 5.0 and 5.95 (ABX, 
3H, Jab ~1.5, J AX + J  bx = 27 Hz); IR (CC14) 1725, 1000, 910 
cm-1.

cis- and irans-2-Methyl-2-vinylcyelohexanols (3t and 3c). 
Lithium tri-tert-butoxyaluminum hydride13 was prepared under 
nitrogen in THF from 1.22 g (33 mmol) of lithium aluminum hydride 
and 7.26 g (98 mmol) of tert-butyl alcohol. A solution containing 946 
mg (6.9 mmol) of 2-methyl-2-vinylcyclohexanoI in 6 mL of THF was 
added dropwise at 0  °C. The mixture was stirred 2 2  h at room tem
perature, and then 10 mL of a 1:1 mixture of rI HF/H2O was added, 
followed by 30 mL of 10% sulfuric acid and 50 mL of e'her. The ether 
layer was washed with water, saturated sodium bicarbonate, and fi
nally saturated sodium chloride solution. The ether solution was dried 
(MgS0 4 ), and the ether was evaporated to give 782 mg (75%) of 
product. GLC analysis on a 5% FFAP column at 150 °C showed 53% 
of 3t and 47% of 3c: NMR (CC14) 5 0.98 and 1.13 (2s, 3H), 1.2-2.0 
(broad m, 8H and OH), 3.24 (broad m, 1 H), 5.1 and 5.9 (two overlap
ping ABX, JAX +  J bx = 28 for both); IR (neat) 3400,1640,990, 915 
cm-1.

Thermolysis Apparatus. All thermolyses described below were 
carried out in a vertical quartz column packed with cut pieces of 
quartz tubing and heated externally by a electric oven. Temperatures 
were monitored continuously near the top, at the center and near the 
bottom of the column. The column was surmounted by a short pre
heater section wrapped with heating tape and equipped with a ni
trogen inlet and a septum for injection of the sample. The preheater 
was kept at 200-215 °C, while the column was maintained at 440 °C. 
The nitrogen flow rate was about 50-75 mL/min, which equates to 
contact times between 1.5 and 2.2 min. Products were collected in a
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series of three traps cooled in dry ice-acetone.
trans-6-Octenal. A total of 78 mg (0.62 mmol) of It was pyrolyzed 

with a contact time of 1.46 min, and 74.2 mg of product (95%) was 
collected. The product was separated on a 5% FFAP column, and it 
contained 96% trans-6-octenal: NMR (CCI4) b 1.65 (m, 3H), 1.2-1.8 
(broad m, 4H), 2.0 (m, 2H), 2.36 (d of t, J = 6.8, J  = 1.8,2H), 5.38 (m, 
2H), 9.13 (t, 1H, J  = 1.8 Hz); IR (neat) 2725,1725 (s), 965 (s) cm“ 1. 
Anal. Calcd for C8H140: C, 76.14; H, 11.18. Found: C, 75.72; H,
11.23.

c/s-6-Octenal. Pure cis-2-vinylcyclohexanol, 80 mg (0.64 mmole), 
was pyrolyzed with a contact time of 1.41 min, and 78 mg (97%) of 
crude product was collected. GLC analysis on a 5% OV-17 column at 
150 °C showed the product contained 59% trans-6-octenal, 36% cis-
6-octenal, and 5% unidentified material. A sample of cis-6-octenal 
was collected from the GLC column: NMR (CCI4) <5,1 62 (d, 3H, J = 
5 Hz), 1.2-1.9 (broad m, 4H), 2.0 (m, 2H), 2.35 (m, 2H'„ 5.38 (m, 2H),
9.15 (t, 1H, J = 1.8 Hz); IR (CCI4), 1715, 905, 670 cm“ 1.

trans-2-Nonen-8-one. A 72 mg (0.52 mmol) sample of 2t was 
pyrolyzed with a contact time of 1.5 min, and 70 mg 98%) of crude 
product was collected. GLC analysis on a column at 150 °C showed 
that the product contained 92% trans-2-nonen-8-one and 8% of un
identified products. A sample of trans-2-nonen-8-one collected from 
GLC showed an NMR spectrum (CC14) <5 1.65 (m, 3H), 1.2-1.8 (m, 
4H), 1.95 (m, 2H), 2.04 (s, 3H), 2.33 (t, 2H, J = 7 Hz), 5.38 (m, 2H); 
IR (neat) 1730,1360,970 (s); mol wt 140, mass spectrum m/e (rel in- 
tens) 140 (2), 125 (4.4), 122 (3.6), 111 (7.5), 97 (9.4), 82 (29.7), 81 (11.0), 
71 (35.3), 67 (39.6), 58 (20.9), 55 (34.2), 43 (100), 41 (23.4).

c/s-2-Nonen-8-one. A sample of 2c (45 mg, 0.33 mmol) was py
rolyzed with contact time of 1.98 min, and 42 mg (93%) was recovered. 
The crude product was analyzed on a 3% DEGS column at 150 °C, and 
it contained 52% irans-2-nonen-8-one (GLC internal comparison), 
44% cis-2-nonen-8-one and 4% by-products. Separation on a 16 ft X 
V4 in. 3% DEGS column gave pure cis-2-nonen-8-one: NMR (CC14) 
<5 1.62 (d, 3H, J = 5 Hz), 1.2-1.85 (broad m, 4H), 1.98 (broad m, 2H),
2.05 (s, 3H), 2.35 (t, 2H, J = 7 Hz), 5.38 (m, 2H); IR (CCI4) 1730 (s), 
1340,860 cm-1; mol wt 140, mass spectrum m/e (rel intens) 140 (3.4), 
125 (4.7), 122 (5.0), 111 (7.7), 97 (9.7), 82 (29.3), 81 (13.5), 71 (37.3), 
67 (40.7), 58 (21.1), 55 (40.1), 43 (100), 41 (24.5).

Thermolysis o f a Mixture o f 3t and 3c. A mixture containing 53% 
of 3t and 47% of 3c (244 mg, 2.6 mmol) was pyrolyzed with 2 min 
contact time. The recovered material amounted to 205 mg (92%), but 
the mixture which contained 5% by-products could not be separated 
successfully with 5% FFAP, 3% DEGS, or 5% OV-17 columns. The 
crude mixture showed NMR (CC14) b 1.55 (m), 1.60 (s, 3H), 1.98 (ap
parent t, 2H, J ~  7 Hz), 2.48 (d of t, 2H, J  = 7 Hz, J  = 1 Hz), 5.2 (m, 
1H), 9.56 and 9.70 (2t, 1H, J ~  1 Hz); IR (CC14) 1730 (s), 1370 cm“ 1. 
Anal. Calcd for C9H160: C, 77.09, H, 11.50. Found: C, 77.20, H, 
11.49.

( E )- and (Z)-6-M ethyl-6-octen-l-ols. The mixture of 6- 
methyl-6-octenals above (66.8 mg, 0.48 mmol) was added dropwise 
to 20 mg (0.52 mmol) of lithium aluminum hydride in 20 mL of ether. 
The mixture was stirred for 2 h and was then hydrolyzed with 10% 
sulfuric acid. The ether layer was separated and the aqueous layer was 
extracted with ether. The ether solutions were combined and dried 
(MgSCD, and the ether was evaporated giving 65.5 mg (97%) of a 
mixture of 6-methyl-6-octen-l-ols. GLC analysis on a 3% DEGS col
umn at 140 °C showed the mixture contained 85% of the E isomer and 
15% of the Z isomer. The isomers were separated on the DEGS col
umn: E isomer, NMR (CCD i 1.2—1.8 (broad m), 1.55 (partly resolved 
d, J ~  1 Hz), 1.8-2.2 (m), 3.50 (m), 5.0-5.3 (broad m); Z isomer, NMR 
(CCD b 1.2-1.8 (broad m), 1.56 (s), 1.8-2.2 (m), 2.85 (s, OH), 3.2-3.7 
(broad m), 5.0-5.3 (broad m).

(f?)-7-Methyl-7-nonen-2-one. Three separate runs on mixtures 
containing respectively 88% 4t/12% 4c, 86% 4t/14% 4c, and 90% 4t/ 
10% 4c were carried out under the same conditions, and the products

were the same in all cases. Thus 75.3 mg (0.5t) mmol) of the 86/14 
mixture was pyrolyzed with a contact time of 2.2 min, and 72.1 mg 
(96%) was recovered. This product contained 92% of 7-methyl-7- 
nonen-2-one and 8% of unidentified material. No GLC evidence for 
separation of the ketone was found, and a pure sample showed NMR 
(CC14) b 1.2—1.7 (broad m), 1.55 (s, CH3), 1.8-2.1 (m), 2.02 (s, 3H), 2.32 
(clean t, 2H, J = 6.5 Hz), 5.17 (m, 1H); IR (neat) 1730 s, 1380,1372, 
1360, 805 cm -1. Anal. Calcd for Ci0H18O: C, 77.87; H, 11.76. Found: 
C, 77.65, H, 11.80.

Registry No.— lc, 17807-20-4; It, 6376-95-0; 2c, 63196-52-1; 2t, 
63196-53-2; 3c, 63196-54-3; 3t, 63196-55-4; 4c, 63196-56-5; 4t, 
63196-57-6; cyclohexene, 110-83-8; ethyl diazoacetate, 623-73-4; 7- 
carbethoxybicyclo[4.1.0]heptane, 52917-64-3; 1 -methycyclohexane, 
591-49-1; l-methyl-7-carbethoxybicyclo[4.1.0]heptane, 63196 58-7;
l,6-dimethyl-7-carbethoxybicyclo[4.1.0]heptane, 63196-59-8; 7- 
hydroxymethylbiocyclo[4.1.0]heptane, 6226-39-7; l-methyl-7-hy- 
droxymethylbicyclo[4.1.0]heptane, 63196-60-1; l,6-dimethyl-7- 
hydroxymethylbicyclo[4.1.0]heptane, 63196-61-2; 2-vinylcyclohex- 
anone, 1122-24-3; 2-vinylcyclohexanol, 29108-24-5; methyl iodide, 
74-88-4; 2-methyl-2-vinylcyclohexanone, 63196-62-3; frans-6-octenal, 
63196-63-4; cis-6-octenal, 63196-64-5; irons-2-nonen-8-one, 
25143-93-5; cis-2-nonen-8-one, 63196-65-6; (£ )-6-methyl-6-octen- 
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The 31- and 35-amino acid carboxyl terminal fragments (hCG 117-147 and hCG 111-145) based on two se
quences for the ft subunit of human chorionic gonadotropin have been synthesized using the solid-phase technique. 
N a-Boc, protected L amino acids were automatically coupled on the chloromethylated Merrifield resin by the DCC 
method, with the exception of Boc-Gln, which was incorporated by the ONP active ester method. The completed 
peptides were cleaved from the resins, deprotected with anhydrous liquid HF, and purified by a series of gel filtra
tion, partition and ion-exchange chromatography columns, and preparative thin layer electrophoresis. The purity 
of the two hCG fragments was shown by thin layer chromatography, electrophoresis, and amino acid analyses.

Human chorionic gonadotropin (hCG) is a glycoprotein 
hormone of the placenta. It is composed of 2 subunits, a and 
f t . 1 The (1 subunit is hormone specific, while the a subunit is 
common to other pituitary glycoprotein hormones such as 
luteinizing hormone, thyroid stimulating hormone, and follicle 
stimulating hormone (LH, TSH, and FSH).2'3 The ft subunit 
of hCG also has approximately 30 additional amino acids at 
its carboxyl terminus which are not present in the ft subunits 
of other glycoprotein hormones. Consequently, this additional 
carboxyl terminal fragment is of interest from a biological 
standpoint as to its function in the activity and potency of 
hCG.

Two slightly differing structures for the ft subunit of hCG 
have been proposed, one by Carlsen, Bahl, and Swaminathan4 
and the other by Morgan, Birken, and Canfield.6 The struc
ture of Morgan et al. contains 145 amino acid residues. The 
structure of Carlsen et al. has 147 residues, namely an addi
tional Ser-Leu-Pro sequence at the carboxyl terminus and no 
Ser121 (Scheme I).

It is of interest to synthesize specifically selected fragments 
of the ft subunit of hCG. Such synthetic peptides will then be 
coupled to one or more suitable protein carriers which will 
then be used to achieve antibodies in vivo. It is desirable to 
achieve antibodies against hCG, but not against LH, FSH, and 
TSH. Since there is no established basis to indicate which 
sequences of the ft subunit of hCG of the additional carboxyl 
terminal fragment which might provide immunological dif
ferentiation, a priority of peptide sequences based on this ft 
subunit are being synthesized to support the biological re
search to achieve such specific antibodies against hCG. We 
now describe the synthesis of a 31- and a 35-amino acid pep
tide fragment of this subunit. A total of five samples of the two 
synthetic peptides have been provided to Dr. Sheldon Segal 
and Dr. Harold A. Nash of the Population Council, the 
Rockefeller University, New York. Antibody titers produced 
in rabbits by the 31-unit peptide were lower than those pro
duced by the ft subunit of hCG. Both were injected as “ tetra- 
mers” with Freund’s Complete Adjuvant. The antibodies were 
assayed by measuring the binding of I125hCG. Less than 1% 
binding of the labeled hCG was observed with a 1:250 dilution 
of antisera from rabbits injected with the “ tetramer” of the
31-unit peptide. Approximately 50% binding with a 1:250000 
dilution of antisera from rabbits injected with the tetramer 
of the ft subunit was observed.6

Syntheses
The peptides were synthesized by the solid phase tech

nique7’8 using the chloromethylated Merrifield resin. The 
starting resins were prepared by esterification with the ap
propriate Boc-amino acid, namely Boc-Pro for hCG (117— 
147)C and Boc-Gln for hCG (111-145)M, and the resin in re-

Scheme I
(hCG 117-147)C (Carlsen et al.4): hentriacosapeptide Aspn 7-Ser- 

Ser-Ser-Lys-Ala-Pro-Pro-Pro-Ser-Leu-Pro-Ser-Pro-Ser-Arg-Leu- 
Pro-Gly-Pro-Pro-Asp-Thr-Pro-Ile-Leu-Pro-Gln-Ser-Leu-Pro-
145-OH

(hCG 111-145)M (Morgan et al.6): pentatriacosapeptide Aspm - 
Asp-Pro-Arg-Phe-Gln-Asp-Ser-Ser-Ser-Ser-Lys-Ala-Pro-Pro-Pro- 
Ser-Leu-Pro-Ser-Pro-Ser-Arg-Leu-Pro-Gly-Pro-Ser-Asp-Thr-Pro- 
Ile-Leu-Pro-Gln14S-OH

fluxing ethanol and triethylamine. Amino acid analyses gave 
a content of 0.68 mM Pro/g for the Boc-Pro resin and 0.39 mM 
Gln/g for the Boc-Gln resin.

Since the Boc-Pro resin had a high amino acid content, 
Boc-Leu was coupled to the Pro resin in the limited ratio of
0.80 Lue to 1.0 Pro, in order to limit the resin content to allow 
sufficient space for the growing peptide chain. After acetyla
tion of unreacted amino groups, the Leu content of the Boc- 
Leu-Pro resin was 0.32 mM/g. The couplings for the remain
der of the syntheses of both peptides were done on a Beckman 
990 automatic synthesizer.

«-Amino functions were protected by the ieri-butyloxy- 
carbonyl (Boc) group, except for arginine which was protected 
by the amyloxycarbonyl (Aoc) group which is more soluble in 
methylene chloride. Side chain protecting groups were benzyl 
(Bzl) for serine, threonine, and aspartic acid; tosyl (Tos) for 
aginine; and 2-chlorocarbobenzoxy (2-C1-Z) for lysine. De- 
protection of the amino-protected intermediates on the resin 
was accomplished with 30% trifluoroacetic acid (TFA) in 
methylene chloride, with neutralization on the resulting TFA 
salt by 10% triethylamine in methylene chloride to give the 
free amino group. Each amino acid was coupled by the dicy- 
clohexylcarbodiimide (DCC) method9 in methylene chloride 
or dimethylformamide, with the exception of Boc-Gln which 
was incorporated by the nitrophenyl active ester method10 in 
dimethylformamide. Completeness of coupling was monitored 
by the ninhydrin color test procedure of Kaiser et al.11 and 
when doubtful, the resin was double-coupled or acetylated 
with acetic anydride.

Double coupling was employed throughout the synthesis 
of hCG (117-147)C, the first coupling for 3-5 h, and the second 
coupling, with fresh Boc-amino acid, for 4-6 h, while the 
Boc-Gln144-ONP active ester was incorporated once as a 5-fold 
excess for about 12 h. Ser145 and Pro143 through Pro140 were 
incorporated as 2.5-fold excesses for the first coupling and
1.5-fold excesses for the double coupling; the next ten amino 
acids, Thr139 through Pro128 as 4.0 and 2.5-fold excesses; and 
the last eleven amino acids, Leu127 through Asp117 as 5.0- and
3.0-fold excesses. The color tests were doubtful after coupling 
lie141, Pro140, and Arg132, and the resin was acetylated. From
3.0 g of Boc-Pro-CH2-resin, there was obtained 5.145 g of the 
protected hentriacosa peptide resin.
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Table I. Am ino A cid  A nalyses“ o f  hCG (117-147)C

Found

Theory
Sample

4B
Sample

5B
2 Asp 2.13 1.89
1 Thr 0.73 0.79
7 Ser 7.22 7.65
1 Glu 0.85 0.95

11 Pro 11.56 11.78
1 Gly 0.91 0.80
1 Ala 0.95 0.86
llle 0.67 0.52
4 Leu 4.06 3.82
1 Lys 0.95 1.06
1 Arg 1.02 0.91

0 Amino acid analyses were done on a Beckman Model 119 
amino acid analyzer set up for a single column methodology after 
hydrolysis of the peptide with 6 N HC1 at 110 or 130 °C over
night.

Double couplings were not used in the synthesis of hCG 
(111-145)M. Instead the molar excess of each Boc-amino acid 
was increased with an average coupling time of 3-6 h. Pro144 
through Gly136 were incorporated as 3.0-fold excesses; Pro135 
and Leu134 as 3.22-fold excesses; Arg133 through Pro126 as
4.0-fold excesses; Pro125 through ASP117 as 5.0-fold excesses; 
Gin116 as a 12-fold excess for 12 h; and Phe115 through Asp111 
as 6.0-fold excesses. Using these higher molar excesses, all the 
couplings appeared complete by the color tests, making double 
couplings unnecessary. However, lie142 was double-coupled 
to Leu143 since this is known to be a difficult coupling; 3.18 g 
of Boc-Gln-CH2-resin yielded 7.05 g of the protected penta- 
triacosa peptide resin.

Cleavage of the completed protected peptides from the 
resins, with simultaneous removal of the protecting groups 
and formation of the carboxyl terminal acid, was effected with 
anhydrous, liquid hydrogen fluoride in the presence of 10% 
anisole for 1 h at 0 °C.12’13 The crude, deprotected peptides 
were extracted from the resin with diluted acetic acid, ly- 
ophilized, and purified as follows.

Experimental Section
Purification. hCG (117-147)C. The crude peptide (737 mg from

3.0 g of the hentriacosa resin) after HF was first desalted by gelfil- 
tration on a ll2X 2 .5cm  column of Bio-Gel P-4 eluted with 1 N HOAc 
in 15-mL fraction. Detection of the peptide by the Folin-Lowry 
procedure14 at 660 nm showed a broad multishouldered peak. Ly- 
ophilization of the fractions corresponding to the top of the peptide 
peak (tubes 17-22) gave 465 mg of desalted peptide. This material 
showed two spots on TLC.

The desalted peptide was then subjected to partition chromatog
raphy on a 59 X 2.0 cm column of Sephadex G-25, eluted first with 
upper-phase and then lower-phase of the system n-BuOH-HOAc- 
H2O (4:1:5) in 6-mL fractions. Detection of the peptide by the 
Folin-Lowry procedure showed one peak in the first portion of the 
upper-phase eluent at tubes 11-12 (2A), a smaller peak near the end 
of the upper-phase elution at tubes 53-59 (2D), and another peak at 
the beginning of the lower-phase elution at tube 60 (2E).

The upper-phase peak fractions (2A) upon lyophilization gave 80.6 
mg of white solid, which was further purified by ion-exchange chro
matography on a 28 X 1.5 cm column of carboxymethyl cellulose 
(CM-52) eluted in 6-mL fractions with 1 to 100 mM ammonium ace
tate buffer gradient at pH 3.5 giving one peak which yielded 52.3 mg 
(3B) of white solide. Upon amino acid analyses, this material proved 
to be a mixture of by-product peptides which were missing about 
seven or eight amino acids (namely 4.8 serines, 1 alanine, 1 lysine and 
1 argine) and showed two high Rf spots on TLC.

The desired hentriacose peptide hCG (117—147)C was found in the 
trailing end of the upper-phase eluent (2D, 118.4 mg) and the first part 
of the lower-phase eluent (2E, 29.2 mg) of the 4:1:5 system partition 
column. Both fractions 2D and 2E had the same TLC pattern in n- 
BuOH-HOAc-EtOAc-H20  (1:1:1:1) and ¡-PrOH-1 N HOAc (2:1)

Table II. Am ino A cid Analyses0 o f  hCG (111-145)M

Found
Sample Sample Sample Sample Sample

Theory 6B 9A 10A 10B 10C

4 Asp 3.59 4.32 3.77 3.77 4.32
1 Thr 0.87 0.53 0.59 0.65 0.45
8 Ser 8.84 9.79 6.44 7.48 8.16
2 Glu 1.86 1.52 1.77 1.84 1.64

10 Pro 10.58 10.32 11.95 11.68 11.9
1 Gly 1.16 0.88 1.59 1.15 0.86
1 Ala 0.80 0.92 1.10 1.06 0.88
1 lie 0.69 0.31 0.49 0.45 0.45
3 Leu 2.73 2.20 2.28 2.23 1.89
1 Phe 1.10 1.00 1.79 1.52 0.97
1 Lys 0.81 1.18 1.59 1.03 0.85
2 Arg 1.92 2.00 1.92 2.02 1.64

“ Amino acid analyses were done on a Beckman Model 119 
amino acid analyzer set up for a single column methodology after 
hydrolysis of the peptide with 6 N HC1 at 110 or 130 °C over
night.

Table III. Thin  Layer Chrom atography R (  V alues“ o f  /3 
__________________ Subunit hCG (U 7-147)C __________________

______________________________________ Rf1 flf2 fit3

hCG (117—147)C (5B) 0.15 0.17 0.98
“ TLC systems on silica gel are: Rf1, n-BuOH-HOAc-EtOAc- 

H20  (1:1:1:1); Bf2, ¿-PrOH-1 N HOAc (2:1); R f, CHCI3-  
MeOH-conc NH4OH (60:45:20).

systems consisting of major low Rf spots due to by-product peptide 
contaminants.

Fraction 2E from the lower-phase eluent of the partition column 
was then subjected to ion-exchange chromatography on a 28 X 1.5 
CM-52 column eluted in 5-mL fractions with 1 to 100 mM ammonium 
acetate buffer gradient at pH 5.0. Detection of the peptide by the 
Folin-Lowry procedure showed only one peak at tubes 6 and 7, which 
gave 3.5 mg (4B) of white solid upon lyophilization. This material 
showed only one spot, Rf = 0.15, on TLC in the n-BuOH-HOAc- 
EtOAc-HaO (1:1:1:1) system and was not contaminated by the higher 
Rf by-product peptides which eluted later, mixed with some more of 
the hCG (117—147)C.

Since the desired hentriacose peptide was also found in the trailing 
end of the upper-phase eluent of the partition column (fraction 2D), 
it seemed appropriate to purify further this material by some tech
nique employing an organic solvent rather than by ion exchange. 
Thus, fraction 2D was subjected to chromatography on a 39 X 1.0 cm 
column of Sephadex LH-20 eluted with n-Bu0H -H 20  (6:100) in
4-mL fractions. Detection of the peptide by Folin-Lowry showed one 
sharp peak of tube 6 which upon lyophilization gave 57.0 mg (5B) of 
white material identical by TLC to fraction 4B. Material which eluted 
in the shoulder and beyond the peptide peak (5C, 36.3 mg) contained 
primarily the desired hCG (117-147)C contaminated by some of the 
higher Rf by-product peptides.

The data on amino acid analyses of fractions 4B and 5B, Table I, 
are consistent with the 31 amino acids of the hCG (117-147)C frag
ments. The low values for Thr are to be expected due to some oxida
tion during hydrolysis. The low values for lie are due to incomplete 
hydrolysis of the Ile141-Leu142 bond. Both samples 4B and 5B were 
identical by thin layer chromatography, single spot Rf’s in 3 systems, 
Table III, and each showed the same one spot moving toward the 
cathode on electrophoresis.

Consequently, both ion-exchange chromatography on CM-52 and 
chromatography on LH-20 were successful in separating the desired 
hentriacosa peptide hCG (117-147)C from the failure sequence 
peptides.

hCG (111-145)M. The crude peptide from HF (1.56 g from 4.0 g 
of the protected peptide resin) was first desalted on a 118.5 X 2.5 cm 
column of Bio-Gel P-4, eluted with 1 N HOAc in 18-mL fractions. 
Detection of the peptide by Folin-Lowry showed one broad, mul
tishouldered peak. Lyophilization of the fractions corresponding to 
the top of the peak (tubes 2-21) gave 367.8 mg (6B) of white solid 
which showed two spots on TLC in the n-Bu0H-H0Ac-Et0Ac-H20
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(1:1:1:1) system, a major low Rf spot for the desired pentatriacose hCG 
(111—145)M peptide and a minor mid R{streak for impurities. Amino 
acid analyses of the desalted peptide (6B), listed in Table III, were 
almost acceptable for the pentatriacosa peptide.

The material was then chromatographed on a 58 X 2.0 cm column 
of Sephadex LH-20, eluted with n-Bu0 H-H20 (6:100) in 7-mL frac
tions with detection of the peptide by a UV monitor at 256 nm (Phe), 
to give a single symmetrical peak. Lyophilization of tubes 14-16, 
corresponding to the top of the peptide peak, gave 225.5 mg (7B) of 
white solid which on TLC showed primarily the low Rf spot for the 
pentatriacosa peptide contaminated by only a small amount of the 
higher Rf impurity.

Since the hentriacosa peptide hCG (117-147)C eluted in the lower 
phase of the 4:1:5 system partition column, it was decided to use a 
different partition system for the pentatriacosa peptide hCG (111-  
145)M. Fraction 7B was partitioned on a 57 X 2.0 cm column of Se
phadex G-25 eluted with upper and then lower phase of the system
0.1 N HOAc-n-BuOH-Pvr (11:5:3), in 5.5-mL fractions with detec
tion of the peptide by Folin-Lowry. No peak appeared in the upper- 
phase eluent, but there was a sharp, symmetrical peak at the begin
ning of the lower-phase elution. Lyophilization of tubes 43 and 44, 
corresponding to the top of this peak, gave 74.7 mg (8B) of white solid 
which now showed only the one low Rf spot on TLC for the desired 
pentatriacosa peptide.

A further purification of 50 mg of fraction 8B was carried out by 
ion-exchange chromatography on a 28 X 1.5 cm -52 column eluted in 
25-mL fractions with 1 to 500 mM ammonium acetate buffer gradient, 
pH 6.4. A single, symmetrical peak was detected by the UV monitor 
at 256 nm and by Folin-Lowry at 660 nm. Lyophilization of tube 2, 
corresponding to the top of this peak, gave 27.6 mg (9A) of purified 
hCG (111-145)M, which gave the amino acid analysis of ratios listed 
in Table II.

9A (5.76 mg) was further purified by preparative thin layer elec
trophoresis on cellulose plates (160 m thick, Eastman chromagram 
sheet) at 500 V in pyridine acetate buffer of pH 6.5 to give 2.0 mg of

pentatricosa hCG (111-145)M (10A; IBR 12755). The amino acid 
analytical ratios are in Table II. Two separate purifications in the 
same manner of 8.97 mg of (9A) and 12.87 mg of (9A) gave 3.6 mg 
(10B; IBR 13202) and 5.5 mg (10C, IBR 13669) of pentatriacosa hCG 
(111-145)M. The amino acid analytical results are in Table II.

The purified hCG ( 111-145)M showed one spot by electrophoresis 
moving toward the cathode in pyridine acetate buffers of pH 3.6 and 
pH 6.5.
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The red alga Laurencia subopposita contains a variety of secondary metabolites, some of which have previously 
been described from other sources. We have previously reported that the major metabolite was oppositol (1). The 
antibiotic activity of the alga was due to 7-hydroxylaurene (2) and 10-bromo-7-hydroxylaurene (3). Laurene (4), 
isoprelaurefucin (6), laurefucin (7), acetyllaurefucin (8), and oplopanone (19) have all been described previously. 
Two epimeric diols 13 and 14 were shown to be related to oppositol (1). A diol 21 having the germacrane skeleton 
rearranged on dehydration to give 8(15)-dehydrooplopanone (26). Two aromadendrene alcohols 27 and 29 were iso
lated. The optical enantiomer of 1-hydroxylalloaromadendrene (27) was synthesized by oxidation of alloaromaden- 
drene (28) with selenium dioxide.

Red algae of the genus Laurencia have proved to be a 
most prolific source of halogenated metabolites of three major 
classes, sesquiterpenes, diterpenes, and acetylenes.1 The 
halogenated sesquiterpenes may be further subdivided into 
three groups: the aromatic compounds, the chamigrenes and 
their precursors and rearrangement products, and the op- 
positol-eudesmane group. Although it is not uncommon to 
find representatives of more than one group in a Laurenica 
species, the structural elucidations have generally been de
scribed separately. In this paper we wish to present an account 
of the diversity of chemical structures which may be found in 
Laurencia subopposita.

We have previously reported that the major metabolite of 
Laurencia subopposita (J. G. Agardh) Setchell was oppositol
(1), a sesquiterpene having a previously undescribed carbon 
skeleton.2 On reinvestigation of the metabolites of L. subop
posita, we found that oppositol (1) was not an antibiotic, as 
had been previously stated. The mild antibiotic activity of

oppositol (1) had been due to the presence of traces of 7- 
hydroxylaurene (2) and/or 10-bromo-7-hydroxylaurene (3). 

Hexane, ether, and acetone extracts of powdered, air-dried

Br ,

2 R = OH

IX

3 R * OH X = Br

4 R = H X = H
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Laurencia subopposita were combined to yield a viscous oil 
(2.3% dry weight) which showed antibiotic activity against 
Staphylococcus aureus. The oil was chromatographed on 
Florisil, using a solvent gradient of increasing polarity from 
petroleum ether to methanol. Selected fractions were re
chromatographed to obtain individual compounds, of which 
oppositol (1) (0.11% dry weight) was again the major metab
olite.

The least polar sesquiterpene metabolite was laurene (4), 
whose spectral properties were identical with those reported.3 
The antibiotic activity of L. subopposita was due to two 
phenols, 7-hydroxylaurene (2) and 10-bromo-7-hydroxylau- 
rene (3). The spectral data of our sample of 10-bromo-7- 
hydroxylaurene (3) were nearly identical with those recently 
reported by Kazlauskas et al.4 for allolaurinterol,5 isolated 
from Laurencia filiformis. The major antibiotic from L. su
bopposita was 7-hydroxylaurene (2) (0.013% dry weight). The 
XH NMR spectrum of 7-hydroxylaurene (2) showed signals 
due to an aromatic methyl group at 8 2.19, three aromatic 
protons at 6.36 (s), 6.56 (d, J  = 7 Hz) and 6.93 (d, J  = 7 Hz) 
and a hydroxyl proton at 4.76 (s). The remaining signals, at 
8 0.67 (d, 3H, J  = 7 Hz) due to the secondary methyl group,
1.30 (s, 3H) due to the tertiary methyl group, 2.95 (q, J  = 7 
Hz), and 4.82 and 4.92 due to the exocyclic methylene protons, 
were remarkably similar to the signals for the nonaromatic 
portion of laurene (4). Irradiation of the methyl doublet at 8
0.67 caused the methine quartet at 2.95 to collapse to a singlet, 
indicating that the methine proton was not coupled to other 
protons. The chemical shift of the secondary methyl signal at
8 0.67 suggested that the methyl group was in the deshielding 
region of the aromatic ring and hence the two groups must be 
cis with respect to the cyclopentane ring.3 Since 7-hydroxy
laurene (2) underwent a slow isomerization to a cyclic ether 
5, the phenolic hydroxyl group must be at C-7, rather than C-8. 
The formation of the cyclic ether 5 from the phenol 2 parallels 
the reported isomerization of bromophenol 3 to a cyclic 
ether.4

Laurencia subopposita contains eight acetylenes, which 
were isolated as four pairs of geometrical isomers. The geo
metrical isomers about the A3 olefinic bond were inseparable 
by column chromatography but could be distinguished by the 
characteristic signals in the XH NMR spectra and, in some 
cases, could be estimated by VPC analysis. Since most of the 
acetylenes had been described previously, we did not attempt 
to separate the mixtures of geometrical isomers. The major 
acetylenic metabolites were a 1:2 mixture of cis- and trans- 
isoprelaurefucin (6) (0.1% dry weight), the trans isomer of 
which had previously been isolated from L. nipponica.6 A 1:1 
mixture of cis- and trans-acetyllaurefucin (8) (0.016% dry 
weight) and a 1:3 mixture of cis- and trans-laurefucin (7) 
(0.019% dry weight) were also obtained.7 Each of the pairs of 
acetylenes had spectral characteristics appropriate for a 
mixture of geometrical isomers about the A3 olefinic bond. 
Although very complex, the XH NMR spectra of the mixtures 
provided the most diagnostic information. In each case, the 
spectra were identical with those of a pure geometrical isomer 
except for the signals due to the acetylenic and olefinic pro
tons. The signals due to the acetylenic proton were at 8 ~2.8 
in the cis isomers and at 8 ~3.1 in the trans isomers. The ole
finic signals for cis and trans isomers usually overlapped but 
could be clearly identified due to the difference between cis 
(J = 11 Hz) and trans (J  = 16 Hz) coupling constants.

The only undescribed acetylenes were a 1:1 mixture of cis- 
and trans-dehydrobromolaurefucin (9) (0.03% dry weight). 
The GC-mass spectra of the two isomers were almost identi
cal, as expected, each showing a molecular ion at m/e 248, 
corresponding to the molecular formula C15H20O3. Exami
nation of the XH NMR spectrum suggested that the alcohol
9 was related to laurefucin (7) by loss of hydrogen bromide.

The XH NMR spectrum of 9 contained signals at 8 5.03 (bd, 
J = 13 Hz) due to the «-hydroxy proton, 5.59 (bt, J -  12,13 
Hz) and 5.41 (bd, J = 12 Hz) due to the olefinic protons in the 
ring, and four signals between 3.88 and 4.19 due to the protons 
adjacent to ether oxygens. The allylic alcohol 9 was oxidized 
with chromic oxide to an «,/ï-unsaturated ketone 10 (IR 1680 
cm-1). The XH NMR spectrum of 10 contained two signals at 
8 5.81 (bd, J = 12 Hz) and 6.14 (d, J = 12 Hz) due to the ole
finic protons in the ring. Oxidation of laurefucin 7 with Jones 
reagent gave a bromoketone 11 (IR 1720 cm-1). Treatment 
of the bromoketone 11 with potassium hydroxide in methanol 
did not give the expected a,/3-unsaturated ketone 10 but re
sulted instead in the formation of a /3-methoxyketone 12. 
Treatment of the bromoketone 11 with stronger bases such 
as potassium iert-butoxide in ieri-butyl alcohol resulted in 
decomposition of the molecule. However the «./1-unsaturated 
ketone 10 was converted into the same /3-methoxy ketone 12 
by treatment with potassium hydroxide in methanol. This 
sequence of reactions-indicated that the allylic alcohol 9 had 
the gross structure shown. The stereochemistry was defined 
at all centers except the carbon bearing hydroxyl.

The most interesting compounds to be isolated from L. 
subopposita were oppositol (1), two related diols 13 and 14,

Br Br

15 R * Ac 16 
19 R = PhCO

and a series of nonhalogenated sesquiterpenes. The diols 13 
and 14 were shown to be epimers, but the relative configura
tions at the epimeric center in the side chain could not be 
conclusively defined. The more polar diol 13 (0.015% dry 
weight), mp 123-124 °C, [ a ] 20D  +10°, had the molecular for
mula Ci5H2502Br. The XH NMR spectrum of 13 contained a 
signal due to an a-bromo proton at 8 3.96 (dd, 1H, J = 4,12 
Hz) and two methyl signals at 1.19 and 1.41 (CH3-C-OH) 
reminiscent of signals in oppositol (1). Perhaps the most un
usual and characteristic signal in the XH NMR spectra of op-
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positol (1) and related compounds was a quartet of doublets 
(J = 12, 12, 12, 4 Hz) which was cleanly separated from all 
other signals. This signal, which was at <5 2.33 in the diol 13 and
2.28 in oppositol (1), was due to the axial proton at C-6, which 
was shifted downfield from a normal cyclohexane position by 
a 1,2 interaction with bromine and a 1,3-diaxial interaction 
with hydroxyl. The side chain of 13 gave rise to 'H NMR sig
nals at 5 1.74 (s, 3H), 4.11 (d, 1H, J = 7 Hz) and 4.86 (s, 2H). 
The *H NMR spectrum of the corresponding acetate 15 con
tained two signals at 5 4.99 and 5.04 due to the methylene 
protons, 5.44 (d, J = 5 Hz) due to the methine proton, 2.04 for 
the acetoxy protons, and 1.78 due to the vinyl methyl group. 
The change in chemical shift of the methine and methylene 
protons on acetylation implied the presence of an allylic al
cohol moiety.

The less polar diol 14 (~0.008% dry weight) was isolated as 
an inseparable mixture with oplopanone (20). The two com
pounds were separated by acetylation of the mixture, since 
only the diol 14 reacted, allowing isolation of the monoacetate 
16, which was then treated with lithium aluminium hydride 
in ether at —78 °C to regenerate the diol. Neither the diol 14 
nor the corresponding acetate 16 gave a molecular ion in the 
mass spectrum; the molecular formula Cis^sC^Br was de
termined by high resolution mass measurement on the m/e 
316 peak (M — CH2CO)+ of the monoacetate. The XH NMR 
spectrum of the diol 14, with signals at <51.18 (s, 3H), 1.34 (s, 
3H), 1.75 (s, 3H), 2.35 (qd, 1H, J = 12,12,12,4 Hz), 4.06 (dd, 
1H, J  = 12, 4 Hz), 4.41 (bs, 1H), 4.89 (s, 1H), 5.01 (s, 1H), 
suggested that the diols 13 and 14 might have the same gross 
structure. The XH NMR spectrum of the monoacetate 16 was 
very similar to that of the monoacetate 15, the major differ
ence being that the allylic a-acetoxy proton in 16 appeared as 
a broad singlet at b 5.48, while the equivalent proton in 15 
appeared as a doublet at 5.44 (J = 5 Hz). These data suggested 
that the diols 13 and 14 were epimers at either C-3 or C-8. 
Oxidation of either diol with Jones reagent gave the same 
a,/?-unsaturated ketone 17 (IR 1675 cm-1). The ]H NMR 
spectrum of 17 contained signals at <5 6.05 and 5.84 due to 
methylene protons /3 to the ketone, 1.91 due to the vinyl 
methyl and 3.77 (dt, 1H, J = 4,11, 11 Hz) due to an a-keto 
proton which was trans to the bridgehead proton and shifted 
downfield by 1,3-diaxial interaction with the hydroxyl. The 
two diols must therefore be epimeric at C-8.

The gross structures of the epimeric diols were confirmed 
by ozonolysis of the ketone 17 to an acid, which was esterified 
with diazomethane to obtain the methyl ester 18, identical in 
all respects with the methyl ester obtained from oppositol (1) 
by ozonolysis followed by methylation.

The relative configurations of the diols 13 and 14 have been 
determined by two methods, neither of which can be regarded 
as conclusive. The diol 13 was converted into the corre
sponding benzoate 19. According to Brewster’s rule, com
parison of the optical rotation of the benzoate 19, [ « ] 20d  —17°, 
with that of the diol 13, [ « ] 20d  +10°, suggested the configu
ration shown.8 The coupling constant of the a-hydroxy proton 
in each diol indicated that the side chain adopted a fairly rigid 
conformation in solution. We performed lanthanide-induced 
shift experiments on both acetates 15 and 16. In each case we 
were able to determine a position for the europium atom in 
which it must be associated with the tertiary alcohol func
tionality. In each complex, the a-acetoxy proton was directed 
toward the tertiary alcohol and the “ best fit” for the shifts of 
the acetoxy methyl signal and the signals due to the isopro- 
pylidene group occurred with the configurations shown.

The remaining metabolites were all nonhalogenated ses
quiterpenes. We identified oplopanone (20), previously iso
lated from Oplopanax japonicus, by comparison of physical 
data with literature values9 and confirmed the assignment by 
showing that the melting point (93-94 °C) was undepressed

on admixture with an authentic sample. The most polar me
tabolite that we isolated was a diol 21, mp 118-120 °C, [a]20o 
+55°, having a molecular formula C15H26O2. The infrared 
spectrum showed a strong hydroxyl band at 3600 cm-1 and 
bands at 1382 and 1367 cm-1 due to a gem-dimethyl group. 
The LH NMR spectrum contained signals at 5 0.85 (d, 3H, J 
= 7 Hz) and 0.91 (d, 3H, J = 7 Hz) due to an isopropyl group,
1.26 (s, 3H) due to methyl on a carbon atom bearing hydroxyl,
3.96 (dd, 1H, J = 3,10 Hz) due to an a-hydroxy proton, 4.94 
(bs, 1H) and 5.14 (bd, 1H) due to the exocyclic methylene 
protons, and 5.24 (d, 1H, J = 16 Hz) and 5.29 (dd, J = 16, 9 
Hz) due to a trans olefinic bond which has only one proton on 
an adjacent carbon atom. The 13C NMR spectrum confirmed 
the presence of a disubstituted olefin (5 137.6 and 129.9), an 
exocyclic methylene (151.0 and 111.4), a seconcary alcohol,
(78.7), a tertiary alcohol (72.3), and no other tetrasubstituted 
carbons. The diol 21, having three degrees of unsaturation, 
must contain a single ring. Since the UV spectrum showed 
only end absorption, the trans-disubstituted olefinic bond 
must be in a side chain or medium-sized ring and must be 
between the tertiary alcohol carbon and a carbon bearing only 
one hydrogen. Spin decoupling experiments revealed that 
both methyl doublets were collapsed to singlets upon irra
diation at 5 1.52, while the olefinic signals were not affected, 
and that the secondary hydroxyl group was not on a carbon 
atom adjacent to the trans-disubstituted olefinic bond. As
suming that the isopropyl group must be adjacent to a chiral 
center for the 'H NMR signals of the methyl groups to have 
different chemical shifts, and assuming an isoprenoid skele
ton, we found only three reasonable gross structures, 22, 23, 
and 24.

In the corresponding acetate 25, the XH NMR signals of all 
the olefinic protons were shifted downfield [5 5.00 (bs), 5.20 
(bs) and 5.35 (d, 2H, J = 6 Hz)], while the isopropyl methyl 
signals (0.83 and 0.88) were scarcely shifted, indicating a 
preference for structure 22.

Dehydration of the diol 21 with phosgene in pyridine or 
Moffatt oxidation conditions10 gave a ketone 26 (IR 1710 
cm-1, no hydroxyl band) in quantitative yield. The XH NMR 
spectrum contained signals due to an exocyclic methylene (5
4.51 and 4.61), a methyl ketone (2.09) and an isopropyl group 
[0.89 (d, 3H, J = 1 Hz) and 0.64 (d, 3H, J = 7 Hz)]. An iden
tical product could be obtained by dehydration of oplopanone 
20 with phosphorus oxychloride in pyridine. The formation 
of 8(15)-dehydrooplopanone 26 from the diol 21 can be ex
plained only if the diol has the structure shown. Assuming a 
concerted reaction mechanism for dehydration and ring for
mation (Scheme I), we can derive the most likely relative 
configuration for the diol 21. An alternative configuration at
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Scheme I . Proposed Mechanism for the Conversion of 
Diol 21 to 8(15)-Dehydrooplopanone (26)

26

the tertiary alcohol carbon is possible, but we prefer the con
figuration shown.

The remaining two compounds were isomeric tertiary al
cohols having the aromadendrene skeleton. 1-Hydroxyal- 
loaromadendrene (27), isolated as an oil, had the molecular 
formula C15H24O. The 1H NMR spectrum contained signals 
at b 0 .2 2  (dd, 1H, J  =  9,12 Hz) and 0.56 (m, 1 H) due to two 
cyclopropyl protons, 0.98 (d, 3H, J  = 6  Hz), 0.99 (s, 3H) and
1 .0 2  (s, 3H) due to methyl groups, and 4.89 and 5.03 due to 
methylene protons. This 'H NMR spectrum closely resembles 
that expected from a sesquiterpene of the aromadendrene 
group. The infrared spectrum indicated the presence of a 
hydroxyl group (3420 cm-1) which must be tertiary and which 
must be adjacent to the exocyclic methylene group, since in 
the 1H NMR spectrum neither of the cyclopropane protons 
appeared as a doublet and the exocyclic methylene protons 
were well separated in chemical shift. Treatment of an au
thentic sample of alloaromadendrene (28) with selenium 
dioxide in aqueous ethanol at 70 °C yielded a mixture of 
products from which was isolated a single tertiary alcohol,
1-hydroxyalloaromadendrene (27), identical with the natural 
product in all respects except that the optical rotations were 
of opposite signs. An LIS study of 1 -hydroxyalloaromaden
drene (27) showed that the proton experiencing the greatest 
induced shift was coupled to the high-field cyclopropane 
proton, which appeared as a double doublet, and to a proton 
which was, in turn, coupled to the secondary methyl group. 
These data indicated a cis-fused bicyclic ring system for 1 - 
hydroxyalloaromadendrene (27).

The second aromadendrene alcohol (29) (IR 3460 cm- "  was 
isolated as an oil of molecular formula C15H24O. 11 The XH 
NMR spectrum contained signals at 5 0.44 (t, 1H, J  = 9 Hz) 
and 0.53 (m, (m, 1H) due to the cyclopropyl protons, 1.02 (s, 
3H), 1.06 (s, 3H), 1.07 (d, 3H, J = 7 Hz) and 1.45 (s, 3H) due 
to methyl groups and at 5.52 (bs, 1H) due to a vinyl proton. 
Assuming the aromadendrene skeleton, both the isomers 29 
and 30 were compatible with the spectral data. The observa
tion that the vinyl proton appeared as a broad singlet strongly 
suggested that the double bond was in a five-membered ring. 
In addition, the chemical shift of the methyl singlet at 5 1.45 
was outside the normal range for a vinyl methyl. An LIS study 
of the alcohol 29 indicated that the alcohol had the gross 
structure and stereochemistry shown. After addition of 0.6 
equivalents of Eu(fod)3, each proton was observed as a sepa
rate signal and the coupling constants were measured (Table 
I). We were able to find a position for the europium ion such 
that a graph of log A5 against log rmeas gave a line of slope -3  
(rmeas is the distance between the europium ion and a proton 
measured using a Dreiding model; Ao is the shift induced by 
1 equiv of Eu(fod)3 obtained by graphical extrapolation.) The 
structural assignment can be explained on the basis of two 
observations: the second largest induced shift was experienced 
by the methyl singlet originally at b 1.45 and the next largest

Table I. ‘ H NMR Data for the Alcohol 29. Chemical Shifts 
(5), Induced Shifts (A6), Multiplicities, and 

Coupling Constants

Multiplicity and coupling
H at C- 5, ppm AS, ppm constants, Hz

2 5.52 2.91 bs(dd) J =  3, 1
3(a) 2.24 0.95 ddd J =  15, 8, 3
m 2.02 1.36 ddd J= 15, 9, 1
4 2.32 1.73 m J =  9, 8, 8, 7, 7, 7
5 2.47 4.64 t J= 8, 8
6 0.44 2.50 t J= 9, 8
7 0.53 2.05 m J= 11, 9, 5
8(a) 1.88 1.91 dt J =  13, 6, 5
8(|3) 1.55 4.59 m J =  13, 12, 11
9(a) 1.72 3.41 t J =  14, 12
9(j3) 1.72 5.91 dd J =  14, 6

12 1.02 0.64 s
13 1.06 0.64 s
14 1.07 0.73 d J= 7
15 1.45 5.23 s

induced shift was recorded for a proton originally at 2.47 (t, 
J  =  8 Hz) which was coupled to a proton at 0.44 (dd, J  =  8 , 9
Hz) and a proton at 2.32 which was, in turn, coupled to the

c  33 34

methyl doublet at 1.07. Thus the hydroxyl group must be on 
the same face as the bridgehead proton and on the carbon 
bearing methyl. The small induced shifts of the cyclopropyl 
protons suggest that they are on the opposite face of the 
seven-membered ring to the hydroxyl.

We have described the major compounds from our collec
tion of L. su b o p p o sita . Analysis of a second sample of L . s u 
bop p o s it  a  by thin layer chromatography suggested a very 
similar composition. We have found that it was well worth the 
effort to examine the minor constituents and particularly the 
nonhalogenated sesquiterpenes. Kazlauskas et el.4 have
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speculated that oppositol (1) might be formed in vivo from a 
eudesmane precursor such as heterocladol (31). We believe 
that the coexistence cf cyclopropane-containing sesquiter
penes with oppositol (1) suggests a cyclopropane-containing 
precursor (32) for both heterocladol (31) and oppositol (1). It 
is interesting to note that the only other compound having the 
oppositol skeleton, axionitrile-1 (33), was found together with 
an aromadendrane derivative, axisonitrile-2 (34), in A x in e lla  
c a n n a b in a ,12 suggesting a similar biogenetic relationship.

Experimental Section
LH  N M R  s p e c t r a  w e r e  r e c o r d e d  o n  a  V a r i a n  H R - 2 2 0  s p e c t r o m e t e r ,  

l 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  a  V a r i a n  C F T - 2 0  s p e c t r o m e t e r ,  

i n f r a r e d  s p e c t r a  w e r e  r e c o r d e d  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  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  M o d e l  1 4 1  p o la r im e t e r ,  u s in g  a  1 0 - c m  m ic r o c e l l .  L o w  r e s o lu t io 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 lu t io n  m a s s  m e a s u r e m e n t s  w e r e  s u p p l i e d  b y  

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 .  M e l t i n 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 .  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  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 .

Collection, Extraction, and Chromatographic Separation.
Laurencia subopposita  w a s  c o l l e c t e d  a t  lo w  t i d e  in  L a  J o l l a  in  M a y  

1 9 7 5 ,  a ir - d r ie d ,  a n d  g r o u n d  in  a  W i le y  m i l l  t o  a  1  m m  p a r t ic le  s iz e . T h e  

d r i e d  a l g a  ( 1  k g )  w a s  e x t r a c t e d  in  a  S o x h l e t  a p p a r a t u s  f o r  2 4  h  e a c h  

w i t h  h e x a n e  ( 2  L ) ,  d i e t h y l  e t h e r  ( 2  L ) ,  a n d  a c e t o n e  ( 2  L ) .  T h e  c o m 

b in 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  l e a v e  a  d a r k  g r e e n  v i s c o u s  o i l  ( 2 2 . 5  

g , 2 .3 %  d r y  w e ig h t ) .  W h e n  a s s a y e d  f o r  a n t im ic r o b ia l  a c t i v i t y ,  t h e  c r u d e  

e x t r a c t  i n h i b i t e d  t h e  g r o w t h  o f  Staphylococcus aureus.
T h e  c r u d e  e x t r a c t  ( 2 2 .5  g )  w a s  a d d e d  a s  a  c o n c e n t r a t e d  p e t r o l e u m  

e t h e r  s o l u t i o n  t o  a  c o lu m n  (75 X 5 c m )  c o n t a i n i n g  F l o r i s i l  (750 g) in  

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

f r o m  p e t r o l e u m  e t h e r  t h r o u g h  b e n z e n e ,  e t h y l  a c e t a t e ,  a c e t o n e ,  a n d  

m e t h a n o l  l e d  t o  3 6  f r a c t i o n s  (500 m L ) .  A n t i m i c r o b i a l  s c r e e n i n g  o f  t h e  

i n d i v i d u a l  f r a c t i o n s  i n d i c a t e d  t h a t  o n l y  f r a c t i o n  1 3  w a s  a c t i v e  a g a i n s t
S. aureus.

Laurene ( 4 ) .  F r a c t i o n s  3  a n d  4  w e r e  c o m b i n e d  ( 5 0 0  m g )  a n d  r e 

c h r o m a t o g r a p h e d  o n  a  c c lu m n  ( 2 0  X  2  c m )  c o n t a i n i n g  1 0 %  A g N 0 3 

o n  s i l i c a  g e l  ( 4 0  g )  in  h e x a n e .  E l u t i o n  w i t h  h e x a n e  a l l o w e d  i s o l a t i o n  

o f  a  m o b i le  o i l  ( 1 1 0  m g ,  0 .0 1 1 %  d r y  w e ig h t )  h a v i n g  s p e c t r a l  p r o p e r t i e s  

i d e n t i c a l  t o  t h o s e  r e p o r t e d 3  f o r  l a u r e n e  (4 ) .

7-Hydroxylaurene ( 2 )  and 10-Bromo-7-hydroxylaurene ( 3 ) .  

F r a c t i o n  1 3  ( 6 2 5  m g )  w a s  r e c h r o m a t o g r a p h e d  o n  a  c o lu m n  ( 3 0  X  1 . 5  

c m )  o f  s i l i c a  g e l  ( 2 5  g )  in  1 0 %  b e n z e n e  in  p e t r o l e u m  e t h e r ,  y i e l d i n g  a  

m i x t u r e  o f  p h e n o l s  ( 1 6 0  m g )  w h i c h  w a s  s e p a r a t e d  b y  H P L C  o n  a  P o -  

r a s i l  A  c o lu m n  ( 4  f t  X  %  in .)  u s i n g  1 5 %  d i e t h y l  e t h e r  in  p e t r o l e u m  

e t h e r  a s  a n  e l u e n t  t o  o b t a i n  7 - h y d r o x y l a u r e n e  ( 2 )  ( 1 2 5  m g , 0 .0 1 3 % )  

a n d  1 0 - b r o m o - 7 - h y d r o x y l a u r e n e  ( 3 )  ( 2 5  m g ,  0 .0 0 2 5 % ) .  A n t i m i c r o b i a l  

t e s t i n g  s h o w e d  t h a t  e a c h  o f  t h e s e  t w o  s u b s t a n c e s  ( 1 0 0  ¡j.g ) i n h i b i t e d  

t h e  g r o w t h  o f  S. aureus.
7-Hydroxylaurene ( 2 ) .  [ o ] 20D +  4 5 °  ( 2 .5 ,  C H C I 3) ; I R  (CHcl3) 3 6 5 0 ,  

2 9 9 0 , 1 6 6 0 , 1 6 2 0 , 1 5 7 5  c m “ 1 ; N M R  ( C C 1 4) 5 6 .9 3  (d, 1 H ,  J  =  7  H z ) ,  6 .5 6  

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

2 .9 5  ( q , 1 H ,  J  =  7  H z ) ,  2 . 1 9  (s, 3 H ) ,  1 . 3 0  (s, 3 H ) ,  0 .6 7  (d, 3 H ,  J  =  7  H z ) ; 

mass spectrum m /e  (relative intensity) 2 1 6  ( 2 6 ) ,  2 0 1  ( 7 4 ) ,  1 8 7  (2 6 )  1 5 9

( 3 8 ) ,  1 4 5 ,  ( 2 0 ) ,  1 2 1  ( 4 0 ) ,  6 9  ( 5 5 ) ,  5 7  ( 6 0 ) , 5 5  ( 7 0 ) ,  4 3  ( 9 2 ) ,  4 1  ( 1 0 0 ) ;  high 
resolution mass measurement, observed 2 1 6 . 1 5 2 ,  C 1 5 H 20O  requires 
2 1 6 . 1 5 1 .

10-Bromo-7-hydroxylaurene ( 3 ) .  I R  ( C H C I 3 ) 3 6 9 0 ,  2 9 9 0 ,  1 6 6 0 ,  

1 6 1 0  c m ' 1 ; N M R  ( C C 1 „ )  £ 7 . 2 7  ( s ,  1 H ) ,  6 .6 0  ( s , 1 H ) ,  5 .0 0  ( s ,  1 H ) ,  4 .9 8  

(s, 1 H ) ,  4 .9 0  ( s , 1 H ) ,  2 .9 9  (q, 1 H ,  J  =  H z ) ,  2 .2 8  (s , 3 H ) ,  1 . 2 1  ( s , 3 H ) ,  0 .7 3  

(d , 3 H ,  J  =  7  H z ) ;  m a s s  s p e c t r u m  m /e  ( r e la t iv e  i n t e n s i t y )  2 9 4 ,2 9 6  ( 1 : 1 )  

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

( 7 0 ) ,  4 3  ( 9 0 ) , 4 1  ( 1 0 0 ) .

I s o p r e l a u r e f u c i n  ( 6 ) .  F r a c t i o n s  14 a n d  15 w e r e  c o m b i n e d  (2.0 g) 

a n d  r e c h r o m a t o g r a p h e d  o n  a  c o l u m n  (40 X 2.5 c m )  c o n t a i n i n g  s i l i c a  

g e l  (100 g )  in  10% b e n z e n e  in  p e t r o l e u m  e t h e r .  E l u t i o n  w i t h  a  s o l v e n t  

g r a d i e n t  o f  in c r e a s i n g  p o l a r i t y  f r o m  1 0 %  b e n z e n e  in  p e t r o l e u m  e t h e r  

t o  d i c h l o r o m e t h a n e  a l l o w e d  i s o l a t i o n  o f  a n  o i l  (1.04 g )  w i t h  s p e c t r a l  

c h a r a c t e r i s t i c s  a p p r o p r i a t e  f o r  a  m i x t u r e  ( 1 :2 ) o f  cis:tra ns-i s o p r e 

l a u r e f u c i n  ( 6 ).

Oppositol ( 1 ) .  F r a c t i o n  1 6  ( 1 . 4 0  g )  w a s  r e c h r o m a t o g r a p h e d  o n  a  

c o lu m n  ( 3 0  X  1 . 5  c m )  c o n t a i n i n g  s i l i c a  g e l  ( 2 5  g )  i n  1 5 %  d i e t h y l  e t h e r  

in  p e t r o l e u m  e t h e r ,  w h i c h  a l l o w e d  i s o l a t i o n  o f  o p p o s i t o l  ( 1 )  ( 1 . 1 4  g , 

0 . 1 1 % )  id e n t i c a l  in  e v e r y  r e s p e c t  w i t h  a n  a u t h e n t i c  s a m p l e .  1 3 C  N M R  

( C D C I 3 ) 1 3 2 . 0  ( d ) ,  1 2 8 . 7  ( s ) ,  7 1 . 6  ( s ) ,  6 3 . 3  ( d ) ,  6 0 .7  ( d ) ,  4 7 .7  ( s ) ,  4 2 .0

( t ) ,  4 0 .4  ( t ) ,  3 6 .4  ( d ) ,  3 1 . 2  ( t ) ,  3 0 . 6  ( q ) ,  2 8 .5  ( t ) ,  2 5 . 7  ( q ) ,  1 8 . 0  ( q ) ,  1 6 . 3  

( q )  p p m .

1-Hydroxyalloaromedendrene (27) and 1 Off-hydroxy-A1 (2)- 
aromadendrene (29). F r a c t i o n s  1 7  a n d  1 8  w e r e  c o m b i n e d  ( 1 . 0 2  g )  

a n d  r e c h r o m a t o g r a p h e d  o n  a  c o lu m n  o f  s i l i c a  g e l  ( 5 0  g )  in  1 5 %  d i e t h y l  

e t h e r  in  p e t r o l e u m  e t h e r .  E l u t i o n  a l l o w e d  i s o la t io n  o f  a n  o i l  ( 5 3 0  m g )  

w h ic h  w a s  p u r i f i e d  f u r t h e r  b y  H P L C  o n  a  m- C 1 8  c o lu m n  ( 2  f t  X  V4 in .)  

u s i n g  3 0 %  w a t e r  in  a c e t o n i t r i l e  a s  a n  e l u e n t .  T h i s  y i e l d e d  a n  o i l  ( 9 5  

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

t a i n i n g  1 0 %  A g N 0 3  o n  s i l i c a  g e l  ( 1 5  g )  in  3 0 %  d i e t h y l  e t h e r  in  h e x a n e  

t o  y i e l d  1 - h y d r o x y a l l o a r o m a d e n d r e n e  (27) ( 3 5  m g ,  0 .0 0 3 5 % )  a n d  

1 0 / 3 - h y d r o x y - A 1(2)- a r o m a d e n d r e n e  (29) ( 2 5  m g ,  0 .0 0 2 5 % ) .

1-Hydroxyalloaromadendrene (27). [« ]20d  + 9 9 °  ( 1 . 0 ,  C H C 1 3 ) ; 

I R  ( n e a t )  3 4 1 0 ,  2 9 6 0 , 1 4 6 0 , 1 3 9 0  c m “ 1 ; N M R  ( C D C 1 3 ) <5 5 .0 3  ( s ,  1 H ) ,  

4 .8 9  ( s , 1 H ) ,  2 .6 3  ( m , 2 H ) ,  2 .3 4  ( m , 2 H ) ,  1 . 0 2  ( s ,  3 H ) ,  0 .9 9  ( s ,  3 H ) ,  0 .9 8  

( d ,  3 H ,  J  =  6  H z ) ,  0 .5 6  ( m , 1 H ) ,  0 . 2 2  ( d d ,  1 H ,  J  =  9 ,  1 2  H z ) ;  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 )  2 2 0  ( 1 ) ,  2 0 5  ( 1 ) ,  2 0 2  ( 1 ) ,  1 9 1  ( 1 ) ,  1 8 7

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

4 3  ( 4 8 ) ,  4 1  ( 1 0 0 ) ;  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 ,  o b s e r v e d  

2 2 0 . 1 8 1 ,  C 1 5 H 24O  r e q u i r e s  2 2 0 . 1 8 3
1 Off-Hydroxy-A 1 <2)-aromadendrene ( 2 9 ) .  [« ]20d  - 4 6 °  ( 1 . 0 ,  

C H C I 3 ) ; I R  ( n e a t )  3 4 6 0 ,  2 9 5 0 , 1 4 6 0 , 1 3 9 0  c m - ;  N M R  ( C D C 1 3 ) 5 5 . 5 2  

( b s ,  1 H ) ,  1 . 4 5  ( s ,  3 H ) ,  1 . 0 7  ( d , 3 H ,  J  =  7  H z ) ,  1 . 0 6  ( s ,  3 H ) ,  1 . 0 2  ( s ,  3 H ) ,  

0 . 5 3  ( m , 1 H ) ,  0 .4 4  ( t ,  1 H , J  =  9  H z ) ;  N M R  ( C D C 1 3 , 0 .6  e q u i v a l e n t  

E u ( f o d ) 3) 6 7 .2 4  ( b s ,  1 H ) ,  5 . 3 2  ( d d ,  1 H ,  J  =  1 4 , 6  H z ) ,  5 .0 6  ( t ,  1 H ,  J  =  

8  H z ) ,  4 .4 6  ( s ,  3 H ) .  4 . 3 3  ( d d d  =  1 H ,  J  =  1 1 , 1 2 , 1 3 ,  H z ) ,  3 . 5 2  ( d d ,  1 H ,  

J  =  1 2 , 1 4  H z ) ,  3 . 3 0  ( m , 1 H ,  J  =  1 , 1 , 7 , 8 , 8 , 9  H z ) ,  2 .7 8  ( m , 3 H ) ,  1 . 6 0  

( d ,  3 H ,  J  =  7  H z ) ,  1 . 5 0  ( m , 2 H ) ,  1 . 4 0  ( s ,  6 H ) ;  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 )  2 2 0  ( 2 ) ,  2 0 5  ( 1 ) ,  2 0 2  ( 2 ) ,  1 8 7  ( 2 ) ,  1 7 7  ( 2 ) ,  1 5 9  ( 2 0 ) ,  

1 0 5  ( 3 0 ) ,  9 1  ( 4 5 ) ,  8 1  ( 3 5 ) ,  7 9  ( 4 0 ) , 7 7  ( 4 0 ) , 6 7  ( 4 0 ) , 5 5  ( 6 0 ) , 4 3  ( 1 0 0 ) ;  h ig 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 ,  o b s e r v e d  2 2 0 . 1 8 1 ,  C 1 5 H 24O  r e q u i r e s  

2 2 0 . 1 8 3 .

A c e t y l l a u r e f u c i n  ( 8 ) . F r a c t i o n s  2 1 , 2 2 , a n d  2 3  w e r e  c o m b in e d  ( 1 .4 2  

g )  a n d  r e c h r o m a t o g r a p h e d  o n  a  c o lu m n  ( 4 0  X  2 .5  c m )  c o n t a in in g  s i l i c a  

g e l  ( 1 0 0  g )  in  2 5 %  d i e t h y l  e t h e r  in  p e t r o l e u m  e t h e r .  E l u t i o n  le d  t o  a n  

o i l  ( 5 3 0  m g )  w h i c h  w a s  p u r i f i e d  f u r t h e r  o n  a  c o l u m n  ( 3 0  X  1 . 5  c m )  

c o n t a i n i n g  s i l i c a  g e l  ( 2 5  g )  in  c h lo r o f o r m ,  w h i c h  a l l o w e d  i s o l a t i o n  o f  

a n  o i l  ( 1 6 0  m g )  h a v i n g  s p e c t r a l  c h a r a c t e r i s t i c s  a p p r o p r i a t e  f o r  a  

m i x t u r e  ( 1 : 1 )  o f  c i s : t c a n s - a c e t y l l a u r e f u c i n  (8 ) . A  m i x t u r e  o f  s t e r o l s  

( 7 5 0  m g )  w a s  a l s o  i s o l a t e d  f r o m  t h e s e  f r a c t i o n s .

Diol Acetate 16 and Oplopanone (20). F r a c t i o n s  2 4 , 2 5 ,  a n d  2 6  

w e r e  c o m b i n e d  ( 1 3 5 0  m g )  a n d  r e c h r o m a t o g r a p h e d  o n  a  c o l u m n  (4 0  

X  2  c m )  c o n t a i n i n g  s i l i c a  g e l  ( 6 0  g )  in  1 : 1  d i e t h y l  e t h e r - p e t r o l e u m  

e t h e r ,  w h i c h  le d  t o  t w o  i n t e r e s t i n g  c o m p o n e n t s .  T h e  l e a s t  p o l a r  ( 4 1 0  

m g )  w a s  f u r t h e r  p u r i f i e d  o n  a  c o lu m n  ( 3 0  X  1  c m )  c o n t a i n i n g  s i l i c a  g e l  

( 2 0  g )  in  2 5 %  d i e t h y l  e t h e r  in  p e t r o le u m  e t h e r  t o  y i e l d  a n  o i l  ( 2 7 0  m g ) . 

T h i s  m a t e r i a l  w a s  t r e a t e d  w i t h  a c e t i c  a n h y d r i d e  ( 2  m L )  a n d  p y r i d i n e  

( 2  m L )  a t  2 5  ° C  f o r  1 6  h , a n d  t h e  v o l a t i l e  l i q u i d s  w e r e  e v a p o r a t e d  t o  

l e a v e  a n  o i l  ( 3 0 0  m g )  w h ic h  w a s  c h r o m a t o g r a p h e d  b y  p r e p a r a t i v e  t i c  

o n  t h r e e  s i l i c a  g e l  p l a t e s  ( 2 0  X  2 0  X  0 . 1 5  c m )  u s i n g  2 5 %  e t h y l  a c e t a t e  

in  c h lo r o f o r m  a s  a n  e lu e n t  t o  y i e l d  t h e  d i o l  a c e t a t e  16 ( 1 2 0  m g , 0 .0 1 2 % ) 

a s  a n  o i l .  T h e  m o r e  p o l a r  c o m p o n e n t  ( 1 0 0  m g )  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 i c  o n  a  s i l i c a  g e l  p la t e  ( 2 0  X  2 0  X  0 . 1 5  c m )  u s in g  d i e t h y l  e t h e r  

a s  a n  e l u e n t .  I s o l a t i o n  o f  a  b a n d  (R f  =  0 .4 )  l e d  t o  a  s o l i d  ( 3 5  m g , 

0 .0 0 3 5 % )  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  2 5 %  d i e t h y l  e t h e r  in  h e x a n e  

t o  y i e l d  o p l o p a n o n e  (20): m p  9 3 - 9 4  ° C ,  [c*]20d  + 1 3 °  ( 1 . 0 ,  C H C 1 3 ), 

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

p le .

Diol Acetate 16. I R  ( C H C 1 3 ) 3 7 0 0 ,  3 0 0 0 ,  1 7 3 8 ,  1 4 6 0 ,  1 3 8 0  c m - 1 ; 

N M R  ( C D C I 3 ) 6 5 .4 8  ( s ,  1 H ) ,  4 .8 4  ( 3 , 1 H ) ,  4 . 8 1  ( s ,  1 H ) ,  3 .9 7  ( d d ,  1 H , 

J  =  4 , 1 3  H z ) ,  2 .5 9  ( m , 1 H ) ,  2 . 3 5  ( m , 1 H ) ,  2 . 1 0  ( s ,  3 H ) ,  1 . 7 6  (s , 3 H ) ,  1 . 2 7  

( s ,  3 H ) ,  1 . 1 8  ( s ,  3 H ) ;  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 1 6 , 3 1 8  

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

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

9 7  ( 5 5 ) ,  9 5  (6 0 ) , 8 1  ( 6 2 ) ,  7 1  ( 5 0 ) ,  6 9  ( 4 5 ) ,  5 7  ( 3 0 ) ,  5 5  ( 3 7 ) ;  h ig h  r e s o lu t io n  

m a s s  m e a s u r e m e n t ,  o b s e r v e d  3 1 6 . 1 0 2 ,  C i s H i s C L B r  r e q u i r e s  

3 1 6 . 1 0 4 .

Diol 1 3  and Laurefucin ( 7 ) .  F r a c t i o n s  2 7  a n d  2 8  w e r e  c o m b i n e d  

( 1 2 0 0  m g )  a n d  r e c h r o m a t o g r a p h e d  o n  a  c o lu m n  ( 3 0  X  2  c m )  c o n t a in in g  

s i l i c a  g e l  ( 5 0  g )  i n  2 5 %  d i e t h y l  e t h e r  in  c h lo r o f o r m ,  w h i c h  a l l o w e d  

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

i s t i c s  a p p r o p r i a t e  f o r  a  m i x t u r e  ( 1 : 3 )  o f  cis:trans-l a u r e f u c i n  ( 1 9 0  m g , 

0 .0 1 9 % ) .  T h e  m o r e  p o l a r  c o m p o n e n t  ( 1 5 0  m g )  w a s  r e c r y s t a l l i z e d  f r o m  

2 0 %  d i e t h y l  e t h e r  in  h e x a n e  t o  y i e l d  t h e  d io l  1 3 ,  m p  1 2 3 - 1 2 4  ° C ,  [a]20D 
+  1 0 °  ( 2 .5 ,  C H C l s ' i ;  I R  ( C H C I 3 ) 3 6 3 0 ,  3 4 5 0 ,  2 9 6 0 ,  1 6 5 0 ,  1 4 6 0 ,  1 3 7 5  

c m “ 1 ; N M R  ( C D C 1 3 ) & 4 .8 6  ( s ,  2 H ) ,  4 . 1 1  ( d , 1 H ,  J  =  7  H z ) ,  3 .9 6  ( d d ,  

1 H ,  J  =  4 , 1 2  H z ) ,  2 .3 3  ( m , 1 H ) ,  1 . 7 4  ( s ,  3 H ) ,  1 . 4 1  ( s , 3 H ) ,  1 . 1 9  ( s , 3 H ) ;  

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 0 1 , 3 0 3  ( 1 : 1 )  ( 2 ) ,  2 8 3 ,2 8 5  ( 3 ) ,  

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

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

A n a l .  F o u n d :  C ,  5 6 . 5 1 ;  H ,  7 .8 8 ;  B r ,  2 4 .9 6 ;  C i s H ^ s C ^ B r  r e q u i r e s  C ,  

5 6 .7 8 ;  H ,  7 .9 4 ;  B r ,  2 5 . 1 9 .

Dehydrobromolaurefucin ( 9 )  and 7d,10a-Dihydroxy-3/S-iso- 
propyl-10-methyl-6-methylene- irans-cyclodecene (21). F r a c t i o n s  

2 9  a n d  3 0  w e r e  c o m b in e d  ( 1 .6 4  g )  a n d  r e c h r o m a t o g r a p h e d  o n  a  c o lu m n  

( 3 0  X  2 .5  c m )  c o n t a i n i n g  s i l i c a  g e l  ( 8 0  g )  in  3 0 %  d i e t h y l  e t h e r  in  c h l o 

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

3 0 %  d i e t h y l  e t h e r  in  c h lo r o f o r m  t o  d i e t h y l  e t h e r  l e d  t o  t w o  in t e r e s t i n g  

c o m p o n e n t s .  T h e  l e a s t  p o l a r  ( 6 7 0  m g )  w a s  r e c h r o m a t o g r a p h e d  o n  a  

c o lu m n  ( 2 0  X 2  c m )  c o n t a in in g  s i l i c a  g e l  ( 3 0  g )  in  d i e t h y l  e t h e r ,  w h ic h  

a l l o w e d  i s o l a t i o n  o f  a n  o i l  ( 3 0 0  m g , 0 .0 3 % )  c o n t a i n i n g  a  m i x t u r e  ( 1 : 1 )  

o f  cis:trans  d e h y d r o b r o m o l a u r e f u c i n  ( 9 ) :X max ( M e O H )  2 2 4  n m ;  I R  

( C H C ls )  3 5 0 0 , 3 3 5 0 ,  2 9 6 0 , 1 6 6 0  c m " 1 ; N M R  ( C D C I 3 ) ¿  6 .2 9  ( m , 0 .5  H ) ,

6 . 1 5  ( m , 0 .5  H ) ,  5 .6 4  ( m , 1 H ) ,  5 .5 9  ( m , 1 H ) ,  5 . 4 1  ( b d ,  1 H ,  J  =  1 2  H z ) ,

5 .0 3  ( b d , 1 H ,  J  =  1 3  H z ) ,  4 . 1 9  ( m , 1 H ) ,  4 .0 3  ( b s ,  1 H ) ,  3 .9 0  ( m , 2 H ) ,  3 . 1 3  

( d , 0 .5  H ,  J  =  2  H z ) ,  2 .8 3  ( d , 0 .5  H ,  J  =  2  H z ) ,  0 .9 5  ( t ,  3 H ,  J  =  7  H z ) ;  

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 )  2 4 8  ( 1 ) ,  2 3 3  ( 0 .5 ) ,  2 3 0  ( 0 .5 ) ,  

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

6 5  ( 9 0 ) ; h ig 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 ,  o b s e r v e d  2 4 8 . 1 4 0 ,  

C 1 5 H 20O 3 r e q u i r e s  2 4 8 . 1 4 1 .  T h e  m o r e  p o l a r  s o l i d  c o m p o n e n t  w a s  r e 

c r y s t a l l i z e d  f r o m  d i e t h y l  e t h e r  t o  y i e l d  7d,10ff-dihydroxy-3(3-iso- 
propyl-10/3-methyl-6-methylene-/raJis-cyclodecenc (21) ( 2 2 0  

m g , 0 .0 2 2 % ) : m p  1 1 8 - 1 2 0  ° C ;  [ a ] 20D + 5 5 °  ( 2 .5 ,  C H C 1 3) ; I R  ( C H C I 3 ) 

3 6 0 0 ,  3 4 3 0 ,  2 9 5 0 , 1 5 3 0 , 1 4 4 0 , 1 3 8 2 , 1 3 6 7  c m - 1 ; N M R  ( C D C I 3 ) 6 5 .2 7  

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

1 H ) ,  1 . 2 6  ( s ,  3 H ) ,  0 . 9 1  ( d ,  3 H ,  J  =  7  H z ) ,  0 .8 5  ( d , 3 H ,  J  =  7  H z ) ;  1 3 C  

N M R  ( C D C I 3 ) 1 5 1 . 0  ( s ) ,  1 3 7 . 6  ( d ) ,  1 2 9 . 9  ( d ) ,  1 1 1 . 4  ( t ) ,  7 8 .7  ( d ) ,  7 2 . 3  

( s ) , 4 9 .9  ( d ) ,  3 8 .6  ( d ) ,  3 2 .4  ( t ) ,  2 9 .9  ( t ) ,  2 9 .5  ( q ) ,  2 8 .3  ( t ,  2 C )  2 0 .6  (q , 2 C ) ;  

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 )  2 3 8  ( 1 ) ,  2 2 0  ( 7 ) ,  2 0 5  ( 5 ) ,  2 0 2  

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

4 1  ( 5 3 ) .  A n a l .  F o u n d :  C ,  7 5 . 7 5 ;  H ,  1 1 . 1 8 ;  C 1 5 H 26O 2 r e q u i r e s  C ,  7 5 . 6 3 ;  

H ,  1 0 .9 2 .

Isomerization of 7-Hydroxylaurene (2) to the Cyclic Ether 5.
S t o r a g e  o f  7 - h y d r o x y l a u r e n e  ( 2 )  ( 1 2 5  m g )  in  d i e t h y l  e t h e r  s o lu t io n  (3  

m L )  a t  —2 0  ° C  f o r  1 2  m o n t h s  f o l lo w e d  b y  p r e p a r a t i v e  T L C  o n  a  s i l i c a  

g e l  p la t e  (2 0  X  2 0  X  0 . 1 5  c m )  u s in g  h e x a n e  a s  a n  e lu e n t  y ie ld e d  a  c y c l i c  

e t h e r  5  ( 8 5  m g ) ;  I R  ( n e a t )  2 8 5 0 , 1 5 1 6 , 1 5 7 0 , 1 1 7 0 , 1 1 1 0  c m ' 1 ; N M R  

( C D C I 3 ) 5 7 .0 0  ( d ,  1 H ,  J  =  7  H z ) ,  6 .6 5  ( d , 1 H ,  J  =  7  H z ) ,  6 . 5 5  ( s ,  1 H ) ,  

2 .2 4  ( s ,  3 H ) ,  2 . 1 - 1 . 5  ( m , 4 H ) ,  1 . 4 9  ( q , 1 H ,  J  =  7  H z ) ,  1 . 3 9  ( s ,  3 H ) ,  1 . 3 4  

(s , 3 H ) ,  0 .7 6  (d , 3 H ,  J  =  7  H z ) ;  m a s s  s p e c t r u m  m /e  ( r e la t iv e  in t e n s it y )  

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

( 3 0 ) ,  9 1  ( 3 5 ) ,  7 9  ( 2 5 ) ,  7 7  ( 3 0 ) ,  6 9  ( 2 0 ) ,  6 7  ( 1 5 ) ,  6 5  ( 1 5 ) ,  5 7  ( 2 0 ) ,  5 5  ( 3 0 ) .  

W h e n  t e s t e d  f o r  a n t i m i c r o b i a l  a c t i v i t y  a g a i n s t  S. aureus, t h i s  m a t e r i a l  

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

Oxidation of Dehydrobromolaurefucin (9) to Ketone 10.
D e h y d r o b r o m o l a u r e f u c i n  (9 )  ( c i s : t r a n s ,  1 : 1 ,  1 5  m g ,  0 .0 6  m m o l)  w a s  

d i s s o l v e d  in  d i c h lo r o m e t h a n e  (4  m L )  a n d  s t i r r e d  a t  2 5  ° C .  A  s o lu t io n  

o f  t h e  p y r i d i n e  c o m p l e x  o f  c h r o m i c  o x i d e  ( 0 .3 6  m m o l)  in  d i c h l o r o 

m e t h a n e  ( 0 .9  m L )  w a s  a d d e d  d r o p w is e ,  a n d  t h e  r e s u l t in g  m ix t u r e  w a s  

s t i r r e d  f o r  1 5  m i n  a t  2 5  ° C .  W a t e r  ( 5  m L )  w a s  a d d e d ,  a n d  t h e  o r g a n ic  

m a t e r i a l  w a s  e x t r a c t e d  w i t h  d i c h l o r o m e t h a n e  ( 2  X  1 0  m L ) .  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 s  w e r e  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  l e a v e  a  b r o w n  o i l  ( 1 8  m g )  w h i c h  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 i c  o n  s i l i c a  g e l  ( 2 0  X  2 0  X  0 .0 2 5  c m )  u s in g  d i e t h y l  e t h e r  

a s  a n  e l u e n t  t o  o b t a i n  t h e  k e t o n e  1 0  ( m i x t u r e  o f  c i s : t r a n s  1 : 1 , 1 2  m g )  

a s  a n  o i l: \max ( M e O H )  2 2 3  n m ; I R  ( n e a t )  3 1 8 0 ,  2 8 6 0 , 1 6 8 0 , 1 4 5 0 , 1 3 7 0 ,  

1 3 2 0  c m " 1 ; N M R  ( C D C I 3 ) & 6 .2 6  ( m , 0 . 5  H ) ,  6 . 1 4  ( m , 0 .5  H ) ,  6 . 1 4  (d , 

1 H ,  J  =  1 2  H z ) ,  5 . 8 1  ( b d ,  1 H ,  J  =  1 2  H z ) ,  5 .6 5  ( d , 0 .5  H ,  J  =  1 6  H z ) ,

5 . 5 7  ( d , 0 .5  H ,  J  =  9  H z ) ,  4 . 2 7  ( m , 2 H ) ,  3 .9 8  ( m , 2 H ) ,  3 . 1 2  ( d , 0 .5  H ,  J  
=  2  H z ) ,  2 .9 5  ( d , 0 .5  H ,  J  =  2  H z ) ,  2 . 0 - 2 . 5  ( m , 3 h ) ,  2 .0 2  ( m , 1 H ) ,  1 . 6 6  

( m , 2 H ) ,  0 .9 7  ( t ,  3 H ,  J  =  7  H z ) ;  m a s s  s p e c t r u m  m /e  ( r e la t iv e  in t e n s i t y )  

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

( 1 0 ) ,  1 2 9  ( 3 0 ) ,  1 0 5  ( 9 0 ) , 1 0 3  (4 0 ) , 9 5  (6 0 ) , 9 1  ( 5 5 ) ,  8 1  ( 1 0 0 ) ,  6 5  ( 4 5 ) ;  h ig h  

r e s o lu t io n  m a s s  m e a s u r e m e n t ,  o b s e r v e d  2 4 6 . 1 2 5 8 ,  C r g H is O s  r e q u i r e s  
2 4 6 . 1 2 5 1 .

Oxidation of Laurefucin (7) to the Ketone 11. L a u r e f u c i n  (7) 
( m i x t u r e  c i s : t r a n s ,  1 : 3 , 1 5  m g ,  0 .0 5  m m o l)  w a s  d i s s o l v e d  in  d i c h l o r o 

m e t h a n e  ( 1  m L )  a n d  s t i r r e d  a t  2 5  ° C .  A  s o l u t i o n  o f  t h e  p y r i d i n e  

c o m p l e x  o f  c h r o m i c  o x i d e  ( 0 .3  m m o l)  in  d i c h l o r o m e t h a n e  ( 0 .8  m L )  

w a s  a d d e d  d r o p w is e ,  a n d  t h e  r e s u l t i n g  m i x t u r e  w a s  s t i r r e d  f o r  3 0  m in  

a t  2 5  ° C .  W a t e r  ( 5  m L )  w a s  a d d e d ,  a n d  t h e  m i x t u r e  w a s  e x t r a c t e d  w i t h  

d i e t h y l  e t h e r  ( 3  X  1 0  m L ) .  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  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  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  a n  o i l  

( 1 8  m g )  w h ic h  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 i c  o n  a  s i l i c a  g e l  p la t e  ( 2 0  

X 2 0  X  0 .0 2 5  c m )  u s i n g  d i e t h y l  e t h e r  a s  a n  e l u e n t  t o  y i e l d  t h e  k e t o n e  

1 1  ( m i x t u r e  c i s : t r a n s ,  1 : 3 , 1 2  m g )  a s  a n  o i l :  Amax ( M e O H )  2 2 4  n m ;  I R  

( C H C I 3 ) 3 1 1 0 ,  2 8 5 0 , 1 7 2 0 , 1 4 6 0 , 1 3 8 5 ;  N M R  ( C D C 1 3) 5 6 . 1 9  ( m , 0 .8  H ) ,

6 .0 5  ( m , 0 .2  H ) ,  5 . 5 7  ( d ,  0 .8  H, J  =  1 6  H z ) ,  5 .5 0  ( b d ,  0 .2  H ,  J  =  9  H z ) ,

4 .2 8  ( d , 1 H ,  J  =  8  H z ) ,  4 . 2 0  ( b s ,  1 H ) ,  3 . 9 5  ( m , 2 H ) ,  3 . 6 1  ( t ,  1 H ,  J  =  9

H z ) ,  3 1 1  ( d , 0 .2  H ,  J  =  2  H z ) ,  2 .9 8  ( m , 2 H ) ,  2 .8 2  ( d ,  0 .8  H ,  J  =  2  H z ) ,

2 . 5 1  ( m , 1 H ) ,  2 . 1 2  ( m , 2 H ) ,  1 . 6 4  ( m , 2 H ) ,  1 . 2 7  ( m , 1 H ) ,  0 .9 8  ( t ,  3 H ,  J  
=  7  H z ) ;  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 2 6 , 3 2 8  ( 1 : 1 )  ( 0 . 1 ) ,  

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

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

6 5  ( 3 0 ) ,  5 7  ( 2 0 ) ,  5 5  ( 5 0 ) .
Treatment of Ketone 11 with Methanolic Potassium Hy

droxide Solution. T h e  k e t o n e  1 1  (4  m g , 0 . 0 1  m m o l ,  c i s : t r a n s ,  1 : 3 )  w a s  

d i s s o lv e d  in  m e t h a n o l ic  p o t a s s iu m  h y d r o x i d e  s o lu t io n  ( 0 .5  N ,  1 . 0  m L )  

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

t r a l i z e d  w i t h  0 .5  N  h y d r o c h l o r i c  a c i d  s o l u t i o n  a n d  t h e  p r o d u c t  e x 

t r a c t e d  w i t h  d i e t h y l  e t h e r  ( 3  X  1 0  m L ) .  T h e  c o m b i n e d  e x t r a c t s  w e r e  

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  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  

a n  o i l  ( 3  m g )  w h i c h  w a s  p u r i f i e d  o n  p r e p a r a t i v e  s i l i c a  g e l  T L C  u s i n g  

d i e t h y l  e t h e r  a s  e l u e n t  t o  g iv e  t h e  k e t o n e  1 2  ( 2  m g ,  c i s : t r a n s ,  1 : 3 ) :  Amax 

( M e O H )  2 2 4  n m ;  I R  ( n e a t )  3 1 5 0 , 2 8 2 0 , 1 7 1 5 ;  N M R  ( C D C 1 3 ) 5  6 . 1 6  ( m , 

0 . 5  H ) ,  6 .0 4  ( m , 0 .5  H ) ,  5 . 5 7  ( d , 0 .5  H ,  J  =  1 5  H z ) ,  5 .5 0  ( d ,  0 .5  H ,  J  =  
9  H z ) ,  4 . 2 3  ( m , 1 H ) ,  4 . 1 4  ( b s ,  1 H ) ,  3 .9 3  ( m , 1 H ) ,  3 . 3 6  ( s ,  3 H ) ,  3 . 3 0  ( m , 

2 H ) ,  3 .0 8  ( d ,  0 .5  H ,  J  =  2  H z ) ,  2 . 9 1  ( d , 0 . 5  H ,  J  =  2  H z ) ,  2 . 9 - 2 . 5  ( m , 

4 H ) ,  2 .0 6  (m , 1 H ) ,  1 . 8 2  ( m , 2 H ) ,  1 . 4 4  (m , 1 H ) ,  0 .9 5  ( t ,  1 . 5  H ,  J  =  7  H z ) ,  

0 .9 4  ( t ,  1 . 5  H ,  J  =  7  H z ) ;  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 )  2 7 8

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

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

6 5  ( 5 3 ) ;  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 ,  o b s e r v e d  2 7 8 . 1 5 2 1 ,  

C 16 H 2 2 O 4 r e q u i r e s  2 7 8 . 1 5 2 1 .

Treatment of Ketone 10 with Methanolic Potassium Hy
droxide Solution. T h e  k e t o n e  10 ( 1 0  m g ,  0 .0 4  m m o l ,  c i s : t r a n s ,  1 : 1 )  

w a s  d i s s o lv e d  in  m e t h a n o l ic  p o t a s s i u m  h y d r o x i d e  s o lu t io n  ( 0 .5  N ,  2 .0  

m L )  a n d  t h e  s o l u t i o n  w a s  s t i r r e d  f o r  1  h  a t  2 5  ° C .  T h e  r e a c t i o n  w a s  

w o r k e d  u p  a c c o r d i n g  t o  t h e  p r o c e d u r e  a b o v e  t o  o b t a i n  t h e  k e t o n e  1 2  

( 7  m g , c i s : t r a n s ,  1 : 1 ) , id e n t ic a l  e x c e p t  f o r  t h e  c i s : t r a n s  o le f in  r a t i o s  w i t h  

t h e  c o m p o u n d  o b t a i n e d  a b o v e .

Acetylation of the Diol 13. T h e  d i o l  13 ( 2 0  mg, 0 .0 6  m m o l)  w a s  

d i s s o lv e d  in  a  m ix t u r e  o f  a c e t ic  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  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  f o r  1 6  h  a t  r o o m  t e m p e r a t u r e .  

T h e  r e a g 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 u r i f i e d  o n  

a s i l i c a  g e l  p l a t e  ( 2 0  X  2 0  X  0 .0 2 5  c m )  u s i n g  d i e t h y l  e t h e r  a s  e l u e n t  t o  

o b t a i n  t h e  a c e t a t e  1 5  ( 1 7  m g ,  7 5 %  t h e o r e t i c a l )  a s  a n  o i l :  I R  ( C H C 1 3 ) 

2 9 8 0 , 1 7 1 0 , 1 6 6 0 , 1 5 3 0 , 1 4 3 0 , 1 3 6 0  c m " 1 ; N M R  ( C D C I 3 ) 6 5 .4 4  ( d , 1 H ,  

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

( m , 1 H ) ,  2 .3 4  ( m , 1 H ) ,  2 .0 4  ( s ,  3 H ) ,  1 . 7 8  ( s ,  3 H ) ,  1 . 3 0  ( s ,  3 H ) ,  1 . 1 8  ( s ,  

3 H ) ;  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 4 3 , 3 4 5  ( 1 : 1 )  ( 1 ) ,  3 1 6 , 3 1 8  

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

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

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

Benzoylation of the Diol 13. T h e  d i o l  13 ( 1 7  m g ,  0 .0 5  m m o l)  w a s  

d i s s o l v e d  in  a  m i x t u r e  o f  b e n z o y l  c h lo r i d e  ( 0 .5  m L )  a n d  p y r i d i n e  ( 1  

m L )  a n d  t h e  r e s u l t i n g  s o l u t i o n  t r e a t e d  a c c o r d i n g  t o  t h e  p r e v i o u s  

p r o c e d u r e  ( e x c e p t  2 0 %  e t h e r  in  h e x a n e )  t o  o b t a i n  t h e  b e n z o a t e  ( 1 2  

m g , 5 3 %  t h e o r e t i c a l ) ,  [ a ] 20o  — 1 7 °  (c  =  1 . 2 ,  C H C 1 3 ).

T h e  D i o l  1 4 .  A  s o lu t io n  o f  t h e  a c e t a t e  1 6  ( 2 0  m g ,  0 .0 6  m m o l)  in  d r y  

e t h e r  ( 1  m L )  w a s  a d d e d  t o  a  s t i r r e d  s u s p e n s i o n  o f  l i t h i u m  a l u m i n i u m  

h y d r id e  ( 1 0 0  m g , 3  m m o l)  in  d r y  e t h e r  (4  m L )  a t  —7 8  ° C .  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  —5  ° C  a n d  a l l o w e d  t o  s t i r  f o r  a n  

a d d i t i o n a l  1 5  m in .  E t h y l  a c e t a t e  ( 1  m L )  w a s  a d d e d  c a u t i o u s l y ,  f o l 

lo w e d  b y  w a t e r  ( 0 .3  m L ) ,  3  N  p o t a s s i u m  h y d r o x i d e  s o lu t io n  ( 0 .3  m L )  

a n d  w a t e r  ( 1 . 0  m L ) .  T h e  p r e c i p i t a t e  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  

w a s h e d  w i t h  e t h e r  ( 3  X  1 0  m L ) .  T h e  c o m b i n e d  e x t r a c t s  w e r e  d r i e d  

o v e r  m a g n e s iu 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 n  o i l  ( 1 3  

m g ) .  T h e  c r u d e  p r o d u c t  w a s  p u r i f i e d  b y  T L C  o n  a  s i l i c a  g e l  p l a t e  ( 2 0  

X  2 0  X  0 .0 2 5  c m )  u s i n g  e t h e r  a s  e l u e n t  t o  o b t a i n  t h e  d i o l  1 4  ( 1 0  m g ,  

5 7 %  t h e o r e t i c a l ) :  I R  ( n e a t )  3 2 0 0 , 2 8 0 0 , 1 6 4 0 , 1 3 8 0  c m - 1 ; N M R  ( C D C 1 3) 

S 5 . 0 1  ( s ,  1 H ) ,  4 .8 9  ( s ,  1 H ) ,  4 . 4 1  ( b s ,  1 H ) ,  4 .0 6  ( d d ,  1 H ,  J  =  4 , 1 2  H z ) ,  

2 . 5 3  ( m , 1 H ) ,  2 . 3 5  ( m , 1 H ) ,  1 . 7 5  (s , 3 H ) ,  1 . 3 4  ( s , 3 H ) ,  1 . 1 8  ( s ,  3 H ) ;  m a s s  

s p e c t r u m  m /e  ( r e la t iv e  in t e n s i t y )  2 9 8 ,3 0 0  ( 1 : 1 )  ( 3 ) ,  2 8 3 ,2 8 5  ( 2 ) ,  2 5 5 ,2 5 7

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

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

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

5 5  ( 2 6 ) ,  4 3  ( 3 9 ) ,  4 1  ( 1 8 ) .

Oxidation of Diols 13 and 14 to the Ketone 17. J o n e s ’ r e a g e n t  (40 
mL ,  0.04 m m m o l  o f  C r 0 3 ) w a s  a d d e d  d r o p w is e  t o  a  s t i r r e d  s o l u t i o n  o f  

e i t h e r  d i o l  13 o r  14 (10 m g , 0.04 m m o l)  in  d r y  a c e t o n e  ( 2  m L )  a t  0 ° C .  

A f t e r  15 m i n ,  t h e  r e a c t i o n  m i x t u r e  w a s  q u e n c h e d  w i t h  w a t e r  (2 m L )  

a n d  t h e  o r g a n i c  m a t e r i a l  e x t r a c t e d  w i t h  d i e t h y l  e t h e r  (3 X 10 m L ) .  

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

s o lv e n t  e v a p o r a t e d  t o  y ie ld  a n  o i l  (9  m g )  w h ic h  w a s  p u r i f i e d  o n  a  s i l i c a  

g e l  p la t e  (20 X 20 X 0.025 c m )  u s i n g  d i e t h y l  e t h e r  a s  e l u e n t  t o  o b t a i n  

t h e  k e t o n e  17 (6 m g , 60% t h e o r e t i c a l ) .  B o t h  a l c o h o l s  13 a n d  14 g a v e  

t h e  s a m e  k e t o n e  17, h a v i n g  i d e n t i c a l  p r o p e r t i e s  w i t h  t h e  e x c e p t i o n  

o f  t h e  o p t i c a l  r o t a t i o n s ,  w h i c h  w e r e :  [a]20D —71° (0.5, C H C I 3 ) f r o m
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1 3 ,  [ a ] 20D - 5 3 °  ( 1 .2 , C H C l g )  f r o m  1 4 :  I R  ( C H C lg )  3 6 5 0 ,  2 9 8 0 ,  1 6 7 5 ,  

1 6 3 5 , 1 4 6 0 , 1 3 8 0 , 1 3 3 0  c m “ 1 ; \ ma*  2 1 9  n m ;  N M R  ( C D C 1 3 ) 5 6 .0 5  ( s ,  

1 H ) ,  5 .8 4  ( s ,  1 H ) ,  4 . 1 1  ( d d ,  1 H ,  J  =  4 , 1 2  H z ) ,  3 . 7 7  ( d t ,  1 H ,  J  =  4 , 1 1 ,  

1 1  H z ) ,  1 . 9 1  ( s ,  3 H ) ,  1 . 2 4  ( s ,  3 H ) ,  0 . 9 1  ( s ,  3 H ) ;  m a s s  s p e c t r u m  m / e  

( r e la t iv e  i n t e n s i t y )  2 9 9 , 3 0 1  ( 1 : 1 )  ( 5 ) ,  2 9 6 ,2 9 8  ( 7 ) ,  2 4 5 ,2 4 7  ( 1 7 ) ,  2 2 7 ,2 2 9  

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

( 1 0 0 ) ;  h ig 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 ,  o b s e r v e d  3 0 1 . 0 6 2 5 ,  

C i 4H 2o0 2B r  r e q u i r e s  3 0 1 . 0 6 2 1 .

Ozonolysis of Ketone 1 7 .  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 le d  

t h r o u g h  a  s o lu t io n  o f  t h e  k e t o n e  1 7  ( 3  m g ,  0 . 0 1  m m o l)  in  m e t h a n o l  ( 3  

m L )  a t  - 7 8  ° C  f o r  2  m in .  T h e  r e s u l t i n g  b l u e  s o l u t i o n  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  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 y s t a l l i n e  

a c i d  ( 2  m g ) ,  m p  1 5 2 - 1 5 3  ° C .  T h e  a c i d  w a s  d i s s o l v e d  in  d r y  e t h e r  a n d  

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

t e m p e r a t u r e  f o r  3 0  m in .  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  y i e l d  t h e  

m e t h y l  e s t e r  18 ( 2  m g ,  7 0 %  t h e o r e t i c a l )  a s  a n  o i l :  [ a ] 20n  - 5 °  ( 1 . 9 ,  

C H C la ) ] ;  I R  ( C H C 1 3) 3 5 6 0 , 2 9 6 0 , 1 7 3 0 , 1 4 6 0 , 1 3 8 5  c m * 1 ; N M R  ( C D C 1 3) 

8 3 .9 4  ( d d ,  1 H ,  J  =  4 , 1 3  H z ) ,  3 .6 2  ( s ,  3 H ) ,  2 .9 2  ( d t ,  1 H ,  J  =  4 , 1 2 , 1 2  

H z ) ,  1 . 1 1  ( s ,  3 H ) ,  1 . 0 0  ( s ,  3 H ) ;  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 )  

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

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

( 5 2 ) .

Ozonolysis of Oppositol ( 1 ) .  A  s t r e a m  o f  o z o n e  i n  o x y g e n  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  o p p o s i t o l  ( 1 )  ( 7 0  m g ,  0 .3  m m o l)  in  

m e t h a n o l  ( 2 5  m L )  a t  —7 8  ° C  f o r  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  

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

r o f o r m  ( 2 5  m L )  a n d  t h e  a c i d  e x t r a c t e d  w i t h  1  N  s o d i u m  b i c a r b o n a t e  

s o lu t io n  ( 3  X  2 5  m L ) .  T h e  e x t r a c t s  w e r e  a c i d i f i e d  t o  p H  1  w i t h  3  N  

h y d r o c h lo r ic  a c i d  a n d  t h e  a c i d  e x t r a c t e d  w i t h  c h lo r o f o r m  ( 3  X  2 5  m L ) .  

T h e  c o m b in e d  e x t r a c t s  w e r e  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 lv e n t  

e v a p o r a t e d  t o  y i e l d  a  c r y s t a l l i n e  a c i d ,  m p  1 5 2 - 1 5 3  ° C .  T h e  m e t h y l  

e s t e r  1 8 ,  p r e p a r e d  a s  in  t h e  p r e v i o u s  p r o c e d u r e ,  w a s  i d e n t i c a l  in  a l l  

r e s p e c t s  w i t h  t h e  m a t e r i a l  f r o m  k e t o n e  1 7 .

Dehydration of Oplopanone (20). P h o s p h o r u s  o x y c h l o r i d e  ( 4 5  

mL ,  7 5  m g ,  0 .5  m m o l)  w a s  a d d e d  d r o p w i s e  t o  a  s t i r r e d  s o l u t i o n  o f  

o p lo p a n o n e  ( 2 .5  m g ,  0 . 0 1  m m o l)  in  d r y  p y r i d i n e  ( 0 .5  m L )  a t  0  ° C .  T h e  

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  2 5  ° C  f o r  2 4  h  a n d  q u e n c h e d  w i t h  w a t e r  

( 1  m L ) .  T h e  o r g a n i c  m a t e r i a l  w a s  e x t r a c t e d  w i t h  e t h e r  ( 2  X  1 0  m L )  

a n d  t h e  c o m b i n e d  e x t r a c t s  w e r e  w a s h e d  w i t h  3  N  h y d r o c h l o r i c  a c i d  

( 3  X  1 0  m L ) .  T h e  e x t r a c t  w a s  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  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  y i e l d  8 ( 1 5 ) - d e h y d r o o p l o p a n o n e  (26) ( 2  m g , 

8 7 %  t h e o r e t i c a l )  m p  6 7 - 6 8  ° C ;  I R  ( C H C 1 3 ) 2 9 8 0 ,  1 7 1 0 ,  1 6 6 0 ,  1 5 3 0 ,  

1 4 3 0 , 1 3 6 0  c m “ 1 ; N M R  ( C D C 1 3) & 4 . 6 1  ( s ,  1 H ) ,  4 . 5 1  ( s ,  1 H ) ,  2 . 6 1  ( m , 

1 H ) ,  2 .3 6  ( m , 1 H ) ,  2 .0 9  ( s ,  3 H ) ,  0 .8 9  ( d ,  3 H ,  J  =  7  H z ) ,  0 .6 4  ( d ,  3 H ,  J  
=  7  H z ) ;  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 )  2 2 0  ( 1 7 ) ,  2 0 5  ( 4 ) ,  2 0 2

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

1 1 9  ( 3 5 ) ,  1 0 7  ( 7 8 ) ,  9 5  ( 7 5 ) ,  9 3  ( 6 7 ) ,  9 1  ( 6 0 ) ,  8 1  ( 7 5 ) ,  5 9  ( 8 0 ) ;  h ig 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 ,  o b s e r v e d  2 2 0 . 1 8 1 7 ,  C 1 5 H 24O  r e q u i r e s  
2 2 0 . 1 8 2 1 .

Dehydration of the Diol 21. ( a )  D i m e t h y l  s u l f o x i d e  ( 1 7 0  pL), 
p y r i d i n e  ( 3  pL), t r i f l u o r o a c e t i c  a c i d  ( 2  /u L ), a n d  d i c y c l o h e x y l c a r b o -  

d i i m i d e  ( 2 5  m g ,  0 . 1 2  m m o l)  w e r e  a d d e d ,  i n  o r d e r ,  t o  a  s o l u t i o n  o f  t h e  

d i o l  21 ( 1 0  m g ,  0 .0 4  m m o l)  in  d i c h l o r o m e t h a n e  ( 1 7 0  pL) a n d  t h e  

m i x t u r e  w a s  a l l o w e d  t o  s t a n d  a t  2 5  ° C  f o r  2 4  h .  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 u l t i n g  b r o w n  o i l  c h r o m a t o g r a p h e d  o n  a  s i l i c a  

g e l  p l a t e  ( 2 0  X  2 0  X  0 .0 2 5  c m )  u s i n g  2 5 %  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  8 ( 1 5 ) - d e h y d r o o p l o p a n o n e  (26) ( 7  m g ,  7 5 %  t h e o r e t i c a l ) ,  m p

6 7 - 6 8  ° C .  (b )  A 1 2 %  s o lu t io n  o f  p h o s g e n e  in  b e n z e n e  ( 5  m L )  w a s  a d d e d  

d r o p w i s e  t o  a  s o l u t i o n  o f  t h e  d i o l  ( 1 0  m g ,  0 .0 0 4  m m o l)  in  b e n z e n e  ( 1  

m L )  c o n t a in in g  p y r id in e  ( 1 . 5  m L )  a n d  t h e  r e a c t io n  m i x t u r e  w a s  s t i r r e d  

f o r  2  h  a t  2 5  ° C .  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  o n t o  ic e  ( 1 0  g )  a n d  

t h e  o r g a n i c  m a t e r i a l  e x t r a c t e d  w i t h  e t h e r  ( 3  X  2 0  m L ) .  T h e  c o m b in e d  

e x t r a c t s  w e r e  w a s h e d  w i t h  3  N  n y d r o c h lo r i c  a c i d  ( 2  X  2 5  m L ) ,  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  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  

8 ( 1 5 ) - d e h y d r o o p l o p a n o n e  ( 1 0  m g ) ,  i d e n t i c a l  in  a l l  r e s p e c t s  w i t h  t h e  

a u t h e n t i c  s a m p l e .

7-Acetoxy-10-hydroxy-3-isopropyl-10-methyl-6-methylene- 
fcrans-cyclodecene (25). T h e  d i o l  21 ( 5  m g , 0 .0 2  m m o l)  w a s  d i s s o lv e d  

in  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  m L ) ,  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  s t i r r e d  f o r  1 6  h  a t  2 5  ° C .  T h e  s o l v e n t s  w e r e  e v a p o r a t e d  

in  v a c u o  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  o n  a  s i l i c a  g e l  p la t e  ( 5  X  2 0  

X  0 .0 2 5  c m )  u s i n g  d i e t h y l  e t h e r  a s  e l u e n t  t o  o b t a i n  t h e  m o n o a c e t a t e  

25 ( 3  m g ,  5 1 %  t h e o r e t i c a l  a s  a n  o i l :  N M R  ( C D C 1 3) 6  5 . 3 5  ( d ,  2 H ,  J  =  
6  H z ) ,  5 .2 0  ( s , 1 H ) ,  5 .0 2  ( d d , 1 H ,  J  =  8 , 3  H z ) ,  5 .0 0  ( s , 1 H ) ,  1 . 9 8  ( s , 3 H ) ,

1 . 2 8  ( s ,  3 H ) ,  0 .8 8  i d ,  3 H ,  J  =  7  H z ) ,  0 .8 3  ( d , 3 H ,  J  =  7  H z ) ;  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 )  2 3 8  ( 2 ) ,  2 2 0  ( 1 0 ) ,  2 0 5  ( 5 ) ,  2 0 2  ( 5 ) ,  

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

Synthesis of l-Hydroxyalloaromadendrene (27). S e l e n i u m  

d i o x i d e  ( 5 5  m g ,  0 .4 9  m m o l)  w a s  a d d e d  in  a  s i n g le  p o r t i o n  t o  a  s o lu t io n  

o f  a l l o a r o m a d e n d r e n e  ( 1 0 0  m g ,  0 .4 6  m m o l)  in  9 5 %  e t h a n o l  ( 2 5  m L )  

a t  7 0  ° C .  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  f o r  2  h ,  t h e n  c o n c e n t r a t e d  

i n  v a c u o  t o  1 0  m l .  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  s o d i u m  b i 

c a r b o n a t e  s o l u t i o n  ( 2 0  m L )  a n d  e t h e r  ( 3  X  5 0  m L ) .  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  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  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 n  o i l  ( 9 2  m g )  w h i c h  w a s  p u r i f i e d  o n  a  s i l i c a  g e l  

p la t e  ( 2 0  X  2 0  X  0 . 1 5  c m )  u s in g  3 5 %  e t h e r  in  h e x a n e  a s  e lu e n t  t o  o b t a i n  

1 - h y d r o x y a l l o a r o m a d e n d r e n e  ( 2 5  m g ,  2 3 %  t h e o r e t i c a l ) ,  i d e n t i c a l  in  

a l l  r e s p e c t s  e x c e p t  o p t i c a l  r o t a t i o n ,  [a]20D - 1 0 5 °  ( 1 . 7 ,  C H C 1 3 ) , w i t h  

t h e  n a t u r a l  a lc o h o l .
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E s t e r s  o f  7 - m e t h o x y - l , 2 , 3 , 9 , 1 0 , 1 0 a - h e x a h y d r o p h e n a n t h r e n e - 1 0 a - c a r b o x y l i c  a c id  h a v e  b e e n  s y n t h e s i z e d  b y  t w o

r o u t e s .  R e d u c t i o n  p r o v i d e d  7 - m e t h o x y - 1 0 a - h y d r o x y m e t h y l - l , 2 , 3 , 9 , 1 0 , 1 0 a - h e x a h y d r o p h e n a n t h r e n e  ( 1 ) ,  w h o s e  c is  

( 2 )  a n d  t r a n s  ( 3 )  r e d u c t i o n  p r o d u c t s  h a v e  p r e v i o u s l y  b e e n  c h a r a c t e r i z e d .  T r e a t m e n t  o f  1  w i t h  L i A l H 4 in  r e f l u x i n g  

d i b u t y l  e t h e r  g a v e  9 0 %  o f  a  9 5 : 5  m i x t u r e  o f  2  a n d  3 ,  i m p l y i n g  i n t e r n a l  h y d r i d e  t r a n s f e r  a n d  a  c y c l i c  A 1  s p e c i e s .  T h e  

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

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

R e d u c t i o n  o f  1  a n d  o f  i t s  s a l t s  w i t h  i n s u f f i c i e n c i e s  o f  N 2 H 2  g a v e  4 8 - 6 0 %  c o n v e r s i o n s  t o  m i x t u r e s  c o n t a i n i n g  t h e  f o l 

l o w in g  r a t i o s  o f  2  a n d  3 : 1  ( p u r e  2 ) ,  L i  ( 9 9 : 1 ) ,  N a  ( 5 8 :4 2 ) ,  K  ( 5 2 :4 8 ) .  T h e s e  r e s u l t s  a r e  d i s c u s s e d  in  t e r m s  o f  a t t r a c t i v e  

e l e c t r o s t a t i c  v s .  r e p u l s i v e  s t e r i c  i n t e r a c t i o n s .

We have already reported instances of the use of sub
strate hydroxymethyl groups to control the sterochemistry 
of olefin reduction in heterogeneous1,3 and homogeneous4 
catalytic hydrogenation. The availability of compound 1 and 
its cis and trans reduction products 2 and 3 in connection with 
some of these studies,1,4 prompted us to examine several 
methods of using the hydroxymethyl group in 1 as a reagent

guide or “hinge” in other olefin reduction processes. Com
pound 1 seemed well suited to this kind of study for reasons 
similar to those which had made it attractive for hydrogena
tion studies,1 viz., planarity (apart from the CH2OH) so that 
both sides of the molecule are accessible, stereochemical 
simplicity, and positional stability of the styrene double bond. 
In addition, 1 combines a reasonable degree of crystallinity 
with sufficiently low molecular weight to allow VPC analysis 
and is readily available by reduction of the corresponding 
esters 10 and 15. As indicated in Scheme I, these esters were 
synthesized by two independent routes, the previously re
ported5 Friedel-Crafts cyclization providing 15 in an overall 
yield of 2 3 %  from 11, and the alternate route through com
pounds 4-9 giving 10 in 2 6 %  yield; the relationship of 10 and 
15 was demonstrated by transesterification. We have pre
viously described the sequences used to establish the stereo
chemistry of the cis and trans reduction products 2 and 3.1

The reactions we wished to examine were ones for which 
reports exist of successful utilization of a hydroxyl group as 
an internal proton donor or reagent hinge. However, in both 
of the instances reported here the use of the hydroxyl group 
for stereo- or even regioselective control has been successfully 
demonstrated in only a single case or single series of com
pounds. We have examined these reactions mechanistically 
and for wider utility by applying them to system 1.

Lithium Aluminum Hydride Reduction of 1. The general 
rule that alkenes are not reduced by LiAlH4 at ordinary 
pressures and temperatures6 has a number of exceptions.7 
Almost all involve conjugated double bonds which are polar
izable in such a way as to provide stabilization for the negative 
charge localized on the carbon where a C-Al bond is formed. 
Thus in essence these exceptions entail conjugate addition of 
hydride. Several of the systems involved, such as a,/J-unsat- 
urated carbonyl compounds,8 are ones providing such good
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anion stabilization that they normally undergo a wide variety 
of other conjugate additions. Others, such as diphenylethy- 
lenes,9 do not and require generally higher reaction temper
atures, while some compensate for poorer anion stabilization 
by permitting intramolecular hydride addition and incorpo
ration of the C-Al bond into relatively unstrained rings.10 The 
well known cinnamyl case,7,11 in which carbonyl reduction 
precedes alkene reduction, falls into the last category.

The only examples we are aware of involving reactions at 
“normal” temperatures which do not involve such conjugate 
addition also fall into the last category and happen as well to 
be the sole examples which demonstrate regio- or stereo
chemical control by the group which confers intramolecularity. 
These are all reductions on variants of the homallylic systems 
16 and 17.12 The reactivity of 16 and 17 is evidently the result 
of a fortuitous arrangement of bonds and angles in a highly
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rigid system, and possibly also a result of the strained char
acter of such alkenes.6c>12c

In 1 we were able to examine a case which, like cinnamyl 
systems, has only modest carbanion stabilization by a single 
phenyl, combined with the geometry for formation of a 5- 
membered A1 ring. However 1 differs markedly from cinnamyl 
systems in the requirement of a 7-center hydride-transfer 
process in place of a 5-center one. Our results indicate that this 
change is drastically detrimental to olefin reduction. Suc
cessive attempts at reduction of 1 with LiAlH4 in Et20, THF, 
DME, and dioxane established that the reaction does not 
proceed at a synthetically useful rate at the reflux tempera
tures of these solvents. However, in refluxing dibutyl ether 
(142 °) the reduction proceeded with a half-life on the order 
of 4 h, so that after 24-30 h the reaction was essentially com
plete and 90% yields of a mixture of 2 and 3 were isolable. 
Although several groups have reported increased rates of al- 
kene reduction in more basic ethereal solvents,11'-13 we desired 
a system whose temperature would be self-regulated by reflux 
and so did not explore the use of diglyme (bp 162 °C). We 
observed no evidence of the cyclopropane formation en
countered in high-temperature LiAlH4 treatment of cinnamyl 
systems.14

There are three obvious sources for this large diminution 
in the rate of reduction of 1 compared to cinnamyl alcohol: the 
presence of a deactivating p-methoxyl group, an additional 
alkyl substituent on the double bond, and the requirement of 
a 7-centered process for hydride transfer. Consistent with the 
accepted intramolecular mechanism, presence of para elec
tron-donating groups has been found to decrease the rate of 
such styrene reductions by LiAlH4. Two studies provide direct 
rate data on ethereal LiAlH4 reduction of cinnamyl vs. p- 
methoxycinnamyl alcohols.13-15 Both indicate that the de
crease in rate when this substituent is introduced can be 
compensated for by a temperature rise of 30-40 °C, more 
probably the lower of these two values. Less information ap
pears to exist concerning the effect of adding an alkyl group 
at the olefin being reduced. The only useful data we are aware 
of deals with the preparative reduction of 2-methylcinnamic 
acid with LiAlH4 in ether.16 This reaction proceeded in high 
yield with no alkene reduction when carried out at 0 °C for 24
h. Since “at higher temperatures a mixture of the allylic and 
saturated alcohols was obtained”, it appears that the intro
duction of this methyl group adds an energy barrier which, 
again, can be overcome by raising the temperature perhaps
30-40 °C. Even taken together, these two factors fail to ac
count adequately for the extremely high temperature required 
for reduction of 1. Since stereochemical evidence (vide in fr a )  
indicates the reaction to be intramolecular, we believe that 
the third factor mentioned, the apparently unfavorable 
stereochemistry of the hydride-transfer process, must be in
voked to explain this very low reactivity.

At least two examples of alkene reduction are known which 
involve direct comparison of homologs and which may be 
pertinent. The previously noted reduction of system 16 and 
its variants proceeds by way of a 6-center hydride transfer to 
yield a 5-membered A1 species.12'  When the conditions for 
these reactions were applied to 18, in which the cyclic process 
and species contain one more member, no alkene reduction 
product was detectable (2 h, 35 °C, Et20).17 It is also reported

that alkyne reduction in 4-phenyl-3-butynol was undetectable 
even after many hours under conditions where reduction of 
its lower homolog, phenylpropargyl alcohol, was 50% complete 
in 5 min (20 °C, Et20).15 While both of these cases possess 
special features which may qualify any generalities drawn, it 
seems safe to conclude that the rates of these reactions must 
be very sensitive functions of the stereochemistry of the hy
dride-transfer process. Consistent with this, the reduction of 
coumarin is reported to proceed without olefin involvement 
under conditions which lead to complete double bond satu
ration when ethyl o-coumarate is reduced.18

O M e  O M e

1 9  2 0

Our reduction of 1 with LiAlH4 in refluxing Bu20  produced 
a mixture of 2 and 3 in the ratio of 95:5, clearly implying in
ternal hydride transfer and the intermediacy of an internally 
bonded species like 19 or 20. The mechanism represented by 
the latter structure, involving a less disadvantageous, 6-center 
hydride transfer, would also require a less conventional ad
dition to the styrene bond, but one which would be aided in
stead of hindered by the resonance effects associated with the 
p-methoxy group.

In 20, where ring-juncture stereochemistry is presumably 
fixed during hydride transfer, the small amount of trans 
product observed could only be due to intermolecular reac
tions. If 19 is the intermediate, trans material could arise ei
ther from intermolecular reactions or from incomplete re
tention in the C-Al bond hydrolysis. Such hydrolyses are al
most certainly kinetically controlled, since they are known to 
be extremely fast and they have been shown to be highly 
stereoretentive, at least in the case of vinylalanes6'-19 and of 
16 and 17.12c

While present evidence does not allow us to distinguish 
conclusively between the mechanisms represented by 19 and 
20, we are inclined to favor the former. In either case our 
conclusion concerning 1 is that, while hydroxy groups can be 
used as reagent hinges for stereochemical control of olefin 
reduction by LiAlH4 in carefully selected cases, such reactions 
are generally limited by extreme stereochemical sensitivity 
of the hydride-transfer process and by narrow requirements 
of other aspects of the reaction, such as carbanion stabilization 
and perhaps A1 ring size.

Diimide Reduction of 1 and Its Salts. In 1967 Baird, 
Franzus, and Surridge20 demonstrated in the reactions of di
imide with the same norbornadienyl system cited above (17) 
a selectivity which ran counter to expectations based on steric 
grounds and thus appeared to involve an electrostatic com- 
plexation of the C-7 oxygen atom with N2H2. Since rates of 
olefin reduction with diimide fall off sharply with increasing 
substitution,21 relatively few instances of reduction of tri- or 
tetra-substituted alkenes have been reported. Consequently, 
as far as we are aware no use has been made of this principle 
in regio- or stereoselectively controlling olefin reduction aside 
from the case of 17. However, the evident enhancement in rate 
for N2H2 addition where such chelative effects operate, plus 
the possibility of further rate enhancement based on anion
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Table I. Products from Reduction of 1 and Its Salts with 
HN=NH

% Composition of product mixture
Isolated Ratio of Ratio of

Group_______ yield__________1:2:3°__________ 2:3°

CH2OHfc 91 37:63:0' 100:0
CH2OH 90 37:63:0 100:0
CH2OLi 90 47:52.5:0.5 99:1
CH2ONa 90 33:39:28 58:42.
CH2OK 90 34:34:32 52:48

° Nonzero values considered accurate to ±2%, e.g., 37 ± 2:63
± 2:0. 6 First (91%) determination carried out in refluxing di- 
glyme, all others in refluxing 3:1 Bu20-diglyme.

formation, prompted us to examine the reaction of diimide 
with 1 and its salts.

The results, shown in Table I, clearly suggest for compound 
1 and its Li salt the sort of chelative effect observed with 17. 
None of the results with the salts offer evidence that increased 
electron density on oxygen favors this effect. On the contrary, 
while the Li salt gives stereochemical results comparable to 
those from 1 itself, it appears that beyond Li, stereochemistry 
is increasingly controlled by the demands of cation size. This 
is consistent with what is already known about the sensitivity 
of N2H2 reductions to steric factors.21’22

Our experiments with 1 and its salts were not carried out 
to complete reduction (3 equiv of N2H2) and did not involve 
any appreciable excesses of base. Since toluenesulfinic acid 
(pjFfa ~  1.66) is a by-product of the thermal elimination of 
diimide from our precursor (p-toluenesulfonyl hydrazide), 
and since alkoxides are stronger bases than hydrazines, the 
alkoxy salts of 1 originally present obviously became pro- 
tonated as these reactions proceeded. This change in the 
composition of the starting materials with reaction progress 
would cause the results with the salts to resemble those for 
neutral 1 more closely than if pure salts persisted throughout. 
Nevertheless the loss of stereochemical control for the Na and 
K salts is quite marked and is consistent only with much 
smaller chelative effects than for 1 or the Li salt.

It should be noted that the stereoselectivity exhibited in 
reduction of 1 and its Li salt is greater than for any other 
method of reduction we have attempted except homogeneous 
catalytic hydrogenation of the alkali metal salts.1’4 Hence, 
although enhanced selectivity based on chelation with alk- 
oxide ions did not materialize in our system, control of diimide 
reductions by internal chelation with hydroxyl groups is 
confirmed as a powerful stereochemical tool.

Experimental Section23
10a-Carbethoxy-7-methoxy-1,2,3,9,10,1 Oa-hexahydrophen- 

anthrene (15).5 I n  a  m o d i f i c a t i o n  o f  a  l i t e r a t u r e  p r o c e d u r e ,24 a  s o 

l u t i o n  o f  5 . 3 2  g  ( 4 7  m m o l)  o f  K O - t - B u  in  1 0 4  m L  o f  d r y  t - B u O H  w a s  

s t i r r e d  u n d e r  N 2  d u r i n g  a d d i t i o n  o f  7 .9 9  g  ( 4 7  m m o l)  o f  2 - c a r  - 

b e t h o x y c y c l o h e x a n o n e  in  1 5 0  m L  o f  t - B u O H .  A f t e r  1 5 - 2 0  m in ,  a  s o 

l u t i o n  o f  1 0 . 2  g  (47 m m o l)  o f  3 - m e t h o x y p h e n e t h y l  b r o m i d e  (13)25 in  

1 0 0  m L  o f  t - B u O H  w a s  a d d e d  w i t h  s t i r r i n g  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  8 0  h  a n d  w o r k e d  u p  a s  d e s c r i b e d . 24 F r a c t i o n a l  d i s t i l l a t i o n  

g a v e  7 . 3  g  ( 5 3 % )  o f  14 a s  a  l i q u i d ,  b p  1 3 0 - 1 5 5  ° C  a t  0 .0 8  m m  ( l i t . 5 b p  

1 5 0 - 1 6 0  ° C  a t  0 . 1  m m ) ;  N M R  5 1 . 2 5  ( 3 H t ,  J  =  7  H z ) ,  1 . 2 - 3 . 0  ( 1 2 H  

c o m p l e x ) ,  3 . 7 5  ( 3 H s ) ,  4 . 1  a n d  4.15 ( 2 H ,  2 q ,  e a c h  J  =  7 ) ,  6 . 5 - 7 . 3  ( 4 H  
c o m p l e x ) .

T h e  a b o v e  p r o d u c t  ( 4 .0  g ,  1 3  m m o l)  w a s  c y c l i z e d  b y  r e f l u x i n g  in  

H O A c - H C l - H 20  a c c o r d i n g  t o  t h e  d e s c r i b e d  p r o c e d u r e 5 t o  y i e l d  3 . 3  

g  ( 8 6 % )  o f  s o l id  1 5 ,  w h o s e  m e l t i n g  p o i n t  a f t e r  t w o  r e c r y s t a l l i z a t i o n s  

f r o m  M e O H  w a s  8 5  ° C  ( l i t . 5  m p  8 7 - 8 8  ° C ) ;  I R  1 7 2 0  c m ' 1 ; U V  2 2 0 ,

2 6 1 . 5 ,  2 9 6  n m ;  N M R  6 1 . 0 5  ( 3 H t ,  J  =  7  H z ) ,  1 . 2 - 2 . 9  ( 1 0 H  c o m p l e x ) ,

3 . 7  ( 3 H s ) ,  4 .0  ( 2 H q ,  J  =  7 ) ,  6 . 1  ( 1  H t ,  J  =  4 ) ,  6 . 3 5 - 6 . 7 5  ( 2 H  c o m p le x ) ,

7 .4  ( 1  H d ,  J  =  9 ) ;  M S  m /e  2 8 6  ( 8 5 % , M + ) , 2 1 3  ( 1 0 0 % ) ,  2 1 2  (8 7 % ) .

2-Carbomethoxy-2-(7-ketobutyl)-6-methoxy-l-tetraIone (7).
2 - M e t h o x y o x a l y l - 6 - m e t h o x y - l - t e t r a l o n e  ( 5 ) 26 w a s  t h e r m a l l y  d e c a r -  

b o n y l a t e d  t o  p r o v i d e  2 - c a r b o m e t h o x y - 6 - m e t h o x y - l - t e t r a l o n e  ( 6 ) ;26

N M R  6 2 . 0 - 3 . 2  ( 5 H  c o m p l e x ) .  3 . 7 5  ( 3 H s ) ,  3 .8  ( 3 H s ) ,  6 . 6 - 7 . 0  ( 2 H  

c o m p l e x ) ,  8 .0  ( 1  H d ,  J  =  8 .5  H z ) .  A  s o l u t i o n  o f  1 9 . 2  g  ( 8 2  m m o l)  o f  6 

in  1 0 0  m L  o f  d r y  b e n z e n e  w a s  a d d e d  t o  a  s o l u t i o n  p r e p a r e d  b y  d i s 

s o l v i n g  1 . 9 0  g  ( 8 2 .5  m g - a t o m s )  o f  N a  in  1 0 0  m L  o f  d r y  M e O H .  T h e  

r e a c t io n  o f  2 5 .0  g  ( 1 7 4  m m o l)  o f  l - d i e t h y l a m i n o - 3 - b u t a n o n e  w i t h  2 5 .0  

g  ( 1 7 6  m m o l)  o f  M e l  f o r  3 0  m i n  a t  0  ° C  g a v e  a  p r e c i p i t a t e  w h i c h  w a s  

w a s h e d  t w ic e  w i t h  d r y  E t 20  t o  r e m o v e  e x c e s s  M e l . 27 A  s o lu t io n  o f  t h i s  

m e t h i o d i d e  in  1 0 0  m L  o f  d r y  M e O H  w a s  a d d e d  t o  t h e  s o l u t i o n  o f  s o 

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

o v e r n i g h t  a t  2 5  ° C  u n d e r  N 2, r e f l u x e d  2  h , a n d  w o r k e d  u p  in  t h e  u s u a l  

w a y  t o  p r o v i d e  2 1 . 6  g  ( 8 7 % )  o f  7 a s  t h e  c r u d e  s o l i d .  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 - M e O H  g a v e  m a t e r i a l  m e l t in g  8 5  ° C ;  I R  1 7 2 5 , 1 6 8 0  c m - 1 ; 

U V  2 1 2 . 5 , 2 3 0 , 2 8 0  n m ;  N M R  a 2 . 0 - 3 . 2  ( 8 H  c o m p l e x ) ,  2 . 1  ( 3 H s ) ,  3 . 6 5  

( 3 H s ) ,  3 .8  ( 3 H s ) ,  6 . 5 5 - 7 . 0  ( 2 H  c o m p le x ,)  8 .0  ( 1  H d ,  J  =  9  H z ) ;  M S  m /e  
3 0 4  ( 1 9 % ,  M + ) ,  2 3 4  ( 9 4 % ) , 2 0 2  ( 5 8 % ) , 1 4 8  ( 1 0 0 % ) ,  1 2 0  ( 5 5 % ) .

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

6 .7 2 .

10a-Carbomethoxy-7-methoxy-l,9,10,10a-tetrahydrophen- 
anthren-3(2H)-one ( 8 ) .  A  s o lu t io n  o f  2 0 .0  g  (6 6  m m o l)  o f  7 i n  1 L  o f  

d r y  M e O H  w a s  a d d e d  u n d e r  N 2 t o  a  s o l u t i o n  p r e p a r e d  b y  d i s s o l v i n g

2 1 . 2 3  g  ( 9 2 3  m g - a t o m s )  o f  N a  in  1  L  o f  d r y  M e O H .  T h e  s o l u t i o n  w a s  

s t i r r e d  o v e r n i g h t  a t  2 5  ° C  a n d  t h e n  r e f l u x e d  2  h  u n d e r  N 2 , b e c o m i n g  

d a r k  a n d  c lo u d y .  T h e  b e n z e n e  e x t r a c t s  f r o m  t h e  c o o le d  m i x t u r e ,  w h e n  

n e u t r a l iz e d ,  d r ie d ,  a n d  c o n c e n t r a t e d ,  p r o v id e d  1 4 . 2  g  ( 7 5 % )  o f  8  a s  t h e  

c r u d e  s o l i d ,  m p  1 5 3  ° C  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  E t O A c ;  I R  1 7 3 0 ,  

1 6 6 3  c m - 1 ; U V  2 4 3 .5 ,  3 3 0  n m ;  N M R  0 1 . 6 5 - 3 . 1  ( 8 H  c o m p l e x ) ,  3 .6 5  

( 3 H s ) ,  3 .8  ( 3 H s ) ,  6 .6  ( 1  H s ) ,  6 . 6 - 6 .9 5  ( 2 H  c o m p l e x ) ,  7 . 7 5  ( 1  H d ,  J  =  

9  H z ) ;  M S  m /e  2 8 6  ( 9 7 % ) , M + ) ,  2 3 0  ( 7 9 % ) , 2 2 7  ( 1 0 0 % ) ,  2 2 6  ( 7 7 % ) ,  2 1 5  

( 6 0 % ) , 1 7 1  ( 7 3 % ) .

A n a l .  C a l c d  f o r  C 17 H 18 0 4: C ,  7 1 . 3 1 ;  H ,  6 .3 4 .  F o u n d :  C ,  7 1 . 3 3 ;  H ,

6 . 4 1 .

7-Methoxy-l,9,10,10a-tetrahydrophenanthren-3(2H)-one. A

1 0 0 - m g  s a m p l e  o f  8  ( 0 .3 5  m m o l)  in  1 0  m L  o f  5 0 %  a q u e o u s  M e O H  w a s  

r e f l u x e d  3 0  m in  w i t h  1 0  m g  ( 0 . 1 5  m m o l)  o f  8 5 %  K O H .  T h e  u s u a l  

w o r k u p  p r o v i d e d  6 8  m g  ( 8 5 % )  o f  t h e  d e c a r b o m e t h o x y l a t e d  m a t e r i a l ,  

m p  1 1 5 - 1 1 6  ° C  a f t e r  r e c r y s t a l l iz a t io n  f r o m  E t O H  ( l i t .28 m p  1 1 4 - 1 1 5 . 5  

° C ) ;  I R  1 6 7 0  c m “ 1 ; N M R  5 1 . 2 - 3 . 1  ( 9 H  c o m p le x ) ,  3 .8  ( 3 H s ) ,  6 .5  ( 1  H d ,  

J  =  c a .  1  H z ) ,  6 . 5 5 - 6 . 9 5  ( 2 H  c o m p l e x ) ,  7 .7  ( 1  H d ,  J  =  9 ) .  T h i s  N M R  

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

1 1 0 - 1 1 2  ° C ,  o b t a i n e d  in  t h i s  l a b o r a t o r y 29 a s  a  b y - p r o d u c t  in  t h e  

s y n t h e s i s  o f  7 - m e t h o x y - 3 , 4 , 9 , 1 0 - t e t r a h y d r o p h e n a n t h r e n - l ( 2 H ) -  

o n e .30

10a-Carbomethoxy-3,3-ethylenedithio-7-methoxy-1,2,3,9,- 
10,10a-hexahydrophenanthrene (9). A  m i x t u r e  o f  2 8 6  m g  ( 1 . 0  

m m o l)  o f  8 , 0 .2 0  m L  ( 2 .4 0  m m o l)  o f  e t h a n e d i t h i o l ,  5 .0  m L  o f  H O A c ,  

a n d  0 . 1 0  m L  o f  f r e s h l y  d i s t i l l e d  B F 3O E t 2 w a s  p r e p a r e d  a t  0  ° C  a n d  

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  2 5  ° C .  T h e  y e l lo w i s h  n e e d l e s  f o r m e d  

w e r e  r e c r y s t a l l i z e d  in  t h e  m i x t u r e  b y  a d d i n g  h o t  M e O H  a n d  c o o l in g .  

T h e  c o l le c t e d  s o l id  w a s  w a s h e d  t w ic e  w i t h  c o ld  M e O H  t o  g iv e  3 0 0  m g  

( 8 5 % )  o f  9 a s  w h i t e  n e e d l e s ,  w h ic h  m e l t e d  a t  1 6 7 - 1 6 7 . 5  ° C  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  M e O H ;  I R  1 7 3 0  c m - 1 ; U V  2 1 7 ,  2 7 7  n m ;  N M R  f>
1 . 3 -  3 . 1  ( 8 H  c o m p l e x ) ,  3 .4  ( 4 H m ) ,  3 .6  ( 3 H s ) ,  3 .8  ( 3 H s ) ,  6 .3  ( 1  H s ) ,

6 .5 - 6 .9  ( 2 H  c o m p le x ) ,  7 .6  ( 1  H d ,  J =  9 H z ) ;  M S  m /e  3 6 2  (2 % , M + ) ,  1 6 7  

( 3 7 % ) ,  1 4 9  ( 1 0 0 % ) .
A n a l .  C a l c d  f o r  C i 9H 2 2 0 3 S 2: C ,  6 2 .9 5 ;  H ,  6 . 1 2 .  F o u n d :  C ,  6 3 . 2 4 ;  H ,

6 . 1 6 .
10a-Carbomethoxy-7-methoxy-l,2,3,9,10,10a-hexahydro- 

phenanthrene (10) by Desulfurization of 9 . A  m i x t u r e  o f  1 0 0  m g  

( 0 .2 7 6  m m o l)  o f  9,1 . 0 0  g  o f  W - 4  R a n e y  N i  w h ic h  h a d  b e e n  d e a c t i v a t e d  

b y  r e f l u x i n g  2 . 5  h  in  a c e t o n e ,  a n d  1 0  mL o f  a b s o l u t e  E t O H  w a s  r e 

f l u x e d  2 4  h . F i l t r a t i o n ,  c o n c e n t r a t i o n ,  a n d  s u b l i m a t i o n  g a v e  3 7  m g  

( 4 9 % )  o f  10, m p  1 1 1 . 5 - 1 1 2  ° C ,  i d e n t i c a l  w i t h  t h e  s u b s e q u e n t l y  d e 

s c r i b e d  10, p r e p a r e d  f r o m  15, b y  c o m p a r i s o n  o f  s p e c t r a .

Preparation of 10 by Transesterification of 15. A  s o lu t io n  o f  4 2 9  

m g  (1.50 m m o l)  o f  15 in  5 .0  m L  o f  d r y  M e O H  w a s  a d d e d  t o  a  s o lu t io n  

p r e p a r e d  b y  d i s s o l v i n g  5 0 5  m g  ( 2 2 .0  m g - a t o m s )  o f  N a  in  2 5  m L  o f  d r y  

M e O H . A f t e r  2 4  h  o f  r e f l u x i n g  u n d e r  N 2, t h e  m i x t u r e  w a s  n e u t r a l iz e d ,  

e x t r a c t e d ,  a n d  c o n c e n t r a t e d  t o  g i v e  3 6 8  m g  o f  c r u d e  s o l i d .  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  p r o v i d e d  3 5 0  m g  ( 8 5 % )  o f  10 a s  s h o r t  n e e d le s ,  

m p  1 1 3 - 1 1 3 . 5  ° C ;  I R  1 7 2 5  c m “ 1 ; U V  2 1 8 ,  2 6 4 ,  2 9 7 .5  n m ;  N M R  a

1 . 1 - 2 . 8 5  ( 1 0 H  c o m p l e x ) ,  3 . 5  ( 3 H s ) ,  3 .7  ( 3 H s ) ,  6 . 1  ( 1  H t ,  J  =  4  H z ) ,

6 . 3 -  6 .7  ( 2 H  c o m p le x ) ,  7 . 3 5  ( 1  H d ,  J  =  9 ) ; M S  m /e  2 7 2  (9 5 % , M + ), 2 1 4  

( 5 1 % ) ,  2 1 3  ( 9 6 % ) , 2 1 2  ( 1 0 0 % ) ,  1 7 1  ( 6 1 % ) .

A n a l .  C a l c d  f o r  C i 7H 20O 3 : C ,  7 4 .9 7 ;  H ,  7 .4 0 . F o u n d :  C ,  7 4 .7 4 ;  H ,  

7 . 3 7 .

Reduction Procedures. Lithium Aluminum Hydride. A  s o lu t io n  

o f  24.4 m g  ( 0 . 1 0  m m o l)  o f  1 in  3 .0  mL o f  d r y  B u 20  w a s  a d d e d  w i t h  

s t i r r i n g  u n d e r  N 2 t o  a  s u s p e n s i o n  o f  5 .0  m g  ( 0 . 1 2 5  m m o l)  o f  9 5 %  

L i A l H 4 in  1 . 0  m L  o f  d r y  B u 20 .  A f t e r  t h i s  m i x t u r e  h a d  b e e n  r e f l u x e d  

3 0  h  u n d e r  N 2 i t  w a s  w o r k e d  u p  b y  a n a e r o b i c  a d d i t i o n  o f  s a t u r a t e d
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a q u e o u s  N a 2S 0 4 . S e p a r a t i o n  a n d  c o n c e n t r a t io n  o f  t h e  o r g a n ic  p o r t io n  

g a v e  a n  o i l  d i s t i l l e d  a t  c a .  0 . 1  m m  in  a  s u b l i m a t i o n  a p p a r a t u s ,  w h o s e  

c o ld  f i n g e r  w a s  w e ig h e d  i m m e d i a t e l y  b e f o r e  a n d  a f t e r  r e m o v a l  o f  t h e  

d i s t i l l a t e  f o r  s u b s e q u e n t  V P C  a n a l y s i s .  T h e  p r o d u c t  c o n s i s t e d  o f  2 2 .2  

m g  (9 0 % )  o f  a  l i q u i d  m i x t u r e  o f  2  a n d  3  i n  t h e  r a t i o  o f  9 5 :5 .

Diimide. F o r  r e d u c t i o n  o f  t h e  a l c o h o l  1 8 . 6  m g  ( 0 . 1 0  m m o l)  o f  p -  

t o l u e n e s u l f o n y l  h y d r a z i d e  w a s  c o m b i n e d  w i t h  2 4 .4  m g  ( 0 . 1 0  m m o l)  

o f  1  in  4 .0  m L  o f  d r y  s o l v e n t  ( s e e  T a b l e  I )  a n d  r e f l u x e d  u n d e r  N 2 . F o r  

t h e  s a l t s  2 4 .4  m g  ( 0 . 1 0  m m o l)  o f  1 ,  d i s s o l v e d  in  a  v a r i a b l e  a m o u n t  o f  

d r y  s o l v e n t ,  w a s  c o m b i n e d  w i t h  1 . 1  e q u i v  o f  b a s e  u n d e r  N 2 ; t h e  m i x 

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

M e L i ,  n o  o t h e r  s o lv e n t ) ,  r e f l u x e d  f o r  2 4  h  t o  p r o d u c e  t h e  N a  s a l t  ( N a H ,  

1  m L  o f  d i g l y m e ) ,  a n d  r e f l u x e d  2  h  in  t h e  c a s e  o f  t h e  K  s a l t  ( K H ,  3  m L  

o f  B U 2 O ). T h e s e  p r o c e d u r e s  h a d  p r e v i o u s l y  b e e n  s h o w n  t o  g i v e  c o m 

p le t e  c o n v e r s i o n  t o  a l k o x i d e s . 1  F o r  e a c h  s a l t  t h e  s o l v e n t  w a s  t h e n  

a d j u s t e d  t o  g i v e  a  t o t a l  o f  4  m L  o f  3 : 1  B u 2 0 - d i g l y m e ,  1 8 . 6  m g  ( 0 . 1 0  

m m o l)  o f  p - t o l u e n e s u l f o n v l  h y d r a z i d e  w a s  a d d e d ,  a n d  r e f l u x i n g  u n d e r  

N 2  w a s  b e g u n .  F o r  a l l  r e a c t i o n s  a n o t h e r  0 . 1 0 - m m o l  p o r t i o n  o f  r e a g e n t  

w a s  a d d e d  a f t e r  3  h  a n d  a g a i n  a f t e r  6  h  o f  r e f l u x .  W h e n  e a c h  m i x t u r e  

h a d  b e e n  r e f l u x e d  1 2  h  u n d e r  N 2 , i t  w a s  w o r k e d  u p  b y  a d d i t i o n  o f  

w a t e r ,  a q u e o u s  H C 1 ,  a n d  p e n t a n e .  S e p a r a t i o n  a n d  c o n c e n t r a t i o n  o f  

t h e  o r g a n ic  p o r t io n s  g a v e  a n  o i l  w h ic h  w a s  c h r o m a t o g r a p h e d  o n  AI2O3  

a n d  t h e n  d i s t i l l e d  a n d  c o l l e c t e d  f o r  V P C  a n a l y s i s  a s  d e s c r i b e d  
a b o v e .

Analysis of Product Mixtures. T h e  e n t i r e  d i s t i l l a t e  w a s  w a s h e d  

f r o m  t h e  s u b l im a t o r  c o ld  f in g e r  w i t h  s o l v e n t  a n d  t h is  s o lu t io n  w a s  u s e d  

d i r e c t l y  f o r  V P C  a n a l y s i s .  N M R  d i d  n o t  p r o v i d e  a d e q u a t e  r e s o lu t io n  

o f  t h e  a p p r o p r i a t e  p e a k s  a t  6 0  M H z  t o  b e  u s e f u l  f o r  m i x t u r e  a n a l y s i s .  

T y p i c a l  V P C  r e t e n t i o n  t i m e s  f o r  1 , 2 ,  a n d  3 ,  r e s p e c t i v e l y ,  w e r e  6 , 1 0 ,  

a n d  1 3  m i n  w i t h  t h e  A p i e z o n  c o l u m n  a t  2 7 0  ° C  a n d  6 , 1 3 ,  a n d  1 6  m in  

f o r  t h e  S E - 3 0  c o lu m n  a t  2 3 5  ° C .  T r a c e s  w e r e  in t e g r a t e d  b y  p la n im e t e r  

a n d  c a l i b r a t e d  w i t h  t r a c e s  f r o m  p r e p a r e d  m i x t u r e s  o f  2  a n d  3 .

Control Reductions. E x c e p t  in  o n e  i n s t a n c e ,  c o n t r o l  r e a c t i o n s  t o  

e s t a b l i s h  a b s e n c e  o f  e q u i l i b r a t i o n  w e r e  r u n  o n  t h e  t r a n s  p r o d u c t  ( 3 )  

s i n c e  e v i d e n c e  i n d i c a t e s  i t  i s  t h e  l e s s  s t a b l e  e p i m e r . 1 ’30’3 1  T h e s e  r e 

a c t i o n s  e m p lo y e d  L i A l H 4 w i t h  2  a n d  w i t h  3 ,  a n d  p - t o l u e n e s u l f o n y l  

h y d r a z i d e  w i t h  3  a n d  w i t h  t h e  K  s a l t  o f  3 ,  u t i l i z i n g  0 .0 5 - m m o l  q u a n 

t i t i e s  a n d  t h e  r e d u c t i o n  p r o c e d u r e s  i n d i c a t e d  a b o v e .  M a t e r i a l  r e 

c o v e r i e s  w e r e  9 6 - 1 0 0 %  a n d  in  n o  i n s t a n c e  w a s  e v i d e n c e  d e t e c t e d  f o r  

e p i m e r i z a t i o n .
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D i m e t h y l v i n y l i d e n e c a r b e n e  h a s  b e e n  g e n e r a t e d  a s  t h e  f r e e  s p e c i e s  b y  u s e  o f  t h e  c r o w n  e t h e r ,  1 8 - c r o w n - 6 ,  a n d  i t s  

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

i s  t h e  p o t a s s i u m  io n  a s s o c i a t e d  c a r b e n o i d  w h e n  t h e  u s u a l  f - B u O K - i n d u c e d  r e a c t i o n  is  u s e d  in  t h e  a b s e n c e  o f  1 8 -  

c r o w n - 6 .  R e l a t i v e  o l e f i n  s e l e c t i v i t i e s  o f  t h e  s p e c i e s  w h e n  g e n e r a t e d  f r o m  e i t h e r  p h a s e - t r a n s f e r  c a t a l y s i s  o r  t - B u O H -  

c o m p l e x e d  t - B u O K  a r e  a l s o  d i s c u s s e d .

Dimethylvinylidenecarbene (A) exhibits singlet and elec
trophilic characteristics in its reactions with olefins. This 
species is considered as a free carbene rather than a carbenoid 
because of its nearly identical olefin selectivity when generated 
from different precursors.2 However, a carbene-anion pair has 
been suggested as the possible reactive species.3

Phase-transfer catalysts4 and crown ethers5 have proven 
advantageous for generating A in high yields as discerned from 
the yields of adducts with olefins. Since olefin selectivity 
studies have proven invaluable for describing the nature of 
carbenic species,6 we have expanded our earlier studies on 
phase-transfer catalyzed and potassium t e r t -butoxide induced 
generation of A,4a and have included an investigation on the 
olefin selectivity of A generated in the presence of the crown 
ether, 18-crown-6.5 The results of these studies are reported 
for the purpose of providing a better understanding of the 
nature of the dimethylvinylidenecarbene species.

Results and Discussion
Dimethylvinylidenecarbene (A) was generated from 1- 

bromo-3-methyl-l,2-butadiene (l)7 under basic conditions

( C H 3) 2C = € = C H B r  —  ( C H 3)2C = C = C :

1  A  —  ( C H 3)2C = C = C ^ J

in the presence of a large excess of cyclohexene and a second 
olefin. Analysis of the reaction mixtures by use of GLC and 
authentic samples for product identification furnished the 
product ratios from which relative reactivities were calculated. 
Identical runs were performed until at least three results 
within ±1% were obtained. Cross-checks were performed to 
ensure internal consistency; these results were within ±5% of 
the cyclohexene standard results. The results are reported in 
Table I.

Potassium ion is particularly well complexed by 18-crown-6 
ether, thereby effecting ready solubility of i-BuOK in non
polar solvents.9’10,11 Moss and Pilkiewicz12 elegantly showed 
that this extreme complexing ability allows the generation of 
free phenylhalocarbenes from benzal halides and i-BuOK in 
the presence of 1 equiv of 18-crown-6 ether; the carbenoid was 
formed in the absence of 18-crown-6 ether. Stang and Man- 
gum13 used this approach to show that isopropylidenecarbene 
((CH3)2C=C:) generated from f-BuOK and 2-methylpropenyl 
triflate in the presence and absence of 18-crown-6 was the free 
carbene. The data in Table I show that large differences are 
observed in the f-BuOK-induced formation of A in the pres
ence and absence of 18-crown-6 ether. Since previous studies 
have revealed independence of A from the leaving group,2 we 
conclude that a potassium ion associated vinylidene carbene 
complex is the reactive species when elimination is effected 
from free f-BuOK alone.

The results obtained for both the phase-transfer catalyzed 
and f-BuOH/f-BuOK induced reactions seem surprisingly 
close to the results obtained for the 18-crown-6 ether data and

suggest unexpected freeness for A in these systems. Phase- 
transfer catalytic generation of carbenes may involve com
plexed species;14 alcohol mediated carbene reactions may 
involve carbene-ylide intermediates.15 However, since these 
are comparisons between reactions conducted in protic media 
and reactions conducted under aprotic conditions, an accurate 
description of A for the protic systems may not obtain.

The yields of dimethylvinylidene adducts are reported in 
Table II. Previous reports from these laboratories and others4 
have shown that phase-transfer-catalyzed reactions generally 
give better product yields than does the use of t-BuOK. Re
cently, crown-ether-catalyzed reactions have been reported 
to give even better results than phase-transfer-catalyzed 
methods, and sensitive olefinic substrates could be used.5 Our 
results show that 18-crown-6, when used in stoichiometric 
amounts, is not as effective as either the phase-transfer 
method or the catalytic crown ether method. Furthermore, 
this stoichiometric crown ether method is not economical and 
the reaction workup is difficult.

Experimental Section
General. T e m p e r a t u r e  r e a d i n g s  a r e  u n c o r r e c t e d .  I R  s p e c t r a  w e r e  

d e t e r m i n e d  a s  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  3 3 7  s p e c 

t r o m e t e r .  N M R  s p e c t r a  w e r e  d e t e r m i n e d  in  d e u t e r i o c h lo r o f o r m  s o 

l u t i o n  w i t h  t e t r a m e t h y l s i l a n e  i n t e r n a l  s t a n d a r d  (6 0 .0 )  o n  a  V a r i a n  

T - 6 0  s p e c t r o p h o t o m e t e r .  A n a l y t i c a l  G L C  w a s  p e r f o r m e d  o n  a  V a r i a n  

1 4 4 0  f l a m e  i o n iz a t io n  g a s  c h r o m a t o g r a p h  e q u i p p e d  w i t h  a  5  f t  X  Vs 

in . s t a i n l e s s  s t e e l  c o lu m n  o f  3 %  S E - 3 0  o n  C h r o m  W  ( 8 0 / 1 0 0  m e s h ) .

Materials. A l d r i c h  p o t a s s i u m  ter t - b u t o x i d e  w a s  s u b l i m e d  i m m e 

d i a t e l y  b e f o r e  u s e .  P o t a s s i u m  tert - b u t o x i d e / t e r t - b u t y l  a l c o h o l  c o m 

p l e x  w a s  p r e p a r e d  a c c o r d i n g  t o  J o h n s o n 16  a n d  t h e  c o m p l e x  s t o i c h i 

o m e t r y  w a s  d e t e r m i n e d  b y  t i t r a t i o n .  A l i q u a t - 3 3 6  ( t r i c a p r y l y l m e t h -  

y l a m m o n i u m  c h lo r id e )  w a s  o b t a i n e d  f r o m  G e n e r a l  M i l l s ,  K a n k a k e e ,  

H I.
l - B r o m o - 3 - m e t h y l - l , 2 - b u t a d ie n e 7 a n d  18 - c r o w n - 6 17  w e r e  p r e p a r e d  

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

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

Relative Reactivity Procedures. S t o c k  s o l u t i o n s  c o n t a i n i n g  

c y c l o h e x e n e  ( 3 0  m m o l) ,  c o m p e t i n g  o l e f i n  ( 3 0  m m o l ) ,  a n d  1 - b r o m o -

3 - m e t h y l - l , 2 - b u t a d i e n e  ( 3 .0  m m o l)  w e r e  m i x e d  a n d  a l l o w e d  t o  r e a c t  

u n d e r  t h e  f o l lo w in g  c o n d it io n s :  (a )  0 - 5  ° C ,  1  h , 18 - c r o w n - 6  ( 3 .0  m m o l) ,  

s u b l im e d  f - B u O K  ( 3 .0  m m o l) ;  (b )  s a m e  a s  ( a )  b u t  w i t h o u t  18 - c r o w n - 6 ;  

(c )  s a m e  a s  (a )  e x c e p t  i - B u O K / f - B u O H  ( 3 .0  m m o l)  w a s  u s e d ;  a n d  (d )  

r o o m  t e m p e r a t u r e ,  1  h , 1 . 5  m L  o f  5 0 %  N a O H  ( o r  K O H )  s o lu t io n ,  a n d  

0 . 1  g  o f  a l i q u a t - 3 3 6 .  T h e  m a g n e t i c a l l y  s t i r r e d  s o l u t i o n s  w e r e  a n a l y z e d  

d i r e c t l y  b y  G L C .  P e a k  a r e a s  w e r e  s t a n d a r d i z d  w i t h  a u t h e n t ic  s a m p le s  

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

e q u a t i o n . 6

Preparation of Authentic Adducts, (a) Sublimed i-BuOK. A

1 2 5 - m L  E r l e n m e y e r  f l a s k  w a s  c h a r g e d  w i t h  2 0 - 3 0  m L  o f  p u r e  o l e f i n  

a n d  s u b l i m e d  t - B u O K  ( 3 . 3  g ,  0 .0 3  m o l) .  T h e  s t i r r e d  m i x t u r e  w a s  

c o o le d  t o  0 - 5  ° ,  a n d  l - b r o m o - 3 - m e t h y l - l , 2 - b u t a d i e n e  ( 1 )  ( 3 .0  g ,  0 .0 2  

m o l)  w a s  a d d e d .  A f t e r  1  h , w a t e r  w a s  a d d e d  a n d  t h e  m i x t u r e  w a s  

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

c o n c e n t r a t e d  e t h e r  e x t r a c t  f u r n i s h e d  t h e  p u r e  a d d u c t  o n  s h o r t - p a t h  

d i s t i l l a t i o n .

(b) t-BuOK/ t-BuOH. T h e  p r o c e d u r e  u s e d  w a s  t h e  s a m e  a s  in  (a )  

e x c e p t  t h a t  i - B u O K  c o n t a i n i n g  1  e q u i v  o f  i - B u O H  ( 0 .0 3  m o l)  w a s
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Table I. Relative Reactivity of Dimethylvinylidenecarbene with Olefins under Various Conditions of Generation

Substrate
Registry

no.

Relative reactivity“
f-BuOK/

18-crown-6
NaOH(KOH)6

Aliquat-336
f-BuOK/
f-BuOH f-BuOK i-BuOK'

2,3-Dimethyl-2-butene 563-79-1 16.9 19.3 14.7 7.4 15.8
2-Methyl-2-butene 513-35-9 7.6 6.6 5.5 4.3 4.9
Dihydropyran 110-87-2 1.1 2.1 1.5 2.7
2-Methyl-l-buten-3-yne 78-80-8 3.1 1.9 2.0
Cyclohexene 110-83-8 1.0 1.0 1.0 1.0 1.0
1-Hexene 592-41-6 0.1 0.2 0.2 0.3 0.2

“ Cyclohexene internal standard, 0-5 °C. b Room temperature.c A was generated at —10 °C from l-chloro-3-methyl-l-butyne and 
t-BuOK, ref 8a.

Table II. Yields of Dimethylvinylidenecarbene-Qlefin Adducts
% yield“

Substrate
f-BuOK/

18-crown-6
NaOH/

Aliquat-336
i-BuOH/
i-BuOK f-BuOK i-BuOK d

2,3-Dimethyl-2-butene 47 68 (16)c 22 48 47
2-Methyl-2-butene 12 (37)6 82 (25) 15 46 36
Dihydropyran 29 (38)6 51 (5) 19 37
2-Methyl-l-buten-3-yne 35 48 (24) 0 31
Cyclohexene 25 60 (48) 14 18 26
1-Hexene 3.4 26 (25) 2 4 12

“ Isolated yields. b Crown-ether-catalyzed method with KOH, ref 5. c Time (h) required for maximum yield. d Reference 8b.

Table III. Properties of Dimethylvinylidenecarbene—Olefin Adducts

Rel
retention

Registry no. Product Bp, °C (torr) IR, cm 1 (neat) NMR, 5 (CCljD) GLC

13303-30-5 A  / 35-45 (0.30) 2965, 2880, 2000 (allene), 1.75 (s, 6 H, CH3) 0.43
mp 42 2700, 1040 (cyclopropyl), 

820 (cyclopropyl)
1.20 (s, 12 H, CH3)

14803-30-6 35-45 (0.40) 2965,2880, 2700, 2010 1.75 (m, 6 H, CH3) 0.35
(allene), 1015 (cyclo- 1.20 (m, 10 H, CH3,

3
propyl, 840 (cyclopropyl) CH)

4544-26-7 / 55-60 (0.20) 2965, 2920, 2850, 2700, 1.80 (d, 8 H, CH3, 1.0
2020 (allene), 1020 CH)
(cyclopropyl), 860 1.30 (m, 8 H, CH2 )
(cyclopropyl)

53376-36-6 o~< 45-55 (0.5) 2965,2920, 2850, 2030 1.80 (d, 7 H, CH3, 0.94
(allene), 1050 (cyclo- CH)
propyl) 1.45 (m, 8 H, CH2)

1.00 (m, 3 H, CH3)
59055-17-3 55-65 (0.15) 2965, 2920, 2850, 2700, 4.10 (m, 1 H, CH) 1.11

2000 (allene), 1050 (cy- 3.60 (m, 2H, CH2)
clopropyl), 860 (cyclo- 2.00 (m, 3 H, CH2,
propyl), 830, 810 CH)

1.80 (d, 6 H, CH3 ) 
1.50 (m, 2 H, CH2 )

58668-76-1
—

25-27 (0.15) 3280 (acetylene), 2965, 2.00 (s, 1H, CH) 0.40
2920, 2850, 2700, 2100 1.80 (s, 6 H, CH3)
(acetylene), 2010 (allene), 1.40 (d, 2 H, CH,)

5 1060 (cyclopropyl), 1.30 (s, 3 H, CH3)
880 (cyclopropyl)

used. This procedure was unsuccessful with the enyne, 2-methyl-l- 
buten-3-yne.

(c) 18-Crown-6, t-BuOK. The same procedure as that described 
in (a) was used except that 18-crown-6 (8.0 g, 0.03 mol) was mixed with 
the sublimed f-BuOK before 1 was added.

(d) Aliquat-336. A 125-mL Erlenmeyer flask was charged with 
olefin (20-30 mL), aliquat-336 (1 g), and 50% sodium hydroxide so
lution (7 mL). The reaction mixture was stirred (23-27 °C) and ana
lyzed periodically by GLC (tetralin internal standard) for maximum 
yield. The reaction was worked up according to (a).

All reactions except (d) were performed under a dry nitrogen at
mosphere. Adduct yields are reported in Table II. Physical and

spectral data are reported in Table III. The adducts 1,1,2,2-tetra- 
methylisobutylidenecyclopropane (2),8 1,1,2-trimethyIisobutylide- 
necyclopropane (3),8 2-oxa-7-isobutylidenebicyclo[4.1.0]heptane (4),5 
2-ethynyl-2-methylisobutylidenecyclopropane (5) ,18 7-isobutyli- 
denebicyclo[4.1.0]heptane (6),8 and 2-n-butylisobutylidenecyclo- 
propane (7)8 are all known.
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Registry N o . — A ,  4 2 0 9 - 1 3 - 6 ;  1 , 6 2 1 4 - 3 2 - 0 .
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A  s t u d y  o f  t h e  d r y  s a l t  p y r o l y s i s  a n d  t h e  p h o t o l y s i s  o f  t h e  l i t h i u m  s a l t s  o f  t h e  t o s y l h y d r a z o n e  o f  6 ,6 - d i m e t h y l n o r -  

b o r n a n - 2 - o n e ,  e j c o - 3 - d e u t e r i o - 6 , 6 - d i m e t h y l n o r b o r n a n - 2 - o n e ,  a n d  endo- 3 - d e u t e r i o - 6 ,6 - d i m e t h y l n o r b o r n a n - 2 - o n e  

r e v e a l e d  a  p r e f e r e n c e  f o r  e x o - C - 3  - *  e x o - C - 2  o v e r  e n d o - C - 3  —>■ e n d o - C - 2  h y d r i d e  m i g r a t i o n  o f  a p p r o x i m a t e l y  2 0 : 1 .  

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

a  c l a s s i c a l  s i n g l e t  c a r b e n e .

Although studies of the chemistry of the 2-norbornyl car
bonium ion have absorbed the attention of many chemists 
over the past 25-year period,3 and substantial effort has been 
expended in investigations of the nature of the related radical 
intermediate ,4 much less is known concerning the analogous 
carbanion5 and carbene intermediates.6 A consideration of this 
history suggests that characterization of 2 -carbenanorbornane 
might be of considerable interest, since, in the singlet state, 
delocalization involving the empty p orbital at C- 2  and the 
C -l-C - 6  a bond is possible (1).

Since most alicyclic carbene intermediates react by way of 
intramolecular rather than intermolecular pathways,7 char
acterization of a 2 -carbenanorbornane intermediate would 
appear to require the analysis of an insertion or hydrogen 
migration reaction. The nature of the 2-norbornyl carbonium 
ion has been revealed to some degree through studies of the 
stereospecificity of 3,2-hydride shifts. Investigations by Col
lins8 and Berson9 have shown that exo-C-3 to exo-C- 2  hydride 
migration is preferred over endo-C-3 to endo-C-2 migration 
(^ e x o -e x o -^ e n d o -e n d o  > 1 0 0 ). Since 1 , 2  hydrogen shifts are com
mon intramolecular reaction pathways for bivalent carbon 
intermediates,7 i t  appeared to us that a study of the stereo
chemistry of the C-3-C-2 hydride shift in 2-carbenanorbor- 
nane would be an excellent approach to an understanding of 
the chemistry of this intermediate. Unfortunately, 2 -car
benanorbornane reacts predominantly via C- 6  insertion with 
C-3-C-2 hydrogen migration as a barely detectable component

of the reaction (nortricyclene-norbornene = 99.5:0.5).6a This 
d ifficu lty  was circumvented in a recent study by Kyba and 
Hudson , 10  who studied the benzo-2-carbenanorborene in 
termediate 2, whereas Nickon and co-workers1 1  have inves
tigated 2-carbenanorbornane species 3, which possesses a 
bu ilt-in  bias favoring exo-C-3 hydrogen migration, since the 
additional bridge twists the exo-C-3 hydrogen into coplanarity 
w ith the empty p orbital of the adjacent singlet carbene center. 
Our approach is to consider 2-carbena-6,6-dimethylnorbor- 
nane ( 1 2 ), since much of the simplicity and symmetry of the 
parent system is preserved and 7  C -H  insertion is blocked, 
C-C insertion being a rarely observed process. 12

The required endo- and exo-deuterated tosylhydrazone 
lith ium  salts (7b and 10) were prepared starting w ith 5,5- 
dimethylnorbornene epoxide (4) 13  and 6 ,6 -dimethylnor- 
camphor (8 ) . 1 3  Epoxide 4 w ith lith ium  aluminum deuteride 
treatment followed by chromic acid oxidation produces 
endo-3-deuterio-6. Treatment of 6  w ith TSNHNH2/FU yields 
tosylhydrazone, which is converted to lith ium  salt w ith an 
equivalent of methyllithium. Ketone 8  was converted to 
exo-deuteriotosylhydrazone salt by treatment w ith  
CH 3ONa/CH 3OD, conversion to tosylhydrazone and subse
quently to lith ium  salt 1 0  as in the endo case.
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Table I. Results of Decompositions of Tosylhydrazone Salts 10 and 7b

Mass spectra of 11 NMR integration of 4
Run Sait_____Type_________do_____________di____________d2_____________ C-2_______________ C-3

1 10 Pyr.a 1 7 . 9 ± 0 . 9 c 7 8 . 3 ± 2 . 1 3 . 8  ±  1 . 5 0 . 9 3 8 ± 0 .0 9 7 0 . 2 2 2 0 .0 9 0

2 10 Pyr. 9 .4 ± 0 . 3 8 2 . 2 ± 1 . 1 8 .4  ±  0 .7 0 .8 4 4 ± 0 . 0 2 8 0 . 1 4 9 ± 0 .0 6 0

3 7b Pyr. 3 . 4 ± 0 .4 9 6 .6 ± 0 .4 0 . 0 0 .0 9 7 ± 0 . 0 1 1 0 . 9 3 7 ± 0 . 0 7 7

4 10 Phot.6 4 3 . 4 ± 0 .5 5 6 .6 ± 0 .5 < 0 . 5 0 .9 7 9 ± 0 . 0 7 1 0 . 4 5 6 ± 0 .0 4 6
5 7b Phot. 5 . 2 ± 0 . 2 9 4 . 8 ± 0 . 2 0 . 0 0 . 1 0 4 ± 0 . 0 3 0 0 . 9 4 7 ± 0 . 0 3 9

“ Dry salt pyrolysis. 6 Photolysis in THF. c One standard deviation.

5a, R  = H 
b, R  = SiM e3

Analysis of the stereochemistry of hydride migration in the 
labeled 2 -carbena-6 ,6 -dimethylnorbornane species generated 
from tosylhydrazones 7b and 10 w ill not be hindered by the 
presence of undeuterated tosylhydrazone (corrected for in the 
NM R  analysis) nor by dideuterated tosylhydrazone (unde-

11a, X =  Y  = H
b, X  = D; Y  = H
c ,  X =  H; Y  = D

Table I I.  Product Composition in  the Décomposition of 
___________ Tosylhydrazone Salis 7b and 10__________

Tosylhydrazone Type________ 11b__________11c

1 0 Dry salt 4.6 ± 1 .2%° 95.4 ± 2 .0%
1 0 Dry salt 5.8 ± 1 . 2 94.2 ± 2 .0

7b Dry salt 93.5 ± 1 .6 6.5 ± 1 . 2

1 0 Photolysis 3.9 ± 1.4 96.1 ± 2.7
7b Photolysis 94.5 ± 1.3 5.5 ± 0.4

a Standard deviation.

tected in the NM R analysis). Only epimerization in the 
preparation of 7b and 10 would present an analytical problem. 
A complication of this nature was tested for by conversion of 
5a to the trimethylsilyl derivative 5b (97.8 ±  0.1% dO and then 
transforming 5a — 6  —► 7b. L ith ium  salt 7b was reconverted 
to tosylhydrazone (HOAc) and then to 6 (97.8 ±  0 .1 % djJ, 
using the NBS treatment14  previously determined not to af
fect Ca . 15  Since epimerization would presumably occur 
through enolate formation and since deuterated enolate would 
re-form 6  much more rapidly than epimer 9, the rate of enolate 
formation would be considerably greater than the rate of ep
imerization. Allowing for an isotope effect of perhaps 4-7 for 
exo hydrogen abstraction, epimerization that occurs should 
be accompanied by deuterium loss. 51 Since no deuterium loss 
occurs, there is no epimerization. In the case of exo-3-deu- 
terio-9, exo-3-deuterium loss should predominate over 
endo-3-hydrogen abstraction51 m’n and, as a consequence, any 
epimerization which might occur should be accompanied by 
a large amount of deuterium loss. Ketone 9 was analyzed by 
NMR, with the aid of an Eu(fod) 3 chemical shift study, before 
conversion to tosylhydrazone (7.0% do) and after reconversion 
to ketone (NBS) from tosylhydrazone (6.0% d0). A similar 
experiment which included lith ium  salt 1 0  in the cycle re
vealed no deuterium loss (less than 2%). Even though the 
preparation of the desired car bene precursors 7 and 10 appears 
to be free of complications, we took the additional precaution 
of preparing the tosylhydrazone of ketone 9 using deuterated 
tosylhydrazine and solvent.

Carbene formation was effected by either thermal (dry salt, 
160-180 °C at 0.1 Torr) or photochemical (450-W high-pres
sure lamp, THF, 25 °C) decomposition of tosylhydrazone 7a. 
The 3,2-hydride shift product, 5,5-dimethylnorbornene (11a) 
was formed as the sole volatile product in 75% (thermal) and 
50% (photochemical) yields. When the deuterated tosylhy
drazones were decomposed, all the deuterium was found to 
reside in the olefinic positions in the product alkene. Since the 
olefinic protons are not differentiated by NM R at 100 Hz,
5,5-dimethylnorbomene was converted to the exo epoxide by 
treatment w ith peracetic acid. The deuterium distribution in 
1 1  was then easily determined, since the corresponding ep
oxide protons have different chemical shifts (C-2, r  7.04; C-3, 
6.90). The NM R  data along with low voltage mass spectral 
analyses of product 5,5-dimethylnorbornene are given in 
Table I. These data were then used to calculate product 
composition in terms of monodeuterated alkenes l i b  and 1  lc  
(Table II).
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The results of Table I I  show that the stereoselectivity of 
hydride migration in both the thermal and photolytic de
compositions is about 95:5 exo/endo. Thus, instead of the 
greater than 100:1 exo/endo selectivity found in the norbornyl 
cation, the carbene selectivity is approximately 20:1, which 
is in rather close agreement with the ratio (13) observed with 
210 and contrasts with the exo/endo migration ratio of 138 
observed for 3.11

The product formation observed in this analysis is assumed 
to be that due to a singlet state carbene intermediate, since 
evidence has been presented which suggests that trip le t car- 
benes do not undergo hydrogen migration.16 Some experi
mental support for this view was obtained by irradiating to- 
sylhydrazone 7a in the presence of benzophenone sensitizer 
(Pyrex filter); nitrogen was evolved (ca. 1 equiv), but the yield 
of 5,5-dimethylnorbornene dropped dramatically to less than 
5%. I f  one assumes a single product determining intermediate, 
the observation of significant endo hydride migration argues 
against delocalization of the C -l-C -6 a bond, for this would 
require a front side displacement of C-2 in the hydride m i
gration transition state. A significant advantage of an analysis 
of hydrogen migration in 2-carbena-6,6-dimethylnorbornane
(12) relative to carbene 3 is the local symmetry of the exo and 
endo C-3-H bonds with respect to the empty p orbital at C-2. 
As a consequence, there should be no preference for either exo 
or endo hydrogen migration based upon orbital overlap con
siderations.17 The intramolecular relationships should, in fact, 
be closely similar to a classical 2-norbornyl cation, where 
torsional effects have been estimated to favor exo over endo 
C-3-C-2 hydride migration by a maximum of 6 kcal/mol.18 
One would expect considerably less difference than this 
maximum for the transition states for the 2-carbenanorbor- 
nane intermediate under consideration, however, since the 
isotope effects, kw/kj) = 0.90 ±  0.18 for thermolysis and &h/&d 
= 0.84 ±  0.18 for photolysis,19 found in the present instance 
and the small values previously observed for /3 C -H  migration (kH/kD = 1.1-1.4) in diazoalkane decompositions11’20’21 
suggest that hydrogen bridging is not well developed in the 
migration step. Therefore, on the basis of the present evidence, 
we conclude that small differences in torsional interactions 
in the transition states for exo and endo hydride migration, 
rather than cr-bond delocalization, are responsible for the 
stereoselectivity observed for 2-carbene-6,6-dimethylnor- 
bornane.

Experimental Section
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  u s i n g  a  B i i c h i  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 .  A l l  b o i l i n g  p o i n t s  a r e  a l s o  u n c o r r e c t e d .  

I n f r a r e d  s p e c t r a  w e r e  r e c o r d e d  o n  e i t h e r  a  B e c k m a n  I R - 9  i n f r a r e d  

s p e c t r o p h o t o m e t e r  o r  a  P e r k i n - E l m e r  6 2 1  i n f r a r e d  s p e c t r o p h o t o m 
e t e r .  P r o t o n  N M R  s p e c t r a  w e r e  r e c o r d e d  o n  a  V a r i a n  A s s o c i a t e s  A - 6 0  

o r  H A - 1 0 0  N M R  s p e c t r o m e t e r .  M a s s  s p e c t r a  w e r e  r u n  o n  a n  A t l a s  
C H - 7  o r  F i n n i g a n  1 0 1 5  S / L  m a s s  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 e r f o r m e d  b y  A l f r e d  B e r n h a r d t ,  M i c r o a n a l y t i s c h e s  L a b o r a t o -  

r i u m ,  5 2 5 1  E l b a c k  U b e r  E n g e l s k i r c h e n ,  F r i t z - p r e g l - s t r a s s e  1 4 - 2 6 ,  

W e s t  G e r m a n y .  V P C  a n a l y s e s  w e r e  c a r r i e d  o u t  w i t h  a n  F  a n d  M  

M o d e l  7 0 0  C h r o m a t o g r a p h  e q u i p p e d  w i t h  d u a l  c o lu m n s  a n d  t h e r m a l  

c o n d u c t i v i t y  d e t e c t o r s .  T h e  f o l l o w i n g  c o l u m n s  w e r e  u s e d :  ( 1 )  1 0  f t  X

0 .2 5  in . a l u m i n u m  c o n t a i n i n g  1 0 %  C a r b o w a x  2 0 M  o n  A n a k r o m  7 0 - 8 0  

A B S ;  (2 )  8  f t  X  0 .2 5  in . a l u m i n u m  c o n t a i n i n g  8 %  C a r b o w a x  2 0 M  o n  

A n a k r o m  7 0 - 8 0  A B S ;  ( 3 )  8  f t  X  0 .2 5  in . a lu m in u m  5 %  O V - 1 7  o n  6 0 - 8 0  

C h r o m o s o r b  G ;  (4) 9  f t  X  0 .2 5  in . a lu m in u m  c o n t a in in g  1 0 %  C a r b o w a x  

2 0 M  a n d  1 %  X F - 1 1 5 0  o n  A n a k r o m  7 0 - 8 0  A B S ;  ( 5 )  1 8  f t  X  0 . 1 2 5  in . 

s t a i n l e s s  s t e e l  c o n t a i n i n g  1 0 %  U C W - 9 8  o n  8 0 - 1 0 0  D i a t o p o r t  S .  

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

g r a p h i c  d a t a  a r e  b a s e d  o n  r e l a t i v e  p e a k  a r e a s  a s  m e a s u r e d  by a  
H e w l e t t - P a c k a r d  3 3 7 3 B  I n t e g r a t o r .

Preparation of 5,5-Dimethyl-2,3-exo-epoxynorbornene (4). 
T h e  p r o c e d u r e  o f  D o n a l d s o n 1 3  w a s  u s e d  w i t h  o n l y  m i n o r  m o d i f i c a 

t io n s .  S u b l i m a t i o n  o f  t h e  r e s u l t i n g  p r o d u c t  ( 2 0  T o r r ,  p o t  t e m p e r a t u r e  

7 0  ° C )  y ie ld e d  t h e  t i t l e  c o m p o u n d  in  7 5 %  y ie ld ;  N M R  (C C L s , 1 0 0  M H z )  

<5 3 . 1 0  ( d o u b l e t  o f  d o u b l e t s ,  J  =  3 . 5 ,  0 .7  H z ,  1  H ,  C - 3  p r o t o n ) ,  2.96 
( d o u b l e t  o f  d o u b l e t s ,  J  =  3 . 5 ,  0 .7  H z ,  1  H ,  C - 2  p r o t o n ) ,  2 . 3 4  ( u n r e 

s o l v e d ,  1  H ,  b r i d g e h e a d  C - l  p r o t o n ) ,  1 . 9 0  ( b r o a d e n e d  s i n g l e t ,  1  H ,  

b r i d g e h e a d  C - 4  p r o t o n ) ,  1 . 3 4  ( b r o a d e n e d  d o u b l e t ,  J  =  4  H z ,  1  H ,  

e x o - C - 6  p r o t o n ) ,  1 . 2 2  ( b r o a d e n e d  d o u b l e t ,  J  =  4  H z ,  1  H ,  e n d o - C - 6  

p r o t o n ) ,  1 . 1 5  t o  0 .8 0  ( c o m p le x  s i g n a l s  i n c l u d i n g  t w o  s i n g l e t s  f o r  t h e  

t w o  m e t h y l  g r o u p s  o n  C - 5  a t  5 1 . 0 5  a n d  1 . 0 2 ,  8  H).
Preparation of 6,6-Dimethylnorbornan-2-ol. T h e  p r o c e d u r e  

o f  D o n a l d s o n 1 3  w a s  u s e d .  P u r i f i c a t i o n  b y  p r e p a r a t i v e  V P C  y i e l d e d  

N M R  (CCI4 , 1 0 0  M H z ) :  S 4 .0 7  ( d o u b l e t ,  J  =  6  H z ,  1  H ,  p r o t o n  a  t o  

h y d r o x y l ) ,  2 .2 0  ( m u l t i p l e t ,  1  H ,  p r o t o n  o n  C - 4 ) ,  1 . 6 8  ( s in g le t ,  1  H ,  C - l  

b r i d g e h e a d  p r o t o n ) ,  1 . 6 3  t o  0 .7 3  ( c o m p le x  s e r i e s  o f  a b s o r p t i o n s  i n 

c l u d i n g  m e t h y l  s i n g le t s  a t  & 1 . 0 0  a n d  0 . 9 7 , 1 2  H ) .

Preparation of endo-3-Deuterio-6,6-dimethylnorbornan-2-ol 
( 5 a ) .  T h e  r e a c t i o n  w a s  r u n  a s  d e s c r i b e d 1 3  e x c e p t  t h a t  3  e q u i v a l e n t s  

o f  l i t h i u m  a l u m i n u m  d e u t e r i d e  ( 9 9 .5 %  d ) w a s  h e a t e d  a t  r e f l u x  w i t h  

4  f o r  3  d a y s .  A f t e r  w o r k u p ,  V P C  a n a l y s i s  o n  c o l u m n  1  s h o w e d  t h e  

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

7 0 : 3 0 .

A n a l y s i s  o f  t h e  e x t e n t  o f  d e u t e r a t i o n  w a s  c a r r i e d  o u t  b y  t r e a t i n g  

a l c o h o l  5 a  ( 0 .2 3  g ,  0 . 0 0 1 6  m o l)  w i t h  1  m L  o f  M e ^ S O  a n d  0 .4  m L  o f  

T r i s i l  ( P i e r c e  C h e m i c a l  C o .) .  T h e  m i x t u r e  w a s  s h a k e n  f o r  5 - 1 0  m i n  

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

t h e  M e 2 S O  l a y e r  w a s  e x t r a c t e d  o n c e  w i t h  h e x a n e .  T h e  o r g a n i c s  w e r e  

c o m b i n e d  a n d  w a s h e d  o n c e  w i t h  H 2 O , t h e n  d r i e d  o v e r  C a C L -  T h e  

t r i m e t h y l s i l o x y n o r b o r n a n e  d e r i v a t i v 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  

V P C  ( c o lu m n  2 ) .  L o w  v o l t a g e  m a s s  s p e c t r u m  s h o w e d  % D i  a s  9 7 .8  ±  

0 . 1 % .  T h e r e  w a s  n o  D 2 .

Preparation of 6,6-DimethyInorbornan-2-one ( 6 ) .  6 ,6 - D i -  

m e t h y ln o r b o r n a n - 2 - o l  w a s  o x id iz e d  b y  t h e  p r o c e d u r e  o f  D o n a l d s o n . 1 3  

D i s t i l l a t i o n  o f  the t i t l e  k e t o n e  ( b p  8 0 - 8 3  ° C ,  1 8  T o r r ;  l i t .  b p  7 4 - 7 5  

° C ,  1 2  T o r r )  y i e l d e d  5 1 . 5 %  ( c a l c u l a t e d  f r o m  e p o x i d e  4); N M R  ( C C I 4 , 

1 0 0  M H z ) :  6 2 . 7 5  ( u n r e s o l v e d ,  1  H ,  b r i d g e h e a d  p r o t o n  a t  C - 4 ) ,  2 .0 2  

( s l i g h t ly ,  b r o a d e n e d  s i n g le t ,  C - l  b r i d g e h e a d ) ,  1 . 9 7 - 0 . 8 0  ( c o m p le x  

a b s o r p t i o n s  i n c l u d i n g  m e t h y l  s i n g le t s  a t  5 1 . 0 7  a n d  0 . 9 6 , 1 2  H ) .

Oxidation of endo-3-Deuterio-exo-6,6-Dimethylnorbornan- 
2-ol. T h e  c r u d e  m i x t u r e  o f  5a a n d  4 w a s  t r e a t e d  w i t h  c h r o m i c  a c i d  in  

a c e t o n e  a s  d e s c r i b e d . 1 3  D i s t i l l a t i o n  y i e l d e d  6 .

Deuteration of 6,6-Dimethylnorbornan-2-one. T h e  t i t l e  k e t o n e  

( 1 . 0  g )  w a s  d i s s o l v e d  in  2 5  m L  o f  m e t h a n o l - O - d  ( 9 9 %  d i )  w i t h  a  c a t 

a l y t i c  a m o u n t  o f  s o d i u m  m e t h o x i d e  a n d  s t i r r e d  f o r  2  h  a t  r o o m  t e m 

p e r a t u r e .  A f t e r  q u e n c h i n g  w i t h  D 20  a n d  d i l u t i o n  w i t h  w a t e r ,  t h e  s o 

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

o f  t h e  p e n t a n e  b y  d i s t i l l a t i o n ,  t h e  k e t o n e  w a s  u s 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  f o r  t h e  p r e p a r a t i o n  o f  t o s y l h y d r a z o n e .  S a m p l e s  f o r  

s p e c t r a l  a n a l y s i s  w e r e  s e p a r a t e d  u s i n g  V P C  c o l u m n  3 .  T h e  e x t e n t  o f  

d e u t e r a t io n  a t  t h e  e x o  a n d  e n d o  C - 3  p o s i t io n  w a s  d e t e r m in e d  b y  N M R  

a i d e d  b y  a  l a n t h a n i d e  i n d u c e d  s h i f t .  E u ( f o d ) 3  w a s  a d d e d  u n t i l  t h e  
d i f f e r e n c e  b e t w e e n  t h e  e x o ,  e n d o ,  a n d  b r i d g e h e a d  p o s i t i o n s  b e c a m e  

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

T h e  b r i d g e h e a d  h y d r o g e n  ( C - l )  w a s  u s e d  a s  t h e  s t a n d a r d .  W h e n  t h e  

b r i d g e h e a d  h y d r o g e n  w a s  a t  5  1 0 . 3 4 ,  t h e  e x o - 3  a n d  e n d o - 3  p r o t o n s  

a b s o r b e d  a t  S 1 0 . 7 7  a n d  1 0 . 0 3 ,  r e s p e c t i v e l y .

Preparation of 6,6-Dimethyl-2-norbornanone p-Toluene- 
sulfonyihydrazone. A  m i x t u r e  o f  4 . 5  g  ( 0 .0 3 3  m o l)  o f  6 ,6 - d i m e t h -  

y l n o r b o r n a n - 2 - o n e  a n d  6 .2  g  ( 0 .0 3 3  m o l)  o f  t o s y l h y d r a z i n e  in  3 5  m L  

o f  9 5 %  e t h a n o l  w i t h  2  d r o p s  o f  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  w a s  

h e a t e d  a t  r e f l u x  f o r  3  h . S e v e r a l  m i l l i l i t e r s  o f  w a t e r  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  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 n  p la c e d  in  a  r e 

f r i g e r a t o r ,  y i e l d i n g  5 . 1  g  ( 0 . 0 1 7  m o l) ,  5 1 % ,  m p  1 5 0 - 1 5 4  ° C .  R e c r y s 

t a l l i z a t i o n  f r o m  e t h a n o l  y i e l d e d  m p  1 5 7 . 5 - 1 5 9  ° C ;  I R  ( 0 . 1  m m , 

C H C I 3 ) : 3 2 0 0  c m - 1  ( m , N - H  s t r e t c h i n g ) ,  1 6 6 2  ( m , C = N  s t r e t c h i n g ) ,  

1 5 9 8  ( m , a r o m a t i c  C = C  s t r e t c h i n g )  a n d  1 1 7 0  ( s ,  S O 2- N  s t r e t c h i n g ) ;  

N M R  ( 1 0 0  M H z ,  C D C I 3 ) : 5 7 .8 9  ( s i n g l e t ,  1  H ,  N - H ) ,  6 7 .8 4  a n d  7 .2 6  

( e a c h  a  d o u b l e t ,  2  H  e a c h ,  a r o m a t i c  p r o t o n s ) ,  S 2 . 3 8  ( s i n g l e t ,  3  H ,  a r 

o m a t i c  m e t h y l ) ,  5 2 . 3 4  ( m u l t i p l e t ,  2  H ,  C - l  a n d  C - 4  b r i d g e h e a d  p r o 

t o n s ) ,  5  2 .2  t o  1 . 2  ( c o m p le x  s i g n a l s ,  5  H ) ,  5 0 .9 6  ( 1  H ,  b u r i e d  u n d e r  

m e t h y l )  5  0 .9 6  a n d  0 .5 6  ( s i n g l e t s ,  3  H  e a c h ,  m e t h y l s  o n  C - 6 ).

A n a l .  C a l c d  f o r  C i 6H 2 2 N 2 0 2S :  C ,  6 2 . 7 1 ;  H ,  7 .2 4 .  F o u n d :  C ,  6 2 .7 0 ;  
H ,  7 . 2 1 .

Preparation of endo-3-Deuterio-6,6-dimethylnorbornan-2- 
one Tosylhydrazone. T h i s  p r e p a r a t i o n  w a s  c a r r i e d  o u t  in  a  m a n n e r  

i d e n t i c a l  w i t h  t h a t  d e s c r i b e d  a b o v e  f o r  t h e  u n d e u t e r a t e d  t o s y l h y 

d r a z o n e .  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  g a v e  m p  1 5 6 . 5 - 1 5 8  ° C .

Preparation of exo-3-Deuterio-6,6-dimethylnorbornan-2-one 
Tosylhydrazone. T h e  e x o - d e u t e r a t e d  k e t o n e  ( a b o u t  1  g ,  0 .0 8  m o l)  

w a s  p la c e d  in  1 0  m L  o f  m e t h a n o l - O - d  (9 9 %  d i )  w i t h  1 . 5  g  ( 0 .0 8  m o l)  

o f  t o s y l h y d r a z i n e  ( p r e v i o u s l y  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 - O - d )  a n d  

a  d r o p  o f  D C 1  in  D 2 0 .  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  f o r  3  h ;  D 20  

w a s  a d d e d ,  a n d  t h e  s o lu t io n  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 ,  

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



l iz e d  f r o m  m e t h a n o l - O - d - D ^ O  y i e l d i n g  p u r i f i e d  t o s y l h y d r a z o n e  w i t h  

m p  1 5 6 - 1 5 8 ° .

Dry Salt Pyrolysis of the Lithium Salt of 6,6-Dimethylnor- 
bornan-2-one Tosylhydrazone. A  2 5 - m L  f l a s k  w a s  c h a r g e d  w i t h  3 0 6  

m g  ( 1 . 0 0  m m o l)  o f  t o s y l h y d r a z o n e .  T o  t h i s  w a s  a d d e d  1 0  m L  o f  a n 

h y d r o u s  e t h e r ,  a n d  t h e n  4 5 0  p L  o f  2 .2  M  m e t h y l l i t h i u m  in  e t h e r  ( 1 . 0  

m m o l)  w a s  a d d e d  t o  t h e  s o l u t i o n  w i t h  s w i r l i n g .  W h e n  g a s  e v o l u t i o n  

c e a s e d ,  t h e  e t h e r  w a s  e v a p o r a t e d  b y  b l o w i n g  d r y  n i t r o g e n  o v e r  t h e  

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

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

w a r m e d  t o  4 0  ° C  a n d  a n y  r e m a i n i n g  v o l a t i l e  m a t e r i a l  w a s  p u m p e d  

o f f  a t  0 . 1  T o r r .  T h e  d r y  s a l t  w a s  t h e n  p la c e d  in  a n  o i l  b a t h  m a i n t a i n e d  

a t  1 8 0  ° C ,  p r e s s u r e  0 . 1  T o r r ,  a n d  t h e  v o la t i l e  p r o d u c t s  w e r e  c o l le c t e d  

in  a  t r a p  m a i n t a i n e d  a t  —7 8  ° C .  A f t e r  1  h  t h e  v o l a t i l e  m a t e r i a l  in  t h e  

t r a p  w a s  w a s h e d  o u t  w i t h  p e n t a n e ,  a n d  t h e  r e s u l t in g  p e n t a n e  s o lu t io n  

w a s  a n a l y z e d  b y  V P C  o n  c o l u m n s  1 , 4 ,  a n d  5 .  O n l y  o n e  p r o d u c t  w a s  

d e t e c t a b l e  b y  V P C ,  a n d  i t  h a d  I R ,  N M R ,  a n d  V P C  r e t e n t i o n  t i m e  

i d e n t i c a l  w i t h  5 , 5 - d i m e t h y l n o r b o r n e n e .  T h e  y i e l d  ( i n t e r n a l  V P C  

s t a n d a r d )  w a s  7 5 % .

Irradiation of the Lithium Salt of 6,6-Dimethylnorbornan- 
2-one Tosylhydrazone. I n  a  5 0 - m L  f l a s k ,  3 0 6  m g  ( 1 . 0 0  m m o l)  o f  

t o s y lh y d r a z o n e  w a s  d i s s o lv e d  in  2 5  m L  o f  t e t r a h y d r o f u r a n  ( w h ic h  h a d  

b e e n  f r e s h l y  d i s t i l l e d  f r o m  l i t h i u m  a l u m i n u m  h y d r i d e )  a n d  9 5  m g  o f  

d e c a n e  ( fo r  V P C  in t e r n a l  s t a n d a r d ) .  M e t h y l l i t h i u m  ( 4 6 0  pL  o f  2 .2  M ,

I .  0  m m o l)  in  e t h e r  w a s  a d d e d  w i t h  s t i r r i n g  a t  0  ° C .  A  s m a l l  a l i q u o t  w a s  

w i t h d r a w n  a n d  s e t  a s i d e ,  a n d  t h e  r e s t  w a s  i r r a d i a t e d  w i t h  a  4 5 0 - W  

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

o f  n i t r o g e n  w a s  e v o lv e d  a n d  e v o lu t io n  s t o p p e d .  T h e  s o lu t io n  w a s  t h e n  

d i lu t e d  w i t h  2 0 0  m L  o f  w a t e r  a n d  e x t r a c t e d  w i t h  5  X  1 5  m L  o f  p e n 

t a n e .  T h e  p e n t a n e  e x t r a c t s  w e r e  c o m b i n e d ,  w a s h e d  w i t h  5  X  2 5 0  m L  

o f  w a t e r  a n d  1  X  1 0 0  m L  o f  b r i n e  a n d  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 .  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  b y  d i s t i l l i n g  o f f  m o s t  o f  t h e  

s o l v e n t  t h r o u g h  a  V i g r e u x  c o lu m n .  V P C  a n a l y s i s  o n  c o lu m n  5  s h o w e d  

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

p e a k  w i t h  t h e  s h o r t e r  r e t e n t i o n  t i m e ,  f o r m e d  i n  v a r i a b l e  y i e l d ,  h a d  

V P C  r e t e n t i o n  t i m e  a n d  i n f r a r e d  i d e n t i c a l  w i t h  t h a t  o f  t o l u e n e .  T h e  

o t h e r  p e a k  h a d  V P C  r e t e n t i o n  t i m e ,  I R ,  a n d  N M R  i d e n t i c a l  w i t h

5 . 5 -  d i m e t h y l n o r b o r n e n e .  I n t e r n a l  V P C  s t a n d a r d  in d i c a t e d  t h e  y i e l d  

t o  b e  5 0 % . T h e  a l i q u o t  s e t  a s i d e  w a s  w o r k e d  u p  in  a n  id e n t ic a l  m a n n e r  

a s  t h e  i r r a d i a t e d  m i x t u r e ,  a n d  V P C  a n a l y s i s  i n d i c a t e d  t h e r e  w a s  n o  

( < 0 . 1 % ) a l k e n e  f o r m e d  b y  m e t h y l l i t h i u m  e l i m i n a t i o n . 22

Irradiation of the Lithium Salt of 6,6-DimethyInorbornan-
2-one Tosylhydrazone in the Presence of Benzophenone. T o  a  

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

a d d e d  1 . 0  e q u i v a l e n t  o f  r e a g e n t  g r a d e  b e n z o p h e n o n 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  t h r o u g h  a  P y r e x  f i l t e r  u n t i l  n i t r o g e n  e v o l u t i o n  c e a s e d  

( a p p r o x i m a t e l y  1  e q u iv ) .  A f t e r  w o r k u p  s i m i l a r  t o  t h a t  d e s c r ib e d  a b o v e ,  

V P C  a n a l y s i s  o n  c o l u m n  5  g a v e  a  lo w  y i e l d  ( < 5 % )  o f  5 , 5 - d i m e t h y l 

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

Decomposition of Deuteriated Tosylhydrazones. D e u t e r a t e d  

t o s y l h y d r a z o n e s  w e r e  d e c o m p o s e d  in  e x a c t l y  t h e  s a m e  m a n n e r  a s  

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

Preparation of Deuterated 4 for NMR Analysis. D e u t e r a t e d

5 .5 -  d i m e t h y ln o r b o r n e n e ,  f o r m e d  f r o m  t o s y lh y d r a z o n e  d e c o m p o s i t io n s  

in  r u n s  1 - 5 ,  w a s  c o l le c t e d  b y  p r e p a r a t i v e  V P C  ( u s u a l l y  c a .  2 0  m g ) , a n d  

p la c e d  in  a  s m a l l  v i a l  w i t h  5 0  /iL  o f  c h lo r o f o r m , 2 5 0  pL  o f  4 0 %  p e r a c e t i c  

a c i d ,  a n d  5  m g  o f  a n h y d r o u s  s o d i u m  a c e t a t e .  A f t e r  w a r m i n g  t o  4 0  ° C  

f o r  5  m i n ,  t h e  s o l u t i o n  w a s  d i l u t e d  w i t h  2  m L  o f  w a t e r ,  a n d  2 5 0  p L  o f  

4 0 %  s o d i u m  h y d r o x i d e  w a s  a d d e d  w i t h  c o o lin g . T h e  s o lu t io n  w a s  t h e n  

e x t r a c t e d  3  t i m e s  w i t h  2 0 0  pL  o f  p e n t a n e .  T h e  p e n t a n e  e x t r a c t s  w e r e  

w a s h e d  w i t h  5 0 0  p L  o f  w a t e r  a n d  2 0 0  pL  o f  b r i n e  a n d  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 .  E p o x i d e  4  w a s  t h e n  c o l le c t e d  b y  p r e p a r a t i v e  

V P C  a n d  s u b j e c t e d  t o  N M R  a n a l y s i s .

NMR Analysis of Deuterated 4. E p o x i d e  4, g e n e r a t e d  a s  d e 

s c r i b e d  a b o v e  f r o m  t h e  d e u t e r a t e d  a l k e n e  1 la p r o d u c e d  in  r u n s  1 - 5 ,  

w a s  s u b j e c t e d  t o  N M R  a n a l y s i s  in  C C L  a t  1 0 0  M H z .  I n t e g r a t i o n  o f  

t h e  a b s o r p t i o n s  a t  5 3 . 1 0  a n d  2 .9 6  d u e  t o  t h e  p r o t o n s  a t  C - 3  a n d  C - 2  

w a s  c o m p a r e d  w i t h  t h e  i n t e g r a t i o n  o f  t h e  s ig n a l s  a t  b 2 .3 4  a n d  1 . 9 0  d u e  

t o  t h e  C - l  a n d  C - 4  b r i d g e h e a d  p r o t o n s .  I n  a l l  c a s e s ,  t h e  d e u t e r i u m  

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

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

o f  t h e  a r e a s  u n d e r  t h e  p e a k s  a t  b 3 . 1 0  a n d  2 .9 6  y ie ld e d ,  a f t e r  c o r r e c t in g  

f o r  t h e  a m o u n t  o f  u n d e u t e r a t e d  a l k e n e  ( a v a i l a b l e  f r o m  m a s s  s p e c t r a l  

a n a l y s i s ) ,  t h e  r a t i o  o f  p r o d u c t s  lib  a n d  11c. T h e  i n t e g r a l s  a r e  g i v e n  

in  T a b l e  I  a n d  t h e  c a l c u l a t e d  r a t i o s  o f  p r o d u c t s  a r e  g i v e n  in  T a b l e

I I .

Mass Spectral Analysis of Deuterated 11a. D e u t e r a t e d  5 ,5 -  

d i m e t h y ln o r b o r n e n e  f r o m  r u n s  1 - 5  w a s  c o l le c t e d  b y  p r e p a r a t i v e  V P C  

a n d  s u b j e c t e d  t o  m a s s  s p e c t r a l  a n a l y s i s  a t  lo w  io n iz in g  p o t e n t i a l s .  A t  

1 4  e V  t h e  p a r e n t  — 1  io n  h a d  b e e n  r e d u c e d  t o  < 0 .5 % .  T h e  p e a k

Hydrogen Migration in 2-Carbena-6,6-dimethylnorbornane J. Org. Chem., Vol. 42, No. 21, 1977 3359

h e i g h t s ,  a f t e r  c o r r e c t i n g  f o r  t h e  n a t u r a l  a b u n d a n c e  o f  C - 1 3 ,  y i e l d e d  

t h e  a m o u n t s  o f  do, d  1 , a n d  <¿2 . T h e s e  v a l u e s  a r e  p r e s e n t e d  in  T a b l e  

I .

R e g i s t r y  N o . — 4 , 6 3 0 8 9 - 2 7 - 0 ;  5 a ,  6 3 0 8 9 - 2 8 - 1 ;  6 ,  6 3 0 8 9 - 2 9 - 2 ;  7 a ,  

6 3 0 8 9 - 3 0 - 5 ;  7 b ,  6 3 0 8 9 - 3 1 - 6 ;  9 ,  6 3 0 8 9 - 3 2 - 7 ;  1 0 ,  6 3 0 8 9 - 3 3 - 8 ;  l i b ,  

6 3 0 8 9 - 3 4 - 9 ;  1 1 c ,  6 3 0 8 9 - 3 5 - 0 ;  6 ,6 - d im e t h y ln o r b o r n a n - 2 - o l ,  6 3 1 2 2 - 4 7 - 4 ;

6 ,6 - d i m e t h y l - 2 - n o r b o r n o n e  t o s y l h y d r a z o n e ,  5 8 7 2 8 - 8 9 - 5 ;  e n d o -3 -  

d e u t e r i o - 6 ,6 - d i m e t h y l n o r b o r n a n - 2 - o n e  t o s y l h y d r a z o n e ,  6 3 0 8 9 - 3 6 - 1 ;  

ex o -  3 - d e u t e r i o - 6 , 6 - d i m e t h y l n o r b o r n a n - 2 - o n e  t o s y l h y d r a z o n e ,  

6 3 0 8 9 - 3 7 - 2 ;  5 , 5 - d i m e t h y l n o r b o r n e n e ,  4 9 7 - 2 8 - 9 .
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S y n t h e s i s  a n d  s e l e c t i v e  t r i s ( t r i p h e n y l p h o s p h i n e ) r u t h e n i u m ( I I )  d i c h l o r i d e  c a t a l y z e d  r e a r r a n g e m e n t  o f  u n s y m m e -  

t r i c a l  d i a l l y l  e t h e r s  t o  7 ,0 - u n s a t u r a t e d  a l d e h y d e s  a n d  k e t o n e s  a r e  r e p o r t e d .  P r e s u m a b l y  r u t h e n i u m  r e g i o s p e c i f i c a l l y  

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

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

t u t e d  o r  t r i s u b s t i t u t e d  o l e f i n s  d o  n o t  i s o m e r i z e  r e a d i l y .  R e m a r k a b l y ,  a n  a l l y l  e t h e r  r e a r r a n g e s  s i x  t i m e s  m o r e  r e a d i l y  

t h a n  a n  a - m e t h y l a l l y l  e t h e r .

The aliphatic Claisen rearrangement, first observed in 
enol allyl ethers in 1912,1 was not recognized2 as a generally 
useful and important reaction until recently.3 The rear-

rangement was extended to simple allyl vinyl ethers 26-years 
later.4 It has been studied mechanistically by a number of 
investigators.5 The high stereoselectivity for the formation

of {E )-d i-  and trisubstituted olefins upon Claisen rearrange
ment of vinyl ethers of secondary allylic alcohols has recently 
found many applications in organic synthesis.6 This stereo
selectivity extends to the creation of asymmetric centers in 
high optical yield.7-8 The Claisen rearrangement is now rec
ognized as an important general, stereoselective method for 
olefin synthesis. The above types of Claisen rearrangements 
as well as some more recent variants have found extensive 
application in the synthesis of natural products.9

The allyl vinyl ether substrates for Claisen synthesis of
7,5-unsaturated aldehydes or ketones are generally prepared 
by acid-catalyzed decomposition of diallyl acetals4-10 or 
transvinylation.11’12 Schemes involving allyl ethers of hal- 
ohydrins,4’13 vinylation14 of a-halo ethers, or Wittig olefina- 
tion15 have also been employed. Allyl enol ethers of acetoacetic 
esters1 and zinc enolates of allyl or propargyl esters16 are also 
useful. We now report that selective rearrangement of diallyl 
ethers catalyzed by tris(triphenylphosphine)ruthenium(II) 
dichloride is a valuable new route for the synthesis of 7,5- 
unsaturated aldehydes and ketones. Preliminary rearrange
ment to allyl vinyl ethers followed by Claisen rearrangement 
presumably is involved.

Results
Preparation of Diallyl Ethers. Unsymmetrical diallyl 

ethers 2 are readily available in high yields by O-alkylation 
of allyl alcohols 1 with allyl halides (Table I).

Ruthenium Catalyzed Rearrangement of Diallyl 
Ethers. The diallyl ethers were heated at 200 °C in the pres
ence of 0.1 mol % tris(triphenylphosphine)ruthenium di
chloride in sealed Pyrex tubes for 1 -4  h. Simple short-path 
distillation of the reaction product mixture gave good to ex
cellent yields of 7,5-unsaturated carbonyl compounds 3 which 
were often better than 90% pure according to GLC and XH 
NMR analysis. In principle, two different isomeric 7,5-un
saturated carbonyl compounds could be produced from each 
unsymmetrical diallyl ether. Generally, however, the isomer 
shown in Table II was the only carbonyl product obtained.

The structures assigned to the products 3a-i are supported 
by their 1H NMR spectra (see below and Experimental Sec
tion). The rearrangement of 2d to 3d was accompanied by the 
formation of the ether 2d' (13%) and methylallyl alcohol (10%). 
The ether 2d' was identified by 4H NMR and GLC comparison 
with an authentic sample prepared by O-alkylation of A3- 
cyclopentenol with methallyl chloride.

H

f * \ X
c h 3 c h 3 c h 3(X CHO L.X CHO VX CHO

3c 3e 3f

The 4H NMR spectra of the product aldehydes 3c, 3e, and 
3f suggested the presence of two diastereomers. Two doublets 
with equal coupling constants were observed in each case for 
the methyl group a  to the carbonyl. The diastereomers of 3e 
were separable by GLC.

Rearrangement of 2i gave predominantly 3i. The E  con
figuration of the C-C 7r bond in 3i is assumed due to the known 
stereoselectivity of such Claisen rearrangements.6 The alde
hyde was readily separated quantitatively from the reaction 
product mixture as the water-soluble sodium bisulfite addition 
product. The water insoluble product mixture yielded the 
ketone 3i' (9%) and starting material 2i (30%). The ketone 3i' 
was identified by 1H NMR and GLC comparison with an au
thentic sample.20 The aldehyde 3i was recovered from the

i - Q 3

2 . H C O O H
h 2o ,

3 i  4 i

aqueous phase after treatment with saturated sodium bicar
bonate. Ozonolysis of the major product 3i followed by oxi
dation gave methylsuccinic acid (4i) exclusively.

COOH COOH
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A l c o h o l

l a

lb  \ ^ j  OH 

le  ^  J3H

R e g i s t r y

n o .

5 1 3 - 4 2 - 8

5 5 6 - 8 2 - 1

1 0 7 - 1 8 - 6

3 2 1 2 - 6 0 - 0

4 8 4 5 - 0 4 - 9

1 1 2 0 - 8 0 - 5

1 1 5 - 1 8 - 4

1 9 4 0 - 1 9 - 8

5 9 8 - 3 2 - 3

T a b l e  I .  S y n t h e s i s  o f  U n s y m m e t r i c a l  D i a l l y l  E t h e r s  

R e g i s t r y

H a l i d e  n o .  E t h e r
Y i e l d ,  R e g i s t r y

%  n o .

8 8  1 4 2 8 9 - 9 6 - 4

9 1  6 3 1 6 3 - 4 9 - 5

8 0  6 3 1 6 3 - 5 0 - 8

8 9  6 3 1 6 3 - 5 1 - 9

7 9  6 3 1 6 3 - 5 2 - 0

8 1  6 3 1 6 3 - 5 3 - 1

9 2  6 3 1 6 3 - 5 4 - 2

8 6  6 3 1 6 3 - 5 5 - 3

8 5  3 7 0 2 7 - 6 4 - 8

T a b l e  I I .  R u t h e n i u m  C a t a l y z e d  R e a r r a n g e m e n t  o f  

U n s y m m e t r i c a l  D i a l l y l  E t h e r s

R e a c t i o n  I s o l a t e d

t i m e ,  y i e l d ,  G C  p u r i t y ,

D i a l l y l  e t h e r  P r o d u c t  h  %  %

a D i s t i l l e d  r e a c t i o n  p r o d u c t  m i x t u r e  c o n t a i n e d  8 %  s t a r t i n g  

e t h e r  2 a .  b A l s o  i s o l a t e d :  A 3- c y c l o p e n t e n y l  m e t h y l a l l y l  

e t h e r  a n d  m e t h y l a l l y l  a l c o h o l ,  s e e  b e l o w .  c D i a s t e r e o m e r s  

s e p a r a b l e  o n  1 0  f t  X V i i n .  1 0 %  C a r b o w a x  2 0 M  o n  6 0 / 8 0  

C h r o m o s o r b  W . d  D i s t i l l e d  r e a c t i o n  p r o d u c t  m i x t u r e  c o n 

t a i n e d  7 %  s t a r t i n g  e t h e r  2 h .  e I s o l a t i o n  o f  3 i  w a s  a f f e c t e d  

b y  s o d i u m  b i s u l f i t e  e x t r a c t i o n — s e e  E x p e r i m e n t a l  S e c t i o n .

Transition metal catalyzed conversion of monoallyl ethers 
into vinyl ethers is known.17 Platinum hydrides promote 
cleavage of diallyl ethers to give aldehydes and 7r-allylpla- 
tinum(II) complexes rather than rearrangement.18 We now 
find that tris(triphenylphosphine)ruthenium(II) dichloride

catalyzes rearrangem ent of diallyl ethers to give 7 ,6-unsatu- 
rated carbonyl compounds. These ruthenium catalyzed re
arrangements of diallyl ethers almost certainly involve gen

eration (eq 1) and subsequent Claisen rearrangement (eq 2) 
of allyl vinyl ethers.

The rearrangements listed in Table II exhibit two note
worthy features. Allylic rearrangement is highly regiospecific. 
Secondly, the products 3 of the Claisen rearrangement do not 
undergo further ruthenium catalyzed allylic rearrangement. 
These features are readily understandable if it is recognized 
that ruthenium catalysis of allylic hydrogen migration occurs 
less readily for substituted olefins. The ease of olefin isom
erization shows a strong sensitivity to structural factors and 
rates of rearrangement vary greatly with olefin structure.19

3h
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Of course, for the ethers 2g and 2h, migration of an allylic 
hydrogen can occur from only one position. Thus, Claisen 
rearrangement of the intermediate allyl vinyl ether results in 
a single product 3g or 3h.

The influence of olefin substitution on the relative ease of 
allylic hydrogen migration may be deduced from a consider-

T 10
\=C H C H ,

' tT 0
2at

3a'
ation of the rearrangements observed for 2a-f and 2i. The 
ether 2a contains a geminally disubstituted olefin and a mo- 
nosubstituted olefin. Only a single Claisen product is observed. 
Only the monosubstituted ir bond undergoes ruthenium cat
alyzed allylic rearrangement. An XH NMR spectrum of the 
crude reaction product mixture shows the complete disap
pearance of the CH vinylic methine proton of 2a and the ab
sence of a six-hydrogen singlet which is expected for the 
gem-dimethyl substituents a  to the carbonyl in 3a'.

Ether 2b contains a trisubstituted olefin and a monosub
stituted olefin. Again, only the monosubstituted w bond 
undergoes ruthenium catalyzed allylic rearrangement, and 
only a single Claisen product is observed. Inspection of the XH

NMR spectrum of the crude reaction mixture shows a six- 
proton singlet which is accounted for by quaternary gem- 
dimethyl substituents in 3b. The alternative product 3b' 
would show a six-hydrogen doublet due to its gem-dimethyl 
substituents. Such a doublet is not observed.

In the case of 2c the monosubstituted olefin isomerizes in 
preference to the vicinally disubstituted olefin. An 1H NMR 
spectrum shows a one-proton doublet assignable to the alde- 
hydic hydrogen corresponding to the structure 3c. Also, a 
single downfield tertiary ring proton is observed, which is due 
to the allylic methine in 3c, and two diastereomeric methyl 
doublets appear at 5 1.04 and 1.07 (J  = 7 Hz). Interestingly 
in 2d, in contrast with 2c, only the vicinally disubstituted ir 
bond migrates and therefore no aldehyde 3d' is produced.

0

3d'

Not surprisingly, olefin isomerization followed by Claisen 
rearrangement in 2e and 2f results in a single rearrangement 
product. A *H NMR spectrum shows two diastereomeric al-

CHO

(CH2)„
3 e ,  n =  3  

f ,  n =  2

dehydic proton doublets for both the crude and GC isolated 
products from 2e. Also, as for 3c, both 3e and 3f show dia
stereomeric methyl groups.

The most remarkable example of selectivity in ruthenium 
catalyzed rearrangement of diallyl ethers occurs in 2i. The 
products 3i and 3i' are formed in the ratio of 6:1 where R = 
CH3. This unexpected result suggests that even allylically  
substituted  m onoolefins direct the specific ity  o f  ruthenium  
catalyzed allylic hydrogen isomerization. This extraordinary
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3i'
reaction should be general and highly regiospecific for any 
derivative of 2i in which R has steric requirements equal to 
or greater than a methyl group.

Conclusion
Unsymmetrical diallyl ethers give 7 ,¿-unsaturated ketones 

or aldehydes upon heating in the presence of tris(triphenyl- 
phosphine)ruthenium dichloride. Presumed intermediate allyl 
vinyl ethers produced by an initial ruthenium catalyzed
1,3-hydrogen shift give the observed products by Claisen re
arrangement. Rearrangement of unsymmetrical diallyl ethers 
is predictably regiospecific, since 1,3-hydrogen migration 
occurs readily only with mono and vicinally disubstituted 
olefins. Furthermore, the rates of rearrangement vary con
siderably with olefin substitution. Isomerization of mono- 
substituted olefins occurs more rapidly than isomerization of 
vicinally disubstituted olefins. Even a mere allylic methyl 
substituent markedly retards 1,3-hydrogen migration.

Experimental Section
General. A l l  v e s s e l s  w e r e  f l a m e  d r i e d  a n d  r e a c t i o n s ,  w h e n e v e r  

p o s s ib le ,  w e r e  c a r r i e d  o u t  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 .  S o l v e n t s  

w e r e  f r e s h l y  d i s t i l l e d .  A l l  G C  w o r k  w a s  p e r f o r m e d  w i t h  a  V a r i a n  

M o d e l  9 0 - P  u s i n g  a  6  f t  S E  3 0  1 5 %  o n  C h r o m o s o r b  W  6 0 / 8 0 ;  N M R  

s p e c t r a  r e c o r d e d  w i t h  a  V a r i a n  A 6 0 A  o r  H A - 1 0 0  w i t h  F o u r i e r  t r a n s 

f o r m  u s in g  CCI4 a n d  1 %  M e 4S i  a s  s o l v e n t .  A l l  s e a l e d  t u b e  r e a c t i o n s  

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

Ether Synthesis A. Allyl Methylcyclopentenyl Ether (2f). N a H  

( 2 .0  g ,  4 6  m m o l ,  5 7 %  o i l  d i s p e r s i o n )  in  a  1 0 0 - m L  t h r e e - n e c k e d  f l a s k  

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

f u n n e l  w a s  w a s h e d  w i t h  p e n t a n e  ( tw o  1 0 - m L  p o r t i o n s ) .  T H F  ( 7 5  m L )  

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

t e n e - l - c a r b i n o l  ( 3 .0  g , 3 0  m m o l) ,  a n d  t h e  r e s u l t i n g  m i x t u r e  w a s  s t i r r e d  

u n d e r  r e f l u x  f o r  2  h . T h e n  w h i l e  t h e  m i x t u r e  w a s  s t i l l  w a r m ,  H M P A  

( 1 5  m L )  w a s  a d d e d  f o l l o w e d  b y  a l l y l  b r o m i d e  ( 5 .5  g ,  4 5  m m o l)  a t  s u c h  

a  r a t e  a s  t o  m a i n t a i n  a  g e n t l e  r e f l u x .  U p o n  a d d i t i o n ,  t h e  m i x t u r e  w a s  

a g a i n  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  r e a c t i o n  m i x t u r e  w a s  a l l o 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 ,  q u e n c h e d  w i t h  1 0 %  a q u e o u s  H C 1  ( 2 5  

m L ) ,  a n d  e x t r a c t e d  w i t h  p e n t a n e  ( t w o  5 0 - m L  p o r t i o n s ) .  T h e  c o m 

b in e d  o r g a n ic  f r a c t io n s  w e r e  w a s h e d  w i t h  1 0 %  a q u e o u s  H C 1 ,  s a t u r a t e d  

N a H C O s ,  H 2 O , a n d  s a t u r a t e d  N a C l ,  a n d  d r i e d  ( M g S 0 4). S o l v e n t  r e 

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

y i e l d e d  t h e  t i t l e  e t h e r ,  3 . 4  g  ( 8 1 % ) ,  b p  6 2  ° C  ( 1 0  m m ) .

Method B .  Allyl A2-Cyclopentenyl Ether (2c). A 2- C y c l o p e n t e n y l  

c h lo r id e  ( 1 0 2  g , 1  m o l)  w a s  a d d e d  d r o p w is e  w i t h  v i g o r o u s  m e c h a n i c a l  

s t i r r i n g  t o  a  s u s p e n s i o n  o f  N a H C 0 3 ( 1 7 0  g , 2  m o l)  in  a l l y l  a lc o h o l  ( 4 6 4  

g , 8  m o l)  a t  0  ° C .  T h e  m i x t u r e  w a s  t h e n  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 n d  s t i r r e d  f o r  1 5  h . I n o r g a n i c  s a l t s  w e r e  r e m o v e d  b y  

s u c t i o n  f i l t r a t i o n  a n d  t h e  o r g a n i c  s o l u t i o n  w a s  d i s t i l l e d .  E x c e s s  a l l y l  

a lc o h o l  w a s  r e c o v e r e d  a n d  t h e n  t h e  p r o d u c t  w a s  o b t a i n e d ,  9 8  g  ( 8 0 % ) , 

b p  1 3 1 - 1 3 2  ° C .

Yield Optimization for Claisen Rearrangement. M a x i m u m  

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

t e r m i n e d  a s  f o l l o w s :  s i x  t o  t e n  h a l f - f i l l e d  s e a l e d  P y r e x  t u b e s  w e r e  

p r e p a r e d ,  e a c h  c o n t a i n i n g  1 5 0  fiL  o f  a  s o l u t i o n  o b t a i n e d  f r o m  1 . 0 - 1 . 5

g  o f  t h e  s t a r t i n g  e t h e r  a n d  0 . 1  m o l %  t r i s ( t r i p h e n y l p h o s p h i n e ) r u t h e -  

n iu m  d ic h lo r id e .  T h e  c a t a l y s t  w a s  f i r s t  d i s s o l v e d  in  t h e  n e a t  e t h e r  b y  

g e n t le  h e a t i n g  a n d  s h a k i n g .  T h e  s e a l e d  t u b e s  w e r e  p la c e d  in  a  2 0 0  ° C  

o i l  b a t h .  O n e  t u b e  w a s  r e m o v e d  e v e r y  0 .5  h  a n d  t h e  c o n t e n t s  w e r e  

a n a l y z e d  b y  ! H  N M R .

Preparative Claisen Rearrangements. I n  g e n e r a l  t h e  s t a r t i n g

e t h e r  ( 5  g )  a n d  t r i s ( t r i p h e n y l p h o s p h i n e ) r u t h e n i u m  d i c h l o r i d e  ( 0 . 1  

m o l  % )  w e r e  v a c u u m  s e a l e d  in  a  P y r e x  t u b e  ( i .d .  1 . 3  c m ,  o .d .  1 . 6  X  2 5  

c m ) .  T h e  t u b e s ,  w h e n  s e a l e d ,  w e r e  n e v e r  m o r e  t h a n  h a l f  f i l l e d .  T h e  

m i x t u r e s  w e r e  t h e n  h e a t e d  in  a n  o i l  b a t h  a t  2 0 0  ° C  f o r  a  p r e d e t e r m i n e d  

t im e ,  c o o le d  t o  r o o m  t e m p e r a t u r e ,  a n d  c a r e f u l l y  o p e n e d .  T h e  p r o d u c t  

m ix t u r e s  w e r e  v a c u u m  t r a n s f e r r e d  t o  r e m o v e  a l l  t r a c e s  o f  c a t a l y s t  a n d  

c a r e f u l l y  d i s t i l l e d .

Separation of 2-Methylhex-4-enal (3i). T h e  c r u d e  r e a c t i o n  

m i x t u r e  ( 3 .4  g )  w a s  v a c u u m  t r a n s f e r r e d  t o  r e m o v e  c a t a l y s t  a n d  s h a k e n  

w i t h  s o d i u m  b i s u l f i t e  (6 .4  g , 0 .0 6 2  m o l)  in  w a t e r  ( 1 0  m L ) .  A f t e r  s e v e r a l  

m i n u t e s  o f  a g i t a t i o n  t h e  a q u e o u s  l a y e r  w a s  e x t r a c t e d  w i t h  e t h e r  ( tw o  

2 - m L  p o r t io n s ) .  T h e  c o m b in e d  o r g a n ic  f r a c t i o n s  w e r e  d r i e d  ( M g S 0 4) 

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

s t a r t i n g  m a t e r i a l  ( 1 . 0  g )  a n d  4 - m e t h y l h e x - l - e n - 5 - o n e  ( 0 .3  g ) .  T o  t h e  

a q u e o u s  l a y e r  w a s  c a u t i o u s l y  a d d e d  s a t u r a t e d  N a H C O s  ( v ig o r o u s )  

u n t i l  C 0 2 e v o lu t io n  c e a s e d .  T h e  a l d e h y d i c  p r o d u c t  w a s  t h e n  o b t a i n e d  

( 1 . 9  g ,  5 5 % )  b y  c o n t i n u o u s  e t h e r  e x t r a c t i o n  ( 1 2  h )  o f  t h e  a q u e o u s  

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

2-Methylsuccinic Acid.21 2 - M e t h y l h e x - 4 - e n a l  ( 5 0 0  m g , 4 . 4 5  

m m o l)  in  m e t h a n o l  ( 1 5  m L )  w a s  o z o n iz e d  a t  - 7 0  ° C  u n t i l  t h e  s o lu t io n  

a p p e a r e d  s l i g h t l y  b l u e .  T h e  m e t h a n o l  w a s  t h e n  r e m o v e d  a n d  9 8 %  

f o r m i c  a c i d  (6  m L )  a n d  3 0 %  h y d r o g e n  p e r o x i d e  ( 3  m L )  w e r e  a d d e d  

a n d  h e a t  w a s  c a u t io u s ly  a p p l i e d  u n t i l  a  v ig o r o u s  r e a c t io n  b e g a n .  A f t e r  

t h e  r e a c t io n  s u b s id e d ,  t h e  m ix t u r e  w a s  b o i le d  u n d e r  r e f l u x  f o r  3 0  m in . 

A f t e r  c o o l in g ,  t h e  v o l a t i l e  b y - p r o d u c t s  w e r e  r e m o v e d  w i t h  r o t a r y  

e v a p o r a t i o n  a n d  t h e n  u n d e r  h ig h  v a c u u m  t o  y i e l d  t h e  t i t l e  c o m p o u n d  

( 5 1 0  m g , 8 7 % , m p  1 1 5  ° C ) .  I t s  N M R  s p e c t r u m  w a s  c o m p a r e d  w it h  t h a t  

o f  a n  a u t h e n t i c  s a m p l e . 22

Allyl 2-Mbthylallyl(Ether (2a): b p  1 0 9  ° C ; | N M R  ( C C D  5 1 . 7 2  ( 3  

H ,  s ,  C H S) , 3 . 7 5 - 4 . 0 0  (4  H ,  m , C H 2O C H 2 ) , 4 . 7 - 6 . 2  ( 5  H ,  m , 

v i n y l ) . 23

A n a l .  C a l c d  f o r  C 7H i 20 :  C ,  7 4 .9 5 ;  H ,  1 0 . 7 8 .  F o u n d :  C ,  7 4 .8 6 ;  H ,  

1 0 .4 0 .

Allyl 3,3-Dimethylallyl Ether (2b): b p  1 4 5  ° C ;  N M R  (CCI4) 5 1 . 6 5  

( 3  H ,  s ,  C H 3 ) , 1 . 7 5  ( 3  H ,  s ,  C H 3) , 3 .8 7  (4  H ,  m , C H 2O C H 2) , 4 . 9 - 6 . 1 8  

(4  H ,  m , v i n y l ) . 24

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

1 1 . 3 0 .

Allyl A2-Cyclopentyl Ether (2c): b p  1 3 1 - 1 3 2  ° C ;  N M R  ( C C 1 4) 

& 1 . 4 8 - 2 . 7 3  ( 4  H ,  m , r i n g  C H 2 's ) ,  3 . 9 1  ( 2  H ,  d ,  J  =  5  H z ,  C H 2) , 4 . 5 3  ( 1  

H ,  b r  d ,  J  =  5  H z ,  C H ) ,  4 . 9 0 - 5 . 3 6  ( 2  H ,  m , v i n y l  C H 2) , 5 . 6 3 - 6 . 2 5  ( 3  H ,  

m ,  v i n y l  C H ,  r i n g  C H = C H ) . 26

A n a l .  C a l c d  f o r  C 8H i 20 :  C ,  7 7 . 3 8 ;  H ,  9 .7 4 .  F o u n d :  C ,  7 6 .9 3 ;  H ,

9 .6 0 .

A2-CyclopentenyI 2-Methylallyl Ether (2d): b p  1 6 5 - 1 6 7  ° C ;  

N M R  ( C C D  6 1.71 (3 H ,  s ,  C H 3 ) , 1 . 5 0 - 2 . 5 8  ( 4  H ,  m , r i n g  C H 2's ) ,  3 . 8 1  

( 2  H ,  s ,  C H 2) , 4 .4 8  ( 1  H ,  b r  d ,  J  =  5  H z ,  C H ) ,  4 .8 4  ( 2  H ,  b r  d ,  J  =  6  H z ,  

v i n y l  C H 2) , 5 .8 8  ( 2  H ,  m , r i n g  C H = C H ) .

A n a l .  C a l c d  f o r  C 9H 140 :  C ,  7 8 . 2 1 ;  H ,  1 0 . 2 1 .  F o u n d :  C ,  7 7 .9 6 ;  H , 

1 0 . 5 4 .

Allyl 1-Cyclohexenylmethyl Ether (2e): b p  5 4  ° C  ( 8 .9  m m ) ;  

N M R  ( C C 1 4) 6 1 . 4 0 - 2 . 1 6  (8  H ,  m , r i n g  C H 2's ) ,  3 . 6 8 - 3 . 9 2  (4  H ,  m , 

C H 2O C H 2) , 4 . 9 4 - 6 . 1 8  (4  H ,  m , v i n y l ) .

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

1 0 . 8 2 .
Allyl 1-Cyclopentenylmethvl Ether (2f): b p  6 2  ° C  ( 1 0 . 0  m m ) ;  

N M R  ( C C 1 4)  5 1 . 4 1 - 2 . 5 0  (6  H ,  m , r i n g  C H 2's ) ,  3 . 8 - 4 . 0  (4  H , m , 

C H 2O C H 2) , 4 . 9 - 6 . 2  (4  H ,  m , v i n y l ) .

A n a l .  C a l c d  f o r  C 9H 14 0 :  C ,  7 8 . 2 1 ;  H ,  1 0 . 2 1 .  F o u n d :  C ,  7 7 .8 3 ;  H ,

1 0 . 2 4 .

Allyl 1,1-Dimethylallyl Ether (2g): b p  1 2 0  ° C ;  N M R  ( C C D  5 1 . 2 4  

(6  H ,  s ,  2 C H 3's ) ,  3 .7 8  ( 2  H ,  d t ,  J  =  5  a n d  1  H z ,  C H 2) , 4 . 8 7 - 5 . 3 3  (4  H ,  

m ,  2  v i n y l  C H 2's ) ,  5 . 5 0 - 6 . 1 8  ( 2  H ,  m ,  2  v i n y l  C H 's ) .

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

1 1 . 1 4 .

Allyl 1-Vinylcyclohexyl Ether (2h): b p  4 7  ° C  ( 1 . 8  m m ) ;  N M R  

( C C D  S 1 .0-2.0 (10 H ,  m , r i n g  C H 2's ) ,  3 .7 2  ( 2  H ,  d t ,  J  =  5 a n d  1 . 2  H z , 

C H 2) , 4 . 8 4 - 5 . 3 9  (4  H ,  m , 2  v i n y l  C H 2's ) ,  5.46-6.11 ( 2  H ,  m , 2  v i n y l  

C H 's ) .
A n a l .  C a l c d  f o r  C n H i 80 :  C ,  7 9 .4 6 ;  H ,  1 0 . 9 1 .  F o u n d :  C ,  7 9 .7 7 ;  H ,  

1 0 . 8 2 .

Allyl 1-Methylallyl Ether (2i): b p  9 6  ° C ;  N M R  ( C C 1 4) 5 1 . 2 3  ( 3  

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

m , v i n y l  C H 2's ) ,  5 . 4 7 - 6 . 2 7  ( 2  H ,  m , v i n y l  C H 's ) .
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A n a l .  C a l e d  f o r  C 7 H i 20 :  C ,  7 4 .9 8 ;  H ,  1 0 . 7 8 .  F o u n d :  C ,  7 4 . 8 1 ;  H ,

1 0 . 3 0 .

2.4- Dimethylpent-4-enal (3a): b p  1 2 8  ° C ;  N M R  ( C C 1 4) ô 1 . 0 7  ( 3  

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

4 . 7 5  ( 2  H ,  m , v i n y l  C H 2 ) , 9 .5 6  ( 1  H ,  d ,  J  =  1 . 8  H z ,  C H O ) .

A n a l .  C a l e d  f o r  C7H 1 2 O: C ,  7 4 .9 5 ;  H ,  1 0 . 7 8 .  F o u n d :  C ,  7 5 . 0 5 ;  H ,

1 1 . 0 5 .

2,3,3-Triinethylpent-4-enal (3b): b p  1 4 0  ° C ;  N M R  ( C C 1 4) <5 0 .9 9  

( 3  H ,  d ,  J  =  7  H z ,  C H 3 ), 1 . 0 9  ( 6  H ,  s ,  2 C H 3 ) , 2 . 1 7  ( 1  H ,  q d ,  J  =  7  a n d  

2  H z , C H ) ,  4 . 7 8 - 5 . 2 0  ( 2  H ,  m , v i n y l  C H 2), 5 . 5 9 - 6 . 1 4  ( 1  H .  m , v in y l  C H ) ,

9 .6 4  ( 1  H ,  d ,  J  =  2 .5  H z ,  C H O ) .

A n a l .  C a l e d  f o r  C 8H i 40 :  C ,  7 6 . 1 4 ;  H ,  1 1 . 1 8 .  F o u n d :  C , 7 6 .0 9 ;  H ,

1 1 . 2 3 .

2-(A2-Cyclopentenyl)propanal ( 3 c ) :  b p  1 5 0 - 1 5 5  ° C ;  N M R  (CCI4) 
6 1 . 0 4  ( 1  H ,  d ,  J  = 7  H z ,  C H 3) ,  1 . 0 7  ( 2  H ,  d ,  J  = 7  H z ,  C H 3) , 1 . 5 0 - 2 . 5 4  

( 5  H ,  m , r i n g  C H / s ) ,  2 .9 8  ( 1  H ,  b r  s ,  C H ) ,  5 .Ó - 5 .9  ( 2  H ,  m , C H = C H ) ,

9 . 7 1  ( 1  H ,  d ,  J  =  2  H z ,  C H O ) .

A n a l .  C a l e 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 3 ;  H ,

9 . 8 1 .

2-(2-Methylallyl)cyclopentanone (3d): b p  8 2 - 8 4  ° C  ( 1 0 .0  m m ) ; 

NMR ( C C U )  5 1 . 2 6 - 2 . 6 8  (9  H ,  m , r i n g  C H 2 ' s ,  r i n g  C H ,  C H 2), 1 . 7 3  ( 3

H ,  s ,  C H 3) ,  4 .6 8  ( 2  H ,  s ,  v i n y l  C H 2).

A n a l .  C a l e d  f o r  C g H 14 0 :  C ,  7 8 . 2 1 ;  H ,  1 0 . 2 1 .  F o u n d :  C ,  7 8 .5 2 ;  H ,

1 0 . 2 5 .

2-(2-Methylenecyclohexyl)propanal (3e): N M R  ( C C 1 4) b, t w o  

G L C  s e p a r a b l e  d i a s t e r i o m e r s .  I s o m e r  1 : 1 . 0 0  ( 3  H .  d ,  J  =  7  H z ,  C H 3),

I .  6 0  ( 8  H ,  b r  s ,  r i n g  C H 2 ' s ) ,  2 . 1 5 - 2 . 6 9  ( 2  H ,  m , C H ) ,  4 .6 9  ( 2  H ,  d ,  J  =  

9  H z ,  v i n y l  C H 2) ,  9 .5 2  ( 1  H ,  d ,  J  =  4  H z ,  C H O ) .  I s o m e r  2 :  1 . 0 7  ( 3  H ,  

d, J  =  7  H z ,  C H 3 ), 1 . 5 7  ( 8  H ,  b r  s ,  r i n g  C H 2 's ) ,  1 . 7 1 - 2 . 7 7  ( 2  H ,  m , C H ) ,

4 .6 4  ( 2  H ,  d ,  J  =  1 5  H z ,  v i n y l  C H 2) , 9 .5 8  ( 1  H , d ,  J  =  2  H z ,  C H O ) .  

A n a l .  C a l e d  f o r  C io H ie O :  C ,  7 8 .9 0 ;  H ,  1 0 . 5 9 .  F o u n d :  C ,  7 9 . 1 5 ;  H ,

1 0 . 5 9 .

2-(2-Methylenecyclopentyl)propanal (3f): b p  6 5  ° C  ( 9 .0  m m ) ;  

N M R  ( C C 1 4) S 1 .0 6  ( 1 . 5  H ,  d ,  J  =  7  H z ,  C H 3), 1 . 0 2  ( 1 . 5  H ,  d ,  J  =  7  H z , 

C H 3 ), 1 . 3 4 - 2 . 9 7  ( 8  H ,  m ) ,  4 . 6 8 - 5 .0 7  ( 2  H , m , v i n y l  C H 2), 9 .6 5  ( 1  H ,  m , 

C H O ) .

A n a l .  C a l e d  f o r  C 9H 1 4 O : C ,  7 8 . 2 1 ;  H ,  1 0 . 2 1 . F o u n d :  C ,  7 8 . 2 1 ;  H ,
1 0 .4 4 .

2.5- Dimethylhex-4-enal (3g): b p  1 4 8  ° C ;  N M R  ( C C 1 4) b  1 . 0 7  ( 3  

H ,  d ,  J  =  6  H z ,  C H 3) , 1 . 6 8  ( 6  H ,  d ,  J  =  4 . 5  H z ,  2 C H 3' s ) ,  1 . 9 6 - 2 . 4 4  (3  

H ,  m , C H 2, C H ) ,  4 . 9 1 - 5 . 2 5  ( 1  H ,  m , v i n y l  C H ) ,  9 .5 6  ( 1  H ,  d ,  J  =  1 . 5  H z ,  

C H O ) .

A n a l .  C a l e d  f o r  C 8H i 40 :  C ,  7 6 . 1 4 ;  H ,  1 1 . 1 8 .  F o u n d :  C ,  7 6 .3 0 ;  H ,

1 1 . 2 7 .

4-Cyclohexylidene-2-methylbutanal (3h): b p  8 5 - 9 0  ° C  ( 5 .3  

m m ) ;  N M R  ( C C 1 4) b 1 . 0 6  ( 3  H ,  d ,  J  =  6  H z ,  C H 3 ), 1 . 5 6  ( 6  H ,  m , r i n g  

C H 2 ' s ) , 2 . 8 3 - 2 . 5 4  ( 7  H ,  m ) ,  5 .0 2  ( 1  H ,  b r  t ,  J  =  7  H z ,  v i n y l  C H ) ,  9 .5 8  

( 1  H ,  d ,  J  =  1 . 2 ,  C H O ) .

A n a l .  C a l e d  f o r  C n H i 8 0 :  C ,  7 9 .4 6 ;  H ,  1 0 . 9 1 .  F o u n d :  C ,  7 9 . 1 9 ;  H ,

1 0 .6 6 .

2-Methylhex-4-enal (3i): b p  1 0 1  ° C ;  N M R  ( C C 1 4) b 1 . 0 8  ( 3  H ,  d ,  

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

C H 2) , 5 . 2 9 - 5 . 7 6  ( 2  H ,  m , C H = C H ) ,  9 .5 5  ( 1  H ,  d ,  J  =  1  H z ,  C H O ) .

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

1 0 . 5 6 .

A3-Cyclopentenyl 2-Methylallyl Ether (2d'): N M R  ( C C 1 4) b  1 . 7 0  

( 3  H ,  s ,  C H 3), 2 .2 - 2 .6  (4  H ,  m , r i n g  C H 2 's ) ,  3 .7 6  (2  H ,  s ,  C H 2), 4 . 0 9 ^ . 2 1  

( 1  H ,  m , r i n g  C H ) ,  4 . 8 1  ( 2  H ,  d ,  J  =  9  H z ,  v i n y l  C H 2) , 5 . 6 1  ( 2  H ,  s , 
C H = C H ) .

A n a l .  C a l c d  f o r  C g H n O :  C ,  7 8 . 2 1 ;  H ,  1 0 . 2 1 .  F o u n d :  C ,  7 8 . 1 2 ;  H ,

1 0 . 2 5 .

4 - M e t h y l h e x - l - e n - 5 - o n e  ( 3 i ' ) :  N M R  ( C C 1 4) b 1 . 0 4  ( 3  H ,  d ,  J  =
6  H z ,  C H 3), 1 . 9 8  ( 3  H ,  s ,  C H 3) , 1 . 8 8 - 2 . 6 5  ( 3  H ,  m , C H ,  C H 2) , 4 . 6 3 - 5 . 0 5  

( 2  H ,  m , v i n y l  C H 2) , 5 . 1 9 - 5 . 9 2  ( 1  H ,  m , v i n y l  C H ) .

2 - M e t h y i s u e c i n i c  A c i d  ( 4 i ) :  m p  1 1 1  ° C  ( r e p o r t e d 22 m p  1 1 5 ° C ) ;  

N M R  ( C D C 1 3) b 1 . 4 5  ( 3  H ,  d ,  J  =  6  H z ,  C H 3 ), 2 . 5 0 - 3 . 2 9  ( 3  H ) ,  9 .4 2  ( 2  

H ,  s, C O O H ) .
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R e g i s t r y  N o . — 2 d ' ,  6 3 1 6 3 - 5 6 - 4 ;  3 a ,  5 1 8 7 - 7 2 - 4 ;  3 b ,  6 1 7 4 0 - 7 6 - 9 ;  3 c  

i s o m e r  I ,  6 3 1 6 3 - 5 7 - 5 ;  3 c  i s o m e r  I I ,  6 3 1 6 3 - 6 0 - 0 ;  3 d ,  5 7 1 3 3 - 5 3 - 6 ;  3 e  

i s o m e r  1 , 6 3 1 6 3 - 5 8 - 6 ;  3 e  i s o m e r  I I ,  6 3 1 6 3 - 6 1 - 1 ;  3 f  i s o m e r  1 , 6 3 1 6 3 - 5 9 - 7 ;  

3 f  i s o m e r  I I ,  6 3 1 6 3 - 6 2 - 2 ;  3 g ,  8 7 0 - 1 7 - 1 ;  3 h ,  3 2 8 0 3 - 3 8 - 6 ;  3 i ,  1 6 1 3 4 - 6 9 - 3 ;  

3 i ' ,  2 5 5 0 - 2 2 - 3 ;  4 i ,  4 9 8 - 2 1 - 5 ;  r u t h e n i u m ,  7 4 4 0 - 1 8 - 8 .
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Reactions of Unsaturated Sulfides with Carbenes. 22. 
Reactivities of Sulfur and Double Bond, and Formation 

of Unsaturated Sulfonium Ylides1’2
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The reaction of vinyl sulfides with carbomethoxycarbene leads to the formation of methyl vinylthioacetate as 
major product and some cyclopropane adduct as minor product. The reaction of vinyl sulfides with biscarbo- 
methoxycarbene leads to the corresponding stable sulfonium ylide which decomposed thermally to vinylthiomalon- 
ate. The NMR spectra of vinyl sulfides and vinyl sulfonium biscarbomethoxymethylide are discussed. Although 
the reactions of vinyl sulfide with dichlorocarbene lead to the formation of cyclopropane derivatives, the reaction 
of allyl vinyl sulfide inhibits the formation of cyclopropane adduct from the double bond of the vinyl sulfide part. 
The course of these reactions is also discussed.

In previous studies, we observed that the reaction of allyl- 
ic sulfides with carboalkoxycarbenes under thermal and 
photolytic conditions produced the C-S insertion products 
and some addition products to the olefin as a minor process3 4 
(eq 1 and 2). It was suggested that the reaction with allyl sul-

R1 SCH2CR2 =CH  R3 +  :C(C02R)2

R1— S— CH2CR2=CHR3

~ * - C(C02R)2

not isolated 
C02R
I

— v R'SCCH R'CR2 =C H 2 (1)

co2r
major product 

PhSCH— CR,
PhSCH— CR2 +  N2CHC02Et \  /  (2)

CHC02Et
major product

fide may involve a sulfur ylide intermediate followed by a
2,3-sigmatropic rearrangement, since the carbene attacks a 
sulfur atom more rapidly than a carbon-carbon double bond. 
On the other hand, in the thermolysis of ethyl diazoacetate 
in phenyl vinyl sulfide, Kaiser5 reported only the formation 
of cyclopropane. In more recent studies, Parham6’7 observed 
also the formation of cyclopropane as a major reaction product 
in the reaction of dichlorocarbene with several vinyl sulfides. 
The remarkable differences in behavior of these two olefins 
were attributed to the difference in nucleophilicity of the two 
double bonds relative to sulfur, since vinyl sulfides are known 
to be electron-rich olefins due to the M effect of the sulfur 
atom (eq 3 and 4). However, a contribution of the structure

RSCH— CHR'
\  /

RSCH=CHR' +  :CC12 —  C (3)
C P  C l

of lb is also possible owing to the capability of a sulfur atom 
to expand its valence shell. This contribution may enhance 
the reactivity of the sulfur atom toward electrophilic car
benes.

RSCH=CH2 — r s+ = c h c h 2-  — r s - = c h c h 2+
I la lb

In order to learn more about the generality and mechanism 
of these interesting transformations, an investigation of the 
reaction of vinyl sulfides and the reaction of unsaturated cyclic 
sulfides with various carbenes was carried out under the 
thermal and photochemical conditions. This paper presents 
the data concerning the isolation of intermediate sulfur ylides 
and the reactivities of unsaturated sulfides for the car
benes.

Results and Discussion
Thermolysis of Methyl Diazoacetate in Vinyl Sulfides.8

Methyl diazoacetate (6.7 mmol) was dissolved in 30 mmol of 
trimethyl(ethylthio)ethylene (II) and heated at 150 °C for 6 
h. Vapor-phase chromatographic analysis using several sta
tionary phases detected two products III and IV formed in ca. 
39 and 5% yields, respectively (eq 5). The product III proved

E t S ^  ^ M e

^ C =C C " + N2CHC02Me 
Me Me

II

iso »r /SCH2C02Me EtS
-------- ► Me2C = c X  +  Xc— CMe, (5)

6 h  ^ M e  M e ^ X /
CHC02Me

III IV

to be methyl 1,2-dimethyl-l-propenylthioacetate, and the 
product IV was found to be the expected carbene addition 
product to the double bond. The structures of these products 
were determined by NMR and IR spectra and elemental 
analyses.

A study of methyl diazoacetate with cis-diethylthioethylene 
affords a 38% yield of the thioacetate V and 6% of the addition 
product of carbomethoxycarbene to the olefin (eq 6). The 
corresponding cyclopropane from the addition of carbene to 
the olefin is expected to form syn and anti forms, but this 
detail of structure could not be deduced from the spectral 
data.

A number of substituted vinyl sulfides gave rise to the
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Table I. Yields of the Products from Vinyl Sulfides and 
Methyl Diazoacetate at 150 °C

P r o d u c t R 1 R 2 R 3 R 4 V I I ,  % V I I I ,  %

a M e H M e M e 1 2

b E t H M e M e 2 1 3

c E t M e H M e 2 9 5

d E t H H M e 2 5 1 8

e t - P r H M e M e 3 2 1 5

f ¿ - P r M e M e H 3 6 T r

g t - B u H M e M e 3 7 1 0

h P h H H H 5 8

i P h H M e M e 1 5

E t S ^

> =
H

\
/OII

S E t

+

H

N 2C H C 0 2M e

1 5 0  °C 

6 h

• S C H 2C 0 2M e

H

+

S E t

E t ô  /

C E — C H  (6 )

\ /
C H C 0 2M e

V V I

thioacetate as major product when treated with methyl dia
zoacetate as shown in eq 7 (see also Table I).

R * S  R 3

^ C = ( A  +  N 2C H C 0 2M e

R 2 R 4

1 50  "C R 3 .

R 4 '

. S C H 2C 0 , M e  R ' S  R 3

;c= cr  + JC— c f  (7)

H  C O , M e

R 2 R 2 R 4

V I I V I I I

While we have not confirmed the existence of a sulfur ylide 
intermediate, we have been able to show that the formation 
of these thioacetates may be formulated as involving an attack 
of carbomethoxycarbene on the sulfur atom to form the 
vinylsulfonium ylide followed by a cyclic elimination of olefin, 
and that the sulfide sulfur inhibits the formation of carbene 
addition products9 (eq 8). Data reveal that an attack of car-

R 4R 3C = C R 2S R 1

+

: C H C 0 2R

R 4R ‘C = C R 2 — S <  > C

\J 1 , -

C 0 2R

R 4R 3C = C R 2S C H 2C 0 2R

+ ( 8 )

Table II. Competitive Reaction for Cyclopropane
Formation in the Reaction with Carbomethoxycarbene

at 160 °C
O l e f i n

M e 2C = C H M e

M e 2C = C H S E t

M e 2C = C H O E t

P r o d u c t R a t e

M e .C ------ C H M e

\ / 1 . 0

C H C O .M e

M e .C ---------C H S E t

\ / 1 . 9

C H C O .M e

M e .C -------- C H O E t

A / 4 . 3

C H C O .M e

as it is not with phenyl or methyl, then the cyclopropane is 
ultimately formed by the addition of carbene on the double 
bond.

P h S C H = C H 2 +  : C H C 0 2M etl
P h — s— c h = c h 2

I
~ C H C 0 2M e

P h S

; : c — C H 2

\ /
C H C 0 2M e

P h S C H = C H ,
J

( 9 )

There are some electronic effects visible in the cyclopropane 
formation reactions. These can be evaluated from data on the 
competing reactivity of different olefins for the carbene 
formed on thermolysis of methyl diazoacetate at 160 °C 
(Table II). Data in Table II indicate the high reactivity of vinyl 
sulfide toward carbomethoxycarbene assuming the ylide is 
not sources of the cyclopropane. The double bond of vinyl 
sulfide is 1.9 times as reactive as that of trimethylethylene, 
but less reactive than of vinyl ether. A possible transition state 
for the carbene addition to vinyl sulfide may be IX, in which

R S — C H — C H 2 R — S = C H — C H 2

“ C H C 0 2M e  ~ C H C 0 2M e

I X

the contribution of sulfur 2p-3p7r is not as large as that of 
oxygen electrons (2p-2pir).

The photolysis of methyl diazoacetate in 1 - te rt-butyl- 
thio-2-methyl-l-propene was also investigated. The vinyl 
thioacetate and cyclopropane were formed in only 1 and 9% 
yield, respectively; the major products of the reaction were 
observed, but not identified. In view of the low yield, the for
mation of the sulfur ylide in this case is uncertain. The reac
tion at low temperature has not provided much useful data 
to date.

Reaction of Dimethyl Diazomalonate in Vinyl Sulfides.
Biscarbomethoxycarbene generated from direct photolysis 
of dimethyl diazomalonate reacts with alkyl and aryl sulfides 
to give stable sulfonium biscarbomethoxymethylides10’11 (eq 
10). The formation of sulfonium ylides was proposed to be the

bomethoxycarbene on sulfur appears to be four to five times 
faster than addition on the double bond. l-Phenyl-2- 
methyl-l-propene, which can form a sulfonium ylide that 
cannot undergo elimination of an olefin, apparently polym
erizes to unknown compounds. On the other hand, the in
hibiting effect of the sulfide sulfur on cyclopropane formation 
was not observed in the reaction of carbomethoxycarbene with 
phenyl vinyl sulfide. This may suggest that the intermediate 
sulfur ylide may react with either an intramolecular or in- 
termolecular olefin to give the cyclopropane adduct (eq 9). An 
alternative explanation is that ylide formation is reversible, 
and when an intramolecular rearrangement is not possible,

R , S  + +  N 2 C ( C 0 2M e ) 2

R — S — R

j +

~ C ( C 0 2M e ) 2 

r a t i o  8 4  %

Ç p C ( C 0 2M e ) 2

1 6 %

( 1 0 )

result of attack of the singlet carbene on a lone pair of the 
sulfur atom, which was found to proceed six times as fast as 
with double bond of cyclohexene.

From this, we can expect that biscarbomethoxycarbene



Formation of Unsaturated Sulfonium Ylides J. Org. Chem., Vol. 42, No. 21,1977 3367

might form stable sulfonium ylides in the reaction with vinyl 
sulfides. Irradiation of dimethyl diazomalonate in 1-methyl - 
thio-2-methyl-l-propene was carried out in a Pyrex tube with 
a high-pressure mercury lamp for 6 h until the evolution of N2 
gas ceased. The reaction products were analyzed by TLC and 
gas chromatography, and showed the formation of the prin
cipal product Xa in 47% yield and the minor product XIa in 
9% yield, respectively (eq 11). The principal product Xa was

RSCH=CMe2 +  N2C(C02Me)2

R— S— CH=CMe2
tu |

“C(C02Me)2

RSCH— CMe2
+ \ /

C(C02Me)2

X XI
a, R = Me 47% 9%
b, R = Et 43% 9%
c, R = f-Bu Tr 9%
d, R = Ph 44% 7%

found to be 2-methyl-l-propenylmethylsulfonium

( 1 1 )

bomethoxymethylide: v (C =0) 1665 and 1635 cm-1; NMR 
8 (CDCls) 1.91 (s, 3 H), 2.07 (s, 3 H), 2.90 (s, 3 H), 3.58 (s, 6 H), 
and 6.55 (s, 1 H). The proton shift of the >S+-Me and the 
carbonyl shift in product Xa are analogous to those observed 
in dimethylsulfonium biscarbomethoxymethylide [v (C =0) 
1675 and 1625 cm"1; NMR 8 (CDC13) 2.89 for >S+-Me and
3.71 for -C 0 2Me). The product XIa was found to be a cyclo
propane adduct.

Similar type of reactions in a variety of vinyl sulfides 
showed the formation of the corresponding alkyl vinylsulfo- 
nium biscarbomethoxymethylides as the major product. Re
action of terf-butylthio-2-methyl-l-propene with dimethyl 
diazomalonate did afford the corresponding sulfonium ylide, 
but in very low yield because of the steric effect of the tert-  
butyl group on the sulfur atom.

The most marked change in going from direct photolysis 
to sensitized photolysis is in the ratio of yield of the sulfonium 
ylide to cyclopropane derivatives. Benzophenone photosen
sitized decomposition of dimethyl diazomalonate in 1-meth- 
ylthio-2-methyl-l-propene gave 24% of the corresponding 
sulfonium ylide and 18% of the cyclopropane derivative (eq
12). An appropriate control experiment showed that under

Ph2C = 0 ,  h v
RSCH=CMe2 +  N2C{C02Me)2 --------- — ► X +  XI (12)

a, R = Me 24% 18%
b, R = Et 25% 21%

the reaction conditions the product neither isomerized nor was 
destroyed. One explanation is that the photosensitized reac
tion of dimethyl diazomalonate will give a triplet species which 
reacts selectively with a carbon-carbon double bond, but also 
that triplet species will equilibrate with the singlet species, 
which might react preferentially with the vinyl sulfide sulfur 
to give the sulfonium ylide.12 However, there may be other 
plausible explanations for the formation of some sulfonium 
ylide in the photosensitized reaction. For instance, the 
charge-transfer complex which results from triplet benzo
phenone and sulfide may decrease the formation of the triplet 
carbene species.

Thermal reaction of dimethyl diazomalonate in vinyl sul
fides in the presence of copper sulfate at 120 °C gave the 
corresponding sulfonium ylide in 45-50% yields, and did not 
afford any cyclopropane derivatives by the addition of carbene 
to the double bond.

We have also examined the thermal behavior of the sulfo
nium biscarbomethoxymethylide. When ethyl 2-methyl-l- 
propenyl(ethyl)sulfonium biscarbomethoxymethylide was 
heated in sealed tube at a temperature above 200 °C for 1 h,

2-methyl-l-propenyl thiomalonate was obtained in 61% yield 
together with the formation of ethylene (eq 13). The elimi-

EtSCH=CMe2 + N2C(C02Me)2

120 °c E t -S -C H = C M e 2

CuSO< “C(C02Me)2 
45% yield

2 0 0  °C
--------* Me2C=CHSCH(C02Me)2 +  CH2=C H 2 (13)

XII, 61% yield
native decomposition of the sulfonium ylide is probably a cis 
elimination through a five-membered cyclic transition state.9 
Those observations give support to the proposed ylide 
mechanism in the reaction of carbomethoxycarbene with vinyl 
sulfide, which gave a vinylthioacetate together with the for
mation of olefin. In the reaction of dimethyl diazomalonate 
with unsaturated cyclic sulfides, the corresponding sulfonium 
ylides were also obtained as stable compounds (eq 14-17).

+  N2C(C02Me)2 C(C02Me)2 (14)

~ M e
X I I I ,  4 9 %

Q )  + N2C(C02Me)2 SQ 5 - C ( C 0 2Me, (15)

X I V ,  3 6 %

Ç ï j  +  N2C(C02Me)2 C(C02Me)2

X V ,  8 %

(16)

“C(C02Me)2

Irradiation of dimethyl diazomalonate in 2,3-dihydro-6- 
methyI-4/7-thiapyran gave the corresponding sulfonium ylide 
in 49% yield. The study of the reaction of carbene with con
jugated vinyl sulfides is particularly interesting. Thiophene 
and dibenzothiophene,12 in which the lone pair of sulfur is 
highly delocalized, are efficient traps for the carbene, and gave 
the corresponding sulfonium ylides in the reaction with di
methyl diazomalonate under either thermal or photochemical 
conditions. The stabilized thiophenium ylide showed: v 
(C=0) at 1645 cm“1; NMR 8 (CDC13) at 3.67 (s, 6 H), 7.07 (br 
s, 2 H), and 7.27 (br s, 2 H); m /e  214.

Reaction of Acetylenic Sulfides with Diazoacetate and 
Diazomalonate.2 Carbenes and carbenoids add to an acety
lene less readily than to an olefin, while only a few cases are 
known of such carbene reactions with hetero-substituted 
acetylenes. Reactions are conveniently carried out in the ab
sence of solvent at elevated temperature. Heating an equi
molar mixture of methyl diazoacetate and phenylethyl- 
thioacetylene in the presence of a catalytic amount of anhy
drous copper sulfate at 60 °C for 10 min gave a 35% yield 
(GLC) of compound XVIa (eq 18), in accord with the observed 
spectral data: v (C =0) at 1745 cm"1, and v (C=C) at 2180 
cm"1; NMR 5 (CC14) 3.51 (s, 2 H), 3.77 (s, 3 H), and 7.2-7.5 (m, 
5 H); m /e  206. Similar reactions of methyl diazoacetate with 
the acetylenic sulfides in the presence of copper sulfate lead 
to the formation of alkynylthioacetates. No cyclopropene 
derivative or rearranged products were obtained. By analogy 
with the reaction with alkyl sulfides and vinyl sulfides, the
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T a b l e  I I I .  C o m p e t i t i v e  R e a c t i o n  f o r  S u l f u r  A t o m s  i n  t h e  

R e a c t i o n  w i t h  M e t h y l  D i a z o a c e t a t e  i n  P r e s e n c e  o f  C u S O „

at 60 0 C

S u l f i d e P r o d u c t R a t e

E t 2S

M e 2C = C H S E t

M e C = C S E t

M e 2C = C H M e

E t S C H 2C 0 2M e

M e 2 C = C H S C H 2C 0 2M e

M e C = C S C H 2C 0 2M e
Me.C-------CHMe

A /
CHCO.Me

7 . 1  

4 . 6

9 . 2

1 . 0  ( s t a n d a r d )

Table IV. Relative Ratio of Sulfur and Double Bond
Attack in the Reaction of Arylcarbenes

S u l f i d e  : C P h 2 : C H P h

t-BuSCH=CMe2 3.1 1.4
i-BuSCH2CH=CH2 7.3 4.7

formation of compound XVI may involve an attack of car- 
bomethoxycarbene on the sulfur atom to form the acetylenic 
sulfonium ylide followed by cyclic elimination of olefin, al
though trapping of the acetylenic sulfonium ylide was not 
successful under the reaction conditions.

R C = C S E t

+

N 2C H C 0 2M e

R C = C S E t

\ /
C H C 0 2M e

6 0 “

CuSO <
R C = C — S — E t

( 1 8 )

R C = C S C H 2C 0 2M e

~ C H C 0 2M e  X V I

a , R  =  P h  3 5 %

b ,  R  =  M e  3 4 %

c ,  R  =  S E t  1 5 %

We have also examined the reactivity of the sulfur atoms 
of different unsaturated sulfides in the thermal reaction of 
methyl diazoacetate in the presence of copper sulfate. Table 
III shows the relative rates of carbenoid attack on divalent 
sulfur in the competing reaction with addition to trimethy- 
lethylene. The data indicate that the carbenoid attacks di
valent sulfur more effectively than it attacks the double bond 
of trimethylethylene. On the other hand, the electrophilic 
carbenoid attacks the vinyl sulfide sulfur less efficiently in 
comparison with the attack on alkyl and acetylenic sulfide 
sulfurs. It could be argued that the electron density on the 
vinyl sulfide sulfur is decreased somewhat because the lone- 
pair electrons of the vinyl sulfide sulfur are delocalized to some 
extent through the overlap of 3p orbitals of sulfur with the 
carbon 2p orbitals. 13

R2C=CHSR ** r 2c - c h = s +r

However, in the case of acetylenic sulfide, the electron density 
of the sulfur atom may be influenced by the inductive effect 
of the acetylene group, but not by its resonance effect.

The reactivity of acetylenic sulfide sulfur toward carbenes 
suggested the possibility of isolation of sulfonium ylides. Ir
radiating a mixture of methyl diazomalonate and the acety
lenic sulfide (3 equiv) in a Pyrex tube for 21 h results in an 
isolated 23% yield of a pure acetylenic sulfonium ylide after 
preparative thin-layer chromatography (eq 19). The assigned

R C = = C S E t  +  N 2C ( C O , M e ) 2 R C = C — S — E t  ( 1 9 )

~ C ( C 0 2M e ) 2 

X V I I ,  R  =  P h ,  2 3 %  

X V I I I ,  R  =  S E t ,  1 4 %

structure of sulfur ylide XVIII is in accord with the observed 
spectral data: v (C =0) 1685 and 1650 cm-1; NMR 5 (CDCI3)
1.40 (t, 3 H), 3.77 (s, 6 H), 3.80 (q, 2 H), and 7.48 (m, 5 H); m /e  
292.

Photolysis of Phenyl- and Diphenyldiazomethanes in 
Vinyl Sulfides. The photolysis of phenyl- and diphenyldia
zomethanes in vinyl sulfides was carried out in a Pyrex tube 
without degassing. The crude reaction mixture in the reaction 
of phenyldiazomethane and l-ieri-butylthio-2 -methyl-l- 
propene did not show the formation of any sulfonium ylide 
as judged by the examination of either NMR or IR spectra. 
GLC analyses showed the formation of benzylthio-2- 
methyl-l-propene and the corresponding cyclopropane de
rivative together with some stilbene and benzalazine (eq 2 0 ).

i - B u S C H = C M e 2 +  N 2C R P h

t - B u S C H — C M e 2

\ /
— »  P h R C H S C H = C M e 2 +  X  ( 2 0 )

R  P h

X I X X X

a b a b

r e a c t i o n  m o d e R  =  H 11 ¡3
-

R  =  H R  =  P h

hV 1 3 % 2 2 % 9 % 7 %

C u S 0 4 a t  4 0  ° C 2 2 3 7

t h e r m a l  a t  1 2 0  ° C 1 5 2 0 4 2

The structure of these products was determined by spectral 
and elemental analyses. The reactions were also carried out 
under various other conditions. The results indicate that ar- 
ylcarbenes prefer to attack the sulfur atom over the double 
bond; the copper carbenoid exclusively attacks the sulfur 
atom. Under the photolytic conditions, the relative rate of 
XIX and XX  was about 3.1 in the reaction of diphenylcarbene 
and 1.4 in the reaction of phenylcarbene. Since the reactivity 
of the t e r t -butyl allylic sulfide sulfur to the double bond in 
the allylic sulfide is 7.3 in the diphenylcarbene reaction and
4.7 in the phenylcarbene reaction (Table IV) , 14 the change in 
the ratio may be due to the difference in nucleophilicity be
tween vinyl sulfide sulfur and allylic sulfide sulfur, owing to 
donation of the 3 p7r electron of sulfur to the double bond in 
vinyl sulfide.

We have also examined the reaction of diphenylcarbene 
with vinyl sulfide, in which the sulfur bears an alkyl group not 
containing a Q hydrogen. The photolysis of 2.34 mmol of di
phenyl diazomethane in 22.7 mmol of l-methylthio-2- 
methyl-l-propene was carried out in a Pyrex tube with a 
high-pressure mercury lamp for 2 h. The reaction products 
were anlayzed by column chromatography with silica gel and 
chloroform, ether, and methanol as solvents. Two main 
products, XXI and XXII, were found in 5 and 13% yield, re
spectively, together with some diphenylazine and benzophe- 
none (eq 21). Product XXI showed NMR spectra 5 (CDCI3)

MeSCH=CMe2 +  N2CPh2

- A  MeSCH=CMe, +  MeSCH— CMe2 (21)
I ‘ \ /

"CPh2
Ph Ph

xxi xxn
1.93 (s, 3 H), 2.03 (s, 3 H), 2.63 (s, 3 H), 6.12 (s, 1H), and 7.28 
(m, 10 H); m /e  268. The signal at 5 2.63 is especially inter
esting; it is tentatively assigned to the methyl protons of the 
corresponding sulfonium ylide. The IR spectra would not be 
expected to have any special band characteristic of sulfonium 
ylide. The product XXII was found to be the addition product 
of the carbene on the double bond from the NMR and IR 
spectral analyses.

Reactions of Vinyl Sulfides with Dichlorocarbene. The
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reaction of dichlorocarbene with noncyclic allyl sulfides leads 
to the formation of 1-chloro-l-substituted mercaptobutad- 
ienes in high yields, together with some olefins derived by 
addition of hydrogen chloride to the butadienes. An attractive 
mechanism for the formation of mercaptobutadienes involves 
sulfonium ylide formation followed by intramolecular allylic 
rearrangement15 (eq 22). It was also shown that the sulfide

R S C H 2C H = C H R '  +  : C C 1 2 — ►  R — S — C H 2C H = C H R '

I
“ C C 1 2

dichlorocyclopropane and butadiene derivatives were char
acterized by their composition and spectra.

A study of the reaction of allyl vinyl sulfide with dichloro
carbene was of particular interest in view of the reactivity 
relationship of these olefins and the sulfur atom with allyl 
sulfide and vinyl sulfide. Allyl vinyl sulfide reacted readily 
with dichlorocarbene to give chlorobutadienylthio-1- 
methyl-l-propene (XXVI) in 65% and the addition product 
to the vinyl group XXVII in 6.6% yield (eq 25). The formation

C H 2= C H C H 2 S C H = C M e 2 +  C H C 1 3 +  N a O H

C l

— *  R S C C H R ' C H = C H 2
—HC1

C l

I
R S C = C C H = C H 2 ( 2 2 )

C l R '

sulfur inhibits the formation of dichlorocyclopropyl adducts 
from the double bond. On the other hand, it was reported that 
the reaction of vinyl sulfide with dichlorocarbene gave the 
corresponding cyclopropane adducts in high yields. The re
markable difference in behavior of these olefins was explained 
by the difference in nucleophilicity of two double bonds rel
ative to sulfur.6’7 In order to learn more about the generality 
and mechanism of these interesting transformations, an in
vestigation of the reaction of vinyl sulfides and allyl vinyl 
sulfides was undertaken using chloroform and sodium hy
droxide mixtures in the presence of an ammonium salt. The 
reaction of te r t-butyl allyl sulfide with chloroform was carried 
out in benzene-water solvent using conditions described by 
Makosza16 (eq 23). A high yield of 1-chloro-l-fert-butyl-

C H C l, + N aOH  +
f - B u S C H 2C H = C H 2 ------------- — ----------------►  f - B u S C H 2C H = C H 2

[P h C H 2N E t3] Cl-  |
“ C C I ,

C l

i - B u S C C H 2C H = C H 2
—H Cl

C l

i - B u S C = C H C H = C H 2 ( 2 3 )  

C l

X X I I I ,  7 0 %

R S C H = C M e ,

R S C H — C M e z
C H C l,  + N a O H  \  /

-------------------------------- ►  C
+  /  \

[ P h C H , N E t 3) C r  C l  C l

X X I V ,  R  =  E t

+  +  
t - B u S = C H C = C M e 2 « - > -  i - B u S C H C = C M e 2i i J

M e

I
—  f - B u S C H = C C = C H 2 ( 2 4 )

I
C l

X X V  8 1 %

mercaptobutadiene (XXIII) was obtained as the product from 
the transformation of intermediate sulfur ylide. The addition 
product of dichlorocarbene to the double bond was not ob
served under the reaction conditions. On the other hand, the 
reactions of 1-ethyl- or l-teri-butylthio-2-methyl-l-propenes 
with C H C I 3  and NaOH were carried out in benzene-water 
using conditions previously described for allyl sulfide (eq 24). 
In each case high yields of either the corresponding cyclo
propane or butadiene derivatives were obtained (81-92%). The

[ P h C H 2N E t 3] c r  C H C H  C S C H  C M e 2

C l

X X V I ,  6 5 %

C H 2= C H C H 2S C H — C M e 2

\  /
+  C  ( 2 5 )

c r  x ci
X X V I I ,  6 . 6 %

of XXVI is consistent with the expected course of interme
diate sulfur ylide rearrangement. The formation of an inter
mediate sulfur ylide is reasonable in view of the nucleophilic 
character of sulfide sulfur. Alsc it can be readily seen that the 
dichlorocarbene reacts with the vinyl double bond, because 
of the difference in nucleophilicity. However, one should 
emphasize that v in y lic  su lf id e  su lfu r  is  m ore se n s it iv e  to 
e le ctro p h ilic  sp e c ie s  th a n  the  v in y lic  d o u b le  bond.

An attractive mechanism for the formation of cyclopropane 
from vinyl sulfide may involve direct carbene attack on the 
sulfur to form sulfonium ylide XXVIII followed by either 
intramolecular cyclization or intermolecular reaction with the 
double bond of another vinyl sulfide molecule (eq 26). How-

R S C H = C M e 2 +  : C C 1 2 i r t  R S C H = C M e ,

M e 2C C H S R

ever, one can not rule out the direct carbene addition on the 
double bond via reversible carbene formation from interme
diate sulfur ylide XXVIII.

Experimental Section
M a t e r i a l s .  M e t h y l  d i a z o a c e t a t e ,1 7  d i m e t h y l  d i a z o m a l o n a t e , 1 1  

p h e n y l d i a z o m e t h a n e , 18  a n d  d i p h e n y ld i a z o m e t h a n e 19  w e r e  p r e p a r e d  

b y  k n o w n  p r o c e d u r e s  a s  r e f e r e n c e d .  T h e  v i n y l  s u l f i d e s ,  1 - e t h y l t h i o -  

1 , 2 - d i m e t h y l - T p r o p e n e  ( b p  1 5 4 - 1 5 6  ° C ) ,  1 - e t h y l t h i o - l - m e t h y l - l -  

p r o p e n e  ( b p  1 3 6 - 1 3 8  ° C ) ,  1 - e t h y l t h i o - l - p r o p e n e  ( b p  1 2 1 - 1 2 3  ° C ) ,

1 -  e t h y l t h i o - 2 - m e t h y l - l - p r o p e n e  (b p  1 3 2 - 1 3 3  ° C ) ,  1 - i s o p r o p y l t h i o -

2 -  m e t h y l - l - p r o p e n e  ( b p  1 4 7  ° C ) .  l - f e r t - b u t y l t h i o - 2 - m e t h y l - l - p r o -  

p e n e  [ b p  9 8  ° C  ( 1 1 8  m m H g ) ] ,  l - p h e n y l t h i o - 2 - m e t h y l - l - p r o p e n e  [ b p  
1 2 2  ° C  ( 4 8  m m H g ) ] ,  a n d  l - s e c - b u t y l t h i o - 2 - m e t h y l - l - p r o p e n e  [ b p  

1 0 3 - 1 0 4  ° C  (9 9  m m H g ) ]  w e r e  p r e p a r e d  in  3 0 - 8 0 %  y i e l d  b y  t h e  m e t h o d  

o f  B o o s t r a  e t  a l . so P h e n y l  v i n y l  s u l f i d e 2 1  w a s  p r e p a r e d  a s  d e s c r i b e d  

b y  F o r d - M o o r e  e t  a l . , 2 1  g i v i n g  t h e  p r o d u c t  in  6 4 %  y i e l d ,  b p  8 7 - 9 1  ° C  

( 2 5  m m H g ) .  l - M e t h y l t h i o - 2 - m e t h y l - l - p r o p e n e  w a s  p r e p a r e d  a s  d e 

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

u s in g  z in c  c h lo r i d e .  D i s t i l l a t i o n  o f  t h e  c r u d e  p r o d u c t  g a v e  2 8 %  y i e l d  

o f  t h e  p r o d u c t ,  b p  1 2 0 - 1 2 5  “ C . 2 1 ’22  2 , 3 - D i h y d r o - 6 - m e t h y l - 4 H - t h i -  

a p y r a n  w a s  p r e p a r e d  a s  d e s c r i b e d  b y  C o h e n  a n d  S t e e l e . 2 3  1 , 4 - D i -  

t h i e n e 24  w a s  p r e p a r e d  b y  t h e  P a r h a m  m e t h o d .  l - A l l y l t h i o - 2 -
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Table V. Analytical Data of the Products Obtained from Vinyl Sulfides and Diazoacetate

P r o d 

u c t

R e g i s t r y

n o . I R ,  c m - 1  ( m a i n  p e a k s )

I I I 4 2 9 5 4 - 2 1 - 2 2 9 8 0 ,  2 9 5 0 , 1 7 4 0 , 1 4 3 8 , 1 2 7 8 ,  

1 1 3 0

I V 4 2 9 5 4 - 2 5 - 6 2 9 3 0 , 1 7 3 0 , 1 4 3 2 , 1 3 7 6 , 1 1 8 5 ,  

1 1 6 5 , 1 1 4 0 , 1 1 0 8

V 6 3 1 9 6 - 7 0 - 3 2 9 3 0 , 1 7 4 0 , 1 2 7 5 , 1 1 5 0

V l l b 4 2 9 5 4 - 2 2 - 3 2 9 5 0 , 1 7 4 0 , 1 4 3 5 , 1 2 8 0 , 1 1 3 3

V i l e 4 2 9 5 4 - 2 3 - 4 2 9 5 0 , 1 7 4 0 , 1 4 3 3 , 1 2 7 5 , 1 1 3 0

V l l d 6 3 1 9 6 - 7 1 - 4 2 9 8 0 , 1 7 4 0 , 1 2 7 7 , 1 1 3 0

V i l l a 6 3 1 9 6 - 7 2 - 5 2 9 3 0 , 1 7 4 0 , 1 4 4 0 , 1 2 1 0 , 1 1 6 0

V l l l b 4 2 9 5 4 - 2 6 - 7 2 9 3 0 , 1 7 3 2 , 1 4 4 0 , 1 2 2 0 , 1 1 7 0

V I I I c 4 2 9 5 4 - 2 7 - 8 2 9 3 0 , 1 7 3 5 , 1 4 3 0 , 1 2 6 5 , 1 1 5 5

V U I d 6 3 1 9 6 - 7 3 - 6 2 9 5 0 , 1 7 3 5 , 1 4 3 0 , 1 1 5 5

V U I e 6 3 1 9 6 - 7 4 - 7 2 9 6 0 , 1 7 3 5 , 1 4 4 0 , 1 2 2 0 , 1 1 7 0

V H I g 6 3 1 9 6 - 7 5 - 8 2 9 6 0 , 1 7 3 3 , 1 4 4 0 , 1 2 8 0 , 1 2 1 5 ,  

1 1 6 5

V H I h 6 3 1 9 6 - 7 6 - 9 3 0 5 0 ,  2 9 5 0 , 1 7 3 0 , 1 4 8 5 , 1 4 3 5 ,

NMR, ppm downfield from 
Me,jSi ___

Caled, % Found, %
C H C H

5 5 . 1 4 8 . 1 0 5 4 . 9 9 8 . 1 1

5 9 . 3 2 8 . 9 7 5 9 . 5 5 8 .9 0

4 3 . 7 2 6 . 2 9 4 3 . 8 6 6 . 2 0

5 2 . 4 7 7 . 5 5 5 2 . 4 2 7 . 6 1

5 2 . 4 2 7 . 5 5 5 2 . 3 8 7 . 4 9

4 9 . 2 9 6 .8 9 4 9 . 0 8 7 . 0 1

5 5 . 1 4 8 . 1 0 5 5 . 0 2 8 . 1 6

5 7 . 4 1 8 . 5 7 5 7 . 9 2 8 . 7 2

5 7 . 4 1 8 . 5 7 5 7 . 5 6 8 . 3 9

5 1 . 5 8 7 . 5 8 5 2 . 0 1 7 . 5 1

5 9 . 3 2 8 . 9 7 5 8 . 8 6 8 . 7 0

6 1 . 0 7 9 . 3 2 6 1 . 1 8 9 . 2 9

6 3 . 4 3 5 . 8 1 6 3 . 5 9 5 . 7 5

1 . 9 4  ( s ,  1  H ) ,  2 . 6 0  ( q ,  2  H ) ,  3 . 6 0  ( s ,  3  H )

1 . 3 1  ( t ,  3  H ) ,  2 . 7 0  ( q ,  2  H ) ,  3 . 2 2  ( s ,  2  H ) ,  3 . 7 0  ( s ,  3  H ) ,  4 3 . 7 2  6 . 2 9

5 . 9 9  ( 2 , 1  H ) ,  6 . 3 0  ( s ,  1  H )

1 . 7 5 ,  ( s ,  3  H ) ,  1 . 7 8  ( s ,  3  H ) ,  3 . 1 8  ( s ,  2  H ) ,  3 . 6 8  ( s ,  3

5 . 6 9  ( s ,  1  H )

1 . 7 0  ( d ,  3  H ) ,  1 . 9 0  ( s ,  3  H ) ,  3 . 2 7  ( s ,  2  H ) ,  3 . 6 7  ( s ,  3

5 . 6 0  ( q ,  1  H )

1 . 7 2  ( d ,  3  H ) ,  3 . 2 1  ( s ,  2  H ) ,  3 . 7 0  ( s ,  3  H ) ,  5 . 5 0 - 5 . 9 8  ( m ,  4 9 . 2 9  6 .8 9  

2  H )

1 2 6 0 , 1 2 0 0 , 1 1 7 0

2 . 1 8  ( d ,  1  H ) ,  3 . 6 3  ( s ,  3  H )

1 . 2 6  ( t ,  3  H ) ,  1 . 3 0  ( s ,  6  H ) ,  1 . 7 7  ( d ,  1  H ) ,  2 . 4 0  ( d ,  1

2 . 5 3  ( d ,  2  H ) , . 3 . 6 3  ( s ,  3  H )

1 . 2 2  ( t ,  3  H ) ,  1 . 4 7  ( s ,  6  H ) ,  1 . 6 - 1 . 9  ( m  2  H ) ,  2 . 5 3  (c 

H ) ,  3 . 6 3  ( s ,  3  H )

1 . 2 3  ( t ,  3  H ) ,  1 . 2 8  ( d ,  3  H ) ,  1 . 3 - 2 . 0  ( m ,  3  H ) ,  2 . 4 7  ( q ,  2  5 1 . 5 8  7 . 5 8  

H ) ,  3 . 6 5  ( s ,  3  H )

1 . 2 6  ( d ,  6  H ) ,  1 . 2 7  ( s ,  6  H ) ,  1 . 4 2  ( d ,  1  H ) ,  2 . 3 6  ( d ,  1

2 . 9 2  ( m ,  1  H ) ,  3 . 6 5  ( s ,  3  H )

1 . 2 3  ( s ,  6  H ) ,  1 . 2 8  ( s ,  9  H ) ,  1 . 6 5  ( d ,  1  H ) ,  2 . 0 5  ( d ,  1

3 . 5 8  ( s ,  3  H )

1 . 2 1  ( m ,  1  H ) ,  1 . 7 7  ( m ,  2  H ) ,  2 . 7 1  ( m ,  1  H ) ,  3 . 7 0  ( s  

H ) ,  7 . 2 3  ( m ,  5  H )

Table VI. Reaction Products from Vinyl Sulfides and Dimethyl Diazomalonate

P r o d 

u c t

R e g i s t r y

n o . I R ,  c m  1  ( m a i n  p e a k s )

N M R ,  p p m  d o w n f i e l d  f r o m  

M e 4 S i

C a l e d ,  %  

C  H

F o u n d ,  %  

C  H

X a 6 3 1 9 6 - 7 7 - 0 1 6 6 5 , 1 6 3 0 , 1 3 2 0 , 1 0 7 0 1 . 9 1  ( s ,  3  H ) ,  2 . 0 7  ( s ,  3  H ) ,  2 . 9 0  ( s ,  3  H ) ,  3 . 5 8  ( s ,  6  H ) ,  

6 . 5 5  ( s ,  1  H )

5 1 . 7 0 6 .9 4 5 1 . 9 2 6 . 7 9

X b 6 3 1 9 6 - 7 8 - 1 1 6 9 0 , 1 6 3 0 , 1 4 4 0 , 1 3 2 0 , 1 0 8 0 1 . 2 5  ( t ,  3  H ) ,  1 . 9 6  ( t ,  3  H ) ,  2 . 0 8  ( s ,  3  H ) ,  3 . 5 3  ( m ,  2  H ) ,  

3 . 6 5  ( s ,  6  H ) ,  6 .4 8  ( s ,  1  H )

5 3 . 6 3 7 . 3 7 5 3 . 6 9 7 . 3 0

X c 6 3 1 9 6 - 7 9 - 2 2 9 5 0 , 1 6 5 0 , 1 4 4 0 , 1 3 3 0 , 1 2 4 0 ,  

1 0 8 0

1 . 2 7  ( s ,  9  H ) ,  1 . 9 5  ( s ,  3  H ) ,  2 . 0 7  ( s ,  3  H ) ,  3 . 7 2  ( s ,  6  H ) ,  

6 . 4 5  ( s ,  1 H )

5 6 . 9 1 8 .0 8 5 7 . 0 4 7 . 9 8

X d 6 3 1 9 6 - 8 0 - 5 1 6 8 0 , 1 6 4 0 , 1 4 3 0 , 1 3 2 5 , 1 0 8 0 2 . 0 3  ( s ,  3  H ) ,  2 . 1 5  ( s ,  3  H ) ,  3 . 6 5  ( s ,  6  H ) ,  6 . 3 5  ( s ,  1  H ) ,  

7 . 4 8  ( m ,  5  H )

6 1 . 2 0 6 . 1 6 6 1 . 2 3 6 . 1 9

X I I 6 3 1 9 6 - 8 1 - 6 1 7 6 0 , 1 7 4 0 , 1 4 3 0 , 1 3 0 0 , 1 2 6 5 ,  

1 1 4 5

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

X I I I 6 3 1 9 6 - 8 2 - 7 1 6 8 0 , 1 6 4 0 , 1 4 3 0 , 1 3 3 0 , 1 0 8 0 ,  

9 1 5

1 . 9 0  ( s ,  3  H ) ,  2 . 1 - 2 . 4  ( m ,  4  H ) ,  3 . 0 - 3 . 3  ( m ,  2  H ) ,  3 . 6 7  

( s ,  6  H ) ,  6 . 2 0  ( s ,  1  H )

5 4 . 0 8 6 .6 0 5 4 . 5 7 6 . 3 8

X I V 6 3 1 9 6 - 8 3 - 8 3 0 0 0 , 1 6 8 0 , 1 6 4 5 , 1 4 3 5 , 1 3 3 0 ,  

1 0 8 0

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

1 H )

4 3 . 5 3 4 . 8 7 4 3 . 9 8 4 . 8 6

X V 6 3 1 9 6 - 8 4 - 9 3 0 9 0 , 1 6 4 5 , 1 4 4 0 , 1 2 4 5 , 1 0 8 0 3 . 6 7  ( s ,  6  H ) ,  7 . 0 7  ( s ,  2  H ) ,  7 . 2 7  ( s ,  2  H ) 5 0 . 4 5 4 . 7 1 5 0 . 3 8 4 . 9 1

X V I a 3 6 8 1 4 - 6 2 - 7 3 0 7 5 , 1 7 4 5 , 1 4 9 0 , 1 4 4 5 , 1 4 4 0 ,  

1 3 0 0 , 1 2 8 0 , 1 1 7 0 , 1 1 3 5

3 . 5 1  ( s ,  2  H ) ,  3 . 7 7  ( s ,  3  H ) ,  7 . 2 - 7 . 5  ( m ,  5  H ) 6 4 .0 6 4 . 8 9 6 3 . 7 5 5 . 1 3

X V I b 5 4 0 4 5 - 2 2 - 6 1 7 4 5 , 1 4 4 0 , 1 2 8 0 , 1 1 6 0 , 1 1 3 5 1 . 9 7  ( s ,  3  H ) ,  3 . 3 7  ( s ,  2  H ) ,  3 . 7 5  ( s ,  3  H ) 4 9 . 9 8 5 . 5 9 5 0 . 2 3 5 . 7 2

X V I c 5 4 0 4 5 - 2 3 - 7 2 9 5 0 , 1 7 4 5 , 1 4 4 0 , 1 3 0 0 , 1 2 6 5 ,  

1 1 4 5

1 . 4 6  ( t ,  3  H ) ,  2 . 7 0  ( q ,  2  H ) ,  3 . 4 2  ( s ,  2  H ) ,  3 . 7 5  ( s ,  3  H ) 4 4 . 1 8 5 . 3 0 4 4 . 2 1 5 . 2 9

X V I I 6 3 1 9 6 - 8 5 - 0 1 6 8 5 , 1 6 5 0 , 1 4 4 0 , 1 3 3 5 , 1 2 4 5 ,  

1 0 8 5 , 9 1 0

1 . 4 0  ( t ,  3  H ) ,  3 . 7 7  ( s ,  6  H ) ,  3 . 8 0  ( q ,  2  H ) ,  7 . 4 8  ( m ,  5  H ) 6 1 . 6 2 5 . 5 2 6 1 . 7 3 5 . 5 9

X V I I I 6 3 1 9 6 - 8 6 - 1 1 6 7 5 , 1 6 4 0 , 1 4 3 5 , 1 3 3 0 , 1 2 4 0 ,  

1 0 8 5

1 . 3 5  ( t ,  3  H ) ,  1 . 4 5  ( t ,  3  H ) ,  2 . 8 7  ( q ,  2  H ) ,  3 . 6 8  ( q ,  2  H ) ,  

3 . 7 3  ( s ,  6  H )

4 7 . 0 8 5 . 8 4 4 7 . 1 1 5 . 8 3

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

t o  i s o b u t y l a l d e h y d e  in  a  m a n n e r  d e s c r i b e d  f o r  l - e t b y l t h i o - l , 2 - d i -  

m e t h y l - l - p r o p e n e  in  5 0 %  y i e l d ,  b p  8 0 - 8 2  ° C  ( 9 0  m m H g ) .  P h e n y l -  

e t h y l t h i o a c e t y l e n e  w a s  p r e p a r e d  a s  d e s c r i b e d  b y  B r a n d s m a 25 i n  3 6 %  

y i e l d ,  b p  1 0 8 - 1 1 3  ° C  ( 1 1  m m H g ) .  M e t h y l e t h y l t h i o a c e t y l e n e  a n d

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

f o r  p h e n y l e t h y l t h i o a c e t y l e n e .

General Procedure of Thermal and Photochemical Reactions 
of Methyl Diazoacetate in Vinyl Sulfides. T h e r m a l  o r  p h o t o 

c h e m i c a l  r e a c t i o n s  o f  5  m m o l  o f  m e t h y l  d i a z o a c e t a t e  i n  3 0 - 5 0  m m o l  

o f  v i n y l  s u l f i d e s  w e r e  c a r r i e d  o u t  i n  P y r e x  s e a l e d  t u b e  w i t h o u t  d e 

g a s s i n g  a t  > 1 6 0  ° C  o r  w i t h  a  h i g h - p r e s s u r e  m e r c u r y  l a m p .  A f t e r  t h e  

d i a z o  b a n d  d i s a p p e a r e d  f r o m  t h e  I R  s p e c t r u m  o f  t h e  r e a c t io n  m ix t u r e ,  

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

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

N M R  a n d  I R  s p e c t r a  a n d  e l e m e n t a l  a n a l y s i s .  T h e  c y c l o p r o p a n e  d e 

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

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

r e p o r t e d  i n  T a b l e  V .

Reactions of Dimethyl Diazomalonate in Vinyl Sulfides. M o s t  

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

t h e  p h o t o l y s i s  o f  d i m e t h y l  d i a z o m a l o n a t e  in  v i n y l  s u l f i d e s .  F o r  e x 

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

b o m e t h o x y m e t h y l i d e  ( X b )  w a s  p r e p a r e d  i n  4 3 %  y i e l d  b y  p h o t o l y s i s  

o f  0 . 5 2  g  ( 3 . 3  m m o l)  o f  d i m e t h y l  d i a z o m a l o n a t e  i n  3  m L  o f  1 - e t h y l -  

t h i o - 2 - m e t h y l - l - p r o p e n e .  I n  8 0 %  d e c o m p o s it io n  o f  t h e  d i a z o m a lo n a t e ,  

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

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



Formation of Unsaturated Sulfonium Ylides J. Org. Chem., Vol. 42, No. 21,1977 3371

Table VII. Reaction Products from Vinyl Sulfides and Phenyl- and Diphenyldiazomethanes

P r o d - R e g i s t r y N M R ,  p p m  d o w n f i e l d  f r o m C a l e d ,  % F o u n d ,  %

u c t n o . I R ,  c m  1  ( m a i n  p e a k s ) M e 4S i C H C H

X l X a 6 3 1 9 6 - 8 7 - 2 3 0 5 0 ,  2 9 5 0 ,  2 9 0 0 , 1 5 0 0 , 1 4 5 5 , 1 . 7 0  ( s ,  6  H ) ,  3 . 7 2  ( s ,  2  H ) ,  5 . 5 4  ( s ,  1  H ) ,  7 . 2 2  ( m ,  5  H ) 7 4 . 1 0 7 . 9 1 7 4 . 2 1 7 . 9 5

1 3 7 5 ,  7 9 0 ,  7 7 0

X l X b 6 3 1 9 6 - 8 8 - 3 3 0 4 0 ,  2 9 5 0 , 1 6 6 0 , 1 6 0 0 , 1 4 9 0 , 1 . 7 0  ( s ,  3  H ) ,  1 . 7 7  ( s ,  3  H ) ,  5 . 1 5  ( s ,  1  H ) ,  5 . 4 7  ( s ,  1  H ) , 8 0 . 2 7 7 . 1 3 8 0 . 3 4 7 .0 6

1 4 5 0 , 1 3 7 0 , 1 3 2 0 7 . 1 - 7 . 4  ( m ,  1 0  H )

X X a 6 3 1 9 6 - 8 9 - 4 3 0 0 0 ,  2 9 4 0 , 1 4 5 0 , 1 3 6 0 , 1 1 6 0 0 . 9 - 2 . 2  ( m ,  1 7  H ) ,  7 . 1 7  ( m ,  5  H ) 7 6 .8 6 9 .4 6 7 6 . 4 5 9 .4 0

X X b 6 3 1 9 6 - 9 0 - 7 3 0 3 0 ,  2 9 2 0 , 1 4 8 0 , 1 4 4 0 1 . 2 7  ( s ,  9  H ) ,  1 . 3 0  ( s ,  6  H ) ,  1 . 7 0  ( s ,  1  H ) ,  7 . 0 - 7 . 4  ( m , 8 1 . 2 1 8 .4 4 8 1 . 3 9 8 . 3 8

1 0  H )

Table VIII. Reaction Products from Dichlorocarbene with Vinyl and Allylic Sulfides

P r o d - R e g i s t r y N M R ,  p p m  d o w n f i e l d  f r o m C a l e d ,  % F o u n d ,  %

u c t n o . I R ,  c m  1  ( m a i n  p e a k s ) M e .4S i C H C H

X X I I I  6 3 1 9 6 - 9 1 - 8

X X V  6 3 1 9 6 - 9 2 - 9

X X V I  6 3 1 9 6 - 9 3 - 0

X X V I I  6 3 1 9 6 - 9 4 - 1

2 9 7 0 , 1 3 6 5 , 1 1 6 5 ,  9 9 0 1 . 4 2  ( s ,  9  H ) ,  5 . 0 - 5 . 6  ( m ,  2 H ) ,  6 . 4 - 7 . 2  ( m ,  2  H ) 5 4 . 3 8 7 . 4 1 5 4 . 5 9 7 . 5 8

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

6 . 5 0  ( s ,  1  H )

2 9 0 0 , 1 6 1 5 , 1 1 7 0 ,  9 0 0 ,  7 8 5 1 . 8 3  ( s ,  6  H ) ,  5 . 1 - 5 . 4  ( m ,  2 H ) ,  5 . 8 4  ( s ,  1  H ) ,  6 . 4 - 7 . 0 5 5 . 0 1 6 . 3 5 5 5 . 2 3 6 . 3 1

( m ,  2  H )

3 1 0 0 ,  3 0 0 0 ,  2 9 5 0 , 1 6 2 0 , 1 4 6 5 , 1 . 3 0  ( s ,  3  H ) ,  1 . 4 3  ( s ,  3  H ) , 2 . 1 8  ( s ,  1  H ) ,  3 . 2 5  ( d ,  2  H ) , 4 5 . 7 2 5 . 7 5 4 5 . 4 6 5 . 9 4

1 3 8 0 , 1 2 3 5 , 1 1 2 0 , 1 0 1 0 ,  9 2 0 ,  5 . 0 - 6 . 5  ( m ,  3  H )

8 5 0 ,  7 4 0

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

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

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

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

s u l f i d e s .  F o r  e x a m p l e ,  t h e  s t a b l e  s u l f o n i u m  y l i d e  X b  w a s  o b t a i n e d  

w h e n  a  s o l u t i o n  o f  1 . 0  g  ( 6 .6  m m o l)  o f  d i m e t h y l  d i a z o m a l o n a t e  in  5  

m L  o f  e t h y l t h i o - 2 - m e t h y l - l - p r o p e n e  w a s  h e a t e d  a t  1 2 0  ° C  f o r  2  h  in  

t h e  p r e s e n c e  o f  a n h y d r o u s  c u p r i c  s u l f a t e  ( 2 0  m g ) .  C h l o r o f o r m  w a s  

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

m i x t u r e .  A f t e r  t h e  c h lo r o f o r m  a n d  e x c e s s  v i n y l  s u l f i d e  w e r e  d i s t i l l e d  

o f f ,  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  a  s i l i c a  g e l  c o lu m n  w i t h  

c h lo r o f o r m  o r  a c e t o n e  s o lv e n t s  t o  g iv e  X b  in  4 5 %  y ie ld .  T h e  N M R  a n d  

I R  s p e c t r a  a n d  o t h e r  p h y s i c a l  p r o p e r t i e s  a r e  r e c o r d e d  in  T a b l e  V I .

Photochemical Reactions of Phenyl- and Diphenyldiazo
methanes. T h e  p h o t o l y s i s  o f  0 . 4 - 2  m m o l  o f  p h e n y l -  o r  d i p h e n y l d i a 

z o m e t h a n e s  i n  5 - 2 0  m m o l  o f  a  s u b s t r a t e  w a s  c a r r i e d  o u t  w i t h  a  h ig h -  

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

d i a z o  b a n d  d i s a p p e a r e d  f r o m  t h e  I R  s p e c t r u m  o f  t h e  r e a c t io n  m ix t u r e ,  

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

I n  t h e  r e a c t i o n  o f  d i p h e n y ld i a z o m e t h a n e  ( 0 .4 4 5  g )  in  1 - m e t h y l t h i o -

2 - m e t h y l - l - p r o p e n e  ( 2 . 3 1  g ) ,  t h e  r e a c t i o n  m i x t u r e  w a s  a n a l y z e d  b y  

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  g e l .  T h e  o n e  o f  i s o l a t e d  f r a c t i o n  

s h o w e d  N M R  s p e c t r u m  a t  i5 2 .6 3  w h i c h  c o r r e s p o n d s  t o  > S + - M e  

p r o t o n s .

General Procedure of Cupric Sulfate Catalyzed Thermal 
Reactions. T h e r m a l  r e a c t i o n s  w e r e  c a r r i e d  o u t  f o r  0 . 4 - 2  m m o l  o f  

p h e n y l -  a n d  d i p h e n y l d i a z o m e t h a n e s  in  5 - 1 5  m m o l  o f  a  s u b s t r a t e  in  

t h e  p r e s e n c e  o f  2 0  m g  o f  c u p r i c  s u l f a t e .  S a m p l e s  w e r e  k e p t  a t  r o o m  

t e m p e r a t u r e  o r  a t  7 0  ° C  f o r  3 0  m in .  T h e  r e s u l t s  o b t a i n e d  a r e  i n d e 

p e n d e n t  o f  t h e  r e a c t i o n  c o n d i t i o n s  a n d  s h o w n  in  T a b l e  V I I .

General Procedure of Thermal Reactions of Aryldiazo- 
methanes. A  s i m i l a r  r e a c t i o n  o n  t h e  s a m e  s c a l e  w a s  c a r r i e d  o u t  

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

p le t e  t h e  r e a c t i o n s .  S a m p l e s  o f  p h e n y l d i a z o m e t h a n e  w e r e  h e a t e d  a t  

1 0 0  ° C  a n d  o f  d i p h e n y ld i a z o m e t h a n e  a t  1 6 0  ° C  f o r  1  h . T h e  p r o d u c t s  

w e r e  e x a m i n e d  by G L C .

Catalytic Decomposition of Methyl Diazoacetate in Acetylene 
Sulfides. A  s o l u t i o n  o f  1  m m o l  o f  m e t h y l  d i a z o a c e t a t e  in  5  m m o l  o f  

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

in  P y r e x  t u b e s  a n d  h e a t e d  a t  6 0  ° C  f o r  1 0  m in .  T h e  r e a c t i o n  m i x t u r e  

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

Photolysis of Dimethyl Diazomalonate in Acetylene Sulfides. 
A  s o l u t i o n  o f  1 . 2  m m o l  o f  d i m e t h y l  d i a z o m a l o n a t e  in  4  m m o l  o f  

a c e t y le n e  s u l f id e  w a s  i r r a d i a t e d .  T h e  r e a c t io n  w a s  6 0 %  c o m p le t e  a f t e r  

2 1  h .  A f t e r  t h e  e x c e s s  s u l f i d e  a n d  d i a z o m a l o n a t e  w e r e  d i s t i l l e d  o f f  

u n d e r  t h e  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  a n a l y z e d  b y  t h i n - l a y e r  

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

b y  N M R  a n d  I R  s p e c t r a  a n d  m a s s  s p e c t r u m .  T h e  r e s u l t s  w e r e  s h o w n  

i n  T a b l e  VI.
Reaction of Dichlorocarbene with Vinyl Sulfides and Allylic 

Sulfides. A s o l u t i o n  o f  5  m L  o f  5 0 %  s o d i u m  h y d r o x i d e ,  5  mL o f  b e n 

z e n e ,  7  m L  o f  c h lo r o f o r m ,  a n d  1 0  m m o l  o f  t h e  c o r r e s p o n d in g  s u l f i d e s  

w a s  s t i r r e d  r a p i d l y  in  t h e  p r e s e n c e  o f  0 .2  g  o f  b e n z y l t r ié t h y la m m o n iu m  

c h lo r i d e  f o r  6  h . T h e  r e a c t i o n  w a s  c o m p l e t e d  w h e n  t h e  s o l u t i o n  b e 

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

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

d r i e d  a n d  t h e  s o l v e n t  d i s t i l l e d  o f f ,  t h e  r e s i d u e  w a s  d i r e c t l y  a n a l y z e d  

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

d e t e r m i n e d  b y  N M R  a n d  I R  s p e c t r a  a n d  e le m e n t a l  a n a ly s i s .  T h e  d a t a  

a r e  s h o w n  in  T a b l e  V I I I .

Registry No.— R ^ R ^ C R ^ R 4 ( R 1  =  E t ,  R 2 =  R 4 =  H ,  R 3 =  S E t ) ,  

1 4 0 4 4 - 6 7 - 8 ;  R ! S R 2C = C R 3R 4 ( R 1  =  R 3 =  R 4 =  M e ,  R 2 =  H ) ,  5 2 1 0 1 -

0 4 -9 ; R 1 S R 2C = C R 3R 4 ( R 3 =  R 4 =  M e ,  R 1  =  E t ,  R 2 =  H ) ,  2 7 4 8 2 - 1 4 - 0 ;  

R 1 S R 2C = C R 3R 4 ( R 1  =  R 4 =  M e ,  R 1 =  E t ,  R 3  =  H ) ,  4 2 9 5 4 - 1 9 - 8 ;  

R 1 S R 2C = C R 3R 4 ( R 2 =  R 3 =  H ,  R 1  =  E t ,  R 4 =  M e ) ,  3 6 7 8 4 - 5 5 - 1 ;

R 1 S R 2C = C R 3R 4 ( R 3 =  R 4 =  M e ,  R 1 =  t - P r ,  R 2 =  H ) ,  6 3 1 9 6 - 9 5 - 2 ;

R 1 S R 2C = C R 3R 4 ( R 2 =  R 3 =  M e ,  R 1  =  ¿ - P r ,  R 4 =  H ) ,  6 3 2 6 9 - 8 2 - 9 ;

R 1 S R 2C = C R 3R 4 ( R 3 =  R 4 =  M e ,  R 1 =  t - B u ,  R 2 =  H ) ,  6 3 1 9 6 - 9 6 - 3 ;

R 1 S R 2C = C R 3R 4 ( R 2 =  R 3 =  R 4 =  H ,  R 1  =  P h ) ,  1 8 2 2 - 7 3 - 7 ;  m e t h y l  

d i a z o a c e t a t e ,  6 8 3 2 - 1 6 - 2 ;  d i m e t h y l  d i a z o m a l o n a t e ,  6 7 7 3 - 2 9 - 1 ;  2 , 3 -  
d i h y d r o - 6 - m e t h y ! - 4 / / - t h i a p y r a n ,  1 3 0 4 2 - 7 9 - 0 ;  2 ,3 - d i h y d r o - l ,4 - d i t h i i n ,  

2 3 2 3 0 - 0 1 - 5 ;  t h i o p h e n e ,  1 1 0 - 0 2 - 1 ;  p h e n y l e t h y l t h i o a c i t y l e n e ,  1 4 4 7 6 -

6 2 - 1 ;  m e t h y le t h y l t h io a c e t y le n e ,  1 3 5 9 7 - 1 5 - 4 ;  1 , 2 - b i s e t h y l t h i o a c e t y l e n e ,  

5 4 0 4 5 - 2 1 - 5 ;  p h e n y l d i a z o m e t h a n e ,  7 6 6 - 9 1 - 6 ;  d i p h e n y ld i a z o m e t h a n e ,  

8 8 3 - 4 0 - 9 ; f e r i - b u t y l  a l l y ls u l f i d e ,  3 7 8 5 0 - 7 5 - 2 ;  c h lo r o f o r m ,  6 7 - 6 6 - 3 ;  a l l y !  

v i n y l  s u l f i d e ,  4 1 0 4 9 - 2 5 - 6 ;  d i c h l o r o c a r b e n e ,  1 6 0 5 - 7 2 - 7 ;  1 - p h e n y l t h i o -  

2 - m e t h y l - l - p r o p e n e ,  1 3 6 4 0 - 7 1 - 6 ;  l - s e c - b u t h y l t h i o - 2 - m e t h y l - l - p r o -  

p e n e ,  6 3 1 9 6 - 6 8 - 9 ;  l - a l l y l t h i o - 2 - m e t h y l - l - p r o p e n e ,  6 3 1 9 6 - 6 9 - 0 .
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3 , 4 - D i s u b s t i t u t e d  1 , 2 , 3 , 5 - o x a t h i a d i a z o l e  2 - o x i d e s  2  a r e  p r e p a r e d  in  g o o d  y i e l d s  b y  c y c l i z a t i o n  o f  j V - a l k y l -  a n d  N -  
a r y l a m i d o x i m e s  1  w i t h  t h i o n y l  c h lo r i d e  i n  t h e  p r e s e n c e  o f  t r i e t h y l a m i n e .  T h e  r e a c t i o n  p r o v i d e s  a  c o n v e n i e n t  r o u t e  

t o  h e t e r o c y c l e s  2  a s  a n  a l t e r n a t i v e  t o  t h e  c y c l o a d d i t i o n  o f  i V - s u l f i n y l a m i n e s  t o  n i t r i l e  o x id e s .  4 - A r y l  s u b s t i t u t e d  h e t 

e r o c y c l e s  2  d e c o m p o s e  u n d e r  m i l d  t h e r m a l  c o n d i t i o n s  t o  s u l f u r  d i o x i d e  a n d  c a r b o d i i m i d e s  3 .  K i n e t i c  e v i d e n c e  a s  

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

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

The synthesis of 3,4-disubstituted 1,2,3,5-oxathiadiazole
2 -oxides 2 , heterocycles of some interest as fungicides3 and 
precursors of carbodiimides 3, has been described by 1,3- 
dipolar cycloaddition of IV-sulfinylamines to nitrile oxides3-4 
(route 1). Of the alternative entry to heterocycles 2 from am
idoximes 1 and thionyl chloride in the presence of a tertiary

amine (route 2 ), a single example has been so far described4*5 
in order to confirm the structure of the product 2 (R = p -  
NO2C6H4 , R' = p-MeC^H^ obtained from the cycloaddition 
reaction.

As route 2 appeared a promising alternative to route 1, we 
have examined the cyclization of a number of Ar-alkyl- and 
IV-arylamidoximes with thionyl chloride in order to define the 
scope and limitations of this reaction. We have then employed 
the easy thermal fragmentation of various oxathiadiazole
2 -oxides for the preparation of carbodiimides and investigated 
the kinetics of the reaction as well as attempted trapping ex
periments in order to gain some insight into its mechanism.

Results and Discussion
Synthesis of Heterocycles 2. The cyclization of amidox

imes la-r with thionyl chloride in the presence of triethyl-

amine occurred readily in methylene chloride below room 
temperature to give the corresponding 3,4-disubstituted
1,2,3,5-oxathiadiazole 2 -oxides (2a-r) (Table I). Structural 
proof of new compounds was based on spectral data (IR, 
NMR,5 and MS). Compounds 2a-k and 2q were isolated in 
good yields (70-90%), whereas other products were obtained 
in much lower yields or could not be isolated. For 2m-p this 
can be explained by the observation (IR at 2140 cm-1) that 
these compounds rearranged into the corresponding carbo
diimides when the reaction mixture was allowed to warm up 
to room temperature. The low yield of 21 was due to both its 
partial conversion to N-ierf-butyl-N'-phenylcarbodiimide 
(3g) and to some reluctance of IV-tert-butylbenzamidoxime
(11) to undergo the cyclization (see footnote j  of Table I). Also 
2r was obtained in very low yield from N-ieri-butyltrimeth- 
ylacetamidoxime (lr) under the standard conditions (—15 or 
0 °C, 1 h at room temperature), but its thermal stability al
lowed the reaction temperature to be raised to 10 °C, and the 
yield increased to an acceptable value (60%).

The yields were not optimized nor were the effects of 
changing solvent or the tertiary amine investigated in detail. 
However, it was observed that almost identical results were 
obtained when the cyclization of N-phenylbenzamidoxime
(li) was carried out in benzene solvent instead of methylene 
chloride and/or by using pyridine in place of Et3N (Table I, 
footnote h ).

From the examples reported in Table I it appears that the 
cyclization of amidoximes with thionyl chloride can be con
veniently employed for the synthesis of heterocycles 2  in a 
number of cases. This reaction offers several advantages with 
respect to the nitrile oxide-N-sulfinylamine cycloaddition 
(route 1 ), since: (i) it circumvents the preparation of N-sul- 
finylamines; (ii) it does not suffer from side reactions4*5 such 
as dimerization and isomerization of nitrile oxides,6 and de
composition of Af-sulfinylamines by moisture and air7; (iii) 
it occurs at low temperature, which is an important factor in 
view of the thermal instability of heterocycles 2 ; (iv) it em
ployes stable and easily available starting materials: AAsub-
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Table 1.1,2,3,5-Oxathiadiazole 2-Oxides a 2 from Reaction of Amidoximes 1 and SOClg-EtgN b in CH2CI2

Compd
2

Registry
no. R R'

Temp,c
°C

Yield,d 
%

Crystn
Solvent'

Mp/
°C

IR,«
cm- 1

a 63105-00-0 m-CIPh Ph - 1 0 84 Bz-PE 87-88 1360,1210
b 63105-01-1 p-CIPh Ph - 1 0 84 Bz-PE 87-88 1370,1210
c 63105-02-2 p-CHgPh Ph -15 70 Bz-PE 93-94 1370,1210
d 65105-03-3 p-CHgOPh Ph -15 70 Bz-PE 91-92 1365,1205
e 3815-53-0 Ph p-CHgOPh -15 83 E-PE 93-941 1370,1205
f 63105-04-4 Ph p-CHgPh -15 82 E-PE 74-75 1365,1205
g 63105-05-5 Ph p-CIPh -15 84 Bz-PE 82-83 1365,1210
h 63105-06-6 Ph m-CIPh -15 85 Bz-PE 60-61 1360,1210

3815-50-7 Ph Ph -15 78 E-PE 74-751 1370,1210
j 63105-07-7 Ph ch3 -15 78 E-PE 58-59 1360,1195
k 63105-08-8 ch3 Ph -15 80 E-PE 38-40 1370,1205
1 63105-09-9 Ph (CH3)3C 0 25 i E-PE 83-85 1370,1205
m 63133-66-4 Mesityl Ph -15 k k 1370,1200
n 63133-67-5 Ph Mesityl 0 24 PE 99-101 1365,1205
0 63133-72-2 Mesityl Mesityl -5 k k 1370,1200
p 63105-10-2 2,4-(CH3)2Ph Ph -15 2 0 E-PE 64-65 1350,1205
q 63105-11-3 2,6-CI2Ph Ph 0 92 E-PE 92-93 1350,1210
r 63105-12-4 (CH3)3C (CH3)3C 10 60 l 1370,1200

0 Satisfactory analytical values for all new compounds (±0.3% for C, H, N, S). b Mole ratio amidoxime-SOCl2-Et3N 1:5:2.5. c Reaction 
temperature followed by warming to room temperature (1 h). d Based on the material recovered before recrystallization. e In ace
tone-carbon dioxide bath; Bz = benzene; PE = petroleum ether; E = ethyl ether, f Although determined in a preheated bath, the ob
served melting points may be lower than the actual values because of the thermal instability of the products, « In CCI4-CS2; attributable 
to [0S(0)N], see F. Wudl and T. B. K. Lee, J .  Am. Chem. Soc., 95,6349 (1973). h Obtained in 70-75% yield by using benzene solvent 
or benzene and SOCl2-pyridine at 0 °C. ' Reference 4a. 1 Allowed to stand at room temperature for 3 h; unreacted amidoxime was 
recovered. k Not determined because the product partly decomposed to carbodiimide at room temperature; identified by 1R and TLC 
(silica, benzene). 1 Mass spectrum M+ 218; oil impure of traces of carbodiimide.

stituted amidoximes can be prepared from two different 
routes, viz. from thioamides and hydroxylamine8 or nitrile 
oxides and amines.9 Finally it may be observed that the costs 
bf the processes 1 and 2 are comparable, since they use the

RC(NHR')— S
jN H jO H

S O C lj R C N O  SOC1,
R'NH2 --------► R'NSO ------- <- 2 -<------ 5. RC(NHR')=NOH

E t3N E t3N

r o u t e  1  | r c n o

R'NH2 

r o u t e  2

same commercial materials, although in a different succession 
of steps.

While the mechanism of the cyclization of amidoximes with 
SOCl2/Et3N is unknown, its ready occurrence is consistent 
with the stereochemistry recently assigned to the most stable 
form of iV-monosubstit uted benzamidoximes in solution10 and 
solid state,11 viz. the Z  configuration about the C=N  bond 
(OH cis to NHR') and the s-trans conformation about the 
amidic nitrogen (H of NHR' faces the OH group). From the 
results of compounds 21 and 2r, the reaction appears some
what retarded when the size of the groups R and R' are in
creased. This parallels the observation10 that bulky groups 
R and R' give rise to a partial conformational change on the 
NHR' group; this leads to the presence of the s-cis form which 
constitutes evidently an unfavorable arrangement for cycli
zation.

Thermal Decomposition of Heterocycles 2. A. Prepa
ration of Carbodiimides 3. 3,4-Disubstituted 1,2,3,5-ox- 
athiadiazole 2 -oxides 2  have been reported to fragment at or 
just above their melting points to give carbodiimides 3 and 
sulfur dioxide when R is an aryl group4 and/or undergo ring 
enlargement to 1,2,4-benzothiadiazine 1,1-dioxides12 (5) when 
R is an alkyl and R' an aryl group.

Our results on the thermal fragmentation of 4-aryl- 
1,2,3,5-oxathiadiazole 2 -oxides (2a-j and 21—q) confirm the 
expectations based on previous findings4 and give details on

R
\

R '

-N'/

\
< /  0

R N = C = N R '  

-so , ,  3

,  *  N *

S  

0

-so, _< CR
■NH

R  =  a l k y l ,  R '  =  P h

the preparation of a number of carbodiimides 3a-k (Table II). 
The carbodiimides 3 yields were satisfactory (70-80%) with 
the exception of AI-methyl-Al'-phenylcarbodiimide (3f), whose 
low yield13 is probably due to a considerable tendency to po
lymerize.14 This demonstrates that the preparative value of 
this reaction depends on the stability of the carbodiimide at 
the temperature required for the fragmentation of its pre
cursor. Carbodiimides which partly decompose on distillation 
were conveniently identified after conversion to the corre
sponding ureas 4. In the same way, all compounds 3 of Table 
II could have been employed in situ for other reactions, their 
impurities being some polymeric material which, however, 
could be easily removed by dissolving the carbodiimide in a 
proper solvent, such as petroleum ether, and filtration.

For most of the heterocycles 2 the pyrolysis was carried out 
at 100-125 °C for 10-30 min. However, the two 4-mesityl de
rivatives 2m and 2o and the 4-(2,4-dimethylphenyl) derivative 
2p converted into the corresponding carbodiimides 3h, 3i, and 
3j already at room temperature. This prevented the isolation 
of 2m and 2o from the originating reaction mixture of ami
doximes lh and li with thionyl chloride (see previous section 
and footnote k of Table I). Evidently, other factors being 
equal, the ease of conversion 2 —♦ 3 depends on the migratory 
aptitude of R from carbon to nitrogen, 15 which appears to be 
favored when R is an aryl group with electron-donating sub
stituents and inhibited when R is an alkyl group, particularly 
methyl. The latter observation accounts for the failure to 
obtain the carbodiimide 3f from 2k (R = CH3, R' = Ph) 13 and 
in general for the preferential formation of benzothiadiazines 
5 when R is an alkyl group.12
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Table II. Carbodiimides “ 3 from the Thermolysis of 1,2,3,5-Oxathiadiazole 2-Oxides 2

Compd Registry Precursor Time, Temp, Yield, Bp (mm) or IR (CC14), Urea 4, Registry
3 no. 2 R R' min °C % mp, °C cm-1 mp, °C no.

a 63105-13-5 a m-CIPh Ph 20 120 70 5 c 2140 185-186 2008-71-1
a h Ph m-CIPh 20 110 70fc c 2140 185-186
b 53288-64-5 b p-CIPh Ph 15 120 80 6 135-138 (0.2) 2140 240 dec 1967-26-6
b g Ph p-CIPh 20 100 80 6 c 2140 240 dec
c 19244-07-6 c p-CHgPh Ph 20 100 85 6 c 2140 217-218 4300-33-8
c f Ph p-CH3Ph 20 120 80 5 c 2140 217-218
d 3815-60-9 d p-CHsOPh Ph 10 100 80 5 c 2140 193-194 3746-53-0
d e Ph p-CH30-

Ph
Ph

30 125 80 6 c 2140 193-194

e 622-16-2 i Ph 30 120 75 121-122 (0.5) 2140 239-240 102-07-8
r 4172-91-2 j Ph ch3 30 110 20 6 d 2140 150-151 1007-36-9
g 2219-34-3 i Ph (CH3)3C 15 100 88'h 73-75 (760) 2120 167-168 15054-54-3
h 60986-29-0 m Mesityl Ph e 82 145-158 (0.4)c 2150 236-237 2904-67-8
h n Ph Mesityl 30 105 80 c 2150 236-237
i 63105-14-6 0 Mesityl Mesityl / 77 41-41.5 (PE) 2160 310 6095-81-4
j 63105-15-7 p 2,4-(CH3)2-

Ph
2,6-Cl2Ph

Ph 20 55 60 f oilc 2140 219 220 13140-55-1

k 63105-16-8 q Ph 30 115 89 46-47 (PE) 2160 240-241 63105-17-9

0 All compounds 3 and the corresponding ureas 4 gave satisfactory analytical data (±0.3% for C, H, and N). b Determined after 
conversion to the corresponding urea by acid-catalyzed hydration (see Experimental Section) . c Partly decomposed on distillation, 
giving material boiling in a large range of temperature. A pure sample was obtained by column chromatography (silica, benzene, or 
petroleum ether-methylene chloride 2:1). d Not isolated in a pure state. e At room temperature without isolation of the oxathiadiazole
S-oxide (see Table I, footnote k); yields refer to the initial amount of amidoxime. ! Obtained in 79% yield following the conditions 
of footnote e.

The selective thermal breakdown to carbodiimides and the 
mild conditions required appears to be a characteristic of
3,4-diaryl-l,2,3,5-oxathiadiazole 2-oxides 2, since structurally 
related five-membered heterocycles behave differently. For 
instance, 3,4-diaryl-l,2,4-oxadiazolin-5-ones fragment at 260 
°C into carbon dioxide and benzimidazoles,16 whereas 1,5- 
diaryltetrazoles give mixtures of benzimidazoles and carbo
diimides by loss of nitrogen at 200 °C.17

If we now look at the overall process 1 —► 3, we can conclude 
that the key step of this conversion is the formation of the 
heterocycle 2, which activates the amidoxime 1 for the dehy
dration and rearrangement processes. The thermodynamic 
stability of the departing sulfur dioxide molecule is probably 
the driving force of the breakdown process. Similar examples 
of activation of hydroxamic acid derivatives through cyclic 
or open-chain intermediates include the thermal conversion 
of benzohydroxamie acids to isocyanates through their esters 
(Lossen rearrangement)18 or through 1,3,2,4-dioxathiazole
2-oxides19 and of amidoximes to carbodiimides by benzene- 
sulfonyl chloride through the O-benzenesulfonyl ester20 or by 
phosphorus oxychloride through a postulated phosphazole 
intermediate.21

B. Mechanism of the Thermal Conversion 2 —► 3. It has 
already been suggested43 that the thermolysis of heterocycles 
2 to carbodiimides 3 is a concerted reaction, so that the loss 
of sulfur dioxide is concomitant with the migration of R from 
carbon to nitrogen. In order to gain further insight into the 
mechanism of the reaction, we have studied the kinetics of the 
thermal decomposition of 3,4-diaryl-l,2,3,5-oxathiadiazole
2-oxides (2a-i) and carried out proper experiments in order 
to exclude more justifiably the presence of unstable inter
mediates.

The reactions of 2a-i were followed to at least 2 half-lives 
and were found to be of first-order throughout. In reactions 
allowed to proceed for infinite time, the values of conversion 
into carbodiimide varied from 80 to 95% (Table III), the lower 
yields being found in the slowest runs where the extent of 
polymerization of the carbodiimide became significant. Re
actions at different initial concentrations of 2 gave repro
ducible first-order rate constants which exclude intermolec- 
ular processes or catalytic phenomena. The results of Table

III illustrate the substituent effect on the reaction rate, which 
in fact appeared to be affected in opposite ways by substitu
tion in the 3-phenyl (IV-Ph) and 4-phenyl (C-Ph) ring. A plot 
of log k against <x+ values22 for substituents X  in C-Ph fitted 
in a good straight line with negative slope (p+ = —1.92, r  =
0.992), whereas the plot against a  values22 produced a less' 
satisfactory correlation (p = —3.04, r = 0.962). The acceler
ating effect by electron-donating substituents X in the mi
grating aryl group R as well as its magnitude compare quite 
well to those observed in classical [1,2] shifts from carbon to 
nitrogen, such as in benzamides (Hofmann degradation p = 
—2.5),23 in benzohydroxamie acid esters (Lossen rearrange
ment p = —2.6),23 and in acetophenone oximes (Beckmann 
rearrangement p = —1.95, p+ = —1.70).23,24 On the other hand, 
a good correlation with a positive slope (p = 0.61, r = 0.992) 
was found to hold between log k and a  values for substituents 
Y in N-Ph, a result which points out that the reaction is re
tarded by electron-releasing, and accelerated by electron- 
withdrawing, substituents Y.

In Table IV are reported the data aiming to elucidate the 
effects of the solvent and temperature on the rate of decom
position of the representative compound 3,4-diphenyl deriv
ative 2i. The rate constant determined in four solvents of 
markedly different character changes little with the polarity 
of the solvent; the value in nitrobenzene (t = 34.8) was only 
about double that in chlorobenzene (« = 5.62). From the rate 
constants measured at different temperatures in chloroben
zene solvent the following activation parameters were calcu
lated: AG* = 27.9 kcal mol-1, E a = 28.1 kcal mol-1, AS* = 
—1.4 eu.

These kinetic results are consistent with a single-step 
mechanism and it is suggested that the [1,2] aryl shift25 from 
carbon to the electron-deficient nitrogen26 occurs intramo- 
lecularly in concert with the loss of sulfur dioxide in the 
transition state a (Scheme I). Owing to the simultaneous 
electron redistribution, the transition state a must possess 
little polarity, a characteristic which accounts for the slight 
dependence of the rate on the polarity of the solvent. The 
participation of the migrating aryl group in the transition state 
explains the substantial effect of substituents X on rate27 and 
accounts for the low temperature of decomposition,28 a fact
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Table III. Rate Constants for the Thermal Decomposition of 3,4-Diaryl-l,2,3,5-oxathiadiazole 2-Oxides 2
in Chlorobenzene at 100 °C

Compd
2 X Y 102 [2]a 104fc, s '1 t in , min X (e),ft cm 1

Yield,*1
%

a m-Cl H 2.471 0.565 1360 (26.5)
4.910 0.570 1360 78

mean 0.568 203
b p-Cl H 2.685** 1.36 2140 (187.5) 81

2.685e* 1.36 1360 (27.8)
8.079 1.39 1370

mean 1.37 84
c p-CH3 H 0.441 12.0 2140 (164.5) 81

1.319 11.6 2140
mean 11.8 9.8

d p-CH30 H 0.403 83.5 2140 (158.5) 98
1.207 82.0 2140

mean 82.8 1.4
e H P-CH3O 0.464 2.78 2140 (158.5) 82

7.495 3.03 1365 (18.9) 97
mean 2.91 40

f H p-CH3 0.446 2.94 2140 (164.5) 90
1.324 2.88 2140

mean 2.91 40
g H p-Cl 0.382 5.40 2140 (187.5) 96

1.151 5.41 2140
mean 5.41 21

h H m-Cl 5.442** 6.52 1360 (2< .5)
5.442** 6.47 2140 (186.7)

16.32 6.58 1360 92
mean 6.52 18

i H H 3.61e 32
a At room temperature. b Analytical wavelength, molar extinction coefficient in parentheses (1-mm NaCl cell). cOf carbo- 

diimide; determined from the absorbance at 2140 cm'1 after 5 or 6 half-lives. ** Single run followed at two wavelengths. 
e Extrapolated from the Arrhenius parameters (Table IV).

Table IV. Rate Constants a for the Thermal Conversion 
of 3,4-Diphenyl-l,2,3,5-oxathiadiazole 2-Oxide (2i) to 

Diphenylcarbodiimide (3e) in Various Solvents

Solvent6
Temp,

°C
104fc,
s-1

¿1/2,
min

Yield,*1
%

Chlorobenzene (5.62) 70 0.134** 861 95
86 0.823d 140 90
90 1.28<* 90 96

110 9.90** 12 93
0 -Dichlorobenzene (9.93) 86 0.966 119 92
Nitrobenzene (34.8) 86 2.21 52 92
Me2S0 (46.6) 86 6.6e 18 80

“ Average of three runs with a standard error of ±2%; initial 
concentrations of 2i: 0.004-0.02 M in chlorobenzene and dichlo
robenzene (X («), 2140 (187), 1-mm NaCl cell]; 0.009-0.04 M in 
nitrobenzene and Me2SO [X (e), 2140 (182, 230), 0.5-mm NaCl 
cell]. b Dielectric constants in parentheses (ref 33). * Of carbo- 
diimide 3e (see footnote c of Table III). ** The activation pa
rameters calculated from these rate constants were: E a = 28.1 ± 
0.1 kcal mol"1, AS* (90 °C) = -1.4 ± 0.3 eu, A H *  (90 °C) = 27.4 
± 0.1 kcal mol-1, AG* (90 °C) = 27.9 ± 0.1 kcal mol-1. e Inaccu
rate because of the slow reaction of 3e with Me2SO: J. G. Moffatt, 
J. Org. C h em ., 36,1909 (1971).

which is reflected in the moderate value of the activation en
ergy (28 kcal mol-1). Finally, the small negative entropy value 
(—1.4 eu), which is well comparable with those recorded for 
the Beckmann24 and Curtius29 rearrangements, is consistent 
w ith the transition state a, whereas a large positive value 
would be expected for the rate-lim iting formation of an 
open-chain intermediate.29

Scheme I

In line with the kinetic data, trapping experiments failed 
to reveal the presence of open-chain intermediates. In fact, 
the amount of carbodiimide 3e from the thermolysis of 3,4- 
diphenyl 1,2,3,5-oxathiadiazoIe 2-oxide (2i) was practically 
independent of the solvent employed30 (Tables IV  and V), 
whereas lower and/or variable yields were expected i f  inter
mediates 6 or 7 were formed, since it  seems unlikely26*1’31 that

+
RN =CN R* R C = N R ' RC— NR' RC— NR'

S02” :N:
l + "

:N
II "

:N-

6 7a 7b 7c

they should not be at least partially trapped by any of the 
solvents employed. Moreover, while benzimidazoles, diag
nostic for azomethine nitrene 7a, are formed from the frag
mentation of 3,4-diaryl-1,2,4-oxadiazolin-5-ones32 and 1,5- 
diaryltetrazoles,14 the presence of 2-phenylbenzimidazole was 
not detected by VPC of the reaction mixture from the ther
molysis of 2i in cyclohexane.
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Table V. Thermal Fragmentation of 3,4-Diphenyl-1,2,3,5- 
Oxathiadiazole 2-Oxide (2i) in Various Solvents

Carbodiimide
Solvent Time, h________ 3e, %°

None5 75
Cyclohexane 48 76
Anisole 24 81 (34)
Acetonitrile 20 79 (4)
Benzene (DMADC)c 24 70

a Number in parentheses refers to the amount of 3e isolated 
as iY,TV'-diphenylurea. h See Table II. c Plus 15 molar excess with 
respect to 2i of dimethyl acetylenedicarboxylate (DMADC).

In conclusion, the implication of our kinetic results and our 
failure to detect any unstable intermediates is that the de
composition of the heterocycles 2 to carbodiimides 3 and 
sulfur dioxide most probably occurs by a concerted process.

Experimental Section33
Reagents and Solvents. Thionyl chloride, amines, and solvents 

for preparative experiments were distilled or recrystallized before use. 
Triethylamine and pyridine were distilled twice over potassium hy
droxide pellets. The petroleum ether corresponds to fraction bp 40-60 
°C. Solvents for kinetic experiments were purified by proper proce
dures34 and were distilled twice over anidrone just prior to use.

Amidoximes. These compounds were prepared by addition of 
amines to nitrile oxides. Details on the preparation of amidoximes 
lb, If, It, li, 1 j, lm, In, and lq  have already been reported.10 For the 
other compounds the reaction mixtures (CCI4, 5 molar excess of 
amine) were allowed to stand at room temperature for 24-36 h. The 
excess of amine and by-products deriving from self-reaction of the 
nitrile oxide was removed by chromatography (silica), eluent benzene; 
the amidoxime was then recovered almost pure by elution with ben
zene-ethyl ether (9:1 or 9:2). After recrystallization from benzene- 
petroleum ether, unless not otherwise noted, all compounds gave 
satisfactory analytical data and IR spectra (CCI4-C2CI4-CS2), showing 
the characteristic bands at 3600 (OH), 3400 (NH), ~3300 br (OH), 
and 1630 cm-1  (C=N): la (R = m-CIPh, R' = Ph), mp 131-132 °C; 
lc (R = p-CHgPh, R' = Ph),mp 124-125 °C; Id (R = p-CH3OPh, R' 
= Ph), mp 121-122 °C; le (R = Ph, R' = p-CH3OPh), mp 160-162 °C; 
lh (R = Ph, R' = m-CIPh), mp 129-130 °C (from ethanol); lk (R = 
CH3, R' = Ph), mp 117-118 °C (from benzene); 11 [R = Ph, R' = 
(CH3)3C], mp 129-130 °C (from methanol); lo (R = R' = mesityl), 
mp 198-200 °C; lp [R = 2,4-(CH3)2Ph, R' = Ph], mp 163-164 °C; lr 
[R = R' = (CH3)3C], mp 134-135 °C (from ethanol).

1,2,3,5-Oxathiadiazole 2-Oxides 2. The cyclizations were carried 
out in a four-neck 1-L flask equipped with a stirrer, a thermometer, 
an addition funnel, and a gas outlet tube protected with a CaCl2 valve. 
The solution of the amidoxime 1 (18-30 mmol) and 2.5 molar excess 
of triethylamine in 250-300 mL of methylene chloride was cooled at 
the required temperature (Table I) in the reaction flask. To this 
mixture was added with efficient stirring over a 15-min period a 5 
molar excess of thionyl chloride in 20 mL of methylene chloride. The 
mixture was allowed to warm to room temperature (1 h) and then 250 
mL of a 10% solution of NaHC03 in water was added with vigorous 
stirring and cooling. The heterogeneous mixture was stirred for an 
additional 30-min period and then allowed to stand until the two 
phases were well separated. The organic phase was washed with cold 
water and dried over CaSC>4. Evaporation of the solvent under reduced 
pressure at room temperature gave an oil which solidified on treating 
with petroleum ether and cooling in an acetone-carbon dioxide bath. 
In the case of compounds 2m, 2o, and 2p the oil residue showed the 
presence of a considerable amount of carbodiimide (IR absorption 
at 2140 cm-1). Details of the experimental conditions and properties 
of compounds 2 are given in Table I.

Thermolysis of 1,2,3,5-Oxathiadiazole 2-Oxides 2 to Carbo
diimides 3. A. Preparative Scale. A 25-mL thick wall vial was 
charged with 2.0 g of 2 and connected to a vacuum system. When the 
vacuum was regulated at 100-120 mmHg, the vial was carefully placed 
in a preheated oil bath. This produced an almost instant melting of 
the solid material and an intense gas evolution, which ceased within 
a few minutes. Heating under slight vacuum was continued for an 
additional period (Table II). After cooling the vial to room tempera
ture, proper tests (TLC and IR) on the oil residue showed the total 
disappearance of 2 (absence of the 1360-1370-cm-1 band) and the 
formation of 3 (IR absorption at 2140-2160 cm-1). All carbodiimides

3  w e r e  i d e n t i f i e d  a f t e r  c o n v e r s i o n  t o  t h e  c o r r e s p o n d i n g  u r e a s  4  b y  

h e a t i n g  t h e  o i l  r e s i d u e  o n  a  s t e a m  b a t h  ( 1  h )  w i t h  2 5  m L  o f  2 0 %  H C 1 .  

T h e  N , N '- d i s u b s t i t u t e d  u r e a s  4 ,  w h ic h  s i m p l y  c r y s t a l l i z e d  o n  c o o l in g ,  

e x h i b i t e d  t h e  e x p e c t e d  I R  ( N u jo l )  b a n d s  [ 3 3 0 0  ( N H )  a n d  1 6 5 0  c m - 1  

( C O N H ) ]  a n d  g a v e  s a t i s f a c t o r y  a n a l y t i c a l  d a t a .  C o m p a r i s o n s  w i t h  

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

B. T rapping Experim ents. S o l u t i o n s  o f  3 , 4 - d i p h e n y l  1 , 2 , 3 , 5 -  

o x a t h i a d i a z o l e  2 - o x i d e  (2i) ( 1 . 5 - 2 . 0  g )  in  t h e  s e l e c t e d  s o l v e n t  ( 4 0  m L )  

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

a n c e  o n  T L C .  T h e  s o l v e n t  w a s  e v a p o r a t e d  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  c h r o m a t o g r a p h e d  ( s i l i c a ,  b e n z e n e )  t o  g i v e  t h e  

c a r b o d i i m i d e  3e a n d  t h e n  t h e  c o r r e s p o n d i n g  u r e a  ( e l u e n t ,  b e n z e n e -  

e t h y l  e t h e r  1 : 1 )  ( T a b l e  V ) .

C .  Kinetic Measurements. T h e  r e a c t io n s  w e r e  i n i t i a t e d  b y  a d d in g  

a  w e i g h e d  a m o u n t  ( 0 . 0 2 - 0 . 2  g )  o f  t h e  s e l e c t e d  c o m p o u n d  2  in  a  s m a l l  

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

t a i n e d  i n  a  k i n e t i c  f l a s k  p la c e d  in  a  t h e r m o s t a t t e d  o i l  b a t h .  A l i q u o t s  

w e r e  r e m o v e d  a t  in t e r v a l s  a n d  q u e n c h e d  b y  c o o l in g  in  l i q u i d  n it r o g e n .  

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

b o d i i m i d e  a t  2 1 4 0  c m - 1  o r  t h e  u n r e a c t e d  o x a t h i a d i a z o l e  2 - o x i d e  a t  

1 3 6 0  c m - 1  o r  b o t h  c o m p o u n d s .  I n  t h e  f i r s t  c a s e ,  in  o r d e r  t o  h a v e  

m e a s u r a b l e  a b s o r b a n c e  v a l u e s  ( 1 -  o r  0 .5 - m m  N a C l  c e l l s ) ,  t h e  a l i q u o t s  

w e r e  d i lu t e d  w i t h  t h e  s a m e  s o l v e n t  e m p lo y e d  f o r  t h e  r e a c t i o n .  I n  t h e  

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

a t  r o o m  t e m p e r a t u r e  a n d  t h e  r e s i d u e  d i s s o lv e d  in  c a r b o n  t e t r a c h lo r id e  

f o r  t h e  I R  m e a s u r e m e n t s .  N o r m a l l y ,  1 0 - 1 5  r e a d i n g s  w e r e  t a k e n  f o r  

a  g iv e n  r e a c t io n ,  w h ic h  w a s  fo l lo w e d  t o  a t  l e a s t  2  h a l f - l i v e s .  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  l i n e a r  p l o t s  o f  In  C t v s .  t i m e  (Ct, 
c o n c e n t r a t io n  o f  2) o r  m o r e  s i m p ly  o f  In  A t a t  1 3 6 0  c m - 1  v s .  t im e .  F o r  

r e a c t i o n s  f o l l o w e d  t h r o u g h  t h e  2 1 4 0 - c m - 1  b a n d ,  t h e  Ct v a l u e s  w e r e  

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

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

m e a s u r e d  a b s o r b a n c e s  b y  t h e  L a m b e r t - B e e r  la w . C o n t r o l  e x p e r im e n t s  

s h o w e d :  ( i)  t h e  s t a b i l i t y  o f  t h e  c a r b o d i i m i d e  f o r  a t  l e a s t  2  h a l f - l i v e s  

o f  a  g iv e n  r e a c t io n ;  ( i i)  t h e  o c c u r r e n c e  o f  t h e  L a m b e r t - B e e r  l a w  a t  t h e  

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

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 lc u l a t e d  b y  s t a n d a r d  m e t h o d :35 

E b f r o m  t h e  l in e a r  p lo t  o f  In  k v s .  1  I T  ( T a b l e  I V ) ,  A S *  f r o m  lo g  A  ( 1 3 . 0  

s - 1  a t  9 0  ° C ) ,  A H *  f r o m  t h e  a p p r o x i m a t i o n  A H *  =  (_Ea -  R T ),  a n d  

A G *  f r o m  A H *  -  T A S * .
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R egistry No.— la, 6 3 1 6 3 - 6 4 - 4 ;  lb , 2 8 0 5 1 - 0 7 - 2 ;  l c ,  5 7 9 8 4 - 7 7 - 7 ;  Id, 
6 0 4 0 4 - 6 4 - 0 ;  le , 5 2 3 9 5 - 2 3 - 0 ;  If, 3 6 9 5 4 - 5 0 - 4 ;  lg , 5 7 7 6 7 - 0 5 - 2 ;  lh , 
6 3 1 3 3 - 6 8 - 6 ;  li, 3 4 8 8 - 5 7 - 1 ;  lj, 2 8 2 6 7 - 9 8 - 3 ;  lk , 5 6 6 1 - 3 0 - 3 ;  11,2 0 0 0 2 - 2 6 - 0 ;  

lm , 3 0 2 3 - 1 9 - 6 ;  In, 3 6 9 5 4 - 5 1 - 5 ;  lo , 1 6 0 3 1 - 6 0 - 0 ;  lp , 6 3 1 3 3 - 6 9 - 7 ;  lq , 
6 3 1 3 3 - 7 0 - 0 ;  lr , 6 3 1 3 3 - 7 1 - 1 ;  S O C l 2 , 7 7 1 9 - 0 9 - 7 ;  H 2N R '  ( R '  =  P h ) ,  

6 2 - 5 3 - 3 ;  H 2N R '  ( R '  =  p C H g O P h ) ,  1 0 4 - 9 4 - 9 ;  H 2N R '  ( R '  =  m - C I P h ) ,  

10 8 - 4 2 - 9 ;  H 2N R '  ( R '  =  t - B u ) ,  7 5 - 6 4 - 9 ; H 2N R '  ( R '  =  m e s i t y l ) ,  8 8 - 0 5 - 1 ;  

0 = N = C R  ( R  =  m - C I P h ) ,  1 3 8 2 0 - 1 5 - 0 ;  0 = N = C R  ( R  =  p C H 3P h ) ,  

1 3 8 2 0 - 1 4 - 9 ;  0 = N = C R  ( R  =  p - C H 3O P h ) ,  1 5 5 0 0 - 7 3 - 9 ;  0 = N = C R  

( R  =  P h ) ,  8 7 3 - 6 7 - 6 ;  0 = N ^ C R  ( R  =  C H 3) , 7 0 6 3 - 9 5 - 8 ;  0 = N = C R  ( R  

=  m e s i t y l ) ,  2 9 0 4 - 5 7 - 6 ;  0 = N = C R  [ R  =  2 , 4 - ( C H 3) 2P h ] ,  6 3 1 0 5 - 1 8 - 0 ;  

0 = N = C R  ( R  =  i - B u ) ,  2 7 1 4 3 - 8 1 - 3 .

References and Notes

(1) Presented in part at the 7th International Symposium on Organic Sulfur 
Chemistry, Hamburg, West Germany, July 12, 1976.

(2) (a) University of Ferrara; (b) C. N. R. Laboratory.
(3) E. E. Schmitt, U.S. Patents 3 118 902 and 3 118 903(1964); Chem.Abstr., 

60, 10691h and 10692b (1964).
(4) (a) P. Rajagopalan and H. U. Daeniker, Angew. Chem., Int. Ed. Engl., 2, 46 

(1963); P. Rajagopalan and B. G. Advani, J. Org. Chem., 30 ,3 36 9  (1965); 
(b) F. Eloy and R. Lenaers, Bull. Soc. Chim. Belg., 74, 129 (1965); (c) P. 
Beltrame and C. Vintani, J. Chem. Soc. B, 873 (1970).

(5) The 1H NMR spectrum (CDCI3 , Me4Si) of 3-mesityl-4-phenyl derivative 2n 
showed the following features: three methyl signals at d 2.06, 2,18, and 
2.23, two broad signals at <5 6.75 and 6,83, and a multiplet centered at 5 
7.25. The magnetic nonequivalence of the two o-methyls and the two 
m-hydrogens of the mesityl ring indicates that these groups are di- 
astereotopic owing to the presence of center(s) of asymmetry in the mol
ecule. This stereochemical problem is now under investigation.

(6) C. Grundmann and P. Grunanger, “The Nitrile Oxides” , Springer-Verlag, 
New York, N.Y.. 1971, Chapter 4.

(7) G. Kresze, A. Maschke, R. Albrecht, K. Bederke, H. P. Patzschke, H. Smalla, 
and A. Trede, Angew. Chem., Int. Ed. Engl., 1, 89 (1962); G. Kresze and 
W. Wucherpfenning, ibid., 6, 149 (1967).



Condensation of Aldehydes J. Org. Chem., Vol. 42, No. 21,1977 3377

(8) H. Muller, Ber. Dtsch. Chem. Ges., 19, 1669 (1886); P. Chabrier and S. H. 
Renard, Bull. Soc. Chlm. Fr., Doc.. 272 (1949); R. N. Hurd and G. De La 
Mater, Chem. Rev., 61, 45 (1961).

(9) Reference 6, p 161.
(10) O. Exner, V. Jehlicka, A. Dondoni, and A. C. Boicelli, J. Chem. Soc., Perkin 

Trans. 2, 567 (1974); A. Dondoni, L. Lunazzi, P. Glorgianni, and D. Ma- 
ciantelli, J. Org. Chem., 40, 2979 (1975).

(11) A. Dondoni, G. Gilli, and M. Sacerdotl, J. Chem. Soc., Perkin Trans. 2, 1036 
(1976).

(12) F. Eloy, Helv. Chim. Acta, 48, 380 (1965).
(13) The Carbodiimide 3f was obtained from 3-methyl-4-phenyl-1,2,3,5-ox- 

athiadlazole 2-oxide (2j), since the 3-phenyl-4-methyl derivative 2k gave 
mainly tarry material which, however, was not further examined for the 
presence of the 1,2,4-benzothiadiazine 1,1-dioxide.12

(14) H. G. Khorana, Chem. Rev.. 53, 145 (1953); S. R. Sandler and W. Karo, 
“Organic Functional Group Preparations", Vol. 2, Academic Press, New 
York, N.Y., 1972, Chapter 9.

(15) In a [1,2] shift to an electron-deficient center, the migratory aptitude of 
a group R is aryl >  alkyl >  FI and this "expresses the familiar order of 
carbonium ion stabilization” . See J. B. Flendrickson, D. J. Cram, and G. 
S. Hammond, “Organic Chemistry”, 3rd ed, McGraw-Hill, New York, N.Y., 
1970.

(16) T. Bacchetti and A. Alemagna, Gazz. Chim. Ital., 91, 1475 (1961), and 
previous papers on this series.

(17) P. A. S. Smith and E. Leon, J. Am. Chem. Soc., 80 ,4647 (1958); J. Vaughan 
and P. A. S. Smith, J. Org. Chem., 23, 1909 (1958).

(18) L. Bauer and O. Exner, Angew. Chem., Int. Ed. Engl., 13, 376 (1974).
(19) (a)E. Burk and D. Carlos, J. Heterocyd. Chem., 7 ,177  (1970); (b) J. E. Franz 

and H. K. Pearl, J. Org. Chem.. 41, 1297 (1976). Evidence has been recently 
provided1911 showing that n addition to the concerted mechanism previously 
postulated198 the formation of isocyanate from 1,3,2,4-dioxathiazole 2- 
oxides may occur by a multi-step process involving an intermediate nitrile 
oxide. For leading references on nitrile oxide-isocyanate isomerization 
see ref 6 and A. Dondoni, G. Barbara, A. Battaglia, and P. Giorgianni, J. Org. 
Chem., 37, 3196 (1972) C. Grundmann, P. Kochs, and J. R. Boal, Justus 
Liebigs Ann. Chem., 761, 162(1972).

(20) J. H. Boyer and P. J. A. Frints, J. Org. Chem., 35, 2449 (1970).
(21) J. Garapon and B. Sillion, Bull. Soc. Chim. Fr., 2672 (1975); J. Garapon, 

B. Sillion, and J. M. Bonnier, Tetrahedron Lett., 4905 (1970).
(22) L. P. Hammett, “Physical Organic Chemistry” , 2nd ed, McGraw-Hill, New 

York, N.Y., 1970, p 356.
(23) J. Hine, “Physical Organic Chemistry”, McGraw-Hill, New York, N.Y., 1962, 

Chapter 15.
(24) D. E. Pearson, J. F. Baxter, and J. C. Martin, J. Org. Chem., 17, 1511 

(1952).
(25) (a) Review on [1,2] shifts; G. W. Wheland, "Advanced Organic Chemistry”, 

3rd ed, Wiley, New York, N.Y., 1960, Chapter 12; (b) G. L'abbé, Chem. Rev., 
68,345 (1968); (c) W. Lwowski, Angew. Chem., Int. Ed. Engl., 6, 897 (1967);

(d) H. Meier and D. P. Zeller, ibid., 14, 32 (1975); (e) ref 18.
(26) For a concise and exhaustive description of the mechanism of the supra- 

facial thermally allowed [1,2] shift to an electron-deficient center, see G. 
Klopman in "Chemical Reactivity and Reaction Paths” , G. Klopman, Ed., 
Wiley, New York, N.Y., 1974, Chapter 4, p 96.

(27) The C-Ph substituent effect is very similar to those of the classical examples 
of [1,2] shifts cited in ref 23 and 24 and which are currently considered 
to occur with phenyl participation in the transition state. Moreover, an 
identical trend with that reported here has been taken as evidence for 
concerted thermolysis of triarylmethyl azides, in contrast to the photo
chemical reaction where substituents have little, if any, effect and which 
probably involves a discrete nitrene intermediate [W. H. Saunders, Jr„ and 
E. A. Caress, J. Am. Chem. Soc., 86, 861 (1964)]. By contrast, in the 
thermal fragmentation of 2,5-diarylietrazoles to 1,3-nitrile ¡mines, a case 
of decomposition of a heterocyclic system without aryl migration, the C-Ph 
substituent effect is very small (p =  —0.23) [S. Y. Hong and J. E. Baldwin, 
Tetrahedron, 24, 3787 (1968)]. For a survey on this subject see 0 . P. 
Strausz, J. W. Lown, and H. E. Gunning, Compr. Chem. Kinet., 5, Chapter 
5 (1972).

(28) Structurally related systems, i.e., 3,4-diaryl-1,2,4-oxadiazolin-5-ones13 
and 1,5-diaryltetrazoles,14 which at least partly decompose by mechanisms 
where there is no anchimeric assistance by the migrating aryl group, 
fragment at much higher temperatures.

(29) G. L’abbé and g. Mathys, J. Org. Chem., 39, 1778 (1974); G. L'abbé, G. 
Mathys, and S. Toppet, ibid., 39, 3449 (1974).

(30) Also the thermolysis of the 3-mesityl-4-phenyl derivative 2n in benzene 
gave a yield (75% ) of carbodiimide 3h similar to that obtained without 
solvent (Table II). In benzene, however, there was also isolated a product 
(5% ), mp 239 -2 4 4  °C , whose structure is still under investigation.

(31) D. S. Breslow, M. F. Sloan, N. R. Newburg, and W. B. Renfrew, J. Am. Chem. 
Soc., 91, 2273 ¡1969); W. Lwowski, “Nitrenes” , Interscience, New York, 
N.Y., 1970.

(32) J. H. Boyer and P. J. A. Frints, J. Heterocyd. Chem., 7 ,5 9  (1970); J. Sauer 
and K. K. Mayer, Tetrahedron Lett.. 325 (1968).

(33) All temperatures are uncorrected. Infrared spectra were recorded on a 
Perkin-Elmer Model 257 spectrometer which was also employed for 
measuring IR absorptions in kinetic experiments. NMR spectra were re
corded with a JEOL 60-MHz instrument in CCI4 or CDCI3 with Me4Si as an 
internal standard. Mass spectra were obtained on a Varian MAT 111 low- 
resolution mass spectrometer. TLC were done on silica gel plates (IB2-F 
from Backer Chemical Co.) using benzene or mixtures of benzene-ethyl 
ether as eluent. Microanalyses were performed by F. B. Strauss Mi- 
croanalytical Laboratory, Oxford, England.

(34) J. A. Riddick and E. E. Toops, Jr., Tech. Org. Chem., 2nd Ed., 7 (1967); D. 
Martin and H. G. Hauthal, "Dimethyl Sulphoxide” , translated by E. S. Hal- 
berstadt, Van Nostrand, Wokingham, England, 1975.

(35) S. Glasstone, K. J. Laidler, and H. Eyring, “The Theory of Rate Processes", 
McGraw-Hill, New York, N.Y., 1941, Chapter 6.
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T h e  r e a c t i o n s  o f  v a r i o u s  m e t h y l i m i d a z o [ l , 2 - o ] p y r i d i n e s  ( 1 )  w i t h  a c e t a l d e h y d e  a n d  c h lo r a l  f o l l o w  t h e  u s u a l  c o u r s e  

o f  e l e c t r o p h i l i c  s u b s t i t u t i o n  a t  t h e  3  p o s i t i o n ,  c o n t r a r y  t o  a n  e a r l i e r  r e p o r t  o f  c o n d e n s a t i o n  a t  a  m e t h y l  g r o u p .  I n i 

t i a l l y  f o r m e d  a d d u c t s  6 a - e  a n d  8  g i v e  s e c o n d a r y  p r o d u c t s ,  5 a - c ,  7 a - c ,  a n d  9 . U n u s u a l  I R ,  U V ,  a n d  'H  N M R  s p e c 

t r a l  p r o p e r t i e s  o f  t h e  d i c h l o r o  k e t o n e  9  a n d  t h e  a l d e h y d e  1 2 ,  w h i c h  w a s  f o r m e d  b y  t r e a t i n g  t h e  c h lo r a l  a d d u c t  8  w i t h  

s t r o n g  b a s e ,  a r e  d i s c u s s e d .

The reported reaction1 of the methyl group in 2-methyli- 
midazo[l,2-a]pyridine (la) with chloral to give the conden

sation product 2 must proceed via the anion 3. Facile forma
tion of such an anion, however, is incompatible with our 
finding that 7-methylimidazo[l,2-a]pyridine, which is ex
pected to give a more stable anion (see 4), does not readily give 
such an anion as shown by its failure to be oxidized to the al
dehyde by selenium dioxide.2 Further, reactions of 
imidazo[l,2-a]pyridine with other electrophilic reagents3 
generally occur at position 3. The reactivity of the methyl

group in compound 1, and concomitant correctness of struc
ture 2, therefore become questionable. The condensation of 
acetaldehyde with various methylimidazo[l,2-a}pyridines as
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Table I. ‘ H NMR Chemical Shifts (6, ppm) o f Some Imidazo[l,2-a]pyridines in CDCl3a

c h 3 R e g i s t r y  n o . c h 3 H - 2 H - 3 H - 5 H - 6 H - 7 H - 8 H - A H - B H - C

H 2 - C H 3 l a 9 3 4 - 3 7 - 2 2 . 4 2 7 . 2 7 7 . 9 7 6 . 6 4 7 . 0 4 7 . 4 8

6 - C H 3 l b 8 7 4 - 3 8 - 4 2 . 2 7 7 . 5 4 7 . 4 5 , 7 . 8 5 6 . 9 5 7 . 4 9

8 - C H 3 l c 8 7 4 - 1 0 - 2 2 . 6 3 7 . 6 2 7 . 5 6 7 . 9 8 6 . 6 6 6 . 9 4

\  / H A 2 - C H 3 5 a 6 3 0 7 6 - 7 8 - 8 2 . 5 6 8 . 1 7 6 . 8 4 7 . 1 6 , 7 . 5 6 5 . 6 0 5 . 4 5 6 . 8 7

/ C = C \ 6 - C H 3 5 b 6 3 0 7 6 - 6 6 - 4 2 . 3 2 7 . 7 1 7 . 8 9 6 . 9 9 7 . 4 9 5 . 6 8 5 . 2 9 6 . 7 6
He Hb

8 - C H 3 5 c 6 3 0 7 6 - 6 7 - 5 2 . 6 2 7 . 7 7 8 . 0 3 - 6 . 7 8 - 7 . 0 0 5 . 7 5 5 . 3 4 - 6 . 8 1

X ” ‘

2 - C H 3 6 a 3 0 4 8 9 - 5 1 - 1 2 . 0 8 8 . 4 9 6 . 7 1 7 . 0 8 7 . 4 0 5 . 2 3 1 . 6 3 4 . 4 2

6 - C H 3 6 b 6 3 0 7 6 - 6 8 - 6 2 . 3 2 7 . 1 0 8 . 1 6 6 . 9 9 7 . 3 5 5 . 0 9 1 . 7 0 4 . 2 3 c

CHm OHc 8 - C H 3 6 c 6 3 0 7 6 - 6 9 - 7 2 . 5 0 7 . 0 1 8 . 2 3 6 . 6 8 6 . 9 5 5 . 0 6 1 . 6 6 4 . 4 0

\ / H*

/ C \
CHœ

2 - C H 3& 7 a 6 3 0 7 6 - 7 0 - 0 2 . 2 0 8 . 5 2 6 . 8 0 7 . 1 0 7 . 5 2 4 . 7 7 1 . 6 2

6 - C H 3 7 b 6 3 0 7 6 - 7 1 - 1 2 . 2 6 7 . 4 6 7 . 6 4 7 . 0 3 7 . 4 7 4 . 7 0 1 . 9 2

8 - C H 3 7 c 6 3 0 7 6 - 7 2 - 2 2 . 6 3 7 . 5 2 7 . 6 9 6 . 6 2 6 . 9 7 4 . 7 1 1 . 9 4

a R e l a t i v e  t o  i n t e r n a l  M e 4S i .  T y p i c a l  c o u p l i n g  c o n s t a n t s :  Js i  =  6 ; J 6 7 =  6 ;  J l t  =  8 — 1 0  H z .  F o r  X  =  v i n y l :  J A B  ~  1 ;  J K ,C  =  
1 7 - 1 8 ;  J B  C  =  1 2  H z .  F o r  X  =  C H ( O H ) C H 3 : J A ] B  =  6  H z .  F o r  X  =  C H C H 3 : J A ’ B  =  7  H z .  6 C h e m i c a l  s h i f t s  o b t a i n e d  f r o m  

s p e c t r u m  o f  a  m i x t u r e  c o n t a i n i n g  c o m p o u n d  5 a .  c D i s a p p e a r s  u p o n  a d d i t i o n  o f  D 20 .

S c h e m e  I

5 a  p i c r a t e lb + 6b

b ,  6 - C H 3

c ,  8 - C H ,

d ,  3 - C H a

e ,  5 - C H j

1 2 ,  X  =  O

1 3 ,  X  =  N N H C O N H ,

well as that of chloral with 2-methylimidazo[l,2-a]pyridine 
are the subject of this paper.

Results and Discussion
Condensation with Acetaldehyde. Prolonged heating of 

a mixture of 2-, 6-, or 8-methylimidazo[l,2-a]pyridine (la, b, 
or c) with excess acetaldehyde at 100 °C gives in each case, 
besides starting material, three products. Their structures, 
established by mass spectral, JH NMR (see Table I), and el
emental analyses, are 5a-c, 6a-c, and 7a-c (see Scheme I). 
Compounds 5a-c, low-melting, hygroscopic solids, were an
alyzed as picrates. ' H NMR spectra show that reaction has not 
occurred at the CH3 groups and that a vinyl substituent4 has 
been introduced in the five-membered ring. Since the 2-CH3 
compound la gives 5a, substitution must have taken place at 
position 3.

Mass spectra of compounds 6a-c indicate facile loss of 
water (base peak, M+ — 18) and *H NMR spectra support 
these structures.5 Further, compound 6a gives the same pic-

rate as the vinyl compound 5a. Since loss of water from the 
a-ethanol compounds (6a-c) is relatively facile even under 
neutral conditions (cf. formation of the vinyl compounds 5a-c 
during the aldehyde condensation), dehydration under acid 
conditions is expected.

Structures 7a-c were established as follows. While mass 
spectra of the starting materials la-c do not show peaks at
tributable to loss of a CH3 group, the very intense base peak 
(M+ — 15) in the spectrum of compound 7b indicates that one 
CH3 group is readily lost. Formation of a dipicrate from 
compound 7b demonstrates the presence of two nonin
teracting imidazopyridine ring systems. An integrated 'H 
NMR spectrum of compound 7b shows that two 6-methyli- 
midazo[l,2-a]pyridine moieties are present for one CHCH3 
group, but the position of substitution cannot unambiguously 
be established from this spectrum, since the chemical shift of 
the peak assigned to H-5 appears at sufficiently high field to 
fall in the region where H-3 usually absorbs. That structure 
7b is indeed correct is shown by the 4H NMR spectrum of the
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Table II. 'H NMR Chemical Shifts“ (5, ppm) of Picrates
of Some Imidazo[l,2-a]pyridines in Me2SO-d6

H - 2 , 3 H - 5 H - 6 H - 7 , 8 p i c r a t e - H

7b 8 .0 8 8 . 7 2 7 . 9 5 8 . 6 1

lb 8 . 3 2 ,  8 . 2 0 8 . 7 7 7 . 9 1 8 . 6 3

5a 8 .9 5 7 . 5 4 7 . 9 7 8 .6 0

“ R e l a t i v e  t o  i n t e r n a l  M e 4S i .  C h e m i c a l  s h i f t s  o f  o t h e r  p r o t o n s :  

7b, 1 . 8 7  ( d ,  J  =  7 ,  C H S ) ,  2 . 4 5  ( s ,  C H 3 ) ,  5 . 1 9  ( q ,  C H ) ;  lb, 2 . 4 5  ( s ,  

C H 3 ) ;  5a, 2 . 6 1  ( s ,  C H 3 ) ,  5 . 8 0  ( d ,  J  =  1 2 ) ,  5 . 9 2  ( d ,  J  =  1 8 ) ,  7 . 1 2  ( q )  

f o r  v i n y l  g r o u p .

protonated compound, i.e., the dipicrate (see Table II). The 
spectrum now shows a low-field singlet that can only be due 
to H-5 and has a chemical shift similar to those of H-5 in the 
picrates of the parent lb and the 2,3-disubstituted compound 
5a.

When the acetaldehyde condensation with 3- and 5- 
methylimidazo[l,2-a]pyridine (Id and e) was attempted, no 
reaction occurred. While this was expected for the 3-CH3 
compound Id, the lack of reactivity of the 5-CH3 compound 
le must be attributed to steric hindrance, the peri effect 
well-known in other multiple ring systems. It should be noted 
that compound le does react with other electrophilic reagents, 
such as nitric acid6 and bromine,3“ to give 3-substituted 
products. These reactions, however, are in general very much 
more facile, require short reaction times, and take place at less 
than or at room temperatures.

Thus, the reaction of acetaldehyde with imidazo[l,2-a]- 
pyridines proceeds by substitution at the 3 position to give 
adducts 6, which can subsequently either form the vinyl 
compounds 5 by loss of water or condense with another mol
ecule of starting materials (1) to give compounds 7. When a 
mixture of compounds 6b and lb is heated at 95 °C overnight, 
compound 7 is indeed formed. Alternate formation of com
pounds 7 from the vinyl compounds 5 and 1 cannot be ex
cluded.

The Chloral Reaction. When 2-methylimidazo[l,2-a]- 
pyridine (la) was treated with chloral as reported1 (see, 
however, Experimental Section), two products were obtained. 
One of them forms a hydrochloride salt which shows the same 
melting behavior and analysis as reported1 for compound
2-HC1, and is stable toward refluxing ethanolic HC1. Its mass 
spectrum, however, does n ot contain peaks attributable to M+ 
— OH or M+ -  H20, which are mandatory7 for structure 2. 
This compound has in fact structure 8 (see Scheme I), and the 
other product has structure 9.

The XH NMR spectrum (see Table III) of the adduct 8 
clearly indicates that reaction has taken place at the 3 position. 
The considerably greater deshielding of H-5 in the adduct 
relative to the starting material la is in accord with anisotropic

effects of 3-substituents on H-5. The absence of deshield
ing of the CH3 group implies restricted rotation of the 
-CH(OH)CCl3 group.

Structure 9 is derived from the adduct 8 by loss of HC1 
followed by tautomerization. Formation of a quinoxaline de
rivative (10) establishes the presence of the COCHCI2 group. 
Comparison of its JH NMR spectrum with that of imidazo- 
[l,2-a]pyridine-3-carboxaldehyde8 shows that the COCHCl2 
group is indeed attached at the 3 position. All relevant protons 
are deshielded as compared to those of both the adduct 8 and 
the starting material la, in accord with the presence of the 
strongly electron-withdrawing group. Other spectral prop
erties of compound 9 are discussed below.

Lombardino1 reported that treatment of the chloral adduct
(2) with base, followed by acid, affords the acrylic acid 11. In

C H = C H C 0 2H

11

our hands, the chloral adduct (with established structure 8), 
when subjected to the described severe conditions, gives a 
compound which has the same melting point and ultraviolet 
absorption maxima 9 as reported for compound 11. Its analysis, 
however, differs from that reported by the elements of CO, 
and its structure is 12-HC1. The free base 12 gives a positive 
Tollens’ test, forms a semicarbazone 13, and displays a 1H 
NMR spectrum (see Table III) that now approximates that 
of imidazo[l,2-a]pyridine-3-carboxaldehyde except for re
placement of the H-2 singlet by a three-proton CH3 singlet.

The reaction of the adduct 8 with strong base is envisioned 
to proceed by abstraction of a proton from the OH group and 
cleavage as shown. Formation of this product appears to de

pend on the conditions used. Thus, trichloromethylphenyl- 
carbinol, when boiled with water gives phenylhydroxyacetic 
acid, but when boiled with saturated potassium hydroxide 
solution, chloroform, benzaldehyde, and mandelic acid are 
formed.11 Hydrolysis with dilute base of other trichloro- 
methylcarbinols leads to hydroxyacetic acids,12 which can only 
be converted to aldehydes by oxidation.13 In our hands ap
preciably more aldehyde (75 vs. 43%) was obtained in very 
concentrated solution than in more dilute solution. For 
the latter conditions, concurrent formation of 3-imidazo- 
[l,2-a]pyridylhydroxyacetic acid, which could not be isolated

Table III. lH NMR Chemical S h i f t s “  (6, ppm) of Some Imidazo[l,2-a Jpyridines i n  CDC13

t)

l a , X  =  C H 3 ; Y  =  H

8 , X  =  C H 3 ; Y  =  C H ( O H ) C C l 3

9 , X  =  C H 3 ; Y  =  C ( = 0 ) C H C 1 2

X  =  H ;  Y  =  C ( = 0 ) H “

1 2 , X  =  C H 3 ; Y  =  C ( = 0 ) H

1 0 , X  =  C H 3 ; Y  =

R e g i s t r y  n o . H - 5 H - 6 H - 7 H - 8 X Y

7 . 9 7 6 . 6 4 7 . 0 4 7 . 4 8 2 . 4 2 7 . 2 7

6 3 0 7 6 - 7 3 - 3 9 . 0 7 6 . 7 8 7 . 1 6 7 . 3 5 2 . 3 2 5 . 6 6

6 3 0 7 6 - 7 4 - 4 9 . 7 9 7 . 1 8 7 . 6 6 6 7 . 6 6 6 2 . 9 2 6 . 8 5

9 . 6 0 7 . 1 1 7 . 5 5 7 . 8 1 8 . 3 3 9 . 9 5

3 0 3 8 4 - 9 3 - 1 9 . 5 9 7 . 1 1 7 . 5 5 7 . 7 1 2 . 7 5 1 0 . 0 8

9 . 8 4 7 . 0 0 7 . 4 0 7 . 7 1 2 . 9 0 9 . 2 8  ( s ) d  

8 . 1 5 ,  7 . 9 1

a X  a n d  Y  s u b s t i t u e n t s  g i v e  s h a r p  s i n g l e t s ,  e x c e p t  a s  n o t e d ;  H - 5  a n d  H - 8  a r e  d o u b l e t s  s h o w i n g  f u r t h e r  f i n e  s p l i t t i n g ;  H - 6  i s  

a  t r i p l e t ;  H - 7  i s  a n  u n s y m m e t r i c a l  q u a r t e t .  b O v e r l a p p i n g  m u l t i p l e t s .  “ T a k e n  f r o m  r e f  8 .  d  I n  q u i n o x a l i n e  i t s e l f ,  5  H - 2  a n d  

H - 3  =  8 . 7 3 ,  5  H - 5  a n d  H - 8  =  8 . 0 6 ,  5  H - 6  a n d  H - 7  =  7 . 6 7  p p m . 10  “ C e n t e r s  o f  A a B a m u l t i p l e t s .
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Table IV. Ultraviolet Data for Imidazo[l,2-a]pyridinesa in 95% Ethanol and Ethanolic Hydrochloric Acid'1

12 or 12-HCM./ 12-HC1 + HC1 9 9 + HQ/ 8-HC1/ 8-HC1 + HC1

323 (9.7) U 338 (11.7) U 278 (7.0) 283 (5.8) 280 (7.4)
~300e (7.0) ~same 283 (7.5) 297 (5.7) — 281

255 (25.5)j 261 (16.0) 1 253 (7.8)
248 (21.1) i 247 (12.0) 255 (15.2) i 247e (6.9)

~242e (15.9) ~same 242 e (11.1) 248e (12.6) 1240e 240e (5.7) 231 (24.9)
217 (20.0) | 220e (16.5) 219 (16.7) Î 219 (18.6) 224 (21.7) 222 (27.2)
214 (18.4) ~same 213 (19.3) 216 (16.8) f 214 (21.9) 2 2 0 e 219 (27.2)

“Xmax, nm (f X 10-3). 6 Ca. 2 X IO" 2 N HC1. c Arrows indicate changes in extinction coefficient when 1 drop 0.1 N HC1 is added to
the solutions in the cells to give ca. 7.5 X 10 4 N HC1. d Reported for 11-HC1, Xmas, nm (e X 10 3): 324 (8.1); 300 (6.7); 256 (20.8); 248 
(17.2). e Shoulder. /Registry no.: 12-HC1, 63076-75-5; 9-HC1, 63076-76-6; 8-HC1, 63076-77-7.

under the work-up conditions used, would explain the much 
lower yield.

Spectral Properties
Infrared. The carbonyl group of the dichloro ketone 9 

absorbs at 1625 cm-1, considerably beyond the lower limit 
observed for aromatic ketones (1700-1680 cm- 1 ) . 14 Since an 
a-chloro group increases the frequency, the expected range 
is nearer 1720-1700 cm-1. The low-frequency absorption in
dicates a weaker carbonyl double bond due to significant 
contribution of the resonance form 9a to the ground state of 
the molecule. Equally unusual absorption of the aldehyde 12 
at 1625 cm" 1 is interpreted in the same manner. An analogy 
is found in /Tamino-oyfl-unsaturated ketones which absorb
20-80 cm- 1  lower than expected and for which resonance 
structure 14 has been evoked.15

Ultraviolet. The identity of the spectra of the aldehyde 12 
and its salt (see Table IV) indicates complete, or nearly 
complete, dissociation of the pyridinium salt, which in turn 
corroborates the notion of charge separation in the neutral 
molecule that would lead to a lowering of the pK a.

The spectra of the aldehyde 12 and the dichloro ketone 9 
are similar. Complex changes observed in the spectra of both 
compounds when acid is added are interpretable in terms of 
the equilibria shown below. An immediate drop in the ex
tinction coefficients of several bands (indicated by arrows in 
Table IV) caused by the addition of acid indicates protonation 
(equilibrium 1, Scheme II). The observation that the spectrum 
of compound 9 continues to change with time, while that of 
12 remains the same, is attributed to more facile hemiacetal 
formation16 (equilibria 2 and 4) of the dichloro ketone. The 
concentration of neutral hemiacetal must be very low, since

Scheme II

EtO EtO

Table V. !H NMR Chemical Shifts (5, ppm) of 
Imidazo[l,2-a]pyridines In Various Solvents0

____________CH3 H-5 C-H5_____

Me2SO-d6
la-HCl 2.91 9.39
8-HC1 3.08 9.74 6.44
9-HC1 3.37 10.11 7.90

12-HC1 3.20 9.98 10.57

TFAA
la 2.66 8.60
8-HC1 2.74 9.42 5.88
9 3.18 10.06 6.85

12 3.06 9.92 10.28

d2o
la-HCl 2.95 8.97
8-HC1 3.15 9.65
9-HC1 3.18 9.66 6.78 low

3.50 10.25 7.68 high
12-HC1 3.35 10.09 10.58

EtOH
9 2.92 9.72 7.18

12 2.72 9.51 10.06

EtOH/HCl
8 2.76 9.44
9 3.10 9.93 7.34 low

2.79 9.41 6.38 high
12 2.97 9.78 10.30 low

2.70 8.91 high

“Relative to external MeiSi in Me2SO-d6 and D20, internal
Me4Si inTFAA and EtOH. 6 These are the chemical shifts of the
substituent protons, i.e., --CH(OH)CCl3, -COCHCI2, and-CHO
of compounds 8 , 9, and 12, respectively.

its p K a is expected to be near that (ca. 6 )3a of alkyl-substituted 
imidazo[l,2-a]pyridines. Further addition of acid causes an 
immediate pronounced change in the spectra (only protonated 
species present). Both spectra now continue to change with 
time, so that the rate of acid-catalyzed hemiacetal formation 
of the aldehyde (1 2 ) has become sufficiently enhanced to be 
observable. Since no further changes occur when more acid 
is added, the spectra then are of the species involved in equi
librium 2. Three of the absorption bands are at wavelengths 
similar to bands found in the protonated chloral adduct 8  and 
can therefore be assigned to the protonated hemiacetals.17 The 
remaining bands can then be attributed to protonated alde
hyde and ketone.

'H NMR. The dichloro ketone 9 is also subject to hydration. 
A spectrum of its salt, 9-HC1, in D20  (see Table V) exhibits two 
sets of peaks, while that of the aldehyde 12-HC1 is normal. Of 
the several possible interpretations, i.e., presence of impurity, 
tautomerism (N, O, or C protonation), and partial hydration, 
the last is shown to be correct. The presence of an isomeric
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C o m p d ____________________  ____________________C a l e d  % _________________  __________________F o u n d  %

________________ Table VI. Analytical Data for Some Imidazo[l,2-a]pyridines________________

F o r m u l a N o . c M p , ° C C H N C l C H N

C i o H w N r C e H s N j O r 5 a - p i c a 1 9 8 . 5 - 1 9 9 . 5 4 9 . 4 7 3 . 4 0 1 7 . 9 7

5 b - p i c 2 2 5 - 2 2 6 4 9 . 6 1 3 . 3 6 1 8 . 0 9 4 9 . 7 9 3 . 4 6 1 8 . 0 1

5 c - p i c 1 7 1 - 1 7 3 4 9 . 8 3 3 . 6 1 1 7 . 6 6

C 1 0 H 1 2 N 2O 6 b 1 4 9 - 1 5 1 6 8 . 1 8 6 .8 2 1 5 . 9 1 6 8 . 2 0 6 .8 4 1 5 . 9 2

6 c 1 2 4 - 1 2 5 6 7 .9 8 6 . 8 6 1 5 . 8 6

C 1 8 H 1 8 N 4 -2 C 6 H 3 N 3 0 7 7 b - p i c 2 6 0 - 2 6 1 . 5  d e c 4 8 . 1 3 3 . 2 1 1 8 . 7 2 4 8 . 1 8 3 . 3 5 1 8 . 7 3

C i 8 H i 3 N 4 7 c 1 8 0 - 1 8 1 7 4 .4 8 6 . 2 1 1 9 . 3 1 7 4 . 3 8 6 . 2 2 1 9 . 2 6

C 1 0 H 9N 2 O C l ; i -1/4 H 2O 8 1 0 2 * 4 2 . 2 5 3 . 3 5 9 .8 6 4 2 . 3 0 3 . 1 0 9 . 5 7

C 1 0 H 9N 2 O C 1 3 - H C 1 8 - H C 1 2 4 6  d e c 6 3 7 . 9 7 3 . 1 6 8 . 8 6 3 7 . 9 9 3 . 3 5 8 .5 6

C 1 0 H 8 N 2 O C 1 2 9 1 0 2 - 1 0 4 4 9 . 3 8 3 . 2 9 1 1 . 5 2 2 9 . 2 2 4 9 . 4 0 3 . 3 2 1 1 . 5 1

c 1 0 h 8 n 2 o c i 2-h c i 9 - H C 1 2 0 4  d e c 6 4 2 . 9 3 3 . 2 2 1 0 . 0 2 4 2 . 9 7 3 . 2 2 1 0 . 0 3

c 1 6 h 1 2 n 4 1 0 1 7 8 - 1 7 9 6 7 3 . 8 5 4 . 6 2 2 1 . 5 4 7 3 . 9 6 4 .6 6 2 1 . 3 0

c 9 h 8 n 2o 1 2 1 0 7 - 1 0 9 . 5 6 7 . 5 0 5 . 0 0 1 7 . 5 0 6 7 . 5 8 5 . 1 7 1 7 . 2 0

C 9 H 8 N 2 0 - H C 1 1 2 - H C 1 2 5 2  d e c 6 5 4 . 9 6 4 . 5 8 1 4 . 2 5 1 8 . 0 7 5 5 . 1 7 4 . 7 7 1 4 . 2 5

C t o H u N g O 1 3 2 5 1 - 2 6 5  d e c 6 5 5 . 3 0 5 . 0 7 3 2 . 2 6 5 5 . 1 9 5 . 1 2 3 2 . 1 0

“ P i c r a t e .  6 T h e s e  c o m p o u n d s  e i t h e r  d a r k e n e d  p r i o r  t o  m e l t i n g  o r  s h o w e d  p e c u l i a r  m e l t i n g  c h a r a c t e r i s t i c s ;  s e e  E x p e r i m e n t a l  S e c t i o n .  

c R e g i s t r y  n o . :  5 a - p i c ,  6 3 0 7 6 - 7 9 - 9 ;  5 b - p i c ,  6 3 0 7 6 - 8 0 - 2 ;  5 c - p i c ,  6 3 0 7 6 - 8 1 - 3 ;  7 b - p i c ,  6 3 0 7 6 - 8 2 - 4 ;  1 0 ,  6 3 0 7 6 - 8 3 - 5 ;  1 3 ,  6 3 1 0 4 - 2 0 - 1 .

impurity is ruled out by the finding that compound 9-HC1 
shows only one set of peaks in either Me-iSO-dg or trifluo- 
roacetic acid (TFAA). Tautomerism between N vs. O pro- 
tonated species is a priori unlikely, since such proton transfer 
is usually so rapid that only an average spectrum of the two 
forms is observable in the NMR;18 further, in the O-proton- 
ated species 9b the a  proton should exchange in D2O and this

is not observed. If protonation on C, a much slower process, 
were occurring (see 9c), an extra peak should appear in the 
TFAA solution spectrum (total of nine protons), and this is 
not the case. The great similarity of the chemical shifts of the 
less intense set to those of H-5 and CH3 in the chloral adduct
8-HC1 supports the supposition of partial hydration. The more 
intense set absorbs at relatively lower field, in accord with the 
anticipated greater deshielding by the carbonyl group, and 
as observed in the CDCI3 solution spectra of the free bases 8  
and 9.

The chemical shifts of the aldehyde 12-HC1 in Me2SO-dg 
and TFAA differ from those in D20  by no more than expected 
for solvent effects (cf. data for 8-HC1). The spectra of the 
protonated dichloro ketone 9-HC1 in these solvents are also 
best interpreted in terms of the ketone rather than the hy
drated structure.

The spectra of both free bases 9 and 12 in absolute ethanol 
are normal; addition of acid causes not only downfield shifts 
expected for protonation, but also the appearance of a second 
set of peaks at higher field which increases in intensity with 
time at the expense of the other set. The conclusion drawn 
from the ultraviolet spectra that hemiacetals19 are formed is 
thus directly confirmed. The ratios of hemiacetals to un
reacted compounds 9 and 12 are ~3, that of hydrate to un
reacted compound 9 is ~0.3.

In conclusion, since only the ketone forms a hydrate, al
though aldehydes in general hydrate more readily than ke
tones, the neighboring dichloromethyl group appreciably 
enhances the susceptibility of the ketone toward nucleophilic 
attack. The lack of hydration, the relatively slow semicarba- 
zone formation of the aldehyde 12, as well as IR and 1H NMR 
data of the free bases 9 and 12, indicate significant contribu
tion of the charge-separated resonance forms to the ground

Table VII. Conditions and Product Distribution of 
Acetaldehyde Condensation with 

Methylimidazo[ 1,2- a  ] pyridines (1)

C o m p d (g)

T i m e ,

h 5
Y i e l d , %  

6 7

la ( 0 .6 5 ) 1 8 4 0 4 7 1 3
lb ( 1 .0 ) 6 5 1 0 5 0 3 8
lc ( 1 . 7 5 ) 4 0 8 2 1 2 7
Id ( 1 . 9 6 ) 1 9

le ( 2 .7 7 ) 8 0 T r a c e s

state of the molecules. Indeed, for these compounds the 
zwitterionic structure appears to be a better pictoraliza- 
tion.

Experimental Section
W o e l m  n e u t r a l  a l u m i n a ,  B r o c k m a n n  g r a d e  3 ,  w a s  u s e d  f o r  c h r o 

m a t o g r a p h y .  S o lu t i o n s  w e r e  d r i e d  o v e r  a n h y d r o u s  N a 2S 0 4 . 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 .  'H  N M R  s p e c t r a  w e r e  r e c o r d e d  w i t h  a  V a r i a n  

H A - 1 0 0  s p e c t r o m e t e r .  M a s s  s p e c t r a  w e r e  o b t a i n e d  w i t h  a  H i t a c h i  

P e r k i n - E l m e r  R M U - 6 M  i n s t r u m e n t  e q u i p p e d  w i t h  a  s o l i d  s a m p le  

in je c t o r ;  io n iz in g  v o lt a g e  w a s  7 3  e V .  I R  s p e c t r a  w e r e  r e c o r d e d  o f  N u jo l  

m u l l s  w i t h  a  B e c k m a n  A c c u L a b  1  in s t r u m e n t .  U V  s p e c t r a  w e r e  t a k e n  

w i t h  a  V a r i a n  T e c h t r o n  U V - v i s  s p e c t r o p h o t o m e t e r ,  M o d e l  6 3 5 .  E l 

e m e n t a l  a n a l y s e s  w e r e  d e t e r m i n e d  b y  e i t h e r  t h e  A n a l y t i c a l  S e r v i c e s  

L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  A l a b a m a  C h e m i s t r y  D e p a r t m e n t  o r  

A t l a n t i c  M i c r o l a b ,  I n c . ,  A t l a n t a ,  G a .  A n a l y t i c a l  d a t a  a r e  c o l l e c t e d  in  

T a b l e  V I .

Acetaldehyde Condensation with Methylimidazo[l,2-a]py- 
ridines (1). C o m p o u n d s  1 w e r e  p u r i f i e d  b y  c o lu 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  w i t h  5 0 %  C 6H e / C H C l 3 . A c e t a l d e h y d e  w a s  d i s t i l l e d  j u s t  

p r i o r  t o  u s e .  A  m i x t u r e  o f  c o m p o u n d  1  a n d  a c e t a l d e h y d e  ( ~ 1 5  e q u iv )  

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

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

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

u n d e r  r e d u c e d  p r e s s u r e  l e f t  a  b r o w n  l i q u i d  w h i c h  w a s  s u b j e c t e d  to  

c o l u m n  c h r o m a t o g r a p h y .  T h e  3-vinylimidazo[l,2-a]pyridines 5  

a n d  c o m p o u n d s  7  w e r e  e l u t e d  w i t h  5 0 %  C e H g / C H C L ,  t h e  3 - ( l - h y -  

droxyethyl)imidazo[l,2-a]pyridines 6 w e r e  e l u t e d  w i t h  C H C I 3 . 

C o n d i t i o n s  a n d  p r o d u c t  d i s t r i b u t i o n  a r e  s h o w n  in  T a b l e  V I I .  T h e  

y i e l d s  a r e  n o t  o f  i s o la t e d  p u r e  c o m p o u n d s ,  s in c e  s o m e  o v e r la p  o c c u r r e d  

in  t h e  c h r o m a t o g r a p h i c  s e p a r a t i o n s ,  b u t  r a t h e r  a r e  m e a n t  t o  s h o w  

a p p r o x i m a t e  p r o d u c t  d i s t r i b u t i o n .

T h e  h y g r o s c o p i c  v i n y l  c o m p o u n d s  5 ,  a l t h o u g h  p u r e  a c c o r d i n g  t o  

T L C  a n d  l H  N M R  s p e c t r a ,  h a d  w id e  m e l t i n g  r a n g e s  e v e n  a f t e r  s u b 

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

z  h o t  s o l u t i o n  o f  p i c r i c  a c i d  ( 4 3  m g ,  0 . 1 8  m m o l)  in  E t O H  ( 3  m L )  w a s  

a d d e d  t o  a  h o t  s o l u t i o n  o f  c o m p o u n d  5  ( 3 0  m g ,  0 . 1 6  m m o l) ,  a  q u a n t i 

t a t i v e  y i e l d  o f  p ic r a t e  w a s  o b t a i n e d .  A n a l y t i c a l  s a m p le s  w e r e  p r e p a r e d  

b y  t w o  o r  t h r e e  c r y s t a l l i z a t i o n s  f r o m  E t O H .
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T h e  h y d r o x y  c o m p o u n d s  6b a n d  6c w e r e  f u r t h e r  p u r i f i e d  b y  s u b 

l i m a t i o n  [ 8 0 - 1 0 0  ° C  ( 0 .0 2 5  T o r r ) ]  f o l l o w e d  b y  t w o  c r y s t a l l i z a t i o n s  

f r o m  C s H g .  W h e n  t h e  h y d r o x y  c o m p o u n d  6a w a s  t r e a t e d  w i t h  p i c r i c  

a c i d  a s  a b o v e ,  a  y e l lo w  s o l i d ,  m p  1 9 3 - 1 9 4 . 5  ° C ,  w a s  o b t a i n e d .  I t s  'H  

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

5a, a n d  a  m i x t u r e  m e l t i n g  p o i n t  w i t h  p u r e  c o m p o u n d  5a- p i c r a t e  ( m p

1 9 8 . 5 - 1 9 9 . 5  ° C )  w a s  1 9 5 - 1 9 6  ° C .

C o m p o u n d  7b w a s  h y g r o s c o p i c  a n d  w a s  c o n v e r t e d  i n t o  i t s  p i c r a t e .  

A f t e r  c r y s t a l l i z a t i o n  f r o m  E t O H  o r  D M F  f a i l e d ,  c r y s t a l l i z a t i o n  w a s  

a c h i e v e d  b y  d i s s o l v i n g  t h e  c o m p o u n d  ( 5 0  m g )  in  h o t  e t h y l e n e  g ly c o l  

( 5  m L ) ,  f i l t e r in g ,  a n d  a d d in g  E t O H  (4  m L ) .  C o m p o u n d  7c w a s  p u r i f ie d  

b y  t w o  c r y s t a l l iz a t i o n s  f r o m  b e n z e n e . C o m p o u n d  7a w a s  n o t  o b t a i n e d  

p u r e ,  b u t  i t s  f o r m a t i o n  w a s  d e m o n s t r a t e d  b y  ' H  N M R  s p e c t r a l  

c o m p a r i s o n s .

Alternate Formation of l,l-Bis(6-methylimidazo[l,2-a]- 
pyrid-3-yl)ethane (7b). A  m i x t u r e  o f  t h e  h y d r o x y  c o m p o u n d  6b ( 0 . 1 1  

g ,  0 .6  m m o l)  a n d  p a r e n t  lb ( 0 . 1 0  g ,  0 .7  m m o l)  w a s  m a i n t a i n e d  a t  9 5  

° C  o v e r n i g h t .  W h e n  f r a c t i o n a t e d  b y  c h r o m a t o g r a p h y ,  c o m p o u n d  7b 
( 6 0  m g , ~ 3 0 % )  w a s  o b t a i n e d  a s  s h o w n  b y  T L C  a n d  lH  N M R  s p e c t r a l  

c o m p a r i s o n s .

Reaction of 2-Methylimidazo[l,2-a]pyridine (la) with Chlo
ral. W h e n  C I 3 C C H O  ( E a s t m a n ,  1 2  m L )  w a s  a d d e d  t o  c o m p o u n d  la 
( 2 .0  g ,  1 5  m m o l ) ,  a  c o l o r l e s s  s o l i d  s e p a r a t e d  a n d  a  l i g h t  r e d  s o l u t i o n  

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

w a s  h e a t e d  t h e  r e q u i s i t e  2 4  h  o n  t h e  s t e a m  b a t h , 1  a l t h o u g h  T L C  i n 

d i c a t e d  t h e  a b s e n c e  o f  s t a r t i n g  m a t e r i a l  a f t e r  1  h .  C o o l i n g  g a v e  a  v i s 

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

ic e / w a t e r  g a v e  a  m i x t u r e  ( p H  6 ) t h a t  w a s  e x t r a c t e d  w i t h  t h r e e  2 0 - m L  

p o r t i o n s  o f  C H C I 3  ( p H  t h e n  5 ) .  T h e  c o m b i n e d  e x t r a c t s  w e r e  d r i e d ,  

s t r i p p e d  o f  s o l v e n t ,  a n d  d r i e d  in  v a c u o  ( 0 .0 2 5  T o r r )  w h e n  a  s m a l l  

a m o u n t  o f  C l 3 C C H ( O H ) 2  s u b l i m e d .  T h e  r e s i d u a l  t h i c k  o i l  w a s  f r a c 

t i o n a t e d  o n  1 5 0  g  o f  a l u m i n a  w i t h  C H C I 3  t o  g iv e  n e e d le s  o f  c o m p o u n d s  

9, m p  9 8 - 9 9 .5  ° C  ( 0 .6 2  g , 1 7 % ) ,  t r a c e  a m o u n t s  o f  o t h e r  m a t e r i a l s ,  a n d  

f i n a l l y  c o m p o u n d  8  a s  a  g l a s s  ( 1 . 5 5  g , 3 7 . 5 % ) .  A  s e c o n d  c r o p  o f  c o m 

p o u n d  8  w a s  o b t a i n e d  f r o m  t h e  a q u e o u s  l a y e r  a f t e r  t r e a t m e n t  w i t h  

N a H C C L  a n d  e x t r a c t i n g  w i t h  C H C I 3 ( 1 . 9 5  g ,  ~ 8 3 %  t o t a l ) .  Sublima
tion of 2-methyl-3-(2,2,2-trichloro-l-hydroxyethyl)imidazo- 
[1,2-a [pyridine (8) l e d  t o  e x t e n s i v e  d e c o m p o s i t io n ,  b u t  g a v e  a  s m a l l  

a m o u n t  o f  f i n e ,  f l u f f y  m a t e r i a l  ( I R  s a m e  a s  n o n s u b l i m e d  s a m p l e ) :  m p  

s o f t e n s  a n d  d a r k e n s  ~ 9 2  ° C ,  f o r m s  a  g l a s s  ~ 1 0 2  ° C ,  u s e d  f o r  a n a l y 

s is .

T h e  H C 1  s a l t  o f  c o m p o u n d  8  h a d  m p  2 4 8  ° C  d e c  ( d a r k e n s  £ 2 0 0  ° C ) ,  

l i t . 1  m p  2 4 9 . 5 - 2 5 2 . 5  ° C .  A n  a n a l y t i c a l  s a m p l e ,  o b t a i n e d  b y  t w o  c r y s 

t a l l i z a t i o n s  f r o m  E t O H / E t O A c ,  h a d  m p  2 2 9  ° C  d e c  ( d a r k e n s  £ 2 2 0  

° C ) ,  l i t . 1  m p  2 4 0 . 5 - 2 4 1 . 5  ° C ,  a n d  a f t e r  d r y i n g  [4  h ,  9 5  ° C  ( 0 .0 2 5  T o r r ) ]  

m p  2 4 6  ° C  d e c  ( d a r k e n s  £ 2 2 0  ° C ) .

A c c o r d i n g  t o  T L C ,  I R ,  a n d  m p ,  c o m p o u n d  8 - H C 1  r e m a i n e d  u n 

c h a n g e d  w h e n  t r e a t e d  w i t h  r e f l u x i n g  a b s o l u t e  E t O H / H C l  f o r  2 4  h .

3-(2,2-Dichloroacetyl)-2-methylimidazo[l,2-a]pyridine (9) 
c r y s t a l l i z e d  a s  c o l o r l e s s  n e e d l e s  f r o m  h e x a n e .  S u b l i m a t i o n  [ 9 5  ° C  

( 0 .0 2 5  T o r r ) ]  a f f o r d e d  a n  a n a l y t i c a l  s a m p l e .  T r e a t m e n t  o f  c o m p o u n d  

9  w i t h  a b s o l u t e  E t O H / H C l  a n d  e v a p o r a t i n g  t o  d r y n e s s  g a v e  c o m 

p o u n d  9 - H C 1 . A n  a n a l y t i c a l  s a m p l e ,  o b t a i n e d  b y  t w o  c r y s t a l l i z a t i o n s  

f r o m  a b s o l u t e  E t O H / E t O A c ,  h a d  m p  2 0 4  ° C  d e c  ( d a r k e n s  ~ 1 8 0  ° C )  

a n d  c o u ld  b e  s u b l i m e d  [9 0  ° C  ( 0 .0 2 5  T o r r ) ] .

T h e  s a l t ,  a f t e r  h e a t i n g  w i t h  a b s o l u t e  E t O H / H C l  f o r  5  d a y s ,  h a d  t h e  

s a m e  m p ,  I R ,  * H  N M R ,  a n d  m a s s  s p e c t r a  a s  t h e  a b o v e  s a m p l e .

2-Methyl-3-(2-quinoxalyl)imidazo[l,2-a]pyridine (10). S i n c e  
a f t e r  h e a t i n g  a  m i x t u r e  o f  c o m p o u n d  9  ( 5 0  m g ,  0 .2  m m o l ) ,  o - p h e n y l -  

e n e d ia m in e  ( 2 3  m g ,  0 . 2 1  m m o l) ,  a n d  H 20  ( 3  m L )  f o r  1  h  o n  t h e  s t e a m  

b a t h  m u c h  in s o lu b le  s t a r t i n g  m a t e r i a l  r e m a in e d ,  s o lu t io n  w a s  a f f e c t e d  

b y  t h e  a d d i t i o n  o f  E t O H  a n d  h e a t i n g  w a s  c o n t i n u e d  o v e r n i g h t .  

T r e a t m e n t  w i t h  a q u e o u s  N a O H  ( t o  p H  8 ) g a v e  a  y e l lo w  s o l i d ,  10, 
w h ic h  w a s  f i l t e r e d .  T L C  o f  t h e  f i l t r a t e  s h o w e d  t h e  p r e s e n c e  o f  s t a r t i n g  

m a t e r i a l s .  T h e  s o l i d  w a s  e x t r a c t e d  w i t h  h o t  h e x a n e  ( 3 0  m L )  a n d  t h e  

e x t r a c t  c o n c e n t r a t e d  ( 2  m L )  t o  g iv e  s t u r d y  y e l lo w  n e e d le s ,  w h ic h  a f t e r  

s u b l im a t i o n  [ 1 0 0  ° C  ( 0 .0 2 5  T o r r ) ]  h a d  m p  1 7 8 - 1 7 9  ° C  ( d a r k e n s  > 1 6 0  

° C )  ( ~ 8  m g ,  1 5 % ) .

Base Treatment of Compound 8: Formation of 3-Formyl-2- 
methylimidazo[ 1,2-a]pyridine (12). (1) W h e n  a  s o l u t i o n  o f  t h e

c r u d e  s e c o n d  c r o p  o f  c o m p o u n d  8  ( 1 . 9 5  g )  in  a b s o l u t e  E t O H  ( 1 0  m L )  

w a s  t r e a t e d  d r o p w i s e  w i t h  a q u e o u s  N a O H  ( 1 . 1  g  i n  2  m L ) ,  i t  t u r n e d  

d a r k  r e d  a n d  h e a t  w a s  l i b e r a t e d .  B r i e f  w a r m i n g  o n  a  s t e a m  b a t h  i n 

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

m i x t u r e  w a s  t h e n  g e n t l y  r e f l u x e d  f o r  2 0  m in ,  c o o le d ,  a n d  f i l t e r e d .  T h e  

s o l i d  w a s  w a s h e d  w i t h  a b s o l u t e  E t O H ,  a n d  t h e  f i l t r a t e  s t r i p p e d  o f  

s o l v e n t  t o  g i v e  a  s t i c k y  s o l i d  t h a t  w a s  e x t r a c t e d  w i t h  t h r e e  1 0 - m L  

p o r t i o n s  o f  h o t  C H C 1 3 . T h e  e x t r a c t e d  m a t e r i a l  w a s  s u b j e c t e d  t o  

c h r o m a t o g r a p h y  o n  1 2 0  g  o f  a l u m i n a  w i t h  5 0 %  C 6H 6/ C H C 1 3 . E a r l y  

f r a c t i o n s  y i e l d e d  c o m p o u n d  1 2  ( 0 .4 8  g , ~ 4 3 % ) ,  m p  1 1 0 - 1 1 1  ° C .  A n  

a n a l y t i c a l  s a m p l e ,  o b t a i n e d  b y  s u b l i m a t i o n  [8 0  ° C  ( 0 .0 2 5  T o r r ) ] , g a v e  

a  p o s i t i v e  T o l l e n s ’  t e s t .

T h e  H C 1  s a l t  o f  c o m p o u n d  1 2 ,  t w i c e  c r y s t a l l i z e d  f r o m  E t O H /  

E t O A c ,  h a d  m p  2 5 2  ° C  d e c  ( d a r k e n s  £ 2 0 0  ° C ,  l i t . 1  f o r  c o m p o u n d
1 1 - H C 1 ,  2 5 2 . 5 - 2 5 4 . 5  ° C )  a n d  c o u l d  b e  s u b l i m e d  [ 1 2 0  ° C  ( 0 .0 2 5  

T o r r ) ] .

(2) B a s e  t r e a t m e n t ,  f o l l o w e d  b y  a c i d i f i c a t i o n ,  u n d e r  t h e  r e p o r t e d  

c o n d i t i o n s , 1  a l s o  a f f o r d e d  t h e  H C 1  s a l t  o f  c o m p o u n d  1 2  ( 5 5 % )  a s  e s 

t a b l i s h e d  b y  T L C ,  m p ,  a n d  I R  s p e c t r a l  c o m p a r i s o n s .  A  f u r t h e r  c r o p ,  

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

m a t e r i a l  in  t h e  b a s i f i e d  m o t h e r  l i q u o r  ( 7 5 %  t o t a l ) .

3-Formyl-2-methylimidazo[ 1,2-a ]pyridine Semicarbazone
(13). T h e  r e a c t i o n  o f  c o m p o u n d  12 ( 5 0  m g ,  0 . 3 1  m m o l)  w i t h  s e m i -  

c a r b a z id e  h y d r o c h l o r i d e  ( 5 0  m g ,  0 .4 5  m m o l)  a n d  N a O A c  ( 7 5  m g ,  0 . 9 1  

m m o l)  in  H 20  ( 5  m L )  o n  t h e  s t e a m  b a t h  w a s  f o l l o w e d  b y  T L C .  R e 

a c t i o n  w a s  c o m p l e t e  a f t e r  1 . 5  h . C o n c e n t r a t i o n  t o  2  m L  c a u s e d  t h e  

s e p a r a t i o n  o f  p a l e  y e l lo w  c r y s t a l s ,  w h i c h  w e r e  f i l t e r e d  a n d  r i n s e d  w i t h  

H 20  t o  g i v e  7 0  m g  ( 10 0 % ) .  T h e  p r o d u c t ,  a f t e r  d i s s o l u t i o n  in  E t O H  ( 5  

m L ) ,  a d d i t i o n  o f  H 20  ( 2  m L ) ,  c o n c e n t r a t i o n  t o  2  m L ,  c o o l i n g ,  a n d  

f i l t e r in g  t h e  p r e c ip i t a t e ,  h a d  m p  2 5 4 - 2 6 8  ° C  d e c  ( s o f t e n s  2 3 2  ° C ) .  T h e  

w i d e  m e l t i n g - p o i n t  r a n g e  i m p l i e d  t h a t  p e r h a p s  s o m e  H O A c  s a l t  

c o n t a m i n a t e d  t h e  p r o d u c t .  H o w e v e r ,  w h e n  i t  w a s  t r e a t e d  w i t h  

N a H C 0 3 in  E t O H / H 2 0 ,  n o  g a s  e v o l v e d  a n d  i t  t h e n  h a d  m p  2 5 1 - 2 6 5  

° C  d e c  ( s o f t e n s  2 3 2  ° C ) .
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2 - I m i n o c y c l o p e n t a n e d i t h i o c a r b o x y l i c  a c i d  ( 1 ) ,  2 - c y c l o h e x y l i m i n o c y c l o p e n t a n e d i t h i o c a r b o x y l i c  a c i d  ( 2 ) ,  2 - o x o c y -  

c l o p e n t a n e d i t h i o c a r b o x y l i c  a c i d  ( 3 ) ,  a n d  3 - m e t h y l - 5 - o x o - l - p h e n y l - A 2- p y r a z o l i n e - 4 - d i t h i o c a r b o x y l i c  a c i d  ( 4 )  r e a c t 

e d  w i t h  m e t h y l  p r o p i o l a t e  t o  g i v e  t h e  c i s  a d d u c t s  o f  n o r m a l  e s t e r  t y p e ,  5 , 6 , 7 ,  a n d  8 a .  P h e n y l a c e t y l e n e  a n d  p r o p a r -  

g y l  a l c o h o l  d i d  n o t  r e a c t  w i t h  t h e s e  a c i d s .  O n  d i s s o l u t i o n  in  a  s o l v e n t  s u c h  a s  d i m e t h y l  s u l f o x i d e ,  c o m p o u n d  8 a  c o n 

v e r t e d  i n t o  t h e  t r a n s  i s o m e r  8 b .  T h e  a c i d s  1 - 4  a d d e d  o n l y  t o  t h e  s t r o n g l y  e l e c t r o p h i l i c  o l e f i n s .  T h e  i m i n o d i t h i o  a c i d s  

w e r e  m u c h  m o r e  r e a c t i v e  t h a n  t h e  o x o d i t h i o  a c i d s  i n  t h i s  a d d i t i o n  r e a c t io n .

In the course of our studies of the dithio acids, 2-iminocy- 
clopentanedithiocarboxylic acid (1), 2-cyclohexyliminocy- 
clopentanedithiocarboxylic acid (2), 2-oxocyclopentanedi- 
thiocarboxylic acid (3), and 3-methyl-5-oxo-l-phenyl-A2- 
pyrazoline-4-dithiocarboxylic acid (4)2, we have now inves
tigated the addition to methyl propiolate and to certain alk- 
enes. Dithio acids 1, 2, and 4 added to methyl propiolate 
simply on dissolution in a solvent; in the case of 3, a small 
amount of a base such as triethylamine was necessary for the 
reaction to proceed (Scheme I). All the adducts assumed the 
cis configuration (see NMR data in the Experimental Section). 
Thus, the mode of the addition is the same as in the case of 
addition of thiols to carbon-carbon triple bond.3 The new 
adduct esters obtained are listed in Table I. The acids 1-4 did 
not react with phenylacetylene and propargyl alcohol.

Among the adducts obtained, only 8a rearranged to the 
trans isomer simply on dissolution in a solvent such as di
methyl sulfoxide. The transformation could be followed by 
the NMR spectra. It seems that the rearrangement occurs 
through the transient dithietan form shown (Scheme II), of 
the acids, only 4 is capable of forming a dithietane by addition 
to a carbonyl compound.4

In reference to the above addition reaction, we have ex
amined the addition of the acids, 1-4, to olefins. Concerning 
the addition of dithioacids to olefins, dithiocarbamic acids 
with olefins5 and p-benzoquinone6 and dithioacetic acid with 
a variety of olefins7 have been reported. It is stated that di
thioacetic acid reacts with both electrophilic and nucleophilic

8a

Scheme II

tl
0

Scheme I
SX II x
ÜSH H C=CC02Me _C-----grV" ! " x

C O ,M e

1, X  = NH
2, X  = Nc-C6Hu
3, X  = O

o !  
J C x S H

P h N  J  

N = - < M e

5, X  = NH
6, X  = Nc-C6H,,
7, X  = O

olefins to give the corresponding ester type adducts (Schemes 
III and IV).

In our present experiment, it was found that the acids, 1-4, 
differed from dithioacetic acid in that they reacted only with 
strongly electrophilic olefins to give the distinct crystalline 
adducts (Table II; Scheme V). The reaction was conducted 
in a solvent such as ethanol at room temperature. The pres
ence of an excess of a base or an acid retarded the reaction. 
There was considerable difference in reactivity between the 
iminodithio acids and the oxodithio acids. The latter acids, 
3 and 4, were much less reactive and reacted only with maleic 
anhydride and maleimide.

The 8 position of the olefins was the site of attack of the 
dithiocarboxyl group. It is of interest that tetracyanoethylene 
did not afford adducts with the dithio acids; instead, the same 
as those obtained on oxidation of the dithio acids were pro
duced.8 This behavior resembled the reaction of thiols with 
tetracyanoethylene.9

When the ammonium salt of acid 1 was subjected to reac
tion with maleic anhydride, adduct 16 was obtained rather 
than 14. The ammonium salt reacted with maleic monoamide
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Scheme III

INIH

R 1 C H — C H R 2 
1 --------------------------1

9, R1 = H; R2 = C02Me
10, R1 = H; R2 = CONHj
11, R1 = H; R2 = CN
12, R1 = H; R2 = COMe
13, R> = R2 = C02Et
14, R \R 2 = (C0)2Q
15, R1, R2 = (CO)2NH

Table I. Adduct Esters 5-8°

R e g i s t r y

n o .

A d d u c t

e s t e r

Y i e l d ,

% M p ,  ° C

R e c r y s t .

s o l v e n t

6 3 0 1 8 - 0 7 - 5 5 8 2 2 4 0 - 2 4 1 D M F - E t O H

6 3 0 1 8 - 0 6 - 4 6 3 9 1 3 0 - 1 3 1 D M F - E t O H

6 3 0 1 8 - 0 8 - 6 7 7 9 1 1 3 - 1 1 5 D M F - E t O H

6 3 0 1 8 - 0 9 - 7 8a 8 0 1 7 0 - 1 7 1 D i o x a n e

6 3 0 5 8 - 8 9 - 9 8b 1 5 6 - 1 5 8 M e 2S O

°  S a t i s f a c t o r y  a n a l y t i c a l  d a t a  ( ± 0 . 3 %  f o r  C ,  H ,  N ,  S )  w e r e  r e 

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

Scheme IV

r ‘ c h = c h r 2

18, R1 = H, R2 = C02Me
19, R1 = H, R2 = CONHj
20, R1 = H, R2 = CN
21, R1 = R2 = C02Et
22, R‘ = R2 = CONHj
23, R \R 2 =(CO)20
24, R1, R2 = (CO)jNH

Scheme V

0

26,R = ■
NH

28,R =■
NHhf

0

Table II. Adduct Esters 9-28°
R e g i s t r y

n o .

S t a r t i n g

o l e f i n 6

R e g i s t r y

n o .

A d d u c t

e s t e r

Y i e l d ,

% c M p ,  ° C

R e c r y s t .

s o l v e n t

9 6 - 3 3 - 3 M e t h y l  a c r y l a t e 6 3 0 1 8 1 0 - 0 9 7 7 7 1 - 7 2 E t O H

7 9 - 0 6 - 1 A c r y l a m i d e 6 3 0 5 8 - 8 6 - 6 1 0 6 5 1 7 5  d e c E t O H - D M F

1 0 7 - 1 3 - 1 A c r y l o n i t r i l e 6 3 0 1 8 - 1 1 - 1 1 1 4 5 1 0 4 - 1 0 6 E t O H - D M F
7 8 - 9 4 - 4 M e t h y l  v i n y l  k e t o n e 6 3 0 1 8 - 1 2 - 2 12 9 8 1 2 2 - 1 2 3 E t O H - D M F

1 4 1 - 0 5 - 9 D i e t h y l  m a l e a t e 6 3 0 1 8 - 1 3 - 2 13 3 9 1 0 8 - 1 0 9 E t O H - D M F

( d i e t h y l  f u m a r a t e ) ( 7 2 )
1 0 8 - 3 1 - 6 M a l e i c  a n h y d r i d e 6 3 0 1 8 - 1 4 - 4 14 7 5 1 3 6 - 1 3 7 d E t O H - C 6H 6

5 4 1 - 5 9 - 3 M a l e i m i d e 6 3 0 1 8 - 1 5 - 5 15 9 3 2 0 0 - 2 0 1 « E t O A c - C 6H 6

d e c

M a l e i c  a n h y d r i d e 6 3 0 1 8 - 1 6 - 6 1 6 7 0 1 8 9 7 D M F - H 20
5 5 7 - 2 4 - 4 M a l e i c  m o n o a m i d e 6 3 0 1 8 - 1 7 - 7 1 7 4 0 1 4 7 - 1 4 8 * M e O H

M e t h y l  a c r y l a t e 6 3 0 1 8 - 1 8 - 8 18 4 6 7 5 - 7 6 E t O H
A c r y l a m i d e 6 3 0 1 8 - 1 9 - 9 1 9 6 4 1 1 7 - 1 1 9 E t O H - D M F
A c r y l o n i t r i l e 6 3 0 1 8 - 2 0 - 2 20 5 8 8 9 - 9 0 E t O H
D i e t h y l  m a l e a t e 6 3 0 1 8 - 2 1 - 3 21 3 5 7 0 - 7 1 E t O H - C 6H 6

( d i e t h y l  f u m a r a t e ) ( 5 5 )
9 2 8 - 0 1 - 8 M a l e i c  d i a m i d e 6 3 0 1 8 - 2 2 - 4 22 6 4 2 6 7 - 2 6 8 6 D M F - H 20

M a l e i c  a n h y d r i d e 6 3 0 1 8 - 2 3 - 5 23 8 9 1 4 5 - 1 4 6 ' E t O A c —C g H ^
M a l e i m i d e 6 3 0 1 8 - 2 4 - 6 24 9 9 2 0 3 - 2 0 4
M a l e i c  a n h y d r i d e 6 3 0 1 8 - 2 5 - 7 25 6 0 1 9 8 - 2 0 0 E t O H
M a l e i m i d e 6 3 0 1 8 - 2 6 - 8 26 3 0 1 4 4 - 1 4 5 E t O H - H 20
M a l e i c  a n h y d r i d e 6 3 0 1 8 - 2 7 - 9 27 9 3 1 8 6 - 1 8 9
M a l e i m i d e 6 3 0 1 8 - 2 8 - 0 28 8 4 1 8 1 - 1 8 2

°  S a t i s f a c t o r y  a n a l y t i c a l  d a t a  ( ± 0 . 3 %  f o r  C ,  H ,  N ,  S )  w e r e  r e p o r t e d  f o r  a l l  c o m p o u n d s  l i s t e d  i n  t h i s  t a b l e .  6 O l e f i n s  w h i c h  d i d  n o t  

r e a c t  a r e :  1 - h e x e n e ,  c y c l o h e x e n e ,  m e t h y l  c r o t o n a t e ,  m e t h y l  m e t h a c r y l a t e ,  m e s i t y l  o x i d e ,  c i t r a c o n i c  a n h y d r i d e ,  c r o t o n a l d e h y d e ,  c i n 

n a m a l d é h y d e ,  m e t h y l  c i n n a m a t e ,  s t y r e n e ,  c r o t o n o n i t r i l e ,  m e t h a c r y l o n i t r i l e ,  t e t r a c y a n o e t h y l e n e ,  v i n y l  a c e t a t e ,  v i n y l  n - b u t y l  e t h e r ,  

v i n y l  b r o m i d e ,  t r i c h l o r o e t h y l e n e ,  a n d  t e i r a c h l o r o e t h y l e n e . c B y  u s i n g  f r e e  d i t h i o c a r b o x y l i c  a c i d s  e x c e p t  f o r  1 6  a n d  1 7 .  d R a p i d  h e a t i n g ,

1 5 2 - 1 5 6  ° C .  e R a p i d  h e a t i n g ,  2 1 4 - 2 1 6  ° C  d e c .  f  R a p i d  h e a t i n g ,  2 0 0 - 2 0 2  ° C .  *  R a p i d  h e a t i n g ,  1 5 6 - 1 5 7  ° C .  h R a p i d  h e a t i n g ,  2 7 7 - 2 8 0  

° C . 1 R a p i d  h e a t i n g ,  1 6 1 - 1 6 3  ° C .
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to give the isomeric adduct 17, The reaction of the ammonium 
salt of acid 1 with maleic anhydride thus seems to involve 
initial attack of the dithiocarboxyl group, followed by am- 
monolysis of the anhydride. Structure 16 is based on the close 
correspondence of the chemical shift for the SCH(CONH2) 
peak (5 4.87 dd) in 16 and the corresponding peak (5 4.90 dd) 
in the spectrum of 22. The isomeric structure 17 then follows 
for the product from maleamic acid.

All the adducts obtained were identified on the basis of IR, 
NMR, and UV spectra together with elemental analyses (see 
Experimental Section). The adduct esters of acid 1 with 
methyl propiolate and olefins showed UV absorptions at ca. 
310 and ca. 380-390 nm, which were in good agreement with 
the spectra of methyl and carboxymethyl 2-iminocyclopen- 
tanedithiocarboxylates (ca. 312 and 384 nm).10

Experimental Section
Ammonium 2-iminocyclopentanedithiocarboxylate w a s  p r e 

p a r e d  b y  m o d i f i c a t i o n  o f  p r e v i o u s l y  d e s c r i b e d  m e t h o d . 1 1  A  m i x t u r e  

o f  c y c l o p e n t a n o n e  ( 2 5  g , 0 . 3 0  m o l) ,  c a r b o n  d i s u l f i d e  ( 3 0  g , 0 .3 9  m o l) ,  

a n d  7 0  m L  o f  a q u e o u s  a m m o n i a  ( 2 8 % )  w a s  s t i r r e d  b e l o w  0  ° C  f o r  c a .  

8  h .  T h e  y e l lo w  s o l i d  p r o d u c t  w a s  c o l l e c t e d ,  w a s h e d  w i t h  e t h e r ,  a n d  

d r i e d  o v e r  C a C l 2; y i e l d  c a .  2 6  g  ( 5 0 % ) .  T h e  c r u d e  a m m o n i u m  s a l t  o f  

1  w a s  r e c r y s t a l l i z e d  f r o m  E t O H ;  m p  1 3 5 - 1 3 7  ° C  d e c  ( l i t . 1 1  m p  1 3 5 - 1 3 7  

° C  d e c ) .

2-Iminocyclopentanedithiocarboxylic Acid ( 1 ) .  T h e  c r u d e  

a m m o n i u m  s a l t  o f  1  w a s  d i s s o l v e d  in  w a t e r .  T h e  s o l u t i o n  w a s  c o o le d  

i n  ic e ,  a n d  2  N  H C 1  w a s  a d d e d  t o  t h e  s o l u t i o n .  T h e  y e l lo w  s o l i d  m a 

t e r i a l  s e p a r a t e d  f r o m  t h e  s o l u t i o n  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  o v e r  C a C l 2. T h e  c r u d e  1  w a s  s a t u r a t e d  w i t h  M e O H  a t  4 0 - 5 0  

° C ,  a n d  t h e  s o l u t i o n  w a s  f i l t e r e d .  T o  t h e  f i l t r a t e  w a s  a d d e d  w a t e r  ( a  

q u a r t e r  o f  t h e  v o lu m e  o f  t h e  f i l t r a t e ) ,  a n d  t h e  s o l u t i o n  w a s  a l lo w e d  
t o  s t a n d  b e l o w  1 0  ° C .  T h e  y e l lo w  s o l i d  w a s  c o l l e c t e d ,  w a s h e d  w i t h  

H 20 - E t O H  ( 1 : 1 ) , a n d  d r i e d  o v e r  C a C l 2; m p  1 0 6 - 1 0 8  ° C  d e c  ( r a p i d  

h e a t i n g )  a n d  9 9 - 1 0 1  ° C  d e c  ( s lo w  h e a t i n g )  ( l i t . 1 1  m p  1 0 1 - 1 0 2  ° C  d e c  

a n d  9 6  ° C  d e c ) .

2-CyclohexyliminocyclopentanedithiocarboxyIic acid (2 ) w a s  
p r e p a r e d  a s  p r e v i o u s l y  r e p o r t e d . 1 2

2 -  Oxocyclopentanedithiocarboxylic acid ( 3 )  w a s  p r e p a r e d  b y  

m o d i f i c a t i o n  o f  a  p r e v i o u s l y  d e s c r i b e d  m e t h o d . 4 A  m i x t u r e  o f  s o d i u m  

h y d r i d e  ( 2  g ,  5 0 %  o i l  d i s p e r s io n )  in  T H F  ( 1 0  m L )  a n d  c a r b o n  d i s u l f id e  

( 3 .2  g ,  0 .0 4 2  m o l)  w a s  s t i r r e d  b e l o w  0  ° C .  T o  t h e  m i x t u r e  w a s  a d d e d  

c y c l o p e n t a n o n e  ( 3  g , 0 .0 3 6  m o l)  a n d  t h e n  d r o p w i s e  w a t e r  ( 0 .7  m L ,  

0 .0 3 9  m o l)  i n  T H F  ( 1 0  m L ) .  A f t e r  a n  a d d i t i o n a l  3 0  m i n  o f  s t i r r i n g  

E t O H  w a s  a d d e d .  T h e  m i x t u r e  w a s  a c i d i f i e d  w i t h  d i l u t e  a c e t i c  a c i d  

a n d  k e p t  o v e r n i g h t  in  a n  ic e  b o x .  T h e  o r a n g e  s o l i d  p r o d u c t  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  E t O H ,  a n d  d r i e d ;  y i e l d  c a .  4  g  ( 7 0 % ) . 

T h e  c r u d e  a c i d  w a s  r e c r y s t a l l i z e d  f r o m  E t O H ;  m p  9 1 - 9 2  ° C  ( l i t .4  m p  

9 0 - 9 1  ° C ) .

3- Methyl-5-oxo-1 -phenyl-A2-pyrazoline-4-dithiocarboxylic 
acid (4) w a s  p r e p a r e d  a s  p r e v i o u s l y  r e p o r t e d . 2

cis-2-Methoxycarbonylvinyl 2-Immocyclopentanedithio- 
carboxylate (5). T o  a  s o l u t i o n  o f  a c i d  1 ( 0 .4  g ,  0 .0 0 2 5  m o l)  in  E t O H  

( 2 0  m L )  w a s  a d d e d  m e t h y l  p r o p i o l a t e  ( 0 .2 2  g , 0 .0 0 2 6  m o l) .  T h e  m i x 

t u r e  w a s  k e p 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  y e l lo w  s o l i d  

p r o d u c t  w a s  c o l l e c t e d ,  w a s h e d  w i t h  E t O H ,  d r i e d ,  a n d  r e c r y s t a l l i z e d :  

I R  ( K B r )  3 0 6 0  w  ( = C H ) ,  1 6 9 2  v s  ( 0 = 0 ) ,  1 6 2 7  v s  c m - 1  ( C = C ) ;  U V  

m a x  ( E t O H )  3 0 7  ( lo g  e 4 .0 6 ) ,  3 8 3  n m  ( 4 .4 9 ) ;  N M R  ( M e 2 S O - d 6) b c a .

I .  9 0  ( 2  H ,  m , 4 - H 2) , c a .  2 .8 0  ( 4  H ,  m , 3 - ,  5 - H 2) , 3 .7 4  ( 3  H ,  s ,  C H S) , 6 . 3 1  

( 1  H ,  d ,  J  =  1 1  H z ,  C H C O ) ,  8 .8 5  ( 1  H ,  d ,  J  =  1 1  H z ,  S C H ) ,  9 .7 7  b r ,

I I .  4 0  b r  ( e a c h  1  H ,  s ,  t a u t o m e r i c  2 - N H 2).

cis-2-Methoxycarbonylvinyl 2-Cyclohexyliminocyclopen-
tanedithioearboxylate (6 ) . T o  a  s o lu t io n  o f  a c i d  2  ( 0 .5  g ,  0 .0 0 2 1  m o l)  

in  E t O H  ( 8 0  m L )  w a s  a d d e d  m e t h y l  p r o p i o l a t e  ( 0 . 1 8  g ,  0 . 0 0 2 1  m 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  s e v e r a l  d a y s  u n t i l  t h e  

w h o le  t u r n e d  r e d  a n d  t h e n  k e p t  f o r  2  d a y s  a t  c a .  — 1 8  ° C  in  a  r e f r i g 

e r a t o r .  T h e  o c h e r  y e l lo w  s o l i d  p r o d u c t  w a s  c o l l e c t e d ,  w a s h e d  w i t h  

E t O H ,  d r i e d ,  a n d  r e c r y s t a l l i z e d :  I R  ( K B r )  2 9 8 5  m  ( = C H ) ,  1 7 0 9  v s  

( 0 = 0 ) ,  1 5 9 5  b r  c m - 1  ( C = C ) ;  U V  m a x  ( E t O H )  2 4 5  ( lo g  e 3 .6 0 ) ,  2 6 1  

( 3 .7 0 ) ,  3 4 0  ( 4 .3 3 ) ,  4 1 2  n m  ( 4 .4 6 ) ;  N M R  ( C D C I 3 ) b 1 . 1 5 - 2 . 1 0  ( 1 2  H ,  m ,

4 - , 2 ' - 3 , - ,4 /- ,5 , - ,6 , - H 2) , 2 . 5 5 - 3 . 0 0  ( 5  H ,  m , 3 - , 5 - H 2  a n d  T - H ) ,  3 .6 7  ( 3  H ,  

s , C H 3) , 5 .9 3  ( 1 H ,  d ,  J  =  1 1  H z ,  C H C O ) ,  8 .6 3  ( 1 H ,  d ,  J  =  1 1  H z ,  S C H ) ,  

c a .  1 3 . 1 0  b r  ( 1  H ,  s ,  t a u t o m e r i c  2 - N H ) .
cis-2-Methoxycarbonylvinyl 2-Oxocyelopentanedithiocar- 

boxylate ( 7 ) .  T o  a  m i x t u r e  o f  a c i d  3  ( 0 .9 7  g ,  0 . 0 0 6 1  m o l ) ,  m e t h y l  

p r o p i o l a t e  ( 0 .5 3  g ,  0 .0 0 6 3  m o l) ,  a n d  d i o x a n e  ( 6  m L )  w a s  a d d e d  t r i -  

e t h y l a m i n e  (0 .0 4  g )  a t  0  ° C .  A f t e r  a n  a d d i t i o n a l  c o o l in g  f o r  3 0  m in ,  t h e

m i x t u r e  w a s  k e p t  o v e r n i g h t  i n  a n  ic e  b o x .  T o  t h i s  w a s  g r a d u a l ly  a d d e d  

w a t e r ,  a n d  t h e  o r a n g e - r e d  s o l i d  p r o d u c t  w a s  c o l l e c t e d ,  w a s h e d  w i t h  

M e O H ,  d r i e d ,  a n d  r e c r y s t a l l i z e d :  I R  ( K B r )  3 0 0 0  m  ( = C H ) ,  1 6 9 3  v s  

( C = 0 ) ,  1 5 8 5  v s  c m - 1  ( C = C ) ;  U V  m a x  ( E t O H )  2 6 0  ( lo g  e 3 . 5 6 ) ,  3 2 2  

s h  ( 4 . 1 7 ) ,  3 5 0  ( 4 .2 4 ) ,  3 8 0  n m  ( 4 .3 5 ) ;  N M R  ( M e 2 C O - d 6) b c a .  2 .9 0  ( 7  H ,  

m ,  1 - H  a n d  3 - , 4 - , 5 - H 2) ,  3 .8 0  ( 3  H „  s ,  C H 3) ,  6 .4 0  ( 1  H ,  d ,  J  =  1 1  H z ,  

C H C O ) ,  8 .6 5  ( 1  H ,  d ,  J  =  1 1  H z ,  S C H ) .

cis-2-Methoxycarbonylvinyl 3-Methyl-5-oxo-l-phenyl-A2- 
pyrazoline-4-dithiocarboxylate (8a). T o  a  s o l u t i o n  o f  a c i d  4  ( 0 .5  

g ,  0 .0 0 2  m o l)  in  E t O H  ( 6 0  m L )  w a s  a d d e d  m e t h y l  p r o p i o l a t e  ( 0 . 1 8  g , 

0 . 0 0 2 1  m o l) .  T h e  m i x t u r e  w a s  k e p 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  y e l lo w  n e e d l e s  w e r e  c o l l e c t e d  w a s h e d  w i t h  E t O H ,  d r i e d ,  a n d  

r e c r y s t a l l iz e d :  I R  ( K B r )  3 0 3 0  w  ( = C H ) ,  1 6 9 6  v s  ( C = 0 ) ,  1 5 9 2  v s  c m - 1  

( C = C  a n d  C 6H 5); U V  m a x  ( E t O H )  2 4 8  ( lo g  c 4 . 0 3 ) ,  2 6 6  s h  ( 3 .9 8 ) ,  3 3 6  

( 4 .3 4 ) ,  3 9 0  n m  ( 4 . 1 6 ) ;  N M R  ( M e 2 S O - d 6) 5  2 .6 0  ( 3  H ,  s ,  3 - C H 3 ) , 3 .7 0  

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

C 6H 5 ) ,  8 .5 4  ( 1  H ,  s .  e n o l  O H  o r  e n e t h i o l  S H ) ,  8 .8 5  ( 1  H ,  d ,  J  =  1 1  H z ,  

S C H ) .

Isolation of trans-2-Methoxycarbonylvinyl 3-Methyl-5- 
oxo-1-phenyl-A2-pyrazoline-4-dithiocarboxylate (8b). 8a ( 0 .5  

g ,  0 . 0 0 1 5  m o l)  w a s  d i s s o l v e d  in  M e 2S O  ( 1 4  m L )  a t  4 0  ° C  a n d  f i l t e r e d .  

T h e  s o l u t i o n  w a s  w a r m e d  a t  7 0  ° C  :n  a  w a t e r  b a t h  f o r  a  f e w  m i n u t e s  

a n d  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  2 4  h .  T h e  r e d  p r e c i p i t a t e  

[ 3 , 5 - b i s ( 3 - m e t h y l - 5 - o x o - l - p h e n y l - A 2 - p y r a z o l i n - 4 - y l i d e n e ) - l , 2 , 4 -  

t r i t h i o l e 8] w a s  f i l t e r e d  o f f  a n d  t o  t h e  f i l t r a t e  w a s  a d d e d  M e O H - H 20  

( 2 : 1 ) .  T h e  y e l lo w  s o l id  ( 0 .2  g ,  4 0 % )  w a s  c o l l e c t e d ,  w a s h e d  w i t h  M e O H , 

a n d  d r ie d .  F r o m  t h e  f i l t r a t e  t h e  m i x t u r e  o f  8 a  a n d  8b w a s  p r e c i p i t a t e d  

b y  a d d i n g  w a t e r .  T h e  c r u d e  8b w a s  r e c r y s t a l l i z e d  t w i c e  f r o m  M e 2S O  

t o  g iv e  y e l lo w  c r y s t a l s  o f  8b: I R  ( K B r )  3 0 0 5  w  ( = C H ) ,  1 7 1 8  v s  ( C = 0 ) ,  

1 5 9 0  v s  c m - 1  ( C = C  a n d  C 6H 5 ) ; U V  m a x  ( E t O H )  2 4 8  ( lo g  e 4 . 2 0 ) ,  2 6 7  

( 4 .2 2 ) ,  3 3 6  ( 4 .4 4 ) ,  3 8 8  n m  ( 4 .2 5 ) ;  N M R  ( M e s S O - d e )  « 2 .6 0  ( 3  H ,  s ,  3 -  

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

( 5  H ,  m ,  C 6H 5) , 8 .9 6  ( 1  H ,  d ,  J  =  1 6  H z ,  S C H ) ,  9 . 7 5  ( 1  H ,  s ,  e n o l  O H  

o r  e n e t h i o l  S H ) .

2-Iminocyelopentanedithiocarboxylic Acid Esters (9-15). 
General Procedure. A  m i x t u r e  o f  a c i d  1 ( 1 . 5 9  g ,  0 . 0 1  m o l ) ,  o l e f i n  

( 0 . 0 1  m o l ) ,  a n d  E t O H  ( 1 0 - 2 0  m L )  w a s  s h a k e n  a t  r o o m  t e m p e r a t u r e  

f o r  0 . 5 - 1 . 5  h  a n d  k e p t  o v e r n i g h t  in  a n  ic e  b o x .  T h e  y e l lo w  s o l id  p r o d u c t  

w a s  c o l l e c t e d ,  w a s h e d  w i t h  E t O H ,  d r i e d ,  a n d  r e c r y s t a l l i z e d .

2-Methoxycarbonylethyl 2-Iminocyclopentanedithiocar- 
boxylate ( 9 ) .  I R  ( K B r )  1 7 3 0  c m ' 1  ( C = 0 ) ;  U V  m a x  ( E t O H )  2 2 6  ( lo g  

e 4 . 6 1 ) ,  3 1 4  ( 4 .7 2 ) ,  3 8 8  n m  ( 4 .9 3 ) .

2-Carbamoylethyl 2-Iminocyclopentanedithiocarboxylate 
(10). I R  ( K B r )  3 3 8 3  m ,  3 2 6 0 ,  3 2 0 0  m  ( N H 2  a n d  N H ) ,  1 6 3 8  v s ,  1 6 2 0  v s  

c m - 1  ( C = 0  a n d  N H 2) ; U V  m a x  ( E t O H )  2 1 8  ( lo g  e 4 . 1 5 ) ,  3 1 5  ( 4 .2 8 ) ,  

3 8 8  n m  ( 4 .5 8 ) ;  N M R  ( M e 2S O - d 6) b 1 . 8 8  ( 2  H ,  q u i n t ,  4 - H 2) , 2 .2 4  ( 6  H ,  

m , 3 - , 5 - H 2  a n d  C H 2 C O ) ,  3 . 3 2  ( 2  H ,  t ,  S C H 2) ,  6 .7 9  b r ,  7 . 2 8  b r  ( e a c h  1  

H ,  s ,  C O N H 2) , 8 .8 2  b r ,  1 0 . 8 6  b r  ( e a c h  1  H ,  s ,  t a u t o m e r i c  2 - N H 2 ).

2- Cyanoethyl 2-Iminocyclopentanedithiocarboxylate ( 1 1 ) .  

I R  ( K B r )  2 2 4 0  w ,  2 2 6 0  w  c m ” 1  ( C = N ) ;  U V  m a x  ( E t O H )  2 2 0  ( lo g  e 

3 .9 3 ) ,  3 1 0  ( 4 .0 4 ) ,  3 8 7  n m  ( 4 .3 4 ) .

3- Oxobutyl 2-Iminocyclopentanedithiocarboxylate (12). IR 
( K B r )  1 7 1 0  s  c m - 1  ( C = 0 ) ;  U V  m a x  ( E t O H )  3 1 5  ( lo g  c 3 . 6 3 ) ,  3 8 7  n m  

( 3 .9 7 ) .

1,2-DiethoxycarbonylethyI 2-Iminocyclopentanedithiocar- 
boxylate ( 1 3 ) .  I R  ( K B r )  1 7 2 0  v s ,  1 7 1 0  v s  c m - 1  ( C = 0 ) ;  U V  m a x  

( E t O H )  3 1 0  ( lo g  e 3 . 5 9 ) ,  3 8 8  n m  ( 3 .9 4 ) ;  N M R  ( C D C I 3 ) b 1 . 2 8  ( 6  H ,  t ,  

2  X  C H 3) , 1 . 9 3  ( 2  H ,  m ,  4 - H 2) , 2 . 7 3  ( 5  H ,  m ,  3 - , 5 - H 2  a n d  1 - H ) ,  3 . 0 5  ( 2  

H ,  d ,  C H 2C O ) ,  4 .2 0  ( 2  H ,  q u a r t ,  O C H 2) ,  4 . 2 7  ( 2  H ,  q u a r t ,  O C H 2) , 5 .3 4  

( 1  H ,  t ,  S C H ) ,  1 0 . 9 1  b r  ( 1  H ,  s , 2 - N H ) .

3-(2,5-Dioxo)tetrahydrofuryl 2-Iminocyclopentanedithio- 
carboxylate (14). I R  ( K B r )  1 8 6 0  s h ,  1 8 5 0  s ,  1 7 8 5  v s  c m - 1  ( C = 0 ) ;  U V  

m a x  ( E t O H )  3 0 7  ( lo g  e 3 . 8 1 ) ,  3 8 9  n m  ( 4 .2 3 ) ;  N M R  ( M e 2 S O - d 6) b 1 . 9 0  

(2  H ,  m , 4 - H 2), 2 .7 5  (4  H ,  m , 3 - ,5 - H 2; ,  3 . 1 5 - 4 . 1 0  ( 2  H ,  m , C H 2C O ) ,  5 .4 0  

( 1 H ,  d d ,  S C H ) ,  9 .4 5  b r ,  1 0 . 7 5  b r  ( e a e h  1  H ,  s ,  t a u t o m e r i c  2 - N H 2) ; m / e  

2 5 7  ( M + ) .
3-(2,5-Dioxo)pyrrolidinyl 2-Iminocyclopentanedithiocar- 

boxylate (15). I R  ( K B r )  3 3 3 0  s ,  3 1 2 0  b r  ( N H ) ,  1 7 6 5  m ,  1 7 3 6  w ,  1 7 0 5  

v s ,  1 6 8 4  s h  ( C = 0 ) ,  1 6 3 5  m  c m - 1 ; U V  m a x  ( E t O H )  2 2 0  s h  ( lo g  e 3 .9 3 ) ,  
3 0 9  ( 4 .0 5 ) ,  3 8 8  n m  ( 4 . 5 1 ) ;  N M R  ( C 5D 5N )  b 1 . 6 0  ( 2  H ,  q u i n t ,  4 - H 2), 2 .7 0  

(4  H ,  m , 3 - ,5 - H 2) ,  2 . 9 0 - 4 . 1 0  (2  H ,  m , C H 2C O ) ,  5 .0 0  b r  ( 1 H ,  s ,  N H ) ,  5 .9 3  

( 1  H ,  d d ,  S C H ) ,  1 0 . 1 7  b r ,  1 1 . 5 0  b r  ( e a c h  1  H ,  s ,  t a u t o m e r i c  2 - N H 2).

1 - C a r b a m o y l - 2 - c a r b o x y e t h y l  2 - I m i n o c y c l o p e n t a n e d i t h i o -  

c a r b o x y l a t e  ( 1 6 ) .  T h e  a m m o n iu m  s a l t  o f  1  ( 3  g , 0 . 0 1 7  m o l)  a n d  m a le ic  

a n h y d r i d e  ( 1 . 7  g , 0 . 0 1 7  m o l)  w e r e  d i s s o l v e d  in  D M F  ( 3 0  m L )  in  a n  ic e  

b a t h ,  a n d  t h e  m i x t u r e  w a s  k e p t  a t  r o o m  t e m p e r a t u r e  f o r  2 0  h .  W a t e r  

( 2 0 0  m L )  w a s  a d d e d ,  a n d  t h e  m i x t u r e  w a s  k e p t  f o r  a n  a d d i t i o n a l  3  h . 

T h e  s o l i d  p r o d u c t  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 ,  d r i e d ,  a n d  r e 

c r y s t a l l i z e d :  I R  ( K B r )  3 5 8 0  s h  ( O H ) ,  3 3 8 0  b r ,  3 2 0 0  m  ( N H 2  a n d  N H ) ,  

1 7 0 5  v s ,  1 6 5 0  m  c m - 1  ( C = 0 ) ;  U V  m a x  ( E t O H )  3 1 0  ( lo g  e 4 . 0 4 ) ,  3 8 2
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n m  ( 4 .4 4 ) ;  N M R  ( M e 2S O - d 6) 6 1 . 8 0  ( 2  H ,  q u i n t ,  4 - H 2) , 2 . 5 0 - 3 . 7 0  (6

H ,  m , 3 - , 5 - H 2 a n d  C H 2C O ) ,  4 .8 7  ( 1 H ,  d d ,  S C H ) ,  7 .2 0  b r ,  7 . 4 3  b r  ( e a c h  

1  H ,  s ,  C O N H 2) ,  9 .2 3  b r ,  1 0 .9 0  b r  ( e a c h  1  H ,  s ,  t a u t o m e r i c  2 - N H 2),
1 2 . 3 0  b r  ( 1  H ,  s ,  C O O H ) .

2-Carbamoyl-l-carboxyethyI 2-Iminoeyclopentanedithio- 
carboxylate (17). A  m i x t u r e  o f  t h e  a m m o n i u m  s a l t  o f  1 ( 3  g ,  0 . 0 1 7

m o l) ,  m a l e i c  m o n o a m id e  (2  g , 0 . 0 1 7  m o l) ,  a n d  D M F  ( 7 0  m L )  w a s  k e p t  

a t  r o o m  t e m p e r a t u r e  f o r  2 4  h . E t h e r  w a s  a d d e d  t o  t h e  o i l  w h i c h  s e p 

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

e t h e r ,  d r i e d ,  a n d  r e c r y s t a l l i z e d :  I R  ( K B r )  3 6 5 0  ( s  ( O H ) ,  3 4 0 0  v s ,  3 3 7 5  

v s ,  3 3 0 0  v s ,  3 2 3 0  s  ( N H 2 a n d  N H ) ,  1 6 9 0  v s ,  1 6 4 0  v s  c m - 1  ( C = 0 ) ;  U V  

m a x  ( E t O H )  3 1 1  ( lo g  t 4 . 0 3 ) ,  3 8 1  n m  ( 4 . 4 1 ) ;  N M R  ( M e 2S O - d 6) 5 c a .

I .  7 0  ( 2  H ,  m , 4 - H 2) , c a .  2 .7 0  (4  H ,  m , 3 - , 5 - H 2 ) , c a .  4 .0 0  b r  ( 3  H ,  s ,  

C H 2C O  a n d  C O O H ) ,  5 . 0 3  ( 1  H ,  t ,  S C H ) ,  7 .0 0  b r ,  7 .4 7  b r  ( e a c h  1  H ,  s , 

C O N H 2) , 9 . 1 8  b r ,  1 0 . 9 3  b r  ( e a c h  1  H ,  s ,  t a u t o m e r i c  2 - N H 2) ; N M R  
( C 5D s N )  <5 3 . 7 0  ( 2  H ,  d ,  C H 2C O ) ,  6 .3 8  ( 1  H ,  t ,  S C H ) .

2-Cyclohexyliminocyclopentanedithiocarboxylic Acid Esters 
( 1 8 - 2 4 ) .  General Procedure. A  m i x t u r e  o f  a c i d  2 ( 2 .4  g ,  0 . 0 1  m o l ) ,  

o l e f i n  ( 0 .0 1  m o l ) ,  a n d  E t O H  o r  E t O H - D M F  ( 1 0 - 2 0  m L )  w a s  worked 
u p  a c c o r d i n g  t o  t h e  p r e p a r a t i o n  o f  9-15.

2-Methoxycarbonylethyl 2-Cyclohexyliminocyclopen- 
tanedithiocarboxylate (18). I R  ( K B r )  1 7 2 0  v s  c m - 1  ( 0 = 0 ) ;  UV m a x  

( E t O H )  2 5 2  s h  ( lo g  e 3 .8 4 ) ,  3 1 4  ( 3 .9 0 ) ,  3 9 8  n m  ( 4 . 1 8 ) ;  N M R  ( C D C 1 3 ) 

<5 1 . 4 4  (6  H ,  m ,  3 ' - , 4 ' - , 5 ' - H 2) ,  1 . 8 4  (6  H ,  m , 4 - ,  2 ' - ,  6 '- H > ) ,  2 . 7 5  (6  H ,  m ,

3 - , 5 - H 2 a n d  C H 2C O ) ,  3 .5 0  ( 3  H ,  m , l ' - H  a n d  S C H 2) , 3 .6 6  ( 3  H ,  s ,  C H 3),

1 2 . 5 0  b r  ( 1  H ,  s ,  t a u t o m e r i c  2 - N H ) .

2-Carbamoylethyl 2-Cyclohexyliminocyclopentanedithio- 
carboxylate (19). I R  ( K B r )  3 3 8 0  s ,  3 3 0 5  s h ,  3 1 9 0  s  ( N H 2) , 1 6 5 3  v s ,  

1 6 4 7  v s  c m - 1  ( C = 0  a n d  N H 2) ; U V  m a x  ( E t O H )  2 2 7  s h  ( lo g  c 3 .7 0 ) ,  

3 1 5  ( 3 .8 2 ) ,  3 9 8  n m  ( 4 .2 6 ) .

2- Cyanoethyl 2-Cyclohexyliminocyclopentanedithiocar- 
boxylate (20). I R  ( K B r )  2 2 4 0  w  c m " 1 ( C = N ) ;  U V  m a x  ( E t O H )  2 2 7  

s h  ( lo g  i  3 . 7 4 ) ,  3 1 0  ( 3 .8 7 ) ,  3 9 8  n m  ( 4 .2 6 ) .

1.2- Diethoxycar bonylethyl 2-Cyclohexyliminocyclopen- 
tanedithiocarboxylate (21). I R  ( K B r )  1 7 3 7  v s ,  1 7 2 5  v s  c m - 1  ( C = 0 ) ;  

U V  m a x  ( E t O H )  3 1 1  ( lo g  t 4 . 1 5 ) ,  3 9 9  n m  ( 4 .5 3 ) .

1.2- Dicarbamoylethyl 2-Cyclohexyliminocyclopentanedi- 
thiocarboxylate (22). I R  ( K B r )  3 3 8 0  s ,  3 3 0 0  s h ,  3 1 6 0  s  ( N H 2) , 1 6 5 0  

v s  c m - 1  ( C = 0 ) ;  U V  m a x  ( D M F )  3 1 3  ( lo g  14 .0 0 ) , 3 9 3  n m  (4 .4 6 ) ; N M R  

( M e 2S O - d 6) 6 c a .  1 . 5 0  b r  ( 1 0  H ,  m , 2 ' - , 3 ' - , 4 ' - , 5 ' - , 6 ' - H 2) , c a .  1 . 8 0  ( 2  H ,  

m , 4 - H 2) , c a .  2 .8 0  ( 5  H ,  m  3 - , 5 - H 2 a n d  l ' - H ) ,  2 .6 C - 3 .7 0  ( 2  H ,  m , 

C H 2C O ) ,  4 .9 0  ( 1  H ,  d d ,  S C H ) ,  6 .7 5  b r  ( 2  H ,  s ,  C O N H 2) ,  7 . 1 7  b r  ( 2 H ,  

s ,  C O N H 2) , 1 2 . 5 0  ( 1  H ,  d ,  t a u t o m e r i c  2 - N H ) .

3- (2,5-Dioxo)tetrahydrofuryl 2-Cyclohexyliminocyclopen- 
tanedithiocarboxylate (23). I R  ( K B r )  1 7 8 3  m  c m - 1  ( C = 0 ) ;  U V  m a x  

(EtOH) 3 0 9  (log c 3 . 4 5 ) ,  4 0 0  n m  ( 4 . 1 5 ) ;  m/e 3 3 9  ( M + ).
3-(2,5-Dioxo)pyrrolidinyl 2-Cyclohexyliminocyclopen- 

tanedithiocarboxylate (24). I R  ( K B r )  3 1 6 0  m  ( N H ) ,  1 7 8 5  s ,  1 7 1 9  

v s ,  1 7 0 8  v s  c m - 1  ( C = 0 ) ;  U V  m a x  ( E t O H )  2 2 5  s h  ( lo g  t 4 . 0 2 ) ,  3 0 9

( 4 .0 7 ) ,  3 9 8  n m  ( 4 .5 4 ) .

3-(2,5-Dioxo)tetrahydrofuryl 2-Oxocyclopentanedithiocar- 
boxylate (25). A  m i x t u r e  o f  a c i d  3  ( 1 . 6  g ,  0 . 0 1  m o l ) ,  m a l e i c  a n h y d r i d e  

( 1  g ,  0 . 0 1  m o l ) ,  a n d  E t O H  ( 1 0  m L )  w a s  w a r m e d  o n  a  s t e a m  b a t h  a n d  

t h e n  k e p t  a t  r o o m  t e m p e r a t u r e  f o r  2  h .  T h e  s o l i d  p r o d u c t  w a s  c o l 

Takeshima, Muraoka, Fukada, Takayama, and Yamamoto

l e c t e d ,  w a s h e d  w i t h  E t O H ,  d r i e d ,  a n d  r e c r y s t a l l i z e d :  I R  ( K B r )  1 7 0 5  

s ,  1 6 8 4  s h ,  1 6 7 1  v s  c m - 1  ( C = 0 ) ;  U V  m a x  ( E t O H )  3 2 0  ( lo g  t 3 .9 2 ) ,  3 7 0  

n m  ( 3 .8 2 ) ;  N M R  ( M e 2S O - d 6) 5 1 . 6 0 - 2 . 8 7  (7  H ,  m , 1 - H  a n d  3 - ,4 - ,5 - H 2), 

2 . 9 5 - 3 . 4 5  ( 2  H ,  m , C H 2C O O ) ,  4 .8 2  ( 1  H ,  d d ,  S C H ) .

3-(2,5-Dioxo)pyrrolidinyI 2-Oxocyclopentanedithiocarbox- 
ylate (26). A  m i x t u r e  o f  a c i d  3 ( 1  g , 0 .0 0 6 2  m o l) ,  m a l e i m i d e  ( 1  g ,  0 . 0 1  

m o l ) ,  a n d  E t O H  ( 1 5  m L )  w a s  w o r k e d  u p  a c c o r d in g  t o  t h e  p r e p a r a t i o n  

o f  25: IR ( K B r )  3 1 8 0  w  ( N H ) ,  1 7 8 4  w , 1 7 0 0  v s  c m “ 1  ( C = 0 ) ;  U V  m a x  

( E t O H )  3 1 8  ( lo g  e 3 .4 0 ) ,  3 7 4  n m  ( 3 .8 2 ) ;  m /e  2 5 7  ( M + ).

3-(2,5-Dioxo)tetrahydrofuryl 3-Methyl-5-oxo-l-phenyI- 
A2-pyrazoline-4-dithiocarboxylate ( 2 7 ) .  A  m i x t u r e  o f  a c i d  4  ( 1 . 5  

g ,  0 .0 0 6  m o l) ,  m a l e i c  a n h y d r i d e  ( 0 .6  g ,  0 .0 0 6  m o l) ,  a n d  E t O H  ( 1 5  m L )  

w a s  s h a k e n  a t  r o o m  t e m p e r a t u r e  f o r  2 0  m in .  T h e  s o l i d  p r o d u c t  w a s  

c o l l e c t e d ,  w a s h e d  w i t h  b e n z e n e ,  a n d  d r i e d :  I R  ( K B r )  1 7 1 8  s h ,  1 7 0 5  

v s ,  1 6 5 5  v s  c m - 1  ( C = 0 ) ;  U V  m a x  ( E t O H )  2 4 5  ( lo g  t  4 . 4 1 ) ,  2 7 0  s h  

( 4 . 1 9 ) ,  3 0 6  ( 4 .3 0 ) ,  3 7 2  n m  ( 4 .4 9 ) .

3-(2,5-Dioxo)pyrrolidinyl 3-Methyl-5-oxo-l-phenyl-A2-py- 
razoline-4-dithiocarboxylate (28). A  m i x t u r e  o f  a c i d  4 ( 1 . 5  g , 0 .0 0 6  

m o l) ,  m a l e i m i d e  ( 0 .6  g , 0 .0 0 6  m o l) ,  a n d  E t O H  ( 1 3  m L )  w a s  w a r m e d  

o n  a  s t e a m  b a t h  a n d  t h e n  s h a k e n  a t  r o o m  t e m p e r a t u r e  f o r  1 0  m in . T h e  

s o l id  p r o d u c t  w a s  c o l le c t e d ,  w a s h e d  w i t h  E t O H ,  a n d  d r ie d :  I R  ( K B r )  

3 5 0 0  m  ( e n o l  5 - O H ) ,  3 1 6 0  m ( N H ) ,  1 7 7 7  s ,  1 7 1 8  v s ,  1 7 0 5  v s  c m “ 1 

( C = 0 ) ;  U V  m a x  ( E t O H )  2 4 6  ( lo g  r 4 . 1 0 ) ,  2 7 0  s h  ( 3 .8 5 ) ,  3 0 5  ( 3 .9 0 ) ,  3 7 2  

n m  ( 4 .2 4 ) .
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I n  t h e  p r e s e n c e  o f  b a s e ,  l - ( 3 - h y d r o x y p r o p o x y ) - 2 , 4 ,6 - t r i n i t r o b e n z e n e  a n d  l - ( 3 - h y d r o x y p r o p o x y ) - 2 , 4 - d i n i t r o b e n 

z e n e  f o r m  t h e  r e s p e c t i v e  s p i r o  M e i s e n h e i m e r  c o m p l e x e s  w i t h  s i x - m e m b e r e d  d i o x a n e  r i n g s .  O n  t h e  o t h e r  h a n d ,  1 -  

( 4 - h y d r o x y b u t o x y ) - 2 , 4 ,6 - t r i n i t r o b e n z e n e  d o e s  n o t  f o r m  a  s p i r o  c o m p l e x  b u t  a d d s  O H -  t o  t h e  3  p o s i t i o n  o f  t h e  a r o 

m a t i c  r i n g ,  w h e r e a s  in  t h e  c a s e  o f  l - ( 4 - h y d r o x y b u t o x y ) - 2 , 4 - d i n i t r o b e n z e n e  s p i r o  c o m p l e x  f o r m a t i o n  a n d  O H "  a t 

t a c k  o n  t h e  a r o m a t i c  r i n g  a p p e a r  t o  o c c u r  c o n c u r r e n t l y .  K i n e t i c  a n d  e q u i l i b r i u m  d a t a  o n  t h e s e  r e a c t i o n s  a r e  r e 

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

t o  a  d e c r e a s e  in  t h e  r a t e  o f  r i n g  f o r m a t i o n  r a t h e r  t h a n  r i n g  o p e n i n g ,  s u g g e s t i n g  a  c o m p l e x - l i k e  t r a n s i t i o n  s t a t e .  T h e  

d e c r e a s e  in  s p i r o  c o m p l e x  s t a b i l i t y  w i t h  r i n g  s iz e  i s  m o s t  p r o n o u n c e d  w i t h  t h e  2 , 4 ,6 - t r i n i t r o b e n z e n e  d e r i v a t i v e s ,  

l e a s t  w i t h  t h e  2 ,4 - d i n i t r o b e n z e n e  d e r i v a t i v e s ,  a n d  i n t e r m e d i a t e  w i t h  t h e  2 ,4 - d i n i t r o n a p h t h a l e n e  d e r i v a t i v e s  k n o w n  

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

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

t a n t - l i k e  t r a n s i t i o n  s t a t e .  A  p o s s i b le  i n t e r p r e t a t i o n  o f  t h i s  c o n t r a d i c t i o n  is  t h a t  C - 0  b o n d  f o r m a t i o n  a n d  t h e  t u r n 

in g  o f  t h e  o - n i t r o  g r o u p ( s )  o u t  o f  t h e  p l a n e  o f  t h e  a r o m a t i c  r i n g  h a v e  p r o g r e s s e d  t o  d i f f e r e n t  d e g r e e s  in  t h e  t r a n s i t i o n  

s t a t e .  T h e  q u e s t i o n  a s  t o  w h y  s p i r o  c o m p l e x  r i n g  o p e n i n g  i s  m u c h  f a s t e r  t h a n  m e t h o x i d e  io n  d e p a r t u r e  f r o m  1 , 1 -  

d i m e t h o x y  M e i s e n h e i m e r  c o m p l e x e s  i s  d i s c u s s e d .  T h e r e  a r e  p r o b a b l y  t h r e e  f a c t o r s  w h ic h  c o n t r i b u t e ;  t h e y  a r e  (a )  

d i f f e r e n c e  in  t h e  b a s i c i t y  o f  t h e  r e s p e c t i v e  le a v i n g  g r o u p s ,  ( b )  r e l i e f  o f  s t r a i n  in  t h e  s p i r o  c o m p l e x ,  a n d  (c )  p - 7 r  o v e r 

l a p  o f  t h e  lo n e  p a i r s  o f  t h e  n o n le a v i n g  o x y g e n  w i t h  t h e  C - 0  b o n d  b e in g  b r o k e n .  H y d r o n i u m  io n  c a t a l y z e d  s p i r o  c o m 

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

in  d e p a r t u r e  f r o m  1 , 1 - d i m e t h o x y  M e i s e n h e i m e r  c o m p l e x e s .  P o s s i b l e  r e a s o n s  a r e  d i s c u s s e d .

In our attempts to find model reactions which mimic C -0  
and C-N bond-forming and -breaking processes in Ŝ -Ar re
actions we have studied the kinetics of the equilibrium for
mation of a number of spiro Meisenheimer complexes of the 
type 1-4;1’2 A represents activating substituents. In order to

A A A A
| 2d  2 1 ' 2 c  3 2 b , 2 c  4 2 a

use these model reactions for the prediction of reactivities in 
iniermolecular reactions, the intrinsic reactivity differences 
between inter- and intramolecular Meisenheimer complex 
forming reactions need to be known and understood.

It has commonly been observed that for nucleophiles of 
similar basicity the in tr a  molecular addition is several orders 
of magnitude faster than iniermolecular addition {k \ »  k%, 
eq 1 and 2) and that the equilibrium constant for spiro com-

A A

plex formation is several orders of magnitude higher than that 
for the intermolecular process (K \  >> K 2 ) .2’3 For example, for 
the spiro complex derived from l-(2-hydroxyethoxy)-2,4,6- 
trinitrobenzene (5a) k\ «  4.8 X  106 s-1 4 and K iœ 5.4 X  107 4 
in water, whereas for the formation of l,l-dimethoxy-2,4,6- 
trinitrocyclohexadienate k% = 17.3 M_1 s_15 and K 2 = 1.7 X  

104 M_15 in methanol.6 This greater facilitation of intramo
lecular reactions is consistent with general principles.8’9

Less well understood and perhaps contrary to expectation, 
ring opening of the (more stable) spiro complexes is consid
erably f a s t e r  than methoxide ion departure from comparable 
complexes ( k - i  »  k - 2, typically by a factor of ~100 or 
more).2’3 Since these observations referred to complexes with 
five-membered spiro rings of the type 1-4, the first attempt 
to rationalize them was to invoke relief of steric strain in the 
five-membered ring.3a It appeared that a study of the effect 
of ring size on k x and k - i  might shed more light on this 
problem. Thus we set out to investigate spiro complex for
mation from the parent compounds 5b, 5c, 6b, and 6c and to 
compare them with 5a3a and 6a,2e respectively. When our 
study was already underway we learned that Crampton and 
Willison3b were investigating 7b and 7c, with a similar purpose

0/ < CHA - 0H 0/ ' CH2>n-0H

n o 2 N°2 no2

5o (n=2) 6a (n :-■2) 7a (n = 2)

5b (n = 3) 6b (n == 3) 7b (n = 3)

5c (n = 4) 6c (n := 4) 7c (n = 4  )

in mind. Some of our findings and conclusions reported here 
are similar to Crampton and Willison’s,3b others deviate in 
important ways from theirs.

Results
Spiro complex formation occurs in two steps, where the first 

step is a rapid equilibrium, as shown in eq 3. When n  = 2 spiro

A A A

complex formation is strongly favored over OH-  attack on the 
aromatic ring. However, when n  = 3 or 4 spiro complex sta
bility is much lower and the possibility that complexes such
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F i g u r e  1 .  S p e c t r a  o f  t h e  s p i r o  c o m p l e x e s  d e r i v e d  f r o m  5 a  (A max 4 1 6  

n m ,  e 2 4  0 0 0 )  a n d  5 b  (X max 4 1 8  n m ,  e 1 8  OOO10 ).

as 8-12 may be formed in competition with the respective 
spiro complex needs to be considered.

T a b l e  I .  ‘ H  N M R  S h i f t  D a t a  o n  5 b  a n d  I t s  S p i r o  

C o m p l e x  i n  M e 2S O - d 6a >6

(B) (C) (D) (E )c

(C)
CH2

(B) CH, CHo (B)° 
I 2 I

NOz

H a 9 . 1 3  ( s ,  2 ) 8 . 3 4  ( s ,  2 )

h b 4 . 3 1  ( t ,  2 ) 4 . 0 8  ( t ,  4 )

H e 1 . 8 7  ( q ,  2 ) 2 . 0 8  ( q ,  2 )

h d 3 . 5 0  ( t ,  2 )

H e 3 . 8 7  ( s ,  1 )

a C h e m i c a l  s h i f t s  ( M e 4S i  a s  i n t e r n a l  s t a n d a r d ) ;  s  =  s i n g l e t ,  

t  =  t r i p l e t ,  q  =  q u i n t u p l e t ;  n u m b e r s  i n  p a r e n t h e s e s  i n d i c a t e  

r e l a t i v e  i n t e n s i t i e s .  b F o r  N M R  d a t a  i n  c h l o r o f o r m  s e e  r e f  
3 4 .  c R e g i s t r y  n o . ,  5 6 2 2 8 - 3 8 - 7 .  d  R e g i s t r y  n o . ,  6 3 0 1 8 - 3 2 - 6 .

Table III. Rate and Equilibrium Constants and Solvent 
Isotope Effects for the Reaction of NaOH with 5b in 

_______________________ Water0_______________________

1 5 . 1  ° C  2 5 . 0  ° C  3 5 . 1  ° C

A / M  H a O h M - 1 
s _ 1

f e - r O G O b s - 1 
K K i(H20), M "1 
AM D20), M“ 1

s “ 1

f t - i i D z O h s " 1 
AAi(D20), m - 1 
Kfci(H20)/

A M  D20) 
fe-i(H20)/ 

fe-i(D20) 
AAi(H20)/

K K  i(D20)

1 1 . 2  ± 0 . 3

0 . 4 1  ±  0 .0 4

2 7 . 3  ±  3 . 0

1 9 . 7  ±  0 . 1

0 . 8 7  ±  0 .0 4  

22 .6  ±  1.1
2 6 . 6  ±  0 . 5 0

0 .6 9  ±  0 .0 4

3 8 . 6  ±  1 . 0  

0 . 7 4  ±  0 .0 2

1 . 2 6  ±  0 . 1 3

0 . 5 8 5  ±  0 .0 5

3 6 . 3  ±  0 .8

1 . 8 4  ±  0 . 1  

1 9 . 7  ±  1 . 5

II 12

Another consequence of the lower spiro complex stability 
is that the parent substrate is present in significant concen
tration at equilibrium, which makes hydrolysis of the parent, 
to form picrate or 2,4-dinitrophenolate ion, respectively, an 
important side reaction.

l-(3-Hydroxypropoxy)-2,4,6-trmitrobenzene (5b). 
Addition of dilute NaOH to an aqueous solution of 5b rapidly 
produces a short-lived species with a visible spectrum typical 
of Meisenheimer complexes. The color fades fairly rapidly due 
to conversion into picrate ion, which makes it necessary to 
record the spectrum in the stopped-flow spectrophotometer. 
The spectrum is shown in Figure 1; it is very similar to that 
of the spiro complex derived from 5a10 (also in Figure 1), 
suggesting that 5b in fact forms a spiro complex.

*H NMR data in Me2SO-dfi, where the complex is much 
more stable than in aqueous solution, are also consistent with 
the structure of a spiro complex; they are summarized in Table
I. It needs to be pointed out, however, that XH NMR proof in 
Me2SO is not definite proof that the same complex also forms 
in aqueous solution, although it is very suggestive evidence.

Further evidence comes from kinetic measurements. Ki
netics was studied in the stopped-flow apparatus, as a function

a K k i  f r o m  s l o p e  o f  p l o t  o f  1 / r  v s .  [ N a O H ] ;  k - i  f r o m  i n t e r c e p t  

o f  s a m e  p l o t ;  A A i  f r o m  K k j k - i .

of [NaOH] at constant ionic strength, maintained by NaCl. 
Substrate concentration was always small compared to base 
concentration, thus assuring pseudo-first-order conditions. 
Based on the scheme of eq 3 the rates must obey:

1 = K k x[ NaOH] 
r 1 + A [NaOH]

(4)

where 1/r is the reciprocal relaxation time or pseudo-first- 
order rate constant for the approach to equilibrium.

Our data, collected in H20  at three different temperatures, 
and in D20  at one temperature, are summarized in Table II.11 
Plots of 1/r vs. [NaOH] (not shown) are linear, indicating that 
eq 4 simplifies to

1/r = A&ipNiaOH] + k - i  (5)

because of A  [NaOH] «  1 even at the highest concentrations 
(0.4 M) used. From slopes and intercepts, the K k \  and k - \  
values summarized in Table III are obtained.

The linear concentration dependence of 1/r would, in 
principle, also be consistent with a reaction of OH-  with 5b 
to form 8 (n = 3) or 9 (n  = 3). Apart from the 'H NMR evi
dence in favor of a spiro complex, 8 (n  = 3) and 9 (n  = 3) are 
unattractive alternatives for the following reasons. If the rate 
and equilibrium parameters referred to the formation of 8 (n  
= 3), they would be expected to be very similar to those for



Kinetics of Spiro Meisenheimer Complexes J. Org. Chem., Voi. 42, No. 21,1977 3389

Table VI. Rate and Equilibrium Constants and 
Solvent Isotope Effects of the Reactions of NaOH with 

5c and with 2,4,6-Trinitroanisole in Water at 25 °C°

5 cb TNA

fe3(H20), M“1 s"1 5.38 ±  0.50
k-alHaObs“1 8.40 ±0.30
K3(H20), M“ 1 0.64 ±  0.03
fe-slDzO.s-1 5.50 ±0.2
k _3(H20)/fe _3(D20) 1.53 ±  0.08

7.37 ± 0.50 
8.90 ± 0.20 
0.83 ±  0.04 
5.18 ± 0.15 
1.72 ± 0.08

a K 3 determined spectrophotometrically, with assumed 6 20 000 
at 495 nm; k - 3 from average of three 1/r values at [NaOH] = 0.01 
to 0.06 M; k 3 from K3k_3. b Rate and equilibrium constant are 
believed to refer to formation of 8 (n = 4), hence the use of the 
symbols k 3 and fe_3 instead of K k i and k_i, see text.

OH“ attack on the 3 position of 2,4,6-trinitroanisole (TNA), 
reaction 6. This is not the case. Kinetic and equilibrium data

no2 no2

for reaction 6 in H20  and in D20, as a function of [NaOH], are 
summarized in Table IV,11 whereas the rate and equilibrium 
constants calculated therefrom are in Table VI. We note that 
K K i  = 22.6 for 5b (Table III) is 27-fold larger than K3 = 0.83 
(eq 6) for TNA (Table VI), whereas k - i  = 0.87 for 5b (Table
III) is about ten times smaller than k - 3 = 8.90 for TNA (Table
VI). Furthermore, the different isotope effects on k - \  (5b) and 
k - 3 (TNA) also indicate that we deal with different reactions; 
the value ofk_3(H20)/R -3(D2Q) = 1.72 (Table VI) is similar 
to the 1.70 for OH“ (OD“) departure from the 4 position of 
the Meisenheimer complex derived from 1,3,6,8-tetranitro- 
naphthalene,12 whereas the value fe_i(H20)//e_1(D20) = 1.26 
(Table III) is similar to 1.31 for ring opening of the spiro 
complex derived from 5a.3a

9 (n  = 3), though undoubtedly present at low concentra
tions as a precursor to picrate ion formation, cannot account 
for the kinetic and equilibrium parameters of complex for
mation either. This follows from the rate data on picrate ion 
formation, summarized in Table VII.11 The pseudo-first-order 
rate constant (k ¿) for picrate ion formation depends curvi- 
linearly on [NaOH], as expected when there is an accumu
lating intermediate. If the data are analyzed by assuming that 
9 (n  = 3) is this accumulating intermediate, this requires that 
OH“ leaves 9 12.4 times faster than H0CH2CH2CH20~, 
which is contrary to the known tendency of alkoxide ions to 
be better leaving groups than OH“ .7-13 Similar arguments 
exclude 9 (n = 4) and 12 (n = 3 or 4) in the systems described 
later in this paper and will not be repeated.

Analysis of the hydrolysis data according to
= MNaOHj ,

*  1 + KKi[NaOH]
where feH is the rate constant for hydrolysis of 5b [equivalent 
to the rate constant of formation of 9 (n = 3)] leads, by way 
of an inversion plot (fĉ “ 1 = h“1 [NaOH]“ 1 + K K i k y C 1), to 
k u  =  1.20 ±  0.12 M“1 s“ 1 and K K i  = 17.2 ±  1.7 M“1; this 
latter value is in fairly good agreement with K K \  = 22.6 ±1.1 
(Table III) determined directly.

From the temperature dependence of K k i ,  k--_ and K K \  
(Table III) activation and thermodynamic parameters were 
calculated; they are summarized in Table VIII. For compari
son purposes, analogous data were obtained for the spiro 
complex derived from 5a, also included in Table VIII; the raw 
data for 5a are in Table IX,11 the rate and equilibrium con-

Table VIII. Activation and Thermodynamic Parameters 
_____________for Spiro Complex Formation____________

5a° 5b5
N H *(K k i) , kcal/mol 
AS * ( K k { ) ,  gibbs/mol 
Atf*(k_i), kcal/mol 
AS^fc-i), gibbs/mol 
A H 0(K K ,) , kcal/mol 
AS ^ K K r ) ,  gibbs/mol 
A H *(k i) ,c kcal/mol 
N H °(K i) ,c kcal/mol

4.3 ± 0.5 
-17.4 ± 1.5 

13.8 ± 1.0 
-18.4 ± 3.0 
-9.5 ±  0.5 

1.0 ± 1.5 
«7.8 

« —6 .0

9.6 ± 0.5 
-20.4 ± 1.5 

12.1 ± 0.5 
-18.2 ± 1.5 
-2.5 ±  1.0 
-2.2 ± 3.0 

«13.1 
« 1 .0

“ AH * { K k i )  and A H °(K K i)  determined from temperature 
dependence of Kki and K K  i, respectively; A H *(k - i)  calculated 
as A H *(K k i)  — A H °(K K i) ; same holds true for entropies. 
b A H ^ (K k i) and A H ^ (k -t) determined from temperature de
pendence of K k \ and k-i, respectively; A H °(K K l) calculated as 
A H *(K k {)  — A H *( k - i ) ;  same holds true for entropies. c Esti
mated by assuming AH (K ) «  —3.5 kcal/mol, see J. Murto, in “The 
Chemistry of the Hydroxyl Group”, S. Patai, Ed., Interscience, 
Part 2,1971, p 1087.

stants in Table X ,11 whereas the experimental procedure is 
described in the Experimental Section.

l-(4-Hydroxybutoxy)-2,4,6-trinitrobenzene (5c). The
reaction of 5c with NaOH also gives rise to a short-lived col
ored complex which is rapidly converted to picrate ion. Kinetic 
and equilibrium data obtained in the stopped-flow apparatus 
are summarized in Table V,11 whereas in Table VI the rate and 
equilibrium constants are listed. We note that the equilibrium 
constant for complex formation is 0.64, which is very close to 
K 3 =  0.83 obtained for reaction 6; this suggests that the col
ored species formed in the reaction of 5c with OH“ is 8 (n = 
4) instead of the spiro complex. This conclusion is supported 
by the near identity of the reverse rate constant (8.4 s“1) with 
k - 3 = 8.9 s“1 for reaction 6.

The solvent isotope effect on the reverse reaction (1.53) is 
somewhat in between the one on k_3 in reaction 6 (1.72) and 
the one on k - i  for the ring opening of the spiro complexes 
derived from 5a (1.313a) and from 5b (1.26), but closer to the 
one on k_3. A possible interpretation of the intermediate value 
of the isotope effect is that there is a mixture of spiro complex 
with 8 (n  = 4), but that k - i  and k - 3 are close enough to pre
vent the detection of two separate kinetic processes.14 This 
hypothesis is pure speculation at this point and shall not be 
discussed further.

l-(3-Hydroxypropoxy)-2,4-dinitrobenzene (6b). Due
to the much lower reactivity of 2,4-dinitrobenzene derivatives, 
the reaction of NaOH with 6b was studied in 52% Me2SO-48% 
water; Me2SO is known to favor Meisenheimer complex for
mation.15 A visible spectrum, taken in the stopped-flow ap
paratus (not shewn), is very similar to the one of the spiro 
complex derived from 6a.2d

Kinetic and equilibrium data, obtained by the stopped-flow 
technique, are summarized in Table XI.111/r is independent 
of [NaOH], indicating that Kki [NaOH] «  k - i  so that eq 5 
reduces to 1/r = k - \ .  Rate and equilibrium constants are 
summarized in Table XIV.

There is little doubt that the observed reaction is due to 
spiro complex formation; spiro complex formation is relatively 
more favored in 2,4-dinitrobenzene compared to 2,4,6-trini
trobenzene derivatives, because of less steric strain (see Dis
cussion). As seen below this makes it even possible to see a 
spiro complex with 6c.

l-(4-Hydroxybutoxy)-2,4-dinitrobenzene (6c). In con
trast to the cases discussed above, the reaction of 6c with 
NaOH, studied in 52% Me2SO-48% water and also in 60% 
Me2SO-40% water, is characterized by tw o fast kinetic pro
cesses, followed by the usual much slower hydrolysis. Both
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Table XIV. Rate and Equilibrium Constants of the Reactions of NaOH with 6b, 6c, and 2,4-Dinitroanisole (DNA) at 25 °C

K k h a k - , b K K , ,C
M“1 s—1 s“1 M“1

6b (52% Me2SO-48% H20) 
6c (52% Me2SO-48% H20)

6c (60% Me2SO-40% H20)

DNA (60% Me2SO-40% H20)

0 . 2 6  ± 0 . 0 2  

0 . 0 1 5  ±  0 . 0 0 2 5  

(K k  i + k 4)d 
0 .0 9 4  ±  0 . 0 1 5  

(K k  j + k 4)d

0 . 0 1 3  ±  0 . 0 0 3  

( * 4 )

1 0 . 3  ±  0 . 3  

3 3  ± 3

2 6  ±  1 . 3

A H *  =  1 0 . 1  ±  0 . 5  k c a l / m o l  

A S *  =  - 1 8 . 0  ±  1 . 5  g i b b s / m o l  

( 9 .7  ±  1 . 2 )  (k -t)
A H *  =  1 3 . 2  k c a l / m o l  

A S *  =  — 9 . 5  g i b b s / m o l

0 . 0 2 5  ±  0 . 0 0 1

4 . 5  ±  0 . 3  X  IO “ 4 

(K K , +  K 4)d
3 . 6  ±  0 . 3 6  X  I O ' 3 

(K K , + K 4)d

1 . 3  ±  0 . 1 3  X  I O - 3

(K 4)

a K k , obtained as K K ,-k - ,.  b Average of 1/r values (Eki[NaOH[ «  k - , ) . c K K , determined from plot of OD/[parent]0 vs. [NaOH], 
assuming e 2 1  0 0 0 .  d Complex formation assumed to be mixture of spiro complex and 10, see text. Same as ref c, but t 2 0  0 0 0 .

Scheme I

14

rapid processes are associated with an increase in absorption 
in the range where Meisenheimer complexes typically absorb; 
this suggests that two different complexes are formed. Only 
the relaxation time of the fastest process could be evaluated 
with meaningful precision; the second process has a small 
amplitude and appears to be about ten times slower. The ex
perimental data are summarized in Table XII;-11/r is inde
pendent of [NaOH],16 indicating that complex formation is 
disfavored, as is borne out by the equilibrium measurements. 
Rate and equilibrium constants are summarized in Table 
XIV.

A comparison with the interaction of NaOH with 2,4-dini- 
troanisole (DNA) is helpful for the interpretation of our ob
servation; this interaction also shows two rapid processes, in 
a similar time range as the reactions of 6c. According to Ha- 
segawa and Abe,17 who report a spectral study in 98% 
Me2SO-2% water, the two processes are best interpreted in 
terms of Scheme I where 13 is probably the complex which 
forms faster but where 14 is thermodynamically more stable. 
Just as for 6c, kinetic and equilibrium data were only obtained 
for the faster of the two processes; they are collected in Table
XIII, 11'16 whereas rate and equilibrium constants are in Table
XIV.

In comparing the reactivity of 6c with that of 2,4-dini- 
troanisole in 60% Me2SO-40% water, we note that the rate and 
equilibrium constants for the two are similar (Table XIV), but 
the similarity is not as close as that between the reactions of 
5c and 2,4,6-trinitroanisole (Table VI). In particular the rate 
of complex formation for 6c is almost sevenfold larger than 
that for 2,4-dinitroanisole, and the equilibrium constant al
most threefold larger. A reasonable interpretation of these 
findings is that the fast process in the case of 6c refers to the 
formation of a mixture of spiro complex and 10 In = 4). Thus 
the measured equilibrium constant refers to K K ,  + K 4 (de
fined as in Scheme I) and the rate constant for complex for
mation to K k ,  +  k 4. Ordinarily the formation of two com
plexes should manifest itself by the observation of two sepa
rate relaxation processes. However, if k - 4 and k - ,  are very

similar and 1/r is completely determined by the rate of com
plex dissociation, due to an equilibrium position disfavoring 
complex formation, the relaxation curves merge into a time 
function which appears to be one single exponential.14

Further support for the assumption that spiro complex 
formation is in part and perhaps mainly responsible for the 
observed reaction is that the activation parameters for com
plex dissociation are quite different for 6c compared to those 
of 2,4-dinitroanisole (Table XIV).

Discussion
Spiro Complex Formation vs. OH“ Attack. For n =  3 we

observe spiro complex formation for the 2,4,6-trinitrobenzene 
(5b) and 2,4-dinitrobenzene derivatives (6b), in agreement 
with Crampton and Willison’s3b findings in the 2,4-dinitro- 
naphthalene derivative (7b). Crampton and Willison3b also 
reported that spiro complex formation is the main interaction 
of 7c with NaOH and that competition with OH“ attack on 
the aromatic ring is insignificant. This contrasts with our own 
conclusions in the 2,4,6-trinitrobenzene series where the main 
interaction of 5c with NaOH is the formation of 8 (n = 4) and 
where there is no clear evidence that a spiro complex forms 
in detectable concentrations, and in the 2,4-dinitrobenzene 
series where our data suggest that 6c forms a mixture of spiro 
complex with 10 (n  = 4) and 11 (n  = 4).

Absence of competing OH“ attack on the 3 position of 7c 
is not surprising in view of the scarcity of reports about nu
cleophilic attack at the 3 position of l-alkoxy-2,4-dinitro- 
naphthalenes.18 This is probably due to the absence of a nitro 
group para to the reaction site; nitro groups are known to have 
their greatest stabilizing influence on Meisenheimer com
plexes when in the para position.15’19

Effect of Ring Size on Spiro Complex Formation. Table 
XV summarizes kinetic and equilibrium parameters on the 
various spiro complexes. We note that in all three systems the 
effect of increasing ring size is to strongly decrease K K ,  and 
K k  j, whereas k - ,  is relatively little affected.20 We agree with 
Crampton and Willison3b that the main effect on K k ,  must 
be on the rate of the cyclization step (k ,) , whereas K  depends 
little on n.

In discussing the effect of ring size on rates of cyclizations 
it is usually recognized that there is an interplay of two main 
factors.8’9’21 First, the formation of a ring results in the loss 
of rotational freedom and hence is accompanied by a decrease 
in entropy. With increasing chain length the loss in rotational 
freedom increases, which leads to increasingly more negative 
activation entropies. This is, for example, borne out by Illu
minati’s203 recent studies. The second factor is ring strain, 
which in cycloalkanes is known to decrease from three- to 
six-membered rings and then to increase with increasing ring 
size up to nine-membered rings.22a’b Recent data by Dale22c 
show that this is also true for oxygen containing rings; for
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Table XV. Summary of Kinetic and Equilibrium Parameters on Spiro Complex Formation at 25 °C

K k „  M ' 1 s '

K k ,(n  =  2 )  

K k i(n = 3 ) k - „  s 1

k - ,( n  =  2 )  

f c - , ( n  =  3 ) K K lt M~ S o l v e n t

,<ch 2 L

^ 0  o '

=  2 f  
= 3 b
=  4 b 'g

7 . 2 5  X 1 0 s “  

1 . 9 7  X 1 0 '  

<<10

n = 2 C 
n =  3 d  

n =  4 d

9  X 1 0 4 

1 . 7  

0 .6

2 e 4 . 0  X 1 0 3 

n =  3 b . h 2 . 6  X 1 0 ~ ‘ 

n =  4 b ' ‘ < 1 . 5  X l O ' 2

3 . 6 8  X 1 0 4

5 . 3 0  X 1 0 4

1 . 5 4  X 1 0 4

0 . 0 4 5 «

0 . 8 7

2 . 3

0 . 8 5

0 . 6 4

6 2

1 0 . 3

< 3 3

0 . 0 5 2

2 . 7 0

6 .0 2

1 . 6  X 1 0 7 « 

2 . 2 6  X 1 0 1 

< 1

3  X 1 0 4

1 . 7

0 . 7

6 . 4 2  X 1 0 1 

2 . 5  X 1 0 ' 2 

< 4 . 5  X 1 0 ' 4

H 20

h 2 o

H , 0

h 2 o

h 2 o

H , 0

5 0 %  M e 2 S O — 5 0 %  H 2 0  

5 2 %  M e 2 S O —4 8 %  H 2 0  

5 2 %  M e , S O —4 8 %  H , 0

« T h i s  w o r k ,  a t  i o n i c  s t r e n g t h  1 . 0  M ;  r e f  3 a  r e p o r t s  K k ,  =  1 . 6  X 1 0 6 M ’ 1 s  ' ,  =  0 . 0 9 5  s  K K , =  1 .8  X 1 0 7 M  *  T h i s

w o r k .  « R e f e r e n c e  3 a .  d R e f e r e n c e  3 b .  « R e f e r e n c e  2 d .  / R e g i s t r y  n o . ,  6 3 0 5 8 - 8 5 - 5 .  S R e g i s t r y  n o . ,  6 3 0 1 8 - 3 3 - 7 .  h R e g i s t r y  n o . ,  
6 3 0 1 8 - 3 4 - 8 .  ‘ R e g i s t r y  n o . ,  6 3 0 1 8 - 3 5 - 9 .

example, 15 is more strained than 16. The strain factor is ex
pected to be reflected in A H *.

15 16

When comparing cvclizations of five- and six-membered 
rings, the latter are usually substantially slower,8’9 just as in 
our cases, indicating that the smaller ring strain in the six- 
membered ring is over compensated by the more negative 
entropy. However, although A S *  for K K \  is slightly more 
negative for the six-membered ring, 5a, the difference between 
the two numbers is small and hardly distinguishable from 
experimental error. More significantly, however, A H *  for K k \  
is about 5 kcal/mol more positive for the six-membered spiro 
complex, which suggests that ring strain is substantially larger  
in the six-membered rather than the five-membered ring. This 
probably arises from an unfavorable interaction of the spiro 
ring with the ortho nitro groups (steric compression) which, 
according to space filling molecular models, becomes worse 
as the ring size increases from five to six to seven (puckering 
of the ring). The consequence is to either increase steric strain 
directly, or to reduce resonance stabilization by the ortho nitro 
groups as they are moved out of the plane of the aromatic ring 
(indirect effect) or both. This is similar to Pietra’s interpre
tation for the sulfur analogue spiro complexes.23

Intra- (fr_i) vs. Intermolecular ( k - 2) Leaving Group 
Departure. Ring opening (fe-i) of the spiro complex from 5a 
is about 82 times faster than methoxide ion departure from 
17 (fe- 2  = 5.51 X  10~4 s-1 in water24), k - i  in the case of 7a is 
about 580 times faster than methoxide ion departure from 18 
(k -2 = 3.95 X  10~3 s_1 in methanol25'26), whereas &_i for 6a 
(k - i  = 725 s-1 in 2% Me2SO-98% water2d) is about 17 times 
faster than methoxide ion departure from 19 (k - 2 = 42 
g-i  26,27)_ jn their first attempt to rationalize these results,

no2 n o 2 no2

17 18 19

Crampton and Willison3a attributed the high rates of spiro 
complex ring opening to relief of steric strain. Later, based on 
their observation that in the 2,4-dinitronaphthalene series 
changing ring size mainly affects K k  1 whereas hardly 
changes at all (Table XV), they concluded that the transition 
state for cyclization must already contain most of the strain 
present in the complex, so that an explanation of the high k - i  
values in terms of strain relief no longer seemed justified.311 
They offered an alternative explanation in terms of confor
mational differences about the C -0 bonds in the spiro com
pared to 1,1-dimethoxy complexes. It was assumed that there 
is considerably more conformational freedom about the C -0  
bonds in the 1,1-dimethoxy complexes compared to the spiro 
complexes. In as much as this freedom is lost on passage to the 
transition state for C-0 bond breaking, this would explain the 
lower rates.

It is difficult to assess the validity of this argument. If ev
erything else were equal one would expect that this confor
mational effect should be reflected in more negative AS* 
values for the 1,1-dimethoxy complexes. This is not borne out 
by the experimental data; in fact A S *  for methoxide ion de
parture from 17 is slightly le ss  negative (—14.9 gibbs/mol in 
water24) than AS* for spiro complex opening (—18.4 gibbs/mol 
for 5a, —18.2 gibbs/mol for 5b, Table VIII). Whether 
Crampton and Willison’s conformational effect is perhaps 
masked by other effects, such as different solvation require
ments in the transition state of spiro complex ring opening 
compared to 1,1-dimethoxy complex dissociation, or restric
tion in the rotation of the breaking C-0 bond in the transition
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state of spiro complex ring opening, cannot be decided on the 
basis of the data at hand.

Be it as it may, the faster rate with the spiro complex is an 
enthalpy effect (A H * =  17.5 kcal/mol for 17,24 A H *  = 12.8 and
12.1 kcal/mol for 5a and 5b, respectively, Table VIII). We 
believe there are three factors which may all contribute to this 
effect. One of them is the lower pK a of the OH group in 5a, 6a, 
and 7a (pK a < 14.8 based on pK a of CH3OCH2CH2OH28) 
compared to that of methanol (p K a ~  15.5 in water28). In view 
of our recent findings that the rate of alkoxide ion departure 
from l,l-dialkoxy-2,4,6-trinitrohexadienate ions is roughly 
proportional to the acidity constant of the respective alco
hols,29 the above pK a difference of 15.5 -  <14.8 = >0.7 could 
account for a factor of >5 in the accelerated spiro complex ring 
opening.

The second factor is relief of ring strain even though this 
was recently discounted by Crampton and Willison3b on the 
basis that the effect of ring size on k - i  is minimal in the 2,4- 
dinitronaphthalene series. This factor reveals itself when the 
effect of ring size on is compared among the three aro
matic systems: k - \ ( n  = 2 ) /k ~ i ( n  =  3) = 0.052 in the 2,4,6- 
trinitrobenzene system, 2.70 in the 2,4-dinitronaphthalene 
system, and 6.02 in the 2,4-dinitrobenzene system. This trend 
suggests that there are two opposing effects which influence 
these k - i ( n  =  2) / k - i ( n  = 3) ratios. One of these effects could 
be the basicity of the leaving oxyanion, which might be ex
pected to be somewhat higher when n = 3 than when n =  2, 
due to the attenuation of inductive effects. This would make 
the oxyanion for n  = 3 a poorer leaving group and could ac
count for k - i ( n  =  2) / k - i ( n  = 3) ratios greater than one. The 
other effect is relief of strain (mainly with n = 3) which tends 
to make these ratios smaller than one and which is expected 
to be most pronounced in the most crowded 2,4,6-trinitro
benzene series.

A third factor, more speculative in nature, is that the most 
stable conformation about the C -0 bonds in the 1,1-dime- 
thoxy complexes is one where the lone pairs on the oxygen of 
the nonleaving methoxy group are not optimally aligned for 
p-ir overlap in the transition state, whereas such alignment 
exists in the spiro complexes. This is similar to C rampton and 
Willison’s suggestion at the end of their paper.3b

Structure of the Transition State. As pointed out before, 
the reduction in K K \  with increasing ring size of the spiro 
complexes is mainly due to a large reduction in K k  i while fe_i 
changes relatively little with n  (Table XV). As noted by 
Crampton and Willison3b this suggests a complex-like tran
sition state.

On the other hand, a r e a c ta n t -like transition state is sug
gested by a comparison of the effect of increasing bulkiness 
of the aromatic system on the K k \(n  =  2)/K k-i(n  = 3) and the 
k ~ i ( n  = 2) /k ~ i ( n  = 3) ratios: the former change little when 
comparing the 2,4,6-trinitrobenzene, 2,4-dinitronaphthalene, 
and 2,4-dinitrobenzene series, the latter span a range of more 
than 100-fold (Table XV).

This kind of contradiction where different criteria suggest 
different transition state structures can often be resolved by 
assuming that different processes have made different prog
ress in the transition state; i.e., it depends on one’s definition 
of the reaction coordinate whether a transition state appears 
to be “early” or “late”. An example somewhat similar to ours 
is the hydroxide ion addition to substituted benzaldehydes: 
changes in the equilibrium constants (by varying the sub
stituents) are almost entirely reflected in changes of the for
ward rate constants (suggesting a product-like transition 
state), but the reactions are exothermic (suggesting a reac- 
tant-like transition state). This was interpreted by assuming 
that in the forward direction solvent reorganization lags be
hind C -0  bond formation.30 Other examples include Hupe 
and Jencks31a suggestion that desolvation of alkoxide ions has

made more progress than C -0 bond formation in the transi
tion state of the reaction of alkoxide ions with esters, Sayer 
and Jencks31b suggestion that double bond formation and 
change of hybridization of carbon and nitrogen lag behind 
C -0 bond cleavage and proton transfer in imine-forming 
elimination reactions, and the ionization of nitroalkanes in 
which rehybridization of carbon appears to lag behind proton 
removal and electron delocalization into the nitro substitu
ent.32

In our own case the o-nitro group(s) is(are) probably turned 
out of the plane of the aromatic ring upon complex formation 
and it is conceivable that this process lags behind C -0 bond 
formation. The difference in the bulkiness of the different 
aromatic systems would then be mainly felt when C -0 bond 
formation has already made considerable progress, i.e., be
tween the transition state and the complex. This would ex
plain why the ratios k - i ( n  = 2)/fe_ i(n  = 3) but not K k i( n  =
2 ) /K k \(n  = 3) are sensitive to the changes in bulkiness. In the 
absence of more evidence this interpretation is to be regarded 
as somewhat speculative.

Acid-Catalyzed Leaving Group Departure. It is inter
esting to compare the rate of the H+-catalyzed ring opening 
of the spiro complex derived from 5a (fe-iH+ = 2.2 X 103 M-1 
s_13a) with that of H+-catalyzed methoxide ion departure 
from 17 (fe -2 H+ = 3.5 X 103 M-1 s_129). One obtains the ratio 
fe_xH+/fe - 2 H+ = 0.63 which is in contrast to k - J k -2 = 82 for 
the noncatalyzed reactions. This drastic change means that 
the factors which are responsible for the relatively much faster 
noncatalyzed spiro complex ring opening must be ineffective 
in the acid-catalyzed reaction or that a new, compensating 
factor plays a role in the acid-catalyzed leaving group depar
tures, or both.

One (though probably minor) factor which was invoked as 
contributing to the large k - i / k -2 ratio in the noncatalyzed 
reactions was the higher pK a of methanol compared to the OH 
group in 5a. This factor not only becomes ineffective in the 
acid-catalyzed reactions, but has even the opposite effect in 
that it slightly favors the departure of the more basic meth
oxide ion. This conclusion is based on our recent findings that 
the rate of H+-catalyzed alkoxide ion departure from 1,1- 
dialkoxy-2,4,6-trinitrocyclohexadienates increases with in
creasing basicity of the alkoxide.29

The higher basicity of the methoxide ion could probably 
account entirely for the value of 0.63 in the fe_iH+/fe_2H+ ratio 
if protonation of the complex were the rate-determining step. 
On the other hand, if the mechanism of acid catalysis involved 
rapid equilibrium protonation followed by rate-limiting de
parture of the protonated leaving group, or, most likely,3®’29 
if the reaction is concerted, the basicity factor could only ac
count for part of the change from k - i / k -2 = 82 to fe-iH+/  
k - 2H+ = 0.63.

Thus one is compelled to conclude that the other two factors 
believed to be partly responsible for the high k - i / k -2 ratios 
in the noncatalyzed reaction, viz, relief of strain and alignment 
of the lone pairs for p-x overlap, are less effective in the 
acid-catalyzed reaction. This would imply that C -0  bond 
breaking has made less progress in the transition state of the 
acid-catalyzed compared to the noncatalyzed reaction.

Experimental Section
M a t e r i a l s .  l - ( 3 - H y d r o x y p r o p o x y ) - 2 , 4 ,6 - t r i n i t r o b e n z e n e  ( 5 b )  w a s  

p r e p a r e d  b y  a d d i n g  9  m L  o f  a  2 . 1  M  s o d i u m  3 - h y d r o x y p r o p o x i d e  s o 

l u t i o n  in  1 , 3 - p r o p a n e d i o l  t o  4  g  o f  p i c r y l  c h lo r i d e  in  5 0  m L  o f  1 , 3 -  

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

a l l o w e d  t o  s t a n d  f o r  2  h  a n d  w a s  t h e n  e x t r a c t e d  w i t h  c h lo r o f o r m  t o  

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

a d d e d  t o  ic e  w a t e r  a n d  a c id i f ie d  t o  p H  ~ 4 .  A  y e l lo w  o i l  a p p e a r e d  w h ic h  

c r y s t a l l i z e d  in  t h e  r e f r i g e r a t o r ,  m p  5 0 - 5 2  ° C , 33 ’ H  N M R  s e e  T a b l e
I .

l - ( 4 - H y d r o x y b u t o x y ) - 2 , 4 ,6 - t r i n i t r o b e n z e n e  ( 5 c )  w a s  p r e p a r e d  b y
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a  s i m i l a r  p r o c e d u r e ,  e x c e p t  t h a t  1 , 3 - p r o p a n e d i o l  w a s  r e p l a c e d  b y

1 . 4 -  b u t a n e d i o l ,  t h e  p i c r y l  c h lo r i d e  w a s  d i s s o l v e d  in  a  1 : 1  m i x t u r e  o f

1 . 4 -  butanediol and p-dioxane, and the chloroform extraction was 
omitted. M p  5 1 - 5 2  ° C ,  ’ H  N M R  (Me2SO-d6) 6 8 .9 9  (s, 2 , ring protons),
4 . 1 6  ( t ,  2 ,  a - C H 2) , 1 . 7 0  (m, 4 , 0 -  and y - C H 2) ,  3 . 3 7  (t, 2 , <5-C H 2) , 3 .8 2  

(s, 1 ,  O H ) .  5 c  decomposes over the time of about 2  weeks when stored 
in a desiccator.

l - ( 3 - H y d r o x y p r o p o x y ) - 2 , 4 - d i n i t r o b e n z e n e  (6b) w a s  p r e p a r e d  b y  

a d d i n g  1 5  m L  o f  a  2 .6  M  s o d i u m  3 - h y d r o x y p r o p o x i d e  s o l u t i o n  in

1 . 3 -  p r o p a n e d i o l  t o  7  g  o f  l - c h l o r o - 2 , 4 - d i n i t r o b e n z e n e  in  6 0  m L  o f

1 . 3 -  p r o p a n e d i o l .  A f t e r  h e a t i n g  o n  a  s t e a m  b a t h  f o r  1  h  t h e  s o l u t i o n  

w a s  p o u r e d  o n t o  1 L  o f  i c e  w a t e r  a n d  a c i d i f i e d .  A  y e l lo w  o i l  a p p e a r e d  

w h ic h  s lo w l y  c r y s t a l l i z e d ;  i t  w a s  t w i c e  r e c r y s t a l l i z e d  f r o m  w a t e r :  m p

5 5 - 5 6 . 5  ° C ;  'H  N M R  ( C D C I 3 ) & 8 .8 2  ( d , 1 ,  a r o m a t i c  3  p o s i t i o n ) ,  8 .4 3  

a n d  8 .6 0  ( d d ,  1 ,  a r o m a t i c  5  p o s i t i o n ) ,  7 . 3 7  ( d ,  1 ,  a r o m a t i c  6  p o s i t i o n ) ,

4 .4 8  ( t ,  2 ,  a - C H 2) , 2 . 1 7  ( q ,  2 ,  0 - C H 2) ,  3 . 9 3  ( t ,  2 , - y - C H 2 ) , ~ 2  ( b r o a d ,  

O H ) .

l - ( 4 - H y d r o x y b u t o x y ) - 2 , 4 - d i n i t r o b e n z e n e  ( 6 c )  w a s  p r e p a r e d  f r o m

1 . 4 -  b u t a n e d i o l  b y  a n  a n a lo g o u s  p r o c e d u r e  a s  f o r  6 b ,  m p  4 1 - 4 2  ° C ,  I H  

N M R  (CDCI3) 5 8 .8 0  ( d ,  1 ,  a r o m a t i c  3  p o s i t i o n ) ,  8 .4 2  a n d  8 .5 8  ( d d ,  1 ,  

a r o m a t ic  5  p o s i t io n ) ,  7 .3 0  ( d , 1 , a r o m a t ic  6  p o s i t io n ) ,  4 . 3 5  ( t ,  2 , a - C H 2),

2 .0  ( m , 4 ,  |S- a n d  7 - C H 2) , 3 . 7 8  ( t ,  2 ,  ¿ - C H 2) ,  ~ 2  ( b r o a d ,  O H ) .

2 ,4 , 6 - T r i n i t r o a n i s o l e  a n d  2 , 4 - d i n i t r o a n i s o l e  w e r e  a v a i l a b l e  f r o m  

p r e v i o u s  s t u d i e s . 2 7 '3 5  M e 2S O  ( B a k e r  A n a l y z e d  R e a g e n t  G r a d e )  w a s  

u s 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 .  D 20  ( M a l l i n c k r o d t )  w a s  9 9 .8 %  

p u r e .

Spectra. XH  N M R  s p e c t r a  w e r e  t a k e n  a t  6 0  M H z  o n  a  J E O L  

“ M i n i m a r ”  s p e c t r o m e t e r .  V i s i b l e  s p e c t r a  w e r e  o b t a i n e d  in  a  D u r r u m  

s t o p p e d - f lo w  s p e c t r o p h o t o m e t e r  o r  C a r y  1 4  s p e c t r o p h o t o m e t e r  ( f o r  

5a).
Kinetic and Equilibrium Measurement. E x c e p t  f o r  t h e  k in e t ic s  

o f  p i c r a t e  f o r m a t i o n  f r o m  5 b ,  w h ic h  w a s  m o n it o r e d  o n  a  G i l f o r d  2 0 0 0  

k in e t ic  s p e c t r o p h o t o m e t e r  a t  X 5 0 0  n m , a l l  k in e t ic  m e a s u r e m e n t s  w e r e  

m a d e  o n  a  D u r r u m  s t o p p e d - f lo w  s p e c t r o p h o t o m e t e r ,  a t  X a r o u n d  5 0 0  

n m .  I n  t h e  c a s e  o f  5a, 5 b ,  5 c ,  6b, a n d  2 ,4 ,6 - t r i n i t r o a n i s o l e  g o o d  f i r s t -  

o r d e r  p lo t s  w e r e  o b t a i n e d  a n d  1 / r  w a s  e a s i l y  e v a lu a t e d ;  in  t h e  c a s e  o f  

6c a n d  2 ,4 - d i n i t r o a n i s o l e  t h e  f i r s t  p a r t  o f  t h e  b i p h a s i c  p lo t s  c o u ld  s t i l l  

b e  e v a l u a t e d  r e l a t i v e l y  e a s i l y  b y  k n o w n  p r o c e d u r e s , 14  s i n c e  t h e  t im e  

s e p a r a t i o n  b e t w e e n  t h e  t w o  p r o c e s s e s  w a s  a b o u t  a  f a c t o r  o f  1 0 .

I n  d e t e r m i n i n g  t h e  [ O H - ] d e p e n d e n c e  o f  1 / r  a n d  o f  O D  f o r  5 a ,  th e  

O H -  c o n c e n t r a t i o n  w a s  c a l c u l a t e d  b y  s o l v i n g  e q  8  f o r  [ O H - ]:

K w =  t h ^ o h :  | H + ] [ 0 H _ J  =  W T O H ; £ S i  [ 0 H i  (8 )  

o h 2o  o h 2o  7 h +

w h e r e  o h + w a s  m e a s u r e d  b y  a  C o r n i n g  d i g i t a l  p H  m e t e r ,  y h + ,36s 

7 H +7 0 H - / a H 2 0 ,36b a n d  K „ 3 7  a r e  k n o w n  a t  t h e  e m p lo y e d  t e m p e r a t u r e s  
a n d  i o n i c  s t r e n g t h .
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h e a d  p a g e .

Registry N o . — 5a, 6 4 7 8 - 3 1 - 5 ;  5c, 6 3 0 1 8 - 2 9 - 1 ;  6b, 6 3 0 1 8 - 3 0 - 4 ;  6c, 
6 3 0 1 8 - 3 1 - 5 ;  2 , 4 , 6 - t r i n i t r o a n i s o l e ,  6 0 6 - 3 5 - 9 ;  2 ,4 - d i n i t r o a n i s o l e ,  1 1 9 -

2 7 - 7 ;  p i c r y l  c h lo r i d e ,  8 8 - 8 8 - 0 ;  1 , 3 - p r o p a n e d i o l ,  5 0 4 - 6 3 - 2 ;  1 , 4 - b u 

t a n e d i o l ,  1 1 0 - 6 3 - 4 ;  l - c h l o r o - 2 , 4 - d i n i t r o b e n z e n e ,  9 7 - 0 0 - 7 .
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Addition of ring-substituted o-tolyllithium compounds to di-ierf-butyl ketone gives rise to rotamers, syn- (sp) 
and anti periplanar (ap) o-tolyldi-tert -butylcarbinols, the latter representing about 85-93% of the total, depending 
on the substituent. The ap isomer can be thermally isomerized to the sp form which, according to empirical force 
field calculations, is 6 kcal/mol more stable than the other. The IR and NMR spectra reveal marked similarities be
tween the ap isomer and phenyldi-feri-butylcarbinol whereas the behavior of the hydroxyl group in the sp isomer 
is modified by the proximity of the o-methyl group. The enthalpy of activation for ap to sp rotation in dodecane 
varies from 25.1 to 26.6 kcal/mol whereas the activation entropy is —9 eu regardless of the substituent. The rotation 
rate of the parent compound is enhanced by a factor of about 106 by n-butyllithium in hexane, probably due to an 
increase in ground state strain in the lithium alkoxide ion pair. The mechanism of aryllithium addition to ketones 
is discussed: the formation of the ap alcohol is consistent with a four-center transition state with the aryl ring in the 
same plane as the carbonyl group and bisecting the f-Bu-C-f-Bu angle.

Restricted rotation about a single bond, other than a phe
nyl-phenyl bond, has been investigated primarily by the dy
namic NMR method wherein barriers to rotation are mea
sured by observing the temperature dependence of signals of 
protons which are exchanging environments. In this way 
barrier heights have been measured for rotation about a wide 
variety of bonds, including sp3-sp3 and sp3-sp2 carbon to 
carbon bonds.1

Recently, attention has been focused to some extent upon 
the isolation of rotamers, alternatively referred to as atropi- 
somers or conformers. For this to be possible, two conditions 
at least must be satisfied. Firstly, the rotation energy barrier 
must be sufficiently high, about 15 kcal/mol or more, so that 
separation can be effected under normal experimental oper
ating conditions, without significant isomerization. Further, 
the system must possess an asymmetric element which allows 
the differentiation of eventual rotational isomers. Thus, al
though the barrier to rotation about the phenyl to sp3 carbon 
bond in 3,4,5-trimethoxypenyldi-teri-butylcarbinol (1) is high 
enough (about 20 kcal/mol),lc’2 the rotamers are obviously 
identical, and rotation can only be discerned by NMR. The 
presence of two te r t -butyl groups on an sp3 carbon raises 
considerably the rotational energy barrier, as also occurs in 
the olefin 2 where AG* goes from 9.1 to 11.2 to 15.4 kcal/mol 
for R = ethyl, isopropyl, and t e r t -butyl, respectively.le>3

Successful separation of rotamers has been achieved in the
9-arylfluorene series where not only are the barriers high, up 
to about 33 kcal/mol, but the introduction of an asymmetric 
element is straightforward.4-7 Rotamers of 9-(2-methyl-l- 
naphthyl)fluorene (3) were partially separated by crystalli
zation7 and more recently 4 has been isolated in two crystalline 
forms.5’8’9 It has been suggested7 that the fact that two of the 
aryl groups bonded to the sp3 carbon in question are bridged 
contributes to the enhancement of the energy barrier in such 
compounds and thus favors distinction between the two 
conformers. Mislow et al. have demonstrated,10 however, that

in suitably substituted triarylmethanes it is possible to isolate 
diastereomers with an interconversion barrier of some 30 
kcal/mol, this interconversion occurring via a “one-ring flip” 
mechanism, which actually involves three simultaneous 
rotations about the phenyl to sp3 carbon bonds.

Among systems containing three independent (i.e., not 
bridged) substitutents to an sp3 carbon and where confor
mational isomerism involves, in principle, rotation about one 
bond only, the aryldi-feri-butylcarbinols offer the best 
prospects for the isolation of rotamers. We have shown11 that 
the introduction of an o-methyl substituent into a system akin 
to alcohol I not only provides an asymmetric tag, but also 
increases the rotational energy barrier to about 29 kcal/mol 
(AG*), thus making the separation of rotamers 5 and 6 a rel
atively simple affair.

a : X = 4-OMe

b : 4~Me

c : 5~Me

d : H

e : 5 -C I

f  : 3 ,4 ,5 -M e 3

This system presents several features which make it in
teresting for further study. The NMR and IR spectra are 
sensitive to the environment of the OH group, the rotation rate 
of the less stable alcohol is easily measured by GLC, and the 
isomers are very different in their stability. The condensation 
of o-tolyllithium with di-ferf-butyl ketone gives primarily the 
less stable isomer; in attempting to check our original inter
pretation of this phenomenon we were led to examine the 
stability of the alkoxides generated by treatment of the alco
hols by n-BuLi and, incidentally, to observe a novel organo- 
lithium-catalyzed rotation process.

Finally, we propose a simple model for the transition state 
of nucleophilic addition of an aryllithium compound to a 
carbonyl group.

Results and Discussion
Aryldi-ierf-butylcarbinols are most conveniently synthe

sized by the condensation of an aryllithium with di-tert-butyl 
ketone in diethyl ether at ambient temperature.12 Normal 
work-up procedure (slow distillation at reduced pressure or 
preparative GLC on SE30 or Apiezon L at about 200 °C) led 
to the isolation of a stable alcohol 5 with appropriate IR and 
NMR spectral characteristics. When a crude reaction product

OH ^ 7 '  "OH 
t-Bu
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Table I. Spectroscopic Data for o-Tolyldi-tert-butylcarbinols, 5 and 6

NMR (CCI4); ppm rel to internal Me,tSi

Compd X
IR (CC14), 

cm-1
t-Bu 

(s, 18 H)
OH“

(s, 1 H)
2-Me

(s, 3 H)
Aromatic protons 

3,4,5-H 6 -H Av X

5a 4-OMe 3643 1.09 1.73 (3.78) 2.56 6.52 7.34 3.72 (s, 3 H)
6a 4-OMe 3650, 3612 1 .12 1.70 (4.29) 2.58 6.59 7.89 0.55 3.73 (s, 3 H)
5b 4-Me 3644 1.07 1.73 (3.82 2.56 6.89 7.28 2.30 (s, 3 H)
6b 4-Me 3650, 3613 1.11 1.69 (4.31) 2.57 6 .8 6 7.84 0.56 2.25 (s, 3 H)
5c 5-Me 3643 1.13 1.77 (3.85) 2.57 6.89 7.28 2.30 (s, 3 H)
6c 5-Me 3649, 3613 1.12 1.72 (4.25) 2.57 6 .8 6 7.80 0.52 2.30 (s, 3 H)
5d H 3644 1 .10 1.78 (3.84) 2.61 7.01 7.44
6d H 3650, 3613 1.13 1.75 (4.35) 2.62 7.01 8 .01 0.57
5e 5-C1 3644 1 .12 1.80 (4.13) 2.56 6.95 7.44
6e 5-C1 3649,3611 1 .12 1.85 (4.63) 2.57 6.98 8 .0 0 0.54
5f 3,4,5-Me3 3641 1.11 1.78 2.51 7.11 2.16, 2 .2 2

(6  H, 3 H)
6f 3,4,5-Me3 3651,3611 1.13 1 .6 8 2.39 7.61 0.50 2.19, 2.27

(6  H, 3 H)

° Figures in parentheses are for Me2SO solutions.

containing the 4-methoxy derivative 5a was exposed for sev
eral weeks at summer room temperature (25 ±  5 °C), the al
cohol 5a was obtained in the form of well-defined triclinic 
crystals containing two molecules per unit cell. The complete 
crystallographic study, carried out by Hough,13 gives full de
tails of the molecular geometry, whose most important fea
tures are the angle between the plane of the aryl group and the 
C -0 bond (11.6°) and the proximity of the o-methyl carbon 
to the carbinol oxygen atom (2.66 A ). This establishes 
unambigously that 5a has the syn-periplanar (sp) conforma
tion,14 shown in 5A. From the IR and NMR spectral similar
ities (Table I) it can be deduced that the other alcohols are of 
the same structural type as the 4-methoxy derivative.

Me

5 A  6 B

Whereas gas chromatography at the elevated temperatures 
required for such involatile compounds on regular 5-ft col
umns reveals only one product in the crude reaction mixture, 
it is possible by operating with very short, lightly loaded col
umns to reduce the oven temperature and the retention times 
to such an extent that the presence of a second product, 6 , of 
higher retention time than the stable isomer 5 becomes ap
parent. Moreover, this thermally unstable isomer proves to 
be the major component of the reaction mixture prior to dis
tillation. This product can by isolated by adsorption chro
matography on an alumina column packed in pentane or light 
petroleum; the stable isomer is eluted before the unstable one. 
Although it has not yet been possible to carry out a crystal 
study on this isomer, it is clear from spectral data and force- 
field calculations that it must have the anti-periplanar (ap) 
conformation,14 6B.

Spectral Behavior. The NMR and IR spectra of the two 
conformers (Table I) are consistent with the structures as
signed to the stable and unstable isomers, sp and ap, respec
tively. Thus, in Me2SO the NMR absorption of the hydroxyl 
proton of alcohol 5 is at 5 3.78-3.85, whereas that of alcohol 
6  is at 5 4.25-4.35, except for X  = 5-C1, where both values are 
substantially higher. A value of 8 4.16 has been reported for 
phenyldi-tert-butylcarbinol.15b Now, it is known that the 
down field shift of the absorption of the hydroxyl proton in 
Me2SO is related to the accessibility of the hydroxyl group;15

the observed downfield shifts indicate then that the hydroxyl 
group is less accessible in 5 than in 6 .

The IR absorption of the OH stretch in isomer 5 is a narrow 
band (10 _2M solution in CCI4) at 3643 cm- 1  characteristic 
of free OH, whereas in the other isomer 6  there are peaks at 
3612 and 3650 cm-1. In this respect also, isomer 6  is rather 
similar to phenyldi-feri-butylcarbinol, which has bands at 
3617 and 3644 cm-1; the first of these was attributed to ir- 
complexed OH, 16 but this implies a spatial relationship be
tween the OH group and the aryl ring which was subsequently 
rejected.15*5 It is reasonable to attribute the two bands to 
conformations such as 6 C and 6 D.15b The absence of the 
low-frequency band in 5 corresponds then to the exclusion of 
conformation C due to the proximity of the o-methyl and the 
hydroxyl hydrogen atom which would arise therein.

6C 6_D

Another feature of importance is the NMR shift of the ortho 
proton, which is about 0.55 ppm further downfield in isomer 
6 than in the stable isomer 5. A rather smaller difference, 0.22 
ppm in the same direction, was found2 between the two non
equivalent ortho protons in carbinol 1. The nonequivalence 
of the ortho protons has been attributed to two competing 
effects:10 (i) the downfield shifts caused by the hydroxyl group, 
the syn ortho hydrogen being shifted about 0 .6  ppm further 
than the anti; (ii) the downfieid shift caused by overcrowding; 
the shift for the ortho hydrogen between the two t e r t -butyl 
groups is greater by 0.4 ppm. It seems likely that the very high 
downfield shift of the syn ortho hydrogen in alcohol 6  is due 
to an enhanced downfield contribution by the hydroxyl group, 
which will be much closer to this proton than it is in the phe
nyl, as opposed to o-tolyl, derivatives.

In conclusion, the spectral data are consistent with con
siderable steric hindrance by the o-methyl group of the hy
droxyl group in the isomer 5 (sp), whereas isomer 6 (ap) re
sembles phenyldi-teri-butylcarbinol in that there is an ac
cessible hydroxy function.

Estimation of the Ground-State Energies by Empirical 
Force-Field Calculations. Whereas most studies of re
stricted rotation about single bonds are concerned with con- 
formers of similar energy, in the present case the thermal 
equilibrium between the ap and sp alcohols lies so heavily in
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(a)

(b)

(C)

Bl 118.6'

S2 126.2'

03 127.6'

<J> 1 1.6'

G! 12 0 . r

°2 131.1'

B3 128.5

10.5'

0 122.5'

°2 128. r

Q3 130.3'

$ 2.0'

F i g u r e  1 .  M o l e c u l a r  g e o m e t r y  o f  o - t o l y l d i - t e r i - b u t y l c a r b i n o l s :  ( a )  

s p  i s o m e r  f r o m  c r y s t a l  d a t a  o n  5 a ;  (b )  f o r c e - f ie ld  c a lc u la t io n  o n  5 d  w i t h  

O H  r e p la c e d  b y  M e ;  (c )  f o r c e - f ie ld  c a lc u la t io n  o n  6 d  w i t h  O H  r e p la c e d  

b y  M e .  $  is  t h e  a n g l e  b e t w e e n  t h e  b e n z e n e  r i n g  a n d  t h e  C - O H  o r  

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

is  d e s i g n e d  t o  d i s p l a y  t h e  c r i t i c a l  b o n d  d i s t a n c e s  a n d  a n g l e s .26

favor of the sp isomer that the ap isomer is not detectable by 
GLC (<0.1%); the energy difference between the conformers 
must then be at least 4-5 kcal/mol. A more precise estimate 
was obtained by empirical force field (molecular mechanics) 
calculations. This approach has been applied mainly to the 
calculation of the strain energies of saturated hydrocarbons, 
but has been extended to systems containing functional 
groups by Allinger, Boyd, Mislow, Schleyer, and others.17

Alcohols pose certain problems related to the nonspherical 
electron density distribution about the nucleus183 and have 
only recently been handled explicitly by the force-field ap
proach.1811 However, in cases where we are interested only in 
steric energy differences rather than in absolute values of the 
heat of formation, an OH group,19 or even a tosylate20 or a 
p  -nitrobenzoate21 group, can be treated as a hydrogen atom 
or a methyl group. A modified Boyd-Allinger force field for 
the treatment of benzenoid hydrocarbons is included in the 
Andose-Mislow program S T R A IN  which we used.22

Since we are concerned with conformation isomers in which 
the numbers of different bond and atom types are constant, 
the problem of determining the best values for group incre
ments,23 zero-point energy corrections,24 etc., does not arise.

5 - M e  6 -M e  

S t e r i c  e n e r g y  4 0 . 1  4 6 . 7

( k c a l /m o l )

'Me Me
t - B u y \ H t-Bu 
t - B i /  H t-Bu

5 - H

1 4 . 1

6 -H

2 0 .0

A H *, A S * ,
C o m p d  9 5  ° C  1 1 2  ° C  1 3 0  ° C  k c a l / m o l  e u

Table II. Rate Constants (±1-3%) for the Rotation of (ap)-
o-Tolyldi-fert-butylcarbinols 6 in Dodecane (104Ar, s-1)

6 a 0 . 8 4 7 4 . 2 4 1 8 . 3 2 5 . 1 ± 0 .5 - 9 . 3 ± 1 . 2

6 b 0 . 7 7 9 3 . 7 8 1 6 . 9 2 5 . 2 ± 0 .5 - 9 . 3 ± 1 . 3

6 c 0 . 6 0 3 3 . 0 4 1 3 . 6 2 5 . 5 ± 0 .4 - 9 . 0 ± 0 .9

6 d ° 0 . 5 6 4 2 . 7 5 1 2 . 6 2 5 . 9 ± 0 .4 - 8 . 2 ± 0 .9

6 e 0 . 4 8 3 2 .2 9 1 1 . 2 2 5 . 7 ± 0 .4 - 8 . 9 ± 1 . 0

6 f 0 . 1 3 1 0 . 6 4 5 3 . 4 0 2 6 .6 ± 0 .6 - 9 . 0 ± 1 . 5

°  0 . 1 2 6  X  1 0 " 4 s - 1  a t  8 0  ° C  ( r e f  1 1 ) .

Errors could arise, however, from the tendency of Allinger’s 
hydrogens to be too large and the carbons too small,24 though, 
once again, such errors could be expected to cancel out.

The results show that the sp form 5 is approximately 6 
kcal/mol more stable than the ap form 6, whether the OH 
group is approximated by methyl (46.7 — 40.1 = 6.6 kcal/mol) 
or by hydrogen (20.0 — 14.1 = 5.9 kcal/mol).25 Though there 
is no reason to expect the geometry of the hydrocarbons to 
reproduce that of the alcohols, it is nevertheless noteworthy 
that when OH is approximated by a methyl group the calcu
lated geometry26 of the sp form, 5-Me, agrees reasonably well 
with the crystal data (Figure 1). There are, however, serious 
discrepancies when a hydrogen atom is used (not shown). The 
calculated geometry of the ap form, 6-Me, is given for com
parison. Outstanding features of both isomers are the very 
long carbon to t e r t -butyl bonds,27'28 the very high angle, 6\, 
subtended by the t e r t -butyl groups to the central carbon 
atom,27’28 and the deformation of the two carbon to benzene 
bond angles,29 62 and 63. The dihedral angle, <f>, between the 
aryl ring and the C -0 bond is closely similar to that found in
l-(4-methoxyphenyl)-2,2,6,6-tetramethylcyclohexanol27 
(12.9°); the molecular mechanics calculations offer no support 
for an angle of 45° we previously advanced on the basis of ki
netic and model studies.30 Complete rotation of the aryl group 
about the phenyl to sp3 carbon axis in 10° steps revealed no 
minima other than those corresponding to the ap and sp 
conformations. The syn-planar conformation of 5-Me (<t> = 
0°) is, however, only 0.2 kcal/mol less stable than the sp con
formation ($ = 10.5°), indicating that interchange between 
the two sp forms must be very fast.

Substituent Effects Upon Thermal Isomerization 
Rates in Dodecane. It was anticipated that meta and para 
substituent effects on the rotation rate would be negligible, 
since the reaction involves no charged species. In fact, the 
substituent effects are small, but not insignificant, since the
4-OMe derivative is some 1.5 times more reactive than the 
parent alcohol and the 5-C1 derivative is 20% slower (Table
II). The differences in reactivity are so small that linear free 
energy relationships are hardly meaningful; there is little to 
choose between a  (p = —0.41, r  =  0.940) and a *  (p =  —0.24, r  
= 0.970). The activation parameters are very similar from 6a 
to 6e, but A H *  tends to decrease with increasing electron 
donation, whereas no trend in the entropy term (—9 eu) is 
detectable.

The temperature dependence of the NMR spectrum of 9- 
chloro-9-mesitylfluorene was once attributed to ionization of 
the C-Cl bond, followed by recombination within a tight ion 
pair,6 but this has been shown to be incorrect.5 Clearly our 
data are consistent with no process in which ionic species are 
formed, but would be considered to support a radical mech
anism if there were other evidence in its favor. We have found 
that o-tolyldi-tert-butylcarbinols d e co m p o se  in a radical 
reaction to aryl t e r t -butyl ketones,31 but at much higher 
temperatures (k j = 0.4 X  10-4 s_1 at 237 °C for the parent 
compound).32 There is then no plausible mechanism for 
isomerization except rotation about the phenyl to sp3 carbon
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Table III. Equilibrium Constants (sp isomer, 5d) and 
Apparent Rate Constants (ap isomer, 6d) for the 
Equilibration of o-Tolyldi-teri-butylcarbinol by 

n-Butyllithium in n-Hexane at 25 °C

[n-BuLi],
M

K  [spjeq/ 
Meq

103(&a + k s ), 
s-1

103feA,
S-1

103 k Si 
s”1

0.08 10.1
0.16 6.88 2.78 2.43 0.35
0.48 3.44 3.86 2.99 0.87
0.80 2.27 5.62 3.90 1.72
1.12 1.78 7.65 4.90 2.75
1.60 1.57 9.65 5.90 3.75

axis accompanied, perhaps, by concerted movement of the 
t e r t -butyl groups.

Not unexpectedly, the prehnityl derivative 6f is slower, by 
a factor of 6, than would be predicted on the basis of additivity 
of substituent effects, the difference appearing to reside en
tirely in the enthalpy term. The presence of four methyl 
groups on adjacent carbon atoms will tend to make the 2- 
methyl group more rigid. Opening of the Ci-C^-Me angle will 
be more difficult and the barrier to rotation consequently 
higher. This point is illustrated by force-field calculations on 
aryldi-ierf-butylethanes. In the prehnityl derivative the 
calculated Ci-C2-Me angle is 124.8 (sp) and 125.0° (ap), 
whereas the corresponding values for 5-Me and 6-Me are 128.5 
and 130.3°, respectively.

Alkoxide Rotation Catalyzed by n-Butyllithium in 
n -Hexane. In experiments designed to compare the stabilities 
of the alkoxides corresponding to 5d and 6d (see below), we 
observed that the rotation of the alkoxides proceeds much 
more rapidly than that of the alcohols. The alkoxide ion is 
generated by reaction of the alcohol with an organolithium 
compound. We would therefore expect the rotation rate of the 
ap and sp alcohols in n-butyllithium to be that of the corre
sponding alkoxide ions, AO-  and SO- :

A o - ^ ^ s O -
ks

The rate of equilibration of the ap alcohol 6d, k \  +  k s  proves, 
however, to be n-BuLi concentration dependent, as is the 
value of the apparent equilibrium constant, K  = k\/ks (Table 
III and Figure 2). These observations suggest that the alkyl- 
lithium is directly involved in the rotation process and that 
its role is not limited to mere proton abstraction. The rate 
constant for the ap —*• sp reaction in n-hexane, extrapolated 
to zero n-BuLi concentration, is approximately 2 X 10-3 s-1 
at 25 °C. This is to be compared with the value of 1.08 X 10-8 
s-1 calculated for the rotation of the ap alcohol 6d in dodecane 
at 25 °C from data at higher temperatures. Tentatively, this 
rate increase, by a factor of approximately 105-3, can be at
tributed to ground-state steric effects, as in the case of 9-X-
9-mesitylfluorenes and related systems.4'6’33 In these mole
cules steric interaction between X and the aryl group enhances 
the energy of the ground state when X increases in size from 
H to OH to Cl, but this interaction is absent in the transition 
state for rotation. Similarly, the effective size of the -0~Li+ 
ion pair will be greater than that of the hydroxyl group; the 
ground-state energies of the alkoxides must therefore be 
higher than those of the alcohols. In the rotation transition 
state the predominant steric interactions between o-methyl 
and tert -butyl groups are not modified by the change from 
-OH to -0~Li+; consequently the barrier to rotation will be 
lowered.

Rotation is known to be provoked by organolithium com
pounds in certain cases: optically active 3,3'-bithinpenyls are 
rapidly racemized by ethyllithium via an internally bridged 
dimetalated compound;34 slow metalation of ap-9-(2-me-

Figure 2. Rate constants for the equilibration of o-tolyldi-ferf- 
butylcarbinols by n-butyllithium in n-hexane at 25 °C (I0sk, s-1).

thoxy-l-naphthyl)fluorene leads to the more stable sp-9- 
(2-methoxy-l-naphthyl)fluorenide.35 These reactions involve, 
however, C-metalation and are therefore not directly related 
to the present case. In the organolithium-catalyzed rotation 
of o-tolyldi-tert-butylcarbinols the role of the n-BuLi is 
twofold: firstly, it serves to generate the lithium alkoxide ion 
pair; secondly, excess n-BuLi enhances the rotation rate, 
probably by increasing the effective size of the reacting species 
by aggregation.

The Transition State for the Addition of Aryllithium 
Compounds to Ketones. There is a small increase in the 
amount of the sp isomer 5 as we proceed from an electron- 
withdrawing substituent 5-C1 (7%) to an electron-donating 
substituent, 4-Me or 4-OMe (15%), but the addition process 
always favors formation of the less stable isomer (Table IV). 
We previously attributed this phenomenon to destabilization 
(of a product-like transition state) by steric interaction be
tween the o-methyl and the incipient lithium alkoxide ion pair 
and its accompanying solvation shell.11

If the transition state is product-like we might expect the 
rotation of the ap alkoxide ion, prepared from the alcohol by 
treatment with an alkyllithium, to lead ultimately to a mixture 
with an ap/sp ratio similar to that of the addition reaction. 
Attempts to check this hypothesis in diethyl ether did not give 
satisfactory results, but treatment of either alcohol 5d or 6d 
with n-butyllithium in n-hexane led to an equilibrium mix
ture, the apparent equilibrium constant for the reaction de
creasing to 1.57 (38% of 6d at equilibrium) for the highest 
concentration of n-BuLi used, 1.6 M (Table III). This is al
ready much less than is found in the addition reaction, and 
extrapolation from data at higher concentrations indicates 
that, for equimolar n-BuLi and alcohol, the sp alkoxide is by 
far the most stable.36 The alkoxide ions are therefore not valid 
models of the transition state for the addition of o-tolyllithium 
to di-teri-butyl ketone. We now propose a more satisfactory, 
though necessarily incomplete, interpretation.

Recent reviews on organolithium compounds37 and on the 
addition of organometallic compounds to cyclic ketones38 
reveal two areas of uncertainty regarding the addition of an 
aryllithium to a ketone: (i) the identity of the kinetically active 
Li species and (ii) the geometry of the transition state.

(i) Fractional kinetic orders ([RLi]1/n where n  is an integer) 
in organolithium reactions with various substrates have been 
interpreted in terms of polymer-monomer equilibria where 
the monomer is the kinetically active species,39 but there is 
a growing awareness of the importance of the molecular ag
gregates40 containing not only the organolithium, but also 
solvent molecules,41 alkoxides,42 and halides.43 The 7Li spectra 
of mixtures of phenyllithium and p-tolyllithium44 indicate
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Table IV. Synthesis of o-Tolyldi-tert-butylcarbinols, 5-sp and 6-ap: Isomer Ratios and Yields
X 6 / ( 6  +  5 ) ° %  5  ( b p / m m ;  m p ) R e g i s t r y  n o . %  6  b ( m p ) R e g i s t r y  n o .

4 - O M e / 0 . 8 5  ( 0 .9 6 ) 2 7 6 ' d ( - ;  9 6 ) 6 3 1 2 1 - 5 1 - 7 2 8 - 3 6  ( 6 2 - 6 3 ) 6 3 1 2 1 - 5 3 - 9

4 - M e ® 0 . 8 5  ( 0 .9 7 ) 6 0 c ( 1 1 2 / 1 . 2 ;  5 8 - 5 9 ) 6 3 0 7 6 - 5 3 - 9 5 0 ( 4 0 - 4 1 ) 6 3 1 2 1 - 5 4 - 0

5 - M e « 0 . 9 1  ( 0 .9 8 ) 6 4 c ( 1 0 6 / 0 . 8 ;  5 6 - 5 7 ) 6 3 0 7 6 - 5 4 - 0 5 1  ( 4 0 - 4 2 ) 6 3 1 2 1 - 5 5 - 1

H h 0 .8 9  ( 0 .9 8 ) 6 9 c ( 1 1 6 / 2 . 0 ;  3 5 ) 6 3 1 2 1 - 5 2 - 8 5 6 - 6 6  ( - ) 6 3 1 6 2 - 5 7 - 2

5 - C P 0 . 9 3  ( 0 .9 9 ) 4 6 b’d ( - ;  4 1 ) 6 3 0 7 6 - 5 5 - 1 2 4  ( 4 7 - 4 8 . 5 ) 6 3 1 2 1 - 5 6 - 2

3 , 4 , 5 - M e ,T 0 .8 4  ( 0 .9 3 ) 4 4 b’e ( - ;  1 2 9 ) 6 3 0 7 6 - 5 6 - 2 5 2  ( 6 5 - 6 7 ) 6 3 1 2 1 - 5 7 - 3

a V a l u e s  in  p a r e n t h e s e s  o b t a i n e d  w h e n  1  m o l / m o l  o f  T M E D A  w a s  a d d e d  t o  t h e  a r y l l i t h i u m .  b B y  c h r o m a t o g r a p h y  o n  A I 2 O 3 . c D i s t i l l e d .  

d A f t e r  3  h  a t  1 1 2  ° C .  e A f t e r  1 0  h  a t  1 1 2  ° C .  f  C a l e d  f o r  C 1 7 H 2 8 O 2 : C ,  7 7 . 2 2 ;  H ,  1 0 . 6 7 .  F o u n d  f o r  5 a :  C ,  7 7 . 0 1 ;  H ,  1 0 . 6 3 .  6 a :  C ,  7 7 . 3 5 ;  H ,  

1 0 . 7 4 .  «  C a l e d  f o r  C i 7 H 2 8 0 :  C ,  8 2 . 2 0 ;  H ,  1 1 . 3 6 .  F o u n d  f o r  5 b :  C ,  8 1 . 7 4 ;  H ,  1 1 . 3 0 .  6 b :  C ,  8 2 . 2 9 ;  H ,  1 1 . 0 4 .  5 c :  C ,  8 2 . 1 8 ;  H ,  1 0 . 9 7 .  6 c :  C ,  8 2 .0 4 ;  

H ,  1 1 . 1 5 .  h C a l e d  f o r  C i 6 H 2 6 0 :  C ,  8 1 . 9 9 ;  H ,  1 1 . 0 8 .  F o u n d  f o r  5 d :  C ,  8 1 . 7 8 ;  H ,  1 0 . 9 6 .  6 d :  C ,  8 1 . 7 9 ;  H ,  1 0 . 9 2 .  ‘  C a l e d  f o r  C i 6 H 2 5 O C 1 :  C ,  

7 1 . 4 9 ;  H ,  9 . 3 8 ;  C l ,  1 3 . 1 9 .  F o u n d  f o r  5 e :  C  7 1 . 9 2 ;  H ,  9 .5 6 ;  C l ,  1 3 . 3 7 .  6 e :  C ,  7 1 . 1 2 ;  H ,  9 . 2 1 ;  C l ,  1 3 . 2 9 .1  C a l e d  f o r  C i 9 H 3 2 0 :  C ,  8 3 . 1 5 ;  H ,  1 1 . 0 2 .  

F o u n d  f o r  5 f :  C ,  8 3 . 5 8 ;  H ,  1 1 . 3 8 .  6 j :  C ,  8 3 . 5 1 ;  H ,  1 1 . 1 5 .

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

t h o u g h  d i f f e r e n t i a l  v a p o r  p r e s s u r e 4 5  a n d  e l u l l i o s c o p i c  m e a 

s u r e m e n t s 4 6  f a v o r  d i m e r i c  s p e c i e s .  T h e  k i n e t i c s  o f  p h e n y l l i -  

t h i u m  r e a c t i o n s  w i t h  1 , 1 - d i p h e n y l e t h y l e n e , 4 7  t r i p h e n y l -  

m e t h a n e , 4 8  a n d  b e n z o n i t r i l e 4 9  a r e  c o n s i s t e n t  w i t h  a  s c h e m e  

i n v o l v i n g  a c t i v e  m o n o m e r  a n d  d i m e r  s p e c i e s  i n  e q u i l i b r i u m ;  

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

t o  b e  s t u d i e d  k i n e t i c a l l y .

( i i )  T h e  v e r y  e x i s t e n c e  o f  t h e  a p  i s o m e r  6  r e s o l v e s  o n e  

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

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

a t t a c k s  t h e  k e t o n e  v i a  a  f o u r - c e n t e r  t r a n s i t i o n  s t a t e  7 ,  t h e r e

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

e i t h e r  i n  t h e  p l a n e  w h i c h  b i s e c t s  t h e  t - B u - C - t - B u  a n g l e ,  o r  

o r t h o g o n a l  t o  t h e  p l a n e .  I n  a n  a t t e m p t  t o  e x p l a i n  t h e  a n o m 

a l o u s  b e h a v i o r  o f  P h M g B r  i n  i t s  a d d i t i o n s  t o  4 - i e r i - b u t y l c y -  

c l o h e x a n o n e  a n d  2 - m e t h y l p e n t a n o n e ,  A s h b y 3 8  a s s u m e s  t h a t  

t h e  p l a n e  o f  t h e  e n t e r i n g  p h e n y l  g r o u p  i s  o r t h o g o n a l  t o  t h a t  

w h i c h  b i s e c t s  t h e  C - C O - C  a n g l e ,  a s  i n  8 .  H o w e v e r ,  i f  t h i s  w e r e  

s o  i n  t h e  a d d i t i o n  o f  o - t o l y l l i t h i u m  t o  d i - f e r f - b u t y l  k e t o n e ,  

9 ,  t h e r e  w o u l d  b e  n o  g r o u n d s  f o r  t h e  f o r m a t i o n  o f  t h e  a p  a l 

c o h o l  6 ,  s i n c e  t h e  0 - m e t h y l  w o u l d  a l w a y s  b e  s i t u a t e d  b e t w e e n  

a  t e r t - b u t y l  g r o u p  a n d  t h e  c a r b o n y l  o x y g e n  a n d  w o u l d  i n e v i 

t a b l y  g i v e  t h e  s p  i s o m e r  5  o n l y .  W e  c o n c l u d e ,  t h e r e f o r e ,  t h a t  

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

g r o u p  a n d  i s  p e r p e n d i c u l a r  t o  t h e  C - C O - C  s y s t e m ,  a s  s h o w n  

i n  1 0 .  W h y  t h e n  d o e s  t h e  a r y l l i t h i u m  a t t a c k  i n  t h e  o b s e r v e d

10 11

m a n n e r  t o  g i v e  t h e  l e s s  s t a b l e  i s o m e r ?  T h e  p e r t u r b a t i o n  o f  t h e  

C i - L i  b o n d  u p o n  a p p r o a c h  o f  t h e  C = 0  b o n d  r e q u i r e s  t h a t  t h e  

l i t h i u m  a t o m  s h i f t  t o w a r d  e i t h e r  C 2  o r  C 6 . O u r  r e s u l t s  w o u l d  

a p p e a r  t o  i n d i c a t e  t h a t  t h e  s h i f t  i s  t o w a r d  C 6  r a t h e r  t h a n  u p 

w a r d  C 2 ,  w h i c h  b e a r s  t h e  m e t h y l  g r o u p ,  a n d ,  f u r t h e r m o r e ,  t h a t  

t h i s  s h i f t  c o n t r o l s  t h e  o r i e n t a t i o n  o f  a t t a c k ,  i . e . ,  t h a t  t h e  o r i 

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

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

t e r t - b u t y l  g r o u p s  b e c o m e  d o m i n a n t .  B o t h  T M E D A  a n d  a n

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

i s o m e r  f o r m e d  i n  t h e  a d d i t i o n  ( T a b l e  I V ) ,  p o s s i b l y  e n h a n c i n g  

c h a r g e  s e p a r a t i o n  i n  t h e  C - L i  b o n d  a n d  t h u s  f a v o r i n g  a n  e v e n  

e a r l i e r  t r a n s i t i o n  s t a t e .

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

t e r t - b u t y l  k e t o n e  i s  g e n e r a l l y  t h e  e a s i e r  m e t h o d ,  a r y l d i - t e r t -  

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

t y l l i t h i u m  w i t h  t h e  a r y l  t e r t - b u t y l  k e t o n e . 2  W e  f i n d  t h a t  t h e  

a d d i t i o n  o f  t e r f - b u t y l l i t h i u m  t o  o - t o l y l  te r t  - b u t y l  k e t o n e  i n  

d i e t h y l  e t h e r  a t  — 4 0  ° C  g i v e s  n o  t r a c e  o f  t h e  a p  i s o m e r  6 d ;  t h e  

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

e v i d e n c e 5 2  i n d i c a t e s  t h a t  t h e  d i h e d r a l  a n g l e  b e t w e e n  t h e  

c a r b o n y l  g r o u p  a n d  t h e  a r y l  g r o u p  i s  a b o u t  4 0 °  a n d  t h a t  t h e  

c a r b o n y l  o x y g e n  i s  c l o s e  t o  t h e  o - m e t h y l  g r o u p .  T h e  k e t o n e  

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

i t s e l f  t o  p r e f e r e n t i a l  f o r m a t i o n  o f  t h e  s p  a l c o h o l  5 d  u p o n  a t t a c k  

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

i n  1 1 .

E x p e r i m e n t a l  S e c t i o n

T h e  I R  s p e c t r a  w e r e  d e t e r m i n e d  o n  a  P e r k i n  E l m e r  2 2 5  g r a t i n g  

i n s t r u m e n t  u s in g  1  - c m  s i l i c a  c e l l s  c o n t a in in g  a  1 0 ~ 2  M  s o lu t io n  o f  t h e  

a l c o h o l  in  C C I 4 . T h e  N M R  s p e c t r a  w e r e  r e c o r d e d  o n  a  J e o l  H F 6 0  i n 

s t r u m e n t  a t  6 0  M H z  w i t h  in t e r n a l  M e 4S i  a s  r e f e r e n c e .  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 .

T h e  “ lo w  t e m p e r a t u r e - l o w  r e t e n t i o n  t i m e ”  G L C  t e c h n i q u e  p r e 

v i o u s l y 10 1 1  d e s c r ib e d  w a s  s l i g h t l y  m o d if i e d .  A  4 0 - c m  c o lu m n  o f  1 %  S E 3 0  

o n  H M D S - w a s h e d  C h r o m o s o r b  8 0 / 1 0 0  w a s  u s e d  a t  t e m p e r a t u r e s  

b e t w e e n  1 0 0  a n d  1 1 5  ° C  w i t h  a n  i n l e t  p r e s s u r e  o f  1  a t m ;  t h e  i n j e c t o r  

t e m p e r a t u r e  w a s  1 6 0  ° C .  U n d e r  t h e s e  c o n d i t io n s  t h e  r e t e n t i o n  t i m e s  

r a n g e d  f r o m  6 5  (5d a t  1 0 0  ° C )  t o  2 3 0  s  (6f a t  1 1 5  ° C )  a n d  t h e  e x t e n t  

o f  i s o m e r i z a t i o n  w a s  in  n o  c a s e  g r e a t e r  t h a n  7 %  ( 6 a  a t  1 1 5  ° C ) .

Synthetic Procedures. A r y l  b r o m i d e s  w e r e  o b t a i n e d  e i t h e r  

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

in  m e t h y le n e  d i c h l o r i d e .  I n  t h e  c a s e  o f  4 - c h l o r o t o l u e n e  t h i s  g a v e  r i s e  

t o  a  m i x t u r e  o f  i s o m e r s  ( 7 0 / 3 0 )  w h i c h  w e r e  s e p a r a t e d  b y  G L C  o n  

C a r b o w a x  2 0 M ;  t h e  m o s t  a b u n d a n t  i s o m e r  w a s  i d e n t i f i e d  a s  t h e  r e 

q u i r e d  2 - b r o m o - 4 - c h l o r o t o l u e n e .  A r y l l i t h i u m  c o m p o u n d s  w e r e  p r e 

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

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

m id e .  A f t e r  a d d i t io n  o f  d i - f e r f  - b u t y l  k e t o n e  t h e  a lc o h o ls  w e r e  i s o la t e d  

a s  d e s c r i b e d  p r e v i o u s l y 1 1  f o r  5d a n d  6d. F o r  s m a l l - s c a l e  p r e p a r a t i o n s  

( 5 e )  o r  w h e n  t h e  p r o d u c t  w a s  i n v o l a t i l e  ( 5 a , f )  t h e  s p  a l c o h o l s  w e r e  

i s o l a t 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 f t e r  a p  —*• s p  i s o m e r i z a t i o n  a t  

1 1 2  ° C  f o r  a  s u i t a b l e  t i m e ;  a lc o h o l  5  w a s  o b t a i n e d  in  y i e l d s  o f  2 7 - 6 9 %  
( T a b l e  I V ,  3 r d  c o lu m n ) .

S t a n d a r d  Procedure for the Determination of the 6 / 5  Isomer 
Ratio, n - B u t y l l i t h i u m  in  r e - h e x a n e  ( 1 . 6  M ,  2  m L ,  0 .0 0 3 2  m o l)  w a s  

d i l u t e d  w i t h  d i e t h y l  e t h e r  ( 1 0  m L ) .  U n d e r  a r g o n  a n d  a t  r o o m  t e m 

p e r a t u r e  ( 2 0 - 2 2  ° C )  t h e  a r y l  b r o m i d e  ( 0 .0 0 3  m o l)  w a s  s y r i n g e d  in  

d r o p w i s e .  A f t e r  1 5  m in  s t i r r i n g ,  d i - t e r f - b u t y l  k e t o n e  ( 0 .4 8  g ,  0 .0 0 3 2  

m o l)  w a s  i n t r o d u c e d  in  t h e  s a m e  w a y .  A f t e r  a  f u r t h e r  1 5  m in  t h e  r e 

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

p h a s e  w a s  w a s h e d  t o  n e u t r a l i t y  a n d  d r i e d  ( N a 2 S 0 4) . A  s a m p l e  o f  t h e  

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

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

a l u m i n a  ( a c t i v i t y  I I —I I I )  in  l i g h t  p e t r o l e u m  ( 3 5 - 6 0  ° C )  f o l l o w e d  b y



e t h e r / l i g h t  p e t r o le u m  m i x t u r e s  t o  i s o l a t e  6  in  y i e l d s  o f  2 4 - 6 6 %  ( T a b l e  

I V ,  5 t h  c o lu m n ) .

T h e  6/5 i s o m e r  r a t i o  o f  t h e  c r u d e  r e a c t io n  p r o d u c t  w a s  d e t e r m in e d  

b y  s e l e c t i v e  d e h y d r a t i o n .  S i n c e  t h e  a p  a l c o h o l  6  is  d e h y d r a t e d  s o m e  

1 0 4  t i m e s  f a s t e r  t h a n  t h e  s p  i s o m e r  5, a  b r i e f  t r e a t m e n t  w i t h  d i lu t e  

H 2S O 4 d e s t r o y s  c o m p l e t e l y  t h e  f o r m e r  w h i le  t h e  l a t t e r  is  u n t o u c h e d .  

P r o c e d u r e  w a s  a s  fo llo w s : a  s o lu t io n  o f  c r u d e  p r o d u c t  ( 5 0 - 6 0  m g )  w it h  

a  s u i t a b l e  h y d r o c a r b o n  s t a n d a r d  ( 2 0  m g )  in  a c e t i c  a c i d  ( 1 0  m L )  w a s  

t r e a t e d  w i t h  1 0  m L  o f  a  2 %  v / v  s o l u t i o n  o f  H 2 S O 4 in  a c e t i c  a c i d  a t  2 5  

° C .  W h e n  t h e  a l c o h o l  m i x t u r e  is  c h r o m a t o g r a p h e d  o n  a  s t a n d a r d  

c o lu m n  ( S E 3 0 1 0 % ,  5  f t  X  V« in .)  w i t h  a  h ig h  in je c t o r  ( 2 5 0  ° C )  a n d  o v e n  

( 2 0 0 - 2 2 0  ° C )  t e m p e r a t u r e  t h e  t w o  a l c o h o l s  e m e r g e  a s  a  s i n g le  p e a k .  

A  s a m p le  t a k e n  a t  z e r o  t im e  g iv e s  t h e  r a t i o  o f  t o t a l  a lc o h o l  t o  s t a n d a r d ,  

w h i le  a  s a m p l e  t a k e n  a f t e r  1 0 - 1 5  h a l f - l i v e s  o f  t h e  a p  a lc o h o l  g iv e s  t h e  

r a t io  o f  u n r e a c t iv e  s p  a lc o h o l  t o  s t a n d a r d ,  w h e n c e  t h e  6/5 i s o m e r  r a t io  

( T a b l e  I V ) .

Synthesis of 2-Methylpivalophenone. A l c o h o l  5d (4 g )  u p o n  

h e a t i n g  u n d e r  r e f l u x  f o r  3  h  a t  2 4 0 - 2 6 0  ° C  d e c o m p o s e d  t o  g i v e ,  a f t e r  

p u r i f i c a t i o n  o n  S E 3 0  1 5 %  a t  1 9 0  ° C ,  t h e  r e q u i r e d  k e t o n e  ( 2 .3 6  g , 7 8 %  

y i e l d ) :  I R  ( C C 1 4) 1 6 8 4  c m ' 1 ; N M R  ( C C 1 4) , s i n g l e t  (5  1 . 1 9 ) ,  9  H  o f  

te r t -b u t y l ;  s i n g le t  (5  2 . 1 7 ) ,  3  H  o f  2 - m e t h y l ;  m u l t i p l e t  (6 7 . 1 0 ) ,  4  a r o 

m a t i c  H .
Addition of tert-Butyllithium to 2-Methylpivalophenone.

tert - B u t y l l i t h i u m 63 w a s  p r e p a r e d  b y  s lo w  a d d i t i o n  ( 1  h )  o f  tert- b u t y l  

c h lo r id e  ( 2 .5  g , 0 .0 3  m o l)  in  d i e t h y l  e t h e r  ( 4 0  m L )  t o  v ig o r o u s ly  s t i r r e d  

f i n e l y  c h o p p e d  l i t h iu m  ( 0 .5  g , 0 .0 7  g  a t o m )  in  e t h e r  ( 3 0  m L )  a t  —4 0  ° C .  

A t  t h e  s a m e  t e m p e r a t u r e ,  2 - m e t h y l p i v a l o p h e n o n e  ( 1 . 8  g ,  0 . 0 1  m o l)  

in  e t h e r  ( 3 0  m L )  w a s  a d d e d  d u r i n g  3 0  m in .  T h e  m i x t u r e  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  o v e r n i g h t  a n d  w a s  t h e n  w o r k e d  u p  a s  

u s u a l.  G L C  a n a l y s i s  o f  t h e  c r u d e  p r o d u c e  r e v e a l e d  o n ly  t h e  s e c o n d a r y  

a lc o h o l ,  o - t o l y l - f e r t - b u t y l c a r b i n o l ,  a n d  t h e  s p  i s o m e r ,  5d. C h r o m a 

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

o n d a r y  a l c o h o l  ( 1 . 4 4  g , 6 3 % )  a n d  5d ( 0 .5 5  g ,  2 3 % ) .

Kinetic Procedures. T h e  m e t h o d  u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  

a lc o h o l  r o t a t i o n  r a t e s  in  d o d e c a n e  w a s  a s  d e s c r i b e d  p r e v i o u s l y . 1 1

Equilibration of Alcohols 5d and 6d Catalyzed by u-Butyl- 
lithium in n-Hexane. A  t h e r m o s t a t e d  5 - m L  f l a s k  w a s  f i t t e d  w i t h  a  

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

b e  c o n t i n u o u s l y  f l u s h e d  w i t h  a r g o n .  I n t o  5  m L  o f  a n  n - b u t y l l i t h i u m  

s o l u t i o n  in  r e - h e x a n e ,  s t i r r e d  m a g n e t i c a l l y ,  w a s  i n j e c t e d  1 5  p L  o f  a  

s o l u t i o n  o f  a l c o h o l  5d in  t h e  s a m e  s o l v e n t  ( 1 5 0  m g  in  1 0 0  gL ; f i n a l  a l 

c o h o l  c o n c e n t r a t i o n  c a .  0 . 0 1  M ) .  S a m p l e s  ( 0 .2 5  m L )  w e r e  w i t h d r a w n  

b y  m e a n s  o f  a  s y r i n g e  a t  a p p r o x i m a t e l y  5 - m i n  i n t e r v a l s  a n d  i n je c t e d  

in t o  i c e - c o o le d  w a t e r .  L o w - t e m p e r a t u r e  G L C  a n a l y s i s  o f  t h e  o r g a n i c  

p h a s e  r e v e a le d  t h a t  t h e  5d/6d r a t io  r o s e  t o  a  c o n s t a n t  v a lu e  a f t e r  5 - 1 0  

m in  a n d  d i d  n o t  v a r y  s i g n i f i c a n t l y  t h e r e a f t e r .  A p p r o x i m a t e ly  t h e  s a m e  

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

6d. T h e  s u m  o f  t h e  a p p a r e n t  f o r w a r d  a n d  r e v e r s e  r a t e  c o n s t a n t s ,  k a  

a n d  k s, w a s  o b t a i n e d  b y  f o l l o w i n g  t h e  r o t a t i o n  o f  a l c o h o l  6d d u r i n g  

3 ^ 1  r e a c t io n  h a l f - l i v e s  a n d  p lo t t in g  lo g ( [ a p ] z — [a p ]eq) a g a i n s t  e la p s e d  

t im e .  T h e  s t a n d a r d  d e v i a t i o n  o n  k a  +  k s  i s  w i t h i n  ±5%; t h e  e q u i l i b 

r iu m  p e r c e n t a g e  o f  e i t h e r  i s o m e r  i s  r e p r o d u c i b l e  t o  ± 2 % .  P r o b a b l e  

e r r o r s  o n  k s  a r e  g r e a t e r  t h a n  t h o s e  o n  kp  a n d  i n c r e a s e  a s  k s  a p 

p r o a c h e s  z e r o .
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T h e  r a t e  o f  S -  t o  i V - a c y l  t r a n s f e r  o :  S - o c t a n o y l - / 3 - m e r c a p t o e t h y l a m i n e  ( O M A )  is  e n h a n c e d  b y  h e x a d e c y l t r i -  

m e t h y la m m o n i u m  b r o m i d e  ( C T A B )  m i c e l l e s  b y  4 . 6 - f o l d  a n d  s l i g h t l y  i n h i b i t e d  b y  t h e  n o n i o n i c  d e t e r g e n t  B r i j - 3 5 .  

T h e  r a t e  o f  t h e  S  t o  N  t r a n s f e r  o f  S - a e e t y l - / S - m e r c a p t o e t h y l a m i n e  ( A M A )  i s  u n a f f e c t e d  b y  C T A B  o r  B r i j .  M i c e l l e s  

o f  a  n e g a t i v e  d e t e r g e n t ,  s o d i u m  d o d e c y l  s u l f a t e ,  i n h i b i t  t h e  r a t e  o f  S  t o  N  t r a n s f e r  o f  A M A  b y  1 0 0 - f o l d ;  t h e  i n h i b i 

t i o n  in  t h e  c a s e  o f  O M A  i s  5  X  1 0 3 - f o l d .  A n  i n c r e a s e  in  t h e  a p p a r e n t  p K  o f  t h e  a m m o n i u m  io n  a n d  a  d e c r e a s e  in  t h e  

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

Micelles modify the rates and/or product distribution 
of a number of reactions in both aqueous and nonaqueous 
solvents (for recent reviews, see ref 1-3). The usefulness and 
limitations of the “micelle model” for the understanding of 
the catalytic mechanism of enzymes have been discussed.1-3 
Since distortion of a part of the substrate has been shown to 
be an important factor in some enzyme-catalyzed reactions,4 
it might be expected that micellar modeling of distortion 
would be more feasible in intra- rather than intermolecular 
reactions due to the high fluidity and mobility of micelles.3

This work is concerned with the effect of detergent on the
S -  to IV-acyl transfer in mercaptoethylamines. The mecha
nism of this reaction is well known as a result of a number of 
studies.5-10 In the early work of Martin and co-workers,6 it was 
demonstrated that acyl transfer occurs via the formation of 
a cyclic intermediate of the type previously demonstrated for 
the S -  to O-acyl transfer in the CH3COS(CH9)nOH series. 
Above pH 6, partitioning of the cyclic intermediate back to 
the starting thioester is negligible, resulting in the production 
of the amide as the only product.11 The occurrence of a rate- 
limiting proton-transfer step was later proposed by Barnett 
and Jencks.10 The fact that the rate of the S- to IV-acyl 
transfer in mercaptoethylamine is insensitive to the addition 
of high salt concentration or of solvents like butanol10 facili
tates the analysis of the effect of detergent on this complex 
reaction; thus microsolvent effects3 or the high effective ionic 
strength at the stern layer of a micelle would not be expected 
to alter significantly the reaction rate.

The data for the effect of detergents on the rate of S -  to 
IV-acyl transfer on mercaptoethylamines presented here 
demonstrates a strong rate inhibition by negative detergents, 
a negligible effect by nonionic detergents, and a small catalysis 
by positive detergents.

Experimental Section
C T A B  w a s  o b t a i n e d  f r o m  M e r c k ,  D a r m s t a d t ,  G e r m a n y  ( p r o  

A n a l y s i s  g r a d e  L o t  2 5 2 5 3 4 ) ,  a n d  w a s  r e c r y s t a l l i z e d  t h r e e  t i m e s  f r o m  

a c e t o n e - e t h a n o l .

S D S  w a s  o b t a i n e d  f r o m  B D H ,  P o o le ,  E n g l a n d  ( s p e c ia l ly  p u r e  g r a d e  

L o t  1 2 6 2 9 8 4 ) ,  a n d  w a s  r e c r y s t a l l i z e d  f r o m  e t h a n o l  a n d  s h o w n  t o  b e  

f r e e  f r o m  s u l f a t e ,  a lc o h o ls ,  o r  h i g h e r  a n a lo g u e s  b y  a c i d  h y d r o l y s i s  a n d  

v a p o r  p h a s e  c h r o m a t o g r a p h y  o f  t h e  e t h e r  e x t r a c t s .

S - A c e t y l - f j - m e r c a p t o e t h y l a m i n e - H C l  ( h e r e a f t e r  r e f e r r e d  a s  A M A )  

w a s  s y n t h e s i z e d  b y  a  p u b l i s h e d  p r o c e d u r e ; 12  m p  1 3 7 - 1 3 8  ° C  ( l i t .  m p  

1 3 7  ° C 12 ).

S - O c t a n o y l - d - m e r c a p t o e t h y l a m i n e - H C l  ( O M A )  w a s  s y n t h e s i z e d  
a s  d e s c r i b e d ;  m p  1 0 5 - 1 0 8  ° C  ( l i t .  m p  1 1 1 - 1 1 3  ° C n ) ; S  a n a l y s i s ;  I R ,  

U V ,  a n d  N M R  s p e c t r a  a r e  a l l  in  a c c o r d  w i t h  s t r u c t u r e .

A l l  o t h e r  r e a g e n t s  w e r e  a n a l y t i c a l  g r a d e .  W a t e r  w h ic h  h a d  b e e n  

d e i o n i z e d  a n d  t w i c e  d i s t i l l e d  i n  g l a s s  w a s  u s e d  t h r o u g h o u t .

K i n e t i c s .  T h e  k i n e t i c s  o f  t h e  i n t r a m o l e c u l a r  c o n v e r s i o n  o f  S -  
a c y lm e r c a p t o e t h y l a m i n e s  t o  t h e  c o r r e s p o n d in g  a m id e s  w a s  f o l lo w e d  

s p e c t r o p h o t o m e t r i c a l l y  a t  2 5  ° C  ( M a s t e r l i n e  F o r m a  S c i e n t i f i c  b a t h )  

in  t h e  t h e r m o s t a t e d  c o m p a r t m e n t  o f  a  G i l f o r d  r e c o r d i n g  s p e c t r o 

p h o t o m e t e r .  T h e  r e a c t i o n  w a s  f o l lo w e d  a t  2 2 9  n m , a n d  t h e  m e a s u r e d

e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  t h i o e s t e r s  c o r r e s p o n d e d  t o  t h o s e  d e 

s c r i b e d . 8 T h e  r e a c t i o n  c u v e t t e s ,  c o n t a i n i n g  a l l  a d d i t i o n s  e x c e p t  t h e  

t h i o e s t e r ,  w e r e  c h e c k e d  f o r  p H ,  a f t e r  t e m p e r a t u r e  e q u i l i b r a t i o n ,  w i t h  

a  M e t r o h m  p H  m e t e r  e q u i p p e d  w i t h  a  m ic r o c o m b i n a t i o n  e l e c t r o d e .  

T h e  p H  r e c h e c k e d  a f t e r  e a c h  k in e t ic  r u n  d i d  n o t  c h a n g e .  A l l  r e a c t io n s  

w e r e  s t a r t e d  b y  a d d i n g  1 0  fiL o f  a  f r e s h l y  p r e p a r e d  a q u e o u s  s t o c k  

s o l u t i o n  o f  t h e  t h i o e s t e r  ( c a . 1 0 - 3  M ) .  T h e  s t o c k  s o l u t i o n  w a s  n e v e r  

u s e d  f o r  m o r e  t h a n  1  h . R e a c t i o n s  w e r e  f o l l o w e d  f o r  a t  l e a s t  4  h a l f -  

l i v e s .  T h e  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  l o g  ( A o  -  

A t ) v s .  t i m e  p lo t s .

N M R  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  in  a  V a r i a n  T - 6 0  s p e c t r o m 

e t e r .

Results
The cationic detergent hexadecyltrimethylammonium 

bromide (CTAB) catalyzed the S -  to IV-acyl transfer of S -  
octanoyl-d-mercaptoethylamine (Figure 1), the rate constant 
increasing sharply at CTAB concentrations greater than 3 X 
10~4 M. The critical micelle concentration (cmc) of CTAB in 
water is 9 X 10~4 M.3 It is known that both the addition of salts 
or amphiphilic electrolytes1’3 can lower the cmc of this de
tergent. Taking 3 X 10-4 M as the effective cmc under our 
kinetic conditions, it is possible to calculate the maximum rate 
acceleration and the partition coefficient of the substrate 
between water and the micellar pseudophase.13 According to 
this model, a unimolecular reaction can be treated using

_ k mK ( C p -  cmc) + k 0 
*  K ( C b  -  cmc) +  1 ( 1 )

where is the observed first-order constant, CD is the total 
detergent concentration, k 0 is the observed first-order rate 
constant in the absence of detergent, K  is the distribution 
coefficient of the reagent, and k m is the rate constant in the 
micellar phase. k m and K  were iterated from an initial value 
o i k m taken as the observed first-order rate constant at the 
plateau (Figure 1). Only the data up to 5.5 X 10-3 M CTAB 
were used in this calculation. At pH 6.8 in 0.01 M NaH2P0 4 , 
k a is 0.026 s_1, the calculated k m under the same conditions 
is 0.12 s—1, so the rate acceleration by CTAB is 4.6-fold.

In order to discard the possibility of self-aggregation of the 
substrate that would modify the observed rate constant for 
the uncatalyzed reaction, the concentration of OMA was 
varied between 2.8 X  10~5 and 4.2 X  10~4 M. It was found that 
between these limits the first-order rate constant did not 
change. The values of k $ obtained at high detergent concen
tration deviate from the predicted values, indicating that the 
model described by eq 1 accounts only partially for all the 
data.

The inhibitory effect of sodium dodecyl sulfate (SDS) in 
this system is more pronounced than the (small) catalytic 
effect observed with CTAB (Figure 2).

Various models were considered in order to fit all the inhi
bition data. These models were based on assumptions of for
mation of aggregates containing substrate and SDS in definite
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CTAB (M)
Figure 1. C a t a l y s i s  o f  t h e  S -  t o  A - a c y l  t r a n s f e r  o f  .S - o c t a n o y l - h -  

m e r c a p t o e t h y l a m i n e  b y  C T A B .  S o l i d  l i n e  i s  c a l c u l a t e d  ( s e e  t e x t ) .

Figure 2 .  E f f e c t  o f  S D S  o n  t h e  S -  t o  I V - a c y l  t r a n s f e r  o f  S - o c t a n o y l -  

/ 3 - m e r c a p t o e t h y l a m i n e  ( O M A ) .  S o l i d  l i n e  is  c a l c u l a t e d ,  i n s e t  s h o w s  

t h i s  s a m e  r e g i o n  o f  S D S  c o n c e n t r a t i o n  p l o t t e d  a c c o r d i n g  t o  e q  2  ( s e e  

t e x t ) .  I n i t i a l  c o n c e n t r a t i o n  o f  O M A ,  2  X  1 0 - 4  M .

proportion over the entire SDS concentration range used as 
shown in Scheme I. In this scheme, i represents the moles of 
OMA in the substrate-detergent aggregate, j  the number of 
moles of detergent in the aggregate, K  the equilibrium con
stant, and kij the rate constant for the S to N transfer in an 
aggregate with i moles of OMA and j  moles of SDS. This type 
of model has been successfully employed in other aminolysis 
systems.14 However, these models failed to give internally 
consistent results in this case. This failure is probably a re
flection of multiple equilibrium between SDS and the sub
strate that results in an ensemble of mixed aggregates between 
OMA and SDS with varying i, j  (Scheme I), and consequently, 
different ktJ. The i to j  ratio would be expected to change with 
detergent concentrations. As the inhibition by SDS is readily 
observable at OMA/SDS ratios higher than 1 (Figure 2), the 
aggregates may even consist of i >  j .

S c h e m e  I

¿ S  +  y 'A  S i  A y

kQ kij
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Figure 3. E f f e c t  o f  S D S  o n  t h e  S -  t o  I V - a c y l  t r a n s f e r  o f  S - a c e t y l - d -  

m e r c a p t o e t h y l a m i n e .  S o l i d  l i n e s  w e r e  c a l c u l a t e d  a c c o r d i n g  t o  e q  1 ;  

( ■ )  p H  6.4, (D) p H  6 .8, ( • )  p H  7.14, (O) p H  7.8. A l l  b u f f e r s  c o n t a in e d  

0 .0 2  M  N a H 2 P 0 4  a d j u s t e d  w i t h  N a O H  t o  t h e  d e s i r e d  p H .

Table I. Effect of Brij 35 on the Rate of S -  to iV-Acyl 
Transfer of ,S-Octanoyl-/j-Mercaptoethylaminen

B r i j  3 5 ,  M  X  1 0 4 k,p X  1 0 2 , s “ 1

4 .4

2 . 7 4 . 3

5 . 5 4 . 4

1 1 . 0 3 . 7

2 2 . 0 4 . 0

5 5 . 0 2 . 5

°  A l l  r e a c t i o n s  w e r e  c a r r i e d  o u t  a t  2 5  ° C  i n  4 . 0  X  1 0 ~ 2 M  N a  

p h o s p h a t e  b u f f e r ,  p H  6 .8 0 ;  i n i t i a l  c o n c e n t r a t i o n  o f  O M A  w a s  2 . 5 4  

X 1 0 “ 4 M .

The experimental points obtained at SDS/OMA > 10, when 
the aggregate can be viewed as a typical SDS micelle, were 
fitted to the same distribution model13 outlined above for the 
catalysis of the same reaction by CTAB (solid line in Figure
2) and is amplified in the inset using another form of eq 1:

ko Hq N (k o  k m) Cd cmc
The iterative procedure gives K  =  8.2 X  104. Distribution 

coefficients of this order of magnitude had previously been 
observed in an intermolecular aminolysis system using a re
active micelle and oppositely charged ester as a substrate.14 
The k m was calculated to be 1 . 5  X  10~5 s-1 and under those 
conditions cmc was taken as 1.2 X  10-3 M.

The rate of the S to N transfer is slightly inhibited by a 
nonionic detergent (Brij 35) (Table I).

In order to make an assessment of the relative importances 
of hydrophobic and electrostatic contributions to the effects 
of detergents described above, the S to N transfer reaction was 
studied using S-acetyl-d-mercaptoethylamine (AMA) as 
substrate. The rate of the S to N transfer reaction of AMA is 
unaffected by the addition of a positive detergent up to 
100-fold the critical micelle concentration. This (lack of) effect 
is to be expected on the basis of previous data on aminolysis 
of charged esters14 and indicates that AMA does not incor
porate significantly in the CTAB micellar phase. SDS inhibits 
the rate of the S to N reaction of AMA (Figure 3). The inhi
bition results can be fitted to a simple distribution model using 
eq 1. The calculated parameters (k m and K )  were further 
analyzed varying the pH between 6.4 and 7.8 (Table II).

The maximum inhibition (k 0/ k m) by micellar SDS is con
sistently 100-fold at all the pHs studied. The rate increase with 
pH is consistent with the previously reported effect of pH in 
this reaction.10 Both the effect of pH on k m and on the dis
tribution coefficient of the substrate (Figure 3 and Table II) 
indicate that the protonated form of II binds better to the
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Table II. Effect of Sodium Dodecyl Sulfate on the Rate of 
S- to /V-Aeetyl Transfer in S-Acetyl-/3- 

________________ mercaptoethylaniinea_______ ______

pH k Q, s  1 fcm.s 1 K

6.4 0.054 4.0 X 10-4 322
6.8 0.122 1.52 X lo-3 375
7.14 0.234 2.0 X 10-3 279
7.8 0.722 7.0 X 10-3 202

° All reactions were carried out at 25 °C in 2.0 X 10~2 M Na 
phosphate buffers. Initial substrate concentration was usually 
2 X 10-4 M. See text for the description of the calculation of k m 
(rate constant in the micellar phase) and K  (distribution constant 
of substrate). k Q represents the rate constant in the absence of 
added detergent.

Table III. Line Broadening of the ’H NMR Signal of the 
Bridge Methylene Hydrogens of CHjfCTDeCOS- 

(Cff2)2NH3Cl (OMA) by Sodium Dodecyl Sulfate (SDS)°

OMA, M________ SDS, M_________ Line width, Hz_____

0.025 1.6
0.025 0.125 2.6
0.025 0.188 2.0
0.025 0.250 2.3
0.025 0.375 2.0
0.025 0.500 2.0
0.050 1.7
0.050 0.220 5.6
0.050 0.325 3.6
0.050 0.375 3.6
0.050 0.500 4.0

“ See Results and Experimental Section for details. Under the 
conditions used the uncertainty in the determination of the width 
at half-height is 0.1 Hz.

micelle, as expected for an association that is predominantly 
ionic.

As the effect of SDS on OMA can, as a limit, be ascribed to 
a simple effect on the acid dissociation constant of the amine 
(vide infra), we have carried out a limited nuclear magnetic 
resonance investigation of the OMA/SDS complexes in order 
to try to distinguish effects other than a pK  shift of the ter
minal amine. A series of aqueous solutions of OMA containing 
various concentrations of SDS were prepared. It was calcu
lated that under these conditions (pH 5.0 ±  0.2; measured at 
1:100 dilution) due to both the pH decrease (see Table II) and 
the addition of SDS, NMR measurements could be carried out 
before any measurable change in the concentration of OMA 
could occur. The width at half-height of the signal from 
methylenic bridge group increases (Table III) and then de
creases to a plateau value which is significantly higher than 
that of the width of the free compound. This variation in the 
width of the lines is consistent with our previous contention 
of the existence of a continuum of OMA/SDS aggregates with 
varying proportions. Detailed investigations of this complex 
were limited by the very low solubility of the complex(es) at 
these high OMA concentrations. Moreover, the C2(H2) triplet 
of the octanoyl chain broadens considerably with the first SDS 
additions, making it impossible to resolve clearly. These re
sults constitute an indication of decrease of conformational 
freedom of OMA upon incorporation to SDS aggregates.

Discussion
Micellar catalysis or inhibition often arises from concen

tration of the reagents in the micellar phase; this effect is, of 
course, absent in mono- and intramolecular reactions. If the 
uncatalyzed reaction is very sensitive to changes in the solvent 
or to the addition of electrolytes, rate modifications by mi

celles will reflect directly the incorporation of the substrate 
into a medium different from water. Thus, rate modifications 
by micelles are seldom interpretable in terms of intrinsic ef
fects of the detergent aggregates on the reactivity of the sub
strate.

The most probable source of the inhibitory effect of SDS 
on the S- to jV-acyl transfer of mercaptoethylamines would 
be a pK  shift of the terminal ammonium ion caused by elec
trostatic interaction with the negative surface of the micelle. 
In the case of long-chain acyl substrates, a decrease in the 
flexibility of the substrate caused by both surface and hy
drophobic contributions could lead to additional stabilization 
of the initial state, and thus increased inhibition, by the neg
atively charged micelle.

The simplest explanation for the rate decrease of the S -  to 
JV-acyl transfer of AMA is an increase in the pK  of the am
monium ion. Indeed a 100-fold inhibition, that is observed for 
AMA, can be accounted for by an increase in pK  of 2 pH units, 
pK  displacements of this magnitude have been measured or 
inferred1-3 in a number of micelle modified reactions. Were 
this effect to be the only inhibitory factor, the rate of reaction 
of the unprotonated form in the Stern layer would be unaf
fected. This would suggest little penetration of the amine into 
the micellar phase and is in accordance with the small degree 
of hydrophobic stabilization afforded by a single CH3 group 
and the small distribution constant measured for AMA. As 
the pK  of this ammonium ion has been reported as 9.18, the 
apparent pK  on the SDS micelles would be of the order of
11 .

At high SDS/OMA ratios, where the inhibitory effect can 
be quantitatively analyzed, the micellar rate is slower than the 
water rate by a factor of 5 X 103. A pK  shift is unlikely to be 
the sole cause of this inhibition. Although the effect of SDS 
on the pK  of aliphatic amines has not been described, its effect 
on H 0 for primary, secondary, and tertiary aromatic amines 
is, at the maximum, 1.25 units.15 Moreover, the decrease in 
pK  of dodecylammonium upon micellization (which can be 
visualized as the reverse of the effect of incorporation of an 
alkyl ammonium ion into a negative micelle) is not higher than
1.4 pH units.16 This consideration and the effect of SDS on 
AMA allows one to set an upper limit of 2 pH units to the pK  
displacement produced by SDS on OMA. Thus, even taking 
into account the pK  shift contribution, leading to a 100-fold 
inhibition, a rate decrease of, at least, 50-fold has to be ex
plained.

This latter inhibition factor is most readily accounted for 
by assuming a decrease in the flexibility of substrate. Indeed 
the NMR data are unambiguous in the indication that the 
signal due to the methylene bridge protons is broadened by 
SDS. No signal splitting is observed under our conditions, 
strongly suggesting that the broadening is due not to a removal 
of the degenerancy, but rather to a decrease of the confor
mational freedom of this segment of the substrate.

Solutes have considerable mobility in the micellar 
phase,3’17’18 and the motional freedom along the surfactant 
chain is only modestly restricted; however, the maximum 
motional restriction has been observed near the polar end of 
the detergent chain,19 and the type of movement of the sub
strate can be restricted according to the relationship between 
the substrate and the micellar surface.20 A good example of 
this is the observation that the addition of SDS causes an in
crease in the population of one of the isomers of N-octanoyl- 
sarcosinate,21 demonstrating that favorable interactions be
tween substrate and micelle can stabilize, significantly, one 
particular configuration of the substrate.

From the values of association constants of hydrophobic 
substrates with oppositely charged micelles,14 it was expected 
that protonated OMA would interact favorably with SDS 
micelles, and this is reflected in the large value for the distri-
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Scheme II

2
bution coefficient for this substrate. That this interaction has 
both electrostatic and hydrophobic components is implied by 
the 250-fold smaller distribution coefficient for AMA. The 
hydrophobic, or electrostatic interaction(s), will tend to sta
bilize the amine segment in the Stern layer; the hydrophobic 
contribution, on the other hand, will favor the insertion of the 
long acyl chain in the interior of the micelle. These interac
tions will favor an elongated configuration of the substrate 
(form 1, Scheme II). The molecular movement of OMA in SDS 
micelles will thus be nonisotropic, in the sense that the at
tainment of the bent conformation, necessary for attack 
leading to products, will be highly unfavorable (form 2, 
Scheme II) due, in part, to the exposure of the methylenic 
bridge to the solvent. Rotational anisotropy of a negatively 
charged spin probe UV-oxyl-4',4'-dimethyloxazolidine de
rivative of 5-ketostearic acid) incorporated into a positively 
charged micelle has recently been described.22 It has also been 
proposed, in a SDS inhibited system, that the ionic array of 
SDS with a positively charged substrate is tight in order to 
explain the observed stereoselectivity23 of the reaction.

The rate of S to N transfer in OMA is enhanced about 
fivefold in the micellar phase of CTAB. The simplest expla
nation of this (small) effect would be a decrease in the pK  of 
the terminal amine, thus increasing the concentration of the 
reactive (unprotonated) species. In a related system, it has 
been shown that micellization of dimethyl dodecyl ammonium 
chloride produces both an increase in the proton-exchange 
rate and a decrease in the pK  of the ammonium ion of 1.4 pH

units.13 Taking this latter system as references, it would be 
expected that, in the absence of other effects, the rate accel
eration caused by CTAB in the S to N transfer of OMA should 
be at least 30-fold. The rate acceleration obtained is signifi
cantly smaller, and the kinetic results can not be accommo
dated within the framework of a simple distribution model. 
This constitutes an indication of the occurrence of a mixed 
activation-inhibition effect by CTAB on this reaction.
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Mechanism of the Meyer-Schuster Rearrangement
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The mechanism of the Meyer-Schuster rearrangement of tertiary arylpropargyl alcohols to a,li unsaturated car
bonyl compounds is discussed. The data, inverse solvent isotope effects, feHzO,&D2o = 0.36-0.48, p vs. <r+ = —2.3 at 
the reaction site and -1 .6  at the rearrangement terminus, (hu/fedL at the rearrangement terminus = 0.92, and rela
tively large negative AS*, all suggest an ion-dipole intermediate undergoing nucleophilic attack by H20  as the rate
determining step. The rearrangement of eight triaryl- and diarylpropargyl alcohols is reported.

unsaturated ketones 3 and 4 by a variety of acidic catalysts 
such as CH3C00H/H2S04, HC1 in ether, acetic anhydride, 
and acetyl chloride.2 Several reviews concerned with the 
Meyer-Schuster and related Rupe rearrangements have ap
peared within the last 10 years.3-4 Each suggests that alkynyl 
cations such as 5 are involved in the Meyer-Schuster rear-

foC-CssC-R' «-*■ R2C=C=C-R']
1 2  3 „  1 2  3

3

In 1922 Meyer and Schuster reported that triarylpropar- 
gyl alcohols, 1 and 2, were converted in good yield to a f i -

Ar C = C P h

V
/  \

Ar OH

Ar
\

O

C=CHCPh
/

Ar

A r=  Ph 
Ar =  p-ClC6H4

3
4
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Scheme I. Acid-Catalyzed Preequilibrium

+OHL

fast I
(1 ) RiR2CC=CR3 +  H;,0+ R,R,CC=CR:i

e q u il
+OH, +OH,

( 2 ) R,R,CC=CR3 R,R ,C=C=C—  R
+OH,
/

(3) R,R,C=C=C— R3

0

II
RR,C=CHCR

Scheme II. Acid-Catalyzed Hydration—Dehydration 

OH OH

(4) RjR,CC^sCR3 + HjO R1R,CC=CR,
” 1

H
OH OH 0

(5) R,R,CCH=CR3 R,R2CCH3CR3

Intermolecular:

R ^ jC C ^ H .O ^ R j ^  R ,R jC = C = C R 3 ( c )

Equations a and b are the classical A-l and A-2 versions of this 
rearrangement and imply covalen t attachment of H2O in the 
transition states. Equation b is meant to imply only e le c tro 
s t a t ic  interactions, i.e., ion-dipole, of solvent and R+.

The question of describing the mechanism involved here 
thus becomes one of deciding first whether proton transfer to 
the substrate is rate limiting (Scheme II) or not (Scheme I) 
and secondly, if Scheme I obtains, determining the site(s), i.e., 
number, and nature, electrostatic or covalent, of the interac
tion between substrate and associated water molecules. Our 
task then was to design mechanistic probes which would 
provide as much detail as possible regarding the rearrange
ment step. We elected to examine the kinetic behavior of 
tertiary ethynyl carbinols undergoing the Meyer-Schuster 
rearrangement exclusively and nearly quantitatively. Com
pounds 6a-h were chosen for study.

OH 0  0
I I  - H O  i

(61 R.R.CCH.CRj —  -  R R,0=CHCR,

rangement, yet no firm evidence is available to support this 
contention. Indeed, the mechanistic evidence upon which 
pathways for the Meyer-Schuster rearrangement have been 
suggested has been acquired primarily from studies on pro- 
pargyl alcohols undergoing the related Rupe rearrange
ment.5-12 While we did not doubt the intermediacy of a cat
ionic species, we did seek to establish the mechanism of this 
rearrangement in more detail than had previously been sug
gested. We therefore used the Schemes I and II as working 
hypotheses in our study. It should be noted that Ri, R2, and 
R3 must be chosen so that a  hydrogens are not available for 
elimination from carbons adjacent to a cationic center. In our 
study, we chose Ri and R2 = aryl and R3 = aryl or H in order 
to satisfy the earlier constraint as well as to avoid skeletal 
rearrangements known to occur when R„ = branched 
alkyl.12

Scheme I involves a rapid, preequilibrium step followed by 
slow rearrangement of the conjugate acid. Subsequent ke- 
tonization of the resulting allenol is considered rapid. Scheme 
II involves a rate-limiting proton transfer to carbon followed 
by rapid hydration of the resulting vinyl cation and subse
quent rapid dehydration of the intermediate ketol. While 
Scheme II appeared unlikely on the basis of mechanistic evi
dence against its incursion in the Rupe rearrangement of 1- 
ethynyleyclohexanol to 1 -acetylcyclohexene, we noted that 
the conditions required to effect Meyer-Schuster rearrange
ment of certain triarylpropargyl alcohols were not dissimilar 
to those under which arylacetylenes are hydrated to aceto
phenones via a mechanism involving a carbynium ion.13

If Scheme I is examined it is apparent that step 2, i.e., the 
expected rate-limiting step, represents a multitude of kinet- 
ically indistinguishable mechanistic possibilities. Three of 
these are detailed below.

Intramolecular:

+ OH2 +o h 2

R,R2CC=CR3 -+ R1R2C=C=C R 3 (a)

0

II
R,R,0=CH CR:i 

7

a, R , = R 2 = R3 = C6Hs
b, R, = R 2 = C6H s; R 3 = p -C lC 6H4
c , R 1 = R2 = C6H5;R 3 = p -CH3C6H4
d, R , = R 2 = C6H5; R 3 = p-CH 3OC#H4
e, R , = R 3 = C6Hs; R 2 = p-ClC6H4
f , R , = R3 = C6H 5; R 2 = p-CH 3OC6H4
g, R , = R 2 = C6HS;R 3 = H
h, R , = R 2 = C6H 5; R 3 = D

Results
Pseudo-first-order rates of rearrangement were measured 

spectrophotometrically at 3040 or 3100 A in 40% dioxane:60% 
aqueous sulfuric acid. Excellent first-order plots were obtained 
to better than 90% rearrangement. Infinity absorbances in
dicated that the rearrangement 6  — 7 proceeded to greater 
than 97% completion in all cases based on molar absorptivities 
for 7 available in the literature.14 Values of acidity function, 
H o, are available for this medium in the literature. 15 Table I 
presents the computer-calculated rate data obtained in this 
study. Figures 1 and 2 display data selected to illustrate the 
substituent effects and solvent isotope effects observed here. 
Table II lists the acidity dependence information derived from 
Table I. Table III contains the secondary isotope-effect data 
calculated from the paired kinetic runs indicated in Table I, 
6g/6h. The activation parameters calculated from the data 
in Table I are A H *  = 20.9 kcal mol- 1  and A S *  =  —7.5 eu for 
6a and A H *  =  18.5 kcal mol- 1  and AS* = —18.2 eu for 6g at 
25 °C in 1.5 M H2SO4. Substituent effects vs. <r+ are calculated 
to be p = —2.3 (r = 0.984) at the reaction center (C-l in the 
alkynyl cation, 5) and p = -1 .6  (r = 0.973) at the propargyl 
position, i.e., C-3. The solvent isotope effects are calculated 
to be &H20/&D2O = 0.36 for 6a and 0.48 for 6g in 1.5 M L2SO4 
at 25 °C. The acidity required to effect measurable rates of 
rearrangement in these compounds precluded an evaluation 
of the incursion of specific or general acid catalysis.

Discussion

Ri C = C R 3

/  \
R, OH

“ Solvolytic” :

+ OH 2

R ,R 2C C=C R 3
5+- Ô +

R, R2C— C=='CR3 + H ,0

The inverse solvent isotope effects (&h2o/&D20 < 1) ob
served rule out any mechanism in which proton transfer is rate 
limiting. Consequently, the present discussion is confined to 

(b) Scheme I.
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Table I. Pseudc -First-Order Rate of Acid-Catalyzed Rearrangement 6 — 7 in 40:60 Dioxane/Aqueous H2SO4

Compd T , °C Ml,s o / Ho 10*&obsd> S ^ Compd r ,° c Ml,s o / Ho 104feobsd> s_1
6a 25.03 ±  0.03 0.74 0.85 0.0878 6e 25.03 ±  0.03 2.00 -0.02 0.417

1.06 0.60 0.273 2.30 -0.21 0.881
1.70 0.18 0.864 2.60 -0.41 1.77
2.03 -0.03 2.13 2.74 -0.50 1.94
2.30 -0.21 3.35 3.18 -0.79 5.43
2.90 -0.63 15.6 3.51 -1.00 12.4
0.84 6 0.77c 0.432 6f 25.03 ± 0.03 0.34 1.18 1.45
1.066 0.60c 0.713 0.57 1.00 2.12
1.25 b 0.47c 1.04 0.75 0.84 3.70
1.70'b 0.18c 2.49 1.00 0.64 6.75
1.95fc 0.02c 3.87 1.35 0.41 16.3
2M b -0.25c 9.36 1.70 0.18 34.6

34.62 ±  0.02 0.63 0.93 0.310 6g 25.03 ±  0.03 1.15 0.53 0.0794
0.67 0.90 0.325 1.30 0.43 0.111
1.06 0.60 0.891 1.53 0.28 0.202
1.23 0.49 1.23 1.63 0.22 0.235 d
1.54 0.28 2.26 1.84 0.08 0.334d
1.84 0.08 4.12 2.12 -0.09 0.605d

2.38 -0.27 1.05d45.51 ±  0.04 0.43 1.16 0.590
0.67 0.90 1.08 6g 25.03 ± 0.03 0.71b 0.91c 0.0592
0.88 0.78 1.79 0.79* 0.80c 0.0772
1.13 0.55 3.09 0.816 0.78c 0.0889
1.30 0.45 4.09 0.97fc 0.65c 0.118

1.186 0.53° 0.1896b 24.98 ±  0.04 1.06 0.60 0.128
1.13 0.55 0.190 35.00 ± 0.04 0.96 0.66 0.166
1.46 0.33 0.321 1.13 0.55 0.237
1.85 0.08 0.713 1.28 0.45 0.316
2.21 -0.15 1.47 1.54 0.28 0.542
2.60 -0.41 3.21 1.66 0.21 0.676

1.85 0.07 0.973
6c 25.03 ±  0.03 0.65 0.93 0.465

0.66 0.92 0.495 44.10 ±  0.03 0.52 1.06 0.159
1.02 0.63 1.13 0.58 0.99 0.205
1.25 0.48 2.11 0.78 0.80 0.337
1.46 0.33 3.28 1.00 0.63 0.537
1.55 0.28 3.88 1.17 0.53 0.733

1.32 0.43 0.976
6d 25.03 ±  0.03 0.40 1.19 0.690 1.54 0.29 1.53

0.58 0.99 1.20
0.88 0.74 2.76 6h 25.03 ± 0.03 1.63 0.22d 0.262
0.93 0.69 3.04 1.84 0.08d 0.355
1.30 0.44 7.01 2.12 —Q.09d 0.667

2.38 -0.27d 1.14

“ H2SO4 unless otherwise indicated. b Md2so4- cD q, assuming Do = Ho at constant M. d Paired runs, 6g/6h, measured simultaneously
in identical solutions.

Table II. Summary of Acidity Dependence Data for the 
Acid-Catalyzed Rearrangement 6 — 7, log ¿ 0bsd = mflo

+ log ¿ n __________________
Compd________ Conditions_________ — m Log kp r

6a 25 °C, 0.74-2.90 M H2S04 1.483 -3.752 0.9981
25 °C, 0.84-2.36 M D2S04 1.301 -3.368 0.9998
35 °C, 0.63-1.84 M H2S04 1.335 -3.268 0.9995
45 °C, 0.43-1.30 M H2S04 1.200 -2.847 0.9968

6b 25 °C, 1.06-2.60 M H2S04 1.338 -4.039 0.9977
6c 25 °C, 0.65-1.55 M H2S04 1.415 -3.018 0.9987
6d 25 °C, 0.40-1.30 M H2S04 1.348 -2.571 0.9993
6e 25 °C, 2.00-3.51 M H2S04 1.461 -4.392 0.9976
6f 25 °C, 0.34-1.70 M H2S04 1.413 -2.227 0.9975
6g 25 °C, 1.15-2.38 M H2S04 1.388 -4.345 0.9984

25 °C, 0.71-1.18 M D2S04 1.303 -4.052 0.9936
35 °C, 0.96-1.85 M H2S04 1.314 -3.906 0.9995
44 °C, 0.52-1.54 M H2S04 1.251 -3.467 0.9994

6h 25 °C, 1.63-2.38 M H2S04 1.341 -4.308 0.9963

The Hammett plots above suggest an intermediate in which 
substantial charge is delocalized from the reaction center to

Table III. Secondary Isotope Effect Data for 
Rearrangement 6g, h — 7g, h at 25 °C

M h,so4 Ho k n /k o a A A F */D

1.63 0.22 0.897 64
1.84 0.08 0.941 36
2.12 -0 .09 0.907 58
2.38 -0 .27 0.921 49

“Calculated from paired runs in Table I.

the rearrangement terminus. Indeed, the magnitudes of p 
reported here for 6a-f are similar to those observed in the 
solvolysis of triarylhaloallenes where px and py = —2.0, thus 
implying a similar intermediate cationic species.16 These 
compounds have been shown to solvolyze via a limiting 
mechanism in aqueous ethanol and aqueous acetone solutions. 
Indeed, these data do rule out any rearrangement mechanism 
which does not involve a cationic intermediate. The question 
remaining, however, is the degree and nature of involvement 
by H20  in the transition state. Some information regarding
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X=H;Y=OCHj

~55 -1-8 -16 -1-4 -1-2 -10 -0-8 -0-6 -0-4 -0-2 0 0-2 0-4 0-6 0-8 10 1-2
-H0

F igure 1. Substituent effects in Meyer-Schuster rearrangement of 
(p-YPh)C(OH)(Ph)C=C(PhX-p).

“ Ho

F igure 2. Solvent isotope effects in Meyer-Schuster rearrangement 
of Ph2C(OH)OeCH and Ph2C(0H )C =C —Ph at 25 °C in 40:60 di- 
oxane:aqueous L2S04.

this question can be obtained from a closer examination of the 
solvent isotope effects observed.

Bunton and Shiner suggested some time ago that a dis
tinction could be made among appropriately chosen models 
for the transition states of acid-catalyzed reactions by as
sessing changes in hydrogen bonding strength and number 
upon formation of the transition-state model and using these 
changes to calculate the expected solvent isotope effect from 
a simple empirical expression.17 While such treatments lead 
to ambiguous results in a few reported cases, an interesting 
and distinctive set of predictions is made for six reasonable 
models, a-f, of the transition state for the present reaction 
shown in Chart I. These results show that, in general, any 
covalent attachment of water in the transition state at C-l or 
at C-3 leads to an increase in 2 i>h — 2c* h, i.e., to an increase 
in &h 2o /& d 2o 18 Thus, models a, b, and e, which allow covalent 
interaction by one or two H20  molecules, exhibit calculated 
^h2o/^d2o ratios of greater magnitude than models c, d, and 
f which allow only electrostatic interactions of R+ and H20.

Chart I. Transition-State M odels fo r  M eyer-S chu ster 
R earrangem ent“

Unimolecular, covalent attachment of H20, calcd k u 2o /  
k Dl0 = 0.74

j + ]  *+
R,— C— C = C — R3

V✓  V
/  \  *+

R,— C— C = C — R3

R, R..

Unimolecular ion—dipole interaction of R+ and H20, calcd 
feH 2o / feD 20  =  ° - 4 0

OH.,
#+ i Í +

R,— C—  0==C— R3 R,-

H ,HV
h+ . ’ ‘ . i  +

-R;

Bimolecular

R,

i + \ S+
R —  O ^ C = C —  R3

OH,

R,— c ~ C = = C — R3

R, H ,04 

e, covalent

R., H,0

f , ion-dipole
calcd kH 0/kDj0 =  1.36 calcd ^h2o/^d20  =  ° - 4 0

OH2

6+: s+
Ri— C— C==C— R3

I l+iR, 0H 2

g, ion—dipole at reaction center 
partially covalent at rearrangement 
terminus, for calcd ^h2o/^D20 
see text

a (---) Covalent interaction; (•••) electrostatic interaction.

Model g, which corresponds to nucleophilic attack, i.e., partial 
covalent attachment of H20  at the rearrangement terminus, 
on a solvated ion, also predicts an isotope effect of large 
magnitude (vide infra). These calculations thus suggest that 
an ion-dipole pair is an intermediate in this rearrangement. 
That is to say, the covalent attachment suggested by transi
tion-state models a, b, e, and to some extent g appears in
consistent with the low values of &H2o/kD2o observed here as 
well as with the magnitude of p reported above. Models c, d, 
and f all represent a solvated cation, and it is doubtful whether 
any chemical distinction should be made among them.17

The inverse a-secondary isotope effect, 6g/6h, observed 
strongly supports the view that some rehybridization (sp —» 
sp2), i.e., covalent attachment at the rearrangement terminus, 
has occurred. The calculated maximum (k u /k ^ )a for complete 
rehybridization sp -*■ sp2 is 0.78.19- 21 Thus, the present value 
k u /h o  =  0.92 suggests substantially less (~34% of maximum) 
than complete rehybridization has taken place at the transi
tion state. If one assumes that this represents an approxima
tion of the degree of covalent attachment at the rearrangement 
terminus in 6g and further assumes that the solvent isotope 
effect measured in 6a, /?H2o/fci)2o = 0.36, is completely free of 
any covalent component, then an expected solvent isotope
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effect of feH2C)/&D20 = 0.46 for 6q is calculated.22 It is not un
reasonable to expect the degree of covalent attachment of H2O 
at the rearrangement terminus to increase with decreasing 
stability of the cation formed, as is likely to be the case be
tween 6a and 6g. Indeed, the more negative entropy activation 
calculated for 6g, —18.6 vs. —7.5 eu for 6a, is also consistent 
with this view. Thus, the transition state for the Meyer- 
Schuster rearrangement of 6g is apparently an event occurring 
between the formation of an electrostatically solvated cation 
and complete covalent attachment of H20  at the rearrange
ment terminus. In solvolytic terminology this would be de
scribed as nucleophilic attack by solvent on an ion pair or in 
this case an ion-dipole pair. It is interesting to note that it has 
been shown recently that 8 undergoes solvolysis via nucleo-

CHa ,Br
\  /
y C = C = C .

CH:) H(D)
8

CH\ Î
c — C = C — H (D )  

CH:

philic attack of solvent on a tight ion pair of retained config
uration and exhibits (k ^ /k n )„  ratios dependent upon solvent 
nucleophilicity being 1.20 in 60E and 1.28 in 97T.20'23 Isotopic 
substitution in 9 as indicated results in no observable isotope 
effect.24

Finally, an alternative transition-state model involving a 
covalent or electrostatic interaction of one water molecule with 
two cationic centers similar to that suggested in the acid- 
catalyzed rearrangement of l-phenyl-2-propen-l-ol (10) to
3-phenyl-2-propen-l-ol (11) appears unlikely in the present

R-20B spectrometer, 60 MHz. Dioxane was ACS certified reagent 
grade and was used without further purification. Triarylpropargyl 
alcohols 6a -f  were prepared as described previously. 16 1,1-Diphe- 
nyl-2-propyn-l-ol was prepared according to the method of Beumel 
and Harris.29 This alcohol was deuterated by three exchanges in 0.20 
M Na0 D/D2 0  solution. No detectable 'H NMR signal was observed 
at 100X amplitude. Deuterium oxide was obtained from Bio-Rad 
Laboratories, isotopic purity 99.88%. Deuteriosulfuric acid was ob
tained from Mallinckrodt Chemical Works, isotopic purity 99.5%.

Kinetic Measurements. All kinetic studies were performed on a 
Gilford Instruments Model 240 spectrophotometer. The cell com
partment was thermostated using a PRT-regulated proportional 
temperature controller. Temperature measurement was accomplished 
with a Hewlett-Packard quartz thermometer.

A 1.25 X 10- 4  M stock solution of the alcohol was prepared in di
oxane. In a typical kinetic run, 10 mL of the stock solution was diluted 
with exactly 15.0 mL of aqueous sulfuric acid, resulting in a final 
concentration of approximately 5 X 10~6 M in propargyl alcohol. After 
mixing the solution thus obtained (13 s), a 1 -cm quartz cell was rinsed 
twice, filled, and allowed to equilibrate in the cell compartment ( 1 0  
min). The appearance of product a isorbance at 3040 or 3100 Á was 
recorded vs. time against a blank identical with the sample except for 
the presence of substrate. Solvent deuterium isotope effects were 
measured identically except that a total volume of 10 mL was uti
lized.

A volumetrically measured and weighed portion of the kinetic so
lution was titrated against standard NaOH. The Hammett acidity 
function, Ho, was determined by reference to the scale of Torek, 
Hellin, and Coussemant for H2 SO4  in 40:60 aqueous dioxane. Rate 
constants were calculated as described earlier.19

Acknowledgment is made to the donors of the Petroleum 
Research Fund, administered by the American Chemical 
Society, for support of this research.

PhCHCH=CH, PhCH=CHCH2OH

10

case owing to the linearity of the alkynyl cation, 5, and the 
longer distance between cationic centers not present in the 
allylic cation intermediate involved in rearrangement of 
10  25-28 Such a transition state is not ruled out by the present 
data. Our preference for the rate-limiting step, however, is a 
highly solvated delocalized cation undergoing nucleophilic 
attack by solvent or returning to starting alcohol by collapse 
to the conjugate acid. The reaction is thus controlled by for
mation of the thermodynamically favored allenol «,/J- 
unsaturated carbonyl tautomeric pair. This is further sup
ported by noting that triarylchloroallenes yield only triaryl
propargyl alcohols upon solvolysis. Unsaturated ketones are 
not observed under these conditions. Since the propargyl 
position is the exclusive site of nucleophilic attack by water 
on the R+ generated solvolytically, the R+ formed by loss of 
H20  from the protonated alcohol must return faster than it 
forms the conjugate acid of the allenol, thus supporting the 
conclusion above that attack of H20  at the rearrangement 
terminus is rate limiting in the present case.

Finally, the rapid exchange rates of carbonyl compounds 
with H2180  preclude meaningful labeling studies regarding 
the inter- or intramolecularity of the rearrangement step. 
Exchange rates of unlabeled starting material and polari- 
metric rates on optically active starting materials are being 
undertaken, in an attempt to assess the freedom of the in
termediate carbon ion. However, the resolution of aryl tertiary 
propargylic alcohols presents a demanding task. Rearrange
ment of aliphatic propargyl alcohols is also being studied.

Experimental Section
Materials. All melting points are uncorrected. IR spectra were 

obtained using a Perkin-Elmer Model 457 spectrophotometer. 1H 
NMR spectra were obtained using a Hitachi Perkin-Elmer Model

Registry No.—5a, 1522-13-0; 6 b, 35556-63-9; 6c, 1522-14-1; 6d, 
35476-69-8; 6e, 62698-34-4; 6f, 62698-35-5; 6g, 3923-52-2; 6h, 
62698-36-6.
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The first examples of radical-initiated cyclizations of a 1,6-diyne were found in the photochemical reactions of di
methyl dipropargylmalonate with thiophenols. The reactions are accompanied by formation of acyclic monothioen- 
ol ethers, which also undergo cyclization on reaction with thiophenols or with mercuric chloride. Cyclopentane 
products are formed in all of these reactions. Alternatively, the dipropargyl compound on direct reaction with aque
ous mercuric chloride yields a diketone which can be cyclized to 5,5-dicarbomethoxy-3-methylcyclohex-2-enone.

Geminal diallyl compounds undergo cyclization to cyclo
pentyl products in high yields on reaction with thiyl and other 
radicals.1 However, 1,6-heptadiyne was reported to yield no 
radical induced cyclization but only an acyclic radical addition 
product.2 While we also found that dimethyl dipropargyl
malonate (1) gave only traces of cyclized material on photo- 
chemically initiated reaction with ethanethiol or butanethiol, 
a 2:1 mixture of the cyclized to uncyclized diadducts (2,3,4) 
and the uncyclized monoadduct 5 were formed in photo
chemical reactions with benzenethiol or p-toluenethiol.

A reaction of the monoadduct 5 with benzenethiol in the 
dark did not lead to any cyclization products, but on irradia
tion a mixture of the acyclic adduct 4 and the cyclization 
product 3 was formed. None of the encocyclic double bond 
isomer 2 could be detected in this reaction mixture, in contrast 
to the above thiol addition to the dipropargylmalonate, where 
as much endocyclic double bond isomer 2 as exocyclie double 
bond isomer 3 was obtained. Thus it was found that the cy
clization product 2 does not arise from the acyclic adduct 5, 
but that it is generated from the diacetylene 1 by direct cy

clization to a presumed dimethylenecyclopentane interme
diate 6, which in turn can undergo 1,4 radical addition of 
benzenethiol to give 2 and probably 1,2 addition to give 
product 3. The reactive intermediate 6 could not be isolated. 
While cyclizations of a cyanomalonyl radical with a terminal 
acetylenic group3 and of a vinyl radical with a terminal vinyl 
group4 have been shown to yield methylenecyclopentane 
products, the present result seems to be the first cyclization 
reaction of a vinyl radical with a terminal acetylene (i.e., the 
first example of a direct radical-initiated cyclization of a di
acetylene).

Reductive desulfurization of the cyclization product mix
ture of 2 and 3 yielded the dimethylcyclopentene 7 and an 
epimeric mixture of the dimethylcyclopentanes 8a,b. Hy
drogenation of the olefin 7 also led to a cis/trans mixture of 
the dimethylcyclopentanes 8a,b. Reductive desulfurization 
of the acyclic diadduct 4 and of the monoadduct 5 gave di
methyl di-n-propylmalonate (9). Since irradiation (a radical 
process) was required for the cyclization of the thioenol ether 
5 with thiophenol, it was of interest to explore alternative ionic
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cyclizations of this acetylenic thioenol ether. Its reaction with 
aqueous mercuric chloride gave the cyclopentenal 10 in 80% 
yield.

co2CH3 CH, .CHO
1 aq H g C l j

HC=CCH2CCH2CH=CHSR----------- ► Í
1
C02CH3 CH302C 'C02CH;

10

Under the same reaction conditions dimethyl dipropar
gylmalonate (1) was converted to the acyclic diketone 11. The 
latter could be cyclized by sodium methoxide to the cyclo- 
hexenone 12, which underwent monodecarbomethoxylation 
to the monoester 13. The structures of these cyclohexenones 
are consistent with their spectroscopic data and could be 
confirmed by an alternative synthesis. Thus alkylation of 
maleic anhydride with isobutene and rearrangement of the 
olefinic anhydride 14 with stannic chloride followed by es
terification also provided the enone ester 135>6 obtained from 
the above reaction sequence.

a q  H g C l 2
(HC=CCH2)2«C 0 2CH:j) , ---------- (CH3C0CH2)2C(C02CH3)2

1 11

Photochemical Reactions of Dimethyl Dipropargylmalonate 
(1) with Thiols. Dimethyl dipropargylmalonate (1) [bp 75-80 °C 
(0.01 mm), 87-88 °C, m/e 208], prepared by the procedure for the 
diethyl ester7 in 82% yield, and 1 or 2 equiv of p-toluenethiol, or 2 
equiv of thiophenol, or an excess of n-butanethiol or ethanethiol, were 
subjected to identical reaction conditions represented by the following 
procedure. Corresponding results are shown in Table I.

A solution of 0.80 g (3.8 mmol) of the dipropargyl compound 1,0.50 
g (4.0 mmol) of p-toluenthiol, and 10 mg of diphenyl disulfide in 5 mL 
of dry benzene was sealed under a nitrogen atmosphere in a Pyrex 
tube and irradiated for 6 h with a 450-W high-pressure Hg lamp. 
Distillation of the reaction mixture gave 0.34 g of recovered dipro
pargyl compound 1, 0.28 g of the acyclic monoadduct 5 [bp 120 °C 
(0.01 mm); IR rma* 3300 cm'1; NMR (CDC13) 8 7.2 (q, 4 H), 6.3 (m, 
1 H), 5.6 (m, 1 H), 3.7 (s, 6  H), 2.8-3.1 (m, 4 H), 2.3 (s, 3 H), 2.05 (s, 1 
H)[, followed by a mixture of 0.40 g of the acyclic diadduct 4 and the 
cyclic diadducts 2 and 3 [bp 210-220 °C (0.01 mm); IR rraax no acet
ylenic absorption at 3300 cm'1; NMR (CDCI3) 8 7.2 (m, 8 H), 5.2-6.2 
(m, «2  H), 3.75 (s, 6 H), 2.7-3.2 (m, 6 H), 2.3 (s, 6 H).

An analogous diadduct mixture, bp 210-220 °C (0.02 mm), was 
obtained from reaction with 2 equiv of benzenethiol and separated 
by medium-pressure liquid chromatography on silica gel, eluting with 
chloroform at 80-lb pressure. Three fractions were collected. On re
ductive desulfurization (see below) the most rapidly eluted one (4) 
yielded dimethyl di-rc-propylmalonate, while the other two gave only 
cyclopentyl products. The second eluate showed spectra corre
sponding to the thiomethylene structure 3: m/e 428; NMR (CDCI3) 
<5 7.2 (s, 10 H), 6.1 (s, 1 H), 3.7 (s, 6  H), 3.2 (s, 2 H), 3.1-2.6 (m, 5 H). 
The last fraction contained the cyclopentene 2: m/e 428; NMR 
(CDCI3) <5 7.2 (s, 10 H), 3.7 (s, 4 H), 3.1 (s, 4 H).

Comparison of the characteristic NMR signal at <5 6.1 for the exo 
cyclic double bond of 3 with signals at 8 3.1-3.2 for 2 and 3 showed a 
1:10 signal ratio in the initial mixture of diadducts, indicating ap
proximately equal amounts of the isomers 2 and 3.

Table I

Wt % products

Thiol
Registry

no.
Recov
ered 1

Monoad
ducts 5

Diadducts 
2, 3,4

Thiophenol, 2 equiv 108-98-5 14 37 49
p-Toluenethiol, 1 106-45-6 33 27 40

equiv
p-Toluenethiol, 2 32 11 57

equiv
n-Butanethiol, excess 109-79-5 Trace 15 85
Ethanethiol, excess 75-08-1 46 31 23

Table II. Raney Nickel Reduction Products (%)

Mixture of thiol diadducts
2, 3, 4 from reaction of 1 with: 9 8a 8b

Thiophenol (2 equiv) 37 26 37
p-Toluenethiol (1 equiv) 49 28 23
p-toluenethiol (2  equiv) 49 28 23
ra-Butanethiol (excess) 95 Trace Trace
Ethanethiol (excess) 100

From reaction of thiol mono- 22 50 28
adduct 5 with p-toluenethioi

Reaction of Dimethyl (3-p-toluenethiylallyl)propargyl- 
malonate (5) with p-ToluenethioL A solution of 100 mg (0.30 mmol) 
of the acyclic monoadduct 5,40 mg (0.32 mmol) of p-toluenethiol, and 
10 mg of diphenyl disulfide in 5 mL of benzene was irradiated for 8 
h as described above and distilled. The crude reaction product lacked 
the characteristic 1:1 pair of NMR singlets at 5 3.1 and 3.2 of the cy
clopentene 2 , which was found in the reaction products of dimethyl 
dipropargylmalonate, but showed spectral characteristics of 3 and 
4 at 5 6.1 and 2.6-3.1. Reductive desulfurization of the total reaction 
product gave dimethyl dipropylmalonate (9) and trans- and cis-
1,1-dicarbomethoxydimethylcyclopentanes 8a,b in ratios of 22:50:28, 
respectively. A corresponding reaction mixture stored without irra
diation and diphenyl disulfide gave only dimethyl dirpopylmalonate
(9) on subsequent reductive desulfurization.

Reductive Desulfurization of Reaction Products. The distilled 
thiol addition products (about 0.4 g) were heated at reflux in 10 mL 
of ethanol with about 3 g of W-6 Raney nickel for 10 h. Filtration and 
evaporation yielded desulfurized products sometimes showing allylic 
methyl singlets in NMR spectra due to the dimethylcyclopentene 7. 
In those cases the reaction mixtures were hydrogenated further over 
5% Pd/C catalyst in ethanol to the dimethylcyclopentane products 
8a,b. The mixtures of these products and dimethyl di-n-propyl- 
malonate (9) were analyzed by GLC on a 6 V4 ft column of 20% Car- 
bowax on Firebrick at 145 °C. Under these conditions the reduction 
products had the following retention times: dimethyl di-n-propyl- 
malonate (9), 8.2 min; l,l-dicarbomethoxy-trans-3,4-dimethylcy- 
clopentane1 (8a). 10.4 min; l,l-dicarbomethoxy-a's-3,4-dimethyl- 
cyclopentane1 (8 b) and l,l-dicarbomethoxy-3,4-dimethylcyclo- 
pent-3-ene (7), 13 min. Hydrogenation of the cyclopentene 7 in the 
reaction mixture, by stirring under hydrogen over 5% Pd/C in ethanol, 
increased the amount of the trans -dimethylcyclopentane 8a in accord 
with the hydrogenation of 1,2-dimethylcyclopentene, which gave a 
4:1 tran s/cis-1,2-dimethylcyclopentane ratio.2 The composition of 
typical reduction product mixtures is shown in Table II. Products 8a,b 
and 9 were identified by GLC enrichment with authentic samples1 
and matching of NMR spectra and mass fragmentation patterns.

4,4-Dicarbomethoxy-2-methylcyclopentenecarboxaldehyde
(10) . Irradiation of a solution of 1.8 g (8.6 mmol) of dimethyl dipro
pargylmalonate (1) 2.6 mL (35 mmol) of ethanethiol, and 12 mg of 
diphenyl disulfide in 3 mL of benzene for 6 h with a high-pressure 
450-W Hg lamp and distillation of the mixture gave 1.1 g of recovered 
starting malonate (1), 0.75 g of monothiol adduct 5, bp 120 °C (0.03 
mm), and 0.55 g of diadduct 4, bp 190 °C (0.01 mm). The lower boiling 
point product showed acetylenic absorption: IR rIuax 3300 cm-1; NMR 
(CDCI3) 8 6.2 (m, 1 H), 5.4 (m, 1 H), 3.75 (s, 6 H), 2.4-3.0 (m, 6 H), 2.1 
(s, 1 H), 1.3 (t, 3 H); m/e 270. The higher boiling point product showed: 
no acetylenic IR absorption; NMR (CDCI3) 8 6.0 (m, 2 H), 5.4 (m, 2 
H), 3.7 (s, 6 H), 2.2-3.0 (m, 8 H), 1.2 (t, 6 H); m/e 332. On reductive 
desulfurization of either component only dimethyl di-n-propyl- 
malonate (9) was obtained.
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A solution of 0.20 g (0.74 mmol) of the lower boiling point fraction
(5) and 0.65 g (2.4 mmol) of mercuric chloride in 7 mL of 4:1 acetoni 
trile/water was heated at reflux for 15 h, filtered, and distilled to 130 
°C (0.05 mm) to give 0.14 g (80% yield) of the cyclopentyl aldehyde 
10: IR <w 1735,1665 cm“1; NMR (CDCI3) 5 10.0 (d, 1 H), 3.8 (s, 6 H),
3.3 (s, 4 H), 2.2 (s, 3 H); m/e 226. The product showed a single peak 
in GLC on a 10-ft methylsilicone column at 200 °C. DNP derivative 
mp 201-202 °C.

Anal. Calcd for Ci7Hi8N408: C, 50.24; H, 4.47; N, 13.79. Found: C, 
49.03; H, 4.40; N, 13.93.

4,4-Dicarbomethoxy-2,6-heptanedione (11). A solution of 4.0 
g (19 mmol) of dimethyl dipropargylmalonate (1) in 60 mL of aceto
nitrile and 15 mL of water and 15.6 g (58 mmol) of mercuric chloride 
was heated at reflux for 12 h. Concentration under vacuum, extraction 
of the aqueous mixture with ether, washing of the extract with 
aqueous sodium sulfide, concentration, and distillation gave 4.2 g (90% 
yield) of the diketone 11: bp 130 °C (0.5 mm); mp 54—55 °C; IR rmax 
1740,1720 cm"1; NMR (CDC13) 5 3.8 (s, 6 H), 3.3 (s, 4 H), 2.2 (s, 3 H); 
m/e 244.

Anal. Calcd for CuH1606: C, 54.10; H, 6.56. Found: C, 54.31; H,
6.69.

5-Carbomethoxy-3-methyl-2-cyclohexenone (13). A. A solution 
of 2.6 g (11 mmol) of 4,4-dicarbomethoxy-2,6-heptanedione (11) and 
0.58 g (11 mmol) of sodium methoxide in 50 mL of methanol was 
heated at reflux for 15 h. The reaction mixture was acidified with 
dilute aqueous HC1, concentrated, and partitioned between water and 
dichloromethane. Distillation of the organic extract at 110 °C (0.05 
mm) gave 1.5 g (85% yield) of a single product: IR 1730,1665,1620 
cm“1; UV Amax 245 nm; NMR (CDC13) & 5.9 (s, 1 H), 3.7 (s, 3 H),
3.4-3.7 (m, 5 H), 2.0 (s, 3 H); m/e 168; and one peak in GLC at 16.5 min 
on a 10-ft methylsilicone column at 200 °. DNP derivative mp 126-127 
°C (reported5'6 149-150 °C).

Anal. Calcd for Ci6H16N406: C, 51.87; H, 4.32; N, 16.14. Found: C, 
51.79; H, 4.55; N, 16.04.

B. A solution of 3.0 g of methallylsuccinic anhydride (14) and 5.0

g  o f  s t a n n i c  c h l o r i d e  i n  2 5  m L  o f  d i c h l o r o m e t h a n e  w a s  s t i r r e d  a t  0  ° C  
f o r  1 h  a n d  a t  2 0  ° C  f o r  2 0  h .  A d d i t i o n  o f  w a t e r  a n d  d i l u t e  a q u e o u s  
H C 1 , e x t r a c t i o n  w i t h  d i c h l o r o m e t h a n e ,  a n d  c o n c e n t r a t i o n  g a v e  a  c r u d e  
p r o d u c t  w h i c h  w a s  d i s s o l v e d  i n  a q u e o u s  H C 1 , e x t r a c t i o n  w i t h  d i 
c h l o r o m e t h a n e ,  a n d  c o n c e n t r a t i o n  g a v e  a  c r u d e  p r o d u c t  w h i c h  w a s  
d i s s o l v e d  i 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 s h e d  w i t h  e t h e r ,  a n d  
r e c o v e r e d  b y  a c i d i f i c a t i o n  a n d  e x t r a c t i o n  w i t h  d i c h l o r o m e t h a n e ,  
y i e l d i n g  2 .8  o f  g u m m y  p r o d u c t .  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 - l i g r o i n  
g a v e  1 .4  g  o f  t h e  a c i d  c o r r e s p o n d i n g  t o  e s t e r  1 3  w i t h  m p  8 8 - 9 0  ° C  
( r e p o r t e d 5'6 m p  9 2 - 9 4  ° C ) .  A  s o l u t i o n  o f  t h i s  c o m p o u n d  i n  e t h e r  o n  
r e a c t i o n  w i t h  d i a z o m e t h a n e  g a v e  t h e  e s t e r  1 3 ,  i d e n t i c a l  i n  a l l  s p e c 
t r o s c o p i c  p r o p e r t i e s  w i t h  t h e  p r o d u c t  o b t a i n e d  a b o v e .  T h e  m i x t u r e  
m e l t i n g  p o i n t  o f  c o r r e s p o n d i n g  D N P  d e r i v a t i v e s  w a s  n o t  d e 
p r e s s e d .
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The Friedländer condensation of 2,6-diaminopyridine-3,5-dicarboxaldehyde and ketones was investigated as a 
possible synthetic route to substituted and fused 1,9,10-anthyridines. Condensation of this bis-o-amino aldehyde 
with acenaphthenone gave the fused, fully aromatic diacenaphtho[l,2-&:l',2'-i]l,9,10-anthyridine in 65% yield. 
Condensations with deoxybenzoin, o-tetralone, and acetophenone, on the other hand, resulted in the formation 
of the 5,10-dihydro-l,9,10-anthyridine moiety, rather than the expected fully aromatic 1,9,10-anthyridine nucleus. 
It was demonstrated that base-catalyzed hydride transfer from the solvent on the anthyridine initially formed in 
the reaction medium resulted in the overall reduction of this heterocyclic system. Oxidation of the dihydroanthyri- 
dines with nitrobenzene or nitric acid gave the fully aromatic anthyridines in moderate yield. Prolonged oxidation 
of 2,8-diphenyl-5,10-dihydro-1,9,lO-an'hyridine with hot nitric acid gave mainly 2,8-diphenyl-5(10H)-l,9,10-an- 
thyridone. Friedländer condensation of 2-amino-5,6-diphenylpyridine-3-carboxaldehyde and deoxybenzoin gave
2,3,6,7-tetraphenyl-l,8-naphthyridine in excellent yield.

The linear fusion of benzene rings leads to the well docu
mented “acene” homologous series.1 Very little information 
on the analogous series, containing the -pyridine ring as 
building unit, is available. Contrary to the linear carbocyclic 
series, introduction of heteroatoms in such polycondensed 
systems gives rise to an increasing number of isomeric ring 
structures. The fusion of pyridine rings through their 2,3 
bonds is of special interest because such condensed systems 
have been proposed for the structural unit of pyrolyzed 
poly(acrylonitrile).2 In earlier work we have described a new 
and facile approach to the 1,8-naphthyridine heterocyclic 
system.3 We now wish to report a new synthetic method for 
its next higher homolog, containing three linearly annelated 
pyridine rings: 1,9,10-anthyridine. Very few compounds

containing this fundamental heterocyclic system have been 
reported.4 The parent compound was only recently synthe
sized in a six-step sequence starting from 2,6-diaminopyri- 
dine.5 Our familiarity with the synthetic opportunities present 
in the 0 -amino aldehyde functional group prompted us to 
approach the anthyridine skeleton via Friedländer conden
sation of appropriate 0 -amino aldehydes with ketones.

This synthetic strategy required either 2,6-diaminopyri- 
dine-3,5-dicarboxaldehyde 2 or 2-amino-l,8-naphthyridine- 
3-carboxaldehyde. Hydrogenolysis of o-aminonitriles seemed 
a most promising synthetic method for the elaboration of the 
0 -amino aldehyde functional group. Hydrogenation of the 
readily available6 2,6-diamino-3,5-dicyanopyridine 1 sus
pended in 2 N HC1 produced the desired bis-o-amino aldehyde
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2 in moderate yield together with 2,6-diamino-3-methylpyr-
idine-5-carboxaldhyde 3. The latter apparently is the result
of further reduction of 2.

The poor solubility of 1 in 2 N HC1 and the excellent solu
bility of 2 in the reaction medium prevented us from altering 
the course of the hydrogenation by limiting the hydrogen 
supply. It was found, however, that treatment of 1 in 2 N HC1 
with a small amount of copper eliminated this undesirable side 
reaction, resulting in the formation of 2 in 70% yield. The exact 
role of copper in this treatment is not well understood. It 
seems clear, however, that the presence of copper salts deac
tivate the hydrogenation catalyst. The hydrogenolysis of 2- 
amino-3-cyano-l,8-naphthyridine7 under similar conditions 
did not result in the formation of the corresponding o-amino 
aldehyde. Examination of the reaction products indicated the 
absence of the fully aromatic 1,8-naphthyridine system and 
therefore this approach to the 1,9,10-anthyridine skeleton was 
not further investigated.

Base-catalyzed condensation of 2 with acenaphthenone in
1-propanol gave the fully condensed polycyclic diacena- 
phtho[l,2-5:1',2'-i] 1,9,10-anthyridine 4, orange needles, mp 
>500 °C, in 65% yield. This fused system represents the first 
example of the incorporation of the anthyridine system into 
a polycyclicd'ramework. The lower homolog'of 4, diacenaph- 
tho’[1,2-6: l ' , 2'-g ] 1,8-naphthyridine, was recently synthe
sized in this laboratory.3

Condensation of 2 and deoxybenzoin, on the other hand, 
did not result in the formation of the fully aromatic anthyri
dine ring system, as evidenced by strong, sharp absorptions 
at 3410 and 1250 cm“1 in the infrared spectrum of the reaction 
product. This was confirmed by its mass spectrum which 
showed peaks at m /e  485 (15%), 486 (15%), 487 (100%) and 488 
(40%). The presence of the NH functional group, the observed 
molecular ion and its principal fragmentation (loss of hydro
gen) seemed to suggest a dihydroanthyridine structure for the 
reaction product 5 (see further). Analysis is in agreement with 
this formulation. NMR data could not be obtained due to the 
very poor solubility of 5. Numerous attempts to alter the 
outcome of this condensation reaction by changing the solvent, 
the base employed, and its concentration (KOH in methanol, 
sodium ethoxide in ethanol) invariably resulted in the same 
reaction product. Therefore we focused our attention on the 
transformation of 5 into the desired fully aromatic anthyridine 
structure. It was found that brief treatment of 5 with boiling 
nitrobenzene resulted in the formation of 2,3,7,8-tetra- 
phenyl-l,9,10-anthyridine 6 in 45% yield (based on 2), ob
tained as bright yellow needles (benzene).

Spectroscopic and analytical data are in agreement with the 
proposed structure. Comparison of the infrared spectra of 5 
and 6 indicated the absence of absorptions at 3410 and 1250 
cm-1, characteristic of 5, in the fully aromatic structure 6.

Oxidation of 5 with nitric acid (30%) was equally successful 
and resulted in the formation of 6 in 80% yield. Reaction with 
chromic anhydride in acetic acid was ineffective, due to poor 
solubility of 5 in the reaction medium.

The formation of fully aromatic heterocyclic systems in 
condensation reactions of aromatic o-amino aldehydes and 
ketones is well documented and constitutes the basis for the 
synthetic utility of the Friedländer condensation.9 The un
usual formation of a reduced heterocyclic system (5) in such 
condensation reaction seemed to suggest that 5, obtained from 
2 and deoxybenzoin, could have resulted from further reaction 
of the fully aromatic tetraphenylanthyridine 6 initially formed 
in the basic reaction medium. Indeed, refluxing a solution of 
6 in 1-propanol containing KOH gave a precipitate (90%), 
identical in all respects with 5, obtained directly from 2 and 
deoxybenzoin. However, direct attack of the hydroxyl group 
cannot account for the formation of the reduced anthyridine 
moiety in 5. Furthermore, it was found that reaction of 6 with 
potassium hydroxide in a 3:1 molar ratio resulted in the for
mation of 5 in nearly 90% yield. Addition of sodium ethoxide 
to 6 in ethanol resulted in the formation of 5, identical with 
the product obtained from KOH. It is clear therefore that 
neither the base nor the solvent is incorporated into the for
mation of 5 from 6. Apparently hydride transfer from the 
solvent takes place resulting in the reduction of the hetero
cyclic system. Hydride attack on the central ring will result 
in the formation of a stabilized amide anion, which is then 
protonated by the solvent, with regeneration of an alkoxide 
ion. The complete reduction of 6 is ensured by the very poor 
solubility of 5 since this will shift possible equilibria to the 
right. This base-catalyzed reduction of the anthyridine moiety 
proved to be a fast reaction. Addition of methanolic KOH to 
a 10-4 M solution of 6 in boiling 1-propanol resulted in the 
formation of a precipitate (5) within minutes after the addi
tion. It is not surprising therefore that during the base-cata
lyzed condensation of 2 and deoxybenzoin no anthyridine 
could be isolated in the reaction mixture.

Reduction of 6 with a typical hydride donor such as sodium 
borohydride gave 5, identical with the product obtained from
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6 and potassium hydroxide, confirming the reduction of the 
anthyridine ring system in the presence of alcoholic potassium 
hydroxide. A similar base-catalyzed reduction of an electron 
deficient system was observed in the formation of 3,3'-di- 
methoxyazoxybenzene from m-nitroanisole in ethanol con
taining sodium ethoxide.10 Although the position of hydride 
attack on the anthyridine ring system could not be ascertained 
due to the insolubility of 5 in NMR solvents, it seems rea
sonable that such attack would occur on the central pyridine 
ring. Such enhanced reactivity of the central ring is well doc
umented for linearly fused carbocyclic ring systems.1

Although it is conceivable that 5 could arise from initial 
hydride attack on the pyridine ring of 2, this was not observed; 
2 is stable in base under the reaction conditions employed for 
the synthesis of 6. Finally, it should be noted that 6 as well as 
5 are stable in boiling 2 N HC1.

Condensation of 2 with «-tetralone followed by oxidation 
of the insoluble intermediate dihydro compound gave the 
fused anthyridine, 5,6,10,ll-tetrahydrodinaphtho[l,2-6:2',- 
l'-i]l,9,10-anthyridine, 7, in 50% overall yield.

Friedlander condensation of 2 and acetophenone proceeded 
faster than the condensation with deoxybenzoin. Once again 
the major product was the dihydroanthyridine 8, as evidenced 
by its analysis, infrared, and mass spectrum. However, careful 
analysis of the reaction mixture revealed the presence of a 
small amount (—5%) of the fully aromatic 2,8-diphenyl-
1.9.10- anthyridine 9. The dihydroanthyridine 8, obtained 
from benzene as a colorless compound, turned bright yellow 
on standing. Its mass spectrum revealed the appearance of a 
very intense peak at m /e  349, indicative of the presence of the 
anthyridone moiety (see below). Brief treatment of 8 with hot 
nitric acid (30%) gave the fully aromatic anthyridine 9 in 65% 
yield, together with a small amount of 2,8-diphenyl-5(10H)-
1.9.10- anthyridone 10. Longer reaction times resulted in an 
increase of the anthyridone 10 at the expense of 9. Oxidation 
of 8 could also be carried out with boiling nitrobenzene as 
described earlier for the synthesis of tetraphenvlanthyridine. 
No anthyridone 10 was detected under these reaction condi
tions.

As mentioned earlier, nitric acid oxidation of 5 gave only 
the fully aromatic tetraphenylanthyridine 6. The heteroge
neous nature of this reaction effectively prevents overoxida-

O

It is noteworthy that condensations of 2 with the reported 
ketones in the presence of small amounts of base typically 
employed in Friedländer reactions (~10 mol %) were not 
successful; the starting bis-o-amino aldehyde was recovered 
in nearly quantitative yield. The successful, d ire c t synthesis 
of the fully aromatic, fused anthyridine 4 is possible due to its 
insolubility in the reaction medium, which greatly retards 
hydride transfer.

Finally, it should be noted that the formation of dihydro 
derivatives is not observed in the Friedländer condensations 
of o-amino aldehydes leading to the lower homologous 1,8- 
naphthyridine system, as exemplified by the high yield syn
thesis of 2,3,6,7-tetraphenyl-l,8-naphthyridine 11 from 2- 
amino-5,6-diphenylpyridine-3-carboxaldehyde8 and deoxy
benzoin.

tion of 6 into the corresponding anthyridone. The conversion
of 8 into 9 and 10, on the other hand, is a homogeneous pro
cess.

Experimental Section
General. NMR spectra were recorded with a Varian A-60 and/or 

Varian XL-100 with FT spectrometer using TMS as an internal 
standard. Mass spectra were obtained on a Hitachi Perkin-Elmer 
RMU6E instrument; infrared spectra were recorded on a Perkin- 
Elmer 137 spectrophotometer and UV spectra on a Cary-15 instru
ment. All melting points are uncorrected. Microanalyses were done 
by Galbraith Laboratories, Inc., Knoxville, Tenn., and by Instranal 
Laboratory, Inc., Rensselaer, N.Y.

2.6- Diaminopyridine-3,5-dicarboxaldehyde 2. A suspension of
4.0 g (0.025 mol) of finely divided 2,6-diamino-3,5-dicyanopyridine6 
1 in 800 mL of 2 N HC1 was stirred with 0.4 g of thin copper wire for 
3 h. The copper was removed and the resulting suspension was hy
drogenated at 40 °C over Pd/C (5%). The latter was introduced in 
• three successive additions (0.35 g each). Each portion was allowed to 
react until no more hydrogen was absorbed. Vigorous stirring or 
shaking was essential for a successful hydrogenolysis. After the the
oretical amount of hydrogen was absorbed, the catalyst was filtered 
and the resulting solution was neutralized (NH4OH) to yield a thick, 
white precipitate (3.5 g, 70%). Recrystallizations from dimethyl- 
formamide and water gave fibrous needles, mp 295 °C (dec). IR 
(Nujol): 3400, 3300, 3175, 2740, 1675, 1640, 1610, 1525, 1280, 1180, 
1155,1035, 925, 805, 775, and 735 cm“1; NMR 5 (DMSO-de) 9.61 (s, 
2 , CHO), 8.28 (s, 1, H-4), 8.06 (broad, 4, NH2); mass spectrum M+ at 
m/e 165.

Anal. Calcd for C7H7N3O2: C, 50.91; H, 4.27; N, 25.44. Found C, 
50.79; H, 4.09; N, 25.37.

2.6- Diamino-3-methylpyridine-5-carboxaldehyde 3. The hy
drogenation of 1 without prior treatment with copper gave a mixture 
of 2 and 3 in a 1:2 ratio (as evidenced by the NMR spectrum). Ex
traction of the crude reaction product with ethanol, followed by 
concentration of the resulting solution, gave 3 in 40% yield; mp 207 
°C (from EtOH); IR (Nujol) 3400,3080,2700,1665,1590,1515,1280, 
1220,1135,1040,920,850,770,735, and 725 cm“1; NMR 5 (DMSO-de) 
9.36 (s, 1, CHO), 7.33 (s, 1, H-4), 7.25 (broad, 2 , 6 -NH2), 6.63 (broad, 
2, 2-NH2), 2.00 (s, 3, CH3); mass spectrum M+ at m/e 151.

Anal. Calcd for C7H9N3O: C, 55.62; H, 6.00; N, 27.80. Found: C, 
55.49; H, 5.89; N, 27.72.

Diacenaphtho[l,2-6:l',2'-i]l,9,10-anthyridine 4. To a refluxing
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solution of 0.6 g (0.0036 mol) of 2 and 1.6 g (0.01 mol) of acenaph- 
thenone in 50 mL of 1-propanol were added 10 drops of methanolic 
KOH (20%). Reflux was continued for 24 h. The precipitate was 
washed with chloroform to yield 1.0 g (65%) of 4, recrystallized from 
acetic acid as yellow-orange needles, mp > 500 °C; IR (Nujol) 1635, 
1585,1540,1430,1325,1205,1190,1085,1025,915,825,805,780,770, 
and 735 cm“1; UV (CHC13) 344 (e 87 000), 362 (117 400), 405 (22 600), 
414 (21 900) and 430 (23 200) nm.

Anal. Calcd for C3IH15N3: C, 86.70; H, 3.52; N, 9.78. Found: C, 86.46; 
H, 3.68; N, 9.62.

2.3.7.8- Tetrapheny]-5,10-dihydro-l v9,l 0-anthyridine 5. (a) 
From Deoxybenzoin. To a refluxing solution of 0.99 g (0.006 mol) 
of 2 and 2.45 g (0.012 mol) of deoxybenzoin in 150 mL of 1-propanol 
was added 1 mL of methanolic KOH (25%). The mixture was refluxed 
for 3 days to yield 1.8 g of an orange-colored precipitate 5 (65%), re- 
crystallized from a large volume of o -dichlorobenzene, mp > 300 °C 
(dec). IR (Nujol) 3410,1590,1580,1495,1435,1400,1360,1300,1290,
1250,1190,1170,1150,1070,1020, 955, 940, 910, 895, 815, 790, 775, 
755,750,745,715,705, and 690 cm̂ 1. Mass spectrum M+ at m/e 487 
(100% ).

Anal. Calcd for C35H25N3: C, 86.21; H, 5.17; N, 8.62. Found: C, 86.27; 
H, 4.97; N, 8.72.

(b) From KOH and 6. To a refluxing suspension of 0.5 g of 6 in 100 
mL of 1-propanol was added 0.13 mL of methanolic KOH (10%). 
Reflux was continued for 8  h to yield 0.35 g of 5, identical in all re
spects with product obtained above.

2.3.7.8- Tetraphenyl-l,9,10-anthyridine 6. (a) Nitrobenzene. 
A mixture of 1.6 g of 5 and 30 mL of nitrobenzene was heated until a 
clear solution resulted. The solution was then refluxed for 30 min. The 
cooled solution was filtered and set aside for 2 h and filtered again, 
if necessary. The product was precipitated with petroleum ether and 
recrystallized from benzene to yield 1.15 g (77%) of 6 , bright yellow 
crystals, mp 322-323 °C. An analytical sample was prepared by col
umn chromatography (alumina and CHCI3). IR (Nujol) 1605,1590, 
1570,1510,1400,1310,1300,1190,1175,1145,1070,1050,1015,995, 
950, 930, 915, 810, 780, 765, 750, 730, 715, 700, and 690 cm"1; NMR 
5 (DMSO-de) 9.43 (s, 1, H-5), 8.76 (s, 2, H-4 and H-6 ), 7.41 (s, 20, 
phenyl protons). Mass spectrum M+ at m/e 485.

Anal. Calcd for C35H23N3: C, 86.57; H, 4.77; N, 8.65. Found: C, 86.61; 
H, 4.79; N, 8.60.

(b) Nitric Acid. A suspension of 0.5 g of 5 in 60 mL of nitric acid 
(30%) was stirred at room temperature for 5 h. The mixture was then 
heated at 80 °C for 30 min, cooled, and filtered. The precipitate was 
washed with dilute ammonium hydroxide to yield 0.42 g of 6 , identical 
with product obtained from nitrobenzene.

5,6,10,11 -Tetrahydrodinaphtho[ 1,2- 6:2', 1'- i] 1,9,10-anthy ridine 
7. To a refluxing solution of 0.5 g (0.003 mol) of 2 and 1.0 g (0.007 mol) 
of a-tetralone in 75 mL of 1 propanol was added 0.6 mL of methanolic 
KOH (25%). The mixture was refluxed for 40 h, and the precipitate 
was collected and washed with acetone to yield 0.82 g (69%) of a 
product similar to that observed from 2 and deoxybenzoin (IR ab
sorptions at 3400 and 1250 cm-1). The product was refluxed in 10 mL 
of nitrobenzene for 40 min and was precipitated with petroleum ether. 
Recrystallization from chloroform gave 0.5 g (70%) of 7, mp 303 °C. 
An analytical sample was obtained by column chromatography 
(alumina, chloroform). IR (Nujol) 1630,1590,1520,1490,1425,1390, 
1300,1275,1250,1220,1165,1140,1100,1020,970,940,915,870,810, 
800, 785, 740, 730, and 690 cm-1.

Anal. Calcd for C27Hi9N3: C, 84.13; H, 4.97; N, 10.90. Found: C, 
84.16; H, 4.98; N, 10.86.

2.8- Diphenyl-5,10-dihydro-l,9,10-anthyridine 8 . To a refluxing 
solution of 0.5 g (0.003 mol) of 2 and 0.84 g (0.007 mol) of acetophe
none in 75 mL of 1-propanol was added 1 mL of methanolic KOH 
(20%). The mixture was refluxed for 3 h. The precipitate was collected 
and recrystallized immediately from a large volume of boiling benzene 
(600 mL) to yield 0.450 g (45%) of 8 , white product, mp >270 °C (de
composition). IR (Nujol) 3350,1590,1570,1425,1260,835,810,760, 
750, and 690 cm-1. Mass spectrum M+ at m/e 335.

Anal. Calcd for C23H17N3: C, 82.36; H, 5.11; N, 12.53. Found: C, 
82.39; H, 5.01; N, 12.60.

The filtrate was concentrated on the rotary evaporator to ap
proximately 50 mL and set aside to crystallize. The precipitate was 
filtered and was recrystallized from benzene to give 0.04 g of 9, iden
tified by its infrared spectrum (see below).

2.8- Diphenyl-l,9,10-anthyridine 9. A mixture of 0.4 g of 8  in 80 
mL of nitric acid (30%) was stirred at room temperature for 20 min. 
The mixture was heated slowly to 80 °C and was kept at this tem
perature for 30 min The resulting solution was cooled rapidly, and 
the crystalline material was filtered and washed extensively with di
lute NH4OH and water. Recrystallization from ethanol yielded 0.25 
g (60%) of 9, pale yellow needles, mo 300-302 °C. IR (Nujol) 1620, 
1590,1575,1520,1430,1315,1300,1275,1230,1155,940,830,820,790, 
770, 760,745, and 700 cm-1; NMR 5 (CDC13) 8.75 (s, 1, H-5), 8.48 (m, 
4, ortho protons on phenyl rings), 8.40 (d, 2, H-4 and H-6 , Jh3-H4 = 
8  Hz), 8.04 (d, 2, H-3 and H-7), 7.61 (m, 6 , remaining phenyl protons). 
Mass spectrum M+ at m /e  333.

Anal. Calcd for C23Hi6N3: C, 82.86; H, 4.54; N, 12.60. Found: C, 
82.94; H, 4.50; N, 12.55.

2.8- Diphenyl-5(l0fl)-l,9,10-anthyridone 10. A mixture of 0.4 
g of 8 in 80 mL of nitric acid (30%) was heated at 80 °C for 6 h. The 
solution was cooled; the crystalline material was filtered, and was 
washed with dilute NH4OH and water. Chromatography (alumina, 
CHCI3) followed by recrystallization from ethanol gave 0.225 g of 10, 
mp 279-280 °C. An analytical sample was prepared by sublimation 
at 165 °C and 1 mmHg. IR (Nujol) 3155,1610,1585,1420,1265,1235, 
810, 790, 760, and 695 cm-1; NMR £ (CDC13) 9.36 (broad singlet, 1, 
H-10), 8.79 (d, 2 , H-4 and H-6 , J h 3 -H4 = 8 Hz), 8.17 (m, 4, ortho pro
tons on phenyl rings), 7.76 (d, 2, H-3 and H-7), 7.56 (m, 6 , remaining 
phenyl protons). Mass spectrum M+ at m /e  349.

Anal. Calcd for C23Hi5N30 : C, 79.07; H, 4.33; N, 12.03. Found: C, 
79.11; H, 4.35; N, 11.97.

2,3,6,7-Tetraphenyl-l,8-naphthyridine 11. To a refluxing solu
tion of 0.55 g (0.002 mol) of 2-amino-5,6-diphenylpyridine-3-carb- 
oxaldehyde8 and 0.395 g (0.002 mol) of deoxybenzoin in 5 mL of eth
anol were added two drops of methanolic KOH (20%). Reflux was 
continued for 36 h to yield 0.79 g (90%) of 11, recrystallized from 
chloroform, mp 301-302 °C; IR (Nujol) 1590,1570,1515,1390,1250, 
1170,1070,1045,1010,945,930,910. 810,770,735,710,700, and 685 
cm-1; NMR 5 (CDC13) 8.20 (s, 2, H-4 and H-5), 7.58 (m, 4, ortho pro
tons on phenyl rings 2 and 7), 7.31 (s, 16, remaining phenyl protons). 
Mass spectrum M+ at m /e  434.

Anal. Calcd for C32H22N2: C, 88.45; H, 5.10; N, 6.44. Found: C, 88.32; 
H, 5.05; N, 6.36.
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Phenoxides reacted with nitro- or halo-substituted phthalimide derivatives (1) to give high yields of ether imides 
(2). The order of leaving group reactivity in these systems was NO2 > F > Cl. 3-Substituted isomers were more reac
tive toward displacement than the 4-substituted isomers and electron-withdrawing groups on the imide nitrogen 
slightly increased the rate of displacement. The phenoxy-substituted phthalimides 2 were labile to displacement 
by other phenoxide nucleophiles. Nitrite ion, a product of the nitro displacement, also reacted with the starting ni- 
trophthalimides, especially at elevated temperatures.

The aromatic nucleophilic displacement of activated 
nitro groups has been known for many years,1 but has only 
recently become a valuable synthetic tool. This reaction has 
permitted synthesis of many previously inaccessible com
pounds. Gorvin2 and Radlmann3 have demonstrated the 
displacement of nitro groups activated by ketone groups. 
Caswell and co-workers4 have reported displacement by 
methoxide anion on 3-nitro-iV-substituted phthalimide de
rivatives, although yields were low. Aromatic nitro groups are 
displaced intramolecularly by nitrogen, oxygen, sulfur, and 
carbon nucleophiles.5 Beck6 has displaced nitro groups acti
vated by nitriles, esters, and aldehyde groups. Cyano-activated 
nitrobenzenes have been converted to phenols.7 Very recently 
Kornblum8 has reported the displacement reactions of ni
trobenzenes substituted by a variety of electron-withdrawing 
groups.

We wish to present our results on the reaction of phenoxide 
nucleophiles with nitro- and halo-substituted phthalimide 
derivatives. Wirth and Heath9 in these laboratories demon
strated that in dipolar aprotic solvents phenoxides react with 
both 3- and 4-nitro-Ar-phenylphthalimide (le and Ih) to give 
the corresponding phenyl ethers 2a and 2f in excellent yield.

0

— Ph +  NaNO,

2 a, f

The potential synthetic utility of this reaction has been ex
plored to learn the following: (1) the effectiveness of the 
phthalimide ring to activate nitro or halo displacement; (2) 
the ease of halo vs. nitro displacement in this system; (3) the 
relative reactivity of different phenolate nucleophiles; (4) the 
susceptibility of the product ether to further reaction; and (5) 
the stability of the starting imide and product to the sodium 
nitrite produced by displacement of the nitro group.

Results and Discussion
The model reaction is shown below. We examined various 

compounds of formula 1 to obtain information concerning the 
effect of group R and the orientation of group X. The starting 
phthalimides were synthesized from the substituted phthalic 
anhydride and appropriate amine by refluxing in acetic acid.

0

R = alkyl, aryl 
X = nitro, halo

0

These are described in Table I; 13C NMR data for all starting 
materials and products are given in the supplementary ma
terial. In addition, 4-nitrophthalonitrile (3) and diisobutyl
4-nitrophthalate (4) were synthesized for comparison. Each 
was then converted to the corresponding phenyl ether with 
sodium phenoxide. The products (2a—g) are summarized in 
Table II.

In general, the reactions between sodium phenoxide and 
the substituted phthalimides 1 proceed quantitatively10 in 
DMF or Me2SO at 25-60 °C. Reaction times varied from <5 
min to several hours. The 3- and 4-chloro-lV-phenylphthali- 
mides (la and lj) gave the ethers 2a and 2f as the major 
products (85 and 87% yield, respectively), accompanied by at 
least two unknown side products, which may arise from attack 
of phenoxide at the imide carbonyls. Attempts to identify 
these products are currently under way.

The relative reactivities of the halo-nitro pairs toward so
dium phenoxide were determined by competitive experiments 
in dimethyl sulfoxide. These results are presented in Table
III.

Several conclusions can be drawn concerning sodium 
phenoxide displacement on th ese  sy ste m s. As Miller pointed 
out,11 the order of group mobility in activated aromatic Sn2 
reactions depends markedly on the nucleophilic reagent used. 
When the nucleophilic (or bond-forming) atom belongs to the 
first horizontal row of the periodic table, the normal mobility 
order is F > Cl. The nitro group may be either a better or a 
worse leaving group than the fluorine atom, depending upon 
the system employed.12 In the phthalimides, the nitro group 
is displaced by phenoxide about six to nine times faster than 
fluorine, depending upon the isomer (3 or 4) and the N sub
stituent. The fluoro derivative reacted approximately four 
times faster than the chloro derivative in the 4-halo-iV- 
methylphthalimide system. Although substitution at nitrogen 
has little effect on the rate of 3-nitro displacement (there is 
only a factor of 4 between If and Ig), the more electron
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Table I. Starting Imides Synthesized from Phthalic Anhydride Derivatives“
0  0

1

Registry no. Compd X R Mp,ft °C Mp, lit m /e c

42899-83-2 la 3-C1 c6h6 191-192.5 189-190“ 257 (100) d
42899-84-3 lb 3-F c6h5 148-150 151-152/ 241 (100)
63197-15-9 lc 3-N02 4-CH3OC6H4 193.5-195“ 298 (100)
53555-10-5 Id 3-NOa 4-CH3C6H4 151-152.5 154= 282 (100)
19065-85-1 le 3-N02 c6h 5 137-138 138* 268 (100)
53555-03-6 if 3-N02 4-ClC6H4 193.5-195.5“ 302 (70) d
2593-81-9 ig 3-N02 ch3 111-112 112-113* 206 (30)

40392-27-6 lh 4-N02 c6h 5 192.5-194 194= 268 (100)
63197-16-0 li 4-F c6h 5 183-184“ 241 (100)
26491-49-6 lj 4-C1 c6h5 189.5-191“ 257 (100) d
41663-84-7 lk 4-N02 ch3 175-177 175-176^ 206 (100)
63196-44-1 11 4-F ch3 99-100 99-100' 179 (100)
63197-17-1 lm 4-C1 ch3 134-135.5 IBS'1 366 (100)

“ Satisfactory analytical data (±0.4% for C, H, N) were reported for all new compounds listed in the table. b All samples were re
crystallized from ethanol.c Value for molecular ion and its relative intensity. d One chlorine isotope cluster was observed. e G. J. Marriot 
and R. Robinson, J .  Chem. Soc., 134 (1939). f  R. G. Fowler, L. R. Caswell, and L. I. Sue, J .  H eterocycl. Chem ., 10,407 (1973). * M.
T. Bogert and L. Boroschek, J .  Am. Chem. Soc., 23, 740 (1901). h R. Dabard and J. Tirouflet, B ull. Soc. Chim . Fr., 565 (1957). See 
also W. Flitsch, Chem. B er., 94, 2494 (1961). ‘ See ref 19.

Table II. Phenoxy-Substituted Phthalimides“

2

Registry no. Compd R Group displaced (X) Mp,ft °C m /e c

63197-18-2 2a c6h 5 3-N02,3-C1, 3-F 13-5-137 315 (91)
63197-19-3 2b 4-CH3OC6H4 3-NOs 178.5-179.5 345 (100)
63197-20-6 2c 4-CH3C6H4 3 -NO2 174-176 329 (100)
63197-21-7 2d 4-ClC6H4 3-N02 172-174 349 (100) d
63197-22-8 2e ch3 3-N02 145-147.5 253 (100)
63197-23-9 2f c6h5 4-N02,4-C1,4-F 165-166 315 (100)
63197-24-0 2g ch3 4-N02, 4-C1, 4-F 118-119.5 253 (100)

“ Satisfactory analytical data (±0.4% for C, H, N) were reported for all the compounds listed in the table. b All samples were re
crystallized from ethanol. c Value for molecular ion and its relative intensity. d One chlorine isotope cluster was observed.

withdrawing the group attached to the phthalimide nitrogen, 
the faster is the rate of nitro displacement. Compare Ic (4'- 
methoxy) and If (4'-chloro), where the ratio is only 2.13

3-Nitrophthalimides react three to five times faster than 
the 4-nitro isomers; for example, compare le and lh, lg and 
lk. These small rate differences may reflect the inductive 
effect of the ortho carbonyl in the 3 isomer, as well as relief of 
the steric interaction between the 3-nitro group and the ortho 
carbonyl.14 The rate ratio drops to 3.2 for the fluoro-substi- 
tuted N-phenyl derivatives, possibly because of a decrease in 
this steric interaction in the 3 isomer. These rate differences 
are valid only for this particular solvent (Me2SO) or possibly 
the family of dipolar aprotic solvents. In a less polar solvents 
such as THF, the rate ratio between the 3- and 4-nitro isomers 
in both the iV-phenyl and iV-methyl system was >100. All of 
these compounds were completely soluble in THF and solu
bility differences cannot be affecting the relative rates. Thus 
the dipolar aprotic solvent levels the rate differences between 
the 3 and 4 isomers found in THF.15

Ester carbonyls do not activate nitro-group displacement 
nearly as well as do the imide carbonyls (4 vs. lh). Cyano 
groups are much more potent than carbonyls (lh vs. 3). This 
is also reflected in the ease with which high molecular weight 
polymer is formed in the reaction of 2,4-or 2,6-dinitrobenzo- 
nitrile with bisphenols.16

Reactions with Other Phenoxide Derivatives. Various 
substituted phenoxides reacted cleanly with le to give the 
ether imides in Table IV. Even 8-hydroxyquinoline gave 2p

O
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Table III. Relative Reactivity of 1 toward Sodium 
Phenoxide in Dimethyl Sulfoxide at 25 °C°

Compd X R Relative rate (lm = 1)
lm 4-C1 ch3 1
ij 4-C1 c6h 5 6
la 3-C1 C6H5 b
11 4-F ch3 4
li 4-F c6h5 20
lk 4 -NO2 ch3 37
lb 3-F c6h 5 65
lh 4 -NO2 c6h5 130
lg 3 -NO2 ch3 170
lc 3 -NO2 4-CH3OC6H4 340
Id 3 -NO2 4-CH3C6H4 430
le 3 -NO2 c6h 5 520
if 3 -NO2 4-ClC6H4 670

0 In this series diisobutyl 4-nitrophthalate (4) has a relative rate 
of <0.5 and 4-nitrophthalonitrile (3) has a relative rate of ~7500. 
6 An accurate value could not be obtained for this compound 
because of side reactions. However, we believe its order in the 
series is correct.

in 82% yield. This reaction thus offers the opportunity to as
semble a wide variety of functionalized systems which contain 
an ether linkage. The 13C NMR chemical shifts for these 
compounds are tabulated (see supplementary material).

Relative reactivities of substituted phenoxides were de
termined in competitive experiments in anhydrous dimeth- 
ylformamide at room temperature (Table V). Electron-re
leasing substituents increase the rates, but sodium p-nitro- 
phenoxide was unreactive. Sodium thiophenoxide reacted over 
100 times faster than sodium phenoxide.17

Ether Exchange Reactions. An activated ether group may 
also be displaced.18 We found the ether imides (2) to be sus
ceptible to exchange with other phenoxides to give an equi
librium mixture of ether imides. The position of the equilib-

rium was related to the nucleophilicities of the phenoxides

involved. The enhanced reactivity of sulfur was demonstrated 
by the fact that the equilibrium lay almost completely toward 
the 3-(4-methylthiophenoxy)-W-phenylphthalimide (6). 3- 
Phenoxyphthalimides react more rapidly than the 4 isomers. 
Reactions involving the 3 isomers were essentially complete 
within 1 h at 120 °C in anhydrous dimethylformamide. The 
rate of phenoxy displacement is slower than chloro displace
ment. Results of these exchange studies are presented in Table
VI.

Reaction with Sodium Nitrite. The reaction of a sodium 
phenoxide derivative with a nitro-substituted imide produces 
an equivalent amount of sodium nitrite in addition to an ether 
imide. The stability of the imide ring in the presence of sodium 
nitrite was uncertain, so the reactions between the nitro imide 
or ether imide and sodium nitrite were studied. At 60 °C, 3- 
nitro-iV-phenylphthalimide was stable to anhydrous sodium 
nitrite in dimethylformamide for 2-3 h, although the color 
changed from light yellow to dark red. A precipitate formed 
after this time. At 135 °C, darkening and precipitation oc
curred much faster. The precipitate, identified as disodium
3-nitrophthalate, probably arose from a ring-opening reaction 
of the nitroimide. The product 3-phenoxy-iV-phenylphthal- 
imide is stable to sodium nitrite in DMF at 60 °C for 48 h. This 
imide should be much more stable to ring-opening reactions 
because of the electron-donating group in the 3 position rather 
than the electron-withdrawing nitro group. An electron- 
withdrawing group should activate one imide carbonyl for 
attack by a nucleophile. We conclude that these displacements 
by phenoxide should be conducted at as low a temperature 
and as briefly as possible to minimize the side reactions with 
nitrite ion.19

In summary, the reaction of phenoxides with halo or nitro 
N-substituted phthalimides is an excellent synthetic route 
to a wide variety of phenoxyphthalimides. In many cases, re
action in dipolar aprotic solvents at room temperature gave 
quantitative yields of products in <5 min. In Me2SO or DMF, 
the relative reactivity of the leaving group was NO2 > F > Cl 
and the 3-substituted isomers were more reactive than the 
corresponding 4 isomers. Substitution of electron-withdrawing 
groups on the imide nitrogen increased the rate of reaction 
slightly, as did the use of electron-rich phenoxide derivatives. 
The phenoxy group of the product was also susceptible to 
displacement by other phenoxides. At 120 °C ether exchange 
occurred readily to give equilibrium mixtures of phenoxy
phthalimides. Since the nitrite produced in the displacement 
reaction was also reactive at elevated temperatures, particu
larly toward the starting nitro imide derivatives, nitro dis
placements should be performed under mild conditions.

Further studies of the displacement of nitro and halo groups 
in derivatives of phthalic acid will be presented in subsequent 
papers.

Table IV. Properties of Phenoxyphthalimides11 from le
Registry no. Compd Y % yield6 Mp,c °C m /e d

63197-25-1 2 h P-NO2 72« 212-215
(chlorobenzene)

360 (25)

63197-26-2 2 i p-Cl 98 169-170.5 349 (100)
63181-79-3 2j P-CH3 97 162-163 329 (100)
63197-27-3 2k P-OCH3 94 155.5-157 345 (100)
63197-28-4 21 m-CN 98 167.5-168.5 340 (100)
63197-29-5 2m p-C(=0)CH3 94 157.0-158.5 357 (13)
63197-30-8 2n m-C02H 95 221.5-222.5 359 (100)
63197-31-9 2o m-NH2 85 f 330 (100)

a Satisfactory analytical data (± 0.4% for C, H, N) or an exact mass determination (for 2m and 2o) were reported for all new compounds 
listed in the table. b Phenoxide salts for 2h-2k were prepared from NaOMe; phenoxide salts for 21-2o were prepared from NaOH. 
See Experimental Section for details. c All samples were recrystallized from ethanol unless indicated. d Value for molecular ion and 
its relative intensity. e One chlorine isotope cluster was observed, f  A sharp melting point could not be obtained for this compound. 
g Two unidentified side products were also formed in this reaction.
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Table V. Reactivity of 4-Y-C(jH4ZNa with 3-Nitro-JV- 
phenylphthalimide (le) in Dimethylformamide at Room 

_________________ Temperature____________

Registry
no. Y z Relative rate (NaOPh = 1)

824-78-2 N02 0 <0.01
1193-00-6 Cl 0 0.4
139-02-6 H 0 1

1121-70-6 ch3 0 3.5
1122-95-8 och3 0 7.7

10486-08-5 ch3 s >350“

° Under these conditions (DMF, 25 °C, 0.5 h) no ether exchange 
took place even between 3-phenoxy-ALphenylphthalimide (2a) 
and sodium p-methylthiophenoxide.

Table VI. Ether Exchange Reactions

2a + 4-XC6H4ONa <=± 2h-k + C6H6ONa 

Starting
X material Temp, °C Time, h % 2a % 2h-k

ch3 2a 60 26 44 56
165 32 68

2a 120 1 30 70
2j 60 17 21 79

140 36 64
2j 120 1 35 65

och3 2a 120 1 23 77
3 21 79

16 19 81
2k 120 1 24 76

3 21 79
16 20 80

Cl 2a 120 1 85 15
2.5 84 16

16 95 5
2i 120 1 92 8

2.5 90 10
16 96 4

n o2 2a 120 1 100 0
2 100 0

2h 120 1 100“ 0

2j + 4-CH3CgH4SNa
DMF
^  6 + 4~CH3C6H4ONa

Starting
material Temp, °C Time, h % 2j % 6

2j 120 1 3 97
2 3 97

6 120 1 4 96
2 4 96

16 4 96

DMF
2f + 4-CH3-C6H4ONa <=± 2q + C6H5ONa

Starting
material Temp, °C Time, h % 2f % 2q

2q 60 17 7 93
43 13 87
67 17 83

140 26 74
2f 120 1 63 37

2.25 39 61
3.75 37 63

20.5 39 61
2q 120 1 30 70

2 32 68
16= 34 66

“ Other side products formed, no 2h is present.

Experimental Section
Infrared spectra were taken on a Perkin-Elmer 457 grating infrared 

spectrophotometer in chloroform solution or as a KBr pellet. Mass 
spectra were determined on a CEC 21-104 analytical mass spec
trometer at 70 eV. Vapor-phase chromatography (VPC) was carried 
out on a Hewlett Packard 5750 research chromatograph using a 6 ft 
10% UCW-98 on 80/100 Chromosorb W column with temperature 
programming from 200 to 300 °C at 10°/min. Melting points were 
determined on a Thomas-Hoover instrument and are uncorrected. 
C, H, N analyses were determined on a Perkin-Elmer 240 C, H, N 
analyzer.

Anhydrous DMF and Me2SO were purchased from Burdick and 
Jackson Laboratories. Toluene and glacial acetic acid were reagent- 
grade chemicals ar.d were used as purchased. The aniline was distilled 
before use. The phenol derivatives were used as purchased.

Preparation of Nitro- and Halophthalic Anhydrides. 3- and 
4-Nitrophthalic Anhydride. Pure samples of these compounds were 
prepared by distillation of the reaction mixture obtained from the 
nitration of phthalic anhydride. We wish to thank N. C. Cook and J.
M. Gasaway for a generous supply of these materials.

3- Chlorophthalie anhydride was prepared from 3-nitrophthalic 
anhydride and chlorine as described by Newman and Scheurer.20

4- Chlorophthalic anhydride was prepared from 4-nitrophthalic 
anhydride and chlorine by the preceding method.

3- Fluorophthalic anhydride was prepared by a toluene/acetic 
anhydride ring closing of the corresponding diacid, which was pur
chased from Columbia Chemical Co.

4- Fluorophthalic anhydride was prepared from potassium flu
oride and 4-nitrophthalic anhydride.21 We thank R. L. Markezich for 
a generous supply of this material.

4-Nitrophthalonitrile (3) was prepared (mp 140.5-142 °C) using 
the procedure of Drew and Kelly.22

4-Nitrodiisobutyl phthalate (4) was synthesized from 4-nitro
phthalic anhydride and isobutyl alcohol in refluxing xylene with a 
trace of p-toluenesulfonic acid. The distilled yield was 82%.23

Preparation of Nitro- or Halo-Substituted Phthalimide De
rivatives la-m. Compounds la-m, prepared by refluxing the ap
propriate phthalic anhydride derivative and desired amine in glacial 
acetic acid under nitrogen, are described in Table I. The 13C NMR 
data for these compounds are contained in Table VII (see supple
mentary material). All compounds had and infrared spectra con
sistent with their assigned structures. Detailed experimental condi
tions are given below for the synthesis of two of these compounds.

3- Chloro-A-phenylphthalimide (la). A mixture of 20.0 g (0.109 
mol) of 3-chlorophthalic anhydride and 250 mL of glacial acetic acid 
was stirred under a nitrogen atmosphere at room temperature. To this 
stirred mixture was added 10.38 g (0.112 mol) of aniline, and the re
sulting mixture was slowly heated to reflux. Initially a thick white 
precipitate formed, but upon heating a homogeneous solution was 
obtained. The solution was heated at reflux for 3 h and then cooled 
to room temperature. The white crystals were collected and dried; 26.4 
g (94% yield). Recrystallization from absolute ethanol gave mp 
191-192.5 °C.

4- Chloro-IV-methylphthalimide (lm). Methylamine, 0.56 g 
(0.018 mol), was added to a mixture of 3.00 g (0.016 mol) of 4-chloro- 
phthalic anhydride and 5.0 mL of glacial acetic acid at 0 °C. The 
mixture was heated at reflux for 2-3 h under nitrogen, then cooled to 
room temperature and filtered to give 2.85 g (89%), mp 134-135.5 °C 
(ethanol).

Preparation of Phenoxides. The various sodium phenoxides were 
prepared from sodium hydroxide or freshly prepared sodium meth- 
oxide in methanol and the phenol. The resulting salts were thoroughly 
dried, stored, and handled under dry nitrogen.

Sodium p-Methylphenoxide. Sodium Methoxide Method. 
Sodium metal, 10.65 g (0.463 mol), was dissolved in 600 mL of anhy
drous methanol under nitrogen in an ice bath. Then 50.11 g (0.463 
mol) of p-methylphenol was added and the clear solution was stirred 
for 1 h at room temperature. The methanol was removed under re
duced pressure. The resulting yvhite powder was dried (0.2 Torr/80 
°C) to give 54.1 g (98%).

Sodium m-Cyanophenoxide. Sodium Hydroxide Method. A
mixture of 1.19 g (0.010 mol) of m-hydroxybenzonitrile, 0.80 g of 50% 
aqueous sodium hydroxide, 23 mL of Me2SO, and 23 mL of toluene 
was heated at reflux under nitrogen until no visible traces of water 
could be seen in the Dean-Stark trap. This trap was then replaced 
with a recirculating trap (essentially a Dean-Stark trap in which the 
collected distillate is returned to the pot through a tube in the bottom 
of the trap) packed with calcium hydride, and the condensed distillate 
was passed through this trap until no bubbling took place in it. The
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toluene was distilled from the system. The mixture was cooled to room 
temperature and the 3-nitro-iV-phenylphthalimide was added under 
nitrogen.

Preparation of Phenoxyphthalimide Derivatives (2a-g). Each 
of the phthalimide derivatives la-m was stirred with sodium phen- 
oxide in anhydrous dimethyl sulfoxide under nitrogen. All reactions 
were followed by removing aliquots at timed intervals, adding these 
aliquots to a methylene chloride/water mixture, and subjecting the 
methylene chloride solution to VPC analysis. All the reactions were 
run for 2 h at room temperature except la, li, lj, lk, and lm, which 
were run at 50 °C. A detailed experimental procedure is given 
below.

3- Phenoxy-JV-(4-chlorophenyl)phthalimide (2i). A mixture 
of 0.9893 g (8.5 mmol) of sodium phenoxide, 2.5810 g (8.5 mmol) of
3-nitro-JV-(4-chlorophenyl)phthalimide, and 26 mL of anhydrous 
Me2SO was stirred under nitrogen at room temperature. After 1 h, 
an aliquot was added to a methylene chloride/1.2 N hydrochloric acid 
mixture. This mixture was shaken and the methylene chloride layer 
was dried and subjected to VPC analysis. The remainder of the re
action mixture was added to 300 mL of 1.2 N hydrochloric acid solu
tion. The white precipitate was collected, washed, and dried; 2.72 g 
(90%). Recrystallization from absolute ethanol gave the analytical 
sample, mp 172-174 °C (Table II).

Reaction of le with 8-Hydroxyquinoline: Formation of 2p.
8 -Hydroxyquinoline, 1.45 g (0.01 mol), was converted to its salt by the 
sodium Hydroxide method. The toluene was distilled from the system 
and 2.68 g (0.01 mol) of le was added at 60 °C. The mixture was stirred 
at 60 °C for 6  h and then cooled and added to ice water. The precipi
tate was collected and dried; 3.01 g (82% yield), mp 195.5-196.5 °C 
(ethanol). See supplementary material for 13C NMR assignments.

Anal. Calcd for CssHhNjO,,: C, 75.4; H, 3.9; N, 7.6; mol wt 366.1003. 
Found: C, 74.8; H, 4.0; N, 7.7; mol wt 366.1004 (mass spectrum).

4- (4-Methylphenoxy)-7V-phenylphthalimide (2q). A mixture 
of 14.58 g (0.112 mol) of sodium 4-methylphenoxide, 30.0428 g (0.112 
mol) of 4-nitro-N-phenylphthalimide, and 200 mL of Mê SO was 
stirred at 60 °C under a nitrogen atmosphere for 3 h. The mixture was 
cooled and added to a 1.2 N hydrochloric acid solution. The precipi
tate was collected and dried to give 34.8 g (94%): mp 177-178 °C 
(ethanol); 'H NMR (Me2SO-dg) !> 2.35 (methyl, s, 3), 6.9-8.0 (aryl, m,
12); IR (KBr) C=0 1712 (s), 1770 cm-1  (m). See supplementary 
material for 13C NMR assignments.

Anal. Calcd for C21H15NO3: C, 76.6; H, 4.6; N, 4.3; mol wt 329. 
Found: C, 76.8; H, 4.5; N, 4.2; mol wt 329 (mass spectrum).

4-Phenoxyphthalonitrile. This compound can be prepared from 
the reaction of sodium phenoxide with 4-nitrophthalonitrile (3) in 
Me2SO as described in ref 24. We thank D. R. Heath for a sample of 
this material.

Diisobutyl 4-Phenoxyphthalate (5). A mixture of 5.0 g (0.015 
mol) of diisobutyl 4-nitrophthalate (4), 1.80 g (0.015 mol) of sodium 
phenoxide, and 50 mL of DMF was heated at 100 °C for 1 h under 
nitrogen. The reaction mixture was cooled to room temperature and 
added to 200 mL of 1.2 N hydrochloric acid. The resulting mixture 
was extracted well with ether, and the ether extracts were washed with 
water and a saturated salt solution to give 5.5 g of a light yellow oil. 
This material was distilled through a short-path distillation column 
to give 5.1 g (89%) of diisobutyl 4-phenoxyphthalate, bp 198-201 °C 
(0.53 Torr). See supplementary material for 13C NMR assign
ments.

Anal. Calcd for C22H26O5: C, 71.33; H, 7.08. Found: C, 71.1; H,
7.0.

3-(4-Methylthiophenoxy)-A7-phenylphthalimide (6). A mixture 
of 1.46 g (0.010 mol) of the sodium salt of p-methylthiophenol, 2.51 
g (0.010 mol) of 3-chloro-N-phenylphthalimide (la), and 25 mL of 
anhydrous dimethylformamide was stirred at 60 °C under a nitrogen 
atmosphere. After 2 h, the mixture was cooled to room temperature 
and poured into 500 mL of 1.2 N hydrochloric acid solution. The 
precipitate was collected and dried to give 3.35 g (97%), mp 203.5-205 
°C (ethyl acetate), of desired product (6).

Anal. Calcd for C2iH15N02S: C, 73.02; H, 4.38; N, 4.06; S, 9.28; mol 
wt 345. Found: C, 73.3; H, 4.6; N, 3.8; S, 9.5; mol wt 345 (mass spec
trum).

Competition Experiments: Reactivity toward Sodium Phen
oxide (Table III). Anhydrous sodium phenoxide was accurately 
weighed into a flask under nitrogen. Equimolar amounts of the two 
compounds being studied and an internal standard (o-terphenyl) were 
then dissolved in enough Me2SO to make a 10% solution. An aliquot 
was added to a mixture of 1.2 N hydrochloric acid and chloroform. The 
chloroform layer was dried, and this solution analyzed to determine 
the composition of the starting mixture. The Me2SO solution was then 
added to the sodium phenoxide and this mixture was stirred under

K a _  log A0 -  log (Ap -  x)

K b log B0 -  log (B0 -  x)
A0 = initial concentration of A, B0 = initial concentration of B, (A0 
-  x ) = amount of A unreacted, and (B0 -  x ) = amount of B unreact
ed.

Competition Experiments: Reactivities of the Nucleophiles 
(Table V). Two different nucleophiles (10 mmol each) were dissolved 
in 25 mL of anhydrous dimethylformamide, followed by 2.68 g (10 
mmol) of 3-nitro-N-phenylphthalimide. The mixture was stirred for 
0.5 h at room temperature under nitrogen, and an aliquot of the ho
mogeneous solution was added to 1.2 N hydrochloric acid and ex
tracted well with chloroform. If the reaction mixture was not homo
geneous, the entire reaction mixture was so treated. The chloroform 
solution was dried and subjected to VPC analysis, which was cali
brated with standards. Each competition was run in duplicate and 
the average values were used to calculate the relative reaction 
rates.

Ether Exchange Reactions (Table VI). All reactions were run 
in anhydrous dimethylformamide under a nitrogen atmosphere.

Typically, a mixture of 1.0 g (3.0 mmol) of 3-(4-methylphenoxy)- 
N-phenylphthalimide (2j) and 0.35 g (3.0 mmol) of sodium phenoxide 
was stirred with 10 mL of anhydrous DMF under a nitrogen atmo
sphere. The mixture was placed in a bath at 60 °C and aliquots were 
added to a mixture of 1.2 N hydrochloric acid and chloroform, as be
fore, and analyzed. Ratios for the two imides were calculated from the 
corrected peak areas.

The final reaction mixture was poured into 1.2 N hydrochloric 
acid/ice to give 0.92 g of material. 13C analysis indicated only two 
compounds were present and proton NMR analysis showed the ratio 
of 2a/2j to be 33/67.

Reaction of Sodium Nitrite with 3-Nitro-N-phenylphthali- 
mide (le). A mixture of 0.24 g (3.5 mmol) of anhydrous sodium nitrite,
1.0 g (3.7 mmol) of le, and 10 mL of anhydrous DMF was stirred under 
nitrogen at 60 °C. Within 15 min, the solution became dark red in 
color, but no precipitate formed during 3 h. The reaction mixture was 
cooled to room temperature and poured into a 1.2 N hydrochloric 
acid/ice mixture. The resulting precipitate was collected and dried 
to give 0.98 g of yellow powder, identical with the starting material 
by VPC, IR, and *H and 13C NMR.

After 48 h at 60 °C, the reaction mixture was very dark in color and 
a white precipitate (0.17 g) had formed. This solid was dissolved in 
water, acidified, and extracted with ether to give 3-nitrophthalic acid. 
An NMR of the initial white precipitate in D20 was identical with the 
NMR of the disodium salt of 3-nitrophthalic acid.

The initial filtrate was poured into a 1.2 N hydrochloric acid/ice 
mixture; the resulting precipitate (0.65 g) was starting material (IR), 
but VPC analysis showed the presence of two minor impurities which 
were not identified.

A mixture of 2.68 g (10 mmol) of imide (le), 0.75 g (10.8 mmol) of 
anhydrous sodium nitrite, and 50 mL of anhydrous DMF stirred 
under nitrogen at 135 °C almost immediately turned very red. After 
5 min, the solution was dark red-black in color and precipitate formed. 
After 4 h, at 135 °C, the solution was cooled and filtered to give 1.0 
g (39%) of disodium 3-nitrophthalate. The filtrate was poured into 
a 1.2 N hydrochloric acid/ice mixture and extracted with chloroform. 
The chloroform extracts gave 1.5 g of a red oil containing many un
identified components.

Reaction of Sodium Nitrite with 3-Phenoxy-N-phenyl- 
phthalimide (2a). A mixture of 1.0 g (3.1 mmol) of 2a, 0.21 g (3.0 
mmol) of anhydrous sodium nitrite, and 10 mL of anhydrous di
methylformamide was stirred under nitrogen at 60 °C for 48 h. The 
solution slowly turned light yellow, but no detectable precipitate was 
formed. The cooled mixtures was added to a 1.2 N hydrochloric 
acid/ice mixture to give 0.95 g of 2a. No new products were found.
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Reactions of Phenoxides with Nitro-Substituted Phthalate Esters

F. J. Williams,* H. M. Relies, J. S. Manello, and P. E. Donahue

General Electric Research and Development Center, Schenectady, New York 12301

Aromatic nucleophilic nitro displacement by phenoxides on nitro-substituted phthalate esters is discussed. The 
differences in behavior between the 3-nitro (5a-d) and 4-nitro (4a-d) isomers were investigated. The 4 isomers gave 
excellent yields of the phenoxy substituted derivatives 6 . Side reactions were prominent for the 3-nitro isomers in 
degrees depending on the alkyl groups of the ester function. The majority of the side products can be explained by 
nucleophilic attack on the alkyl group of the ester, resulting in cleavage of the alkyl-oxygen bond. A rationale for 
the relative displacement rates of these two isomers is presented.

The reaction of phenoxides with nitro- or halo-substitut
ed phthalimides (1) is an excellent synthetic route to ether 
imide derivatives (2).1 We wish to report the results of studies 
on the reactions of phenoxides with nitrosubstituted phthalate 
esters.2 Examples of aromatic displacement reactions using 
an ester activating group were reported as early as 1890,3 but 
this group was used only in conjunction with other activating 
groups. The displacement of nitro groups activated by only 
one ester group was subsequently observed in dipolar aprotic 
solvents.4’5 No attack of the nucleophile at either the carbonyl 
or alkyl group of the ester was observed in any of these sys
tems.

+  NaOPh

2

N— R

Results and Discussion
Reactions with Sodium 4-Methylphenoxide. The reac

tion of sodium 4-methylphencxide (3) with eight dialkyl ni- 
trophthalates (4a-d and 5a-d) was examined to determine
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Scheme I

6
a, R = OBJ
b, R = CH2CH3
c, R= CH(CH3)2
d, R = CH2CH(CH3)2
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NO2) were formed and then underwent ring closure during 
VPC analysis to give 12. It is likely that 13 originated from 14b

Scheme II
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13
a, R = CH3
b, R = CH2CH3
c, R = CH(CH3)2
d, R = CH2CH(CH3)2
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the effect of the alkyl group on the course of the reaction and 
to judge the importance of the location of the nitro group. The 
reaction of 3 with the 4-nitro derivatives (4a-d) in DMF at 100 
°C for 1 h gave excellent yields of the ether derivatives 6a-d 
(Scheme I). There was no trace of 4-methylphenyl alkyl ether
(9) (the product of phenoxide attack at the alkyl group) in any 
of these systems. The reactions were complete in 1 h; there
after 6 was slowly destroyed with time by reaction with the 
sodium nitrite formed as a by-product of the displacement. 
Attempts to generate the nucleophile in situ by using a car
bonate base and 4-methylphenol (8) were less successful due 
to hydrolysis of the ester groups of 4. These results are sum
marized in Table I.

The reaction of 3 with the 3-nitro isomers (5) proved to be 
more complex (Scheme II). Several side reactions occurred 
in addition to nitro displacement. For example, the reaction 
of 3 with 5b gave the eight products indicated as well as three 
unidentified minor products. It is unknown if 12 was formed 
during the reaction or if compounds such as 14b or 15 (X =

or 15 (X = 4-CH3C6H40) and was not actually formed during 
the reaction (see Experimental Section). Subsequent analysis 
of the reaction mixture by GC/mass spectroscopy indicated 
the presence of diethyl 3-ethoxyphthalate (16) as a minor 
component.

The majority of these products can be explained as arising 
from the attack of a nucleophile upon the alkyl group of the 
esters. Such an attack (Scheme III) in the case of 3 leads to the 
ether 9 and either 17 or 18. As has been shown for the corre
sponding phenyl esters,6 either 17a or 18a can thermally de- 
carboxylate during the reaction to give only the meta deriva
tive corresponding to lib. Protonation of either 17a or 18a 
upon workup gives the acid esters 14b (X = NO2). The ther
mal treatment of these materials during VPC analysis can 
result in the formation of 3-nitrophthalic anhydride (12) by 
loss of ethanol. Attack of 3 at an ester group of 7b can also 
generate the ether 9b as well as the acid ester salts 17b and 
18b. These salts apparently did not thermally decarboxylate 
under the reaction conditions but, instead, were protonated 
on workup and ring closed during VPC analysis to give the 
observed anhydride 13. Considering the differences in the 
carbanionic stabilizing influences of -NO2 vs. 4-CH3C6H4, it 
is not surprising that 17a and/or 18a underwent decarboxyl
ation while 17b and/or 18b did not.

Formation of 17 and 18 can also result from attack by the 
nitrite anion generated by nitro displacement at either the 
alkyl group (which would also produce ethyl nitrite) or at the 
carbonyl group to give ethoxide. Either of these processes 
could ultimately give ethoxide and 17 or 18. Ring closure of 
17 or 18 would also generate ethoxide. Formation of 16 results 
from reaction of this ethoxide with 5b.

Finally, 10 was probably produced during the workup of the 
reaction mixture and not during the reaction itself. If the re
action mixture was worked up under neutral rather than acidic 
conditions, no 10 was found and the amount of 8 recovered was 
increased. Undoubtedly, nitrous acid produced from the so
dium nitrite formed in the nitro displacement reaction reacted 
with 8 during acidic workup to produce a species (probably 
the corresponding nitroso compound) which ultimately led 
to 10. This hypothesis is supported by appropriate control 
experiments (see Experimental Section).

The product distributions for the reaction of 3 with 5a-d 
are contained in Table II. These results indicate that the alkyl
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Table I. Displacement Yields for 4-Nitro Isomers (4)

Registry % Yield of 6
no. Compd Alkyl group Nucleophile Conditions (VPC)

610-22-0 4a CH3- 3 1 h (100 °C), DMF 98
2 h (100 °C), DMF 90
5 h (100 °C), DMF 86

2050-19-3 4b c2h 5- 3 1 h (100 °C), DMF 93
2 h (100 °C), DMF 93
3 h (100 °C), DMF 87

4b C2H5- 4-CH3C6H40H/K2C03 1.5 h (100 °C), DMF 15
16 h (100 °C) + 6.5 h (135 °C), DMF 48
16 h (100 °C) + 24 h (135 °C), DMF 41

4b c2h 5- 4-CH3C6H40H/Na2C03 5.5 h (150 °C), DMF 37
16 h (150 °C), DMF 46

13325-36-5 4e -CH(CH3) 2 3 1 h (100 °C), DMF 95-99
53577-26-7 4d -CH2CH(CH3) 2 3 1 h (125 °C), DMF 95-99

Table II. Reactions of Dialkyl 3-Nitrophthalates (5) with 3 in DMF at 150 °C for 3 h. VPC % Yields

R Registry no. 8 10 9 11 12 5 13 7

ch3 13365-26-9 5 1 61 11 17 4 7 12
CH3CH2 62351-79-5 4 15 24 9 7 10 5 39
(CH3)2CH 63181-75-9 6  14 5 2 10 1 53
(CH3)2CHCH2 63181-76-0 22 < 1 8 74

group greatly influenced the course of the reaction. Changing 
the alkyl group from methyl to ethyl to isopropyl to isobutyl 
changed the yield of the ethers (9a-d) formed by attack at the 
alkyl group from 61 to 24 to 5 to < 1. Concurrently, the 
amount of the other side products resulting from this alkyl (or 
carbonyl) group attack also decreased in this series. For ex
ample, the nitro ester (11) formed by decarboxylation de
creased steadily from R = methyl (11%) to R = isobutyl (0%). 
Simultaneously, as the percent of alkyl (or carbonyl) attack 
decreased, the yield of the nitro displacement product (7a—d) 
increased steadily from 12 to 74%. The yield of 7d in the iso
butyl system could not be increased further. Apparently the 
sodium nitrite produced attacked the remaining 5d and 
deactivated it for further displacement. This suggestion is 
supported (Table II) by the fact that approximately 22% of 
unreacted 4-methylphenol is isolated (in the form of 2- 
nitro-4-methylphenol) following workup at the end of the 
reaction.

The ease of the apparent attack of the phenoxide nucleo
phile at the alkyl group of the ester is surprising in the light 
of what has been reported in the literature. Until Bunnett’s7 
disclosure of the formation of dimethyl ether from the reaction 
of sodium methoxide with methyl benzoate, the bimolecular 
cleavage of the alkyl oxygen bond in the hydrolysis of car
boxylic esters was almost unknown.8 Recently, there have 
been other reports9 of this type of reaction, although few ex
amples have been reported in which alkyl ethers of phenols 
were formed. It appears, however, that in these 3-nitro-sub- 
stituted phthalate esters, Sn2 attack of the phenoxide nu
cleophile at the alkyl group is prominent and takes place not 
only with the methyl esters, but also with the ethyl esters and 
even to a small degree with the isopropyl systems.10

It is noteworthy that no other products were detected by 
VPC analysis in the diisobutyl 3-nitrophthalate system. It is 
likely that, at least in the very hindered isobutyl system, ni
trite attacks a carbonyl group, rather than the alkyl group, to 
give 19. Thereafter, the conversion of 19 to the sodium salt of 
14d by reaction with another nucleophile (nitrite, isobutoxide, 
or phenoxide) should be facile. Once these conversions have 
occurred, decomposition of this salt by intramolecular E2 
elimination to give isobutylene and monosodium 3-nitro- 
phthalate is feasible. If this occurred, the product would not 
be observed by VPC analysis.

Relative Rates of Nitro Displacement in 4 and 5. A
competition reaction containing equivalent amounts of 4d, 
5d, and 3 produced 6d as the only product. It can be estimated 
that the 4 isomer 4d reacted at least two orders of magnitude 
f a s t e r  than the 3-nitro isomer 5d. This is in marked contrast 
to the relative rates of displacement in the phthalimide series 
where the 4-nitro isomers displaced several times slow er than 
the corresponding 3-nitro isomers.1

In the case of 4d vs. 5d, the reason for the large rate differ
ence is probably steric in origin. In the Meisenheimer inter
mediate from 6d (20), little steric inhibition of resonace should 
be encountered (especially in the conformer drawn) and sta
bilization of the negative charge by the para ester carbonyl 
should be substantial. On the other hand, there is no 
Meisenheimer complex conformer derived from 5d capable 
of resonance stabilization of the negative charge, which would 
be as free of steric interactions as 20. In 21 or 22 resonance 
stabilization of the negative charge by the ortho ester carbonyl 
would simultaneously require severe steric compressive in
teractions to be generated, thus making 21 or 22 much higher 
in energy than 20. Assuming similar ground-state energies for 
4d and 5d, this energy difference for the intermediates would 
account for the rate difference.

Spectral data are in agreement in this argument. The 2- 
carbobutoxy group in 5d resides mainly in its least sterically 
hindered conformation, in which the carbonyl carbon and both 
oxygens are in a plane perpendicular to the plane of the ring. 
The carbonyl stretching region in the infrared spectrum of 5b 
shows two strong bands at 1735 and 1745 cm-1. The former 
is in agreement with an aryl-conjugated ester carbonyl (1- 
carboalkoxy),11 while the latter is what would be expected for 
an unconjugated, saturated ester carbonyl.11 This is consistent 
with a 2-carboalkoxy group having no appreciable overlap with 
the aromatic ring. On the other hand, 4b showed only a single
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Table III. Reaction of Sodium Nitrite with I at 150 °C in DMF
CO,R

CO,R

Registry
no. R X

Equiv of 
NaN02

% starting material remaining

0.5 h 1.0 h 3.0 h 5.0 h 10.0 h

131-11-3 ch3- H 2 83 55 13 5
84-66-2 ch3ch2- H 2 100 96 88 79 59
84-69-5 (CH3)2CHCH2- H 2 91 86 86 84 82

ch3- n o2 2 13 4 0
CH3CH2- n o2 2 88 68 23 9
ch3- H 1 73 60 55 55

CH2CH(CH3)2
0

ch3 ch3
21 22

carbonyl band at 1735 cm-1 typical of normal aryl-conjugated
ester carbonyls.

The Reaction of Sodium Nitrite with Phthalate Esters.
Reactions were carried out in DMF at 150 °C using 1 or 2 equiv 
of anhydrous sodium nitrite and the following esters: dimethyl 
phthlate, diethyl phthalate, diisobutyl phthalate, dimethyl
3-nitrophthalate, and diethyl 3-nitrophthalate. The amount 
of unreacted ester was monitored as a function of time (Table
III).

Several interesting results were obtained: (1) the more 
hindered the ester group, the slower the rate of destruction 
(isobutyl < ethyl < methyl); (2) substitution of a nitro group 
on the phthalate ring increased the rate of destruction; (3) 2 
equiv of sodium nitrite were necessary for complete destruc
tion of the esters. In all of these reactions a precipitate was 
formed at a rate corresponding to the rate of ester destruc
tion.

At the present time, it is not possible to distinguish nitrite 
attack at the carbonyl from nitrite attack at the alkyl group, 
although in either case 2 equiv of nitrite are necessary. A 
change in alkyl groups from methyl to isobutyl should hinder 
attack at both the carbonyl group and the alkyl group. Sub
stitution of a nitro group on the phthalate ring should facili
tate nucleophilic attack on the carbonyl group, but it should 
also increase the efficiency of the phthalate salt as a leaving 
group if attack does take place at the alkyl group. Since 2 equiv 
of sodium nitrite are necessary for total ester destruction and 
the resulting product has no alkyl groups present, the two 
mechanisms for phthalate ester destruction by sodium nitrite 
given in Scheme IV are plausible.

Scheme IV

'O R

RONO

In summary, the reaction of phenoxides with nitrophthalate 
esters was found to be greatly dependent upon the structure 
of the ester derivative. Side reactions were prominent for the
3-nitro isomers in degrees depending on the alkyl groups of 
the ester function (Me > Et > isopropyl > isobutyl). The 
majority of the side products can be explained by nucleophilic 
attack on the alkyl group of the ester, resulting in cleavage of 
the alkyl oxygen bond. The corresponding 4-nitro esters gave 
essentially quantitative yields of the phenoxy-substituted 
products and were at least two orders of magnitude more re
active than the 3-nitro derivatives.

Further studies of the displacement of nitro and halo groups 
in derivatives of phthalic acid will be presented in subsequent 
papers.

Experimental Section
Infrared spectra were taken on a Perkin-Elmer 457 grating infrared 

spectrophotometer in chloroform solution or as a KBr pellet. Mass 
spectra were determined on a CEC 21-104 analytical mass spec
trometer at 70 eV. Vapor-phase chromatography (VPC) was carried 
out on a Hewlett Packard 5750 research chromatograph using a 6 ft 
10% UCW-98 on 80/100 Chromosorb W column with temperature 
programming and a thermal conductivity detector. Melting points 
were determined on a Thomas-Hoover instrument and are uncor
rected. C, H, N analyses were determined on a Perkin-Elmer 240 C, 
H, N analyzer.

Anhydrous DMF and Me2SO were purchased from Burdick and 
Jackson Laboratories. 4-Methyl-2-nitrophenol (10) and methyl 4- 
methylphenyl ether (9a) were obtained from the Aldrich Chemical
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Co. The sodium salt of 4-methylphenol was prepared by reaction with 
anhydrous sodium methoxide as has been described previously.1 For 
displacement reactions, temperatures listed are oil bath temperatures. 
In general, the actual solution temperatures were 2-5 °C cooler.

VPC yields were determined by using an internal standard ( m -  
terphenyl, biphenyl, or o-terphenyl) in the reaction mixture. Aliquots 
were removed at timed intervals and added to a 1.2 N hydrochloric 
acid solution. This mixture was extracted with ether and the ether 
extracts were dried over anhydrous magnesium sulfate and then 
subjected to VPC analysis. Peak areas were calculated by weighing 
photocopies of each peak and were corrected for detector response 
differences.

Preparation of Nitro Esters 4 and 5. These esters were prepared 
by refluxing a mixture of 3- or 4-nitrophthalic anhydride, a catalytic 
amount of p-toluensulfonic acid, and equal volumes of the appropriate 
alcohol and xylene (ca. 25% concentration). The reaction mixtures 
were worked up with an ether extraction (bicarbonate wash) to give 
the crude nitro ester. !H NMR spectra and elemental analyses follow 
(13C NMR assignments are contained in the Supplementary Material, 
Table VI). The aromatic multiplets in the 'H NMR of 4a-d were su- 
perimposable on one another and distinctly different from those of 
5a-d.

4a: mp 66-67 °C (lit. 65 °C);12 'H NMR (CDC13) 51.40 (methyl, s,
6), 7.7-8.6 (aromatic, m, 3).

4b: mp 33-35 °C (lit 33-34 °C);13 JH NMR (CDCI3) 6 1.40 (methyl, 
t, J  = 7 Hz, 6), 4.44 (methylene, q, J  = 7 Hz, 4) 7.7-8.6 (aromatic, m,
3) .

4c: mp 41-42 °C [lit. bp 172 °C (3 Torr)];14 [H NMR (CDCI3) S 1.40 
(methyl, d, J  = 6 Hz, 12), 5.32 (methine, septet, J  = 6 Hz, 2), 7.7-8.6 
(aromatic, m, 3).

4d: T1 NMR (CDClg) S 1.04 (methyl, d, J  ^  7 Hz, 12), 1.6-2.4 
(methine, m, 2), 4.14 (methylene, d, J  ca 6 Hz, 4), 7.7-8.6 (aromatic, 
m, 3). Anal. Calcd for Ci6H2iN06: C, 59.43; H, 6.55; N, 4.33; mol wt 
323. Found: C, 59.7; H, 6.6; N, 4.3; mol wt 323 (mass spectrum).

5a: mp 69-70 °C (lit. 67-69 °C);12 !H NMR (CDCI3) 6 4.00 (methyl, 
s, 3), 4.07 (methyl, s, 3), 7.7-8.6 (aromatic, m, 3).

5b: mp 44-45 °C (lit. 46 °C);13 'H NMR (CDC13) 5 1.40 (methyls, 
triplet, J  7 Hz, 6), 4.40 and 4.50 (methylenes, quartets, J  ^  7 Hz,
4) , 7.5-8.5 (aromatic, m, 3).

5c: mp 41-42 °C; XH NMR (CDCI3) 5 1.39 and 1.43 (methyls, dou
blets, J  =  6 Hz, 12), 5.25 and 5.35 (methines, septets, J  = 6 Hz, 2),
7.5-8.5 (aromatic, m, 3). Anal. Calcd for C14Hi7N06: C, 56.94; H, 5.80; 
N, 4.74; mol wt 295. Found: C, 57.0; H, 6.0; N, 4.7; mol wt 295 (mass 
spectrum).

5d: bp 165-166 °C (0.25 Torr); 4H NMR (CDCI3) 5 1.00 (methyl, 
d, J  =* 7 Hz, 12), 1.6-2.4 (methine, m, 2), 4.08 and 4.15 (methylenes, 
each d, J  7 Hz, 4), 7.40-8.35 (aromatic, m, 3). Anal. Calcd for 
C16H2iN06: C, 59.43; H, 6.55; N, 4.33; mol wt 323. Found: C, 59.8; H, 
6.6; N, 4.0; mol wt 323 (mass spectrum).

Reaction of 3 with 4-Nitro Esters 4a-d to give 6a-d. An equi
molar mixture of 3 and the desired nitro ester was stirred with DMF 
(10% solution) under nitrogen for 1 h at 150 °C. The cooled reaction 
mixture was added to 1.2 N hydrochloric acid and extracted with 
ether. The ether extracts were washed with 1.2 N HC1, water, 5% so
dium carbonate, water, and a saturated salt solution. The ether so
lution was dried and concentrated to give the crude product, 6, in 
90-95% yield. This material was purified by distillation for 6b-d. ' H 
and 13C NMR data for these compounds are in the supplementary 
material (Tables IV and V).

6a: oil. Anal. Calcd for C17Hi605: C, 68.0; H, 5.4; Found: C, 67.8; H,
5.5.

6b: bp 163-165 °C (0.05 Torr); n24D 1.5482. Anal. Calcd for 
Ci9H2o05: C, 69.50; H, 6.14; mol wt 328. Found: C, 69.7; H, 5.9; mol 
wt 328 (mass spectrum).

6c: bp 175-177 °C (0.05 Torr); n 24D 1.5330. Anal. Calcd for 
C2iH2405: C, 70.77; H, 6.79; mol wt 356. Found: C, 71.7; H, 7.0; mol 
wt 356 (mass spectrum).

6d: bp 194-199 °C (0.20 Torr); n 24D  1.5292. Anal. Calcd for 
C23H2805: C, 71.85; H, 7.34; mol wt 384. Found: C, 71.5; H, 7.5; mol 
wt 384 (mass spectrum).

Reaction of 4b with 4-Methylphenol and Potassium Carbon
ate. A mixture of 2.67 g (0.01 mol) of 4b, 1.08 g (0.01 mol) of 8,1.38 
g (0.01 mol) of anhydrous potassium carbonate, 1.41 g of m-terphenyl, 
and 26 mL of anhydrous DMF was stirred at 100 °C under nitrogen 
for 16 h and then at 135 °C for additional 24 h. Aliquots were removed 
at timed intervals and worked up as described above. Analysis indi
cated the presence of 4b, 6b, and a peak with the same retention time 
as 4-nitrophthalic anhydride. There was no peak present with the 
retention time of the ether 9b (see Table I).

Reaction of Diethyl 3-Nitrophthalate (5b) with 3. Identifi

cation of Products. A mixture of 4.84 g (0.037 mol) of 3,9.94 g (0.037 
mol) of 5b, and 100 mL of anhydrous DMF was stirred at 150 °C for 
3 h under nitrogen. The mixture was cooled to room temperature and 
poured into a large excess of 1.2 N HC1. This solution was thoroughly 
extracted with ether; the ether extracts were washed with water and 
a saturated sodium chloride solution, and were dried over anhydrous 
magnesium sulfate. The dried ether extracts were concentrated to give 
a brown oil. Analysis of this oil by VPC showed the presence of 11 
peaks. Coinjection of authentic samples allowed for the tentative 
assignment of structure to compounds 8, 9b, 10, lib, 12,5b, 13, and 
7b (in order of retention time). The crude reaction mixture was dis
solved in ether and washed with a 5% sodium bicarbonate solution, 
which removed compounds 12 and 13 (thought to have arisen from 
carboxylic acid derivatives). The ether solution was reconcentrated 
and the residue was fractionally distilled through a short-path dis
tillation head. The following fractions were collected: (1) 48-60 °C 
(0.01 mm); (2) 50-126 °C (0.01 mm); (3) 126-163 °C (0.05 mm); (4)
164-165 °C (0.05 mm); (5) 165 °C (0.05 mm).

Fraction 1 contained compounds 8 and 9b. Washing an ethereal 
solution of this mixture with a 10% sodium hydroxide solution re
moved compound 8. A 'H NMR of this mixture showed two singlets 
of almost equal height at 1.6 and 1.65 ppm for the methyl groups of 
8 and 9b. Fraction 2 contained mostly compound lib as well as some
8. Infrared and 4H NMR analysis of this fraction were very similar 
to the spectra of an authentic sample of lib (see below). Fraction 3 
was very minor. Fraction 4 contained a trace of compound 5b (-N02 
band at 1530 cm-1 in infrared) and compound 7b. Fraction 5 con
tained only compound 7b as evidenced by its 13C and ’H NMR. The 
infrared showed a strong carbonyl band at 1720 cm-1 and the com
plete absence of a band at 1530 cm-1 for the -N02 group.

A sample of the original brown oil was analyzed by GC/mass spec
troscopy on a Varían MAT-111 equipped with a 10 ft by 2 mm column 
packed with 3% OV-17 on 100/120 Gas Chrom Q. The compounds 
were identified in order of elution. The m/e values for the parent and 
base ions as well as for other key ions are as follows: compound, m/e 
(% of base): 9b, 136 (58), 108 (100), 107 (88); 8,108 (85), 107 (100); lib, 
167 (30), 150 (100); 16,266 (4), 221 (40), 193 (29), 44 (100); 5b, 222 (12), 
194 (100); 13,254 (100), 181 (63); 7b, 328 (43), 237 (100), 165 (55).

Reaction of Dimethyl 3-Nitrophthalate (5a) with 3. The reac
tion of 5a with 3 was run as described for 5b to given an oil. Analysis 
by VPC showed the presence of seven peaks (7a and 13 were one peak) 
and by co-enrichment with authentic samples the structures for the 
compounds 8,10,9a, 11a, 12,5a, 13, and 7a were assigned. The fol
lowing compounds were identified in order of elution by GC/mass 
spectroscopy. The m/e values for the parent and base ions as well as 
for other key ions are as follows: compound, m/e (% of base): 8,108 
(42), 107 (65), 28 (100); 9,122 (100), 121 (53), 107 (36), 77 (39); 11a, 
181 (17), 150 (100), 104 (3); dimethyl 3-methoxyphthalate (16a), 224
(7), 193 (100); 5a, 208 (100); 104 (35); one peak 13,254 (20), 237 (100), 
209 (31); 7a, 300 (51).

Reaction of Diisopropyl 3-Nitrophthalate (5c) with 3. The
reaction of 5c with 3 was run as described for 5b to give an oil. The 
structures of the products in this oil were identified by co-enrichment 
with authentic samples. In addition, the structures of 9c [m/e 150, 
108 (— propylene)], 5c, and 7c were verified by GC/mass spectroscopic 
analysis of the reaction mixture.

Reaction of Diisobutyl 3-Nitrophthalate (5d) with 3. A mixture 
of 3.17 g (0.0244 mol, 0 .0 0 4 3  m o l  e x c e s s )  of 3,6.50 g (0.0201 mol) of 
5d, and 40 mL of DMF was stirred under nitrogen at 150 °C for 3 h. 
The reaction mixture was worked up as described for 5b to give 7.86 
g of oily residue. A 0.50-g sample of this residue was analyzed by 13C 
NMR spectroscopy (Me2SOciB) and found to contain 7d (approxi
mately 70 mol %), 2-nitro-4-methylphenol (10) (approximately 25 mol 
%), and 5d and/or acid esters corresponding to 5d (14d, approximately 
5 mol%).

The remainder (7.36 g) of the crude product was redissolved in 650 
mL of ether and extracted with 5% NaOH (which removed most of 
the color from the organic layer), water, and saturated NaCl, and then 
dried (MgS04). Solvent evaporation now gave 5.41 g of an orange oil 
which by VPC and 13C NMR (Me2SO-d6) was virtually pure 7d.

The remaining 4.91 g of crude product was distilled under vacuum. 
Fraction 1: bp 182-186 °C (0.2C mm); 0.77 g; VPC and 13C NMR 
(Me2SO-c?6) analysis indicated this was approximately 90% 7d and 
approximately 10% 5d. Fraction 2: bp 187-190 °C (0.20 mm); 3.72 g; 
VPC indicated this was >99% 7d; the mass spectrum showed a mo
lecular ion at 384 (calcd 384). The overall yield of 7d (fraction 2 + 90% 
of fraction 1 + 2 X 0.50 g 13C NMR samples) was approximately 70%. 
This latter fraction also gave correct elemental analyses.

Anal. Calcd for C^H^Os: C, 71.85; H, 7.34. Found: C, 71.5; H,
7.4.
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Identification of Isobutyl 4-Methylphenyl Ether (9d). A mix
ture of 0.47 g of 3 ,1.17 g of 5d, and 12.0 mL of anhydrous DMF was 
stirred at 150 °C for 3.5 h under a nitrogen atmosphere. The mixture 
was cooled to room temperature and added to neutral water in an 
attempt to prevent the formation of 10. The mixture was extracted 
thoroughly with methylene chloride and the methylene chloride ex
tracts were washed extremely thoroughly with a 5% sodium hydroxide 
solution. The methylene chloride phase was dried and subjected to 
GC/mass spectroscopic analysis, which showed the presence of the 
ether 9d [m/e 164,108 ( -  isobutylene)]. This spectrum was identical 
with the spectrum of a sample of 9d which was prepared from the 
reaction of 3 with isobutyl bromide. The structure of the sample from 
bromo displacement was also verified by its 3H NMR (CHCI3): S 1.0 
(ether aliphatic methyls, doublet, J m 6 Hz, 6 ); 1.6-2.3 (ether methine, 
m, 1); 2.25 (aromatic methyl, s, 3); 3.63 (ether methylene, d, J m 6 Hz,
2 ); 6.90 (aromatic, center of A2B2, 4).

Determination of the Extractability by Sodium Bicarbonate 
of 12 and 13 from Diethyl Ether. A mixture of 0.0953 g of 12,0.1255 
g of 13, 0.0380 g of biphenyl, and 15 mL of anhydrous diethyl ether 
was subjected to VPC analysis. The ethereal solution was washed with 
2 X 15 mL of 5% aqueous sodium bicarbonate solution and dried over 
anhydrous magnesium sulfate. The ethereal solution was again 
subjected to VPC analysis, which showed none of 12, but did show the 
presence of ca. 65% of the initial amount of 13. This extractive pro
cedure was repeated using the corresponding phthalic acid derivatives. 
After washing with 5% sodium bicarbonate, there was no trace of ei
ther of the diacids in the ether. Since extraction of the crude reaction 
product from 5b + 3 with bicarbonate removed all traces of 13, it is 
likely that 13 is arising from ring closure during VPC analysis of 14b 
or 15 (X = 4-CH3C6H40).

Determination of the Importance of pH on the Formation of
2-Nitro-4-methylphenol (10) During Work-up of Mixtures 
Containing 4-Methylphenol (8 ) and Sodium Nitrite. A mixture 
of 2.30 g of 3,2.44 g of sodium nitrite, 4.92 g of diisobutyl phthalate, 
and 49 mL of anhydrous DMF was stirred under nitrogen at 140 °C. 
After 5 h, the mixture was cooled to room temperature and divided 
into three equal portions, which were worked up as follows: (1) The 
mixture was added to 150 mL of neutral water and the aqueous mix
ture was extracted thoroughly with ether. The ether extracts were 
washed with 1.2 N HC1 and a saturated NaCl solution. After being 
dried over anhydrous MgS04, the ethereal solution was concentrated 
and the residue was analyzed by 13C NMR, which showed only 8  and 
the starting diester. (2) The mixture was added to 150 mL of a 1% 
acetic acid solution. This solution was worked up as described above. 
Analysis by 13C NMR showed 83% of 8 and 17% of 10. (3) The mixture 
was added initially to 1.2 N HC1 and worked up as described above. 
Analysis by 13C NMR showed 3% of 8  and 97% of 10.

Reactions of Dialkyl Esters with Sodium Nitrite. Dimethyl 
Phthalate and Sodium Nitrite. A mixture of 2.5210 g of dimethyl 
phthalate, 1.7916 g of sodium nitrite (2 equiv), and 2.0019 g of bi
phenyl (internal standard) was stirred in 25 mL of DMF in a 150 °C 
oil bath under nitrogen. Aliquots were removed at timed intervals and 
worked up by adding them to a 1.2 N HC1 solution and extracting the 
mixture with methylene chloride. The resulting organic solution was 
subjected to VPC analysis. The results are tabulated in Table III.

The reaction was repeated except that no internal standard was 
used. The reaction mixture was heated for 5 h at 150 °C, cooled to 
room temperature, and filtered. The precipitate was washed with fresh 
DMF and thoroughly dried to give >80% (some DMF present) of di
sodium phthalate; no methyl ester protons were detected by 'H 
NMR.

Competition Reaction between Diisobutyl 3- and 4-Nitro- 
phthalate. A mixture of 1.8423 g of 4d (0.0057 mol), 1.8423 g of 5d 
(0.0057 mol), and 0.6555 g of o-terphenyl was stirred at room tem
perature with 24 mL of anhydrous DMF under nitrogen. A small al
iquot was removed at zero time and added to 1.2 N HC1 and extracted 
with methylene chloride. VPC analysis of this material showed that 
the two starting esters did not separate. To this mixture was added 
0.7407 g (0.0057 mol) of sodium p-methylphenoxide (3) and the stirred 
homogeneous mixture was placed in a 100 °C oil bath. Aliquots were 
removed at 1 and 2  h and worked up as described above. VPC analysis 
of each point showed that only 6d was formed. The mixtures were 
subsequently enriched with 7d and reexamined by VPC to ensure that 
none of it was present.

Based on the result, it can be estimated that under these reaction 
conditions, the difference in rate between these two isomers toward 
reaction with 3 is at least two orders of magnitude. The calculation 
employed follows (where A = 4d and B = 5d):

kA _  log Ap -  log (A0 -  x )
kB log B0 -  log (B0 -  x)

where Ao = initial concentration of A (4 isomer) = 1, B0 = initial 
concentration of B (3 isomer) = 1, (A0 -  x ) = amount of A (4 isomer) 
unreacted = 1 % = 0.01, and (Bo — x) = amount of B (3 isomer) un
reacted = 99% = 0.99.

feA _ 0 ~ log(O.Ol) _  - ( - 2 .0 0 ) = 2 .0 0  _  5Q0 

kB 0 -  log(0.99) -(-0 .00 4 ) 0.004
Preparation of Authentic Samples. 3-(4-Methylphenoxy)- 

phthalic Anhydride (13). A sample of 3 (4 methylphenoxy) N- 
phenylphthalimide was prepared from 3-nitro-AT-phenylphthalimide 
and 3.1 A mixture of 200 mL of ethylene glycol, 40 mL of 25% aqueous 
NaOH, and 19.74 g of 3-(4-methylphenoxy)IV-phenylphthalimide was 
heated at reflux (135 °C in solution) for 18 h and then added to 2 0 0 0  
mL of 1 N HC1 with stirring and cooling. The precipitated solid was 
filtered, washed with 0.1 N HC1, then with water, and dried in vacuo 
at 60 °C. The yield of 3-(4-methylphenoxy)phthalic acid was 15.61 
g (96%): 'H NMR (Me^SO-dg) 5 2.30 (methyl, s, 3), 6.7-7.7 (aryl, m,
7), 9.2 (-COOH, br s, 2); IR (KBr) C = 0  1688, (s) 1708 (s), OH 2900 
cm-  (br); l3C NMR will appear in a subsequent publication.6 A mix
ture of 54.4 g of this diacid, 300 mL of acetic acid, and 40.8 g of acetic 
anhydride was heated at reflux for 2  h and then all solvent was re
moved in vacuo. The residue, after being recrystallized from cyclo
hexane, gave 39.6 g (78%) of 13: mp 117-118 °C; HI NMR (CDC13) 6
2.33 (methyl, s, 3), 6.7-7.7 (aryl, m, 7); IR (KBr) C—0  1782 (vs), 1840 
cm- 1  (s); 13C NMR was in accord with the assigned structure;6 UV 
(Et20 ) \max 229 (e 20 800), 333 mm (c 5200), \shouider 324 mm (e 
4900).

Anal. Calcd for CisH io0 4: C, 70.9; H, 3.9; mol wt 254. Found: C, 70.8;
H, 4.1; mol wt 254 (mass spectrum).

Dimethyl 3-(4-Methylphenoxy)phthaIate (7a). A mixture of
I. 00 g of 3-(4-methylphenoxy)phthalic acid, 1.02 g of potassium car
bonate, 0.93 g of dimethyl sulfate, 1 mL of 10% methanolic potassium 
hydroxide, and 20 mL of acetone was heated at reflux under a nitrogen 
atmosphere for 6 h. The mixture was cooled to 25 °C and the salts were 
removed by filtration. These salts were washed thoroughly with ac
etone and the combined acetone filtrates were added to water and 
extracted well with chloroform. The chloroform extracts were washed 
with 5% sodium bicarbonate and water and dried over anhydrous 
magnesium carbonate. The solution was concentrated to give 0.75 g 
(6 8% yield) of 7a as an oil. The structure of the compound was es
tablished by its 'H and 13C NMR spectra: 'H NMR (CDCI3) 5 2.15 (s,
3), 3.83 (s, 6 ), 7.25 (m, 7); see supplementary material (Table V) for 
13C NMR data.

Anal. Calcd for C 17H 16O5: C, 68.0; H, 5.4; mol wt 300. Found: C, 68.3; 
H, 5.5; mol wt 300 (mass spectrum).

Diethyl 3-(4-Methylphenoxy)phthalate (7b). A solution con
taining 11.0 g (0.043 mol) of 3-(4-methylphenoxy)phthalic anhydride
(13), 20 mL (15.8 g, 0.34 mole) of ethanol, and i.O g of p-toluenesul- 
fonic acid hydrate in 180 mL of xylene was treated as has been de
scribed for the esterification of the nitro anhydrides. In this manner, 
the product 7b was obtained as an oil, 13.98 g (99%); NMR (CDC13) 
S 1.26 and 1.33 (ester methyls, both triplets, J ^  7 Hz, 6 ), 2.30 (aro
matic methyl, s, 3), 4.33 (ester methylenes, q, J ^  7 Hz, 4), 6.70-7.80 
(aromatic, m, 7); see supplementary material (Table V) for 13C NMR 
data.

Anal. Calcd for C 19H20O5: C, 69.50; H, 6.14; mol wt 328. Found: C, 
69.5; H, 6.4; mol wt 328 (mass spectrum).

The following ester was prepared by a method analogous to the 
preparation of 7b above.

Diisopropyl 3-(4-Methylphenoxy)phthalate (7c). XH NMR
(CDCI3) 6 1.31 and 1.37 (ester methyls, doublets J  ^  6 Hz, 12), 2.30 
(aromatic methyl, s, 3), 5.23 and 5.28 (ester methines, septets, J  
Hz, 2), 6.74-7.80 (aromatic, m, 7); 13C NMR, see supplementary ma
terial (Table V).

Anal. Calcd for C21H24O5: C, 70.77; H, 6.79; mol wt 356. Found: C, 
70.5; H, 7.0; mol wt 356 (mass spectrum).

Preparation of Alkyl m-Nitrobenzoates (11). A mixture of 
m-nitrobenzoyl chloride, the anhydrous alcohol of choice, and dried 
pyridine was stirred under nitrogen for 16 h. The cooled mixture was 
added to 1.2 N hydrochloric acid and the solid was collected and dried. 
The 13C NMR data for the compound are in the supplementary ma
terial.

11a: 86% yield; mp 78-80 °C (lit. 78 °C) ; 13  *H NMR (CDC13) b 4.05 
(methyl, s, 3); by using o-nitrobenzoyl chloride, a sample of methyl 
o-nitrobenzoate was prepared and shown to separate from the meta 
isomer by VPC analysis.

1 lb: 66% yield, mp 40-41 °C (lit. 41 °C ) ; 13  IR (CHC13) carbonyl at 
1715, nitro bands 1525 and 1350 cm "1; 'H  NMR (CDCI3) 5 1.43 
(methyl, t, 3), 4.22 (methylene, q, 2).

11c: 60% yield, oil; 'H  NMR (CDC13) & 1.40 (methyl, d, 6 ), 5.25



(methine, septet, 1), 7.60 (aromatics, t, 1), 8.33 (aromatic, m, 2), 8.75 
(aromatic, m, 1)!

Preparation of Alkyl 4-Methylphenyl Ethers (9). A mixture of 
the appropriate alkyl iodide, 3, and THF was refluxed under nitrogen 
fro 16 h. The mixture was then cooled, filtered, and added to water. 
The aqueous solution was extracted with ether and the ether extracts 
were washed and dried to give the crude product. 13C NMR data for 
the compounds are in the Supplementary Material.

9b: 81%yield;bp 140 °C (15Torr); 'HNMR(CDCI3) & 1.35 (t, 3),
2.13 (s, 3), 3.95 (q, 2), and an A2B2 aryl region centered at 6.90 (m,
4).

9c: 76% yield; lH NMR (CDC13) 5 1.30 (d, 6), 2.25 (s, 3), 4.45 (septet, 
1), 6.90 (center of A2B2 aromatic, 4).
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Phenoxides react with nitro-, fluoro-, or chloro-substituted phthalic anhydrides to give phenoxy-substituted 
phthalic anhydrides. The success of the reaction was dependent upon the reaction conditions employed and the 
identity of the leaving group (F > Cl > N02). All three systems suffered from the reaction of the anhydride linkage 
with solvent (DMF) at higher temperature, and the nitro system was further complicated by reaction of the anhy
dride linkage with the sodium nitrite by-product. Using the fluoro system, yields of >85% were obtained for the 
phenoxyphthalic anhydrides.

As part of our continuing effort to understand the reac
tion of phenoxides with derivatives of nitro-substituted 
phthalic acids, we investigated the activating effect of the 
anhydride linkage in phthalic anhydrides. Previous results 
have shown that phenoxides react with nitro- and halo-sub
stituted phthalimides,1 nitro-substituted phthalonitriles,2 and 
nitro-substituted phthalate esters.3 The successful reaction 
of phenoxides with anhydride derivatives would give phe
noxy-substituted phthalic anhydrides and would constitute 
a considerable improvement over existing syntheses (see eq 
1 for an example4).

Results and Discussion
Reaction of Nitrophthalic Anhydrides. Reaction of 3- 

nitrophthalic anhydride (la) with sodium phenoxide (Scheme 
I; X  = N 02, Y = H) in DMF at 25 °C produced a mixture of 
ring-opened acid ester salts 4 and 5 and no  product (2) from 
nitro displacement. If, after 0.5 h at 25 °C, an equivalent 
amount of methyl iodide was added to the reaction mixture, 
the only products formed were the diesters 6 (21%) and 7 (79%)

in excellent yield.5 There was no trace of starting anhydride 
la or displacement product 2a. Therefore, in DMF at 25 °C, 
sodium phenoxide exclusively attacked the carbonyl carbons 
and, preferentially, the carbonyl a  to the nitro group. In ad
dition, because of the total absence of starting material, one 
can conclude that i f  there was an equilibrium between la/3  
and 4/5 at room temperature, it was far to the right in favor 
of 4 and 5.
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Scheme I

8

300 °C 
VPC

• +  ~ @ -  OH
When a reaction mixture containing 4 and 5 was acidified, 

the mixture of acid esters 8 and 9 was produced. However, 
VPC analysis of this mixture showed only starting anhydride 
la and phenol, both of which were apparently formed from 
ring closure of 8 and 9 in the injection port of the VPC (300 
°C). if, however, the initial homogeneous mixture of 4 and 5 
in DMF was injected directly into the VPC injection port, then 
only 2a and 10 were formed. There was no trace of starting 
anhydride la or the other possible decarboxylation product 
phenyl o-nitrobenzoate (11) observed. Under these conditions, 
production of 2a probably resulted from the displacement of 
the nitro group in la by sodium phenoxide; both of these re
agents could have been generated by the thermal ring closing 
of 4 and 5.

Compounds 4 and 5 could also be generated by an alternate 
route. When a sample of the DMF reaction mixture, in which 
6 and 7 were produced using CH3I, was placed directly into 
the VPC injection port, not only 6 and 7 but also 2a and 10 
were observed. Since it had previously been found that only 
6 and 7 were present in a workup involving a methylene 
chloride extraction of an identical DMF reaction mixture 
which had been diluted with aqueous HC1, products 2a and 
10 could not have orginated from unreacted salts 4 and 5 in 
the present example. Instead, we believe these salts were re
generated in the VPC by reaction of sodium iodide with the 
methyl group of each ester, 6 and 7, to generate methyl iodide. 
These salts, 4 and 5, then decomposed as previously described 
to give 2a and 10. When, in fact, a mixture of authentic sam
ples of 6 and 7 and an equivalent amount of sodium iodide in 
anhydrous DMF was injected directly into the VPC, 6 ,7,2a, 
and 10 were all observed. However, if this mixture was added 
to 1.2 N HC1, then extracted with methylene chloride, and 
these organic extracts were subjected to VPC analysis, only 
6 and 7 were observed.

It is interesting to note that only the meta isomer 10 was 
formed from the decarboxylation of the mixture of 4 and 5 
both during VPC analysis and at elevated temperature in 
solution. If the mixed ester 6 was stirred with an equivalent 
amount of sodium iodide in DMF and then injected directly

into the VPC, ester 10 was formed as expected. However, when 
the experiment was repeated using pure 7, instead of forming 
the ortho isomer 11, only ester 10 was formed. Since the re
action of 7 with sodium iodide at 300 °C should have produced 
only 5 and no 4, formation of 10 must have come about from 
the rearrangement of 5 to 4. In both cases the yield of decar - 
boxylated product was very low (17-18%), indicating perhaps 
that the decarboxylation process was not very efficient.6 In 
addition, when a mixture of 80% of 9 and 20% of 8 was heated 
in quinoline with a copper catalyst, a 40% yield of only 10 was 
produced. This again indicated that a conversion between the 
salts (or the starting acids) could take place. These results are 
in agreement with reported literature findings for somewhat 
similar systems.8’9

The fact that 2a was produced during VPC analysis sug
gested that the displacement reaction be tried in solution at 
elevated temperatures. Reaction of sodium phenoxide with 
la in DMF at temperatures between 80 and 150 °C produced 
low yields of both 2a and 10 as well as major amounts of salts 
4 and 5. Although this approach did produce 2a, the yield was 
such (5-10%) that the reaction is of little synthetic value. In 
addition, at these higher temperatures, two other factors 
complicated the results: (1) reaction of the anhydride linkage 
with solvent; and (2) reaction of the anhydride linkage with 
sodium nitrite (vide infra).

The reaction of la with sodium 4-methylphenoxide at room 
temperature gave very similar results to those described above, 
except the amount of attack by the nucleophile at the carbonyl 
a  to the nitro group was slightly larger (84% vs. 79%). Re
peating the reaction at 78 °C gave 2 (Y = CH:i) and 10 (Y = 
CH3) as well as a new product 13. This diester could result 
from initial formation of the intermediate 12, followed by 
attack of the phenoxide at carbonyl a to give 13 (Scheme
II) .

Reaction of 4-nitrophthalic anhydride (14a) with sodium 
phenoxide in DMF at 25 °C gave the salts 15 and 16 (see 
Scheme III; X  = NO2, Y = H). When a homogeneous mixture 
of 15 and 16 was placed into the 300 °C injection port of a 
VPC, considerable amounts of starting material 14 were ob-
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Scheme II
4 +  5

(X =m,Y = CH:1) (X = NO/,Y=CH,)

served. This suggests that ring closure of the salts in the 4 
system may be considerably more favorable than closure in 
the 3 system (or the escape of 4-nitrophthalic anhydride from 
the reaction zone in which it was produced was more efficient). 
In addition, the amount of decarboxylated product, 19,10 was 
much smaller in this system. Methylation of the salts with 
methyl iodide produced the esters 17 and 18. The isomers 
could not be separated on VPC columns, but 13C NMR anal
ysis indicated that two isomers were present in the approxi
mate ratio of 56% (17) to 44% (18).11 When the reaction was 
carried out at 150 °C, two unidentified minor products and 
a 17% yield of 20 were obtained.

While attempting to improve the yields of the ether prod
ucts (2 + 20) in these reactions, a side reaction was discovered 
which was highly detrimental to the success of the nitro dis
placement. It was found that the nitrite ion produced from the 
displacement rapidly reacts with the anhydride linkage of the

phthalic anhydride derivative to produce the corresponding 
phthalate salts.12 Since this nitrite/anhydride reaction de
stroys the activating anhydride function of the starting ma
terials (1 and 14), it interferes with the direct formation of 
phenoxyphthalic anhydrides by nitro displacement. We 
therefore became interested in the displacement of other 
leaving groups.

Reactions of Fluoro- and Chlorophthalic Anhydrides.
Reaction of 3-fluorophthalic anhydride (lb) with sodium 
phenoxide in DMF at 25 °C gave the salts 4 and 5 (Scheme I; 
X = F, Y = H). Reaction of these salts with methyl iodide 
produced the diesters 7 and 6 in the ratio of 74:26, respec
tively.13 The major isomer was assigned on the basis of its 13C 
NMR and by analogy to the 3-nitro system. If, however, a 
homogeneous solution of 4 and 5 in DMF was injected into a 
VPC injection port at 300 °C, no decarboxylation product, 10, 
was seen and starting material lb was regenerated quite ef
ficiently. This suggested that if the reaction were carried out 
at a higher temperature, an equilibrium between lc/3 and 4/5 
could be established and displacement of the fluoro group 
could take place to give 2a.

When a mixture of sodium phenoxide, lb, and DMF was 
heated in a 150 °C oil bath for 30 min, approximately an 85% 
yield (by VPC) of 2a was formed. This reaction produced so
dium fluoride which, unlike sodium nitrite, appeared to be 
inert under these reaction conditions. Unfortunately, at these 
higher temperatures, we found that the solvent, DMF, un
derwent a reaction with both lb and 2a which slowly de
stroyed these materials. These results, which are contained 
in Table I, show that lb was much more susceptible to this 
reaction than 2a. Although we know the reaction involves ring 
opening of the anhydride linkage, the resulting products have 
not yet been identified. However, a 1.2 N HC. workup was 
used in our control studies and the new product (or the in
termediate leading to it) was not hydrolyzed back to the cor
responding phthalic acid under these conditions. We are 
currently attempting to identify these products and determine 
if the corresponding dimethylamide derivatives are formed.14 
When the reaction between sodium phenoxide and lb was 
repeated in DMF at 150 °C for 20 min, an 87% yield of pure 
2a was isolated by direct precipitation of the reaction mixture 
into acidic water. This product, 2a, was not contaminated with 
any of the corresponding diacid which could have formed from 
hydrolysis during workup.

Several ether derivatives were synthesized by fluoro dis-

Scheme III
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Table I. Destruction of Phthalic Anhydrides by DMF at 
Reflux

Reaction 
time, h lb

% destruction 
lc 2a

1 29 50 11
3 47 75 17
5 62 85 24
7 67 91 27

24 92 100 48

Table II. Synthesis of I by Fluoro Displacement
0

I

Compd (isomer) Y Yield, % (VPC)
2a (3) H 85-95
2b (3) CH, 88-92
2c (3) Cl 80-85
2d (3) OCH3 65-75

20b (4) CH3 85

placement (Table II). As can be seen from these results, use 
of this route allowed the synthesis of derivatives such as 2b 
and 20b containing groups which would be oxidized in con
ventional methods.4

Reaction of 3-chlorophthalic anhydride (lc) with sodium 
phenoxide in DMF at 25 °C, as in the fluoro and nitro cases, 
produced the mixture of salts, 5 and 4, which upon methyl- 
ation gave an 85:15 mixture of 7/615 (Scheme I; X  = Cl, Y = 
H). The isomer assignments were made again on the basis of 
the 13C NMR data and by analogy to the nitro system. When 
the reaction was repeated at 150 °C for 5 h, the desired 
product, 2a, was produced in 44% yield. The formation of 2a 
by chloro displacement occurred more slowly and in lower 
yield than by fluoro displacement. However, under these re
action conditions, 24% of the product 2a would have been 
destroyed by reaction with DMF (raising the possible yield 
of 2a to 68%) and the remainder of unreacted lc (theoretically 
32%) would have been completely destroyed by solvent reac
tion (see Table I). This argument is substantiated by the fact 
that we have isolated sodium chloride in yields of up to 73%

of the theoretical amount. Production of sodium chloride from 
a route other than by the phenoxide displacement of the 
chloro group seems unlikely.

Attempts were made to find a solvent system in which lc 
and 2a would not be destroyed, but in which displacement 
would occur. However, none of the solvents tried (DMAC, 
sulfolane, Me2SO, HMPA, N-methylpyrrolidone, o-dichlo- 
robenzene, acetonitrile, dimethyl sulfone, nitrobenzene, tri- 
butylamine, propylene carbonate, or a neat reaction) gave 
results as good as those in DMF. The use of potassium or 
lithium phenoxide did not increase the yield of 2a.

Finally, the reaction of 4-chlorophthalic anhydride (14c) 
and sodium phenoxide was investigated. Reaction of 14 at 150 
°C in DMF for 6 h resulted in a 33% yield of 20a (Scheme III; 
X  = Cl, Y = H). Since the 4 isomers are generally less reactive 
toward displacement than the 3 isomers in these systems,1 it 
was not surprising to obtain this lower yield, since more of 
anhydride 14c would have been destroyed by side reaction 
with DMF.

In conclusion, we found that the reaction between phe- 
noxides and nitro-, chloro-, or fluorophthalic anhydrides was 
very dependent upon the reaction conditions employed and 
the leaving group. In all three systems, reaction with sodium 
phenoxide at room temperature resulted in opening of the 
anhydride ring to produce a mixture of acid ester salts (4 and 
5 for the 3 isomers, 15 and 16 for the 4 isomers). Upon heating 
of the reaction mixture, these salts either decarboxylated (X 
= N 02) or ring closed to varying degrees (X = F, Cl > N 02) 
to regenerate starting material. The starting material then 
underwent displacement with phenoxide to give the phenoxy 
ether derivative with varied success (F > Cl > N 02). Using the 
fluoro system, yields of >85% were obtained for a variety of 
ether derivatives. All three systems suffered from the reaction 
of the anhydride linkage with solvent (DMF) at higher tem
peratures and the nitro system was further complicated by 
reaction of the anhydride linkages with the sodium nitrite 
by-product.

We are currently continuing our studies of the reactions of 
nucleophiles with nitro and halo phthalic acid derivatives in 
an attempt to better understand the role of the nitro group 
in such displacements.

Experimental Section
All XH NMR spectra were recorded with a Varian Associates T-60 

NMR spectrometer using tetramethylsilane as an internal standard 
and deuteriochloroform or MejSO-df, as a solvent. Infrared spectra 
were taken on a Perkin-Elmer 457 grating infrared spectrophotometer 
in chloroform solution or as a KBr pellet. Mass spectra were deter-

Table III. Aryloxy-Substituted Phthalic Anhydride Derivatives“
O

Registry
no. Compd X

Position of 
attachment Mp, °C (solvent) m /e

54738-86-2 2a H 3 106-108 (hexane) 240
63181-77-1 2b CHa 3 117-118 (cyclohexane) 254
63196-07-6 2c Cl 3 163-164 (benzene/hexane) 274 b
63196-08-7 2d OCH3 3 108.5-109 (benzene/cyclohexane) 270
21345-01-7 20a H 4 112-113 (hexane) (lit. 114-116)4 240
63196-09-8 20b ch3 4 89.5-90 (hexane) 254
63196-10-1 20c Cl 4 118-118.5 (benzene) 274 6
63196-11-2 20d OCH3 4 106-107.5 (benzene/cyclohexane) 270

“ Satisfactory analytical data (±0.4% for C, H) were reported for all the compounds listed in the table. 6 One-chlorine molecular-ion 
cluster.



mined on a CEC 21-104 analytical mass spectrometer at 70 eV. 
Vapor-phase chromatography (VPC) was carried out on a Hewlett 
Packard 5750 research chromatograph using a 6 ft 10% UC-W98 on 
80/100 Chromosorb W column with temperature programming be
tween 150 and 250 °C at 1 0°/min, unless otherwise indicated. The 
injection port and detector were at 300 °C. Melting points were de
termined on a Thomas-Hoover instrument and are uncorrected.

The .V.A'-dimethylformamide (DMF) was either distilled from 
CaH2 or purchased in the anhydrous state from Burdick and Jackson 
Laboratories. All other solvents were dried by standard methods and 
distilled prior to their use.

VPC yields were calculated as follows. In a typical run equivalent 
amounts of phenoxide and phthalic anhydride derivatives were mixed 
with an internal standard (o-terphenyl) in a given solvent (10 mL/g 
of anhydride) and the solution was heated under nitrogen. Aliquots 
were removed and added to a mixture of 1.2 N hydrochloric acid and 
chloroform. The mixture was shaken well, the layers were separated, 
and the chloroform solution was dried over anhydrous magnesium 
sulfate. The chloroform solution was subjected to VPC analysis and 
the yield was calculated from the relative peak areas of standard and 
product after correcting for detector response differences. Values for 
the peak areas were obtained by weighing Xeroxed copies of the peak 
traces.

The starting phthalic anhydride derivatives (1 and 14) were ob
tained as described previously.1 The 13C NMR spectra of these ma
terials were obtained and are tabulated in the supplementary material 
(Table VI).

Preparation of Sodium Phenoxides. The sodium salts of the 
different phenol derivatives used in this study were prepared from 
the reaction of freshly prepared sodium methoxide in methanol with 
the desired phenol derivative.1 The resulting salts were thoroughly 
dried and then were stored in a drybox under nitrogen. All salts were 
weighed in the drybox to avoid contact with oxygen and moisture.

Potassium Phenoxide. Potassium phenoxide was prepared from 
phenol and potassium tert- butoxide in a dimethyiformamide/toluene 
mixture. The toluene and tert-butyl alcohol were removed by distil
lation.

Lithium Phenoxide. Lithium phenoxide was prepared from 
phenol and n-butvllithium in a mixture of benzene and hexane. Di- 
methylformamide was added and the hexane and benzene were re
moved by distillation.

Reaction of 3-Nitrophthalic Anhydride (la) with Sodium 
Phenoxide. A. Room Temperature. A mixture of 12.46 g of sodium 
phenoxide, 28.74 g of la, and 100 mL of anhydrous DMF was stirred 
at 25 °C under nitrogen. A dark orange color was initially present, but 
it quickly faded and a light yellow homogeneous solution was ob
tained. Analysis of this mixture by 13C NMR indicated the absence 
of la, displacement product 2a, and decarboxylated material 10, and 
the presence of two acid ester salts 4 and 5.

If this homogeneous solution was injected directly into the VPC, 
two products were obtained. Collection of these materials by pre
parative VPC gave samples which were identified as 2a and 10 by 
comparison to authentic samples (synthesis of these materials is de
scribed below).

An aliquot from this reaction mixture was added to a 1.2 N HC1 
solution and this mixture was extracted thoroughly with methylene 
chloride. The methylene chloride solution was dried and subjected 
to VPC analysis. This analysis showed only peaks corresponding to 
la and phenol.

Another aliquot was removed from the reaction mixture and added 
to 1.2 N HC1, and this time the resulting precipitate was collected and 
dried to give a mixture of acid esters, 8 and 9, in 88% yield. The as
signment of structure was based on the 13C NMR of this mixture, 
which also showed that no la, 2a, or 10 was present.

B. Room Temperature with Methyl Iodide. In order to deter
mine the ratio of 4 to 5 (and 8 to 9), the following experiment was 
carried out. A mixture of 1.989 g of sodium phenoxide, 3.31 g of la, 
and 33 mL of DMF was stirred at 25 °C under nitrogen. After 30 min,
4.88 g of methyl iodide (2 equiv) was added and the clear yellow so
lution turned orange in color. This mixture was stirred for 2 h at 25 
°C and then an aliquot was removed and added to a 1.2 N HC1 solution 
and the entire mixture was extracted well with methylene chloride. 
The methylene chloride mixture was subjected to VPC analysis. This 
showed only a mixture consisting of 21% of 6 and 79% of 7. The re
mainder of the reaction mixture was poured into 1.2 N HC1 and the 
resulting precipitate was collected by filtration and dried to give 4.40 
g (85%) of a mixture of esters 6 and 7. The isomers were separated by 
preparative VPC and identified by comparison to authentic samples. 
The 13C NMR spectrum (in Me2SO-d6) of the isolated mixture dis
played all of the peaks for the major isomer (7) and all of the peaks
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of the protonated carbons of the minor isomer (6). Also, this 13C NMR 
spectrum indicated that the mixture consisted of 23% of 6 and 77% 
of 7.

C. Reaction at Elevated Temperature. In a typical run 1.16 g of 
sodium phenoxide, 1.93 g of la, and 1.00 g of o-terphenyl (internal 
VPC standard) were heated at 150 °C in 20 mL of anhydrous DMF 
under a nitrogen atmosphere. Aliquots were removed at timed in
tervals (5 min to 16 h) from this dark black mixture and were worked 
up as described above. Analysis showed 2a (5-10%), 10 (<5%), and 
a longer retention time material thought to be the product analogous 
to 13. Other runs were made at temperatures between 80 and 150 °C 
and showed very little nitro displacement.

Reaction of Sodium 4-Methylphenoxide with 3-Nitrophthalic 
Anhydride.16 A. At Room Temperature. Exactly 1.05 g (0.00808 
mol) of sodium 4-methylphenoxide and 1.56 g (0.00808 mol) of la were 
dissolved in 20 mL of DMF. A slight exotherm was noted initially. The 
13C NMR spectrum of the resulting solution was recorded and indi
cated that two acid/ester salts, 4 and 5, had been produced. By analogy 
with the previous experiments with sodium phenoxide, it was assumed 
that the major isomer was 5. An estimate (13C NMR) for the ratio of 
isomers observed was 87 to 13. When the mixture of salts was con
verted to the corresponding methyl phenyl esters as has been pre
viously described, then VPC analysis indicated an 84 to 16 ratio of 
products.17

The above reaction was repeated at 78 °C for 65 h to give upon 
workup and isolation 6% of 2b, 1% of 10b, and 6.5% of 13. Products 
2b and 10b were identified by comparison to authentic samples. The 
product 13 was identified from its mass spectrum (m/e 391) and 13C 
NMR (see supplementary material).

Reaction of 4-Nitrophthalic Anhydride (14a) with Sodium 
Phenoxide. A. At Room Temperature. A mixture of 5.80 g of 14a 
and 3.86 g of sodium phenoxide was stirred in 60 mL of DMF at room 
temperature under nitrogen for 0.5 h. Direct injection of this homo
geneous reaction mixture into the VPC allowed the isolation of a small 
amount of the desired displacement product 20a. In addition, a small 
amount of 19 contaminated with 20a was collected. This material had 
identical retention time with both m- and p-nitrophenyl benzoate, 
which could not be separated under these conditions. Infrared analysis 
of this mixture (19 and 20a) showed the presence of a nitro group 
(1530 cm-1) and an ester carbonyl (1745 cm-1). The amount of 19 
formed was much smaller than for the decarboxylation of the corre
sponding 3 isomer.

If the homogeneous reaction mixture was first added to a 1.2 N HC1 
solution, this mixture was extracted with ether, and the ether extracts 
were dried, then subjected to VPC analysis, no trace of 19 or 20a was 
seen. However, there was a peak corresponding to starting material 
14a.

B. At Room Temperature with Methyl Iodide. The above re
action was repeated, except that after 4 h of stirring, 2 equiv of methyl 
idodide were added. The entire mixture was stirred for an additional 
4 h. The mixture was worked up with 1.2 N HCI/CHCI3 as described 
previously to give an 87% yield of 17 and 18. VPC analysis showed only 
one peak for this mixture. However, 13C NMR showed that two 
products were present in the ratio of 56:44. The major isomer has 
tentatively been assigned structure 17 for electronic reasons similar 
to those used as rationale for the observed product distribution in the 
3 system.

C. At Elevated Temperature. A mixture of 5.80 g of 14a, 3.86 g 
of sodium phenoxide, 2.50 g of o-terphenyl (internal standard), and 
60 mL of DMF was stirred at room temperature under nitrogen. The 
mixture was quickly placed in an oil bath at 170 °C and aliquots were 
removed at timed intervals between 0.5 and 16 h. These aliquots were 
worked up with 1.2 N HC1/CH2C12 as described previously. VPC 
analysis indicated the maximum yield of desired product 20a was 17% 
after 16 h. There was no trace of decarboxylated product(s) 19.

Reaction of 3-Fluorophthalic Anhydride (lb) with Sodium 
Phenoxide. A. At Room Temperature. These reactions were run 
exactly as has been described for the nitro system.

B. At Elevated Temperatures. A mixture of 1.18 g of sodium 
phenoxide, 1.69 g of lb, and 22 mL of anhydrous DMF was heated at 
a bath temperature of 170 °C under nitrogen. The solution became 
homogeneous almost immediately, turned cloudy yellow, and after 
ca. 10 min turned orange and again became homogeneous. The solu
tion was stirred at reflux for a total of 20  min and after brief cooling, 
it was added to a mixture of 200 mL of 1.2 N HCl/ice. The resulting 
white precipitate was removed by filtration and dried to give 2.12 g 
(87%) of 2a (mp 102-104 °C). This material was identical in all re
spects with an authentic sample of 2a. Analysis by 13C NMR and IR 
showed no trace of the ring-opened diacid 23. VPC analysis showed 
no trace of lb.
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The reaction was repeated several times using o-terphenyl as an 
internal standard. Yields ranged from 85 to 95%. Typical results at 
170 and 125 °C are as follows. 170 °C (time, % 2a) 15 min, 76; 30 min, 
85; 45 min, 84; 60 min, 78; 3 h, 79.125 °C (time, % 2a) 1 h, 51; 2 h, 56; 
3 h, 60; 5 h, 54; 6.5 h, 47.

Reaction o f Other Phenoxides with 1 b. The solution salt of the 
phenoxide derived from p-chloro-, p -methyl-, and p methoxyphenols 
was reacted with lb  at 150 °C exactly as described above. In all cases, 
the products were isolated and found to be identical with authentic 
samples prepared by hydrolysis of the corresponding imide (vide 
infra). The yields of product were determined from VPC analysis 
using an alternal standard (o-terphenyl) (Table II).

Preparation of Authentic Samples. Phenyl m-Nitrobenzoate 
(10, Y  = H; X  = N 0 2). A mixture of 1.88 g of phenol, 40 mL of pyri
dine, and 3.71 g of m-nitrobenzoyl chloride was stirred at room tem
perature under nitrogen. The solution was heated at 80 °C for 4 h, 
cooled to room temperature, and poured into ice water. The resulting 
white precipitate was collected and stirred vigorously with a 5% so
dium carbonate solution. The solution was filtered to give 4.365 g of 
10 (98% yield). Recrystallization from absolute ethanol gave a sample 
with mp 90-92 °C (lit.18 mp 97 °C).

In a similar fashion phenyl o-nitrobenzoate (11), mp 50-52 °C (lit.19 
mp 52-53 °C), and phenyl m-chlorobenzoate, mp 57-58 °C (lit.20 mp 
53 °C), were prepared. 13C NMR assignments for all three comounds 
are in the supplementary material.

Phenyl 2-Carbomethoxy-6-nitrobenzoate (7). Compound 7 was 
synthesized from methyl 2-carboxy-3-nitrobenzoate21 in two steps. 
A mixture of 5.0 g of this acid was stirred with 50 mL of anhydrous 
DMF under a nitrogen atmosphere at room temperature. To this 
mixture was slowly added 2.82 g of oxalyl chloride and the solution 
was stirred for 4 h at room temperature. The solution was cooled in 
ice and 2.58 g of sodium phenoxide was added, and the mixture was 
gradually allowed to warm to room temperature. The mixture was 
stirred for 4 h and was then added to a 1.2 N HC1 solution. The re
sulting oil was extracted well with methylene chloride and the 
methylene chloride solution was washed well with water, a sodium 
bicarbonate solution, and a saturated sodium chloride solution. After 
drying over magnesium sulfate, the solution was concentrated to give 
an oil which upon stirring with ethanol gave the desired product 7 as 
a white solid, mp 119-121 °C, in 55% yield. VPC analysis of this ma
terial showed only a single component having a different retention 
time from that of 6 (vide infra). The structure was confirmed by the 
13C NMR in MeySO-dr;. Mass spectral analysis of this material showed 
m/e at 270 (2%) for loss of methoxy and m/e at 208 (91%) for loss of 
phenoxy. There was no parent ion at m/e 301. Infrared analysis (KBr) 
of this sample showed strong absorptions at 1765,1720,1050,980, and 
890 cm-1, which were absent in 6.

Anal. Calcd for CiBHu 0 6N: C, 59.8; H, 3.7; N, 4.6. Found: C, 59.8; 
H, 3.9; N, 4.7.

Phenyl 2-Carboxymethoxy-3-nitrobenzoate (6). Compound 
6 was synthesized from methyl 2-carboxy-6-nitrobenzoate21 in two 
steps, exactly as was described for compound 7. Starting with 9.54 g 
of methyl 2-carboxy-6-nitrobenzoate, we obtained a 60% yield of 6, 
mp 105-107 °C. VPC analysis of this material showed only one com
pound, which had a different retention time from 7. The structure was 
again confirmed by 13C NMR spectroscopy in Me2SO-df;. Mass 
spectral analysis of this material showed m/e at 270 (5%), 208 (100%), 
and no parent ion at m/e 301. Infrared analysis (KBr) of this sample 
showed strong bands at 1745,1735,1260,1070, and 955 cm-1 which 
were not present in 7.

Anal. Calcd for Ci5H n0 6N: C, 59.8; H, 3.7; N, 4.6. Found: C, 59.9; 
H, 3.9; N, 4.7.

Synthesis o f Phenoxy-Substitutcd Phthalic Anhydrides by 
Phthalimide Hydrolysis. The phthalimide derivatives were syn
thesized exactly as described in ref 1. Hydrolysis of the resulting 3 
isomers required either the use of a higher boiling co-solvent or else 
higher temperatures (130 °C) under pressure. We believe this is due 
to the formation of a hindered amide acid intermediate from the 3 
isomer which is more resistant to further hydrolysis. Higher tem
peratures could also be used with the 4 isomers to shorten the reaction 
time. The diacids from the hydrolysis were then ring closed in re
fluxing acetic acid/acetic anhydride to give the anhydride derivatives 
(see Table III for physical properties). 13C NMR data for the diacids 
and dianhydrides are contained in the supplementary material in 
Tables IV and V. Representative examples for the hydrolysis and ring 
closures are given below.

3-(4-Methylphenoxy)phthalic Acid (24). To 200 mL of ethylene 
glycol and 40 mL of 25% aqueous NaOH was added 19.74 g (0.060 mol) 
of iV-phenyl-3-(4-methylphenoxy)phthalimide. The system was 
heated at reflux (135 °C in solution) for 18 h and then added slowly 
to 2000 mL of 1 N HC1 with stirring and cooling. The precipitated

solid was filtered, washed with 0.1 N HC1, then with water, and dried 
in vacuo at 60 °C. The yield of 24 was 15.61 g (96%): ]H NMR 
(Me2SO-d6) S 2.30 (methyl, s, 3), 6.7-7.7 (aryl, m, 7), 9.2 (-COOH, br 
s, 2); IR (KBr) C = 0  1688 (s) and 1708 (s), OH 2900 cm" 1 (br); 13C 
NMR was in accord with the assigned structure (see Table V).

3- (4-Methylphenoxy)phthalic Anhydride (2b). A solution of
54.5 g (0.20 mol) of 24,300 mL of acetic acid, and 40.8 g (0.40 mol) of 
acetic anhydride was heated at reflux for 2 h and then all solvent was 
removed in vacuo. The residue, after being recrystallized from cy
clohexane, gave 39.6 g (78%) of 2b: mp 117-118 °C; 'H NMR (CDCI3) 
6 2.33 (methyl, s, 3), 6.7-7.7 (aryl, m, 7); IR (KBr) C = 0  1782 (vs), 1840 
cm-1 (s); 13C NMR was in accord with the assigned structure (see 
Table IV); UV (Et20) Amax 229 (f 20 800), 333 nm (e 5200), Ashouider 
324 nm (c 4900).

Anal. Calcd for C15H10O4: C, 70.9; H, 3.9; mol wt 254. Found: C, 70.8; 
H, 4.1; mol wt 254 (mass spectrum).

4- (4-Methylphenoxy)phthalic Acid (28). A mixture of 19.63 g 
(0.0596 mol) of ¿V-pheny 1-4-(4-methylphenoxy) phthalimide, 19.2 g 
of 50% NaOH, and 400 mL of H20  was stirred and heated for 3 h at 
approximately 170 °C in a pressure bomb. The resulting yellow so
lution was extracted with ether and then acidified with 400 mL of 3 
N HC1. The precipitated product was filtered, washed with a little 
H20, and dried in vacuo. In this way 15.53 g (96%) of 28 was obtained: 
'H NMR (Me2SO-d6) 5 2.35 (methyl, s, 3), 6.9-7.9 (aryl, m, 7), 10.9 
(-COOH, br s, 2); 13C NMR was in accord with the assigned structure 
(see Table V).

4-(4-Methylphenoxy)phthalic Anhydride (20b). A 13.51-g 
(0.0497 mol) sample of 28 was refluxed for 3 h with 10.2 g of acetic 
anhydride and 200 mL of acetic acid. Solvent was removed and the 
product was recrystallized from hexane to afford 10.87 g (86%) of 20b: 
mp 89.5-90.0 °C; ’ l l  NMR (Me2SO-d6) 5 2.38 (methyl, s, 3), 6.9-8.1 
(aryl, m, 7); IR (HCC13) C = 0  1774 (s), 1847 cm“ 1 (m); 13C NMR 
spectrum was in accord with the assigned structure (see Table IV).

Anal. Calcd for CisHujCL: C, 70.9; H, 3.9; mol wt 254. Found: C, 70.9; 
H, 4.1; mol wt 254 (mass spectrum).
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The reaction of 4-nitro-JV-methylphthalimide with either fluoro or nitrite salts in an aprotic solvent affords up 
to a 78% yield of the diaryl ether, 4,4'-oxybis(N-methylphthalimide). When potassium fluoride is used in the reac
tion, 4-fluoro-iV-methylphthalimide can also be isolated. The reaction of 4-fluoro-iV-methylphthalimide with po
tassium nitrite affords the diaryl ether in 75% yield. A possible mechanism for the ether formation is discussed. The 
intermediate in this mechanism, 4-hydroxy-iV-methylphthalimide, has been synthesized and shown to react with 
either 4-fluoro- or 4-nitro-/V-methylphthalimide to afford the diaryl ether. In the reaction with 4-fluro-Ai-methyl- 
phthalimide, potassium fluoride was utilized as a base. Several other minor by-products were identified in the reac
tion; among them were iV-methylphthalimide and 4-substituted phthalic acids. When Me2SO is used as a solvent,
4-thiomethoxy-N methylphthalimide is also formed.

Recently1 we reported the reaction of potassium fluoride 
with 4-nitrophthalic anhydride at elevated temperatures, in 
which a mixture of 4-fluorophthalic anhydride and dipotas
sium 4-nitrophthalate is produced. Reaction of 4-nitrophthalic 
anhydride with potassium nitrite produces dipotassium 4- 
nitrophthalate as the sole product. In this paper we describe 
the entirely different behavior of 4-nitro-iV-methylphthali- 
mide (1) with potassium fluoride and potassium nitrite.

Heating a solution of 4-nitro-N-methylphthalimide (1) with 
potassium fluoride in an aprotic solvent such as DMF, Me2SO, 
or NMP at temperatures of 142-190 °C affords up to a 78% 
yield of 4,4'-oxybis(N-methylphthalimide) (2) (Scheme I). 
Instead of potassium fluoride, the use of potassium or sodium 
nitrite also affords good yields of the bisimide 2. Examples are 
listed in Table I.

The reaction of nitro compounds to give diaryl ethers is not 
without precedent. It has been reported2 that p-nitrobenzo- 
nitrile or p-chlorobenzonitrile will undergo a condensation 
reaction when treated with sodium nitrite in N-methylpyr- 
rolidone to give 4,4'-oxybis(benzonitrile).

After isolation of the bisimide ether 2 by filtration, the fil
trate was extracted with methylene chloride and the organic 
fractions were concentrated in vacuo. The components of this 
material were separated and identified by GC, GC/MS, and 
13C NMR analyses. The various products and their yields are 
listed in Table II.

Scheme I

Me
3, X  = COOH

4, Y  = F
5, Y  = OH 

5a, Y  = O"
6 , Y  = OMe
7, Y  = SMe
8, Y  = H

COOH

COOH

9, Z  = NO, 
10, Z = F

Another compound identified in the reaction mixture when 
potassium fluoride was used was 4-fluoro-N-methylphthali-
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Table I. Reaction of 4-Nitro-jV-methylphthalimide (1) with Fluoride and Nitrite Salts

No. Solvent Salt Equiv“
Time,

h
Temp,

°C
Yield of 

ether,6 %

1 NMP KF 1.6 8.5 190 72
2 NMP KF 0.16 18 190 78
3 DMF KF 1.0 16 153 69
4 M e2SO KF 0.9 18 142 42
5 Me2SO KF 1.0 19 142 61
6 Me2SO KF 2.0 28 142 52
7 Me2SO KF 4.0 28 142 47
8 DMF NaF 1.0 16 153 <1
9 NMP K N 0 2 0.1 18 190 78

10 DMF KNOz 1.0 16 153 65
11 Me2SO K N 0 2 1.0 18 142 50
12 DMF N aN 02 1.0 16 153 66

0 Molar equivalents. 6 Isolated yield o f 4,4'-oxybis(lV-methylphthalimide) (2).

Table II. Yields0 of Various Products Formed in the Reaction of 4-Nitro-JV-methylphthalimide (1) with Fluoride and
Nitrite Salts

Compd yields, %______________________  Total
N o.6 Salt/solvent/time/temp 2C 1 4 5 7 8 9 3 6 10 yield, %

3 1.0 equiv KF/DM F/16 h/153 °C 70 7 7 1 1 6 1 Tr 1 94
4 0.9 equiv K F/M e2SO/18 h/142 °C 39 7 22 3 3 1 4 1 Tr Tr 80
7 4.0 equiv KF/M e2SO/28 h/142 °C 45 8 1 13 67

10 1.0 equiv K N 0 2/DM F/16 h/153 °C 65 5 2 3 14 4 Tr 93
11 1.0 equiv K N 0 2/M e2S0/18 h/142 °C 50 13 8 4 1 3 2 1 81
13d 1.1 equiv KNO2/D M F /I6 h/153 °C 75 4 4 4 4 6 1 Tr Tr 98

° Absolute yields determined by 13C NMR. 6 Experiment numbers are from Table I. c Yield of 2 was determined by isolation and 
VPC purity. d Reaction o f 4-fluoro-N-methylphthalimide (4) with KNO2.

mide (4). This compound was not unexpected because treat
ment of 4-nitrophthalic anhydride with potassium fluoride 
afforded 4-fluorophthalic anhydride as the major product. 1 
In one experiment, the methylene chloride extracts were 
distilled to afford an 8% yield of pure 4-fluoroimide (4). 4- 
Fluoro-N-methylphthalimide (4) was prepared in a 28% yield 
by heating neat 4-nitro-lV-methylphthalimide (1) with po
tassium fluoride at 300 °C for 5 h and then distilling the 
product.

It is interesting at this point to compare the reactivity of
4-nitrophthalic anhydride with 4-nitro-lV-methylphthalimide.
Reaction of 4-nitrophthalic anhydride with potassium fluoride 
is complete within 25 min at 300 °C ,1 whereas 4-nitro-lV- 
methylphthalimide requires more than 5 h under the same 
conditions and the yield of the 4-fluoro compound is much 
lower.

One of the more interesting compounds identified in the 
reaction mixture is 4-hydroxy-N-methylphthalimide (5). The 
phenol 5 is postulated as an intermediate in the formation of 
the bisimide 2 and will be discussed later. An authentic sample 
of 4-hydroxy-iV-methylphthalimide (5) was prepared from
4-nitro-N-methylphthalimide by nitro displacement to afford 
a 74% yield of the methyl ether (6 ) followed by demethylation 
with boron tribromide to afford 5 in an 89% yield.

Another compound identified in the reaction mixture when 
Me2SO was used as a reaction solvent was the thioether 7. An 
authentic sample of 7 was also prepared by nitro displacement.
Treatment of 4-nitro-lV-methylphthalimide (1) with the so
dium salt of methyl mercaptan in DMF afforded a 76% yield 
of 4-thiomethoxy-lV-methylphthalimide (7). It has been re
ported that the thermal decomposition of Me2SO affords 
methyl mercaptan as one of the products.3 Reaction of methyl 
mercaptan with either the 4-nitro compound 1 or the 4-fluoro 
compound 4 catalyzed by nitrite or fluoride salts would afford 
the methyl thioether 7.

4-Methoxy-N-methylphthalimide (6 ) was observed in most 
of the reactions, but it was formed in < 1% yield and was not

detectable by 13C. Another compound produced in the reac
tion in small yield is N-methylphthalimide (8 ). It is probable 
that this compound is formed from the anion radical4-6 11  by 
loss of N0 2-  followed by hydrogen radical abstraction by the 
aryl radical.

0

The diacids 3,9, and 10 are also formed in the reaction of 
4-nitro-N-methylphthalimide (1) with fluoride and nitrite 
salts. The formation of the diacids probably involve attack of 
nitrite ion on the carbonyl groups and then ring opening of the 
imide ring. We have shown that in the case of 4-nitrophthalic 
anhydride the only product of reaction with potassium nitrite 
is dipotassium 4-nitrophthalate.1

Reaction of 4-fluoro-iV-methylphthalimide (4) with nitrite 
ion was also studied. Thus reaction of 4-fluoro-iV-methyl- 
phthalimide (4) with potassium nitrite in DMF for 16 h at 153 
°C gave a 74% yield of 4,4'-oxybis(N-methylphthalimide) (2). 
The other products identified in the reaction mixture are 
listed in Table II. Small amounts of 4-nitro-iV-methyl- 
phthalimide (1) are observed, resulting from fluoro dis
placement by nitrite via nitrogen attack.

A possible mechanism for the formation of 4,4/-oxybis(Ar- 
methylphthalimide) (2) involves the intermediates 12 and 13 
shown below. Nitrite ion has two potential reaction sites and 
can react by either oxygen or nitrogen attack.7 -9 Attack by 
oxygen on either 4-fluoro- or 4-nitro-N-methylphthalimide 
(4 or 1) gives the nitrite ester 12. Attack on 12 by another ni
trite ion produces the phenoxide 5a and nitrogen oxides via 
the intermediate or transition state 13. Reaction of the 
phenoxide 5a with 4-fluoro- or 4-nitro-TV-methylphthalimide 
(4 or 1) gives the ether 2.
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This mechanism is supported by Parker and co-workers,10’11 
who studied the reaction of nitrite ion with nitrohalobenzene 
to give nitrophenols. Two moles of nitrite ion were consumed 
per mole of nitrophenol produced. They detected no radicals 
(via ESR) and believed that the decomposition of the nitrite 
ester involved nucleophilic attack by NOg” on the nitrogen 
of ArONO to displace ArO-  and form N2O3.

We observed small amounts of 4-hydroxy-Af-methyl- 
phthalimide (5) in the reaction mixtures. It has been well 
documented12^17 that nitrobenzenes substituted by elec
tron-withdrawing groups readily undergo displacement of the 
nitro group with a wide variety of nucleophiles. Activated 
fluorobenzenes will also undergo nucleophilic displacement 
of the fluoro group.18 So, it is quite reasonable to assume that 
the phenoxide 5a will displace the nitro or fluoro group from 
the substituted imide to afford the ether 2. As a proof we ran 
displacement reactions with the phenol 5. Reaction of 4- 
hydroxy-N-methylphthalimide (5) with 4-fluoro-Af-methyl- 
phthalimide (4) in DMF containing potassium fluoride19 gives 
an 82% yield of the ether 2 . Preforming the phenoxide of 5 with 
sodium hydride and then reaction with 4-nitro-Af-methyl- 
phthalimide (1 ) gave an 81% yield of the ether 2 .

As has been reported, 1 4-nitrophthalic anhydride, when 
treated with potassium nitrite, affords the dipotassium salt 
of 4-nitrophthalic acid; no 4,4'-oxybis(phthalic anhydride) 
was detected. The difference in reactivity of nitrite ion with
4-nitro-lV-methylphthalimide and 4-nitrophthalic anhydride 
is striking. The two extreme cases of reactivity are shown (I

0
n o 2

I
and II). In the anhydride case, nitrite ion is trapped by reac
tion with the carbonyl groups to eventually give the diacid salt. 
In the IV-methylimide case, the carbonyl groups being less 
reactive, nitrite ion is trapped by undergoing aromatic sub
stitution to give a nitrite ester, which upon further reaction 
affords a phenoxide, which displaces a nitro group.

Experimental Section
General Procedures. All proton NMR spectra were measured on 

a Varian T-60 spectrometer with chemical shift values relative to 
tetramethylsilane. Carbon-13 NMR spectra were recorded on either 
a Varian XL-100-15 (25.2 MHz) or a Varian CFT-20 (20.0 MHz) NMR 
spectrometer operating in the Fourier transform (FT) mode with 
complete proton decoupling. Infrared spectra were measured on a 
Perkin-Elmer 457 grating infrared spectrophotometer. Mass spectra

were obtained on a CEC 21-104 or a Varian MAT 311 spectrometer 
operating at 70 eV utilizing the direct inlet system. Vapor-phase 
chromatography (VPC) was carried out on a Hewlett-Packard 5700A 
gas chromatograph using a 6 ft X % in. 3% OV-17 on Chromosorb W 
column with temperature programming between 100 and 290 °C at 
16°/min. Gas chrcmatography/mass spectroscopy was carried out on 
a Varian MAT 111 GC/mass spectrometer. Melting points were de
termined on a Thomas-Hoover melting point apparatus and are un
corrected. All reactions were run under nitrogen unless otherwise 
noted. Anhydrous potassium fluoride was obtained from Alfa 
Chemicals.

Reaction o f 4-Nitro-AT-methylphthalimide (1) with Potassium 
Fluoride. In Me2SO. A mixture of 22.421 g (109 mmol) of 1 ,14.757 
g (254 mmol) of anhydrous KF, and 100 mL of dry Me2SO was heated 
at 142 °C (bath temperature) with stirring for 27 h. The dark drown 
mixture, after cooling to room temperature, was poured into 900 mL 
of 0.2 M aqueous HC1 to afford a brown precipitate. Filtration af
forded 9.993 g (51% yield) of 4,4'-oxybis(N-methylphthalimide) (2) 
as a brown solid, mp 240-258 °C. Recrystallization from DMF af
forded pale yellow prisms: mp 262-265 °C (lit.24 mp > 250 °C]; 13C 
NMR (Me2SO-de) 23.2,112.9,123.7,124.8,128.1,134.4,160.1 ppm; 
4H NMR (CDCI3) 6 3.18 (3 H, singlet), 7.3 (2 H, multiplet), 7.81 (1 H, 
apparent doublet, J  = 8.5 Hz); IRI KBr) 1602,1705,1768,1774 cm-1; 
MS mle 336 (100%, P+), 308 (11%, P -  CO), 292 (31%, P -  C 02).

Anal. Calcd for Ci8Hi2N20«i: 336.0746. Found: 336.0743.
The filtrate was extracted with dichloromethane and concentrated 

in vacuo to afford 6.383 g of a brown oil. Distillation gave 1.481 g (8% 
yield) of 4-fluoro-lV-methylphthalimide (4) as a clear oil, bp 178-181 
°C (30 mm), which solidified to a white solid on cooling, mp 99-100 
°C.

The above reaction was repeated using 4.362 g (21.2 mmol) o f 1,
1.055 g (18.2 mmol) of anhydrous KF, and 40 mL of dry Me2SO. This 
mixture was heated at 142 °C (bath temperature) with stirring for 18 
h to afford 1.489 g (42% yield) of 2 as a light brown solid, mp 243-251 
°C, 85% pure by VPC. The impurities were 1,4, and 7.

The filtrate was extracted twice with dichloromethane and con
centrated in vacuo to afford 1.621 g of a brown oil. The 13C NMR 
showed this oil to contain 54% 4,17% 1,10% 9 ,8% 5,5% 7,3% 8,2% 3, 
and 1% 2. The identity of these compounds was confirmed by GC/MS, 
which also showed the presence of 6 and 10.

In DMF. The above reaction was repeated using DMF as a solvent. 
Heating a mixture of 5.177 g (25 mmol) of 1,1.536 g (26 mmole) of 
anhydrous KF, and 25 mL of dry DMF at reflux (153 °C) for 16 h af
forded 2.900 g (69% yield) of 2 as a tan solid, mp 254-259 °C, >99% 
pure by VPC.

The filtrate was extracted with ethyl acetate and concentrated in 
vacuo to afford 1.247 g of a brown solid. The 13C NMR spectrum 
showed it to consist of 30% 4,28% 1,24% 9 ,6% 8,4% 2,3% 5,3% 3, and 
2% 10. The identity of these compounds was confirmed by GC/MS, 
which also showed the presence of 6.

In NMP. A mixture of 10.227 g (50 mmol) of 1,4.559 g (79 mmol) 
of anhydrous KF, and 50 mL of dry NMP was heated at 190 °C (bath 
temperature) with stirring for 8.75 h. The dark brown mixture, after 
cooling to room temperature, was poured into 0.2 M aqueous HC1 to 
afford 4.992 g (72% yield) of 2 as a tan solid, mp 259-263 °C.

Reaction o f 4-Nitro-iV-methylphthalimide (1) with Potassium 
Nitrite. In DMF. A mixture of 5.283 g (25.6 mmol) of 1,2.231 g (26.2 
mmol) of potassium nitrite, and 25 mL of dry DMF was heated at 
reflux (153 °C) with stirring for 16 h. After cooling to room temper
ature the reaction mixture was poured into 100 mL of 0.2 M aqueous 
HC1 to afford a tan precipitate. Filtration afforded 2.819 g (65% yield) 
of 4,4,-oxybis(N-methylphthalimide) (2) as a tan solid, mp 247-255 
°C, >98% pure by VPC.

The filtrate was extracted twice with dichloromethane and con
centrated in vacuo to afford 1.421 g of a brown oil. The 13C NMR 
showed the oil to consist of 51% 9,20% 1,13% 8,9% 3, and 8% 5. The 
identity of these compounds was confirmed by GC/MS, which also 
showed the presence of 6 and 2.

In Me2SO. The above reacticn was repeated using Me2SO as a 
solvent. Heating a mixture o f 4.013 g (19.5 mmol) of 1,1.644 g (19.3 
mmol) of potassium nitrite, and 40 mL of dry Me2SO at 142 °C (bath 
temperature) for 18 h afforded 1.638 g (50% yield) of 2 as a tan solid, 
mp 220-236 °C, 88% pure by VPC. The impurities were 1 and 7.

The filtrate was extracted twice with dichloromethane and con
centrated in vacuo to afford 1.241 g of a brown oil. The 13C NMR 
showed the oil to contain 36% 1, 25% 5,11% 9,10% 7,7% 2,4% 3,3% 
8, and 3% 6. The identity of these compounds was confirmed by 
GC/MS.

Reaction o f 4-Fluoro-JV-methylphthalimide (4) with Potas
sium nitrite. A mixture of 1.674 g (9.4 mmol) o f 4 ,0.840 g (9.9 mmol) 
of potassium nitrite, and 20 mL of dry DMF was heated at reflux (153
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°C) with stirring for 16 h. After cooling to room temperature the re
action mixture was poured into 100 mL of 0.2 N aqueous HC1 to afford 
a tan precipitate. Filtration afforded 1.164 g (74% yield) of 4,4'-oxy- 
bis(IV-methylphthalimide) (2) as a light tan solid, mp 258-262 °C, 
>99% pure by VPC.

The filtrate was extracted with dichloromethane and concentrated 
in vacuo to afford 0.375 g of a brown gum. The 13C NMR spectrum 
showed the mixture to consist of 25% 9 ,19% 5,19% 1 ,16% 4 ,16% 8, 
3% 2, and 3% 3. The identity of these compounds was confirmed by 
GC/MS, which also showed the presence of 10.

4-Fluoro-JV-methylphthalimide (4). A mixture of 21.30 g (103 
mmol) of 1 and 12.02 g (207 mmol) of anhydrous KF was heated at 300 
°C (bath temperature) for 5 h. After cooling to ~250 °C a still head 
was attached and the mixture distilled to afford 5.20 g (28% yield) of 
4 as a clear liquid, bp 183-188 °C (60 mm), which on cooling solidified 
to an off-white solid: mp 98-100 °C; 13C NMR (CDCI3) 24.0, 110.4,
111.4.120.4.121.3.125.4.125.7.128.2.128.3.135.0. 135.4.161.3.167.2,
171.5 ppm; JH NMR (CDCI3) b 3.20 (3 H, singlet), 7.2-8.0 (3 H, mul- 
tiplet); IR (CHCI3) 1612,1713,1769 c m '1; MS m/e 179 (100%, P+), 
178 (16%), 151 (18%, P -  CO), 135 (18%, P -  C 02), 122 (52%, P -  CO 
-  NMe).

Anal. Caled for CgHfN'O^F: 179.0383. Found: 179.0386.
The pot residue (17.90 g) was placed in a Soxhlet extractor and 

extracted for 2 days with chloroform to afford 4.611 g of a brown solid. 
GC/MS analysis showed that this solid consisted of a mixture of 4, 
1, and 2.

4-Methoxy-IV-methylphthalimide (6). To a mixture of 20.00 g 
(97 mmol) of 1 in 100 mL of dry Me2SO was added 5.34 g (99 mmol) 
of sodium methoxide and the reaction stirred at room temperature 
for 1 h and then at 60-70 °C for 3 h. After cooling to room tempera
ture, the mixture was poured into water and the precipitate filtered 
to afford 13.63 g (74% yield) of 6 as a tan solid. Recrystallization of 
a sample from ethyl acetate/hexane afforded tan needles; mp 153-155 
°C (lit.25 mp 153 °C); 13C NMR (CDC13) 23.4, 55.5,107.5,118.9,123.6,
123.6.134.3.164.0. 167.6 ppm; iH NMR (CDCls) b 3.14 (3 H, singlet),
3.90 (3 H, singlet), 7.07 (1 H, doublet, J = 8 Hz), 7.22 (1 H, doublet, 
J  = 2 Hz), 7.64 (1 H, quartet, J = 2 and 8 Hz); IR (CHC13) 1710,1767 
cm“ 1; MS m/e 191 (100%, P+), 190 (10%), 163 (18%, P -  CO), 147 
(36%, P -  C 02), 134 (30%, P -  CO -  NCH3).

Anal. Caled for C10H9NO3: 191.0582. Found: 191.0585.
4-Hydroxy-IV-methylphthalimide (5). To a mixture of 10.409 

g (41.6 mmol) of boron tribromide in 50 mL of dichloromethane was 
added dropwise 1.596 g (8.4 mmol) of 6 in 50 mL of dichloromethane 
and the reaction mixture stirred overnight at room temperature. 
Water (~  5 mL) was then added to hydrolyze the boron complexes 
and the dichloromethane was removed on a rotary evaporator. Fil
tration afforded 1.309 g (89% yield) of 5 as a light brown solid, mp 
225-234 °C. Recrystallization of a sample from ethanol gave tan 
prisms: mp 244-246 °C [lit.25 mp 250 °C); 13C NMR (Me2SO-(Í6) 23.5,
109.7, 120.0, 122.0, 124.8, 134.5, 163.2, 167.8 ppm; >H NMR 
(Me2SO-í¿6) b 3.00 (3 H, singlet), 7.1 (2 H, multiplet), 7.70 (1 H, ap
parent doublet, J  = 8.5 Hz); IR (KBr) 1600,1620,1682,1761 cm-1; 
MS m/e 177 (100% P+), 176 (13%), 149 (20%, P -  CO), 133 (27%, P -  
C 02).

Anal. Caled for C9H7NO3: 177.0426. Found: 177.0426.
4-Thiomethoxy-IV-methylphthalimide (7). Into a 250-mL 

round-bottom flask fitted with a magnetic stirrer and nitrogen inlet 
was placed 4.332 g (102 mmol) of 56.8% NaH oil dispersion. After 
washing with hexane, 100 mL of dry DMF was added, and then methyl 
mercaptan was bubbled into the mixture until hydrogen evolution 
ceased. To this was added 20.00 g (97 mmol) of 1 and the reaction was 
stirred at room temperature overnight. The reaction mixture was then 
poured into water and filtered to afford 15.542 g (76%) of 7 as a light 
tan solid, mp 141-143 °C. Recrystallization of a sample from ethyl

acetate/hexane afforded pastel yellow prisms: mp 142-144 °C; 13C 
NMR (CDCI3) 14.9, 23.6,119.1,122.8,127.8,129.8,132.9,147.6,167.7 
ppm; 'H  NMR (CDC13) 5 2.55 (3 H, singlet), 3.13 (3 H, singlet), 7.5 (3 
H, multiplet); IR (CHCI3) 1604,1702,1769 cm“ 1; MS m/e 207 (100%, 
P+), 163 (32%, P -  C 02).

Anal. Calcd for C10H9NO2S: 207.0354. Found: 207.0349.
Reaction of 4-Hydroxy-IV-methylphthalimide (5) with 4- 

Fluoro-lV-methylphthalimide (4). A mixture of 0.931 g (5.3 mmol) 
of 5 ,0.965 g (5.4 mmol) of 4 ,0.332 g (5.7 mmol) of anhydrous KF, and 
20 mL of dry DMF was stirred and heated at reflux (153 °C) for 16
h. After cooling to room temperature the reaction mixture was poured 
into 100 mL of 0.2 M aqueous HC1 to give a tan precipitate. Filtration 
afforded 1.461 g (82% yield) of 4,4'-oxybis(N-methylphthalimide) (2) 
as a tan solid, mp 265-267.5 °C, >99% pure by VPC.

Reaction o f 4-Hydroxy-IV-methylphthalimide (5) with 4- 
Nitro-IV-methylphthalimide (1). Into a round-bottom flask was 
placed 1.064 g (6.04 mmol) of 5, 0.689 g (6.14 mmol) of potassium' 
ferf-butoxide, and 20 mL of dry DMF. After stirring at room tem
perature for 30 min to form the phenoxide, 1.288 g (6.25 mmol) of 1 
was added. The reaction mixture was stirred and heated at reflux (153 
°C) for 16 h. After cooling to room temperature the reaction mixture 
was poured into 100 mL of 0.2 M aqueous HC1 to give a tan precipi
tate. Filtration afforded 1.651 g (81% yield) of 4,4'-oxybis(AI- 
methylphthalimide) (2) as a tan solid, mp 266-268 °C, >99% pure by 
VPC.

Registry No.— 1, 41663-84-7; 2, 27507-54-6; 3, 63196-43-0, 4, 
63196-44-1; 5 ,4112-65-6; 6 ,63196-45-2; 7 ,63196-46-3; 8 ,550-44-7; 9, 
610-27-5; 10, 320-97-8; KF, 7789-23-3; NaF, 7681-49-4; K N 02, 
7758-09-0; NaN02, 7632-00-0; sodium methoxide, 124-41-4; methyl 
mercaptan, 74-93-1.
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The recent communication by Ishikawa and co-workers1 
on the preparation of 3- and 4-fluorophthalic anhydride from 
the corresponding nitro compound by fluorodenitration2’3 
prompts us to report our findings in the same area. Ishikawa 
reports that heating 4-nitrophthalic anhydride (1) with 3 mol 
of potassium fluoride affords 4-fluorophthalic anhydride (2).
The yields are around 56%, but the authors fail to answer the 
question of the fate of almost half of the substituted phthalic 
anhydride.

We find that 3 mol are not necessary; 1 mol will give similar 
results. We have also elucidated the fate of all the substituted 
phthalic anhydrides. Nitrite ion produced in the reaction is 
trapped by the anhydride present, thus lowering the apparent 
overall yield of the reaction.

Heating 4-nitrophthalic anhydride (1) with at least 1 equiv 
of potassium fluoride at 230-240 °C produced 4-fluorophthalic 
anhydride (2) with the evolution of a red-brown gas. Distil
lation afforded up to a 62% yield of 4-fluorophthalic anhydride 
(2).

After distillation of the 4-fluorophthalic anhydride, a tan 
solid remained in the distillation pot. This material was in
soluble in organic solvents, but dissolved readily in water. 
Acidification of an aqueous solution of this solid with hydro
chloric acid and extraction with ethyl acetate afforded 4-ni
trophthalic acid. The recovery of the 4-substituted phthalic 
acid was 34%; thus, the overall yield of the exchange reaction 
was >90%.

Sodium fluoride failed to give any reaction; heating a mix
ture of 4-nitrophthalic anhydride and 2 equiv of sodium flu
oride for 18 h at 230-260 °C did not produce fluoro com
pound.

While a 220 °C temperature was necessary to give reaction 
of potassium fluoride with 4-nitrophthalic anhydride in the 
melt, the use of an aprotic solvent, such as dimethyl sulfoxide, 
greatly lowered the temperature required. Thus, reaction of 
4-nitrophthalic anhydride with 2 equiv of potassium fluoride 
in dimethyl sulfoxide was complete within 20 min at 142
°C.

Fluoride exchange will also occur in acetonitrile solvent at 
80 °C using the crown ether 2,3:ll,13-dibenzo-l,4,- 
7,10,13,16-hexaoxacyclooctadeca-2,11-diene (dibenzo-18- 
crown-6) to solubilize the potassium fluoride. The use of crown 
ethers to solubilize potassium fluoride in acetonitrile and re
actions of “ naked” fluoride as a nucleophile have been re
ported.4 Thus, reaction of 4-nitrophthalic anhydride with 
potassium fluoride in acetontrile containing dibenzo-18- 
crown-6 for 43 h afforded the 4-fluorophthalic anhydride, 
which was isolated as the diacid. Without the crown ether 
present, no 4-fluoro material was produced.

A possible mechanism for the formation of 4-nitrophthalic 
acid is shown in Scheme I. Exchange of potassium fluoride 
with 4-nitrophthalic anhydride affords 4-fluorophthalic an
hydride and potassium nitrite. Nitrite ion has two potential 
reaction sites, and can react by either oxygen or nitrogen at
tack. Attack by oxygen on 4-nitrophthalic anhydride gives the
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aroyl nitrite 4. Attack on 4 by another nitrite ion produces the 
dipotassium salt of 4-nitrophthalic acid and nitrogen oxides 
via the intermediate or transition state 5.

This mechanism is supported by several observations. The 
dipotassium salt of 4-nitrophthalic acid is formed. The in
frared spectrum of the gases given off during the exchange 
reaction showed bands corresponding to the absorption bands 
of NO2. Also, assuming the mechanism in Scheme I, the 
maximum yield of 4-fluorophthalic anhydride should only be 
67%.

The ambifunctional nature of the nitrite ion has been well 
documented.5' 7 Nitrite ion reacts with alkyl halides to give 
a mixture of alkyl nitrites and nitroalkanes.5 It has also been 
reported8 that the solvolysis of acetic anhydride is markedly 
catalyzed by nitrite ions. The rate-determining step involves 
nucleophilic attack by nitrite ion on the anhydride molecule 
to produce an intermediate, believed to be acetyl nitrite, which 
undergoes relatively instantaneous decomposition in the 
buffered solvent to regenerate nitrite ion.

The reaction of nucleophiles with nitrite ester has been 
reported by Kornblum and co-workers.9 In the reaction of 
primary nitroparaffins with a nitrite ester and sodium nitrite 
to give carboxylic acids, the sodium nitrite functions as a base 
to produce the nitro stabilized anion. Nucleophilic attack of 
this anion on the nitrite ester affords an alkoxide and a ni- 
trosated nitro compound, which breaks down to form a car
boxylic acid.
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Table I. Reaction o f  4-Substituted Phthalic Anhydrides 
with Nitrite

X
Registry

no.

k n o 2/
anhydride

(molar
ratio) % yield0

-H 85-44-9 2 96
—N0 2 5466-84-2 2 71
-N O . 1 35
- F 319-03-9 2 74
-C l 118-45-6 2 84
- c h 3 19438-61-0 2 90

a Isolated yield o f  dipotassium salt o f  the 4-substituted 
phthalic acid.

The reaction of potassium nitrite with anhydrides is not 
limited to 4-nitrophthalic anhydride. Table I lists the results 
of the reaction of various 4-substituted phthalic anhydrides 
with nitrite in DMF solution at room temperature. In all cases, 
there is obtained in good yields the dipotassium salt of the 
corresponding phthalic acid. In one case, when only 1 mol of 
potassium nitrite is used, the yield is greatly reduced.

As would be expected, the rate of nitrite attack on the an
hydride seems to be determined by the electron-withdrawing 
ability of the group in the 4 position. Thus in the potassium 
fluoride exchange reaction, >99% of the attack of nitrite occurs 
on 4-nitrophthalic anhydride.

Experimental Section
General Procedures. Carbon-13 NMR spectra were recorded on 

either a Varían XL-100-15 (25.2 MHz) or a Varían CFT-20 (20.0 MHz) 
NMR spectrometer operating in the Fourier transform (FT) mode 
with complete proton decoupling. Infrared spectra were measured 
on a Perkin-Elmer 457 grating infrared spectrophotometer. Mass 
spectra were obtained on a CEC 21-104 or a Varian-MAT 311 spec
trometer operating at 70 eV utilizing the direct inlet system. Vapor- 
phase chromatography (VPC) was carried out on a Hewlett-Packard 
5700A gas chromatograph using a 6 ft X Vs in. 3% OV-17 on Chromo- 
sorb W column with temperature programming between 100 and 290 
°C at 16°/min. Melting points were determined on a Thomas-Hoover 
melting point apparatus and are uncorrected. Anhydrous potassium 
fluoride was obtained from Alfa Chemicals.

Reaction o f 4-Nitrophthalic Anhydride with Potassium Flu
oride. A flask containing 9.944 g (51.5 mmol) of 4-nitrophthalic an
hydride and 6.618 g (114.1 mmol) of anhydrous potassium fluoride 
was fitted with a distilling head, receiver, and nitrogen inlet and placed 
into an oil bath at 135 °C. The bath temperature was raised to 235-240 
°C and held at this temperature for 60 min. Distillation afforded 5.101 
g (60% yield) of 4-fluorophthalic anhydride, bp 205-206 °C (160 mm) 
[lit.6 bp 148 °C (20 mm)], as a clear liquid which solidified to give a 
white solid, mp 74-76 °C (lit.6 mp 75 °C): IR (CHC13) 1780,1856 cm -’ ; 
mass spectrum m/e 166 (43%, P+), 122 (100%, - C 0 2), 94 (100%, - C 0 2 
-C O ).

Using only 1 equiv of potassium fluoride at 220 °C for 120 min af
forded a 62% yield of distilled 4-fluorophthalic anhydride.

The above reaction was repeated with 34.954 g (0.181 mol) of 4- 
nitrophthalic anhydride and 21.611 g (0.373 mol) of potassium fluoride 
to give a 58% yield of the fluoro compound 2. In the distillation pot 
was left 33.394 g of a pale tan solid. Carbon-13 NMR showed the or
ganic component of this material to be 3, the dipotassium salt of 4- 
nitrophthalic acid. This solid was dissolved in 100 mL of water and 
extracted with ethyl acetate (2 X 100 mL) to afford 0.197 g of a yellow 
oil (containing 4-nitro- and 4-fluorophthalic anhydride). The aqueous 
solution was acidified to pH 1 with concentrated HC1 (16 mL, 0.192 
mol) and extracted with EtOAc (5 X 150 mL) and ether (2 X 150 mL)

to afford 14.190 g (37% recovery) of 4-nitrophthalic acid, mp 163-165 
°C (lit.12 mp 165-166 °C). VPC analysis showed the material to be 
95% 4-nitrophthalic acid and 5% 4-fluorophthalic acid. The recovery 
in this reaction was 95.2%.

Reaction o f 4-Nitrophthalic Anhydride (1) with Potassium 
Fluoride in Me2SO. A mixture of 3.351 g (17.4 mmol) of 4-nitro
phthalic anhydride (1), 2.083 g (35.9 mmol) of anhydrous potassium 
fluoride, and 8 mL of dry Me2SO was heated at 142 °C for 35 min 
under nitrogen. VPC analysis of an aliquot showed that the reaction 
was over after 20 min. After cooling to room temperature, the reaction 
mixture was poured into dilute aqueous HC1 and extracted with ethyl 
acetate to afford 3.188 g of a pale yellow solid. The 13C NMR spectrum 
showed that the material contained 48% 4-fluorophthalic acid, 9%
4-fluorophthalic anhydride, and 43% 4-nitrophthalic acid. Distillation 
of this material afforded 1.007 g (35% yield) of 4-fluorophthalic an
hydride, bp 200-208 °C (160 mm).

Reaction of 4-Nitrophthalic Anhydride (1) with Potassium 
Fluoride in Acetonitrile Containing Dibenzo-18-crown-6. A 
mixture of 2.008 g (34.6 mmol) of anhydrous potassium fluoride, 0.458 
g (1.3 mmol) of dibenzo-18-crown-6,10 and 20 mL of dry acetonitrile 
was refluxed (82 °C) for 30 min under nitrogen and then 3.011 g (15.6 
mmol) of 4-nitrophthalic anhydride (1) was added and the refluxing 
continued. After refluxing for 43 h, the mixture was cooled to room 
temperature, methylene chloride was added, and the mixture filtered 
to remove 3.330 g of a solid material. Concentration of the filtrate 
under vacuum afforded 2.000 g of a mixture containing 82% 4-fluo
rophthalic anhydride and 18% dibenzo-18-crown-6. To remove the 
dibenzo-18-crown-6, the material was dissolved in aqueous KOH, 
extracted with ethyl acetate, and acidified with concentrated HC1 to 
pH 1. Extraction with ethyl acetate afforded 1.195 g (42% yield) of 
pure (>99% by VPC) 4-fluorophthalic acid, mp 148-150 °C (lit.11 mp 
152-153 °C): IR (KBr) 1706 cm-1 (s); mass spectrum rn/e 184 (16%, 
P+), 167 (41%, -  OH), 166 (10%, -  H20), 140 (100%, -  C 02). Exact 
mass calcd for C8H5O4F: 184.0171. Found 184.0170.

The methylene chloride insoluble material was dissolved in water, 
extracted with ethyl acetate, and acidified with concentrated hy
drochloric acid to pH 1. Extraction with ethyl acetate yielded 1.117 
g (33.9% recovery) of 4-nitrophthalic acid as a tan solid, mp 163-166 
°C (lit.12 mp 165-166 °C). The I3C NMR showed the material to be 
>95% 4-nitrophthalic acid.

Reaction o f Potassium Nitrite with Substituted Phthalic 
Anhy'dride. The following procedures are representative: A mixture 
of 1.93 g (0.01 mol) of 4-nitrophthalic anhydride, 1.70 g (0.02 mol) of 
potassium nitrite, and 19 mL of anhydrous DMF was stirred under 
a nitrogen atmosphere at room temperature. After stirring for 16 h, 
the reaction mixture was added to 200 mL of diethyl ether, and the 
resulting precipitate was collected and dried to give 1.32 g (71% yield) 
of the dipotassium salt of 4-nitrophthalic acid. The material was 
identified from its 13C NMR (D20).

A mixture, 4.0 g (27 mmol) of phthalic anhydride and 4.6 g (54 
mmol) of potassium nitrite, was heated up to 200-230 °C over a
110-min period. A brown gas was evolved after heating for 160 min 
at 200-230 °C; the 13C NMR spectra showed the material to be the 
dipotassium salt of phthalic acid.

Registry N o — K N 02, 7758-09-0; KF, 7789-23-3; 4-nitrophthalic 
acid dipotassium salt, 63196-42-9; 4-nitrophthalic acid, 610-27-5;
4-fluorophthalic acid, 320-97-8; dibenzo-18-crown-6, 14187-32-7; 
phthalic acid dipotassium salt, 4409-98-7; 4-fluorophthalic acid di
potassium salt, 63196-39-4; 4-chlorophthalic acid dipotassium salt, 
63196-40-7; 4-methylphthalic acid dipotassium salt, 63196-41-8.
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The low-temperature direct-fluorination technique is used 
to control the reaction of fluorine gas under precisely regulated 
conditions with an organic or inorganic compound. This 
technique has been shown to be useful for making a wide va
riety of fluorine-containing compounds ranging from perfluoro 
carbons1 to perfluoro ethers2 and to unusual compounds such 
as partially fluorinated carboranes,3 perfluoroganmetallic 
compounds,4 and perfluoro sulfur-nitrogen ring com
pounds.5

In reactions where fluorine is used to replace hydrogen 
atoms, it has been found that, as the reaction proceeds, the 
remaining hydrogen atoms become progressively harder to 
replace. The reasons for this behavior are not definitely 
known, though the increasing acidity of the remaining protons 
as well as the increasing steric protection of their sites, due to 
the larger fluorine atoms becoming bonded to adjacent sites 
(convalent radius of F = 0.71 A, of H = 0.37 A),6 would seem 
to be the most likely causes. The present work was initiated 
to determine if steric effects were strong enough to allow a 
molecule containing hydrogen atoms on hindered sites to 
become otherwise completely fluorinated, except for the 
hindered protons. The compound chosen for this study was
2,2,4,4-tetramethylpentane, because the two hydrogens on the 
center carbon atom were surrounded by two tert -butyl 
groups.

The expected products from this reaction are interesting 
in themselves and because they also have potential for use as 
fluorocarbon blood substitutes. Their highly branched 
structures are desirable, since branched molecules tend to 
form more stable water emulsions than unbranched mole
cules.7 Furthermore, their molecular weights are such that 
their expected oxygen-dissolving capabilities and their ex
pected volatilities are within the range necessary for a blood 
substitute.8

Results and Discussion
The first series of reactions resulted in the formation of the 

perfluoro, monohydro and dihydro compounds in ratios of 
about 0.20 to 0.66 to 0.14 (Figure 1) with a total yield of about 
70%. The second series of reactions, run under the same con
ditions except that the time interval with pure fluorine was 
increased from 36 to 85 h, gave the same ratios of the per
fluoro, monohydro, and dihydro products, but the total yield 
was increased to about 95%. The third series of reactions, 
which were identical to the second except that half the amount 
of starting material was used, gave the same results as the 
second series.

The first set of fluorination conditions were nearly identical 
to those used in the fluorination of hexamethylethane. The 
latter reaction resulted in a 9.8% yield of perfluorohexa- 
methylethane,1 while the 2,2,4,4-tetramethylpentane reaction 
resulted in a combined yield of the monohydro, dihydro, and 
perfluoro compounds of about 70%. Hexamethylethane and
2,2,4,4-tetramethylpentane have quite similar structures and 
volatilities, so that the large differences in the yields of the 
fluorinated products are unexpected.

The observations that the length of time of the tetrameth- 
ylpentane reaction and the amount of fluorine used did not 
affect the product distribution, as well as the fact that the 
dihydro product was unchanged after being exposed to pure

CH3 CH3 
I H I 

H,C—C—C—C—CH
? F3 CF,

H 1

CH,
H I 3 -73» F,C—C—C—C—CF,
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1 F 1 F 1c—c-
1 H

-C-CF3 + 1ou.
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1 3
cf3 cf3 cf3 cf3
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Figure 1. Reaction scheme.

20%

fluorine for 72 h, show that (at —78 °C) the fluorine reaction 
with the protons located on the central carbon atom of the 
molecule apparently stopped after the methyl groups became 
fully fluorinated. This is assumed to be primarily a steric effect 
from the bulky CF3 groups shielding the hydrogens on the 
center carbon atom from further fluorine attack. It is not 
primarily an electronic effect (from the increasing acidity of 
the remaining hydrogen atoms I. If this were the case, it would 
be expected that compounds with one or two hydrogens re
maining on the methyl groups, and with the center carbon 
atom completely fluorinated, would be found.

Experimental Section
Mass spectra were measured on a Hitachi RMU 6D mass spec

trometer at 70 eV. NMR spectra were taken on a Perkin-Elmer R20-B 
spectrometer at 60 MHz for protons and 56.4 MHz for fluorine. Gas 
chromatography was done on a Bendix gas chromatograph equipped 
with a cryogenic controller and a thermal-conductivity detector. A 
25-ft X %-in. column packed with 10% SE 30 on Chromosorb P and 
a 10-ft X 0.25-in. column packed with 15% dinonyl phthalate on 
Chromosorb P were used. Analyses were done by Schwarzkopf Mi- 
cronalytical Laboratory. Infrared data were collected on a Beckman 
IR 20A instrument. All experiments were carried out in a four-zone 
cryogenic reactor system, described previously.1

Fluorination o f 2,2,4,4-Tetramethylpentane. The fluorination 
system was flushed with helium for 12 h, and then the first two zones 
of the reactor were cooled to —78 °C and the 2,2,4,4-tetramethyl
pentane was injected. Three sets of fluorination conditions were used. 
For the first set of reactions, the helium flow was set to 20 cm3/min 
and the fluorine flow was set to 1.5 cm3/min. After 18 h, zones two and 
three were cooled and the helium flow was reduced to 8 cm3/min. After 
an additional 24 h, zones three and four were cooled and the helium 
flow was terminated. The reaction was then allowed to continue for 
an additional 36 h. In the second series of reactions, the conditions 
were the same as above for the initial 42 h, but the final conditions, 
when zones three and four were cooled, were held for 85 h, not 36. The 
last series of reactions was run with conditions identical with those 
of the second series, except that only 0.8 g of starting material was 
used. The reaction was ended by flushing the system for 12 h with 
helium, then warming the reactor and transferring the volatile 
products to a liquid-nitrogen-cooled trap.

The products from the trap were initially separated on the SE-30 
column at 30 °C. 3,3-Dihydrooctadecafluoro-2,2,4,4-tetramethyl- 
pentane had a retention time of 15 min, while the monohydro and 
perfluoro compounds both had a retention time of 24 min. The latter 
two materials were then separated on the dinonyl phthalate column 
held at 10 °C. Perfluoro-2,2,4,4-tetramethylpentane had a retention 
time of 10 min and 3-hydrononadecafluoro-2,2,4,4-tetramethylpen- 
tane had a retention time of 12 min.

3,3-Dihydrooctadecafluoro-2,2,4,4-tetramethylpentane. Anal. 
Calcd: C, 23.89; H, 0.44; F, 75.66. Found: C, 23.69; H, 0.39; F, 75.64. 
The 19F NMR consisted of a singlet at -11.7 ppm from an external 
trifluoroacetic acid reference. The 1H NMR consisted of a singlet at 
r 7.18. The gas-phase infrared spectrum contained bands at (cm-1) 
3025 (w), 1460 (w), 1315 (s), 1295 (vs), 1260 (s), 1215 (w), 1185 (m), 
1095 (m), 1045 (s), 990 (m), 740 (m), 695 (m). The mass spectrum at 
70 eV contained a peak at m/e of 433 assigned to the parent minus 
fluorine. The melting point was between —38 and —39 »C.

3-HydrononadecafIuoro-2,2,4,4-tetramethylpentane. Anal. 
Calcd: C, 22.98; H, 0.21; F, 76.81. Found: C, 22.93; H, 0.18; F, 76.72.
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The 19F NMR consisted of a doublet (from the CF3 groups) centered 
at —13.8 ppm from an external trifluoroacetic acid reference. The 
coupling constant, Jff, was 15.9 Hz. The signal from the fluorine on 
the center carbon atom would be expected to be a doublet of two 19 
line multiplets, split by the hydrogen and the CF3 groups, respectively, 
hut was of too low an intensity to be observed. The 'H NMR spectrum 
consisted of a doublet centered at r 4.34. The coupling constant, J fh, 
was 36.6 Hz. The gas-phase infrared spectrum contained bands at 
(cm"1) 1440 (w), 1365 (m), 1300 (vs), 1290 (vs), 1265 (s), 1225 (w), 1195 
(m), 1165 (w), 1080 (w), 1045 (s), 995 (s), 975 (w), 79E (w), 775 (m), 745 
(m), 715 (m). The mass spectrum at 70 eV contained no peaks above 
m/e 381(CgFi5+). The melting point was between —33 and -3 4  °C.

Perfluoro-2,2,4,4-tetramethylpentane. Anal. Calcd: C, 22.13; 
F, 77.87. Found: C, 22.58; F, 77.63. The 19F NMR spectrum consisted 
of triplet (from the CF3 groups) centered at —17.1 ppm from an ex
ternal trifluoroacetic acid reference. The coupling constant, J ff, was
14.9 Hz. The signal from the two fluorines on the center carbon atom 
would be expected to be a 19-line multiplet, but was of too low in
tensity to be observed. The gas-phase infrared spectrum contained 
bands at (cm“ 1) 1300 (vs), 1285 (vs), 1270 (s), 1235 (w), 1195 (s), 1175 
(w), 1150 (w), 1095 (w), 1025 (w), 990 (s), 815 (m), 750 (m), 740 (s), 715 
(m). The mass spectrum at 70 eV contained a peak at m/e 469, as
signed to the parent minus fluorine. The melting point was between 
-2 4  and -2 5  °C.

Fluorination of 3,3-Dihydrooctadecafluoro-2,2,4,4-tetra- 
methylpentane. The fluorination system was flushed with helium 
for 12 h, and then the first two zones of the reactor were cooled to —78 
°C and 0.5 g of 3,3-dihydrooctadecafluoro-2,2,4,4-tetramethylpentane 
was injected. The helium flow was terminated and the fluorine flow 
was set to 1.5 cm3/min. After 24 h, reactor zones 3 and 4 were cooled 
to —78 °C and the first two zones were warmed to room temperature. 
After an additional 48 h, the reaction was terminated and the product 
was collected. The product was found to consist entirely of the starting 
material.

Registry No.— 2,2,4,4-Tetramethylpentane, 1070-87-7; 3,3- 
dihydrooctadecafluoro-2,2,4,4-tetramethylpentane, 41296-82-6; 3- 
hydrononadecafluoro-2,2,4,4-tetramethylpentane, 62375-53-5; per- 
fluoro-2,2,4,4-pentamethylpentane, 62375-54-6.
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In connection with a study of the chemistry of virescenol 
A (la), the aglycone of several of the fungal, virescenoside 
metabolites,1 the tetrahydrofuran 2a has been encountered 
frequently and now has been utilized for the conversion of 
virescenol A into B (lb ).2

Treatment of virescenol A (la) with benzaldehyde and zinc 
chloride yielded the benzylidene derivative 3a,3 whose re-

16
• 'H k

la, R = H ; Y = OH 2a, Y = OH;Y' = H
b, R = Y = H b, Y + Y' = O
c, R = Ts; Y = OH c, Y = H ;  Y' = OH
d, R = Ts; Y = OTs
e, R = CH2 C6 Hs ; Y = OH
f, R = CH2C6H5;Y  = OTs
g, R = H ;Y  = OTs

duction with lithium aluminum hydride in the presence of 
aluminum chloride led to ether le. Attempted tosylation of 
the latter in pyridine solution gave the hydroxy ether 2a, 
presumably by sequential formation of I f  and the oxonium 
salt 4, followed by pyridine débenzylation of the latter.

Y

3a, Y = H ;Y ' = OH
b, Y + Y' = O
c, Y =  OH; Y' = H

a, R = H
b, R = Ts

Treatment of virescenol A (la) with acetone and cupric 
sulfate produced the isopropylidene derivatives 5a4 and 6a, 
whose tosylation afforded sulfonic esters 5b and 6b, respec
tively. Even though the latter was stable, tosylate 5b was 
converted into the ether 2a on standing or on exposure to silica 
gel in benzene. This transformation may be the consequence 
of displacement of the tosylate by a ketal oxygen (cf. 7), fol-

b, R= ( - ) ;R SMe,

lowed by hydrolysis, or prior hydrolytic formation of dihy- 
droxytosylate 1 g and subsequent internal displacement.

Collins oxidation of the hydroxy acetal 3a and sodium bo- 
rohydride reduction of the resultant ketone 3b gave the iso
meric hydroxy acetal 3c, whose acid hydrolysis yielded 2-

Me
I

Me
i

ROH 1
ROSOH

1 +
rosoh2 H20 H20

+ 1 1 + + +
Me2SO Me i=ir Me ROSMe2 — ► Me2SO

+ + + + +
R'OH R'OH R'0~ R'O- R'OR
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epivirescenol A (8a). In analogy with previous reports of tet- 
rahydrofuran formation,5 heating of a dimethyl sulfoxide 
solution of 8a led to a high yield of hydroxy ether 2a, pre
sumably by way of the mechanism below and hence via in
termediate 8b. Even thermolysis of virescenol A (la) itself in 
dimethyl sulfoxide produced 2a, albeit in low yield.

Collins oxidation of hydroxy ether 2a, thus prepared by a 
variety of paths from virescenol A (la) (vide supra), yielded 
ketone 2b, whose reduction in liquid ammonia with lithium 
and ethanol yielded virescenol B (lb) along with tetrahy- 
drofurans 2a and 2c. The latter was also the product of sodium 
borohydride reduction of ketone 2b in analogy with the ste
reoselective hydride reductions of bicyclo[3.2.1]octan-8-ones.6 
The C(3) stereochemistry of the two hydroxytetrahydrofurans 
was confirmed by 13C NMR spectroscopy.

The carbon shifts of 2a and 2c are based on those of isopi- 
maradiene7 and virescenol B (lb )8 and are listed on formulas 
9 and 10, respectively. The strong shielding of C (l) and C(5)

21.4

9
21.5

10

in 2c (10) indicates the ring A axiality of the 3-hydroxy group 
in this isomer. Similarly, the shielding of the 4-methyl group 
in 2a reveals a closer proximity of the methyl function to its 
neighboring hydroxy group in 2a than in 2c. These facts 
confirm the ring A stereochemistry of the two isomeric alco
hols.

Experimental Section
Melting points were determined on a Reichert micro hotstage and 

are uncorrected. Infrared spectra were obtained on a Perkin-Elmer 
167 spectrophotometer. 1H NMR spectra of CDCI3 and CCL, solutions 
(Me4Si, 6 = 0) were recorded on a Jeol H-60 spectrometer, while the 
13C NMR spectra were produced on a Varian XL-100-15 spectrometer 
operating at 25.2 MHz in the Fourier transform mode.

3-0,19-0-Benzylidenevirescenol A (3a). A mixture of benzal- 
dehyde (16 g), zinc chloride (4.0 g), and virescenol A (3.2 g) was stirred 
at room temperature for 12 h. It then was poured into ice water and 
extracted with chloroform. The extract was washed in water, dried 
(Na2SC>4), and concentrated and the excess benzaldehyde (13 g) was 
removed by distillation. Chromatography of the residue (6.4 g) on 
silica and elution with petroleum ether yielded benzaldehyde (1.5 g). 
Continued elution with 1:1 petroleum ether/ether gave 2.8 g (65%) 
of 3a: mp 172-174 °C (methanol); IR (CHCI3) 3580 cm“ 1 (OH); NMR 
(CDCI3) 6 0.86,1.03,1.48 (s, 9, Me3), 3.40 (d, 1, J  = 10 Hz, H-3), 3.63,
4.23 (dd, 2, J  = 11 Hz, H-19), 4.46 (m, 1, H-2), 5.70 (s, 1, benzyl H),
7.1-7.6 (m, 5, aromatic Hs).

Anal. Calcd for C27H36O3: C, 79.37; H, 8.88. Found: C, 79.24; H,
8.96.

19-O-Benzylvirescenol A (le ). A solution of 0.15 g of 3a in 10 mL 
of anhydrous tetrahydrofuran was added dropwise to a stirring sus
pension of 0.12 g of lithium aluminum hydride and 0.20 g of aluminum 
chloride in 10 mL of tetrahydrofuran under nitrogen and the mixture 
refluxed for 3 h. Na2SO4-10H2O was added cautiously; the mixture 
was shaken and then filtered. Evaporation of the filtrate gave a residue 
(0.14 g) which was chromatographed on silica. Elution with 9:1 ben- 
zene/ethyl acetate gave 0.10 g (67%) of oily diol le: IR (CHC13) 3560

cm-1 (OH); NMR (CDCI3) 6 0.86, 0.90,1.30 (s, 9, Me3), 3.04 (d, 1, J 
= 10 Hz, H-3), 3.42,3.98 (dd, 2, J  = 10 Hz, H-19), 3.69 (m, 1, H-2), 4.48 
(s, 2, benzyl H), 7.3 (m, 5 H, aromatic Hs).

Anal. Calcd for C27H38O3: C, 78.98; H, 9.33. Found: C, 78.74; H,
9.25.

2(3,19- O-Dehydrovirescenol B (2a). A solution of 0.9 g of le  and 
0.6 g of tosyl chloride in 10 mL of pyridine was stirred at room tem
perature for 48 h. It then was poured into ice water and extracted with 
chloroform. The extract was washed with 1 N hydrochloric acid and 
water, dried, and concentrated. Chromatography of the residue (1.1 
g) on silica and elution with 99:1 chioroform/methanol gave 0.3 g (45%) 
of 2a: mp 166-168 °C; IR (CC14) 3610 cm' 1 (OH); NMR (CDC13) 6
0. 88.1.02.1.12,(s, 9, Me3), 3.51 (s, : ,  H-3), 3.45,3.97 (dd, 2, J  = 9 Hz, 
H-19), 4.17 (m, 1, H-2).

Anal. Calcd for C20H30O2: C, 79.42; H, 10.00. Found: C, 79.22; H,
10.15.

Isopropylidene Derivatives o f Virescenol A (5a and 6a). A
mixture of la (0.45 g) and copper sulfate (1.1 g) in 15 mL of acetone 
was stirred at room temperature for 3 h. It then was filtered and 
evaporated, and the residue (0.55 g) was chromatographed on Florisil. 
Elution with benzene gave a fraction (0.15 g, 28%) whose crystalliza
tion from methanol yielded 6a: mp 173-175 °C; IR (CHCI3) 3545 cm-1 
(OH); NMR (CDC13) 5 0.85,0.93,1.23,1.43,1.46 (s, 15, Mes), 3.16 (d,
1, J  = 10 Hz, H-3), 3.33, 4.13 (dd, 2, J  = 11 Hz, H-19), 3.80 (m, 1, 
H-2)

Anal. Calcd for C23H3603: C, 76.62; H, 10.07. Found: C, 76.38; H,
10.25.

Continued elution with 9:1 benzene/ethyl acetate gave 0.15 g (28%) 
of oily 5a: IR (CHC13) 3560 cm“ 1 (OH); NMR (CDC13) 6 0.86, 0.96, 
1.33,1.43,1.53 (s, 15, Mes), 3.16 (d, 1, J  = 10 Hz, H-3), 3.33,4.13, (dd,
2, J  = 12 Hz, H-19), 4.16 (m, 1, H-2).

Anal. Calcd for C2aH3603: C, 76.62; H, 10.07. Found: C, 76.50; H, 
10.35.

Further eluction with 4:1 benzene/ethyl acetate gave 0.14 g of 
starting triol la.

3-0,19-0-Isopropylidenevirescenol A Tosylate (5b). A solution 
of 0.20 g of 5a and 0.15 g of tosyl chloride in 5 mL of pyridine was 
stirred at room temperature for 48 h. It then was poured into ice water 
and extracted with chloroform. The extract was washed with 1 N 
hydrochloric acid and water, dried, and concentrated. Chromatog
raphy of the residue (0.3 g) on sikca and elution with benzene gave 
0.22 g (73%) of oily 5b: NMR (CDC13) 5 0.81,1.00 (s, 6, Me2), 1.23 (s, 
9, Me3), 2.40 (s, 3, aromatic Me), 3.13 (d, 1, J  = 16 Hz, H-3), 3.33,3.93 
(dd, 2, J = 11 Hz, H-19), 4.93 (m, 1, H-2), 7.1, 7.8 (dd, 4, J  = 10 Hz, 
aromatic Hs).

Anal. Calcd for CscJL^OsS: C, 70.01; H, 8.23. Found: C, 70.32; H,
8.02.

A mixture of 5b (0.1 g) and silica gel (1.0 g) in benzene (5 mL) was 
stirred at room temperature for 2 h. It was filtered and the filtrate 
concentrated under vacuum. The residue (80 mg) was chromato
graphed on silica and elution with 9:1 benzene/ethyl acetate gave pure 
2a (vide supra).

2 - 0,3-0-Isopropylidenevirescenol A Tosylate (6b). The same 
treatment of 0.2 g of 6a and workup gave 0.2 g (70%) of oily 6b: NMR 
(CDCI3) 5 0.86,0.90,1.13,1.33,1.36 (s, 15, Me5), 2.43 (s, 3, aromatic 
Me), 3.06 (d, 1, J  = 10 Hz, H-3), 3.52 (m, 1, H-2), 4.20 (br s, 2, H-19),
7.15,7.85 (dd, 4, J  = 10 Hz, aromatic Hs).

Anal. Calcd for C30H42O5S: C, 70.01; H, 8.23. Found: C, 70.20; H,
8.07.

Keto Ketal 3b. A solution of 3a (0.3 g) in methylene chloride (5 mL) 
was added dropwise (15 min) to a suspension of Collins reagent (1.0 
g) in anhydrous methylene chloride (15 mL) and the mixture was 
stirred at room temperature for 15 min. It was filtered and the filtrate 
was washed with 10% acetic acid solution. The combined organic so
lutions were washed with 5% sodium hydroxide, dried, and evapo
rated. Chromatography of the residue on silica and. elution with 
chloroform gave 0.2 g (68%) of oilv ketone 3b: IR (CHCI3) 1718 cm-1 
(C = 0 ); NMR (CDCI3) 5 0.87,1.00,1.60 (s, 9, Me3), 3.61,4.15 (dd, 2, 
J  = 11 Hz, H-19), 4.30 (s, 1, H-3), 5.97 (s, 1, benzyl H), 7.2-7.7 (m, 5 
H, aromatic Hs).

Anal. Calcd for C27H34O3: C, 79.76; H, 8.43. Found: C, 80.00; H,
8.20.

3 - 0,19-0-Benzylidene-2-epivirescenol A (3c). Sodium bor
ohydride (85 mgi was added to a solution of 2b (0.25 g) in tetrahy
drofuran (15 mL) and the mixture was stirred at room temperature 
for 5 min. Then a 0.1 N sulfuric acid solution (50 mL) was added and 
the mixture was extracted with chloroform. The extract was washed 
with saturated sodium bicarbonate solution, dried, and concentrated 
under vacuum. The residue (0.2 g) was crystallized from 3:2 petroleum 
ether/benzene, giving 0.15 g (44%) of crystalline 3c: mp 168-170 °C;
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IR (CHCla) 3575 cm“ 1 (OH); NMR (CDC13) 5 0.90,1.16, 1.41 (s, 9, 
Me3), 3.50 (d, 1 ,J  = 3Hz, H-3), 3.58,4.62 (dd, 2, J  = 11 Hz, H-19), 6.49 
(s, 1, benzyl H), 7.2-7.7 (m, 5 H, aromatic Hs).

Anal. Calcd for C27H36O3: C, 79.37; H. 8.88. Found: C, 79.50; H,
8.58.

2-Epivirescenol A (8a). A mixture of 0.25 g of 3c and 5 mL of 0.1 
N methanolic sulfuric acid in 5 mL of chloroform was refluxed for 5
h. It was diluted with water and extracted with chloroform. The ex
tract was washed with water, dried, and concentrated under vacuum. 
Chromatography of the residue (90 mg) on silica and elution with 6:1 
benzene/ethyl acetate gave 0.13 g (65%) of a solid whose crystallization 
from 1:1 benzene/petroleum ether yielded crystalline 8a: mp 168-170 
°C; IR (CHCI3) 3570 cm' 1 (OH); NMR (CDC13) 5 0.85,1.05,1.20 (s, 
9, Me3), 3.38 (m, 1, H-3), 3.48, 4.63 (dd, 2, J  = 11 Hz, H-19).

Anal. Calcd for C20H32O3: C, 74.96; H, 10.06. Found: C, 74.62; H,
10.30.

A solution of 8a (0.20 g) in Me2SO (5 mL) was stirred under nitrogen 
at 160 °C for 4 h. It then was poured into water and the mixture was 
extracted with chloroform. The extract was washed with water, dried, 
and concentrated under vacuum. Chromatography of the residue (0.16 
g) on silica and elution with 6:1 benzene/ethyl acetate gave 0.14 g of 
2a (vide supra).

A solution of virescenol A (la) (0.20 g) was treated in the same 
manner. The same workup gave 50 mg of 2a (vide supra).

Keto Ether 2b. A solution of hydroxy ether 2a (C.2 g) in methylene 
chloride (5 mL) was added dropwise (10-15 min) to a suspension of 
Collins reagent (0.7 g) in anhydrous methylene chloride (10 mL). The 
mixture was allowed to stir for an additional 15 min and filtered. The 
dark filtrate was washed successively with 1 N sulfuric acid and water 
and concentrated under vacuum. The light brown residue was purified 
by chromatography on silica. Elution with chloroform led to 0.2 g 
(100%) of oily 2b: IR (CC14) 1762 cm" 1 (C = 0 ); NMR (CDC13) 5 0.91,
1.00,1.30 (s, 9, Me3), 3.78,4.39 (dd, 2, J  = 11 Hz, H-19), 4.04 (d, 1, J  
= 6 Hz, H-2).

Anal. Calcd for C20H28O2: C, 79.95; H, 9.39. Found: C, 80.15; H,
9.17.

Reduction o f Keto Ether 2b. To a solution of 2b (0.40 g) in 
methanol (20 mL) was added a solution of sodium borohydride (90 
mg) in 6 mL of 50% aqueous methanol. The mixture was stirred at 
room temperature for 10 min and then 50 mL of 0.5 N sulfuric acid 
solution was added thereto. It was extracted with chloroform and the 
extract was washed with saturated sodium bicarbonate solution, dried, 
and concentrated under vacuum. Chromatography of the residue on 
silica and elution with 50:1 chloroform/methanol gave 0.38 g (94%) 
of oily 2c: IR (CCI4) 3650 cm' 1 (OH); NMR (CDCL) 6 0.83,0.88,1.04 
(s, 9, Me3), 3.36, 3.96 (dd, 2, J  = 9.5 Hz, H-19), 3.76 (d, 1, J  = 6 Hz, 
H-3), 4.10 (m, 1, H-2).

Anal. Calcd for C20H30O2: C, 79.42; H, 10.00. Fcund: C, 79.35; H,
9.85.

A solution of 0.16 g of ketone 2b in 10 mL of 9:1 tetrahydrofuran/ 
ethanol was added over a 10-min period to a solution of lithium (15 
mg) in 30 mL of liquid ammonia and the reaction mixture was stirred 
at —40 °C for 10 min. A few drops of bromobenzene were added to the 
mixture, the ammonia was evaporated in a stream of nitrogen, and 
20 mL of a 0.5 N sulfuric acid solution was added to the residue. The 
resulting mixture was extracted with chloroform and the extract 
combined, washed with water, dried, and concentrated under vacuum. 
Chromatography of the residue (0.12 g) on silica and elution with 9:1 
benzene/ethyl acetate gave 25 mg of 2c (vide supra). Elution with 6:1 
benzene/ethyl acetate gave 35 mg of 2a (vide supra) and 30 mg of 
virescenol B (lb), identical in all respects with an authentic sam
ple.1

Tosylation of Virescenol A (la). A solution of 0.96 g of la and 0.70 
g of tosyl chloride in 10 mL of pyridine was stirred at room tempera
ture for 72 h. It was poured into ice water and extracted with chloro
form. The extract was washed with 1 N hydrochloric acid and water, 
dried, and concentrated. Chromatography of the residue (1.2 g) on 
silica and elution with 9:1 benzene/ethyl acetate gave 0.25 g (13%) of 
virescenol A 2,19-ditosylate (Id) [IR (CHC13) 3540 cm“ 1 (OH); NMR 
(CDCI3) 5 0.86 (s, 6, Me2), 1.03 (s, 3, Me), 2.43 (s, 6, aromatic Meg), 3.26 
(d, 1, J  = 10 Hz, H-3), 3.96 (s, 2, H-19), 4.73 (m, 1, H-2), 7.1-7.8 (m, 
8, aromatic Hs)], 0.18 g (19%) of tetrahydrofuran 2a (vide supra), and 
0.40 g (28%) of virescenol A 19-tosylate (lc ) [IR (CHC13) 3575 cm-1 
(OH); NMR (CCD 0 0.84 (s, 6, Me2), 1.50 (s, 3, Me), 2.38 (s, 3, aromatic 
Me), 7.3-7.6 (dd, 4 H, J -  8 Hz, aromatic Hs)].

Registry No.— la, 22343-46-9; lb, 22343-47-1; lc , 63089-00-9; Id, 
63089-01-0; le, 63089-02-1; 2a, 63089-03-2; 2b, 63089-04-3; 2c, 
63121-82-4: 3a, 63089-05-4; 3b, 63089-06-5; 5a, 63089-07-6; 5b,
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4-Hydroxyproline, obtained initially by isolation from 
gelatin hydrolyzates,2 was first synthesized by Leuchs,3 and 
subsequently by a variety of other procedures. Some of these 
were variants of the Leuchs method involving a valerolactone 
intermediate;4-8 others were based on different routes,9-12 but 
generally required rather complex reaction sequences, com
mercially unavailable starting materials, or necessitated the 
isolation of intermediates.

We report here a new synthesis of the mixed racemates of
4-hydroxyproline, obtained in good yield from the commer
cially available starting compounds, glyoxal and oxaloacetic 
acid. Although this procedure was briefly cited earlier13 in 
connection with the use of one of the intermediates (3, Scheme 
I), no details were presented. The entire reaction sequence is 
carried out in a single vessel, the yield is approximately 40% 
(mixture of racemates), and the starting materials have the 
advantage that at least one can be obtained readily in ra
dioactive form,14 since the goal in synthesizing 4-hydroxy- 
proline is usually to obtain the radioactive (especially, the 14C) 
product.

Results and Discussion
In outline, this procedure involves simply the reaction of 

equimolar glyoxal and oxaloacetic acid in aqueous solution 
at room temperature and neutral pH, and the subsequent 
addition, successively, of excess NH4OH and sodium bor
ohydride. Our speculation concerning intermediate steps is 
outlined in Scheme I, as supported by previous reports of 
analogous synthetic steps, involving the condensation of 
glyoxylic acid and oxaloacetic acid to form 4-hydroxy-2~ke- 
toglutaric acid15’16 (in analogy with 3, Scheme I), the formation 
of pyrrole-2-carboxylic acid17 (in analogy with 6, Scheme I),
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or the conversion of 2-ketoglutaric semialdehyde to proline17’18 
(in analogy with the conversion of 3 to 7, Scheme I).

The rather involved series of column purification steps 
described below were aimed at establishing the products as 
crystalline trans- and cis -4-hydroxyproline. For the isolation 
of radioactive products on a small scale, it would seem suffi
cient simply to carry out the first desalting step (Dowex 50 H+ 
chromatography) followed by separation of the two diaste- 
reomeric forms on an amino acid analyzer type column.

Experimental Section
Starting materials were glyoxal trimeric dihydrate and oxaloacetic 

acid (both from Sigma Chemical Co.). Sodium borohydride was a 
British Drug House product, 4-hydroxy-L-proline and allo-4-hy- 
droxy-D-proline were purchased from Sigma Chemical Co. [2-14C]-
4-Hydroxy-DL-proline (4 X 107 dpm/jumol) was purchased from 
Amersham Searle Corp. Resins used were Dowex 50-W X -8, 100-200 
mesh (Sigma); AG-1-X8,100-200 mesh, and AG-50W X12,400 mesh, 
both from BioRad Laboratories.

Paper electrophoresis was carried out at pH 1.85 at 260 V/cm.18 
Amino acid analysis was carried out by the methods and with the 
buffer system described earlier;20 by this method, trans-4-hydroxy
proline and cis-4-hydroxyproline are eluted at approximately 65-70 
and 80-85 min, respectively. Colorimetric analysis for 4-hydroxy
proline utilized a modification of the procedure of Cleary and Saun
ders.21 NMR spectra were obtained at room temperature with a Jeolco 
60-MHz instrument. Optical rotation was measured in a Bendix NPL 
polarimeter.

Reaction Mixture. Equal amounts of glyoxal trimeric dihydrate 
and oxaloacetic acid, usually 0,5 to 0.6 mmol, were dissolved in water; 
the solution was adjusted to pH 7.5 with 1 N NaOH, brought to a final 
volume of 10 mL, and kept at 20-25 °C for 24 h, then treated with 0.75 
mL of concentrated NH4OH. After 10 min, sodium borohydride (0.4 
g) was added, and after a further 10 min, the reaction mixture was 
acidified to pH 1 (pH paper) with 6 N HC1. Aliquots of the reaction 
mixture, assayed for hydroxyproline, showed yields ranging from 26 
to 41%.

Estimation o f  cis- and trans-4-Hydroxyproline and Other 
Amino Acids. After addition of [14C]-trans-4-hydroxyproline as a 
tracer, an aliquot of the reaction mixture was desalted by passage 
through Dowex-50 H+ (1 X 33 cm column) and elution with 0.23 N 
NH4OH; recovery of both radioactively and chemically determined 
hydroxyproline was close to 100%. The NH3 was removed by flash 
evaporation and the dry residue was taken up in dilute HC1 (pH 1.5). 
Amino acid analysis showed equal amounts of cis- and trans- 4-hy
droxyproline as the major peaks. Small peaks in the positions of as
partic acid, serine, and alanine were also present, the peak consistent 
with aspartic acid (approximately one-sixth the molar quantity of 
hydroxyproline) being the major impurity. Oxaloacetic acid was ap
parently responsible for these side products, since its omission from 
the reaction mixture prevented their appearance, while the omission 
of glyoxal alone did not.

Purification, Separation o f Cis and Trans Racemates, and 
Crystallization. A large-scale reaction mixture, identical with that 
described above, utilized 6 mmol each of glyoxal trimeric dihydrate 
and oxaloacetic acid. It was treated exactly as noted and yielded 1.7 
mmol (28%) of hydroxyproline. [14C]-trans-Hydroxyproline was 
added as a tracer, the reaction mixture was evaporated to dryness, 
and, to remove a large proportion of the salt present, the dry residue 
was extracted twice by stirring with 30 mL of 80% ethanol for 1 h at 
5 °C. Ethanol was removed by flash evaporation; the residue was 
taken up in 10 mL of water and passed through a column of Dowex 
1 acetate (AG-1 X  8,3 X  25 cm) to remove aspartic acid. The effluent 
was evaporated to dryness, taken up in 5 mL of water, acidified to pH 
2, applied to a Dowex 50 H+ column (3 X  25 cm), and eluted with 0.23 
N NH4OH.

Separation of the cis and trans forms followed a scaled-up modifi
cation of the method of Piez et al.22 utilizing a heated column (55 °C,
1.6 X  70 cm) of AG 50 W X  12,400-mesh resin;23 only one-third of the 
pooled eluates from the Dowex 50 column above was chromato
graphed at a time. In each run, trans-hydroxyproline, coincident with 
the radioactive tracer, was eluted as a separate peak (125-150 mL) 
followed closely by cis-hydroxyproline. Corresponding peaks were 
pooled from the three runs and represented 470 jumol of irons-hy
droxyproline and 520 /unol of cis-hydroxyproline, about 60% recovery 
of the sample loaded. Each pool was evaporated to dryness and again 
desalted by adsorption to Dowex 50 H+ as above and elution with 0.23 
N NH4OH. The eluates were pooled, dried, and dissolved with heating 
in a small volume of 90% ethanol. Crystals appeared after several days 
at 5 °C. On drying, these first crops weighed 30 (trans form) and 24 
mg (cis form).

Identity and Purity o f  the Crystalline Racemates. Samples of 
each crystalline product were run on paper electrophoresis, on the 
amino acid analyzer, and from each, NMR spectra were obtained in 
D2O. Amino acid analysis indicated that each sample was eluted in 
the expected position and was free of other ninhydrin-reactive peaks. 
Paper electrophoresis showed that each sample migrated with the 
authentic reference isomer. NMR spectra indicated identity with the 
corresponding reference standard, hydroxy-L-proline or allohyd- 
roxy-D-proline; the spectra agreed with those reported earlier.25 As 
expected for this synthetic route, solutions of the trans and cis forms 
of hydroxyproline gave zero rotation, indicating each as the race- 
mate.
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be recycled. The difference in reactivity between unsubsti
tuted phthalimide and 3- or 4-methylphthalimide 2 may be 
associated with the imide-amide equilibrium (eq 1), which is

apparently less favorable for 3- or 4-methylphthalamide than 
it is for unsubstituted phthalamide.

3-Methylphthalamide (3) was more easily converted to the 
nitrile 6 than was the 4-methyl derivative. With acetic anhy
dride the yield of 3-methylphthalonitrile was only 15%, but 
with SOCI2/DMF at 0 or —12 °C the yield was as high as 80%. 
With acetic anhydride the yield of 4-methylphthalonitrile was 
considerably less than 15% and with SOCI2/DMF at 0 °C the 
yield was still negligible (in the latter case the imide was the 
only major product observed). However, reducing the tem
perature of the SOCI2/DMF reaction to -12  °C or using re
verse addition resulted in yields of 4-methylphthalonitrile as 
high as 84%. The beneficial effect of lower temperatures on 
the SOCI2/DMF dehydration of aromatic amides was reported 
earlier by Thurman.13

The convenient three-step sequence presented here allowed 
formation of 3-methylphthalonitrile in 60% and 4-methyl- 
phthalonitrile in 62% overall yield from commercially available 
starting materials.

Recent interest in more soluble derivatives of N-donor 
chelating ligands, such as phthalocyanine1’2 and l,3-bis(2- 
pyridylimino)isoindoline,3’4 made desirable a facile synthesis 
for precursor alkyl-substituted phthalonitriles. Although 3- 
and 4-methylphthalonitrile were first prepared many years 
ago, the multi-step synthesis is time consuming and deficient 
in overall yield.5-8 More recently, alternate syntheses for 
alkyl-substituted phthalonitriles have been reported, but they 
rely upon less readily available starting materials.9-11 We re
port here a convenient high yield synthesis of 3- and 4- 
methylphthalonitrile from the commercially available 
phthalic anhydrides. 3- and 4-alkylphthalic anhydrides are 
particularly suitable starting materials because alkyl-sub
stituted phthalic anhydrides are obtainable from dehydro
genation of Diels-Alder adducts of maleic anhydride and the 
appropriately substituted butadienes.12

Results and Discussion
Although unsubstituted phthalic anhydride may be readily 

converted to phthalonitrile via phthalimide and phthalamide 
intermediates, this chemical reaction sequence fails when 
applied to the synthesis of alkyl-substituted phthalonitriles.
3- and 4-methylphthalic anhydride 1 are readily converted 
to the corresponding imide 2 in high yield. However, unlike 
phthalimide itself, which reacts with ammonium hydroxide 
to form phthalamide in good yield, 3- and 4-methylphthali
mide 2 react with ammonium hydroxide under identical 
conditions to form a water-soluble product characterized as 
the ammonium half-salt of the acid amide 4 (probably a 
mixture of the the two possible positional isomers). The in
frared and elemental analyses are consistent with the presence 
of carboxylate and amide groups. Treatment of the salt 4 with 
thionyl chloride or heat resulted in reconversion to the starting 
imide 2; treatment of salt 4 with dilute acid afforded the cor
responding phthalic acid 5.

Conversion of 3- or 4-methylphthalimide 2 to the diamide 
3 was possible upon treatment of the imide with dry ammonia; 
up to 80% conversion was obtained and unreacted imide could

Experimental Section
3- and 4-methylphthalic anhydride were obtained from Eastman 

Chemicals and used as obtained. Infrared spectra were recorded from 
KBr pellets on a Perkin-Elmer Model 457 spectrophotometer; only 
pertinent absorption bands are reported. NMR spectra were recorded 
where solubility permitted with tetramethylsilane as an internal 
standard. Melting points are reported uncorrected. Microanalyses 
were performed by Central Laboratory Services of the Ford Motor 
Company.

3- Methylphthalimide. The imide was prepared from 3-methyl- 
phthalic anhydride according to the general procedure of Noyes and 
Potter.14 The 3-methylphthalimide was conveniently purified by 
Soxhlet extraction with benzene and was obtained in 98% yield as 
white crystals, mp 186-187 °C (lit.8 189-190 °C).

4- Methylphthalimide. This imide was obtained by the same 
method as white crystals in 93% yield, mp 195-196 °C (lit.6 196 
°C).

Reaction of 3-Methylphthalimide with Ammonium Hydrox
ide. A flask was charged with 0.22 g of 3-methylphthalimide, 5 mL 
of ethanol, and 8 mL of aqueous ammonia. The mixture was stirred 
at 24 °C for 40 h. After the solvent was evaporated under a stream of 
N2, the residue was recrystalized from methanol-ethyl acetate to yield

Scheme I

0  0

5 4 6
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0.10 g of off-white crystalline powder: mp 137-139 °C; IR (KBr) 3380 
(m), 3170 (m), 1650 (s), 1590 (m-s), 1560 (s), 1468 (m), 1440 (m), 1390 
(s) cm-1.

Anal. Calcd for CgHisNjOa: C, 55.09; H, 6.17; N, 14.28. Found: C, 
53.73; H, 6.64; N, 12.92. Material obtained from other runs of this 
reaction likewise failed to give good C, H, and N analyses; attempts 
at further purification of the salt resulted in decomposition.

Reaction o f 4-Methylphthalimide with Ammonium Hydrox
ide. When 4-methylphthalimide was treated with NH4OH as de
scribed above, an off-white powder was obtained. Recrystallization 
of the powder from water-ethanol afforded white crystals: mp 172-173 
°C (melting point was not consistent from batch to batch); IR (KBr) 
3420 (m-s), 3180 (m-s), 1710 (w), 1670 (m), 1620 (m-s), 1578 (m), 1538 
(m-s), 1410 (m-s), 1390 (m-s) cm-1.

Anal. Calcd for CgH^NzOg: C, 55.09; H, 6.17; N, 14.28. Found: C, 
54.84; H, 6.15; N, 14.29.

A sample of the salt was treated with 10% hydrochloric acid. After 
the solvent had evaporated the residue was extracted with ethyl ac
etate. Addition of heptane to the extract induced crystallization of
4-methylphthalic acid: mp 156-157 °C (lit.7 152 °C); IR (KBr) i/qo 
1690 (s, br) cm-1.

To a slurry of the salt (1.0 g) in 12 mL of DMF which was cooled to 
ca. -1 0  °C was added dropwise 1.7 mL of thionyl chloride. After the 
addition was complete, the temperature was allowed to rise to 24 °C 
and stirring was continued for 16 h. The reaction mixture was poured 
over 50 mL of ice and then filtered to collect 0.82 g (90%) of a white 
powder, spectroscopically identical with an authentic sample of 4- 
methylphthalimide.

A 50-mg sample of the salt was heated in an evacuated glass vessel 
for 15 min at 196 °C. Recrystallization of the cool melt from ben
zene-heptane afforded 33 mg (79%) of white powder: mp 194-195.5 
°C (lit.6 196 °C), spectroscopically identical with 4-methylphtham- 
ide.

3-Methylphthalamide. A 3-oz glass pressure vessel was charged 
with 4.01 g (24.9 mmol) of 3-methylphthalimide and 4 mL of dry 
DMF. The suspension was cooled to 0 °C and the ammonia gas was 
bubbled in for 30 min. The vessel was pressurized to 50 psi and then 
heated for 8 h at 45 °C. After cooling to room temperature the pressure 
was carefully released. Acetonitrile (20 mL) was added with stirring 
and the mixture was suction filtered. After vacuum drying (70 °C) 3.38 
g of 3-methylphthalamide (76% yield) was obtained as a white powder: 
mp 225 °C; IR (KBr) 3420 (m-s), 3330 (m), 3200 (m), 1680 (m), 1655 
(s), 1610 (m-s), 1582 (w-m) cm-1.

Anal. Calcd for C9H10N202: C, 60.66; H, 5.66; N, 15.72. Found: C, 
60.34; H, 5.72; N, 15.75.

3- Methylphthalimide (1.07 g) was recovered from the filtrate and 
could be recycled.

4- MethylphthaIamide. A 3-oz glass pressure vessel was charged 
with 4.01 g of 4-methylphthalimide and 40 mL of absolute ethanol. 
After the mixture was cooled to 0 °C, ammonia was bubbled into the 
suspension for 30 min. The reaction mixture was pressurized with 
ammonia until a pressure of 50 psi was maintained, and the mixture 
was then heated for 18 h at 50 °C. After cooling to room temperature, 
the pressure was carefully released and the mixture was filtered. Pure
4-methylphthalamide, 3.56 g (80% yield), was obtained: mp 188 °C 
(lit.7 188 °C); IR (KBr) 3435 (m-s), 3235 (m), 3200 (m), 1690 (m), 1655 
(s), 1630 (sh), 1605 (m-s), 1582 (w-m) cm "1.

3- Methylphthalonitrile. Method A. A flask was charged with 1.00 
g of 3-methylphthalamide, 15 mL of dry DMF, and a magnetic stir 
bar, and was capped with a rubber septum and cooled to 0 °C (ice 
bath). Thionyl chloride (1.49 g) was added with stirring over a 30-min 
period (via syringe). The reaction mixture was allowed to slowly warm 
to room temperature and was then poured over 80 g of ice. The 
water-insoluble product was collected by filtration, washed with water, 
and dried. The yield of 3-methylphthalonitrile was 0.638 g (80%): mp 
143 °C (lit.8 143 °C); IR (KBr) *Cn  2230 cm“ 1.

Method B. A suspension of 3.77 g (21.2 mmol) of 3-methyl
phthalamide in 20 mL of dry DMF was added to a solution of 3.9 mL 
(53 mmol) of thionyl chloride in 9 mL of DMF which had been cooled 
to 0 °C. The addition was made over a 30-min period; after an addi
tional 30 min, the reaction mixture was poured over ice (150 g). The 
product was collected by filtration and dried to afford 1.18 g (39%) 
of the dinitrile.

4- Methylphthalonitrile. Method A. A flask was similarly charged 
with 1.00 g of 4-methylphthalamide, 15 mL of dry DMF, and a mag
netic stir bar, and was capped with a rubber septum and cooled to -12  
°C (NaCl-ice bath). Thionyl chloride (1.48 g) was added (via syringe) 
with stirring over a 30-min period. The reaction mixture was allowed 
to warm to room temperature and stirring was continued for ca. 16 
h. The reaction mixture was poured over 83 g of ice and the insoluble 
product was collected by filtration, washed with water, and dried. The

yield of 4-methylphthalonitrile was 0.39 g (48%): mp 120 °C (lit.6 120 
°C); IR (KBr) i<cn 2255 cm "1.

Method B. A suspension of 3.90 g (21.9 mmol) of 4-methyl
phthalamide in 20 mL of dry DMF was added to a solution of 4.0 mL 
(55 mmol) of thionyl chloride in 20 mL of DMF which had been cooled 
to 0 °C. The addition was carried out over a 20-min period, after which 
the mixture was allowed to warm to room temperature. The reaction 
mixture was poured over ice and the product collected by filtration. 
A white powder (mp 122 °C) was obtained in 84% yield (2.62 g).

Registry No.—3-methyl-2, 7251-82-3; 4-methyl-2, 40314-06-5;
3-methyl-3, 63089-46-3; 4-methyl-3, 63089-47-4; 3-methyl-4, 
63089-48-5; 4-methyl-4, 63089-49-6; 4-methyl-5, 4316-23-8; 3- 
methyl-6, 36715-97-6; 4-methyl-6, 63089-50-9.
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Our continuing interest in the synthetically useful reactions 
of eight-membered rings13-0 has recently led us to reinvesti
gate the elimination reaction of fran.s-2-methylcyclooctyl 
tosylate. In 1966, Brown and Klimisch published preliminary 
results2 on that reaction as part of a study of E2 eliminations 
in a series of trans- 2-methylcycloalkyl tosylates, using po
tassium iert-butoxide in tert-butyl alcohol. For the five-, six-, 
and seven-membered rings, they obtained a 99:1 ratio of 3- 
methylcycloalkene to the 1-methyl isomer. However, this 
expected selectivity (based on the well-documented stereoe- 
lectronic requirement for an anti-periplanar transition state

Table I

Conditions“
cis-l-M ethyl-
cyclooctene

cis-3-Methyl- 
cyclooctene

Literature2 1 1
50 °C, 3 h, KO-i-Bu, 

f-BuOH
2 1

50 °C, 3 h, Na2C 0 3, 
t-BuOh

2.5 1

25 °C, 30 min, KO-f-Bu, 
M e2SO

1 23

“ Both alkenes are stable to these reaction conditions.
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in such reactions) was not followed by the eight-membered 
tosylate, which afforded a 1:1 ratio of olefins.

We were intrigued by this anomolous behavior of the cy
clooctane ring, and especially by the possibility that the 1- 
methyl iosmer could have resulted from a trans elimination 
toward the methyl group, giving trans -1 -methylcyclooctene,3 
which the reported acidic workup might well have isomerized 
to the observed cis -1 -methylcyclooctene. However, repetition 
of the experiment followed by a careful, nonacidic workup 
yielded no such trans olefin.

It has long been known that the introduction of sp2 centers 
into a saturated eight-membered ring significantly relieves 
nonbonded interaction (I-strain) in the ring;4 it seemed pos
sible that such an effect could so favor an E l process5 as to 
render it competitive with the E2 reaction. Accordingly, a 
series of experiments was run (summarized in Table I) in
cluding a solvolysis where trans -1 -methylcyclooctyl tosylate 
was treated in tert-butyl alcohol with heterogeneous car
bonate as the only base.6 Under conditions identical with the 
butoxide experiments (50 °C, 3 h), a product ratio of 2.5:1 
(1-methylcyclooctene to 3-methylcyclooctene, respectively) 
was obtained in high yield. In one repetition of the original 
experiment, we observed a rate qualitatively equal to that 
reported,2 but a product ratio favoring the 1-methyl isomer. 
Given these results, it appears likely that the observed 1- 
methycyclooctene actually results from a solvolytic, E l re
action with a rate comparable to that of the bimolecular 
elimination being studied. To test this hypothesis, a reaction 
was run with potassium tert-butoxide in dimethyl sulfoxide 
at room temperature, since these conditions should favor the 
E2 mechanism at the expense of El; indeed, after 30 min a 
nearly quantitative yield of alkenes was obtained with 3- 
methylcyclooctene highly favored (>20:1).

In conclusion, we feel that cyclooctyl sulfonates do not 
provide an exception to the anti-periplanar rule; thus, for 
synthetic purposes, the direction of bimolecular eliminations 
in these systems can be predicted with the same confidence 
as for other alkyl tosylates.

Experimental Section
Elimination Reaction Using Carbonate and tert-Butyl Al

cohol. To a 0.32 M solution of trans-2-methylcyclooctyl tosylate2 in 
dry tert-butyl alcohol was added 1 equiv of solid sodium carbonate 
(to bind any tosyl acid formed). This heterogeneous solution was 
stirred under nitrogen at 50 °C for 3 h. The resulting mixture was 
diluted with water and extracted three times with pentane. The 
combined pentane extracts were dried with 4-Á molecular sieves and 
concentrated (by distilling the pentane at 760 mm) to give the crude 
product, analyzed by gas chromatography (Carbowax 20 M). The gas 
chromatogram showed two peaks, in the ratio of 2.5:1, whose retention 
times were identical with those for authentic samples of cis-1-meth
ylcyclooctene and cis-3-methylcyclooctene, respectively. The com
bined yield was >95% (GC).

Elimination Reaction Using Potassium tert-Butoxide in 
Me2SO. irons-2-Methylcyclooctyl tosylate was dissolved in dry di
methyl sulfoxide and 2.5 equiv of solid potassium terf-butoxide was 
added under nitrogen (the resulting solution was 0.5 M in base). The 
reaction mixture immediately became dark green and slightly warm. 
After 30 min, isolation was effected as above. The yield of cis-3- 
methylcyclooctene, identified by NMR (4H and 13C), was determined 
to be 93%, while cis- 1-methylcyclooctene was produced in 4% 
yield.

Elimination Reaction Using Potassium tert-Butoxide in 
tert-Butyl Alcohol. A solution of trans-2-methylcyclooctyl tosylate 
and 2.5 equiv of potassium tert-butoxide in dry iert-butyl alcohol 
(0.26 M in tosylate, 0.65 M in base) was stirred under nitrogen at 50 
°C for 3 h. Isolation as before provided a 2:1 ratio of the 1-methyl- to
3-methylcyclooctene in a combined yield of 65%.
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a's-3-methylcyclooctene, 15840-65-0; cis-l-methylcyclooctene,
15840-64-9.
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Part of our investigations, related to the synthesis of sub
stituted 1,4-benzoquinones,1 dealt with the oxidation of 2- 
[3- (2,5-dihydroxyphenyl)-1 -oxopropyl]cyclopentanone ( l )2 
with 1 equiv of silver(I) oxide (Ag20). In this reaction two 
products, a quinone (A), mp 86-87 °C, and a white crystalline 
compound (B), mp 230-232 °C, were obtained in 26 and 35% 
yield, respectively. When 2 equiv of silver oxide was used, only 
A was obtained in 60% yield. The formation of the expected
1,4-benzoquinone, 2, was ruled out by the fact that reduction 
of compound A with sodium dithionite did not produce the 
starting hydroquinone 1, but gave a hydroquinone identical 
to compound B. Elemental analysis and the mass spectrum 
(m/e 244) of A indicated the molecular formula to be 
C14H12O4. The ]H NMR spectrum exhibited a sharp singlet 
at 5 6.70 which integrated to two benzoquinone protons.

The analytical data indicate intramolecular O or C alkyla
tion of the 1,4-benzoquinone by the 1,3-diketone side chain. 
In order to differentiate between the C-alkylation product 3 
and the O-alkylation product 4, the catalytic hydrogenation 
of A was attempted. In this reaction only B was obtained, in
dicating an absence of a double bond in A. Further evidence 
was provided by 13C NMR spectroscopy. The 13C NMR 
spectrum of A exhibited two different carbonyl carbon signals 
at 212.44 and 204.59 ppm, which were assigned to a cyclo
pentanone (213.9 ppm) and a cyclohexanone (208.8 ppm)

6 4 3
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moiety, respectively.3 All evidence indicates that the sole 
oxidation product A of 1 is the intramolecular C-alkylation 
product 3, and compound B is its reduction product 5.

The mechanism of this reaction involves the intermediate 
formation of 2, followed by cyclization to give the hydroqui- 
none 5, which is further oxidized to the final oxidation product
3. The hydroquinone derivative 1 undergoes cyclodehydration 
at room temperature in the presence of strong mineral acids, 
such as hydrochloric acid, to give 6-hydroxy-2-(2'-oxocyclo- 
pentylidene)benzopyran (6) in virtually quantitative yield. 
The formation of 3 from 6 involves initial oxidative dealkyl
ation to give 2, which undergoes cyclization and further oxi
dation. This mechanism is supported by the fact that hydro
quinone dimethyl ethers undergo oxidative déméthylation 
with silver(II) oxide to give the corresponding 1,4-benzoqui- 
nones.4 Furthermore, oxidation of 1 with silver(II) oxide also 
produced 3 in approximately 40% yield. No other quinones 
could be isolated.

The C alkylation of 1,4-benzoquinones is a well-known re
action; however, more drastic conditions and a Lewis acid 
catalyst are always required.5 The observed facile C alkylation 
is surprising and prompted us to test the generality of this 
reaction. The cyclohexanone analogue of 1, compound 7, was 
synthesized by the procedure used in the preparation of l .6 
Oxidation of 7 with both silver(I) oxide and silver(II) oxide

7 8

produced solely the 1,4-benzoquinone derivative 8 in quan
titative yield. No cyclization of 7 was observed even with an
hydrous zinc chloride both at room temperature and at 90 °C. 
The difference in the stability of the 1,4-benzoquinone de
rivatives 8 and 2 can only be explained by the acidity differ
ences between the two diketones. The ionization constants of
2-acetylcyclopentanone and 2-acetylcyclohexanone are re
ported to be 1.5 X 10~8 and 8.1 X 10_ u , respectively.7 Thus,
2-acetylcyclopentanone is a stronger acid by about 2 pKa 
units, which may be sufficient to explain the difference in 
reactivity of 2 and 8.

Experimental Section
Infrared spectra were recorded on a Beckman AccuLab 5. 'H NMR 

spectra were obtained on a Varian T-60 spectrometer and 13C NMR 
were obtained on a Varian CFT-20 spectrometer. Mass spectra were 
obtained on a Varian CH-5 mass spectrometer. Elemental analyses 
were performed by Galbraith Laboratories, Knoxville, Tenn. The 
melting points are uncorrected.

Oxidation o f  2 -[3-(2 ,5-dihydroxyphenyl)-l-oxopropyl]- 
cyclopentanone (2). Silver(I) Oxide (Ag 2 0 ). A solution of 1 (5.0 
g, 20 mmol) in 150 mL of ethyl acetate was suspended with Ag20  (5.0 
g, 21 mmol) and anhydrous sodium sulfate (5.6 g, 39 mmol) and 
stirred. After 18 h, the insolubles were filtered and TLC (6:4 chloro
form-ether, silica gel plates) examination showed that it contained 
one p-benzoquinone component. The unconverted starting 2 was 
removed as a copper complex by stirring with a hot solution of cupric 
acetate, which amounted to 2.7 g. From the organic layer, after 
washing with 1 N H 2 SO4 , followed by water, and drying (anhydrous 
MgS04), 2.2 g of brown viscous liquid was isolated. TLC (6:4 chloro
form-ether, silica gel plate) examination revealed that it contained 
two components. This liquid was chromatographed over 75 g of silica 
gel (Biosil A, 100-200 mesh). With chloroform was isolated 0.6 g (26%) 
of 3 as a yellow solid, mp 84-86 °C. After recrystallization from 
methanol it melted at 86-87 °C: ‘H NMR (CDCI3) S 2.0-3.2 (m, 10, 
aliphatic protons of two fused rings), 6.70 (s, 2, p-benzoquinone); IR 
(CHCI3) 1655 cm-1 (C = 0 , benzoquinone), 1700 cm-1 (C = 0  cyclo
hexanone), 1735 cm-1 ( 0 = 0  cyclopentanone); mass spectrum m/e

244 (M+).
Anal. Calcd for C14H120 4: C, 68.85; H, 4.95. Found: C, 68.91; H,

5.06.
Further elution with chloroform-ether (6:4) gave a brown liquid 

which when triturated with ether gave 0.8 g (35%) of 5, mp 230-232 
°C. It was once recrystallized from n -hexane-ethyl acetate: mp
234-236 °C; ‘H NMR (acetone-d6) S 1.90-3.20 (m, 10), 6.56 (s, 2, ar
omatic), 7.40 (br s, 2, phenolic OH); IR (KBr) 1698 cm-1 ( 0 = 0  cy
clohexanone), 1725 cm-1 (0 = 0  cyclopentanone); mass spectrum m/e 
246 (M+).

Anal. Calcd for C,4H140 4: C, 68.28; H, 5.73. Found: C, 68.37; H,
5.68.

When the oxidation was carried out with 2 equiv of Ag20  (10.0 g, 
42 mmol) for 5 days, 3.0 g (60%) of 3 was isolated by similar work
up.

Oxidation o f 1 with Silver(II) Oxide (AgO). To a suspension of 
AgO (1.7 g, 13.7 mmol) in 40 mL of THF (freshly distilled over CaH2) 
containing 1 (1.0 g, 4 mmol) was added 4 mL of 6 N HNO3 under 
stirring and after 5 min diluted with 160 mL of chloroform and 40 mL 
of water. Evaporation of the organic layer gave a liquid which partly 
solidified. Chromatography over 45 g of silica gel using benzene as 
solvent yielded 0.4 g (40%) of 3, mp 84-86 °C (mixture melting point 
and IR spectral comparison with that of 3 from Ag20  oxidation of 
1).

Reduction o f (6-Oxo-5,6,7,8-tetrahydro-l,4-naphthoqui- 
none)-5,l'-(2'-oxocyclopentane) (3) with Sodium Dithionite. A
solution of 3 (0.5 g) in 100 mL of ethyl acetate was shaken with an 
aqueous solution of a sodium dithionite (5%) and instantly the qui- 
none was reduced as evidenced by a change in color from light orange 
to colorless. The organic layer was separated, washed with water, dried 
(anhydrous MgS04), and evaporated to give 0.5 g of 5 (100% yield), 
mp 230-232 °C.

Preparation o f 6-Hydroxy-2-(2'-oxocycIopentylidene)ben- 
zopyran (6). To 1 (5.0 g, 20 mmol) was added 25 mL of concentrated 
HC1. The solution turned yellow and solidified. After 5 min, it was 
diluted with ice-cold water and the resulting white solid was filtered, 
washed with excess water, and dried to give 4.5 g (97%) of 6, mp 
204-206 °C. It melted at 207-209 °C after one recrystallization from 
ethyl acetate

Anal. Calcd for C14HI40 3: C, 73.02; H, 6.13. Found: C, 73.58; H,
6.40.

Oxidation o f 6 with Silver(II) Oxide (AgO). The oxidation of 
6 (0.9 g, 3.9 mmol) was conducted similarly to the AgO oxidation of 
1, to give 0.4 g (41%) of 3, identical with the quinone isolated in the 
oxidation of 1 (mixture melting point and IR spectral comparison).

Oxidation o f 2-[3-(2,5-Dihydroxyphenyl)-l-oxopropyl]cy- 
clohexanone (7)6 with Silver(I) Oxide (Ag20 ). The diketone 7 (2.0 
g, 7.6 mmol) in 100 mL of ethyl acetate was stirred with Ag20  (5.1 g, 
21 mmol) and anhydrous sodium sulfate (5.6 g, 20 mmol) for 18 h. The 
reaction mixture was filtered and TLC (6:4 chloroform-ether, silica 
gel) showed that it contained one component. Evaporation of the 
solvent gave 2.0 g (100%) of orange-brown solid, mp 85-87 °C. It was 
recrystallized from 2-propanol to give orange needles of 8: mp 87-88 
°C; *H NMR (CDCI3), 5 6.50-6.65 (m, 1, benzoquinone H adjacent 
to side chain), 6.70 (s, 2, benzoquinone).

Anal. Calcd for Ci5Hi604: C, 69.21; H, 6.20. Found: C, 69.50; H,
6.58.

Reduction of 8 with sodium dithionite gave the starting material
7.

Oxidation o f 7 with Silver(II) Oxide. The oxidation of 7 (1.0 g,
3.8 mmol) was carried out in a manner similar to that of 1 with AgO. 
The resulting quinone (100% yield) was identical with 8 obtained by 
Ag20  oxidation.

Registry No.— 1, 50714-97-1; 2, 63216-56-8; 3, 63250-61-3; 5, 
63216-57-9; 6,63216-58-0; 7,63216-59-1; 8,63216-60-4.
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Imines can generally be reduced efficiently with sodium 
borohydride, lithium aluminum hydride, catalytic hydroge
nation, or dissolving metal reductions. However, in the pres
ence of many functional groups (e.g., esters, ketones, nitro 
groups, and double bonds), these methods often cannot be 
employed for imine reduction due to concomitant reduction 
of the functional group.1 In such cases, sodium borohydride 
is usually the reagent of choice,2 but even it will not always 
reduce nitro-substituted imines in good yield.

The present study provides a significant improvement in 
the reduction of nitrimines to nitramines by the addition of 
acid to the reaction mixture (Table I). The procedure is simple 
and general, yet provides greatly improved yields over the 
usual sodium borohydride reduction procedures. When 3/3- 
acetoxy-5a-chloro-6-nitriminocholestane (I) was treated with 
sodium borohydride in dioxane and ethanol, the nitramine 
2 was obtained in only 15% yield regardless of reaction time; 
no nitrimine was recovered. Addition of glacial acetic acid to 
the reaction mixture dramatically increased the yield of re
crystallized product to 76%. Similarly, sodium borohydride 
reduction of 3-chloro-3-methyl-2-nitriminobutane (3) without 
acid gave only a trace of the nitramine 4, but when the re
duction was run in the presence of acetic acid, the yield of 
nitramine again jumped to 76%. Although a mechanistic study 
of the role of acetic acid was not undertaken, the presumed 
reducing agent is an acyloxyborohydride species formed by 
the initial reaction of acetic acid and sodium borohydride. 
Sodium triacetoxyborohydride is known to reduce aldehydes 
under mild conditions.3

That this reduction is general for a variety of structurally 
different nitrimines and can be accomplished without con

comitant reduction of the nitro moiety is illustrated by the 
reduction of l-nitrimino-9-chloro-10-methyldecalin (5) and
l-chloro-l-(a-nitriminoethyl)cyclohexane (7) to their corre
sponding nitramines 6 and 8, respectively, in good yield.

Sodium borohydride has been used in acidic media to re
duce aldehydes,3 oxazines,4 and indoles.5 These examples 
generally require the reaction medium itself to be acidic, 
whereas in the present study only a relatively small amount 
of acetic acid is required, not enough to acidify the reaction 
mixture.

Experimental Section

All melting points were uncorrected. NMR spectra were recorded 
on a Varian A-60 spectrometer using Me4Si as an internal standard. 
Infrared spectra were recorded on a Perkin Elmer 137 spectrome
ter.

General Procedure for Nitramine Reduction, a solution of 23.2 
mmol of nitrimine in 165 mL of dioxane, 165 mL of ethanol, and 0.5 
mL of glacial acetic acid was stirred at 0 °C while 229 mmol of sodium 
borohydride was added as fast as possible while still controlling fro
thing. The mixture was stirred for 30 min at 0 °C, and 1.5 mL of glacial 
acetic acid was added (total of 35.0 mmol of HOAc). After stirring for 
1 h at 0 °C followed by 1 h at room temperature, the mixture was di
luted with 700 mL of 3% aqueous acetic acid and extracted with 
methylene chloride. The extracts were washed with water, dried, and 
concentrated in vacuo to give the crude nitramine which was either 
recrystallized or distilled.

3/?-Acetoxy-5a-chloro-6|3-nitraminocholestane (2). Sodium 
borohydride reduction as above of l 6 gave a white solid which was 
recrystallized from acetone to give a 76% yield of 2: mp 206-206.5 °C 
(dec); IR (Nujol) 5.85 (s) and 6.20 (s) gm: NMR ((CD3)2SO) 8 5.50-
4.90 (m, 1 H, -COOCHO, 2.28-0.72 (m, 30 H, aliphatic), 1.99 (s, 3 H, 
CH3CO-), 1.19 (s, 3 H, C-19 methyl), 0.90 (br s, 6 H, C-26 and C-27 
methyls), 0.80 (br s, 3 H, C-21 methyl), and 0.69 (s, 3 H, C-18 meth
yl)-

Anal. Calcd for C-aH^iNLCLCl: C, 66.32; H, 9.50; N, 5.33; Cl, 6.75. 
Found: C, 66.40; H, 9.29; N, 5.16; Cl, 6.83.

3-Chloro-3-methyl-2-nitriminobutane (3). A solution of 200 g 
(2.85 mol) of 2-methyl-2-butene in 1200 mL of methylene chloride 
was stirred at 0 °C while nitrosyl chloride was slowly bubbled into the 
solution for 1.3 h. The resultant blue solution was stirred for 1.5 h at 
0 °C and concentrated in vacuo without heating to give ca. 200 g of
3-chloro-3-methyl-2-butanone oxime as an oily blue-green solid. 
Further purification was not attempted.

Table I. Reduction of Nitrimines with Sodium Borohydride and Acetic Aeida 
Nitrimine Nitramine Yield, % mp or bp, 0 C

7

NO,

4
76 bp 60/0.15 mm

70 mp 126-127

41 mp 84—85

8
a Registry numbers: 1, 31239-36-8; 2, 63215-89-4; 3, 63215-90-7; 4, 63215-91-8; 5, 63215-92-9; 6, 63215-93-0; 7 

28042-44-6; 8, 28042-46-8.



Notes J. Org. Chem., Vol. 42, No. 21, 1977 3447

The 200 g of 3-chloro-3-methyl-2-butanone oxime in 1600 mL of 
methylene chloride was stirred at 0 °C while nitrosyl fluoride was 
slowly bubbled into the solution for 1.25 h. The green solution was 
stirred at 0 °C for 3.5 h, followed by 1.5 h at room temperature. The 
mixture was slowly poured into saturated aqueous sodium carbonate 
and washed with saturated aqueous sodium carbonate, water, and 
brine. The organic layer was dried, filtered, and concentrated in vacuo 
to give a blue oil which was distilled giving 21.00 g (0.128 mol, 4% 
overall) of 3-chloro-3-methyl-2-nitriminobutane: bp 48-50 °C/0.5 mm; 
IR (neat) 6.17, 6.36 (s) and 6.92 pm; NMR (CDC13) b 2.24 (s, 3 H, 
-(CH 3)C = N -) and 1.83 Is, 6 H, -((CH 3)2)CC1).

Anal. Calcd. for CsHgNjCbCl: C, 36.49; H, 5.51; N, 17.02; Cl, 21.54. 
Found: C, 36.30; H, 5.59; N, 17.27; Cl, 21.51.

3-Chloro-3-methyl-2-nitraminobutane (4). Sodium borohydride 
reduction as above of 3 gave a yellow liquid which was distilled giving 
a 76% yield of 4 as colorless liquid: bp 60 °C/0.1 mm; IR (CHC13) 6.35 
and 6.88 gm; NMR (CDC13) S 8.55 (br m, 1 H, >NH), 4.44 (br q, 1 H, 
J = 6.5 Hz, >CH-NHNOz), 1.67 (s, 3 H, >(CH3)CC1), 1.64 (s, 3 H, 
>(CH3)CC1), and 1.39 (d, 3 H, J  = 6.5 Hz, >(CH3)CNH-).

Anal. Calcd for C5Hn N202Cl: C, 36.05; H, 6.66; N, 16.81; Cl, 21.28. 
Found: C, 36.09; H, 6.52; N, 16.28; Cl, 21.49.

l-Oximino-9-chloro-10-methyldecalin and l-Nitrimino-9- 
chloro-10-methyldecalin (5). A solution of 58.0 g (0.387 mol) of 
10-methyl-61'9-octalin7'8 in 1 L of methylene chloride at 0 °C was 
stirred while nitrosyl chloride was slowly bubbled in for 20 min. The 
reddish-brown solution was stirred at 0 °C for 3 h and concentrated 
in vacuo to give a light-green solid which was washed with cold hexane 
and filtered giving 22.73 g (0.105 mol, 27%) of l-oximino-9-chloro- 
10-methyldecalin, mp 128-132 °C (dec). The filtrate was concentrated 
in vacuo to give a dark oil which was chromatographed on a 6.5 X 34.5 
cm column of silicic acid (Mallinckrodt, Silic Ar, CC-7) slurry packed 
in 10% chloroform in hexane. Elution in 500-mL fractions gave frac
tion 1,1.38 g of unidentified oil, and fractions 2-4,25.05 g (0.102 mol, 
26%) of 5: NMR (CDC13) S 3.30-1.00 (m, 14 H, aliphatic) and 1.11 (s, 
3 H, methyl); IR (CHC13) 6.19, 6.38, and 6.90 pm.

Anal. Calcd for CnH i7N20 2Cl: C. 53.99; H, 7.00; N, 11.45. Found: 
C, 54.22; H, 7.16; N, 11.11.

l-Nitrimino-9-chloro- 10-methyldecalin (5). A solution of 22.73 
g (0.105 mol) of l-oximino-9-chloro-10-methyldecalin in 1.5 L of 
methylene chloride at 0 °C was stirred while nitrosyl chloride was 
slowly bubbled in for 30 min. The reddish-brown solution was stirred 
at 0 °C for 5.5 h, poured into water, washed with water and brine, 
dried, filtered, and concentrated in vacuo to give a yellow oil which 
was chromatographed on a 3.5 X 39.5 cm column of silicic acid (Mal
linckrodt, Silic AR, CC-7) slurry packed in 10% chloroform in hexane. 
Elution in 200-mL fractions gave fraction 1, nil, fractions 2-5,14.49 
g (0.059 mol, 56%) of 5, and fraction 6,160 mg.

A small sample of 5 was recrystallized from ethanol, yielding white 
crystals which melted at 61-62 °C.

l-Nitramino-9-chloro-10-methyldecalin (6). Sodium borohy
dride reduction as above of 5 gave a white solid which was washed with 
hexane, filtered, and vacuum dried giving a 70% yield of 6 as a white 
solid: mp 136 °C (dec); NMR (CDC13) 6 9.10-8.50 (br m, 1 H >NH), 
4.76-4.49 (br m, 1 H, >CH -N H N 02), 2.68-0.84 (m, 14 H, aliphatic), 
and 1.20 (s, 3 H, methyl); IR (CHC13) 6.24, 6.38,6.74, and 6.84 pm.

Anal. Calcd for CnH19N902Cl: C, 53.55; H, 7.76; N, 11.35; Cl, 12.97. 
Found: C, 53.52; H, 7.62; N, 11.30; Cl, 12.99.

l-Chloro-l-(a-nitraminoethyl)cycIohexane (8). Sodium bor
ohydride reduction as above of 71 gave a yellow oil which crystallized 
from hexane. Recrystallization from hexane afforded a 41% yield of 
8 as a white solid: mp 84-85 °C (lit.1 mp 91-92.5 °C). Both NMR and 
IR were in agreement with reported spectra.1

Registry No.—Acetic acid, 64-19-7; sodium borohydride, 
16940-66-2; 2-methyl-2-butene, 513-35-9; nitrosyl chloride, 2696-92-6;
3-chloro-3-methyl-2-butanone oxime, 3238-16-2; 10-methyl-A1-9- 
octalin, 13942-77-6; l-oximino-9-chloro-10-methyletacalin, 63215- 
94-1.
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Among the many isolated sesquiterpene lactones2® the 
nonisoprenoid hydroazulenic pseudoguaianolides2b represent 
the largest family. Several synthetic approaches3-6 to these 
compounds have appeared, recently culminating in the total 
syntheses of (±)-damsin6 (1) and (±)-confertin7 (2). In this

1 1

paper we report an independent synthesis of (±)-damsin and 
describe some transformations of synthon 3 which could be 
of value for the synthesis of other pseudoguaianolides.

Our synthetic plan centers about the hydroazulenic dione 
3, which we prepared via oxidative cleavage of a tricy- 
clo[5.3.0.06’10]decanetriol.6'8 This intermediate seems ideally 
suited for further transformation to pseudoguaianolides. The 
necessary trans ring fusion of the natural representatives is 
favored in an equilibrium isomerization process.9 The two 
carbonyl functions are expected to be easily differentiated due 
to a marked difference in steric environment. The hydroxyl 
group allows for further functionalization of the cyclopentane 
ring; its «-orientation could, however, disturb the exercise of 
the stereochemical control by the angular methyl group.4-10

The isomerization of compound 4 could easily be achieved 
in alkaline medium (Scheme 1}. The equilibrium (85% trans, 
15% cis) is largely in favor of the trans ring-fused product, 
which can be separated from the contaminating dione 4 by 
crystallization. The presence of a cis-fused 7 -butyrolactone 
in many pseudoguaianolides, e.g., in damsin (1), demands 
alkylation in the 5 position after protection or transformation 
of the 2-carbonyl function. It has been suggested4 that the 
alkylation of similar trans-fused hydroazulenic ketones with 
methyl bromoacetate proceeds poorly, unless one or more 
additional trigonal centers are present in the enolate, thereby 
lowering the steric congestion of the seven-membered ring. 
These considerations coupled with the anticipated formation 
of a /(-methyl group on catalytic hydrogenation of an exo- 
methylene function led us to synthesize ketone 6. Under the

Scheme I"

0
3 4 5

0
6 , R = TH P  
7 , R  = Ac

* a, DHP, p-TsOH; b, NaOH, M eOH; c, (C 6H S)3P = C H 2, 
THF.
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given reaction conditions (Scheme I) the olefin 6 was obtained 
from diketone 5 in high yield and as the sole product. When 
Me2SO was used as solvent, attack at the more hindered 6- 
ketone function, leading to product 8, also occurred.11 In

the steric influence of the 8a ether group it was decided to 
perform the catalytic hydrogenation at this stage and not 
earlier; indeed, the anticipated faster reduction of the enone 
system would provide us with a trans-fused hydroazulene 
possessing an almost inaccessible jS face. The catalytic hy
drogenation on 5% platinum on carbon gave as sole reduction 
products the alcohol 18 and the isomeric product at C-2 18a 
(85:15, respectively), with concomitant cleavage of the pro
tective ether group.14 Isomer 18a was not separated at this

9 , R = Me

10 , R =  H

11 , R -  Me 
1 2 , R -  H

preliminary experiments a regioselective methyllithium re
action on 5, followed by dehydration, was attempted. The 
reaction with methyllithium, although mostly regioselective, 
gave a low yield of the tertiary alcohol 9; it is interesting to note 
that subsequent dehydration with thionyl chloride-pyridine 
gave nearly exclusively the tetrasubstituted olefin 11, indi
cating a quasi-trans-diaxial relationship between the ring 
fusion hydrogen and the hydroxyl group.12 A similar result was 
obtained when the alcohol 10, from the reduction of 5 with 
lithium tri-terf-butyloxyaluminum hydride, was treated with 
thionyl chloride-pyridine.

The further conversion of ketone 6 to damsin (1) was per
formed in a straightforward way (Scheme II). Following the 
concept of Marshall4’7 we decided to introduce the thermo
dynamically less favored orientation of the ester side chain 
through catalytic hydrogenation of the butenolide 15. This 
product was obtained in a three-step sequence, involving al
kylation of unsaturated ketone 6 with ethyl bromoacetate, 
saponification of the resulting epimeric mixture 13 to the keto 
acids 14, and finally, treatment with acetic anhydride-sodium 
acetate.13 Analysis of the 1H NMR spectra of the corre
sponding alcohol 17 and its acetate 16 clearly shows butenolide 
15 being stereohomogeneous (except for the chirality present 
in the protective ether group); the stereochemistry shown at 
C-6 could not be established at this point. In order to minimize

Scheme IF

17, R= H

«a , LDA, BrCHjCOjEt, HMPA; b, KOH, MeOH; c, A c20 , 
NaOAc; d, H2, Pt/C(10% ), EtOH; e, H2C r0 4, acetone; f, 
(CH 2OH)2, p-TsOH; g, NaH, H C 0 2Et; h, NaBH„, MeOH; i,
3 M HC1, MeOH; j, p-TsCl, C 5H5N; k, C 5HSN.

18 a 19a , R = H l a
2 2a  , R = CH?0H

stage, but was taken through the remaining reaction sequence. 
Jones oxidation led to the cyclopentanones 19 and 19a. The 
former lactone has already been synthesized and transformed 
into (±)-damsin6 (1). Our present synthesis was completed 
using the same six-step reaction sequence, yielding (±)- 
damsin (1) and its C-2 epimer15 (la); both compounds were 
easily separated on silica gel. The spectral properties and TLC 
behavior of the synthetic material were identical with natu
rally occurring damsin16 (1).

We are currently investigating the further potentiality of 
products 6, 11, and 12 for the synthesis of other pseudo- 
guaianolides. In this context we also want to report the acci
dental formation of the trisubstituted olefin 23 in high yield

13
H2

23

during an attempted catalytic hydrogenation of ester 13 using 
5% palladium on carbon; this ester looks promising for the 
functionalization of the 4 position, which is often encountered 
in pseudoguaianolides.

Experimental Section17
c-7-M ethyl-1-8-(2'-tetrahydropyranyloxy) - r - 1 if-b icyclo -

[5.3.0] decane-2,6-dione (4). A solution of 4.50 g (23 mmol) of hy- 
droazulenol 3, 9.5 mL (104 mmol) of dihydropyran, and 15 mg of p- 
toluenesulfonic acid in 100 mL of methylene chloride was stirred at 
room temperature for 15 min. The reaction solution was quenched 
with solid potassium carbonate, filtered, and concentrated in vacuo. 
The residue was purified by column chromatography on silica gel 
using 10% ethyl acetate-benzene, yielding 5.78 g (90%) of the dione 
4 as a light yellow oil: R, (2) 0.51; IR (film) 1700,1220,1210,1130,1030, 
990 cm-1; NMR 6Me4S! 4.20-4.05 (m, C-8 methine), 2.90-2.20 (m, C-l, 
C-3, and C-5 H), 1.35 and 1.33 (s, C-7 CH3); MS m/e 196 (40), 179 (10), 
152 (6), 151 (5), 85 (100). Anal. Calcd for Ci6H2404: C, 68.55; H, 8.63. 
Found: C, 68.69; H, 8.71.

t-7-M ethyl-c-8-(2 '-tetrahydropyranyloxy)-r-lff-bicycIo-
[5.3.0] decane-2,6-dione (5). A solution of 5.78 g (20.6 mmol) of cis- 
ring-fused diketone 4 in 100 mL of dry methanol containing 15 mg 
of powdered sodium hydroxide was stirred at room temperature for 
70 h. After evaporation of the solvent, workup yielded 5.70 g of a 
semisolid product (85% 5; 15% 4). White crystalline diketone 5 (yield 
80%; conversion 100%) was obtained by recrystallization from isooc
tane: Rf (2) 0.51; IR (KBr) 1700, 1130, 1030, 1025, 990 c m '1; NMR 
¿MeiSi 4.30-4.10 (m, C-8 methine), ~3.9 (m, C-l methine), 0.93 and 
0.87 (s, C-7 CH3); MS m/e 280 (M+, 2), 262 (1), 196 (100), 179 (92), 
161 (65), 152 (61), 85 (100), 67 (96), 41 (100). Anal. Calcd for Ci6H2404: 
C, 68.55; H, 8.63. Found: C, 68.72; H, 8.72.

t-7-Methyl-2-methylene-c-8-(2'-tetrahydropyranyloxy)- 
r-lH-bicyclo[5.3.0]decan-6-one (6). To a suspension of methylene 
triphenylphosphorane (from 8.93 g, 25 mmol of methyltriphenyl- 
phosphonium bromide and 12.5 mL of 2.0 M butyllithium-hexane 
solution) in 30 mL of tetrahydrofuran was added a solution of 1.44
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g (5.13 mmol) of dione 5 in 5 mL of tetrahydrofuran at room tem
perature. After 15 min the reaction mixture was poured into a satu
rated ammonium chloride solution. Workup and purification by 
column chromatography on silica gel using 6% ethyl acetate-benzene 
yielded 1.13 g (80%) of a colorless oil: Rf (2) 0.66; IR (fdm) 3100,1700,
1650,1125,1115,1060,1020, 985 cm -1; NMR JMe4Si 5.03 and 4.86 (s, 
exo-CH2 vinyl H’s), 4.27 and 4.13 (m, C-8 methine), 2.6-2.3 (m, C-5 
CH2), 3.3 (t, J = 8.4 Hz, C-l methine), 0.93 and 0.87 (s, C-7 CH3); MS 
m/e 194 (30), 85 (100). Anal. Calcd for C17H260 3: C, 73.35; H, 9.41. 
Found: C, 73.51; H, 9.43.

The 'H NMR spectrum of the reaction mixture from the same re
action using dimethyl sulfoxide as solvent showed the presence of the 
isomeric ketone 8: NMR 5Me4si 4.83 (s, exo-CH2 vinyl H’s) and 1.23 
(s, C-7 CH3).

The stereohomogeneous acetate 7 was isolated accidentally upon 
treatment of 6 with acetic anhydride and a trace of perchloric acid 
(70%) in carbon tetrachloride: Rf (1) 0.43; IR (KBr) 1750,1700,1240 
cm-1; NMR ¿>Me4si 5.20 (m, C-8 methine), 5.10 and 4.92 (s, exo-CH2 
vinyl H’s), 3.36 (t, J = 9.0 Hz, C-l methine), 2.0 (s, OCOCH3), 1.00 
(s, C-7 CH3); MS m/e 236 (M+, 2), 194 (36), 176 (70), 161 (22), 150 (29), 
137 (57), 43 (100).

c-2,t-7-Dim ethyl-t-2-hydroxy-c-8-(2'-tetrahydropyranyl- 
oxy)-r-lfl-bicyclo[5.3.0]decan-6-one (9). To a solution of 2.10 g 
(7.5 mmol) of diketone 5 in 6 mL of tetrahydrofuran was added 3.5 
mL of a 2.12 M methyllithium-ether solution at room temperature. 
Stirring was continued for 2 h, the reaction mixture poured on ice, and 
the product isolated with ether. Purification by column chromatog
raphy on silica gel with 20% ethyl acetate-benzene yielded 0.356 g 
(83% conversion) of starting material and 0.694 g (38%) of alcohol 9 
as a colorless oil: Rf (1) 0.30; IR (film) 3500,1695,1125,1025,990 cm-1; 
NMR ¿Me4Si 1-33 (s, C-2 CH3) and 1.17,1.14 (s, C-7 CH3); MS m/e 296 
(M+, 0.4), 212 (20), 195 (20), 168 (98), 85 (100).

2,t-7-Dimethyl-r-8-(2'-tetrahydropyranyloxy)bicyclo[5.3.0]- 
dec-l,2-en-6-one (11). A solution of 0.225 g (0.76 mmol) of alcohol 
9 and 0.25 g (0.154 mL) of thionyl chloride in 2 mL of pyridine was 
stirred at room temperature for 12 h. The reaction mixture was poured 
into ice water and isolated with pentane, yielding 0.168 g (79%) of 
tetrasubstituted olefin 11 as a pale yellow oil: Rf (1) 0.56; IR (film)

i i ’ i

1700,1125,1110,1020, 980 cm“ 1; NMR 6Me4Si 1.80 (s, C-2 CH3) and 
1.19,1.15 (s, C-7 CH3); MS m/e 278 (M+, 1), 194 (28), 85 (100). Anal. 
Calcd for Ci7H260 3: C, 73.35; H, 9.41. Found: C, 73.54; H, 9.45.

t-2-Hydroxy-t-7-m ethyl-c-8-(2'-tetrahydropyranyloxy)- 
r-lU-bicyclo[5.3.0]decan-6-one (10). To a suspension of 29 mg (7.6 
mmol) of lithium aluminum hydride in tetrahydrofuran was added 
0.28 mL of tert-butyl alcohol at 0 °C. Stirring was continued for 30 
min and a solution of 105 mg (0.38 mmol) of the diketone 5 in tetra
hydrofuran was added dropwise over 2 min at 0 °C. After 30 min the 
reaction mixture was poured into a saturated ammonium chloride 
solution and the product isolated with ether, yielding 100 mg (93%) 
of a colorless oil: Rf (1) 0.26; IR (film) 3500, 1700, 1030, 990 c m '1; 
NMR 6Me4Si L22 and 1.18 (s, C-7 CH3); MS m/e 198 (18), 154 (52), 85 
(100). Anal. Calcd for Ci6H260 4: C, 68.08; H, 9.22. Found: C, 68.26;
H, 9.25.

t-7-M ethyl-r-8-(2'-tetrahydropyranyloxy)bicyclo[5.3.0]- 
dec-l,2-en-6-one (12). The above mentioned procedure with thionyl 
chloride-pyridine on ICO mg (0.35 mmol) of the alcohol 10 yielded 
crude trisubstituted olefin 12 as a pale yellow oil: Rf (1) 0.54; IR (film) 
1705,1125,1110,1030,1020,980 cm“ 1; NMR ¿Me4Si 5.7 (m, vinyl H),
I. 20 (s, C-7 CH3); MS m/e 264 (M+, 1), 246 (2), 216 (2), 85 (100).

Ethyl [2-M ethylene-6-oxo-t-7-m ethyl-c-8-(2'-tetrahydro-
pyrany loxy)-r-lfi-b icyclo[5 .3 .0 ]dec-5 -y l]acetate  (13). The 
procedure described by Marshall4 was slightly modified. To a solution 
of 0.924 mL (6.6 mmol) of N.N-diisopropylamine in 10 mL of tetra
hydrofuran was added at —78 °C 3.3 mL (6.6 mmol) of 2.0 M re-bu- 
tyllithium-hexane solution dropwise over 2.0 min. The temperature 
was raised to 0 °C over 30 min. A solution of 0.911 g (3.3 mmol) of 
ketone 6 in 2 mL of tetrahydrofuran was added at -7 8  °C and stirring 
was continued for 3 h at room temperature. Finally, a solution of 0.8 
mL (7.2 mmol) of ethyl bromoacetate and 1.26 mL (7.2 mmol) of 
hexamethylphosphoric triamide in 4 mL of tetrahydrofuran was
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added (—78 °C). Stirring was continued for 30 min and the reaction 
mixture poured into a saturated ammonium chloride solution. 
Workup and purification by column chromatography on silica gel 
using 25% ethyl acetate-isooctane yielded 0.964 g (80%) of 13 (light 
yellow oil): Rf (2) 0.67: IR (film) 3100,1740, 1700, 1640,1195, 1170, 
1125, 1110, 1075, 1030, 1020, 985, 830 cm "1; 6Me4Si 5.13 and 4.96 (s, 
exo-CH2 vinyl H’s), 4.16 (q, J  = 7.3 Hz, COOCH2CH3), 1.26 (t, J =
7.3 Hz, COOCH2CH3). 0.92 and 0.88 (s, C-7 CH3); MS m/e 280 (10), 
251 (10), 217 (18), 213 (40), 185 (55), 85 (100).

[2-M ethylene-t-7-methyl-c-8-(2'-tetrahydropyranyloxy)-
6-oxo-r-lH -bicyclo[5.3.0]dec-5-yl]acetic Acid (14). A solution 
of 0.70 g (1.92 mmol) of ester 13 and 0.40 g (7.1 mmol) of potassium 
hydroxide in 10 mL of dry methanol was heated at reflux for 2 h. The 
solution was cooled and concentrated in vacuo. Water was added to 
the residue and the solution was acidified to pH 4 with 1.2 M hydro
chloric acid. Workup yielded 0.61 g (90%) of 14 as semisolid oil: Rf (2) 
0.55; Rf (1) 0.39; IR (melt) 3200-2500 (br), 1750-1700, 1650 cm "1; 
NMR <>Me4Si 5.03 and 4.86 (s, exo-CH2 vinyl H’s), 2.55 (m, CH2COOH), 
0.9 (s, C-7 CH3), 9.5 (COOH); MS (m/e 250 (40), 217 (20), 195 (8), 177 
(10), 85 (100). Anal. Calcd for Ci9H280 5: C, 67.83; H, 8.39. Found: C, 
67.89; H, 8.41.

[2-M ethylene-t-6 -hydroxy-t-7-m ethyl-c-8-(2'-tetrahydro- 
pyranyloxy)-r-lff-bicyclo[5.3.0]dec-5-ylidene]acetic Acid 7 - 
Lactone (15). A mixture of 0.60 g (1.78 mmol) of acid 14 and 2.16 g 
(26.3 mmol) of sodium acetate in 18 mL of acetic anhydride was 
heated at reflux for 1 h. The mixture was cooled to 0 °C and 20 mL 
of methanol was added. The solution was stirred for 2 h at 0 °C and 
then poured into water and the product extracted with ether. The 
product was freed from acetic acid by azeotropic distillation in vacuo 
with toluene. Purification by column chromatography on silica gel 
using 30% ethyl acetate-isooctane yielded 0.36 g (64%) of butenolide 
15 as a white crystalline product: Rf (2) 0.54; IR (KBr) 3100,1770,1640 
cm-1; <>Me4si 5.86 (m, vinyl H), 5.63 and 5.43 (s, C-6 methine), 5.03 and
4.90 (s, exo-CH2 vinyl H’s), 0.46 and 0.43 (s, C-7, CH3), MS m/e 318 
(M+, 0.8), 234 (30), 217 (44), 216 (50), 85 (100).

Prolonged reaction times and careless (temperature!) workup 
lowered the yield and led in preliminary experiments to considerable 
amounts of the corresponding acetate 16 (mp 125-126 °C): IR (KBr) 
3100,1760,1740,1650,1640,1250 cm "1; NMR 5Me4Si 5.88 (q, J  = 1.8 
Hz, vinyl H), 5.40 (s, C-6 methine), 5.08 and 4.93 (s, exo-CH2 vinyl 
H’s), 5.02 (m, C-8 methine), 2.10 (s, OCOCH3), 0.50 (s, C-7 CH3); MS 
m/e 276 (M+, 2), 234 (20), 216 (70), 43 (100).

The corresponding hydroxy derivative 17 showed ¿Me4Si 5.85 (q, J 
-  1.8 Hz, vinyl H), 5.43 (s, C-6 methine), 5.03 and 4.90 (s, exo-CH2 
vinyl H’s), 4.16 (m, C-8 methine) and 0.41 (s, C-7 CH3).

( t-2,t-7-Dim ethyl-t-6,c-8-dihydroxy-r-lH -bicyclo[5.3.0]- 
dec-5-yI)acetic Acid 7 -Lactone (18). A suspension of 0.36 g (1.13 
mmol) of butenolide 15 and 120 mg of 5% platinum on carbon in 6 mL 
of absolute ethanol was hydrogenated at room temperature under a 
pressure of 4 bar. After 70 h the reaction mixture was filtered and 
concentrated in vacuo, yielding 0.233 g (87%) of lactone (18 and 18a) 
as a white crystalline solid: Rf (2) 0.39; IR (KBr) 3500, 1780, 1180, 
1040,1010,990 c m '1; NMR 5Me4si 4.96 (d, J  = 9.3 Hz, C-6 methine),
3.86 (m, C-8 methine), 1.05 (d ,; , 7.2 Hz, C-2 CH3), 0.93 (s, C-7 CH3); 
MS m/e 238 (M+, 4), 236 (2), 220 (52), 205 (83), 179 (60), 41 (100). The 
contaminating isomer 18a showed ¿Me4si 3.96 (m, C-8 methine) and 
0.85 (s, C-7 CH3).

(t-2,t-7-D im ethyl-8-oxo-t-6-hydroxy-r-lI?-bicyclo[5.3.0]- 
dec-5-yl)acetic Acid 7 -Lactone ( 19). To a solution of 0.233 g (0.96 
mmol) of alcohol 18 in 10 mL of acetone was added at —15 °C Jones 
reagent till the red color persisted. The mixture was quenched with 
isopropyl alcohol, solid sodium hydrogen carbonate added, and the 
mixture filtered and concentrated in vacuo. Usual workup yielded 
0.230 g of ketone (100%) as a colorless oil which solidified on standing. 
Recrystallization from diisopropyl ether gave analytically pure ma
terial (mp 133-134 °C): Rf (2) 0.29; IR (melt) 1750,1765 cm-1; ¿Me4Si
4.6 (d, J  = 7.2 Hz. C-6 methine), 1.16 (s, C-7 CH3), 1.10 (d, J = 7.2 Hz, 
C-2 CH3); MS m/e 236 (M+, 3), 220 (100), 97 (41). Anal. Calcd for 
Ci4H20O3: C, 71.16; H, 8.53. Found: C, 71.32; H, 8.61. The isomeric 
ketone 19a showed: Rf (2) 0.33; ¿Me4Si 4.6 (d, 6.0 Hz, C-6 methine), 1.13 
(s, C-7 CH3), and 0.96 (d, 5.7 Hz, C-2 CH3).

Ethylene Ketal of (t-2 ,t-7-D im ethyl-t-6-hydroxy-8-oxo-r- 
lff-bicyclo|5.3.0|dec-5-yl)acetic Acid 7 -Lactone (20). A solution 
of 0.150 g (0.63 mmol) of ketone 19, 1 mg of p-toluenesulfonic acid, 
and 0.5 mL of ethylene glycol in 10 mL of benzene was heated at reflux 
for 6 h using a Dean-Stark water separator. The solution was cooled, 
solid potassium carbonate was added, and the mixture was filtered 
and concentrated in vacuo. Purification by column chromatography 
on silica gel using 45% ethyl acetate-isooctane yielded 0.15 g (84%) 
of lactone 20 (and its C-2 epimer) as a white crystalline solid: Rf (2)
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0.50; mp 92-98 °C (from isooctane); IR (KBr) 1770 cm '; NMR ¿m04S]
4.96 (d, J -  6.0 Hz, C-6 methine), ~4.0 (m, ketal), 1.12 (s, C-7 CH3),
1.03 (d, J = 7.2 Hz, C-2 CH3); MS m/e 280 (M+), 265, 235, 219,100, 
99, 86. The contaminating C-2 a-CH3 isomer showed ¿Me4Si 4.96 (d, 
J  = 8.4 Hz), 1.07 (s, C-7 CH3) and 0.9 (d, J = 5.4 Hz, C-2 CH3).

Ethylene Ketal o f (t-2 ,7-D im ethyl-t-6-hydroxy-8-oxo-r- 
I//-b icyclo[5.3.0 ]dec-5-yl)d-hydroxypropionic Acid y-Lactone 
(21). The procedure of Minato and Horibe18 was employed. To a 
suspension of 76 mg of 55% sodium hydride suspension in 4 mL of 
ether was added at 0 °C a solution of 0.323 g (1.15 mmol) of lactone 
20 and 0.17 mL (2 mmol) of ethyl formate in 4 mL of ether dropwise 
over 2 min. The suspension was stirred for 1 h at 0 °C and for an ad
ditional 7 h at room temperature. The reaction mixture was poured 
into a saturated ammonium chloride solution and extracted with 
ether. Workup yielded 0.342 g (97%) of crude product; no purification 
of this product was attempted.

To a solution of 50 mg (1.31 mmol) of sodium borohydride in 3 mL 
of absolute methanol was added at -1 8  °C a solution of 0.342 g (1.11 
mmol) of the above a-formyl-y-butyrolactone in 2 mL of absolute 
methanol. The solution was stirred at —18 °C for 1 h, slowly brought 
to room temperature, and poured into a saturated ammonium chloride 
solution. The product was isolated with ether and purified by column 
chromatography on silica gel using 50% ethyl acetate-isooctane, 
yielding 0.206 g (60%) of a white crystalline solid: Rf (2) 0.34; NMR 
M̂eiSi 4.93 (d, J  = 9.3 Hz, C-6 methine), ~-3.9 (m, ethylene ketal), ~3.8 

(m, CH2OH), 1.10 (s, C-7 CH3), 1.06 (d, -J > 6.6 Hz, C-2 CH3). The 
contaminating C-2 a-CH3 isomer showed r>Me4Si 1-06 (s, C-7 CH3) and 
0.90 (d, J = 5.4 Hz, C-2 CH3).

(t-2,7-Dim ethyl-8-oxo-t-6-hydroxy-r-l H-bicyclo[5.3.0]- 
dec-5-yl)~/3-hydroxypropionic Acid y-Lactone (22). A solution 
of 0.206 g (0.66 mmol) of ethylene ketal 21 in 5 mL of 40% 3 M hy
drochloric acid-methanol was stirred at 0 °C for 15 min. Methanol 
was evaporated in vacuo, water was added, and the product extracted 
with ether. Isolation and purification by column chromatography on 
solica gel using 25% isooctane-ethyl acetate yielded 0.144 g (81%) of 
22 as a colorless oil: R/ (2) 0.13; NMR ¿Me4Si 4.56 (d, J  = 8.7 Hz, C-6 
methine), 4.1 (m, CHCH2OH), 3.9 (m, CH2OH), 2.9 (m, C-5 methine),
1.13 (s, C-7 CH3), 1.07 (d, C-2 CH3); MS m/e 266 (M+, 2), 251 (100), 
233 (25), 97 (50). The isomeric ketone 22a showed: Rf (2) 0.17; <5Me4Si
4.66 (d, J  >  7.2 Hz, C-6 methine), 1.09 (s, C-7 CH3), 1.00 (d, J  = 5.4 
Hz, C-2 CH3).

(±)-Damsin (1). A solution of 0.144 g (0.54 mmol) of the above 
d'-hydroxy-y-butyrolactone 22 and 126 mg of p-toluenesulfonyl 
chloride in 1.6 mL of freshly distilled pyridine was stirred for 24 h at 
0 °C. The solution was poured into water and the product isolated 
with chloroform, yielding 0.227 g (100%) of a yellow oil, A solution of 
the above crude tosylate in 2 mL of pyridine was heated at reflux for 
4 h. The solution was cooled and poured into water; extraction with 
ether and evaporation of the solvent gave 0.134 g (100%) of yellow oil. 
Purification by column chromatography on silica gel using 50% ethyl 
acetate-isooctane yielded 73 mg (51%) of white crystalline product, 
whose spectra and TLC behavior were identical with those of naturally 
occurring damsin (1): Rf (2) 0.35; mp 122-124 °C; IR (KBr) 2950,2875, 
1760,1735,1655,1280,1165,1155,1130,1060,1000,985,970,955,820 
cm-1; NMR 0Me4Si 6.27 and 5.53 (d, J = 3.1 and 2.75 Hz, respectively, 
vinyl H’s), 4.53 (d, J = 8.5 Hz, C-6 methine), 3.30 (m, C-7 methine),
1.08 (d, J  = 7.5 Hz, C-2 CH3), 1.08 (s, C-7 CH3); MS m/e 248 (M+, 5),
2.33 (100), 123 (36), 97 (42), 95 (30), 55 (50). Anal. Calcd for C15H2o0 3: 
C, 72.55; H, 8.12. Found: C, 72.61; H, 8.14.

(±)-2-epi-Damsin (la), contaminated with (±)-damsin (a fraction 
of the above mentioned column chromatography), was purified by 
preparative TLC using 50% ethyl acetate-isooctane, affording 2 mg 
of white crystalline compound: Rf (2) 0.41; NMR ¿Me4si 6.26 and 5.57 
(d, J -  2.5 and 2.0 Hz, respectively, vinyl H’s), 4.53 (d, J  = 7.75 Hz, 
C-6 methine), 3.11 (m, C-7 methine), 1.00 (d, J  = 6.5 Hz, C-2 CH3),
1.11 (s, C-7 CH3).

Ethyl [2,t-7-D im ethyl-c-8-(2 '-tetrahydropyranyloxy)-6- 
oxo-r-1 if-bicyclo[5.3.0]dec-2-en-5-yl]acetate (23). A suspension 
of 0.364 g (1.0 mmol) of olefin 13 and 10 mg of 5% palladium on carbon 
in 1 mL of absolute ethanol was hydrogenated at room temperature 
and atmospheric pressure. After 6 h the suspension was filtered and 
concentrated in vacuo, yielding 0.362 g (100%) of trisubstituted olefin 
23: R, (1) 0.49; IR (film) 1740,1700,1195,1175,1160,1130,1115,1025, 
985 cm-1; NMR (5Me4si 5.83 (m, vinyl H), 4.20 (q, J  = 7.2 Hz, 
COOCH2CH3), 1.26 (t, J  = 7.2 Hz, COOC^CHs), 0.95 (s, C-7 
CH3).
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Thermal Decomposition of Phenylmethyldiazirine.
Effect of Solvent on Product Distribution
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The thermal decomposition of phenyl-n-butyldiazirine1 
in MezSO at 100 °C resulted in a quantitative evolution of 
nitrogen and the formation of cis- and trans- 1-phenyl-l- 
pentenes plus less than 5% of valerophenone. In addition,
1-phenyldiazopentane has been isolated as an intermediate
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Table I. Product Distribution in the Thermal 
Decomposition of Phenylmethyldiazirine

Products, %

Reaction conditions Azine

Aceto
phen
one

Sty
rene

Cyclo
propyl
deriv
atives

Neat 16 h at 130 °C 65 3-4 Trace 30
5% Solution in Me2SO, 16 h 

at 65 °C and 6 h at 110 °C
40 50 Trace 8-10

10% Solution in 
nitrobenzene, 16 h at 130
°C

95 0 Trace 5

5% Solution in hexane, 72 h 
at 68 °C

45 17-19 Trace 35

5% Solution in isooctane, 16 
h at 99 °C

40 3-4 Trace 56

0.6% Solution in 
nitrobenzene 16 h at 130 
°C

32 32 Trace 35

0.6% Solution in 
chlorobenzene, 16 h at 
130 °C

40 10 Trace 48-50

0.01 Torr at 120 °C — — 98 Trace

during this decomposition. In the light of the above observa
tion, it is then reasonable to assume the intermediacy of 1- 
phenyldiazoethane 2 in the thermal decomposition of phen
ylmethyldiazirine 1.

Overberger and Anselme3 could not duplicate the synthesis 
of 1 as reported by Schmitz and Ohme.3 However, in the de
composition of 2, Overberger and Anselme3 reported aceto
phenone azine 3 as the only product. No styrene was detected 
although Schmitz and Ohme2 reported it as the sole decom
position product of 1 in nitrobenzene. Due to this apparent 
difference, we have reinvestigated the thermal decomposition 
of 1 with a view to resolve these inconsistencies.

1 is a colorless liquid and is stable at 0 °C for several weeks. 
When 1 was heated neat or in solvents listed in Table I, the 
solution turned red. The red material has a strong IR ab
sorption at 2040 cm-1 and was isolated and identified as 2.4 
The red color of the solution persisted even after heating a 
solution of 1 or 2 in hexane at 68 °C for over 48 h. 2 begins to 
decompose significantly at temperatures greater than 100 
°C.

Thermal decomposition of 1 carried out in different solvents 
under varying conditions results in the formation of a mixture 
of products as given in Table I. A decrease in the amount of 
3 and a corresponding increase in cyclopropyl derivatives was 
observed with decreasing solvent polarity. The same effect was 
observed for a decrease in concentration of 1 in the decom
position mixture. Only trace amounts of styrene could be 
detected, a fact which contradicts the results obtained by 
Schmitz and Ohme,2 who reported styrene as the only product 
in the decomposition. However, the gas phase (0.01 Torr) 
decomposition of 1 gave styrene as the major product with 
trace amount of 5.

The following scheme shows the two probable pathways for 
the decomposition of 1. Polar solvents stabilize better the

C6 H5 + -
> = N = N

*  Ce V _

*  < '

/ C6H 5
N - N = <  +

x c h 3
3

N 2

CH3
2

"  C H  
- N 2 6 5 ^ (

c h 3 '

- .  _  C HCH=CH — 
'■ 6  5  2 hA(ch;

CH CH,

4 6  5 6  !

5

transition state for dimerization of 2 and thus the formation 
of 3 is favored over further fragmentation to the carbene 4, but

in nonpolar solvents, due to the lack of such stabilization, 
further decomposition to 4 is favored. 4 is a precursor to sty
rene and cyclopropyl derivatives. An alternative possibility 
involved the attack of carbene 4 on either 1 or 2 to produce the 
azine 3.5’6 However, we consider this only as a minor possibility 
as it has to compete with the intramolecular rearrangement 
of 4 to styrene. The formation of cyclopropyl derivatives is 
presumably the result of the 1,3-dipolar reaction of 2 with 
styrene followed by elimination of N2. It is to be noted that 
in nonpolar solvents, the formation of 3 is still considerable. 
However, only traces of styrene are detected as most of it gets 
converted to the cyclopropyl derivatives. Also in dilute solu
tions, the probability for dimerization to 3 is less and hence 
the formation of 4 is favored. The presence of fairly large 
amounts of acetophenone in Me2SO is due to solvent partic
ipation in the oxidation of 2 whereas its presence in small 
quantities in other solvents is presumably due to aerial oxi
dation of 2. The absence of azine in the decomposition of 
phenyl-n-butyldiazirine1 could well be explained in terms of 
a steric effect.

In the photolysis of 1-phenyldiazoethane 2 at 5 °C, the 
formation of acetophenone azine 3 was reported.7 However, 
in recent studies by Moss and -Joyce8 on the photolysis of 2 in 
isobutene matrices, 3 was not detected.

Experimental Section
General. NMR spectra were recorded from a Varian T-60 instru

ment using CDCI3 as solvent and Me4Si as internal standard. IR 
spectra were obtained from a Perkin-Elmer 137 spectrophotometer 
asd mass spectra with VG Micromass MM601 spectrometer. A Per
kin-Elmer Model F ll gas chromatograph was used for VPC analysis 
(20% Carbowax column). All the solvents used were of Analar 
grade.

3-Phenyl-3-methyldiazirine (1). This compound was prepared 
by the procedure of Schmitz and Ohme2 with minor modification. 
IV-Benzyl-methylphenylketimine (20.9 g, 100 mmol) in methanol (200 
mL) was added dropwise to liquid ammonia (100 mL) and stirred at 
—60 °C for 3 h. A solution of hydroxylamine-O-sulfonic acid (14.0 g, 
150 mmol) in methanol (100 mL) was added and stirred for 2 h. The 
reaction mixture was allowed to warm up to room temperature and 
the excess ammonia was allowed to evaporate; the residue was ex
tracted with ether and concentrated to a yellow oil. This oil was oxi
dized with freshly prepared silver oxide (from silver nitrate (25.5 g, 
150 mmol) and sodium hydroxide (6.5 g, 160 mmol)) in a solution of 
1:1 MeOH + H20  (600 mL) at room temperature for 3 h. The silver 
salts were filtered out and the product was extracted with ether, dried, 
and concentrated to a pale yellow oil. Chromatography over silica gel 
afforded 5.28 g of 1 (40%): IR 1600 cm-1 (N =N ); NMR r 2.8 (m, 3, 
meta and para aromatics), 3.2 (m, 2, ortho), 8.52 (s, 3, methyl); UVmax 
(methanol) 36811m (e 187).

Thermal Decomposition o f 1. The same general procedure was 
employed for the decomposition of 1 in all the solvents mentioned in 
Table I. A solution of 1 of desired concentration was taken in a 
round-bottomed flask equipped with a reflux condenser and drying 
tube. The flask was immersed in an oil bath and heated at tempera
ture and period indicated in Table I. In all cases the solution turned 
red in a few minutes and this red material, IR 2040 cm-1, was iden
tified as phenyldiazoethane.4 When the red color had completely 
disappeared, the solvent was removed under vacuum and the residue 
was analyzed by recording its NMR spectra. The residue was then 
chromatographed over silica gel and the products were separated. The 
products were identified as acetophenone azine, m/e 236, mp 120 °C 
(lit.3 mp 119-120 °C), acetophenone (> C = 0 , 1695 cm-1), and a 
mixture of cyclopropanes m/e 208, NMR r 2.70-3.45 (m, 10H);
7.50-8.00 (m, 1H); 8.50 and 8.90 (2s, 3H); and 8.50-8.90 (m, 2H).9 No 
styrene was isolated but VPC analysis indicates its presence in trace 
amounts. In the case of decomposition in Me2SO, the solvent was first 
removed by repeated washing with water.
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Sulfoxides have been developed extensively as synthetic 
reagents. The most common reactions are /? elimination for 
the introduction of double bonds1 and [2,3] sigmatropic re
arrangement for allylic transposition of alcohols.2 Sulfoxides 
have also been ingeniously used for benzo[6]thiophene syn
thesis, i.e., the Thyagarajan rearrangement.3 Replacement of 
the sulfoxide moiety with an IV-oxide resulted in a new general 
synthesis of indoles.4

The present study was initiated in the hope that replace
ment of the acetylenic moiety with a cyano group might result 
in a general 4,5-benzoisothiazole synthesis via a pathway 
analogous to the Thyagarajan process. In the event, however, 
a very different sequence intervened leading to a novel elec
trophilic aromatic substitution reaction, the first example of 
intermolecular attack of Pummerer rearrangement interme
diates on an aromatic ring.

Compound 1 was found to be inert under conditions which 
converted 2 into the benzo[6]thiophene skeleton3 (refluxing 
chloroform). Indeed, 1 proved to be quite thermally stable, 
being recovered unchanged after prolonged reflux in benzene, 
carbon tetrachloride, ethanol, 1-butanol, and toluene. How
ever, 1 in refluxing xylene formed two products, p-bromo- 
phenyl disulfide and a crystalline solid, a-(4-bromophenyl 
thio)-2,5-xylylacetonitrile (3), corresponding to a condensa
tion of 1 with p -xylene and loss of a water molecule. This 
structure was deduced from spectral data. The IR showed a 
nitrile absorption and lacked a sulfoxide band. The NMR 
showed two nonidentical methyl groups (<5 2.32 and 2.42), a 
methine singlet (5 4.97), and seven aromatic hydrogens, and 
the mass spectrum showed a molecular ion at m/e  333/331.

A similar reaction took place when 1 was refluxed in anisole, 
yielding p-bromophenyl disulfide, the ortho and para con
densation products 5 and 6, and bis(4-methoxyphenyl)ace- 
tonitrile (4).12

In view of the unexpected nature of the reaction of 1, several 
analogous compounds (7-10) were synthesized and refluxed 
in anisole to delineate the scope and mechanism of this 
transformation.

Compound 7 gave the corresponding condensation product 
11, and 8 led to 12. Compounds 9 and 10 do not provide con
densation products in refluxing anisole or xylene.5

The reactions are reminiscent of the Pummerer rear

0

rangement,6 an acid-catalyzed reaction of sulfoxides in which 
sulfur becomes reduced with concomitant functionalization

O

(7) R = 4-Br,X = C02CH,

(8) R = H,X = CO

(9) R = 2-CN,X=Ph 
( 10) R = H, X = Ph

(11) R =  4-Br,X =  CCtCH,

(12) R = H , X  =  CO— ( O ) — Cl

of the a-carbon. The catalysts normally used are HC1 or p- 
toluenesulfonic acid. The present examples are rare cases of 
“ uncatalyzed”7 Pummerer rearrangements and are the first 
examples of reaction with such weakly nucleophilic species 
as xylene and anisole.8
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0  OH
Il I

Ar— S— CH —  X Ar— S— CH2— X

Scheme I

(14)

The present result is presumed to be due to the very acidic 
nature of the methylene hydrogens in 1, 7, and 8. These acid 
hydrogens apparently act as the proton source for initiation 
of the rearrangement (Scheme I). This hypothesis is supported 
by the lack of reactivity of 9 and 10 in the thermal Pummerer 
process. However, heat plays an important role in these “ un
catalyzed” reactions as the sulfoxides were inert below 140 °C 
when heated with xylene or anisole. When refluxed in toluene 
or benzene, all sulfoxides were recovered unchanged. Addi
tionally, benzene and toluene solutions of 7 in sealed tubes at
150-160 °C underwent no reaction (although in some in
stances decomposition to 4-bromophenyl disulfide and methyl
4-bromophenylthioacetate occurred). On no occasion was 
reaction with toluene or benzene observed.

The addition of p-toluenesulfonic acid to solutions of 8 in 
acetonitrile, benzene, and toluene at their respective boiling 
points gave p-chlorobenzoic acid13 and diphenyl disulfide as 
the only isolable products. It thus appears that, although in
termediate 15 of Scheme I may form, benzene and toluene are 
not sufficiently nucleophilic to capture it and another reaction 
mode intervenes.

Application of this process to oxindole and benzofuran- 
2(3H)-one synthesis is currently under investigation.

Experimental Section
Melting points were determined on a Kofler hot-stage apparatus 

and are uncorrected. Spectal data was collected as follows: ir, crys
tallized melts unless otherwise specified, Perkin Elmer 621 or 435B; 
NMR, CDCI3, Me4Si reference (5 0.00), Varian T-60; mass spectra, 
Hitachi-Perkin Elmer RMU-6E. Microanalyses were performed by 
Mr. Mike Gilles in the Michigan Technological University mi- 
croanalytical laboratory. The sulfoxides utilized in this study were 
prepared by oxidation of the corresponding sulfides with m-chloro- 
perbenzoic acid (vide post). The sulfides were prepared by halide 
displacement from the corresponding alkyl halide with the appro
priate thiol in ethanolie KOH. The following data was collected for 
the sulfoxides.

4-Bromophenylsulfinylacetonitrile (1): mp 105.5-106.5 °C (from 
ethylene dichloride/hexane; MS (70 eV) M +- 243,203 (100%); NMR 
6 7.90-7.45 (4 H, m), 3.86 (1 H, d, J = 14.5 Hz), 3.54 (1 H, d, J = 14.5 
Hz). Anal. Calcd for CxHp.BrNOS: C, 39.3; H, 2.5. Found: C, 39.0; H,
2.5.

Methyl 4-Bromophenylsulfinylacetate (7): mp 84.5-85 °C (from 
benzene); NMR 5 7.80-7.40 (4 H, m), 3.90 (2 H, d, J = 13 Hz), 3.64 (2 
H, d, J  = 13 Hz), 3.73 (3 H, s); MS (70 eV) m/e 276 (M+-), 203 (100%). 
Anal. Calcd for C9H9Br03S: C, 39.0; H, 3.3. Found: C, 39.3; H, 3.3.

a>-Phenylsulfinyl-4-ehloroacetophenone (8): mp 124-125 °C 
(from cyclohexane/chloroform); NMR 5 8.00-7.75 (2 H, d, J = 8 Hz), 
7.70-7.30 (7 H, m), 4.61 (2 H, d, J = 14 Hz), 4.19 (2 H, d, J  = 14 Hz); 
IR 1665, 1090,1050 cm -1; MS (70 eV): m / e  278 (M+-), 125 (100%). 
Anal. Calcd for CuHnClOjS: C, 60.3; H, 4.0. Found: C, 60.4; H,
3.9.

Preparation of 2-Cyanophenyl Benzyl Sulfide. The corre
sponding amide9 (mp 150.5-152 °C, lit. 150-151 °C; 5.9 g, 0.024 mol) 
was refluxed 5 h with thionyl chloride (5 mL, d = 1.66 g/ml, 0.070 mol) 
in dry benzene (4 mL). Evaporation of volatiles in vacuo followed by 
filtration through neutral alumina gave 2-cyanophenyl benzyl sulfide 
(4.0 g, 74%); mp 57-58 °C (C2HgOH); IR (KBr) 2210 c m '1; NMR S

Table I

Chrom fraction % yield Composition

1 in p-xylene:
1-2 17 4-Bromophenyl disulfide0
5-6 32 (3)ft

1 in anisole:
2-3 14 4-Bromophenyl disulfide“
8-9 17 (5)e
10-12 39 (6)d
14-17 11 (4)°

a Identical with an authentic sample. 6 mp 101-102 °C (hex
ane); NM R S 7.65-6.78 (7 H, m). 4.97 (1 H, s), 2.42 (3 H, s), 2.32 
(3 H, s); IR 2245 cm“ 1; MS (20 eV) m/e 331 (M+-), m/e 144 (100%). 
Anal. Calcd for C16H 14BrNS: C, 57.8; H, 4.2. Found: C, 57.9; H,
4.2. <• mp 58-59 °C (hexane); NM R b 7.60 (8 H, m), 5.33 (1 H, s), 
3.80 (3 H, s); IR 2250 c m '1; MS (70 eV) m/e 333 (M+-), 146 (100%). 
Anal. Calcd for CmHioBrNOS: C, 53.9; H, 3.6, N, 4.2. Found: C, 
54.1; H, 3.6, N, 4.0. d mp 121.5-122 °C (hexane); NMR 5 7.63-6.73 
(8 H, m), 4.90 (1 H, s), 3.75 (3 H, s); IR 2255 cm“ 1; MS (70 eV) m/e 
333 (M+-) m/e 146 (100%). Anal. Calcd for CmH^BrNOS: C, 53.9; 
H, 3.6; N, 4.2. Found: C, 54.1; H, 3.6; N, 4.2. 0 mp 155 °C (petro
leum ether) [lit.11 mp 154-155 °C]; NMR 6 7.42-6.78 (8 H, m), 5.03 
(1 H, s), 3.75 (6 H, s); MS (70 eV) m/e 253 (M+-).

7.67-7.03 (9 H, m), 4.18 (2 H, s); MS (70 eV) m / e  225 (M+-), 91 (100%). 
Anal. Calcd for Cu Hn NS: C, 74.6; H, 4.9; N, 6.2. Found: C, 74.6; H, 
4.9; N, 6.0.

Preparation o f 2-Cyanophenyl Benzyl Sulfoxide (9). The sul
fide (2.25 g, 0.01 mol) in methylene chloride (50 mL) was cooled to 0 
°C in an ice bath and m-chloroperbenzoic acid (85%, 2.02 g, 0.01 mol) 
in methylene chloride (50 mL) was added dropwise. The cold solution 
was stored overnight at 0 °C. The mixture was then filtered and the 
filtrate washed with K2CO3 solution (5%, 100 mL). Drying (MgSCfi) 
and solvent evaporation in vacuo gave the sulfoxide (2.21 g, 92%): mp
114-116 °C (C2H5OH); IR 2250,1085 cm“ 1; NMR <5 7.63-7.43 (4 H, 
m), 7.33-6.83 (5 H, m), 4.34 (2 H, d, J = 14 Hz), 4.08 (2 H, d, J = 14 
Hz); MS (70 eV) m / e  241 (M+-), 91 (100%). Anal. Calcd for 
C14H11NOS: C, 69.7; H, 4.6; N, 5.8. Found: C, 69.7; H, 4.5; N, 5.7.

Thermolysis of 4-Bromophenylsulfinylacetonitrile (1) in p- 
Xylene. The title compound (1.5 g) in p-xylene (50 mL) was refluxed 
15 h at which time the solvent was evaporated in vacuo. The resultant 
oil was chromatographed on silica gel (hexane slurry, 2.5 X 26 cm) The 
column was eluted with gradually increasing amounts of ether in 
hexane (4-50%), 125-mL fractions being collected. Data for these 
fractions are summarized in Table I.

Thermolysis of 1 in Anisole. The title compound (3.0 g) in anisole 
(75 mL) was refluxed 12.5 h under nitrogen at which time the anisole 
was evaporated in vacuo. The residue was chromatographed on silica 
gel (hexane slurry, 5 X 30 cm) as described above. Data for these 
fractions are summarized in Table I.

Thermolysis o f Methyl 4-Bromophenylsulfinylacetate (7) in 
Anisole. The sulfoxide (2.02 g) in anisole (20 mL) was refluxed 18 h 
at which time the solvent was evaporated in vacuo. Chromatography 
of the residue on silica gel [5 X 40 cm column eluted with hexane (1.6 
L) and 10% CH2CI2 in hexane (4 L), 250-mL fractions being collected] 
gave p-bromophenyl disulfide (fractions 3-12,0.25 g, identical with 
an authentic sample prepared by Me2SO oxidation of p-bromo- 
phenylthiophenol10) and 1.3 g of an oil (fractions 15-18) from which 
0.7 g of pure 11 could be obtained by crystallization from hexane: mp 
85-88 °C (constant melting point); IR 1740 cm-1; NMR 5 7.60-7.20 
(6 H, m), 7.10-6.80 (2 H, d, J = 9 Hz), 4.93 (1 H, s), 3.83 (3 H, s), 3.73 
(3 H, s); MS (70 eV) m / e  366 (M+-), m / e  179 (100%), Anal. Calcd for 
Ci6H15Br03S: C, 52.3; H, 4.1. Found: C, 52.2; H, 4.0.

The mother liquor could not be crystallized nor could the compo
nents be separated chromatographically. The NMR indicated the 
presence of 11 and another substance, presumably the ortho isomer 
[NMR <5 5.23 (s)] of 11. The integral ratio of the b 4.93 peak of the 
methine hydrogen in 11 and the b 5.23 peak was 1/1 in the mother li
quor.

Thermolysis of 7 in Toluene. Compound 7 (0.50 g) was dissolved 
in toluene (10 mL) and the resulting solution was sealed at atmo
spheric pressure in a soft glass tube (1.6 X 8 cm). The sealed tube was 
heated at 160 °C (oven temperature) for 24 h. Solvent evaporation 
and preparative layer chromategraphy (Si02, benzene) gave 4-bro-
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mophenyl disulfide (147 mg), methyl 4-bromophenylthioacetate (95 
mg), and recovered starting material (90 mg). No evidence of reaction 
with toluene was found even in the NMR of the crude product.

Thermolysis of 8 in Anisole. A solution of 8 (1 g, 0.0038 mol) in 
anisole (20 mL) was refluxed for 4 h. The residue remaining after 
evaporation of excess anisole in vacuo was chromatographed on SiC>2 
(3 X 18 cm) and eluted with hexane (3 L), and then with 5%  CHCI3 
in hexane (10 L). Collection of 250-mL fractions gave diphenyl di
sulfide (0.2 g, fractions 3-29) and 13 (0.4 g, 28%, fractions 40—45): mp
71.5-72.5 °C (C2H5OH); IR 16801585,1260 cm -1; NMR b 8.00-7.75 
(2 H, d, J  = 8 Hz), 7.45-7.15 (9 H, m), 6.95-6.70 (2 H, d, J = 8 Hz), 5.75 
(1 H, s), 3.72 (3 H, s); MS (70 eV), m/e 368 (M+-), 229 (100%). Anal. 
Calcd for C2iH i7C102S: C, 68.4; H, 4.7. Found: C, 68.8; H, 4.5.
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In previous work concerning the properties of N-metalated 
secondary amines as hydride donors, Wittig and co-workers2-3 
found that lithium IV-benzylanilide (2) effected a reduction 
of ketones [e.g., benzophenone (1)] to yield corresponding 
lithium alcoholates and Schiff bases. On the basis of kinetic 
studies, the authors proposed that a rapid equilibrium was 
established between starting materials and a 1:1 “ ate com
plex”4 (3), and that hydride transfer occurred in a subsequent

(CALC + ch2c aII 1
0 NCA

1 T - /Li 2
„ vLv<c6h5)2c c h c a
II 1II -, Ao \  ) n c a

Li

3

C6H6C H =N C 6H5
+

(C6H5)2CHOLi

irreversible rate-determining step. The reaction was found 
to be second order, being first order with respect to each 
reactant.

In view of these results, it was of interest to investigate the 
nature of the reduction between an analogous O-metalated 
alcohol, benzhydrol, and benzophenone. Of special interest 
was the determination of the rate of the carbinol-carbonyl 
equilibrium for comparison to that of the N-metalated 
amine/benzophenone system. It was thought that the reaction 
would proceed via rapid formation of an ate complex (4), slow 
transfer of hydride to form a new ate complex (5), and, finally, 
rapid equilibration to form products. Similar mechanisms 
involving cyclic intermediates such as 4 and 5 have been

(C6H5)2C* +  CH(C6H5)2

oxidant 
(6) --------------

anisóle
(ArS)2 +  (4)

probably fo rm ed, w ere  presen t In quantities to o  sm a ll to  detect. The oxidant 
in th is  re a c tio n  w ou ld  be u n reacted  1; s u lfo x id e s  a re  kn o w n  ox id a n ts  (re f 
10). Using m -ch lo ro pe rb e nzo ic  ac id  (CH2CI2) as  th e  ox idan t, th e  su lfox ide  
o f 6 and 2 ,3 -d l(4 -m e th o xyp h e n y l)su cc in o n itr lle , th e  c o u p lin g  p ro d u c t o f 
I, w ere  isolated. Fo rm a tion  o f I appea rs  to  be qu ite  fa c ile ; in th e  p resence  
o f an iso le  4 fo rm s , b u t In th e  a bse n ce  o f a re a c t iv e  so lv e n t I d im e rize s .

(13) The m ode o f fo rm ation  o f p -ch lo robenzo ic  ac id  is unknow n. In th e  presence  
o f m o is tu re  a re tro -C la lse n  co nd e n sa tio n  co u ld  c o n v e rt 8 in to  p -c h lo ro 
b en zo ic  a c id  and m e th y l phenyl su lfox id e . The  la tte r p ro d u c t w as  n o t o b 
served  how e ve r. O ne cou ld  sp ecu la te  th a t p -c h lo ro b e n z o lc  a c id  a rise s  
fro m  d e co m p o s it io n  o f the  h em ihyd ra te  o f p -c h lo ro p h e n y lg ly o x a l, the  
e xp e c te d  P um m ere r re a rra n g em e n t p ro d u c t fro m  8  In a c id  so lu tio n  in th e  
p re se n ce  o f fo rtu ito u s  w a te r (re f 14).

(14) G. A. R usse ll and G. J. M iko l, J. Am. Chem. Soc., 88, 5 49 8  (1966 ); H. D 
B e cke r and G. A . R usse ll, J. Org. Chem., 28, 1895  (1963).
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generally adopted for both Grignard5 and Meerwein- 
Ponndorf-Verley (MPV)6 reductions. Further, it has been 
established that hydrogen transfer takes place directly from 
metalated component to ketone in these reactions.5-7

In this study, radioactive benzophenone-1 -14C was allowed 
to react with inactive benzhydrol in tetrahydrofuran (THF) 
at 90 °C. At various time intervals, the reaction was quenched
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Table I. Increase in Radioactivity of Benzhydrol with 
Time

Run
Time, s, 
X IO-3

Benzhydrol-i -14C, 
mg, per 50-mg 

sample“
1 5.4 5.50

12 7.50
2 12 7.38

24 12.75
48 19.38

3 9 6.12
12 7.28
15 8.62
18 10.25
24 12.38
36 15.50
42 17.12

° The infinity value for benzhydrol-,/ -14C per 50-mg sample was 
taken to be 25.28 mg (50 mmol).

by hydrolysis and the products were separated by column 
chromatography. Both the decrease of radioactivity in ben- 
zophenone and the increase of radioactivity in benzhydrol 
were determined by liquid scintillation counting methods.

Systematic monitoring of the products by thin-layer chro
matography indicated the absence of by-product formation 
during the reaction. Thus, for example, formation of benzpi- 
nacol, which occurs in photolysis reactions between ketone 
and benzhydrol,8 was not observed. It is known that conden
sation and enolization reactions do not occur with benzo- 
phenone.5

The intermediacy of free radicals or of radical anions was 
not expected on the basis of previous findings of Doering and 
Aschner7 and of Russell et al.9 In the former work, an alco- 
holate-catalyzed MPV reduction was unaffected when carried 
out in the presence of radical inhibitors. In the latter work, 
only trace quantities of radicals were observed in a reaction 
between benzophenone and benzhydrol in 80% Me2SO/20% 
terf-butyl alcohol with an excess of potassium ierf-butoxide, 
conditions much more favorable to radical anion formation 
than those used in this study.

Data obtained for the increase of radioactivity in benzhy
drol as a function of time are found in Table I. From the slope 
of the plot of log [1 — (x/x„)] vs. time (see Experimental 
Section), a rate of exchange, R, of 1.51 X 106 s-1 (9.06 X 10~5 
min-1) was determined for the reaction. Regardless of the 
actual kinetics of the exchange reaction, the rate of appearance 
of radioactivity in benzhydrol is first order with respect to 
radioactivity.10 Although the data do not permit the conclu
sion that the reaction is second order, this molecularity is 
expected based on the similarity of the reaction to the lithium 
iV-benzylanilide reduction. In contrast, an MPV reduction 
involving ketone and aluminum alcohólate is more complex, 
being first order in ketone but variable order in aluminum 
alcohólate.11’12 Under the assumption that the benzophe- 
none/lithium benzhydrolate reduction is indeed second order, 
a rate constant of 1.51 X 10-4 M-1 s-1 (9.06 X 10-3 M-1 
min-1) is obtained.

For the benzophenone/lithium N-benzylanilide system in 
ether at 20 °C, a second-order rate constant (K2) of 1.67 X
10-2 M-1 min-1 has been reported.2 This value of K 2, upon 
extrapolation of an Arrhenius plot, becomes ca. 5 M-1 min-1 
at 90 °C in ether.3 The reaction proceeds faster by a factor of 
2 in THF.3 Taking into consideration a statistical factor of 2 
(lithium N-benzylanilide has two H’s 8 with respect to Li vs. 
one for lithium benzhydrolate) leads to the result that ben
zophenone undergoes hydride reduction by lithium A'-ben-

zylanilide faster than by lithium benzhydrolate by a factor of 
ca. 500.

This difference in rate can be discussed in terms of the 
atoms occupying the a and 8 positions and their substituents. 
At the 8 position, the additional phenyl group of the alcohólate 
would be expected to accelerate release of hydride on the basis 
of its ability to stabilize incipient positive charge at the 8 
carbon atom. At the a position, the greater electronegativity 
of the oxygen atom of the alcohólate would be expected to 
decrease hydride mobility. Apparently this latter effect 
dominates the former, thus slowing the hydride transfer by 
the factor observed.

It is also of interest to compare the K 2 value derived from 
this work with that found in previous investigations of the 
MPV reduction of deuterated acetone by tetrameric alumi
num isopropoxide.6e In the MPV system, a K 2 value in ben
zene of 32.5 X 10-6 M-1 s-1 is obtained by Arrhenius extrap
olation to 90 °C. Thus, only a factor of 5 separates the rate 
constants of these two reductions. It is possible that this dif
ference can be accounted for on the basis of substituents 
(phenyls vs. methyls) and solvents (THF vs. benzene) for the 
two systems, thus suggesting that hydride transfer for a given 
ketone/alcoholate pair proceeds at similar rates regardless of 
the metal involved. Such a conclusion would be consistent 
with the present view that the first step, i.e., ketone-metal 
coordination, is a rapid and reversible step, followed by 
rate-determining hydride transfer.

Experimental Section
Solvents and Solutions. All solvents were dried and distilled. 

Ether was refluxed over sodium metal until the blue color of benzo
phenone ketyl was observed, then it was distilled and stored over 
sodium metal. Tetrahydrofuran was shaken with aqueous 50% po
tassium hydroxide and dried over solid potassium hydroxide, followed 
by anhydrous calcium chloride. The THF was then refluxed and 
distilled over sodium metal and stored over lithium aluminum hy
dride, from which it was freshly distilled prior to use. The scintillation 
solution was prepared by dissolving 0.4 g of l,4-bis(2-methyl-5- 
phenyloxazolyfltenzene and 5.0 g of 2,5-diphenyloxazole in 1 L of dry 
toluene. For each activity determination, 50 mg of substance was 
dissolved in 15 o L  of this solution.

Benzophenone-1-14C. Benzoic acid - /-14C (1.7 mg) having a spe
cific activity of 21.3 /rCi/mg was diluted with 4.99 g of inactive benzoic 
acid. This material was converted to benzophenone-f-14C by the 
method described by Murray and Williams.13 The product, obtained 
in 65% yield, was recrystallized from petroleum ether (80-90 °) to give 
pure benzophenone-í-14C, mp 47^8 °C, having a specific activity of 
ca. 5 iiCi/g. Dilution of this material (1.08 g) with inactive benzo
phenone (47 g) gave benzophencne-7-I4C with a specific activity of 
ca. 0.1 fiCi/g.

Benzhydrol-I-,4C. This material was obtained from benzophe
none-J-14C as described by Murray and Williams.14 Purification of 
the product was effected by column chromatography (AI2O3) and by 
recrystallization from petroleum ether (80-90 °C). A yield of 1.56 g 
(65%) of benzhydrol-/-UC, mp 68-69 °C, specific activity ca. 0.1 tiCi/g, 
was obtained.

Lithium Benzhydrolate. All operations described below were 
carried out under an atmosphere of dry nitrogen. In a typical run, 
benzhydrol (5.0 g, 27 mmol) was dissolved in dry ether (50 rnL) and 
an equimolar amount of methyllithium was added. The solution was 
stirred for 2 h, during which time crystals of lithium benzhydrolate 
separated. The crystals were collected on a fritted glass filter, washed 
three times with dry ether, and dried under vacuum. The material was 
dissolved in dry THF (100 mL) and the concentration of the resulting 
solution was determined by removing an aliquot, hydrolyzing, and 
titrating with 0.1 N hydrochloric acid. In general, the solutions were 
about 0.14 M in lithium benzhydrolate.

Kinetics. Equimolar amounts of benzophenone-1 -I4C and lithium 
benzhydrolate were added to dry THF at room temperature so that 
the solution was 0.1 M in each component. Aliquots (10-mL) of the 
solution were placed into sealed tubes under dry nitrogen and the 
tubes were placed into a thermostated bath kept at 90 ±  0.05 °C. At 
varying time periods, the tubes were removed, the contents quickly 
cooled, and the reaction quenched by addition of water. THF was 
removed in a stream of dry nitrogen and the aqueous solution was
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extracted with ether. The ethereal extracts were combined, washed 
with water, and dried over sodium sulfate. A thin-layer chromatogram 
(Kieselgel G, benzene/CH2Cl2, 2/ 1) confirmed the presence of only 
two components, benzophenone and benzhydrol. These materials 
were separated by column chromatography (AI2O3) by eluting with 
cyclohexane (100 mL), carbon tetrachloride (250 mL), benzene (250 
mL), and chloroform (300 mL). The appropriate fractions were 
combined, and the products were recrystallized twice from petroleum 
ether (80-90 °C). Samples (50-mg) of each of the materials were dis
solved in the scintillation solution and the time required for 104 im
pulses was measured. From the time values obtained for each sample, 
the amount of active benzophenone and/or benzhydrol per 50-mg 
sample was determined by comparison to previously prepared cali
bration curves. In all cases, over 95% of the radioactivity could be 
accounted for. No exchange of carbon-14 was observed under the 
conditions of chromatographic separation. Three kinetic runs were 
made in which the reaction was followed through ca. 2 half-lives. 
These data are presented in Table I.

The rate of carbon-14 exchange, R, for a reaction of the type

BX* + AX — AX* + BX

is given by the general expression:15

R = - f h  ( f log[1- (JC/I")]l
where a and b = total concentration of AX and BX*, respectively; X 
= concentration of active AX at time t; and x«, = x at t®. Under the 
assumption that the reaction is second order, K 2 = R/ab = -[2.3/a 
+ 6)f]log [1 -  (jc/x «,)].6e’16 A plot of log [1 -  (x/xV)} vs. time was 
constructed and fitted by the method of least squares (correlation 
coefficient = 0.987). From the slope, R (and K 2) were evaluated.
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The complete structural elucidation1-2 of some psycho- 
tomimetically active components of marihuana and the ex

tensive biological activity3 of these components have stimu 
lated interest in the synthesis of cannabinoids.4 7 The syn
thesis of these compounds depends largely on the availability 
of the key intermediate olivetol, 1-n-pentyl-3,5-dihydroxy- 
benzene, and homologs. A practical and efficient synthesis 
which makes these compounds readily available in quantity 
will considerably facilitate and stimulate further investigation 
of the synthetic and biological aspects of the cannabinoids.

While several papers on the synthesis of olivetol have ap
peared recently,8-10 they did not differ much from the earlier 
investigations11-12 in that 3,5-dimethoxybenzoic acid was used 
as the starting material. This substance is, in fact, expensive 
and not readily available. In the case where trimethoxy de
rivatives have been employed,13 the in situ 4-demethoxylation, 
as Birch and Slabbe9 pointed out, results in a poorer quality 
product. Finally, a recently described synthesis starting from 
an a./l-unsaturated ester14 involves complicated steps and has 
severe steric limitations.

We would like to report a three-step total synthesis15 of 
olivetol (3) from readily available aliphatic precursors. The 
a,/3-unsaturated ketone16 1 was reacted with dimethyl malo- 
nate enolate to give the cyclic Michael adduct 2 which was 
aromatized and subsequently decarbomethoxylated when 
treated with bromine in DMF, initially at 0 °C17 and then at 
refluxing temperature, to yield olivetol in 62% overall yield.

Alternatively, 2 was decarbomethoxylated by successive 
treatment with alkali and acid to afford the enol 4 which was 
etherified with methanolic hydrogen bromide to furnish the 
keto enol ether 5. Aromatization with etherification18 of 5 with 
cupric bromide in methanol gave 1 -n -pentyl-3,5-dimethox- 
ybenzene (6) in an overall yield of 37%. Compound 6 was then 
demethylated with pyridine hydrochloride to provide 82% of
3.

Olivetol (3) prepared directly by route 1 — 2 — 3 (see 
Scheme I) is practical and inexpensive. This synthesis is 
general and suitable for the preparation of homologues of ol
ivetol containing lower or higher or branched alkyl groups (see 
Table I). This sequence has also been used to incorporate a 
labeled carbon atom in the aromatic ring.19

The alternative route leads to a variety of intermediates 
which per se could be of synthetic interest. The keto-enol 4, 
used originally by adams20 and co-workers in the synthesis of 
cannabinol, was laboriously prepared by partial reduction of 
olivetol.

Experimental Section
All melting points (uncorrected) were taken in open capillary tubes 

in a Thomas-Hoover melting point apparatus. Vapor phase chro
matographs were determined with an F & M Model 810 instrument, 
using a 4 ft X V4 in. S.S. column of 3% silicon rubber on Diatoport 5 
at 160 °C under helium gas flow of 90 mL/min. Infrared spectra were 
determined with a Beckman IR-5 infrared spectrophotometer and 
ultraviolet spectra were measured with a Cary Model 14 M spectro-

S ch em e I
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Table I. Other l-Alkyl-3,5-dihydroxybenzene Prepared by
the Direct Route

1 Sub- Registry Yield,
stituent______ no.________%________Mp or bp, °C

Propyl 500-49-2 80.4
Heptyl 500-67-4 74.7
1-Methyl- 27871-95-0 86.4

heptyl

48-50 (lit.21 mp 51)
55-56 (lit.12 mp 55-55.5)
Bp 129-130 (0.04 mm) 

(lit.11 bp 179-184 (4 mm)

photometer. Nuclear magnetic resonance spectra were obtained with 
a Varian A-60A or HA-100 spectrometer.

Methyl 6- n -Pentyl-2-hydroxy-4-oxo-cyclohex-2-ene- 1-ear- 
boxylate (2).22 To a solution of 32.4 g (0.60 mol) of sodium methoxide 
and 90 g (0.68 mol) of dimethyl malonate in 230 mL of anhydrous 
methanol was added portionwise with stirring 75 g (0.48 mol) of 90% 
pure 3-nonen-2-one16 (1). The reaction mixture was then refluxed for
3 h under N2 and allowed to cool to room temperature. The solvent 
was distilled under reduced pressure and the residue dissolved in 350 
mL of water. The slurry of white crystals and the almost clear solution 
was extracted with 3 X 80 mL of CHCI3, the aqueous acidified to pH
4 with concentrated HC1 and the white precipitate allowed to stand 
overnight and filtered. The crystals were dried at 50 °C under high 
vacuum for 5 h to yield 106.5 g (92%) of 2, mp 96-98 °C. An analytical 
sample prepared from heptane gave mp 98-100 °C; IR (CHCI3): 3180, 
3270-2500 (OH), 1740, 1710 (C = 0  ester), 1600 cm" 1 (C = 0  and 
C=C); NMR (CDCI3): 5 0.90 (CH3), 1.33 (4CH2), 5.50 (-C H = ), 9.23 
(OH).

Anal. Calcd for C13H20O4: C, 64.98; H, 8.39. Found: C, 65.01; H,
8.40.

l-n-Pentyl-3,5-dihydroxybenzene, Olivetol (3).22 To an ice- 
cooled solution of 58.4 g (0.243 mol) of 2 dissolved in 115 mL of di- 
methylformamide was added dropwise with stirring a solution of 37.9 
g (0.23 mol) of bromine dissolved in 60 mL of dimethylformamide. 
At the end of the addition (ca. 90 min) the reaction mixture was slowly 
heated to 80 °C during which time the evolution of carbon dioxide 
became quite vigorous. The reaction was maintained at this temper
ature until the gas evolution had ceased and was then heated to 160 
°C and held at this temperature for 10 h. The DMF was removed 
under reduced pressure and the residue treated with 80 mL of water. 
The mixture was extracted with 2 X 250 mL of ether and the ether 
solution washed with water, 2 X 80 mL of a 10% solution of sodium 
bisulfite, 2 X 80 mL of a 10% solution of acetic acid, and then again 
with water. The ether solution was dried (Na2SC>4) and the solvent 
removed under reduced pressure to give 46.8 g of a viscous oil. The 
oil was distilled through a 12 in. Vigreux column (% in. diameter) to 
give 30.3 g (69.3%) of 3, 95% pure by VPC. An analytical sample re
crystallized from ether gave: mp 85-86 °C; IR (CHCI3) 3150 (OH), 
1790,1710 (C = 0  ester), 1600 cm“ 1 (0 = 0 ,  C =C ); NMR (CDCI3): &
0.90 (CH3), 1.27 (6 CH2), 5.55 (-C H = ), 8.95 (OH).

Anal. Calcd for C1SH22O4: C, 67.13; H, 9.02. Found: C, 67.28; H,
9.25.

3-H ydroxy-5-n-pentyl-2-cyclohexene-l-one (4). A solution of 
50 g (0.20 mol) of 2 in 200 mL of 20% NaOH was heated on a steam 
bath for 2.5 h, cooled and extracted with two 100-mL portions of ether. 
The alkaline aqueous solution was acidified slowly with ca. 80 mL of 
concentrated hydrochloric acid. The resulting aqueous mixture was 
stirred and heated on a steam bath for 1 h longer, cooled, and ex
tracted with three 200-mL portions of ether. The ether extracts were 
washed with water and dried over anhydrous sodium sulfate, and the 
solvent was evaporated under reduced pressure. The residue was 
treated twice with 50 mL of benzene, distilling the solvent each time, 
to leave 36.5 g (96%) of 4 as a viscous oil which solidified on standing. 
An anlytical sample prepared from heptane gave: mp 71-73 °C (lit.20 
mp 70-71 °C); IR (CHCI3): 2700-2400 (OH), 1735,1715 cm“ 1 (C =0); 
AmaxMe0H: 258 (t 17 000), 280 mM U 13 200); NMR (CDC13): 5 0.88 
(CH3), 1.33 (4CH2), 5.46 (-C H = ).

Anal. Calcd for C „H 180 2: C, 72.49; H, 9.96. Found: C, 72.53; H,
9.70.

3-M ethoxy-5-n-pentyl-2-cyclohexen-l-one (5). A solution of 
91 g (0.50 mol) of 4 in 300 mL of 5% hydrogen bromide in methanol 
was stirred at room temperature for 24 h. The volatiles were removed 
under reduced pressure and the oily residue was dissolved in 700 mL 
of ether, extracted with four 150-mL portions of a saturated Na2C 03 
solution, washed with 150 mL of water dried over anhydrous Na2S04)

and then distilled at 109 °C (0.06 mm) to give 50 g (51%) of 5. An an
alytical sample crvstallized from petroleum ether exhibited: mp 43-44 
°C; IR (CHCI3): 1650 (C = 0 ), 1610 (enol ether), 1237 cm“ 1 (COC); 
NMR (CDCI3): 6 0.89 (CH3), 1.34 (4CH2), 3.68 (OCH3), 5.37 
(-C H = ).

Anal. Calcd for Ci2H20O2: C, 73.43; H, 10.27. Found: C, 73.25; H, 
10.14.

3,5-Dimethoxy-n-amylbenzene (6). A mixture of 3.6 g (0.18 mol) 
of 5 and 8.9 g (0.04 mol) of cupric bromide in 100 mL of methanol was 
stirred at room temperature for 24 h and filtered, and the filtrate 
evaporated under reduced pressure. The residual oil was partitioned 
between 100 mL of ether and 50 mL of water. The ether layer was 
separated, washed with two 50-mL portions of saturated Na2C 03 
solution and 50 mL of water and dried (Na2SC>4), and the solvent re
moved under reduced pressure. The dark oil was fractionally distilled 
to give 3.1 g (82%) of 6, bp 110 °C (0.05 mm) (lit.12 bp 199 °C (0.5 
mm)); IR (CHC13): 1610, 1590, 1572 (aromatic), 1230, 1123 cm" 1 
(COC).
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Communications
Annélation o f Phenols w ith  Epoxides Derived 
from  2-Cycloalken-l-ones

Summary: The annélation of phenol to give tricyclic benzo- 
furan 6 involves the intramolecular acylation-rearrangement 
of lactone 4.

Sir: The annélation of an aromatic nucleus to form a multi- 
cyclic ring system is an important tactic in organic synthesis. 
Many annélation methods have been developed, but with 
most of these, electrophilic aromatic substitution (Friedel- 
Crafts acylation) is used in the formation of the initial bond 
in the annélation sequence; consequently, problems with re- 
gioselectivity are often encountered. In this communication, 
we report methodology for accomplishing aromatic ring an
nélation with high regiochemical control. The annélation re
agents are epoxides derived from 2-cycloalken-l-ones con
taining n ring atoms, from which n — 1 atoms are incorporated 
into the new ring; only C(2) is excluded. The method is dem
onstrated here by annélation of phenol with isophorone ep
oxide (n -  6).

We have shown that potassium hydride initiated reaction 
of phenol with isophorone epoxide (1) gives 2-phenoxy-
3,5,5-trimethyl-2-cyclohexen-l-one (2) in 91% yield; photo
chemical cyclization of 2 (heteroatom directed photoarylation) 
produces dihydrofuran 3 in 95% yield (Scheme I).1 Thus, the 
initial carbon-carbon bond to the aromatic ring is formed in 
a completely regioselective manner.

Baeyer-Villiger oxidation of 3 with m-chloroperbenzoic acid 
in methylene chloride solution at 25 °C gives lactone 4 in 97% 
isolated yield (mp 111 °C).2'3 Generation of the lactone car
bonyl in 4 provides a means for completion of the annélation 
via intramolecular acylation of the aromatic ring.

The acylation, accompanied by rearrangement to a ben- 
zofuran, is accomplished by refluxing a methylene chloride

Scheme I

5 6

solution of lactone 4 with excess titanium tetrachloride. 
Partitioning the reaction components between ether and 1 N 
sodium hydroxide solution gives pure ketone 6 (mp 88-89 °C, 
94% isolated yield) in the organic layer. Acidification of the 
sodium hydroxide layer gives, after ether extraction, carbox
ylic acid 7 in 1.4% yield.

We have studied the Lewis acid induced rearrangement of 
e-lactones (e.g., 4 and 9) in some detail. Treatment of 4 with
1.5 equiv of TiCl4 in CH2CI2 at -78  °C for 2 h gives carboxylic 
acids 5 (98%) and 7 (trace). Although SnCl4 may be used in the

rearrangement of 4 to 5, substitution of titanium tetraiso- 
propoxide results in lactone ring opening to give the isopropyl 
ester 8a; similarly, sodium methoxide in methanol gives the 
methyl ester 8b. Finally, methanolic hydrogen chloride gives 
the methyl ester acetal 8c, but lactone 4 is recovered un
changed from its solution in refluxing methylene chloride 
saturated with hydrogen chloride.

We note that the TiCl4 induced rearrangement 4 -*■ 5 is 
highly stereoselective; the carbon chain (here, the C(3) methyl 
group) in an anti orientation to the leaving carboxylate 
function undergoes preferential migration to C(2). In order 
to examine the generality of this rearrangement, lactone 94 
(mp 127-128 °C) was treated with 1.5 equiv of TiCl4 in CH2CI2 
at 25 °C for 30 min, after which tricycle 10 was isolated as the 
major reaction product (94%). Polyphosphoric acid cyclo
dehydration of 10 at 110 °C for 1.5 h gave tetracyclic ketone 
11 (mp 101-102 °C).5

11

The methyl-substituted furan carbon-carbon double bond 
in 6 represents a latent ketone carbonyl group, from which 
diketone 12 (Scheme II) can be liberated in 84% isolated yield 
(70% overall from phenol to diketone 12). Furthermore, simple 
reactions coupled to the oxidative cleavage of 6 allow for 
preparation of monoketones 13 and 14 as well (Scheme II) .6

Acknowledgment. This work was supported by the Na
tional Institutes of Health (Grant No. GM 21159-03 and 
DA01552-01). We thank undergraduate research participant

3458



Communications J . Org. C h e m ., V ol. 4 2 , N o . 2 1 ,1 9 7 7  3459

Scheme II

12 (84%; mp 13 (36% ;m p  14(41% ;m p
122.5-123.5 °C ) 104-105 °C ) 176-177 °C )

c 0 3/CH2C12 (-78  = C). b CH3SCH3 (25 ° C). c TsNHNH2/
EtOH. d NaCNBH, . 7 * LiAlH4/THF. / H 2NNH2, K 0 H /H 20 .
S H2C r04/CH 3C 0C H 3.

Cathy Stein for preparation of lactone 9 and early studies of 
the behavior of 9 with Lewis acids.
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A P ractica l Method o f P reparing  O p tica lly  Active  
D ia lky l Phenyl Phosphates

Summary: A practical method for the preparation of optically 
active dialkyl phenyl phosphates using L-proline ethyl ester 
and requiring three overall steps is presented.

Scheme I
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Sir: For the investigation of mechanistic aspects of chemical 
and enzymatic solvolysis of phosphotriesters, the use of chiral 
substrates offers an excellent approach.1 However, to our 
knowledge, there have been only two methods for the prepa
ration of optically active phosphotriesters. One2 utilizes the 
enzymatic resolution oi 'acemic phosphotriesters, and the 
other,3 the first chemical nethod, employs the stereospecific 
alcoholysis of optically active tetrahydro-l,3,2-oxazaphos- 
phorine or -oxazaphospholane derivatives. The latter method, 
however, requires more than five steps4 to get trialkyl phos
phates, and does not seem to be a practical method for ob
taining chiral phosphotriesters in general.5

Herein we wish to report a new and simple method for the 
preparation of optically active dialkyl phenyl phosphates 
using easily available L-proline ethyl ester6 as a chiral reagent. 
The reaction sequence of the present method, which is shown 
in Scheme I, consists of essentially three steps. A separation 
of diastereoisomeric phosphoramidates and their acid-cata
lyzed alcoholysis are the key steps.

The phosphoromonochloridate 2, prepared in situ by the 
reaction7 of L-proline ethyl ester (1.3 equiv mol) with phenyl 
phosphorodichloridate (1 equiv mol) in anhydrous pyridine, 
was reacted8 with an excess of ethanol or with 1-butanol to 
afford a diastereoisomeric mixture of the corresponding alkyl 
phenyl phosphoramidate (3 or 4). The isomers were separated 
quite easily by column chromatography (silica gel, benzene- 
ethvl acetate) and isolated by distillation in fair yields: 3a9 
(40%),10 bp 173-180 °C (1.5 mm),11 [a]17D -67 ° (c 1.7); 3b 
(20%), bp 178-179 °C (1.7 mm), [a]16D -45 ° (c 3.0); 4a (36%), 
bp 145 °C (0.015 mm), [a]23D -60° (c 2.6); 4b (22%), bp 145 
°C (0.015 mm), [a]24D -40 ° (c 3.0).

Acid-catalyzed alcoholysis13 of each isomer at refluxing 
temperature gave the corresponding phosphotriester 514 in 
a state of high optical purity.15 The yields and physical data 
are listed in Table I.

Although the result is at present limited to the preparation 
of optically active dialkyl phenyl phosphates and the yields 
are not optimized,16 the present method may well be appli
cable for the preparation of phosphotriesters in general, and 
also for other phosphoryl derivatives, such as phosphinates 
and phosphonates. Research along this line is now in progress 
in this laboratory and will be reported elsewhere.

Table I. Preparation of Optically Active D ia lkyl Phenyl Phosphates by the Acid-Catalyzed Alcoholysis of
Diastereomeric Phosphoramidates______________________________

_____________________________ Dialkyl phenyl phosphate____________________________
Phosphoramidate________  Ri__________  R2__________ Yield, %_________ 3p, °C (mm)___________ [a]p, deg (c, °C)

3a C2H5 c h 3 61 80 (0.02) +3.4 (3.2, 25)
3b c 2h 5 c h 3 63 76 (0.02) -3.4 (3.6, 26)
4a n-C4H9 c h 3 51 92 (0.03) +5.5(2.7,21)
4b M-C4H9 c h 3 54 90 (0.02) -5.1 (2.9, 22)
4a n-C±H$ c 2h s 28° 85 (0.02) + 1.8 (1.5, 19)
4b C2H5 30 6 85 (0.02) -2.0(1.7,20)
4a n-C3H7 10 100 (0.01) +0.9(1.1,24)
4b h - C ^ H q n-C3H7 11 100 (0.01) -0.7 (1.5, 24)

Butanolysis of 3b gave the same compound [ [ « ] d  +2.1° (1.4,14)] in 19% yield. b a-Butanolysis of 3a gave the same compound
[[«]D -2.0° (1.0,19)] in 10% yield.
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4,5-Benzo-l,2,4,6-cycloheptatetraene

Summary: 4,5-Benzo-l,2,4,6-cycloheptatetraene and one 
of its methyl derivatives have been generated by the dehy- 
drohalogenation of benzohalocycloheptatrienes.

Sir: Cyclic, fully conjugated carbenes have been the subject 
of considerable research interest.1 In principle, valence iso
meric allene structures can be postulated for each of the car
benes. While there has been no need to invoke an allenic iso
mer of cyclopentadienylidene, the situation has not been as 
clear with cycloheptatrienylidene.2 The chemistry of the C7H6

intermediate generated from the photolysis or thermolysis of 
the sodium salt of tropone tosylhydrazone has been logically 
interpreted in terms of l .3 The intermediate shows low reac
tivity with electron-rich alkenes3® and a positive p value in its 
addition to substituted styrenes.3b These properties are 
consistent with extended Huckel calculations which predict 
1 to be a relatively nucleophilic carbene in its lowest energy 
singlet state.4 Untch’s report of the dehydrochlorination of
l-chloro-l,3,5-cycloheptatriene5 generated interest in the 
cycloheptatetraene 2, since the product, heptafulvalene, had 
previously been isolated from reactions where the inter
mediacy of 1 had been implicated.3 The possibility that 2 
might be involved in the reactions of 1 was increased when 
Jones, Sabin, and co-workers reported the results of INDO 
calculations which concluded that 2 (nonplanar) was more 
stable than 1 (planar) by 14 kcal/mol.6’7 These calculations 
also indicated that the appropriate benzo annelation of the 
seven-membered ring would further stabilize the allene form
(4) relative to its carbene analogue (3). In this paper, we wish 
to report the generation of 4 and one of its methyl deriva
tives.

When a mixture of 5 and 68’9 was treated with potassium 
ieri-butoxide (KO-f-Bu) in tetrahydrofuran (THF), a rapid, 
slightly exothermic reaction produced a golden polymer 
(81%).10 When the reaction was carried out in the presence of 
excess furan, the adduct 7 was isolated (21%) along with some

+

5 6

K O - f - B u

fu ra n

T H F

polymer. The use of Eu(dpm)3 as a chemical shift reagent 
aided in the structure assignment of 7.11

When the reaction was conducted in the presence of excess 
styrene, 8 was formed in 35% yield. The structure proof for 8 
rests on its normal and decoupled NMR spectra and the 
analogous spectra for 9, which was prepared by using ¡3,0'-

Table I. N M R  Data fo r  8  and 9 (CCI4 , M eiSi, S)

H2 and H5 H6 h 7 h 8 h 9, h 9< H-arom
8 6.1-6.5 5.62 3.95 3.2-3.8 2.8-3.2 7.2 and 7.4

(m, 2 H) (d of d, 11.8 
and 2.0 Hz)

(br m, 1H) (m, 1 H) (m, 2 H) (br s, 9 H)

9° 6.2-6.5 
(m, 2 H)

5.62
(d of d, 11.8 
and 2.0 Hz)

3.95
(d of m, 8.8 Hz)

3.49
(br d, 8.8 Hz)

7.2 and 7.4 
(br s, 9 H total)

0 When H7 of 9 is irradiated in a decoupling experiment, H5 collapses to a doublet (6 6.32, J5 6 = 11.8 Hz) and H2 becomes a singlet 
(5 6.26).
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KO-r-Bu, THF
5 + 6  -------------------

R 2C=CHPh

dideuteriostyrene as the trapping reagent.13 Although the 
coupling constant between H7 and H8 (8.8 Hz) is of such a 
magnitude to be consistent with either a cis or a trans rela
tionship,14 a tentative trans arrangement is proposed on the 
basis of chemical shift evidence.15

Although the above intermediate readily underwent poly
merization in the absence of trapping reagents, a methyl de
rivative gave excellent yields of a dimer. Thus, the reaction 
of KO-f-Bu with 10 and 11 at 0 °C gave the head-to-head

dimer 12.16 Other isomers were not detected by NMR spec
troscopy.

The understanding of aliéné contributions to the chemistry 
of cyclic, fully conjugated carbenes is emerging.17 Although 
mechanisms which involve carbene additions followed by 
rearrangements can be written for the above reactions, several 
points favor strained aliéné additions. First, the calculated 
relative energies favor 4 over 3 by 46 kcal/mol,6 a very sub
stantial difference. Secondly, in this base-promoted elimi
nation method, a simple E2 elimination would result initially 
in either 4 or the doubly excited p2 carbene state. The loss of 
halide ion from a delocalized anion would also give the p2 
carbene. Third, the cycloaddition of the intermediate to the 
electron-rich diene, furan, is not characteristic of nucleophilic, 
carbocyclic, aromatic carbenes. Finally, at higher tempera
tures (135-160 °C in diglyme) neither the intermediate de
rived from 5-6 nor the one from the 10-11 precursor system 
shows any tendency to undergo a carbene-carbene rear
rangement as does 13.18 One of the remaining questions,

13

though, concerns the involvement of 2 itself in the chemistry 
of 1 when generated from the photolysis or thermolysis of the 
sodium salt of tropone tosylhydrazone.19
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Because of the ready decomposition of alkylphenyl 
selenoxides to form olefins,1 organoselenium reagents are 
finding increasing use in organic synthesis. Lithium enolates 
of ketones, lactones, esters and aldehydes react with diphenyl 
diselenide or phenylselenenyl chloride to form a-phenyl- 
selenocarbonyl compounds, which can be oxidized easily to 
the corresponding selenoxides with concomitant j>7i-elimi- 
nation1'2 of benzeneseleninic acid to form the respective 
enones.

Grieco used this mild olefination procedure3 for the total 
synthesis of several biologically active a-methylene lac
tones.4 For example, selenenylation of saussurea lactone, 1, 
led to (+)-costunolide, 2.5

In the course of the first reported total synthesis of ver- 
nolepin and vernomenin, Grieco utilized oxidative elimina
tion of phenyl selenoxide for the introduction of an en d o -  
cyclic  double bond in the intermediate 3.6

■ OM* -̂OM*
X s. 1) LDA/PhSeCl

 ̂•kb- cr-VxHjOa
^OMc

cpfx
Reich2 has studied in detail the conversion of ketones to 

enones by selenoxide elimination and has shown the utility of 
diphenyl diselenide, phenylselenenyl chloride and phenyl
selenenyl bromide (prepared from PhSeSePh) in the syn
thesis of a,/3-unsaturated ketones and esters and a,/3- 
dicarbonyl enones.

Allylic selenoxides yield allylic alcohols;1 however, a com
petitive 5 >tj-elimination may occur as well. Salmond7 used 
sodium phenylselenolate (from PhSeSePh) to prepare the 
selenide 4, which yields both A57-and 5-/3-hydroxy-A6- 
steroids.

PhSeSePh.
H3POa
NaOH

i l l
0°

Recently, a mild phenylselenolactonization process8 was 
developed for the synthesis of both saturated and un
saturated lactones from unsaturated acids. The highly func
tionalized lactone 5,8° synthesized by this process, may be 
elaborated to form prostaglandin A2 and brefeldin A.

CO,H
\ T \  1) PhSeCi/Et3N ^  .

i ± > s '
OR R «  Si-t-BuMes

m
Nicolaou and Lysenko9 recently demonstrated the use of 

PhSeCl in the synthesis of cyclic ethers.
Danishefsky10 used PhSeCl to prepare the synthetically 

useful diene 6, in the course of preparing cyclohexadienones 
through a Diels-Alder route.r 1} PhSeCl

M tjS O 'X
2) MeaSICI

O

M»,StO

/MeOH^
2) HjO,

6

Clive used triphenylphosphine selenide11 for stereospecific 
conversion of epoxides to olefins, retaining the same relative 
stereochemistry about the C-C bond of the epoxide.
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