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PCR PRODUCTS
FLUOROCARBONS

SILANES

MASSSPEC
STANDARDS

CROWN ETHERS

NMR STANDARDS

SPECIALTY GASES

ALKYL and ARYL 
HAUDES

DERIVATIZING
REAGENTS

AVAILABLE AGAIN FROM PCR
CF3OF

18650-2 Trifluoromethylhypofluorite
25g $125.00; 100g $375.00 

Assay > 75%

NEW MASS MARKER
11944-6 Ultramark™ 1621 1g $35.00 
A new standard which should perform for 
both e/i and field desportion spectroscopists.

GROWN ETHERS FROM PCR
11922 -2  M o n o b e n zo -1 5 -C ro w n -5

5 g —$ 2 0 .0 0 ; 2 5 g —$ 6 5 .0 0
11 8 58 - 8  D ic y c lo h e x y l-1 8 -C ro w n -6  (puriss)

5g—$ 1 7 .0 0 ; 25 g —$ 6 0 .0 0
A dded to  our existing line  o f  high p u rity  cyclic  polyethers.

11836 -4  1 8 -C ro w n -6  5 g -$ 1 2 .5 0 ;  2 5 g -$ 4 5 .0 0  
11854 -7  1 5 -C ro w n -5  5 g -$ 2 5 .0 0 ;  25 g —$ 1 0 0 .0 0
11859 - 6 D ib e n z o -1 8 -C ro w n -6  (puriss)

W h ite  m ic ro c ry s ta llin e  so lid
5 g —$ 2 0 .0 0 ; 2 5 g -$ 6 3 .0 0

NEW PRODUCTS
11929 -7  1 -B ro m o -1 -c h lo ro -2 ,2 -d if lu o ro e th y le n e

2 5 g —$ 3 5 .0 0 ; 1 00g—$ 1 2 0 .0 0  

11916 -4  P e r f lu o ro s u c c in y l c h lo r id e
10g—$ 3 7 .5 0 ; 5 0 g - $ 1 7 5 .0 0

( ) P I ) I P |)| l- -M U ,, - ♦

§
P< P < ) P P O P  M I D

MASS SPEC STANDARDS
11898  4 U lt ra n ia rk ™  443  B is (p e n ta flu o ro p h e n y l)

p h e ny l p h o sph ine  5 0 0 m g -$ 2 5 .0 0

11919 8 P F K -2 5 0  M ASS SPEC 2 g - $ 2 5 .0 0

We also o ffe r  a c o m p le te  line  o f  p e rf lu o r in a te d  tr iaz ines 
a long  w ith  p e rf lu o ro ke ro se n e  L and H fo r  mass spec s tand 
ards. T w o  gram s each o f n ine  co m p o u n d s  are supp lied  in a 
special k it .  M o lecu la r w e igh ts  range fro m  29 5  to  1485. 

18723 7 M A S S  SPEC®  K IT  M A R K  II $ 1 9 5 .0 0

R eplacem ents:
One gram samples are also ava ilab le .

Each k it is accom pan ied  by a b o o k le t o f  re la tive  in tens ities .

FLUORiNATED 
AROMATICS FROM PCR
11750-7  B ro m o p e n ta flu o ro b e n z e n e

2 5g—$ 2 5 .0 0 ; 1 0 0 g -$ 8 6 .0 0  

11760-6  C h lo ro p e n ta flu o ro b e n z e n e
2 5 g —$ 2 9 .0 0 ; 10Og—$ 1 0 1 .5 0  

10690 -6  F luo ro b e nze n e  2 5 0 g —$ 4 0 .0 0 ; 1kg —$ 1 3 5 .0 0  

11850 -5  H e xa flu o ro b e n ze n e  2 5 g —$ 3 0 .0 0 ; 100g—$ 9 0 .0 0

11860-4  lo d o p e n ta flu o ro b e n z e n e
5 g —$ 1 2 .0 0 ; 2 5 g —$ 3 6 .0 0  

11890-1 M e th y  Ip e n ta f lu o ro benzene
5g—$ 1 8 .5 0 ; 2 5 g —$ 8 4 .0 0

10072-7  O c ta flu o ro n a p h th a le n e
5g—$ 1 2 .0 0 ; 2 5 g —$ 4 5 .0 0  

11920-6  O c ta f lu o ro to lu e n e  10g—$ 3 1 .0 0 ; 50 g —$ 1 4 2 .0 0  

11940-4  P e n ta flu o ro b e n ze ne  10g—$ 1 2 .0 0 ; 5 0 g — $ 4 0 .0 0  

11740 -8  P e n ta flu o ro b e n z y l b ro m id e
5g—$ 2 2 .5 0 ; 2 5 g -$ 8 0 .0 0

Q uo tes on larger q u a n tit ie s  ava ilab le  u p o n  request.

KRYPTOFIX SPECIALTY GASES
A series of po lyoxad iaza- 

m acrobicyclics whose uses 
include:

Catalysts
D isso lution Studies  
Biological A pp lications  
N M R  Analysis  
M A S S  SPEC Studies  

N E W  LO W E R  P R IC E S 
A va ilab le  from  stock  fo r  

your im m ediate  use. 
1 2 3 0 1 -8  K ry p to f ix ®  211  

$ 9 7 .5 0 /m l 
1 21 9 3 -9  K ry p to f ix ®  221  

$ 5 5 .5 0 /m l 
1 1 8 7 5 -2  K ry p to f ix ®  2 22  

$ 3 0 .0 0 /g

1 2 4 5 2 -9  K ry p to fix ® ^ 2 2 B
$ 5 0 .0 0 /g

NEW ARRIVAL
Kryptofix® 22

High p u rity  m onom ers fo r your specific  
needs, available from  stock.

S pecia lity  items:
1 2 1 9 1 -3  c /s -D iflu o ro eth y len e*

10g—$ 6 0 .0 0
1 1 8 4 2 -2  1 ,1 -D ib ro m o d iflu o ro e th y len e*

2 5 g —$ 3 5 .0 0
122 3 0 -9  1 ,2  D ieh lo ro  1 ,2 -d iflu o ro e th y l- 

ene* 1 0 0 g -$ 4 7 .0 0
1 0 0 2 0 -6  1 ,1 -D ic h lo ro -2 ,2 -d iflu o ro e th y l- 

ene* 100g—$ 5 5 .0 0
1 1 8 4 1 -4  1 -B ro m o -2 ,2 -d iflu o ro eth y l-

ene* 2 5g —$ 3 7 .0 0
or C om m on M onom ers  

1 0 0 0 0 -8  B ro m o triflu o ro e th y len e*
5 0 g -$ 2 5 .0 0

100 1 0 -7  C h lo ro triflu o ro e th y le n e *
1 0 0 g -$ 1  7 .5 0

1 0 1 0 0  6 H exa fluo ro propene*
10Og—$ 3 0 .0 0

1 2 2 9 0 -3  T e tra flu o ro e th y le n e *
2 5g —$ 3 5 .0 0 ;  1 0 0 g -$ 7 5 .0 0  

W hatever your fluorocarbon  needs, ask 
us first.
‘ N on -re tu rnab le , no-deposit cylinders.

HN NH

Available from stock a w a itin g  y o u r  a p p lic a tio n .

11932-1 K r y p to f ix ®  22 $ 1 5 .0 0 /g
K ry p to f ix ®  is a registered tradem ark o f E . M erck , D arm stad t, W . G er
m any and EM  Laboratories, Inc ., E lm sford , N .Y . and is d istrib uted  in 
the  U S A  by  P C R , Inc.



U n m a t c h e d  in  q u a l i t y
O R G A N I C  C H E M I S T R Y
Douglas C. Neckers, B o w l i n g  G re e n  S ta te  U n ive rs i ty .  
& Michael P. Doyle, H o p e  C o l le g e  

For instructors and students who are weary of books 
that expound on hydrocarbons and free radical reac
tions for half a semester or more—there’s now a fresh 
alternative! Modern, yet thorough in its coverage of 
fundamentals, Neckers and Doyle have written a 
book that from the beginning integrates major con
cepts that form the basis of what we know about 
structure, mechanisms, and synthesis. Moreover, 
spectroscopy is not sidestepped or merely tacked on 
at the end of the book. It’s presented early; with spec
tral problems as an integral part of most problem 
sets.
Given this contemporary approach one might sus
pect that the authors have slighted functional group 
classification. They haven’t. Functional group classifi
cations are methodically used to introduce struc
tures, physical and chemical properties, and stereo
chemistry for each major class of organic 
compounds. Recognizing the utility of the traditional 
role of functional groups as an integrative device, 
Neckers and Doyle extend this notion by using mech
anisms to integrate diverse classes of organic com
pounds. Throughout the book special topics and 
inserts featuring industrial and biological applications 
are treated as extensions of organic chemistry. Again, 
they’re not tacked on.
Loaded with examples and exercise problems, care
fully indexed, and surrounded by a package of sup
plements that takes pressure off the instructor, 
Neckers/Doyle is the kind of organic book you’ll want to consider for your course.

And remember to look for these important features:
• Spectroscopy treated early (Chapter 4) and inte

grated throughout the text
• Many more industrial applications than competing 

texts
• Over 1,200 carefully selected problems with more 

than 640 placed within chapters as examples
• Extremely clear visual presentation of important 

material through figures and tables
• Summaries of reactions and extensive cross- 

referencing of reactions within each chapter
• The majority of organic reactions used as examples 

are taken from actual experiments
A complete package of study aids accompanies the 

text:• Solutions Manual that not only provides detailed 
answers to problems, but explains how to derive 
these answers. Instructional sections describing 
how to approach certain kinds of problems are 
spaced throughout.

• PSI (Personalized System of Instruction) Study 
Guide prepared by Erich Blossey of Rollins College, 
using the Keller method for personalized self- 
instruction, lets students study at their own pace, 
freeing you to give personal attention to individual 
problems. This is the first and only such guide for organic chemistry.

• Programmed Study Guide that offers additional 
reinforcement of concepts and problem-solving 
techniques.

S P E C T R O M E T R IC  ID E N TIF IC A TIO N  O F  
O R G A N IC  C O M P O U N D S , 3 r d  E d .
Robert M. Silverstein, S ta te  U n iv e r s i t y  o f  N e w  Y o rk  
C o lle g e  o f  E n v i r o n m e n ta l  S c ie n c e  a n d  F o re s try .
G. Clayton Bassler, H il ls  B r o th e r s  C o f fe e  In c .,
&  Terence C. Morrill, R o c h e s te r  In s t i t u te  o f  T e c h n o lo g y  

Like the previous editions, the Third Edition serves as an 
introduction to the interpretation of nuclear magnetic res
onance, infrared, ultraviolet, and mass spectra for the 
determination and/or confirmation of organic compound 
structure. It provides models for procedures to coordinate 
the information from the four spectral classes and puts the 
student through the chain of logical steps necessary to 
solve structure determination problems. A Teacher's Man
ual is available to adopters.
Contents: Introduction • Mass Spectrometry • Nuclear 
Magnetic Resonance Spectrometry • Ultraviolet Spectrom
etry • Sets of Spectra Translated into Compounds • Sets of 
Spectra with Beilstein References
(0 471 79177-6) 1974 340 pp.

Here’s a book organic students find tremendously helpful...
T H E  N A M E S  A N D  S T R U C T U R E S  
O F  O R G A N IC  C O M P O U N D S
Otto Theodore Benfey, G u i l f o r d  C o l le g e , N o r th  C a r o l in a

In helping students learn the common names and structural 
formulas of organic compounds, this self-instructional book 
is a valuable tool. It also clearly treats the calculation of 
formal charges, electronic formulas, resonance formulas, 
and a method for determining the number and structure of 
isomers of substances of general formula R-Y.
(0 471 06575-7) 1966 212 pp. $6.25 paper

$14.95



O r g a n ic  C h e m is t r y  t e x t s  f r o m  W ile y

Contents:
Structure and Properties of Organic Compounds • Hydrocarbons • 
Hydrocarbons Derivatives—Alkyl Halides • Special Properties of Or
ganic Compounds • Alkenes • How Reactions Occur • Alkynes and 
Dienes • Preparation of Hydrocarbons • Molecular Symmetry and 
Optical Isomerism • Cyclic Hydrocarbons • Introduction to Com
pounds Containing Carbon, Hydrogen and Oxygen • Structure and 
Properties of Benzene and Derivatives • Studying Reaction Mech
anisms—Nucleophilic Substitution Reactions • Carboxylic Acids 
and Their Derivatives • Introduction to Stereochemistry of 
Difunctional and Polyfunctional Compounds—The Carbohy
drates • Introduction to Compounds Containing Carbon, 
Hydrogen and Nitrogen • Homolytic Reactions—Free Radicals 
and Carbenes • Polar Addition Reactions of Carbon- 
Carbon Multiple Bonds • Aromatic Substitution Reactions 
• Synthesis and Reactions of Aromatic Compounds •
Elimination Reactions—A More Detailed Look • Nucleo
philic Substitution in Organic Synthesis • Polynuclear 
Aromatic Compounds • Heterocyclic Aromatic Compounds • 
Nucleophilic Addition Reactions • Substitution Reactions of 
Carbonyl Compounds • Amino Acids and Proteins •
Organic Chemistry and the Periodic Table • Organic 
Reactions Governed by Orbital Symmetry
(0 471 63091-8) March 1977 1070 pp. $21.95

F U N D A M E N T A L S  O F
O R G A N IC  R E A C T IO N  M E C H A N IS M S
J. Milton Harris, U n iv e r s i t y  o f  A la b a m a , & Carl C. Wamser,
C a l i f o r n ia  S ta te  U n iv e rs ity ,  F u l le r to n

Using a reaction intermediates approach to emphasize 
reaction mechanisms as the primary means of correlating 
and understanding organic reactions, Harris/Wamser 
covers the important concepts of theoretical and mecha
nistic organic chemistry. The advanced undergraduate 
student is introduced to theoretical descriptions of organic 
molecules, the major types of organic reaction mechanisms, 
and methods fcr determination of reaction mechanisms.
Contents: Thecretical Descriptions of Organic Molecules • 
Applications of Theoretical Methods • Determination of 
Organic Reaction Mechanisms • Carbocations • Carbanions 
• Free Radicals • Carbenes • Excited States
(0 471 35400-7) 1976 384 pp. $17.50

To be considered for complimentary examination copies, 
write to Robert McConnin, Dept. A2250-11. Please include 
course name, enrollment, and title of present text.

JOHN WILEY & SO N S, Inc.
605 Third Avenue 
New York, N.Y 10016
In Canada: 22 Worcester Road, Rexdale, Ontario 
Prices subject to change without notice. A2250-11
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Want your Fluka 
research chemicals 
shipped today ?
Give us a 
whistle.

W ith over 10,000 quality Fluka chemicals in our catalog, 
we’re large enough to fill virtually any need you 

may have. Yet, we re small enough to give you 
the kind of personalized service a bigger com pany 
can’t. W hether it ’s the answer to a technical prob
lem, or rush service, we re organized to m ove into 

action the moment we hear from you.That's why doing 
business with Tridom is like having your own research

chemicals department.
* - -«s.__ You'll find it easy to order from

our catalog, too. Everything is in 
English, with all prices 

in U.S. dollars, F.O.B. Haup- 
pauge, N.Y. So, if you're in the 

United States, its territories or Canada 
and you want the world's finest research 

chemicals fast, write or call Tridom, 
255 Oser Ave., Hauppauge. N.Y. 11787, 

(516) 273-0110.
1

T r id o m  C h e m ic a l  In c .

S e n d  f o r  y o u r  
f r e e  c a ta lo g  
to d a y .

255 O se r  Ave . Hau ppauge,  N.Y. 11787. (516) 273-0110 
0  Send me  a free  copy of your  new complete catalog.
□  Send me  a  copy of your booklet “New Peagen is  
for Organ ic  Synthes is  w ith  ‘N a k e d ’ Anions X’. "
□  Send me a copy of your  catalog of Chem icals  
for El ec t ron iyf; e:rosc opy.
□  I don 't  have  a whis tle ,  send me one.

NAME . 
COMPANY . 
ADDRESS
CITY -

-TEL i f .

I S O T H I O C V A M A T E S
Announcem ent 

Number 3

B1280 Benzoyl isothiocyanate 10 g $29 .00*
B1615 Benzyl Isothiocyanate 50 g 29.00
B2775 2-B rom oethyl isothlocyanate 10 g 43 .00*
B3267 3 Brom opropyl Isothlocyanate 10 g 45 .00*
B3180 4-Brom ophenyl Isothiocyanate 10 g 23.00*
C1162 2-C arbom ethoxyohenyl isothlocyanate 10 g 39.00
C1777 4 Chlorophenyl isothlocyanate 25 g 33.00
C2061 2-C hloroethyl isothiocyanate 10 g 39.00*
C2995 3-C hloropropyl Isothlocyanate 10 g 39 .00*
D2420 3,4 D ichlorophenyI isothlocyanate 25 g 43 .00*
D2745 3 -(D ie thy lam ino )p ropy l isothiocyanate 10 g 29.00
D5512 D im ethyl isothiocyanatosuccinate 5 g 29.00
E2017 1,2 Ethylene d iisothiocyanate 10 g 33.00
E2232 E thyl 3 -isoth iocyanatobutyra te  5 g 29.00
E2234 E thyl 3-isoth iocyanatocrotonate 10 g 22.00
E2237 E thyl 2-lsoth iocyanatopropionate 5 g 33.00
IVI3058 M ethyl 2-isothiocyanato-4-m ethylvalerate 10 g 36.00
M4065 2 -M orpho linoe thy l Isothlocyanate 10 g 29 .00*
P2297 3-PicolyI isothiocyanate 5 g 29.00*
T2620 3 -T rifluo rom ethy lpheny l Isothlocyanate 10 g 23.00*

'T h ese  p r ic e  red u ction s are in e f f e c t  as o f  F ebru ary 15, 1977.

W rite lor a listing of over 200 isothiocyanates available from  stock.

T R A N S  W O R L D C H E M I C A L S
INCORPORATED

P.O. BOX 4173
WASHINGTON, D.C. 20015 (301) 949-1121

G a l b r a i t h  L a b s

W e ’ v e  m e a s u r e d  u p

Y es! Galbraith Labs has measured up for 
years! In addition to the latest standard 
equipment such as the usual absorption 
spectrophotometers, Galbraith uses 7 Perkin 
&. Elmer carbon, hydrogen and nitrogen an
alyzers equipped with electronic digtizers; 3 
modified Ingram-Pregl carbon and hydrogen 
machines; 35 micro and ultrarmcro balances;
2 Fisher Titralizers, 2 atomic absorption spec
trophotometers (one with HGA graphite furnace),
9 vapor pressure osmometers for molecular weight 
work, and much more equipment to aid in fast 
and accurate microanalyses. In a survey o f thirty- 
six consecutive issues, the Journal of Organic 
Chemistry and the Journal of Medicinal Chemistry \ 
showed that over thirty-four percent o f all accredited 
micro analytical data was obtained from Galbraith 
Laboratories.

| By completing this form  you w ill give \  
us the opportun ity  to show you in detail (  
how we have measured up fo r years!

y e a r s !

N am e.

Com pany.

Address__

C ity .

-\ |rh

-S tate- -Z ip -

GALBRAITH LABORATORIES. INC.
P O, Box 4187— 2323 Sycamore Drive 
Knoxville, TN. 37921— 615/546-1335
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Synthesis and Reactions of Tetracyclo[4.2.0.02,4.03>5]octanes

Leverett R. Smith,1® George E. Gream,lb and Jerrold Meinwald*1®

Spencer T. Olin Laboratory, Department of Chemistry, Cornell University, Ithaca, New York 14853, 
and the Department of Organic Chemistry, University of Adelaide, Adelaide, Australia
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Tetracyclo[4.2.0.02-4.03'5]oct-7-ene (I) was prepared in four steps, starting with benzvalene. The adduct (V), 
which forms readily by addition of dichloroketene to benzvalene, was dehalogenated with triphenyltin hydride, and 
the resulting ketone (VII) was converted into I by the reaction of its p-toluenesulfonylhydrazone (X) with lithium
2,2,6,6-tetramethylpiperidide. Isomerization of I to cyclooctatetraene occurs thermally, photochemically, and in 
a silver ion catalyzed reaction. Reaction of I with /V-phenyltriazolinedione yields the hexacyclic adduct (XII); reac
tion of I with hexafluoro-2-butyne yields a mixture of products, two of which were found to interconvert via a 
Cope rearrangement under the reaction conditions used. The preparation and pyrolysis of the parent tetracyclo- 
[4.2.0.02'4.03'5]octane (XIX) are described. Reaction of V with nitrogen nucleophiles gives 3,4-disubstituted tricy- 
clo[3.1.0.02-6]hexanes by a very facile ring cleavage. 13C NMR spectra are tabulated for most of the compounds en
countered in this study.

Our incursion into the tetracyclo[4.2.0.02’4.03 5]octane sys
tem, and particularly the synthesis of tetracyclo- 
[4.2.0.02-4.03'5]oct-7-ene (I),2 was prompted by a desire to use 
these compounds as precursors for tricyclo[5.1.0.02>8]octa-
3,5-diene (“ octavalene” , II). Earlier unsuccessful approaches

to the synthesis of II involved carbenoid species generated 
from different ring systems. Zimmerman and Sousa, for ex
ample,3 subjected cycloheptatrienyldiazomethane (III) to 
thermal and photochemical reactions which yielded a variety 
of products:

III

In these laboratories, Meinwald and van Vuuren treated
8,8-dibromobicyclo[5.1.0]octa-2,4-diene (IV) with methylli- 
thium and obtained a labile mixture of dihydropentalenes; use 
of the tricarbonyliron complex of IV gave an unexpected in
sertion product; a more recent study has been carried out by 
Baird and Reese.4 While II has not yet been prepared, the 
chemistry of I and its precursors has been sufficiently explored 
to justify presentation in its own right.

The “ ready-made” bicyclobutane moiety in benzvalene, 
which is readily prepared by the method of Katz and co
workers,5 made it an attractive starting point for our work. In

initial attempts to exploit benzvalene by additions to the 
double bond, reactions with ozone, with ethyl diazoacetate, 
and (photochemically) with maleic anhydride were explored. 
While reactions related to the first two of these have been 
carried out successfully by Christi and Brüntrup,6 in our 
particular cases conveniently usable adducts were not ob
tained; nor was the reaction with maleic anhydride of any use. 
The reagent which did give useful results was dichloroke
tene.

The [2 + 2] cycloadditions of ketenes to olefins have re
ceived much attention, most extensively by Brady and co
workers, as well as by Ghosez and others.7 The olefin most 
commonly used for these investigations has been cyclopen- 
tadiene, usually used in excess, to give yields ranging from very 
good to very poor based on a variety of ketenes generated in 
situ. Dichloroketene’s combination of high reactivity for such 
cycloadditions and its relative stability made it the most at
tractive choice for the reaction with benzvalene. Yields in this 
step proved gratifyingly high: after correcting for unconsumed 
(and recoverable, if aqueous workup is avoided) benzvalene, 
adduct V could be isolated in 86% yield. Even without this

correction, 70% yields of V are obtained routinely if one is 
careful to use scrupulously pure starting materials. While one 
might expect that other ketenes might add comparably well 
to the highly reactive double bond of benzvalene, attempts to

927
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Table 1 .13C NMR Data on Compounds in the Tetracyclo[4.2.0.0.2>4.03'5 ]octane Series0
Com pd C -l C-2 C-3 (syn) C-4 (anti) C-5 C-6 C-7 C-8 Other

47.7 37.2 -0 .7 16.2 139.4

37.1 39.8 - 0.6 7.0 21.4

X
(d, 145) (d, 170) (d, 215) (d, 21 0 ) (tr, 135)

29.6* 39.5 - 0.1 7.4 34.4 46 .4* 38.9* 29.7* 22.1 (m ethyl)
X  ch3

\ ? v V cl 53.6 36.9 0.4 9.8 33.9 63.7 194.9 84.0
(d, 155) (d, 170) (d, 2 2 0 ) (d, 215) (d, 170) (d, 150) (s) (s)

\ r v V H 39.7 35.1 -0 .4 8.6 33.7 59.0 204.4 64.0
(d, 150) (d, 170) (d, 215) (d, 215) (d, 170) (d, 150) (s) (d, 145)

X f V 3
29.2 39.1 - 2.0 10.5 33.4 66.1 209.1 45.8

v (d, 150) (d, 165) (d, 215) (d, 215) (d, 170) (d, 145) (s) (tr, 135)

30.6 40.4 -0 .5 4.8 32.7 46.0 63.8 34.4
(d, 140) (d, 170) (d, 215) (d, 21 0 ) (d, 170) (d, 140) (d, 150) (tr, 135)

31.4 39.9 0.0 5.4 33.4 45.0 71.7 31.2 36.7 (q , 140,
\ oso2 (d, 145) (d, 165) (d, 2 1 0 ) (d, 21 0 ) (d, 170) (d, 140) (d, 150) (tr, 135) m ethyl)

CH,
0 All samples were run in CDC13 on a Bruker HX-90 in the FT m ode, both with and (sample size permitting) w ithout 

broad-band proton decoupling. Assignments were based on  shift, multiplicity, Jq -H  (noted under each value in hertz, in 
parentheses), and internal consistency, and are reported in 5 (Me„ Si) taking the center o f the CDC13 triplet as 5 76.9. 
Values for Jq -H  are generally ±5 Hz. Asterisks indicate uncertainty in assignments.

generate an adduct by addition of monochloroketene to 
benzvalene failed dismally.

It should be mentioned that some of the “ unexpected” 
additions that benzvalene has been shown to undergo8 made 
the course of this ketene reaction less than entirely certain. 
However, the carbonyl stretching frequencies in V and the 
ketones derived from it gave convincing initial evidence7,9 that 
the cycloaddition had gone as desired. Later, I3C NMR mea
surements further verified these structures—characteristic 
in this regard are particularly the pair of upfield signals as
sociated with the bicyclobutane bridge, as well as the multi
plicities and coupling constants which identify the other atoms 
in the tetracyclic framework. In these assignments, references 
by Christl,10 Grover et al.,11 and Levy and Nelson12 were 
helpful. A summary of data for the tetracyclic derivatives 
appears in Table I.

With V in hand, a mild method for reductive dehalogena- 
tion was desired. Possible methods included use of a hydrogen 
radical donor, a hydride donor, or dissolving metal reduction. 
Of these, the first seemed by far the gentlest, and in retrospect 
is probably the only method that could have worked while 
keeping the ring structure intact, as a later section of this 
discussion will illustrate. While dehalogenation by tributyltin 
hydride is probably more commonly carried out, we chose to 
use triphenyltin hydride.7a,b'13 The reasons for this choice were 
its higher reactivity, allowing for milder reaction conditions, 
and its much higher molecular weight, facilitating distillative 
purification of the product. The desired reduction products 
were in fact obtained readily. The monochloroketone VI could 
be obtained using 1 equiv of reducing agent in up to 87% yield,

while the parent ketone VII could be prepared in ca. 95% yield 
when 2 equiv of reductant was used. The endo stereochemistry 
of VI, expected from the reduction mechanism, is supported

by the NMR pattern of the downfield a hydrogen, which ap
pears as a doublet of doublets (J = 8 and 3 Hz), exhibiting 
both vicinal and transannular coupling.71

A method for converting VII to I was now sought. In initial 
attempts, sodium borohydride reduction of VII to the endo 
alcohol VIII, followed by conversion of VIII to its tosylate (IX)
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and subsequent treatment with base, failed to yield I even 
under increasingly vigorous conditions.14 A milder and more 
generally effective method for olefin formation uses the 
Bamford-Stevens reaction of tosylhydrazones with strong 
bases (usually alkyllithium reagents).15 This approach ap
peared especially appropriate because of a recently reported 
gentle method for preparing tosylhydrazones.16 There was 
some difficulty at first in obtaining a crystalline tosylhydra- 
zone (X) from VII. However, through use of very concentrated

v n I (35-55%)

solutions, crystallization was usually observed within a few 
hours or overnight at room temperature. (It is convenient to 
carry out this reaction in small vials to allow centrifugal re
moval of the mother liquor; yields as high as 85% have been 
obtained. It is important to note that use of VII which was not 
of high purity, or use of more than a slight excess of tosylhy- 
drazide, gave mixtures which would not crystallize; these 
mixtures usually performed poorly in the subsequent elimi
nation step.)

The catalog of bases tried for the elimination need not be 
reiterated here,2 but can be summarized by noting that the 
desired elimination was unexpectedly difficult to achieve. An 
initial attempt using methyllithium in ether gave a product 
whose mass spectrum (and eventual more thorough charac
terization) showed it to be the methylation product (XI).17

X —

CH3Li
ether

CHgLi

THF/ether

+  I (10%)

(Mechanistic considerations suggest that XI is the endo de
rivative. JH and 13C NMR indicate that only one isomer is 
present.) Reaction of X with lithium tetramethylpiperidide 
in THF/ether gave yields of I as high as 55%, however. Use of 
lithium diisopropylamide as base gave ca. 20% yield; it was 
found later that methyllithium in THF/ether (where X  is 
completely dissolved rather than reacting as a slurry) gives 
about 30% yield of I as well.

The properties of I are unexceptional. In addition to a very 
simple !H NMR spectrum (in which the only pronounced 
coupling appears in the “AB” pattern of the bicyclobutane 
bridge protons), a 13C NMR spectrum which shows the ex
pected five signals in places appropriate to the structure, and 
not very informative infrared and mass spectra,2 the Raman 
spectrum of I was taken. This shows a strong double-bond 
stretching frequency at 1550 ±  2 cm-1, which agrees with 
expectations for a somewhat strained cyclobutene ring.18

The chemistry of I was limited to some extent by its high 
stability, a stability doubtless due to the “ forbiddenness” of 
all the thermal paths by which it might otherwise shed most 
of the roughly 100 kcal/mol of strain energy that it has been 
estimated to carry.19 Vapor and solution phase pyrolyses were 
carried out both with and without added trapping reagents. 
Of these, the latter two yielded the more interesting, if origi
nally unlooked for, results.

Some examples of vapor-phase cyclobutene pyrolyses which 
provided good precedents were carried out several years ago

by Dauben and Cargill, as well as by Chapman et al.20 These 
used very brief contact times in an evacuated heated tube with 
a trap at its exit. One might imagine a variety of CsHg isomers 
forming from I under such conditions; in fact, the only product 
found, in a very clean conversion which did not occur much 
below 250 °C and which was not complete until the tube ap
proached 500 °C, was cyclooctatetraene. Given the severity 
of the conditions used, it is not surprising that possible in
termediates such as the presumably unstable II were not ob
served here. In solution, similar results were obtained. At 140 
°C in chloronaphthalene, conversion to cyclooctatetraene and 
traces of another CgH8 isomer proceeded with a half-life of 
about a day. Since I underwent little or no isomerization in 
benzene at 140 °C even after 2 days, it is probable that 
something in the chloronaphthalene catalyzed the isomer
ization. This still seemed a reasonable choice of conditions for 
the first solution trapping experiment, however, since the 
dienophile we wished to use, 4-phenyl-l,2,4-triazoline-3,5- 
dione,21 is not stable above 140 °C. Other dienophiles con
sidered included maleic anhydride (rejected because of its 
relatively low reactivity) and tetracyanoethylene (not used 
because of its low solubility and the low solubility of its ad
ducts).

Reaction of I at 140 °C in the presence of the triazolinedione 
gave a major product (44%) whose identity was deduced on 
spectral grounds to be 4-phenyl-2,4,6-triazahexacy- 
clo[7.4.0.02’6.08'10.07'I2.0u ’13]trideca-3,5-dione (XII), and 
confirmed by comparison with an authentic sample.22 Traces 
of two other 1:1 adducts were found. One of these was iden
tified as 4-phenyl-2,4,6-triazapentacyclo[7.4.0.02’6.0810.- 
0713]tridec-ll-ene-3,5-dione (XIII) by an NMR shift reagent 
experiment. This was confirmed by comparison of XIII’s 
NMR spectrum with published NMR descriptions of the 
analogous systems XIV and XV.23 The other trace adduct was

I

XIV XV
not identified, but by inspection of the rather low quality 
NMR spectrum obtained, the two cyclooctatetraene adducts 
of the triazolinedione could definitely be excluded.

The striking rearrangement required by the formation of 
XII raises questions about what might have happened “ in 
transit” . One might imagine various possibilities, including 
trapping of a semibullvalene intermediate by a homo-Diels- 
Alder reaction,24 polar attack at the double bond, or polar 
attack at the bicyclobutane moiety. In an attempt to gain some 
insight into this process, the triazolinedione addition was re
peated using I that had been labeled with deuterium in the 3 
and 4 positions by treatment with butyllithium followed by 
quenching with deuterium oxide.8a>25 The product was then 
analyzed by JH NMR to determine the deuterium position.
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Table II. 13C NMR on Compounds XVIII, XVII, and XVI13

Com pd Shift, 5 Mult ^C-H> Hz Assignment

37.5 d 135
43.2 d 140 2,5 ,66
43.6 d 140 _

120.9 q JC- r  = 270 11,12
124.9 q Jq __ jr — 275
129.2 d 175 1
134.1 d 175 3 ,4 ,9 ,1 0c
137.5 d 175 J
138.4 d 170 7

41.8 d 140 1 1,2,5 ,643.4 d 145 -
121 q Jq _  f = 265 11,12
129.4 d 165 3,4
138.8 d 170 9 ,1 0 d

122 ( ¿ C -F  = 270) 7 ,8 e
127 5,4
131 3,6

a All samples were run in CDC13, using the solvent triplet at 5 76.9 as internal reference. b The signals at 43.2 and 43.6 
merged in the coupled spectrum. c From its intensity, the peak at 5 137.5 contains the two isochronous signals. Carbons 1 
and 8 were not visible. d Carbons 7 and 8 could  not be found with certainty. e Carbons 7 and 8 were visible as the central 
pair o f  a presumed quartet. Carbons 1 and 2 could not be found with certainty.

The “a” and “b” sets of protons have isochronous shifts, but 
can be separated by addition of “ Resolve-Al EuFOD” (Al-

Ph
0 ^ Ny *0

N-N

b

a

drich) shift reagent. Within the few percent uncertainty of 
repeated integrations, using both undeuterated and deuter- 
ated XII, all the deuterium was found to be at the “ b” posi
tions. Other (but ultimately superfluous) evidence for the 
deuterium location came from examining the splitting pattern 
of the “ c” protons (90 MHz): undeuterated material showed 
a pentuplet, deuterated material a triplet {J = 3 Hz for 
each).

This result is compatible with the route shown in Scheme 
I, involving attack at the double bond, and appears to exclude 
the other possibilities mentioned above. The sequence of in
termediates, cyclobutyl cation/cyclopropylcarbinyl cation/ 
doubly cyclopropylcarbinyl cation/closure also seems 
plausibly “downhill” energetically. Inspection of models shows 
that the second bond migration could be facile because of the 
compact structure of the molecule; initial attack on the bicy
clobutane moiety should be unfavorable in any case, since 
endo attack is thought to be the preferred mode.26

The suggested trapping of a semibullvalene intermediate 
was to some degree a “ straw man” , because semibullvalene 
was never isolated as a pyrolysis product. However, this does 
raise the queston of whether this might not still be a genuine 
trapping experiment rather than a simple attack on I by the 
triazolinedione. Since it was later found that the same reaction 
occurs readily in benzene at room temperature, where I is in
definitely stable, the former is also excluded. Adduct XIII is 
formed in about 5% yield in the room temperature reaction. 
Although no scheme will be proposed for its formation, it may 
be noted in passing that it is at least formally related to XII 
by a cyclopropylcarbinyl-homoallyl rearrangement.

The vapor-phase pyrolysis and trapping attempt was car
ried out using hexafluoro-2-butyne as dienophile; this re

Schem e I

O v NV °
N-N

agent’s thermal stability, high reactivity, volatility, and gen
eral reluctance to engage in polar or radical reactions27 all 
seemed desirable. Attempted reaction at 175 °C gave very 
little conversion even after 7 h; however, reaction at 190-200 
°C for 24 h consumed all the starting I and resulted in a mix
ture of three products isolable by GC, as summarized below. 
Of these, compound XVII was readily identifiable by its NMR 
spectrum.28 The structure of XVI was strongly suggested by 
its mass spectrum and by its relatively short GC retention 
time. The identity of compound XVIII was less readily ap
parent. *H NMR spectra indicated a low symmetry structure 
wth five olefinic hydrogens, two of which were strongly (7 Hz) 
coupled to a one-proton multiplet upfield. Its 19F NMR 
spectrum showed two quartets (J = 10 Hz), indicating the
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presence of vicinal trifluoromethyl groups; both El and Cl 
mass spectra were strikingly similar to those of XVII. The UV 
spectra of XVII and XVIII were also similar. In preparing an 
authentic sample of XVII (from the addition of hexafluoro-
2-butyne to cyclooctatetrane in a sealed tube at 180 °C), it was 
found that the sample contained trace impurities at the GC 
retention times of XVI and XVIII; increased heating (190-200 
°C) produced both these products in isolable amounts. 'H 
NMR spectroscopy now confirmed the structure of XVI, and 
a 13C NMR spectrum that of XVIII. Carbon-13 data for all 
three compounds appears in Table II.

While both XVII and XVIII are stable below about 180 °C, 
it was found that they do equilibrate to the same mixture when 
heated to around 200 °C overnight. A search of the litera
ture showed that of the many pyrolytic studies of tricyclo- 
[4.2.2.02’5]deca-3,7,9-triene derivatives that have been un
dertaken, most were carried out under very severe (300-400 
°C) conditions29 and yielded benzene, naphthalene, and/or 
dihydronaphthalene derivatives, and sometimes butadiene 
as well. A more recent study by Masamune and co-workers,30 
however, showed an analogous rearrangement, under similar 
conditions, of a dideuterio derivative of the parent tricyclo- 
decatriene (“ Nenitzescu’s hydrocarbon” ). Evidently, the 
equilibration of XVII and XVIII occurs via the cycle of Cope 
rearrangements shown in Scheme II.

Scheme II

The stereochemistry shown for XVIII was assigned on as
sumption of the above scheme. Structures of the bracketed 
type are known to be unstable and to undergo rapid Cope re
arrangement on gentle heating,31 so it is not remarkable that 
they were not found in the mixture. On a purely statistical 
basis, one would expect XVII and XVIII to occur in a 1:2 
mixture at equilibrium; in actuality, the ratio is about 1:6. This 
represents such a small energy difference that rationalization 
of its origin would be idle speculation.

It seems appropriate at this point to digress to the pyrolytic 
behavior of the parent tetracyclo[4.2.0.02’4.03’5]octane, XIX.

This compound was prepared by Wolff-Kishner reduction of 
the hydrazone and azine mixture (XX) obtained from VII, 
under conditions allowing XIX  to distill into a trap as it 
formed. The conditions used were not entirely orthodox,32 but 
the yield obtained (61% after preparative GC) was nonetheless 
acceptable.

Vapor-phase pyrolysis of XIX was carried out in a manner 
analogous to that used with I. At ca. 480 °C, XIX gave clean 
and complete conversion to two products; the minor one was 
benzene. The major one, on the basis of microhydrogenation 
and microozonolysis, appeared to be 1-vinylcyclohexadiene 
(XXI); this was confirmed by comparing its spectral proper-

XIX
ca. 480 °C

!  +
mmur major 

XXI

ties with published NMR and IR data.33® Brief pyrolysis at 
a somewhat lower temperature (ca. 430 °C) gave a complex 
mixture of many products in roughly equal amounts, which 
were separable by preparative GC. The structures of XXII and 
XXIII were assigned by comparison of their NMR and IR 
spectra to published data;33 that of XXIV was confirmed by 
its known IR spectrum and by its hydrogenation

XXII x x m

+

XXIV

+  S.M.
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Table III. 1SC NMR Data on Compounds in the Tricyclo[3.1.0.02-6 ]hexane Series“
C-4

Com pd C -l (C-2 and C-5)& C-3 (syn) (anti) C-6 C-7 C-8C Other Solvent^

46.1 37.6 38.3 2.3 4.0 57.2 171.0 75.4
(d, 145) (d, 170) (d, 180) (d, 220) (d, 220) (d, 140) (s) (d, 180)

47.2 37.3 3 8 .7 “ 2.1 3.8 57.1 173.8 73.2

M e,S O -ds

M e2SO-d6

42.4 36.9 37.6 1.6 3.5 56.6 171.4 74.0 34.5, 3 6 .4 / CDC13
(d, 130) (d, 160) (d, 160) (d, 217) (d, 214) (d, 136) (s) (d, 177) (N-m ethyl)

NtCIU
“ Nonstandard numbering used to facilitate comparisons with Table I. * N o t individually assignable. “ Cf. ref 40. d Center 

o f  M e2SO-d6 multipiet taken as 6 39.6 relative to  Me4Si. “ Superimposed on a peak o f  the solvent multiplet, but recognizable 
by the resulting intensity enhancement. /Assignm ent o f  coupling constants to  the N-methyl groups is not definite owing to 
the com plex appearance o f this part o f  the coupled spectrum, but seems not inconsistent with quartets with Jq—H o f  ca.
135 Hz.

to bicyclo[3.2.1]octane.34 In hindsight, this pyrolysis yielded 
few surprises. It is interesting that the reaction goes so cleanly 
at the higher temperature, but it has been known for several 
years that any of the compounds XXI, XXII, XXIII, or XXIV 
equilibrate above 200 °C to mixtures containing all four.33-34 
The complexity of this situation accordingly renders moot any 
specific discussion of how X IX  comes unglued on heating.

The photochemistry of I can be summarized briefly. Some 
sensitized irradiations through Pyrex failed to generate useful 
results; irradiation through quartz produced cyclooctate- 
traene. While photochemical conversion of I to II is an allowed 
process, so is II’s conversion to cyclooctatetraene. The diffi
culty in detecting II, even if it were an intermediate in this 
photolysis, is therefore apparent. An attempt at trapping II 
by irradiation through quartz in the presence of maleic an
hydride yielded only artifacts from the anhydride.

The facile reactions of small-ring compounds with transi
tion-metal catalysts are extensively documented.35 It seemed 
certain, for example, that silver ion would readily “ unzip” I 
to form cyclooctatetraene. In fact, such treatment did result 
in such conversion; yields were not very high, but no other 
volatile products were observed even after treatment with 
aqueous ammonia or sodium chloride. A few other similar

reactions of I were also examined. Cuprous chloride in di
methyl sulfide/hexane left I unaffected even after 3 days at 
room temperature. Benzylideneacetoneiron tricarbonyl,36 
which has been used as a trapping reagent for labile dienes,37 
failed to react with I in hexane at room temperature. In ben
zene at 65 °C overnight, it completely destroyed the starting 
olefin, but no volatile products were found in solution or were 
liberated by oxidation of the residue with ceric ammonium 
nitrate. p-Dichlorotetraethylenedirhodium(I)38 reacted rap
idly in benzene at room temperature, again to consume I 
without the generation of other volatile material. The use of 
transition metals appeared increasingly less interesting and 
was terminated at this point.

Finally, some attempts to study further reactions of the 
dichloro ketone (V) led us to a brief examination of active 
metal reduction and Wolff-Kishner reduction conditions. 
Reaction of V with hydrazine hydrate in butanol39 or, more

« i f
cleanly, in glyme gave a high yield of crystalline product whose 
elemental analysis, Cl mass spectrum, and 13C NMR spectrum 
(Table III)10-40 conclusively showed it to be the ring-opened 
hydrazide XXV. Reactions of V with ammonia and with di- 
methylamine gave the analogous products XXVI and XXVII.

In all three cases, the product is evidently the result of nu
cleophilic attack at the carbonyl, followed by ring opening and 
proton transfer; with nucleophiles, there is well-established 
precedent for this type of reaction.76-41 While the formation 
of XXV, XXVI, and XXVII represents an easy route to 3,4- 
disubstituted tricyclo[3.1.0.02-6]hexanes, our particular in
terests lay elsewhere and our foray into this field went no 
further.

Experimental Section
General Remarks. Melting points and boiling points are uncor

rected. NMR spectra were run in CDCI3 with added Me4Si using ei
ther a Varian A-60A or a Bruker HX-90 instrument, and are reported 
in 5 units. IR spectra were run on a Perkin-Elmer Model 257 instru
ment, and are reported in cm-1. Mass spectra were obtained either 
on a Finnigan 3300 gas chromatograph/mass spectrometer or an AEI 
MS-902 instrument. Microanalysis was done by Galbraith Labora
tories, Inc. “ Nitrogen” refers to commercial “ prepurified” grade. 
Analytical GC work was performed with a Varian 2100 instrument,
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preparative GC using a Varian 200 instrument; glass columns were 
used throughout.

8,8-Dichlorotetracyclo[4.2.0.02 ,4 .03 ’5 ]octan-7-one (V). After a 
solution of benzvalene (2.42 g, 31 mmol) in ether (ca. 55 ml) had been 
cooled to 0 °C under nitrogen (a dry ice condenser was used to avoid 
losses due to evaporation), excluding moisture, a portion (ca. 0.5 ml) 
of a solution of triethylamine (3.45 g, 34 mmol) in ether (5 ml) was 
added. Freshly distilled dichloroacetyl chloride (4.58 g, 31 mmol) was 
then added to the stirred solution. With the temperature being 
maintained at 0 °C, the remainder of the solution of triethylamine 
was added dropwise to the rapidly stirred mixture over a period of 30 
min. After the mixture had been stirred at 0 °C for a further 2.5 h, it 
was kept overnight at —15 °C. It was then allowed to warm to room 
temperature and the precipitate of triethylammonium chloride was 
removed by filtration. The ether was carefully removed at ambient 
temperature in vacuo (water pump) and was collected at —78 °C. 
(Using /V,/V-dimethylformamide as internal standard, the ether 
distillate was shown by NMR spectroscopy to contain 460 mg of 
benzvalene.) There remained a dark brown residue which yielded a 
pale yellow distillate (48 mg) on distillation at 24 °C (0.1 mm). Further 
distillation at bath temperature 24-110 °C gave a colorless distillate 
(4.42 g), bp 51-53 °C (0.08 mm), which turned brown on being kept 
overnight at 0 °C under nitrogen. Redistillation gave a pale yellow 
liquid (4.1 g. 86% based on consumed benzvalene). GC analysis (5% 
phenyldiethanolamine succinate column) showed the compound to 
be of high purity: MS (El) m/e (rei intensity) 192 (very small), 191 
(very small), 190 (1), 189 (very small), 188 (1),H87 (very small), 162
(5), 161 (7), 160 (8), 159 (111, 153 (9), 1$7 (32)/l26 (9), 125 (100), 99 
([2(= 9] (9), 89 (36), 78 (40), 73 (8), 63 (Ì8 ),52 '(ll), 51 (13), 50 (10). 
Other data appear in ref 2.

8-Chlorotetracyclo[4.2.0.02 ,4 .03 ,5 ]octan-7-one (VI). To 19.0 g 
(49 mmol) of triphenyltin hydride in 20 ml of AR cyclohexane in a 
250-ml flask with reflux condenser, under nitrogen, was added 8.4 g 
(44 mmol) of V in 10 ml of cyclohexane. A few milligrams of azobis- 
isobutyronitrile were added and the mixture was refluxed for 0.5 h. 
After cooling, GC analysis (6% OV-1 column) showed that the reaction 
was complete. After storage at —20 °C overnight, the mixture was 
filtered, evaporated, and vacuum distilled to give 5.94 g (87%) of 
colorless liquid: bp 45-49 °C (0.1 Torr); IR (neat) 3150 vw, 3070 w, 
2990 w, 1790 vs, 1380 w, 1295 w, 1120 m, 760 s, 720 cm' 1 m; NMR Ò 
2.0-2.6 (m, 4 H), 3.05 (br “ tr” , “J” = 7-8 Hz, 1 H), 3.40-3.65 (m, 1 H), 
4.62 (d of d, J = 8, 3 Hz, 1 H); MS (El) m/e (rei intensity) 156 (1.5), 
154 (4.5), 128 (2), 126 (7), 125 (4), 119 (18), 118 (16), 92 (8), 91 (100), 
90 (16), 89 (20), 79 (6), 78 (87), 77 (17), 65 (28), 63 (21). Anal. Calcd 
for C8H7C10: C, 62.15; H, 4.57. Found: C, 61.95; H, 4.39.

Tetracyclo[4.2.0.02 '4.03  ’ ]octan-7-one (VII). A solution of V (3.68 
g, 18.4 mmol), triphenyltin hydride (15.2 g, 43 mmol), and azobis- 
isobutyronitrile (50 mg) in AR cyclohexane (20 ml) was stirred under 
nitrogen at 83 °C for 1 h. Additional azobisisobutyronitrile (20 mg) 
was then added to the mixture, which was then stirred at 83 °C for 
a further 3 h. (GC analysis now showed the absence of both V and VI.) 
Distillation of the mixture gave three fractions, each of which was 
collected in a dry ice cooled receiver, Thè first fraction (ambient 
temperature, water-pump pressure) wasTeoncentrated carefully to
1.18 g by removal, at atmospheric pressure, of most of the cyclohexane 
through a 20-cip column packed with glass rings. GC and NMR 
analysis showed the presence of 0.4 g of VII. The second fraction 
(ambient temperature, 0.1 Torr) (0.38 g) contained 0.19 g of VII. The 
third fraction [bp 30-35 °C (0.1 Torr)] contained 1.90 g of almost 
colorless VII, contaminated by several percent of cyclohexane. The 
total yield of VII was thus ca. 2.3 g, or over 95%. Spectral data appear 
in ref 2.

Tetracyclo[4.2.0.02 >4 .03 ’5 ]octan-7-one p-Toluenesulfonylhy- 
drazone (X). To a warm (50-60 °C) solution of 12.4 g of p-tolu- 
enesulfonylhydrazide (recrystallized Aldrich material) in 18 ml of 
absolute ethanol was added 7.1 g of VII. The resulting solution was 
allowed to stand at room temperature for 20 h. The resulting mass of 
white crystals was separated from the mother liquor by centrifugation 
and dried at 0.05 Torr for several hours. The yield was 13.0 g (76%). 
Spectral and other characterization appears in ref 2. The 13C NMR 
spectrum (CDCI3) of X  included <5 —1.5, 9.6, 9.9 (bicyclobutane 
bridge), and 161.6 and 161.8 (C-7).

Tetracyclo[4.2.0.02 ,4 .03 ,5 ]oct-7-ene (I). Into a dry flask, under 
nitrogen, was injected 1.60 ml (9.5 mmol) of 2,2,6,6-tetramethylpip- 
eridine (Aldrich, 99+%). This was followed by injection (2 min) of 
methyllithium in diethyl ether (4.40 ml, Foote, 5.38%; 7.2 mmol). After 
the vigorous bubbling had ceased, 1 ml of dry, degassed THF was 
injected to dissolve the resulting yellow precipitate, giving 5 ml of dark 
amber solution. Into a flask fitted with septum, magnetic stirrer, and 
vacuum/nitrogen inlet was placed 0.58 g (2.0 mmol) of X. The flask

was evacuated to 0.03 Torr, then refilled with nitrogen. The solid was 
dissolved by injection of 3 ml of dry, degassed THF. The flask was 
chilled with dry ice, and 4.0 ml of base solution added (ca. 5 min); up 
to 2.0 ml, the base color faded to yellow, but then remained dark. After 
10 min, the flask was allowed to warm to room temperature, and 
stirring was continued for a further 8 h. The flask was chilled with dry 
ice and 5 ml of water was injected dropwise; the mixture rapidly 
turned from very dark to yellow. The mixture was diluted with a few 
milliliters of n-pentane and the organic phase was separated and dried 
over anhydrous potassium carbonate. Analysis by GC (6% OV-1 col
umn), using cumene as internal standard, showed ca. 50% yield of I. 
Further details of isolation and characterization appear in ref 2. 
Raman (neat, in capillary, using a Spex “ Ramalog” instrument, using 
the 19 435-cm-1 line of an Ar laser; calibration of scale from the 
1649-cm_1 stretch of cyclohexene) included 3140 s, 3120 s, 3050 vs, 
2950 s, 1550 s, 1170 cm-1 vs.

Reaction o f X with Methyllithium in Ether. X (0.51 g, 1.77 
mmol) was placed in a 50-ml flask with magnetic stirrer and nitro- 
gen/vacuum/septum adapter. The solid was dried by gentle warming 
under vacuum, and the flask then filled with nitrogen. Anhydrous 
ether (15 ml) was injected, and stirring begun to give a white sus
pension. An ice bath was placed around the flask, and 2.3 ml of 
methyllithium in ether (Ventron, 2.0 M) was injected (10 min). After 
10 more min, the ice bath was removed. After 18 h, the brown sus
pension was treated with 15 ml of water. The turbid yellow aqueous 
layer was syringed away from the clear yellow ether layer, and the 
wash was repeated. After drying over ptassium carbonate, transferral 
to another flask, and slow evaporation to less than 1 ml (through a
6-in. Vigreux column), benzene (0.100 ml) was added as internal 
standard. NMR analysis showed about 40% yield of 7-methyltetra- 
cyclo[4.2.0.02-4.03-5]octane (XI) and a much smaller amount (possibly 
10%) of I. These were collected from preparative GC (6% SE-30 col
umn; the peak for XI was ca. three times the area of that for I), and 
XI was characterized: IR (vapor, 10-cm cell) 3160 vw. 3070 m, 2980 
s, 2960 s, 2890 w, 1450 w, 1380 w, 1120 w, 775 cm-1 m; NMR complex 
pattern from 6 1.0-2.3, showing a three-proton doublet at 1.08 (J = 
6 Hz) and strong broadened “ singlets” at 1.85 and 2.15; MS (El) m/e 
(rel intensity) 120 (3), 106 (1), 105 (10), 92 (6), 91 (13), 79 (14), 78 (100), 
77 (15), 52 (10), 51 (14), 41 (9); MS (Cl) m/e 135 (M + 15,3), 121 (7), 
119 (16), 107 (6), 105 (30), 93 (52), 91 (29), 80 (8), 79 (100), 78 (19).

Vapor-Phase Pyrolysis o f I. A 1-cm o.d. Pyrex tube, packed with 
20 cm of small Pyrex rings (washed with aqueous ammonia, then 
dried), was placed in a vertical tube furnace, topped with a septum, 
and with a small trap and outlet to vacuum at the bottom. The ap
paratus was evacuated (ca. 0.03 Torr) and a bleed valve, improvised 
from a 10-m1 syringe needle, used to provide a 2-5 Torr nitrogen 
pressure to sweep samples through the tube. Injections of 0.1 ml of 
I in pentane (7 mg/ml) were passed through the tube and collected 
in the cold (liquid nitrogen) trap at the outlet. After 5 min, the system 
was filled with nitrogen, the trap allowed to warm to room tempera
ture, and the contents analyzed. The sole significant product of the 
pyrolyses was cyclooctatetraene, as shown by coinjection with an 
authentic sample on 6% Carbowax 20M, 6% OV-1, and 10% QF-1 
columns, and by comparison of the product’s mass spectrum with that 
of authentic cyclooctatetraene. Pyrolyses were carried out at several 
temperatures ranging from 260 °C (<10% conversion) to ca. 450-500 
°C (complete conversion). In no case was any discoloration of the 
column observed.

Reaction o f I with IV-Phenyltriazolinedione at 140 °C. In a
Pyrex tube containing a small stirring bar were placed 110 mg (1.06 
mmol) of I, 350 mg (2.0 mmol) of triazolinedione, and 3 ml of chloro- 
naphthalene (Eastman, vacuum distilled). The tube was chilled and 
sealed under vacuum, then heated in a bath of refluxing xylene for 
52 h in the dark. After cooling, the tube was opened and the contents 
were removed. After evaporation (high vacuum, gentle warming), the 
dark solid product was subjected to preparative TLC (silica gel, ether) 
to give the fractions listed below. (1) Rf 0: the mass spectrum of this 
dark, immobile fraction indicated the presence of diadduct(s), and 
this fraction was not characterized further. (2) Rf 0.1, ca. 10 mg of 
yellowish solid. The mass spectrum indicated this to be a 1:1 adduct; 
NMR showed the IV-phenyl moiety. (3) Rf 0.45, 126 mg (44%) of 
material identified as XII by the near-perfect match of its IR spec
trum, NMR spectrum (90 MHz), and melting point to those of an 
authentic sample.22 (4) Rf 0.8, ca. 10 mg of yellowish solid; NMR and 
mass spectra were obtained. This fraction was later shown to be XIII 
by comparison with a pure sample obtained and characterized in a 
later experiment.

Deuteration o f I. Single Treatment. I (150 mg) in 1.2 ml of an
hydrous ether was dripped into 4 ml of 1.6 M n-butyllithium in hexane 
(Aldrich) at room temperature under nitrogen, and stirred for 1 h. The
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T able IV

Initial spectrum Final spectrum Shift, ppm

1.86 (broadened s, 3 H) 2.7 ( d , J ^  5 Hz, 1H ) 0.8
5.4 (d, J ^  6 Hz, 2 H) 3.5

3.01 (d, J c* 7 Hz, 1 H) 5.7 (d, J ^  7 Hz) 2.7
4.15 (broadened s, 2 H) 8.2 (s) 4.1
5.68 (“ tr” , J ^  7 Hz, 1 H) 6.2 (“ tr” , J  ^  7 Hz) 0.5
6.25 (m, 1 H) 6.7 (“ tr” , J ^  7 Hz) 0.4
7.4 (m, 5 H, aromatic) 7.8 (m, 3 H) 0.4

12.9 (d, J  7 Hz, 2 H) 5.5

flask was then chilled in dry ice, and 1.0 ml of deuterium oxide was 
injected dropwise; the dry ice was then removed. The water was pi
petted from the flask, and the remaining solution was dried over an
hydrous potassium carbonate. Preparative GC (6% SE-30 column) 
gave ca. 100 mg of hydrocarbon. NMR of this indicated ca. 33% deu- 
teration of the bicyclobutane bridgehead (positions 3 and 4); it also 
showed ca. 10% contamination by n-octane (from the butyllithi- 
um).

Deuteration o f I. Repeated Treatment. I (0.251 g, 2.4 mmol) 
in 1.2 ml of anhydrous ether was placed in a dry, nitrogen-filled 25-ml 
flask with a magnetic stirrer and a septum/nitrogen inlet. n-Butyl- 
lithium (1.6 M in hexane, 2.5 ml, 4.0 mmol) was injected and the so
lution was left to stir at room temperature for 3 h. The flask was 
chilled in dry ice and 0.075 ml (4.2 mmol) of deuterium oxide injected. 
The dry ice was then removed, and after 15 min 4.0 ml (6.4 mmol) of 
n -butyllithium in hexane was injected. After 5.5 h more, the flask was 
again chilled, and 0.110 ml of deuterium oxide 16.1 mmol) was in
jected. The dry ice was removed, and 5.0 ml (8.0 mmol) of n-butyl- 
lithium in hexane injected. After a final 12-h wait, the flask was chilled 
again and 1.0 ml of deuterium oxide injected dropwise. Potassium 
carbonate was added after several minutes to take up excess moisture; 
preparative GC gave 0.164 g of material. NMR analysis showed this 
to be a mixture of 0.10 g of deuterated I and 0.06 g of n-octane. Inte
gration of the NMR spectrum showed that the former was 75% deu
terated at the 3 and 4 positions.

Reaction o f 3,4-Dideuteriotetracyclo[4.2.0.02’4.03-5]oct-7-ene 
with .V-Phenyl triazolinedione at 140 °C. This reaction was carried 
out as previously described, using 0.10 g of deuterated I (75% in the 
3 and 4 positions) and 330 mg of triazolinedione. Reaction was con
tinued for 24 h, and the product, deuterated XII, was isolated as be
fore, and in the same yield: NMR b 2.05 (4.5 H), 5.1 (2 H), 7.5 (5 H); 
at 90 MHz, the central two-proton signal shows as a triplet, J = 3 Hz; 
MS (El) mle (rel intensity) 282 (21), 281 (100), 280 (40), 120 (44), 119
(57) , 118 (20), 106 (24), 105 (47), 104 (30), 93 (42), 92 (32), 91 (32). Shift 
reagent experiment: 24 mg of compound, in 0.3 ml of CDCl.i, was 
treated with weighed increments of solid “ resolve-Al EuFOD” (Al
drich) until the “ b” (see Discussion) proton set was clearly separated 
from the “ a” set (40 mg of shift reagent). At this point, the spectrum 
was b 2.5 (2 H), 2.8 (2.5 H), 7.9 (2 H), 7.1 (3 H), 10.0 (2 H). Confirma
tion of the first two signals as the respective sets noted above was 
accomplished by an identical experiment using undeuterated XII.

Reaction of I with IV-Phenyltriazolinedione in Benzene at 23 
°C. I (48 mg, 0.46 mmol) in 1.2 ml of benzene was added to 122 mg (0.7 
mmol) of triazolinedione in a tube with a small stirring bar. The 
mixture was closed and allowed to stir at room temperature in the 
dark for 24 h. Preparative TLC gave two fractions, as listed below: (1) 
58 mg (46%) of XII; (2) 8 mg (6%) of solid, mp 180-200 °C (201-204 
°C after recrystallization from hexane/chloroform; IR and NMR 
spectra were virtually unchanged by this however). IR (KBr) 3100 vw, 
3080 w, 3030 vw, 1775 m, 1705 vs, 1630 w, 1595 w, 1560 w, 1500 m, 1415 
s, 1360 w, 1320 w, 1275 w, 1255,1235 w, 1140 m, 1070 m, 775 m, 750 
m, 720 cm-1 m. For NMR (taken as a 3% solution in CDC13, with total 
added “Resolve-Al EuFOD” of 0,2,7,12,18,26, and 36 mg), see Table
IV. MS (El) m/e (rel intensity) 280 (12), 279 (78), 227 (10), 177 (18), 
160 (24), 119 (82), 118 (42), 117 (92), 104 (26), 103 (44), 91 (100), 90
(58) , 78 (44), 77 (45). High-resolution MS calcd for C16H13N3O2, 
279.1008; found, 279.1012. On the basis of this data, the structure XII 
was assigned to this compound.

Pyrolysis o f I in the Presence o f Hexafluoro-2-butyne. This 
experiment was carried out using a manifold of known volume. Into 
a 0.5-in. o.d. heavy-wall Pyrex tube (ammonia washed, then dried) 
were transferred, under vacuum by liquid nitrogen trapping, 0.104 
g (1.0 mmol) of I and 0.36 g (2.2 mmol) of hexafluoro-2-butyne 
(Peninsular Chemical Research, Inc. This reagent came in a cylinder 
under pressure. Fitting the cylinder with an additional valve adapted

to a glass joint allowed small increments of gas to be introduced into 
the manifold via the two valves). The tube (8-in. section) was sealed 
under vacuum, padded with glass wool, and placed inside a copper 
pipe which in turn was heated in a tube furnace to 190-200 °C for 24 
h. The tube was then cooled in dry ice, opened, and allowed to warm 
to room temperature (in the hood). The weight of brown oil obtained 
was 0.288 g; GC analysis of the mixture showed three major compo
nents (approximate ratio, in order of retention time, of 0.2:1:1), and 
a few small peaks at longer retention timé. The products were iden
tified by matching their properties with those of more thoroughly 
characterized samples prepared from cyclooctatetraene. The first 
component was identified as XVI by its Cl mass spectrum and its GC 
behavior. The other two components were isolated by preparative GC 
(6% SE-30 column). This gave 55 mg of the second component, which 
was identified as XVII by its 4H NMR spectrum, its IR spectrum, and 
its El and Cl mass spectra; the 19F NMR noted under the full char
acterization was also taken on this sample. The third component was 
isolated in 56-mg amount, and identified as XVIII by the same series 
of spectral methods; the 19F NMR and the proton decoupling exper
iment noted below were also performed on this sample.

Preparation o f l,2-Bis(trifluoromethylbenzene) (XVI), 7,8- 
Bis(trifluoromethyí)tricyclo[4.2.2.02'5]deca-3,7,9-triene (XVII), 
and l,8-Bis(trifluoromethyl)tricyclo[4.2.2.02’5]deca-3,7,9-triene 
(XVIII). Cyclooctatetraene (0.5 ml, 4.4 mmol) was placed in a 0.5-in. 
o.d. heavy-walled Pyrex tube, and an equal volume of hexafluoro- 
2-butvne was transferred in under vacuum. The tube was sealed and 
the mixture then heated to ca. 200 °C for 24 h. Preparative GC gave 
the three products, as described below. (1) 0.112 g (11%), identified 
as XVI: IR (neat) includes 1310 s, 1160 s, 1125 cm-1 s; NMR sym
metrical multiplet (collapsed A2B2 pattern) centered on & 7.73; MS 
(El) m/e (rel intensity) 214 (45), 195 (38), 164 (18), 145 (100), 125 (14), 
95 (16), 75 (26), 69 (15), 50 (19); MS (Cl) 215 (2.4), 214 (3.9), 196 (19), 
195 (100), 194 (18), 193 (5). (2) 0.345 g (30%), identified as XVII: IR 
(neat) 1670 m, 1360 m. 1315 s, 1295 vs, 1250s, 1185 vs, 1150-1140 vs, 
1030 m, 1010 m, 780 m, 710 cm-1 m; NMR matched that previously 
reported;28 I9F NMR 45 ppm from CFCU capillary (s); MS (El) m/e 
(rel intensity) 227 (3), 196 (3), 195 (5), 178 (3), 177 (11), 145 (12), 128
(9), 77 (4), 75 (8), 53 (6), 52 (100), 51 (14), 50 (10); MS (Cl) m/e (rel 
intensity) 295 (M + 29,2), 268 (4), 267 (28), 266 (4), 248 (23), 247 (93), 
246 (12), 223 (12), 227 (31), 183 (5), 93 (5), 79 (4), 67 (16), 53 (14), 52 
(100), 51 (27), 50 (10); UV (isooctane) end absorption (<210 700), Xmax 
221 nm (t 700). (3) 0.459 g (39%), characterized as XVIII: IR (neat) 
3140 vw, 3070 w, 3000 vw, 2960 w, 1645 w, 1595 w, 1555 vw, 1360 m, 
1330 s, 1285 s, 1180 vs, 1160-1150 s, 1055 m, 1030 m, 1015 m, 775 m, 
740 w, 695 cm-1 m; ‘ H NMR 6 2.8 (narrow m, 2 H), 3.55 (m, 1 H), 6.1 
(broadened s, 2 H), 6.45 (m, 3 H, containing a one-proton doublet, J 
= 7 Hz), 6.8 (d, J = 7 Hz, 1 H); a decoupling experiment showed that 
the multiplet at b 3.55 was coupled to the multiplet at b 2.8 and to the 
doublets at b 6.45 and 6.8; 19F NMR 46 and 51 ppm from CFCls cap
illary (equal quartets, J = 10 Hz); MS (El) m/e (rel intensity) 227 (2), 
197 (2), 196 (2), 195 (3), 177 (6), 151 (3), 145 (7), 128 (5), 75 (5), 69 (2), 
53 (4), 52 (100), 51 (8), 50 (6); MS (Cl) m/e (rel intensity) 295 (M + 
29) (2), 268 (2), 267 (12), 249 (3), 248 (33), 247 (100), 246 (13), 228 (9), 
227 (21), 81 (5), 79 (3), 67 (5), 53 (9), 52 (57), 51 (16), 50 (6); UV (iso
octane) end absorption («210 1100), Xmax 223 nm (t 1100), Xmax 271 nm 
(f 80). Anal. Calcd for C ,2H8F6: C, 54.14; H, 3.03. Found: C, 53.94; H,
2.95.

Thermal Equilibration o f XVII and XVIII. A sample of each 
isomer (ca. 30 mg) was sealed under vacuum into its own Pyrex tube, 
and both tubes were heated to 200 °C for 24 h. The NMR spectrum 
of each mixture was then taken and the two spectra were found to be 
nearly identical. From the integration, the XVIIhXVII ratio was 
about 6:1. Analysis by GC confirmed the near identity of the mixtures, 
and gave a similar ratio of XVIII to XVII. The GC trace also showed 
a peak at shorter, and two peaks at longer retention time than either 
starting material; from the NMR, these (minor) products appeared 
to be aromatics, but were not characterized further.

Tetracyclo[4.2.0.02,4.03’5]octane (XIX). In a 50-ml flask with 
magnetic stirring bar were placed 1.18 g of VII, 17 ml of AR 1-butanol, 
and 1.0 ml of 99% “ hydrazine hydrate” (Baker). The flask was stop
pered and stirring continued for 16 h; then the mixture was evaporated 
to give 1.23 g of a colorless, viscous mixture of hydrazone and azine 
(XX): IR (neat) 3360 w (broad), 3220 (broad), 3130 vw, 3060 w, 2970 
m, 1685 m, 1615 w, 1400 w, 1110 m, 745 cm-1 s; NMR b 1.8-3.3 (m) and
4.82 (s, removable by D2O), in area ratio 12:1; 13C NMR complex, but 
included b -1 .7  (d, 215), 8.7 and 8.9 (d, 210), 152.4 and 169.6 (s). Used 
for the reduction was a 50-ml flask with stirring bar and fitted with 
adapters leading to a trap cooled in ice. In the flask were placed 1.23 
g of mixed hydrazone and azine, 13 ml of AR ethylene glycol, 1.5 g of 
potassium hydroxide, and 0.7 ml of hydrazine hydrate. After the hy
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droxide was dissolved by gentle warming and stirring, the apparatus 
was completed as noted, and the flask was heated by an oil bath to 
180-185 °C for 2 h. after which two layers were visible in the trap. The 
flask was then brought to 200-210 °C for 2 h, by which time very little 
additional material was distilling over. After brief cooling, 2 ml of 
n-pentane was added to the pot and distilled over to rinse out droplets 
still in the adapters. The lower layer was pipetted from the trap, and 
the pentane solution dried over anhydrous potassium carbonate. 
Preparative GC (6% SE-30 column) gave 0.632 g of unpleasant
smelling, colorless XIX (61% from VII): IR (vapor, 10-cm cell) 3170 
vw, 3060 m, 2960 s, 2870 w, 1440 w, 1380 w, 1290 w, 1230 w, 1165 w, 
1120 m, 745 cm-1 s; NMR b 1.2-2.4, complex m, containing two major, 
roughly equal “ peaks” at 1.85 and 2.15; MS (El) m/e (rel intensity) 
106 (21), 105 (11), 104 (6), 103 (7), 92 (3), 91 (41), 79 (21), 78 (100), 77 
(25), 65 (10), 52 (12), 51 (21), 50 (11), 41 (6); MS (Cl) m/e (rel inten
sity) 107 (15), 105 (28), 93 (6), 91 (12), 80 (6), 79 (100), 78 (10). Anal. 
Calcd for C„Hi0: C, 90.50; H, 9.50. Found: C, 89.69; H, 9.68. For l:lC 
NMR data, see Table I.

Pyrolysis of XIX, '-480 °C. The apparatus used in this experiment 
was a modified version of that used for the vapor-phase pyrolysis of
1. The pyrolysis tube and the trapping arrangement were the same, 
but the column was topped by an apparatus allowing a capillary 
containing the reactant to be opened under vacuum by rotating a 
stopcock. The furnace was heated to ca. 480 °C, a sealed capillary 
containing ca. 30 mg of XIX was placed in the apparatus, and the 
whole apparatus was then evacuated (0.05 Torr). The trap was cooled 
in liquid nitrogen and the capillary was opened. After 5 min, the ap
paratus was filled with nitrogen, the trap was allowed to warm to room 
temperature, and the small amount of yellow, foul-smelling liquid 
product was separated by preparative GC (6% SE-30 column) into its 
two components. The first component was identified as benzene by 
its NMR and mass spectra. The second was identified as XXI by its 
IR and NMR s p e c tra .T h e  identity of XXI was confirmed by its 
conversion to ethylbenzene on treatment with hydrogen and 10% 
Pd/C catalyst, and by its conversion to dimethyl succinate by ozon- 
olysis (—78 °C, methanol/ether) followed by oxidation (hydrogen 
peroxide/formic acid, brief reflux) and subsequent diazomethane 
treatment. From the NMR spectrum of the crude mixture, the molar 
ratio of benzene to XXI was 1:2.7.

Pyrolysis of XIX, —430 °C. Apparatus and method were the same 
as for the higher temperature reaction, except that the furnace was 
set to ca. 430 °C and ca. 40 mg of XIX was used. GC analysis of the 
product showed six components, in about equal amounts (proportions 
varied significantly in the two times that this experiment was carried 
out, but all were present in isolable amounts both times). Preparative 
GC gave the components, which are listed in order of retention time 
(6% SE-30 column). NMR and IR were obtained of all, in CDCl.i so
lution: (1) identified as benzene; (2) identified as XXII by comparing 
its NMR and IR spectra with published descriptions; '2 (3) identified 
as starting XIX; (4) on the basis of its IR spectrum and its hydroge
nation (ether, 0 °C, 1 atm, 1 h, 10% Pd/C catalyst) to bicyclo-
[3.2.1]octane, '4 this fraction was identified as XXIV; (5) identified 
as XXI; (6) identified as XXIII by its IR and NMR spectra. "'

Irradiation of I through Quartz. A solution of I in hexane (1 ml, 
containing several milligrams of I) was placed in a quartz tube fitted 
with a stopcock, along with 10/d of 0.1% 2,6-di-feri-butyl-4-methyl- 
phenol in pentane. After four freeze-pump-thaw cycles at ca. 0.01 
Torr. the tube was filled with nitrogen and the stopcock closed. The 
sample was irradiated at ca. 20 °C for 5.5 h using a 450-W Hanovia 
mercury lamp. After irradiation, the yellow, foul-smelling solution 
was analyzed by GC, which showed a roughly 1:1 mixture of I and a 
product whose retention time matched that of cyclooctatetraene on 
both a 6% OV-1 and a 6% Carbowax 20M column. The identities both 
of recovered I and of the product were also confirmed by their mass 
spectra.

Treatment o f I with Silver Ion. Solutions of silver tetrafluoro- 
borate (D. F. Goldsmith Chemical and Metal Corp.) and of silver 
perchlorate (Alpha) were made up both in acetone and in THF, to ca. 
0.04 M concentration. To 0.2-ml portions of these solutions were 
added 1-drop portions of I in CDCl.i (containing 1-2 mg of I), and the 
mixture was analyzed by GC (6% OV-1 column) after 1, 15, and 30 
min. At 30 min, the mixture was quenched by addition of 1 ml of 
saturated aqueous sodium chloride, and the organic layer again an
alyzed. In all cases, there was observed rapid formation of a small to 
moderate proportion of a single product with retention time identical 
with that of cyclooctatetraene.

(4-Diehloromethyl)-3-tricyclo[3.1.0.02',i]hexanecarboxylic 
Acid Hydrazide (XXV). To 1.437 g (7.6 mmol) of V in 50 ml of glyme 
was added 0.50 ml (10 mmol) of hydrazine hydrate, with stirring. After
1.5 h of stirring at room temperature, the resulting slurry was evap

orated, then dried at 0.1 Torr overnight to give 1.618 g (96%) of 
cream-colored, finely crystalline solid. This substance was stable in
definitely in the solid state, but soon turned brown in Me-jSO solution; 
when heated, it turned black in the range 100-200 °C, without melt
ing. IR (KBr) 3340 s, 3050 w, 2940 w, 1625 vs, 1525 m, 1390 w, 1325 w, 
1265 m, 1225 w, 1195 w, 1130 w, 1065 w, lOlOw, 940 w, 885w,800 w, 
770 m, 730 cm“ 1 m; NMR (Me-jSO-dr,) 2.0-2.35 (m. 4 H), 2.35-2.65 
(m, 2 H), 3.3-5.1 (broad, 3 H), 5.9-6.3 (symmetrical m, 1 H); MS (Cl) 
m/e (rel intensity) 251 (1) and 249 (2) (M + 29), 225 (5), 224 (3), 223 
(28), 222 (5), 221 (43), 188 (3), 187 (32), 186 (10), 185 (100), 149 (9), 
137 (8), 133 (7), 127 (8), 125 (7), 121 (8), 95 (4), 91 (18), 79 (4). Anal. 
Calcd for ChH10N,CPO: C, 43.46; H, 4.56; N, 12.67; Cl, 32.07. Found: 
C, 42.49; H, 4.46; N, 13.30; Cl, 31.80. For l:1C NMR data, see Table
III.

(4-Dichloromethyl)-3-tricyclo[3.1.0.02"]hexanecarboxamide 
(XXVI). Into a dry, nitrogen-filled 50-ml three-necked flask with 
septum, dry ice cold finger condenser topped with a stopcock, and an 
inlet tube were condensed a few milliliters of ammonia. Anhydrous 
ether (20 ml) was injected, followed by 0.447 g (2.52 mmol) of V in 1 
ml of ether (dropwise over 1 min). After 1 h, a stream of nitrogen was 
passed through the flask until the solvent had evaporated, leaving a 
white deposit. This was dried overnight at 0.1 Torr at room temper
ature to give 0.38 g (73%) of product: mp 123-124.5 °C dec; IR (KBr) 
3400 s, 3190 m, 2860 vw, 1650 vs, 1620 m/s, 1430 m, 1295 m, 1285 m, 
1265 w, 1220 w, 1140 w, 1125 m, 980 w, 805 w. 760 m, 745 cm~' m; 
NMR (Me_>SO-d<;) b 2.1-2.4 (m, 4 H), 2.62 (broadened s. 1 H), 2.71 
(broadened s, 1 H), 6.23 (pentuplet, J -  5 Hz. 1 H), 6.8 (br, 1 H). 7.4 
(br, 1 H); ms (Cl) m/e (rel intensity) 210 (6), 209 (3). 208 (31), 207 (4), 
206 (49), 172 (34), 170 (100), 134 (9), 127 (20), 122 (20., 91 (46), 79 (10); 
MS (El) m/e (rel intensity) 172 (1), 170 (3), 127 (16). 125 (43), 123 (20), 
122 (82), 92 (6), 91 (57), 90 (7), 89 (18), 85 (17). 83 (27 ). 80 (10), 79 (98). 
78 (16), 77 (35), 65 (19), 63 (15), 52 (13), 51 (17), 44 (100). Anal. Calcd 
for ChH.,C1l.NO: C, 46.62; H, 4.40; Cl, 34.41; N, 6.80. Found: C, 46.81; 
H, 4.42; Cl, 34.62; N, 6.86.

Ar,(V-Dimethyl-(4-dichloromethyl)-3-tricyclo[3.1.0.02"]hex- 
anecarboxamide (XXVII). A dry, 50-ml, three-necked flask was set 
up with cold finger condenser with bubbler outlet, septum/stopcock 
inlet, stopper, and magnetic stirrer. After flushing with nitrogen, the 
flask was chilled in drv ice and the condenser filled with dry ice. 
Several milliliters of dimethylamine (Matheson) were condensed in 
via the stopcock; this was withdrawn as completely as possible with 
a chilled syringe, and 2 ml was returned to the flask. Next, 15 ml of 
anhydrous ether was injected and stirring commenced. V (0814 g, 2.32 
mmol) was syringed in (5 min), then after another 5 min the dry ice 
bath was removed and the solution allowed to come to room tem
perature. After 4 h at room temperature, the light yellow solution was 
evaporated to give 1.01 g of light yellow oil (99%). IR, NMR, and GC 
analysis indicated that starting V was absent. The product turned 
black and viscous at room temperature after a few' days in chloro- 
form-d solution; GC analysis (6% OV-1 column) was unsuccessful. IR 
(neat) 3140 w, 3050 w, 2990 w, 2950 m, 1660 s, 1490 m, 1410 m, 1395 
m, 1255 w, 1145 m, 1115 m, 760 m, 735 cm” 1 m; NMR b 1.90-2.55 (m, 
4 H), 2.55-3.39 (m, 2 H), 2.91 (s, 3 H), 3.10 (s, 3 H), 5.95 (d, J = 9 Hz,
1 H); MS (Cl) m/e (rel intensity) 238 (10), 237 (8), 236 (62), 235 (18), 
234 (100), 233 (11), 200 (28), 199 (12), 198 (85), 180 (23), 162 (23), 150
(22), 72 (89). For 1:IC NMR data, see Table III.
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Analogues of Sparteine. 3. Synthesis and Conformational Studies 
of Some 2,3-Substituted 7-Methyl-3,7-diazabicyclo[3.3.1]nonanes
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Three 3,7-disubstituted 3,7-diazabicyclo[3.3.1]nonanes having 2-exo alkyl substituents (4a-c) were found to 
adopt boat conformations with respect to the rings bearing the 2 substituents. The first two compounds were syn
thesized by addition of Grignard reagents to aldimmonium ion 5, the last by similar addition to aldimine 10 fol
lowed by introduction of the N-3 benzyl group. Evidence in favor of the configurational assignments was obtained 
from the IR and NMR spectra, and in the case of 4a, by comparison of its spectral and physical properties with 
those of its epimer (8). The conformational preference of 4a-c was compared to that of other 3,7-diazabicyclo[3.3.1]- 
nonanes and to that of the alkaloid sparteine (1).

By various approaches, the C rings of sparteine (1) and
o-isosparteine (2) have been shown to prefer the boat and 
chair conformations, respectively.1 Together, the B and C 
rings of these alkaloids constitute the 3,7-diazabicyclo[3.3.1] - 
nonane (bispidine) moiety (3). Interest in the structure of this 
and other bicyclo[3.3.1]nonanes has centered mainly on var
iants at the 3,7 and 9 positions,2 with less attention focused 
on variants at the 2 position.

N ,N'-Dim ethylbispidine (3, R =  CH.j) has been shown to 
exist in a double-chair conformation, qualitatively similar to 
that of the inner rings of 2, based on N M R  spectral features, 
physical properties (dipole moment, basicity), and on 
L C A O -M O  calculations.2 Our attention was directed toward 
the influence of 2-alkyl substituents on the conformation of 
this ring system. It was anticipated that 2-exo alkyl systems
(4),4 being configurationally similar to 1, would adopt chair- 
boat conformations similar in respect to the inner rings of 1. 
In this paper, we describe synthetic routes which furnished 
several 2-alkyl derivatives of 3, and some conformational 
features of these compounds.

Results and Discussion
Oxidation of 3 (R =  CHR followed by reaction of the re

sulting aldimmonium ion (5) with méthylmagnésium iodide

* Address correspondence to this author at the School o f Pharmacy. The 
University o f  Georgia, Athens, Ga. 30602

* Professor Smissman died on July 14, 1974.

4a CH3 CH3
b CH3 I-CjH; 
c CH2Ph CH3

had been expected to give 4a (Scheme I). However, oxidation 
of Af,N'-dimethylbispidine with excess mercuric acetate in

Scheme I

/  \  ''>+ CH.Mel
3, R = CH3 —*- CHaN ) NCH) ■■■■ ■ > 4a 

\___¿-¿7
5

5% aqueous acetic acid5 gave 71% of a waxy solid that had 
strong IR absorption at 6.10 p and a molecular ion of m/e 
168.1261 in its mass spectrum. From these spectral features, 
we concluded that the product was bicyclic lactam 6, rather 
than 5.4 Oxidation of other cyclic diamines to lactams under 
these conditions has been reported.6 Treatment of 3 (R =

A / — 1\ \
nch3 ch3n )  NCH:1

\__ i/  /
\ \

0 och3
6 7

CH.d as before, except using 33% acetic anhydride in acetic 
acid as solvent, furnished 5, which was isolated (31%) as the 
diperchlorate salt. It exhibited C = N + absorption at 5.90 p in 
its IR spectrum,53 and a broad signal at 8.97 ppm ,lc due to the 
presence of the H C = N + group, in its N M R  spectrum. Con
version of 5 to its free base in the presence of methanol gave 
the N,0- acetal 7 as evidenced by spectral features. Its N M R  
spectrum had an O CH ;! singlet and an N C H O  doublet cen
tered at 3.30 and 3.90 ppm, respectively, and no signals at 
lower field. Its IR spectrum had no bands in the C = N + region. 
Treatment of 5 with excess methylmagnesium iodide (Scheme
I) gave a product (89%) tentatively assigned as that of exo 
addition (4a). Its N M R  spectrum displayed one CCH ;! doublet 
centered at 1.00 ppm, signifying the presence of a single di- 
astereomer. In order to substantiate this configurational as
signment, the endo diastereomer (8) was required for com
parison.

Reaction of 6 with excess methylmagnesium iodide in re-
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fluxing ether, followed by treatment of an ethereal solution 
of the base with excess perchloric acid, furnished ketimmon- 
ium salt 9 (40%) which had a characteristic C = N + band at
5.90 n in its IR spectrum. Sodium borohvdride reduction of 
9 in water gave 98% of a single diastereomer 8 as evidenced by 
the appearance of a single CCH3 doublet centered at 1.10 ppm 
in its NMR spectrum. Inspection of molecular models of 9 
indicated much less hinderance to exo relative to endo nu
cleophilic addition. This, along with the known7 sensitivity 
of sodium borohydride to steric factors, was the basis for the 
endo- 2-methyl configurational assignment.

Compound 8 had a GLC retention time of 1.39 relative to 
4a. Also, 8 and 4a differed in their IR spectral “ fingerprint” 
regions, NMR spectra, and melting points as dihydrobromide 
salts. By deduction, we concluded that 4a was the 2-exo iso
mer, and that addition of Grignard reagents to 5 proceeded 
stereospecifically. Since 4b was prepared in the same manner 
as 4a (Scheme I), it too was assigned the 2-exo configura
tion.4

Information regarding the conformations of the 2-alkyl 
substituents of 4a,b and 8 was provided by inspection of the 
respective IR and NMR spectra. The NMR spectrum of each 
compound exhibited signals between 2.60 and 3.10 ppm which 
integrated for three protons (Table I). Protons in this region 
of the NMR spectra of related compounds have been postu
lated to be gauche to the nitrogen lone pairs, with other N- and 
C-aliphatic protons appearing upfield from these.8 This sug
gested an equatorial orientation of the 2-alkyl groups in each 
of these compounds. Comparison of the IR spectra of N,N'- 
dialkylbispidines (3)9 with those of 4a,b and 8 indicated 
considerable similarity in regard to appearance and intensity 
of Bohlmann (trans) bands, centered at ca. 3.6 /u. The intensity 
of these has been shown to be proportional to the number of 
C-H bonds anticoplanar to the nitrogen lone pairs.10 This 
indicated that 3, 4a, 4b, and 8 all had the same number of 
these bonds, and that the alkyl groups in the last three were 
equatorial, in agreement with the NMR spectral findings.

In order to substantiate further the equatorial conforma
tional assignment of the 2-exo alkyl substituents in 4a,b, we 
wished to prepare the N-benzyl analogue (4c) for NMR 
spectral analysis. In the related /V-benzyl-2-alkylpiperidines, 
the benzylic methylene protons appear as a singlet if the 2- 
alkyl substituent is axial, and as an AB quartet if it is equa
torial.11’12 *

Compound 4c was prepared as shown in Scheme II. Oxi
dation of N-methylbispidine with N-chlorosuccinimide18

Scheme II

2 V aCH3N )  NH
\___Z _ v

1. NCS
2. Na2C03

f
ch3n

\
1 .  C H jL i

2. EhCOCI
3. LiAlH,

10

Table I. NMR Spectral Features of Af,AT-Dimethylbispidine 
and 2-Alkyl Derivatives'2

ch3n \ nch3

Ri

Protons
gauche

Compd R, r 2 CCH3, 5 NCH3, 5 to N*
3 H H 2.15, 2.15 4
4a CH, H 1.00

(d, J = 6 Hz)
2.08, 2.17 3

4b ¡-C3H7 H 0.77, 0.88 
(d, J= 6 Hz)

2.08, 2.12 3

8 H CH, 1.10
(d, J= 6 Hz)

2.11, 2.11 3

"Spectra were taken using benzene as solvent. Chemical
shifts are in parts per million relative to internal tetrameth 
ylsilane. ^Calculated from the relative integrated intensity 
of the spectrum between 2.60 and 3.10 ppm.8

multiplet centered at 7.86 ppm (H C =N )14 * and absorbance 
at 6.00 g (C=N) in its NMR and IR spectra, respectively. This 
suggested that the initially isolated salt was nonmonomeric, 
but that the free base was monomer 10. Other features in the 
above spectra and in the mass seectrum of the free base were 
consistent with this structural assignment. In contrast to 10, 
monocyclic aldimines 11 and 12 have been shown to exist

R

11 12
predominantly and exclusively as trimers, respective
ly  .13b, 15

Treatment of 10 with methyllithium, followed by benzoy- 
lation of the resulting secondary amine and subsequent re
duction of the benzamide with lithium aluminum hydride, 
gave 4c (Scheme II). The low overall yield (6%) of this se
quence was due primarily to the difficulty encountered in 
reduction of the benzamide—this proceeded in only 17% 
yield.16 Other approaches to the synthesis of 4c proved even 
less satisfactory.

The NMR spectrum of 4c monoperchlorate exhibited a 
singlet at 3.77 ppm, representative of the N-benzylic meth
ylene protons. The lack of observable nonequivalence of these 
protons signified an axial orientation of the 2-methyl group.11 
In addition, this indicated that 4c resulted from exo addition 
of methyllithium to 10, since the ring system of this salt was 
assumed to adopt the double chair conformation (Chart I).

Chart I. Conformation of 4c Monoperchlorate

followed by treatment of the unstable N'-chloro intermediate
with base gave a product thought to be aldimine 10, as the
monoperchlorate salt in 67% yield. While this product had the
expected elemental composition, it lacked spectral features
characteristic of the presence of an aldimine moiety. When
it was converted to the free base, it exhibited a one-proton

(The inner rings of 1 monoperchlorate have been shown to 
adopt a similar conformation.17) Conversion of 4c monoper
chlorate to the free base caused the N-benzylic methylene 
protons to appear as an AB quartet in the NMR spectrum, 
which indicated that the 2-methyl group was now equatori
al."
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Conformation of the Ring Systems in 4a-c. The 3,7- 
diazabicyclo[3.3.1]nonane (bispidine) ring system may assume 
any of three nondistorted orientations (A-C). Its 3,7-dimethyl

derivative (3, R = CH:!) has been shown to exist as A.:! How
ever, structural modifications of this system have been found 
to alter this preference. Its 9-phenvl-9-hydroxy derivative has 
been shown to exist in the chair-boat form (B), on the basis 
of strong transannular hydrogen bonding seen in its IR spec
trum.21 The 1,5-diphenyl derivatives (13a,b) have also been

A
r \ R ? s  R i r >

CH:,N \  NCR, 13a (= 0 )
\---- ¿ ¿ V  b H OH

Ph
postulated to prefer this conformation, based on spectral and 
dipole moment studies. 18 The spectral evidence described 
above indicated that the 2-exo-alkyl groups in 4a-c were all 
equatorial. Thus, the 2-substituted ring of each of these 
compounds exists in the boat conformation, and either B or 
C may represent their ring systems. Of these, B appears to be 
favored owing to unfavorable steric interactions present in C; 
however, the spectral characteristics we observed do not rule 
out the presence of the latter conformer.

Assuming that B represents the preferred conformer of 
4a-c, these compounds are not only configurationally similar 
to the inner rings of (i)-sparteine, but are qualitatively similar 
to them conformationally.

Experimental Section
M e l t i n g  p o i n t s  w e r e  t a k e n  o n  a  T h o m a s - H o o v e r  c a p i l l a r y  m e l t i n g  

p o in 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 .  I n f r a r e d  s p e c t r a  ( I R )  w e r e  t a k e n  

o n  a  B e c k m a n  I R  3 3  s p e c t r o p h o t o m e t e r .  N u c l e a r  m a g n e t i c  r e s o n a n c e  

s p e c t r a  ( N M R ) w e r e  o b t a i n e d  u s in g  a  V a r í a n  T -6 0  s p e c t r o m e t e r  w i t h  

t e t r a m e t h y l s i l a n e  a s  in t e r n a l  s t a n d a r d .  E l e c t r o n  im p a c t  m a s s  s p e c t r a  

( E I M S )  w e r e  r e c o r d e d  u s i n g  a  V a r í a n  C H 5  s p e c t r o m e t e r ,  a t  7 0  e V .  

T h e  c h e m i c a l  io n i z a t i o n  m a s s  s p e c t r u m  ( C I M S )  w a s  o b t a i n e d  u s in g  

a  F i n n e g a n  1 0 1 5  s p e c t r o m e t e r  w i t h  i s o b u t a n e  a s  io n iz in g  g a s .  E l e 

m e n t a l  a n a l y s e s  w e r e  o b t a i n e d  o n  a  H e w l e t t - P a c k a r d  1 8 5 ,  C ,  H ,  N  

a n a ly z e r ,  a n d  f r o m  M i d w e s t  M ic r o la b ,  In c . ,  I n d ia n a p o l i s ,  In d . A n a l y t i c  

g a s - l i q u i d  c h r o m a t o g r a p h y  ( G L C )  w a s  p e r f o r m e d  w i t h  a  F  &  M  8 1 0  

g a s  c h r o m a t o g r a p h  u s i n g  f l a m e  i o n iz a t io n  d e t e c t i o n ;  c a r r i e r  g a s  h e 

l i u m  ( 3 0  m l/ m in ) ;  d e t e c t o r  g a s e s  h y d r o g e n  ( 5 5  m l / m i n ) ,  c o m p r e s s e d  

a i r  ( 2 5 0  m l/ m in ) ;  c o l u m n s  6  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  

D o w f a x  9 N 9  K O H  s u p p o r t e d  o n  8 0 - 1 0 0  m e s h  a c i d - w a s h e d  D M C S -  

t r e a t e d  H P  C h r o m o s o r b  G ;  in s t r u m e n t  t e m p e r a t u r e s ,  i n je c t i o n  p o r t  

( 2 1 0  ° C ) .  d e t e c t o r  ( 2 2 5  ° C ) ,  o v e n  ( 1 2 5 - 1 7 0  ° C  i s o t h e r m a l ) .

General Methods. A l l  r e a c t i o n s  i n v o l v i n g  a i r - s e n s i t i v e  r e a g e n t s  

w e r e  c a r r i e d  o u t  u n d e r  d r y  n i t r o g e n .  W o r k u p  o f  o r g a n i c  e x t r a c t s ;  s o 

lu t io n s  o f  p r o d u c t s  w e r e  d r ie d  w it h  a n h y d r o u s  s o d i u m  s u l f a t e ,  f i l t e r e d ,  

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

r a t o r  ( 1 0 - 4 0  m m )  a t  w a t e r  b a t h  t e m p e r a t u r e s  o f  4 0  ° C  o r  l e s s .  F r e e  

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

a n d  1 0 %  a q u e o u s  s o d i u m  h y d r o x i d e .  E t h a n o l  w a s  a d d e d  t o  in c r e a s e  

t h e  r a t e  o f  e q u i l i b r a t i o n  in  t h e  c a s e  o f  w a t e r - i n s o l u h l e  s a l t s .

IV-Methylbispidine a n d  N ,N '  -dimethyl bispidine w e r e  o b t a i n e d  

a s  d e s c r i b e d  p r e v i o u s l y . 11

3.7- Dimethyl-3-azonia-7-azabicyclo[3.3.1]non-2-ene ( 5 ) .  T o

1 0 0  m l  o f  c o ld  3 3 %  v / v  a c e t i c  a n h y d r i d e  in  g l a c i a l  a c e t i c  a c i d  w e r e  

a d d e d  1 . 3  g  (8 .4  m m o l)  o f  A . / V '- d i m e t h y l b i s p i d i n e  a n d  1 0  g  ( 3 1  m m o l)  

o f  m e r c u r ic  a c e t a t e .  T h e  s o lu t io n  w a s  h e a t e d  t o  4 0  ° C  f o r  5  m in ,  t h e n  

a l l o w e d  t o  s t a n d  f o r  9 6  h  a t  r o o m  t e m p e r a t u r e .  T h e  s u s p e n s i o n  w a s  

f i l t e r e d  a n d  t h e  f i l t r a t e  w a s  s a t u r a t e d  w i t h  h y d r o g e n  s u l f i d e ,  f i l t e r e d ,  

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

d i s s o l v e d  in  2 5  m l o f  c h lo r o f o r m ,  a n d  t h e  s o l u t i o n  c o o le d  in  ic e  a n d  

e q u i l i b r a t e d  w i t h  2 0  m l o f  i c e - c o l d  2 0 %  a q u e o u s  s o d i u m  h y d r o x i d e .  

T h e  a q u e o u s  p h a s e  w a s  e x t r a c t e d  t h r e e  m o r e  t i m e s  w i t h  3 0 - m l  p o r 

t i o n s  o f  c o ld  c h lo r o f o r m .  T h e  c o m b i n e d  e x t r a c t s  w e r e  c o n c e n t r a t e d ,  

l e a v i n g  a  l ig h t  y e l lo w  o i l .  T h i s  w a s  d i s s o l v e d  in  e t h e r ,  c o o le d ,  a n d  

t r e a t e d  w i t h  e x c e s s  a q u e o u s  e t h a n o l i c  p e r c h lo r i c  a c id .  T h e  d i p e r 

c h lo r a t e  s a l t  s e p a r a t e d  f r o m  a lc o h o l  a s  w h i t e  c r y s t a l s :  1 . 3 0  g  ( 3 1 % ) ;  

m p  2 5 1 - 2 5 3  ° C  d e c ;  I R  ( K B r )  3 . 2 3  ( s ) ,  3 . 3 4  ( w ) .  3 . 5 5  ( w ) , 5 .9 0  ( s .  

C = N + ) ,  6 .8 5  ( s ) ,  9 .2 2  m <s , C 1 0 4" ) ;  N M R  ( D - ,0 )  6 2 .2 0  ( t .  J =  2  H z ,  2 , 

C H ,  b r i d g e )  3 . 0 1  ( s ,  6 , + N C H ,) ,  4 .6 7  ( s ,  2 ,  H D O ) .  8 .9 7  ( m , W ,  . =  9  

H z , 1 ,  H C = N + ).

A n a l .  C a l c d  f o r  C ! iH | kC I 2 N 2 0 h: C ,  3 0 . 6 1 ;  H , 5 . 1 4 ;  N ,  7 .9 3 .  F o u n d ;  

C ,  3 0 .8 4 ;  H ,  4 .8 0 ;  N ,  7 . 2 1 .

Reactivity of 5 .  A .  With Methanol. T h e  p e r c h l o r a t e  s a l t  o f  5  ( 1 0 0  

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

h o l - f r e e  c h lo r o f o r m  a n d  3  m l o f  1 5 %  a q u e o u s  s o d i u m  h y d r o x i d e .  T h e  

c o n c e n t r a t e d  r e s i d u e  w a s  d i s s o l v e d  in  5  m l  o f  m e t h a n o l ,  t h e  s o l u t i o n  

r e d u c e d  t o  d r y n e s s ,  t h e  r e s i d u e  t a k e n  u p  in  5  m l o f  b e n z e n e ,  a n d  t h is  

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

a c e t a l  7  a s  a  y e l lo w  o i l :  N M R  ( C D a O D )  o 2 . 1 1  a n d  2 . 3 3  ( s ,  6 , N C H :d ,

3 .3 0  (s , O C H :t), 3 .8 8  (d . -7 =  2  H z .  1 .  c a r h i n o la m in e  C H ) ,  1 . 3 0 - 3 . 1 0  ( 1 0 ,  

r e m a i n i n g  p r o t o n s ) .

B. With Grignard Reagents. 2-exo,3,7-Trimethyl-3,7-diaza- 
bicyclo[3.3.1]nonane (4a) w a s  m a d e  b v  a d d i t i o n  o f  0 . 3 5  g  ( 1 m m o l)  

o f  5  d i p e r c h l o r a t e  t o  1  m l  o f  a  c o ld  ( — 2 0  ° C )  2 .7  M  s o l u t i o n  o f  m e t h -  

y l m a g n e s i u m  io d id e  in  e t h e r .  A f t e r  s t i r r i n g  f o r  2 4  h  a t  r o o m  t e m p e r 

a t u r e ,  t h e  e x c e s s  G r i g n a r d  r e a g e n t  w a s  d e s t r o y e d  w i t h  3 0 %  a q u e o u s  

a m m o n iu m  c h lo r i d e .  T h e  m i x t u r e  w a s  t r e a t e d  w i t h  e x c e s s  2 0 %  

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

d e c a n t e d ,  m a d e  s t r o n g l y  b a s i c  w i t h  2 0 %  a q u e o u s  s o d i u m  h y d r o x i d e  

( 5  m l) ,  a n d  e x t r a c t e d  w it h  f o u r  1 5 - m l  p o r t io n s  o f  e t h e r .  T h e  c o m b in e d  

e t h e r e a l  e x t r a c t s  w e r e  w o r k e d  u p  t o  g i v e  0 . 1 5  g  (8 9 % )  o f  a  c o lo r le s s  

l iq u id :  I R  ( n e a t )  3 . 4 0 ,3 . 5 8 ,  7 . 8 4 , 8 . 1 0 , 8 . 7 0 , 9 . 0 5 , 9 . 2 6 . 9 . 5 2 , 9 . 7 6  n\ N M R  

( T a b l e  I ) ;  E I M S  m /e  1 6 8  ( M ) ,  5 8  ( B ) .  T r e a t m e n t  o f  a  c o ld  e t h e r  s o 

lu t io n  o f  t h i s  b a s e  w it h  a  2 4 %  s o lu t io n  o f  h y d r o b r o m ic  a c id  in  a q u e o u s  

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

s e p a r a t e d  f r o m  a l c o h o l - a c e t o n e  a s  w h i t e  p l a t e s ,  m p  2 6 6 - 2 7 0  ° C  

d e c .

A n a l .  C a l c d  f o r  C i o H 2 2 B r 2 N 2: C ,  3 6 . 3 8 ;  H ,  6 .7 2 ;  N ,  8 .4 8 .  F o u n d :  C ,  

3 6 ,5 4 :  H ,  6 .7 5 ;  N ,  8 .2 2 .

T h e  f r e e  b a s e  w a s  p r e p a r e d  f r o m  a  p o r t i o n  o f  t h i s  s a l t :  G L C  ( 1 3 0  

° C )  r e t e n t i o n  t i m e  5 .6  m in ,  c a .  1 0 0 %  p u r i t y .

2-exo-Isopropyl-3,7-dimethyl-3,7-diazabicyclo[3.3.1]nonane 
(4b) w a s  p r e p a r e d  b y  a d d i t i o n  o f  a  s u s p e n s i o n  o f  1 . 3  g  ( 3 .7  m m o l)  o f  

5  d i p e r c h l o r a t e  in  5  m l  o f  d r y  t e t r a h y d r o f u r a n  t o  8  m l  o f  a  s t i r r e d  1 . 2 5  

M  s o lu t io n  o f  i s o p r o p y l m a g n e s i u m  b r o m id e  in  t e t r a h y d r o f u r a n .  T h e  

m i x t u r e  w a s  s t i r r e d  a n d  r e f l u x e d  f o r  4 2  h  a n d  c o o le d ,  a n d  t h e  e x c e s s  

G r i g n a r d  r e a g e n t  d e s t r o y e d  a s  a b o v e .  T h e  s o l v e n t  w a s  r e m o v e d  in  

v a c u o .  T o  t h e  r e s i d u e  w a s  a d d e d  5  m l  o f  w a t e r .  T h e  m i x t u r e  w a s  a d 

j u s t e d  t o  p H  7  b y  a d d i t i o n  o f  1 0 %  a q u e o u s  h y d r o c h l o r i c  a c i d ,  t r e a t e d  

w i t h  2 0 %  a q u e o u s  p o t a s s i u m  f l u o r i d e ,  a n d  c e n t r i f u g e d .  T h e  s u p e r 

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

p e l le t s  a n d  e x t r a c t e d  w it h  f o u r  1 0 - m l  p o r t io n s  o f  e t h e r .  T h e  c o m b in e d  

o r g a n ic  e x t r a c t s  w e r e  w a s h e d  w i t h  3 0  m l o f  f r e s h  1  M  a q u e o u s  s o d i u m  

b i c a r b o n a t e  a n d  w o r k e d  u p  t o  g i v e  a  l i g h t  a m b e r  l i q u i d ,  0 .3  g , G L C  

( 1 4 0  ° C )  8 8 %  p u r i t y .  T h i s  w a s  d i s s o l v e d  in  1 0  m l  o f  e t h e r ,  c o o le d ,  a n d  

t r e a t e d  w i t h  e x c e s s  e t h e r e a l  h y d r o c h l o r i c  a c i d  t o  p r e c i p i t a t e  0 .2 5  g  

o f  t h e  c r u d e  d i h y d r o c h l o r i d e .  C r y s t a l l i z a t i o n  f r o m  a l c o h o l - e t h y l  a c 

e t a t e  a f f o r d e d  0 . 2  g  ( 2 5 % )  o f  4b a s  w h i t e  c r y s t a l s ,  m p  2 5 5 - 2 5 7  ° C  

d e c .
A n a l .  C a l c d  f o r  C I2 H 26N 2C 1 2: C ,  5 3 . 5 3 ;  H ,  9 .7 3 ;  N ,  1 0 .4 0 .  F o u n d :  C ,  

5 3 . 1 4 ;  H ,  9 .8 9 ; N ,  1 0 . 1 8 .

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

3 .4 0  a n d  3 .5 9  m ( s , a l i p h a t i c  C H ) ;  N M R  ( T a b l e  I ) ;  E I M S  m /e  1 9 6  ( M ) ,  

5 8  ( B ) .

3 . 7 -  Dimethyl-3,7-diazabicyclo[3.3.1]nonan-2-one ( 6 ) . T o  7 0

m l o f  c o ld  5 %  a q u e o u s  a c e t i c  a c i d  w a s  a d d e d  2 .2  g  ( 1 4 . 3  m m o l)  o f  

A f . / V '- d i m e t h y l b i s p i d i n e  a n d  1 8 . 2  g  ( 5 7 .2  m m o l)  o f  m e r c u r i c  a c e t a t e .  

T h e  s o lu t io n  w a s  h e a t e d  a t  4 7  ° C  f o r  6  h , d u r i n g  w h ic h  t im e  a  c o p io u s  

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

s a t u r a t e d  w i t h  h y d r o g e n  s u l f i d e ,  f i l t e r e d ,  a n d  c o n c e n t r a t e d  a t  t h e  o i l
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p u m p .  T h e  r e s i d u e  w a s  d i s s o l v e d  in  1 6  m l  o f  i c e - c o l d  2 0 %  a q u e o u s  

s o d i u m  h y d r o x i d e ,  a n d  e x t r a c t e d  w i t h  f o u r  1 6 - m l  p o r t i o n s  o f  c h l o 

r o f o r m .  T h e  c o m b in e d  e x t r a c t s  w e r e  c o n c e n t r a t e d  t o  g iv e  1 . 7  g  ( 7 1% )  

o f  a  w a x y ,  y e l lo w i s h  s o l id :  m p  6 2 - 6 4  ° C ;  I R  ( K B r )  3 .3 8  (s ) , 3 . 5 7  ( s ) ,  6 . 1 0  

M ( s , N C = 0 ) ;  N M R  ( C C 1 4) 5 2 . 1 0  ( s ,  3 ,  N C H :|) , 2 .8 5  ( s , 3 ,  C O N C H 3 ), 

1 . 5 0 - 3 . 5 0  ( r e m a i n in g  p r o t o n s ) ;  E I M S  m /e  1 6 8  ( M )  5 8  ( B ) ,  M  1 6 8 . 1 2 6 1  

( c a lc d  f o r  C 9H 16 N 2O , 1 6 8 . 1 3 1 4 ) ;  C I M S  m /e  ( r e l  i n t e n s i t y )  1 6 9  ( q m , 

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

A n a l .  C a l c d  f o r  C 9H i 6N 20 :  C ,  6 4 .2 5 ;  H ,  9 .5 9 ;  N ,  1 6 . 6 5 .  F o u n d :  C ,  

6 4 . 5 1 ;  H ,  9 . 7 1 ;  N ,  1 6 .6 7 .

2,3,7-Trimethyl-3-azonia-7-azabicyclo[3.3.1]non-2-ene (9). 
A  s o l u t i o n  o f  2 .0  g  ( 1 1 . 9  m m o l)  o f  6  in  1 5  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 n  ic e - c o ld  1 . 8  M  s o lu t io n  o f  m e t h y lm a g n e s iu m  io d id e  in  e t h e r .  T h e  

m i x t u r e  w a s  s t i r r e d ,  r e f l u x e d  f o r  4 3  h , a n d  c o o le d , a n d  e x c e s s  G r i g n a r d  

r e a g e n t  w a s  r e m o v e d  ( s e e  a b o v e ) .  T h e  e t h e r  w a s  d e c a n t e d  f r o m  p r e 

c i p i t a t e d  s o l id s .  T h e  p r e c i p i t a t e  w a s  t r e a t e d  w i t h  e x c e s s  2 0 %  a q u e o u s  

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

s t r o n g l y  b a s ic  w i t h  2 0 %  a q u e o u s  s o d i u m  h y d r o x i d e  a n d  t h e  r e s u l t i n g  

m ix t u r e  ( 1 5  m l)  w a s  e x t r a c t e d  w it h  f o u r  1 5 - m l  p o r t io n s  o f  c h lo r o f o r m . 

W o r k u p  o f  t h e  c o m b i n e d  e x t r a c t s  f u r n i s h e d  1 . 0  g  ( 4 5 % )  o f  a  y e l lo w  

o i l  w h i c h  d a r k e n e d  r e a d i l y  o n  e x p o s u r e  t o  a i r :  N M R  ( C D C 1 3 ) <5 2 . 1 5  

( s ,  3 ,  N C H 3 ) , 2 .3 0  ( s ,  3 ,  C C H 3 ), 2 .4 0  ( s ,  3 ,  N C H :!) , 1 . 3 0 - 3 . 3 0  ( 1 0 ,  r e 

m a i n i n g  p r o t o n s ) .  T o  6 0  m g  o f  t h i s  o i l  d i s s o l v e d  in  5  m l  o f  e t h e r  w a s  

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

2 2 3 - 2 2 5  ° C  d e c ;  I R  ( K B r )  5 .9 7  ( s ,  C = N + ) ,  9 . 1 7  M ( s ,  C 1 0 4- ).

A n a l .  C a l c d  f o r  C m H a o C B N o O g : C ,  3 2 . 7 1 ;  H ,  5 .4 9 ;  N ,  7 .6 3 .  F o u n d :  

C ,  3 2 . 4 3 ;  H ,  5 .4 2 ;  N ,  7 .5 9 .

2 -  endo,3,7-Trimethyl-3,7-diazabicyclo[3.3.1]nonane ( 8 ) . T o

a  s o l u t i o n  o f  0 .9 5  g  ( 6 .2  m m o l)  o f  9 in  2 5  m l  o f  w a t e r  w a s  a d d e d  0 .5  g  

( 1 3  m m o l)  o f  s o d i u m  b o r o h y d r i d e .  A f t e r  s t i r r i n g  f o r  2 4  h ,  t h e  s u s 

p e n s i o n  w a s  e x t r a c t e d  w i t h  t h r e e  5 0 - m l  p o r t i o n s  o f  e t h e r .  T h e  c o m 

b i n e d  e x t r a c t s  w e r e  c o n c e n t r a t e d  t o  g i v e  0 .9  g  (9 8 % )  o f  a  c o l o r l e s s ,  

m o b i le  l i q u i d ,  N M R  ( T a b l e  I ) .  T h i s  w a s  d i s s o lv e d  in  2 0  m l  o f  a c e t o n e  

a n d  t r e a t e d  w i t h  a n  ic e - c o o l e d  s o l u t i o n  o f  2 5 %  h y d r o b r o m i c  a c i d  in  

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

t o n e ,  a n d  c r y s t a l l i z e d  f r o m  e t h a n o l - a c e t o n e  t o  g i v e  1 . 1  g  o f  t h e  d i h y 

d r o b r o m i d e  s a l t :  m p  2 5 1 - 2 5 3  ° C  d e c ;  E I M S  m / e  1 6 8  ( M ) ,  5 8  ( B ) .

A n a l .  C a l c d  f o r  C i 0H 22 B r 2 N 2: C ,  3 6 .3 8 ;  H ,  6 .7 2 ;  B r ,  4 8 . 4 2 ;  N ,  8 .4 8 . 

F o u n d :  C ,  3 6 . 1 2 ;  H ,  6 .8 6 ; B r ,  4 8 .6 8 ;  N ,  8 .4 2 .

T h e  f r e e  b a s e  w a s  p r e p a r e d  f r o m  a  p o r t i o n  o f  t h i s  s a l t :  G L C  ( 1 3 0  

° C )  r e t e n t i o n  t i m e  7 .8  m in ;  c a .  1 0 0 %  p u r i t y ;  I R  ( n e a t )  3 .3 9 ,  3 .5 8 ,  7 .8 4 ,

8 . 7 7 , 9 . 2 6 ,  9 . 5 7 , 9 . 8 0  m -
7-Methyl-3,7-diazabicyclo[3.3.1]non-2-ene (10). T o  a  s o l u t i o n  

o f  1 . 1  g  ( 7 .8 5  m m o l)  o f  N - m e t h y l b i s p i d i n e  in  4 0  m l  o f  d r y  e t h e r  w a s  

a d d e d  1 . 1  g  ( 7 .8 5  m m o l)  o f  iV - c h lo r o s u c c in im id e .  T h e  s u s p e n s i o n  w a s  

s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  2 4  h . A b o u t  5  m l  o f  e t h a n o l  w a s  a d d e d  

a n d  t h e  s o lu t io n  w a s  c o n c e n t r a t e d .  T h e  r e s i d u e  w a s  d i s s o l v e d  in  5  m l  

o f  e t h a n o l ,  a n d  2  g  o f  a n h y d r o u s  s o d i u m  c a r b o n a t e  w a s  a d d e d .  T h e  

s u s p e n s i o n  w a s  s t i r r e d  f o r  0 .5  h  a n d  t h e n  f i l t e r e d .  T h e  f i l t r a t e  w a s  

c o o le d  in  ic e  a n d  t r e a t e d  w i t h  e x c e s s  3 5 %  p e r c h l o r i c  a c i d  in  e t h a n o l -  

w a t e r .  T h e  r e s u l t i n g  f i n e  w h i t e  p r e c i p i t a t e  w a s  f i l t e r e d ,  y i e l d i n g  1 . 2 5  

g  ( 6 7 % )  o f  t h e  m o n o p e r c h l o r a t e :  m p  2 3 2 - 2 3 3  ° C  d e c ;  I R  ( K B r )  3 .2 5 ,  

3 . 3 1 ,  3 . 3 7 , 6 . 7 ,  9 .2 2  m (s, C 1 0 4“ ) ; N M R  ( M e 2 S O - d 6) 6 1 . 9 2  ( m , 2 ,  C H 2 

b r i d g e ) ,  2 .8 2  ( m , 2 ,  b r i d g e h e a d  C H ) ,  3 . 3 5  ( s ,  3 ,  N C H 3 ) , 3 . 5 2  ( m , 7 ,  r e 

m a i n i n g  p r o t o n s ) .

A n a l .  C a l c d  f o r  C g H i 5 C l N 2 0 4: C ,  4 0 .2 6 ;  H ,  6 . 3 3 ;  N ,  1 1 . 7 3 .  F o u n d :  

C ,  4 0 .3 9 ;  H ,  6 .4 0 ;  N ,  1 1 . 6 0 .

T h e  s a l t  ( 0 .2 0 2  g , 0 .8 5  m m o l)  w a s  s u s p e n d e d  in  1 0  m l  o f  m e t h a n o l ,  

a n d  s u f f i c i e n t  B i o - R a d  A G 2 - X 8 ,  5 0 - 1 0 0  m e s h  ( O H - ) w a s  a d d e d  t o  

d i s s o l v e  t h e  p r o d u c t .  T h e  m i x t u r e  w a s  t h e n  p la c e d  o n  a  4 - g  c o lu m n  

o f  t h e  a b o v e  r e s i n  a n d  e l u t e d  w i t h  5 0  m l  o f  m e t h a n o l .  T h e  e l u e n t  w a s  

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

b e n z e n e ,  in  v a c u o .  T h i s  l e f t  a  l o w - m e l t i n g  w h i t e  s o l i d :  I R  ( n e a t )  3 . 3 9  

a n d  3 . 5 7  (s , a l i p h a t i c  C H ) ,  5 .9 0  m (s , C = N ) ;  N M R  ( C D g O D )  5 1 . 4 8  (m , 

2 ,  C H 2 b r i d g e ) ,  3 . 5 0  ( m , 2 ,  C N C H 2 ), 7 .7  ( m , 1 ,  H C = N ) ,  1 . 6 2 - 3 . 3 0  

( r e m a i n i n g  p r o t o n s ) ;  E I M S  m /e  1 3 8  ( M ) ,  4 4  ( B ) .

3- Benzyl-2-exo-7-dimethyl-3,7-diazabicyclo[3.3.1]nonane 
(4c). T o  a  s u s p e n s i o n  o f  0 .5 5  g  (4  m m o l)  o f  a l d i m i n e  10 in  7  m l  o f  d r y  

t e t r a h y d r o f u r a n  a t  0  ° C  w a s  a d d e d  4 .4  m l  o f  a  1 . 3 6  M  s o l u t i o n  o f  

m e t h y l l i t h i u m  in  e t h e r .  T h e  s t i r r e d  s o l u t i o n  w a s  m a i n t a i n e d  a t  0 - 5  

° C .  G L C  a n a l y s i s  ( 1 4 0  ° C )  in d i c a t e d  t h e  r e a c t i o n  t o  b e  8 0 %  c o m p le t e

0 .5  h  a f t e r  c o m p l e t i o n  o f  a d d i t i o n .  O v e r  t h e  n e x t  0 .5  h ,  t h e  r e a c t i o n  

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

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

n iu m  c h lo r id e .  T h e  p r o d u c t  w a s  w o r k e d  u p  in  e t h e r  a n d  2 0 %  a q u e o u s  

s o d i u m  h y d r o x i d e  a f f o r d i n g  0 . 5 3  g  (8 6 % ) o f  a  c o l o r l e s s  o i l :  N M R  

( C (;H 6) 5 1 . 2 3  (d , J  =  7  H z ,  3 ,  C C H 3), 1 . 9 8  (s , 3 ,  N C H 3); E I M S  m /e  1 5 4  

( M )  5 8  ( B ) .  T r e a t m e n t  o f  0 . 3 3  g  ( 2 . 1  m m o l)  o f  t h i s  w i t h  b e n z o y l  

c h lo r id e  u n d e r  p r e v i o u s l y  d e s c r ib e d  c o n d it io n s 9  a f f o r d e d  0 .2 3  g  (4 2 % )

o f  t h e  b e n z a m i d e ,  I R  ( n e a t )  6 . 1 3  m ( s ,  N C = 0 ) .  T h i s  w a s  d i s s o l v e d  in  

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

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

s o l u t i o n  w a s  s t i r r e d  a n d  r e f l u x e d  f o r  2 1  h ,  t h e n  c o o le d ,  a n d  e x c e s s  

h y d r i d e  w a s  d e s t r o y e d  b y  a d d i t i o n  o f  3 0 %  a q u e o u s  a m m o n i u m  c h l o 

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

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

c o n c e n t r a t e d .  T h e  r e s i d u e  w a s  d i s s o l v e d  in  1 0  m l  o f  e t h e r .  T h e  s o l u 

t i o n  w a s  w a s h e d  o n c e  w i t h  5  m l  o f  5 %  a q u e o u s  s o d i u m  h y d r o x i d e ,  

c o o le d , a n d  t r e a t e d  w i t h  e x c e s s  a q u e o u s  e t h a n o li c  p e r c h lo r i c  a c id .  T h e  

m o n o p e r c h l o r a t e  s a l t  s e p a r a t e d  f r o m  m e t h a n o l - w a t e r ,  a n d  t h e n  a l 

c o h o l ,  a s  l ig h t  o r a n g e  n e e d le s :  0 .0 5 3  g  ( 1 7 % ) ;  m p  1 6 0 . 5 - 1 6 1 . 5  ° C ;  N M R  

( C D g C O C D g )  <5 1 . 0 0  (d , J  =  6  H z ,  3  C C H 3), 1 . 7 0 - 2 . 2 7  ( m , 4 , C H 2 b r i d g e  

a n d  b r i d g e h e a d  C H ) ,  2 .8 0  ( s , 3 ,  N C H 3 ) , 2 . 9 2 - 3 . 6 3  ( m , 7 ,  N C H 2) ,  3 .7 7  

( s ,  2 ,  N C H 2 C bH 5 ) , 7 .4 2  ( m , 5 ,  C 6H S).

A n a l .  C a l c d  f o r  C 1 6 H 2 5 C I N 2 O 4 : C ,  5 5 . 7 3 ;  H ,  7 . 3 1 ;  N ,  8 . 1 2 .  F o u n d :  

C ,  5 5 .5 6 ;  H ,  7 .3 9 ;  N ,  7 .9 0 .

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

y e l lo w  o i l :  N M R  ( C rD b ) <5 0 .9 3  ( d , J  =  6  H z ,  3 ,  C C H :1) , 1 . 1 7 - 1 . 7 5  ( m , 

4 , C H >  b r i d g e  a n d  b r i d g e h e a d  C H ) ,  2 . 1 8  ( s ,  3 ,  N C H 3) , 2 . 0 3 - 3 . 9 7  ( m , 

7 ,  N C H .> ) , 3 . 3 9  ( d , J  =  1 4  H z ,  1 , N C H aC 6H 5), 3 .6 5  ( d , J  =  1 4  H z ,  1 , 

N C H h C f iH g ) , 6 .9 8 - 7 . 5 8  (m , 5 ,  C 6H S); E I M S  m /e  2 4 4  ( M ) ,  5 8  ( B ) ;  G L C  

( 1 7 0  ° C )  r e t e n t i o n  t i m e  1 2 . 5  m in ,  > 9 5 %  p u r i t y .
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R e g i s t r y  N o . — 3  ( R  =  C H 3), 1 4 7 8 9 - 3 3 - 4 ;  4a, 6 1 2 6 7 - 7 5 - 2 ;  4a d i -  

H B r ,  6 1 2 6 7 - 7 6 - 3 ;  4b, 6 1 2 6 7 - 7 7 - 4 ;  4b d i - H C l ,  6 1 2 6 7 - 7 8 - 5 ;  4c, 6 1 2 6 7 -  

7 9 - 6 ;  4c m o n o p e r c h l o r a t e ,  6 1 2 6 7 - 8 0 - 9 ;  5,6 1 2 6 7 - 8 1 - 0 ;  5 d i p e r c h l o r a t e ,  

6 1 2 6 7 - 8 2 - 1 ;  6 , 6 1 2 6 7 - 8 3 - 2 ;  7 ,  6 1 2 6 7 - 9 2 - 3 ;  8 , 6 1 2 6 7 - 8 4 - 3 ;  8  d i - H B r ,  

6 1 2 6 7 - 8 5 - 4 ;  9  d i p e r c h l o r a t e ,  6 1 2 6 7 - 8 7 - 6 ;  10, 6 1 2 6 7 - 8 8 - 7 ;  10 m o n o 

p e r c h l o r a t e ,  6 1 2 6 7 - 8 9 - 8 ;  10 2 - m e t h y l  d e r i v a t i v e ,  6 1 2 6 7 - 9 0 - 1 ;  10  2 -  

m e t h y l - 3 - b e n z o y l  d e r i v a t i v e ,  6 1 2 6 7 - 9 1 - 2 ;  m e t h y l  io d i d e ,  7 4 - 8 8 - 4 ;  

i s o p r o p y l  b r o m i d e ,  7 5 - 2 6 - 3 ;  i V - m e t h y l b i s p i d i n e ,  5 8 3 2 4 - 9 9 - 5 ;  IV -  

c h l o r o s u c c i n i m i d e ,  1 2 8 - 0 9 - 6 ;  m e t h y l l i t h i u m ,  9 1 7 - 5 4 - 4 ;  b e n z o y l  

c h lo r i d e ,  9 8 - 8 8 - 4 .
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A  s e r i e s  o f  s u b s t i t u t e d  i m i d a z o l i d o n e s  a n d  i m i d a z o l i n e s  w e r e  s y n t h e s i z e d  a s  p o t e n t i a l  m o d e l  c o m p o u n d s  f o r  t h e  

c o e n z y m e ,  b i o t i n .  T h e  s y n t h e s e s  a n d  m a s s ,  i n f r a r e d ,  ‘ H  N M R ,  a n d  l:iO N M R  s p e c t r a l  p r o p e r t i e s  f o r  t h e s e  s u b 

s t r a t e s  a r e  d e s c r i b e d .  T h e  ’ H  N M R  s p e c t r a  f o r  t h e  a c e t y l  s u b s t i t u t e d  i m i d a z o l i d o n e s  a n d  i m i d a z o l i d i n e t h i o n e s  e x 

h i b i t e d  a  c h a r a c t e r i s t i c  d o w n f i e l d  s h i f t  f o r  t h e  a c e t y l  m e t h y l  p r o t o n  ( c a . 5 2 .5 0  a n d  2 .8 0 ,  r e s p e c t i v e l y ) .  S u r p r i s i n g l y ,  

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

r a t h e r  t h a n  t h e  e x p e c t e d  A A ' B B '  p a t t e r n .  V e r i f i c a t i o n  o f  t h i s  u n u s u a l  a c c i d e n t a l  e q u i v a l e n c e  in  t h e  1H  N M R  s p e c 

t r a  w a s  a c c o m p l i s h e d  b y  t h e  u s e  o f  13 C  N M R .  T h e  l:;C  N M R  s p e c t r a  f o r  t h e s e  c o m p o u n d s  e x h i b i t e d  t w o  d i s t i n c t  

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

Substituted imidazolidones (1) and imidazolines (2) are 
compounds of considerable current interest both as model

R.
X

\__ 1
1(X = 0,S)

.R' R'

/ R  
X

V J

2(X = 0,S)

substrates for biological processes1-7 and as chemotherapeutic 
agents.8-10 As part of a current project dealing with the 
mechanism of biotin catalysis,1 we synthesized a series of 
imidazolidones (1) and imidazolines (2 ) as model substrates. 
Compounds of types 1 and 2 possess many of the unique 
structural features found in biotin (3) . 11

of synthetic routes. All new compounds gave the appropriate 
parent peak in the mass spectrum and satisfactory elemental 
analysis or high-resolution mass spectral characterization. 
Most of the compounds reported herein were crystalline,15 
with only the dialkyl substituted imidazolines generally being 
liquids.

Two general synthetic methods were adopted for the 
preparation of the new acyl-substituted imidazolidones and 
imidazolidinethiones. The imidazolidones (9,10,12, and 13) 
were synthesized by the prior formation of the corresponding 
imidazolidone anion, followed by the addition of the acylating

0  O  o

R .  1  . H  R  J l  II

LNaH > — CR'
V J  ? V J

2.E'CCf

o

3

Many of the simple members of these classes of compounds 
have not been prepared. In this paper, we report the syntheses 
and characterization of these substrates, as well as a com
parison of their properties to those of previously reported 
congeners.12’13 Although the acyl substituted thioimidazolines 
prepared gave satisfactory elemental analyses, mass, and in
frared spectral data, the surprising simplicity of their 1H NMR 
necessitated a 13C NMR study of these compounds. We also 
examined the 13C NMR spectra of their counterparts, the 
substituted imidazolidones. The importance of 13C NMR in 
clarifying the structural assignment of these heterocyclic 
molecules is outlined. In a subsequent paper, the chemistry 
of some of these compounds will be described.14

Synthesis. Tables I and II list the substrates we have pre
pared and pertinent infrared and XH NMR data. The majority 
of these substrates are new. They were prepared by a variety

s s s i M y «

agent. By comparison, in the sulfur series (16,18,19,20, 21, 
and 2 2 ), the acylating agent was introduced to a solution 
containing both the imidazolidinethione and pyridine. Al
though the method of choice for the preparation of the sub
stituted imidazolidones was the initial formation of the anion, 
these substrates could be prepared in lower yields by a method 
analogous to that used for the imidazolidinethiones. The re-

R.
S

V J

_ H
R'OCl

p y r id in e

s  0R\  A 11TST N— CR'
V J

duced reactivity observed in the oxygen series appears to stem 
from the decreased nucleophilicity of the imidazolidone’s ring 
carbonyl group as compared to the thione group in the im
idazolidinethiones.16 In an experiment to verify this reactivity 
pattern, procedures comparable to those employed in the 
syntheses of 18 and 2 1  (CH2CI2, reflux) were adopted for the 
preparation of 8  and 12. Even though the reaction times were 
doubled in the imidazolidone series, considerably lower yields 
were observed for these reactions. 14

The molecular structure assigned by us for each of these 
acyl substrates was the N,N'-disubstituted products rather 
than the isomeric N,0- or N,S-substituted imidazolines.

n n í i m i f í i t f f n
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Support for this assignment stems from a variety of sources, 
the foremost being (1 ) literature precedent,1 4 ’12'1317 (2 ) the 
correlation of spectral absorptions with structure, (3) the 
synthesis and characterization of alternate isomers (cf. 8 vs. 
27, 9 vs. 28, 18 vs. 32, and 19 vs. 37), and (4) the subsequent 
derivatization of some of these substrates. 114 Additional 
chemical support for N,N' disubstitution pattern stems from 
the syntheses of 12 and 21. In these cases, the diacylated 
compounds (1 2  and 2 1 ) could be easily prepared from the 
corresponding N-acetyl (5 and 15) or the iV-carbomethoxy (6  
and 16) derivatives.

w
5 , X  =  0  

1 5 , X  =  S

o  X  °

ii X  ii
C H 3O C — A T  X N — C C H ,

\___/
1 2 , X  =  0  

2 1 ,  X  =  S

O
ii AH____ NT' x  AC H 3O C — N  N

\ ____ /

6 , X  =  0  

16 ,  X  =  S

Although no mechanistic studies were conducted, analogy 
with previous work suggests two likely possibilities.4 1 2 ’ 13,17 
One involves the initial formation of the oxygen or sulfur 
bound imidazoline, followed by a Chapman-type rearrange
ment16,18 22 to the N,N'-disubstituted product, while the other 
involves direct acylation of one of the ring nitrogen atoms of 
the imidazolidone or imidazolidinethione. Of these two 
mechanisms, the former has enjoyed the widest sup
port. 16,18~22

The O-alkyl-AT-acylimidazolines (27, 28, and 29) were 
prepared by the addition of either trimethyloxonium23 or 
triethyloxonium fluoroborate24 (Meerwein salts) to a solution 
containing the starting acyl imidazolidone. When less reactive 
alkylating agents, alkyl halides, were used in place of the 
Meerwein salts, only the starting acyl imidazolidones were 
recovered (CHCI3, 40 °C, 5 days) . 14
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Syntheses of the corresponding substituted thioimidazol- 
ines were generally accomplished by one of two methods. 
Unlike the preparation of the acyl imidazolines, the acyl im- 
idazolidinethiones readily underwent direct S-alkylation with 
the alkyl halides, to give the desired products (32,37,38, and 
43). These results are in accord with the reactivity pattern

1  /H
R C — 1

u _ y  2. aq NaHCOs

previously observed for these substrates.16 Alternatively, these 
compounds (34, 35, 39, 40, 41, 42, and 43) were prepared by 
the introduction of the alkylating agent to a solution con
taining both the starting substrate and triethylamine. In the 
cases where both methods were utilized, the second method 
gave slightly higher yields. 1,14’25 Comparison of the experi
mental yields for the S-alkylation of iV-acetylimidazoli-
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H Ht—IHi—I iQ H H H ^LO

1 0  o  oH  00 00 H  H  H
I I IH CD cn H  I> t>

H  05 00 LO
I I00 CD O LO

t> LO 05 04 H CO H H 04
I I ICD CO CO

l> O D O  CD LO H
I i I__ . .. , . LO CD GOC4 H CO CO CO LO O 1 04 H H H H

E
B

H B
00O 0coT—1 0| '—'CD 00O 04H H

XO
T3 *1 >g t*, pi •» he».
K K ü a a u o K u ü a K ü ï i  
q ü O ü ü O O ü O O ü D O ü  

ü ü  Ü Ü Q Ü Q Ü  O O
Il II II II II II II II II II

0 0  0 0 0 0 0 0  0 0

,  , ,  J ï ü  
ï H ï ï ü ü O  ce

K E K O ü ü ü O O O p c K I O

OOO

O O O O O O O O O O c n œ w t z j

T i n œ t - o o o î O r t N n T f U î f f l t -



Substituted Imidazolidones and Imidazolines J. Org. ChemVol. 42, No. 6,1977 943

CM O00 00 00
CO CO CO

o  t>
00  t>  00

© CO CM Cvl
^  lO LO I>

| | 05 0  05

CO CO

CM t> CM rH

O © CD CD 
id lO id ^  ^ CD ^ 00 ^ ^ CD l> CD ~ ~
t—I H  H  O  ©© CO CD t>

O ID OCM rH l> 
©  ©  n f

LO
CM ©CM rH © d— © 00 rH 00 ■© rH

I I I I IrH1 H C— © 00 GO H 00 05 O)

„55 "-„55 55 i O I O U  
O O O O O
O Q O O O
II II II I II
O O O O O

„ „55
„ ,E K O  I S Q O O  

O O O O O
II II II

o o o

TJ<D443oc
<D ^
.22 CM£ CDy> C5> 
<D rH

o 005
coCO © Jl3

~c :3 CJ co 0 ^ COCO
^ sJh cucq -Cg o
c S

¿4O
' 5505S-c __ •<U 5̂ - '

>  • o
>  O. r>

0)C 3 r̂CO ”̂3 CO>> j © 
0 <  ^

' CJ' PQ '3
-a ^  c ^
3̂ ^ -C „ 0)0

3 =3
£ 45 £  «5oCD ,

rC t> '
co <15 ' > CJ- Ci 05 ’

LO 3 05 ZJ s*-i _ GJ
.5 05
TJ  ̂ «4-1 05 • 05-a ® ttj5-( T'tt ^o a,*05 g . 05 g H

 ̂ 5n 05 .2 <2 V ■p 05 C
‘55 Pi £
a °  <2
^ —‘(2 * n .r05 xaQ ^

o  wTJ w rH
g.S 05<0 _  O
ciJ CG C»05
■o S  =2 
-a “  05 0) > — 4-0 rrt0) ^  CO 05 V  S P T3 D>H ?4 Q 
0 0 "  o 05 «J5C 15 C
sjgie
S'S-Sccs 52

52 §  S3 -« £c3 .5 0 > „ 
a 45 q
% * x
S "O
”q) & £
E '? M

05 2
■g «05 ^

cn cn co co in coi
0 z

00 02 © rH cm «35rH rH CM <N CM 53
CJ

«3-a

T305

2̂3C£

05ao
£
2 \54 k>(4-» KS05 05aCG
T3Cce

>>pflOh
X305

05
cn«44o
>>JhCCS
s
a3CG

Xiec
H

/
05

rH 0 CO ID © ©  O
CO 00 02 02
cd cd cd cd CM CM CM

55CJO
0 = 0

55
o

0  =  0

t - rH rH © rH ©
© CM CO CO © CM co CM © co 0 CM 1—1 HO
LD © 1 1 1 1 1 1 1 © © © © © 00 CO © CO © co oo

55 cd cd [> 0 CM CO 0 CO cd cd cd cd cd cd CO CO CO CO CO CO
0

1

© CM © CM ©
CO CO CO CO CO CO CO

05
0 = 0

Z

\  /

M" \

u

X

o
t>

cf

CM

LD

cf
oCM

O
t>
II

cf
coCO

ID . 
t>

^ LD o  00 ^t> CM 
ÔCO ^ rf

CM 02 CO LD 'rt 
^ 00 I> 00 rH ID 
O*C0 CO CO rf

t> ID 00 LD 
CM CO

It> LD 02 LD 
CM CO

t> CD t> I>

O

I> CO O Id CO H 00 t'-OOOC'~OOt"t> 
CO CO CO CO CO CO cd

ooCM 00 00 O 00 00rH rH CM rH rH 
CM CM CM CM CN

O CM CM O 00 C- ^

LD CO CD CD LDt>

rH © © © © ©© © © ©© © © ©T—1 rH rH rHrH rH

© © © © © © © © © © © © © © ©00 ^ © t> 00 t> 1—1rHrH© rHCMrH© t> l> © © © © © t> t> t> t> t> O t>rH rH rH rHrH rH rHrHrHrHT—frHrHrHrH

<UW 5l) cuno © O © © O © O O © © © © © © © © © © © ©CMco COrf © © © © 00 00 © 00 l> 00© 00 00 © 00 00© © © © © © © © © © © © © © © © © © © © ©rHrHrHrHH H rHrHrH rHrH rH rH1—1rHrHrHrHrHrHrH

l> rH 00 LD
I ICD O00 LD

CM CM O O 00 t> H
I I I I02 02 t> CM CO t' CO O

COCC

I CD{ LD

LD 
LD LD

02 0 ^ 2 ^ ^CO ^ , CO CO ID t> rH rH ■ t> CO t> CD
I I ^  I I I I00 '02 CO H CM CO CD CO O t> CO I> CD

CM ID O IDrH rH
I ILD LD 

rH CO O LD

^, „—, 3
/_s B E ©
B B £ rH

12
8 

5 
m rH CM

©
©
001 CM © '—' ©

l> w w © 1CM rH rH COrH I> CO rH ©

be

- - 1 3 II4 , i-L, j -  .—.
O O ex O

„55
„55 O *  

55 O s - £  
V o o ^ o

55"55 J lO x  JL
O O O O Oh O

> 2  t  o.05 _Hs i  O
«5cn c
-2 oC 4P3 CO
co g

r^  C
.22 csT3 4)
54 ^PQ -2
X -X3
G ®G ÔJ
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dinethione vs. that for the corresponding N-carbomethoxy- 
imidazolidinethione with a variety of alkylating agents also 
showed that consistently higher yields were obtained for the 
iV-carbomethoxy derivatives. Despite efforts to increase the 
conversion in the former series of compounds by increasing 
the reaction times, reaction temperatures, and the ratio of 
alkylating agent to starting material, only moderate yields 
were observed. 14 This reactivity pattern appears to be a re
flection of the enhanced nucleophilicity of the thione group 
in the )V-carbomethoxyimidazolidinethiones vs. the thione 
group in the /'/-acetyl compounds.

Mass Spectral Data. Each substituted acyl imidazolidone 
and imidazoline gave a discernible parent peak in the mass 
spectrum (ionization voltage 70 eV). Two distinct modes of 
cleavage emerge upon examination of the fragmentation 
patterns for these compounds.

A significant feature in the breakdown patterns for the 
N -acetyl substituted imidazolidones (44, X = 0) (compound
12) and imidazolidinethiones (44, X = S) (compounds 18,20, 
and 21) was the P — 42 peak. Similarly the Al-carbomethoxy 
substituted imidazolidones (46, X = 0) (compounds 9 and 13) 
and imidazolidinethiones (46, X  = S) (compounds 16,19,21, 
and 22) gave a characteristic P — 58 fragment. Both of these

H
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peaks can be rationalized in terms of a McLafferty type re
arrangement26’27 of the starting molecular ion to give 45 and 
47, respectively.

This pattern was not observed in the Al-acyl substituted 
imidazolines and thioimidazolines. Instead the iV-acetyl de
rivatives (48) (compounds 27, 32-35) gave a diagnostic peak 
at P — 4 3 ,  while the IV-carbomethoxy substrates (50) (com

pounds 28,29,37-39) gave rise to a peak at P — 59. Cleavage 
of the bond adjacent to the ring with loss of 0=C C H :j and 
0 = C 0 CH3, respectively, accounts for these peaks.26,27
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The composite set of mass spectral data for all newly pre
pared acyl substituted imidazolidones and imidazolines re
veals that exceptions do exist to these generalizations. The 
mass spectral data provide helpful but not conclusive evidence 
for structure.

Infrared Spectral Data. The infrared group frequencies 
which have been reported for thioureas, ureas, and cyclic de
rivatives are sketchy.28’29 Furthermore, the examples which 
have been cited do not reveal an invariant set of frequencies. 
We have constructed the following table (Table III) to sum
marize the literature values found in Bellamy,28’29 Nakan- 
ishi,30 and our work. We also note the number of cases ob
served in our study for each structural type. Even though a 
substantial number of examples agree with expectation, we 
have recorded enough exceptions that we feel these frequen
cies are not unique diagnostic tools. For example, 4 and 6  do 
not exhibit the expected urea carbonyl band at ca. 1720 
cm- 1 ,30 but instead show enolic absorptions at 1690 and 1640 
cm-1, respectively. Compounds 9 and 10 exhibit extra strong 
absorptions in the carbonyl region at 1805 and 1800 cm“1, 
respectively. Compound 16 is characterized by a 1675-cm_1 
band, a feature for which we have no explanation. Finally, we 
could not confidently find the three sets of bands abscribed 
to thioureas.29 In most cases the high-frequency absorption 
was easily observed, but every assignment of the lower fre
quency bands we attempted to make was ambiguous.

Our experience with the interpretation of the infrared 
spectra of these 40 compounds leads us to the following gen
eralizations. The cyclic imine band characteristic of com
pounds in Table II exhibits a reliable infrared absorption at 
1655-1600 cm“ 1 (X = O) and 1605-1560 cm“ 1 (X = S), and 
is useful in structure elucidation. In contrast, the ring carbonyl 
and thione frequencies for the substituted imidazolidones and
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Table III. Summary of Selected Infrared Group Frequencies

Functional
group

Lit. values, 
cm“ 1

Obsd values, 
cm“ 1

No. of 
obser
vations

v V
1720« 1750-1712 7

s

II

N r ' S r '  

1 1 

c  
II

1570—1395* 1530-1470 6
1420-1260 
1140- 940

1650«.« 1710-1645 14
/

Y

O
II

X̂ N'"iSoCHi
/

Y

/ R
( T

1740-1690« 1765-1705 18
1736—1700«

1665* 1655-1600 7

\
/ RS '

N - ^ ^ X
1611* 1605-1560 14

\
« Reference 30. * Reference 29. c Reference 28.

imidazolidinethiones are much less reliable and do not provide 
a conclusive demonstration of the absence or presence of these 
functional groups.

Magnetic Resonance Data. 'H NMR. We routinely re
corded JH NMR spectra of all the compounds in this study, 
in order to characterize the structure unambiguously. Un
fortunately, this expectation was not realized. The chemical 
shift for the protons of the substituted imidazolidones and 
imidazolidinethiones are recorded in Table I. The IV-methyl, 
the IV-earbomethoxymethyl, and the ring ethylene protons 
all exhibited chemical shifts in regions previously assigned.31-32 
The ethylene pattern was an AA'BB' spin system for the 
asymmetric substituted compounds and was an A4 singlet for 
the symmetric substituted compounds. In three instances 
(compounds 4, 12, and 21) the near equivalence of the sub
stitution on the two nitrogens gave rise to accidental equiva
lence of the ring ethylene protons.

The consistent appearance of the IV-acetyl methyl group 
at ca. b 2.50 in the substituted imidazolidones and ca. b 2.80 
in the sulfur analogues was at lower field than we antici
pated.31-32 Greenhalgh and Weinberger13 have noted down- 
field shifts in a related series of compounds, and have ex
plained the observations in terms of anisotropy and of selec
tive population of a particular conformer. Whatever the cause, 
we note that the IV-acetyl imidazolidones exhibit a diagonistic 
peak at b 2.40-2.52, and the IV-acetyl imidazolidinethiones at 
b 2.75-2.85.33

The chemical shifts of N-substituted imidazolines and 
thioimidazolines can be identified by correlation charts.31-32 
Indeed the IV-methyl, IV-carbomethoxymethyl, and even the
IV-acetyl methyl resonances occur at the expected values.

The chemical shifts of the ethylene protons agree well with 
previous correlation charts.31-32 As expected, the oxygenated 
compounds of Table II exhibited the AA'BB' spectra that are 
required by their symmetry. Thus we were astonished by the 
simple single absorption for the ring ethylene protons that was

invariably observed for the IV-acetyl- and IV-carbomethoxy- 
thioimidazolines. The highly asymmetric substitution pat
terns for these compounds cannot be easily reconciled with 
accidental degenerate -CH2CH2-  resonances. The use of a 
variety of solvents (CDCI3, CD3CN, C6H5NO2) did not lift the 
degeneracy. In one case (compound 37) the effect of ben- 
zene-dg caused the singlet to become a perceptibly more 
complicated pattern [5 3.25-3.53 (m, 4 H)]. Varying the tem
perature of the NMR sample of compound 37 between —40 
and 30 °C did not lift the degeneracy.

Our inability to alter the -CH2CH2-  singlet resonance in 
these classes of compounds (1 2  substrates) led us to consider 
alternative structures and/or kinetic processes which inter
convert alternative structures, as well as to question the cor
rectness of the topological description of this whole class of 
compounds. 13C NMR, however, provides an immediate in
dication of whether the !H spectra require a special explana
tion.

13C NMR. Examination of the proton decoupled 13C NMR 
spectrum35 of six of the IV-acyl substituted thioimadozolines 
(32,36-38,40, and 43) of Table II gave the expected number 
of signals for carbons bound to hydrogens. In a few cases the 
low intensity of the quaternary carbons precluded the confi
dent assignment of these atoms. The key observation is the 
consistent appearance of two resonances in the indicated shift 
range, separated by ca. 6  ppm for the two carbons in the ring 
ethylene bridge. The identity of these two carbons was assured

Y_J
53.8- 47.0-
54.5 48.6

by observing triplets, J  = 144 and 142 Hz, for the resonances 
at b 48.1 and 53.8 in the proton coupled spectra of compound
32. Additionally, triplets, J  = 150 and 145 Hz, occurred at b
47.9 and 54.2 in the spectrum of compound 43. Using these 
chemical shifts as references we made consistent assignments 
to the ethylene resonances in the remaining compounds. 
Under ordinary 13C NMR conditions, there is no convenient 
observation to assign the two resonances separately, so we 
assign them as a set. The values recorded for the carbons of 
the ethylene bridge may be reversed, but the pattern of shifts 
makes the paired assignment certain. The consistent ap
pearance of two 13C NMR signals for the ethylene bridge 
verifies the structure and assures that the JH NMR results 
from accidental equivalence. The remaining resonances were 
assigned from proton coupling constants, correlation 
charts,36“ 39 and internal consistency.

Model compounds have been reported by Jackman and 
Jen.36 Their 13C NMR assignments accord well with ours with 
a single exception. We suggest that the resonances recorded 
as C-4 and C-6  in their Table VIII should be reversed.

The 13C NMR spectra35 of eight of the imidazolidones (4,
9,13,16-19, and 22) which appear in Table I were recorded. 
In those cases where the substituents at the two nitrogen 
atoms differed, two resonances for the ring ethylene carbons 
were noted. The assignments were made as before. We find 
nothing unusual in these shifts and present them without 
comment.

In extensions of this work, we have relied extensively upon 
the assignments of the chemical shift values observed in this 
study to provide positive identification of other analogues. 
The complete data set and two histograms which summarize 
all of the 13C NMR data appear in the microfilm edition of this 
journal.
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Experimental Section

General. M e l t i n g  p o i n t s  w e r e  d e t e r m i n e d  w i t h  a  T h o m a s - H o o v e r  

m e l t i n g  p o i n t  a p p a r a t u s  a n d  a r e  u n c o r r e c t e d .  I n f r a r e d  s p e c t r a  ( I R )  

w e r e  r u n  o n  P e r k i n - E l m e r  M o d e l  7 0 0  a n d  2 3 7 B  s p e c t r o m e t e r s  a n d  

c a l i b r a t e d  a g a i n s t  t h e  1 6 0 1 - c m - 1  b a n d  o f  p o ly s t y r e n e .  P r o t o n  n u c le a r  

m a g n e t i c  r e s o n a n c e  ( 1 H  N M R )  s p e c t r a  w e r e  r e c o r d e d  o n  V a r i a n  A s 

s o c i a t e s  M o d e l  T - 6 0  a n d  E M - 3 9 0  i n s t r u m e n t s .  C a r b o n - 1 3  n u c l e a r  

m a g n e t i c  r e s o n a n c e  ( 1:’ C  N M R )  s p e c t r a  w e r e  d e t e r m i n e d  o n  B r u k e r  

M o d e l s  H F X - 9 0  a n d  W H - 9 0 ,  J E O L  M o d e l  F X 6 0 H ,  a n d  V a r i a n  A s 

s o c ia t e s  M o d e l s  C F T - 2 0  a n d  X L - 1 0 0 - 1 5  s p e c t r o m e t e r s .  T h e  X L - 1 0 0  

w a s  e q u i p p e d  w i t h  a  N i c o l e t  T e c h n o l o g y  C o r p .  T T - 1 0 0  d a t a  s y s 

t e m .
C h e m i c a l  s h i f t s  a r e  e x p r e s s e d  in  p a r t s  p e r  m il l io n  r e la t i v e  t o  M e 4S i ,  

a n d  c o u p l i n g  c o n s t a n t s  ( J  v a l u e s )  in  h e r t z .  S p i n  m u l t i p l i c i t i e s  a r e  

i n d i c a t e d  b y  t h e  s y m b o ls  s  ( s i n g l e t ) ,  d  ( d o u b l e t ) ,  t  ( t r i p l e t ) ,  q  ( q u a r 

t e t ) ,  a n d  m  ( m u lt ip le t ) .  M a s s  s p e c t r a l  ( M S )  d a t a  w e r e  o b t a i n e d  a t  a n  

io n iz in g  v o l t a g e  o f  7 0  e V  o n  a  H i t a c h i  P e r k i n - E l m e r  M o d e l  R M U - 6 H  

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

D r .  J a m e s  H u d s o n  a t  t h e  D e p a r t m e n t  o f  C h e m i s t r y ,  R i c e  U n i v e r s i t y ,  

o n  a  C E C 2 1 - 1 1 0 B  d o u b l e  f o c u s i n g  m a g n e t i c  s e c t o r  s p e c t r o m e t e r  a t  

7 0  e V .  E x a c t  m a s s e s  w e r e  d e t e r m i n e d  b y  p e a k  m a t c h i n g .  E l e m e n t a l  

a n a l y s e s  w e r e  o b t a i n e d  a t  S p a n g  M i c r o a n a l y t i c a l  L a b o r a t o r i e s ,  A n n  

A r b o r ,  M ic h .

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

a v a i l a b l e  a n d  w e r e  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  u n l e s s  n o t e d .  

W h e n  d r y  s o l v e n t s  w e r e  r e q u i r e d ,  C H 2C 1 2 w a s  d i s t i l l e d  f r o m  Pi>0,-„ 

b e n z e n e  w a s  d i s t i l l e d  a n d  t h e n  s t o r e d  o v e r  s o d i u m ,  d i m e t h y l f o r m -  

a m i d e  w a s  s t o r 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 n  d i s t i l l e d  f r o m  C a H 2, 

a n d  a n h y d r o u s  e t h e r  w a s  s t o r e d  o v e r  s o d i u m  m e t a l .  A l l  r e a c t io n s  w e r e  

r u n  u n d e r  n i t r o g e n ,  a n d  a l l  g l a s s w a r e  d r i e d  b e f o r e  u s e .

Materials. A l l  p r e v i o u s l y  r e p o r t e d  s u b s t r a t e s  w e r e  s y n t h e s i z e d  b y  

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

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

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

JV-Carbomethoxy-N'-methylimidazolidone ( 9 ) .  N a H  ( 5 0 %  

m in e r a l  o i l  d i s p e r s i o n )  ( 2 .7 5  g , 0 .0 5  m o l)  w a s  w a s h e d  w i t h  b e n z e n e  (3  

X  5 0  m l)  a n d  t h e n  a n  a d d i t i o n a l  5 0  m l  o f  b e n z e n e  w a s  a d d e d .  A  b e n 

z e n e  s o lu t io n  ( 2 5 0  m l)  o f  4 40 ( 4 .0 0  g , 0 .0 4  m o l)  w a s  s lo w ly  a d d e d  ( 5  h ) ,  

f o l l o w e d  b y  4 .4  m l  ( 0 .0 5  m o l)  o f  m e t h y l  c h lo r o f o r m a t e .  T h e  s o lu t io n  

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

v a c u o .  F r a c t i o n a l  r e c r y s t a l l i z a t i o n  f r o m  E t 20  g a v e  3 .9 3  g  ( 6 2 % )  o f  t h e  

d e s i r e d  p r o d u c t :  s e le c t e d  l:,C  N M R  ( C D C 1 :1) 4 0 .6 ,4 3 .2  p p m  ( C H 2C H 2); 

M S  m /e  ( r e l  % )  1 5 8  ( 1 0 0 ) ,  1 3 8  ( 1 3 ) ,  1 1 3  ( 1 7 ) ,  1 0 0  ( 3 3 ) ,  9 9  ( 3 3 ) ,  9 8  ( 3 5 ) ,  

7 0 ( 3 9 ) .

A n a l .  C a l c d  f o r  C s H ^ N a O *  C ,  4 5 .5 6 ;  H . 6 .3 7 ;  N ,  1 7 . 7 1 .  F o u n d :  C ,  

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

lV-Carboethoxy-Ar'-methylimidazolidone (10). T h e  p r e c e d i n g  

r e a c t i o n  w a s  r e p e a t e d  u s i n g  1 . 4 4  g  ( 0 .0 3  m o l)  o f  N a H  ( 5 0 %  m i n e r a l  

o i l  d i s p e r s i o n ) ,  2 .0 0  g  ( 0 .0 2  m o l)  o f  4 ,4(1 a n d  2 .9  m l  ( 0 .0 3  m o l)  o f  e t h y l  

c h lo r o f o r m a t e .  D i s t i l l a t i o n  g a v e  4 .5 8  g  (6 7 % )  o f  a  w h i t e  s e m is o l id :  M S  

m /e  ( r e l  % )  1 7 2  ( 4 2 ) ,  1 2 8  ( 1 2 ) ,  9 9  ( 1 0 0 ) ,  7 0  ( 2 1 ) ,  5 6  ( 2 4 ) .

A n a l .  C a l c d  f o r  C t H ^ N A ) .* :  C ,  4 8 .8 3 ;  H ,  7 .0 3 :  N ,  1 6 . 2 7 .  F o u n d :  C ,  

4 8 .9 0 ;  H ,  7 .0 4 ;  N ,  1 5 . 8 1 .

IV-Acetyl-lV'-carbomethoxyimidazolidone (12). Method A.
T h i s  c o m p o u n d  w a s  s y n t h e s i z e d  in  5 5 %  y i e l d  ( 1 . 0 2  g )  f r o m  0 .6 2  g  

( 0 . 0 1 3  m o l)  o f  N a H  ( 5 0 %  m i n e r a l  o i l  d i s p e r s i o n ) ,  1 . 2 8  g  ( 0 .0 1  m o l)  o f  

5 , 17 a n d  1 . 0  m l  ( 0 . 0 1 3  m o l)  o f  m e t h y l  c h lo r o f o r m a t e  u s in g  t h e  m e t h o d  

d e s c r i b e d  f o r  t h e  p r e p a r a t i o n  o f  9 . R e p r e c i p i t a t i o n  o f  t h e  w h i t e  s o l id  

f r o m  c h lo r o f o r m - h e x a n e s  g a v e  t h e  p u r i f i e d  p r o d u c t :  M S  m /e  ( r e l  % ) 

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

A n a l .  C a l c d  f o r  C v H jo N o C L : C ,  4 5 . 1 6 ;  H ,  5 .4 2 ;  N ,  1 5 . 0 5 .  F o u n d :  C ,  

4 5 . 1 2 ;  H ,  5 . 3 2 ;  N ,  1 5 . 1 0 .

IV-Acetyl-JV'-carbomethoxyimidazoIidone (12). Method B.
A c e t y l  c h lo r i d e  ( 0 .4  m l ,  0 .0 0 7  m o l)  w a s  a d d e d  t o  a  s t i r r e d  C H 2C 1 2 

s u s p e n s i o n  ( 2 5  m l)  o f  6 4 ( 0 .7 2  g , 0 .0 0 5  m o l)  a n d  p y r .d i n e  (0 .4  m l, 0 .0 0 5  

m o l) .  T h e  m i x t u r e  w a s  r e f l u x e d  f o r  4 8  h . T h e  r e s u l t i n g  s o l u t i o n  w a s  

w a s h e d  w i t h  H 2O  ( 2  X  3 0  m l) ,  d r i e d  ( N a 2S O .i) ,  a n d  e v a p o r a t e d  in  

v a c u o .  R e p r e c i p i t a t i o n  o f  t h e  w h i t e  s o l i d  f r o m  c h l o r o f o r m - h e x a n e s  

g a v e  p u r i f i e d  p r o d u c t ,  y i e l d  0 .3 7  g  ( 4 0 % ).

IV.jV'-Dicarbomethoxyimidazolidone ( 1 3 ) .  N a H  ( 5 0 %  m in e r a l  

o i l  d i s p e r s io n )  (4 .8 0  g , 0 . 1  m o l)  w a s  w a s h e d  w i t h  D M F  ( 3  X  7 5  m l)  a n d  

a n  a d d i t i o n a l  2 0  m l  o f  D M F  w a s  a d d e d .  I m i d a z o l i d o n e  ( 2 . 1 5  g ,  0 .0 2 5  

m o l)  in  D M F  ( 5 0  m l)  w a s  t h e n  s lo w l y  a d d e d  ( 5  h ) ,  f o l l o w e d  b y  7 .0  m l 

( 0 . 1  m o l)  o f  m e t h y l  c h lo r o f o r m a t e .  T h e  r e a c t io n  w a s  e x o t h e r m i c ,  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 i r  a t  r o o m  t e m p e r a t u r e  f o r  1 8  h . T h e  

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

lo w - b r o w n  r e s i d u e  w a s  t a k e n  u p  in  H A )  ( 5 0  m l)  a n d  c o n t i n u o u s l y  

e x t r a c t e d  ( 4 8  h )  w i t h  C H  ;C L .  T h e  C H 2C 1>  w a s  d r i e d  ( N a 2S 0 4) a n d  

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

o n  a  n e u t r a l  a l u m i n a  c o lu m n  ( 1 5  X  2 .3  c m )  u s in g  C H C I i  a s  t h e  e lu e n t .  

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

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

y i e l d  1 . 2 8  g  ( 2 5 % ) ;  s e l e c t e d  13 C  N M R  ( C D C I A  3 9 .9  p p m  ( C H 2C H 2); 

M S  m /e  ( r e l  % )  2 0 2  ( 2 9 ) ,  1 5 8  ( 1 0 0 ) ,  1 4 4  ( 3 7 ) ,  1 1 3  ( 1 7 ) .

A n a l .  C a l c d  f o r  C 7 H 10N 20 .s :  C ,  4 1 . 5 9 ;  H ,  4 .9 9 ; N ,  1 3 . 8 6 .  F o u n d :  C ,  

4 1 . 2 7 ;  H ,  4 . 8 5 ;  N ,  14 .0 9 .

(V-Acetyl-AT'-methylimidazolidinethione (18). T o  a  s t i r r e d  

C H 2C 1 2 s o l u t i o n  ( 1 0 0  m l)  c o n t a i n i n g  1441 ( 4 .6 4  g , 0 .0 4  m o l)  a n d  p y r i 

d i n e  ( 3 . 1 6  g , 0 .0 4  m o l) ,  a c e t y l  c h lo r i d e  ( 2 .8  m l ,  0 .0 4  m o l)  w a s  s lo w l y  

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

H 20  (2  X  6 0  m l) ,  d r i e d  ( N a 2S 0 4) , a n d  e v a p o r a t e d  in  v a c u o .  P u r i f i 

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

f r o m  c a r b o n  t e t r a c h l o r i d e - h e x a n e s :  y i e l d  4 . 3 5  g  ( 6 9 % ) ; s e l e c t e d  l !C  

N M R  ( C D C W  4 4 . 3 , 4 7 . 5  p p m  ; C H 2C H 2 ); M S  m /e  ( r e l  % )  1 5 8  ( 1 0 0 ) ,  

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

A n a l .  C a l c d  f o r  C (iH | „ N 2O S :  C ,  4 5 .5 4 ;  H ,  6 .3 7 ;  N ,  1 7 . 7 1 .  F o u n d :  C ,  

4 5 . 6 1 ;  H , 6 .4 0 ;  N ,  1 7 . 7 6 .

IV-Carbomethoxy-lV'-methylimidazolidinethione (19). T h e

p r e c e d i n g  r e a c t i o n  w a s  r e p e a t e d  u s in g  4 .6 4  g  ( 0 .0 4  m o l)  o f  1 4 , 41 6 .3 2  

g  ( 0 .0 8  m o l)  o f  p y r i d i n e ,  a n d  6 0 .0  m l  ( 0 .7 8  m o l)  o f  m e t h y l  c h l o r o f o r 

m a t e .  T h e  e x o t h e r m i c  r e a c t i o n  w a s  k e p t  u n d e r  c o n t r o l  ( m o d e r a t e  

C H 2C 1 2 r e f l u x )  b y  a d j u s t i n g  t h e  r a t e  o f  a d d i t i o n  o f  m e t h y l  c h l o r o 

f o r m a t e .  R e c r y s t a l l i z a t i o n  f r o m  C C 1 4 a f f o r d e d  3 . 7 5  g  ( 5 4 % )  o f  t h e  

d e s ir e d  p r o d u c t :  s e le c t e d  l:lC  N M R  ( C D C l j  4 4 .5 ,4 8 .5  p p m  ( C H 2C H 2); 

M S  m /e  ( r e l  % )  1 7 4  ( 1 0 0 ) ,  1 1 6  ( 4 8 ) , 1 1 5  ( 2 4 ) ,  7 2  ( 3 2 ) .

A n a l .  C a lc d  f o r  C (1H , „ N 20 2S :  C ,  4 1 . 3 6 ;  H ,  5 .7 9 ;  N ,  16 .0 8 .  F o u n d :  C ,  

4 1 . 3 4 ;  H ,  5 .6 6 ;  N ,  16 .0 8 .

JV-Acetyl-lV'-carbomethoxyimidazolidinethione (21). Method
A. U s i n g  t h e  m e t h o d  d e s c r i b e d  f o r  t h e  p r e p a r a t i o n  o f  18, 21 w a s  

s y n t h e s i z e d  f r o m  4 .0 0  g  ( 0 .0 2 5  m o l)  o f  16,1 1 . 9 8  g  ( 0 .0 2 5  m o l)  o f  p y r i 

d i n e ,  a n d  2 .5  m l  ( 0 .0 3 5  m o l)  o f  a c e t y l  c h lo r id e .  P u r i f i c a t i o n  o f  21 w a s  

a c c o m p li s h e d  b y  r e p r e c ip i t a t io n  f r o m  c h lo r o f o r m - h e x a n e s :  y ie ld  4 . 1 1  

g  ( 8 1 % ) ;  M S  m /e  ( r e l  % )  2 0 2  ( 6 6 ) , 1 6 0  ( 1 0 0 ) ,  1 4 4  ( 8 7 ) ,  1 0 2  ( 9 5 ) ,  8 8  ( 3 5 ) ,  

7 4  ( 3 4 ) ,  7 2  ( 6 6 ) .

A n a l .  C a l c d  f o r  C 7H i o N 20 :!S :  C ,  4 1 . 5 7 ;  H ,  4 .9 8 ; N ,  1 3 . 8 5 .  F o u n d :  C ,  

4 1 . 6 8 ;  H ,  4 .9 7 ;  N ,  1 3 . 8 2 .

IV-Acetyl-lV'-carbomethoxyimidazolidinethione (21). Method
B. U s i n g  t h e  m e t h o d  d e s c r i b e d  f o r  t h e  p r e p a r a t i o n  o f  18, 21 w a s  

s y n t h e s i z e d  f r o m  0 .8 6  g  (0 .0 0 6  m o l)  o f  1 5 , 12  0 .9 5  g  ( 0 . 0 1 2  m o l)  o f  p y r 

id in e ,  a n d  7 .2  m l  ( 0 .0 9 3  m o l)  o f  m e t h y l  c h lo r o f o r m a t e .  T h e  e x o t h e r m ic  

r e a c t i o n  w a s  k e p t  u n d e r  c o n t r o l  ( m o d e r a t e  C H 2C 1 2 r e f l u x )  b y  a d 

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

r e f l u x e d  f o r  7 2  h . P u r i f i c a t i o n  o f  21 w a s  a c c o m p l i s h e d  b y  r e p r e c i p i 

t a t i o n  f r o m  c h l o r o f o r m - h e x a n e s ;  y i e l d  0 .7 5  g  ( 6 0 % ).

JV.lV'-Dicarbomethoxyimidazolidinethione (22). C o m p o u n d  

22 w a s  s y n t h e s i z e d  in  3 3 %  y i e l d  ( 1 . 4 5  g )  f r o m  2 .0 4  g  ( 0 .0 2  m o l)  o f  im -  

id a z o l id in e t h io n e ,  4 .7 4  g  (0 .0 6  m o l)  o f  p y r id in e ,  a n d  2 3 .3  m l ( 0 .3 0  m o l)  

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

r a t i o n  o f  1 8 .  T h e  e x o t h e r m i c  r e a c t i o n  w a s  k e p t  u n d e r  c o n t r o l  ( m o d 

e r a t e  C H 2C 1 2 r e f l u x )  b y  a d j u s t i n g  t h e  r a t e  o f  a d d i t i o n  o f  m e t h y l  

c h lo r o f o r m a t e .  R e p r e c i p i t a t i c n  f r o m  c h l o r o f o r m - h e x a n e s  g a v e  p u 

r i f i e d  22: s e l e c t e d  ,:iC  N M R  ( C D C 1 3 ) 4 4 .7  p p m  ( C H 2C H 2); M S  m /e  
( r e l  % )  2 1 8  ( 1 0 0 ) ,  1 6 0  ( 6 6 ) , 1 0 2  ( 2 3 ) ,  8 8  ( 5 2 ) ,  7 2  (6 9 ) .

A n a l .  C a l c d  f o r  C 7 H i o N 20 4 S :  C ,  3 8 .5 2 ;  H ,  4 .6 2 ;  N ,  1 2 .8 4 .  F o u n d :  C ,  

3 8 .7 0 ;  H ,  4 .6 8 ;  N ,  1 2 .8 4 .

lV-Methyl-2-methoxyimidazoline (25). A  m e t h a n o l i c  s o l u t i o n  

( 2 0  m l)  c o n t a i n i n g  N - m e t h y l - 2 - m e t h y l t h i o i m i d a z o l i n i u m  h y d r i o -  

d i d e 41 ( 5 . 1 0  g ,  0 .0 2  m o l)  w a s  a d d e d  t o  2 0  m l  o f  a  f r e s h l y  p r e p a r e d  2 .5  

N  N a O M e - M e O H  ( 0 .0 5  m o l)  s o lu t io n .  T h e  s o lu t io n  w a s  r e f l u x e d  f o r  

2 4  h  a n d  f i l t e r e d  a n d  t h e n  2 0  m l  o f  H 20  a d d e d .  T h e  s o l u t i o n  w a s  

c o n t i n u o u s l y  e x t r a c t e d  w i t h  C H 2C 1 2 f o r  1 8  h , a n d  t h e  o r g a n i c  l a y e r  

d r i e d  ( N a 2S 0 4) a n d  e v a p o r a t e d  in  v a c u o .  B u l b - t o - b u l b  d i s t i l l a t i o n  

a t  5 5  ° C  ( 0 .4 5  m m )  g a v e  0 .7 8  g  ( 3 4 % )  o f  t h e  d e s i r e d  c o m p o u n d ,  a  c l e a r  

l i q u i d :  M S  m/e ( r e l  % )  1 1 4  ( 5 6 ) ,  1 1 3  ( 4 2 ) ,  9 9  ( 3 5 ) ,  8 4  ( 1 2 ) ,  7 1  ( 2 6 ) ,  5 6  

( 1 0 0 ) ;  m o l  w t  1 1 4 . 0 7 9 1  ( c a l c d  f o r  C s H i 0N 2O , 1 1 4 . 0 7 9 3 ) .

lV-Methyl-2-ethoxyimidazoline (26). T h e  p r e c e d i n g  r e a c t i o n  

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

( 0 .0 2  m o l)  o f  i V - m e t h y l - 2 - m e t h y l t h io im id a z o l in iu m  h y d r io d id e 41 a n d  

2 0  m l ( 0 .0 5  m o l)  o f  2 .5  N  N a O E t - E t O H  s o lu t io n .  D is t i l l a t io n  g a v e  1 . 6 4  

g  ( 6 4 % )  o f  t h e  d e s i r e d  c o m p o u n d ,  a  c l e a r  l i q u i d :  s e l e c t e d  I:iC  N M R  

(C D C 1;) )  4 8 .9 , 5 3 .6  p p m  ( C H 2C H 2); M S  m /e  ( r e l  % )  1 2 8  ( 1 0 0 ) ,  1 1 4  ( 1 2 ) ,  
9 9  ( 7 1 ) ,  8 7  ( 2 5 ) .

A n a l .  C a l c d  f o r  C e H i 2N A ) :  C ,  5 6 .2 2 ;  H ,  9 .4 4 ;  N ,  2 1 . 8 6 .  F o u n d :  C ,  

5 6 .2 5 ;  H ,  9 . 5 1 ;  N ,  2 1 . 8 4 .

Af-Acetyl-2-methoxyimidazoline (27). T o  0 .6 4  g  ( 0 .0 0 5  m o l)  o f  

5 , 1 ' 1 . 1 1  g  ( 0 .0 0 7 5  m o l)  o f  t r i m e t h y l o x o n i u m  f l u o r o b o r a t e 2 1  in  

C H s N O o  ( 7  m l)  w a s  s lo w l y  a d d e d .  T h e  s o l u t i o n  w a s  h e a t e d  a t  3 5  ° C  

f o r  1 8  h , a n d  t h e n  E t 20  ( 2 0  m l)  a d d e d  c a u s in g  t h e  s e p a r a t i o n  o f  a n  o i l. 

T h e  s u p e r n a t a n t  l a y e r  w a s  d e c a n t e d  o f f ,  a n d  t h e  r e m a i n i n g  o i l  d r i e d
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in vacuo. C H 2CI2 ( 1 0  m l) was then added, and the mixture neutralized 
with aqueous 5% NaHCO;.; (10 m l). T he organic layer was dried 
(N a2S O j) and evaporated in vacuo. T he desired product was further 
purified oy sublimation (40 °C , 0.1 m m ) to yield 0.81 g (29%) o f  white 
crystals; M S m /e (rel %) 142 (2), 113 (39), 99 (36), 56 (100).

Anal. Calcd for CeHioNjCb: C, 50.69; H, 7.09; N, 19.71. Found: C, 
50.55; H, 7.15; N, 19.57.

IV-Carbomethoxy-2-methoxyimidazoline (28). T he preceding 
reaction was repeated using 1.44 g (0.01 m ol) o f  6 4 and 2.96 g (0.02 mol) 
o f  trim ethyloxonium  fluoroborate .23 A fter the addition o f  aqueous 
5% N a H C O ;j  (20 m l) the C H 2 C I 2- H 2 O  m ixture was continuously ex 
tracted N 8  h) with C H 2C I 2 . T he organic layer was then dried ( N a 2S 0 4) 

and evaporated in vacuo, and the title com pound further purified by 
two successive sublim ations (30 ° C ,  0.05 m m ) to give 0.36 g ( 1 1 %) o f  
white crystals: selected 13 C  N M R  ( C D C I 3 ) 47.6, 47.7 ppm  ( C H 2C H 2 ); 

M S  m /e (rel %) 158 (80), 143 (10), 127 (15), 99 (19), 71 (43), 56 
( 1 0 0 ).

Anal. Calcd for C6H ioN 20 3: C, 45.56; H, 6.37; N, 17.71. Found: C, 
45.58; H , 6.44; N, 17.57.

lV-Carbomethoxy-2-ethoxyimidazoline (29). T o  0.72 g (0.005 
m ol) o f  6 ,4 1.90 g (0.01 m ol) o f  triethyloxonium  fluoroborate '-4 in 
C H 2CI2 (50 ml) was slowly added. T he solution was refluxed for 18 
h, then washed with aqueous 5% N aH C O :) (2 X 20 m l) and H 2O (20 
ml). T he C H 2C12 solution was dried (N aaSO d and evaporated in 
vacuo. T he desired com poun d  was purified by sublim ation (35 °C , 
0.05 m m ) to  yield 0.48 g (78%) o f  white crystals: M S m /e (rel %) 172
(44), 144 (72), 143 (26), 113 (39), 88  (100).

Anal. Calcd for C7H ,2N 20 3: C, 48.83; H, 7.03; N, 16.27. Found: C, 
48.74; H, 7.10; N, 16.27.

lV-Acetyl-2-methylthioimidazoline (32). T he preceding reaction 
was repeated using 5.76 g (0.04 m ol) o f  1512 and 5.0 ml (0.08 m ol) o f 
M el. T he reaction solution was refluxed for 72 h, during which tim e 
the Af-acetyl-2-methylthioimidazolinium hydriodide salt precipitated 
out. T he salt was collected and then neutralized using the procedure 
described above. P urification was accom plished by reprecipitation 
from  carbon tetrachloride-hexanes: yield 2.43 g (38%); selected ,:IC 
N M R  (CDCI3) 48.1 (t, Ji3c_H =  144 Hz), 53.8 ppm  (t,t/i:ic_H =  142 Hz) 
(C H 2C H 9); M S m /e (rel %) 158 (47), 143 (98), 116 (82), 115 (56), 87 
(100), 72 ;47).

Anal. Calcd for C 6H 10N 2OS: C, 45.54; H. 6.37; N, 17.71. Found: C, 
45.55; H , 3.28; N, 17.59.

lV-Acetyl-2-ethylthioimidazoline (33). Using the m ethod d e 
scribed for the preparation o f  29,33 was synthesized from  1.44 g (0.01 
m ol) o f  1512 and 2.09 g (0.011 m ol) o f  triethyloxonium  fluoroborate .24 
T he reaction m ixture was allowed to stand at room  tem perature 
overnight. T he desired com poun d  was purified by reprecipitation 
from  chloroform -hexanes: yield 1.51 g (88%); M S m /e (rel %) 172 (17), 
157 (7), 144 (72), 143 (29), 129 (33), 102 (100), 101 (19), 97 (48), 72 (41), 
70 (33).

Anal. Calcd for C 7H i 2N 2OS: C, 48.81; H, 7.02; N, 16.27. Found: C, 
48.63; H , 6.93; N, 16.13.

lV-Carbomethoxy-2-methylthioimidazoline (37). C om pound 
37 was synthesized in 61% yield  (5.32 g) from  8.00 g (0.05 m ol) o f  16] 
and 6.3 ml (0.10 m ol) o f  M el using the m ethod described for the 
preparation o f  29. T he reaction m ixture was refluxed for 72 h. T he 
desired product was purified by reprecipitation from  carbon tetra
ch loride-hexanes: N M R  (C D C W  5 2.40 (s, 3 H ), 3.77 (s, 3 H ), 3.88 (s, 
4 H ) (the three peaks rem ained singlets at —40 °C ); (CD^CN) h 2.32 
(s, 3 H ), 3.68 (s, 3 H ), 3.80 (s, 4 H ); (C 6H 5N 0 2) b 2.43 (s, 3 H ), 3.84 (s, 
7 H ); (C 6D 6) b 2.32 (s, 3 H i, 3.25-3.53 (m , 4 H ), 3.42 (s, 3 H ); selected 
1:!C N M R  (C D C W  47.7, 54.1 ppm  (C H 2C H 2); M S m /e (rel %) 174 
(100), 115 (6 6 ), 87 (47), 72 (64).

Anal. Calcd for C fiH 10N 20 2 S: C, 41.36; H, 5.79; N, 16.08. Found: C, 
41.33; H , 5.76; N, 16.10.

lV-Carbomethoxy-2-ethylthioimidazoline (38 ). Using the 
m ethod described for the preparation o f  29, 38 was synthesized from
4.80 g (0.03 m ol) o f  161 and 4.8 m l (0.06 m ol) o f  EtI. T he reaction was 
refluxed far 72 h. T he product was purified by sublim ation (55 °C ,
1.0 m m ) to  yield 3.24 g (57%) o f  product: selected l:iC N M R  (C D C li) 
47.0, 53.9 ppm  (C H 2C H 2); M S m /e (rel %) 188 (17), 160 (100), 155 (30), 
129 (43), 102 (42), 72 (57). 70 (43), 59 (30).

Anal. Calcd for C 7H 12N 20 2S: C, 44.66; H, 6.43; N, 14.88. Found: C, 
44.45; H, 6.26; N, 14.79.

iV-Methyl-2-methylthioimidazoline (31). N -M eth y l^ -m eth - 
y lth ioim icazolinium  hydriodide41 (3.00 g, 0.012 m ol) was dissolved 
in 50 ml of an aqueous 1 N  N aOH (0.05 m ol) solution and immediately 
extracted with C H 2C12 (5 X 20 m l). T he organic layer was dried 
(N aiSO r), evaporated in vacuo, and distilled to  give a clear liquid, 
yield 0.63 g (40%): M S m /e (rel %) 130 (100), 105 (28), 100 (18), 87 (77), 
72 (97), 56 (70); m ol wt 130.0562 (calcd for CsH 10N 2S, 130.0565).

lV-Acetyl-2-aIlylthioimidazoline (34). T o  a stirred C H 2C12 so 
lution containing 1512 (2.88 g, 0.02 m ol) and E t3N  (8.08 g, 0.08 m ol),
7.0 ml (0.08 m ol) o f  allyl brom ide was slowly added. T he solution was 
gently refluxed for 330 h, then consecutively washed with aqueous 
5% N a H C 0 3 (2 X 50 m l) and H 20  (50 m l) and dried (N a2S 0 4 ). T he 
C H 2C12 layer was evaporated in vacuo, leaving an approxim ate 50:50 
ratio o f  starting material to product. T he m ixture was triturated with 
hexanes (100 ml) and then filtered. T he remaining residue was placed 
in a Soxhlet extractor and extracted with hexanes. T he hexanes layer 
was filtered, com bined with the initial hexanes layer, and evaporated 
in vacuo to give 1.66 g (45%) o f  the desired com pound. T h e  product 
was further purified by distillation: M S  m /e (rel %) 184 (37), 182 (36), 
169 (41), 141 (100), 70 (35 ).

Anal. Calcd for C8H i2N 2OS: C, 52.14; H, 6.57; N , 15.21. Found: C, 
52.19; H, 6.56; N, 15.23.

lV-Acetyl-2-p-fluorobenzylthioimidazoline (35). T he preceding 
reaction was repeated using 2.88 g (0.02 m ol) o f  15,12 8.08 g (0.08 mol) 
o f  Et:)N, and 9.0 ml (0.075 m ol) o f  4-fluorobenzyl chloride. T he residue 
was triturated with hexanes (100 m l) and then the remaining solid 
was recrystallized from  hot hexanes: yield 2.52 g (50%); M S m /e (rel 
%) 252 (100), 210 (61), 209 (50), 177 (22), 144 (61), 70 (21).

Anal. Calcd for C 19H 13F N 9OS: C, 57.12; H , 5.19; N, 11.10. Found: 
C, 57.01; H, 5.23; N , 11.18.

JV-Carbomethoxy-2-allylthioimidazoline (39). U sing the 
m ethod described for the preparation o f  34, 39 was synthesized from 
3.20 g (0.02 mol) o f 16,1 4.04 g (0.04 mol)* o f  Et3N, and 3.5 ml (0.04 mol) 
o f  allyl brom ide. T he solution was refluxed for 168 h. T he remaining 
oil was distilled to yield 3.00 g (75%) o f  39: M S m /e (rel %) 200 (59), 
185(100), 141 (19), 72 (56).

Anal. Calcd for C8H 12N 20 2S: C, 47.98; H, 6.04; N, 13.99. Found: C, 
47.92; H, 6.16; N. 14.01.

2-(l'-Carbomethoxy-2'-imidazoline-2'-thiyl)ethyl Acetate
(41). C om pound 41 was synthesized in 22% yield (2.15 g) from  6.40 
g (0.04 m ol) o f  16,1 8.08 g (0.08 m ol) o f  E t3N, and 5.3 ml (0.048 m ol) 
o f ethyl chloroacetate using the m ethod described for the preparation 
o f  34. T he solution was refluxed for 72 h. Recrystallization o f  the re
m aining oil with hexanes (1000 m l) gave purified 41: M S m /e (rel %) 
246 (63), 201 (46), 173 (54), 160 (100), 113 (24), 102 (43), 72 (96), 70 
(73), 59 (63), 56 (59).

Anal. Calcd for C9H 14N 20 4S: C, 43.89; H, 5.73; N. 11.38. Found: C, 
43.98; H, 5.64; N, 11.41.

jV-Carbomethoxy-2-p-fluorobenzylthioimidazoline (42). Using 
the m ethod described for the preparation o f  34, 42 was synthesized 
from  3.20 g (0.02 m ol) o f  16,1 4.04 g (0.04 m ol) o f  E t3N , and 4.5 ml 
(0.0375 m ol) o f  4 -fluorobenzyl chloride. T he solution was gently re
fluxed for 72 h. T he crude product was recrystallized from hot hexane: 
yield 3.75 g (70%); M S m /e (rel %) 268 (100), 235 (14), 180 (10), 63 
(25).

Anal. Calcd for C|2H 1:|FN20 2S: C, 53.72; H, 4.88: N, 10.44. Found: 
C, 53.81; H, 4.79; N. 10.44.

1 - (1 '-Carbomethoxy-2'-imidazoline-2'-thiyl) -2-propanone
(40). T o  a stirred C H 2C12 solution (250 m l) containing 161 (4.96 g, 
0.031 m ol) and E t3N  (6.57 g, 0.065 m ol), 4.8 ml o f distilled chloro- 
acetone (0.06 m ol) was added all at once. T he solution was allowed 
to stand at room  temperature for 72 h, and then washed with aqueous 
5% NaHCO;! (2 X 100 ml) and H 20  (100 m l), and dried (N a2S0 4 ). An 
additional 100 ml o f  C H 2C12 was added to the organic layer and the 
whole solution was diluted to 1000 ml with hexanes. T he solution was 
then concentrated in vacuo to 2 0 0  ml, causing a red-brow n oil to 
rapidly drop out o f  solution. T he oil was separated and the remaining 
solution was refrigerated overnight, resulting in the precipitation o f 
2.45 g (37%) o f  the desired product. A  sam ple for elem ental anaylsis 
was prepared by sublim ation (60 °C , 0.2 m m ): selected 1:,C N M R  
(CDCI3 ) 47.8 (t, J = 155 H z), 54.0 ppm  (t, Jr.\- h = 140 Hz) 
(C H ,C H ..); M S m /e (rel %) 216 (29), 2 0 1  (98), 199 ( 1 0 0 ), 115 (54), 72 
(63), 70 (48).

Anal. Calcd for C8H 12N 20 :,S: C, 44.43; H, 5.59; N, 12.96. Found: C, 
44.41; H, 5.60; N, 13.00.
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6 1 0 7 6 - 7 1 - 9 ;  13, 2 6 4 0 7 - 9 2 - 1 ;  14, 1 3 4 3 1 - 1 0 - 2 ;  15, 5 3 9 1 - 5 2 - 6 ;  16, 
5 9 8 6 3 - 9 8 - 8 ;  17, 1 3 4 6 1 - 1 6 - 0 ;  18, 6 0 5 4 6 - 7 6 - 1 ;  19, 6 0 5 4 6 - 7 8 - 3 ;  20, 
5 3 9 1 - 5 3 - 7 ;  21, 6 1 0 7 6 - 7 2 - 0 ;  22, 6 1 0 7 6 - 7 3 - 1 ;  23, 2 8 1 1 8 - 5 4 - 9 ;  24, 
6 1 0 7 6 - 7 4 - 2 ;  25, 6 1 0 7 6 - 7 5 - 3 ;  26, 6 1 0 7 6 - 7 6 - 4 ;  27, 6 1 0 7 6 - 7 7 - 5 ;  28,
6 1 0 7 6 - 7 8 - 6 ;  29, 6 1 0 7 6 - 7 9 - 7 ;  30, 2 0 1 1 2 - 7 9 - 2 ;  31, 5 2 8 3 9 - 2 3 - 3 ;  32,
6 0 5 4 6 - 7 5 - 0 ;  33, 6 1 0 7 6 - 8 0 - 0 ;  34, 6 1 0 7 6 - 8 1 - 1 ;  35, 6 1 0 7 6 - 8 2 - 2 ;  36,
6 0 4 9 8 - 9 4 - 4 ;  37, 6 0 5 4 6 - 7 7 - 2 ;  38, 6 1 0 7 6 - 8 3 - 3 ;  39, 6 1 0 7 6 - 8 4 - 4 ;  40,
6 1 0 7 6 - 8 5 - 5 ;  41, 6 1 0 7 6 - 8 6 - 6 ;  42, 6 1 0 7 6 - 8 7 - 7 ;  43, 5 9 8 6 3 - 9 3 - 3 ;  m e t h y l  

c h lo r o f o r m a t e ,  7 9 - 2 2 - 1 ;  e t h y l  c h lo r o f o r m a t e ,  5 4 1 - 4 1 - 3 ;  a c e t y l  c h lo r id e ,

7 5 - 3 6 - 5 ;  im i d a z o l i d o n e ,  1 2 0 - 9 3 - 4 ;  im i d a z o l i d i n e t h i o n e ,  9 6 - 4 5 - 7 ;  N -  
m e t h y l - 2 - m e t h y l t h i o i m i d a z o I i n i u m  H I ,  6 1 0 7 6 - 8 9 - 9 ;  i V - a c e t y l - 2 -  

m e t h y lt h io im id a z o l in iu m  H I ,  6 10 7 6 - 8 8 - 8 ;  M e l ,  7 4 - 8 8 - 4 ; a l l y l  b r o m id e ,

1 0 6 - 9 5 - 6 ;  4 - f l u o r o b e n z y l  c h lo r i d e ,  3 5 2 - 1 1 - 4 ;  e t h y l  c h lo r o a c e t a t e ,

1 0 5 - 3 9 - 5 ;  c h lo r o a c e t o n e ,  7 8 - 9 5 - 5 ;  I V - m e t h y l e t h y l e n e d i a m i n e ,  1 0 9 -

8 1 - 9 ;  e t h y l  c a r b o n a t e ,  1 0 5 - 5 8 - 8 .

S u p p l e m e n t a r y  M a t e r i a l  A v a i l a b l e .  T h e  c o m p le t e  e x p e r im e n t a l  

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

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

a s  t w o  h i s t o g r a m s  s u m m a r i z i n g  e x t e n s i v e  1 3 C  N M R  d a t a  f o r  t h e  

c o m p o u n d s  r e p o r t e d  h e r e in  ( 1 8  p a g e s ) .  O r d e r in g  in f o r m a t i o n  is  g iv e n  

o n  a n y  c u r r e n t  m a s t h e a d  p a g e .
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V a r i o u s  p y r a z i n o f l ^ - a ^ . S ' - a ' j d i i n d o l e s  h a v e  b e e n  s y n t h e s i z e d  c o r r e s p o n d i n g  in  s t r u c t u r e  t o  t h e  d i k e t o p i p e r a z -  

in e  t y p e  d i m e r s  o f  i n d o le -  a n d  i n d o l i n e - 2 - c a r b o x y l i c  a c i d s .  7 , 1 4 - D i h y d r o x y - 6 H , 1 3 H - p y r a z i n o [ l , 2 - a : 4 , 5 - a ' ] d i i n d o l e -  

6 , 1 3 - d i o n e  r e a c t e d  w i t h  s u l f u r  m o n o c h l o r i d e  a n d  p y r i d i n e  t o  g i v e  e p i d i t h i o  a n d  e p i t r i t h i o  d e r i v a t i v e s .  T h e s e  a r e  

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

c r y s t a l l o g r a p h y .  T h e  s p a c e  g r o u p  i s  P ^ P ^ P ii  w i t h  p e r t i n e n t  c e l l  d a t a  a s  f o l lo w s :  a =  9 . 1 9 9  ( 4 ) ,  b =  1 3 . 8 4 6  ( 4 ) ,  c =  

1 3 . 2 4 8  ( 3 )  A ,  a n d  Z  =  4 .

The aranotins are a small group of sulfur-bridged diketo- 
piperazines produced by the fungal species A ra c h n io tu s  a u 
re u s  and A sp e rg il lu s  te r re u s . 1 The compounds have elicited 
attention from chemotherapists because of their antiviral 
activity which is observed in both in vivo and in vitro test
ing.2

Aranotin (1) and acetylaranotin (2, also known as LL-S8 8 J 
are naturally occurring members of the group. Compounds 
3 and 4 are partially synthetic members obtained by chemical 
modifications of acetylaranotin.2 Since the dihydrooxepin 
rings may not be crucial to the biological activity of this series,4 
a synthesis of some aromatic analogues was initiated and led
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4, n = 4; R = Ac-
to a short and easy synthesis of the analogues 5 and 6 .

The simplest aromatic analogue would be structure 7 and 
the bisindolodiketopiperazines 8 , 9, and 10 were prepared as 
potential synthetic precursors to 7.

We were unable to obtain 7 from any of these three com
pounds5 and proceeded to a synthesis of the slightly more 
complex analogues 5 and 6  as shown in Scheme I. The methods 
used to obtain 8 , 9, and 10 are outlined in Scheme II.

Scheme I

5 ------------------- *• 6
(excess reagent)

The syntheses described in Schemes I and II take advantage 
of the C 2 symmetry property of the products. By selecting the 
central diketopiperazine ring as the starting material, the 
synthetic steps proceed as dual transformations.

The ccpper-catalyzed nucleophilic substitution reaction 
leading to compound 11 has a precedent in the synthesis of 
dehydrogliotoxin reported by Kishi and co-workers.fi Although 
the yield in this step was only 32%, substantial quantities of 
11 could be prepared quite conveniently. The yields in the 
subsequent steps were quite good. The diacetate of 13 could 
be obtained directly from 11 by heating it with sodium acetate

Scheme II
CHO

Zn/H OAc 
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Cu2C12/K 2C 0 3
diglym e/A

1 0

Cu2C12/K 2C 0 3
diglym e/A

8

and acetic anhydride, but the yield of 13 from hydrolysis of 
its diacetate was very poor compared with that obtained from 
the Dieckmann route shown.

The direct introduction of a disulfide bridge into a diketo
piperazine using sulfur monochloride was reported for a 
simpler case.7 The yield was only 17% and a mixture of di- and 
tetrasulfides was obtained. In the present case, the conversion 
of 13 to 5 proceeded in 65% yield and pure product w'as ob
tained by a simple recrystallization. When a large excess of 
sulfur monochloride was used, the trisulfide 6 was obtained 
in slightly lower yield. The intermediacy of the disulfide in the 
formation of the trisulfide can be inferred from the fact that 
5 gave 6 when treated with more sulfur monochloride. Both 
compounds were tested for antiviral activity in mice using 
influenza-A2, coxsacki, and Semliki forest viruses but no ac
tivity was observed.

The structures of 5 and 6  were in agreement with the 
spectral and analytical data. In particular the mass spectra 
of both compounds contained M+ peaks. Their NMR spectra, 
however, contained only aromatic proton signals and provide 
no proof for the assigned structures. In order to remove any 
equivocation about these structural assignments, we decided 
to take advantage of the propensity which compound 6 showed 
to produce well-formed crystals and carried out an x-ray 
crystallographic structure determination. The results are 
presented in Figure 1 and Tables I and II.

Two ancillary results of the x-ray crystallographic investi
gation of 6  deserve comment. One is that the crystal examined 
consisted of a single enantiomer as would be expected for 
space group P 2̂ 2,2, indicating that the individual crystals had 
resolved spontaneously during crystallization. The second, 
possibly related result is that the sulfur bridge is unsymme- 
trical, not only in conformation but in C-S and S-S distances. 
The differences in these bond lengths (Table II) are well 
outside the 3<r error associated with them. The origin of this 
distortion may be either a crystal lattice effect or the result 
of an interaction between the central sulfur atom and the 
proximal benzene ring.

Syntheses of Compounds 8,9, and 10. The Sasaki proce
dure8 for condensing benzaldehydes with glycine anhydride 
was used to prepare compound 14. Contrary to Sasaki’s report, 
however, we found that these bisbenzylidenediketopiperaz- 
ines were only p a r t ia l ly  reduced with zinc in boiling acetic 
acid. The resulting dihydro compound from 14 was further 
reduced to 15 with hydrogen and Raney nickel in acetic acid. 
This two-step reduction sequence was superior to direct cat
alytic reduction of 14 because of its very poor solubility.
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Figure 1. S t e r e o s c o p i c  d r a w i n g s  o f  c o m p o u n d  G. T h e  t h e r m a l  e l l i p s o i d s  f o r  a l l  n o n h y d r o g e n  a t o m s  a r e  s c a l e d  t o  t h e  5 0 %  in c l u s i o n  l e v e l .  T h e  

h y d r o g e n  a t o m s  a r e  s h o w n  a s  s p h e r e s .

Table I. Crystal Data for 6

S p a c e  g r o u p P 2 1 2 1 2 1

a 9 . 1 9 9  ( 4 )

b 1 3 . 8 4 6  ( 4 )

c 1 3 . 2 4 8  ( 3 )

z 4

^ ca lcd 1 . 6 1 1

m ( C u  K « ) ,  c m " 1 4 0 .0 6

Table II. Bridge Bond Lengths and Angles for G

S i - C g a 1 . 8 0 6  Â

S .s - C k ì a 1 . 9 1 6  Â

S i - S - , 2 . 0 6 9  Â

S , - S :! 2 . 0 1 8  Â

S j - S i - C g a 1 0 1 °

S i - S a - S , 1 0 5 °

S 2 —S ; j —C l 3 A 1 0 1 °

Double cyclizations via copper-catalyzed intramolecular 
substitution reactions were carried out on both 14 and 15 
giving 10 and 8 , respectively, as shown in Scheme II. As with 
the bisbenzylidenediketopiperazines, the bisindolo compound 
10  was reduced only to the dihydro level with zinc in acetic 
acid, giving compound 9.

Compound 8  has been prepared previously by dimerization 
of ethyl indoline-2 -carboxylate5 and the reported melting 
point and NMR data are similar to those obtained from a 
sample prepared according to Scheme II. Neither route per
mits an assignment of stereochemistry. Nor can a distinction 
between the cis (with C2 symmetry) and trans (with S 2 sym
metry) isomers be made on the basis of the NMR spectra.

Experimental Section9
l,4-Bis(o-carboxyphenyl)-2,5-piperazinedione (11). A  m i x t u r e  

o f  g ly c i n e  a n h y d r i d e  ( 1 1 . 4  g , 0 . 1  m o l) ,  o - io d o b e n z o ic  a c i d  ( 5 1  g , 0 .2 0 5  

m o l) ,  c u p r o u s  io d id e  ( 1 0  g , 0 .0 5 2  m o l) ,  p o t a s s iu m  c a r b o n a t e  ( 5 0  g , 0 .3 6  

m o l) ,  a n d  a c e t o n i t r i l e  ( 5 0 0  m l)  w a s  s t i r r e d  a t  r e f l u x  u n d e r  a r g o n  f o r  

1 6  h . A f t e r  c o o l in g ,  t h e  m i x t u r e  w a s  p o u r e d  i n t o  w a t e r  a n d  f i l t e r e d  

t h r o u g h  C e l i t e .  T h e  f i l t r a t e  w a s  a c i d i f i e d  w i t h  d i lu t e  a q u e o u s  H C 1 ,  

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

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

w i t h  w a t e r  a n d  e t h e r ,  t h e n  a i r  d r i e d  t o  g i v e  1 1 . 5  g  ( 3 2 .5 % )  o f  c r u d e

c o m p o u n d  1 1  ( s in g le  s p o t  o n  T L C ) .  A  s a m p l e  f o r  a n a l y s i s  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/ e t h e r ,  g i v i n g  c o l o r l e s s  c r y s t a l s  w i t h  m p  

2 7 9 - 2 8 1  ° C :  I R  ( N u jo l )  3 4 0 0 ,2 6 0 0 ,  2 5 0 0 , 1 7 2 5 , 1 6 4 5 , 1 6 1 0 , 1 5 8 5  c m “ 1 ; 

N M R  ( M e - iS O - d e )  4 .4  ( s , b r o a d ,  4  H ) ,  6 .6  ( s , b r o a d ,  e x c h a n g e d  w i t h  

D ^ O ), 7 .6  p p m  ( a r o m a t i c  H ) ;  m a s s  s p e c t r u m  m /e  3 3 6  a n d  3 5 4  ( M + , 

1 0 0 % ).

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

6 1 . 0 3 ;  H ,  4 . 1 7 :  N ,  8 . 0 1 .

l,4-Bis(o-carbomethoxyphenyl)-2,5-piperazinedione (12). T h e

d i a c i d  1 1  ( 4 .0  g )  g r a d u a l l y  d i s s o l v e d  in  r e a g e n t  g r a d e  m e t h a n o l  ( 3 0 0  

m l)  d u r i n g  4 5  m in  o f  b o i l in g .  A f t e r  c o o l in g ,  f r e s h l y  p r e p a r e d  d i a z o 

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

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

lu t i o n  w a s  f i l t e r e d  t h r o u g h  C e l i t e  a n d  s t r i p p e d  o f  s o l v e n t  u n d e r  r e 

d u c e d  p r e s s u r e .  T h e  c r y s t a l l i n e  r e s i d u e  w a s  t r i t u r a t e d  w i t h  e t h e r ,  

c o l le c t e d ,  a n d  a i r  d r i e d  t o  g i v e  3 .9 5  g  ( 9 1 .5 % )  o f  c o lo r le s s  c r y s t a l s .  A n  

a n a l y t i c a l  s a m p le  f r o m  m e t h y le n e  c h lo r id e / e t h e r  h a d  m p  1 6 6 - 1 6 8  ° C :  

I R  ( N u jo l )  1 7 1 5 ,  1 6 6 0 ,  1 5 9 0 ,  a n d  1 5 7 0  c m " ' ;  N M R  ( C D C 1 :!) 3 .9 4  ( s , 

6  H ) ,  4 .4 7  (s , 4  H ) ,  a n d  7 . 3 - 8 . 3  p p m  (m , 8  H ) ;  m a s s  s p e c t r u m  m /e  3 5 0  

a n d  3 8 2  ( M + , 10 0 % ) .

A n a l .  C a l c d  f o r  C ^ oH i s N oO g: C ,  6 2 .8 2 ;  H ,  4 . 7 5 ;  N ,  7 . 3 3 .  F o u n d  : C ,  

6 2 .5 6 ;  H ,  4 .9 0 ;  N ,  7 .4 8 .

7,14-Dihydroxy-6Ji,13f/-pyrazino[l,2-a:4,5-a']diindole-6,- 
13-dione (13). C o m p o u n d  12 ( 3 .7 5  g , 0 .0 0 9 8  m o l)  in  a c e t o n i t r i l e  ( 1 0 0  

m l)  w a s  s t i r r e d  a t  r e f l u x  w h i le  p o t a s s i u m  i e r f - b u t o x i d e  ( 3 . 7 5  g , 0 .0 3 3  

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

a t  r e f l u x  f o r  a n  a d d i t i o n a l  1 . 5  h  a n d  t h e n  p o u r e d  i n t o  w a t e r .  T h e  r e 

s u l t i n g  c l e a r  s o l u t i o n  w a s  a c i d . f i e d  w i t h  3  N  H C 1  a n d  t h e  f i n e  y e l lo w  

p r e c i p i t a t e  w a s  c o l l e c t e d  o n  W h a t m a n  n o . 4 2  f i l t e r  p a p e r .  A f t e r  

w a s h in g  w i t h  w a t e r  a n d  e t h e r  a n d  t h e n  a i r  d r y i n g ,  2 .8 7  g  (9 2 % )  o f  p a le  

y e l lo w  p o w d e r  w a s  o b t a i n e d .  A  s a m p l e  f o r  a n a l y s i s  p r e p a r e d  b y  v a c 

u u m  s u b l i m a t i o n  c h a n g e d  t o  f i n e  n e e d l e s  a b o v e  2 5 0  ° C  b u t  d i d  n o t  

m e l t  u p  t o  3 2 0  ° C .  T h e  s a m p l e  h a d  I R  ( N u jo l )  3 3 0 0 ,  1 6 8 5 ,  1 6 7 0 , 1 6 2 5 ,  

1 6 0 0  a n d  1 5 7 5  c m " 1 ; m a s s  s p e c t r u m  m / e  3 1 8  ( M + , 10 0 % ) .  A n  N M R  

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

A n a l .  C a l c d  f o r  C is H m N ^ C L :  C ,  6 7 .9 3 ;  H , 3 . 1 7 ;  N ,  8 .8 0 . F o u n d :  C ,  

6 7 .8 2 ;  H ,  3 . 3 3 ;  N ,  8 .7 5 .

6a,I3a-Epidithio-6a,7,13a.l4-tetrahydro-6Ji,13Ji-pyrazino- 
[I,2-a:4,5-a']diindole-6,7,13,14-tetraone (5). A s u s p e n s i o n  o f  

c o m p o u n d  13 ( 2 .0  g ,  0 .0 0 6 3  m o l)  in  m e t h y le n e  c h lo r i d e  ( 1 6 0  m l)  w a s  

s t i r r e d  v i g o r o u s l y  w h i l e  p y r i d i n e  (4 m l, 0 .0 5  m o l)  w a s  a d d e d .  S u l f u r  

m o n o c h lo r id e  ( 1 . 2  m l, 2  g , 0 . 0 1 5  m o l)  w a s  a d d e d  s lo w ly  d r o p w is e  g iv in g  

a  c l e a r  y e l lo w  s o l u t i o n .  A f t e r  1 0  m in  o f  s t i r r i n g ,  t h e  s o l u t i o n  w a s  

w a s h e d  w i t h  0 .6  N  H C 1  ( 2 0 0  m l) ,  d r i e d ,  f i l t e r e d ,  a n d  c o n c e n t r a t e d  

u n d e r  r e d u c e d  p r e s s u r e  u s i n g  a  w a t e r  b a t h  a t  3 5  ° C .  C r y s t a l s  b e g a n  

t o  f o r m  w h e n  t h e  v o lu m e  w a s  r e d u c e d  t o  c a .  1 0 0  m l. F u r t h e r  c o n c e n 

t r a t i o n  t o  c a .  5 0  m l  b y  b o i l i n g  w a s  f o l l o w e d  b y  s t o r a g e  in  t h e  f r e e z e r  

f o r  2  h . T h e  c r u d e  p r o d u c t  ( 1 . 6 8  g )  w a s  c o l l e c t e d ,  w a s h e d  w i t h  c o ld  

m e t h y le n e  c h lo r i d e ,  a n d  d r i e d .  R e c r y s t a l l i z a t i o n  f r o m  m e t h y le n e
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c h lo r id e  g a v e  7 0  m g  o f  in s o l u b l e  s t a r t i n g  m a t e r i a l  a n d  1 . 5 6  g  (6 5 % )  o f  

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

t a l l i z e d  p r o d u c t  d e c o m p o s e d  w i t h o u t  m e l t i n g  a b o v e  3 0 0  ° C :  I R  

( N u jo l )  1 7 3 0  a n d  1 6 0 0  c m “ 1 ( 1 7 4 5  a n d  1 6 0 0  c m “ 1 in  C H C l :j) ; N M R  

(CDCI3) 7 . 3 - 8 . 4  p p m  ( m , a r o m a t i c  H ) ;  m a s s  s p e c t r u m  m /e  6 4  ( 10 0 % ) ,  

3 1 6 ,  3 1 8 ,  a n d  3 8 0  ( M + ) .

A n a l .  C a l c d  f o r  C 18 H 8N 20 4S 2 : C ,  5 6 .8 3 ;  H ,  2 . 1 2 ;  N ,  7 .3 6 ,  S ,  16 .8 6 .  

F o u n d :  C ,  5 6 .8 6 ;  H ,  2 .2 9 ;  N ,  7 .3 9 ;  S ,  1 6 . 5 7 .

6a,13a-Epitrithio-6a,7,13a,14-tetrahydro-6Ff,13ff-pyrazino- 
[l,2-a:4,5-a']diindole-6,7,13,14-tetraone (6). A  s u s p e n s i o n  o f  

c o m p o u n d  13 ( 5 0 0  m g , 1 . 5 7  m m o l)  in  m e t h y le n e  c h lo r id e  ( 4 0  m l)  w a s  

t r e a t e d  w i t h  p y r i d i n e  ( 1  m l)  a n d  s t i r r e d  f o r  1 0  m in .  S u l f u r  m o n o 

c h lo r i d e  ( 0 .9  m l ,  1 . 5  g ,  0 . 0 1 1  m o l)  w a s  a d d e d  a l l  a t  o n c e  a n d  t h e  r e 

s u l t i n g  s o lu t io n  w a s  b o i le d  g e n t l y  f o r  1 5  m in .  I t  w a s  t h e n  w a s h e d  w i t h  

0 .6  N  H C 1 ,  d r i e d ,  f i l t e r e d ,  a n d  c o n c e n t r a t e d  t o  c a .  2 0  m l  b y  b o i l in g .  

A f t e r  s c r a t c h i n g  w i t h  a  s e e d  c r y s t a l  a n d  c h i l l i n g ,  t h e  p r o d u c t  w h ic h  

s e p a r a t e d  w a s  c o l l e c t e d ,  w a s h e d  w i t h  c o ld  m e t h y le n e  c h lo r i d e ,  a n d  

a i r  d r ie d  t c  g iv e  3 8 0  m g  ( 5 8 % )  o f  t h e  e p i t r i s u l f i d e  a s  a  l ig h t  y e l lo w  s o l id . 

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 y le n e  c h lo r i d e  w i t h  c h a r c o a l  t r e a t m e n t  

w h i le  in  s o lu t io n  g a v e  p a l e  y e l lo w  c r y s t a l s  w h ic h  d e c o m p o s e d  w i t h o u t  

m e l t i n g  a t  2 5 5  ° C .  T h e  p r o d u c t  h a d  I R  ( K B r )  1 7 4 7 ,  1 7 0 0 ,  a n d  1 5 9 5  

c m - 1  ( t h e  n e a t  s o l id  h a s  s t r o n g  R a m a n  b a n d s  a t  1 7 6 0 , 1 7 1 0 , 1 6 1 0 ,  6 3 0 , 

a n d  4 9 0  c m - 1 ) ; N M R  ( C D C l 8/ M e 2S O - d e )  7 . 3 - 8 . 8  p p m  ( m , a r o m a t i c  

H ) ;  m a s s  s p e c t r u m  m /e  6 4 ,  9 6 , 3 1 6  ( 1 0 0 % ) ,  3 1 8 ,  a n d  4 1 2  ( M + ).

A n a l .  C a l c d  f o r  C 18H 8N 20 4S 8: C ,  5 2 .4 2 ;  H ,  1 . 9 6 ;  N ,  6 .7 9 ;  S ,  2 3 . 3 2 .  

F o u n d :  C ,  5 2 . 1 3 ;  H ,  2 .0 0 ;  N ,  6 .6 5 ;  S ,  2 3 .2 0 .

3 . 6 -  Bis(o-chlorobenzylidine)-2,5-piperazinedione ( 1 4 ) .  A  

m i x t u r e  o f  g l y c i n e  a n h y d r i d e  ( 1 1 4  g , 1  m o l ) ,  o - c h lo r o b e n z a l d e h y d e  

( 3 1 0  g , 2 .2  m o l ) ,  s o d i u m  a c e t a t e  ( 3 3 0  g , 4  m o l) ,  a n d  a c e t i c  a n h y d r i d e  

( 5 2 0  g , 5 . 1  m o l)  w a s  s t i r r e d  a n d  h e a t e d  in  a n  o i l  b a t h  a t  1 4 0 - 1 4 5  ° C  

f o r  5  h . T h e  r e a c t i o n  m i x t u r e  w a s  l e f t  t o  c o o l  w i t h  s t i r r i n g  o v e r n i g h t  

a n d  w a t e r  w a s  t h e n  a d d e d  in  5 0 - m l  p o r t i o n s  c a u s i n g  a  v i g o r o u s  r e a c 

t io n .  A f t e r  d i lu t i o n  t o  c a .  2 1 . ,  t h e  b l a c k  p r e c i p i t a t e  w a s  c o l l e c t e d  a n d  

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

h e a t e d  o n  t h e  s t e a m  b a t h  w i t h  o c c a s io n a l  s w ir l in g .  I t  w a s  t h e n  f i l t e r e d  

a n d  w a s h e d  r e p e a t e d l y  w i t h  m e t h y le n e  c h lo r i d e  u n t i l  a  l i g h t  y e l lo w  

f i l t e r  c a k e  r e m a i n e d .  A f t e r  d r y i n g ,  t h e  p r o d u c t  w e i g h e d  1 7 6  g  ( 4 9 % ) . 

A  s a m p l e  r e c r y s t a l l i z e d  f r o m  C H 2C l 2/ E t O H  d e c o m p o s e d  w i t h o u t  

m e l t i n g  a b o v e  3 0 0  ° C :  I R  ( N u jo l )  3 2 5 0 ,  1 7 0 0 ,  a n d  1 6 5 0  c m - 1 ; m a s s  

s p e c t r u m  m /e  3 2 3  ( 1 0 0 % )  a n d  3 5 8  ( M + ). P o o r  s o l u b i l i t y  p r e c l u d e d  

a n  N M R  s o e c t r u m .

A n a l .  C a l c d  f o r  C , 8H 12 C I 2N 20 2: C ,  6 0 . 1 9 ;  H ,  3 . 3 7 ,  C l ,  1 9 . 7 3 ;  N ,  7 .8 0 . 

F o u n d :  C ,  3 0 . 5 7 ;  H ,  3  5 5 ;  C l ,  1 9 . 9 3 ;  N ,  7 .8 8 .

3.6- Bis(o-chlorobenzyl)-2,5-piperazinedione (15). A  m i x t u r e  

o f  c o m p o u n d  1 4  ( 2 5  g )  a n d  z in c  d u s t  ( 6 0  g )  in  g l a c i a l  a c e t i c  a c i d  ( 1 1 . )  

w a s  s t i r r e d  a t  r e f lu x  f o r  1 6  h , d u r in g  w h ic h  t h e  y e l lo w  s t a r t in g  m a t e r ia l  

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

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

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

p r e s s u r e .  T h e  c o l o r l e s s  p r o d u c t  w a s  o b t a i n e d  in  q u a n t i t a t i v e  y i e l d  

b y  p r e c i p i t a t i o n  w i t h  c o ld  w a t e r  f o l lo w e d  b y  c o l le c t in g ,  w a s h in g  w it h  

w a t e r ,  a n d  a i r  d r y in g .  T h e  p r o d u c t  h a s  I R  ( N u jo l)  3 2 0 0 , 1 6 9 0  a n d  16 4 0  

c m - 1 . T h e  N M R  ( C D C l : J M e 2S O -d r ,)  s p e c t r u m  h a s  v i n y l  H  s i n g le t s  

a t  4 .7 0  a n d  6 . 6 1  p p m  s h o w i n g  t h e  p r o d u c t  t o  b e  a  m i x t u r e  ( c a . 1 : 1 )  o f  

c i s  a n d  t r a n s  g e o m e t r i c a l  i s o m e r s : 10  m a s s  s p e c t r u m  m /e  3 2 5  ( 10 0 % )  

a n d  3 6 0  ( M + , v e r y  w e a k ) .  W i t h o u t  f u r t h e r  c h a r a c t e r i z a t i o n ,  t h i s  d i 

h y d r o  is o m e r  m i x t u r e  (5  g ) w a s  d i s s o lv e d  in  h o t  g la c ia l  a c e t ic  a c id  ( 1 5 0  

m l) ,  t r e a t e d  w i t h  c a .  2  g  o f  R a n e y  n i c k e l ,  a n d  s h a k e n  u n d e r  6 0  p s i  o f  

H 2 f o r  5 0  h . T h e  c a t a l y s t  w a s  f i l t e r e d  a n d  t h e  f i l t r a t e  d i lu t e d  w i t h  

w a t e r .  T h e  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  a i r  d r i e d  

t o  g i v e  4 . 3  g  ( 8 5 % )  o f  c o l o r l e s s  c r y s t a l s .  A  s a m p l e  r e c r y s t a l l i z e d  f r o m  

a c e t ic  a c id / e t h e r  h a d  m p  2 2 0 - 2 2 2  ° C ;  I R  ( N u jo l)  3 2 0 0 ,  3 0 5 0 ,  a n d  16 8 0  

c m - 1 ; N M R  ( C D C l :i/ M e 2S 0 - d fi/ D 20 )  2 . 6 1  ( d d ,  H A ), 3 . 1 7  ( d d ,  H h ),

4 . 1 0  ( d d , H x ) ,  J kb  =  1 4 ,  J a x  =  8 , J b x  =  5  H z ,  7 .3 0  ( a r o m a t i c  H ) ,  a n d

7 .9 0  ( N H ,  s e e n  b e f o r e  a d d i n g  D 20 ) ;  m a s s  s p e c t r u m  m /e  3 2 7  ( M  — C l ,

1 0 0 % ).
A n a l .  C a l c d  f o r  C 18H lfiC l 2N 20 2: C ,  5 9 . 5 2 ;  H ,  4 .4 4 ; C l ,  1 9 . 5 2 ;  N ,  7 . 7 1 .  

F o u n d :  C ,  5 9 . 7 7 ;  H ,  4 .6 5 ;  C l ,  1 9 . 2 6 ;  N ,  7 .7 0 .
6a,7,13a,14-Tetrahydro-6fT,13fi-pyrazino[l,2-a:4,5-a']di- 

indole-6,13-dione ( 8 ) .  A  m i x t u r e  o f  c o m p o u n d  15 ( 5  g ) ,  c u p r o u s  

c h lo r i d e  ( 5  g ) ,  a n d  a n h y d r o u s  p o t a s s i u m  c a r b o n a t e  ( 5  g )  in  d i g l y m e  

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

m ix t u r e  w a s  t h e n  d i lu t e d  w i t h  c h lo r o f o r m  a n d  f i l t e r e d  t h r o u g h  C e l i t e ,  

t h e  s o l id  b e in g  w a s h e d  s e v e r a l  t im e s  w i t h  h o t  c h lo r o f o r m . T h e  f i l t r a t e  

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

w h ic h  t h e  p r o d u c t  b e g a n  to  c r y s t a l l iz e .  A f t e r  c h i l l in g ,  t h e  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 h e r ,  a n d  a i r  d r i e d  t o  g iv e  1 . 8 5  g  (46%) o f  8  a s  

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

c o lo r le s s  c r y s t a l s .  A  r e c r y s t a l l i z e d  s a m p l e  h a d  m p  2 5 8 - 2 6 0  ° C  ( l i t . ;l 

m p  2 6 3 - 2 6 5  ° C ) :  I R  ( N u jo l )  1 6 7 0  a n d  1 6 0 5  c m - 1 ; N M R  ( C D C 1 :1/

M e 2S O - d 6) 3 . 3 7  ( d d ,  H A ) , 3 . 5 5  ( d d ,  H B ) , 5 . 1 9  ( d d ,  H x ), J A B  =  1 7 ,  J A x  

=  1 0 ,  J b x  =  8  H z ,  7 .2 0  ( m , 6  H ,  a r o m a t i c ) ,  a n d  8 .0  (m , 2  H ,  a r o m a t i c ) ;  

m a s s  s p e c t r u m  m /e  9 0 , 1 1 7  ( 1 0 0 % ) ,  a n d  2 9 0  ( M + ).

A n a l .  C a l c d  f o r  C i 8H i 4N 20 2: C ,  7 4 .4 7 ;  H ,  4 .8 6 ;  N ,  9 .6 5 . F o u n d :  C ,  

7 4 .6 0 ;  H ,  4 .8 0 ;  N ,  9 .7 5 .

6ii,13H-Pyrazino[l,2-a:4,5-a']diindole-6,13-dione (10).1 1  A

m ix t u r e  o f  6 0  g  e a c h  o f  c o m p o u n d  1 4 ,  c u p r o u s  c h lo r id e ,  a n d  a n h y d r o u s  

p o t a s s iu m  c a r b o n a t e  in  d i g ly m e  ( 2 1 . )  w a s  s t i r r e d  a t  r e f lu x  u n d e r  a r g o n  

f o r  1 8  h . A f t e r  c o o l in g ,  t h e  m i x t u r e  w a s  d i lu t e d  w i t h  w a t e r  a n d  t h e  

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

e t h e r  a n d  t h e n  a i r  d r i e d .  I t  w a s  t h e n  e x t r a c t e d  w i t h  b o i l i n g  o - d i -  

c h lo r o b e n z e n e  ( 5 0 0  m l)  f o r  c a .  1  h . T h e  m i x t u r e  w a s  f i l t e r e d  t h r o u g h  

a  p r e h e a t e d  f i n e  s i n t e r e d  g l a s s  f u n n e l ,  t h e  l i q u i d  in  t h e  f u n n e l  b e in g  

k e p t  a t  > 1 5 0  ° C  d u r i n g  t h e  f i l t r a t i o n .  A d d i t i o n a l  b o i l i n g  o - d i c h l o r o -  

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

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

p r o d u c t  c o l l e c t e d .  T h e  p r o d u c t  w a s  t h e n  s u s p e n d e d  in  m e t h y le n e  

c h lo r i d e  ( 5 0 0  m l) ,  f i l t e r e d  a g a i n ,  a n d  a i r  d r i e d  t o  g i v e  3 5 .9  g  ( 7 5 % )  o f  

1 0  a s  a  p a l e  y e l lo w  p o w d e r .  A  s a m p l e  f o r  a n a l y s i s  w a s  v a c u u m  s u b 

l im e d  g iv in g  f in e  y e l lo w  c r y s t a l s  w i t h  m p  3 2 6 - 3 2 8  ° C :  I R  ( N u jo l)  1 7 0 5 ,  

1 6 9 5 , 1 6 2 0 , 1 5 8 5 ,  a n d  1 5 7 0  c m - 1 ; m a s s  s p e c t r u m  m /e  2 8 6  ( M + , 10 0 % ) .  

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

A n a l .  C a l c d  f o r  C i 8H ioN->0 2: C ,  7 5 . 5 2 ;  H ,  3 . 5 2 ;  N .  9 .7 8 .  F o u n d :  C ,  

7 5 . 4 2 ;  H ,  3 .6 0 ;  N ,  9 .8 8 .

6a,7-Dihydro-6If,13Ii-pyrazino[l,2-a:4,5-a']diindole-6,13- 
dione (9). A  m i x t u r e  o f  c o m p o u n d  10 ( 1 0  g )  a n d  z in c  d u s t  ( 2 0  g )  in  

g l a c i a l  a c e t i c  a c i d  ( 2 5 0  m l)  w a s  s t i r r e d  a t  r e f l u x  f o r  1 8  h . A f t e r  c o o l in g  

t h e  m i x t u r e  w a s  d i lu t e d  t o  1  1. w i t h  w a t e r  a n d  t h e  s u s p e n s i o n  o f  t h e  

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

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

d r i e d  t o  g i v e  a  q u a n t i t a t i v e  y i e l d  o f  9  a s  p a l e  y e l lo w  p o w d e r .  R e c r y s 

t a l l i z a t i o n  f r o m  o - d i c h l o r o b e n z e n e  g a v e  8 .4  g  o f  p a l e  y e l lo w  c r y s t a l s  

w i t h  m p  3 0 3 - 3 0 6  ° C :  I R  ( N u jo l )  1 7 2 0 ,  1 6 4 5 ,  1 6 0 0 ,  1 5 8 0 ,  a n d  1 5 6 0  

c m - 1 ; N M R  ( C D C l 8/ M e 2S O - d 6  s p e c t r u m  is  w e a k  a n d  p o o r ly  r e s o lv e d  

o w in g  t o  lo w  s o lu b i l i t y )  3 .5 0  (m , 1  H ) ,  4 .3 0  (m , 1  H ) ,  5 .7 0  (m , 1  H ) ,  7 .4 0  

( b r o a d ,  a r o m a t i c  H ) ,  a n d  8 .0 3  p p m  ( s ,  1  H ) ;  m a s s  s p e c t r u m  m /e  1 1 5 ,  

1 4 3 ,  1 4 4 ,  a n d  2 8 8  ( M + ,  10 0 % ) .

A n a l .  C a l c d .  f o r  C i 8H i 2N 20 2: C ,  7 4 .9 9 ;  H ,  4 .2 0 ;  N ,  9 .7 2 .  F o u n d :  C ,  

7 4 .8 2 ;  H , 4 .2 6 ;  N ,  9 .7 2 .

Crystallographic Study of 6. Y e l l o w  c r y s t a l s  o f  6 w e r e  g r o w n  f r o m  

m e t h y le n e  c h lo r i d e .  A  c r y s t a l  a p p r o x i m a t e l y  0 . 1 1  X  0 .0 6  X  0 .0 5  m m  

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

g r o u p  w a s  f o u n d  t o  b e  P2i2\2\ b y  a  c o m b i n a t i o n  o f  f i l m  a n d  c o u n t e r  

m e t h o d s .  T h e  c e l l  c o n s t a n t s  w e r e  f o u n d  u s i n g  1 4  r e f l e c t i o n s  o n  a  

H i l g e r  a n d  W a t t s  f o u r  c i r c l e  d i f f r a c t o m e t e r  ( C u  K « , X  =  1 . 5 4 1 7 8  A ,  

n i c k e l  f i l t e r )  t o  b e  a =  9 . 1 9 9  ( 4 ) ,  b =  1 3 . 8 4 6  ( 4 ) ,  a n d  c  =  1 3 . 2 4 8  ( 3 )  A .  

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

m e a s u r e d  b y  f l o t a t i o n  in  a q u e o u s  K I  a s  1 . 6 2  g / m l ,  in  g o o d  a g r e e m e n t  

w i t h  a  c a lc u la t e d  d e n s i t y  o f  1 . 6 1 1  g / m l  a s s u m in g  f o u r  m o le c u le s  in  th e  

u n i t  c e l l .  I n t e n s i t y  d a t a  w e r e  c o l l e c t e d  u s i n g  a  s c i n t i l l a t i o n  c o u n t e r  

w i t h  p u l s e - h e i g h t  d i s c r i m i n a t i o n ,  a  0-26  s c a n  t e c h n iq u e ,  l ° / m i n  s c a n  

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

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

2 0 1 5  in d e p e n d e n t  r e f l e c t i o n s  m e a s u r e d ,  w i t h  6 <  5 7 ° ,  1231 ( w i t h  I 
>  2.5< t i) w e r e  c o n s i d e r e d  s i g n i f i c a n t l y  g r e a t e r  t h a n  b a c k g r o u n d .

D a t a  w e r e  c o r r e c t e d  f o r  L o r e n t z ,  p o l a r i z a t i o n ,  a n d  a b s o r p t i o n .  T h e  

s t r u c t u r e  w a s  s o l v e d  b y  a  m u l t i p l e  s o l u t i o n  p r o c e d u r e . 12 N e a r l y  a l l  

n o n h y d r o g e n  a t o m s  w e r e  lo c a t e d  o n  t h e  f i r s t  E  m a p .  I n c lu s io n  o f  t h e s e  

a t o m s  in  a n  e le c t r o n  d e n s i t y  c a lc u l a t i o n  lo c a t e d  a l l  r e m a i n i n g  a t o m s .  

F u l l - m a t r i x  l e a s t - s q u a r e s  r e f i n e m e n t  w i t h  f i r s t  i s o t r o p i c ,  t h e n  a n 

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

w e r e  c a lc u la t e d  a n d  p la c e d  w i t h  a  C - H  b o n d  le n g t h  o f  1 . 0  A .  F u r t h e r  

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

a t o m s  a n d  h y d r o g e n  a t o m s  a t  f i x e d  p o s i t i o n s  r e d u c e d  R„ (R  =  

[ ( 2 u ) | F „  | — | F (. | )2/ 2 uiF „ 2] 1/2) t o  0 .0 8 7 . A  f i n a l  d i f f e r e n c e  F o u r i e r  m a p  

h a s  n o  s i g n i f i c a n t  f e a t u r e s .

R e g i s t r y  N o . — 5 ,  6 1 1 9 3 - 5 9 - 7 ;  6 , 6 1 1 9 3 - 6 0 - 0 ;  8 , 5 0 5 0 1 - 0 6 - 9 ;  9 , 

6 1 1 9 3 - 6 1 - 1 ;  1 0 ,  5 8 8 8 1 - 4 1 - 7 ;  1 1 ,  6 1 1 9 3 - 6 2 - 2 ;  1 2 ,  6 1 1 9 3 - 6 3 - 3 ;  1 3 ,  

6 1 1 9 3 - 6 4 - 4 ;  1 4 ,  7 6 7 0 - 6 7 - 9 ;  i r a n s - d i h y d r o - 1 4 ,  6 1 1 9 3 - 6 5 - 5 ;  c i s - d i h y -  

d r o - 1 4 ,  6 1 1 9 3 - 6 6 - 6 ;  1 5 ,  7 7 6 3 - 2 5 - 9 ;  g l y c i n e  a n h y d r i d e ,  1 0 6 - 5 7 - 0 ;  o- 
io d o b e n z o ic  a c i d ,  8 8 - 6 7 - 5 ;  s u l f u r  m o n o c h l o r i d e ,  1 0 0 2 5 - 6 7 - 9 ;  o - c h lo -  

r o b e n z a l d e h y d e ,  8 9 - 9 8 - 5 .
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T h e  s y n t h e s i s  o f  1 , 2 , 4 - t h i a d i a z i n e  1 - o x i d e s ,  w h i c h  a r e  c y c l i c  s u l f o x i m i n e s  e x e m p l i f i e d  b y  1 6 ,  1 9 ,  2 7 ,  a n d  3 0 ,  i s  r e 

p o r t e d .  A l k y l a t i o n  o f  1 6  w i t h  m e t h y l  i o d i d e - N a H  g i v e s  2 0 ,  w h i c h  in  t u r n  c a n  b e  c o n v e r t e d  t o  2 1 ;  1 6  o n  t r e a t m e n t  

w i t h  t r i e t h y l o x o n i u m  t e t r a f l u o r o b o r a t e  g i v e s  2 7 .  T h e  u n s a t u r a t e d  b u t  n o n a r o m a t i c  1 , 2 , 4 - t h i a d i a z i n e  1 - o x i d e  3 0  

c a n  b e  p r e p a r e d  b y  t h e  a c t i o n  o f  e t h y l  i o d i d e  o n  t h e  s i l v e r  s a l t  o f  2 7 .  T h a t  2 7  a n d  3 0  a r e  y l i d i c  in  n a t u r e  is  s h o w n  b y  

t h e i r  * H  a n d  13 C  N M R  s p e c t r a ,  w h i c h  a r e  d i s c u s s e d ,  a n d  t h e i r  a b i l i t y  t o  u n d e r g o  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  in  t h e  

s a m e  m a n n e r  a s  t h i a b e n z e n e  1 - o x i d e s .  T h e  m a s s  s p e c t r a  o f  t h e  v a r i o u s  t h i a d i a z i n e  1 - o x i d e s  s h o w  i m p o r t a n t  f r a g 

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

p o r t a n t  in  t h e  s p e c t r a  o f  t h e  o p e n - c h a i n  i n t e r m e d i a t e s .

The chemistry of sulfoximines has been the focus of much 
attention in the past several years, and two reviews of this 
developing area of organosulfur chemistry have recently ap
peared.3 Part of the interest in the chemistry of sulfoximines, 
which are capable of wide structural variations, has been 
concerned with the synthesis of heterocycles containing this 
functionality. Two arrangements are possible: (a) with the 
S=N  moiety exocyclic to the ring, and (b) with the S=N  
moiety an integral part of the ring.4 We report here the syn
thesis and chemistry of 1,2,4-thiadiazine 1-oxides, which are 
sulfoximine heterocycles that exemplify the second cate
gory.

Reported syntheses of sulfoximine heterocycles such as l 5 
and 2 6 have utilized an existing sulfoximine unit around which 
to construct a ring. Our initial synthetic goal which would 
provide access to the thiadiazine 1 -oxide system was a diketo 
structure represented by 3. The successful preparation of such

Scheme I
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a dione was accomplished similarly by starting from an intact 
sulfoximine.

Scheme I depicts initial unsuccessful approaches. The 
carboxamidosulfoximine 5 was envisioned as a useful inter
mediate not only for the synthesis of the dione 3, but also, by 
reaction with formic acid, nitrous acid, or reduction-carbon- 
ylation, for the generation of other heterocycles as well.

Attempted conversion of the corresponding sulfoxide 47 to 
5 by the standard reaction with hydrazoic acid8 gave exclu
sively the Pummerer rearrangement product, diphenyl di
sulfide (6 ). Use of the versatile but unstable amino transfer 
reagent O-mesitylsulfonylhydroxylamine (MSH) 9 did provide 
the desired intermediate 5 but in less than acceptable yields.
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Some effort was made to prepare the ester 8  which would then 
be converted to 5. The known and readily accessible methyl- 
phenvlsulfoximine10 7, on conversion to the dianion and 
treatment with 1 equiv of methyl chloroformate, gave little 
of the desired 8 , however. An attempted modification of the 
well-known preparation of sulfones,11 where the sulfinamide 
9 rather than sodium benzenesulfinate was reacted with 
methyl fcromoacetate, did not yield 8 . Sulfoximine 7 was easily 
converted to the methoxycarbonyl derivative 10  in good yield. 
The anion of 10, generated with LDA, could be carboxylated 
giving the free acid 11 (39%), stable toward decarboxylation, 
but offering no advantage over the corresponding ester pre
pared directly (Scheme II). Finally, later it was found that 10 
could undergo condensation with DMF acetal in a manner 
similar to that of ketones12 and the enaminosulfoximine 1 2 , 
a quite stable yellow solid, was formed in 50% yield. All at
tempts to convert 12  to 13 (R = H or alkyl) by amination with 
ammonia, ammonium acetate, amines, or triethyloxonium 
tetraflucroborate (Meerwein reagent) followed by ammonia 
failed.

A successful approach to the thiadiazine system was devised 
(Scheme II) which took advantage of the ability of 10 to un-

Scheme II
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dergo acylation on carbon. Inverse addition of the lithio de
rivative of 10  to 1 equiv of methyl chloroformate gave in good 
yield, the ester 14, which could be aminated with ammonia or 
methylamine in good yields providing the amides 15. Cycli- 
zation of 15a with sodium methoxide gave the 1,2,4-thiadia- 
zinedione 1-oxide 16 in 47% yield along with 2-5% of the 
methanolysis product 17.13 Attempted cyclization of 15b with 
sodium methoxide gave only the methanolysis product 18 
(55%). Apparently methanolysis in this case competes effec
tively with cyclization with the more bulky se c -amide anion. 
When sodium hydride in DMF was employed, however, cy
clization readily occurred yielding the (V-methyl dione 19 
(75%). Interestingly, when 15a was subjected to these same 
conditions only a 31% yield of 16 was obtained along with a 
surprising 43% of 10. 14

The dione 16 (as well as 19) is essentially nonenolic; the 
infrared spectrum indicates carbonyl absorption at 1705 and

1675 cm-1. The NMR spectrum shows an exchangeable pro
ton at <5 10.8 and geminal protons at 8 4.91 (-7 = 17 Hz), which 
are exchanged rapidly by D20  in Me2SO-d6 or immediately 
if acid or base are added. The AB quartet at 8 4.91 collapses 
to a broad singlet at 100 °C which becomes a sharper singlet 
at 150 °C while the phenyl protons remain sharp and clear. 
On cooling to room temperature the original quartet is re
stored. Although no enol is detected, the collapse of the 
quartet on heating is consistent with chemical averaging 
through the enol form which becomes rapid at elevated tem
perature. 13C NMR spectra which define 16 are seen in Chart 
I. In the mass spectrum of 16 a base peak of m/e 91 corre-

Chart I. 13C Chemical Shifts (ppm from Me4Si) of 16 in 
Me2SO-d6

C h e m i c a l  s h i f t ,  p p m

52.8 
128.2 /
129.8 )
135.3
152.3 /
161.5)

A s s i g n m e n t

C-6
C-9, C -ll  
C-8 , C-12 
C-7, C-10

C-3, C-5

sponding to C7H7 suggests a migration of the phenyl moiety 
from sulfur to carbon. Oae et al.15 have reported the migration 
of aryl groups from sulfur to nitrogen in the mass spectra of 
aryl alkyl sulfoximines. This migration of phenyl to carbon 
appears to be electron impact induced and is characteristic 
of all 1,2,4-thiadiazine 1-oxides discussed in this paper. The 
migration was of little or no significance in the spectra of the 
open-chain intermediates.

Alkylation of 16 is shown in Scheme III. Treatment of 16 
with 1 equiv of NaH and CH3I yielded a mixture of several

O
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major components probably due to indiscriminate alkylation 
at several sites. With 2 equiv of base and CH3I a 37% yield of 
20 could be isolated from a mixture. This geminally dialkyl- 
ated product could be converted smoothly to the trimethyl 
dione 21 in 70% yield. In spite of geminal methyl groups, 
fragmentations of m/e 119, ascribable to [C6H5C(CH3)2]+ 
resulting from phenyl migration, are seen in the spectra of 2 0  
[25% of base peak at 125 (CBHr,S = 0 +)] and 21 [100% of base 
peak relative to m/e 125 (75%)].

A shorter approach to N-substituted diones like 24 was 
attempted by acylation of the lithio derivative of 1 0  with
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isocyanates. Cyclization was envisioned as occurring directly 
via 23, a similar intermediate to the anion involved in the cy
clization of 15b to 19, to give 24. Indeed, 24a and 24b were 
obtained but only in very low yields and all attempts to im
prove this process failed.

Attention was then focused on the conversion of the dione 
16 (Scheme IV) to the dichloro derivative 25. The displace- 
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ment of the halogens in 25 could then be studied, and their 
reductive removal to yield the basic 1,2,4-thiadiazine 1 -oxide 
26 attempted. All efforts to convert 16 to 25 with SOCI2, 
POCI3, etc., gave unstable yellow mixtures which eluded 
characterization. Reaction of 16 with 2 equiv of Meerwein 
reagent, in an attempt to prepare a dialkoxy version of 25 (i.e.,
30) gave a new substance in 80% yield which could be assigned 
the structure 27. This new substance showed a one-proton 
singlet at 5 4.33 that was exchanged with NaOD and DC1. The 
mass spectrum indicated an M+ peak at m /e  252 and a base 
peak at m /e  118 which was shown by high resolution to be 
CsHfiO, most probably attributable to C6H5C H = C = 0 , and 
a second peak at m /e  90 corresponding to C7H6. The 13C NMR 
spectrum (Chart II) showed an important peak at 59.4 ppm.

C h a r t  I I .  I3C  C h e m i c a l  S h i f t s  ( p p m  f r o m  M e , S i )  o f  2 7  a n d  

2 8  i n  M e 2S O - d 6

11

C h e m i c a l  s h i f t ,  p p m A s s i g n m e n t
=  H  ( 2 7 ) R  =  C H 3 ( 2 8 ) c a r b o n  n o .

13.9 13.8 14
27.0 15

59.4 59.3 6
64.9 66.3 13

126.5 126.7) 9, 11
129.3 129.2) 8 , 12
132.9 133.0 10
143.9 143.8 7
157.3 156.2) 3, 5
159.4 157.8)

All data indicated that only one ethyl group had entered the 
new molecule. The indicated ylidic polarization (structure, 
Chart II) imparts anionic character to carbon 6 , shielding it, 
and explains the unusually high field value for an otherwise 
vinylic carbon which might be expected to resonate in the
100-140-ppm range. A less plausible structure was 29 which 
would have resulted from a phenyl migration and change in 
oxidation state of sulfur during the reaction. The phenyl- 
bound carbon of 29 could possibly resonate in the 50-60-ppm 
range, and the molecule might give rise to the phenylketene 
fragment, m /e  118. The coupling constant Jiac-H for carbon 
6  has a value of 179.9 Hz which should exclude any structure 
containing an sp3-hybridized carbon such as in 29. The J i»c-H 
for carbon 6  in 16 is 146.0 Hz. However, in order to rule out 
unequivocally 29 and N-alkylated possibilities shown in Chart 
III, a simple hydrolysis with 16% hydrobromic acid at room

Chart III
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temperature was attempted and, indeed, 16 was isolated in 
33% yield. The result of this experiment supports structure 
27 and definitely rules out structure 29, as well as D and E 
(Chart III). The phenyl migration seen in the mass spectrum 
of 27 then must occur in the spectrometer as it does with 16, 
19, 20,21, and 28. Methylation of 27 with NaH-methyl iodide 
gave the same product 28, in good yield, as that obtained from
19 and triethyloxonium tetrafluoroborate. Compound 28, 
similarly, could be hydrolyzed to 19. The methyl group of 28 
is unequivocally placed on nitrogen at position 4 since 19 was 
derived from 15 which had been prepared from 14 and me- 
thylamine. This is important if one considers the near identity 
of the 1:,C NMR spectra of 27 and 28 (Chart II) which suggests 
structure 27 for the Meerwein product rather than the tau
tomers A and B (Chart III). A chemical shift difference of 7.7 
ppm between carbon 6 in 27 and in 30 (Chart IV and Scheme
IV) argues against the enol tautomer A (Chart III). Carbon 
6  in A should not be so dissimilar from that of 30. Other 
possibilities in Chart III which may be ruled out are C (no 
methylene protons in the NMR spectrum) and F (it would be 
difficult to account for the CHHfiO fragment and the unusually 
high ylidic shielding (Chart II) of carbon 6 16).

The pathway for formation of 27 and 28 can be seen in 
Scheme V. Polarization of the acylsulfoximide grouping is 
strong (31) and provides as the most choice site for attack by 
the oxonium species the carbonyl oxygen of position 3 leading 
via 32 to 27 and 28. Some precedent exists for this as shown 
by the acylation of the ylide 33 with phenyl isocyanate to give 
34. 10

The action of the Meerwein reagent on the dimethyl dione
2 0  gave a mixture of several components, and in reaction with 
the open-chain intermediates 14 and 15 no ylidic product 
similar to 34 was isolated. Reaction of 27 or its sodium salt 
with 1 equiv of the Meerwein reagent gave a mixture of at least 
four major products which was not pursued. The desired 
product 30, a probable component of this mixture, could be
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Scheme V
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prepared from 27 by first obtaining the silver salt and treating 
this in ether at room temperature with ethyl iodide. 17 The 'H 
NMR spectrum of 30 shows two nearly identical methylenes 
and two identical methyls which indicates that the new ethyl 
group is also on oxygen and not nitrogen. This structure, as 
might be expected from the electronic nature of 27 and from 
previous reports,5 A I 8 '19 shows chemical and physical prop
erties consistent with ylidic character. The 13C NMR spectrum 
(Chart IV) shows the ylidic anionic shielding at carbon 6  which

Chart IV. 13C Chemical Shifts (ppm from Me4Si) of 30 in 
Me2SO-d6

n

C h e m i c a l  s h i f t ,  p p m  A s s i g n m e n t

14.11)
14.29)
62.20/
63.02)
67.13

126.89)
129.25)
133.19
142.89
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168.58

14, 16
13
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6

9, 11 
8 , 1 2  

1 0  

7 
5 
3

resonates at 67.13 ppm ( J ihc-h = 184.4 Hz) . 20 This is 7.7 ppm 
lower field than the same carbon in 27 (Chart II) and is pre
sumably cue to the distribution of electron density not only 
at C-6  but also to the nitrogens at positions 2 and 4. In 27 
electron density is more localized at C-6 . This is also reflected 
in the proton chemical shifts of 27 and 30 since the proton at 
C-6  appears at <5 4.90 with 30 vs. 8 4.33 with 27. The mass 
spectrum shows, in addition to M+ at m/e 280, a base peak at 
m /e  118 indicative of the phenyl migration discussed pre
viously. The mass spectrum is best interpreted, however, as 
a loss of ethylene from the molecular ion to generate the M+ 
of 27 followed by the fragmentation of that species.

The ylidic nature of thiabenzenes and thiabenzene 1-oxides 
is now well known, and ylidic electrophilic substitution in the
1 -oxides has recently been reported21 as shown by the con
version of 35 to 36. In a similar manner, compound 27 was 
smoothly brominated by bromine in CH2CI2 giving the 6 - 
bromo derivative 37a in 87% yield. Likewise, nitration was 
accomplished in 43% yield with acetyl nitrate producing the
6 -nitro derivative 37b. Attempts to reduce the nitro group of 
37b with hydrogen on Zn/HOAc failed. Bromination of 30 
yielded as the only isolated product a substance best charac

Scheme VI

37a, X  =  B r  

b , X  = N 0 2

terized as the dihydrobromide of 38.22 An attempt to hydro
lyze 30 to 16, as had been accomplished with 27, produced a 
mixture from which neither 16 nor 27 could be clearly iden
tified.

In summary, physical properties such as 13C NMR spectra 
and 1H NMR spectra, and chemical properties such as elec
trophilic substitution and deuterium exchange at C-7, indicate 
27 and 30 to be ylidic 1,2,4-thiadiazine 1-oxides.

Experimental Section
A l l  m e l t in g  a n d  b o i l in g  p o i n t s  a r e  u n c o r r e c t e d .  N M R  s p e c t r a  w e r e  

d e t e r m i n e d  o n  V a r i a n  A - 6 0 D  a n d  C F T - 2 0  s p e c t r o m e t e r s  a n d  a r e  r e 

p o r t e d  in  8 u n i t s  u s in g  t e t r a m e t h y l s i l a n e  a s  a n  i n t e r n a l  r e f e r e n c e .  

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  1 3 7  s p e c 

t r o p h o t o m e t e r .  M a s s  s p e c t r a  w e r e  t a k e n  o n  a n  A E I - M S 9 0 2  a n d  a r e  

r e p o r t e d  a s  m /e  w i t h  r e l a t i v e  i n t e n s i t y  ( p e r c e n t  o f  b a s e  p e a k )  in  p a 

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

w i t h  a  s a t u r a t e d  N a C l  s o l u t i o n ,  d r y i n g  o v e r  M g S O .i  f o l l o w e d  b y  v a c 

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

v a c u u m  o n  a  R o t a v a p o r  a t  2 5 - 6 0  ° C .

S-Methyl-S-phenyl-iV-methoxycarbonylsulfoximine (10). T o  

a  s o l u t i o n  o f  7 9 .4 7  g  ( 0 . 5 1 2  m o l)  o f  7  in  4 0 0  m l  o f  a n h y d r o u s  d i m e -  

t h o x y e t h a n e  w a s  a d d e d  u n d e r  n it r o g e n  a t  a m b i e n t  t e m p e r a t u r e  3 0 .8 6  

g  ( 0 .7 6 8  m o l)  o f  5 0 %  s o d i u m  h y d r i d e  in  p o r t i o n s .  A f t e r  c o m p l e t e  a d 

d i t i o n  t h e  s l u r r y  w a s  s t i r r e d  f o r  2 .5  h  b e f o r e  t h e  d r o p w is e  a d d i t i o n  o f

7 2 . 5 0  g  ( 0 .7 6 8  m o l)  o f  m e t h y l  c h lo r o f o r m a t e  o v e r  1  h . T h i s  s l u r r y  w a s  

s t i r r e d  f o r  1 2 - 1 5  h . S u s p e n d e d  s o l i d  w a s  r e m o v e d  b y  f i l t r a t i o n ,  a n d  

t h e  f i l t r a t e  c o n c e n t r a t e d  in  v a c u o  t o  a  y e l lo w  r e s i d u e  w h i c h  w a s  d i s 

s o l v e d  in  5 0 0  m l  o f  C H C 1 ;) .  T h i s  s o l u t i o n  w a s  w a s h e d  w i t h  1 0 0  m l  o f  

w a t e r  a n d  w i t h  s a t u r a t e d  N a C l  ( 2  X  1 0 0  m l) .  T h e  o r g a n i c  l a y e r  w a s  

d r i e d ,  f i l t e r e d ,  a n d  c o n c e n t r a t e d  in  v a c u o  l e a v i n g  a  p a l e  y e l lo w  s o l id  

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

a c e t a t e  t o  g iv e  o f f - w h i t e  c r y s t a l s ,  6 5 .4  g  ( 5 9 .9 % ): m p  9 7 - 9 8  ° C ; 2:I N M R  

( M e - i S O - d s )  & 7 . 5 - 8 . 0  ( m , 5  A r H ) ,  3 . 3 8  a n d  3 . 4 1  ( 2  s ,  - S C H 3 a n d  

N C O ^ C H u ) ;  I R  ( N u jo l )  1 6 7 5  ( s ) ,  1 2 6 0  ( s ) ,  1 2 2 0  c m - 1  ( s ) ;  m /e  ( r e l  i n 

t e n s i t y )  M +  n o t  o b s e r v e d ,  1 9 8  ( 1 0 0 ) ,  1 8 2  ( 9 5 ) .
S-Carboxymethyl-S-phenyl-A'-methoxycarbonylsuIfoximine

( 1 1 ) .  A  s o lu t io n  o f  7 7 .7  g  o f  i s o p r o p y lc y c lo h e x y la m in e  in  3 0 0  m l o f  d r y  

T H F  w a s  c o o le d  t o  - 1 0  ° C  a n d  w a s  t r e a t e d  w i t h  3 2 4  m l  o f  2 . 2 5  M  

n - b u t y l l i t h i u m  in  h e x a n e .  T h i s  s o lu t io n  w a s  s t i r r e d  f o r  1  h  a n d  t o  t h i s  

w a s  a d d e d  a t  - 7 0  ° C  5 0 .4  g  o f  10 in  4 0 0  m l  o f  T H F .  T h i s  m i x t u r e  w a s  

s t i r r e d  f o r  2  h  a t  - 7 0  ° C  a n d  t r a n s f e r r e d  in  p o r t i o n s  ( c a r e f u l l y  t o  

c o n t r o l  f o a m i n g )  t o  a  s e c o n d  f l a s k  c o n t a i n i n g  1 8 0 0  g  o f  d r y  ic e ;  t h e  

r e s u l t i n g  s l u r r y  w a s  s t i r r e d  f o r  1 5  h  a n d  a l l o w e d  t o  c o m e  t o  a m b i e n t  

t e m p e r a t u r e .  T o  t h i s  w a s  a d d e d  6 0 0  m l  o f  w a t e r  a n d ,  a f t e r  v i g o r o u s  

m ix in g ,  t h e  u p p e r  o r g a n ic  l a y e r  w a s  s e p a r a t e d .  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  s e v e r a l  t im e s  w i t h  5 0 - m l  p o r t io n s  o f  e t h e r ,  t h e n  m a d e  a c id ic  

w i t h  a c e t i c  a c i d  a n d  e x t r a c t e d  s e v e r a l  t i m e s  w i t h  C H C 1 3 . T h e  C H C L
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e x t r a c t s  w e r e  d r i e d  a n d  c o n c e n t r a t e d  in  v a c u o  t o  g i v e  5 5  g  o f  a m b e r  

o i l  w h ic h  w a s  t a k e n  u p  in  1 - 1 . 5  v o lu m e s  o f  e t h e r  a n d  a l lo w e d  t o  s t a n d  

o v e r n i g h t .  T h e r e  w a s  o b t a i n e d  4 2  g o f  t h e  i s o p r o p y l c y c l o h e x v l a m -  

m o n iu m  s a l t  o f  t h e  a c i d  1 1 ,  m p  1 0 9  ° C  d e c .

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

1 0 1  ( a c id  p h a s e )  c o lu m n . A s  t h e  e lu e n t  w a s  c o l le c t e d  f r o m  t h e  c o lu m n , 

t h e  f r e e  a c id  c r y s t a l l iz e d .  T h e r e  w a s  o b t a i n e d  a  t o t a l  o f  2 0 .5 6  g  ( 3 3 .9 % )  

o f  a c i d  1 1 ,  m p  1 0 3 - 1 0 4  ° C .

A n a l .  C a l c d  f o r  C : i o H n N 0 5S :  C ,  4 6 .6 8 ;  H ,  4 . 3 1 ;  N ,  5 .4 5 .  F o u n d :  C ,  

4 7 . 1 0 ;  H ,  4 .4 7 ;  N ,  5 .5 0 .  N M R  ( M e g S O - d e )  <5 3 .4 7  ( s ,  O C R , ) ,  4 .8 7  (s , 

C H a ) ,  7 . 4 - 8 . 0  ( 5  A r H ) ,  1 2 . 9  ( s ,  - C 0 2H ) ;  I R  ( N u jo l )  1 7 3 5  ( s ) ,  1 6 4 0  ( s ) ,  

1 2 6 0  a n d  1 2 2 0  c m - '  ( s ) ;  p K a =  3 .2 .

S-(2-Dimethylaminovinyl)-S-phenyl-iV-methoxycarbonyI- 
sulfoximine (12). A  m i x t u r e  o f  2 0 .0  g  ( 0 .0 9 4  m o l)  o f  10 a n d  D M F  

d i e t h y l  a c e t a l  ( 2 3 .3 4  g , 0 . 1  m o l)  w a s  h e a t e d  a t  r e f l u x  t e m p e r a t u r e  fo r

4  h . T h e  E t O H  w h i c h  f o r m e d  w a s  r e m o v e d  b y  a  D e a n - S t a r k  t r a p .  

A f t e r  s t a n d i n g  o v e r n i g h t  t h e  c r y s t a l l i n e  s o l id  w h ic h  f o r m e d  w a s  c o l 

l e c t e d  a n d  w a s h e d  w i t h  E t O H  g i v i n g  1 6 . 3  g  ( 6 5 % )  o f  p r o d u c t ,  m p  

1 3 0 - 1 4 5  ° C .  T h i s  m a t e r i a l  w a s  e s s e n t i a l l y  o n e  s p o t  o n  s i l i c a  g e l  t h in  

l a y e r  ( 1 : 9  M e O H / C H C l . , ) .  O n e  r e c r y s t a l l i z a t i o n  f r o m  E t O H  g a v e  1 2 . 7  

g  (5 0 % ) o f  12: m p  1 4 7 - 1 5 3  ° C ;  N M R  (M e -> S O -d 6) 6 7 .4 - 7 . 9  (m , 5  A r H ) ,  

7 . 3  ( 1 ,  d ,  J  =  1 2  H z ) ,  3 .4  ( s , O C R , ) ,  2 .8 5  [ b r o a d  s ,  - N ( C H :!) 2]; I R  

( N u jo l )  1 6 5 0  ( s h ,  s ) ,  1 6 2 5  ( s ) , 1 2 2 0  ( s ) ,  9 6 5  c m - 1  (s ) .

A n a l .  C a l c d  f o r  Q i s H ig N o O i jS :  C ,  5 3 . 7 1 :  H ,  6 . 0 1 :  N ,  1 0 .4 4 .  F o u n d :  

C ,  5 3 . 7 1 ;  H .  6 . 1 8 ;  N ,  1 0 .2 0 .

S-Methoxycarbonylmethyl-S-phenyl-lV-methoxycarbonyl- 
sulfoximine (14). T o  a  s o lu t io n  o f  r V - i s o p r o p y lc y c lo h e x y la m in e  ( 5 4 . 1  

m l ,  4 1 . 9  g , 0 .3 0  m o l)  in  2 2 5  m l o f  T H F  w a s  a d d e d  v i a  s y r i n g e  a t  —7 0  

° C  u n d e r  n i t r o g e n  1 4 7  m l ( 0 .3 0  m o l)  o f  a  2 .0 4  M  s o l u t i o n  o f  n - b u t y l -  

l i t h iu m  in  e t h e r .  T o  t h e  s t i r r e d  w h i t e  s u s p e n s i o n  a f t e r  1  h  w a s  a d d e d  

a  s o lu t io n  o f  2 6 .5 3  g  ( 0 . 1 2  m o l)  o f  10 in  2 8 0  m l  o f  T H F  o v e r  0 .5  h . T h e  

t e m p e r a t u r e  w a s  m a i n t a i n e d  b e lo w  —5 5  °  t h r o u g h o u t  t h e  a d d i t i o n .  

T h e  c l e a r  o r a n g e  s o lu t io n  w h ic h  r e s u l t e d  w a s  s t i r r e d  a t  —7 0  ° C  f o r  2  

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

( 3 0 .8  g , 2 5 . 2  m l)  in  9 5  m l  o f  T H F  a t  —7 0  ° C  a t  s u c h  a  r a t e  t h a t  t h e  

t e m p e r a t u r e  d i d  n o t  r i s e  a b o v e  —5 0  ° C .  A f t e r  c o m p l e t e  a d d i t i o n  t h e  

c l e a r ,  o r a n g e  s o l u t i o n  w a s  s t i r r e d  a t  —7 0  ° C  f o r  2  h  a n d  s t o r e d  f o r  c a . 

1 8  h  a t  - 5 0  ° C .

T o  t h e  r e a c t i o n  m i x t u r e  w a s  a d d e d  2 5 0  m l  o f  ic e  w a t e r  a n d  3 0 0  m l 

o f  T H F ,  a n d  t h i s  m i x t u r e  w a s  s t i r r e d  u n t i l  r o o m  t e m p e r a t u r e  w a s  

a t t a i n e d .  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 ,  d r i e d ,  a n d  c o n c e n t r a t e d  

in  v a c u o  t o  g i v e  a  p a r t i a l l y  c r y s t a l l i n e  y e l lo w - o r a n g e  r e s i d u e  w h ic h  

w a s  s lu r r i e d ,  c o l le c t e d ,  a n d  w a s h e d  w i t h  a  2 : 1  e t h e r - p e t r o l e u m  e t h e r  

m i x t u r e .  T h e r e  w a s  o b t a i n e d  a f t e r  d r y i n g  in  v a c u o  f o r  3  h  2 1 . 9  g  o f  1 4 ,  

m p  8 9 - 9 2  ° C  ( 6 7 % ) . A  s e c o n d  c r o p  w a s  o b t a i n e d  b y  w a s h i n g  t h e  

a q u e o u s  l a y e r  w i t h  e t h e r  a n d  w o r k in g  u p  t h e  r e s i d u e  a s  a b o v e  t o  g iv e  

3 .5 6  g , m p  8 8 - 9 1  ° C ;  t o t a l  y i e l d  2 5 . 5  g  (7 8 % ) .

A n a l .  C a l c d  f o r  C n R . N O j S :  C ,  4 8 .7 0 ;  H .  4 . 8 3 :  N ,  5 . 1 6 ;  S ,  1 1 . 8 2 .  

F o u n d :  C ,  4 8 .8 9 ;  N ,  5 . 2 3 ;  S ,  1 1 . 6 8 .  N M R  ( M e 2S O - d « )  b 7 . 5 0 - 8 . 0 0  (m ,

5  A r H ) .  4 .8 7  ( s ,  - C H 2- ) ,  3 .4 8  (s , a c c i d e n t a l l y  e q u i v a l e n t  m e t h o x y l s ) ;  

I R  ( N u jo l )  1 7 6 0  ( e s t e r  C = 0 ) ,  1 6 6 0  c m - 1  ( = N C = 0 ) ;  m /e  ( r e l  i n 

t e n s i t y )  M + n o t  o b s e r v e d ,  2 4 0  ( 3 0 ) ,  1 9 8  ( 1 0 0 ) ,  1 2 5  ( 1 5 ) .

S-Aminocarbonylmethyl-S-phenyl-N-methoxycarbonylsul- 
foximide (15a). T o  3 6 0  m l o f  a m m o n ia - s a t u r a t e d  M e O H  a t  4 0  ° C  w a s  

a d d e d  3 2 . 2  g  ( 0 . 1 2  m o l)  o f  14 a s  t h e  i n t r o d u c t i o n  o f  a m m o n i a  c o n t i n 

u e d .  U p o n  c o m p l e t e  a d d i t i o n  t h e  y e l lo w  s o l u t i o n  w a s  m a i n t a i n e d  a t  

4 0  ° C  f o r  0 .7 5  h . A  t h i c k  w h i t e  s u s p e n s i o n  f o r m e d ;  t h e  r e a c t i o n  m i x 

t u r e  w a s  h e a t e d  a t  r e f lu x  f o r  0 .7 5  h  w h i le  t h e  p a s s a g e  o f  a m m o n i a  w a s  

c o n t i n u e d .  T h e  s u s p e n s i o n  w a s  c o o le d  in  a n  ic e  b a t h  a n d  t h e  w h i t e  

p r o d u c t  c o l le c t e d ,  w a s h e d  w it h  M e O H , a n d  d r ie d  in  v a c u o  t o  g iv e  2 8 .0  

g  ( 9 1 % )  o f  a m i d e  15a, m p  1 7 1 - 1 7 2  ° C .

A n a l .  C a l c d  f o r  C , l, H l2 N 20 . 4S :  C .  4 6 .8 7 ;  H .  4 . 7 2 ;  N ,  1 0 . 9 3 ;  S ,  1 2 . 5 2 .  

F o u n d :  C ,  4 6 .9 2 ; H , 4 .8 8 ; N , 10 .8 5 ;  S ,  1 2 . 5 1 .  N M R  ( M e ,S O - d , ; ) <5 7 . 5 - 8 . 1  

( 5  A r H ) ,  7 .3 7  (s , N H 2), 4 .6 4  (s , - C H 2- ) ,  3 .5 6  (s , O C H ,); I R  ( N u jo l)  3 3 0 0  

( s ) ,  3 1 0 0  ( s ) ,  1 6 4 0  ( s ) ,  1 2 5 0  a n d  1 2 1 0  c m - 1  ( s ) ;  m /e  ( r e l  i n t e n s i t y )  2 5 6  

( M + ,  5 ) ,  2 2 5  ( 1 5 ) ,  1 9 8  ( 1 0 0 ) ,  1 2 5  ( 2 0 ) ,  5 8  ( 4 5 ) .

S-Methylaminocarbonylmethyl-S-phenyl-iV-methoxycar- 
bonylsulfoximine (15b). M e t h y l a m i n e  w a s  in t r o d u c e d  in t o  a b s o l u t e  

M e O H  ( 5 4 0  m l)  f o r  1  h . W h i l e  g a s s i n g  w a s  c o n t i n u e d ,  2 7 . 4 7  g  ( 0 . 1 0  

m o l)  o f  t h e  d i e s t e r  14 w a s  a d d e d  in  o n e  p o s it io n .  T h e  r e s u l t i n g  y e l lo w  

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

s o l u t i o n  w a s  c o n c e n t r a t e d  in  v a c u o  t o  g i v e  a  w h i t e  s o l i d .  2 9  g , w h ic h  

o n  r e c r y s t a l l i z a t i o n  f r o m  E t O H  g a v e  15b, 2 2 .6  g  ( 8 2 .8 % ) ,  a s  w h i t e  

c r y s t a l s ,  m p  1 3 1 . 5 - 1 3 3 . 5  ° C .

A n a l .  C a l c d  f o r  C ,  1H l , N 20 . , S :  C ,  4 8 .8 7 ;  H ,  5 .2 2 ;  N ,  1 0 . 3 7 .  F o u n d :  

C ,  4 9 . 0 1 ;  H ,  5 . 3 2 ;  N ,  1 0 .6 4 .  N M R  ( M e 2S O - d , ;) b 7 . 5 0 - 8 . 2 0  ( m , 5  A r H  

a n d  N H ) ,  4 .5 6  ( s , - C H 2- ) ,  3 .5 0  ( C G / ’ H .;) , 2 .5 0  (d , - N C R , ) ;  I R  3 4 5 0  

(s) , 1 7 5 0  ( s ) , 1 6 0 0  ( s ) ,  1 5 3 0 - 1 5 0 0  (s ) , 1 3 1 0  ( s ) ,  1 2 6 0  c m - 1  ( s ) ; U V  m a x  

( E t O H .  p H  2 .0 )  2 2 1  ( c 1 1  0 3 4 ) ,  9 6 1  ( 9 2 2 ) ,  2 6 7  ( 1 2 0 9 ) ,  2 7 4  n m  ( 9 8 4 ) : 

( E t O H ,  p H  6 .8 6 )  2 2 1  ( 1 1  3 4 7 ) ,  2 6 0  ( 8 7 7 ) ,  2 6 6  ( 1 1 7 4 ) ,  2 7 4  n m  ( 9 5 4 ) ;

( E t O H .  p H  1 0 .0 )  2 2 1  ( 1 1  4 5 4 1 , 2 6 0  ( 9 4 3 ) ,  2 6 6  ( 1 2 0 9 ) ,  2 7 4  ( 9 8 9 ) .

l-Phenyl-l,2,4-thiadiazine-3,5(4iZ,6ii)-dione 1-Oxide (16). T o

a  f r e s h l y  p r e p a r e d  s o l u t i o n  o f  s o d i u m  m e t h o x i d e  [ f r o m  3 . 6 1  g  ( 0 . 1 5 7  

m o l)  o f  s o d i u m ]  in  7 5 0  m l  o f  a b s o l u t e  M e O H  w a s  a d d e d  u n d e r  n i t r o 

g e n  a t  a m b i e n t  t e m p e r a t u r e  1 9 . 5 7  g  ( 0 .0 7 6  m o l)  o f  a m i d e  15a in  p o r 

t i o n s  o v e r  1 0  m in .  A f t e r  c o m p l e t e  a d d i t i o n  t h e  r e a c t i o n  m i x t u r e  w a s  

h e a t e d  a t  r e f l u x  t e m p e r a t u r e  f o r  1 . 5  h . T h e  n e a r - s o l u t i o n  w a s  c o o le d  

a n d  c o n c e n t r a t e d  t o  a  s o l i d  r e s i d u e  w h i c h  w a s  t r e a t e d  w i t h  5 0  m l  o f  

2 5 %  h y d r o c h l o r i c  a c i d  s o l u t i o n .  T h i s  m i x t u r e  w a s  c o n c e n t r a t e d  in  

v a c u o ,  a n d  t h e  s o l i d  r e s i d u e  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  

a t  6 0  ° C  ( 0 .2  m m H g )  f o r  4 - 5  h  t o  g iv e  a  w h i t e  s o l id ,  7 .9 6  g  ( 4 6 .7 % ) , m p  

2 0 7 - 2 1 2  ° C .  T h e  a n a l y t i c a l  s a m p le  w a s  p r e p a r e d  b y  r e c r y s t a l l i z a t i o n  

f r o m  w a t e r ,  m p  2 2 3  ° C .

A n a l .  C a l c d  f o r  C 9H s N , 0 ; , 3 :  C ,  4 8 .2 0 ;  H ,  3 .6 0 ;  N .  1 2 . 4 9 ;  S ,  1 4 . 3 0 .  

F o u n d :  C ,  4 8 .2 7 ;  H , 3 .7 2 ;  N ,  1 2 . 4 1 ;  S ,  1 4 . 4 1 .  N M R  ( M e 2S O - d fi) & 1 1 . 3 0  

(s , N H ) ,  7 .6 0 - 8 .2 0  ( m , 5  A r H ) ,  4 .9 0  (q , J  =  1 7 . 0  H z ,  - C H , - ) ;  I R  ( N u jo l)  

3 1 5 0  ( m ) , 1 7 0 5  ( s h , s ) ,  1 6 7 5  ( s ) , 1 3 6 5  a n d  1 3 5 0  ( s ) , 1 2 4 0  a n d  1 2 2 5  c m " 1 

(s ) ; m/e ( r e l  in t e n s i t y )  2 2 4  < M + , 5 ) ,  1 8 1  ( 2 5 ) ,  1 2 5  ( 1 0 ) ,  9 1  ( 1 0 0 ) ,  7 7  ( 5 0 ) ;  

U V  m a x  ( H jO .  p H  2 .0 )  2 1 9  (t  1 5  6 1 4 ) ,  2 6 1  ( 1 2 2 6 ) ,  2 6 7  ( 1 5 1 0 ) ,  2 7 4  n m  

( 1 2 1 1 ) ;  ( H  , 0 ,  p H  6 .8 6 )  2 1 0  ( 1 5  2 0 5 ) ,  2 5 6  n m  ( 5 2 1 2 ) ;  ( H 20 ,  p H  1 0 .0 )  

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

T h e  a b o v e  f i l t r a t e  f r o m  t h e  i s o l a t i o n  o f  16 w a s  c o n c e n t r a t e d  in  

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

w a t e r .  T h i s  w a s  s lu r r i e d  f o r  0 .5  h  a n d  t h e  s u s p e n d e d  s o l i d  w a s  c o l 

le c t e d  t o  g iv e  1 . 8 3  g . m p  1 6 4 - 1 6 6  ° C ,  o f  a  s o l i d  i d e n t i f i e d  b y  s p e c t r a l  

d a t a  a s  1 7 :  N M R  ( M e , S O - d fi) b 9 .0 5  ( s ,  N H 2), 7 . 5 0 - 8 . 3 0  ( m , 5  A r H ) ,

5 . 1 5  ( s , - C H o ) ;  I R  ( N u jo l )  3 2 0 0  ( s ) , 3 0 7 5  ( s ) ,  1 6 8 0  ( s ) ,  1 2 6 0  c m r 1 ( s ) ;  

m/e ( r e l  i n t e n s i t y )  M + n o t  o b s e r v e d ,  1 5 5  ( 1 0 ) ,  9 2  ( 4 0 ) , 7 7  ( 6 0 ) ,  b a s e  

p e a k  a t  3 6 .
S-Methylaminocarbonylmethyl-S-phenylsulfoximine (18).

T o  a  m i x t u r e  o f  3 .4 0  g  ( 0 . 0 1 3  m o l)  o f  15b in  1 0 0  m l  o f  E t O H  u n d e r  

n i t r o g e n  a t  a m b i e n t  t e m p e r a , u r e  w a s  a d d e d  0 .7 0  g  ( 0 . 0 1 3  m o l)  o f  s o 

d i u m  m e t h o x i d e  in  o n e  p o r t io n .  A s  t h e  m i x t u r e  w a s  h e a t e d  t o  r e f l u x  

a  c l e a r  s o l u t i o n  w a s  o b t a i n e d ;  t h e  s o l u t i o n  w a s  h e l d  a t  r e f l u x  f o r  1 . 5  

h  a n d  a l lo w e d  to  s t a n d  o v e r n i g h t .  T h e  s o lu t io n  w a s  t h e n  c o n c e n t r a t e d  

in  v a c u o  t o  a  w h i t e  f o a m  w h ic h  w a s  d i s s o l v e d  in  5  m l  o f  w a t e r  ( p H  o f  

s o lu t io n  1 0 )  a n d  e x t r a c t e d  w i t h  2  X  2 5  m l o f  C H C 1 , , .  T h e  o r g a n ic  l a y e r s  

w e r e  d r i e d  a n d  c o n c e n t r a t e d  t o  g i v e  a  w h i t e  s o l i d ,  1 . 7 0  g  ( 5 4 .8 % ) ,  m p  

1 0 6 - 1 0 9  ° C ,  w h i c h  w a s  s u s p e n d e d  in  e t h e r  a n d  c o l l e c t e d  t o  g i v e  1 . 2 3  

g o f  1 8 ,  m p  1 0 7 - 1 0 9  ° C .

A n a l .  C a l c d  f o r  C 9H ]2N 20 2S :  C ,  5 0 . 9 1 ;  H , 5 .7 0 ;  N ,  1 3 . 2 0 .  F o u n d :  C , 

5 0 . 8 1 ;  H ,  5 .7 5 ;  N .  1 3 . 2 9 .  N M R  ( C D C U  b 7 .4 0 - 8 .0 5  ( 5  A r H ) ,  7 .6 0  ( 1  H , 

- C O N H ) .  5 .0 2  ( s , S C R C O ) ,  3 . 7 2  (s , S = N H ,  e x c h a n g e s  w i t h  D 20 ) ,  

2 .8 2 .( s ,  N C R , ) ;  m a s s  s p e c t r u m  m/e ( r e l  i n t e n s i t y )  M + n o t  o b s e r v e d ,  

1 5 5  ( 4 5 ) ,  1 4 0  ( 2 0 ) ,  1 7 5  ( 3 0 ) ,  9 2  ( 8 0 ) , 9 1  ( 7 0 ) ,  7 7  ( 1 0 0 ) ;  I R  ( N u jo l )  3 7 0 0  

( v s ) ,  1 6 2 0  ( s i ,  1 2 6 0  c m H  ( s ) .

4-Methyl-1-phenyl-1,2,4-thiadiazine-3,5(4H,6H)-dione 1- 
Oxide (19). T o  a  s u s p e n s i o n  o f  0 .4 8  g  ( 0 .0 1  m o l)  o f  N a H  ( 5 0 %  in  

m in e r a l  o i l)  in  4 0  m l  o f  D M F  u n d e r  n i t r o g e n  a t  a m b i e n t  t e m p e r a t u r e  

w a s  a d d e d  2 .8 0  g  ( 0 .0 1  m o l)  o f  15b in  p o r t i o n s  o v e r  1 0  m in .  A  c l e a r  

s o l u t i o n  r e s u l t e d  in  a b o u t  0 .5  h  a f t e r  a d d i t i o n .  A f t e r  s t i r r i n g  f o r  2 0  h  

T L C  ( s i l i c a  g e l,  C H C U / M e O H ,  8 :2 )  s h o w e d  in c o m p le t e  r e a c t io n .  T h e  

t e m p e r a t u r e  w a s  r a is e d  t o  1 0 0  ° C  fo r  3  h  a t  w h ic h  t im e  T L C  in d ic a t e d  

t h a t  t h e  r e a c t io n  w a s  c o m p le t e .  T h e  s o lu t io n  w a s  c o o le d ,  t r e a t e d  w i t h  

5 0  m l  o f  w a t e r ,  a n d  c o n c e n t r a t e d  t o  a  c l e a r ,  c a r a m e l - c o l o r e d  o i l  w h ic h  

w a s  t h e n  t r i t u r a t e d  w i t h  p e t r o le u m  e t h e r  t w ic e  t o  r e m o v e  m i n e r a l  o i l. 

A f t e r  d e c a n t a t i o n  t h e  r e s i d u e  w a s  t r e a t e d  w i t h  2 5  m l  o f  3  N  H C I ,  a n d  

t h e  s o l i d ,  w h ic h  f o r m e d  i m m e d i a t e l y ,  w a s  c o l l e c t e d ,  w a s h e d  w it h  

w a t e r ,  a n d  a i r  d r i e d  t o  g iv e  1 . 7 8  g  ( 7 4 .8 % )  o f  19, m p  1 3 7 - 1 3 8  ° C .  T L C  

( 8 :2  C H C L - M e O H )  w a s  o n e  s p o t .

A n a l .  C a l c d  f o r  C i< ) H io N 20 ; , S :  C ,  5 0 . 4 1 ;  H .  4 . 2 3 ;  N ,  1 1 . 7 6 .  F o u n d :  

C ,  5 0 . 1 8 ;  H , 4 .2 0 ;  N .  1 1 . 5 2 .  N M R  ( M e . S O - d , ; ) b 7 . 6 - 8 . 2  ( 5  A r H ) ,  5 . 1 3  

( d , - C H 2- ,  J  =  1 6  H z ) ,  3 . 2 5  ( s ,  N C H :1j ;  I R  ( N u jo l )  1 7 1 5  ( s ) ,  1 6 7 5  ( s ) , 

1 2 6 0  c m " 1 (&); U V  m a x  ( E t O H , p H  2 .2 )  2 2 2  (c 1 6  8 5 4 ) , 2 7 4  ( 1 2 3 0 ) ,  2 6 6 5  

( 1 5 4 9 ) ,  a n d  2 6 0  n m  ( 1 2 8 0 ) ;  ( E t O H ,  p H  6 .8 6 )  2 2 2  ( 1 4  1 8 8 ) ,  2 6 7  n m  

( 4 6 9 4 ) ;  ( E t O H ,  p H  1 0 .0 )  2 2 2 . 0 3  4 8 1 ) ,  2 6 6  (4 6 9 8 )  a n d  2 7 2  n m  ( 4 6 6 0 ) ; 

m a s s  s p e c t r u m  m/e ( r e l  in t e n s i t y )  2 3 8  ( M + , 4 0 ) ,  1 8 1  ( 5 0 ) ,  1 4 8  ( 2 0 ) ,  9 1  

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

fi, 6-Dimethyl-1 -phenyl-1 ,2,4-thiadiazine-3,5 ( 4  H,6H)-dione 
l-Oxide (20). T o  a  s u s p e n s i o n  o f  2 .5 9  g  (0 .0 5 4  m o l)  o f  5 0 %  N a H  in  1 5 0  

m l o f  D M F  u n d e r  n i t r o g e n  w a s  a d d e d  a t  a m b i e n t  t e m p e r a t u r e  6 .0 0  

g  ( 0 .0 2 7  m o l)  o f  1 6 .  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  0 .5  h , c o o le d  

t o  c a . 1 5  ° C ,  a n d  t r e a t e d  d r o p w is e  w i t h  a  s o lu t io n  o f  1 4 .7 6  g  ( 0 . 1 0 4  m o l)  

o f  m e t h y l  io d id e  in  1 0  m l o f  D M F .  T h i s  m i x t u r e  w a s  s t i r r e d  f o r  c a .  1 5  

h . A d d i t i o n  o f  t w o  v o lu m e s  o f  e t h e r  t o  t h e  r e a c t i o n  m i x t u r e  c a u s e d  

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

f i l t r a t i o n .  T h e  f i l t r a t e  w a s  c o n c e n t r a t e d  in  v a c u o  t o  a  t h i c k ,  d a r k  

a m b e r  o i l  w h ic h  w a s  h e a t e d  a t  5 0  ° C  ( 0 .2  m m H g )  t o  r e m o v e  t r a c e s  o f  

D M F .  T r e a t m e n t  o f  t h i s  o i l  w i t h  e t h a n o l  p r o d u c e d  a  s o l id  w h ic h  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 ,  a n d  p u l l e d  d r y ,  y i e l d i n g  a  w h i t e  s o l i d ,
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2 . 5 5  g  ( 3 7 .4 % ) ,  m p  1 7 8 - 1 8 0  ° C .

A n a l .  C a l c d  f o r  C 1 1 H 1 2 N 2 O 3 S :  C ,  5 2 . 3 6 ;  H ,  4 .8 0 ;  N ,  1 1 . 1 1 . F o u n d :  

C ,  5 2 . 1 9 ;  H ,  5 .0 7 ;  N ,  1 1 . 0 9 .  N M R  ( M e 2S O - d 6) b 1 1 . 2 8  ( s , N H ) ,  7 . 6 5 -  

8 .2 0  ( 5  A j H ) ,  1 . 3 0  a n d  1 . 5 4  ( 2  s ,  g e m  C H s ’s ) ;  I R  ( N u jo l)  3 1 5 0  ( m ) , 1 7 0 0  

( s ) ,  1 6 5 0  ( b r o a d , s ) ,  1 2 3 0  c m - 1  ( s ) ; m /e  ( r e l  in t e n s i t y )  M +  2 5 2  ( 3 0 ) ,  2 0 9

( 1 5 ) ,  1 2 5  ( 1 0 0 ) ,  7 7  ( 4 0 ) , 6 9  ( 5 0 ) ;  U V  m a x  ( E t O H ,  p H  2 .0 )  2 2 3  (e 1 6  4 8 0 ) , 

2 6 1  ( 1 4 6 0 ) ,  2 6 8  ( 1 6 4 8 ) ,  2 7 5  ( 1 2 7 2 ) ;  ( E t O H ,  p H  6 .8 6 ) 2 2 3  ( 1 6  3 1 8 ) ,  2 6 1  

( 1 6 9 0 ) ,  2 6 8  ( 1 8 8 9 ) ,  2 7 5  ( 1 4 8 7 ) ;  ( E t O H ,  p H  1 0 .0 )  2 2 1  ( 1 2  4 1 8 ) ,  2 5 3  

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

4,6,6-Trimethyl-1-phenyl-l,2,4-thiadiazine-3,5(4jH,6ff)-dione 
1-Oxide (21). T o  a  s u s p e n s i o n  o f  0 .0 8  g  ( 0 .0 0 1 6  m o l)  o f  s o d i u m  h y 

d r i d e  in  2 5  m l  o f  D M F  a t  a m b i e n t  t e m p e r a t u r e  w a s  a d d e d  d r o p w i s e  

a  s o lu t io n  o f  0 .3 6  g  ( 0 .0 0 1 6  m o l)  o f  20 in  5  m l  o f  D M F ,  a n d  t h e  r e s u l t in g  

s l u r r y  s t i r r e d  f o r  1  h .  T o  t h i s  s u s p e n s i o n  w a s  a d d e d  d r o p w i s e  0 .4 5  g  

( 0 .0 0 3 2  m o l)  o f  m e t h y l  io d id e  in  t h e  s a m e  s o lv e n t ,  a n d  t h is  w a s  s t i r r e d  

f o r  2 1  h . O n  d i lu t io n  w i t h  e t h e r  a n  in o r g a n i c  p r e c i p i t a t e  f o r m e d  w h ic h  

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

t h e  r e s i d u e  t r e a t e d  w i t h  w a t e r  a n d  a g a i n  c o n c e n t r a t e d  in  v a c u o .  T h e  

r e s i d u e  w a s  s u c c e s s i v e l y  s l u r r i e d  w i t h  E t O H  a n d  b e n z e n e  a n d  a g a i n  

e v a p o r a t e d  t o  d r y n e s s  in  v a c u o  e a c h  t i m e .  F i n a l l y ,  t h e  r e s i d u e  w a s  

t r i t u r a t e d  w i t h  p e t r o l e u m  e t h e r - E t O H  ( 1 : 1 )  a n d  c o l l e c t e d  t o  y i e l d

0 .2 9 9  g  ( 6 9 .8 % )  o f  2 1 ,  m p  1 3 5 - 1 3 7  ° C .

N M R  (CDCI3) b 7 . 6 - 8 .2  ( m , 5  A r H ) ,  3 . 3 8  ( s ,  N C H 3 ) , 1 . 3 8  a n d  1 . 6 8  

( s i n g l e t s .  C C H s ’s ) ;  m a s s  s p e c t r u m  m /e  ( r e l  i n t e n s i t y )  2 6 6  ( M + , 2 5 ) ,  

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

l,5-Diphenyl-l,2,4-thiadiazine-3,5(4H,6H)-dione 1-Oxide 
(24b). T o  a  s o lu t io n  o f  I V - i s o p r o p y lc y c l o h e x y l a m i n e  ( 6 .5  g , 0 .0 4 6  m o l)  

in  3 0  m l  o f  T H F  a t  —2 0  ° C  u n d e r  n i t r o g e n  w a s  a d d e d  2 1  m l  (0 .0 4 6  m o l)  

o f  a  2 .2  M  s o lu t io n  o f  n - B u L i  in  h e x a n e  v i a  h y p o d e r m i c  s y r i n g e .  A f t e r  

c o m p le t e  a d d i t i o n  t h e  c l e a r  s o lu t io n  w a s  s t i r r e d  a t  —6 0  t o  —7 0  ° C  fo r  

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

lu t i o n  o f  5 .0  g  ( 0 .0 2 3  m o l)  o f  10 in  4 5  m l  o f  T H F  d r o p w i s e .  T h e  c l e a r  

y e l lo w  s c l u t i o n  w a s  s t i r r e d  a t  —7 0  ° C  f o r  1 . 5  h  p r i o r  t o  t h e  a d d i t i o n  

o f  2 .7 4  g  ( 0 .0 2 3  m o l)  o f  p h e n y l  i s o c y a n a t e .  D u r i n g  t h e  d r o p w i s e  a d 

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

—6 0  ° C  f o r  1 . 5  h  a n d  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  

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

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

a q u e o u s  l a y e r  w a s h e d  w i t h  5 0  m l  o f  e t h e r .  T h e  c o m b i n e d  o r g a n i c  

l a y e r s  w e r e  d r i e d  a n d  c o n c e n t r a t e d ,  l e a v i n g  a  p a r t i a l l y  c r y s t a l l i n e  

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

CHCI3. T h e  c r u d e  c r y s t a l l i n e  p r o d u c t  o b t a i n e d  w a s  r e c r y s t a l l iz e d  f r o m  

E t O H  g i v i n g  5 2 0  m g  (8 % ) o f  24b,24 m p  184-186 ° C .

A n a l .  C a l c d  f o r  C 1 5 H 1 2 N 2 O 3 S :  C ,  5 9 .9 8 ;  H ,  4 . 0 3 ;  N ,  9 .3 3 .  F o u n d :  C ,  

5 9 . 7 9 ;  H ,  4 . 1 2 ;  N ,  9 .3 2 .  N M R  ( M e 2 S O - d 6) <5 7 . 1 - 8 . 2  ( 1 0  A r H  in  t h r e e  

m u l t i p l e t s ) ,  4 .8 2  ( 2  H ,  d ,  J  =  1 6  H z ,  e x c h a n g e d  b y  D 2 0 ) .

3-Ethvl-1-phenyl-l,2,4-thiadiazin-5(4ff)-one 1-Oxide (27). T o  

a  s u s p e n s i o n  o f  7 .7 0  g  ( 0 .0 3 4  m o l)  o f  1 6  in  1 5 0  m l  o f  m e t h y le n e  c h lo r id e  

u n d e r  n h r o g e n  w a s  a d d e d  6 8  m l  ( 0 .0 6 8  m o l)  o f  a  1 . 0  M  s o l u t i o n  o f  

t r i e t h y l o x o n i u m  t e t r a f l u o r o b o r a t e . 25  T h e  s u s p e n s i o n  o b t a i n e d  w a s  

s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  3 . 5  h  a t  w h ic h  t i m e  a  c l e a r  s o lu t io n  

h a d  r e s u l t e d .  A f t e r  a n  a d d i t i o n a l  2  h  a t  r o o m  t e m p e r a t u r e  t h e  s o lu t io n  

w a s  w a s h e d  w i t h  2  X 2 5  m l  o f  i c e - c o l d  5 %  N a 2 C 0 3  s o lu t io n  a n d  1  X 
2 5  m l  o f  b r i n e  s o l u t i o n .  T h e  o r g a n i c  l a y e r  w a s  d r i e d ,  f i l t e r e d ,  a n d  

c o n c e n t r a t e d  in  v a c u o  t o  g i v e  1 0 . 4  g  o f  a  c l e a r ,  c o l o r l e s s  o i l  w h i c h  o n  

t r i t u r a t i o n  w i t h  h o t  E t O H  c r y s t a l l i z e d .  T h e  s o l i d  w a s  c o l l e c t e d  a n d  

w a s h e d  w i t h  E t O H  t o  g iv e  6 .9 0  g  ( 8 0 .4 % )  o f  27, m p  1 7 4 - 1 7 6 . 5  ° C .  O n e  

r e c r y s t a l l i z a t i o n  f r o m  E t O H  g a v e  m p  1 8 0 - 1 8 2  ° C .

A n a l .  C a l c d  f o r  C n H ]  d S B O s S : C ,  5 2 . 3 6 ;  H ,  4 .8 0 ;  N ,  1 1 . 1 1 .  F o u n d :  

C ,  5 2 . 5 3 ;  H ,  4 . 9 5 ;  N ,  1 1 . 1 7 .  N M R  ( M e 2 S O - d 6) b 1 1 . 3  ( N H ,  b r o a d ) ,

7 . 5 - 8 . 0  ( 5  A r H ) ,  4 . 3 5  ( s , S = C H C O ,  e x c h a n g e s  w i t h  N a O D  o r  D C 1 ) ,  

4 .2 8  ( q ,  J  =  7  H z ,  - O C H , C H ;,) ,  1 . 2 4  ( t ,  J  =  7  H z ,  - C H 2 C H :!) ; I R  
( N u jo l )  2 7 0 0  ( m ) ,  1 6 3 0 - 1 5 8 0  ( s ) ,  1 5 5 0  ( s ) ,  1 5 2 0  ( s ) ,  1 2 8 5  ( s ) ,  1 2 4 5  ( s ) ,  

1 2 1 0  c m - 1  ( s ) ;  m /e  ( r e l  in t e n s i t y )  2 5 2  ( M + , 8 0 ) ,  2 3 7  ( 1 0 ) ,  2 2 4  ( 1 0 ) ,  2 0 8  

( 1 0 ) ,  1 1 8  ( 1 0 0 ,  C 8 H fiO ) ,  9 0  ( 2 5 ,  C 7 H e ) ; U V  m a x  ( H 2 0 ,  p H  2 .0 )  2 1 7  (c 

1 3  8 0 7 ) ,  2 6 0  ( 2 0 5 2 ) ,  2 6 6  ( 2 1 6 6 ) ,  2 7 4  ( 1 8 1 8 ) ;  ( H 2 0 ,  p H  6 .8 6 ) 2 2 0  

( 1 6  6 5 0 ) , 2 6 0  ( 3 9 7 8 ) .  2 6 6  ( 4 0 1 0 ) ,  2 7 3  ( 3 5 4 4 ) ;  ( H 20 ,  p H  1 0 )  2 2 9  ( 1 2  9 9 7 ) ,  

2 6 5  ( 3 7 3 6 ) ,  2 7 3  ( 3 6 7 2 ) .

3-Ethoxy-4-methyl-l-phenyl-l,2,4-thiadiazin-5(4Ji)-one 1- 
Oxide (28). A. By Action of Meerwein Reagent on 19. T o  a  m ix t u r e  

o f  1 . 5 1  g  i0 .0 0 6  m o l)  o f  19 in  1 5  m l  o f  C H 2 C 1 2 a t  r o o m  t e m p e r a t u r e  w a s  

a d d e d  6 .0  m l  ( 0 .0 0 6  m o l)  o f  a  1  M  s o l u t i o n  o f  t r i e t h y l o x o n i u m  t e t r a 

f l u o r o b o r a t e  in  C H 2 C 1 2. T h e  c l o u d y  s u s p e n s i o n  w a s  s t i r r e d  f o r  2  h  

[ T L C  ( s i l i c a  g e l ,  9 : 1  C H C l g - M e O H )  s h o w e d  n o  c h a n g e  a f t e r  1  h ] a n d  

w a s h e d  w i t h  5 %  N a 2 C 0 3  s o lu t io n  ( 2 X 5  m l)  f o l lo w e d  b y  a  b r i n e  w a s h  

( 1  X 5  m l) .  T h e  o r g a n ic  l a y e r  w a s  d r i e d ,  f i l t e r e d ,  a n d  c o n c e n t r a t e d  in  

v a c u o  t o  g i v e  1 . 6 1  g  o f  a  c l e a r ,  a m b e r  o i l  w h i c h  o n  s t a n d i n g  p a r t i a l l y  

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

E t O H  t o  g i v e  a  w h i t e  s o l i d ,  0 .6 3  g  ( 3 9 .4 % )  o f  28, m p  1 1 7 - 1 1 9  ° C .  O n e  

r e c r y s t a l l i z a t i o n  ( E t O H )  r a i s e d  t h e  m e l t i n g  p o i n t  t o  1 1 8 - 1 2 0  ° C .

B. By Methylation of 27. T o  a  s u s p e n s i o n  o f  1 0 0  m g  ( 0 .0 0 2  m o !)  

o f  N a H  in  2 0  m l  o f  D M F  a t  r o o m  t e m p e r a t u r e  u n d e r  n i t r o g e n  w a s  

a d d e d  5 0 0  m g  ( 0 .0 0 2  m o l)  o f  27 in  o n e  p o r t io n .  A  s l i g h t  e x o t h e r m  w a s  

s e e n  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 i r  f o r  2 0  m in  w h i l e  c o o l in g  t o  

r o o m  t e m p e r a t u r e .  A  s o l u t i o n  o f  0 .8 5  g  ( 0 .0 0 6  m o l)  o f  m e t h y l  i o d id e  

in  5  m l  o f  D M F  w a s  a d d e d  d r o p w i s e  a n d  t h e  r e s u l t i n g  s o lu t io n  w a s  

s t i r r e d  o v e r n i g h t  a t  a m b i e n t  t e m p e r a t u r e .  I t  w a s  t h e n  d i lu t e d  w i t h  

e t h e r  a n d  a  s o l id  f o r m e d  w h ic h  w a s  r e m o v e d  b y  f i l t r a t io n .  T h e  f i l t r a t e  

w a s  t h e n  c o n c e n t r a t e d ,  f i r s t  o n  a  r o t a r y  e v a p o r a t o r ,  t h e n  a t  5 0  °C ( 2 0  

m m H g )  t o  r e m o v e  D M F .  T h e  r e s u l t i n g  b r o w n  o i l  p a r t i a l l y  c r y s t a l l iz e d  

o n  s t a n d i n g .  T L C  ( s i l i c a  g e l ,  9 : 1  C H C L - M e O H )  s u g g e s t e d  t h e  s a m e  

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

A n a l .  C a l c d  f o r  C 1 9 H 1 4 N 9O 3 S :  C ,  5 4 . 1 2 ;  H ,  5 .3 0 ;  N ,  1 0 . 5 2 .  F o u n d :  

C ,  5 4 . 1 9 ;  H ,  5 .2 4 ;  N ,  1 0 .2 6 .  N M R  ( M e 2 S O - d 6) b 7 . 5 - 8 . 2  ( 5  A r H ) ,  4 .4 0  

( q , J  =  7  H z ,  - C H 9C H 3 ) , 4 . 3 8  ( s ,  S = C C O ,  e x c h a n g e  w i t h  D 9O ) , 3 . 3 5  

( s ,  NCH3), 1 . 3 5  ( t ,  J  =  7  H z ,  - C C H 3) ;  I R  ( N u jo l )  1 6 3 5  ( s ) ,  1 5 5 0  ( s ) ,  

1 2 2 0  c m - 1  ( s ) ;  m /e  ( r e l  i n t e n s i t y )  2 6 6  ( M + , 6 0 )  2 0 8  ( 1 0 ) ,  1 1 8  ( 1 0 0 ) ,  7 7

( 5 0 ) .

3,5-Diethoxy-1-phenyl-l,2,4-thiadiazine 1-Oxide (30). T o  a

s u s p e n s i o n  o f  1 . 0  g  ( 0 .0 0 4  m o l)  o f  27 in  2 5  m l  o f  w a t e r  a t  r o o m  t e m 

p e r a t u r e  w a s  a d d e d  1 . 6  m l  o f  a  s o l u t i o n  o f  1 0  g  o f  N a O H  in  1 0 0  m l  o f  

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

o f  0 .6 8  g  ( 0 .0 0 4  m o l)  o f  s i l v e r  n i t r a t e  in  7  m l  o f  w a t e r .  A  w h i t e  p r e 

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

w a s  s t i r r e d  f o r  c a . 1  h  a n d  t h e  s o l id  w a s  c o l le c t e d  b y  f i l t r a t i o n ,  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  in  v a c u o ,  g i v i n g  1 . 2 9  g , m p  1 9 6 - 1 9 9  

°C d e c ,  o f  th e  c r u d e  s i l v e r  s a l t  o f  27: in f r a r e d  ( N u jo l)  1 5 6 0  ( sh , s ) ,  1 5 2 5  

( v s ) ,  1 3 5 0  ( s ) ,  a n d  1 2 1 0  c m - 1  ( s ) .

T o  a  s u s p e n s i o n  o f  t h i s  m a t e r i a l  ( 1 . 2 9  g , 3 .6  m m o l)  in  5 0  m l  o f  e t h e r  

w a s  a d d e d  0 .5 6  g  ( 3 .6  m m o l)  o f  e t h y l  i o d i d e  a l l  a t  o n c e .  T h e  r e s u l t in g  

s u s p e n s i o n  w a s  s t i r r e d  in  t h e  d a r k  f o r  2 3  h  a n d  in  t h e  l ig h t  f o r  1  h . T h e  

s l u r r y  w a s  f i l t e r e d  a n d  t h e  f i l t r a t e  c o n c e n t r a t e d  t o  a  c l e a r ,  c o lo r le s s  

o i l ,  2 6 0  m g  (2 6 % )  o f  3 0 .  T L C  ( s i l i c a  g e l,  C H C L - M e O H ,  9 : 1 )  i n d i c a t e d  

o n e  c le a n  c o m p o n e n t :  N M R  ( M e 2S O - d s )  b 7 . 4 - 7 . 9  ( m , 5  A r H ) ,  4 . 3 3  

( c e n t e r  o f  t w o  o v e r l a p p i n g  - C H 2-  g r o u p s ,  J  =  6 .5  H z  f o r  e a c h ) ,  1 . 3 5  

( tw o  C H i ’s , J  =  6 .5  H z ) ;  m /e  ( r e l  i n t e n s i t y )  2 8 0  ( M + , 3 5 ) ,  2 6 5  ( 5 0 ) ,  2 5 2  

( 2 5 ) ,  2 3 7  ( 2 5 ) ,  1 2 5  ( 9 0 ) , 1 1 8  ( 1 0 0 ) ,  7 7  ( 8 0 ) ;  I R  ( N u jo l )  1 6 1 0  ( m ) , 1 5 7 5  

( s h ,  m ) ,  1 5 4 5  ( s ) ,  1 3 2 0  ( s ) ,  a n d  1 2 4 0  c m - 1  ( s ) .

Electrophilic Substitution of 27. A. Bromination. T o  a  c l e a r ,  

c o l o r l e s s  s o l u t i o n  o f  1 0 0  m g  o f  27 in  5  m l  o f  C H C L  a t  r o o m  t e m p e r a 

t u r e  w a s  a d d e d  d r o p w i s e  a  d i lu t e  s o l u t i o n  o f  b r o m i n e  in  C H C R  u n t i l  

t h e  c o lo r  o f  b r o m in e  j u s t  f a i l e d  t o  b e  d i s c h a r g e d .  T h e  y e l lo w  s o lu t io n  

b e c a m e  c l o u d y  in  c a .  1 5  m in  a s  a  s o l i d  f o r m e d .  A f t e r  0 .5  h  t h i s  s o l id  

w a s  c o l l e c t e d  a n d  w a s h e d  w i t h  C H C I 3  l e a v i n g  1 1 6  m g  (8 7 % )  o f  37a: 
m p  9 7  ° C  d e c ;  N M R  ( M e 2S O - d 6) b 7 .6 - 8 . 0  ( 5  A r H ) ,  4 . 3 3  ( q , J  =  7  H z , 

- O C H 9C H 3 ) , 1 . 2 3  ( t ,J  =  7 H z , - C H 9C H 3 ) ; I R  ( N u jo l )  3 4 0 0  ( w ) , 2 7 0 0  

( m ) ,  1 7 4 0  ( m ) ,  1 6 5 0  ( m ) ,  1 5 5 0  ( s ) ,  1 2 5 0  ( s ) ,  1 2 6 0  c m - '  ( s ) ;  h ig h  r e s o 

l u t i o n  m /e  ( r e l  i n t e n s i t y )  3 3 0  ( M + , 1 0 ) ,  3 0 2  ( 5 ) ,  2 5 9  ( 5 ) ,  1 8 4  ( 8 0 , 

C 7 H fiN O ;iS ) ,  1 4 1  ( 3 0 ) ,  1 2 5  ( 1 0 0 ) ,  7 7  ( 8 0 ) .

B. Nitration. A  s o l u t i o n  o f  6 3 0  m g  o f  27 in  1 0  m l  o f  A c 20  a n d  4  m l 

o f  H O A c  w a s  a d d e d  d r o p w i s e  t o  a  c o ld  s o l u t i o n  ( —5  ° C )  o f  a c e t y l  n i 

t r a t e  w h ic h  h a d  b e e n  p r e p a r e d  b y  a d d i t i o n  o f  1 . 8  m l  o f  7 0 %  H N O :i  t o  

12 m l of Ac20  a t  —5 ° C .  A f t e r  a d d i t i o n  w a s  c o m p l e t e  t h e  r e s u l t i n g  

o r a n g e  s o l u t i o n  w a s  s t i r r e d  f o r  1 0  m in  a t  —5  ° C ,  a l l o w e d  t o  w a r m  to  

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

1  h . T h e  o r a n g e  s o l id  w h ic h  s e p a r a t e d  w a s  c o l le c t 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  w a t e r ,  l e a v i n g  0 .3 2  g  ( 4 3 % )  o f  3 7 b ,  m p  2 0 4  ° C  d e c .

A n a l .  C a l c d  f o r  C n H n N . - A s S :  c ,  4 4 .4 4 ;  H .  3 . 7 3 ;  N .  1 4 . 1 3 ;  F o u n d :  

C ,  4 4 .5 4 ;  H ,  4 .0 0 ;  N ,  1 3 . 9 0 .  N M R  ( M e 2S O - d 0) b 1 2 . 4 5  ( s , b r o a d ,  N H ), 

7 . 4 8 - 8 . 2 5  ( 5  A r H ) ,  4 . 3 6  ( q ,  J  =  7  H z ,  - C H 2C H ;!) ,  1 . 2 5  ( t ,  J  =  7  H z ,  

-CH2CH:i); I R  ( N u jo l )  3 3 5 0  ( w ) ,  1 6 7 5  ( s ) ,  1 5 8 0  ( s ) ,  1 5 4 0  ( s ) ,  1 3 0 0  ( s ) ,  

1 2 5 0  ( s ) ,  9 1 5  c m “ 1 ( s ) ;  m /e  ( r e l  i n t e n s i t y )  2 9 7  ( M + , 1 5 ) ,  1 2 5  ( 1 0 0 ) ,  7 7  

( 9 5 ) .
Bromination of 3 0 .  T o  a  s o l u t i o n  o f  1 9  m g  o f  3 0  in  4  m l  o f  C H C L  

w a s  a d d e d  d r o p w i s e  a t  r o o m  t e m p e r a t u r e  a p p r o x i m a t e l y  1  m l o f  a  

s o lu t io n  p r e p a r e d  f r o m  1  m l o f  b r o m in e  a n d  9  m l  o f  C H C L .  A d d i t i o n  

w a s  c a r r i e d  o u t  u n t i l  t h e  b r o m i n e  c o lo r  w a s  n o  lo n g e r  d i s c h a r g e d . 22 

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  w h i c h  t i m e  a  p r e c i p i t a t e  h a d  

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

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

t i o n  t o  g i v e  6 5  m g  o f  y e l lo w  s o l i d ,  m p  1 1 7  ° C  d e c .  T h e  a n a l y s i s  b e s t  

f i t s  a  d i h y d r o b r o m i d e .
A n a l .  C a l c d  f o r  C m H ^ B r N a O s S ^ H B r :  C ,  2 9 .9 6 ;  H ,  3 .2 9 ;  N ,  5 .3 8 .  

F o u n d :  C ,  2 8 .3 6 ;  H ,  2 . 9 1 ;  N ,  5 .0 5 .  N M R  ( M e 2S O - d 6) b l .b - l . l b  ( 5  A r H  

+  2  H B r ,  e x c h a n g e s ) ,  4 .2 5  ( c e n t e r  o f  t w o  o v e r la p p in g  C H 2 ’s ) ,  1 . 2 3  ( tw o  

- C H 9C H ) ,  s ) ;  I R  ( N u jo l)  1 6 2 0  ( v s ) ,  1 2 6 0  c m " 1 ( v s ) ;  m /e  ( r e l  i n t e n s i t y )  

3 5 8  ( M + ,  1 5 ) ,  3 4 3  ( 5 ) ,  3 3 0  ( 5 ) ,  3 1 5  ( 5 ) ,  3 0 2  ( 5 ) ,  1 2 5  ( 1 0 0 ) ,  8 0  ( 4 5 ,  

H B r ) .
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A l k y l  o r  a r y l  c h lo r o s u l f i t e s  ( 7 )  r e a c t e d  w i t h  p - n i t r o t h i o b e n z o i c  a c i d  t o  g i v e  S - a c y l a l k y l  o r  S - a c y l a r y l  t h i o s u l f i t e s

(6 ) . H o w e v e r ,  t r e a t m e n t  o f  a l k y l  c h l o r o s u l f i t e s  w i t h  a l i p h a t i c  t h i o c a r b o x y l i c  a c i d s  a f f o r d e d  a c y l a l k y l  s u l f i t e s  ( 5 )  a n d  

a c y l a l k o x y  t r i s u l f i d e s  (8 ) a s  a  r e s u l t  o f  d i s p r o p o r t i o n a t i o n  o f  6 . T h e s e  t r i s u l f i d e s  w e r e  a l s o  o b t a i n e d  b y  t h e  r e a c t i o n  

o f  d i a l k o x y  d i s u l f i d e s  w i t h  t h i o c a r b o x y l i c  a c i d s .  T h e r m a l  d e c o m p o s i t i o n  o f  6  g a v e  8  a n d  c a r b o x y l i c  e s t e r s .

In contrast to ordinary sulfites and monothiosulfites, 1 
RSS(0)OR' (I), dithiosulfites,2 RSS(0)SR (2) (R = Ar or 
te r t-alkyl), prepared from thionyl chloride and mercaptans 
are relatively unstable compound and readily decompose to 
give di- and trisulfides. Previously, we have reported the 
preparation of diacyl dithiosulfites,5 RCOSS(0)SCOR' (3), 
and acylaryl dithiosulfites,4 RCOSS(0)SR' (4), by the reaction

of acyl thiochlorosulfites with thiocarboxylic acids or thio- 
phenols. These acyl derivatives of dithiosulfites were found 
to be reasonably stable on standing but decomposed to afford 
carboxylic anhydrides (from 3) or disulfides and carboxylic 
anhydrides (from 4) on heating. Acyl derivative of ordinary 
sulfites,5 RCOOS(0)OR' (5), are stable at room temperature 
but decompose on heating into carboxylic esters or carboxylic
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Table I
p -02NC6H4CSS0R'

Il I
O  O

6

Yield,
%

IR (KBr), cm 1 Anal. Caled (found), %
Registry no. Compd R' Mp, °C vc = o vs-+ o C H S
61268-11-9 6 a ch 3 76-78 73 1670 1165 36.78 2.70 24.54

61268-12-0 6 b c2h s 84-85 52 1670 1170
(37.09)
39.27

(2.77)
3.30

(24.32)
23.29

61268-13-1 6 c n-C3H7 72-73 62 1665 1165
(39.44)
41.51

(3.28)
3.84

(23.04)
22.15

61268-14-2 6 d í-C3H, 96-98 58 1640 1135
(41.82)
41.51

(3.63)
3.84

(21.98)
22.15

61268-15-3 6 e c6h s 78-79 46 1630 1140
(41.28)
48.29

(3.53)
2.81

(21.82)
19.83

61268-16-4 6 f p -ch 3c 6h 4 74-76 64 1670 1140
(48.30)
49.86

(2 .6 6 )
3.29

(19.80)
19.01

61268-17-5 6 g p -c 2h 5c„h 4 72-73 79 1650 1140
(50.22)
51.29

(3.28)
3.73

(18.83)
18.26

61268-18-6 6 h 2,4-(CH3)2C6H3 87-88 74 1660 1150
(51.60)
51.29

(3.73)
3.73

(18.31)
18.26

(51.50) (3.67) (18.21)

Table II. NMR Spectral Data for S-Acyl Thiosulfites (6 )

Compd <5 (CDClji) °

6a 8.14 (q, 4 H) 4.00 (s, 3 H)
6 b 8.15 (q, 4 H) 4.42 (m, 2 H) b 1.49 (t, 3 H)
6c 8.17 (q, 4 H) 4.35 (m, 2 H) h 1.86 (m, 2 H) 1.02 (t, 3 H)
6d 8.17 (q, 4 H) 5.18 (m, 1 H) 1.47 (d, 6  H)
6f 8.09 (q, 4 H) 7.13 (s, 4 H) 2.33 (s, 3 H)
6g 8.11 (q, 4 H) 7.17 (s, 4 H) 2.67 (q, 2 H) 1.24 (t, 3 H)
6h 8.14 (q, 4 H) 7.11 (m, 3 H) 2.33 (s, 3 H) 2.29 (s, 3 H)

“ Chemical shifts are in parts per million from internal Me.|Si. 
h -OCHi- protons showed ABX3 or ABX2 type coupling. Cou
pling constant and chemical shift: 6b, Jab = 9-35, ua -  vb = 19.6 
Hz; 6c, J ab = 9.75, va — eg = 21.5 Hz, 20% CDC13, 60 MHz. 
Measurement of spectrum of 6e was omitted, as it has no aliphatic 
protons.

anhydrides depending on the condition. Accordingly, we are 
interested in studying acyl derivative of monothiosulfites, 
RC0SS;0)0R' (6 ), in the present investigation.

Results and Discussion
Alkyl or aryl chlorosulfites (7) prepared from thionyl 

chloride and alcohols or phenols were allowed to react with 
p-nitrot.iiobenzoic acid. Crystalline S-acyl thiosulfites (6a-h)

R 'O H
sock

RCSH
»

R'OSCl
1
o

7

RCSSOR' ( 1 )

were obtained in fairly good yields. The IR spectra of 6 showed 
the cartonyl and sulfinyl absorptions in the region of 1630- 
1670 and 1135-1170 cm-1. The results are shown in Table I. 
The NMR spectrum of 6 b or 6c showed ABX3 or ABX2 type 
coupling in its protons of methylene adjacent to the oxygen 
atom. This magnetic nonequivalence may arise by the asym
metric center of sulfinyl group as in the case of ordinary sul
fites.6 The pertinent NMR data are given in Table II.

On the other hand, the reaction of thioacetic acid with ethyl 
chlorosulfite gave an unexpected result. Two products, A and 
B, were obtained in nearly equal amount. The former low- 
boiling product A was found to be the already known acetyl- 
ethyl sulfite (5b) 5 and the latter high-boiling product B was

Figure 1. I R  s p e c t r a  o f  d i e t h o x y  d i s u l f i d e  ( a )  a n d  a c e t y l e t h o x y  t r i 

s u l f i d e  ( b )  ( n e a t ) .

proved to have a formula C4H8O2S3 by elemental analysis. The 
IR spectrum of B showed a carbonyl band at 1735 cm^ 1 but 
no sulfinyl band in the region of 1100-1200 cm-1. In order to 
determine the structure of B we have carried out the following 
experiment. When diethoxy disulfide (9) was treated with 
equimolar thioacetic acid, one ethoxy group was readily dis
placed with CH3COS group and acetylethoxy trisulfide and 
ethanol were obtained in good yield (eq 2). The IR spectrum

R'OSSOR' + RCSH — ► RCSSSOR' + R'OH (2 )

8

of this sulfide was completely identical with that of B. The 
sulfur linkage of dialkoxy disulfides is unbranched7 and the 
IR spectra of B and diethoxy disulfide showed similar ab
sorptions in -S -O - (660-730 cm-1) and > C -0 - (1 0 1 0  and 880 
cm-1) stretching bands as shown in Figure 1. Accordingly, it 
has been elucidated that B is unbranched trisulfide
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Table III. Reaction Products of Alkyl Chlorosulfites with Aliphatic Thiocarboxylic Acids

R C O S O R '  ( 5 )  R C S S S O R '  ( 8 )

Il 1 IIo o o

R R '

Y i e l d ,

% « B p ,  " C  ( m m )

R e g i s t r y

n o .

Y i e l d ,

% « B p , 0 C  ( m m )

A n a l .  C a l e d  ( f o u  

C  H

n d ) ,  %  

S

R e g i s t r y

n o .

c h 3 c h 3 5 a 3 6 4 3 - 4 4 ( 3 ) 5 3 0 8 - 0 6 - 5 8 a 2 9 5 1  ( 0 . 4 ) 2 1 . 1 6

( 2 1 . 4 4 )

3 . 5 5

( 3 . 4 3 )

5 6 . 4 9

( 5 6 . 3 3 )

6 1 2 6 8 - 2 2 - 2

c h 3 c 2 h 5 5 b 4 9 5 1  ( 2 ) 5 3 0 8 - 1 1 - 2 8 b 4 1 6 2  ( 0 . 4 ) 2 6 . 0 7

( 2 6 . 3 1 )

4 . 3 7

( 4 . 2 0 )

5 2 . 2 0

( 5 2 . 0 6 )

6 1 2 6 8 - 2 3 - 3

C H j n - C 3 H 7 5 c 7 8 6 6 - 6 6 . 5  ( 2 . 5 ) 1 6 6 6 - 2 1 - 3 8 c 3 5 7 2  ( 0 . 5 ) 3 0 . 2 7

( 3 0 . 6 4 )

5 . 1 0

( 5 . 3 0 )

4 8 . 5 0

( 4 8 . 2 6 )

6 1 2 6 8 - 2 4 - 4

c h 3 ¡ - c 3 h , 5 d 7 5 5 6 - 5 7  ( 1 . 5 ) 6 1 2 6 8 - 1 9 - 7 8 d 5 8 7 3 . 5  ( 0 . 6 ) 3 0 . 2 7

( 3 0 . 5 4 )

5 . 1 0

( 5 . 1 1 )

4 8 . 5 0

( 4 8 . 3 7 )

6 1 2 6 8 - 2 5 - 5

c 2 h 5 c 2 h 5 5 e 5 6 6 4 - 6 5  ( 2 ) 6 1 2 6 8 - 2 0 - 0 8 e 3 0 7 1  ( 0 . 3 5 ) 3 0 . 2 7

( 3 0 . 3 1 )

5 . 1 0

( 5 . 2 0 )

4 8 . 5 0

( 4 8 . 4 7 )

6 1 2 6 8 - 2 6 - 6

n - C 3 H 7 c 2 h 5 5 f 4 8 6 7 - 6 8 ( 1 ) 6 1 2 6 8 - 2 1 - 1 8 f 3 9 8 2 - 8 3  ( 0 . 5 ) 3 3 . 9 4

( 3 4 . 0 2 )

5 . 7 0

( 5 . 7 8 )

4 5 . 3 0

( 4 5 . 1 8 )

6 1 2 6 8 - 2 7 - 7

a Y i e l d s  o f  5  a n d  8  a r e  c a l c u l a t e d  o n  t h e  b a s i s  o f  e q  3 .

Table IV. Spectral Data for Acylalkoxy Trisulfides (8)

I R  ( n e a t ) ,  

" C = 0 ,
C o m p d  N M R ,  6 ( C C 1 4) °  c m “ 1

8 a 3 . 7 3  ( s ,  3  H ) 2 . 4 6  ( s ,  3  H ) 1 7 3 5

8 b 3 . 9 3  ( q ,  2  H ) 2 . 4 5  ( s ,  3  H ) 1 . 2 3  ( t ,  3  H ) 1 7 3 5

8 c 3 . 8 3  ( t ,  2  H )  

0 . 9 3  ( t ,  3  H )

2 . 4 5  ( s ,  3  H ) 1 . 6 7  ( m ,  2  H ) 1 7 3 5

8 d 4 . 1 4  ( m ,  1  H ) 2 . 4 7  ( s ,  3  H ) 1 . 2 8  ( d ,  6  H ) 1 7 3 5

8 e 3 . 9 4  ( q ,  2  H )  

1 . 2 3  ( t ,  3  H )

2 . 7 1  ( q ,  2  H ) 1 . 2 9  ( t ,  3  H ) 1 7 2 5

8 f 3 . 9 4  ( q ,  2  H )  

1 . 2 5  ( t ,  3  H )

2 . 7 0  ( t ,  2  H )  

0 . 9 5  ( t ,  3  H )

1 . 7 1  ( m ,  2  H ) 1 7 3 0

a C h e m i c a l  s h i f t s  a r e  in  p a r t s  p e r  m i l l i o n  f r o m  i n t e r n a l  M e j S i .

CH3C(0)SSS0C2H5 (8b). Similarly, the other acylalkoxy 
trisulfides (8) were obtained by the reaction of alkyl chloro
sulfites (7) with aliphatic thiocarboxylic acids or by the re
action of dialkoxy disulfides (9) with thiocarboxylic acids. The 
results are shown in Tables III and IV.

Thermal decomposition of S-p-nitrobenzoylisopropyl 
thiosulfite (6d) gave bis(p-nitrobenzoyl) disulfides, isopropyl 
p-nitrobenzoate, and p-nitrobenzoylisopropoxy trisulfide. As 
it has been considered that isopropyl p-nitrobenzoate would 
formed from p-nitrobenzoylisopropyl sulfite with loss of sulfur 
dioxide, this result indicates that 5 and 8 would be formed by 
disproportionation of initially formed 6 (eq 3). This decom-

+  M R C S S S O R '  ( 3 )

II
0

8

R C O R '  +  S02 

0

position of 6 is characteristic as compared with those of the 
related compounts 2-5.

The alkoxy group of 8 could be further displaced by -SR' 
or -SC(0)R' group. Reaction of 8b with ethyl mercaptan was 
carried out at room temperature to give acetylethyl tetrasul- 
fide and ethanol (eq 4). Reaction of 8b with thiobenzoic acid 
or p-chlorothiobenzoic acid proceeded in refluxing CCLi and 
symmetrical trisulfides, sulfur, and ethanol were obtained. 
These products are assumed to be formed by disproportion
ation of initially formed acetylbenzoyl tetrasulfide to diben-

V z R C O S O R '

Il 1
0  0

u

8b +  C 2H 5 S H

8 b  +  R C S H - c2h soh

*  C H 3C S S S S C 2H 5 +  C 2H 5O H  ( 4 )

0

C H  , C S S S  S C R '

0  0  _

[ ¿ R C S S S C R  +  1/ ,C H 2C S S S C C H 3 +  S  ( 5 )

Il II " Il II
0  0  0  0

zoyl tetrasulfide and diacetyl tetrasulfide followed by desul
furization.

Experimental Section
I n f r a r e d  s p e c t r a  w e r e  m e a s u r e d  w i t h  a  H i t a c h i  E P I - G 2  s p e c t r o m 

e t e r .  T h e  N M R  s p e c t r a  w e r e  d e t e r m i n e d  o n  C D C I 3  o r  C C I 4 s o l u t i o n  

w i t h  a  V a r i a n  A - 6 0  s p e c t r o m e t e r .  p - N i t r o t h i o b e n z o i c  a c i d  w a s  p r e 

p a r e d  a s  p r e v i o u s l y  d e s c r i b e d . 3  A l k y l  c h l o r o s u l f i t e s , 8 p h e n y l  c h lo r o -  

s u l f i t e ,9 a n d  d i a l k o x y  d i s u l f i d e s 7 ’ 1 0  w e r e  p r e p a r e d  b y  t h e  m e t h o d  o f  

t h e  l i t e r a t u r e .  p - T o l y l  c h lo r o s u l f i t e ,  b p  8 1  ° C  ( 1 . 5  m m ) ,  p - e t h y l p h e n y l  

c h lo r o s u l f i t e ,  b p  8 3  ° C  ( 1 . 5  m m ) ,  a n d  2 , 4 - d i m e t h y l p h e n y l  c h l o r o s u l 

f i t e ,  b p  9 4  ° C  ( 1 . 5  m m ) ,  w e r e  p r e p a r e d  in  a  s i m i l a r  w a y  t o  t h e  p r e p a 

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

m e r c i a l l y .

S-Acylalkyl and S-Acylaryl Thiosulfites (6a-h). T o  a  s o lu t io n  

o f  3 .4  g  ( 0 .0 3  m o l)  o f  m e t h y l  c h lo r o s u l f i t e  in  1 0  m l  o f  e t h e r ,  a  s o lu t io n

5 .5  g ( 0 .0 3  m o l)  o f  p - n i t r o t h io b e n z o ic  a c id  in  4 0  m l  o f  e t h e r  w a s  a d d e d  

d r o p w i s e  o v e r  0 .5  h  a t  - 3 0  ° C .  T h e  s t i r r i n g  w a s  c o n t i n u e d  f o r  a n  a d 

d i t i o n a l  3  h  a n d  t h e n  t h e  t e m p e r a t u r e  o f  t h e  m i x t u r e  w a s  a l l o w e d  t o  

r i s e  t o  — 1 0  ° C .  T h e  r e a c t i o n  m i x t u r e  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 a l  s o l i d  w a s  r e c r y s t a l l i z e d  f r o m  c h l o r o f o r m -  

p e t r o l e u m  e t h e r  t o  g i v e  5 .7  g  ( 7 3 % )  o f  6a a s  l i g h t  y e l lo w  n e e d l e s ,  m p

7 6 - 7 8  ° C .  T h e  o t h e r  c o m p o u n d s  (6b-h) w e r e  p r e p a r e d  in  a  s i m i l a r  
w a y .

Reaction of Alkyl Chlorosulfites with Aliphatic Thiocar
boxylic Acids. A  s o l u t i o n  o f  2 2 .8  g  ( 0 .3  m o l)  o f  t h i o a c e t i c  a c i d  in  2 0  

m l  o f  e t h e r  w a s  a d d e d  t o  a  s t i r r e d  s o l u t i o n  o f  3 8 . 5  g  ( 0 .3  m o l)  o f  e t h y l  

c h lo r o s u l f i t e  in  8 0  m l  o f  e t h e r  a t  —3 0  ° C  d u r i n g  1  h .  T h e  s t i r r i n g  w a s  

c o n t i n u e d  f o r  a n  a d d i t i o n a l  2  h  a n d  t h e n  t h e  t e m p e r a t u r e  o f  t h e  

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

o f  t h e  r e s i d u e  g a v e  t w o  f r a c t i o n s .  R e c t i f i c a t i o n  o f  t h e s e  f r a c t i o n s  g a v e

8 .9  g  o f  a c e t y l e t h y l  s u l f i t e  ( 5 b ) ,  b p  5 1  ° C  (2  m m )  [ l i t . 6 b p  4 4  ° C  ( 1  

m m ) ] ,  i d e n t i f i e d  b y  e l e m e n t a l  a n a l y s i s  a n d  I R  s p e c t r u m ,  r e — o  1 7 5 0 ,  

r s — o  H 9 0  c m - 1 , a n d  1 0 . 5  g  o f  a c e t y l e t h o x y  t r i s u l f i d e  (8 b ) ,  b p  6 2  ° C  

( 0 .4  m m ) .  T h e  o t h e r  c o m p o u n d s  ( 5  a n d  8 ) w e r e  o b t a i n e d  in  a  s i m i l a r  
w a y .

Decomposition of 6d. S - p - N i t r o b e n z o y l i s o p r o p y l  t h i o s u l f i t e  (6d,
1 . 3  g )  w a s  h e a t e d  a t  1 1 0 - 1 2 0  ° C  f o r  1  h  u n d e r  n i t r o g e n  a t m o s p h e r e .  

A f t e r  s t a n d i n g  a t  r o o m  t e m p e r a t u r e ,  t h e  m a s s  t u r n e d  t o  a  r e d d i s h -  

y e l lo w  s o l id .  R e c r y s t a l l i z a t i o n  o f  t h e  s o l id  f r o m  c h lo r o f o r m - p e t r o l e u m  

e t h e r  g a v e  0 .4  g  o f  b i s ( p - n i t r o b e n z o y l )  d i s u l f i d e ,  m p  1 8 3 - 1 8 4  ° C  ( l i t . 1 1  

m p  1 8 3  ° C ) .  T h e  f i l t r a t e  w a s  e v a p o r a t e d  a n d  t h e  r e s i d u e  w a s  c h r o 
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m a t o g r a p h e d  o n  s i l i c a  g e l  u s i n g  b e n z e n e  a s  e l u e n t  t o  g i v e  0 . 1  g  o f  

i s o p r o p y l p - n i t r o b e n z o a t e ,  m p  1 0 7 - 1 1 0  ° C  ( l i t .  m p  1 0 8 - 1 1 0  ° C ) .  a n d  

0 . 1  g  o f  p - n i t r o b e n z o y l i s o p r o p o x y  t r i s u l f i d e :  m p  7 7 - 7 9  ° C ;  I R  v§ = q 
1 6 8 5  c m - 1 ; N M R  ( C I ) C W  b 8 .2 2  ( q , 4  H ) ,  4 . 2 3  ( m , 1  H ) ,  1 . 3 3  ( d , 6  H ) .  

A n a l .  C a l c d  f o r  C i 0H „ N O 4S 3 : C ,  3 9 . 3 3 ;  H ,  3 . 6 3 ;  S ,  3 1 . 5 0 .  F o u n d :  C ,  

3 9 . 4 1 ;  H ,  3 .6 5 ;  S ,  3 1 . 5 2 .

R e a c t i o n  o f  D i a l k o x y  D i s u l f i d e s  w i t h  T h i o c a r b o x y l i c  A c i d s .

A  s o l u t i o n  o f  3 .8  g  ( 0 .0 5  m o l)  o f  t h i o a c e t i c  a c i d  in  2 0  m l  o f  CC14 w a s  

a d d e d  t o  a  s t i r r e d  s o l u t i o n  o f  7 .7  g  ( 0 .0 5  m o l)  o f  d i e t h o x y  d i s u l f i d e  in  

3 0  m l  o f  CCI4 a t  r o o m  t e m p e r a t u r e ,  a n d  t h e n  t h e  t e m p e r a t u r e  o f  t h e  

m ix t u r e  w a s  g r a d u a l ly  r a i s e d  t o  6 0  ° C  d u r in g  1  h . F i n a l l y ,  t h e  r e a c t io n  

m i x t u r e  w a s  r e f l u x e d  f o r  1  h  a n d  E t O H  w a s  r e m o v e d  a s  i t s  CCI4 a z 

e o t r o p e  b y  e v a p o r a t i o n .  T h e  r e s i d u a l  l i q u i d  w a s  d i s t i l l e d  t o  g i v e  5 .8  

g  o f  a c e t y l e t h o x y  t r i s u l f i d e  (8 b ) ,  b p  6 0 - 6 1  ° C  ( 0 .3 5  m m ) ,  y i e l d  6 3 % . 

S i m i l a r l y ,  8 a ,  8 d ,  a n d  8 e  w e r e  o b t a i n e d :  y i e l d  o f  8 a ,  6 5 % ; 8 d ,  6 9 % ; 8 e ,  

7 7 % . p - N i t r o b e n z o y l i s o p r o p o x y  t r i s u l f i d e  w a s  p u r i f i e d  b y  r e c r y s t a l 

l i z a t i o n  f r o m  n - h e x a n e ,  m p  7 9  ° C ,  y i e l d  7 4 % .

R e a c t i o n  o f  8 b  w i t h  E t h y l  M e r c a p t a n .  A  s o lu t io n  o f  2 .4  g  ( 0 .0 3 8  

m o l)  o f  e t h y l  m e r c a p t a n  in  2 0  m l  o f  C C 1 4 w a s  a d d e d  t o  a  s t i r r e d  s o l u 

t io n  o f  7 .0  g  ( 0 .0 3 8  m o l)  o f  8 b  in  3 0  m l  o f  C C 1 4 a t  r o o m  t e m p e r a t u r e  

f o r  1  h  a n d  t h e n  s t i r r in g  w a s  c o n t in u e d  f o r  a n  a d d i t io n a l  3  h . T h e  C C 1 4 

s o l u t i o n  w a s  t h e n  c o n c e n t 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 id u a l  l iq u id  w a s  d i s t i l l e d  t o  g iv e  3 .0  g  (4 7 % ) o f  a c e t y l e t h y l  t e t r a s u l f i d e :  

b p  6 7 - 7 1  ° C  ( 0 .3  m m ) ;  N M R  b 2 .5 0  ( s , 3  H ) ,  2 .9 3  ( q , 2  H ) ,  1 . 4 2  ( t ,  3  H ) . 

A n a l .  C a l c d  f o r  C 4 H 8O S 4 : C ,  2 3 .9 8 ;  H ,  4 .0 3 ;  S ,  6 4 .0 1 .  F o u n d :  C ,  2 4 .0 6 ; 

H ,  4 .0 8 ; S ,  6 3 .9 8 .  I R  vC= o  1 7 3 0  c m - 1 .

R e a c t i o n  o f  8 b  w i t h  T h i o b e n z o i c  A c i d .  A  s o lu t io n  o f  2 .7  g  ( 0 .0 1 5  

m o l)  o f  8 b  a n d  2 .0  g  ( 0 . 0 1 5  m o l)  o f  t h i o b e n z o i c  a c i d  in  5 0  m l  o f  C C 1 4 

w a s  s t i r r e d  a t  7 0  ° C  f o r  1 0  h  a n d  t h e  s o lu t io n  b e c a m e  l ig h t  y e l lo w . T h e  

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

r e c r y s t a l l iz e d  f r o m  b e n z e n e  t o  g iv e  0 .7 9  g  (3 4 % )  o f  d i b e n z o y l  t r i s u l f i d e ,  

m p  1 1 4 - 1 1 5  ° C ,  I R  j v  o  1 6 9 0  c m - 1 . A n a l .  C a l c d  f o r  C h H ioC C S . i: C ,  

5 4 .8 6 ; H ,  3 .2 9 ;  S ,  3 1 . 3 9 .  F o u n d :  C ,  5 4 .9 2 ;  H ,  3 .3 0 ;  S ,  3 1 . 2 4 .  T h e  f i l t r a t e  

w a s  c h r o m a t o g r a p h e d  o n  s i l i c a  g e l  u s i n g  C C l 4- c h l o r o f o r m  ( 1 : 1 ) a s

eluent to give 0.45 g (11%) o f  dibenzoyl disulfide, mp 127-129 °C  (lit.!- 
m p 130 °C ), and a small am ount o f  diacetyl disulfide and trisulfide. 
Similarly, p -ch loroth ioben zoic  acid reacted with 8b  to give b is(p - 
chlorobenzoyl) trisulfide, m p 124-125 °C  (lit.4 125-126 °C ), and a 
small amount o f diacetyl disulfide and trisulfide. Disulfide was formed 
during the operation o f  chrom atography.

R e g i s t r y  N o . — 7  (R ' =  C H :i), 13165-72-5; 7  (R ' =  E t), 6378-11-6; 
7  (R ' = P r), 22598-38-5; 7  (R ' =  P r-/), 22598-56-7; 7  (R ' = P h), 
13165-73-6; 7  (R ' =  p -C H :!C6H 4), 61268-28-8; 7  (R ' = p -C .,H r,CBH 4), 
61268-29-9; 7  (R ' =  2,4-(C H 3) 2C6:R3), 61268-30-2; 9 (R ' =  C H :1), 
28752-21-8; 9 (R ' =  Pr), 3359-05-5; 9 (R ' =  P r-/), 3359-04-4; 9 (R ' =  

E t), 28752-22-9; R C O SH  (R  =  0 ,N - p - C 6H 4), 39923-99-4; R C O SH  
(R  =  C H 3), 507-09-5; R C O SH  (R  =  C2H 5), 1892-31-5: R C O SH  (R  =
C.jH ,). 3931-64-4; R C O SH  (R  =  P h ), 98-91-9; p -n itrobenzoyliso- 
propoxy trisulfide, 61268-31-3; ethyl mercaptan, 75-08-1; acetylethyl 
tetrasulfide, 61268-32-4; d ibenzoyl trisulfide, 61268-33-5.
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S i n g l e - c r y s t a l  x - r a y  s t r u c t u r e  a n a l y s e s  h a v e  b e e n  c a r r i e d  o u t  f o r  t r a n s - 2 - p h e n y l - l , 3 - d i t h i a n e  1 - o x i d e  ( 5 ) ,  c / s - 2 -  

p h e n y l - l , 3 - d i t h i a n e  1 - o x i d e  (6 ) , a n d  2 - p h e n y l - l , 3 - d i t h i a n e  trans-l,tran s-3-d ioxide  ( 7 )  t o  e x a m i n e  t h e  e f f e c t s  o f  

o x y g e n  s u b s t i t u t i o n  o n  t h e  g e o m e t r y  o f  t h e  1 , 3 - d i t h i a n e  r in g .  F o r  5 ,  a =  1 2 . 2 0 6  (2 ) , b =  5 .7 4 9  ( 1 ) , c =  1 4 .8 0 9  (2 ) A , 

d  =  9 7 . 1 1  ( 1 ) ° ;  f o r  6 , a =  5 .0 0 7  ( 1 ) ,  b =  2 0 . 1 3 4  ( 4 ) ,  c  =  1 0 . 0 9 5  ( 3 )  A , /3 =  9 8 .7 6  ( 3 ) ° ;  a n d  f o r  7 ,  a =  1 2 . 3 1 5  ( 3 ) ,  b =  5 . 8 5 1  

( 1 ) , c  =  1 4 . 8 2 9  ( 3 )  A ,  d  =  9 8 .4 4  (2 ) ° .  T h e  s p a c e  g r o u p  i s P 2 i / c  in  e a c h  c a s e  w i t h Z  =  4 . T h e  d i t h i a n e  r i n g s  h a v e  a  c h a i r  

c o n f o r m a t i o n  s o m e w h a t  m o r e  p u c k e r e d  t h a n  t h a t  o f  c y c l o h e x a n e  w i t h  e n d o c y c l i c  t o r s i o n  a n g l e s  in  t h e  r a n g e  5 8 -  

7 3 ° .  T h e  e n d o c y c l i c  C ( 2 )  v a l e n c e  a n g l e  s h o w s  a  m a r k e d  v a r i a t i o n  f r o m  c o m p o u n d  t o  c o m p o u n d ,  b e i n g  1 0 9 . 6 °  in  5 ,

1 1 2 . 9 °  in  6 , 1 1 4 . 2 °  in  7 ,  a s  c o m p a r e d  t o  1 1 4 . 9 °  in  2 - p h e n y l - l , 3 - d i t h i a n e  (4 )  i t s e l f .  A n  a r g u m e n t  a c c o u n t i n g  f o r  t h e  

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

s u l f u r  a t o m s  a n d  o x y g e n  a n d  is  d i s c u s s e d  in  r e l a t i o n  t o  c o n f o r m a t i o n a l  e q u i l i b r i a  in  s o l u t i o n .  S h o r t  C - H —O  c o n 

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

conformation of thiane 1-oxide (1) has the oxygen axial.2 This 
conformation appears to be the more stable for 1,3-oxathiane
3-oxide (2) as well.3 In 1,3-dithiane 1-oxide (3), however, it is 
the conformation with the sulfoxide oxygen equatorial which 
is the more stable.33,4 The reasons for these differences in 
conformational preference are not completely understood. It 
has been suggested that the axial conformation of 1 is stabi
lized by an attractive van der Waals interaction between the 
sulfoxide oxygen and the syn-axial C-H bonds.2a,b Electro
static interactions between the polar sulfoxide group and the 
cross-ring heteroatom are expected to make important con
tributions to the conformational energies of 2 and 3. Indeed, 
molecular mechanics calculations indicate that most of the

The conformational preferences exhibited by six-mem- 
bered cyclic sulfoxides are strongly dependent upon the nature 
of the other ring atoms, especially those which bear a 1,3 re
lationship to the sulfoxide group (eq l).1 The more stable chair

+

- 0

1, X = CH, AG ° = +0.17 to 1.3 kcal/mol
2, X = O AG° = +0.6 kcal/mol
3, X = S AG° = -0.6 kcal/mol
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Table I. Atomic Parameters Defining the Crystal Structures of 2-Phenyl-l,3-dithiane 1-Oxides"

A t o m x /a y /b z /c 0 i i 0 2 2 0 : « 0 1 2 0 1 3 0 2 3

A . i r a n s - 2 - P h e n y l - l , 3 - d i t h i a n e  1 - O x i d e  ( 5 )

S ( l ) 8 8 0 9 . 5  ( 4 ) 3 3 2 5 . 4  (9 ) 2 0 8 4 . 5  ( 3 ) 4 8 . 3  ( 4 ) 1 7 5 ( 1 ) 2 1 . 0  ( 2 ) - 1 0 . 4  (6 ) 1 . 4 ( 2 ) - 0 . 6  ( 5 )
S ( 3 ) 7 0 6 4 . 3  ( 5 ) 1 0 9 9 . 8  ( 1 3 ) 7 8 5 . 8  ( 4 ) 5 0 . 1  ( 4 ) 4 7 1  ( 3 ) 2 2 . 6  ( 3 ) - 3 0 . 8  (9 ) - 1 . 2  ( 3 ) - 1 4 . 5  ( 7 )
C ( 2 ) 7 8 6 4  ( 2 ) 8 5 4  ( 4 ) 1 8 9 9  ( 2 ) 4 8  ( 2 ) 2 0 2  ( 7 ) 2 5  ( 1 ) - 1 0  ( 3 ) 3 ( 1 ) - 2  ( 2 )
C ( 4 ) 8 1 5 1  ( 2 ) 9 0 5  ( 5 ) 6 3 ( 2 ) 6 4 ( 2 ) 3 8 8  ( 1 0 ) 2 3 ( 1 ) - 2 1  ( 3 ) 6 ( 1 ) - 2 3  ( 3 )
C ( 5 ) 8 9 9 3  ( 2 ) 2 8 2 1  ( 4 ) 2 3 4  ( 2 ) 6 0  ( 2 ) 3 0 8  (9 ) 2 4 ( 1 ) - 2  ( 3 ) 1 0 ( 1 ) 1 0  ( 2 )
C ( 6 ) 9 6 3 6  ( 2 ) 2 7 3 8  ( 4 ) 1 1 8 0  ( 2 ) 4 7  ( 2 ) 2 5 2  ( 8 ) 2 5 ( 1 ) - 1 3 ( 3 ) 4 ( 1 ) 1 1  ( 2 )
C ( l l ) 7 0 8 6  ( 2 ) 9 2 0  ( 4 ) 2 6 1 0  ( 1 ) 4 3  ( 2 ) 2 2 4  ( 7 ) 2 4 ( 1 ) - 1 7  ( 3 ) - K D - 1 ( 2 )
C ( 1 2 ) 7 0 6 3  ( 2 ) - 8 8 3  ( 4 ) 3 2 3 1  ( 2 ) 6 2  ( 2 ) 2 4 8  (8 ) 3 2 ( 1 ) - 7  ( 3 ) 4 ( 1 ) 1 6  ( 2 )
C ( 1 3 ) 6 3 2 6  ( 2 ) - 8 0 8  ( 5 ) 3 8 7 5  ( 2 ) 8 2  ( 2 ) 3 6 9  ( 1 0 ) 3 2 ( 1 ) - 3 1  ( 4 ) 1 1 ( 1 ) 3 1  ( 3 )
C ( 1 4 ) 5 6 1 3  ( 2 ) 1 0 3 9  ( 5 ) 3 8 9 8  ( 2 ) 6 3  ( 2 ) 4 3 5  ( 1 1 ) 3 3 ( 1 ) - 2 8  (4 ) 1 3 ( 1 ) - 4  ( 3 )
C ( 1 5 ) 5 6 3 7  ( 2 ) 2 8 2 9  ( 5 ) 3 2 8 9  ( 2 ) 5 1  ( 2 ) 3 7 0  ( 1 0 ) 4 2 ( 1 ) 1 5 ( 3 ) 8 ( 1 ) - 1 2  ( 3 )
C ( 1 6 ) 6 3 7 0  ( 2 ) 2 7 7 4  ( 4 ) 2 6 5 2  ( 2 ) 5 4  ( 2 ) 2 8 7  (8 ) 3 1  ( 1 ) 4 ( 3 ) 4 ( 1 ) 1 3 ( 2 )
0 9 5 3 9  ( 1 ) 2 7 7 4  ( 3 ) 2 9 4 6  ( 1 ) 7 0 ( 1 ) 3 1 4  ( 6 ) 2 3 ( 1 ) - 2 2  ( 2 ) - 7  ( 1 ) 4 ( 2 )
H ( 2 a ) 8 3 0  ( 2 ) - 5 8  ( 4 ) 1 9 4  ( 2 ) 3 . 2  ( 5 )
H ( 4 a ) 8 5 6  ( 2 ) - 6 5  ( 4 ) 1 8  ( 2 ) 4 . 0  (6 )
H ( 4 e ) 7 7 9  ( 2 ) 9 6  ( 5 ) - 5 4  ( 2 ) 3 . 8  ( 6 )
H ( 5 a ) 8 5 9  ( 2 ) 4 2 9  ( 4 ) 1 6 ( 2 ) 3 . 4  ( 5 )
H ( 5 e ) 9 5 3  ( 2 ) 2 7 4  ( 5 ) - 1 7 ( 2 ) 3 . 8  (6 )
H ( 6 a ) 9 9 7  ( 2 ) 1 1 5  ( 4 ) 1 3 1  ( 2 ) 3 . 4  ( 5 )
H ( 6 e ) 1 0 2 1  ( 2 ) 3 8 9  ( 4 ) 1 2 7  ( 2 ) 3 . 6  ( 5 )
H ( 1 2 ) 7 5 5  ( 2 ) - 2 4 4  ( 4 ) 3 2 0  ( 2 ) 3 . 6  ( 5 )
H ( 1 3 ) 6 3 3  ( 2 ) - 2 1 1  ( 5 ) 4 3 0  ( 2 ) 4 . 7  ( 6 )
H ( 1 4 ) 5 0 9  ( 2 ) 1 0 9  ( 5 ) 4 3 6  ( 2 ) 4 . 2  (6 )
H ( 1 5 ) 5 1 7  ( 2 ) 4 0 1  ( 5 ) 3 2 8  ( 2 ) 4 . 5  (6 )
H ( 1 6 ) 6 3 9  ( 2 ) 4 0 6  ( 4 ) 2 2 4  ( 2 ) 3 . 6  ( 5 )

B .  c ¿ s - 2 - P h e n y l - l , 3 - d i t h i a n e  1 - O x i d e  ( 6 )

S ( l ) 3 4 3 0  ( 2 ) 6 2 3 . 3  ( 4 ) 6 3 3 6  ( 1 ) 2 9 9  ( 3 ) 1 7 . 0  ( 2 ) 9 4 ( 1 ) 0 ( 1 ) 1 4  ( 1 ) - 5 . 9  ( 4 )
S ( 3 ) 2 9 1 7  ( 2 ) 2 1 0 9 . 8  (4 ) 6 7 2 7  ( 1 ) 7 0 4  ( 5 ) 1 6 . 2  ( 2 ) 1 0 6  ( 1 ) - 1 ( 1 ) - 9  ( 2 ) - 3 . 9  ( 4 )
0 6 2 7 8  ( 4 ) 7 4 6  ( 1 ) 6 2 4 6  ( 2 ) 2 7 5  ( 8 ) 3 8 ( 1 ) 1 6 5  ( 3 ) 8 ( 2 ) 4 2  ( 4 ) - 1 9 ( 1 )
C ( 2 ) 2 2 3 4 ( 5 ) 1 2 9 7  ( 1 ) 7 3 2 7  ( 3 ) 2 6 9  ( 1 1 ) 2 0 ( 1 ) 9 0  ( 4 ) 3 ( 3 ) 2 5  ( 5 ) - 4 ( 1 )
C ( 4 ) 1 0 3 6  ( 7 ) 2 0 5 7  ( 2 ) 5 0 5 4  ( 3 ) 6 0 9  ( 1 9 ) 2 2 ( 1 ) 1 0 5  ( 4 ) 8 ( 4 ) - 6  ( 7 ) 1 0  ( 2 )
C ( 5 ) 2 0 4 3  (6 ) 1 5 1 8 ( 2 ) 4 2 2 4  ( 3 ) 4 5 5  ( 1 7 ) 3 0 ( 1 ) 9 4  ( 4 ) - 7  ( 3 ) 1 4  ( 7 ) 1  ( 2 )
C ( 6 ) 1 5 5 2  (6 ) 8 2 7  ( 2 ) 4 7 1 9  ( 3 ) 3 6 5  ( 1 4 ) 2 6 ( 1 ) 8 5  (4 ) - 6  ( 3 ) 2 0  (6 ) - 6  ( 2 )
C ( l l ) 3 4 3 9 ( 6 ) 1 2 0 0  ( 2 ) 8 7 7 3  ( 3 ) 2 8 4  ( 1 2 ) 2 2 ( 1 ) 8 4  ( 4 ) 6 ( 3 ) 2 6  ( 5 ) - 5 ( 1 )
C ( 1 2 ) 5 6 8 6 ( 7 ) 1 5 3 2  ( 2 ) 9 3 5 8  ( 4 ) 4 8 6  ( 1 9 ) 3 5 ( 1 ) 1 2 3  ( 5 ) - 4 0  ( 4 ) - 4 8  ( 7 ) 1 1  ( 2 )
C ( 1 3 ) 6 7 1 1 ( 7 ) 1 4 3 7  ( 2 ) 1 0 6 7 6  ( 4 ) 5 6 9  ( 2 0 ) 4 2 ( 2 ) 1 1 8  ( 5 ) - 3 4  ( 5 ) - 9 7  ( 8 ) 2 ( 2 )
C ( 1 4 ) 5 5 9 6  ( 7 ) 9 9 7  ( 2 ) 1 1 4 4 1  ( 3 ) 5 4 2  ( 1 9 ) 3 9 ( 1 ) 8 9  (4 ) 2 7  ( 4 ) - 3  ( 7 ) - 3  ( 2 )
C ( 1 5 ) 3 4 0 9  ( 8 ) 6 6 0  ( 2 ) 1 0 8 7 7  ( 4 ) 7 4 1  ( 2 2 ) 5 3  ( 2 ) 1 1 6  ( 5 ) - 6 3  ( 6 ) 2 4  ( 8 ) 1 9  ( 2 )
C ( 1 6 ) 2 3 0 5  ( 7 ) 7 6 5  ( 2 ) 9 5 5 1  ( 4 ) 5 5 3  ( 1 8 ) 4 7  ( 2 ) 9 6  ( 4 ) - 7 5  ( 4 ) - 3  ( 7 ) 5  ( 2 )
H ( 2 a ) 3 6  ( 5 ) 1 2 0 ( 1 ) 7 2 1  ( 3 ) 3 . 0  ( 6 )
H ( 4 a ) - 8 2  (6 ) 1 9 8  ( 2 ) 5 2 1  ( 3 ) 5 . 6  ( 8 )
H ( 4 e ) 1 2 1  (6 ) 2 4 8  ( 2 ) 4 6 2  ( 3 ) 5 . 7  ( 8 )
H ( 5 a ) 3 9 9  ( 5 ) 1 5 7 ( 1 ) 4 2 2  ( 3 ) 4 . 7  ( 3 )
H ( 5 e ) 1 1 0  ( 6 ) 1 5 7  ( 1 ) 3 3 5  ( 3 ) 4 . 9  ( 7 )
H ( 6 a ) - 3 5  ( 5 ) 7 5 ( 1 ) 4 8 0  ( 3 ) 3 . 5  ( 6 )
H ( 6 e ) 2 0 8  ( 5 ) 4 8 ( 1 ) 4 0 5  ( 3 ) 4 . 7 ( 7 )
H (  1 2 ) 6 5 9  ( 7 ) 1 8 1  ( 2 ) 8 8 1  ( 4 ) 7 . 7  ( 1 0 )
H ( 1 3 ) 8 3 6  ( 4 ) 1 6 2  ( 2 ) 1 1 0 9  ( 3 ) 7 . 1  (9 )
H (  1 4 ) 6 3 6  ( 6 ) 8 9 ( 2 ) 1 2 3 6  ( 3 ) 5 . 8  ( 8 )
H ( 1 5 ) 2 4 4  ( 7 ) 4 3 ( 2 ) 1 1 3 3  ( 4 ) 1 0 . 2  ( 1 2 )
H ( 1 6 ) 7 6  (6 ) 5 5  ( 2 ) 9 0 6  ( 3 ) 6 . 8  (9 )

C .  2 - P h e n y l - 1 , 3 - d i t h i a n e  trans- l , t r a n s - 3 - D i o x i d e  ( 7 )

S ( l ) 8 8 3 3 ( 1 ) 3 5 8 8  ( 3 ) 2 0 9 8  ( 1 ) 5 4 ( 1 ) 1 7 2  ( 4 ) 3 0 . 3  ( 6 ) - 2 1  ( 2 ) 1 . 3  ( 6 ) 7  ( 2 )
S ( 3 ) 7 0 9 7  ( 1 ) 9 7 6  ( 3 ) 7 8 5  ( 1 ) 5 2 ( 1 ) 5 6 3  ( 8 ) 2 8 .6  ( 7 ) - 5 7  ( 3 ) 2 . 5  ( 7 ) - 2 8  ( 2 )
0 ( 1 ) 9 5 5 6  ( 3 ) 3 0 9 0  ( 7 ) 2 9 7 9  ( 2 ) 7 1  ( 3 ) 2 8 3  ( 1 7 ) 3 6  ( 2 ) - 3 0  ( 6 ) - 6 ( 2 ) 1  ( 4 )
0 ( 3 ) 6 6 0 8  ( 3 ) - 1 3 1 1  ( 1 0 ) 7 3 4  ( 2 ) 1 3 5  ( 3 ) 8 2 5  ( 2 8 ) 5 0  ( 2 ) - 2 3 8 ( 1 1 ) 3 3  ( 3 ) - 1 0 4  (8 )
C ( 2 ) 7 9 3 0  ( 4 ) 1 0 8 8  (9 ) 1 9 1 5  ( 3 ) 4 1  ( 3 ) 1 8 2 ( 1 8 ) 3 1  ( 2 ) - 4  ( 8 ) 4  ( 2 ) - 7  ( 7 )
C ( 4 ) 8 2 1 0  ( 4 ) 9 0 4  ( 1 3 ) 1 3 5  ( 3 ) 8 0  ( 5 ) 5 4 1  ( 3 3 ) 2 6  ( 3 ) - 3 0  ( 1 2 ) 8  ( 3 ) 2  (9 )
C ( 5 ) 8 9 3 8  ( 4 ) 2 9 9 6  ( 1 0 ) 2 7 0  ( 3 ) 7 2  ( 5 ) 3 3 0  ( 2 6 ) 3 4  ( 3 ) - 3 9  ( 9 ) 9  ( 3 ) 3 2  ( 7 )
C ( 6 ) 9 6 3 3  ( 4 ) 2 9 8 4  (9 ) 1 2 0 0  ( 3 ) 6 0  ( 4 ) 2 1 1  ( 2 2 ) 3 n ( 2 ) - 4 4  ( 7 ) 1 2  ( 3 ) 2 6  ( 6 )
C ( l l ) 7 1 4 9  ( 3 ) 1 1 6 4  ( 1 0 ) 2 6 1 6  ( 3 ) 3 3  ( 3 ) 1 8 8  ( 1 8 ) 3 0  ( 2 ) 1 7  (8 ) - 7  ( 2 ) - 5  ( 7 )
C ( 1 2 ) 7 0 9 9  ( 4 ) - 6 4 2  ( 1 0 ) 3 2 1 6  ( 3 ) 5 9  ( 4 ) 2 3 9 ( 2 2 ) 3 2  ( 3 ) 7 ( 8 ) 7  ( 3 ) 1 6  ( 7 )
C ( 1 3 ) 6 3 5 4  ( 4 ) - 5 7 8 ( 1 1 ) 3 8 2 2  ( 3 ) 6 6  ( 5 ) 3 6 5  ( 2 7 ) 3 4 ( 2 ) - 1 6 ( 9 ) 2  ( 3 ) 2 8  ( 8 )
C ( 1 4 ) 5 6 7 1  ( 4 ) 1 2 3 5 ( 1 3 ) 3 8 4 9  ( 3 ) 5 5  ( 5 ) 4 5 3  ( 2 7 ) 3 6  ( 3 ) - 5  ( 1 1 ) 1 6  ( 3 ) - 9  ( 9 )
C ( 1 5 ) 5 6 9 6  ( 4 ) 2 9 9 3  ( 1 1 ) 3 2 5 9  ( 4 ) 4 6  ( 4 ) 3 7 8  ( 2 7 ) 4 7  ( 3 ) 2 1  ( 9 ) - 4  ( 3 ) - 1 4  ( 7 )
C ( 1 6 ) 6 4 5 0  ( 4 ) 2 9 7 9  ( 1 0 ) 2 6 3 7  ( 3 ) 6 1  ( 4 ) 2 4 2  ( 2 3 ) 3 8  ( 3 ) - 2 ( 8 ) 0 ( 3 ) 2 9  ( 6 )
H ( 2 a ) 8 4 1  ( 3 ) - 1 5  ( 7 ) 1 9 6  ( 2 ) 1 . 1  (8 )
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Table I (C ontinued)

Atom x /a y/b z/c fill fi'22 fiw fi\2 fii: Ì fi22

H(4a) 862 (3) -53 (8) 36 (3) 3.1 (11)
H(4e) 793 (3) 105 (8) -38 (2) 3.9 (10)
H(5a) 943 (3) 304 (9) -20 (3) 4.3(12)
H(5e) 845 (3) 458 (8) 13 (3) 3.3 (11)
H(6a) 1004 (4) 137 (10) 144 (3) 6.4 (14)
H(6e) 1009 (3) 419 (6) 122 (2) 1.0 (8)
H(12) 755 (3) -213 (8) 313 (3) 2.9 (11)
H(13) 645 (3) -162 (8) 429 (2) 2.6 (10)
H(14) 517 (3) 134 (8) 424 (3) 2.9 (10)
H(15) 530 (4) 429 (10) 319 (3) 6.7 (15)
H(16) 647 (3) 423 (8) 228 (2) 2.1 (9)
0 Positional parameters are given as fractions of the unit cell edges (C, 0, and S X 104, H X 103) and anisotropic thermal parameters

as coefficients to conform to the exponent — + — 2/3¡¡h jh j + •••]. Isotropic thermal parameters for hydrogen are given as B  (Â2).
Estimated standard deviations are given, on the same scale, in parentheses.

Table II. Torsion Angles of Dithiane Ring Portion of 2- 
Phenyl-1,3-dithiane and Related Sulfoxides

Table IV. Bond Distances of Dithiane Ring Portion of 2- 
Phenyl-l,3-dithiane and Related Sulfoxides“

Endocyclic torsion angles, deg

Central bond 4“ 5 6 7

S(l)-C(2) -57 -63 -59 -61
C(2)-S(3) 57 63 61 60
S(3)-C(4) -56 -61 -62 -61
C(4)-C(5) 63 64 68 72
C(5)-C(6) -61 -67 -67 -73
C(6)-S(l) 54 63 58 62

“ Values of Kalff and Römers (ref 6).

Table III. Bond Angles of Dithiane Ring Portion of 2- 
Phenyl-l,3-dithiane and Related Sulfoxides"

Valence angle, deg

4 b 5 6 7

S(l)-C(2)-S(3) 115.2 109.6 (2) 112.9 (2) 114.2 (3)
C(2)-S(3)-C(4) 99.2 100.5 (2) 99.2 (2) 97.0 (2)
S(3)-C(4)-C(5) 116.1 113.0 (2) 112.6 (2) 113.4 (4)
C(4)-C(5)-C(6) 116.5 113.3 (2) 113.0 (3) 111.2 (4)
C(5)-C(6)-S(l) 114.9 114.0 (2) 114.6 (2) 112.0 (3)
C(6)-S(l)-C(2) 100.9 98.2 (2) 98.7 (2) 96.9 (2)
C(6)-S(l)-0 105.4 (1) 106.9 (2) 106.7 (2)
C(2)-S(l)-0 105.2 (1) 108.4 (2) 104.1 (2)
C(2)-S(S)-0 104.5 (3)
C(4)-S(3)-0 107.0 (3)

" Standard deviations indicated in parentheses. h Values of
Kalff and Römers (ref 6). Esd’s ~1.5°

energy difference between the equatorial and axial confor
mations of 3 arises from dipole-dipole interactions.5 The 
conformation of 3 which has the oxygen axial is less stable than 
the conformation with the oxygen equatorial largely because 
of the closer proximity of the two sites of high electron density, 
the sulfoxide oxygen and the cross-ring sulfur. Dipolar in
teractions are presumed to be significant in 2 as well, but 
variations in other nonbonded interactions brought about by 
the reduced C-0 bond length (relative to C-C and C-S) make 
the net effect difficult to assess.

In order to understand the dynamic processes represented 
by eq 1, reliable structural information is required. This paper 
describes a detailed investigation, using single-crystal x-ray 
diffraction techniques, of a series of oxides of 2-phenyl-l,3- 
dithiane (4). A structure determination had been reported for 
4 earlier by Kalff and Römers.6 We have prepared tran s-2 -

Bond distance, Â

Bond 4 b 5 6 7

S(l)-C(2) 1.79 1.830 (2) 1.843 (2) 1.834 (5)
C(2)-S(3) 1.80 1.814 (2) 1.797 (3) 1.833 (4)
S(3)-C(4) 1.83 1.808 (2) 1.812 (3) 1.787 (5)
C(4)-C(5) 1.46 1.506 (3) 1.508 (4) 1.513 (8)
C(5)-C(6) 1.51 1.519 (2) 1.512 (4) 1.513 (6)
C(6)-S(l) 1.81 1.806 (2) 1.808 (3) 1.803 (5)
S(l)-0 1.497 (1) 1.484 (2) 1.498 (3)
S(3)-0
C(2)-Ph 1.52 1.503 (2) 1.506 (3)

1.465 (3) 
1.518 (6)

“ Standard deviations indicated in parentheses. b Values of 
Kalff and Romers (ref 6). Esd’s ~0.03 A.

7
phenyl-1,3-dithiane 1-oxide (5) and cis-2-phenyl-1,3-dithiane
1- oxide (6) in connection with another aspect of this work, and 
have assigned configurations on chemical and spectroscopic 
grounds.7 These compounds seemed appropriate models for 
an equatorial oxide of 1,3-dithiane and an axial oxide, re
spectively, so their structures were determined crystallo- 
graphically. The postulated importance of dipole-dipole in
teractions in 3 suggested that a structure determination of
2- phenyl-l,3-dithiane t r a n s -1,t r a n s -3-dioxide (7) would also 
be useful.8

Results and Discussion
The atomic parameters which define the crystal structures 

of 5, 6, and 7 are recorded in Table I, and torsion angle, bond 
angle, and bond distance data for the dithiane ring portions 
of 4-7 are collected in Tables II-IV. The structures of 5,6 and 
7 are depicted by the ORTEP9 drawings shown in Figures 1-3, 
respectively. The stereochemical assignments of 5 and 6 are 
confirmed by the x-ray structure determinations. The dithiane

I
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F i g u r e  1 .  O R T E P  d r a w i n g  o f  t h e  s t r u c t u r e  o f  5 .  T h e r m a l  e l l i p s o i d s  

f o r  S ,  0 ,  a n d  C  a r e  d r a w n  w i t h  t h e  5 0 %  p r o b a b i l i t y  l e v e l  a s  b o u n d a r y  

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

d i u s .

ring portions of all of the compounds adopt chair conforma
tions in the crystal with the phenyl group occupying an 
equatorial site. A chair conformation in solution has been 
inferred for 4 from NMR and dipole moment measurements.10 
The 1,3-dithiane rings are all more highly puckered than cy
clohexane (for which the torsion angles are 56°), with the 
puckering most pronounced in the C(4)-C(5)-C(6) region. 
This puckering is quite apparent in the disulfoxide 7 where 
the ring torsion angles involving C(5) average 72.5°.

The most significant structural difference observed among 
the compounds is the large variation in the S(l)-C(2)-S(3) 
valence angle (Table III). This angle is larger in 4 (114.9°) than 
in either of the corresponding monosulfoxides 5 and 6, but 
almost identical with that of the disulfoxide 7 (114.2°). The 
amount of bond angle contraction between 4 and the mono
sulfoxides is stereochemically dependent, being more pro
nounced in the equatorial oxide 5 (109.6°) than in the axial 
oxide 6 (112.9°). These observations support the view that 
transannular dipolar interactions are important determinants 
of structure in the 1,3-dithiane 1 -oxide system. The smaller 
S(l)-C(2)-S(3) angles in 5 and 6 are reasonably attributed to 
a more favorable electrostatic interaction between the sulfur 
atoms. The sulfur of the sulfoxide group is positively polarized 
and an attractive interaction with S(3) compresses the C(2 ) 
valence angle in 5 and 6. The effect is smaller in 6 than in 5 
because it is opposed by repulsion between the negatively 
polarized axial oxygen and S(3). In the disulfoxide 7, the at
tractive interaction is replaced by a dipolar repulsion between 
two positively polarized sulfur atoms and the bond angle is 
increased. 11

The endocyclic bond angles around C(4), C(5), and C(6 ) are 
all smaller in the oxides 5-7 than in 4. These angles average 
115.8° in 4, but only 113.4° in 5 and 6  and 112.2° in 7. These 
differences are related to the increased puckering in this re
gion mentioned earlier, and may indicate additional attractive 
interactions in which the sulfoxide sulfur is involved. Inter
action of the sulfoxide sulfur with the electrons in the 7 -C-C

bond would be capable of producing such a distortion, and is 
consistent with the effect being most pronounced in the di
sulfoxide 7. The C-S-C angles are similar to those reported 
for tra n s-  1,4-dithiane 1,4-dioxide (8 , 97.9° ) 12 and c is - 1,4- 
dithiane 1,4-dioxide (9, 96.6 and 97.6° ) . 13 The C -S-0 angles

8

in the equatorial sulfoxides 5 and 7 are slightly smaller than 
those in the axial sulfoxide 6 . These angles average 105.3° in 
5, 105.6° in 7, and 107.6° in 6 . A similar effect has been ob
served in 9 where the C -S-0 angles around the equatorial 
sulfoxide are 109.4° while those around the axial sulfoxide are
111.4°.

There are no systematic trends evident in bond distances 
among the various molecules though the C-C bond distances 
in all are significantly shorter than the standard Csp3-C slr< 
bond length of 1.54 A ,  an effect consistent with the opened 
valence angles at the carbon atoms involved. The wide vari
ation in S -0  bond distances is more apparent than real with 
all the distances subject to error owing to the pronounced 
thermal anisotropy of the oxygen atoms. The pattern of mo
tion observed and the mass difference between sulfur and 
oxygen suggest that the oxygen rides on sulfur and when a 
correction for this motion is applied a good consistency of 
values results: 1.512 A  in 5; 1.509 A  in 6 ; and 1.507 and 1.510 
A  in 7. Thermally uncorrected S -0  bond distances reported
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F i g u r e  5 .  V i e w  in  a - a x i s  p r o j e c t i o n  o f  t h e  m o l e c u l a r  p a c k i n g  in  6 .

F i g u r e  6 . V ie w  in  6 - a x i s  p r o je c t io n  o f  t h e  m o le c u la r  p a c k in g  in  7 .  N o t e  
t h e  s i m i l a r i t y  t o  F i g u r e  4 .

F i g u r e  7 .  C - H —O  a p p r o a c h e s  in  t h e  a x i a l  o x i d e  6 . D i s t a n c e s  a r e  

g i v e n  in  A .

in the literature show wide variations. The 1,4-diaxial oxide 
8 has S-0  1.48 Â, and that determined for dimethyl sulfoxide 
by electron diffraction14*1 is 1.47 Â, by x-ray diffraction1415
1.499 Â. Smaller S -0  distances have been reported for both 
the axial (1.43 Â) and equatorial (1.40 Â) sulfoxide groups in
9.

The structural features associated with the 2-phenyl sub
stituents appear normal and do not require comment.15

Some striking intermolecular interactions are found in the 
crystal structures of the oxides which may be of significance
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Figure 9 . V ie w  o f  C - H ™ 0  c o n t a c t s  p r o je c t e d  o n t o  t h e  C - H —O  p la n e ,  

( a )  in  t h e  a x i a l  o x id e  6 , ( b )  in  t h e  e q u a t o r i a l  o x i d e  5 ,  (c )  in  t h e  d i o x i d e  

7 .N o t e  t h a t  t h e  s h o r t e r  0 —H  s e p a r a t i o n s  a r e  a s s o c i a t e d  w i t h  s m a l le r  

C —0 —H  a n g le s .  D i s t a n c e s  a r e  g iv e n  in  A .

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

i n  s o l u t i o n .  P a c k i n g  d i a g r a m s  f o r  5 ,  6  a n d  7  a r e  p r e s e n t e d  i n  

F i g u r e s  4 - 6 .  I n t e r a c t i o n s  i n v o l v i n g  t h e  s u l f o x i d e  o x y g e n  a n d  

c e r t a i n  a x i a l  C - H  b o n d s  a r e  s u g g e s t e d  b y  t h e  o c c u r r e n c e  o f  

s e v e r a l  C - H — O  c o n t a c t s  m a r k e d l y  l e s s  t h a n  t h e  s u m  o f  t h e  

n o r m a l  v a n  d e r  W a a l s  r a d i i  o f  o x y g e n  a n d  h y d r o g e n  ( 2 . 4 8  A ) ,  

a n d  d e t a i l e d  v i e w s  o f  t h e s e  c o n t a c t s  a r e  s h o w n  i n  F i g u r e s  7  a n d

8 . T h e  e q u a t o r i a l  o x i d e  5  a n d  d i o x i d e  7  a r e  i s o s t r u c t u r a l  a n d  

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

w i t h  t h e  a x i a l  h y d r o g e n  o f  C ( 6 ) o f  a  n e i g h b o r i n g  m o l e c u l e  2 . 2 8  

A  d i s t a n t  f r o m  0 ( 1 ) i n  5  a n d  2 . 1 3  A  d i s t a n t  i n  7 .  B y  c o n t r a s t ,  

t h e  c o n t a c t  b e t w e e n  t h e  e q u a t o r i a l  h y d r o g e n  o f  C ( 6 ) a n d  0 ( 1 )  

o f  a  n e i g h b o r  i s  o f  n o r m a l  l e n g t h  i n  b o t h  5  a n d  7 ,  2 . 5 2  a n d  2 . 5 8  

A ,  r e s p e c t i v e l y .  I n  t h e  a x i a l  s u l f o x i d e  6 , t h e  c l o s e s t  i n t e r m o 

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

a t o m  a n d  t h e  a x i a l  h y d r o g e n s  a t  C ( 2 ) a n d  C ( 6 ) o f  a  n e i g h b o r  

w i t h  0 — H  s e p a r a t i o n s  o f  2 . 3 4  a n d  2 . 4 1  A .  T h e  s t r u c t u r a l  

s i m i l a r i t y  o f  a l l  t h e s e  c l o s e  C - H — O  c o n t a c t s  i s  s h o w n  b y  

F i g u r e  9  i n  w h i c h  t h e  n e a r  l i n e a r i t y  o f  t h e  C - H — O  s y s t e m  i s  

c l e a r l y  s e e n  i n  e a c h  c a s e .

A l t h o u g h  t h e s e  c o n t a c t s  i n v o l v e  h y d r o g e n  a t o m s  i n  o b 

s e r v e d  p o s i t i o n s  a n d  a r e  h e n c e  s u b j e c t  t o  t h e  f a i r l y  l a r g e  e s d ’ s  

a s s o c i a t e d  w i t h  s u c h  q u a n t i t i e s  ( c a .  0 . 0 5  A ) ,  t h e  s a m e  p a t t e r n  

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

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

e v e n  m o r e  p r o n o u n c e d  i f ,  i n  t h e s e  c a l c u l a t i o n s ,  t h e  C - H  b o n d

Table V

C o m p d  5 6 7

S p a c e  g r o u p P 2\ /c P 2\ /c P 2 j c
a, A 12 .2 0 6  (2 ) 5 .0 0 7  (1 ) 1 2 .3 1 5  (3 )
b 5 .7 4 9  (1 ) 2 0 .1 3 4  (4 ) 5 .8 51  (1 )
c 14 .8 0 9  (2 ) 10 .0 9 5  (3 ) 1 4 .8 2 9  (3 )
d , d e g 9 7 .1 1  (1 ) 9 8 .7 6  (3 ) 9 8 .4 4  (2 )
Pobsd, g  c m - 3 1.37 1.37 1.42
Pealed 1.37 1.38 1.43
U ,  A 3 1031 1020 1057
Z 4 4 4
F (0 0 0 ) 44 8 44 8 4 8 0
p ( M o  K a ) , 4.6 4 .6 4 .6

c m - 1

C r y s t a l  s i z e . 0 .6  X  0 .4  X  0.1 0 .2 5  X  0 .2 5  X 0 .2 5  X  0 .0 5  X
m m :1 0 .2 5 0 . 1

S i g n i f i c a n t 1589 1446 95 3
r e f i n s  

(2 0 max 6 0 ° )

d i s t a n c e  i s  t a k e n  a t  i t s  i n t e r n u c l e a r  v a l u e ,  1 . 0 8  A ,  r a t h e r  t h a n  

a t  t h e  s h o r t e r  x - r a y  v a l u e s  f o u n d .

C o n t a c t s  b e t w e e n  s u l f u r  a n d  o x y g e n  o f  s u l f o x i d e  g r o u p s  o f  

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

n o r m a l  S — 0  v a n  d e r  W a a l s  s e p a r a t i o n  o f  3 . 2 2  A 1 6  i s  s i m i l a r  

t o  t h a t  o b s e r v e d  i n  5  ( 3 . 2 6  A )  a n d  7  ( 3 . 3 1  A ) .  T h e  s e p a r a t i o n  

i s  s o m e w h a t  l a r g e r  i n  t h e  a x i a l  o x i d e  6 , w h e r e  i t  i s  3 . 6 3  A .  T h u s ,  

o r i e n t a t i o n  o f  t h e  S - 0  d i p o l e s  i n  a n  a n t i p a r a l l e l  f a s h i o n  w i t h  

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

c r y s t a l  p a c k i n g  a s  d o  S - O — H - C  i n t e r a c t i o n s .  I n a s m u c h  a s  

t h e s e  i n t e r a c t i o n s  i n v o l v e  h y d r o g e n  a t o m s  o n  c a r b o n  b o n d e d  

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

t r o s t a t i c  e f f e c t s .  A  s u l f i n y l  g r o u p  w i l l  s t r o n g l y  p o l a r i z e  a n  

a d j a c e n t  C - H  b o n d  s o  t h a t  t h e  h y d r o g e n  i s  m o r e  p o s i t i v e  t h a n  

a  C - H  b o n d  i n ,  f o r  e x a m p l e ,  a  h y d r o c a r b o n  a l l o w i n g  f o r  e f 

f e c t i v e  e l e c t r o s t a t i c  i n t e r a c t i o n s  w i t h  t h e  s u l f o x i d e  o x y g e n  o f  

a  n e i g h b o r i n g  m o l e c u l e .

Experimental Section
T h e  p r e p a r a t i o n s  o f  2 - p h e n y l - l , 3 - d i t h i a n e  (4 ) , 17  f r a r c s - 2 - p h e n y l -

1 . 3 - d i t h i a n e  1 - o x i d e  ( 5 ) ,7a a n d  c i s - 2 - p h e n y l - l , 3 - d i t h i a n e  1 - o x i d e  (6 )7a 

h a v e  b e e n  p r e v i o u s l y  d e s c r ib e d .  S t e r e o c h e m i c a l  a s s i g n m e n t s  t o  5 ,  m p  

1 4 5 - 1 4 7  ° C ,  a n d  6 , m p  1 6 3 . 5 - 1 6 5 . 5  ° C ,  m a d e  o n  t h e  b a s i s  o f  c h e m i c a l  

b e h a v i o r ,  s y n t h e s i s ,  a n d  N M R  s p e c t r a  w e r e  c o n f i r m e d  b y  t h e  x - r a y  

c r y s t a l l o g r a p h i c  d e t e r m i n a t i o n s .  T r e a t m e n t  o f  4 w it h  2  e q u i v  o f  m - 
c h lo r o p e r o x y b e n z o i c  a c i d  in  d i c h l o r o m e t h a n e  ( — 1 8  t o  —3 0  ° C )  g i v e s

2 - p h e n y l - l , 3 - d i t h i a n e  tra n s-l , t r a r c s - 3 - d i o x i d e  ( 7 ,  m p  1 8 7 - 1 8 8  ° C )  

a s  t h e  m a jo r  p r o d u c t  in  7 1 %  y i e l d . 18  T h e  N M R  s p e c t r u m  w a s  s u g 

g e s t i v e  o f  t h e  s t e r e o c h e m i s t r y  s h o w n ,  b u t  r ig o r o u s  s t r u c t u r e  p r o o f  

r e q u i r e d  t h e  x - r a y  d e t e r m i n a t i o n  d e s c r i b e d  h e r e .

X-Ray Crystallographic Measurements. Crystal Data. U n it  

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

o b s e r v a t i o n s  o f  s y s t e m a t i c  a b s e n c e s  a n d  m e a s u r e m e n t s  m a d e  o n  2 5 °  

p r e c e s s i o n  p h o t o g r a p h s  t a k e n  w i t h  M o  K «  r a d i a t i o n .  A c c u r a t e  c e l l  

d i m e n s io n s  w e r e  o b t a i n e d  b y  a  l e a s t - s q u a r e s  f i t  t o  c a r e f u l l y  m e a s u r e d  

d i f f r a c t o m e t e r  v a l u e s  o f  ± 2 0  f o r  1 7 - 2 5  s t r o n g  g e n e r a l  r e f l e c t i o n s  (X 

=  0 . 7 1 0 6 9  A ) .  R e l e v a n t  d a t a  f o r  c o m p o u n d s  5 - 7  a r e  s u m m a r i z e d  in  

T a b l e  V .

Intensity Data. M e a s u r e m e n t s  o f  i n t e n s i t y  f o r  t h e  t h r e e  c o m 

p o u n d s  w e r e  m a d e  u s in g  a  P i c k e r  f o u r - c i r c le  d i f f r a c t o m e t e r  c o n t r o l le d  

b y  a n  X D S  S i g m a  2  c o m p u t e r .  M o  K a  r a d i a t i o n ,  m a d e  m o n o c h r o 

m a t ic  b y  B r a g g  r e f le c t io n  f r o m  a  h i g h ly  o r ie n t e d  g r a p h i t e  c r y s t a l ,  w a s  

u s e d  w i t h  s c i n t i l l a t i o n  c o u n t i n g  a n d  p u l s e - h e i g h t  a n a l y s i s  w i t h  8-28  
s c a n s  a t  a  s c a n  r a t e  o f  2 ° / m i n .  B a c k g r o u n d  i n t e n s i t y  w a s  d e t e r m i n e d  

e i t h e r  b y  d i r e c t  m e a s u r e m e n t  w it h  b o t h  c r y s t a l  a n d  c o u n t e r  s t a t i o n a r y  

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

p r e d e t e r m i n e d  c u r v e  o f  s c a t t e r e d  b a c k g r o u n d  i n t e n s i t y  v s .  d i f f r a c 

t o m e t e r  a n g le .  M e a s u r e m e n t s  w e r e  m a d e  f o r  t h e  a p p r o p r i a t e  n o n r e -  

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

r e l a t e d  z o n e  o f  r e f l e c t i o n s  w a s  i n c l u d e d  in  e a c h  c a s e  t o  c h e c k  c r y s t a l  

a l ig n m e n t .  T h e  d e v ia t io n  f r o m  t h e  m e a n  in  t h e s e  a v e r a g e d  r e f le c t io n s  

w a s  t y p i c a l l y  < 3 % .  S t a b i l i t y  o f  t h e  e x p e r i m e n t a l  c o n d i t i o n s  d u r i n g  

t h e  c o u r s e  o f  t h e  d a t a  c o l le c t io n  w a s  m o n i t o r e d  b y  m e a s u r e m e n t  o f  

t w o  o r  t h r e e  r e f e r e n c e  r e f l e c t i o n s  a f t e r  e v e r y  5 0  s c a n s .  A  s i m i l a r
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variation in intensity was noted in these standards but no systematic 
trends were evident. Scattered intensity in a scan was assumed sig
nificant at the 3a level. No absorption corrections were applied and 
the data were converted to structure amplitudes in the usual way.

Structure Determination and Refinement. For 5, the positions 
of the two sulfur atoms were found from a sharpened three-dimen
sional Patterson function and the structure solved by the heavy atom 
method. Compound 7 is isostructural with 5 and parameters for the 
atoms of 5 were used to phase the reflections of 7. The additional 
oxygen atom was found from a difference map. The program MUL
TAN19 was used to solve the structure of 6 in a routine way.

Hydrcgen atoms were located in all cases from difference elec
tron-density maps and included in the block-diagonal least-squares 
refinement. A conventional weighting scheme was used,-1’ and an
isotropic thermal parameters were assigned to S, O, and C atoms, 
isotropic B values to H. Damping factors were applied to assure 
smooth convergence and refinement continued until no calculated 
shift in any parameter exceeded one-tenth of the corresponding esd. 
The final conventional unweighted and weighted residuals were 0.044 
and 0.040 for 5, 0.045 and 0.032 for 6, and 0.047 and 0.036 for 7. The 
scattering curves used for S, O, and C were taken from Hanson et al.21 
and for hydrogen from Stewart et al.-2 Programs used, other than 
M U L T A N  and O R T E P ,  were written in this laboratory for the XDS 
Sigma 2 computer.

Registry No.—4, 5425-44-5; 5, 60349-76-0; 6, 60349-79-3; 7, 
61158-78-9.

Supplementary Material Available. Listings of observed and 
calculated structure amplitudes, complete bond length and angle 
calculations, and information on least-squares mean planes of interest 
and on intermolecular contacts (35 pages). Ordering information is 
given on any current masthead page.
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The metal-assisted synthesis of sulfenamide derivatives 1 and 2 from aliphatic and aromatic disulfides and 
amines was explored. This method is more convenient and results in higher yields and a less reactive product than 
sulfenamides prepared from sulfenyl chlorides. Sulfenamides containing reactive functional groups, not accessible 
from sulfenyl chlorides, can be prepared using this procedure. With ammonia and aromatic disulfides this method 
yields bis(arenesulfen)imides 4 when the groups attached to sulfur are more electron donating than a 3,4-dichloro- 
phenyl group. Alkanesulfenamides of ammonia (RSNHo) cannot be isolated, but are trapped with aromatic al
dehydes and ketones to yield N-alkylidenealkanesulfenamides 2.

Sulfenamides 1 and iV-alkylidenesulfenamides 2 are im
portant intermediates in organic synthesis and have proven 
useful in investigations of lone pair interactions (“ a effect” ), 
bond polarization effects, and (p-d) it conjugation.2 Sul
fenamides have also found important industrial applica
tions.

R-S-N R 'R" R -S -N = C R 'R "
la, R = alkyl 2, R', R" = alkyl, aryl
b, R = aryl

Sulfenamides (1) are used as sulfenyl-transfer reagents in 
the synthesis of sulfides,3 disulfides,4 trisulfides,4b sulfenate 
esters,5 sulfenamides,6 alkyl (aryl) dialkylaminosuccinimi- 
dosulfonium salts,7 and aminecarbotrithioates.8 TV-Alkyli- 
denearenesulfenamides, 2b, can be oxidized to 2-arenesul- 
fonyl-3-phenyloxaziridines9a and sulfinamides.9b The latter 
compounds are useful in the synthesis of sulfenic acids.9*1'10 

The possibility that interactions between the lone pairs of 
electrons on sulfur and nitrogen may destabilize the S-N
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Table I. Sulfenamides from Aromatic Disulfides

Sulfena-
Registry Registry mide Registry Bp (mp), NMR,

Entry Disulfide no. Amine no. Conditions % yield no. °C (mm) ö (CDCla)

1 p-Tolyl 103-19-5 Piperidine 110-89-4 AgNOa- 60 18511-53-0 78-79 1.6 (m, 6), 2.4 (s, 3, Me),
MeOH (0.005 2.9 (t, 4), 7.2 (q, 4)

2 Aniline 62-53-3 35 a
3 Phenyl 882-33-7 Ethylamine 75-04-7 75 24380-80-1 54-57 1.2 (t, 3, J  =  7 Hz), 2.9 (dt,

(0.0.04) NH, CHa 7.2 (s, 5)
3 Isopropyl- 75-31-0 76 34690-94-3 61-62 (0.4) 1.1 (d, 6, J  = 7 Hz), 2.8 (b,

amine 4, NH), 3.1 
(m, 1), 7.26 (m, 5)

4 tert-Butyl- 75-64-9 70 19117-31-8 57-60 (0.3) 1.1 (s, 9), 2.7 (bs , 1), 6.9-
amine 7.4 (m, 5)

5 Allylamine 107-11-9 88 61076-24-2 61-64 (0.15) 2.85 (b, 1, NH), 3.5 (t, 2, 
J — 5 Hz), 5.1 (m, 1),
5.8 (m, 1), 7.3 (s, 5)

6 2-Amino- 141-43-5 70 61076-25-3 124 (0.05) 3.0 (b t , 2H ), 3.3 (b, 2 H,
ethanol OH, NH),

3.6 (m, 2 H), 7.25 (s, 5)
7 Aniline 75-80 a
8 Diethyl- 109-89-7 55 6667-19-2 60-65 (0.65) 1.13 (t, 6, J = 8 Hz), 2.96

amine (g 4, J  = 8 Hz), 7.26 (m, 
5)
1.17 (d, 12, J  = 7 Hz), 3.49 Diisopropyl- 108-18-9 73 19117-30-7 71-73 (0.4)

amine (m, 2), 7.25 (m, 5)
10 4-Chloro- 1142-19-4 Aniline 75 b

11
phenyl

4-Bromo- 5335-84-2 Aniline 70 32338-03-7 85-89 5.05 (bs, 1, NH), 6.8-7.5
phenyl (m, 9)

12 3-Nitro- 537-91-7 Ethylamine 90 34879-73-7 c 1.2 (t, 3, J  = 6 Hz), 3.0 (q,
phenyl 2), 7.2-8.4 m, 4)

13 H gCl,-
MeOH

61

14 Allylamine AgNOa- 75 61076-26-4 128-130 3.0 (b, 1, NH), 3.6 (t, 2, J
MeOH (0.05) = 5 Hz), 5.2 (m, 1), 

5.8 (m, 1), 7.3-8.0 
(m, 4)

15 2-Amino- 75 61076-27-5 Oil 2.4 (s, l,O H ) 3.1 (t, 2,J
ethanol = 5 Hz), 3.4 (b, 1, NH), 3.8 

(t, 2 ,J  = 5 Hz), 7.5-8.5 
(m, 4)

16 Aniline 82 d
17 Dimethyl- 124-40-3 60 61076-28-6 82 (0.015) 2.9 (s, 6), 7.3-8.1 (m, 4)

amine
18 HgCD-

MeOH
60

19 Bis(2-chloro- 334-22-5 23 61076-29-7 Oil" 3.6 (m, 8), 7.1-8.5 (m, 4)

20
ethyl)amine

Diethyl- AgNOa- 86 61076-30-0 109 (0.05) 1.2 (t, 6, J  = 7 Hz), 3.1 (q,
amine MeOH 4, J = 7 Hz), 7.3-8.2 

(m,4)
21 2,2-Dimethyl- 2658-24-4 45 61076-31-1 123 (0.2) 1.4 (s, 6), 2.0 (s, 2), 7.4-8.4

aziridine (m, 4)
22 Di-sec-butyl- 626-23-3 70 61076-32-2 134 (0.13) 0.9 (t, 6, J  =  7 Hz), 1.2 (d,

amine 3, J  = 7 Hz), 1.5 (m, 4), 3.0 
(hep, 2), 7.2-8.3 (m, 4)

23 2-Nitro- 1155-00-6 Ethylamine 87" 24398-42-3 118 (0.75) 1.2 (t, 3, J  =  7 Hz), 2.4 (q,
phenyl 2, J  = 7 Hz), 2.4 (b, 1, 

NH)
24 4-Nitro- 100-32-3 Aniline 60 a

phenyl
25 2-Benzo- 120-78-5 Isopropyl- 90 f

thia- amine
zolyl

26 Aniline 90 g
27 Piperidine 90 h

0 Reference 16. b Reference 24. f Reference 25. d F. A. Davis, R. B. Wetzel, T. J. Devon, and J. F. Stackhouse, J. Org. Chem., 36, 
799 (1971) . e Purified by chloromatography on Florisil (benzene) and silica gel (pentane). < N. E. Messer, U.S. Patent 2 370 253; Chem. 
Abstr., 39, 3967 (1945). « E. Tschunkur and H. Kohler, German Patent 615 580; Chem. Abstr., 29 8 408 (1935). ‘ J J  D ’Amico J  
Org. Chem., 26, 3436 (1961).
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Table II. Sulfenamides from Aliphatic Disulfides

Sulfena-
Registry mide Registry Bp,

Entry Disulfide no. Amine Conditions % yield no. °C (mm) NMR, 5

1 Methyl 624-92-0 Piperidine AgOAc- 43 7257-48-9 58 (10) 2.92 (t, 4, J = 6 Hz), 2.2 (s, 3,
EtOAc Me), 1.48 (m, 6)

2 Aniline Trace'1
3 Isopropyl- Trace"

amine
4 Ethyl 110-81-6 Piperidine 30 25116-55-6 37-38 (0.32) 1.2 (t, 3, J  = 7 Hz), 1.5 (m, 6), 

2.65 (q, 2, J  = 7 Hz), 3.0 (m, 
4)

5 Piperidine AgNOn-
MeOH

0

6 Allylamine AgOAc-
EtOAc

Trace"

7 n -Butyl 629-45-8 Piperidine 40 25116-56-7 76 (0.7) 0.93 (t, 3, J = 6 Hz), 1.5 (m, 
10), 2.6-3.2 (m, 6)

8 Isopropyl 4253-89-8 Piperidine 45 61076-33-3 36.7 (0.35) 1.3 (d, 6, J  = 6 Hz), 1.4 (m, 6), 
2.1 (m, 1), 2.8 (m, 4)

9 Benzyl 150-60-7 Isopropyl- 97 59004-78-3 b 1.1 (d, 6), 2.33 (broad s, 1), 3.0
amine (m, 1), 3.75 (s, 2), 7.25 (s, 5)

10 Diethyl- 58 34879-74-8 79-82 (0.07) 1.1 (t, 6,J  = 7H z), 2.9 (q, 4,
amine J  = 7 Hz), 3.77 (s, 2), 7.3 (m, 

5)
0.9 (t, 6), 1.4 (m, 8), 2.81 (t, 4.11 Di-n-butyl- 53 61076-34-4 80-81 (0.007)

amine" ■J = 7 Hz), 3.8 (s, 2), 7.27 (m,
5)

“ As indicated by NMR. h Decomposes on heating. ' Registry no., 111-92-2.

bond2 and increase the nucleophilicity of the sulfenamide 
nitrogen has recently been discussed.11 Bond polarization 
effects resulting from the difference in electronegativity be
tween sulfur and nitrogen in I activate the S-N bond for at
tack by both nucleophiles and electrophiles and appear to be 
the factor primarily responsible for the chemistry of these 
compounds. Recent reports suggest that there is little, if any, 
(p-d) 7r conjugation between sulfur and nitrogen when sulfur 
is attached to an sp '-hybridized nitrogen.12’13 Localized (p-d) 
7r bonding exists when sulfur is attachd to an sp2-hybridized 
nitrogen, i.e., 2.13-14

Industrial applications of sulfenamide derivatives include 
use as accelerators in rubber vulcanization, pesticides and 
fungicides, radioprotective agents, and in polymerization 
reactions.11’

The condensation of an aryl or alkyl sulfenyl chloride with 
an amine has been the only general synthetic route to sul
fenamides (eq l).2,16’17

R-S-Cl + 2R2NH — R-S-NRa + R2NH2+C1- (1)
Other less satisfactory methods for the synthesis of sulfena
mides include the reaction of metal mercaptides with chloro 
amines,18 oxidative condensation of thiols with amines,19 and 
the displacement of amines on alkylsulfenyl thiocyanates20 
or alkyl thiolsulfonates.21 A potentially useful synthesis of 
alkyl and aryl sulfenamides is the substitution of alkyl- and 
arylamines on thiophthalimides;15 however, this procedure 
requires the synthesis of the intermediate thiophthalimide 
from the sulfenyl chloride and phthalimide.22

There are a number of disadvantages in using the sulfenyl 
chloride method to prepare sulfenamides (eq 1). While the 
chlorination of a disulfide usually produces the sulfenyl 
chloride in good yield, side reactions often occur;1*517 this is 
particularly true of the lower molecular weight aliphatic di
sulfides. Sulfenyl chlorides are also thermally unstable, easily 
hydrolyzed, and react with hydroxyl groups, active methylene 
groups, and multiple bonds.1' Sulfenamides containing these 
functional groups cannot be prepared from the sulfenyl 
chloride and amine.

Another limitation of the synthesis of sulfenamides from 
sulfenyl chlorides, which has only recently been recognized, 
is the difficulty in removing trace amounts of amine hydro
chlorides, a by-product in this synthetic procedure (eq 1), 
which activates the S-N bond toward attack by nucleophiles,23 
markedly lowers the storage lifetime of sulfenamides, and 
alters the thermal chemistry of arenesulfenanilides.24

An important alternative to the synthesis of sulfenamides 
from amines and sulfenyl chlorides is the metal-assisted 
synthesis of sulfenamides from disulfides and amines (eq 2).2° 
Many of the disadvantages associated with the synthesis of 
sulfenamides from amines and sulfenyl chloride can be 
avoided using this procedure (eq 2).

2RoNH
r _S-S-R  + MX MS-R + R-SNR) + R2NH2+X~

(2)
R = alkyl, aryl

MX = AgN03, AgOAc, HgCl2

In this paper we report on the scope of this method (eq 2) for 
sulfenamide synthesis.

Results and Discussion
The metal-assisted synthesis of sulfenamides from alkyl and 

aryl disulfides is a convenient “ one-pot” reaction. The metal 
salt is dissolved in methanol or ethyl acetate followed by ad
dition of the disulfide and an excess of the amine. Removal 
of the precipitated metal mercaptide yields the sulfenamide. 
Disulfides can be obtained in high yield (ca. 90%) by oxidation 
of the thiol with 15% hydrogen peroxide.

Good to excellent yields of sulfenamides from aromatic 
disulfides (Table I) and moderate yields of sulfenamides from 
aliphatic disulfides (Table II) were obtained. The sulfenam
ides were identified by their IR and NMR spectra, comparison 
with literature values, and elemental analysis where stability 
of the sulfenamide permitted. The infrared spectra of sul
fenamides from primary amines showed a single absorption 
at 3320-3330 cm-1 and sulfenamides of ammonia (RSNH2) 
absorption at 3280 and 3380 cm-1.
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The metal-assisted synthesis of sulfenamides does not re
quire the separate preparation of an unstable intermediate 
(i.e., sulfenyl chloride) and yields via this method were better 
than those reported for the sulfenyl chloride method. Fur
thermore, the sulfenamides obtained by this method (eq 2) 
were less reactive as indicated by their longer storage time and 
increased thermal stability.24 Apparently the amine hy
dronitrate and -acetate (eq 2) are more easily removed than 
the corresponding amine hydrochlorides (eq 1).

Using this procedure, sulfenamides containing reactive 
functional groups such as hydroxyl and double bonds, not 
accessible from the sulfenyl chloride, can be prepared. Good 
yields of sulfenamides were obtained from allylamine and
2-aminoethanol and aromatic disulfides (Table I, entries 5, 
6,14,15), but the procedure failed with aliphatic disulfides.

A disadvantage of the metal-assisted synthesis of sulfena
mides is the use of relatively expensive silver salts. This can 
be overcome to a large extent if the silver is recovered from the 
silver mercaptide and converted to silver nitrate. This was 
accomplished with an overall yield of about 70% (see Experi
mental Section).

Mercuric chloride in methanol gave results similar to silver 
nitrate-methanol (Table I, entries 13, 18). With mercuric 
chloride yields were somewhat lower and the thermal stability 
of the sulfenamide was reduced. No reaction between aliphatic 
disulfides, amines, and mercuric chloride was detected. 
Mercuric chloride can also be used in place of silver nitrate 
where the latter reagent would react with the amine. For ex
ample a low yield of bis(2-chloroethyl)-3-nitrobenzenesul- 
fenamide (Table I, entry 19) was obtained using mercuric 
chloride. This sulfenamide was only moderately stable, de
composing after several weeks at room temperature. Although 
bis(2-chloroethyl)benzenesulfenamide was apparently 
formed, it could not be isolated. The reactivity of this sul
fenamide may be due to the increased nucleophilicity of the 
sulfenamide nitrogen (vide infra).

The mechanism for the metal-assisted synthesis of sul
fenamides probably involves the complexation of the metal 
ion with one of the lone pairs of electrons of the disulfide bond. 
This orientates the S-S bond toward nucleophilic attact by 
the amine. A similar mechanism has been proposed for the 
formation of 2 from silver nitrate, disulfides, ammonia, and 
aldehydes or ketones.26

Aromatic Disulfides. Good yields of sulfenamides from 
aromatic disulfides and a wide variety of aliphatic amines and 
aniline were obtained using the metal-assisted procedure (eq
2). Hindered amines such as diisopropyl- and di-sec-butyl- 
amine also gave good yields of the corresponding sulfenamides 
(Table I, entries 9, 22). Sulfenamides from aliphatic amines 
were sufficiently stable to be purified by distillation. Sul
fenamides from primary aliphatic amines appeared to be less 
stable than those from secondary amines, the former de
composing over a period of months to yield the disulfide and 
amine. Since arenesulfenanilides decompose on heating,2 
excess aniline was removed by column chromatography. These 
results are summarized in Table I.

Amines less basic than aniline failed to yield sulfenamides 
using this procedure. Disulfides such as 4-hydroxyphenyl 
disulfide, 2-aminophenyl disulfide, and A^.N'-piperidinyl 
disulfide also failed using this procedure.

Aliphatic Disulfides. The metal-assisted synthesis of 
sulfenamides from aliphatic disulfides and amines required 
the use of an excess of silver acetate in ethyl acetate. Aliphatic 
sulfenamides were observed to decompose to disulfide in the 
presence of silver nitrate-methanol.

The synthesis of aliphatic sulfenamides la using this pro
cedure succeeded with a variety of aliphatic disulfides and 
amines, but failed with aniline and allylamine. Benzyl disul
fide also gave good yields of alkylbenzvlsulfenamides with a

range of amines using silver acetate-ethyl acetate. These re
sults are summarized in Table II.

Moderate to low yields of aliphatic sulfenamides were ob
tained from disulfides and aliphatic amines using this method. 
However, considering the instability of aliphatic sulfenyl 
chlorides and the inaccessibility of benzylsulfenyl chloride,27 
this method (eq 2) is superior to the sulfenyl chloride method 
(eq 1).

There appears to be general agreement, but little quanti
tative evidence, that aryl sulfenamides are more stable than 
alkyl sulfenamides.2 A number of workers2819 have noted that 
the thermal stability of alkyl sulfenamides decreases as the 
basicity of the sulfenamide nitrogen increases, as the elec
tron-donating ability of the group attached to sulfur increases, 
and when the number of groups attached to the sulfenamide 
nitrogen decreases. These trends are in the correct order for 
stabilization of the sulfenyl and amino radicals. Alternatively, 
increased electron density on nitrogen and sulfur may des
tabilize the S-N bond and/or increase the nucleophilicity of 
the sulfenamide nitrogen (vide infra).

The metal-assisted synthesis of alkyl and aryl sulfenamides 
(Tables I and II) reflects these trends; aromatic sulfenamides 
were less reactive than aliphatic sulfenamides with the latter 
obtained in lower yields. Aromatic sulfenamides prepared 
from primary aliphatic amines were more reactive than those 
from dialkylamines. With the exception of isopropylbenzyl- 
sulfenamide (Table II, entry 9), all attempts to prepare al- 
kanesulfenamides from primary amines failed (see Table II, 
entry 3).

Disulfides and Ammonia. Sulfenamides of ammonia, 3, 
are intermediates in the synthesis of N-alkylidenesulfenam- 
ides, 2, from aromatic disulfides, silver nitrate, ammonia, and 
aldehydes and ketones.26

YY-C6H3S-NH2 (XY-C(;H:tS);NH
3a, X = Y = 3,4-CE 4a, X = Y = H
b, X = H; Y = 3-NO b, X = H; Y = 4-C1
c, X = H; Y = 4-N02 c, X = H; Y = 3-NO_

This provides an alternative synthesis of 2 which avoids an 
excess of ammonia.

Good yields of arenesulfenamides 3 were obtained from 
silver nitrate, aromatic disulfides, and ammonia when the 
disulfide contained electron-attracting groups more powerful 
than a 4-chlorophenyl group. Both phenyl and 4-chlorophenyl 
gave the corresponding bis(arenesulfen) imide 4a,b b as the 
only isolated product. Ethyl disulfide was recovered when this 
disulfide was subjected to the reaction conditions. These re
sults are summarized in Table III.

Benzenesulfenyl chloride and p-tolylsulfenyl chloride are 
reported to yield the imide 4 in low yield on reaction with 
ammonia16 29 Zincke obtained the sulfenamides 3 from 4- and
2-nitrobenzenesulfenyl chloride and ammonia.10 When these 
compounds were heated with dilute acetic acid, imides 4 were 
obtained in good yield.

We have found that boron trifluoride etherate in ether also 
effects the rearrangement of 3-nitrobenzenesulfenamide 3c 
to 4c in 70% yield. In attempts to extend this reaction to sul
fenamides 5a and 5b either boron trifluoride or 20% acetic acid 
resulted in mixtures of the corresponding disulfide and the 
imide 6. The formation of the imide 6 was indicated by the 
appearance of new methylene absorptions in the NMR at 3.5 
and 3.6 ppm, respectively. The imide 6 could not be satisfac
torily separated from the disulfide.

X -C 6H4S-NHC2H5 -  (X -C 6H4S)2 + (X -C 6H4S)2NC2H.,
5 6

a, X = H
b, X = 3-N02

The mechanism for the formation of the bis(sulfen)imides
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Table III. Sulfenamides from Disulfides and Ammonia

Product^
Entry Disulfide Conditions'’ (% yield) Mp,°C NMR, 6

1 Ethyl AgNOg-MeOH No reaction
2 Phenyl AgNOg-MeOH 4a (20) 133-134 (129)" 4.7 (bs, 1), 7.35 (s, 10)
3 4-Chloro- 4b (50) 138-140 4.6 (bs, 1), 7.3 (s, 8)

phenyl
4 AgOAc-EtOAc No reaction

HgCL-MeOH No reaction
5 3,4-Dichloro- AgNOg-MeOH 3a (62) 38-40 2.8 (bs, 2, NH2), 7.0-7.5 (m, 3)

phenyld
6 3-Nitrophenyl 3b (72) b
7 4-Nitrophenyl 3c (84) c

“ H. Lecher, F. Holschneider, K. Koberle, W. Speer, and P. Stocklin, Ber., 58,409 (1925). b Reference 26.c T. Zincke and S. Lenhardt, 
Justus Liebigs Ann. Chem., 400, 1 (1913). d Registry no., 4235-78-3. e Registry no.: AgNOg, 7761-88-8; AgOAc, 563-63-3, HgCL, 
7487-94-7. < Registry no.: 4a, 24364-84-9; 4b, 34583-74-9; 3a, 61076-35-5.

Table IV. JV-Alkylidenealkylsulfenamides

Aldehyde/ Registry r s n = c r 2 Registry
Entry Disulfide ketone no. Conditions % yield no. Bp, °C (mm) NMR, 5

1 Methyl Benzaldehyde 100-52-7 AgNOg- 33 61076-36-5 71-72 (0.11) 2.72 (s, 3, Me), 7.55 (m, 5),
MeOH 8.35 (s, 1)

2 AgOAc- 35
EtOAc

3 Salicylalde- 90-02-8 AgNOg- 30 a
hyde MeOH

4 Acetaldehyde 75-07-0 No reaction
5 Acetone 67-64-1 No reaction
6 Ethyl Benzaldehyde 24 61076-37-7 77-78 (0.1) 1.4 (t, 3, J = 7 Hz), 3.2 (q, 

2,J = 7 Hz), 7.5 (m, 5), 8.5 
(8,1)

7 n-Propylb Benzaldehyde 30 61076-38-8 79-80 (0.08) 1.1 (t, 3,J = 6Hz), 1.9 (m, 
2), 3.1 (t, 2), 7.5 (m, 5), 8.5 
(8,1)

8 HgCL- No reaction
MeOH

9 Salicylalde- AgNO;,- 33 61076-39-9 88-90 (0.08) 1.1 (t, 3 ,J = 6Hz), 1.8 (m,
hyde MeOH 2), 3.1 (t, 2), 6.97 (m, 4), 8.6 

(s, 1), 11.0 (s, 1)
10 Acetophenone 98-86-2 26 61076-40-2 103 (0.7) 1.1 (t, 3,J = 6 Hz), 1.9

(m, 2), 2.3 (s, 3, Me),
3.1 (t, 2), 7.5 (m, 5)

11 n-Butyl Salicycalde- 17 61076-41-3 137 (0.14) 0.9 (t, 3,J = 6Hz), 1.6 (m,
hyde 4), 2.7 (t, 2, J = 6 Hz), 7.1 

(m, 2), 7.6 (m, 2), 10.0 (s, 
1), 11.0 (s, 1)

12 Isopropyl Benzaldehyde No reaction
13 Benzaldehyde AgOAc- No reaction

EtOAc
14 tert- Benzaldehyde AgNOg- No reaction

butyl' MeOH
0 Reference 13. b Registry no., 629-19-6. ' Registry no., 110-06-5.

undoubtedly involves a nucleophilic attack by the sulfenamide 
nitrogen at the S-N bond of another sulfenamide unit with 
elimination of an amine (eq 3). Sulfenic acids (RSOH) undergo 
a similar reaction with formation of a thiolsulfinite [RS(0)SR] 
and elimination of water.10

R-S-N H 2 + R-S-NH-2 — (R-S)2NH + NH3 (3)

Sulfenamides meet the requirements for “ a-effect” nu
cleophiles in that the nucleophilic atom (nitrogen) is adjacent 
to a heteroatom (sulfur) containing lone pairs of electrons.31 
In certain cases such nucleophiles display greater nucleo- 
philicity than the parent nucleophile.

As the electronegativity of groups attached to sulfur in
creases the electron density on sulfur in 3 should decrease. 
This should reduce the magnitude of the “ a effect” and the

nucleophilicity of the sulfenamide nitrogen. As reflected in 
Table III, bis(sulfen)imides 4 were obtained only when the 
group attached to sulfur was more electron donating than a
3,4-dichlorophenyl group. Similar results have recently been 
reported by Welch, who observed a regular decrease in the 
formation of bis(arenesulfen)imides of 6-aminopenicillanic 
acid as the electronegativity of the group attached to the 
sulfenyl chloride increased.11

The “a effect” could well explain the difference in reactivity 
between aliphatic and aromatic sulfenamides. However, other 
factors such as leaving group ability and the effect of elec
trophiles are also important in determining the reactivity of 
these compounds.

IV-Alkylidenealkylsulfenamides. In a previous paper we 
reported on the metal-assisted synthesis of N-alkylidenear-
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enesulfenamides 2 from aromatic disulfides, silver nitrate, 
ammonia, and aldehydes and ketones,26 and reported that this 
procedure failed with benzyl and ethyl disulfide using acetone 
as the carbonyl compound. We report here that IV-alkyli- 
denealkylsulfenamides 2 (R = alkyl) can be prepared in cer
tain cases using this method.

iV-Alkylidenealkylsulfenamides can only be prepared from 
aliphatic disulfides using the metal-assisted procedure when 
the disulfide is straight chain and an aromatic group is at
tached to the carbonyl carbon. Yields of 2 prepared in this way 
were generally low, 17-30%. Similar yields of IV-benzyli- 
denemethylsulfenamides were obtained using silver nitrate- 
methanol or silver acetate-ethyl acetate. Table IV summarizes 
these results.

Assuming that an alkylsulfenamide (RSNH2) is an inter
mediate in the formation of 2, the low yields of Af-alkyli- 
denealkylsulfenamides and the inability to prepare 2 from 
branched-chain disulfides is readily explained. For the reasons 
discussed above, an alkanesulfenamide of ammonia (RSNH2) 
should be very unstable with the instability increasing as the 
degree of branching of the disulfide increases. Furthermore, 
steric hindrance to attack by ammonia on the silver-disulfide 
complex would be anticipated to be greater for the 
branched-chain disulfides.

Experimental Section
Melting points were measured on a Mel-Temp apparatus. ]H NMR 

spectra were obtained on a Varian A-60A spectrometer and IR spectra 
on a Perkin-Elmer 457 spectrometer. Disulfides obtained commer
cially were used without further purification. Solvents were purified 
by standard methods. IV-Alkylidenealkanesulfenamides 2 were pre
pared as described previously for IV-alkylidenearenesulfenam- 
ides.26

Oxidation of Thiols to Disulfides. The thiol was dissolved in 70% 
ethanol containing 1 equiv of NaOH. The solution was cooled and an 
equivalent amount of 15% hydrogen peroxide added dropwise. The 
precipitated disulfide was collected and crystallized from ethanol.

General Synthesis of Sulfenamides from Aromatic Disulfides. 
In a 1000-ml three-necked flask equipped with overhead stirrer was 
placed 7.8 g (0.045 mol) of silver nitrate in 400 ml of methanol. After 
solution had taken place an equivalent amount of disulfide was added 
and the reaction mixture cooled in an ice bath. An excess of the ap
propriate amine (usually 5 equiv) was added and the reaction mixture 
allowed to stir overnight. The silver mercaptide was filtered and the 
solvent removed at reduced pressure, at a temperature of 35-40 °C. 
The resulting residue was dissolved in ether, washed with water (4 X 
100 ml), and dried over MgSCh. Removal of the ether solvent gave the 
sulfenamide which was distilled or crystallized. Sulfenanilides were 
purified prior to crystallization by chromatography on Florisil. This 
same procedure was used with mercuric chloride. To prepare sul
fenamides of ammonia, dry ammonia gas was passed through the 
metal-disulfide solution for 10-15 min at 0 °C.

General Synthesis of Sulfenamides from Aliphatic Disulfide. 
In a 1000-ml three-necked flask equipped with overhead stirrer were 
placed 8.38 g (0.05 mol) of silver acetate and 0.025 mol of the appro
priate alkyl disulfide in 300 ml of ethyl acetate. The solution was 
cooled, an excess of the appropriate amine (5 equiv) was added, and 
the reaction mixture was stirred for 23 h at room temperature in the 
dark. The silver mercaptide was removed by filtration and the filtrate 
evaporated under reduced pressure at 40 °C. The residue was ex
tracted with ether, washed with water (3 X 100 ml), and dried over 
MgS04. Evaporation of the ether yielded a yellow oil which was dis
tilled.

Bis(3-nitrobenzenesulfen)imide (4c). In a 50-ml round-bottom 
flask equipped with magnetic stirring bar was placed 0.5 g (0.00294 
mol) of 3-nitrobenzenesulfenamide 3b in 25 ml of water or 35 ml of

ethyl ether. Acetic acid (5 ml), or 0.417 g (0.00294 mol) of boron tri- 
fluoride etherate (Aldrich) was added and the reaction mixture al
lowed to stir for 12 h at. room temperature. The precipitated solid was 
removed by filtration, washed with water, dried, and crystallized from 
chloroform to yield 0.35-0.4 g (72-84%) of orange needles; mp 166-168 
°C; IR (KBr) 3230 cm" 1 (NH); NMR (CDC1.,) Ô 2.7 (broad s, 1), 7.4-8.3 
(m, 8)

Anal. Calcd for C12H9N3O4S: C, 44.58; N, 2.79. Found: C, 44.44; H, 
2.82.

Silver Recovery. The silver mercaptide was burned to yield a dark 
ash which was further combusted to silver metal using an oxygen-gas 
torch. The silver metal was dissolved in concentrated nitric acid and 
filtered. The filtrate was concentrated by boiling and on cooling 
yielded crystals of silver nitrate. Additional silver nitrate can be ob
tained by further concentration of the filtrate. Overall recovery of 
silver nitrate by this method is 65-75%.
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Reduction with lithium aluminum hydride of 2,2,4,4-(tetramethyl)pentane-3-thione (3) gives the thiol (2). 
Treatment of 2 with chlorine affords 2,2,4,4-(tetramethyl)pentane-3-sulfenyl chloride (4), the reactions of which 
were investigated. Substitution of 4 on sulfur proceeds normally with diazomethane, phthalimide, and methanol. 
Hydrolysis of 4 likely provides the corresponding sulfenic acid (11), which dimerizes to a thiol sulfoxide (7). Reac
tion of 4 with ozone gives 2,2,4,4-(tetramethyl)pentane-3-sulfinyl chloride (8 ). This compound can be converted 
to the sulfine (13) by treatment with pyridine at —30 °C. Several substitution reactions on sulfinic sulfur were in
vestigated. Alkylation of 2 with benzyl bromide and oxidation of this product gave benzyl[2,2,4,4-(tetramethyl)-3- 
pentyl] sulfone (17) that was converted to a dianion on treatment with excess n-butyllithium. Some reactions of 
this dianion were investigated.

We, and others,1 have been interested for some time in 
devising a synthesis of tetra-fert-butylethylene (1). Although 
our experiences in this area parallel those of other workers, 
namely failure to obtain 1, we have during this effort devel-

1

oped a considerable amount of chemistry centered around the 
thiol 2, which we viewed as a possible intermediate in a syn
thesis of 1. We now report some of the chemistry of this hin
dered thiol.

Thiol 2 was prepared in excellent yield by reduction (eq 1) 
of di(tert-butyl)thior.e (3), which has recently become avail-

J. i -

able.Ia’2 This thiol proved more susceptible to chemical ma
nipulation than its oxygen analogue, di(teri-butyl)carbinol, 
which enters cleanly into relatively few reactions other than 
esterification.3’4

Reaction of 2 with chlorine5 proceeded smoothly to give in 
essentially quantitative yield the sulfenyl chloride (4). This 
compound was not stable enough for analysis and was char
acterized by spectral data and reactions as outlined in Scheme
I. Attempts to add 4 zo olefins failed to give characterizable

Scheme I
rsch2ci

15.

ch2n2

12 ct2
RSSR - —  2. ------* RSCl

1 i-

0
t

RSSR
7

products. However, the reactions with phthalimide6 and 
methanol7 to form respectively the N -(alkylthio) phthalimide 
5 and the sulfenate ester 6 are characteristic for reasonably 
stable sulfenyl chlorides. The corresponding sulfoxide and 
sulfone derivatives of 5 were also prepared. With water 4 
reacted cleanly to give the thiosulfinate 7, which is the ex
pected condensation product of the sulfenic acid 11.® At
tempts to trap 11 by addition to conjugated systems were

unsuccessful, however. Oxidation of 4 with ozone was ex
tremely clean and gave the sulfinyl chloride 8; all attempts to 
force the reaction further failed. The same was true with m- 
chloroperbenzoic acid (MCPBA) as oxidant, which gave again, 
even under the most forcing conditions, only 8. We were un
able to obtain the sulfonyl chloride. The samples of 8 prepared 
by oxidation with MCPBA were for unknown reasons not 
stable and on attempted purification by chromatography on 
silica gel the product decomposed readily to give chiefly the 
unsaturated chloride 12. A mechanism involving the formation

J1

of the di(ferf -butyl) carbonium ion is likely involved in the 
formation of 12.3

The thiolsulfinate 7 was also obtained by oxidation with 
MCPBA of disulfide 9, formed by the (rather sluggish) oxi
dation of 2. The combination of 2 with 8 afforded also the 
thiolsulfinate. Reaction of 2 with diazomethane9 proceeded 
normally to give chloromethyl compound 10.

Some additional reactions as shown in Scheme II were 
carried out on sulfinyl chloride 8. Dehydrohalogenation with 
pyridine at —30 °C gave cleanly the sulfine 13, which has been 
prepared previously by Barton and co-workers by oxidation 
of the thione 3.10'2 No or only a very poor yield of 13 was ob
tained on treating 8 with pyridine at temperatures higher than 
—30 °C, with triethylamine, diisopropylamine, or calcium 
hydroxide.11
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Scheme II

U

Since reaction with methanol gave the sulfinate ester 14, 
whereas sulfine 13 fails to react with methanol, we suspect that 
there is a competition in the reactions of 8 between catalyzed 
elimination leading to sulfine formation and attack at sulfur 
to form sulfinates, which can be isolated when suitable nu
cleophiles like methanol or 2 are used.

A rather interesting reaction of 8 was with the hydrazone 
of di-feri-butyl ketone ( 15)17 as shown in eq 2. The conden-

1 3 ( no t iso la te d  )

sation product 16 was isolated in good yield; attempts to 
couple by pyrolytic means the two di(fer£-butyl)methyl (or 
methylene) units resulted in the formation of the sulfine 13 
as the only isolated product. A possible sigmatropic rear
rangement that could lead to 13 is shown in eq 2. Other paths 
involving initial homolysis of a bond can, of course, be sug
gested.

Brief examination was made of the feasibility of preparing
l,l-di(iert-butyl)alkenes by the route of eq 3 previously de-

r 2c h s o 2c h r 2
1) [(CH3)2Ch] 2NL¡ C1 eqV)
2)  n-C^HgLi ( 1 eq v )

C u C l2

R-jC S09CR9
i 2 i 2
Li Li 

R R

(3)

17 JÂ i  ( not formed )
U )

2 c h 3
: T i
)— S - C - C6H5

0  C H 3

1 8 b 19

veloped for simple alkenes.13 Reaction of 2 with benzyl bro
mide gave the alkylated product, which was oxidized to the 
sulfone 17. Treatment of 17 with excess rc-butyllithium or 
alternatively first with 1 equiv of diisopropylamide followed 
by 1 equiv of n-butyllithium gave a light yellow solution 
thought to contain a dicarbanion.14 Oxidation with CuCl2 
gave, however, no isolable amounts of alkene and swamping 
of the solution with methyl iodide gave in good yield 19. This 
suggests that not the a,a' dianion 18a but rather a,a dianion 
18b is formed (eq 4).

Experimental Section
All melting points were determined with a calibrated melting point 

block or with a Mettler automatic melting point apparatus. UV, IR 
]H NMR, and mass spectra were obtained using common laboratory 
instruments. 1;iC NMR measurements were made at 25.2 MHz and 
chemical shifts are relative to MeiSi.

Chemicals cited without reference were either in stock or were 
prepared following well-described procedures. Elemental analyses 
were carried out in the analytical laboratory of this university.

2.2.4.4- Tetramethylpentane-3-thiol (2) was prepared by the 
reduction of 2,2,4,4-tetramethyl-3-pentanethione (3.0 g, 19 mmol) 
in dry ether (50 ml) added dropwise to a stirred suspension of LiAlH4 
(0.34 g, 10 mmol) in dry ether (70 ml). The solution was let stand for 
2 h. After neutralization with dilute H2SO4 and workup there was 
obtained 285 mg (17.8 mmol, 94%) of thiol: bp (43 mm) 96-98 °C; IR 
(CC14) 1150,1205,1360,1395, and 1480 cm“ 1; HI NMR (CC14) 61.10 
[s, 18, (CH.i);:G|. 1.22 (d, J  = 8  Hz, SH), and 2.60 (d, J = 8  Hz, 
CH). .

Anal. Calcd for C9H20S: C, 67.43; H, 12.67; S, 20.00. Found: C, 67.62; 
H, 12.63; S, 19.75.

2.2.4.4- Tetramethylpentane-3-sulfenyl chloride (4) was pre
pared by treating a stirred solution of 2  ( 1 . 6  g, 1 0  mmol) in 1 0  ml of 
dry CCI4 with a stream of dry Cl2 at 0 °C. The reaction was followed 
by 'H NMR and was stopped once conversion was complete. The 
material had :H NMR 6 1.20 [s, 18, (CH;,):)C] and 2.75 (s, 1, CH). The 
material was only moderately stable and was used without further 
purification save that excess CH was blown out of solution with a 
stream of N2. Addition of excess Cl2 gave no evidence for the addition 
of a second mole of Cl2 to the sulfur atom. Although the point is not 
rigorously proven, we believe that exclusively RSC1 and not RSCfi 
is the compound formed.

JV-[(2,2,4,4-Tetramethyl)-3-pentyl]thiophthalimide (5) was
prepared by allowing a freshly prepared solution of 4 (10 mmol) in 
CCI4 to react with a stirred slurry of phthalimide (1.47 g, 10 mmol) 
and triethylamine (1.5 g, 15 mmol) in 20 ml of CCI4 over a period of 
one night. Water (25 ml) was added, and the organic layer was sepa
rated and dried over MgS04. The product was recrystallized from 
CH:iOH affording 3.02 g (10 mmol, 99% yield) of 5 as a white solid: mp 
118-120 °C; ‘ H NMR (CC14) 6 1.22 [s, 18, (CH:i)3C], 3.10 (s, 1, CH), 
and 7.70 (complex, 4, C6H4); IR (KBr) 1720,1700, 1470, 1290,1050, 
870, and 700 cm-1.

Anal. Calcd for CnHsuNCbS; C, 66.85; H, 7.59; N, 4.59; S, 10.50. 
Found: C, 66.89; H, 7.67; N, 4.55; S, 10.53.

Oxidation of 5 to the sulfinamide was carried out by treating 5 (102 
mg, 0.35 mmol) dissolved in CHCI3 with m-chloroperbenzoic acid (67 
mg, 0.33 mmol) at room temperature. Workup gave 103 mg (0.32 
mmol, 92% yield) of the sulfinamide: mp 155-160 °C; 'H NMR 6 1.17 
[s, 9, (CH3)3C], 1.40 [s, 9, (CII:,);,C|. 4.35 (s, 1, CH), and 7.80 (complex 
4, C„H4); IR (KBr) 1020 cm- 1 (S-O).

Anal. Calcd for Ci7H^NOsS: C, 63.53; H, 7.21; N, 4.35; S, 9.98. 
Found: C, 63.61; H, 7.12; N, 4.34; S, 9.82.

The sulfonamide of 5 was prepared by treating 5 (102 mg, 0.35 
mmol) dissolved in CHC13 with m-chloroperbenzoic acid (134 mg, 0.66 
mmol). Workup gave 109 mg (0.32 mmol, 92% yield) of the sulfona
mide as a white solid: mp 167-169 °C; IR (KBr) 1300 cm- 1  (SCH); ]H 
NMR (CCI4) 6 1.42 [s, 18, (CH3)3C], 3.85 (s, 1, CH), and 7.58 (complex, 
4, CfiH4).

Anal. Calcd for C 17H23N 0 4S: C, 60.51; H, 6.87; N, 4.15; S, 9.50. 
Found: C, 60.70; H, 6.90; N, 4.13; S, 9.52.

The sulfinamide 5 was also prepared in 73% isolated yield from the 
reaction of 4 with phthalimide in CC14 at -1 5  °C with added trieth
ylamine.

0-MethyI[2,2,4,4-(tetramethyl)-3-pentyl] sulfenate (6) was
prepared by allowing freshly prepared 4 (300 mg, 1.5 mmol) in CC14 
to react with excess methanol and triethylamine (20 0  mg, 2  mmol) 
with stirring at room temperature. After disappearance of the yellow 
color the precipitated triethylamine hydrochloride was removed by



filtration to give 244 mg (1.28 mmol, 85% yield) of crude 6: bp (0.2 mm) 
48 °C; IR (neat) 1430-1490,1390,1365,1220, and 1000 cm“ 1; >H NMR- 
(CClj) b 1.15 [s, 18, (CH:1):iC], 2.63 (s, 1, CH), and 3.58 (s, 3, CH:!0); 
mass spectrum m/e 190 (parent) (calcd for CioH22SO, 190). An ac
ceptable elemental analysis could not be obtained.

2.2.4.4- (Tetramethyl)-3-pentylsulfinyl chloride (8) was best 
prepared by leading for several hours a stream of ozone through a 
solution of 4 (5 mmol) dissolved in CC14. The course of reaction was 
followed by 'H NMR and reaction was stopped once the absorption 
for 8 had disappeared. As judged by 'H NMR the sulfinyl chloride was 
formed in quantitative yield: 'H NMR (CC14) b 1.27 [s, 9, (CH:!):iC],
1.35 [s, 9, (CH;i):iC], and 3.18 (s, 1, CH); IR (neat) 1300, 1260,1215, 
1150 cm-1. A satisfactory elemental analysis could not be ob
tained.

Alternatively 4 could be oxidized with m-chloroperbenzoic acid to 
give 8 in 65% yield. On attempted purification by chromatography 
over silica gel a product was isolated to which structure 12 was as
signed: bp (45 mm) 120 °C; IR (neat) 1625,1460,1365,1375, and 825 
cm“ 1, ‘H NMR (CCL,) & 0.93[s, 9, CH:!):tC], 1.14 (d, J = 7 Hz, 3, CH,), 
2.32 (q. J = 7 Hz, 1, CH:iCH), 3.91 (d, J = 11 Hz, 1, CH,H|,C1), 4.43 
(d, J = 11 Hz, 1, CHaHbCl), and 6.02 (s, 1, vinyl H); 13C NMR (CDC1:1, 
b relative zo Me4Si) 6 15.5 (q, J = 128 Hz. CH:,CH), 27.7 [q, J = 128 
Hz, (CH:,).,C], 33.9 [s. (CH-;):iC], 42.5 (t, J = 152 Hz, CH,C1), 47.7 ppm 
(d, J = 120 Hz, CH,CH), 120.1 ppm (d, J = 192 Hz, CHC1), and 142.2 
(s, CCH2C1).

Di[2,2,4,4-(tetramethvl)-3-pentyl] disulfide (9) was prepared 
by dissolving thiol 2 (1.69,10 mmol) in 3 ml of 15% NaOH solution and 
allowing this to react with I2 (1.09 g, 4 mmol) added in portions. The 
reaction was carried out in an ice bath and the mixture was allowed 
to stir for 12 h thereafter. The upper layer was separated, the lower 
layer was extracted three times with ether, and the organic layers were 
combined and dried over MgS04. Filtration and removal of the solvent 
gave 1.65 g (5 mmol, 100% yield) of crude 9: mp 75.5-76 °C; IR (KBr) 
2900-3000, 1475, 1390, 1365, 1250, and 1220 cm“ 1; 'H NMR (CCl.,)
6 1.17 [s, IS, (CH:,):,C] and 2.53 (s, 1, CH).

Anal. Calcd for C i8H.!8S2: C, 67.85; H, 12.02; S, 20.13. Found: C, 
67.89; H, 11.94; S, 20.04.

The disulfide was also obtained in quantitative yield by allowing 
4 (387 mg, 2 mmol) to react with 2 (320 mg, 2 mmol) in pyridine at 
room temperature.

Hydrolysis of 2,2,4,4-(tetramethyl)-3-pentylsulfenyl chloride
(4) was carried out with a solution of 4 (684 mg, 1.75 mmol), which was 
allowed to react with ice-water. After stirring for 2 h, the solution was 
extracted with ether and the organic layer was dried over MgSO,. 
Removal of the solvent gave 438 mg (1.25 mmol, 70% yield) of
2,2,4,4-(tetramethyl)-3-pentylthiol[2,2,4,4-(tetramethyl)-3-pentyl] 
sulfinate (7): mp 113.5—114.5 °C (from CH:,OH); IR (KBr) 1440-1480, 
1390,1370, and 1080 cm“ 1; 'H NMR (CDC1:)) b 1.17 [s, 8, (CH:,):,C|, 
1.22 [s, 9, (CHduC], 1.40 [s, 9, (CH;{):{C), 2.97 (s, 2, CH, absorptions 
overlap).

Anal. Calcd for C i8H88S20: C, 64.61; H. 11.45; S, 19.16. Found: C, 
64.95; H, 11.51; S, 19.17.

The thiclsulfinate 7 was also obtained in nearly quantitative yield 
by oxidation of disulfide 9 with 1 equiv of m-chloroperbenzoic acid. 
All attempts to oxidize this further afforded only uncharacterizable 
products.

Reaction of sulfinyl chloride 8 with thiol 2 in pyridine gave also 
thiolsulfinate 7 in 40% yield.

Di(ierf-butyl)sulfine (13) was obtained by adding slowly to 10 
ml of dry pyridine held at —29 to —30 °C sulfinyl chloride 8 (500 mg, 
2.38 mmol ' with stirring. After standing with stirring at room tem
perature for 1 h, the pyridinium hydrochloride was removed by fil
tration. and the solvent removed to give 400 mg (2.37 mmol, 100% 
yield) of crude sulfine, pure by 'H NMR spectroscopy and with 
physical constants identical with those described previously.10

2.2.4.4- (TetramethyI)-3-pentylmethyl sulfinate (14) was ob
tained by allowing sulfinyl chloride 8 (0.89 g, 5 mmol) to reflux in 15 
ml of absolute CH;:OH. Removal of methanol left exclusively 14: bp 
(1 mm) 100 °C; IR (neat) 1450-1500, 1400,1370,1125, and 1000 cm“ 1;
1H NMR (CGD6) 6 1.12 [s, 9, (CH:)):iC], 1.28 [s, 9, (CH:1):iC], 2.32 (s, 1, 
CH), and 3.30 (s, 3, CH:,0).

Anal. Calcd for CI0H22SO2: C, 58.21; H, 10.74; S, 15.54. Found: C, 
58.48; H, 10.69; S, 15.22.

Di-tert-butyl ketone [2,2,4,4-(tetramethyl)-3-pentyl] sulfin- 
ylhydrazone (16) was prepared from the reaction of sulfinyl chloride 
8 (2.58 g, 12.4 mmol) and 2,2,4,4-(tetramethyl)-3-pentanone ketazine 
(1.92 g, mmol, 12.3 mmol) at 0 °C in pyridine (30 ml). After 1 h at this 
temperature followed by 2 h at room temperature pyridine hydro
chloride was filtered off. the solvent removed, and the residue re
crystallized from n-heptane to give 2.42 g (7.38 mmol, 60% yield) of
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16 as a white solid: mp 93.5-95 °C; IR (KBr) 3170, 2800-3000 (br), 
1460, 1390, 1375, 1370, 1360, 1220, 1190, 1140, 1075, 1040, 995, and 
880 cm“ 1; NMR (CC14) 6 1.30 [s, 9, (CH:!);5C], 1.37 [s, 9, (CH3)3C], 1.42 
[s, 18, (CH;i)nC], 2.50 (s, 1, CH), and 7.52 (s, 1, NH).

Anal. Calcd for C18H:18N2OS: C, 65.40; H, 11.59; N, 8.47; S, 9.70. 
Found: C, 65.39; H, 11.63; N, 8.44; S, 9.75.

Pyrolysis of 16 dissolved in toluene in a sealed tube at 150 °C gave 
a mixture of products from which sulfine 13 was characterized (70% 
yield).

Benzyl[2,2,4,4-(tetramethyl)-3-pentyl] sulfide was prepared 
by allowing a mixture of thiol 2 (1.6 g, 10 mmol), benzyl bromide (1.71 
g, 10 mmol), and sodium (250 mg, 10.9 mmol) dissolved in ethanol (4 
ml) to stir at room temperature overnight. The solution was diluted 
with saturated NaCl solution and extracted with ether. After drying, 
removal of the solvent, and distillation there was obtained 2.5 g (10 
mmol, 100% yield) of the sulfide: bp (10 mm) 165-167 °C; IR (neat) 
1600,1500, 1475,1455,1390,1360, and 700 cm“ 1; 'H NMR (CC14) b
1.12 [s, 18 (CR,)3C], 1.25 (s, 1, CH), 3.68 (s, 2, CH >), and 7.21 (complex, 
5, CfiHs).

Anal. Calcd for Ck;H2<;S: C, 76.73; H, 10.46. Found: C, 76.40; H,
10.42.

An acceptable analysis for sulfur was not obtained.
The sulfoxide of benzyl [2,2,4,4(tetramethyl)-3-pentyl] sulfide was 

prepared in the usual fashion by oxidation with 1 equiv of m-chloro- 
perbenzoic acid: mp 97-98 °C (from CH8OH); IR (KBr) 1010-1030 
cm“ 1 (S—0); *H NMR (CC14) b 1.00 [s,9, (CH:t)::C], 1.35 [s, 9, (CH3)3C], 
2.25 (s, 1, CH), 4.15 (s, 2, CH2), and 7.28 (complex, 5, CbR-,).

Anal. Calcd for C16H26SO: C, 72.13; H, 9.84; S, 12.03. Found: C, 
61.68; H, 9.70; S, 11.76.

The sulfone 17 was prepared by oxidation of the sulfide with 2 equiv 
of m-chloroperbenzoic acid: mp 71.5-73.5 °C (from CH2OH); IR 
(KBr) 700, 1120, and 1300 cm“ 1; >H NMR (CC14) b 1.28 [s, 18, 
(CH3)3C], 2.63 (s, 1, CH), 4.19 (s, 2, CH2), and 7.36 (complex, 5, C,;H.-,). 
The sulfone was characterized as a derivative (see below).

Reaction of Benzyl[2,2,4,4-tetramethyl)-3-pentyl] sulfone (17) 
with Strong Base. To 17 (213 mg, 0.755 mmol) dissolved in 20 ml of 
pure, dry dimethoxyethane under dry nitrogen at 0 to —5 °C was 
added n-butyllithium (4.4 mmol). A light brown color developed 
rapidly; the resulting solution was stirred for 1 h. Methyl iodide (426 
mg, 3 mmol) was added rapidly and the solution was stirred for 1 h 
more at 0 °C and kept overnight at room temperature. Quenching with 
water and straightforward workup gave 308 mg of crude material that 
was recrystallized from CH:1OH to give 97 mg (0.313 mmol, 41% yield) 
of 19: mp 110-111 °C; IR (KBr) 1470,1370,1270,1110,1090,780, and 
650 cm -'; >H NMR (CC14) <51.09 [s, 18, (CH:i)3C], 1.77 (s,6, CH:!), 2.82 
(s, 1, CH), and 7.25 (complex, 5, CrHs).

Anal. Calcd for C i8H:!0SO2: C, 69.63; H, 9.74; S, 10.33. Found: C, 
69.63; H, 9.84; S, 10.24.

Various attempts to oxidize a dianion from 17 following procedures 
described in ref 13 gave only recovered starting material and/or un
characterized products.

Chloromethyl[2,2,4,4-(tetramethyl)-3-pentyl] sulfide (10) was
prepared by allowing 4 (200 mg, 1.02 mmol) dissolved in ether to react 
with a slight excess of a diazomethane solution in ether. Stirring was 
continued for 15 h at room temperature. Any remaining diazomethane 
was destroyed and the solution was concentrated under reduced 
pressure. Distillation gave 149 mg (0.717 mmol, 70% yield) of 10: bp 
(0.1 mm) 50 °C; IR (neat) 1475,1395,1370,1260,1230,1080,1020,800 
(br), and 725cm -'; 'H NMR (CC14) b 1.18 [s, 18, (CH:i):,C], 2.49 (s, 1, 
CH), and 2.76 (s, 2, CH»).

Anal. Calcd for Ci„H2iSC1: C, 57.53; H, 10.14; S, 15.35; Cl, 16.98. 
Found: C, 57.43; H, 10.17; S, 15.05.

An acceptable analysis for chlorine was not obtained.

Registry No.—2, 57602-97-8; 3, 54396-69-9; 4, 61258-91-1; 5, 
61258-92-2; 5 sulfinamide analogue, 61258-93-3; 5 sulfonamide ana
logue, 61258-94-4; 6, 61258-95-5; 7, 61258-96-6; 8, 61258-97-7; 9, 
58712-15-5; 10, 61258-98-8; 12, 61258-99-9; 14, 61259-00-5; 15, 
33420-22-3; 16, 61259-01-6; 17, 61259-02-7; 19, 61259-03-8; phthali- 
mide, 85-41-6; m-chloroperbenzoic acid, 937-14-4; methanol, 67-56-1; 
ozone, 10028-15-6; benzyl bromide, 100-39-0; benzvl[2,2,4,4-(tetra- 
methyl)-3-pentyl] sulfide,61259-04-9; benzyl[2,2,4,4-(tetramethyl)-
3-pentyl] sulfoxide, 61259-05-0; diazomethane, 334-88-3.
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The role of cation radical/nucleophile adduct deprotonation equilibria in the reactions of thianthrene cation rad
ical (Th-+) with pyridine and water in acetonitrile solution has been examined using stopped-flow and electrochem
ical techniques. In both reactions reversible nucleophilic attack and adduct formation at a sulfur site on Th-+ is pro
posed as the first step in a general half-regeneration scheme. Rate-determining electron transfer involves reaction 
between adduct (oxidant) and deprotonated adduct in the case of a protic nucleophile (e.g., water). In the case of 
an aprotic nucleophile (e.g., pyridine) the rate-determining encounter is between a nonadducted cation radical and 
adduct with the adduct functioning here as the reducing agent. The formation of the product of both reactions, 
thianthrene 5-oxide, is discussed in terms of the relative stabilities of the oxidized forms of these cation radical/nu
cleophile adducts.

Recent studies of the kinetics and mechanisms of the re
actions of the 9,10-diphenylanthracene (DPA) cation radical 
(DPA-+) with various nucleophiles and reducing agents1 
suggest that a half-regeneration mechanism2 predominates 
in all cases where addition products are observed. Although 
this scheme is operative in the cases examined thus far, re
actions of DPA-+ with certain nucleophiles (e.g., chloride)ld 
have exhibited reaction dynamics which are second order in 
cation radical concentration. These observations are ac
counted for within the half-regeneration pathway in terms of 
rapid, reversible cation radical/nucleophile adduct formation 
which precedes rate-determining electron transfer from this 
adduct to a second ion radical. By comparison protic nucleo
philes (e.g., water) in reaction with DPA-+ show a first-order 
dependence of rate on both nucleophile and cation radical 
concentration,3-4 indicative of rate-determining adduct for
mation. Such observations invite speculation concerning the 
role of ion radical/nucleophile adduct deprotonation steps and 
the extent to which processes of this type may influence the 
observed dynamics of a particular reaction.

An ideal system through which this role can be probed is 
afforded by the cation radical derived from thianthrene (Th). 
While the hydrolysis of the thianthrene cation radical (Th-+) 
is known to be second order with respect to radical ion,5’6 the

corresponding anisylation of this species has been accounted 
for via a half-regeneration mechanism which exhibits con
centration-dependent reaction order.7 This mechanism in
volves adduction equilibria of the type noted in the chlorin
ation of DPA.ld

The reaction of pyridine with Th-+ in neat pyridine affords 
the ring-substituted product8 Th(Py)+ in which charge relief 
for this two-electron deficient species has occurred via sub
strate proton loss. Alternatively, the hydrolysis (protic nu
cleophile) of Th-+ affords the addition product, thianthrene
5-oxide (ThO),5’6 in which charge relief has been attained by

discharge of nucleophile protons. The nucleophiles pyridine 
and water were therefore selected for a comparative evaluation 
of the mechanistic effects exerted by protic and aprotic nu
cleophiles upon their respective reactions with the cation 
radical of thianthrene.
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Figure 1. Anodic voltammetry of acetonitrile containing 0.10 M 
tetraethylammonium perchlorate (TEAP) and 1.0 mM Th (curve A) 
or 1.0 mM ThO (curve B). Scan rate 150 mV/s.

This report details kinetic results and product analyses 
which offer insight into the role of acid-base reactions of 
cation radical/nucleophile adducts and points to the necessity 
of such considerations in the study of the addition reactions 
of cation radicals derived from EE substrates.9

Results and Discussion
Reaction of Th*+ with Water. The cyclic voltammetric 

behavior of Th at a platinum electrode in anhydrous aceto
nitrile is shown in Figure 1. The oxidative process observed 
at a potential of +1.25 V (Oi, curve A) is attributed to the 
oxidation of Th to Th-+ (eq 1).

T h ^ T h -+  + e - (1)

Th.+ ^ T h 2+ + e - (2)

Upon scanning to more anodic potentials a second mono- 
electronic oxidation wave is observed with a peak at +1.65 V 
(CP) corresponding to the formation of dication (Th2+) from 
cation radical (eq 2). Scan reversal at this point shows no peak 
for the reduction of the dication formed at O2; however, the 
stability of the cation radical in this medium is noted by the 
presence of the cathodic wave (Ri) for cation radical reduction. 
The absence of the wave corresponding to dication reduction 
may be taken as a measure of its reactivity in this solvent
supporting electrolyte system. Although residual water is 
present at very low concentrations (ca. 1-3 mM) in this rig
orously dried solvent, a sufficient quantity is present to cause 
the rapid formation of the monoxide (ThO, eq 3)

fast
Th2+ + HzO — ■*- ThO + 2H+ (3)

from dication. The ThO species is characterized by its oxi
dative electrochemistry10 (O3 and O4) which is evident in both 
voltammograms of Figure 1. As water is incrementally added 
to the solution, Oi, O3. and O4 increase in height at the expense 
of O2 and R1.11 Oi is enhanced due to the regenerative nature 
of the overall reaction (eq 4).5,6

2Th-+ + H20  — ThO + Th + 2H+ (4)

By carrying out exhaustive electrolyses of wet acetonitrile 
solutions of Th at a potential of +1.40 V, one notes the passage
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Figure 2. Second-order kinetic plot for the reaction of electrochem- 
ically generated Th-+ with water (0.20 M) in acetonitrile containing 
0.10 M TEAP and 1.50 mM Th. T = 25.0 (±  0.1) °C.

of charge corresponding to 2 Faradays/mol of Th originally 
present (eq 5).

Th + H20  — ThO + 2H+ + 2e" (5)

Following electrolysis, the anolyte shows the characteristic 
response of ThO (Figure 1, curve B).

Either of two possible mechanisms for the reaction of Th-+ 
with H20  can account for the aforementioned observations. 
Scheme I, the disproportionation mechanism, has been argued 
by Murata and Shine5,6 on the basis of kinetic results indi
cating an experimental rate law of the form13

d[Th-+] [Th.+]2[H20]
(6)di app [Th]

Scheme I
A'd

2Th-+ v = ^ T h 2+ + Th (7)
fast

*rds
Th2+ + HoO — ► ThO + 2H+ (8)

According to this scheme the oxidized form of Th which 
undergoes nucleophilic attack by H20  is the dication. Parker 
and Eberson subsequently presented evidence which indi
cated that the cation radical reacts directly with the nucleo
phile.14 Their observations support the half-regeneration 
mechanism3,4 shown in Scheme II.

Scheme II

Th-+ + H20  -»  Th(OH2)-+ (9)

Th(OH2)-+ + Th-+ — Th + ThO + 2H+

via

(10a)

Th(OH2)-+ — >- ThO + 2H+ + e-
electrode

(10b)

Included here are two routes for the oxidation of the 
Th(OH2)-+ intermediate. The first (eq 10a) represents the 
homogeneous pathway (half-regeneration mechanism) while 
the second (eq 10b) shows the oxidation of Th(OH2)-+ as 
proceeding heterogeneously (ECE mechanism).2
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Table I. Stopped-Flow Kinetic Results for the Hydrolysis of Thianthrene Cation Radical at 25.0 (± 0.1) °C

Source“
Series [h 2o ], m of Th-+ [Th], X 103 M [ThO], X IO3 M Replicates ^obsd)^ ^ 1 S 1

1 0.050 E 0.61 0.00 9 0.427 (±0.023)c
2 0.056 S 0.00 0.00 5 0.365 (±0.007)
3 0.100 E 0.61 0.00 8 3.42 (±0.23)
4 0.150 E 0.60 0.00 7 7.53 (±0.33)
5 0.150 E 0.06 0.00 6 7.23 (±0.33)
6 0.200 E 1.50 0.00 7 25.3 (±1.5)
7 0.200 E 0.61 0.00 5 19.3 (±0.6)
8 0.200 E 0.06 0.00 10 17.9 (±1.5)
9 0.200 E 0.00 0.00 10 20.4 (±0.7)

10 0.200 S 0.00 0.00 10 26.4 (±2.8)
11 0.200 S 0.61 0.52 8 26.5 (±0.9)
12 0.333 s 0.00 0.00 6 105 (±9)
13 0.400 E 0.61 0.00 7 195 (±5)
14 0.500 E 3.00 0.00 5 397 (±13)
15 0.556 S 0.00 0.00 10 312 (±23)
16 1.00 E 0.61 0.00 8 3430 (±80)

“ Source of Th-+ either via electrolysis (E) of Th solution or from solution of Th-+ C104-  salt (S). Both Th-+ and H2O reactant solutions 
contained 0.10 M tetraethylammonium perchlorate to maintain constant ionic strength. Initial [Th-+] ranged between 1 X 10“ "’ and 
5 X 10-5 M. 6 &0bsd defined as the slope of a plot of 1M546 vs. time. All data treated for at least 2 half-lives. Correlation coefficients 
were typically 0.9995, and in all cases exceeded 0.9990. c Parentheses contain one standard deviation.

Figure 3. Dependence of second-order rate constant on water con
centration for the reaction of Th-+ with aqueous acetonitrile. fe„i)sd 
defined as slope of second-order kinetic plot (Figure 2). A, Th-+ from 
electrogeneration; O, Th-+ from Th-+-C10j_ salt. T = 25.0 (±  0.1) 
°C.

Scheme III outlines a half-regeneration pathway which 
affords a rate law of a form which accounts for the observed 
kinetics.4,5

Scheme III

Th-+ + H20  ^ T h ( O H 2)-+ (11)

Th(OH,)-+ + Th-+ Th + Th(OH2)2+ (12)

k rds
Th(OH2)2+ — ► Th(OH)+ + H+ (13)

fast
Th(OH)+— * -T h O ± H + (14)

As depicted in Figure 2, stopped-flow experiments gave data 
indicative of a clean second-order decay of Th*+ upon reaction 
with aqueous acetonitrile. However, description of the hy
drolysis of Th-+ in terms of Scheme III was soon abandoned 
for reasons which become obvious upon close examination of 
the data presented in Table I. As reflected in series 6-10, there

can be no statistically significant dependence of reaction rate 
on the concentration of Th.15 Series 11 provides evidence that 
the same is true for ThO, the second product of the reac
tion.

The most striking feature of the data presented in this table 
is, however, the unusual dependence of Th-+ consumption on 
the concentration of water. A plot of log fe„bsd vs. log [H2O] is 
given in Figure 3. The relationship is linear and gives rise to 
a slope of 2.99 (±  0.10) indicating a third-order dependence 
of reaction rate on water concentration. In concert, these ob
servations result in an experimental rate law (eq 15)

-  = feaPp[Th.+P[H2OF (15)
at

which is second order in Th-+, third order in H20, and inde
pendent of precursor and ThO concentrations.

Since a single molecule of water ultimately undergoes ad
dition to one of the cation radicals consumed in the reaction, 
it must be concluded that the others perform some transient 
function to promote the progress of the reaction.The following 
pathway is proposed:

Scheme IV

Th-+ + HjO ^  Th(OH2).+ (16)

Th(OH2)-+ + H2O ^ T h ( O H ) -  + H:!0 + (17)

Th(OH2)-+ + Th(OH)- Th + H ,0  + Th(OH)+ (18)

fast
Th(OH)+ + H20 — »T h O  + H:iO+ (19)

The thianthrene cation radical is rapidly and reversibly 
complexed by water to form the Th(OH2)-+ adduct. This ad
duction equilibrium (eq 16) very strongly favors the complex, 
which in turn is involved in yet another rapid equilibrium in 
which adduct is deprotonated to form the Th(OH)- radical. 
The rate-determining step, then, consists of electron transfer 
from Th(OH)- to cation radical-nucleophile adduct (eq 18). 
The products of this rate-determining redox reaction are 
precursor, water, and protonated oxide which in the presence 
of excess base (H20) is rapidly deprotonated (eq 19).16

On a stoichiometric basis two cation radicals are consumed
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0.0 0.1 0.2 0.3 0.4 Q5 0.6 0.7 0.8 09 1.0

[^O 4] added,* 104 M

Figure 4. Dependence of second-order rate constant on added acid 
concentration. Added acid was HCIO4. Th-+ from Th+CICh-  salt and 
[H20] = 0.33 M in all cases. T = 25.0 (± 0.1) °C.

for each Th(OH)- which is involved in a rate-determining 
encounter, i.e., one from which the Th(OH)- species was 
formed and a second from which the oxidizing agent, 
Th(OH2)-+, was formed. One may write

d[Th-+]_  2 d[Th(OH).] 
di di

By virtue of its involvement in the rate-determining step, eq 
18, the ra“e of disappearance of Th(OH)- may be expressed 
as

_ d[Th(OH)-] = fe[Th(OH)-][Th(OH,)-+] (21)

The equilibrium expressions for the processes preceding the 
rate-determining step are given by

[Th(OH2)-+]
[Th-+][H20]

(22)

[Th(0H)-][H;,0 +] 
2 [Th(0H2)-+][H20]

(23)

Appropriate rearrangement of eq 22 and 23 and substitution 
with eq 20 into eq 21 results in a form of the rate law for 
Scheme IV which is compatible with the experimental re
sults.

d[Th-+] 2kK i2K2[Th-+]2[H2Q]:i 
di [H:!0 +]

Thus, for the 131 experiments reported in Table I, 
&K'i2K2/[H 30+] evaluates to 4.64 (±  1.04) X 107 M-4 s_1.

If the hydrolysis of Th-+ is correctly accounted for by 
Scheme IV, then a depression of reaction rate should be noted 
upon the addition of hydronium ion to the reaction mixture. 
Such experiments were conducted and the results are shown 
in Figure 4. The inverse first-order dependence of reaction rate 
on added H3O4" is clearly evident from these data and lends 
further credence to the proposed mechanism.

Reaction o f Th*+ with Pyridine. The cyclic voltammetric 
behavior of Th in the presence of a twofold excess of pyridine

1----------1----------1----------1----------1----------1______1______1______1
2 2  2.0 1.8 1.6 1.4 1.2 1.0 0 8  0 6

POTENTIAL,V

Figure 5. Anodic voltammetry of Th (1.0 mM) in the presence of 
excess Py (3.0 mM) and TEAP (0.10 M) in acetonitrile. Scan rate 150 
mV/s.

I--------------- 1__________I__________I__________I__________I
1.8 1.6 1.4 1.2 1.0 0.8

POTENTIAL,V

Figure 6. Anodic voltammetry of 1.0 mM Th(Py)+C10.|" and 0.10 
M TEAP in acetonitrile. Scan rate 110 mV/s.

at moderate scan rate is shown in Figure 5. A catalytic cur
rent12 indicative of Th regeneration as a consequence of Th-+ 
reaction is noted at O; where Th is oxidized to Th-+ and the 
characteristic voltammetry of the monoxide is also observed 
(O3 and O4). Seemingly, the product of the anodic oxidation 
of Th where Py is present is the oxide, yet Shine et $1. have 
reported the reaction of Th-+ with Py in both nitromethane 
and neat Py to yield the N -(2-thianthrenyl)pyridinium ion 
[Th(Py)+].8 Since the assignment of voltammetric peaks to 
particular intermediates or products is often tenuous, au
thentic Th(Py)+ was prepared8 and isolated as the perchlorate 
salt for use in cyclic voltammetric characterization of this 
species. The voltammetry of acetonitrile solutions of this ion 
is shown in Figure 6. One observes a morphology similar to 
that of Th; however, the two anodic peaks (O5 and 0<;) appear 
at decidedly different potentials (+1.45 and +1.74 V) than the 
corresponding peaks (Oj and 0 2) of Th. Reexamination of 
Figure 5 shows the Th(Py)+ ion to be absent in this scan and 
it is apparent that this species is not detected under these 
conditions. Analysis of the products isolated from the reaction
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i_________i________ i __ i_________i------------- 1------------- 1
0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0

PO TE N TIA L,V

Figure 7. Cathodic voltammetry of PyHClCh (1.0 mM) and TEAP 
(0.10 M) in acetonitrile. Scan rate 120 mV/s.

of the perchlorate salt of Th-+ with Py (0.50 M) carried out in 
acetonitrile also revealed the lack of a detectable quantity of 
the Th(Py)+ ion (as perchlorate). ThO and Th, in addition to 
pyridinium perchlorate (PyHClO.4), were the products iso
lated.

This ambiguity between the reaction conducted in aceto
nitrile and that carried out in neat pyridine or nitromethane 
was probed further using controlled potential coulometric 
procedures to elucidate the stoichiometry of the acetonitrile 
reaction. Exhaustive electrolysis (+1.40 V) of acetonitrile 
solutions containing both Th and Py revealed the release of 
1.99 (± 0.01) electrons per molecule of Th present in the an- 
olyte. The anodic voltammetry of this solution following 
electrolysis showed only the presence of the ThO waves while 
excursions to cathodic potentials showed the presence of a 
wave (Figure 7) for the reduction of pyridinium ion (PyH+). 
It was found that this cathodic wave could be used to quan
titate the PyH+ formed during the electrolysis conducted at 
+1.40 V by carrying out a subsequent, reductive electrolysis 
of the anolyte from the aforementioned electrolysis at a po
tential of —0.80 V.18 Such procedures were performed and 
after electrolysis at +1.40 V, 2.02 (±  0.01) mol of PyH+ was 
found to be present per mole of Th originally taken. In toto, 
these observations lead to the formulation of the stoichiometry 
given by eq 25 for the electrolysis of Th in acetonitrile solution 
containing Py.

Th + 2Py + H20  — ThO + 2PyH+ + 2e" (25)

These results suggested that residual water (ca. 1-3 mM) 
present in the “ anhydrous” acetonitrile employed for these 
studies contributed to the absence of the Th(Py)+ ion. A series 
of experiments was then undertaken in which trifluoroacetic 
anhydride (TFAn) was added to the solvent to scavenge the 
residual water.20 However, reaction of the perchlorate salt of 
Th-+ with 0.50 M pyridine in acetonitrile containing 4% TFAn 
(v/v) again failed to afford a detectable quantity of Th(Py)+ 
ion. Rather, workup of this reaction mixture indicated the 
stoichiometry of eq 26

2Th-+ CIO4 -  + HoO + 2Py
— Th + ThO + 2PyHC104 (26)

where the respective yields of Th, ThO, and PyHC104 were 
76, 79, and 74%.

It had been assumed that residual water in the acetonitrile 
would be irreversibly reacted upon addition of TFAn. How
ever, subsequent gas chromatographic analysis of the mixed 
solvent showed the presence of water. Furthermore, its con
centration in the TFAn/acetonitrile was at essentially the 
same level noted in acetonitrile free of TFAn and leads to the 
conclusion that the water-scavenging properties of the TFAn 
are attributable to the selective solvation (i.e., complexation) 
of water by the TFAn in this medium.22

1____________ 1_____________ 1
2 0  1.5 1.0

POTENTIAL, V
Figure 8. Fast cyclic voltammetry of 1.0 mM Th and 0.20 M TEAP 
in 4% TFAn/acetonitrile: (A) no Py added; (B) 0.93 mM Py added;
(C) 1.55 mM Py added. Scan rate 35 V/s.

A series of fast (high scan rate) cyclic voltammetric exper
iments was conducted in the TFAn/acetonitrile mixture in 
order to elucidate the role of Py in this reaction. The volt- 
ammograms shown in Figure 8 summarize the results of these 
investigations. In the absence of Py, the voltammetric be
havior of Th in this medium is depicted in curve A of this 
figure. The presence of the cathodic wave (R2) for the reduc
tion of the relatively stable dication formed during the oxi
dative scan (Oo) is indicative of the ability of the TFAn to 
effectively reduce the activity of water in the acetonitrile.20 
In the absence of TFAn, R2 is not observed at these scan 
rates.

The effect of added Py is shown in Figure 8, curves B and 
C. Firstly, it should be noted that there is no enhancement of 
the anodic wave due to the oxidation of Th to Th-+ (Oj) upon 
addition of Py. This indicates that no Th is regenerated during 
the time scale of the experiment. Secondly, a new anodic peak 
appears at O7 and grows with incremental addition of Py as
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Table II. Stopped-Flow Kinetic Results for the Reaction of Thianthrene Cation Radical with Pyridine in 4% (v/v)
TFAn-Acetonitrile at 25.0 (±0.1) °C

[Th], x IO3 M [Th-+]0, X 10s M [Py], X 10:! M Replicates fcobsd,“ A 1 s 1

0.0 2.95 0.574 10 25.0 (±0.6)b
0.0 3.64 3.44 9 178 (±4)
0.0 6.09 3.76 5 178 (±8)
0.0 4.64 5.74 10 282 (±13)
0.419 3.41 5.74 8 302 (± 8)

a k„hsc defined as slope of I/A546 vs. time. All data treated for 2 half-lives. Correlation coefficients were typically 0.9990 and in all 
cases exceeded 0.9980. b Parentheses contain one standard deviation.

[Pyridlrw], mM

Figure 9. Dependence of observed second-order rate constant for the 
reaction of Th-+ with Py on concentration of Py. k ,,bsd defined as slope 
of second-order kinetic plot. In all cases, solvent was 4% TFAn/ace- 
tonitrile. Source of Th-+ was Th-+C10.|~ salt. • , [Th] = 0.0 mM; ▲ , 
[Th] = 0.42 mM.

These stopped-flow results in combination with the ob
servations obtained from the fast cyclic voltammetry of this 
system lead to the proposition of Scheme V as the mechanism 
operative in this reaction.

Scheme V

Th- +  Py (28)

Th (29)

Th(Py)2+ + H20  Th(OH)+ + PyH+ (30)

do the ThO waves (O3 and O4). These enhancements proceed 
at the expense of the height of the waves corresponding to the 
oxidation of Th-+ to Th2+ (CD) and its reverse process (R2). 
These results are interpreted as follows. The species whose 
oxidation proceeds at O7 is the sulfur bonded adduct resulting 
from reaction of Th-+ with Py:

\ + • 
S/

+

Following heterogeneous oxidation (O7), this species is rapidly 
converted to ThO observed at O3 and O4. It is important to 
note the absence of the peaks attributable to the Th(Py)+ 
(carbon bonded) species (O5 and Oe, Figure 6). One must 
conclude that formation of Th(Py)+ is overwhelmingly less 
likely than the observed generation of ThO, even in this me
dium where the reactivity of water has been minimized.

Stopped-flow determination of the Th-+/Py reaction rate 
in the absence of TFAn clearly indicated second-order de
pendence on Th-+ concentration. However, rate parameters 
arising from analysis of these experiments were extremely 
irreproducible. Reproducibility in these measurements was 
attained when reactant solutions were prepared in the 
TFAn/acetonitrile mixed solvent. These data, together with 
the Py dependence shown in Figure 9, indicate that the ex
perimental rate law takes the form

- ^ ^ = ^ a p p[T h -+]2[P y] (27)

The kinetic parameters for the Th-+/Py system, summarized 
in Table II, attest to the validity of this rate law over a range 
of Th, Th-+, and Py concentrations.

fast
Th(OH)+ + Py — »• ThO + PyH+ (31)

The rate-determining step (eq 29) involves electron transfer 
from a pyridine/cation radical sulfur bonded adduct to a 
nonadducted cation radical. The product of this step [the N-S 
dication, Th(Py)2+] is extremely reactive (more so toward 
water than is Th2+), undergoing rapid hydrolysis to the pro- 
tonated oxide [Th(OH)+] and PyH+. Subsequent fast de- 
protonation by a second Py molecule yields the ultimate ad
dition product, ThO.

In conclusion, the results detailed here suggest the general 
applicability of a half-regeneration scheme in describing the 
reactions of thianthrene cation radical with pyridine and 
water in acetonitrile. As carried out in acetonitrile solutions, 
kinetic results and product analyses support the hypothesis 
that in both reactions attack of nucleophile occurs at a sulfur 
site on this cation radical. The inability of the N-S bonded 
adduct to achieve charge relief via proton loss following fur
ther oxidation ultimately leads to the rapid hydrolysis of the 
oxidized form to yield the monoxide. In both reactions studied, 
complications of acid-base reactions between cation radi- 
cal/nucleophile adducts (acids) and nucleophiles (bases) are 
noted within the framework of the proposed mechanism.

Experimental Section
Materials. The purification procedures for acetonitrile (Burdick 

and Jackson Laboratories, UV grade) and tetraethylammonium 
perchlorate (TEAP, Eastman Organic Chemicals) have been de
scribed previously.111 TEAP was employed as supporting electrolyte 
in electrochemical measurements and included in all solutions used 
in kinetic determinations to maintain a constant ionic strength of 0.10
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M. Reagent grade pyridine (J. T. Baker) was distilled at atmospheric 
pressure from KOH (bp 114-114.5 °C). The concentration of pyridine 
in acetonitrile solutions was determined by potentiometric titration 
with perchloric acid in glacial acetic acid.23 Trifluoroacetic anhydride 
(TFAn, Fluka A. G., purum grade) was used as received. All solutions 
used in voltammetry, coulometry, and stopped-flow kinetic mea
surements were freshly prepared in an inert atmosphere and degassed 
with prepurified nitrogen.

Pyridinium perchlorate (PyHClOp was prepared by the combi
nation of stoichiometric amounts of perchloric acid and pyridine in 
glacial acetic acid,24 mp 287-289 °C (lit. 287 °C). Thianthrene (Th, 
Aldrich Chemical Co.) was twice recrystallized from absolute EtOH, 
mp 156-156.5 °C (lit.17 155-157 °C).

Thianthrene 5-oxide (ThO) was prepared according to Fries and 
Vogt,25 mp 142.5-143.5 °C (lit. 143 °C). Synthesis of thianthrene 
cation radical perchlorate (Th-+C104~) was carried out according to 
Murata and Shine.5,6 iV-(2-Thianthrenyl)pyridinium perchlorate 
[Th(Py)+C104_] was prepared by the gradual addition of Th-+C104_ 
to pyridine with stirring,8 affording golden yellow crystals, mp 204-206 
°C (lit. 206-207 °C). All other chemicals were reagent grade or 
equivalent.

Reaction of Th'+ClOj-  with Pyridine in 4% (v/v) TFAn/ 
Acetonitrile. Reaction and product analyses were performed in a 
manner analogous to that employing neat pyridine.8 To a 100-ml 
volume of 0.50 M pyridine in 4% (v/v) TFAn/acetonitrile was added 
0.625 g (1.98 mmol) of Th-+C104_. The solvent was stripped and ca. 
25 ml of nitromethane added. The solids and nitromethane solution 
were repeatedly extracted with cyclohexane (solids soluabilized during 
first extraction) until TLC of the extract showed absence of Th and 
ThO. The combined cyclohexane extracts were concentrated and 
chromatographed (silica gel/cyclohexane and 95:5 benzene/EtOH). 
Removal of solvent from the respective fractions yielded 0.163 g of 
Th (0.75 mmol, 76%) and 0.182 g of ThO (0.78 mmol, 79%). The ni
tromethane fraction was found to contain 0.262 g (1.46 mmol, 74%) 
of pyridinium perchlorate.

Apparatus. Electrochemical measurements were carried out using. 
a conventional potentiostat26 and a two-compartment cell.lc All 
electrode potentials are referred to the aqueous saturated calomel 
electrode.

A dedicated minicomputer (Data General Corp. NOVA 1200) was 
interfaced to both the potentiostat and the Durrum Model D-110B 
stopped-flow spectrophotometer for experimental control as well as 
data acquisition and subsequent reduction.18 Modification of the 
stopped-flow apparatus to accommodate electrolytic generation of 
reactants is described elsewhere.18 Kinetic determinations were 
carried out at 25.0 (±  0.1) °C. The molar absorptivity of Th-+ (ace
tonitrile) was taken to be 8.5 X 103 M _1 cm-1 at the analytical wave
length (546 nm, Amax) employed for kinetic measurements.5,6

Registry No.—Th-+, 34507-27-2; Py, 110-86-1.

References and Notes
(1) (a) Part 4: J. F. Evans and H. N. Blount, J. Phys. Chem., 80, 1011 (1976); 

(b)H. N. Blount, J. Electroanal. Chem., 42, 271 (1973); (c) D. T. Shangand

H. N. Blount, ibid., 54, 305 (1974); (d) J. F. Evans and H. N. Blount, J. Org. 
Chem., 41, 516 (1976).

(2) See ref 1b for a synopsis of mechanisms. The ECE and ECC mechanisms 
as they apply to electrochemical studies are distinguished on the basis of 
whether the oxidation of the intermediate (formed upon homogeneous 
reaction of nucleophile with electrogenerated cation radical) is achieved 
predominantly by means of a heterogeneous (via electrode, ECE) or a 
homogeneous (via a second cation radical, ECC) redox step. In stopped- 
flow experiments, the absence of the electrode necessarily denies the 
applicability of the ECE scheme and the half-regeneration mechanism  
becomes synonomous with its electrochemical counterpart (ECC).

(3) R. E. Sloda, J. Phys. Chem., 72, 2322 (1968).
(4) H. N. Blount and T. Kuwana, J. Electroanal. Chem., 27, 464 (1970).
(5) H. J. Shine and Y. Murata, J. Am. Chem. Soc., 91, 1872 (1969).
(6 ) Y. Murata and H. J. Shine, J. Org. Chem., 34, 3368 (1969).
(7) U. Svanholm, O. Hammerlch, and V. D. Parker, J. Am. Chem. Soc., 97, 

101 (1975).
(8 ) H. J. Shine, J. J. Silver, R. J. Bussey, and T. Okuyama, J. Org. Chem., 37, 

2691 (1972).
(9) An EE substrate is defined as a species capable of undergoing two distinct 

monoelectronic oxidation (or reduction) steps at successively more anodic 
(or cathodic) potentials. E.g., for the oxidative EE system:

A —» A-+ +  e-  (ED

A-+ —  A2+ +  e~ (E2)

where E2 >  E,.
(10) The processes giving rise to the oxidative currents at O3 and 0 4 are beyond 

the scope of this paper. Although they are definitive for ThO in this medium, 
these are complex processes, e.g., 0 3 Is a 1.24 (±  0.01) electron process 
per ThO molecule.

( 1 1 ) 0 2 is also noted to shift to more cathodic potentials upon incremental ad
dition of water. This phenomenon Is indicative of Irreversible homogeneous 
chemical reaction following electron transfer. 12

(12) R. S. Nicholson and I. Shaln, Anal. Chem., 36, 706 (1964).
(13) kapp necessarily incorporates the equilibrium constant for disproportionation 

which may be determined from the separation of O 1 and 0 2 under conditions 
where both oxidation steps are chemically reversible (i.e., Th2+ is stable). 
See ref 20 and 21.

(14) V. D. Parker and L. Eberson. J. Am. Chem. Soc., 92, 7488 (1970).
(15) This observation conflicts with that of Murata and Shine.5,6 For the reaction 

conditions reported (1 -5  X  10- 5  M initial concentrations of Th-+ ), no in
verse dependence of rate on Th concentration has been observed in these 
laboratories.

(16) The process embodied in eq 19 most probably possesses some degree 
of reversibility. The protonation of the oxide in strong acid and subsequent 
Th-+ formation have been noted In these and other17 laboratories.

(17) H. J. Shine and L. Plette, J. Am. Chem. Soc., 84, 4798 (1962); H. J. Shine 
and C. F. Dais, J. Org. Chem., 30, 2145 (1965).

(18) Authentic PyHCI04 was found to require 0.97 (±  0.01) Faraday/mol for 
complete reduction at —0.80 V; ostensibly the product is a bipyridyl. 19

(19) M. S. Spritzer, J. M. Costa, and P. J. Elving, Anal. Chem., 37, 211 
(1965).

(20) O. Hammerich and V. D. Parker, Electrochim. Acta, 18, 537 (1973).
(21) K. W. Fung, J. Q. Chambers, and G. Mamantov, J. Electroanal. Chem., 47, 

81 (1973).
(22) The nature of the interaction between water and TFAn which lowers the 

activity of water in acetonitrile is currently under Investigation In these 
laboratories.

(23) J. S. Fritz, "Acid-Base Titrations In Non-Aqueous Solvents", Allyn and 
Bacon, Boston, Mass., 1973.

(24) A. I. Popov and R. T. Pflaum, J. Am. Chem. Soc., 79, 570 (1957).
(25) K. Fries and W. Vogt, Justus Liebigs Ann. Chem., 381, 312 (1911).
(26) A. A. Pilla, J. Electrochem. Soc., 118, 702 (1971).



Pyridination of 10-Phenylphenothiazine J . Org. C h e m ., V ol. 4 2 , N o . 6 , 1 9 7 7  983

Reactions of Cation Radicals of EE Systems. 6.
The Pyridination of 10-Phenylphenothiazine: Heteroatom 

Effects on Rates and Mechanisms of Pyridinations1

Johln F. Evans, Jerome R. Lenhard, and Henry N. Blount*

Brown Chemical Laboratory, The University of Delaware, Newark, Delaware 19711

Received July 15, 1976

The kinetics of the reaction of 10-phenylphenothiazine (PH) cation radical (PH-+) with pyridine (Py) have been 
examined. Electrochemical characterization of the PH/PH-+ couple in neat Py showed PH-+ to be of sufficiently 
low reactivity to permit kinetic investigation in this medium. The results of these kinetic determinations, together 
with those obtained in acetonitrile solutions of Py, indicate the applicability of a half-regeneration mechanism. The 
reaction gives rise to only the pyridinated product in neat Py while both'hydrolysis (sulfoxide) and pyridination 
products are observed in acetonitrile solutions. Formation of the sulfoxide is accounted for by the hydrolysis of an 
N-S bonded dicationic intermediate in the proposed pyridination mechanism. The product distributions observed 
in the pyridinations of the cation radicals derived from PH and other EE substrates reflect the relative reactivities 
of the corresponding dicharged intermediates.

A half-regeneraticn mechanism2 has been shown to be 
tenable for the reaction of pyridine with thianthrene cation 
radical (Th-+) in acetonitrile.18 Although this reaction af
forded tnianthrene 5-oxide rather than the Af-(2-thian- 
threnyl)pyridinium ion formed in neat pyridine,3 the rate of 
radical icn consumption was nonetheless first order in pyri
dine concentration.18 It was concluded that the N-S bond in 
the oxidized form of the pyridine adduct of thianthrene cation 
radical was hydrolyzed by residual water present in the ace
tonitrile.18 The mechanism by which the pyridinated product 
is formed in neat pyridine was not elucidated owing to the high 
reactivity of the cation radical in this medium.3

Reactions of phenothiazine cation radical with neat pyri
dine have been shown to afford product types and distribu
tions similar to those noted in the case of thianthrene.3 Since 
the presence of the nitrogen heteroatom diminishes the re
activity of the sulfur site in the cation radical, it was envisioned 
that the pyridination of phenothiazine would proceed more 
slowly, thereby permitting convenient mechanistic investi
gation. Moreover, this examination would allow the compar
ison of mechanisms by which carbon centered,4 5 sulfur cen
tered,18 and mixed nitrogen-sulfur centered cation radicals 
of EE systems react with pyridine.

The chemistry of the phenothiazine cation radical is, 
however, complicated by the ease with which it may be de- 
protonated.6 The free radical resulting from this deprotona
tion dimerizes and undergoes further oxidation.3’7-9 Such a 
reaction sequence represents a pathway for the consumption 
of cation radical which is parallel to and competes with the 
nucleophilic addition/substitution reactions which are of 
primary interest in this study. To circumvent these compli
cations sc that this present investigation might focus on the 
nucleophile/cation radical reaction, the Ai-phenyl substituted 
phenothiazine (PH) was chosen as a representative diben- 
zenoid EE system containing both nitrogen and sulfur het
eroatoms.

This paper reports the electrochemical and spectroscopic 
characterization of the reaction dynamics of 10-phenylphe
nothiazine cation radical (PH-+) in both neat pyridine and 
pyridine/acetonitrile solutions. Together with product char
acterizations, these results provide the basis for a general 
mechanism which accounts for the kinetics and product dis
tributions observed for the two sulfur-containing EE systems, 
thianthrene18’3 and 10-phenylphenothiazine, in reactions with
Py-

Results and Discussion
The anodic voltammetric behavior of PH at platinum in 

acetonitrile under conditions of slow potential scan (0.10 V 
s_1) is shown in Figure 1A. The wave at Ox (+0.68 V) corre
sponds to the oxidation of PH to PH-+ and the wave at Oo 
(+1.37 V) results from further oxidation of PH-+ to the di
cation, PH2+. The dication is not sufficiently stable in this 
medium to be detected upon scan reversal at this rate of po
tential sweep.10 At higher scan rate (20 V s-1), the reduction 
of the dication in the same solvent-supporting electrolyte 
system is readily observed (R2, Figure IB).

Stoichiometry of the PH*+/Py Reaction. The perchlorate 
salt of PH-+, prepared after the manner of Shine,3 was reacted 
in neat pyridine and afforded stoichiometric quantities of 
Af-[3-(10-phenylphenothiazinyl)]pyridinium perchlorate,12 
phenothiazine, and pyridinium perchlorate (eq 1). These re

action products are exactly analogous to those observed for 
the reactions of the perchlorate salts of the cation radicals of 
both thianthrene and unsubstituted phenothiazine in neat 
pyridine.3

The electrooxidation (+0.80 V) of PH in acetonitrile solu
tions of pyridine show the release of two Faradays of charge 
per mole of PH consumed and gives rise to the formation of 
both P(Py)+ and 10-phenylphenothiazine 5-oxide [PH(O)] 
in addition to PH and PyH+. The formation of PH(O) in this 
medium (eq 2)

2PH-+ + 2Py + H.,0 — PH(O) + PH + 2PyH+ (2)

is analogous to the formation of thianthrene 5-oxide from the 
corresponding cation radical under similar reaction condi
tions. la

The voltammetry of P(Py)+, isolated as the perchlorate salt 
from reactions in both neat Py and acetonitrile solutions of



984 J. Org. C h e m ., V ol. 4 2 , N o . 6 ,1 9 7 7 Evans, Lenhard, and Blount

I_________ I_________ I_________ I_________ 1_________ I_________ 1
1.4 1.2 1.0 0.8 0.6 0.4 0.2

POTENTIAL, V
Figure 1. Cyclic voltammetric behavior of PH at a platinum electrode 
(0.36 cm2) in acetonitrile containing TEAP. (A) [PH] = 1.0 mM, 
[TEAP] = 0.10 M, sweep rate 0.10 V s-1; (B) [PH] = 1.1 mM, [TEAP] 
= 0.20 M, sweep rate 20 V s_1.

POTENTIAL,V

Figure 2. Cyclic voltammetric behavior of 1.0 mM (A) P(Py)+ and 
(B) PH(O) at a platinum electrode (0.3 cm2) in acetonitrile containing 
0.10 M TEAP, sweep rate 0.10 V s-1.

Py, is shown in Figure 2A. The monoelectronic oxidation wave 
at +0.81 V corresponds to the reversible formation of a di
cation radical (eq 3).

P(Py)+^P(Py).2+ + e-  (3)

As expected, the oxidation potential of the pyridinium sub
stituted 10-phenylphenothiazine is observed to be anodic of 
that observed for PH.13

The voltammetry of PH(O), isolated from the reaction in 
acetonitrile, is shown in Figure 2B. This electrochemical be
havior is identical with that observed for authentically pre
pared PH(O).15 From the voltammetry shown in Figure 2, it 
can be seen that the formation of P(Py)+ could be monitored 
electrochemically during the reaction of PH-+ with Py. This 
was not the case for PH(O) since its oxidation potential occurs

12 1.0 0.8 0.6 0.4 0.2
POTENTIAL,V

Figure 3. Cyclic voltammetric behavior of 1.0 mM PH at a platinum 
electrode (0.36 cm2) in neat Py containing 0.10 M TEAP, sweep rate 
0.10 V s“ 1.

TIME, s
Figure 4. Second-order kinetic plot for reaction of PH-+ in neat Py. 
[PH-+]0 = 1.02 X 10“ 4 M, [PH]0 = 5.0 X 10" 3 M, slope = 3.90 (± 0.03) 
X 10“ 2 A -1 s-1, coefficient of correlation = 0.9997.

more anodically than that of Py. Isolation of PH(O) from the 
acetonitrile reaction mixture showed it and P(Py)+ to be 
found in approximately a 1:3 ratio.

The Reaction in Neat Pyridine. The low reactivity of 
PH-+ toward Py is indicated by the voltammetry of the 
PH/PH-+ couple in neat pyridine shown in Figure 3. In this 
medium, the disappearance of PH-+ proceeds with a seond- 
order dependence on cation radical concentration (Figure 4). 
The apparent pseudo-second-order rate constant, &app, for 
this process was found to be inversely dependent on precursor 
(PH) concentration in the manner shown in Figure 5. These 
data are of the form

l/&aPP — C] [PH] + C 2 (4)

and afford linear regression values of 4.38 (±0.03) X 10“ 1 s and
1.37 (± 0.27) X 10“3 M s for Ci and C2 (eq 4), respectively. The 
kinetics of this reaction are then appropriately described 
by

d[PH-+]
di

2.28
+ 3.13 X 10“3

(5)
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Figure 5. Dependence of the apparent pseudo-second-order rate 
constant on [PH] for the reaction of PH-+ in neat Py. Vertical bars 
indicate ±1 a in kapp. Solid line from linear regression (eq 4); coeffi
cient of correlation = 0.985.

The second-order dependence of rate on cation radical con
centration and inverse first-order dependence on neutral 
precursor concentration together with the observed stoichi
ometry suggests the involvement of a disproportionation 
steplfi (eq 6) prior to rate-determining encounter of dication 
with Py.

Scheme I

PH-+ + PH-+ ^  PH2+ + PH
*-6

(6)

*7
PH2+ + Py PH(Py)2+ (7)

PH(Py)2+ + Py P(Py)+ + PyH+ (8)

Assuming that the disproportionation step is fast and re
versible and that the rate-determining attack of nucleophile 
on dication (eq 7) is irreversible, one derives an expression for 
the disappearance of cation radical given by eq 9.

d[PH-+] _  2fe7K dis[PH-+HPy] 
di [PH]

While the appropriate reaction orders for PH-+ and PH are 
embodied in eq 9, this rate law predicts that a plot of l/ftapp 
vs. PH concentration should afford a straight line with a zero 
in tercep t (i.e., from eq 4, Ci = ^fcyKdistPy]. C-2 = 0). Clearly 
the intercept of Figure 5 is nonzero. Moreover, if one assumes 
that some systematic error in the kinetic analyses gave rise to 
the nonzero intercept of Figure 5 and then proceeds to eval
uate k7 from the slope of this plot, a value of 4.18 (±0.03) X 
1010 M-1 s_I is calculated. This value of k 7 exceeds the dif
fusion controlled rate constant ( fed i f f )  in pyridine which is 
estimated17 to be 7.4 X 10CJ M-1 s_1. Clearly Scheme I, con
strained by the assumptions outlined above, does not ade
quately account for tine observed data.

If it is again assumed that the attack by nucleophile on di
cation (eq 7) is irreversible and rate determining but that the 
disproportionation process (eq 6) is not a rapidly established

equilibrium, then application of steady-state kinetics to 
[PH-+] affords the rate expression

d[PH-+]
d t

fesM Py]
* - b[PH] + A7[Py]

[PH-+]2 ( 10)

from which

1 _ fe-6[PH] | 1
&app k Bk 7[Py] kfi

(11)

From the numerical value of like (the intercept of Figure 5) 
and the experimentally determined value of K ^ , 16 k - 6 is 
evaluated to be 3.3 (±0.6) X 1014 M_1 s_1, which is in excess  
o f the diffusion limit. Even if the comproportionation reaction 
(the reverse of eq 6) were diffusion controlled, no linear de
pendence of k app on [PH] would be observed.

A third possibility is that eq 6 is a rapidly established, re
versible equilibrium and eq 7 is a reversible equilibrium or 
pseudoequilibrium process. Taking eq 8 to be rate determining 
yields the rate expression given by eq 12.

d[PH-+] 2fe8X 7/ f d,s[PH.+]2[Py]2
di [PH] ’

Like eq 9, this rate law does not account for the experimental 
observations in that it predicts a zero in tercep t for a plot of
1/feappVS. [PH],

A fourth possibility is that the disproportionation step (eq
6) is a rapidly established equilibrium, eq 7 is reversible, and 
the rates of reactions 7 and 8 are of comparable magnitudes 
such that neither is rate determining. With these stipulations, 
steady-state kinetics can be applied to [PH(Py)2+], giving rise 
to the rate expression given in eq 13.

d[PH-+] _ 2fe7/esffdis[PH-+]2[Py]2 
di (fe8[Py] + A -7)[PH]

This form is also unacceptable in that it, too, predicts a zero  
in tercep t for a plot of l/kapp vs. [PH].

Lastly, the possibility that both the disproportionation 
process (eq 6) and the addition of Py to the dication (eq 7) are 
not rapidly established equilibria must be addressed. If no 
reactive intermediates build up, then application of steady- 
state kinetics to both [PH2+] and [PH(Py)2+] affords the rate 
expression

d[PH-+] _ 2fefife7)z8[PH-+]2[Py]2
di /e_,;[PH](fe_7 + M Py]) + M s[P y ]2

for which

1 = fe-fi(fe-7 + fes[py])rrll1 + J _  
k app 2kñk 7k H[Py]2 2kñ

(15)

Under these constraints a plot of l/kapp vs. [PH] yields a 
nonzero intercept. However, the numerical value of k-a, cal
culated from the intercept of Figure 5 and the experimentally 
determined value of Kdis16 to be 1.7 (±.0.3) X 1014 M_1 s_1, 
is in excess o f  the diffusion limit.

An alternative to the disproportionation pathway is the 
half-regeneration mechanism,2 Scheme II, which retains the 
proper overall stoichiometry.

Scheme II
* 1 6

PH-+ + P y;;=±PH (Py)-+
* - 1 6

(16)

PH(Py)-+ + PH-+ ^ P H ( P y ) 2+ + PH
* - 1 7

(17)

PH(Py)2+ +  Py P(Py)+ ±  PyH+ (18)

The required dependencies of reaction rate on PH-+ and 
PH concentrations may be shown to arise from treatment of



986 J. Org. C h e m ., V o l. 4 2 , N o . 6 ,1 9 7 7 Evans, Lenhard, and Blount

Figure 6. Representative kinetic plot for the reaction of PH-+ with 
Py in acetonitrile. [PH-+]o = 1.00 X 10-4 M, [Py] = 7.45 M, [PH]o = 
0.00 M. For first half-life: slope = 1.55 (±  0.01) X 10-2 A~' s_1; coef
ficient of correlation = 0.9998.

the kinetic equations describing Scheme II provided that (1) 
the adduction equilibrium between PH -+ and Py (eq 16) is 
fast, (2) the electron transfer step (eq 17) is fast and reversible, 
and (3) steady-state kinetics may be applied to the concen
tration o f  the P H (P y )2+ species. Under these conditions, eq
18 [deprotonation o f P H (P y )2+] is rate determining and eq
19 may be derived for the disappearance o f PH-+.

d[PH -+] 2fe16fe17fei8[PH -+]2[Py]2

d t fc_16(fc_a7[PH] + fe18[Py])
A nonzero  intercept is predicted here for the data treatment 
o f  Figure 5.

Scheme II is offered as a tenable mechanism for this reac
tion .20 The form  o f k app (eq 4) becomes

2fei6-fei7fe is[Py]2 
fc_16(fc_17[PH] + M P y ])

(20)

The slope (C i, eq 4) o f  this plot may be assigned to the ex
pression

C , = ■
-16ih —17

2AieAi7Ai8[Py]2 

and the intercept (Co, eq 4) to

= 4.38 (±0.03) X 10- (21)

Co = --------— r— - =  1.37 (±0 .27) X K T 3 M  s (22)
2 k 16k n [P y ]

From these results and the concentration o f neat Py (12.4 M) 
the kinetic parameters k ie k ^ k is / k -ie k -n  and &isk n / k - fg  
evaluate to 7.41 (±0 .16) X 10-3  M _1 s_1 and 2.94 (±0 .60) X 
10+1 M -2  s_1, respectively.

The Reaction in Acetonitrile Solutions. From eq 19, it 
can be seen that the dependence o f reaction rate on Py con 
centration is bounded by the relative magnitudes o f  the two 
parenthetical denom inator terms, &_17[PH] and I?i8[Py]. In 
the lim it o f  k _ i7[PH] »  &i8[Py], a second-order dependence 
o f reaction rate on Py concentration is predicted. In the other 
limit, i.e., fe_i7[PH] «  &i8[Py], a first-order dependence 
should be observed. If the magnitudes o f  k -  j 7[PH| and k i8[Py] 
are similar, then an intermediate apparent reaction order is 
expected.

T o  evaluate the dependence o f reaction rate on Py con-

Figure 7. Dependence of the apparent rate constant (eq 20) for the 
reaction of PH-+ with Py on [Py]. Regression line for data obtained 
in acetonitrile/pyridine mixture (open circles), slope = 1.30 (± 0.04), 
coefficient of correlation = 0.9989. Solid circle is for reaction in neat 
Py (see text). [PH]o = 0.00 M in all cases.

centration, kinetic determinations were carried out in aceto
nitrile solutions containing various concentrations o f  Py. In 
this medium, however, multiple reaction pathways contribute 
to  the consum ption o f cation radical and hence to com plex 
observed kinetics.

The data presented in Figure 6 are typical o f  kinetic ex
periments conducted in this mixed solvent system. Although 
deviation from  second-order dependence is reflected at su f
ficiently long times o f observation, the initial rate o f  reaction 
is clearly dependent on PH -+ concentration in a second-order 
fashion. This is true for at least the first half-life. The de
pendence o f this initial rate o f reaction on concentration o f 
Py in this solvent system, shown in Figure 7, is that predicted 
by eq 19, wherein /e_i7[PH] and fc18[Py] are o f similar mag
nitudes. T hat the apparent rate constant noted in neat Py is 
considerably higher than predicted from this figure is most 
probably a manifestation o f the gross change in solvent 
character.21

The com peting reaction in the acetonitrile solvent system 
is the formation o f PH (O ). This occurs via hydrolysis o f 
P H (P y )2+, this reaction being com petitive with the depro
tonation step in Scheme II (eq 18).

P H (P y )2+ ±  H 20  -*  P H (O H )+ ±  PyH+ (23)

P H (O H )+ +  Py -*■ P H (O ) ±  P yH + (24)

The hydrolysis o f P H (Py)2+ observed here is analogous to that 
noted in the reaction o f thianthrene cation radical (TH -+) with 
Py in acetonitrile.13 In the T h-+ case, the hydrolysis o f  the 
analogous dicharged intermediate, T h (P y )2+, proceeds with 
complete exclusion o f pyri dination. The relative reactivity o f 
P H (P y)2+ toward water is much less, however, and in this case 
the formation o f  both P (P y )+ and PH (O ) is observed. In fact, 
if  hydrolysis o f P H (P y )2+ were the dom inant pathway, then 
a first-order dependence o f initial rate on Py concentration 
would be expected. Both the data shown in Figure 7 and the
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product distribution reflect the initial dominance of the py- 
ridinaticn rather than the hydrolysis process.

Conclusions
While it is known “hat the pyridinations of the cation rad

icals of thianthrene and phenothiazine3 give rise to nucleo
philic substitution products (carbon ring site), it is also es
tablished that the reactions of the cation radicals of thian
threne, lD-methylphenothiazine, and 10-phenylphenothiazine 
with pro~ic nitrogen centered nucleophiles (viz., ammonia,24 
primary and secondary amines25'26) afford nucleophilic ad
dition products (sulfur site). That pyridine should behave in 
this anomalous way toward sulfur-containing cation radicals 
is explicable in terms of the necessary product stability at
tainable through charge relief via release of protons borne by 
the nitre gen centered nucleophile.3 Such stabilization has 
been found to be unnecessary in the case of the carbon cen
tered 9,10-diphenylanthracene cation radical (DPA-+) in re
action with Py and triethylamine.3

The formation of thianthrene 5-oxide (ThO)la-3 and PH(O) 
in the course of the reaction of the respective cation radicals 
with pyridine, together with the observation that the rate of 
ThO formation is proportional to Py concentration, leads to 
the conclusion that the initial encounter of Py with these 
sulfur-centered cation radicals occur at a sulfur site. The 
following general mechanism is offered to account for the 
pyridination of Th-+ and PH-+:

The attack of Py at the 3 position in this case is consistent with 
nucleophilic aromatic substitution under the direction of 
X+.

It is suggested that the 5-oxide is formed from hydrolysis 
of the dicationic A(Py)2+ as follows:

The extent to which 5-oxide formation competes with pyri
dination is reflective of the relative reactivities of the A(Py)2+ 
species. From the product distributions observed in acetoni
trile, it is clear that PH(Py)2+ is far less reactive than the 
corresponding Th(Py)2+. The analogous intermediate in the 
case of the pyridination of DPA-+, DPA(Py)2+, is also highly

reactive. This species, however, affords the dipyridinated ion5, 
DPA(Py)22+. Like Th(Py)2+ and PH(Py)2+, the pyridinium 
substituents in DPA(Py)92+ are also labile,5 but unlike the 
sulfur-containing species, reaction with protic nucleophiles 
(hydrolysis) does not kinetically favor the irreversible for
mation of the hydroxylated products.

Experimental Section
Materials. Acetonitrile (Burdick and Jackson Laboratories, UV 

grade) was purified as previously described.'-7 Butyronitrile (Eastman) 
was purified in a similar manner. Py (J. T. Baker, reagent grade) was 
distilled from KOH at atmospheric ressure (bp 114-114.5 °C) and 
dried immediately prior to use by passage through activated alumina. 
Tetraethylammonium perchlorate (TEAP) was purified as reported 
elsewhere.28 Phenothiazine (Aldrich) and iodobenzene (Aldrich) were 
used as received.

PH was prepared according to Gilman et al.29 and purified by col
umn chromatography (silica gel, CCL eluent) followed by double re
crystallization from glacial acetic acid (mp 94.5-95.5 °C, lit.29 94.5 °C). 
The perchlorate salt of the cation radical (PH-+C104_) was prepared 
in a manner analogous to that used by Shine et al.3 for the synthesis 
of phenothiazine cation radical perchlorate. To a solution of 550 mg 
(2.00 mmol) of PH and 270 mg (1.06 mmol) of iodine in 40 ml of 
CH2CI9 was added 3 ml of acetonitrile containing 420 mg (2.02 mmol) 
of AgClCh. After stirring for 0.5 h, the Agl precipitate was filtered off 
and the filtrate added dropwise to 200 ml of anhydrous ether. The 
reddish-brown crystals formed were collected and dried in vacuo (25 
°C) to yield 517 mg (1.38 mmol, 69%) of PH-+C104_, mp 250 °C dec. 
Anal. Calcd for C ihH1:!NSC104: C, 57.68; H, 3.50; N, 3.74; S, 8.55; Cl, 
9.46; O, 17.07. Found: C, 57.69; H, 3.48; N, 3.77; S, 8.57; Cl, 9.30; O, 
17.19 (by difference).

PH(O) was prepared via oxidation of PH with hydrogen peroxide 
in refluxing EtOH15 (mp 171-172 °C, lit. 172-173 °C).

Reaction o f PH,+ C104_ with Py. A solution of 590 mg (1.57 
mmol) of PH-+C104_ in 40 ml of dry Py was stirred for 48 h. The sol
vent was removed and the resulting red solids dissolved in 200 ml of 
CH:)NO_». This solution was repeatedly extracted with cyclohexane 
until TLC of the extract showed the absence of PH. The CH:iNCL 
fraction was evaporated to dryness, and the residue crushed and 
washed repeatedly with cold water to remove pyridinium perchlorate. 
The remaining orange crystals were dried in vacuo (25 0C), yielding 
324 mg (0.72 mmol, 91% by eq 1) of N-[3-(10-phenylphenothiaz- 
inyl)]pyridinium perchlorate,12 mp 110 °C dec, Amax (acetonitrile) 255 
nm (c 3.22 X 104 cm "1), 414 (3.10 X 10:l M “ 1 cm“ '). Anal. Calcd
for C^HnlSGSClO.,: C, 60.99; H, 3.78; N, 6.18; S, 7.08; Cl, 7.82; 0 , 14.13. 
Found: C, 61.18; H, 3.78; N, 6.18; S, 7.07; Cl, 7.58; 0 , 14.21 (by differ
ence).

The cyclohexane extracts were combined and evaporated to yield 
193 mg (0.701 mmol, 89% by eq 1) of PH. Removal of water from 
aqueous washings and subsequent recrystallization of the solids from 
aqueous MeOH gave 17 mg (0.652 mmol, 83% by eq 1) of pyridinium 
perchlorate, mp 286.5-288 °C (lit.30 2 87 °C).

The PH(O) formed when the reaction was carried out in acetoni- 
trile/pyridine mixtures was isolated from the cyclohexane extracts 
by column chromatography (silica gel, CCI4 and EtOH elution). 
Identification was by mixture melting point with authentic1'’ material 
(171-173 °C) and comparison of UV spectra (EtOH).

Apparatus. Electrochemical measurements were carried out using
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a conventional potentiostat31 and cells described elsewhere.4'5 Po
tentials are referred to the aqueous saturated calomel electrode. 
Working electrodes were fabricated from platinum foil (cyclic vol
tammetry) and platinum gauze (coulometry).

Spectra and kinetic transients were recorded on a Beckman Acta 
III spectrophotometer. The procedure employed for kinetic deter
minations consisted of pipetting 3.0 ml of Py or Py/acetonitrile so
lution into each of two matched cuvettes. The experiment was ini
tiated by injection of a 1 0 -2 0 -/4  volume of a stock PH-+C104-  solution 
(butyronitrile) into the sample cell, followed by rapid mixing. The 
molar absorptivity of PH-+C104-  in Py [8.32 (± .0 .0 5 ) X  103 M“ 1 cm-1, 
523 nm] was determined by extrapolation of the absorbance transient 
to zero time and comparison of the initial absorbance with that ob
tained from addition of an identical volume of the stock solution to
3.0 ml of butyronitrile [Amax 515.5 nm, e 8.70 (± 0 ,0 7 ) X  103 M-1 cm-1]. 
All kinetic determinations were performed at 24 .7  (± 0 .3 )  °C.

Registry No.— PH-+C104", 52156-15-7; Py, 110-86-1; JV-[3-(10- 
phenylphenothiazinyl)]pyridinium CI04- , 61047-42-5; PH-+, 
38130-02-8.
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Reduction of the l,2,6-trimethyl-3,5-dicarboethoxypyridinium cation (1) both chemically and electrochemically 
yields a mixture of isomeric reduction dimers. The less stable of these isomers, namely the 2,4' dimer (8), undergoes 
rearrangement to yield the thermally more stable 4,4' dimer 3 in a first-order reaction [k = 1.1 X 1012 exp (-28 .5 / 
RT) s-1]. A mechanism is proposed for the rearrangement that involves the thermal dissociation of the 2,4' dimer 
8 into two pyridinyl radicals (5) which recombine to yield the 4,4' dimer 3.

The reduction of the l,2,6-trimethyl-3,5-dicarboethoxy- 
pyridinium cation 1 by sodium amalgam in aqueous acetic acid 
was reported by Mumm and his co-workers2 to yield a dimeric 
reduction product that melted at 168 °C. Heating this mate
rial, which Mumm called “ Primaester” (“ primary ester” ), 
resulted in its rearrangement to a higher melting isomer (mp 
192 °C) referred to by Mumm as “ Umwandlungester” 
(“ transformation ester”). Mumm assigned the structure of the 
2,2' dimer 2 (ljl'^^'^ô'-hexamethyl-S.SVS^'-tetracarbo- 
ethoxy-l,l',2,2'-tetrahydro-2,2/-bipyridine) to the “ primary 
ester” and that of the 4,4' dimer 3 (l,r,2,2',6,6'-hexamethyl-

Na(Hg)

AcOH C A N A

“ primary ester”  
mp 168 °C

Heat P28H40N2O8

“ transformation 
ester”  

mp 192 °C

(1)



Reduction Dimers of N -Alkyl Pyridinium Cations J . O rg. C h e m ., V ol. 4 2 , N o . 6 , 1 9 7 7  989

3,3',5,5'-tetracarboethoxy-l,l/,4,4'-tetrahydro-4,4,-bipyridine) Table I. Summary of Electrochemical Data for Pyridine 
to the “ transformation ester” . Only the higher melting 4,4' Derivatives“

2 3
(R  = CH3 ; R' = C 0 2Et)

dimer 3 was obtained from the oxidation of 1,2,6-trimethyl-
l,4-dihydro-3,5-dicarboethoxypyridine (4) with di-tert-butyl 
peroxide at 125 °C.3 This reaction product was presumed to 
result from dimerization of two hybrid monohydropyridyl 
radicals 5 (l,2,6-trimethyl-3,5-dicarboethoxymonohydropy- 
ridyl) formed by abstraction of hydrogen atom from the 4 
carbon of 4 by a ferf-butoxyl radical obtained from the py-

4 5
(R  = CH, ; R' = COjEt)

rolysis of the peroxide. The fact that no significant amounts 
of the lower melting “ primary ester” were observed in this 
reaction, however, did not preclude its formation since the 
reaction temperature was sufficiently high and reaction time 
sufficiently long to have allowed for its rearrangement to the 
higher melting “ transformation ester” .

Our cyclic voltammetric studies of dihydropyridine deriv
atives reported in this article led to the observation that ca
thodic reduction of 1 yields the same reduction dimer obtained 
in its chemical reduction, namely the lower melting “ primary 
ester”. However, the NMR spectra of both the “primary ester” 
and “ transformation ester” indicated that the structure as
signment of the 2,2' dimer 2 made previously for the “primary 
ester” was not correct. Determination of the correct compo
sition of this lower melting reduction dimer made it possible 
to determine a mechanism for the rearrangement of the 
“ primary ester” to the more stable “ transformation ester” 
based on the kinetic parameters of the reaction.

Electrochemistry of Pyridine Derivatives in Acetoni
trile. The anodic oxidation of various dihydropyridine de
rivatives to the corresponding pyridine and pyridinium de
rivatives has been the object of many investigations.4 We have 
found that cyclic voitammograms of 4 and the corresponding 
dihydropyridine having no /V-alkyl substituent, namely
2,6-dimethyl-l,4-dihydro-3,5-dicarboethoxypyridine (6), in 
acetonitrile at a platinum electrode to be informative, par
ticularly with regard to the cathodic behavior of the anodic 
oxidation products of these dihydropyridine derivatives.

The dihydropyridine 6 undergoes anodic oxidation at a 
platinum electrode (Ep/2 = 0.81 V vs. SCE) to yield 2,6-di- 
methyl-3,5-dicarboethoxypyridine (7). Coulombic measure-

H H

R' \ X / R '

R ^ N ^ R

H
6

(3)

7

(R  = CH3; R' =C O ,E t )

Ep/2, _____  Coulometric
Compd Cathodic Anodic measurement“

6 0.81 1.10
6 (+ 7-picoline) 0.81 1.99
4 0.75 1.05
4 (+ y-picoline) 0.75 1.98
1  (CIO4-) 0.98 1.01
“Transformation 0.20 2.05

ester”
“ At a platinum electrode in acetonitrile, 0.10 M in tetraeth- 

ylammonium perchlorate. b Ep/2 vs. a standard calomel electrode. 
1 Number of faradays per mole of reagent initially present.

Figure 1. Cyclic voitammograms of (a) 2,6-dimethyl-3,5-dicarbo- 
ethoxy-l,4-dihydropyridine (6) and (b) l,2,6-trimethyl-3,5-dicar- 
boethoxy-l,4-dihydropyridine (4) in acetonitrile (0.1 M TEAP).

ment of the oxidation of 6 (Table I) indicated that only half 
of the dihydropyridine was reduced because the protons 
formed in the oxidation interact with 6 to yield the protonated 
amine which is not oxidized at this potential. However, in the 
presence of an excess of the base y-picoline, the reduction 
proved to be a 1.99-electron process (see Table I). The cyclic 
voltammogram of 6 (Figure la) shows a cathodic peak (Ep/-2 
= -0.23) that corresponds to the reduction of the protonated 
amine to yield molecular hydrogen. The reversible character 
of this peak as well as the appearance of a peak at the same 
potential observed in the cathodic sweep of 6 in the presence 
of a small amount of perchloric acid supports the assignment 
of reaction 4 for the cathodic peak in the cyclic voltammogram
6. A cathodic sweep of 6 in acetonitrile in the absence of acid 
shows no peaks.

6 H+ + e_ —* 6 + %H2 (4)

Anodic oxidation of the N-alkyl dihydropyridine derivative 
4 occurs at Ep/2 = 0.75 V. Coulombic measurements show the 
oxidation is a two-electron process if y-picoline is present to 
react with the protons formed in the reaction. The cyclic
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Figure 2. Cyclic voltammograms of (a) l,2,6-trimethyl-3,5-dicar- 
boethoxypyridinium perchlorate (1) and (b) the 4,4'-bipyridine 3 in 
acetonitrile (0.1 M TEAP).

voltammogram (Figure lb) reveals that in addition to the 
expected cathodic peak at E p/2 = -0.28 V for the protonated 
amine, a second cathodic peak (E p / 2  -  —0.98 V) appears, a 
peak not observed in a cathodic sweep of 4 prior to anodic 
oxidation. The half-potential of this peak is identical with that 
observed in the cyclic voltammogram of an authentic sample 
of the perchlorate salt of the pyridinium cation 1 (Figure 
2a).

4 — 2 + H+ +2e~ (5)

An anodic sweep after reduction of the cation 1 reveals 
oxidation (E p/2 = 0.20 V) of a material that is not present in 
the initial anodic sweep of 4. The coulometric data obtained 
for the reduction of the pyridinium cation 1 at —1.1 V (see 
Table I) correspond to a one-electron process which would be 
consistent with the formation of a reductive dimer of the 
pyridinium cation 1. The cyclic voltammogram of an aceto
nitrile solution of an authentic sample of the “ transformation 
ester” (Figure 2b) prepared by rearrangement of the “primary 
ester” obtained by sodium amalgam reduction of 1 gave a peak 
with the same Ep/2 ascribed to the reductive dimer observed 
in the cyclic voltammogram of 4 and, subsequent to the oxi
dation of the dimer, a cathodic peak that can be ascribed to
1. Coulometric measurement of the anodic oxidation of the 
reductive dimer indicated the reaction to be a two-electron 
process (Table I).

Several attempts were made to reduce the pyridine 7 
cathodically to a reductive dimer in acetonitrile. In no case was 
there evidence of any current flow or of a yellow coloration at 
the electrode, a phenomenon characteristic of the cathodic 
reduction of the pyridinium cation 1 to the yellow reduction 
dimer. Cathodic reduction of the pyridine 7 in the presence 
of HCIO4 showed only a peak at —0.32 V corresponding to the 
reduction of the protonated pyridine to yield hydrogen.

Figure 3. NMR spectrum of l,l',2,2',6,6'-hexamethyl-3,3',5,5'-te- 
tracarboethoxy-l,l',4,4'-tetrahydro-4,4'-bipyridine (3).

Structures of Reductive Dimers. We found that reduc
tion of the sulfate salt of 1 by 3% sodium amalgam in acetic 
acid in the manner reported by Mumm and his co-workers 
yielded a material (“ primary ester” ) that melted over a 3 °C 
range (162-165 °C). The same material could be isolated from 
the electrochemical reduction at a platinum electrode of the 
perchlorate salt of 1 in anhydrous acetonitrile at a potential 
of —1.1 V (vs. a standard calomel electrode). The “transfor
mation ester” (mp 193 °C) was formed in 91% yield of re
crystallized material by refluxing a toluene solution of the 
“ primary ester” for about 24 h. A 40% yield of the “ transfor
mation ester” was obtained simply by heating the “ primary 
ester” for 10 min at 180 °C.

The mass spectra of both the “ primary ester” and “ trans
formation ester” had parent peaks at rn/e 532 and base peaks 
at m/e 266. The parent and the base peaks strongly support 
the suggested dimeric character of these reductive dimers of 
1 (mol wt 266).

One apparent difference in the two materials is that the 
higher melting “ transformation ester” can be isolated readily 
as crystalline material whereas the lower melting “ primary 
ester” was obtained from reaction mixtures only as powder. 
However, on standing for several days at room temperature, 
a methanolic solution of the “ primary ester” yielded a crop 
of crystals which melted sharply at 176.5-177 °C. These ob
servations suggested that the “ primary ester” formed in the 
reduction reactions is actually a mixture, the main component 
of which is the material that melts at 176.5-177 °C.

The NMR spectrum (Figure 3) of the “ transformation 
ester” confirmed the assignment of 4,4'-tetrahvdrobipyridine 
structure 3 for this compound made by Mumm and Beth.2a 
The triplet centered at 1.52 ppm (12 protons) can be assigned 
to the methyl protons of the four ethyl groups, the singlet at
2.52 ppm to the S.S'.S.S'-methyl groups, and the singlet at 3.08 
ppm (6 protons) to the two IV-methyl groups. The multiplet 
centered at 4.20 ppm (10 protons) consists of a singlet at 4.25 
ppm that can be assigned to the 4,4' protons and a multiplet 
consisting of ten peaks resulting from the eight methylene 
protons of the four ethyl groups. The complexity of the signal 
(four overlapping quartets) is due to the nonequivalence of 
the two protons of each methylene group owing to the chiral 
character introduced in the molecule because of the restricted 
rotation at the 4,4' linkage.5

The NMR spectrum of the crystalline material obtained 
from the “ primary ester” is more complex (Figure 4) but is 
consistent with the assignment of the 2,4' dimer 8 for this 
compound. The N-methyl groups appear as two singlets 
(unassigned) at 3.06 and 3.12 ppm, the 2-methyl as a singlet 
at 1.75 ppm. the 2',6,6'-methyls as three singlets (unassigned)
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Figure 4. NMR spectrum of l,l',2,2',6,6'-hexamethyl-3,3',5,5'-tetracarboethoxy-l,l',2,4'-tetrahydro-2,4'-bipyridine (8).

at 2.27, 2.32, and 2.45 ppm, the 4' proton at 4.70 ppm, and the 
4 proton at 7.85 ppm. The resonances centered at 1.50 and 4.15

H

(R = CH3; R ’ = C 0 2ET)

ppm can be ascribed to the triplets and quartets of the four 
ethyl groups of the carboethoxy groups.

The NMR spectrum of the “ primary ester” is a composite 
of the spectra of the 4,4' dimer 3 and the 2,4' dimer 8. Missing 
in the NMR spectrum of the “ primary ester” is any evidence 
of the 2,2' dimer 2, the structure assigned by Mumm to the 
“ primary ester” . Although 2 would be expected to exist as a 
mixture of the meso and racemic diastereoisomers and 
therefore display the same number of singlet methyl group 
resonances (four singlets for the 2,2',6,6'-methyls and two 
singlets for the N-methyls), the observed chemical shifts are 
not consistent with the assignment of the 2,2' dimer to either 
the low-melting “ primary ester” or the crystalline material 
obtained from it. Th e chemical shifts of the 2- and 2'-methyl 
groups of the two diastereomers of 2 would be expected to 
appear as singlets upfield relative to the singlets of the 6- and 
6'-methyl groups. Furthermore, the signals of the 4 and 4' 
protons would appear in the downfield region expected for 
vinyl protons. The absence of any observable amounts of the 
2,2' dimer 2 in the “ primary ester” mixtures is discussed 
subsequently in this article.

Integration of the resonance signal at 3.17 ppm for the 
N-methyl groups of 3 and those at 3.06 and 3.12 ppm for the 
N-methyl groups of 8 (see Experimental Section) allows for 
determination of the amounts of the two isomers that com
prise the “ primary ester” mixture. Employing this method, 
we found that the “ primary ester” prepared by sodium 
amalgam reduction of 1 consisted of 81% of the 2,4' dimer 8 
and 19% of the 4,4' dimer 3.

Mechanism of the Rearrangement of the 2,4' Dimer to 
the 4,4' Dimer. The kinetics of the isomerization of the 2,4' 
dimer 8 to the 4,4' dimer 3 are informative of the mechanism 
of this rearrangement. The rates of the rearrangement in 
chlorobenzene were determined by measuring the NMR in
tegrations of the N-methyl protons after appropriate intervals 
of heating. Chlorobenzene was used as the solvent for these 
reactions because it did not show any observable amounts of

Table II. First-Order Rate Constants for Rearrangement 
of 8 to 3

Temp, °C
Rate constant 

X 105, s“ 1
Std

dev X 105

99.8 1.85 0.07
119.4 7.86 0.32
131.9 39.5 2.34

reaction with either 8 or 3 at the reaction temperatures used 
in our kinetic studies. Extensive coloration of the solution and 
formation of insoluble reaction products (not identified) were 
encountered when both 8 and 3 were heated for short times 
(10 min) in deuteriochloroform and 1,1,2,2-tetrachloroethane. 
Chlorobenzene was not a suitable solvent for the NMR de
terminations, however, because neither 3 nor 8 is sufficiently 
soluble in chlorobenzene at room temperature to allow for 
reliable NMR measurements. Therefore, after removal of the 
chlorobenzene under vacuum, solutions of the reaction mix
tures in 1,1,2,2-tetrachloroethane were prepared for NMR 
analysis. Table II lists the first-order rate constants obtained 
fcr the rearrangement from which the rate constant k = 1.1 
X 1012 exp (—28.6/RT) s-1 can be calculated.

A mechanism consistent with the kinetic parameters for the 
rearrangement is one in which the 2,4' dimer 8 undergoes 
unimolecular homolysis to form a pair of the hybrid radicals 
5, the same radical that is formed in the one-electron reduction 
of the pyridinium cation 1 or by abstraction of a 4-hydrogen 
atom from 4. Two of the hybrid radicals 5 can recombine to 
form the 2,2' dimer 2, the 4,4' dimer 3, or the 2,4' dimer 8. Both 
2 and 3 may also undergo homolysis to form the hybrid radi-

cals 5, the former considerably faster than 8 (fe2 »  ki) because 
of greater steric crowding in the region of the bond undergoing 
cleavage and the latter more slowly than 8 (fcg «  &i) because 
of less steric crowding. In the temperature region of our studies 
(100-130 °C), 3 apparently does not decompose to any sig
nificant extent whereas 2 does so rapidly. Indeed, our failure 
to observe any evidence of the 2,2' dimer 2 in the “ primary 
ester” mixture very likely arises from the fact that this isomer 
is not stable even at the temperatures used to “ work up” the 
reaction mixtures (refluxing methanol) and rearranges to 3 
and 8.
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The steady-state concentration for the intermediate hybrid 
radical 5 is shown in eq 7.

/ M 8] +  M 2 ] +  M 3 ] y /2  „ r )
V fe_1 + fe_2 + fe_3 )  ~ 5 (7)

If it is assumed that the 2,2' dimer decomposes at the tem
peratures of our reactions essentially as fast as it is formed 
{k->[2] = /e_2[5]2), that «  ki, and that the rate of the for
mation of the 4,4' dimer 3 by dimerization of two of the hybrid 
radicals 5 is given by d[3]/df = / j - :i[5]2, then the rate law of 
rearrangement of 8 to 3 is that shown in eq 8, a rate law con
sistent with the first-order kinetics observed for the reac
tion.

d[3] = M g]
df 1 + k-\/k-3

The activation parameters for the rearrangement of 8 to 3 
are determined by the rate-limiting step of the reaction se
quence, namely the unimolecular decomposition of 8. Al
though the activation energy is consistent for a reaction in
volving rupture of a single a bond between two carbon atoms 
to yield two resonance stabilized radicals at the rates observed 
for the rearrangement, the preexponential (frequency) factor 
A (1.1 X 1012 s-1 ) is unexpectedly low for such a reaction.1’ In 
general, unimolecular fragmentation reactions that involve 
breaking of a single a bond (e.g., peroxide decompositions) 
have A values that are greater than 1013 (AS* > 0). A values 
less than 10,:! (AS* < 0) are more often encountered in uni
molecular decompositions that proceed by simultaneous bond 
breaking and bond making at two or more sites in the molecule 
(e.g., ester and anhydride pyrolyses). Severe conformational 
restrictions are encountered in the transition states of the 
latter reactions accounting for the low frequency factors or 
negative entropies of activation.

The low A values for the rearrangement of 8 to 3 must be 
ascribed to the decomposition of the 2,4' dimer 8 and conse
quently reflect a conformational requirement for the transi
tion state of the homolysis of the a bond between the 2 and 4' 
carbon atoms of this molecule. Since the resonance stabili
zation of the monohydropyridyl radicals (5) is the principal 
reason that homolysis of this carbon-carbon bond occurs at 
these moderate temperatures, the transition state likely has 
considerable productlike character, namely that of the reso
nance stabilized radicals. The bond breaking would therefore 
be expected to occur most readily if the p orbitals generated 
at the 2 and 4' carbon atoms are parallel to those of the tt 
bonds in the two ring systems in order to allow for maximum 
overlap of the p orbitals of the resonance stabilized radical. 
Such would be the case only if the fragmenting molecule as
sumes the proper conformation in the transition state of the 
homolysis, namely that in which the a bond that is broken is 
in an axiallike position with respect to both rings. Although 
not the preferred conformation for C (the equatorial-equa
torial, the equatorial-axial, and axial-equatorial all likely 
more stable), it is only in (he axial-axial conformation that 
the <r bond undergoes homolysis since it is only in this con
formation that the resonance stabilization of the radicals being 
formed can lower the activation energy requirement for the 
reaction.

Homolysis of the a bond between the two rings of other 
tetrahydrobipyridyls has been proposed for various thermal 
reactions of these compounds.7 In gereral, the products of 
these reactions are pyridine derivatives or rearrangement 
products and can be accounted for in terms of reactions of the 
monohydropyridyl radicals formed in the fragmentation.

Experimental Section
2,6-DimethyI-3,5-dicarboethoxy-l,4-dihydropyridine (6) was

prepared by the method of Singer and McElvain8 and 2,6-di-

methyl-3,5-dicarboethoxypyridine (7) by oxidation of G with so
dium nitrite.9 The perchlorate salt of the l,2,6-trimethyl-3,5-di- 
carboethoxypyridinium cation 1 was obtained by reaction of 7 with 
dimethyl sulfate followed by precipitation of the perchlorate salt by 
addition of sodium perchlorate in the manner described by Brook and 
Karrer.111 l,2,6-Trimethyl-3,5-dicarboethoxy-l,4-dihydropyridine
(4) was prepared by sodium dichionite reduction of the perchlorate 
salt.3

Acetonitrile (Baker Analyzed reagent) was dried over calcium 
hydride for 24 h and distilled from phosphorus pentoxide according 
to the procedure described by Adams.11 Tetraethylammonium 
perchlorate (TEAP) was prepared by precipitation of the salt from 
a solution of tetraethylammonium bromide with sodium perchlorate 
and purified by recrystallization from ethanol and water seven 
times.

Cyclic Voltammetry. The cyclic voltammetric experiments were 
performed with a controlled potential operational amplifier polaro- 
graph in a conventional three-electron cell consisting of a platinum 
working electrode, a platinum gauze auxilary electrode, and a satu
rated calomel reference electrode. All cyclic voltammograms were 
recorded on a Moseley Model 7030A X-Y recorder.

The platinum electrodes were cleaned before each cyclic voltam- 
mogram by immersion in a dilute nitric acid solution rendering each 
anodic for 10 s then cathodic for 15 s and finally rinsed with distilled 
water. All cyclic voltammograms were performed in a solution of 
TEAP (0.1 M) in acetonitrile. The solution was sparged with nitrogen 
(dried by passing through Drierite) for about 15 min to eliminate any 
background current due to oxygen. Sufficient sample was dissolved 
in the acetonitrile to give a solution approximately 2 X 10_:i M in the 
substrate, and sweeps were made at scan rates of 15 V/min. Sweeps 
were initiated in both the anodic and cathodic directions to assure the 
assignments of the current peaks suspected as products of electrode 
reactions and not species present in the original sample of the sub
strate undergoing examination.

Coulometric Measurements. Exhaustive coulometric procedures 
were utilized for determination of the number of faradays required 
for the anodic and cathodic processes listed in Table I. Solutions 
containing accurately weighed amounts of the substrate (TEAP used 
as the carrier) were subjected to the desired reaction at a platinum 
gauze electrode. A platinum wire inside of a tube fitted with a fritted 
disk and containing only acetonitrile and TEAP served as the auxil
iary electrode. Potentials were adjusted at or slightly beyond the peak 
potential of the desired reaction. The current flow was monitored and 
measured with a Wenking Electronischer potentiostat equipped with 
a digital readout. The solution resulting from the coulometric deter
minations was concentrated and the products of the electrode reac
tions identified both by comparisons of their electronic spectra and 
thin layer chromatographic retention times with those of authentic 
samples of the compounds.

Sodium Amalgam Reduction of 1. Ten grams of 2,6-dimethyl-
3.5- dicarboethoxypyridine was heated for 2 h at 100 °C with 9 ml of 
freshly distilled methyl sulfate, 0.1 g of copper powder, and 0.25 g of 
anhydrous potassium carbonate. After cooling, 30 ml of water was 
added and the mixture extracted three times with 30 ml of ether. The 
aqueous fraction was cooled in an ice bath and 80 g of 3% sodium 
amalgam12 and 3 ml of acetic acid were added with stirring over a 
75-min period. The precipitated “ primary ester” was filtered out and 
recrystallized from methanol (mp 162-165 °C). The yield of isolated 
“ primary ester” was 57%.

Electrochemical Reduction of 1. Ten grams of 1,2,6-trimethyl-
3.5- dicarboethoxypyridinium perchlorate was dissolved in 100 ml of 
anhydrous acetonitrile (distilled from phosphorus pentoxide after 
2 weeks of storing over calcium hydride). About 2 g of tetraethylam
monium perchlorate was dissolved in the solution to serve as the 
supporting electrolyte. The solution was stirred with a magnetic 
stirrer, cooled in an ice bath, and sparged with argon gas. The con
trolled potential electrolysis was performed with a three-electrode 
potentiostat using a calomel electrode for reference, 8 in.2 of platinum 
gauze as the working electrode, and a carbon rod contained in a glass 
fritted cell divider as the auxiliary electrode. The pyridinium cation 
was reduced at —1.1 V (vs. the calomel electrode) until no further 
current flow was observed (2-3 h). The “ primary ester” mixture 
precipitated from the solution and was obtained in 52% yield (mp 
163-166 °C).

l,l',2,2',6,6'-Hexamethyl-3,3',5,5'-tetracarboethoxy-l,l',- 
4,4'-tetrahydro-4,4'-bipyridine (4,4' Dimer 3). Two grams of the 
“ primary ester” mixture was cissolved in 100 ml of toluene and re
fluxed for 24 h. The toluene was removed under reduced pressure and 
the residue recrystallized from absolute ethanol, yielding 1.82 g (91% 
of theory) of the 4,4' dimer 3, mp 193 °C (reported 193 °C).2 The mass
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spectrum showed a parent peak at m/e 532 (calcd mol wt 532) and a 
base peak at m/e 266, corresponding to the monomeric unit of the 
dimer. The NMR spectra of this compound in DCCfi is shown in 
Figure 3.

Heating the “ primary ester” for 10 min at 180 °C followed by re
crystallization of the resulting material resulted in a 40% yield of 3.

l,l',2,2',6,6'-Hexamethyl-3,3',5,5'-tetracarboethoxy-l,l',- 
2,4'-tetrahydro-2,4'-bipyridine (2,4' Dimer 8). A Solution of the 
“ primary ester” in methanol was allowed to cool slowly to room 
temperature. After a few days at room temperature, small amounts 
of crystalline material were formed. More rapid cooling or at tem
peratures below room temperature resulted in precipitation of the 
“ primary ester” as a powder. The crystalline material (mp 176.5-177 
°C) showed the same parent and base peaks in its mass spectrum as 
observed for the 4,4 dimer 3. The NMR spectrum in DCC1:S is shown 
in Figure 4.

Kinetic Measurements. Solutions (0.01 M) of the “primary ester” 
mixture in chlorobenzene were placed in a three-neck flask equipped 
with a large coil condenser. The remaining necks were stoppered and 
the flask immersed in an oil temperature bath. At appropriate time 
intervals, a 25-ml portion of the solution was removed and evaporated 
to dryness on a rotatory evaporator. The resulting residue was dis
solved in about 5 ml of 1,1,2,2-tetrachloroethane. Four or five NMR 
sample tjbes from each sample were removed from the reaction 
mixture.

The NMR analyses were obtained as soon as possible after the 
tetrachloroethane solutions of the reaction mixtures were prepared 
to avoid any reaction of the reactants or products of the rearrange
ment with the solvent. The NMR integrations of the N-methyl signals 
of 3 and 8 in the region of 3.0 ppm were obtained using the field sweep 
mode with a sweep width of 250 Hz and sweep times of 100 s per 
sweep. The signals were integrated 14-16 times, and, employing the 
methodology of Kassler,11 the best 10-12 integrations used to deter
mine the ratios of the 2,4' dimer 8 and the 4,4' dimer 3. The extent of 
reaction cf the 2,4' dimer 8 at each time interval was determined from 
the ratio obtained and from the initial amount of the “primary ester". 
The first-order rate constants and their standard deviations in Table

II were calculated from least-squares treatment of the data obtained 
in this manner.

Registry No.— 1, 59348-50-4; 1 perchlorate, 59348-51-5; 3, 
61024-92-8; 4,14258-07-2; 6,1149-23-1; 8,61024-93-9; 2,6-dimethyl-
3,5-dicarboethoxypyridine, 1149-24-2; methyl sulfate, 77-78-1.
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Pyridopyrimidines. 6. Nucleophilic Substitutions in the 
Pyrido[2,3-d]pyrimidine Series1
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The scope of the reaction between 6-aminopyrimidines and dimethyl acetylenedicarboxylate to give 5-carbome- 
thoxy-7-oxopyrido[2,3-d¡pyrimidines was found to be limited primarily to 6-aminouracil derivatives. The prepara
tion of a key synthetic intermediate, 2,4,7-trichloropyrido[2,3-d]pyrimidine, is reported. A study of nucleophilic 
displacement on this intermediate revealed that the reactivity was in the order 4 > 7 > 2 except in the case of aque
ous sodium hydroxide, which gave 5-carboxy-7-chloro-2,4-dioxopyrido[2,.3-c(]pyrimidine. The observed selectivity 
enabled the preparation of a number of otherwise inaccessible pyridopyrimidines.

Unsubstituted 6-aminouracil and a variety o f  its AT-alkyl 
derivatives have recently been found to  react with dim ethyl 
acetylenedicarboxylate (D M A D ) in protic media (water or 
methanol) to give 5-carboxam ido-7-oxopyrido[2,3-d]pyri- 
midines.2'3 Our interest in pyrido[2,3-d]pyrim idines and nu
cleosides derived frcm  them prom pted us to continue the 
study o f the utility o f  this reaction in providing candidate 
antitumor pyridopyrim idines. T he present paper describes 
the synthesis o f  such heterocycles and their characterization; 
a com panion paper4 will describe the synthesis o f  ribonucle- 
oside analogues from these bases.

It has been firmly established2'2 that the reaction o f DM AD 
with 6-aminouracils gave the 7-oxo rather than the 5-oxopy- 
ridopyrim idine isomer and the probable mechanism o f this 
reaction has been described.2 Since the procedure is a very

2

simple one, it was o f interest to assess the scope o f the reaction 
with a variety o f  pyrimidines. It was found that 6-am ino-2- 
m ethylthio-4-oxopyrim idine (1) could be converted to 5- 
carbom ethoxy-4,7-dioxo-2-m ethylthiopyrido[2,3-d]pyrim i- 
dine (2) in low yield. O f a number o f other 6-aminopyrimidines 
studied, including 4,6-diam ino-2-m ethylthio-, 4,6-diam ino-
2-oxo-, 4-am ino-6-m ethylthio-2-oxo-, and 2,4-diam ino-6-
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oxopyrimidines, none gave isolable amounts of pyrido[2,3- 
djpyrimidine products in the complex reaction mixtures. Thus 
the reaction of 6-aminouracils appears to be rather unique in 
forming pyrido [2,3-d ] pyrimidines with DMAD in significant 
yield, probably because the relative isolation of the C-5, C-6 
double bond enhances the reactivity of C-5 toward electro
philic attack.

In view of the limited scope of the reaction of DMAD with
6-aminopyrimidines, an alternative procedure for obtaining 
pyrido[2,3-d] pyrimidines of potential biological interest was 
sought. The selective displacement of the 4-chloro group in
2,4-dichloropyrido[2,3-d]pyrimidine as demonstrated by 
Robins and Hitchings5 suggested that conversion of 5-car- 
bomethoxy 2,4,7-trioxopyrido[2,3-d]pyrimidine (3) to the 
trichloropyrido[2,3-d]pyrimidine (4) would give a compound 
which might be expected to undergo nucleophilic displace
ment of the chloro groups in the order of reactivity of 4 > 7 >
2.6 If indeed this reactivity order were observed, the synthesis 
of the desired pyrido[2,3-d] pyrimidines would be as outlined 
in Scheme I. If selective displacement of the chloro groups of 
4 were possible, the synthesis of pyrido[2,3-d]pyrimidines of 
general structure 5 can be envisioned by reaction with dif
ferent nucleophiles in the order of Nui, Nu2, and Nus.

5

When 3 was refluxed in phosphorus oxychloride no reaction 
occurred, which contrasts with the ease of chlorodehydroxy- 
lation of 2,4-dioxopyrido[2,3-d]pyrimidine to give 2,4-di- 
chloropyrido[2,3-d]pyrimidine.5 When N.N-diethylaniline 
was added to the reaction mixture, an excellent yield was 
obtained of a single compound. This was determined to be 
structure 4 on the basis of elemental analysis, 'H NMR, and 
mass spectrometry. The presence of three chlorine atoms was

Schem e I

nh2 conh2 nh2 conh2

10 II

confirmed by the appearance of peaks at m/e 291,293, and 295 
in the ratio of 3:3:1 for M+, due to the isotope abundance of 
chlorine. Peaks were also present for the loss of-OCH;) (M —
31) and -CO2CH3 (M — 59) which confirmed that the ester

was present. 'H NMR spectroscopy confirmed the presence 
of an O-methyl group and a single aromatic proton resonating 
at <5 4.05 and 7.58, respectively.

The reaction of 4 with methanolic ammonia at room tem
perature for 24 h gave a single new compound, which was 
tentatively assigned structure 6. The *H NMR spectrum of 
6 showed the loss of the signal due to the O-methyl of 4, which 
was replaced by a broad two-proton doublet at ò 8.53 and 8.73 
corresponding to one proton each for the amide protons. These 
signals disappeared on addition of D2O. The mass spectrum 
revealed the presence of two chlorines as well as a loss of 17 
mass units from the molecular ion of 257 corresponding to loss 
of NH3. However, it was not possible to unequivocally elimi
nate the alternate structures, 7 and 8.

Cl
1

conh2
1

Cl
1

conh2
1

N A T n ^ S

h2n ^ n^
1 1

^ nh,
7 8

Nucleophilic displacement of the 7-chloro group of 6 was 
achieved by reaction with sodium benzylate in dimethyl 
sulfoxide. A signal centered at 5 7.45 which represents the 
phenyl ring and a singlet at 5 5.50 for the methylene group 
appeared in the !H NMR spectrum of 9. Mass spectral data 
confirmed that one chlorine remained on the product. The 
final chlorine was displaced with sodium methylmercaptide 
in dimethyl sulfoxide to give compound 10. The benzyloxy 
group of 10 was easily converted to the oxo group by reaction 
with 48% HBr to give compound 11.

It was necessary to eliminate the other five isomers which 
would be obtained if the order of nucleophilic displacement 
were not in the sequence 4, 7, and 2. The unequivocal deter
mination that the isomer was indeed 11 was made by per
forming two sets of reactions. The first set showed that, after 
amination, the second reaction occurred in the 7 position. This 
indicated that initial amination was in the pyrimidine ring, 
either the 2 or 4 position. The second set of reactions con
firmed that the final nucleophilic displacement with meth
ylmercaptide occurred at the 2 position. Thus the initial am
ination had occurred only at the 4 position, followed by sub
stitution at the 7 position with sodium benzylate and finally 
at the 2 position to give ultimately 10.

The replacement of the 7 substituent in these pyrido[2,3- 
d] pyrimidines with a hydrogen would give rise to a pair of 
doublets in the !H NMR spectrum for the 6 and 7 protons. 
The same displacement at the 2 or 4 position would give rise 
to a new singlet in addition to the singlet for C-6 H. The con
version of 6 into the pyrido[2,3-d]pyrimidine-7-thione 12 was

6

12 13
accomplished with sodium hydrosulfide in DMF. The use of 
1 equiv of sodium hydrosulfide, when added slowly, allowed 
selective displacement of only the 7-chloro group. Confir
mation was achieved by mass spectrometry which again 
showed the isotope effect of the single chloride present; peaks 
at m/e 255 and 257 in ratio of 3:1 were in complete accord with 
the proposed empirical formula. The shift in the long wave
length absorption band in the ultraviolet spectrum of 12 to 
385 nm as compared with 314 nm of 6 was supportive of a 7- 
thione substitution.7 Unequivocal evidence for the position 
of the thione group was provided by the conversion of 12 to
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13 with Raney nickel. That the product of this reaction was 
13 was determined by 'H NMR and mass spectrometry as well 
as elemental analysis. The 'H NMR spectrum of 13 showed 
two doublets at 5 7.53 and 9.03 with a Je,,i — 4.8 Hz, as well as 
D2O exchangeable signals at 5 8.45 (two protons), 8.48 (one 
proton), and 8.70 (one proton) for the amino group and amide 
group. The mass spectrum again contained the isotope effect 
of the chlorine on the molecular ion. These results clearly 
demonstrated that the initial nucleophilic attack with am
monia occurred in the pyrimidine ring. However, it was not 
possible to determine from these results if this displacement 
was at the 4 or 2 position of the pyrido[2,3-d]pyrimidine 
ring.

The final displacement was shown to be at the 2 position 
by conversion of 11 to 14. When 11 was treated with sodium

nitrite in dilute sulfuric acid, diazotization and subsequent 
hydrolysis of the 4-amino group occurred to give a mixture of 
two compounds as judged by thin layer chromatography. This 
mixture was hydrolyzed in aqueous sodium hydroxide to give
4,7-dioxo-2-methylthiopyrido[2,3-d]pyrimidine-6-carboxylic 
acid (14). The mass spectrum of 14 supported the structural 
assignment with the molecular ion at 253. A peak at M — 44 
(209 amu) corresponding to loss of CCD further supported the 
presence of the carboxylic acid group. The ‘H NMR spectrum 
contained signal for C,;H and the methylthio at <5 6.95 and 2.47, 
respectively. Confirmation of the structure lay in the prepa
ration of 14 by the basic hydrolysis of the ester 2. The product 
of this hydrolysis proved to be identical by TLC, UV, 'H 
NMR, and mass spectrometry with 14 obtained from com
pound 11. Since the reaction of 1 with DM AD could only yield 
a pyrido[2,3-d]pyrimidine (2) with the methylthio group at 
position 2, compound 11 must have the methylthio group also 
at position 2. In addition, these reactions also confirmed that 
the product (2) of DMAD and 1 was the 7-oxo- and not the 
alternate 5-oxopyrido 2,3-d] pyrimidine. These results une
quivocally established that the order of substitution with 
ammonia, sodium benzylate, and sodium mercaptide occurred 
at the 4, 7, and 2 positions, respectively, of the trichloropy- 
rido[2,3-d]pyrimidine (4).

The JH NMR spectra of the above compounds which con
tain both the 4-amino and 5-carboxamido groups (6, 9,10,11, 
12, 13) revealed an interesting pattern for the signals associ
ated with these groups. In each case two broad singlets rep
resenting one proton each and one broad singlet representing 
two protons were present. These can be assigned tentatively 
to the carboxamide and amino group, respectively, by the 
following observations. The signals attributed to the car- 
boxamido protons underwent collapse at ~85 °C to give a 
broad singlet. This observation was similar to that of acet
amide and resulted from the slow rotation about the C-N 
bond in planar amides.8 The signals of the amino group ap
peared as a broad singlet, because of rapid rotation on the 'H 
NMR time scale. The signal attributed to the amino group 
varied considerably as substituents were changed at the 2 and 
7 positions, whereas the signal attributed to the carboxamido 
group remained virtually constant. It would be expected that 
the group directly attached to the pyrido[2,3-d]pyrimidine 
ring system would be shifted by a change in the substituents 
on the ring.8

When 4 was reacted with hydroxide ion at room tempera
ture a different pattern of displacement occurred. With 1.5

equiv of hydroxide ion, 4 gave a single compound in less than 
50% yield. The mass spectrum of the product showed a mo
lecular ion at 255 amu and the M + 2 peak indicated that only 
one chlorine remained, establishing that the product was a 
dioxopyrido[2,3-d]pyrimidine. This product was subjected 
to catalytic hydrogenolysis to give a compound which was 
established as 16 by virtue of the presence of a pair of doublets 
(t/e.7 = 4.8 Hz) in the *H NMR spectrum. Thus, dehalogena- 
tion had occurred from the 7 position of the ring, which con
firms that the dioxopyrido[2,3-d]pyrimidine obtained from 
4 was 15 and not 17.

This study has established the order of reactivity of nu
cleophilic attack for substituents in positions 2, 4, and 7 of the 
pyrido[2,3-d]pyrimidine ring system. Through the inter
mediacy of the key intermediate 4 a very wide variety of 
hitherto unavailable pyridopyrimidine derivatives may be 
readily prepared.

Experimental Section
The 'H NMR spectra were recorded on a Jeol C-60H spectrometer 

with tetramethylsilane or DSS as an internal standard. Chemical 
shifts are expressed as 8, parts per million, from the standard. Ul
traviolet spectra were obtained on a Cary Model 15 spectrophotom
eter. Mass spectra were recorded on a LKB-GCMS Model 9000S, at 
70 keV. Only the molecular ion and first major fragments are reported. 
Elemental analyses were performed by Het-Chem-Co, Harrisonville, 
Mo. Melting points were determined on a Thomas-Hoover Unimelt 
and are uncorrected. All analytical samples were dried in the presence 
of P2O.-, in vacuo.

Thin layer chromatography was performed on 5 X 20 cm plates of 
Mallinckrodt SilicAR TLC-7GF (250-nm thickness). Solvent systems 
employed were (1) CHCB-MeOH (19:1), (2) EtOAc-n-PrOH-HjO 
(4:1:2, upper layer), and (3) l,2-dimethoxyethane-MeOH-NH4OH 
(12:1:1).

5-Carbomethoxy-4,7-dioxo-2-methylthiopyrido[2,3-d]pyri- 
midine (2). To a solution of 4-amino-2-methylthio-6-oxopyrimidine 
(1, 0.80 g, 5.1 mmol) in water (25 ml) was added DMAD (0.90 g, 6.3 
mmol). The solution was heated at reflux for 2 h, then cooled to room 
temperature. The precipitate was filtered and washed with methanol 
to give 50 mg of 2. An additional 84 mg was obtained after refrigeration 
of the filtrate: yield 134 mg (10%); mp 313 °C dec; UV (pH 1) 292 nm 
(r 10 800), 325 (16 000); (pH 7) 256 (12 400), 330 (15 800); (pH 11) 331 
(14 400); 'H NMR 6 2.53 (s, 3 H, SCH:i), 3.73 (s, 3 H, OCH:t), 6.13 (s, 
1 H, C-6 H), 12.57 (br s, 1 H, N-8 H).

Anal. Calcd for C1oH9N;i0 4S: C, 44.9; H, 3.37; N, 15.7. Found: C, 
44.6; H, 3.67; N, 15.4.

5-Carbomethoxy-2,4,7-trichloropyrido[2,3-<f]pyrimidine (4). 
Compound 3- (8.0 g, 33.8 mmol) was refluxed in POCU (125 ml) 
containing N,./V-diethylaniline (8.0 ml) for 10 h. The volume was re
duced to approximately 25 ml by distillation at reduced pressure. The 
black syrup was poured onto excess ice and stirred vigorously by hand 
for 15 min. The iced water suspension was extracted three times with 
CH2CI2. The CH2CI2 extracts were extracted four times with cold 1 
N HC1 (250 ml), then dried over Na2S0 4 and filtered through charcoal. 
Evaporation gave 6.7 g (68%) of red powder, which was dissolved in 
hot CH2C12 (50 ml). Petroleum ether (bp 90-120 °C) was added slowly 
to cloud point. Cooling gave white needles of pure 4 (4.96 g, 53%): mp 
109-110 °C; MS m/e 291 (M+), 260 (M -  OCH:t), 256 (M -  Cl), 232
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(M -  C 02CH:,); UV (MeOH) 313 nm (c 10 500); ’ H NMR 5 4.05 (s, 3 
H, OCH3), 7.58 (s, 1 H, C-6 H).

Anal. Calcd for C9H4N30 2C13: C, 36.95; H, 1.38; N, 14.37. Found: 
C, 36.65; H, 1.32; N, 14.17.

l-Amino-5-carhoxamido-2,7-dichloropyrido[2,3-d] pyrimidine
(6). Compound 4 (300 mg, 1.0 mmol) was treated with methanolic 
ammonia (25 ml), saturated at 0 °C, for 24 h at room temperature. The 
white solid was filtered and washed with MeOH to give 219 mg (83%) 
of 6: mp >310 °C; MS m/e 257 (M+), 240 (M -  NH3, 205 (M -  NH:i 
-  Cl); UV (pH 1) 314 nm (t 8200); (pH 7) 314 (8700); (pH 11) 333 
(8200); >H NMR 5 8.53 (br s, 2 H, 4-NH2), 8.53, 8.73 (br s, 2 H, 
CONH,),7.58 (s, lH ,C -6 H).

Anal. Calcd for C8H5N50C12: C, 37.32; H, 1.95; N, 27.14. Found: C, 
37.11; H, 1.91; N, 26.94.

For large-scale reactions, it was found that the following procedure 
gave high yields. Compound 3 (12 g) was refluxed for 12 h in POCI3 
(125 ml) containing IV.fV-diethylanilme (12 ml). Excess POCU was 
removed and the syrup poured into ice (1 kg). Extraction with CH2C12 
followed by extraction with 1 N HC1 was as before. Drying the CH2C12 
extract with Na2S 04 followed by evaporation afforded crude 4. 
Treatment of this solid with methanolic ammonia for 12 h and fil
tration of the solid gave 9.9 g (76% overall yield) of 6, identical by TLC, 
UV, and *H NMR with 6 obtained directly from 4.

4-Amino-7-benzyloxy-5-carboxamido-2-chloropyrido[2,3-
d]pyrimidine (9). Compound 6 (7.74 g, 30 mmol) was suspended in 
Me2SO (60 ml). Benzyl alcohol (35 ml), in which Na (1.04 g, 45 mmol) 
was previously dissolved, was added dropwise over 2 h. After another 
2 h, the yellow solution was poured into H20  (300 ml) and the solid 
filtered. Recrystallization from DMF-H^O gave 7.9 g (76%) of 9: mp 
225 °C dec; MS m/e 329 (M+), 223 (M -  C6H5CHO); UV (pH 1) 320 
nm (e 15 300); (pH 7) 318 (8700); (pH 11) 318 (9200); !H NMR <5 8.20 
(br s, 2 H, NH2), 8.43,8.70 (br s, 2 H, CONH2), 7.05 (s, 6 H, C-7 H + 
CsH 5).

Anal. Calcd for Ci5H i2N50 2C1-H20: C, 51.76; H, 4.02; N, 20.14. 
Found: C, 51.97; H, 4.19; N, 19.83.

4-Amino-7-benzyloxy-5-carboxamido-2-methylthiopyrido- 
[2,3-d]pyrimidine (10). To a solution of CH3SNa in Me2SO, pre
pared by adding CH3SH to Me2SO (15 ml) containing Na (140 mg,
6.1 mmol), was added 9 (1.0 g, 2.9 mmol). After stirring at room tem
perature for 90 min, the yellow solution was cautiously poured into 
H20  (100 ml). The yellow precipitate was filtered to give 820 mg (79%) 
of 10. Recrystallization from DMF-H20  afforded 709 mg (68%): mp 
264-266 °C dec; MS m/e 341 (M+), 323 (M -  NH:j), 235 (M -  
OCHCeHf,); UV (pH 1) 261 nm (c 25 400), 332 (19 200); (pH 7) 262 
(30 300), 330 (13 600); (pH 11) 260 (31 500), 330 (13 000); ‘ H NMR 
b 2.53 (s, 3 H, SCH3), 7.70 (br s, 2 H, NH2). 8.33, 8.62 (br s, 2 H, 
CONH,), 6.87 (s, 1 H, C-6H), 7.43 (s, 5 H. Cr,Hs), 5.47 (s, 2 H, 
-CH 2).

Anal. Calcd for Ci6H15N50 2S-H20: C, 53.47; H, 4.79; N, 19.49. 
Found: C, 53.22; H, 5.00; N, 19.89.

4-Amino-5-carboxamido-2-methylthio-7-oxopyrido[2,3-(i]- 
pyrimidine (11). Compound 10 (1.7 g, 4.7 mmol) was stirred with 48% 
HBr (15 ml) for 3 min. The solution was adjusted to pH 3 with 1 N 
NaOH and the solid filtered. The solid was dissolved in hot DMF 
followed by addition of H20  to cloud point. Filtration afforded 620 
mg (52%) of 11: mp >320 °C; MS m/e 251 (M+), 234 (M -  NH:j); UV 
(pH 1) 325 nm (c 16 200); (pH 7) 263 (20 900), 330 (15 900); (pH 11) 
335 (13 700); JH NMR b 2.50 (s, 3 H, SCHj), 7.45 (br s, 2 H, NHJ, 8.27, 
8.57 (br s, 2 H, CONH,), 6.27 (s, 1 H, C-6 H), 12.03 (br s, 1 H, N-8 
H).

Anal. Calcd for C9H9Nf,CLS: C, 43.02; H, 3.61; N, 27.87. Found: C, 
43.08; H, 3.93; N, 28.00.

4-Amino-5-carboxamido-2-chloro-7-thioxopyrido[2,3- d]py- 
rimidine (12). Compound 6 (1.59 g, 6.1 mmol) was dissolved in DMF 
(50 ml) by warming. To this solution was added NaSH (450 mg) in 
portions until all starting material had reacted (TLC). The solvent 
was removed in vacuo, and the solid triturated with MeOH (200 
ml)-H20  (50 ml). Filtration afforded 1.21 g (77%) of 12. Recrystalli
zation was carried out by dissolving in warm DMF and adding H20  
to cloud point. Cooling to room temperature gave 875 mg (56%) of 12 
as yellow crystals: mp >220 °C (dec slowly); MS m/e 255 (M+), 238 
(M -  NH3); UV (pH 1) 266 nm (c 12 500), 294 (9300), 385 (15 900); 
(pH 7) 270 (16 000), 373 (14 000); (pH 11) 272 (19 300), 368 (14 700); 
'H  NMR 5 8.16 (br s, 2 H, NH2), 8.33, 8.73 (br s, 2 H, CONH-), 7.08 
(s, 1 H, C-6H), 13.75 (br s, 1 H, N-8 H).

Anal. Calcd for C8H6N50SC1: C, 37.58; H, 2.37; N, 27.39. Found: 
C, 37.81; H, 2.47; N, 27.43.

4-Am ino-5-earboxamido-2-chloropyrido[ 2,3-d] pyrimidine 
(13). Compound 12 (400 mg, 1.57 mmol) was dissolved in DMF (50 
ml) and EtOH (10 ml). Raney nickel (2.5 g) was added, the mixture

refluxed for 1 h and filtered through Celite, and the filtrate evaporated 
in vacuo. The solid was dissolved in hot DMF, water added to cloud 
point, and cooled. Filtration gave 196 mg (57%) of 13 as yellow crystals: 
mp >210 °C (dec slowly); MS m/e 223 (M+), 206 (M -  NH3), 171 (M
-  NH3 -  Cl); UV (pH 1) 326 nm (e 6 500); (pH 7) 326 (6400); (pH 11) 
326 (6300); Hi NMR & 8.45 (br s, 2 H, NH2), 8.48, 8.70 (br s, 2 H, 
CONH2), 7.53 (d, 1 H, C-6 H), 9.03 (d, 1 H, C-7 H, J 6,7 = 4.8 Hz).

Anal. Calcd for CgHsNsOCl: C, 42.97; H, 2.70; N, 31.32. Found: C, 
43.09; H, 2.98; N, 31.12.

4,7-Dioxo-2-methylthiopyrido[2,3-(i]pyriinidine-5-carboxylic 
Acid (14). Method A. To a solution of NaN02 in H20  (12 ml)-H2S04 
(4 ml) was added 11 (251 mg, 1.0 mmol). After stirring for 4 h, the 
yellow precipitate was filtered. TLC showed two products. The solid 
was refluxed in 1 N NaOH (10 ml) for 1 h. After cooling, the pH was 
adjusted to ~3 with HC1. The white precipitate was filtered to give 
169 mg (58%) of 14: mp >320 °C (slowly dec >275 °C); MS: m/e 253 
(M+), 209 (M -  CO); UV (pH 1) 292 nm (c 10 500), 326 (15 600); (pH
7) 291 (9 000), 324 (15 900); (pH 11) 255 (16 000), 327 (16 300); >H 
NMR b 2.47 (s, 3 H, SCH3), 6.95 (s, 1 H, C-6 H).

Anal. Calcd for C9H7N30 4S-2H20: C, 37.37; H, 3.87; N, 14.52. 
Found: C, 36.99; H, 3.69; N, 14.48.

Method B. Compound 2 (300 mg, 1.1 mmol) was refluxed in 1 N 
NaOH (10 ml) for 30 min. After cooling, the pH was adjusted to ~3 
with HC1. The white precipitate was filtered to give 223 mg (69%) of
14. One recrystallization from H20  gave a sample which was identical 
by TLC, UV, mass spectrum, and 'H  NMR with 14 obtained by 
method A.

5-Carbomethoxy-7-chioro-2,4-dioxopyrido[2,3-d]pyrimidine 
(15). To 4 (585 mg, 2.0 mmol), dissolved in MeOH (50 ml), was added 
1 N NaOH (3 ml, 3 mmol). The solution was stirred for 2 h at 30 °C. 
Evaporation to about 5 ml followed by addition of H20  (20 ml) gave 
a white precipitate. This was filtered to give 248 mg (49%) of 15: mp 
310-313 °C dec; MS m/e 255 (M+), 224 (M -  OCH3), 197 (M -  OCH3
-  HCNO); uv (pH 1) 311 nm (e 6700); (pH 7) 312 (6500); (pH 11) 268 
(10 500), 323 (4700); JH NMR 5 3.87 (s, 3 H, OCR,), 7.42 (s, 1 H, C-6 
H).

Anal. Calcd for C9H6N30 4C1: C, 42.29; H, 2.37; N, 16.44. Found: C, 
41.98; H, 2.58; N, 16.34.

5-Carbomethoxy-2,4-dioxopyrido[2,3-d]pyrimidine (16).
Compound 15 (155 mg, 0.61 mmol), NaOAc (92 mg), and 10% Pd/C 
(100 mg) were placed in a hydrogenator in MeOH (100 ml) and shaken 
over H2 (42 psi) for 60 h. The mixture was filtered through Celite and 
washed with MeOH. The filtrate was evaporated to dryness and 
triturated with H20. Filtration of the solid gave 89 mg (67%) of 16. 
For analysis 50 mg was recrystallized from M e0H-H20  to give 37 mg: 
mp 265 °C dec; UV (pH 1) 315 nm (9 600); (pH 7) 3.6 (8700); (pH 11) 
273 (14 400), 340 (6300); JH NMR b 3.88 (s, 3 H, OCH3), 7.25 (d, 1 H, 
C-6H), 8.70 (d, 1 H, C-7H), 8.70 (d, 1 H, C-7 H, J 6>7 = 4.8 Hz).

Anal. Calcd for C9H7N30 4: C, 48.88; H, 3.19; N, 19.00. Found: C, 
48.68; H, 3.38; N, 18.64.
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Pyridopyrimidines. 7. Ribonucleosides Structurally Related 
to the Antitumor Antibiotic Sangivamycin
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The synthesis and characterization of some new pyrido[2,3-d]pyrimidine ribonucleosides structurally related to 
the pyrrolo[2,3-d]pyrimidine antibiotic sangivamycin are reported. These include the N-8 ribonucleosides of 6-car- 
boxamido-2,4-diamino-5-oxopyrido[2,3-d]pyrimidine, the isomeric 5-carboxamido-7-oxo derivative, and 4-amino- 
5-carboxamido-7-oxopyrido[2,3-d]pyrimidine.

The potent antileukemic activity1 of the pyrrolo[2,3-d]- 
pyrimidine nucleoside antibiotic sangivamycin (1) prompted 
the synthesis of the pyrido[2,3-d]pyrimidine nucleoside 2.2

O .
NH2

n h 2

N

HOCHo o
\

HO OH 
1 2
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NH, C
\  /N H ,
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This compound, which may be regarded as a simple homo- 
logue of sangivamycin, was also found to have confirmed 
antileukemic activity.3 These findings have led to a further 
investigation into the synthesis of ribonucleosides 
of pyrido[2,3-d]pyrimidines bearing the carboxamide group 
in either the 5 or 6 position. The present report describes the 
synthesis and characterization of a number of such nucleo
sides, the prototype molecule in this study being the 5-car- 
boxamido-7-oxo isomer 3.

The initial goal of this study was to extend the earlier work2 
to the synthesis of 6-carboxamido-2,4-diamino-5-oxo-8-(d- 
D-ribofuranosyl)pyrido[2,3-d]pyrimidine. This reaction re
quired a good leaving group in the 2 position of the pyri- 
dopyrimidine; it was decided that the initial exploration would 
be carried out using readily accessible bases by oxidation of 
the methylthio group followed by nucleophilic displacement. 
Alkylation of 4-acetamido-6-carbethoxy-2-methylthio-5- 
oxopyrido[2,3-d]pyrimidine (4)2 with methyl iodide gave the 
8-methyl derivative 5. The position of alkylation is supported 
by the similarity of the UV spectrum of 5 to that of the pre
viously reported2 N-8 nucleoside of 4. It has previously been 
shown that substitution of an alkyl group for hydrogen on the 
nitrogen of a potentially tautomeric heteroaromatic system 
results in a substantial downfield shift of the 'H NMR signal 
for an adjacent proton.4 A downfield shift of the C-7 H reso-

Ac Ac

4

nance of 0.35 ppm in 5 relative to that of 4 confirms N-8 al
kylation.

Oxidation of 5 with m-chloroperbenzoic acid yielded 4- 
acetamido-6-carbethoxy-8-methyl-2-methylsulfonyl-5-oxo- 
pyrido[2,3-d]pyrimidine (6). It has been shown that the

5

I

methyl group will be shifted about 0.5 ppm downfield when 
a methylthio is oxidized to the methylsulfinyl and about 1.0 
ppm when oxidized to the methylsulfonyl5 in the pyridazine 
series. The shift of over 1 ppm from the methylthio of 5 is in
dicative of oxidation to the methylsulfonyl of (6). Treatment 
of 6 with liquid ammonia did not give the desired diamino 
carboxamide compound 7 as judged by the 'H NMR spectrum 
of the product, which still had signals attributed to the ethyl 
ester. This was somewhat surprising in view of the previous 
conversion of the ester to the amide in the nucleoside series 
under identical conditions.2

The replacement of the N-8 methyl with an N-8 methoxy- 
methyl group did lead to the desired reaction. Compound 4 
was alkylated with a-chloromethyl ether to give 4-acet- 
amido-6-carbethoxy-8-methoxymethyl-2-methylthio-5- 
oxopyrido[2,3-d]pyrimidine (8).

4

I
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Alkylation at N-8 was supported by the similarity of the UV 
spectra and the downfield shift of C-7 H (0.63 ppm) as de
scribed previously. Upon treatment of 8 with liquid ammonia 
a good yield of 4-amino-6-carboxamido-8-methoxymethyl-
2-methylthio-5-oxopyrido[2,3-d]pyrimidine (9) was obtained. 
Oxidation of 8 with m-chloroperbenzoic acid gave a mixture 
of two compounds, which by NMR spectroscopy appeared
to be the corresponding sulfoxide and sulfone. This mixture 
was obtained even when the oxidizing agent was used in ex
cess. The mixture was treated with liquid ammonia to give a 
good yield of 6-carboxamido-2,4-diamino-8-methoxy- 
methyl-5-oxopyrido[2,3-d]pyrimidine (10). The difference

sulfoxide"! 
sulfone J

10

in reactivity of the esters of 6 and the oxidation products of 
8 toward liquid ammonia may be explained by the electron- 
withdrawing effect of the methoxymethyl group which de
creases electron density at the carbonyl carbon atom resulting 
in enhancement of reactivity, as compared to the electron- 
donating effect of the methyl group.6 The 'H NMR spectra 
of 9 and 10 were similar except that the methylthio signal at 
5 2.53 of 9 was replaced by a broad singlet at 8 6.80 for the 2- 
amino group of 10. These reactions demonstrated that the 
methylthio group in the 2 position could be easily converted 
to a group which would undergo nucleophilic displacement 
under conditions which would not disrupt the nucleoside.

This procedure was extended to the ribonucleoside series 
using 4-amino-6-carboxamido-2-methylthio-5-oxo-8-(/3-D- 
ribofuranosyl)pyrido[2,3-d]pyrimidine.2 Acetylation gave the 
tri-O-acetyl derivative 11 which underwent m-chloroper
benzoic acid oxidation smoothly to give the tri-O-acetyl-2- 
methylsulfonyl derivative 12. The *H NMR signal for the 
methylsulfonyl group appeared at <5 3.29, 0.66 ppm downfield 
from the methylthio group of 11; this value is intermediate 
between the 0.5 and 1.0 ppm downfield shifts predicted for 
methylsulfinyl and methylsulfonyl, respectively.5 The pres
ence of the methylsulfonyl group was confirmed by the ob
servation of a molecular ion at m/e 541 in the mass spectrum 
of 12. Nucleophilic displacement of the methylsulfonyl group 
and deblocking of the sugar of 12 was accomplished with liquid 
ammonia to give compound 13. The amino group at the 2

12 13

position was confirmed by the signal in the 'H NMR spectrum 
at 8 6.78.

The synthesis of the sangivamycin homologue 3 required 
attachment of a /t-D-ribofuranosyl moiety to the 8 position of
4-amino-5-carboxamido-2-methylthio-7-oxopyrido[2,3-d]- 
pyrimidine (14). The use of trimethylsilyl derivatives of ni

trogen heterocycles circumvented difficulties associated with 
the low solubility and high melting point of 14. Reaction 
(Scheme I) of 14 with hexamethyldisilazane gave the tris-

Scheme I
NH2 C 0 N H 2

OH OH

(trimethylsilyl) derivative which, when treated with freshly 
prepared 2,3,5-tri-O-benzoyl-D-ribofuranosyl bromide in dry 
toluene in the presence of a mercuric bromide-mercuric oxide 
catalyst,7 gave a complex mixture from which 4-amino-5- 
carboxamido-2-methylthio-7-oxo-8-(2,3,5-tri-0-benzoyl- 
d-D-ribofuranosyl)pyrido[2,3-d]pyrimidine (15) was isolated 
by a chromatographic procedure. Treatment of 15 with 
methanolic sodium methoxide gave 4-amino-5-carboxam- 
ido-2-methylthio-7-oxo-8-(d-D-ribofuranosyl)pyrido[2,3- 
djpyrimidine (16). Assignment of the /3 configuration was 
made by conversion of 16 to the 2,,3,-0-isopropylidene de
rivative 17. The small coupling constant for the anomeric 
proton (J 1,2 < 1.0 Hz) permits assignment of /? configuration.8 
Further support lies in the difference in the chemical shifts; 
Ao of the methyl groups on the isopropylidene is 0.20, within 
the accepted range for f l  nucleosides of 0.18 < AS < 0.23.9 The 
mass spectrum of 17 exhibited a signal at 423 amu corre
sponding to the molecular ion. The site of alkylation was es
tablished as N-8 by UV and ’ H NMR spectroscopy. The UV 
spectra of the nucleoside 16 and the starting pyridopyrimidine 
14 were very similar at pH 1 and 7. The 1H NMR spectra of 
14 and 16 revealed almost identical chemical shifts for all the 
base protons. In contrast, the spectrum of 4-amino-7-ben- 
zyloxy-5-carboxamido-2-methylthiopyrido[2,3-d]pyrimi- 
dine,10 an example of the lactim tautomer which would have 
resulted from 0-7 alkylation, shows a signal for C-6 H at S 6.87,
0.60 ppm downfield for C-6 H of 14 and 16.

The blocked nucleoside 15 was treated (Scheme I) with 
Raney nickel followed by treatment with methanolic sodium 
methoxide to give the sangivamycin analogue, 4-amino-5- 
carboxamido-7-oxo-8-(/3-D-ribofuranosyl)pyrido[2,3-d]py- 
rimidine (3). The 'H NMR spectrum of 3 revealed the loss of 
the signal due to the protons of the 2-methylthio function and 
the presence of two one-proton singlets corresponding to C-2 
H (5 8.33) and C-6 H (8 6.45).

Finally, oxidation of the blocked nucleoside 15 with m- 
chloroperbenzoic acid followed by treatment with liquid 
ammonia and deblocking with methanolic methoxide afforded 
(Scheme I) the 5-carboxamido-2,4-diamino-7-oxo-8-(d-D- 
ribofuranosyl)pyrido[2,3-d]pyrimidine(18).
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Experimental Section
The 'H NM R spectra were recorded on a Jeol C-60H spectrometer 

with tetramethylsilar.e or DSS as an internal standard. Chemical 
shifts are expressed as o, parts per million, from the standard. Ul
traviolet spectra were obtained on a Cary Model 15 spectrophotom
eter. Mass spectra were recorded on a LKB-GC MS Model 9000S at 
70 keV. Only the molecular ion and first major fragments are reported. 
Elemental analyses were performed by Het-Chem-Co, Harrisonville, 
Mo. Melting points were determined on a Thomas-Hoover Unimelt 
and are uncorrected. All analytical samples were dried in the presence 
of P2Os in vacuo.

Thin layer chromatography was performed on 5 X 20 cm plates of 
Mallinckrodt SilicAR TLC-7GF (250-nm thickness). Solvent systems 
employed were (1) CHCla-MeOH (19:1), (2) EtOAc-n-PrOH-kOO 
(4:1:2, upper layer), and (3) l,2-dimethoxyethane-MeOH-NH4OH 
(12:1:1).

4-Acetamido-6-carbethoxy-8-methyl-2-methylthio-5-oxopy- 
rido[2,3-d]pyrimidine (5). 4-Acetamido-6-carbethoxy-2-methyl- 
thio-5-oxopyrido[2,3-d]pyrimidine (4,2 1.49 g, 4.64 mmol) was dis
solved in DMF (50 ml) Anhydrous potassium carbonate (700 mg) and 
methyl iodide (720 mg, 5 mmol) were added. The suspension was 
stirred at 25 °C for 3 h, then filtered. The filtrate was evaporated in 
vacuo and coevaporated with toluene and ethanol to yield a yellow 
solid. This was dissolved in boiling ethanol, filtered through char- 
coal-Celite, and cooled to 5 °C. Filtration afforded 1.31 g (84%) of 5: 
mp 191 °C; UV (pH 1) 281 nm (t 44 600); (pH 7) 281 (45 000); (pH 11) 
279 (42 800); 'HNM R & 2.55 (s, 3 H, SCH,), 2.50 (s, 3 H, CH3CO), 3.73 
(s, 3 H, NCH:!), 8.65 (s, 1 H, C-7 H).

Anal. Calcd for Ci4H iSN40 4S: C, 49.99; H, 4.79; N, 16.66. Found: 
C, 49.80; H, 4.85; N, 16.76.

4-Acetamido-6-carbethoxy-8-methyl-2-methylsulfonyl-5- 
oxopyrido[2,3-d]pyrimidine (6). To a suspension of 5 (336 mg, 1 
mmol) ir. EtOAc (50 ml) was added a solution of m-chloroperbenzoic 
acid (60C mg, 3 mmol) in EtOAc (10 ml). The solvent was evaporated 
in vacuo after 4 h. The solid was dissolved in chloroform (100 ml) and 
extracted twice with 10% aqueous sodium bicarbonate (40 ml). The 
chloroform layer was dried over sodium sulfate and evaporated to 
yield a white solid. Recrystallization twice from ethanol-water af
forded 106 mg (28%) of 6: mp 171-173 °C; UV (pH 1) 269 nm (t 
41 600), 311 (14 000); (pH 7) 268 (43 100), 311 (14 200); (pH 11) 266 
(60 000), 307 (12 900); 'H NMR 5 3.80 (s, 3 H, SO,CH:!), 2.47 (s, 3 H, 
CH:1CO), 3.90 (s, 3 H, NCH:t), 8.80 (s, 1 H, C-7 H).

Anal. Calcd for Ci4H1-iN.,O6S-0.5H ,0: C, 44.56; H, 4.54; N, 14.85. 
Found: C, 44.59; H, 4.68; N, 14.83.

4-Acetamido-6-carbethoxy-8-methoxymethyl-2-methylthio- 
5-oxopyrido[2,3-d]pyrimidine (8). To a suspension of compound 
4 (645 mg, 2 mmol) and K2C 03 (800 mg) in DMF (10 ml) was added 
methyl «-chloromethyl ether" (0.17 ml, 2.22 mmol). After stirring 
for 1 h at room temperature, the mixture was filtered and washed with 
DMF. The filtrate was evaporated in vacuo to give a white solid. This 
was recrystallized from EtOH to yield 530 mg (72%) of 8: mp 154-156 
°C; UV (pH 1) 275 nm (c 45 100); (pH 7) 276 (44 700), 274 (42 800); 
'H NMR 5 2.65 (s, 3 H, SCH3), 2.57 (s, 3 H, CH:iCO), 3.40 (s, 3 H, 
CHtO), 5.80 (s, 2 H, OCH,), 8.93 (s, 1 H, C-7 H).

Anal. Calcd for C|3H 13N4O5S-0.5H2O: C, 48.04; H, 5.10; N, 14.92. 
Found: C, 47.81; H. 4.94; N, 15.15.

4-Amino-6-carboxamido-8-methoxymethyl-2-methylthio- 
5-oxopyrido[2,3-d]pyrimidine (9). Compound 8 (3.75 g, 10 mmol) 
was treated with liquid ammonia (60 ml) in a glass-lined bomb for 48 
h at room temperature. Evaporation of the ammonia gave a solid 
which was recrystallized from DMF to yield 2.35 g (77%) of 9. Disso
lution in hot DMF, then addition of H20  to the cloud point and 
cooling afforded an analytical sample: mp 286-288 °C; UV (pH 1) 275 
nm U 40 000); (pH 7) 274 (43 400); (pH 11) 274 (43400); 'H NMR <5 
2.53 (s, 3 H, SCH:i), 7.63, 8.92 (br s, 2 H, NH2, J h n h  ~  4 Hz), 8.42,9.42 
(br s, 2 H, C0NH2, J Knh ~  4 Hz), 3.37 (s, 3 H, CH:lO). 5.70 (s, 2 H, 
OCH,), 8.80 (s ,lH , C-7 H).

Anal. Calcd for CnH]3N3O3S-0.5H2O: C, 43.38; H, 4.64; N, 23.01. 
Found: C, 43.61; H, 4.68; N, 23.27.

6-Carboxamido-2,4-diamino-8-methoxymethyl-5-oxopyrido- 
[2,3-(/]pyrimidinc (10). To compound 8 (2.75 g, 7.33 mmol) in CHC13 
(150 ml) at 5 °C was added m-chloroperbenzoic acid (3.75 g, 18.7 
mmol) and the solution was stirred for 3 h. The solvent was removed 
in vacuo and the residue triturated with Et20  (50 ml), then filtered 
to give a white solid. This solid was treated with liquid ammonia (70 
ml) in a glass-lined bomb at room temperature for 72 h. After evap
oration of the ammonia, the solid was recrystallized from DMF-H20  
to give 1.35 g (68%) of 10. One further recrystallization from DMF- 
H20  afforded an analytical sample: mp 290-291 °C; UV (pH 1) 265

nm (e 45 000); (pH 7) 265 (35 500); (pH 11) 265 (36 900); 'H  NMR 5
6.80 (br s, 2 H, 2-NH2), 7.60, 9.03 (br d, 2 H, 4-NH,, J hnh ~  4 Hz), 
8.59,9.22 (br d, 2 H, CONH,, J Hnh ~  4 Hz), 3.32 (s, 3 H, CH3O), 5.70 
(s, 2 H, OCH2), 8.59 (s, 1 H, C-7 H).

Anal. Calcd for C10H12N6Oa-0.5H2O: C, 43.95; H, 4.79; N, 30.76. 
Found C, 44.29; H, 4.71; N, 30.55.

4-Amino-6-carboxamido-2-methylthio-5-oxo-8-(2,3,5-tri-
0-acetylribofuranosyl)pyrido[2,3-dl]pyrim idine (11). 4-
Amino-6-carboxamido-2-methylthio-5-oxo-8-(/3-Ii-ribofuranosyl)- 
pyrido[2,3-d]pyrimidine (2.5 g, 6.2 mmol)2 was stirred in pyridine (35 
ml)-acetic anhydride (60 ml) for 48 h at 40 °C. The solution was 
evaporated in vacuo and coevaporated three times each with toluene 
and ethanol. The residue was dissolved in hot ethanol (300 ml)- 
chloroform (100 ml), and treated with charcoal. Filtration and 
evaporation to «250 ml gave a white precipitate which was filtered 
to give 3.03 g (93%) of 11: mp 229-232 °C dec; MS m/e 509 (M+); UV 
(pH 1) 275 nm (t 40 000); (pH 7) 275 (40 000); (pH 11) 275 (41 000); 
'H NMR 5 8.77 (s, 1 H, C-7 H), 6.57 (d, 1 H, C-1'H, J v2 = 3.0 Hz), 2.43 
(s, 3 H, SCH3).

Anal. Calcd for C2oH23N50 9S-H20: C, 45.54; H, 4.78; N, 13.28. 
Found: C, 45.19; H, 4.79; N, 12.96.

4-Amino-6-carboxamido-2-methylsulfonyl-5-oxo-8-(2,3,5-tri-
0-acetylribofuranosyl)pyrido[2,3-d]pyrimidine (12). To a sus
pension of 11 (527 mg, 1 mmol) in 1,2-dimethoxyethane (50 ml) was 
added m-chloroperbenzoic acid (500 mg, 2.5 mmol). After 15 min a 
clear solution resulted. After 8 h the solvent was removed in vacuo to 
give a white powder which was recrystallized from ethanol to yield 
475 mg (88%) of 12. One further recrystallization from ethanol af
forded 12 as white needles: mp 225-226 °C dec; MS m/e 541 (M+); 
UV (pH 1) 275 nm (e 18 400); (pH 7) 275 (18 100); (pH 11) 268 
(36 900); JH NMR (s, 1 H, C-7 H), 6.51 (d, 1 H, C-1'H, J yT = 2.3 Hz), 
3.29 (s, 3 H, S02CH3).

Anal. Calcd for C2oH23N50iiS: C, 44.36; H, 4.28; N, 12.93. Found: 
C, 44.41; H, 4.57; N, 12.76.

6-Carboxamido-2,4-diamino-5-oxo-8-(j3-D-ribofuranosyl)py- 
rido[2,3-d]pyrimidine (13). Compound 12 (5.47 g, 10 mmol) was 
treated with liquid ammonia (90 ml) in a glass-lined bomb for 36 h 
at room temperature. The ammonia was evaporated to give a white 
solid. The solid was dissolved in boiling H20, filtered through a 
charcoal pad, and cooled to 5 °C. The white, gelatinous precipitate 
was filtered to give 2.4 g (68%) of 13. One further recrystallization from 
H20  afforded an analytical sample: mp 265 °C dec; UV (pH 1) 266 nm 
(e 45 000); (pH 7) 252 (27 700), 267 (35 800); (pH 11) 252 (27 400), 267 
(35 800); *H NMR S 8.66 (s, 1 H, C-7 H), 6.46 (d, 1 H, C -l' H, J r2 =
4.2 Hz).

Anal. Calcd for Ci3Hi6Ne06: C, 44.32; H, 4.58; N, 23.85. Found: C, 
44.51; H, 4.78; N, 23.68.

4-Amino-5-carboxamido-2-methylthio-7-oxo-8-(2,3,5-tri-
0 -  benzoyl-/3-D-ribofuranosyl)pyrido[2,3-d]pyrim idine (15).
Compound 14 (6.02 g, 24 mmol) was refluxed in toluene (250 ml) with 
hexamethyldisilazane (15 ml) and a few crystals of ammonium sulfate 
for 18 h. The clear solution was filtered through a sintered-glass funnel 
using a vacuum pump equipped with a manostat to prevent foaming 
of filtrate. The solvent was removed in vacuo to a yellow solid (hy
groscopic!). Mass spectrum indicates that three trimethylsilyl groups 
are present [m/e 467 (M+)]. This was dissolved in anhydrous benzene 
(150 ml) containing HgBr2 (7.5 g) and HgO (7.5 g). To this suspension 
was added 2,3,5-tri-O-benzoylribofuranosyl bromide [prepared from
1- acetyl-2,3,5-tri-0-benzoylribofuranose (15.2 g, 30 mmol)]12 in 
benzene. The mixture was refluxed for 10 h, cooled, and filtered. The 
filtrate was evaporated to give an oily solid. This was dissolved in 
CHC13 (300 ml) and extracted with 15% aqueous KI (3 X 200 ml), H20  
(200 ml), then saturated NaHC03 (200 ml) and dried over MgS04. 
Evaporation of the solvent gave a red oil which was dissolved in CHCl.i 
(20 ml) and applied to a silica gel column (460 g). Elution was with 
CHC13 (1000 ml), then MeOH in CHC13, 0.5% (820 ml), 1% (800 ml), 
2% (800 ml), 3% (1000 ml), and 4.5% (1000 ml). Fractions of 20 ml were 
collected. Fractions 251-286 were evaporated to dryness to give 6.57 
g (39%) of 15. Preceding this compound off the column was a complex 
mixture of compounds which was not investigated.

4-Amino-5-carboxamido-2-methylthio-7-oxo-8-(d-D-ribofu- 
ranosyl)pyrido[2,3-d]pyrimidine (16). To MeOH (40 ml), in which 
Na (300 mg) was previously dissolved, was added 15 (850 mg, 1.22 
mmol). The solution was stirred at room temperature for 4 h. After 
neutralization with HOAc, the solvent was removed in vacuo. The 
residue was coevaporated with H20-EtOH (1:1) (20 ml) three times 
to give a solid. This recrystallized from H20  to give 347 mg (74%) of 
16: mp 248 °C (effervescence); MS m/e 743 (M+) for penta-Me ,Si 
derivative; UV (pH 1) 258 nm (e 15 300), 331 (14 400); (pH 7) 264 
(16 600), 336 (14 600); (pH 11) 264 (16 600), 336 (14 600); 'H NMR
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6 6.31 (s, 1 H, C-6 H), 6.82 (d, 1 H, C -l' H, J yr  = 3.5 Hz), 2.53 (s, 3 H,
SCH:!).

Anal. Calcd for ChH i7N.i0 6S: C, 43.99; H, 4.45; N, 18.30. Found: 
C, 43.68; H, 4.63; N, 18.41.

4-Amino-5-carboxam ido-2-m ethylthio-7-oxo-8-(2',3'-0-iso- 
propylidene-/3-D-ribofuranosyl)pyrido[2,3-d]pyrimidlne (17).
To DMF (4 ml) was added 1 drop of concentrated HC1 and 0.6 ml of 
dimethoxypropane. After stirring for 1 h, 16 (60 mg) was added and 
the suspension stirred for 1 h. Ammonium hydroxide solution was 
added until pH 8 was obtained. The solution was evaporated in vacuo 
to give a white solid. The solid was dissolved in MeOH (3 ml)-H-,>0 
(3 ml). Removal of MeOH in vacuo and filtration gave 44 mg (80%) 
of 17: MS m/e 423 (M+); >H NMR 6 6.35 (s, 1 H, C-6 H), 7.02 (s, 1 H, 
C -l' H, J yr < 1.0 Hz), 1.32, 1.52 [2 s, 6 H, C(CH;t) >], 2.50 (s, 3 H, 
SCH:t).

4-Amino-5-carboxamido-7-oxo-8-(d-D-ribofuranosyl)pyrido- 
[2,3-d]pyrimidine (3). Compound 15 (1.0 g, 1.44 mmol) was refluxed 
in EtOH (100 ml) containing Raney nickel (3 g) for 12 h. Additional 
Raney nickel (3 g) was added and reflux continued for an additional 
24 h. The reaction mixture was filtered while hot through Celite and 
the nickel washed with an additional 100 ml of hot EtOH. Evaporation 
of the filtrate to dryness gave 797 mg of oily solid which was dissolved 
in MeOH (100 ml). MEOH (10 ml), in which Na (100 mg) was pre
viously dissolved, was added and the solution was stirred at room 
temperature overnight. HAD (30 ml) was added, the pH was adjusted 
to 7 with Dowex 50-X8 (H+), and the solution was filtered. Evapo
ration, followed by coevaporation with EtOH-HT) three times, gave 
a white solid. Recrystallization from H70  gave 209 mg (43%) of 3: mp 
240 °C dec; MS m/e 697 (M+) for penta-Me:iSi derivative; UV (pH
I ) 297 nm (e 9500), 313 (sh, 7800; (pH 7) 250 (11 800), 322 (9000); (pH
II) 250 (11 100), 322 (8300); >H NMR 6 6.45 (s, 1 H, C-6 H), 8.33 (s,
1 H, C-24), 6.87 (d, 1 H, C-l' H, -Jyr = 3.4 Hz), 7.50 (br s, 2 H, 4-NH >),
8.30 8.60 (2 br s, 2 H, CONH>).

Anal. Calcd for Ci:iHir,Nr,Oe: C, 46.29; H, 4.48; N, 20.76. Found: C, 
46.58; H, 4.78; N, 20.48.

5-Carboxamido-2,4-diamino-7-oxo-8-(d-D-ribofuranosyl)py-
rido[2,3-d]pyrimidine (18). Compound 15 (795 mg, 1.0 mmol) was 
dissolved in CHCU (50 ml) containing m-chloroperbenzoic acid (400 
mg, 2 mmol). After stirring for 3 h, the solvent was removed in vacuo. 
The solid was triturated with EtoO and filtered. The white powder 
was treated with liquid NH:i (30 ml) in a glass bomb for 18 h. Evapo
ration of the ammonia gave an oily solid which was dissolved in MeOH 
(50 ml) in which Na (23 mg) was previously dissolved. After stirring 
for 3 h at room temperature, the pH was adjusted to 7 with Dowex 
50-X8 (H+). The resin was removed by filtration and the filtrate 
evaporated in vacuo, then coevaporated three times with EtOH-HT).

The residue was triturated with CHCln (50 ml) and filtered. The solid 
was dissolved in H>0-EtOH by heating. Cooling gave a precipitate, 
which was filtered and washed with EtOH and EDO to give 195 mg 
(55%) of 18: mp 192 °C dec; UV ipH 1) 300 nm V 13 500), 327 (13 500); 
(pH 7) 342 (14 600); (pH 11) 342 (14 600); 'H NMR 5 5.93 (s, 1 H, C-6 
H), 6.77 (d, 1 H, C -l' H, J y r  = 3.0 Hz).

Anal. Calcd for CuTReNeOs^H.O: C, 40.21; H, 5.19; N, 21.64. 
Found: C, 39.99; H, 5.31; N, 21.57.
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3-Hydroxy-5-methylproline was synthesized via Dieckmann cyclization of methyl A/-methoxycarbonyl-3-meth- 
oxycarbonylmethylaminobutyrate (6) to lV,2-dimethoxycarbonyl-5-methylpyrrolid-3-one (8). Reduction of the 
latter to N,2-dimethoxycarbonyl-5-methylpyrrolidin-3-ol (9) and subsequent hydrolysis afforded a mixture (10) 
of the four diastereoisomers (1-4) of 3-hydroxy-o-methylproline, which were separated bv ion-exchange chroma
tography. From *H NMR data and epimerization studies, the relative stereochemistry of these stereoisomers was 
established. The NMR study also revealed conformational differences between the various isomers. Isomer 1, which 
was reported earlier to correspond with a component of the peptide antibiotic actinomycin Zi, has 2,3-trans-2,5-cis 
stereochemistry and a C3-exo, Cj-endo (“ twist” ) conformation.

A preliminary communication1 reported the identifica
tion of 3-hydroxy-5-methylproline as a component of the 
peptide antibiotic, actinomycin Zj, and the same imino acid 
has also been identified in some members of an actinomycin

complex from Micromonospora floridensis NRRL8020.- A 
synthesis of the four racemic diastereoisomers (racemates of
1-4, Figure 1) and an investigation of their stereochemistry 
are described here.
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Figure 1. The four diastereoisomeric 3-hydroxy-5-methylprolines. The same numerals are used to denote the corresponding racemates.
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Figure 2. Synthesis of 3-hydroxy-5-methylproline. Reagents: (i) CICOOMe; (ii) i-BuOK/PhMe; (iii) NaBH4; (iv) Ba(OH)2/H20.

Table I. Relative Intensities in the Mass Spectra of the Diastereoisomers of ]V,0-Ditrifluoroacetyl-3-hydroxy-5-
methylproline Methyl Ester

Natural
m/e (61218-64-2H

Isomer 1 
(61247-99-2)

Isomer 2 
(61248-00-8)

Isomer 3 
(61248-01-9)

Isomer 4 
(61248-02-0) Ion+

351 0.002 0.002 0.033 0.023 0.028 M
292 1.00 1.00 1.00 1.00 1.00 M - COOMe
237 0.16 0.18 0.13 0.051 0.087 M -  CF ¡COOH
178 0.28 0.30 0.35 0.24 0.32 M -  COOMe -  CF,COOH
153 0.04 0.05 0.14 0.043 0.22
83 0.27 0.31 0.34 0.24 0.37 M -  COOMe -  CF:,COOH
81 0.19 0.21 0.25 0.17 0.25
69 0.76 0.65 0.75 0.54 0.78 CF:,
65 0.10 0.11 0.12 0.090 0.13
59 0.32 0.35 0.43 0.31 0.36 COOCH.,
55 0.19 0.22 0.25 0.17 0.26

" Registry no.

The synthetic route (Figure 2) parallels that reported for 
a synthesis of 3-hydroxyproline,3 except that in the initial step 
the imino diester 5 was prepared by addition of methyl gly- 
cinate to methyl crotonate. Dieckmann cyclization of 6 gave 
a mixture of isomeric /J-keto esters (7 and 8) and reduction of 
the latter provided a derivative (9) of 3-hydroxy-5-methyl- 
proline. Hydrolysis cf 9 afforded 3-hydroxy-5-methylproline 
as an isomeric mixture (10) which was separated by ion-ex
change chromatography into four crystalline diastereoisomeric 
racemates designated 1-4 according to their emergence from 
the column. The four diastereoisomers were distinguishable 
by paper electrophoresis, ion-exchange chromatography, and 
gas chromatography (GC) of their (V,0-ditrifluoroacetyl 
methyl esters,1 and by these criteria the natural imino acid was 
found to correspond in relative stereochemistry with 1. In 
addition, these derivatives were subjected to combined 
GC-mass spectrometry and electron impact mass spectra were 
obtained (Table I). The derivative of 1 differed from those of
2-4 in producing a spectrum with a less intense molecular 
ion.

Stereochemical relationships between the various synthetic 
isomers were investigated by C2-epimerization experiments. 
In aqueous alkali at 140 °C, 1 and 4 were each converted to an 
equilibrium mixture of these two isomers in the ratio of 2:1.

Likewise, 2 and 3 each formed a 2:1 mixture of these isomers, 
and it follows that 1 and 4, and also 2 and 3, are pairs of C2 
epimers. Furthermore, since 3-hydroxyproline forms a 2:1 
equilibrium mixture of trans and cis isomers in hot alkali,1 it 
appears likely that 1 and 2 are the isomers which possess
2.3- trans stereochemistry. These observations permit an 
understanding of the relative yields of 1-4 during the syn
thesis. When 9 is hydrolyzed with alkali, the stereoisomeric 
composition of the resulting 3-hydroxy-5-methylproline is 1, 
16%. 2, 50%; 3,27%; 4,7%, whereas acid hydrolysis gives 1,2%; 
2, 11%; 3, 55%; 4, 32%. The latter composition reflects the 
stereochemistry of 9, whereas the former results from C2- 
epimer equilibration. Since 9 is expected to be predominantly
2.3- cis, resulting from borohydride reduction of 8 (by analogy 
with studies on 3-hydroxyproline4), the results are consistent 
with 2,3-cis stereochemistry for 3 and 4. 'H NMR studies 
(discussed below) established 2,3-trans-2,5-eis stereochem
istry for 1, and it follows from the foregoing discussion that 
the relative stereochemistry is as shown for isomers 1-4. The 
stereochemical composition resulting from the synthesis is 
explained by concluding that 8 is predominantly cis and 9 
mainly cis,cis.

'H NMR spectra of 1-4 were obtained in D20  at 220 MHz. 
At this resolution all four spectra were first order (Figures
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Figures 3 and 4. ’ H N M R  spectra of 1 and 2. H4a and H 4i, are cis and trans, respectively, to the carboxyl group. “X ” denotes signals caused 
by the internal standard (DSS).

Table II. Coupling Constants" (Hz)

Isomer J  2,3 <7;i,4a J  :3,4b J 1,1. i!i J  4 a/) 4 b,5 ^  5,Me 9 , 4

1 ~ o 4.4 1.0 14.3 11.8 6.1 6.7 ~ i
2 3.2 5.8 4.6 14.0 8.0 7.2 6 .8 1.0
3 4.9 2.5 5.9 14.3 6.5 9.1 6 .8
4 4.2 1.0 4.0 14.1 6.0 11.4 6.9

° H 4a and H 4b are cis and trans, respectively, to the carboxyl group.

3-6), permitting direct measurement of all the coupling con
stants (Table II). The striking chemical shift differences 
(Table III) between the geminal 4 protons cannot be attrib
uted to the effects of the hydroxyl or carboxyl substituents, 
to judge by analogy with the 4 protons in proline5'6 or the 3 
protons in hydroxyproline and a//o-hydroxy proline.7,6 They 
can be explained by the known shielding effect of a methyl 
group upon the adjacent cis proton in five- or six-membered 
rings.9 This effect produces a shift difference of h 0.66 in the 
geminal 2 protons of methylcyclopentane10 and 5 0.53 in the 
5 protons of 2,3-fran.s-3,4-cis-3-hydroxy-4-methylproline11

and can be used to assign the 4-proton signals in the isomers 
of 3-hydroxy-5-methylproline (Figures 3-6).

The stereochemistry of 1 and 4 can be deduced from their 
vicinal coupling constants as follows. The minimal value of 
t/2,3 in 1, which implies a dihedral angle close to 90°, requires
2,3-trans stereochemistry and parallels the case of trans-3- 
hydroxyproline.3’4 Likewise, the minimal J3j4b reveals that H44l 
is trans to H3 and hence to the carboxyl group. The value of
11.8 Hz for J 4ai5 must result from a trans dihedral angle close 
to 180°. It follows that Hs is trans to the carboxyl group and 
hence the methyl is cis. These dihedral angles comprise a 3-
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Figures .5 and 6. 'H NMR spectra of 3 and 4. H4n and H u, are cis and trails, respectively, to the carboxyl group. “ X " denotes signals caused 
by the internal standard (DSS).

Table I I I .  Chem ical Shifts (5)

Isomer Me H4a H4b H , H2 H:i

1 1.49 1.76 2.20 4.05 4.05 4.67
2 1.47 2.43 1.75 3.92 4.01 4.61
3 1.49 1.76 2.59 3.80 4.10 4.69
4 1.43 2.28 1.91 4.09 4.23 4.70

exo-4-endo (“ twist” ) conform ation, which explains the long- 
range coupling (4J )  between H 2 and H 4b, since these protons 
are joined by a “ W ”  bond conform ation. In comparing the 
coupling constants o f  4 with those o f  1 (in T able II, note that 
for this purpose protons 4a and 4b are exchanged), these are 
seen to be almost identical except for J 2,a- It follows that their 
relative stereochemistry at C3 and C5 is the same, in accord 
with the observation that they are C2 epimers. Furthermore, 
the ring conformation '3-endo,4-exo) o f 4 is the same, relative 
to the hydroxyl and methyl substituents, as that o f  1. This 
conformation renders the hydroxyl group quasi-axial and the 
methyl quasi-equatorial, and the same conform ation meets 
the same requirements in the case o f  2,3-trans-3,4-cis-3- 
hydroxy-4-m ethylproline.11'12 T he latter imino acid has three

coupling constants (0, 4, and 11 Hz for J 2 .3 ,  J 3 .4 , and J 4,5, re
spectively) very similar to corresponding vicinal couplings in
1. It is also noteworthy that the conformations established for 
hydroxyproline715 and aZ/o-hydroxyproline7 com pel the hy
droxyl group to adopt a quasi-axial configuration.

Interpretation o f the coupling constant data for 2 and 3 in 
terms o f  stereochemistry and conform ation presents a more 
difficult task than for 1 and 4. Attempts to establish mutually 
compatible dihedral angles using various forms o f the Karplus 
relationship are still under study. There is a possibility that 
rapid interconversion o f different conformational populations 
prevails, as in the case o f  proline.5 T he relative stereochem 
istry at C2 and C 3 cannot be deduced with certainty from the 
J 2,3 values for 2 and 3, but these parameters, in the case of 
their IV,0 -di-p-toluenesulfonyl methyl esters (J 2.3 = 0 and
6.9 Hz, respectively), revealed that 2 undoubtedly possesses
2,3-trans stereochemistry and that its derivative has a ring 
conformation more similar to that o f 1 than does the free imino 
acid. Conform ational alteration in the conversion o f substi
tuted prolines to their iV -p-toluenesulfcnyl derivatives has 
been reported previously.14 Isomer 2 also shares with 1 the 
presence o f  a long-range coupling between H 2 and H 4b, which 
was confirmed when irradiation at the frequency o f the latter 
produced sharpening o f the H 2 doublet. The 'J  value (1.0 Hz)
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requires a cis arrangement of these protons in order to ap
proximate a “ W ” four-bond conformation, and this serves to 
confirm the assignment of H44, based upon the shielding effect 
of the methyl group. Although four-bond couplings have been 
observed with other bond conformations, the resulting 4J 
values are generally smaller (0.4-0.8 Hz) than that observed 
here.15

The possibility that relative lanthanide-induced shifts could 
be utilized to confirm the stereochemistry and the assignments 
of H4a and H4h in 2 and 3 was investigated using europium(III) 
nitrate. In the case of hydroxyproline it was reported that the 
3 and 5 protons cis to the carboxyl group were shifted more 
than those which were trans, in accord with the expected ge
ometry of the 1:1 complex in which the europium is bound to 
the carboxylate anion.16 The observed upfield shifts of the 
various protons in 2 and 3 were expressed relative to the shift 
of Hi, and as such varied little during eight incremental ad
ditions of reagent up to a reagent/substrate molar ratio of 0.8. 
The mean relative shifts (Hz) were as follows: for 2, Hi, 1.00; 
H3, 1.87; H4a, 0.59; H4h, 0.55; Hr„ 0.77; Me, 0.32. For 3, H2, 1.00; 
H:i, 1.31; H4a, 0.65; H4i„ 0.45; Hr„ 0.52; Me, 0.16. The markedly 
greater shift of H2 in 2 than in 3 confirms the 2,3 stereo
chemistry proposed for these isomers, and the greater shift 
of Hs in 2 than 3 is in accord with their postulated 2,5 stereo
chemistry. Comparison of the induced shifts in H4a and H4|„ 
while in accord with the assignments in the case of 3, is invalid 
in the case of 2 because the difference is too small to be sig
nificant. Ambiguity occurs because an induced shift depends 
not only upon the distance of the proton from the lanthanide 
ion, but also upon the angle this vector makes with the mag
netic axis, and is therefore strongly dependent upon confor
mation.16 It is concluded that the comparisons discussed here, 
while valid for H.?, become increasingly unreliable as the 
proton-lanthanide distance increases. In considering the 
comparatively small methyl proton shifts, which appear to 
contradict the result for H5, the latter must be considered a 
more dependable stereochemical criterion.

Evaluation of all the evidence confirms that structures 1-4 
correctly depict the stereochemistry of the four diastereo- 
isomers. That the naturally occurring imino acid corresponds 
with 1 is not unexpected. The *H NMR spectrum of actino- 
mycin Z] was reported17 to include a “ singlet” in the region 
(~5 6.0) occupied only by the a protons of proline and its 
congeners in the actinomycin series. The data presented here 
explain that observation, which is compatible only with the 
presence of a trans 3-substituted proline residue, c is -5- 
Methylproline occurs in actinomycin Z5, another component 
of the same complex1819 and examination of space-filling 
(CPK) molecular models reveals that trans-5-methylproline, 
in contrast to the cis isomer, could not be accommodated 
without alteration of the peptide backbone conformation 
which is common to all the actinomycins which have been 
investigated.20-21

Experimental Section
For gas chromatography (GC) a Shimadzu Model 4BM, equipped 

with flame ionization detectors, was employed with argon (60 ml/min) 
as carrier gas. Glass columns (2.5 m X 3 mm) contained 3% OV225 
(column A) or 3% OV17 (column B) on Gas-Chrom Q (100-120 mesh). 
The derivatization procedure for the (V,0-ditrifluoroacetyl methyl 
esters of 1-4, and their retention times, were reported previously.1

For combined GC-mass spectrometry, an LKB9000 instrument 
was used, with a 6-ft column of 1% OV17 on Gas-Chrom Q at 108 °C. 
Electron impact mass spectra (Table 1) were obtained for the N,0- 
ditrifluoroacetyl methyl esters of each synthetic diastereoisomer and 
of the natural compound in an actinomycin Zi hydrolysate. The 
conditions for paper chromatography and high-voltage paper elec
trophoresis were described earlier.1

Infrared (IR) spectra were obtained on a Perkin-Elmer Model 337. 
'H NMR spectra were obtained on a Varian HR-220 in the cw mode. 
Solutions of 1-4 were in D20  with DSS as internal standard. The

temperature was 18 °C, pH 6.4, and the concentration was 0.2 M for
1-3 and 0.1 M for 4. Eight additions of a 0.8 M solution of Eu(NO:i):! 
in D20  were made to the sample solutions (0.8 ml) of 2 and 3 in in
crements of 25 ¿d, each representing a 1:10 molar ratio of reagent to 
imino acid. Chemical shifts were determined and the upfield induced 
shifts (Hz) expressed relative to H2 = 1.00 at each reagent concen
tration.

Methyl 3-Methoxycarbonylmethylaminobutyrate (5). Methyl 
crotonate (15.21 g, 0.15 mol) and glycine methyl ester hydrochloride 
(40.8 g, 0.33 mol) were stirred in methanol (200 ml) during addition 
of triethylamine (35 g, 0.35 mol). After 2 days at 26 °C, the precipitate 
was filtered off and the filtrate evaporated. The residue, in ethyl ac
etate (500 ml), was washed with aqueous NaHCOn and water, dried 
(Na2S0 4), and evaporated. The residual oil was distilled at 0.28 Torr 
and the fraction bp 76-78 °C collected: yield 13.46 g (47%); IR (CHCR) 
1730 cm-1 (ester C = 0 ).

Anal. Calcd for C8HlsN 04: C, 50.78; H, 7.99; N, 7.40. Found: C, 
50.52; H, 8.03; N, 7.82.

Methyl lV-Methoxycarbonyl-3-methoxycarbonylmethylam- 
inobutyrate (6). A solution of 5 (3.35 g, 71 mmol) in ethyl acetate (100 
ml) was stirred vigorously with water (150 ml) and NaHCOn (10.0 g) 
during addition of methyl chloroformate (8.0 g, 85 mmol). After 2 h 
at room temperature, ethyl acetate (150 ml) was added and the layers 
separated. The organic phase was washed with water, dried (Na2S04), 
and evaporated. The residual oil was distilled at 0.4 Torr and the 
fraction bp 107-110 °C collected: yield 16.39 g (94%); IR (CHC1:!) 1690 
(urethane C = 0 ) and 1740 cm-1 (ester C = 0 ).

Anal. Calcd for C i0H17NOb: C, 48.57; H, 6.93; N, 5.67. Found: C, 
48.65; H, 7.14; N, 5.60.

IV,2-Dimethoxycarbonyl-5-methylpyrrolid-3-one (8). To a 
solution of potassium feri-butoxide (88 mmol) in toluene (prepared 
using 3.45 g of potassium by the published method22) at 0 °C was 
added a solution of 6 (14.27 g, 58 mmol) in dry toluene (30 ml) with 
stirring during 15 min in a stream of nitrogen. After 90 min, acetic acid 
(6 ml) and chloroform (300 ml) were added and the solution was 
washed with 10% aqueous NaH2P 04 (300 ml). The chloroform ex
tracts were washed with pH7 phosphate buffer, dried (Na2S04). and 
evaporated. The resulting mixture of 7 and 8 was separated via par
tition between toluene (350 ml) and pH 9.5 carbonate buffer (3 X 200 
ml) at 0 °C. The combined aqueous layers were reextracted with 
chloroform until complete separation of the two components was 
apparent from GC. The chloroform extracts were dried (Na2S04) and 
evaporated. The residual 8 was distilled at 0.025 Torr and the fraction 
bp 97.5-99 °C collected: yield 3.57 g (29%); IR (CHCR) 1700 (urethane 
C = 0 ), 1750 (ester C = 0 ), and 1770 cm-1 (ketone C = 0 ).

Anal. Calcd for C9H 1SNO5: C, 50.23; H, 6.09; N, 6.51. Found: C, 
50.10; H, 5.99; N, 6.68.

lV,2-Dimethoxycarbonyl-5-methylpyrrolidin-3-ol (9). Phos
phate buffer, pH 7.2 (250 ml), was cooled to 0 °C and NaBH4 (8.0 g) 
was gradually added with stirring, followed by 8 (3.50 g, 16 mmol) in 
methanol (165 ml). The pH was maintained at 8-9 by addition of 
NaH2P 0 4-H20, and after 1 min further NaBH4 (4.0 g) was added. 
After 4 min the mixture was adjusted to pH 3 with aqueous H2S 0 4, 
then neutralized with NaOH and extracted with chloroform (3 X 500 
ml). The chloroform extracts were dried (Na2S 04) and evaporated, 
and the residue chromatographed on a column (40 X 4.7 cm) of silica 
gel 60 (70-230 mesh) using 25% ethyl acetate in chloroform. Appro
priate fractions were pooled and evaporated and the residual oil dis
tilled (short path) at 150 °C (0.20 Torr): yield 2.18 g (62%); IR (CHCR) 
1680 (urethane C—O) and 1760 cm-1 (ester C = 0 ).

Anal. Calcd for C9H15NO5: C, 49.76; H, 6.96; N, 6.45. Found: C, 
49.56; H, 7.07; N, 6.26.

3-Hydroxy-5-methylproline (10). Aqueous 0.3 N Ba(OH)2 (130 
ml) was added to 9 (1.97 g, 9.1 mmol) and the mixture was heated 
under reflux in a stream of nitrogen for 60 h. The cooled solution was 
neutralized with H2S04, filtered, washed with ethyl acetate (250 ml), 
and evaporated. The residue was dissolved in water and applied to 
a column (2.2 X 27 cm) of cation exchange resin AG50W-X2. After 
washing with water (600 ml) the product was eluted with 2 N NH4OH, 
and evaporation gave a white solid (1.02 g, 77%) which gave four spots 
on paper electrophoresis (yellow with ninhydrin) and four peaks on 
the amino acid analyzer.1

Separation of the 3-Hydroxy-5-methylproline Diastereoiso- 
mers. The isomeric mixture 10 (1.02 g) was dissolved in 0.2 M am
monium acetate buffer (pH 3.8) containing 40% methanol (20 ml) and 
divided into four equal aliquots. Each aliquot was chromatographed 
on a column (61 X 3.6 cm) of cation exchange resin (Baker CGC-241, 
8% cross-linked, 200-400 mesh) using the same solvent. Fractions (10 
ml) were collected and aliquots examined by paper chromatography 
and high-voltage paper electrophoresis;1 1 was located in fractions
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46-53, 2 in fractions 56-67, 3 in fractions 81-90, and 4 in fractions 
94-100. Similar fractions from the four separations were pooled and 
evaporated, and each isomer was desalted on a column (26 X 2.0 cm) 
of Dowex 50W-X8 as described above (for 10). After evaporation, each 
isomer was crystallized from water/acetone. 1 formed needles, mp 
267-628 °C dec, yield 71 mg. Anal. Calcd for CgHnNO.i: C, 49.64; H, 
7.64; N, 9.55. Found: C, 49.72; H, 7.89; N, 9.80. 2 formed plates, mp 
242-243 °C dec, yield 369 mg. Found: C, 49.58; H, 7.79; N, 9.72. 3 
formed plates, mp 204-205 °C dec, yield 253 mg. Found: C, 49.24; H, 
7.84; N, 9.52. 4 formed plates, mp 259-260 °C dec, yield 15 mg.

Epimerization Studies. Each diastereoisomeric racemate 1-4 (0.1 
mg) in 1 N NaOH (0.1 ml) was kept at 140 °C (sealed tube) for 22 h. 
HC1 (1.5 N, 0.1 ml) was added and the solution was evaporated in 
vacuo. Each residue was derivatized as reported previously1 (N ,0 - 
ditrifluoroacetyl methyl esters) and analyzed by GC1 on column A 
at 130 °C. The following compositions were observed: 1 — 68% 1 + 
32% 4; 2 — 68% 2 + 32% 3; 3 — 70% 2 + 30% 3; 4 — 62% 1 + 28% 4 + 
10% 3.

Hydrolysis of 9 with Acid and Alkali. A. 9 (6 mg) in acetic acid 
(0.5 ml) was heated with concentrated HC1 (0.5 ml) at 110 °C (sealed 
tube) for 16 h, then evaporated in vacuo. After derivatization as be
fore,1 GC on column B at 115 °C indicated the following isomeric 
composition: 1, 2%; 2,11%; 3, 55%; 4, 32%.

B. Reverse Reaction. Each isomer 1-4 (0.1 mg) was converted to 
the N-methoxycarbonyl methyl ester by treatment with 5 N metha- 
nolic HC1 (0.5 ml, 80 °C, 1 h) followed by evaporation and treatment 
with methyl chloroformate (10 mg) in ethyl acetate (0.2 ml) and 
NaHCOn (20 mg) in water (0.2 ml). GC on column B at 165 °C gave 
the following retention times (min): 1, 8.3; 2, 8.1; 3, 7.5; 4, 7.1. GC 
analysis of 9 indicated an isomeric composition of almost entirely 3 
and 4 in approximately 2:1 ratio.

C. 9 (2 mg) in 0.3 N Ba(OH)2 (1 ml) was heated at 110 °C (sealed 
tube) for 16 h, then neutralized with 1 N H2S 04, filtered, and evap
orated. After derivatization and GC as above (A) the isomeric com
position was 1,16%; 2,50%; 3, 27%; 4, 7%.

Af.O-Di-p-toluenesulfonyl Methyl Ester of 3. A solution of 3 
(62 mg) in 5 N methanolic HC1 (2 ml) was kept at 80 °C (sealed tube) 
for 1 h. After evaporation, the residue was treated with p-toluene- 
sulfonyl chloride (260 mg) in pyridine (27 ml) containing triethyl- 
amine (0.06 ml) at 5 °C for 2.5 days. After evaporation in vacuo, the 
residue was partitioned between 0.1 N HC1 (15 ml) and ethyl acetate 
(30 ml) and the ethyl acetate extract was washed with aqueous 
NaHCOa and water and dried (Na2S0 4). After evaporation, the res
idue was chromatographed on a column (16 X 1.5 cm) of silica gel 60 
(70-230 mesh) with chloroform and the product located by TLC on 
fluorescent silica gel. The product crystallized from ethyl acetate/ 
petroleum ether as needles: mp 116-118 °C; yield 121 mg (61%); NMR 
(CDCl;j, internal Me4Si) o 1.35 (d, J = 7.5 Hz, 5-CH:i, 3), 2.01 (m, 4-H, 
1), 2.05 (m, 4-H, 1), 2.44 (s, Tos CH:!, 3), 2.46 (s, Tos CH:i, 3), 3.63 (s, 
OCH:t, 3), S.87 (m, 5-H, 1), 4.54 (d, J = 6.9 Hz, 2-H, 1), 4.85 (m, 3-H, 
1), 7.31 (d, J ~  8 Hz, ArH, 2), 7.35 (d, J ~  8 Hz, ArH, 2), 7.70 (d, J ~  
7 Hz, ArH, 2), and 7.74 (d, J ~ 1  Hz, ArH, 2).

Anal. Calcd for C21H25NO7S2: C, 53.94; H, 5.39; N, 3.00; S, 13.72. 
Found: C, 54.03; H, 5.43; N, 2.92; S, 13.58.

iV,0-Di-p-toluenesulfonyl methyl ester of 2 was prepared as 
described above using 2 148 mg) with methanolic HC1 (1.4 ml), then

pyridine (1.6 ml), triethylamine (0.04 ml) and p-toluenesulfonyl 
chloride (140 mg), yield 44 mg (28%). The product could not be crys
tallized: NMR (CDCR, internal Me4Si) b 1.22 (d, J = 6.7 Hz, 5-CHs,
3), 2.42 (s, Tos CH;i, 3), 2.47 (s, Tos CH:), 3), 2.48 (m, 4-H, 2), 3.69 (s, 
OCH:i, 3), 4.19 (m, 5-H, 1), 4.50 (~s, 2-H, 1), 4.95 (d, J = 4.8 Hz, 3-H,
1), 7.26 (d, J ~  8 Hz, ArH, 2), 7.36 (d, J ~  8 Hz, ArH, 2), 7.67 (d, J ~  
8 Hz, ArH, 2), and 7.75 (d, J ~  8 Hz, ArH, 2).
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Synthesis of the 2 R and 2 S isomers of several 3-aryloxypropane-l,2-diols, beginning from (2 R)- and (2S)-3-tosy- 
loxypropane-l,2-diol acetonide (3 and 6), is reported. Some of the diols were converted into the corresponding 3- 
aryloxy-l-amino-2-propanols. Determination of their Cupra A CD spectra showed that absolute configuration can 
be readily assigned based on the sign of the short wavelength transition (~280 nm). 2S enantiomers give positive 
Cotton effects in this region; 2R enantiomers give negative Cotton effects.

Effects related to absolute configuration are significant 
and fundamental factors contributing to the intensity and 
duration of the physiological and pharmacological responses 
of most neurotransmitters, hormones, and drugs, especially 
as related to the actions of these compounds at the molecular 
level on important biochemical processes.2 3 In the case of 
drugs, enantiomers may demonstrate several hundredfold 
differences in pharmacological effects, potency at different 
receptors, as well as significant differences in their rates and 
pathways of metabolic disposition. All of these factors con
tribute to the observed enantiomeric differences in the 
pharmacological responses.4 5 It logically developed that the 
study of the effects of absolute configuration on the phar
macological properties of drugs has received extensive in
vestigation in many classes of compounds, and that develop
ment of methods for the determination of absolute configu
ration is an important area in the study of the configurational 
aspects of drug action.

Chiroptical (ORD and CD) techniques occupy a unique 
place in such method development studies because they may 
provide information concerning absolute configuration of 
compounds by simple and economical methods when com
pared to x-ray crystallographic techniques, and also offer the 
advantage over standard chemical degradative methods of 
being nondestructive. CD-ORD techniques may also provide 
information concerning solution behavior of important bi
molecules useful to our understanding of the relationships 
between molecular structure and biological activity.

In spite of many advances, large gaps in our knowledge re
main concerning the effects of absolute configuration on bi
ological activity of many drug-related molecules. These de
ficiencies are, in part, a result of the lack of available facile 
chiroptical methods useful to readily establish absolute con
figuration of dissymmetric centers in these molecules.

In this report we present results of our initial attempts to 
use glycerol derivatives of known absolute configuration to 
synthesize the enantiomers of several drug-related systems. 
After obtaining the enantiomers of known absolute configu
ration, the chiroptical behavior of these isomers was studied, 
in order to obtain a suitable technique which could ultimately 
be applied to more diverse systems, to determine chirality of 
isomers of unknown absolute configuration.

A large number of drugs are 3-aryloxy-l,2-propanediols of 
general structure 1 (X = OH), or related amines (X = NH2 or

OH
I

ArOCH,— CH— CH,X
1

NHR), all of which may be considered derivatives of glycerol. 
These include centrally acting muscle relaxants (diols, 1-

carbamate esters of these diols, amino alcohol derivatives, e.g., 
oxazolidinones such as the 5-aryloxymethyl-2-oxazolidi- 
nones), the /I-adrenergic blocking agents, e.g., propranolol, Ar 
= a-naphthyl, X = NHiPr, and the competitive a-adrenergic 
blocking agents, e.g., the 2-alkylaminoethylbenzodioxanes,1 
X = NR ), and secondary alcohol is an ether of the aromatic 
ring.

In this communication we report the establishment of a 
facile method for obtaining the enantiomers of known absolute 
configuration of many of these compounds, beginning from 
chiral glycerol derivatives, and the results of Cupra A CD 
spectra determinations with these compounds.

Synthesis. In the successful synthesis of the 2R and 2S 
isomers of l-tosyloxy-2,3-propanediol acetonide (3 and 6) from 
a single chiral starting material of known absolute con
figuration, compound 2 is the cornerstone of this synthetic 
scheme. (2S)-Glycerol 1,2-aeetonide (2) is readily available 
from (2R,3S,4S,5R)-mannitol 1,2,5,6-diacetonide by the 
method of Baer6 (lead tetracetate oxidation followed by cat
alytic reduction of the intermediate glyceraldehyde 2,3-ace- 
tonide). In Scheme I is the synthesis of 3 and 6, which is based

Scheme I

CH.OH
I

CH.OTs
I

a
-C— 0 CH, - X

1
H *~C-«O s CH,

1 X 1 XCH,0 CH:, CH,0 CH
2 3(2 R)

T
CH2OBz

H » -C -« 0  CH,

I XCH,0 CH,

c . d

CH.OBz
I "

H * -C -^ O H

I
CH,OTs

5

e. f

CH,0 CH,

I ' XH»~C— 0 CH,

CH.OTs 
6(2 S)

a, TsCl/pyridine; b, BzCl, KOH (DMF); c, H30 +; d, TsCl/ 
pyridine; e, H2(Pd/C); f, acetone (ZnCl2).

on the method of Fischer7'8 with some modifications. Con
version of 2 to 4 was most readily accomplished in DMF as 
solvent, rather than in excess benzyl chloride as reported by 
Belleau.9'10 Catalytic reductions were also performed at low 
pressure. It is noteworthy that this scheme allows for prepa
ration of both isomers with no reactions involving the chiral 
center. Subsequent processes also require no inversion 
steps.

Synthesis of the diols (7-18) was accomplished by allowing
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Table I. Cupra A CD Spectra of Chiral 3-Aryloxy-l,2-propanediols and 3-Aryloxy-l-amino-2-propanols

ArOCH-j—CH— CH;X
I

OH

Registry
no.

1.2-Propanediols 
X = OH

Stereo
chemistry Ar Relative [0]a max

52153-43-2 7 2 R o-CHjPh [0)550 +27 [0] 270 -  570
52153-44-3 8 2 S o-CH:iPh [®] 550 — 34 +560
61248-73-5 9 2 R 3,5-di-MePh [0].58O +28 [0] 275 -  575
61248-74-6 10 2 S 3,5-di-MePh Mao -32 [0]->75 +570
61248-75-7 1 1 2 R 2-OCHsPh [0]n8o +23 [0)285 -500
61248-76-8 12 2 S 2-OCHiPh [0]sso -40 [0] 285 + 545
61248-77-9 13 2 R 3-CFiPh [0].5so +33 [0]27o -725

14 2 S 3-CFTh
41432-48-8 15 2 R 4-NHAcPh [®] 360 + 28 [0)270 -980
56715-20-9 16 2 S 4-NHAcPh [®]560 -  34 [0)970 +1100
61248-78-0 17 2 R 1-Naphthyl [0].54O +31 [0)220 -435
56715-19-6 18 2S T Naphthyl [0].54O -50 [0)820 + 3 70

1 - Amino-2-propanols
X = NH,

61248-79-1 25 2 R 3,5-di-MePh [0]fifio +99 [0)280 —690
61248-80-4 26 2S 3,5-di-MePh [fljsfio —70 [0 )2 8 0  +710
61248-81-5 27 2 R 2-OCHiPh [0)020 +220 [0]28o -3530
61248-82-6 28 2 S 2-OCH:iPh [0]S2o -215 Ì ^ ] ‘2 8 0  + 33 00
13071-11-9 29 2 R 1-Naphthyl [ 0 ] b 4 o  +54 [0]29o -745
4199-10-4 30 2 S 1-Naphthyl [0]fi4O -40 [0] 290 +785

3 or 6 to react with an excess of the appropriate phenol in the 
presence of 1 equiv of NaOH. The intermediate acetonides 
were readily converted into the corresponding diols by acidic 
hydrolysis (HC1, aqueous acetone). Yields and conditions are 
given in the Experimental Section.

Conversion of the diols to corresponding amino alcohols 
(25-30) depended upon conversion of the diol to the corre
sponding epoxide, accomplished by tosylation of the primary

CH,OTs

H— C— 0  CH

XCH,0 CH3 
3 and 6

ArOCH,

I '
-  H— C— OH

I
CH.OH

7-18

Scheme II

ArOCH,

I
H— C— C> CBj

' , XCH,0

ArOCH,

CH,

c.d H— C-

CH,
19-24

/
.0

ArOCH,

H- -OH

CH.NHR
25-30

a, ArOH/NaOH; b, H30 +; c, TsCl/pyridine; d, NaOH; e, 
RNH2.

Diols
Ar = 2-MePh 
Ar = 3',5'-di-MePh 
Ar = 2-MeOPh 
Ar = 3-CFjPh 
Ar = 4-NHAcPh 
Ar = a-naphthyl

7 (2  R), 8 (2  S) 
9 (2R), 10 (2S) 

11 (2R), 12 (2S) 
13 (2R), 14 (2S) 
15 (2R), 16 (2S) 
17 (2R), 18 (2S)

Epoxides 
Ar = 3,5-di-MePh 
Ar = 2-MeOPh 
Ar = a-naphthyl

Amines 
Ar = 3,5-di-MePh ; R = 
Ar = 2-MeOPh ; R = H 
Ar = a-naphthyl; R = i

19 (2R), 20 (2S) 
21 (2 R), 22 ( 2S) 
23 (2R), 24 (2S)

H 25 (2R), 26 (2S) 
27 (2R), 28 (2S) 

Pr 29 (2R), 30 (2S)

alcohol and intramolecular displacement. Subsequently, the 
epoxides were opened using ammonia (or other amine, e.g., 
isopropylamine).

Circular Dichroism Studies. The use of rotational mea
surements of cuprammonium solutions of glycols is a well- 
known method for the assignment of absolute configuration. 
The technique, widely applicable to carbohydrates in the 
visible region,11 has more recently been extended to CD 
measurements on several glycols and 1,2-amino alcohols,12-22 
and a few 1,3-glycols, e.g., the chloramphenicol diastereoiso- 
mers,23 and to certain mandelic acids.24 Related metal ligands, 
e.g., Ni and Pr, have also been used extensively in the deter
mination of chirality of diols and 1,2-amino alcohols.12’25-30 
Other related CD configurational methods include the ben
zoate chirality method,31-33 and the use of osmate20’34 and 
thionocarbonate esters.35

Because we had earlier used the Cupra A technique suc
cessfully for determination of absolute configuration of the 
mephenesin isomers (7 and 8),36 we sought to extend the 
method. Diols 7—18 and amino alcohols 25-30 show two Cotton 
effects in Cupra A solution (Table I and Figure ). A weak, 
long-wavelength band is observed, maximum at ca. 560-580 
nm in the diols (t 20-50), and 620-660 nm (c 50-220) in the 
amino alcohols. A stronger, shorter wavelength Cotton effect, 
maximum near 280 nm, is observed in all diols and amino al
cohols (t 500-3000) except in 17 and 18, where the maximum 
is near 320 nm. Both bands are related to d —» d* transitions 
of Cu(II)-diol complexes, since they are not observed in the 
diols or in Cupra A solutions alone. Mitscher has demon
strated that while a bidentate ligand is necessary (diol or 
amino alcohol), ammonia probably occupies two additional 
positions in the Cu complex.22

Based on the model studies of Bukhari,12-16 the S-diol- 
Cupra A complexes are assigned the X conformation (— chir
ality according to Dillon and Nakanishi29-30), and the R- 
diol-Cupra A complexes then have the 5 conformation (+ 
chirality), assuming that the aryloxyalkyl substituent occupies 
the equatorial position, as would be expected.37

Although the absolute configuration of the diols seems 
readily assignable on the basis of either of the observed bands, 
the short-wavelength one, Xmax ~280 nm, is considered to be
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s

Figure 1. (A) Cupra A CD spectrum of diols 11 and 12; (B) Cupra A 
CD spectra of amino alcohols 27 and 28.

H

ArOH,C. n
H

5 ( 2R) ( + ) chirality

more reliable primarily because of its greater intensity. The 
transition in the ultraviolet region was also considered more 
reliable in l-phenyl-2-alkylaminoethanols by Mitscher.22 The 
assignments are in agreement with results of his study22 of the 
effect of various N substituents on CD spectra of these amino 
alcohols. In l-phenyl-2-alkylaminoethanols, R isomers showed

X complexes, because the Cahn-Ingold-Prelog sequence 
rules38 place the substituents in the order 0  > CH2N > Ar 
whereas in our case 0  > CH20Ar > CH2N (or CH2OH).

Since several of the intermediates from the synthetic 
schemes were available, some of these were also subjected to 
Cupra A CD spectra (Table II). The isomeric (2R)- and
(2S)-glycerol 1-tosylates (31 and 32), available from hydrolysis 
of 3 and from 6, respectively, showed inverted Cupra A CD 
spectra. Compound 5, also a tosylate with only one hydroxyl 
group, showed a Cupra A spectrum similar to that of the diols 
and amino alcohols. These results were interpreted to indicate 
that in Cupra A solution, amino alcohols are formed from the 
tosylates (by direct displacement or through the intermediate 
epoxide) and that the observed spectra result primarily from 
amino alcohol-Cupra A complexes formed in situ. The signs 
of the Cotton effects observed are consistent with such be
havior, since the amino glycol 33 (2S stereochemistry) would 
result from 2R tosylate 31 and amino glycol 34 (2R stereo
chemistry) would arise from 2S tosylate 5. Supporting this 
interpretation is the Cupra A spectrum of 33 (2S) which was 
prepared from 31 (2R) by the method of Sowden and Fisch-

amino alcohol complexation

-
3— CH, XO'

X(2 S)

diol complexation

H 0  CH2NH2

H ,CH,NH2

'H

6 (2S)
H

(+) chirality

The results (Tables I and II) indicate the general applica
bility of the Cupra A technique to the study of absolute 
stereochemistry of a large number of 1,2-diols and 1,2-amino 
alcohols. With the absolute configurations established, it is 
now possible to study effects of stereochemistry on aspects of 
biological activity of several o f these compounds, to further 
explore applicability of this CD technique to other related 
compounds, and to investigate the use of related chiroptical 
techniques on these compounds of known absolute configu
rations. These aspects are presently under investigation.

Experimental Section
Melting points were determined on a Thomas-Hoover capillary 

melting point apparatus and are uncorrected. Infrared spectra were 
recorded on a Beckman IR-5A spectrophotometer. NMR spectra were 
recorded on a Varian T-60 spectrometer using Me,(Si as internal 
standard. Notations used in the NMR descriptions are s = singlet, 
d = doublet, t = triplet, q = quartet, m = multiplet. NMR and IR data 
are provided for only one enantiomer in each set of two. Circular di- 
chroism spectra were recorded on a Cary Model 60 ORD instrument 
with a 6001 CD attachment. Intensities are not absolute since the 
reaction between glycols or amino alcohols and Cupra A is an equi
librium process. Microanalyses were performed by Dr. F. B. Strauss, 
Oxford, England.

(2B)-3-Tosyloxy-l,2-propanediol Acetonide (3). To a cold (0 
°C) solution of 4.0 g (0.003 mol) of (2S)-propanediol 1,2-acetonide
(2), prepared by the methcd of Baer,6 in 6 ml of anhydrous pyridine 
was added 7.0 g (0.037 mol) of p-TsCl. After stirring for 24 h, ether 
(200 ml) was added, the solution was washed with aqueous 1 N HC1 
(2 X 100 ml) and H2O (5 X 100 ml), dried (MgSOr), and filtered, and 
ether was evaporated to yield 6.5 g (75%) of a clear oil: «p  —4.5° (c 1.0, 
EtOH); IR (neat) 3.29, 5.70, 6.21,6.84, 7.29, 7.91,8.18,8.37,8.45,9.10, 
9.44,10.19,12.10, and 15.01 NMR (CDCW 6 7.86 and 7.40 (2 d, 4,



Table II. Circular Dichroism Spectra of Certain Diol Tosylates and Amino Glycols in the Presence of Cupra A Solution
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OH

Registry no. Compd Stereochemistry [0]x max

41274-09-3 31, X  = OTs; R = H 2 R [0]s8O —81 [0)270 + 1860
50765-70-3 32, X  = OTs; R = H 2 S [0)580 +59 [0)970 -1420
16495-04-8 5, X  = OTs; R = Bz 2 S [0)620 +  49 [0)970 -9 2 0
61273-21-5 33, X  = NH 2; R = H 2 S [0)000 —65 [0)270 + 1650
61243-83-7 34, X  = NH,; R = Bz 2 R [0].58O +150 [0]27O -2760

ArH, J = 8 Hz), 4.60-3.60 (m, 5, H^ H,, and H:!), 2.50 (s, 3, ArCH,),
1.40 (s, 6 , 2 CH3).

(2S)-3-Benzyloxy-l,2-propanediol Acetonide (4). To 26.4g (0 .20  
mol) of (2S)-propanediol 1,2-acetonide (2)6 in 100 ml of DMF was 
added 13.4 g (0.24 mol) of finely powdered KOH with stirring and 
cooling. Benzyl chloride (31.6 g, 0.25 mol) was added and the solution 
allowed to warm to room temperature and then heated at 70 °C for 
6 h and coo.ed. H2O was added and the mixture extracted with CHCI3 
(4 X 100 ml). The CHCI3 extracts were washed with H20  (3 X 100 ml), 
dried (MgS04), and evaporated to yield a yellow oil. Vacuum distil
lation afforded 30.8 g (70%) of 4: bp 100 °C (0.05 mm); an +18.7° 
(neat); IR (neat) 3.32, 3.28, 3.46, 6.69, 6.89, 7.24, 7.31, 7.98, 8.25,9.15, 
9.50,11.87,13.60, and 14.36 m; NMR (CDCl:i) b 7.33 (s, 5, ArH), 4.60 
(s, 2, CH->Ar), 4.50-3.36 (m, 5, Hi, H2 and H:j), 1.45 and 1.40 (2 s, 6 , 2 
CH;,).

(2S)-l-Benzyloxy-l,2-propanediol 3-Tosylate (5). (2S)-3- 
Benzyloxy-1 ,2-propanediol acetonide (4, 2 2 .2  g, 0 .1  mol) in a mixture 
of 20 ml of 2 N HC1 and enough acetone to effect solution was refluxed 
for 1.5 h. The mixture was cooled, absolute EtOH (150 ml) added, and 
the mixture concentrated by rotary evaporation. The residual oil was 
dissolved in CHCI3 (400 ml), washed with H20  (3 X 50 ml), and dried 
(Na2S 04) and the solvent evaporated to yield 15.4 g (85%) of (2 R)-
3-benzyloxy-l,2-propanediol as a clear oil, which was used without 
further purification: IR (neat) 2.95,3.45, 6.92,9.23,13.60, and 14.40 
m; NMR (CDCI3) 5 7.40 (s, 5, ArH), 4.63 (s, 2, CH2Ar), 4.16-3.50 (m, 
5, Hi, Ho, and H3), 2.53 (broad s, 2, 2 OH).

To a cold (0 °C) solution of 16.21 g (0.089 mol) of (2R)-3-benzyl- 
oxy-l-2-propanediol in 30 ml of anhydrous pyridine was added 
dropwise a solutionw of 17.1 g (0.09 mol) of p-TsCl in 200 ml of an
hydrous benzene. The mixture was stirred for 48 h, diluted with 200 
ml of benzene, washed with 2 N HC1 (3 X 100 ml) and HoO (4 X 100 
ml), dried (MgS04), and evaporated to yield an oil. Crystallization 
from ether-hexane gave 15.0 g (50%) of 5: mp 50-52 °C; ao +7.0° (c 
0.5, EtOH); IR (KBr) 3.0C, 3.40, 7.40, 8.49, 9.12, 10.60,12.01, 12.37, 
13.45,14.47, and 14.84 M; NMR (CDCI3) b ?.80 (d, 2, H, and H6 of Ts 
group, J = 8  Hz), 7.33 (m, 7, Phiand H3 and Hg of Ts group), 4.51 (s, 
2, CHoAr), 4.10 (m, 3, Ho and H.,5,3.53-4d,-2, H,, J = 5 Hz), 2.63 (s, 1, 
OH), 2.46 (s, 3, ArCHa); CD (c 0.15, Cupra A) [0]66O +39, [0]B2o +49,
[0].53O 0 , [0]36C 0, [0]noo —200, [0]27O —920.

Anal. Calcd for Ci7H20SO5: C, 60.73; H, 5.94. Found: C, 60.64; H, 
5.88.

(2S)-3-Tosyloxy-l,2-propanediol Acetonide (6 ). A solution of
3.36 g (0.01 mol) of 5 in 50 ml of MeOH with 1.6 g of 10% Pd/C was 
shaken under 40 psig Ho until uptake ceased (3 h). The catalyst was 
filtered, solvent evaporated, and the resulting oil crystallized from 
ether to yield 1.2 g (50%) of (2S)-3-tosyloxy-l,2-propanediol (32): mp 
60-61 °C; an +7-2° (e 0.1, EtOH); IR (KBr) 2.95, 3.40, 6.25, 7.40, 8.45,
8.98, 9.45, 10.15,10.76, 12.05, and 12.35 m; NMR (CDCl.-d b 7.83 and
7.36 (2 d, 4, ArH, J = 8 Hz) 5.20 (s, 2,2 OH), 4.33-3.50 (m, 5, H,, Ha, 
and H3), 2.53 (s, 3, ArCH:!); CD (c 0.18, Cupra A) [0]6BO +27, [0]™, +59, 
[0)500 0, [0)300 —810, [0]270 —1420.

Anal. Calcd for C 10H 14SO5: C, 48.79; H, 5.68. Found: C, 48.94; H,
5.67.

A solution was prepared ay dissolving ZnCl2 (13.6 g, 0.1 mol) in 20  
ml of dry acetone (tightly stoppered flask). After 1 h the solution was 
decanted into a flask containing 2.46 g (0.01 mol) of diol 32. The re
sulting mixture was stirred for 8  h, then added to a vigorously stirring 
solution of 21 g (0.15 mol) of K2C 03, 20 ml of H20, and 30 ml of ether, 
stirred for 1 h, and filtered and the filtrate was dried (K0CO3). The 
solvent was removed to yield 1.85 g (65%) of 6 as an oil, an +4.7° (c 
1.0, EtOH).

(2R)-3-o-Tolyloxy-l,2-propanediol (7). To a solution of 21.6 g 
(0.20 mol) of c -cresol in 30 ml of 2-methoxyethanol was added 8.0 g 
(0.20 mol) of powdered NaOH in 10 ml of H20. The mixture was re
fluxed for 24 h with 14.3 g (0 05 mol) of (2/?)-tosylate 3, cooled, added

to 300 ml of 10% NaOH, and extracted with ether (3 X 200 ml). The 
ether extracts were washed with HoO (3 X 100 ml) and dried (MgS04) 
and the solvent removed to yield 8.7 g (78%) of a light yellow liquid. 
Vacuum distillation afforded the acetonide of 7: bp 100-104 °C (0.2 
mm); aD +33° (c 1.0, absolute EtOH); IR (neat) 3.32, 6.26, 6.69, 6.86,
7.28, 8.05, 8.62,8.91,9.25,9.49,11.80,12.00,13.35, and 14.08 m; NMR 
(CDCI3) b 7.33-6.69 (m, 4, ArH), 4.67-3.67 (m, 5, H,, Ho, and H3), 2.23 
(s, 3, ArCH:j), 1.45 and 1.38 (2 d, 6, 2 CH3).

(2S)-3-o-Tolyloxy-l,2-propanediol acetonide (5.25 g, 0.023 mol) 
was heated with 50 ml of 1 N HC1 at 70 °C for 1 h. Cooling afforded
3.0 g (72%) of 7 as white needles: mp 89-90 °C (lit. mp 89-90 °C ) ;:I6 
IR (KBr) 3.00, 3.38,6.24,6.69,6.85,8.00,8.89,9.20,9.41,9.56,10.10, 
13.30, and 13.42 M; NMR (CDCI3) b 7.40-6.67 (m, 4, ArH), 4.33-3.60 
(m, 5, Hi, Ho, and H3), 3.06 (broad s, 1, OH), 2.86 (broad s, 1, OH), 2.30 
(s, 3, ArCHs); CD (c 0.216, Cupra A) [0]B1O 0, [0]56o +27, f e o  0, [0)330 
-39 , [0)070 -570.

(2S)-3-o-Tolyloxy-l,2-propanediol (8). Compound 8 was pre
pared by a route analogous to 7 using o-cresol and (2S)-tosylate 6 
affording (2R)-3-o-tolyloxy-l,2-propanediol acetonide in 50% yield 
after distillation: an —240 (c 0.5, absolute EtOH). The acetonide was 
converted to 8 by hydrolysis (1 N HC1 in acetone) in 85% yield: mp 
89-90 °C (lit. mp 89-90 °C);36 CD (c 0.176, Cupra A) [0]6,„ 0, [0)500 

-34 , [0]47o 0, [0)350 +35, [0)27O +560.
(2R)-3-(3',5'-Dimethylphenoxy)-l,2-propanediol (9). A solution 

of 24.4 g (0.2 mol) of 3,5-dimethylphenol and 8.0 g (0.2 mol) of pow
dered NaOH in 60 ml of ethanol was added to 28.6 g (0.10 mol) of 
(2E)-tosylate 3 and the mixture refluxed for 24 h. The solvent was 
evaporated and the residue partitioned between 400 ml of 10% NaOH 
and 500 ml of ether. The ether was washed with 10% NaOH (3 X 200 
ml) and H20  (3 X 100 ml), dried (MgS04), and evaporated to give 
19.29 g (81%) of a yellow oil: IR (neat) 3.30,6.18,6.25,6.78,7.25,7.52,
7.68,7.95,8.18,8.48,8.53,9.30,11.85,12.05, and 14.55 n; NMR (CDCIO 
b 6.58 (s, 3, ArH), 4.60-3.67 (m, 5, Hi, H2, and H3), 2.25 (s, 6, ArCH2), 
1.45 and 1.37 (2 s, 6, 2 CH3).

Ten milliliters of 1 N HC1 was added to a solution of 19.29 g (0.082 
mol) of the acetonide of 9 in 50 ml of acetone and heated at 70 °C for 
2 h. Absolute ethanol (200 ml) was added and the solution evaporated, 
affording an oil which solidified. Crystallization from ether-hexane 
gave 5.0 g (31%) of 9: mp 74.5-75.5 °C; IR (neat) 2.90, 3.40, 6.22, 6.26,
6.90.7.58.7.72.8.53.8.66.9.35.12.08, and 14.60 m; NMR (CDCI3) b 6.50 
(s, 3, ArH), 4.33-3.40 (m, 7, H,, H-,, H;i, and 2 OH), 2.23 (s, 3, ArCH3); 
CD (c 0.168, Cupra A) [0]6SO +15, [0]58o +28, [0]47O 0, [0)370 0, [0)340 -55, 
[0]275 -575.

Anal. Calcd for C „H 1B0 3 : C, 67.37; H, 8.16. Found: C, 67.48; H, 
8.16.

(2S)-3-(3',5'-Dimethylphenoxy)-l,2-propanediol (10). Com
pound 10 was prepared by a route analogous to 9 using 3,5-dimeth
ylphenol and (2S)-tosylate 6 affording (2R)-(3',5'-dimethylphe- 
noxy)-l,2-propanediol acetonide in 80% yield as a yellow oil. The 
acetonide was converted to 10 by hydrolysis (1 N HC1 in acetone) in 
56% yield: mp 74-75 °C; CD (c 0.168, Cupra A) [0]fiso -24 , [0)r,BO -32, 
[0 ) 4 7 0  0, [0 ) 3 3 0  0, [0 ) 3 4 ,. +65, [0]27r, +575.

Anal. Calcd for C ,,H 1(i0 3 : C, 67.37; H, 8.16. Found: C, 67.41; H,
8.08.

(2R)-3-(2'-Methoxyphenoxy)-l,2-propanediol (11). A solution 
of 16.2 g (0.13 mol) of 2-methoxyphenol and 7.0 g (0.13 mol) of 
NaOCHo in 40 ml of ethanol was added to 18.5 g (0.065 mol) of 
(2fi)-tosylate 3. The reaction mixture was refluxed for 24 h and cooled 
and solvent evaporated. The residue was suspended in 300 ml of ether, 
washed with 10% NaOH (3 X 80 ml) and H20  (3 X 80 ml), dried 
(MgS04), and evaporated to yield 11.5 g (75%) of oil: IR (neat) 3.34, 
6.28,6.65,6.75,7.25,7.55,7.95,8.25,8.48,9.14,9.65,10.25,11.55,11.84, 
12.85,13.45,14.03,14.34, and 15.14 m; NMR (CDCI3) b 6.87 (s, 4, ArH), 
4.60-3.80 (m, 5, H,, H2, and H3), 3.77 (s, 3, OCH3), 1.43 and 1.35 (2 s, 
6, 2 CH3).
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Ten milliliters of 1 N HC1 was added to a solution of 11.5 g (0.048 
mol) of the acetonide of 11 in 50 ml of acetone and the mixture re
fluxed for 2 h. After cooling, the resulting solid was crystallized from 
CC14 to yield 6.0 g (63%) of 11: mp 96-97 °C; IR (KBr) 3.00,3.35,6.25,
6.61, 6.82, 7.24, 7.51, 7.71, 7.94, 8.12, 8.45, 8.84, 9.03,9.35, 9.56,9.77, 
10.04.10.72,11.00,11.95,13.04, and 13.45 m; NMR (CDCW 5 6.96 (s,
4, ArH), 4.30-3.70 (m, 8, Hi, H2, H3, and OCH3), 3.60 (broad s, 1, 
secondary OH), 2.86 (t, 1, primary OH, J = 6 Hz); CD (c 0.166, Cupra 
A) [0]6SO +20, [0]o8O +23, [#]380 o, [#]340 —81, [#]:285 —500.

Anal. Calcd for Ci0H14O4: C, 60.63; H, 7.06. Found: C, 60.62; H, 
7.18.

(2S)-3-(2'-Methoxyphenoxy)-l,2-propanediol (12). Compound 
12 was prepared by a procedure analogous to 11 using 2-methoxy- 
phenol and (2S)-tosylate 6 affording (2R)-3-(2'-methoxyphenoxy)-
1,2-propanediol acetonide as a yellow oil in 85% yield. The acetonide 
was hydrolyzed (1 N HC1 in acetone) to afford 12 in 58% yield: mp 
94-95 °C (CC14); CD (c 0.162, Cupra A) [#]fi50 -48 , [#]58o -40 , [fl]4(i0 
0, [#]c380 0, [fl]:M0 + 78, [#¡285 + 545.

Anal. Calcd for Ci»H146 4: C, 60.63; H, 7.06. Found: C, 60.85; H,
7.08.

(2fi)-3-(3'-Trifluorom ethylphenoxy)-1,2-propanediol (13).
To 12.15 g (0.075 mol) of 3-trifluoromethylphenol in 20 ml of ethanol 
was added a solution of 3.0 g (0.075 mol) of NaOH in 5 ml of H20  and
14.3 g (0.05 mol) of (2R)-tosylate 3. After refluxing for 20 h, the solvent 
was evaporated and the residue treated with 30 ml 10% NaOH and 
extracted with ether (3 X 100 ml). The ether was washed with H20  
(3 X 100 ml), dried (MgS04), and evaporated to yield 13.2 g (95%) of 
yellow oil. Distillation afforded the acetonide of 13: bp 80-94 °C (0.2 
mm); « d +11° (c 0.5, absolute EtOH); IR (neat) 3.31,6.26,6.70,6.89, 
7.28,7.50,8.13,8.55,8.85,9.45,11.08,11.32,11.87,12.61,13.31,14.39, 
and 15.28 M; NMR (CDCW « 7.66-7.00 (m, 4, ArH), 4.80-3.70 (m, 5, 
Hi, H2, and H:j), 1.55 and 1.48 (2 s, 6, 2 CH:!).

To 3.58 g (0.013 mol) of the acetonide of 13 was added 60 ml of 1 N 
HC1 and enough reagent acetone to effect solution. The mixture was 
heated at 70 °C for 1 h and cooled and the resulting oil extracted with 
CHCl;i (3 X 100 ml). The CHCI3 was washed with H20  (3 X 80 ml), 
dried (Na2S 04), and evaporated to yield 2.6 g (85%) of 13 as an oil 
which solidified: mp 68-69 °C; IR (KBr) 2.93, 3.38, 6.26, 6.69, 6.89, 
7.50, 7.70, 8.05, 8.55, 8.88, 9.36, 9.55, 11.13, 11.33,12.75, 13.35, and
14.36 m; NMR (CDCW 8 7.60-7.00 (m, 4, ArH), 4.10 (m, 3, H, and H:i),
3.80 (d, 2, Hi, J = 4 Hz), 3.00 (s, 2,2 OH); CD (c 0.13, Cupra A) [0]64O 
+23, [0]r,e„ +33, [0]4fil, 0, [S]34u -90 , [A]:«»,, -325, [#[270 -725.

Anal. Calcd for CioHn03F: C, 50.88; H, 4.66. Found: C, 51.02; H, 
4.69.

(2S )-3-(3-T rifluorom ethylphenoxy)-l,2 -propanediol (14).
Compound 14 was prepared by a method analogous to 13 using 3- 
trifluoromethylphenol and (2S)-tosylate 6 affording (2fl)-3-(3'-tri- 
fluoromethylphenoxy)-l,2-propanediol acetonide (93%) as a yellow 
oil. The acetonide was hydrolyzed (1 N HC1 in acetone) to 14 (100% 
yield), mp 60-63 °C.

(2fJ)-3-(4-Acetamidophenoxy)-l,2-propanediol (15). A solution 
of 2.8 g (0.07 mol) of powdered NaOH and 10.57 g (0.07 mol) of 4- 
acetamidophenol in 30 ml of ethanol was added to 10.5 g (0.036 mol) 
of (2R)-tosylate 3 and the mixture refluxed for 16 h. The solution was 
cooled and solvent evaporated to yield a dark brown sludge. Aqueous 
5% NaOH (30 ml) was added and the precipitate collected and washed 
with H20  (2  X  20 ml), affording 7.6 g (72%) of (2S)-3-(4-acetamido- 
phenoxy)-1,2-propanediol acetonide as a yellow solid: mp 145-146 
°C (lit. mp 142-143.5 °C);:i9 IR (KBr) 2.90, 3.01, 3.33, 6.02, 6.24, 6.48, 
6.63, 7.09, 7.30, 7.65, 8.05, 8.50, 8.62, 9.30, 9.52. 11.92, and 12.20 ju; 
NMR (Me2SO-d6) 6 9.90 (s, 1, NH), 7.60 (d, 2, H:t and Hr, of Ar ring, 
J = 9 Hz), 6.96 (d, 2, H > and Hg of Ar ring, J = 9 Hz), 4.80-3.67 (m,
5, Hi, H2, and Hs), 2.13 (s, 3, CH:)CO), 1.48 and 1.43 (2 s, 6, 2 CH:i).

A mixture of 4.0 g (0.015 mol) of the acetonide of 15 was heated in
50 ml of 80% aqueous HOAc at 70 °C for 1 h. The solution was added 
to 500 ml of ether and the precipitate collected. Crystallization from 
isopropyl alcohol-ether (charcoal) afforded 2.6 g (77%) of 15: mp 
153-155 °C (lit. mp 153-155 °C);:!9 IR 3.06,3.32,3.38,6.02,6.23,6.45,
6.61, 6.80, 7.07,7.28, 7.58, 7.67, 7.79, 7.98, 8.48, 8.98, 9.08,9.40, 9.53, 
9.84,10.15,10.34,10.56,12.01, and 14.38 p; NMR (Me2SO-dfi) 6 9.83 
(s, 1, NH), 7.53 and 6.90 (2 d, 4, ArH, J  = 9 Hz), 4.88 (d, 1, secondary 
OH, J = 4 Hz), 4.65 (t, 1, primary OH, =7 = 6 Hz), 4.20-3.30 (m, 5, Hj, 
Ho, and H:1), 2.06 (s, 3, CH3CO); CD (c 0.146, Cupra A) [#]B80 +16, [#].-,70 
+28, [#]480 0, [0]37O 0, [0]33O -125, [#]270 -980.

Anal. Calcd for Cn H15N 04: C, 58.69; H, 6.66; N, 6.22. Found: C, 
58.63; H, 6.68, N, 6.20.

(2S)-3-(4-Acetamidophenoxy)-l,2-propanediol (16). Com
pound 16 was prepared in a procedure analogous to 15 using 4-ace- 
tamidophenol and (2S)-tosylate 6 affording crude (2R)-3-(4-aceta- 
midophenoxy)-!,2-propanediol acetonide in 73% yield, mp 135-140

°C. The acetonide was hydrolyzed (80% aqueous HOAc, 80 °C, 1 h) 
to afford 16, as a white solid: mp 152-153 °C (lit. mp 153-155 °C);,!9 
CD (c 0.156, Cupra A) [#]6so —20, [#]a60 —34, [#]48o 0, [#]37o 0, [#]:«» 
+ 125, [#¡970 +1100.

Anal. Calcd for C „H 15N04: C, 58.69; H, 6.66; N, 6.22. Found: C, 
58.80; H, 6.83; N, 6.32.

(2B)-3-(l-Naphthyloxy)-l,2-propanediol (17). A solution of7.2 
g (0.05 mol) of 1-naphthol in 20 ml of ethanol and 2.0 g (0.05 mol) of 
NaOH in 5 ml of H20  was added to 9.8 g (0.034 mol) of (2/?)-tosylate 
3 and the mixture refluxed for 18 h. The ethanol was evaporated and 
the residue treated with 50 ml 5% NaOH and extracted with 500 ml 
of ether. The ether was washed with H20  (3 X 200 ml), dried (MgS04), 
and evaporated to yield an oh. Vacuum distillation gave 6.5 g (74%) 
of pure (2S)-3-(l-naphthyloxy)-l,2-propanediol acetonide: bp 
130-141 °C (0.2 mm); ctD +33° (c 0.5, absolute EtOH); IR (neat) 3.24, 
3.30, 3.36, 3.44, 6.30, 6.61, 6.83, 7.15, 7.23, 7.28, 7.85, 8.05, 8.21, 8.60,
9.04, 9.34, 9.78,11.85,12.61, and 12.95 m; NMR (CDCW 5 8.46-6.70 
(m, 7, ArH), 4.80-3.80 (m, 5, Hi, H2, and H3), 1.51 and 1.45 (2 s, 6, 2 
CH3).

To 6.5 g (0.025 mol) of the acetonide of 17 was added 50 ml of 1 N 
HC1 and enough acetone to effect solution. The mixture was heated 
at 75 °C for 2 h and cooled and the solid collected. Recrystallization 
from benzene afforded 4.7 g (87%) of 17: mp 109-111 °C; IR (KBr) 
3.05,3.39,6.34,6.90, 7.15, 7.86,8.06,9.08,9.35,9.80,10.13,10.72,12.72,
13.05, and 13.68 m; NMR (Me2SO-d6) 8 8.60-6.80 (m, 7, ArH), 5.06 (d, 
1, secondary OH, J = 4 Hz), 4.70 (t, 1, primary OH, J = 6 Hz), 
4.40-3.40 (m, 5, Hi, H2, and H3); CD (c 0.15, Cupra A/MeOH, 4:1) 
[#]65o 0, [#]o4o +31, [#[490 0, [6)370 0, [6]320 —435, [#]3io —365.

Anal. Calcd for Ci3H,40 3: C, 71.58; H, 6.42. Found: C, 71.49; H, 
6.44.

(2S)-3-(l-Naphthyloxy)-l,2-propanediol (18). Compound 18 
was prepared by a procedure analogous to 17 using 1-naphthol and 
(2S)-tosylate 6 affording (2R)-3-(l-naphthyloxy)-l,2-propanediol 
acetonide in 50% yield, cvp —30° (c 0.5, absolute EtOH). The acetonide 
was hydrolyzed (1 N HC1 in acetone) affording 18 in 92% yield: mp 
108-110 °C (benzene); CD (c 0.154, Cupra A) [#[550 —34, [#]s4n —50, 
[#[490 0, [6)370 0, [6]340 +90, [#]32o +370, [6)310 +330.

Anal. Calcd for Ci3H i40 3: C, 71.58; H, 6.42. Found: C, 71.45; H,
6.42.

(2R)-3-(3',5'-Dimethylphenoxy)-l,2-epoxypropane (19). A
solution of 3.86 g (0.02 mol) of p-TsCl in 50 ml of anhydrous benzene 
was added dropwise to an ice-cold solution of 4.0 g (0.02 mol) of 2R 
diol 9 in 12 ml of anhydrous pyridine. After stirring for 24 h at room 
temperature, the reaction mixture was diluted with 150 ml of benzene, 
washed with 1 N HC1 (3 X 75 ml) and H20  (3 X 100 ml), dried 
(MgS04), and evaporated to yield an oil. Purification by column 
chromatography gave 2.98 g (42%) of (2S)-l-tosyloxy-3-(3',5'-di- 
methylphenoxy)-2-propanof IR (neat) 2.82, 3.40, 6.22, 6.28, 6.78, 7.35, 
7.55,7.71,8.40,8.50,8.65,9.10,9.28,10.20,10.70,12.05,12.30,13.20, 
14.60, and 15.00 M; NMR (CDCW 8 7.73 and 7.21 (2 d, 4, TsArH, J = 
8 Hz), 6.47 (m, 3, ArH), 4.20-3.80 (m, 5, H,, H>, and H (), 2.36 (s, 3, 
T sCH3), 2.26 (s,6, ArCH:l).

A solution of 1.29 g (0.024 mol) of NaOCH3 in 5 ml of H20  was 
added to 8.4 g (0.024 mol) o: the tosylate in MeOH. The solution was 
refluxed for 1 h, cooled, and solvent removed. Ether (300 ml) was 
added, NaOTs removed by filtration, and the solution washed with 
H20  (3 X 80 ml), dried (MgS04), and evaporated to yield an oil. 
Vacuum distillation gave 0.90 g (25%) of epoxide 19: bp 85-95 °C (0.5 
mm); aD -8.4° (c 0.5, EtOH); IR (neat) 3.39,6.25,6.85, 7.56, 7.71,8.51, 
8.65, 9.36,11.03,12.04,13.00, and 14.08 M; NMR (CDCW 8 6.58 (s, 3, 
ArH), 4.06 (m, 2, H;1), 3.36 (m, 1, H>), 2.83 (m, 2, H,), 2.33 (s, 6, 
ArCH3).

(2S)-3-(3',5'-Dimethylphenoxy)-l,2-epoxypropane (20).
Compound 20 was prepared in a procedure analogous to 19 from diol 
10 and TsCl affording a crude tosylate (82% yield) as a yellow oil. 
Epoxide formation using NaOH afforded epoxide 20 in quantitative 
yield obtained as a yellow oil, used without further purification.

(2Jf)-3-(2-Methoxyphenoxy)-l,2-epoxypropane (21). To a cold 
solution of 4.66 g (0.0235 mol) of 2R diol 11 in pyridine was added 
dropwise a solution of 4.48 g (0.0235 mol) of p-TsCl in 75 ml of an
hydrous benzene. The solution was stirred for 4 days at room tem
perature, then diluted with 300 ml of ether, washed with 1 N HC1 (3 
X 100 ml) and H20  (3 X 100 ml), dried (MgS04), and evaporated to 
yield 7.34 g (89%) of crude tosylate: IR (neat) 2.84,3.38,6.24,6.65,6.86, 
7.34, 7.94. 8.15, 8.42, 8.51, 8.88, 9.13, 9.80,10.18,10.65, 12.30, 13.44, 
and 15.05 M; NMR (CDCW 8 7.83 and 7.33 (2 d, 4, TsArH, J = 8 Hz), 
6.93 (s, 4. ArH), 4.40-3.70 (m, 6, H:, H2, H3, and OH), 3.93 (s, 3, 
OCH3), 2.45 (s, 3, ArCH3).

To a solution of 9.17 g (0.026 mol) of the tosylate in 20 ml of MeOH 
was added 1.4 g (0.026 mol) of NaOCH3 in H20  and the mixture re
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fluxed for 2 h. The solvent was evaporated and the residue suspended 
in 200 ml of ether. The NaOTS was removed by filtration and the 
ether evaporated to give an oil which crystallized from ether. Re
crystallization from isopropyl alcohol gave 1.35 g (29%) of 21 as nee
dles: mp 53-57 °C; IR (KBr) 3.37, 6.26, 6.63,6.87,7.50, 7.96,8.12,8.41,
8.88,9.75,10.96,11.63,12.10,12.88,13.42, and 14.33 M; NMR (CDC1,) 
b 7.00 (s, 4 ArH), 4.10 (m, 2, H;!), 3.93 (s, 3, OCH:t), 3.43 (m, 1, H,), 2.83 
(m, 2, Hfl.

Anal. Calcd for CioHi^O;:: C, 66.69; H, 6.66. Found: 66.64; H, 
6.76.

(2S)-3-(2'-Methoxyphenoxy)-l,2-epoxypropane (22). Com
pound 22 was prepared by a method analogous to 21 from diol 12 and 
TsCl, affording a crude tosylate (80% yield) as a yellow oil. Epoxide 
formation, using NaOCH:i, afforded epoxide 22 in 45% yield, isolated 
as needles, mp 56-57 °C (isopropyl alcohol).

Anal. Calcd for C1()H1„0 :,: C, 66.69; H, 6.66. Found: C, 66.72; H, 
6.64.

(2R)-l-Amino-3-(3 ,5'-dimethylphenoxy)-2-propanol (25).
Excess ammonia was condensed (dry ice cold finger) into a solution 
of 0.70 g (0.004 mol) of (2R)-epoxide 19 in 100 ml of isopropyl alcohol 
and allowed to stand for 3 days. The solvent was removed to yield 0.70 
g (90%) of 25 as a viscous yellow oil: IR (neat) 2.84, 3.39,6.25,6.85,7.55, 
7.70, 8.52, 8.64, 9.33, 12.04, and 14.58 p; NMR (CDC1:)) b 6.58 (s, 3, 
ArH), 3.98 (m, 3, H, and H:)), 3.10-2.56 (m, 5, H,, NH ,, and OH), 2.33 
(s, 6, ArCH;i); CD (c 0.100, Cupra A) [0]HBI) +99, [«[„on +75, 0,
[0]:woO, [9] (2o —135, [fl[280 -690.

(2S)-l-Amino-3-(3',5'-dimethylphenoxy)-2-propanol (26).
(2S)-Epoxide 20 (0.89 g. 0.005 mol) was dissolved in 20 ml of NH:1- 
saturated isopropyl alcohol and allowed to stand for 4 days at room 
temperature. The solvent was removed to yield 0.9 g (92%) of 26 as 
a viscous yellow oil: CD (c 0.10, Cupra A) [0]firai —70, [i9]B(„, —37, [«].-,2() 
0, [0]:«oO, [«l.i2o+155, [«];(so +710.

(2R)-l  -Amino-3-(2'-methoxyphenoxy)-2-propanol (27).
(2/?)-Epox.de 21 (0.90 g, 0.005 mol) was dissolved in 100 ml of 
NH;j-saturated isopropyl alcohol and allowed to stand at room tem
perature for 3 days. The solvent was removed to yield a solid which 
crystallized from ethyl acetate to yield 0.40 g (41%) of 27: mp 91-93 
°C; IR (KBr) 2.95,3.22,3 38,3.47, 3.66,6.28,6.65,6.85,7.52, 7.95,8.17, 
8.48, 8.90, S.21,9.40, 9.55,9.73,10.23,10.50,10.80,12.16,12.95,13.35, 
and 13.60 p; NMR (CDCi;,) b 6.95 (s, 4, ArH), 4.33-3.66 (m, 7, H,, H:), 
OH, and OCH3), 3.33-2.50 (m, 4, Hi and NH;); CD (c 0.148, Cupra 
A) [«]R8„ +135, [«]ROo +220, [fl]SI„ 0, [0]:,6(, 0, [«[2m, -3530.

Anal. Calcd for Ck.H|-,NO:i: C, 60.91; H, 7.61; N, 7.10. Found: C, 
60.84; H, 7.57; N, 7.00.

(2S)-l-Amino-3-(2'-methoxyphenoxy)-2-propanol (28).
(2S)-Epoxide 22 (0.90 g, 0.005 mol) was dissolved in 100 ml of 
NHn-saturated isopropyl alcohol and allowed to stand at room tem
perature for 3 days. The solvent was removed to give a solid which 
crystallized from ethyl acetate to yield 0.45 g (50%) of 28: mp 91-93 
°C; CD (c C.148, Cupra A) [«]R8(1 -150, [«]«„, -200, [«]SI,„ 0, 0,
[«[28(1 +3300.

(2jR)-l-(Isopropylamino)-3-(l-naphthyloxy)-2-propanol 
Hydrochloride (29). Tosyl chloride (0.95 g, 0.005 mol) in 20 ml of 
anhydrous pyridine was added dropwise over 1 h to a solution of 1.09 
g (0.005 mol) of 2R diol 17 in 2.0 ml of anhydrous pyridine at 25 °C. 
After stirring for 24 h, ether (300 ml) was added and the solution 
washed with 2 N HC1 (3 X  100 ml) and H2O (5 X  100 ml), dried 
(MgS04), and evaporated. The crude tosylate (1.25 g, 0.003 mol) was 
heated for 30 min at 60 °C with 0.162 g (0.003 mol) of NaOCH:; in 10 
ml of methanol. The solution was concentrated by rotary evaporation, 
diluted with 300 ml of ether, and filtered to remove the NaOTs. Oily 
epoxide 23, obtained after evaporation of solvent, was allowed to stand 
in 25.0 g (0.42 mol) of isopropylamine for 3 days. The isopropylamine 
was evaporated, the residual oil dissolved in ether, and the HC1 salt 
precipitated by addition of ether saturated with gaseous HC1. The 
resulting sait was crystallized from 1-propanol to yield 0.44 g (30%) 
of 29 HC1: mp 188-189 °C; IR (KBr) 2.94, 3.34, 3.55, 6.33, 6.63, 6.85, 
7.18, 7.28, 7.86, 8.05, 8.6S, 9.04, 9.29. 9.71. 9.82, 10.07, 10.43, 10.99, 
12.59,12.90. 13.58, and 14.36 NMR (D20) b 8.50-6.60 (m, 7, ArH), 
4.60-3.80 (m, 3, H2 and H:i), 3.50-2.83 (m, 3, H, and CH), 1.32 and 1.22 
(2 d, 6, 2 CH;(, J = 6 Hz); CD (c 0.120, Cupra A) [«]7„„ 0, [0]RR„ +54, 
[«]r,:(0 0, [«]:(«, 0, [fl];t2s -H O , [0]2<J(, -745.

Anal. Calcd for C1(;H «NO,Cl: C, 65.00; H, 7.44; N, 4.73. Found: C, 
65.07; H, 7.48; N, 4.86.

(2S)-l-Isopropylamino)-3-(l-naphthyloxy)-2-propanol Hy
drochloride (30). Compound 30 was prepared by a method analogous 
to 29 from diol 18 and TsCl affordng a crude tosylate (97% yield) as 
an oil). Epoxide formation using NaOCHg afforded crude epoxide 24, 
which was allowed to react with isopropylamine. Formation of the HC1 
salt afforded 30 HC1 (27% yield), mp 188-190 °C(isopropyl alcohol).

(2R)-3-Tosyloxy-l,2-propanedioI (31). To 11.4 g (0.04 mol) of 
(2R)-tosylate 3 was added 10 ml of 2 N HC1 and enough acetone to 
effect solution. The mixture was refluxed for 2 h and cooled, absolute 
ethanol (200 ml) added, and the solvent removed to yield an oil. 
Crystallization from ether afforded 6.9 g (70%) of 31: mp 60-61 °C; 
an -7.2° (c 0.1, EtOH); IR (KBr) 2.95, 3.40, 6.25, 7.40, 8.45, 8.98, 9.45,
10.15,10.76,12.05, and 12.35 M; NMR (CDC1:)) b 7.83 and 7.36 (2 d, 4, 
ArH, J = 8 Hz), 5.20 (s, 2, 2 OH), 4.33-3.50 (m, 5, H ,, H ,, and H:)), 2.53 
(s, 3, ArCH;,); CD (c 0.154, Cupra A) [0]6RO -52 , [0]58„ -81, [6»]->00 0, 
[0]:(oo + 1090, [fl]27o+1860.

(2S)-1-Amino-2,3-propanediol (33). Sodium methoxide (0.74 g, 
0.0137 mol) was carefully added to a stirring 0 °C solution of 3.38 g 
(0.0137 mol) of 31 in 15 ml of absolute MeOH. After stirring overnight, 
ether (75 ml) was added and the precipitated NaOTs removed by 
filtration. The filtrate was concentrated by rotary evaporation to yield
I. 0 g (100%) of the epoxide as a yellow oil: IR (neat) 2.90, 3.36, 7.35, 
8.39, 8.49, 9.09, 9.60, 11.04, 11.70, and 12.08 p; NMR (CDC1:!) b 4.06 
and 3.60 (2 dd, 2, Hi, J gem = 12, Jc¡5 = 2, J trans = 4 Hz), 3.11 (m, 2, H2 
and OH), 2.85 (m, 2, H8).

The crude epoxide (0.057 g, 0.78 mmol) was dissolved in 15 ml of 
NH.i-saturated isopropyl alcohol and allowed to stand for 3 days. 
Removal of the solvent gave 0.065 g (93%) of 33 as a viscous oil: IR 
(neat) 2.95, 3.38,8.21,8.40,8.90, and 9.65 M; NMR (CD ,OD) b 4.40 (s, 
4, OH and NH2), 3.23 (m, 3, H2, H:!), 2.36 (broad m, 2, H,); CD (c 0.166, 
Cupra A) [0]7oo 0, [«[goo —65, [«[soo 0, [«[sso 0, [«[sou +535, [«]27» 
+ 1650.

(2i?)-3-Benzyloxy-l-amino-2-propanol (34). To a solution of 
0.335 g (0.001 mol) of 5 in 5 ml of absolute MeOH was added 0.054 g 
(0.001 mol) of NaOCH.g in 1.0 ml of H20  and the mixture refluxed for
I h. The solvent was evaporated, anhydrous ether (100 ml) added, and 
the precipitated NaOTs removed by filtration. The ether was evap
orated to yield 0.130 g (80%) of (2S)-l-benzyloxy-2,3-epoxypropane 
as an oil: IR (neat) 3.30, 3.48, 6.70, 6.89, 7.31, 7.98, 8.49, 9.15, 11.05,
II. 85, 13.50, and 14.33 p; NMR (CDC1:!) b 7.36 (s, 5, ArH), 4.60 (s, 2, 
CH<Ar), 3.77 and 3.38 (2 dd, 2, Hj, J aem = 12, J cis = 3, J tr;lnB = 6 Hz), 
3.20 (m, 1, H2), 2.70 (m, 2, H:!).

The crude epoxide (0.164 g, 0.001 mol) was dissolved in 15 ml of 
NH:i-saturated isopropyl alcohol and allowed to stand for 3 days. 
Evaporation of the solvent afforded 0.18 g (100%) of 34 as a viscous 
oil: IR (neat) 2.91, 3.39, 3.45,6.88, 7.31,8.48, 9.07,13.45, and 14.35 p; 
NMR (CDCW b 7.36 (s, 5, ArH), 4.56 (s, 2, CH2Ar), 3.50 (broad m, 3, 
Ho and H.j), 2.73 (broad m, 5, Hi, NH2, and OH); CD (c 0.22, Cupra 
A)' [0]7<,o o, [0]58„ +150, [«[too 0, [«]:,.,„ o', [«]:)»„ -1400, [«]27r, -2760.
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p-Nitrobenzyl 7-hydrazonocephalosporanates 3 (Rj = p-NOvPhCHv; R2 = H) were synthesized and identified 
as isomers. Thienylacetyiation and reduction gave the hydrazino compound 5. Compounds 3 react with NBS in 
aqueous acetone to give ketones 6. Reduction of 6 gives alcohol 7 (Ri = CH2Ph; R.i = H) which was acylated and de
blocked to give a series of cephalosporin oxygen analogues.

Many chemical modifications at C7 of cephalosporins 
have been achieved through activation of the C7 position in 
such structures as 1. Another method of entry into this posi-

tion involves oxidation o f C7 to form the diazo com pound 
followed by further reactions characteristic o f  this group.1

7-Diazocephalosporanates have been synthesized via dia- 
zotization of the amine,2’3 and rearrangement of 6/1-N-nitro- 
sophenoxyacetamidocephalosporanates in the presence of 
base.4 The latter reaction gives a poor yield since the Ai-nitroso 
amide is surprisingly resistant to rearrangement. Several new 
methods have been applied to this system and will be reported 
here.

The nitroso compound, p-nitrobenzyl 7/3-lV-nitroso- 
phenoxyacetamidodeacetoxycephalosporanate 2 (Ri = p- 
N 02PhCH2; R2 = H), reacts with triphenylphosphine to give 
a mixture of p -nitrobenzyl 7-hydrazonocephalosporanates 3 
(Ri = p -N 02PhCH2; Rv = H). It is postulated that the tri
phenylphosphine forces the IV-nitroso-diazo rearrangement, 
giving the diazo derivative, which forms an adduct generating 
3 on hydrolysis. Phenoxyacetic acid was isolated as a by
product. The trichloroethyl ester of 3 (Ri = CCI3CH2; R2 = 
H) has been reported derived from the diazotization of 7- 
aminocephalosporanate with isoamyl nitrite in formic acid.5 
The analogous hydrazono compounds have also been syn
thesized in the penicillin series.6 However, the existence of two 
isomers has not been reported in either series. The isomers are 
separable by chromatography and can be distinguished by

H

COOR,
3b

their physical properties. The intramolecular hydrogen 
bonding of structure 3a is expected to produce a less polar and 
lower melting compound. In addition the infrared absorption 
of the /3-lactam carbonyl should be lowered by this bonding 
effect-by about 20 cm-1.7 These effects are observed and the 
structure assignments made accordingly. The isomers are 
interconvertible in the presence of base. Starting with either 
isomer, a mixture of both is obtained in the presence of pyri
dine.

Thienylacetyiation of 3a or 3b (Ri = p-NCLPhCHv; Rv = 
H) gave a pair of isomers 4 (Rj = p -N 0 2PhCH2). Stereospe
cific reduction of the hydrazones with potassium borohydride 
and removal of the blocking group gave one product from both 
isomers, the hydrazino analogue of deacetoxycephalothin 5 
(Rj = H). The phenoxyacetyl, acetyl, and free hydrazino an-
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/ 1
"S’ NH

4b

alogues have been reported5 but without experimental de
tails.

The hydrazono compound 3 (Rj = p-N 02PhCH2 or Ph2CH; 
R2 = H or OAc) reacts with AT-bromosuccinimide in aqueous 
acetone to give the ketone 6. The same compound can be 
synthesized from 7-diazocephalosporanates2 by treatment 
with N-bromosuccinimide or N-bromoacetamide in aqueous 
acetone. This method is applicable to cephalosporin C to 
produce esters of 6. /V.N-Phthaloylcephalosporin C di-

R,

CCbR,
6

benzhydryl ester was treated with dinitrogen tetroxide and 
triphenylphosphine to give 3a and 3b ( R i  = Ph2CH; R 2 =  
OAc), which react further with N-bromosuccinimide to give 
6 ( R j  = Ph2CH; R 2 = OAc).

Ketone 6 ( R j  = Ph2CH; R 2 = OAc) was reduced with po
tassium borohydride to give the alcohol 7 ( R i  = Ph2CH; R.j

= H). Spectral data indicate that only the cis isomer is formed. 
Removal of the protecting group gave the oxygen analogue of
7-ACA, 7 (Ri = R3 = H). Acylation prior to deblocking gave 
the oxygen analogues of cephalosporin 7 [Ri = H; R3 = 
PhCH(NH2)CO, PhCH2S 02, PhOCH2CO, C4H:tSCH2CO].

Compounds 7 (Ri = H) were tested for bioactivity with the 
following (minimum inhibitory concentration, Mg/ml against 
Staph, aureus A100): R3 = PhCH2S 02, 12.5; PhOCH2CO, 
12.5; C4H3SCH2CO, 12.5.

Experimental Section
General. Melting points were determined on a Fisher-Johns 

melting point apparatus. Elemental analyses were performed by 
Galbraith Microanalytical Laboratories, Knoxville, Tenn. IR spectra 
were recorded on a Perkin-Elmer 237 spectrophotometer. NMR 
spectra were taken on a Varian T -60 spectrometer and are reported 
in parts per million downfield from Me4Si. Baker-flex silica gel 1B-F 
was used for thin layer chromatography.

p-Nitrobenzyl 7/9-,/V-Nitrosophenoxyacetamidodeacetoxy- 
cephalosporanate 2 (Ri = P-NO2PHCH2; R2 = H). Dinitrogen 
tetroxide (7 g) was dissolved in 100 ml of methylene chloride. A so

lution of p-nitrobenzyl 7/i-phenoxyacetamidodeacetoxycephalo- 
sporinate in methylene chloride (30 ml) was added in 20 min with 
stirring at 0 °C to a mixture of anhydrous sodium acetate (7 g), dini
trogen tetroxide (50 ml of above solution), and methylene chloride 
(50 ml). The mixture was stirred at 0 °C for 1 h. Additional portions 
of dinitrogen tetroxide (30 ml, 20 ml) were added immediately after 
and 30 min after addition of the cephalosporin derivative. Excess 
dinitrogen tetroxide was consumed by adding saturated sodium bi
carbonate. The aqueous phase was extracted with methylene chloride. 
The combined organic extracts were washed with water, dried 
(Na2S04), and evaporated to a yellow oil. Crystallization from ace- 
tone-petroleum ether gave 3.0 g of yellow solid, 81%: mp 120-121 °C 
dec; [a]25D -25.2° (c 0.76, CHCL); IR (CH2C12) 1790,1745,1725,1535, 
1350,1225 c m '1; NMR (CDC13) 5 8.28-7.50 (q, 4 H), 7.35-6.83 (m, 5 
H), 5.87 (d, J  = 4.5 Hz, 1 H), 5.57 (s, 2 H), 5.33 (d,J = 4 Hz, 2 H), 5.00 
(d, J = 4.5 Hz, 1 H), 3.62-2.75 (q, J = 16 Hz, 2 H), 2.36 (s, 3 H).

Anal. Calcd for C23H2oN4SOg (512.49): C, 53.90; H, 3.93; N, 10.93; 
S, 6.26. Found: C, 53.82; H, 3.86; N, 10.76; S, 6.40.

Benzhydryl 7/8-(BenzhydryI-5-JV,lV-phthaloyl-5-aminoadi- 
pamido)cephalosporanate. N./V-Phthaloylcephalosporin C di- 
benzhydryl ester was prepared according to published procedures:6 
mp 165-167 °C (lit. 161-163 °C); IR (CDCI3) 3410,3330,1780,1740, 
1730,1685,1510,1385,1230 cm "1; NMR (CDCL) b 7.80 (m, 4 H), 7.30 
(m, 20 H), 6.95 (s, 1 H), 6.90 (s, 1 H), 6.45 and 6.30 (2 s, 1 H), 5.82 (q,
1 H), 5.20-4.62 (m, 4 H), 3.70-3.02 (q, =7 = 19 Hz, 2 H), 2.43-2.22 (m, 
4 H), 2.05 (s, 3 H), 1.90-1.60 (m, 2 H).

Benzhydryl 7/S-lV-Nitrosobenzhydryl-5-JV,.iV-phthaloyl-5- 
aminoadipamidocephalosporanate. The above compound (0.5 g) 
was treated with dinitrogen tetroxide in the same manner as 2. A 
yellow oil was obtained: IR (film) 1780,1730,1720,1525,1385,1240 
cm -1; NMR (CDC13) b 7.80 (m, 4 H), 7.30 (m, 20 H), 6.95 (s, 1 H), 6.90 
(s, 1 H), 5.79 (d, J  = 4.5 Hz, 1 H), 5.30-4.70 (m, 4 H), 3.30 (s, br, 4 H), 
2.40 (br, 2 H), 1.95 (s, 3 H), 1.90 (br, 2 H).

JV-Nitrosoamide-Hydrazone Transformations. N-Nitro- 
soamide 2 was refluxed with 1 equiv of triphenylphosphine in benzene 
for 45 min. The reaction mixture was cooled to room temperature and 
was stirred vigorously with excess water for 2 h. Methylene chloride 
was added and the organic layer was washed with 5% sodium bicar
bonate solution and water, dried (Na2S04), and evaporated to a brown 
oil. Separation of products (3) was effected by chromatography on 
silicic acid eluted by a mixture of methylene chloride and ethyl 
ether.

p-Nitrobenzyl 7-Hydrazonodeacetoxycephalosporanate 3a 
(R, = p -N 02PhCH2; R2 = H). Rf 0.45 (1:10 Et20 -C H 2C12). The 
product was crystallized from chloroform-petroleum ether, 28%: mp 
115-116 °C; IR (C H X ld 3435, 3300, 1760, 1730, 1610, 1525, 1350 
cm "1; NMR (CDCL) 5 8.25-7.50 (q, 4 H), 6.80 (s, 2 H), 5.38 (s, 2 H), 
5.17 (s, 1 H), 3.73-3.00 (q, J  = 19 Hz, 2 H), 2.19 (s, 3 H); MS M+ m/e 
362; high-resolution mass spectrum gave molecular formula
Ci5H,4N4S05.

p-Nitrobenzyl 7-Hydrazonodeacetoxycephalosporanate 3b 
(R, = p -N 02PhCH2; R 2 = H). R, 0.20 (1:10 Et20 -C H 2C12). The 
product was crystallized from chloroform, 58%: mp 165-166 °C; IR 
(CH,CL) 3430,3290,1780,1730,1615,1525,1350 cm "1; NMR (CDCL) 
b 8.25-7.50 (q, 4 H), 6.10 (s, 2 H), 5.35 (s, 2 H), 5.30 (s, 1 H), 3.65-3.00 
(q, J  = 18 Hz, 2 H), 2.20 (s, 3 H); MS M + m/e 362; high-resolution 
mass spectrum gave molecular formula C15H14N 1SO;,.

Anal. Calcd for CiSH14N4S 05 (362.36): C, 49.72; H, 3.89; N, 15.46; 
S, 8.85. Found: C, 49.54; H, 3.90; N, 15.32; S, 8.93.

Benzhydryl 7-Hydrazonocephalosporanate 3a (Ri = Ph2CH; 
R2 = OAc). Rf 0.44 (1:10 Et20-C H 2CL); oily product, yield 20%; IR 
(CHCL) 3455, 3320, 1760, 1730,1620,1375,1220 cm -1; NMR (CDCL) 
b 7.38 (s, 10 H), 7.00 (s, 1 H), 6.85 (s, 2 H), 5.25 (s, 1 H), 5.23-4.55 (q, 
J = 14 Hz, 2 H), 3.75-3.10 (q, J  = 19 Hz, 2 H), 2.02 (s,3H ).

Benzhydryl 7-Hydrazonocephalosporanate 3b (Ri = Ph2CH; 
R2 = OAc). R/ 0.24 (1:10 Et20-C H 2CL). The product was crystallized 
from benzene: yield 45%; mp 152-154 °C; IR (CDCL) 3430,3310,1780, 
1730, 1230 cm -'; NMR (CDCL) b 7.40 (s, 10 H), 6.98 (s, 1 H), 6.25 (s,
2 H), 5.28 (s, 1 H), 5.08-4.55 (q, J = 14 Hz, 2 H), 3.72-3.05 (q, J  = 18 
Hz, 2 H), 2.02 (s, 3H).

Isomerizations of the Geometrical Isomers 3a and 3b. Starting 
with a pure isomer (either 3a or 3b, Ri = p -N 02PhCH2; R2 = H) in 
methylene chloride in the presence of 1.5 equiv of pyridine, after a 
month at room temperature, a mixture of both isomers (3a and 3b) 
results. The isomers were separated by chromatography and their 
amounts were determined. Thus from 1 g of 3b, 0.45 g of 3a and 0.45 
g of 3b were isolated; from 76 mg of 3a, 40 mg of 3a and 25 mg of 3b 
were isolated.

2-Thienylacetylation of 3b. p-Nitrobenzyl 7-hydrazonodeace- 
toxycephalosporanate 3b (R| = p -N 02PhCH2; R2 = H; 1 g, 2.76
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mmol), pyridine (0.33 ml, 1.5 equiv), and 2-thienylacetyl chloride (0.72 
g, 1.5 equiv) were dissolved in methylene chloride (60 ml) at 0 °C. The 
solution was stirred at room temperature for 18 h and then diluted 
with methylene chloride (100 ml). The organic phase was successively 
washed by cold, dilute (0.1 N) hydrochloric acid, cold 5% sodium bi
carbonate solution, and ice water, dried (Na2S 04), and evaporated 
to a brown oil. Products 4a (0.7 g, 52%) and 4b (Ri = p -N 02PhCH2; 
R2 = H; 0.5 g, 37%) were isolated by column chromatography on silicic 
acid eluted with 1:10 Et20-C H 2C12.

2-Thienylacetylation of 3a. p-Nitrobenzyl 7-hydrazonodeace- 
toxycephalosporanate 3a (Ri = p -N 02PhCH2; R2 = H; 0.2 g) was 
treated with pyridine and 2-thienylacetyl chloride as in the case of 
3b. After column chromatography, the two products isolated were 
identical with those isolated in 2-thienylacetylation of 3b based on 
IR, NMR, and TLC data. Yields of products isolated were 4a (0.11 
g, 41%); 4b (0.07 g, 23%).

p-Nitrobenzyl 7-(2-Thienylacetyl)hydrazonodeacetoxyce- 
phalosporanate 4a. Rf 0.45 (1:10 Et20-C H 2C12); IR (CH2CI2) 3290, 
1770,1720,1680,1520 cm“ 1; NMR (acetone-d6) 6 8.35-7.70 (q, 4 H),
7.35 (m, 1 H), 7.00 (m, 2 H), 5.58 (s, 1 H), 5.50 (s, 2 H), 4.20 (s, br, 2 H),
4.02-3.28 (q, J = 19 Hz, 2 H), 2.97 (s, br, 1 H), 2.24 (s, 3 H).

Anal. Calcd for C2iH18N4S20 6 (486.53): C, 51.84; H, 3.73; N, 11.52; 
S, 13.18. Found: C, 51.81; H, 3.70; N, 11.50; S, 13.17.

p-Nitrobenzyl 7-(2-Thienylacetyl)hydrazonodeacetoxyce- 
phalosporanate 4b. Rf 0.19 (1:10 Et20-C H 2C12); mp 178- 179 °C; 
IR (CH2CI2) 3300, 1785, 1725,1670,1525 cm“ 1; NMR (acetone-d6) 
<5 8.38-7.72 (q, 4 H), 7.37 (m, 1 H), 7.00 (m, 2 H), 5.72 (s, 1 H), 5.50 (s, 
2 H), 4.28 (s, br, 2 H), 3.84-3.21 (q, J  = 18 Hz, 2 H), 2.90 (br, 1 H), 2.28 
(s, 3 H).

Anal. Calcd for C2iH i«N4S20 6 (486.53): C, 51.84; H, 3.73; N, 11.52; 
S, 13.18. Found: C, 51.56; H, 3.69; N, 11.26; S, 12.93.

Borohydride Reduction of 4a. To a cooled, stirred solution of 
p -n itrobenzyl 7- (2-thienylacetyl)hydrazonodeacetoxycephalospo- 
ranate (4a, Ri = p -N 02PhCH2; R2 = H; 0.65 g, 1.34 mmol) in tetra- 
hydrofuran (20 ml) was added a cold solution of potassium borohy
dride (0.16 g, 2.2 molar equiv) in 50% aqueous THF (30 ml). After 3 
min, 1 N hydrochloric acid was added to bring the pH of the solution 
to 2. The solution was diluted with water and extracted twice with 
methylene chloride. The combined extracts was washed once with 5% 
sodium bicarbonate solution and once with water, dried (Na2S 04), 
and evaporated to a yellow solid. Crystallization from chloroform gave 
white crystalline p-nitrobenzyl 7/3-(2-thienylacetyl)hydrazinode- 
acetoxycephalosporanate 5 (Ri = p -N 02PhCH2), 0.50 g, 72%: mp 
183-184 °C dec; IR (CH2C12) 3390,3280,1775,1725,1680,1520 cm -1; 
NMR (CDCI3) <5 8.20 (d, 2 H), 7.58 (d over br s, 3 H), 7.20 (m, 1 H), 6.95 
(m, 2 H), 5.32 (s, 2 H), 5.27 (br, 1 H), 4.98 (d. J = 4.2 Hz, 1 H), 4.75 (m, 
1 H), 3.78 (s, 2 H), 3.60-2.98 (q, J = 18 Hz, 2 H), 2.20 (s, 3 H).

Anal. Calcd for C2iH20N4S2O6 (488.54): C, 51.63; H, 4.13; N, 11.47; 
S, 13.13. Found: C, 51.44; H, 4.17; N, 11.25; S, 12.97.

Borohydride Reduction of 4b. p-Nitrobenzyl 7-(2-thienyl- 
acetyl)hydrazonodeacetoxycephalosporanate (4b, Ri = p -N 02PhCH2; 
R2 = H; 0.61 g) was treated with potassium borohydride in the same 
manner as in the reduction of 4a. TLC (silica gel, 1:4 Et20 -C H 2C12) 
of,the workup showed starting material (4b, Rf 0.50) and a product 
(Rf 0.17). Column chromatography gave 0.35 g of unreacted 4b (58% 
recovery) and a white crystalline solid (0.12 g, 20%) which is identical 
with 5 (Ri = p -N 02PhCH2) based on melting point, IR, NMR, and 
TLC data.

7d-(2-Thienylacetyl)hydrazinodeacetoxvcephalosporanic 
Acid 5 (Ri = H). p-Nitrobenzyl 7/3-(2-thienylacetyl)hydrazinode- 
acetoxycephaiosporanate (5, Rj = p-N 02PhCH2, 0.10 g) was dissolved 
in glacial acetic acid (20 ml) and hydrogenated (1 atm) at room tem
perature for 2 h in the presence of 10% Pd/C (0.4 g). The catalyst was 
removed by filtration and washed with glacial acetic acid. The solvent 
was partially removed at reduced pressure and then freeze-dried to
gether with an excess of benzene, leaving a pale yellow solid, 60 mg: 
IR (KBr) 3500-2700,1770,1730-1650 cm -1; NMR (Me2SO-de) 6 9.83 
(br, 1 H), 7.45 (m, 1 H), 7.05 (m, 2 H), 6.65 (br, 1 H), 5.10-4.80 (m, 2 
H), 3.75-3.15 (m, 2 H), 2.10 (hr s, 3 H).

p-Nitrobenzyl 7-Oxodeacetoxycephalosporanate 6 (Ri = p- 
N 0 2PhCH2; R2 = H). p-Nitrobenzyl 7-hydrazonodeacetoxyce- 
phalosporanate (3b, 0.9 g, 2.49 mmol) was dissolved in 10% aqueous 
acetone (200 ml), and the solution was cooled in an ice bath. Pyridine 
(3.65 ml, 0.04 mol) and Af-bromosuccinimide (0 97 g, 2.2 equiv) were 
added to the stirred solution. After 45 min the reaction mixture was 
diluted with methylene chloride and cold water. Extraction with cold 
methylene chloride was repeated three times. The organic layer was 
washed successively with cold hydrochloric acid (0.1 N), cold 5% so
dium bicarbonate solution, and ice water, dried (Na2S 04), and 
evaporated to a yellow oil, 0.94 g. Chromatography on silicic acid

eluted with 1:10 Et20-C H 2C12 gave one major fraction, Rf 0.36 (1:10 
Et20-C H 2C12); 0.65 g (75%); IR (film) 1825, 1780, 1725,1515 cm“ 1; 
NMR of the product 6 (Ri = p -N 02PhCH2; R2 = H) after chroma
tography gave complicated signals suspected to be the result of a 
mixture of the ketone and the hydrate of the ketone. The same sample 
was refluxed in benzene under a Dean-Stark trap for 16 h and the 
following NMR was obtained after removal of solvent at reduced 
pressure: NMR (CDC13) 6 8.25-7.50 (q, 4 H), 5.40 (s, 2 H), 5.30 (s, 1 
H), 3.78-3.10 (q, J = 19 Hz, 2 H), 2.25 (s, 3 H).

Benzhydryl 7-Oxocephalosporanate 6 (Rt = Ph2CH; R2 = 
OAc). Compound 3b (Rj = Ph2CH;R2 = OAc) (0.5g, 1.11 mmol) was 
treated with Al-bromosuccinimide in the same way as 3b (Ri = p- 
NO>PhCH2; R2 = H). A yellow oil was obtained after chromatography:
0.24’ g, 49%; Rf 0.40 (1:9 Et20-C H 2C12); IR (film) 1825, 1785, 1735, 
1385,1240 cm-1; NMR of the product after chromatography indicated 
partial hydration. The sample after refluxing in benzene gave the 
following spectrum: NMR (CDCI3) 6 7.39 (s, 10 H), 7.00 (s, 1 H). 5.21 
(s, 1 H), 5.10-4.65 (q, J  = 13 Hz, 2 H), 3.80-3.15 (q, J = 18 Hz, 2 H),
2.01 (s, 3 H).

Benzhydryl 7/3-Hydroxycephalosporanate 7 (Ri = Ph2CH; R:1
= H). Crude 6 (Ri = Ph2H; R2 = OAc) (2.95 g) was dissolved in THF 
(150 ml) and cooled to 0 °C. Potassium borohydride (0.74 g, 13.7 
mmol) in 1:1 THF-H20  (150 ml) was added quickly. The reaction was 
quenched after 2 min by addition of 1 N HC1 to pH 2. The solution 
was diluted with water and extracted with methylene chloride, and 
the organic layer was washed with bicarbonate solution and salt so
lution. Drying and evaporation gave a yellow oil which was chroma
tographed to give 1.2 g of solid. Recrystallization from benzene gave 
mp 122-123 °C; IR (CH2C12) 3540, 1785, 1735, 1225 cm "1; NMR 
(CDCI3) 6 2.04 (s, 3 H), 3.45 (d, 2 H), 3.90 (s, 1 H), 4.62-5.20 (m. J x =
4.5, J-, = 13 Hz, 3 H), 5.29 (d, J = 4.5 Hz, 1 H), 7.00 (s, 1 H), 7.39 (s,
10 H).

7/J-Hydroxycephalosporanic Acid 7 (Ri = R3 = H). Compound 
7 (Ri = Ph2H; R3 = H) (0.3 g, 0.68 mmol) was dissolved in trifluo- 
roacetic acid (7 ml) and anisole (1 ml) at 0 °C. After 1 h the solvents 
were evaporated and the residual oil washed with petroleum ether. 
The oil was dissolved in ethyl acetate and decolorized with charcoal. 
Crystallization from ethyl acetate gave 0.17 g (99%): mp 132 °C dec; 
IR (KBr) 3430, 3100,1780-1700,1625,1380,1220 cm "1; NMR (ace- 
tone-dg) 5 2.04 (s, 3 H), 3.55 (d, 2 H), 4.80-5.15 (m, J  = 4.8,13 Hz, 3 
H), 5.40 (d, J = 4.8 Hz, 1 H).

Benzhydryl 7/3-Phenoxyacetoxycephalosporanate 7 (Ri = 
CHPh2; R;! = PhOCH2CO). Compound 7 (R, = CHPh2; R3 = H) (0.8 
g, 1.8 mmol) and phenoxyacetyl chloride (0.42 g, 1.5 equiv) were dis
solved in CH2C12 (50 ml). Pyridine (0.15 ml, 1.5 equiv) was added to 
the cooled, stirred solution. After 3 h stirring at room temperature, 
the solution was washed with water, bicarbonate, and salt solution. 
The solution was dried and evaporated and the residue was chroma
tographed on silicic acid with Et20-C H 2C12 (1:20) to give 0.85 g (88%) 
of an oil: IR (film) 1785, 1730, 1600, 1495, 1380, 1225 cm "1; NMR 
(CDCI3) 5 1.98 (s, 3 H), 3.38 (s, 2 H), 4.75 (s, 2 H), 4.65-5.20 (q, J = 4.8, 
14 Hz, 3 H), 6.10 (d, J = 4.8 Hz, 1 H), 6.80-7.54 (m, 16 H).

7/1-Phenoxacetoxycephalosporanic Acid 7 (Ri = H; R:i = 
PhOCH2CO). Compound 7 (R, = CHPh2; R;i = PhOCH2CO) was 
deblocked in the same way as 7 (Rj = CHPh2; R3 = H) to give a 93% 
yield: IR (film) 3580, 3520-2500, 1785-1690,1635,1600, 1495. 1380, 
1230 cm“ 1; NMR (acetone-dfi) 5 2.02 (s, 3 H), 3.60 (d, 2 H), 4.92 (s, 2 
H), 4.70-5.28 (q, J  = 14 Hz, 2 H), 5.25 (d, J = 4.8 Hz, 1 H), 6.32 (d, J 
= 4.8 Hz, 1 H), 6.87-7.42 (m, 5 H), 8.10 (s, 1 H).

Benzhydryl 7/9-(2-Thienyl)acetoxycephalosporanate 7 (Ri = 
CHPh2; R3 = C4H:jSCH2CO). Compound 7 (Ri = CHPh2; R:i = H) 
(0.45 g, 1.0 mmol), 2-thienylacetic acid (0.21 g, 1.5 equiv), and pyridine 
(0.1 ml, 1.2 equiv) were dissolved in CH2C12 (50 ml) at 0 °C. Di- 
isopropylcarbodiimide (0.13 g, 1 equiv) was added and the solution 
stirred at 0 °C for 1 h and stored at 5 °C for 17 h. The solution was 
filtered, diluted with CH2C12, and washed with cold dilute HC1, bi
carbonate, and salt solution. Drying and evaporation gave a yellow
011 which was chromatographed on silicic acid with Et90-CH 9CL 
(1:20) to give 0.6 g (95%): IR (film) 1785,1730,1360,1235 cm“ 1; NMR 
(CDCl:i) 5 1.98 (s, 3 H), 3.36 (s, 2 H), 3.91 (s, 2 H), 4.60-5.20 (d on q, 
J = 4.8,14 Hz, 3 H), 6.05 (d, J = 4.8 Hz, 1 H), 6.90-7.54 (m, 14 H).

7d-(2-Thienyl)acetoxycephalosporanic Acid 7 (Ri = H; R3 = 
C |H;,SCH2CO). Compound 7 (R, = CHPh2; R:, = C4H.,SCH2CO) was 
deblocked as described for 7 (R] = CHPh2; R2 = PhOCH2CO). 
Freeze-drying from benzene gave 98%: IR (film) 3560-2540, 1780, 
1725,1380,1225 cm“ 1; NMR (CDCW 6 2.13 (s, 3 H), 3.47 (s, 2 H), 4.00 
(s, 2 H), 4.82-5.38 (d on q, J = 4.8,15 Hz, 3 H), 6.19 (d, J = 4.8 Hz, 1 
H), 7.00 (d, 1 H), 7.20-7.40 (m, 2 H), 7.73 (s, 1 H).

Benzhydryl 7/3-BenzylsuIfonyIcephalosporanate 7 (Ri = 
CHPh2; R3 = PhCH2S 02). Compound 7 (Ri = CHPh2; R;i = H) was
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benzylsulfonated with benzvlsulfonyl chloride and pyridine as de
scribed for 7 (Ri = CHPh2; R3 = PhOCH2CO). The product was 
chromatographed on silica gel with Et20 -CH 9C12 (1:20) to give 74% 
of an oil: IP. (film) 1780,1725,1625,1495,1450,1370,1220 cm” 1; NMR 
(CDCl)l 5 2.05 (s, 3 H), 3.45 (s, 2 H), 4.58 (s, 2 H), 4.55-5.20 (d on q, 
J = 13, 21 Hz, 3 H), 5.70 (d, J  = 4.5 Hz, 1 H), 6.95 (s, 1 H), 7.45 (m, 15 
H).

7/9-Benzylsulfonylcephalosporanie Acid 7 (Ri = H; R;i = 
PhCH2SC)2). Compound 7 (R! = CHPh2; Rn = PhCH2S02) was de
blocked as described for 7 (Ri = CHPh2; R;s = PhOCH2CO) to give 
a yellow oil. Treatment with potassium 2-ethyl hexanoate gave 60 mg 
of the potassium salt: IR (KBr) 2910, 1755, 1725, 1600, 1360, 1225 
cm-1.

Benzhydryl 7/S-(2- tert-Butoxycarbonylamino-D-phenylace- 
toxy)cephalosporanate 7 [R t = CHPI12; R 3 = PhCH(NHC02- 
t-Bu)CO], Compound 7 (Ri = CHPh2; R;i = H) (2.8 g, 6.4 mmol) was 
esterified with 2-ieri-butoxycarbonylamino-D-phenylacetic acid as 
described for 7 (Ri = CHPh2; R3 = C4H;iSCH2CO). Chromatography 
on silicic acid with Et20-CH 2Cl2 (1:20) gave 0.5 g (11%) of oil: IR (film) 
3300, 2960,1790,1720,1500 cm -1; NMR (CDCl.,) 5 1.90 (s, 3 H), 4.06 
(q, Jgem = 15 Hz, 2 H), 4.82 (d, J = 4 Hz, 2 H), 5.35 (d, J  = 13 Hz, 1 H),
5.60 (m, 2 H), 6.03 (d, J = 4.8 Hz, 1 H), 6.86 (s, 1 H), 7.24 (m, 15 
H).

7/5-(2-Amino-D-phenylacetoxy)cephalosporanic Acid 7 [Ri 
= H; R 3 = PhCH(NH2)CO], Compound 7 [R, = CHPh2; R:! = 
PhCH(NHC02-t-Bu)C0] (0.13 g, 0.149 mmole) was deblocked as 
described for 7 (Ri = CHPh2; R3 = PhOCH2CO). After evaporation 
of the solvents the residue was dissolved in 10 ml of cold dioxane and 
20 ml of cold methylene chloride. Toluenesulfonic acid (29 mg) was 
added and the solution freeze-dried. The residue was crystallized from 
dioxane-ether to give a white solid 7 [Ri = H; R3 = D- 
PhCH(NH)+CH:iPhS03-)C 0 ]: mp 138-140 °C; IR (KBr) 3400, 2900, 
1760,1730,1610,1500,1375 cm "1; NMR (acetone-d6) S 1.80 (s), 2.13 
(s, 3 H), 3.12 (m, 2 H), 4.70 (d, J = 4 Hz, 2 H), 4.90 (d, J = 5 Hz, 1 H), 
5.33 (s, 1 H), 6.15 (d, J = 4 Hz, 1 H), 6.90-7.50 (m, 9 H).

Acknowledgment. This work was supported by a grant 
from the Sloan Basic Research Fund. We thank Smith Kline

and French Laboratories, Philadelphia, Pa., for providing us 
cephalosporin C sodium salt dihydrate.

Registry No.—2 (Ri = p -N 02PhCH2; R2 = H), 51056-21-4; 3 (Ri 
= p -N 02PhCH2; R2 = H), 61394-33-0; 3 (R, = Ph,CH; R2 = OAc), 
61394-34-1; 4 (Ri = p -N 0 2PhCH2; R2 = H), 61394-35-2; 5 (Ri = p- 
N 02PhCH)), 61394-36-3; 5 (Ri = H), 61394-37-4; 6 (Ri = p- 
N 02FhCH>; R , = H), 61394-38-5; 6 (Ri = PI19CH; R, = OAc), 
59128-53-9; 7 (Ri = PhoCH; R:i = H), 59128-54-0; 7 (R, = R:t = H), 
59128-55-1; 7 (R, = CHPh,; R:i = PhOCH2CO), 59128-56-2; 7 (Rj = 
H; R3 = PhOCH.CO), 57792-80-0; 7 (Ri = CHPh,; R-, = 
C4H:!SCH2CO), 59128-57-3; 7 (R, = H; R:, = C4H3SCH9CO), 
59128-58-4; 7 (Ri = CHPh,; R;, = PI1CH9SO9), 61394-39-6; 7 (R, = 
H; R:! = PI1CH9SO9), 61394-40-9; 7 (R, = CHPh,; R3 = 
PhCHNHC02-f-Bu)CO, 61436-64-4; 7 (Rj = H; R:, = 
PhCHNH2COMeC6H4SO:iH), 61394-42-1; dinitrogen tetroxide, 
10544-72-6; p-nitrobenzyl 7/3-phenoxyacetamidodeacetoxy- 
cephalosporanate, 28974-31-4; benzhydryl 7/3-(benzhydryl-5-fV,Al- 
phthaloyl-5-aminoadipamido)cephalosporanate, 16361-81-2; 
benzhydryl 7/3-N-nitrosobenzhydryl-5-N,iV-phthaloyl-5-aminoadi- 
pamidocephalosporanate, 61394-43-2; 2-thienylacetyl chloride, 
50529-60-7; phenoxyacetyl chloride, 701-99-5; 2-thienylacetic acid, 
1918-77-0; benzylsulfonyl chloride, 1939-99-7; 2-ferf-butoxycar- 
bonylamino-D-phenylacetic acid, 33125-05-2.

References and Notes
(1) For review see P. G. Sammes, C hem . R ev., 76, 113 (1976).
(2) L. D. Cama, R. J. Leanza, T. R. Beattie, and B. G. Christensen, J. A m . Chem . 

S oc., 94, 1408(1972).
(3) J. S. Wiering and H. Wynberg, J. Org. C hem ., 41, 1574 (1976).
(4) J. C. Sheehan, Y. S. Lo, J. Loliger, and C. C. Podewell, J. Org. C hem ., 39, 

1444 (1974); D. Hauser and H. P. Sigg, H elv. C h im . A c ta , 50, 1327 
(1967).

(5) G. Lowe, German Patent 2 305 972 (1973); C hem . A b s tr., 79, 115602
(1973).

(6) D. M. Brunwin and G. Lowe, J. Chem . Soc., C hem . C om m un., 192 
(1972).

(7) F. Scheinmann, Ed., "An Introduction to Spectroscopic Methods for the 
Identification of Organic Compounds”, Vol. I, Pergamon Press, Elmsford,
N.v. 1970, p 129.
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The structure of the products obtained from the reactions of 2-aminoamides with thionyl chloride has been rein
vestigated by means of l3C NMR spectroscopy. As a result of these investigations and comparisons with appropri
ate model compounds, the revised l-oxo-l,2,5-thiadiazolidin-3-one structure has been assigned.

We reported previously the reaction of 2-aminoamides 
with thionyl chloride to produce 2-oxo-5-imino-l,2,3- 
oxathiazolidines ( l ).1 This structure was based on IR and

S O C I ,

1 2

a, R ' = o-CsH4CH3; R 2 = f-Bu
b, R 1 = o -CsH4CH3; R 2 = C6H5
c, R 1 = f-Bu; R 2 = CsH5
d, R 1 = CH2C6Hs; R2 = f-Bu

NMR spectral data as well as the mild acid hydrolysis of la 
to its precursor 2-aminoamide. Subsequently, Chupp reported 
on a similar reaction between 2-hydroxyarylamides and 
thionyl chloride.2 Consideration of the IR and NMR spectral 
data led this author to prefer the 2-oxo-l,2,3-oxathiazoli- 
din-4-one structure (3) over the isomeric 2-oxo-4-imino-
1,3,2-dioxathiolane structure (4). Chupp and Dahm later

employed 180  labeling and x-ray crystallography to confirm 
structure 3a (Ar = 3,4-Cl2CeH3; R 1 = CH3; R2 = H; 5-methyl 
group trans to the sulfinyl oxygen).3 At the same time Chupp
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Table I. Amide and Lactam 13C Chemical Shifts“ - *

Structure No. O II O C-a C-ß C-ß'

0

chA n 7 170.0 22.3 37.0

ch3
0'

■ ¿ r ®0 '----- 'p
9 174.0 32.7 17.8 48.5

0 '----- 0'
10 173.8 32.6 17.8 48.6

0
11 174.4 30.7 17.6 4 6 .4 “

a Chemical shifts are in parts per million downfield from  Me, 
ment may be interchanged with a peak (A rC H ,) at 46.3.

Si. b Arom atic resonances between 119.6 and 144.7. c Assign-

Table IL Imidate and Iminolactone 13C Chemical Shifts“ -0

Structure No. C = N — C-a C-ß C-ß'
CM3 or 
CH, Ar

N
« J L  *CH, OCH3

A

8-Z 

12 -Z

161.5

163.5

15.7

29.8 22.9

53.0

71.2

C K 0

O ,

12 -E 168.9 2 5 .0 “ 23 .4 “ 69.1

. H S H " -

• Q

13 -Z 163.1 29.8 22.9 71.1 20.8

“ • A ,
A ,

A

13-2? 168.8 2 4 .8 “ 23.4“ 68.9 20.7

,n/ chh 0 >

A

14 -Z 163.6 28.8 23.4 70.1 51.2

N

A

14-£ 169.2 2 3 .6 “ 23 .3 “ 67.9 54.5

“ Chemical shifts are in parts per million downfield from  Me„Si. b Aromatic resonances between 121.0 and 149.5. “ As
signment may be interchanged.

and Dahm also pointed out that our evidence for structure 1 
was equally compatible with the isomeric l-oxo-1,2-5- 
thiadiazolidin-3-one structure (2).

These observations led us to reexamine the structure of the
2-aminoamide-thionyl chloride products. Since the product 
structure could depend upon the precise nature of the amide 
nitrogen substituent, a more general technique than either 180  
labeling or x-ray crystallography was sought for differentiating 
between structures 1 and 2.

Observation that the 2-aminoamide-thionyl chloride 
product lb  showed a peak at m/e 222 (8% of base peak) ap
peared to support the original assignment. This peak, which 
corresponds to the facile loss of SO2 from the parent ion, would 
not be expected from structure 2b. However, since the possi
bility of mass spectral rearrangement could not be excluded, 
we sought other evidence.

Ducker and Gunter recently reported the natural abun
dance 13C chemical shifts for the C-2 carbons of lactam 5
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Structure No. C = 0  C-a CH3 C(CH3)3 C(CH3)3 CH,
Table III. 13C Chemical Shifts of 2-Aminoamide—Thionyl Chloride Products and 3a0, *

2a 170.9

2b 169.2

2c 171.0

2d 171.9

3a 170.5

46.1 18.0 55.8 27.9

48.4 18.0

49.8 58.4 28.7

46.I e 55.4 27.9 43.5^

76.4 17.0

a Chemical shifts are in parts per million downfield from Me, Si. b Aromatic resonances between 116.9 and 139.6 ppm. c As
signments may be interchanged.

(170.4 ppm) and the iminolactone 6 (155.7 ppm).4 Thus, it 
appeared that 13C NMR spectroscopy might provide a simple, 
unambiguous method for differentiating between the amide 
and imidate moieties, and ultimately between structures 1 and 
2.

To test the validity of this approach, the I3C NMR spectra 
were obtained for the following model compounds: N- 
methylacetanilide (7),5 O-methyl IV-phenylacetimidate (8),6-8 
the 1-substituted 2-pyrrolidinones (9—11 ),9-10 and the N- 
substituted 2-iminotetrahydrofurans (12-14).1112 The as
signments of the pertinent 13C resonances of these model 
compounds are shown in Tables I and II.

The 13C spectra for the acyclic amide 7 and the lactams 9-11 
were all easily assigned with the lactam carbonyl carbons 
appearing ca. 4 ppm further downfield than the amido carbon 
of 7.

The spectra of imidate 8 and the iminolactones 12-14 
proved to be more complex because of syn-anti isomerism. 
Moriarty et al. reported that 8 exists as the configurationally 
stable Z isomer (8-Z) on the basis of 100-MHz *H NMR

CH3 och3
8-Z

studies.8 Our I3C spectrum of 8 confirms the presence of only 
one isomer. In contrast, Saito and Nukada reported that 12 
exists as a mixture of syn-.anti isomers 12-Z and 12-£.13 On 
the basis of their spectral studies, Saito and Nukada assigned 
the major isomer the Z configuration. Apparently, the effec

tive size of the 12-E methylene group is larger than the oxy
gen.

The 13C and 1H spectra of iminolactones 12-14 confirm the 
existence of syn-anti isomerism. For example, from the 'H 
spectra the major isomer was shown to represent ca. 65 and 
89% of 13 and 14, respectively. The major isomer in each case 
is assigned the Z configuration based on the work of Saito and 
Nukada.13,14 It is not clear why the chemical shifts for the 
imino carbon of the E isomers is deshielded relative to the 
same carbon in the Z isomer. It is possible that repulsive in
teraction between the «-methylene protons and the phenyl 
ring causes the angle between the C = N  and the iV-phenyl 
bond to become slightly larger than 120°. The concomitant 
rehybridization of the nitrogen atom from sp2 toward sp would 
increase s character in the nitrogen orbital participating in the 
C-N a bond and thereby cause a deshielding of the imino 
carbon.21

The 13C spectra were obtained for a variety of our 2-ami- 
noamide-thionyl chloride products la -d  or 2a-d and for 
compound 3a. These spectral results are summarized in Table
III. An examination of these spectra reveals that the low-field 
resonance corresponding to the imino carbon in structure 1 
or the amido carbon in structure 2 appears in the range of
169-172 ppm. This chemical shift range is in good agreement 
with the chemical shift of ca. 174 ppm observed for the amido 
carbon in lactams 9-11. The slight shielding effect could be 
due to the adjacent sulfinyl group in structure 2. The observed 
1:,C chemical shift of 170.5 ppm for the amido carbon of 
3a supports this assignment.17 Of equal or greater significance 
is the failure to observe any sign of syn-anti isomerism in the

12-Z

Ph 
\  .

N

12-E

1 -E



1018 J . Org. C h e m ., V o l. 4 2 , N o . 6 ,1 9 7 7 Daunis, Lopez, and Maury

13C spectra of these 2-aminoamide-thionyl chloride prod
ucts.22 The 169-172 ppm chemical shift range could be con
sistent with structure 1, if the products existed solely as the 
configurationally stable E isomer 1 -E. It appears unlikely, 
however, that the configurational preference of these com
pounds should be completely opposite that of the iminolac- 
tones 12-14. On the basis of these 13C spectra, the 2-ami
noamide-thionyl chloride products should be reassigned the
l-oxo-l,2,5-thiadiazolidin-3-one structure (2) rather than the 
initially assigned 2-oxo-5-imino-l,2,3-oxathiazolidine struc
ture (1).

Experimental Section
Spectra. Carbon-13 spectra were recorded on a Varian XL-100-15 

NMR spectrometer, equipped with a Transform Technology FT at
tachment, operating at 25.16 MHz under conditions of full proton 
decoupling at a probe temperature of about 38 °C. Samples were 
observed in 12-mm o.d. tubes as saturated solutions (for solid com
pounds) or approximately 50% solutions (for liquid compounds) in 
CDCL containing Me4Si as internal standard. 3H NMR spectra were 
also recorded on CDCI3 solutions using a Varian XL-100-15 NMR 
spectrometer. Chemical shifts are relative to internal Me4Si.

Materials. The 2-aminoamide-thionyl chloride products (2a-d) 
were prepared as previously described.1 Compound 3a was prepared 
according to the procedure of Chupp.2 Compound 7 was prepared by 
the acetylation of IV-methylaniline with acetyl chloride.5 Compound 
36-8 wag prepared from acetanilide by méthylation using methyl 
fluorosulfonate. Compounds 9,9 10,9 and l l 10 were prepared by po
tassium hydroxide fusion of IV-phenyl- (15),9 IV-p-tolyl- (16),9 and 
lV-benzyl-4-chlorobutanamide (17),10 respectively. Compounds 
12,n ’12 13,11 and 1411 were prepared from 15,16, and 17, respectively, 
upon treatment with silver tetrafluoroborate, according to the general 
procedure of Eschenmoser et al.20 as applied by Schmir and Cun
ningham12 for the preparation of 12. All of the compounds had IR and 
:H NMR spectra in agreement with the assigned structures.
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Four different polyazaindolizine systems of the s-triazolo-as-triazine type have been prepared either from 3- 
amino- or 3-hydrazino-as-triazines, or from 5-chloro-, 3,4-diamino-, or 3-hydrazino-s-triazoles.

s-Triazolo-as-triazine heterocycles are among the least 
known in the polyazaindolizine series. In particular s-tria- 
zolo[2,3-6]-as-triazines 2 have never been described and only 
s-triazolo[4,3-6]-as-triazines I, s-triazolo[3,4-c]-as-triazines

3, and s-triazolo[3,2-c]-as-triazines 4 substituted with phenyl, 
amino, hydroxy, or mercapto groups are known.1-8 The syn
thesis and properties of unsubstituted and methyl-substituted 
s-triazolo-as-triazines 1-4 (Chart I) were of interest in con-
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Chart I

R ( R ( R = H orCH3

junction with our previous investigations in the as-triazine1 
and azaindolizine9 series.

Severa. routes to each system 1-4 were investigated. Un
substituted and methyl-substituted s-triazolo[4,3-5]-as- 
triazines 1 have been obtained from the known 7-oxo-s-tria- 
zolo[4,3-fc]-as-triazines 5:! using a multistep synthesis. The 
preparation involved successive thionylation of the carbonyl 
group, méthylation at the sulfur atom, replacement of the 
methylthio group with hydrazine, and oxidation of the 7- 
hydrazino derivative with mercuric oxide (Chart II). Fur-

Chart II

b M* H b M* H H , „
10 R RH M* c H Me H —------------

£  H» Mt ¿ H H M f f  a_ H H
* M* Me H .b_ H Me

Me H Me c_ Me Me
H M<? M*
Me Me M*

thermore, it was found that a methyl group couid be intro
duced into the 7 position upon treatment of compound 1 (R" 
= H) with methylmagnesium iodide in tetrahydrofuran and 
diethyl ether. Under the reaction conditions the intermediate
7,8-dihydro-x-triazoIo[4,3-6]-ax-triazines are rather unstable 
and decompose easily to 1 (R" = Me) except in the case of lb 
and lc, where controlled reaction conditions allowed their 
isolation.

3,4-Diamino-s-triazole hydrobromide (9) reacted with a- 
dicarbonyl compounds in acetic acid to afford the corre
sponding compounds 1. Thus diacetyl yields lg  whereas 
methylglyoxal gives cnlv one of the two possible positional 
isomers; this was identified as lc already obtained from 5c via 
6c, 7c, and 8c. Cyclization of 3-hydrazino-as-triazines 10 with 
carboxylic acids or otho esters may result in the formation of 
two isomeric s-triazolo-as-triazines, 1 or 3, depending on the 
nuclear nitrogen involved1 in the cyclization step. However, 
only isomer 1 was obtained when condensing lOa-c with for
mic acid, acetic acid, or triethyl orthoformate, regardless of 
the conditions used. This exclusive ring closure mode of 3- 
hydrazino-as-triazines can be explained by the enhanced 
nucleophilicity of N-2 as compared to N-4.11

Based on the behavior of homologous “ azaindolizine” sys
tems1'10,11 we expected s-triazolo[3,4-c]-as triazines 3 to 
isomerize easily to compounds 4 through fission of bond N-
4-C-5 and Dimroth rearrangement, contrary to system 1. 
Hence an unequivocal synthesis of 4 was carried out (Chart
III). Reaction of 3-chloro-s-triazole with chloroacetone affords 
two isomeric l-acetonyl-3- or -5-chloro-s-triazoles 11 and 12. 
These compounds have been identified by comparison of their 
fragmentations under electron impact with those of recently 
studied12 l-methyl-3- or -5-chloro-s-triazoles. Thus the mo
lecular ions of 11 and 12 fragment mostly into ketene and the

Chart HI
O
II

b Me H H
c_ H H Me o _ H H M e
£  Me H Me b, H Me Me

H Me Me Me Me Me
J. Me Me Me

l-methyl-3- or -5-chloro-s-triazoles ion, respectively. These 
ions have characteristic fragmentation patterns.12 The action 
of hydrazine on 12 leads to 6-methyl-4,7-dihydro-s- 
triazolo[3,2-c]-as-triazine (13). This compound was dehy
drogenated to 4c with lead tetraacetate under conditions 
which preclude any rearrangement.

Condensations of 3-hydrazino-s-triazoles 14 with a-dicar- 
bonyl compounds are not unequivocal syntheses of either 3 
or 4. The transformation may involve cyclization either at the 
N-2 or N-4 atom of the s-triazole ring. The situation is further 
complicated by the possible occurrence of the Dimroth rear
rangement of 3 to 4 as stated before. Under controlled reaction 
conditions the reaction of diacetyl and 14a or 14b in ethanol 
leads to only one product in each case. However, if the tem
perature is increased or a longer reaction time used the former 
product is transformed into an isomeric compound. Moreover, 
a fast and complete conversion is also achieved if the initial 
product is treated with an aqueous solution of sodium hy
droxide at room temperature. These results suggest that the 
thermodynamically more stable products are 4e and 4f10 
(Chart III). Methylglyoxal and 14a afforded one product to 
which structure 3a was assigned since it rearranges easily to 
4c obtainable also from 13. Compound 14b and methylglyoxal 
gave only 4d. Similarly, even under controlled reaction con
ditions, glyoxal gives only one product to which the structure 
4a (or 4b) is assigned by analogy.

The last s-triazolo-as-triazine system of interest, namely, 
the previously unknown s-triazolo[2,3-5]-as-triazines 2, were 
obtained from 3-amino-as-triazine derivatives using two 
methods known to effect cyclization in related systems.12' 10

Treatment of 3-amino-as-triazines 15 with iV,N-dimeth- 
ylformamide or N,N-dimethylacetamide acetal yielded the 
corresponding amidines 16 (Chart IV). These compounds 
react with hydroxylamine to give the amidoximes 17. These, 
except 17a, when treated with phosphorus oxychloride led in 
each case to only one s-triazolo-as-triazine different in every 
aspect from the corresponding s-triazolo[3,2-c]-as-triazine 
4 already prepared from 14. Therefore, the structure of the 
cyclization products must be 2. This is consistent with the 
higher nucleophilic character of the ring nitrogen atom N-2 
(as compared to N-4) as observed in the cyclization of 3- 
hydrazino-as-triazines. In contrast, attempts to cyclize 17a 
using phosphorus oxychloride or lead tetraacetate were un
successful; polyphosphoric acid hydrolyzed the amidoxime 
to 3-formylamino-as-triazine.

3-Amino-as-triazines 15 reacted with acetonitrile in the 
presence of aluminum chloride to afford triazinylacetamidines 
similar to 18. However, the compounds are fairly unstable and
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Chart IV

18 2  R r ' r '

Q_ H M* H 
b H M* M* 
c Me Me Me

did not undergo oxidative cyclization to 2 with the exception 
of compound 18. The latter when treated with lead tetraace
tate in benzene gave 2c obtainable also from the amidoxime 
17d.

Experimental Section
NMR spectra were determined on a Varian HA-100 spectrometer 

and are listed in Table I. Mass spectra were recorded on a JEOL -JMS 
D100 instrument.

The following starting materials were obtained according to pro
cedures described in the literature: 3,4-diamino-s-triazoles,8 7-oxo- 
s-triazolo^S-bJ-as-triazines,1 3-hydrazino-as-triazines,17 3-chloro- 
s-triazoles,12 and 3-hydrazino-s-triazoles.1819 Details concerning the 
purification and characterization of new compounds are reported in 
Table II.

s-Triazolo[4,3-b]-as-triazines 1. A. A suspension of 5 (0.03 mol) 
and phosphorus pentasulfide (5 g) in 200 ml of acetonitrile was heated 
for 1 h. After evaporation to dryness the residue was poured in 30 ml 
of hot water and the precipitate of G was removed by filtration.

A stirred solution of 6 (0.02 mol) in 20 ml of 4% aqueous sodium 
hydroxide and 1.5 ml of methyl iodide was allowed to stand at room 
temperature for 30 min. The organic product was then extracted with 
chloroform and the extracts evaporated to dryness giving compound
7.

A solution of 7 (0.01 mol) and hydrazine hydrate (0.02 mol) in 45 
ml of ethanol was refluxed for 1 h. After cooling, 8 precipitated and 
was removed by filtration. Mercuric oxide (10 g) was added to 150 ml 
of absolute ethanol in which 0.01 mol of finely powdered 8 had been 
suspended. The mixture was stirred and refluxed for 24 h. The solid 
phase was filtered and the filtrate concentrated to dryness, leaving 
the corresponding compound 1.

B. A solution of lb (R" = H) (0.004 mol) in 30 ml of tetrahydrofuran 
was slowly added at room temperature to a solution of methylmag- 
nesium iodide (0.012 mol) in diethyl ether (50 ml). The solution was 
refluxed for 6 h and, after cooling, a saturated solution of ammonium 
chloride in water was added. The product of reaction was extracted 
with chloroform. After evaporation a solid was obtained and purified 
through crystallization. Thus, 3,7-dimethyl-7,8-dihydro-s-tri- 
azolo[4,3-6]-as-triazine (or its tautomer) was obtained from lb: mp 
128-129 °C (from benzene-ethyl acetate); yield 48%; mass spectrum 
M+ m/e 151; NMR (CDCl:t) b 1.48 (d, Me-7), 2.40 (s, Me-3), 4.38 (m, 
H-7), 7.08 (d, H-6), J h,,H; = 2, J Me7,H7 = 7 Hz.

Anal. Calcd for CBH9Nr,: C, 47.67; H, 6.00; N, 46.33. Found: C, 47.28; 
H, 6.03; N, 46.42.

6,7-Dimethyl-7,8-dihydro-s-triazolo[4,3-6]-as-triazine (or its 
tautomer) was obtained from lc: mp 136-137 °C (from benzene-ethyl 
acetate); yield 52%; mass spectrum M+ m/e 151; NMR (CDC1:)) b 1.43 
(d, Me-7), 2.11 (s, Me-6), 4.25 (q, H-7), 7.95 (s, H-3), H - = 7 
Hz.

Anal. Calcd for CfiH9Ns: C, 47.67; H, 6.00; N, 46.33. Found: C, 47.32; 
H, 5.94; N, 46.25.

On the contrary, if the crude products obtained from la, lb, lc, and 
le are chromatographed on neutral alumina, only the compounds Id, 
If, lg, and lh are obtained, respectively (Table II).

C. A solution of 3,4-diamino-s-triazole hydrobromide (0.9 g) and

Table I. NMR Spectra of s-Triazolo-as-triazines l-4 n

No. R R' R"

la 9.13 8.61 d (J = 1.5 Hz) 8.45 d
lb 2.83 8.56 d (J = 1.5 Hz) 8.47 d
lc 8.99 2.72 8.49
Id 9.00 8.26 2.75
le 2.76 2.72 8.43
If 2.78 8.29 2.72
lg 8.88 2.64 2.67
lh 2.72 2.63 2.65
2a 8.59 2.78 8.67
2b 8.55 2.75 2.70
2c 2.61 2.70 2.67
3a 8.78 3.00 8.43
3b 8.62 2.90 q (J = 0.6 Hz) 2.93 q
3c 2.73 2.93 2.93
4a 7.83 6.94 d (J = 2.4 Hz) 6.16 d
4b 2.34 6.94 d (J = 2.4 Hz) 6.12 d
4c 7.80 2.22 6.05
4d 2.36 2.16 6.00
4e 7.80 2.10 2.07
4f 2.43 2.10 2.07

0 Chemical shifts in parts per million (MerSi as internal st
dard); solvent CDCR.

the o-dicarbonyl compound (0.005 mol) in acetic acid (5 ml) was al
lowed to stand at room temperature for 3 h. After evaporation 20 ml 
of water was added and the solution neutralized with sodium bicar
bonate. The product was extracted with chloroform and the residue 
after evaporation purified by crystallization.

D. Compound 10 (0.02 mol) in 5 ml of formic or acetic acid was 
cyclized after 40 min of reflux. The same results were obtained from 
a solution of 10 in ethyl orthoformate (10 ml) and ethanol (35 ml) after 
24 h of reflux.

s-Triazolo[3,4-c]-as-triazines 3 and s-Triazolo[3,2-c]-as- 
triazines 4. A. A solution of 3-chloro-s-triazole (1.0 g) and chloro- 
acetone (11 g) in 30 ml of 1-butanol was refluxed for 8 h, then evapo
rated to dryness. Water (30 ml) was added and the solution neutral
ized with 5% aqueous sodium bicarbonate. After extraction with 
chloroform and evaporation the isomers 11 and 12 were separated by 
chromatography on a column of alumina (eluent petroleum ether- 
benzene, 1:1, R/ 11 > R/ 12).

Compound 11 in 48% yield: mp 90-91 °C (from benzene-hexane); 
mass spectrum M+ m/e 159 and 161; NMR (CDCR) b 2.26 (s, CH >),
5.05 (s, CH,), 8.11 (s, Hs).

Anal. Calcd for Cr,HfiN:1OCl: C, 37.61; H, 3.76; N, 26.33; Cl, 22.25. 
Found: C, 37.66; H, 3.84; N, 26.36; Cl, 22.09.

Compound 12 in 32% yield: mp 128-130 °C (from benzene-hexane); 
mass spectrum M+ m/e 159 and 161; NMR (CDCR) b 2.26 (s, CH:i),
5.05 (s,CH,),7.96 (s, H:t).

Anal. Calcd for C5HBN:iOCl: C, 37.61; H, 3.76; N, 26.33; Cl, 22.25. 
Found: C, 37.53; H, 3.81; N, 26.27; Cl, 22.12.

A solution of 12 (0.10 g) and hydrazine hydrate (1.25 g) in methanol 
(5 ml) was heated at 150 °C in a sealed tube for 5 h. The residue was 
triturated with 10 ml of ether and the hydrochloride of 13 precipitated 
and was filtered off and crystallized: mp 177-178 °C (from methanol); 
yield 50%; NMR (Me,SO-dB) b 1.90 (s, CH t), 4.73 (s, CH-.), 7.70 (s, 
H,).

The hydrochloride of 13 (2.0 g) was dissolved in 50 ml of water at 
50 °C. The solution was neutralized with sodium bicarbonate. An 
extraction with chloroform yielded 13: mp 112-113 °C (from ben
zene-ethyl acetate); yield 85%; mass spectrum M+ m/e 137; NMR 
(CDCl;i) S 2.05 (s, CH:i), 4.75 (s, CH,), 7.73 (s, H,).

Anal. Calcd for Cr,H7Ns: C, 43.79; H, 5.14; N, 51.07. Found: C, 43.81; 
H, 5.12; N, 51.02.

Lead tetraacetate (0.7 g) was added to a solution of 13 (0.1 g) in 
anhydrous benzene (20 ml) and the stirred mixture was refluxed for 
30 min. The hot filtrate was neutralized with sodium bicarbonate. The 
product (4c) was extracted with chloroform and chromatographed 
on a column of alumina (eluent benzene-chloroform, 3:2): mp 80-81 
°C; mass spectrum M+ m/e 135.

Anal. Calcd for CSH5NS: C, 44.44; H, 3.73; N, 51.83. Found: C. 44.22; 
H, 3.45; N, 51.42.

B. A stirred solution of 3-hydrazino-s-triazole hydrochloride (0.05 
mol) and a-dicarbonyl compound (0.07 mol) in 10 ml of ethanol was
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Table II. Purification and Characterization of New Compounds“

Method
Registry no. Compd Mp, °C of prepn Yield, % Crystn solvent M+ MS Mol formula

275-01-4 la 165-166 IA 56 Benzene and ethyl acetate 121 c 4h 3n 6
61139-68-2 lb 186-187 IA 62 Benzene and ethyl acetate 135 C5H5N 5
61139-69-3 lc 139-140 IA 55 Benzene and n -hexane 135 C5H5N5

IB 60
61139-70-6 Id 234-235 IC 65 Benzene and ethanol 135 C5H5N5

ID 41
I D “ 85

61139-71-7 le 136-137 IA 72 Benzene and ethyl acetate 149 c 6h 7n 8
61139-72-8 if 215-216 IB 65 Benzene and ethanol 149 c 6h 7n 5

ID 32
IB 62

61139-73-9 ig 123-124 IC 38 Benzene and ethyl acetate 149 c 6h 7n 5
ID 41
I D “ 53

61139-74-0 lh 173-174 IB 60 Benzene and ethyl acetate 163 c 7h 9n 5
ID 54

61139-75-1 2a 146-148 III A 25 Benzene and ethyl acetate 135 C5H5N 5
61139-76-2 2b 122-124 III A 31 Benzene and ethanol 149 c 6h 7n 6
61139-77-3 2c 86-87 III A 50 Benzene and n -hexane 163 CtHsNs

III B 75
61139-78-4 3a 137-138 II B 45 Benzene and ethyl acetate 135 C5H5N 5
61139-79-5 3b 114-115 II B 42 Benzene and ethyl acetate 149 c 6h 7n 5
61139-80-8 3c 144-145 II B 48 Benzene and ethyl acetate 163 C7H9Ns
452-28-8 4a 176-177 II B 42 Benzene and ethyl acetate 121 C4H5N5
61139-81-8 4b 189-190 II B 62 Benzene and ethyl acetate 135 C5H5N 5
61139-82-0 4c 80-81 IIA 28 Benzene and ethanol 135 C5H5N5

II B 31
61139-83-0 4d 169-170 II B 35 Benzene and ethyl acetate 149 C6H7Ns
61139-84-2 4e 148-149 II B 33 Benzene and ethanol 149 c 6h 7n 5
61139-85-3 4f 162-163 II B 37 Benzene and ethyl acetate 163 c 7h 9n 5
21119-72-2 6a 205 dec 85 Water 153 C4H3N 5S
61139-86-4 6b 225 dec 85 Water 167 c 5h 5n 5s
14742-98-4 6c 248-250 85 Water 167 C5H5N 5S
14894-20-3 6d 237-238 85 Water 181 c 6h 7n 5s
61139-87-5 7a 219-220 90 Benzene and ethyl acetate 164 C5H5N5S
61139-88-6 7b 199-200 90 Benzene and ethanol 181 C6H 7N sS
25623-90-9 7c 171-172 90 Benzene and petroleum ether 181 c 6h 7n 6s
61139-89-7 7d 198-199 90 Benzene and ethyl acetate 195 c 7h 9n 5s
21119-77-7 8a 236-237 70 Water-ethanol 151 C4H5N 7
61139-90-0 8b 252-253 70 Water-ethanol 165 C5H7N 7
14742-99-5 8c 247-248 70 Methanol 165 c 5h 7n 7
14894-21-4 8d 242-243 70 Water-ethanol 179 CbH9N7H ,0
61139-91-1 16a 72-75 51 Benzene and n- hexane 151 CfiHgNf,
61139-92-2 16b 102-104 40 Benzene and n -hexane 165 C7H „N 5
61139-93-3 16c 94-95 92 Benzene and n -hexane 179 c 8h 1:!n 5
61139-94-4 16d 84-86 92 Benzene and n -hexane 193 c 9h 1sn 5
61139-95-5 17a 161-162 31 Water and ethanol 139 C4H5N 50
61139-96-6 17b 210-211 37 Water and ethanol 153 Cr,H7Nr,0
61139-97-7 17c 226-227 78 Water and ethanol 167 CsHgNsO
61139-98-8 17d 208-209 55 Water and ethanol 181 C7H n Nr,0
61139-99-9 18 133-134 30 Benzene and n -hexane 165 c -h „ n 5

° Satisfactory analytical data were obtained for all compounds listed.

allowed tc stand for 2 h at room temperature (at —5 °C for glyoxal). 
Compound 3a could be separated at this stage whereas 3b was ob
tained after 16 h of refluxing. If, on the contrary, the solution was 
refluxed for at least 24 h the isomer 4 was obtained. After evaporation 
of the solvent the residue was dissolved in 50 ml of water and the so
lution neutralized with sodium bicarbonate. After extraction with 
chloroform the product was purified by column chromatography on 
alumina.

s-Triazolot2,3-h]-as-triazines 2. A. A solution of compound 15 
(0.03 mol) and N.lV-dimethylaminoformamide or -acetamide (0.03 
mol) in 150 ml of toluene was refluxed for 4-6 h, then evaporated to 
dryness leaving the amidine 16. To a solution of 16 (0.01 mol) and 
hydroxylamine hydrochloride (0.70 g) in 60 ml of methanol, 3 ml of 
methanolic sodium methoxide (0.5 M) was added and the resulting 
solution refluxed for 2 h. After cooling the amidoxime 17 was removed 
by filtration and crystallized. A hot solution of 17 (0.01 mol) in 
phosphorus oxychloride (4.5 ml) was refluxed for 10 min, cooled,

poured on ice, and neutralized with apueous sodium hydroxide (5 N). 
After extraction with chloroform and evaporation of the solvent, 2 
was separated and chromatographed on a column of alumina (eluent 
chloroform).

Formamidoxine 17a (0.5 g) was slowly added to 20 ml of po- 
lyphosphoric acid and the solution heated at 70 °C for 15 min. After 
cooling the mixture was poured on ice and the solution neutralized 
with sodium bicarbonate. 3-Formylamino-as-triazine was extracted 
with ethyl acetate and crystallized: mp 188-190 °C (from ethanol); 
yield 22%; mass spectrum M+ m/e 124; NMR (Me-jSO-ds) i 8.61 (d, 
H6), 9.15 (d, H6), 9.36 (s, HCO), J h 6,h 6 = 2 Hz.

Anal. Calcd for C4H4N4O: C, 38.71; H, 3.25; N, 45.15. Found: C, 
38.68; H, 3.15; N, 44.98.

B. Aluminum chloride (1.33 g) was slowly added to a stirred mixture 
of 15c (0.01 mol) and acetonitrile (0.7 g) at - 5  °C. The mixture was 
then heated at 150 °C in a sealed tube for 1 h. Water (30 ml) was added 
and the resulting solution neutralized with sodium bicarbonate. The
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acetamidine 18 was extracted with chloroform and after evaporation 
of the solvent the residue was chromatographed on a column of alu
mina (eluent benzene).

A stirred suspension of 18 (0.2 g) and lead tetraacetate (0.8 g) in 20 
ml of anhydrous benzene was refluxed for 20 min. The hot solution 
was filtered and cooled and 20 ml of 30% aqueous sodium hydroxide 
was added. The product was extracted with chloroform, the solvent 
evaporated, and the separated compound 2c purified by chroma
tography on alumina (eluent chloroform).
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Assignments of configuration to cis- and irans-2-phenyl-2-oxo-5-terf-butyl-l,3,2-dithiaphosphorinanes (2 and
3) were accomplished through analysis of NMR spectral data and an LIS study with Eu(fod).). Cis diastereomer 
2 was found to be conformationally heterogeneous with a considerable contribution made to the conformational 
equilibrium by the twist-boat conformer 4c; the other major conformer was the chair structure with equatorial tert- 
butyl and axial phenyl groups. Complexation of 2 with Eu(fod):! had no significant influence on the conformational 
distribution. Trans diastereomer 3 adopted essentially one chair conformation with equatorial tert-butyl and phe
nyl substituents.

Although substituents attached to carbon or nitrogen 
atoms in saturated six-membered rings usually prefer an 
equatorial orientation, the same groups display this tendency 
to a much weaker degree when attached to other atoms such 
as sulfur,1 phosphorus,2̂ 1 selenium,53 and arsenic;5*5 in fact, 
axial preferences are often encountered. This conformational 
novelty has stimulated much interest and study,6 especially 
with regard to diverse phosphorus-containing cyclohexane 
systems.2-4’7

Previously, we reported43 that the more stable isomer (85% 
at 200 °C; ca. 97% at 25 °C) of 2-phenyl-5-fert-butyl-l,3,2- 
dithiaphosphorinane (1) possesses a cis configuration with the 
P-phenyl group axially disposed. In order to further support 
the stereochemical assignment, we converted 1 stereospecif- 
ically to cis 2-oxo derivative 2 and synthesized the trans di
astereomer 3 for comparison. Stereochemical information on

3

these compounds was obtained by *H NMR spectroscopy and 
1H NMR lanthanide-induced shift (LIS) studies. Our results, 
which yielded configurational assignments for 2 and 3, as well 
as an analysis of their conformational behavior, are presented 
in this article.

Results and Discussion
Oxidation of 1 with hydrogen peroxide8 (presumably ste

reospecific with retention9) afforded a single diastereomer (mp
105-106 °C); there was no evidence for the presence of the 
other possible isomer. Spectral and analytical data were 
consistent with 2. The 100-MHz *H NMR spectrum of 2 ex
hibited a complex AA'BB'KX (X = 31P) pattern which was 
treated as an A2B2KX approximation10 to provide the pa
rameters presented in Table I.11 The nearly identical, mid
dling values of J Ak and Jbk (e.g., 7.2 and 5.9 Hz) suggest that 
2 is a mixture of conformational isomers in solution (CDClj 
and CgDe); the axial and equatorial orientations of HA, He, 
and Hk are interchanged, thereby averaging the *H NMR 
spectral parameters. This observation can be accommodated 
by a mixture of chair conformers (4a and 4b), a twist-boat 
form (4c), or an equilibrium mixture of chair and boat forms.1 2
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Table I. ‘H Nmr Data at 100 MHz for 2 and 3°

Compd ¿H k 5Ha' ¿Hb^ <5f-Bu J  AK J AX J  AX +  J B X

2h 2.07 2.97 3.29 0.96 7.3 5.9 14.2 22.2 36.5
2C d 1.63 2.59 2.94 0.55 7.2 6.0 14.5 22.5 37.0
3h 2.01 3.45 3.20 1.01 9.4 3.5 12.7 19.9 32.6
3 ‘ 1.66 3.13 2.64 0.56 9.6 3.5 11.6 19.6 31.2

a Chemical shifts are reported in parts per million downfield from Me4Si. J values are in hertz. J ab was 14.0 ±  0.5 Hz. Spectral data 
were obtained at 100 MHz, except as noted. h Measured in CDCR. ‘ Measured in d The parameters defining the A2B2K X  pattern 
were used as input for the LAOCN3 NM R program. The computed spectrum agreed well with the experimental spectrum (21 lines) 
with iteration. e Recorded at 60 MHz. t A reversal in the relative order of the chemical shifts of Ha and H r is observed.

4c

Evidently, the expected axial preference of an oxygen on 
phosphorus vs. a phenyl group12 competes effectively with the 
equatorial preference of the 5-f ert-butyl group; the result is 
a mixture of conformers 4a, 4b, and/or 4c.

Condensation of 2-£er£-butyl-l,3-propanedithiol with 
phenylphosphonic dichloride gave mostly the other possible 
stereoisomer 3 (mp 141.5-142.5 °C). The 100-MHz 'H NMR 
spectrum of 3 revealed an AA'BB'KX (X = 31P) pattern which 
provided the parameters in Table I when approximated as an 
A2B9KX spin system. The large Jak (9.7-10.0 Hz, H4,6.aXiai- 
H.5-axiai coupling) and small J bk (3.6—3.8 Hz, H4 fi.equat-H5.axia! 
coupling) are typical for a highly biased equilibrium favoring 
a chair conformer with the ferf-butyl group equatorial. This 
analysis is consistent with the :,Jpsch values for 3 (Table I).nb 
Given the aforementioned axial preference of the phosphoryl 
group against the phenyl group,12 the conformational bias for 
3 suggests that 3 has the trans configuration.

The downfield shift of the axial 4,6 protons (Ha) relative 
to the equatorial 4,6 protons (Hb) in 3 (Table I) can be ex
plained by a predominant axial disposition of the phosphoryl 
group. This reversal in the relative order of the chemical shifts 
of Ha and Hb (cf. 2 and 3) is similar to that reported for 
cis- and £ra«s-2-oxo-5-£er£-butyl-l,3,2-dioxaphosphori- 
nanes.2’1314 Deshielding of protons in proximity to a phos
phoryl group, as in 3, is apparently a general phenomenon10 
and is analogous to the action of the sulfinyl moiety in cyclic 
sulfites.16

In an axial position, the P = 0  bond exerts a deshielding 
influence on both sets of 4,6 protons and, conversely, in an 
equatorial position it exerts a shielding influence (see diagram 
below). In either circumstance, it is the axial set of 4,6 protons 
which senses a greater effect, because of proximity in the case

of an axial P = 0 , and directionality in the other case. A con
formational equilibrium between chair structures or a twist 
form would naturally tend to average this effect. In 3 the axial 
protons resonate at a lower field than the equatorial protons 
and at a lower field than either set of 4,6 protons in 2 (same 
solvent for comparison). This qualitative result agrees with 
a predominantly axial P = 0  bond in 3. On the contrary, the 
axial 4,6 protons in 2 resonate at a higher field than the 
equatorial protons, which indicates a fair amount of the 
equatorial phosphoryl conformation 4a and strongly militates 
against a significant contribution from 4b. The shielding of 
Ha in 2 may be reinforced by the axial phenyl group in 4a.17 
The tentative inference is that stereoisomer 2 is chiefly com
posed of a fairly balanced mixture of 4a and 4c, to the virtual 
exclusion of 4b.

The oxygen of the phosphoryl group in 2 and 3 provides a 
handle for obtaining additional structural information by 
complexation of it with lanthanide shift reagents, the use of 
which in the evaluation of molecular spatial arrangements is 
well established.19 T ris(l,1,1,2,2,3,3-heptafluoro-7,7-di- 
methyl-4,6-octanedionato)europium (III), Eu(fod),3, was 
employed20 and the induced proton shifts were monitored. 
Upon treatment of a solution of 3 with incremental amounts 
of Eu(fod):! all protons experienced the usual accompanying 
downfield shift as the shift reagent complexed the strongly 
basic phosphoryl oxygen.21 A plot of the chemical shifts of Ha, 
Hb, and Hk vs. added Eu(fod)3 (Figure 1) demonstrates that 
the axial 4,6 protons (Ha) were deshielded to a much greater 
extent than Hr and Hr. This can only be consistent with a 
predominantly axial position of the phosphoryl group, which 
brings the Eu complex in proximity with the syn-axial protons. 
Analogous results and conclusions have been reported for 
trans- 2-methyl-2-oxo-5-£er£- butyl-1,3,2-dioxaphosphori- 
nane13 and related compounds.14b'15b>19e_R

Treatment of 2 with incremental amounts of Eu(fod);j also 
caused downfield shifts of the three sets of 4,6 and 5 protons 
(Figure 1) but in this case all sets were deshielded to ap
proximately the same degree. In fact, the 4,6 protons were 
shifted about the same extent as the equatorial protons in 3 
(see sensitivity values in Table II). Apparently, the chair 
conformer with an axial P = 0  (4b) must not make an appre
ciable contribution to the conformational profile of 2, other
wise the contiguity of the europium atom to Ha should have 
induced a greater average deshielding for this pair of protons, 
as for 3. Thus, cis diastereomer 2 exists in a conformation or 
conformations in which the remote 4,6 protons (Ha and Hb) 
are located at similar average distances from the phosphoryl 
oxygen. This condition is satisfied by the flexible twist form 
4c or possibly a mixture of 4c and chair form 4a. The relatively 
large chemical shift differences for Ha and Hb, Aab, suggest 
the latter interpretation since pseudorotation in flexible forms 
usually averages chemical shifts to a greater extent.22 The 4H 
NMR data for the LIS studies are collected in Table II.

In view of the substantial amount of twist form apparently 
present in 2, the following summation obtains. The unfavor
able disposition of the groups on phosphorus in 2 (axial phenyl
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Table II. ‘H NMR Eu(fod)3-Shift Data for 2 and 3°

Mg
Compd5 Eu(fod)3 vi-Bu «-Ha i'Hb *Hk J  AK J  B K J  A X J  B X Aab

2 0 42.2 162.8 181.2 106.0 7.4 6.3 14.5 21.7 18.5
10 46.0 186.9 213.3 123.0 26.3
20 56.5 205.5 237.9 137.8 32:4
25 60.0 216.2 252.4 145.2 36.2
35 66.6 236.2 278.2 161.0 42.1
40 69.0 243.4 288.0 166.8 7.0 6.5 15.0 24.0 44.6

48.5e 145.9e 193.4e 110.1e
3 0 45.0 199.4 174.0 107.5 9.8 3.7 12.1 20.2 25.4

10 60.0 275.2 203.8 139.0 71.4
20 73.7 346.0 230.0 167.5 116.0
25 78.3 371.0 239.0 178.0 10.8 3.0 12.8 21.0 132.0

96.5e 497.1e 188.3 e 204.2e
“ The LIS study was carried out at 60 MHz. Coupling constants are in hertz and have an estimated error of <±0.5 Hz. The proton 

frequencies are reported in hertz downfield from Me4Si. A a b  = ¡ 'a  — k b - J a h  varied between 13.7 and 14.2 Hz. b Solutions were 0.155 
M in 1:1 CCL-CfiDe- c Sensitivity given in proton shift (Hz) per molar equivalent of Eu(fod);:.

Figure 1. Induced chemical-shift changes upon incremental addition 
of Eu(fod)3 to solutions of 2 and 3.

and equatorial phosphoryl) is enough to force the molecule 
to adopt a necessarily low energy (perhaps as low as ca. 0.5 
kcal/mol) twist conformer23 to a large extent with the virtual 
exclusion of any axial phosphoryl-axial tert-butyl form. The 
low energy twist conformation is in agreement with the results

of Bentrude and co-workers on 1,3,2-dioxaphosphorinane 
derivatives.2-24

By employing the europium-shift technique the configu
rational assignments for the title stereoisomers have been 
bolstered. Moreover, important conformational information 
has been obtained on one of the isomers, namely 2, which is 
conformationally heterogeneous. It is noteworthy that the 
conformational equilibrium is not altered by complexation 
of 2 with Eu(fod)g as evidenced by the nearly identical vicinal 
H-H coupling constants with and without added Eu(fod)3 (see 
Table II). Both V p s c h  values follow suit, although they are 
observed to increase slightly with increasing Eu(fod)3 con
centration.25 This conformational consistency with the ad
dition of shift reagent is in harsh contrast to observations of 
Bentrude and co-workers with the cis-2-oxo-l,3,2-dioxa- 
phosphorinanes,14b’19e in which complexation generally caused 
a concomitant displacement in the conformational equilib
ria.

Phosphorus-31 chemical shifts were measured for 2 and 3. 
The values of —55.1 and —47.3 ppm for the cis and trans iso
mers, respectively, illustrate that the different configurations 
engender a large (8 ppm) difference in <531P. The resonance of 
trans isomer 3 at higher field than cis isomer 2 is opposite to 
the order of resonance for pairs of (corresponding26) cis/trans 
isomers of 5-tert-butyl-l,3,2-dioxaphosphorinanes,19e 5- 
teri-butyl-2-oxo-l,3,2-dioxaphosphorinanes,19e 1-methyl-
4-ieri-butyl-4-phosphoranol,3d and 2-phenyl-5-methyl-
l,3,2-dithiaphosphorinanes.4b The meaning of this result is 
not clear at this point, but the anomalous chemical shift order 
may be attributable to a large proportion of twist boat con- 
former present in 2 in solution. Additional 31P NMR data for 
other 2-oxo-l,3,2-dithiaphosphorinane derivatives is required 
to illuminate this problem.

Conclusion
Assignment of the cis configuration to 2, through analysis 

of ]H NMR spectral and europium-shift data for 2 and 3, 
supports the cis assignment advanced for l,4a'b with its axial 
phenyl substituent. By extension, the suggestion of an axial 
preference for a variety of P substituents (CH3, C2H5, OCH3, 
Cl, CfiHr,) in the 1,3,2-dithiaphosphorinanes is reinforced.43'5 
Cis diastereomer 2 is conformationally heterogeneous in so
lution and the twist-boat conformation is populated to a 
considerable extent. Complexation of 2 with the europium- 
shift reagent Eu(fod)3 had a negligible effect on the confor
mational equilibrium.27

Experimental Section
All melting points (determined on a Mel-Temp hot-stage appara-
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tus) and bailing points are uncorrected. Infrared spectra were re
corded on a Perkin-Elmer Model 457 spectrophotometer. Proton 
nuclear magnetic resonance spectra were obtained on Varian A-60 
and HA-103 spectrometers. Chemical shifts are reported in parts per 
million dovnfield from tetramethylsilane (internal reference); cou
pling constants are reported in hertz. Proton decoupling was achieved 
on the HA-100 instrument; europium-shift studies were carried out 
at 60 MHz. Phosphorus-31 NMR spectra were recorded at 40.5 MHz 
on a HA-100 spectrometer using a reference capillary containing 85% 
H:{PO.f. The spectra were calibrated by the sideband technique.-8 The 
:tlP chemical shifts are an average of at least two scans and have a 
standard deviation of about ±0.3 ppm. Analyses of 'H NMR spectra 
were performed using a modified version of the LAOCN3 NMR pro
gram;29 calculated spectra were plotted by assigning a Lorentzian line 
shape.20 Determination of the chemical shifts of A and B protons of 
AB patterns was performed by utilizing the following equation: Acab
= V (ej — i>4) (»•> — e:().'!l

Mass spectra were recorded on a Perkin-Elmer Hitachi RMU-6 
mass spectrometer at an electron energy of 70 eV. Microanalyses were 
performed by Alfred Bernhardt Mikroanalytisches Laboratorium, 
West Germany. Molecular weight determinations (osmometry in 
benzene) were made by Schwartzkopf Microanalytical Laboratories, 
Woodside, N.Y.

All reactions involving trivalent phosphorus compounds were 
conducted under an atmosphere of dry nitrogen. Phenylphosphonic 
dichloride (phenyldichlorophosphine oxide) was obtained as a free 
sample from Stauffer Chemical Co. (Specialties), New York, N.Y. 
Triethylamine was distilled from potassium hydroxide and stored over 
molecular sieves (3A). Europium (fod)n was purchased from Pierce 
Chemical Co., Rockford, 111., and was stored in a desiccator.

2-ier£-Butyl-l,3-propanedithiol. This compound was prepared 
according ~x> the procedure of Eliel and Hutchins.-2 Distillation af
forded the product in 60% yield, bp 53-55 °C (0.75-0.85 mm) [lit.22 
bp 40 °C (C.04 mm)], n25D 1.5095. GLC analysis indicated the material 
to be ca. 94% pure. An improved procedure is now available.'2'21’

2-Phenyl-5-£ert-butyl-l,3,2-dithiaphosphorinane (1). In a 
300-ml flas k was placed 100 ml of dry ether and triethylamine (8.1 g,
0.080 mol). The flask was fitted with a drying-tube-protected con
denser, nitrogen inlet, and two dropping funnels. A magnetic stirring 
bar was placed in the flask and the contents were cooled to ca. 0 °C 
in an ice bath. In one funnel was placed 2-teri-butyl-l,3-propanedi- 
thiol (3.3 g, 0.020 mol) and 40 ml of dry ether; the other was charged 
with phenyldichlorophosphine (3.6 g, 0.020 mol) and 40 ml of dry 
ether. Both solutions were added slowly and synchronously to the cold, 
stirred solution. After addition, the contents were stirred for 1 h while 
being allowed to warm to ambient temperature. The mixture was 
filtered and the residue was rinsed with dry ether. The total filtrate 
was stripped at reduced pressure, leaving an almost colorless oil which 
solidified on standing in vacuo. The solid was fractionally sublimed 
(80 °C, 0.0006 mm) and product was collected in portions as indicated 
in Table III.

A sample of fraction 5 was slowly recrystallized from 70% ethanol 
to afford shiny, opalescent leaflets, mp 94-95 °C (sharp), which turned 
out to be pure 1. Fractions 1, 2, 6, and 7 were combined with the 
sublimaticn residue and distilled: bp 159-163 °C (0.08 mm); mp 
69-90.5 °C; cis/trans isomer ratio 85/15; IR (KBr) emax 3070, 3050, 
2965,2930, 2870,1498,1473,1440,1375,1230,1090,860,810,755,705 
cm-1; MS m/e (rel abundance) 270 (100, M+).

Anal. Calcd for Ci:iHigPS2: C, 57.74; H, 7.08; P, 11.46. Found: C, 
57.66; H, 6.92; P, 11.56.

Stereospecific Oxidation of 1 with 3% Aqueous Hydrogen 
Peroxide. Phosphine 1 (81 mg, 0.30 mmol) was combined with 1 ml 
of 3% HjCL and 2 ml of CH /IL  under an atmosphere of nitrogen. The 
mixture was stirred for 12 h at ambient temperature. The CHgCL 
solution was separated by pipet and the solvent was evaporated. The 
resultant colorless oil crystallized upon treatment with n-pentane. 
The white solid was recrystallized by adding enough ether to dissolve 
it warm and then cooling to 0 °C. The yield of long, gleaming needles, 
mp 105-106 °C, was 68 mg. Concentration and cooling of the mother 
liquor yielded another 10 mg, for a total yield of 78 mg (91%). This 
material proved to be 2, IR (KBr) (P = 0 ) 1202 cm-1. Sublimation 
furnished an analytical sample. Mol wt (osmometry in benzene): calcd, 
286; found, 279.

Anal. Calcd for Ci3H19OPS2: C, 54.52; H, 6.69. Found: C, 54.36; H, 
6.84.

Reacticn o f 2-tert-Butyl-l,3-propanedithiol with Phenyldi
chlorophosphine Oxide. In the manner described for the prepara
tion of 1, 2-tert-butvl-1,3-propanedithiol (0.82 g, 5.0 mmol) in dry 
ether (20 ml) and phenyldichlorophosphine oxide (0.98 g, 5.0 mmol) 
in dry ether (20 ml) were added slowly to an ice-cooled solution of
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T able III

Fraction Yield, g Mp, °C

1 0.360
12 0.23
3 1.22 84.5-91.5
4 0.56 84-91
5 0.90 84-90.5
6 0.68 76-90
7 0.18

4.13

triethylamine (2.02 g, 0.020 mol) in dry ether (20 ml). After addition, 
the reaction mixture was stirred for 3 h at ambient temperature and 
then filtered, the filter cake was washed with 25 ml of dry ether-THF 
(1:1). The cooled filtrate deposited a white solid which was filtered 
off; it weighed 35 mg and had mp 137-140 °C. To the clean filtrate was 
added 20 ml of n-pentane and the solution was cooled to 0 °C and 
filtered, giving 40 mg of solid, mp 137-139 °C. The filtrate was con
centrated and minute, prismatic needles separated from solution; 
these were filtered off with the assistance of an ice-cold mixture of 
ether-pentane (2:1). This crop weighed 0.371 g and had mp 134-138 
°C. A fourth fraction was obtained, 0.256 g, mp 86-91 °C. A portion 
of the third crop was recrystallized from hexane-ethyl acetate (1:1) 
as colorless, clear, elongated prisms (very slow) or prismatic needles 
(faster). The first subcrop had mp 141-142.5 °C; the second had mp 
140-141.5 °C. The first-crop material proved to be pure 3, IR (KBr) 
rmax (P = 0 ) 1195 cm-1. Mol wt (osmometry in benzene): calcd, 286; 
found 283.

Anal. Calcd for CmH^OPSr: C, 54.52; H, 6.69. Found: C, 54.39; H, 
6.62.
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The two diastereomeric methyl l,3-dimethyl-2-oxocyclohexaneacetates, 9b and 10b, as well as the related epim- 
eric derivatives (2-7) have been prepared and their stereochemistry rigorously established via chemical correlation 
with the previously known enone 8. During the correlation, oxidative cleavage of a variety of carbon-carbon double 
bonds was effected with RuCb/NalCR without concomitant epimerization either at incipient or remote ketone func
tionalities. Finally, the stereochemical assignments, in accord with the 60- and 220-MHz NMR spectral data, re
quire reversal of the assignment previously made by Muller and Jeger’ for diastereomers of 7.

During the course of our studies on the thermal1 and acid- 
catalyzed2 decomposition of d,7-un,saturated diazo ketones, 
we required an efficient approach to authentic samples of both 
diastereomers of methyl l,3-dimethyl-2-oxocyclohexane- 
acetate (1). In this report we wish to document the preparation 
and rigorous stereochemical assignment of these esters as well 
as the related epimeric derivatives (2-7). Our stereochemical 
assignment involves a chemical correlation of 1-7 with the 
well-known enone (8) prepared first by the Marshall group3 
and improved several years later by Caine and co-workers.4 
Interestingly, the diastereomers of 7 were recently isolated and 
their structures defined employing NMR criteria.5 The 
present chemical interrelationships require the reversal of 
these assignments. Finally, we note the synthetic utility of

Ru0 4/NaI04 in aqueous acetone for the oxidative cleavage of 
olefinic bonds without concomitant epimerization either at 
incipient or remote carbonyl functionalities.6

Our synthetic approach to the diastereomers of 1 involves 
the facile monoalkylation of 2,6-dimethylcyclohexanone with 
allyl bromide, utilizing lithium diisopropylamide as the base.7 
The resultant epimeric ketones 9a and 10a, produced in equal 
amounts, were each fully characterized after separation via 
vapor phase chromatography (VPC). Subsequent oxidation6 
of 9a and 10a with Ru04/NaI04 in aqueous acetone followed 
by diazomethane esterification of the resultant acids provided 
9b and 10b, the desired diastereomers of 1. In each case, oxi
dation yielded only a single 7 -keto ester, demonstrating that 
the oxidation conditions do not result in equilibration. On the
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Chart I

1, X  = O; R  = CH2C 0 2CH3
2, X  = O; R = CH2C H = C H 2
3, X  = O; R = CH2CH2C 0 2CH3
4, X  = CH2; R = CH2C 0 2CH3
5, X  = CH2; R = CH2CH2C 0 2CH3
6 , X  = CH2; R = CH2COCH3
7, X  = O; R = CH2COCH3

8

Chart II

11

a, R = CH2C H = C H 2
b, R = CH2C 0 2CH3
c, R = CH2CH2C 0 2CH3
d, R = CH2COCH3

other hand, treatment of either 9b or 10b with NaOCH3 in 
boiling methanol led to the same equilibrium mixture, i.e., 
65:35, respectively.

A stereochemical assignment, albeit tentative, of diaste- 
reomers 1 and 2 based on the 220-MHz ’H NMR data was 
possible at this point. For example, the resonance for the 
equatorial methyl substituent at C-l in 9a and 9b experiences 
a small8’9 upfield shift (A ~0.20 ppm) relative to that of the 
C-l axial methyls in 10a and 10b. Likewise, the equatorial 
methylene group at C-l in 10b appears upfield (A ~0.20 ppm) 
compared to the axial counterpart in 9b. We next turned to 
13C NMR to support these assignments. Table I records the 
carbon chemical shifts for 9b and 10b along with the multi
plicity obtained during off-resonance decoupling. The carbon 
assignments were straightforward based on analogy with lit
erature data for cyclohexane10 and cyclohexanone11 deriva
tives. For comparison we list the chemical shifts of 2,2,6-tri- 
methylcyclohexanone.11 Most noteworthy here is the lack of 
significant chemical shift differences between the respective 
carbons of 9b and 10b, thereby preventing verification by 
carbon NMR of the above stereochemical assignments.

With the ready availability of 9b and 10b, there remained 
only a chemical correlation with enone 8 to complete a rigorous 
stereochemical assignment. We envisioned here a simple

Table I. 13C NMR Spectral Data o f 
Diastereomers 9b and 10b

Chemical shifts, ppm  from  Me4Si 

Carbon 2,2,6-Trimethyl-
assignments 9b 10b cyclohexanone

1 214.6 (s) 215.0 (s) 216.4
10 171.5 (s) 172.5 (s)
11 51.6 (q ) 51.2 (q)

2 47.6 (s) 47.3 (s) 45.0
9 42.7 (t) 42.6 (t) (25 .2  or 25.6)
6 41.2 (d) 41.1 (d) 40.6
3 40.6 (t) 38.7 (t) 41.8
5 36.6 (t) 35.9 (t( 36.7
8 22.9 (q) 23.7 (q) (25.2 or 25.6)
4 21.0 (t) 21.4 (t) 21.6
7 15.1 t.q) 15.0 (q) 15.0

Arndt-Eistert homologation of 9b and 10b to esters 9c and 
10c, coupled with conversion of enone 8 to one of these esters. 
Approach to the desired 6-keto acid derivatives, 9c and 10c, 
from enone 8 has ample precedent. For example, Caspi12 and 
Pelletier13 reported recently the high-yield conversion of a 
variety of «,/3-unsaturated steroidal ketones to 5-keto acid 
derivatives using ruthenium tetroxide oxidation. This strategy 
requires that both the oxidation of 8 and the homologation of 
9b and 10b proceed without equilibration. Although our 
previous work indicates that Ru04/NaI04 oxidation in 
aqueous acetone is sufficiently mild to avoid epimerization, 
prevention of equilibration in the chain homologation se
quence, specifically ester hydrolysis preliminary to diazo ke
tone formation, appeared more difficult. This potential 
problem was circumvented by the availability in our labora
tory of the epimeric esters lib and 12b, the major and minor 
products, respectively, of the vinylogous Wolff rearrangement1 
of diazo ketone 13. Correlation of these esters with 9b and 10b 
was effected without incident by oxidation with ruthenium 
tetroxide.

Employing esters lib and 12b, side chain homologation 
followed by oxidative conversion of the methylene function
ality to a carbonyl group without concomitant equilibration 
was now straightforward. To this end lib  and 12b were 
subjected to a photochemical14 version of the Arndt-Eistert 
chain homologation. Each was transformed to the corre
sponding diazo ketone in the usual manner, and these in turn 
were irradiated in methanol through Pyrex (X >280 nm) to 
give 11c and 12c in 94 and 85% yield. Subsequent ruthenium 
tetroxide oxidation gave 9c and 10c, respectively. The final 
chemical correlation, completing the stereochemical assign
ment of diastereomers 1-5, was effected by the successful 
conversion [(a) RuO i/NaI04; (b) CH2N2] of enone 84 to a 
single 7-keto ester which was identical in all respects (IR, 
220-MHz NMR, and VPC data) with 10c.

The above stereochemical assignments are in complete 
accord with the 60- and 220-MHz JH NMR spectra. Table II 
lists the observed chemical shifts of the axial and equatorial 
C-l methyl and methylene groups obtained for diastereomers
1-7 as well as the related epimeric derivatives (14-21) recently 
assigned by Wolff and Agosta.15 Evident here is the general
ization, observed originally by Johnson8 and later by Musher9 
and Grant10 that proton resonances for equatorial methyl and



1028 J. Org. C h e m ., V oi. 4 2 , N o . 6 ,1 9 7 7 Branca and Smith

Table II. 'H NMR Data for Diastereomers 1-11

Diaste- Registry Chemical shifts, f>
reomer Isomer no. C -l CH.t C -l CH2

1

2

3

4

5

6 

7

9b 61140-22-5 1.05 2.57
10b 61140-23-6 1.23 2.42

9a 61140-24-7 0.97
10a 61140-25-8 1.13
9c 61140-26-9 0.98

10c 61140-27-0 1.17
lib 61140-28-1 1.20 2.42
12b 61140-29-2 1.20 2.43
11c 61140-30-5 1.02
12c 61140-31-6 1.05
lid 61140-32-7 1.17 2.52
12d 61140-33-8 1.20 2.55
9d 58254-23-2 1.02 2.70

lOd 58254-24-3 1.18 2.48
U4 38864-02-7 1.20
(15 38864-08-3 1.23
n o 38864-04-9 1.09
(17 38864-09-4 1.17
(18 60415-83-0 0.96 2.21
119 38864-10-7 0.98 2.06
(20 23733-86-0 1.08 2.58
(21 23733-85-9 1.32 2.24

Chart III

CO,CH:;

C02CH3 19
18

co2ch3

'CO,CH3 21
20

methylene substituents experience a small upfield shift 
(~0.02-0.25 ppm) relative to that of the corresponding C-l 
axial substituents. Exceptions occur for diastereomers 4 and 
6 where the shifts are either extremely small or nonexistent. 
Interestingly, the magnitude of the observed shifts are 
somewhat larger when the ring contains a carbonyl group. This 
augmentation in effect appears to be independent of location 
of the carbonyl group on the ring. Finally, it should be noted 
that this generalization is the exact reverse of the well-known 
empirical correlation that equatorial cyclohexyl protons ap
pear at lower field relative to axial protons.16

While this work was in progress, Muller and Jeger5 reported 
the isolation and stereochemical assignment of the related

1,4-diketones, 9d and lOd. However, their stereochemical 
assignments did not conform with the reported NMR obser
vations. To clarify this discrepancy, we transformed esters lib  
and 12b, now of known stereochemistry, to 9d and lOd, re
spectively. Each ester was first hydrolyzed to the corre
sponding carboxylic acid and then treated in ether with 2 
equiv of methyllithium to yield lid and 12d.17 All attempts 
at this point to transform these unsaturated ketones to 9d and 
lOd with ruthenium tetroxide lead to overoxidation. Suc
cessful conversion was finally accomplished via microozono- 
lysis at -7 8  °C, followed by reductive workup with triphen- 
ylphosphine.18 Gas chromatography revealed in each case the 
formation of a single 1,4-diketone. The spectral data for 9d 
and lOd, as shown in Chart IV, were in complete agreement

Chart IV

with the data reported by Muller and Jeger5 upon reversal of 
their stereochemical assignments.

Experimental Section
Materials and Equipment. All VPC separations were accom

plished on a Varian Aerograph Model 920 gas chromatograph 
employing one of the following columns: A, 25% QF-1,10 ft X 0.375 
in.; B, 25% QF-1, 50 ft X 0.25 in.; C, 25% DECS, 10 ft X 0.375 in. The 
column oven was operated at 140-190 °C and the helium carrier gas 
flow rate was 100-120 ml/min. Compounds purified by VPC were 
obtained as colorless liquids. IR and NMR spectra were obtained for 
CCI4 solutions, the former on a Perkin-Elmer Model 337 spectro
photometer and the latter on a Varian A-60 (60 MHz) or HR-220 (220 
MHz) spectrometer. 13C NMR spectra were obtained in CDCl:i on a 
JEOL PS-100 spectrometer. The internal standard for both ’ H and 
1:!C NMR spectroscopy was Me4Si. Solutions were dried over MgSCR; 
melting points are corrected; boiling points are uncorrected. Photo
chemical experiments were carried out with a Hanovia Model L 
mercury lamp (no. 679A-36) in a quartz immersion well using Pyrex 
7740 as filter. Ruthenium dioxide (Ru02o:H20, 57.95%) was obtained 
from Englehard Laboratories.

2,t-6- and 2,c-6-Dimethyl-r-2-allylcyclohexan-l-one19 (9a and 
10a). To a solution containing 25 ml of dry THF and 5.3 g (1.2 equiv) 
of diisopropylamine distilled from KOH and cooled under N2 to 0-5 
°C was added with stirring 21 ml (1.2 equiv, 2.5 M) of rc-BuLi. After 
the addition was complete the solution was cooled to —78 °C and 9.4 
g (1.2 equiv) of HMPA distilled from CaH2 was added. Approximately 
30 min later a solution containing 5.5 g (44 mmol) of 2,6-dimethyl- 
cyclohexanone and 20 ml of THF was added slowly followed 45 min 
later by the addition of 8.7 g (1.2 equiv) of allyl bromide. The resulting 
solution was stirred for 1 h at —78 °C and then overnight at room 
temperature. The reaction mixture was then poured into 80 ml of 
saturated aqueous NH4CI and extracted with ether; the combined 
organic phases were washed with H20  and brine and dried. Removal 
of the solvent in vacuo followed by distillation afforded 4.4 g (63%) 
of a 1:1 mixture of 9a and 10a. Preparative VPC on column B gave 
pure 9a and 10a. The first was 10a: IR 3075 (w), 2975 (s), 2940 (s), 1705 
(s), 1640 (w), 995 (s), 905 cm" 1 (s); NMR (220 MHz) 5 0.95,1.13 (d, 
s, J = 6 Hz, 6 H), 1.16-2.36 (m, 8 H), 2.55 (m, 1 H), 4.98 (m, 2 H), 5.75 
(m, 1 H); mass spectrum m/e 166.1361 (M+, calcd for ChH jhO, 
166.1357). The second was 9a: IR 3075 (w), 2975 (s), 2940 (s), 1705 (s), 
1640 (w), 915 cm“ 1 (s); NMR (220 MHz) 5 0.92, 0.97 (d, s, J = 6 Hz, 
6 H), 1.05-2.54 (m, 9 H), 5.00 (m, 2 H), 5.55 (m, 1 H); mass spectrum 
m/e 166.1347 (M+, calcd for CnHiaO, 166.1357).

Methyl l,t-3-Dimethyl-2-oxo-r-l-cyclohexaneacetate (9b). 
A solution containing 80 mg of Ru02, 500 mg of NalCL, 20 ml of H20, 
and 35 ml of reagent acetone was stirred (ca. 1 h) at room temperature 
until the organic phase assumed a distinct yellow coloration (RuCL). 
To this mixture was added a solution containing 50 mg (0.30 mmol)
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of pure 9a in 10 ml of acetone. The resultant mixture was then stirred 
at room temperature for 4 h, whereupon 500 pi of 2-propanol was 
added and the black precipitate filtered after 15 min. The filtrate was 
poured into 60 ml of H20  and extracted with ether. The combined 
organic phases were washed with H20  and brine and dried. Removal 
of the solvent in vacuo gave 51.5 mg (93%) of acid [IR 3600-2500 (s, 
br), 1710 cm-1 (s)] which was esterified with excess ethereal diazo
methane (CH2N2). After 60 min the excess CH2N2 was removed on 
a steam bath and the solution dried. Removal of the solvent in vacuo 
gave 80 mg of crude 9 b. An analytical sample was obtained by VPC 
on column A: IR 2975 (s), 2943 (s), 1749 (s), 1723 (s), 1207 cm" 1 (s); 
NMR (60 MHz) b 0.98,1.05 (d, s, J = 6 Hz, 6 H), 1.13-3.03, 2.57 (m, 
dd, J  = 14 Hz, 9 H), 3.57 (s, 3 H).

Anal. Calcd for CiiH180 :!: C, 66.64; H, 9.15. Found: C, 66.88; H,
9.08.

Methyl l,e-3-Dimethyl-2-oxo-r-l-cyclohexaneacetate (10b).
By a procedure similar to that listed for 9b, 35 mg (0.21 mmol) of 10a 
was oxidized and esterified to afford 39 mg (93%) of 10b. An analytical 
sample was obtained by VPC on column B: IR 2970 (s), 2940 (s), 2875 
(s), 1740 (s), 1708 (s). 1171 (s), 1004 cm -' (s); NMR (60 MHz) b 1.00 
(d, J = 7 Hz, 3 H), 1.23 (s, 3 H), 1.33-2.83, 2.42 (m, dd, J = 16 Hz, 9 
H), 3.59 (s, 3 H).

Anal. Calcd for CnHjxO;;: C, 66.64; H, 9.15. Found: C, 66.89; H, 
9.17.

Equilibration of Diastereomers 9b and 10b. On a 50-mg scale, 
pure keto ester 10b was dissolved in 6 ml of a freshly prepared solution 
of NaOMe in MeOH (~0.6 M) and heated at reflux under N2 for 16 
h. After workup vapor phase chromatography on column A indicated 
a mixture of keto esters 9b and 10b in a ratio of 65:35, respectively. 
Keto ester 9b isolated from this mixture by preparative VPC on col
umn A was identical (VPC retention time, 60-MHz NMR) with keto 
ester 9b prepared previously.

In a similar manner pure keto ester 9b (40 mg) was dissolved in 6 
ml of a freshly prepared solution of NaOMe in MeOH and heated to 
reflux under N2 for 16 h. After workup VPC on column A indicated 
a mixture of keto esters 9b and 10b in a ratio of 65:35, respectively.

Oxidation of Methyl l,t-3-Dim ethyI-2-m ethylene-r-l-cy- 
clohexaneacetate (1 lb). A suspension containing 104 mg of RuOo, 
580 mg of NaIO.t, 20 ml of H20, and 35 ml of acetone was stirred for 
1 h at room temperature until the organic phase assumed a distinct 
yellow coloration (i.e., RUO4). To this mixture was added a solution 
containing 54 mg (0.28 mmol) of ester 1 lb in 10 ml of acetone. The 
resultant mixture was then stirred at room temperature for 4 h, 
whereupon 500 pi of 2-propanol was added and the black Ru02 fil
tered after 15 min. The filtrate was poured into H20  and extracted 
with ether. The organic phase was washed and dried. Removal of the 
solvent in vacuo gave 50.3 mg (91%) of a 7-keto ester which, after VPC 
purification on column A, was identical in all respects (i.e., IR, 220- 
MHz NMR, and VPC retention properties) with ester 9b.

Oxidation of Methyl l,c-3-Dim ethyl-2-m ethylene-r-l-cy- 
clohexaneacetate (12b). In a manner similar to the above, 33 mg 
(0.17 mmol) of ester 12b was oxidized (Ru02, NalO.i, aqueous acetone) 
yielding 26 mg (79%) of a -j -keto ester which, after VPC purification 
of column A, was identical in all respects (i.e., IR, 220-MHz NMR, and 
VPC retention properties) with ester 10b.

Methyl l,t-3 - and l,c-3-Dim ethyl-2-m ethylene-r-l-cyclo- 
hexaneacetate (lib  and 12b). A solution consisting of 358.6 mg (1.88 
mmol) of diazo ketone 13,27.1 mg of Cu(AcAc)2, 123 pi of MeOH (1.5 
equiv), and 100 ml of cyclohexane was heated at reflux for 60 min. 
After cooling the reaction mixture was washed successively with 1 N 
HC1, H20, and brine, and dried. Removal of the solvent in vacuo af
forded 344 mg of an oily residue containing 150 mg (41%, by VPC 
calibration) of a 9:1 mixture of 1 lb and 12b, respectively. Preparative 
VPC on column C gave pure lib  and 12b. The first was 1 lb: IR 3110 
(w), 2930 (s), 1740 (s), 1640 (w), 1475 (m), 1212 (s), 1181 (s), 898 cm -' 
(s); NMR (60 MHz) & 0.87,1.20,1.29-2.06 (d, s, m, J = 7 Hz, 13 H),
2.42 (dd, J  = 13 Hz, 2 H), 3.53 (s, 3 H), 4.75 (m, 2 H).

Anal. Calcd for C12H20O2: C, 73.43; H, 10.27. Found: C, 73.34; H, 
10.13.

The second was 12b: IR 3110 (w), 2930 (s), 1740 (s), 1640 (w), 1470 
(m), 1210 (s), 1115 (si, 1007 (s), 890 cm“ 1 (s); NMR (60 MHz) b 1.05, 
1.20,1.26-2.03 (d, s, m, J = 7 Hz, 13 H), 2.43 (s, 2 H), 3.60 (s, 3 H), 4.67 
(m, 2 H); mass spectrum m/e 196.1472 (M+, calcd for Ci2H2o02, 
196.1462).

Methyl l,t-3-Dim ethyl-2-m ethylene-r-l-cyclohexanepro- 
pionate (11c). A solution containing 360 mg (1.84 mmol) of ester lib, 
12 ml of MeOH, and 4.4 ml of 5% (w/v) aqueous NaOH was heated at 
reflux under nitrogen for 2 h, yielding upon workup 324 mg (97%) of 
the corresponding acid [IR 3400-2600 (s, broad), 1700 (s), 1640 (w), 
900 cm-1 (s)].

A solution containing 324 mg (1.78 mmol) of this acid in 2 ml of 
benzene was treated with 300 pi (2.0 equiv) of oxalyl chloride and 
stirred for 4 h at room temperature. Distillation (Kuglerohr) of the 
residue after removal in vacuo of the benzene and excess oxalyl 
chloride afforded 334 mg (94%) of the corresponding acid chloride (IR 
2940 (s), 1800 (s), 1640 (w), 900 cm-1 (s)]. This acid chloride was 
dissolved in 20 ml of ether and added dropwise with stirring to an 
ethereal solution of CH2N2 (3.5 equiv) yielding 360 mg (100%) of the 
corresponding diazo ketone [IR 3100 (w), 2940 (s), 2100 (s), 1645 (s), 
900 cm-1 (s)]. The diazo ketone was dissolved in 70 ml of MeOH and 
irradiated for 90 min. The photolysate was poured into 50 ml of H20  
and extracted with ether and the organic phase washed with H >0 and 
brine and dried. Removal of the solvent in vacuo gave 328 mg (94%) 
of 11c. An analytical sample was obtained by VPC on column C: IR 
3110 (w), 2940 (s), 1740 (s), 1640 (w), 1195 (s), 1173 (s), 895 cm“ 1 (s); 
NMR (60 MHz) b 0.93-2.5,1.02,1.04 (m, s, d, J = 6 Hz, 17 H), 3.58 (s,
3 H), 4.75 (m, 2 H).

Anal. Calcd for C13H22O2: C, 74.24; H 10.54. Found: C, 74.20; H, 
10.57.

Methyl l,c-3-Dim ethyl-2-m ethylene-r-l-cyclohexanepro- 
pionate (12c). By a similar procedure ester 12b was homologated to 
ester 12c in 87% overall yield. Preparative VPC on column C gave pure 
12c: IR 3100 (w), 2940 (s), 1740 (s), 1640 (w), 1198 (s), 1170 (s), 895 
cm“ 1 (s); NMR (60 MHz) b 0.96-2.67,1.05,1.06 (m, s, d, J = 7 Hz, 17 
H), 3.65 (s, 3 H), 4.78 (s, 2 H).

Anal. Calcd for Ci3H2202: C, 74.24; H, 10.54. Found: C, 74.23; H, 
10.46.

Methyl l,t-3-Dim ethyl-2-oxo-i--l-cyclohexanepropionate 
(9c). A mixture of 80 mg of Ru02, 450 mg of NalOi, 20 ml of H20, and 
35 ml of acetone was stirred at room temperature for 60 min followed 
by dropwise addition of 49.2 mg (0.23 mmol) of ester 1 lc in 10 ml of 
acetone. After stirring for 4.5 h at room temperature, 500 pi of 2- 
propanol was added and the Ru02 was removed by filtration. The 
filtrate was poured into H20  and extracted with ether; the combined 
organic phases were washed with H20  and brine and dried. Removal 
of the solvent in vacuo afforded 34 mg (70%) of crude 9c. After puri
fication by VPC on column C, 9c had the following spectral data; IR 
2970 (s), 2940 (s), 1740 (s), 1710 (s), 1255 cm' 1 (s); NMR (60 MHz) 
b 0.96,0.98 (d, s, J = 6 Hz, 6 H), 1.05-2.66 (m, 11 H), 3.63 (s, 3 H); mass 
spectrum m/e 212.1425 (M+, calcd for C12H20O3, 212.1411).

Methyl l,c-3-Dimethyl-2-oxo-r-l-cyclohexanepropionate 
(10c). In a manner similar to that listed for ester 9c, 27.6 mg (0.13 
mmol) of ester 12c was oxidized (80 mg of RuO>, 253 mg of NalO.i, 
aqueous acetone, 4 h) affording 20 mg (71%) of crude 10c. After pu
rification by VPC on column C, 10c had the following spectral data: 
IR 2940 (s), 1740 (s), 1715 (s), 1200 (s), 1170 cm“ 1 (s); NMR (220 MHz) 
b 0.96 (d, J  = 6 Hz, 3 H), 1.17 (s, 3 H), 1.24-2.41 (m, 10 H), 2.42-2.73 
(m, 1 H), 3.66 (s, 3 H); mass spectrum m/e 212.1412 (M+, calcd for 
Ci2H20O;i, 212.1411).

Oxidation of 4,4a,5,6,7,8-Hexahydro-4a/3,8a-dimethyl- 
2(3ff)-naphthalenone (8). In a manner similar to the previously- 
listed oxidations, 70.5 mg (0.4 mmol) of enone 8 was oxidized to the 
corresponding keto acid which was then esterified with excess CH2N2 
for 60 min to yield 75 mg (88%) of a keto ester ( 10c). After VPC pu
rification on column C this keto ester was identical in all respects (IR, 
220-MHz NMR, and VPC retention properties) with 10c prepared 
from ester 12c.

2,t-6-Dimethyl-r-2-(2'-oxoprop-l'-yl)-l-methylenecyclohex- 
ane (1 Id). A solution containing 360 mg (1.8 mmol) of pure lib , 12 
ml of MeOH, and 4.4 ml of 5% (w/v) aqueous NaOH was heated at 
reflux under nitrogen for 2 h. The reaction mixture was then cooled, 
poured into water, and extracted with ether. Acidification of the 
aqueous phase, extraction with ether, drying, and removal of the 
solvent in vacuo gave as an oil 324 mg (97%) of the corresponding 
carboxylic acid.

A solution containing 142 mg (0.78 mmol) of this acid and 10 ml of 
anhydrous ether was treated at 0 °C under N2 with 950 pi (2.5 equiv) 
of MeLi (2.06 M). The resulting solution was stirred at room tem
perature for 13 h, and then added dropwise to a stirred saturated 
aqueous solution of NH4C1. The reaction mixture was extracted with 
ether and the combined organic phases washed with H20  and brine 
and then dried. Removal of the solvent in vacuo gave 137.2 mg (93%) 
of lid . An analytical sample was prepared by VPC on column C: IR 
3110 (w), 2970 (s), 2940 (s), 1710 (s), 1640 (w), 900 cm' 1 (s); NMR (60 
MHz) 6 1.00-1.92,1.08, 1.17 (m, d, s, J  = 6 Hz, 12 H), 1.93-2.98,1.97,
2.52 (m, s, d, J = 14 Hz, 6 H), 4.97 (m, 2 H); mass spectrum m/e 
180.1498 (M+, calcd for C]2H2oO, 180.1513).

2,c-6-Dimethyl-i--2-(2'-oxoprop-l'-yl)-l-methylenecyelohex- 
ane (12d). A solution containing 147 mg (0.75 mmol) of pure 12b, 12 
ml of MeOH, and 2 ml of 5% (w/v) aqueous NaOH was heated at reflux
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under nitrogen for 3 h. The reaction mixture was then cooled, poured 
into water, and extracted with ether. Acidification of the aqueous 
phases, extraction with ether, drying, and removal of the solvent in 
vacuo gave as an oil 126 mg (93%) of the corresponding carboxylic 
acid.

A solution containing 74 mg (0.41 mmol) of this acid and 10 ml of 
anhydrous ether was treated at 0 °C under nitrogen with 0.63 ml (3.2 
equiv) of MeLi (2.06 M). The resulting solution was stirred at room 
temperature for 19 h and then worked up as above to give 68 mg (93%) 
of 12d. An analytical sample was obtained by VPC on column C: IR 
3110 (w), 2970 (s), 2930 (s), 1710 (s), 1640 (w), 890 cm" 1 (s); NMR (60 
MHz) 6 1.07,1.20 (d, s, J = 7 Hz, 6 H), 1.23-2.06 (m, 7 H), 2.08 (s, 3 
H), 2.55 (s, 2 H), 4.62 (m, 2 H); mass spectrum m/e 180.1497 (M+, 
calcd for C12H20O, 180.1513).

2,t-6-Dimethyl-r-2-(2'-oxoprop-l'-yl)-l-cyclohexanone (9d).
A solution containing 55 mg (0.31 mmol) of ketone lid  and 6 ml of 
spectroquality hexane was cooled to —78 °C. Ozone was then passed 
slowly through the solution for 75 min after which 95 mg of triphen- 
ylphosphine was added. After warming to room temperature the re
sulting suspension was filtered and the filtrate chromatographed on 
silica gel. Elution with ether-hexane (1:1) gave 46 mg (82%) of 9d. A 
pure sample prepared by VPC on column C possessed the IR and 
NMR data listed below, which were identical with those reported for 
trans-2,6-dimethyl-2-(2-oxoprop-l-yl)cyclohexan-l-one by Muller 
and Jager:5 IR 2975 (s), 2940 (s), 1720 (s, br), 1360 (s), 1015 (s), 975 
(w), 950 cm-1 (w); NMR (60 MHz) b 0.99,1.02 (d, s, J = 6 Hz, 6 H), 
1.13-2.67,2.04 (m, s, 10 H), 2.70 (s, 2 H); (220 MHz) b 0.98-1.91,0.99,
1.02 (m, d, s, J = 6 Hz, 10 H), 1.92-2.36,2.05 (m, s, 5 H), 2.56-2.82,2.70 
(m, dd, J = 16 Hz, 3 H).

2,c-6-Dimethyl-r-2-(2'-oxoprop-l'-yl)-l-cyclohexanone (lOd).
In a manner similar to the above, 29 mg (0.16 mmol) of 12d was ozo
nized to give 29 mg (94%) of lOd. A pure sample of lOd prepared by 
VPC on column C possessed the IR and NMR data listed below which 
were identical with those reported for cis-2,6-dimethyl-2-(2-oxo- 
prop-l-yl)cyclohexan-l-one by Muller and Jager:5 IR 2975 (s), 2940 
(s), 1710 (s, br), 1360 (s), 1168 (s), 1142 (s), 1125 (s), 1000 (s), 978 (m), 
955 cm“ 1 (w); NMR (60 MHz) b 1.02 (d, J = 6 Hz, 3 H), 1.20 (s, 3 H), 
1.50-2.16, 2.09 (m, s, 9 H), 2.16-2.75, 2.51 (m, dd, J  = 17 Hz, 3 H); (220 
MHz) b 0.99 (d, J  = 6 Hz, 3 H), 1.18 (s, 3 H), 1.20-2.13, 2.09 (m, s, 9 
H), 2.42, 2.48 (m, dd, J = 17 Hz, 3 H).
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Nuclear Magnetic Resonance Spectrum
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Three new synthetic routes to a-(dihydroxyphosphinylmethyl)acrylic acid (1), the phosphonic acid analogue of 
phosphoenolpyruvic acid, have been developed. One of these routes was devised so that a carbon-13 label could be 
introduced specifically in the carboxylate carbon position of 1. By measurement of ’V ih- mc coupling constants in 
the NMR spectrum of 1, unequivocal assignments for the vinyl protons have been made.

Phosphoenolpyruvic acid (PEP) is one of the most impor
tant biological substances with a high phosphate group- 
transfer potential.4 In 1972, Stubbe and Kenyon reported the 
synthesis of the nonhydrolyzable phosphonate analogue of

PEP, a-(dihydroxyphosphinylmethyl)acrylic acid (1). This 
analogue has been found to replace PEP as a substrate in the 
enolase reaction1’5 and to serve as a weak competitive inhibitor 
of rabbit muscle pyruvate kinase.6 In the case of both enzymes,



distance measurements between enzyme-bound Mn(II) at the 
active sites and fixed protons of bound 1 were made using

0  CH2
II II

<HO>2P — CH2— C— COOH 
1

NMR techniques. The distance values obtained permitted 
models to be constructed of the enzyme-Mn(II)-inhibitor 
ternary complexes.5'6 Although the tentative NMR assign
ments made to the vinyl protons of 1 were not crucial to the 
arguments made in either paper, there was disagreement 
about these assignments.5’6 In this paper we present un
equivocal assignments for these two vinyl protons, assign
ments which support the arguments of James and Cohn,6 and 
which do not support those of Nowak, Mildvan, and Ken
yon.5

In addition, new, more efficient synthetic approaches to 1 
and some related compounds are presented.

Results and Discussion
One synthetic approach to phosphonate analogues of 

phosphoenolpyruvic acid which was explored used the 
Wadsworth-Emmons-Horner (modified Wittig) reac
tion.7’8 When the preformed a anion of bis(dimethoxyphos- 
phinyl)methane (2) was treated with ethyl pyruvate in a 
manner similar to the procedure of Huff et al.,9 a 50:50 mixture 
of (E )- and (Z)-ethyl (a-methyl-d-dimethoxyphosphinyl)- 
acrylates (E - and Z-4) was isolated in 91% yield. In an analo

Syntheses of a-(Dihydroxyphosphinylmethyl)acrylic Acid

0  CH O COOEt
Il 1 Il 1

(CH OkP C (CH30 )2P c
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C COOEt 
I

C CH, 
I

H
1

H
EA Z 4

gous fashion using bis(diethoxyphosphinyl)methane (3), a 
50:50 mixture of (E )- and (Z)-ethyl (a-methyl-d-diethoxy- 
phosphinyl)acrylates (E- and Z-5) was generated in 88% yield 
(Scheme I).

When the former reaction was conducted with an excess of 
sodium hydride, substantial amounts of the known itaconate 
analogue, ethyl (a-dimethoxyphosphinylmethyl)acrylate1 (6), 
were formed along with E- and Z-4, as judged by examining 
the NMR spectrum of the product mixture. This type of 
base-catalyzed rearrangement was also observed when a 40:60 
mixture of E- and Z-5 was treated with refluxing sodium 
ethoxide in ethanol. The course of the rearrangement was 
followed by NMR spectroscopy, and it was observed that only 
isomer Z-5 readily rearranged to ethyl «-(diethoxyphos- 
phinylmethyl)acrylate (7) (see Scheme I). Isomer E-5 re
mained unchanged. Presumably, the driving force for this 
stereoselective Z-5 —»■ 7 conversion is release of relatively 
unfavorable steric interactions between the cis ethoxycarbonyl 
and diethoxyphosphinyl substituents of the Z-5 molecule. In 
compound E -5 these bulky substituents are trans to one an
other.

A definitive assignment of the geometries of E- and Z-5 has 
been made on the basis of the following observations (Scheme
I). A 40:60 mixture of E- and Z-5 was stirred for 3 days at room 
temperature in an aqueous solution containing 1 molar equiv 
of NaOH; the solution was then acidified with HC1 to pH 2 and 
thoroughly extracted with CH9CI2. The aqueous layer was 
found to contain only Z-8 in the amount consistent with es
sentially its quantitative production from Z-5. The CH2CI2 
layer, in contrast, was found to contain only £-(a-methyl- 
/3-diethoxyphosphinyl)acrylic acid (E-9) in the amount con
sistent with its production from E-5. Compound E -9 could 
be hydrolyzed to unesterified E -8 in 71% yield by heating at 
reflux for 36 h in 6 N HC1. The relatively rapid conversion of 
Z-5 to Z-8 at room temperature is strongly indicative of car
boxyl group participation in the hydrolysis of the phosphonate 
ethyl ester groups via intramolecular nucleophilic cataly
sis.10’11 Only the Z  isomer of 5, with the carboxylate and 
phosphonate substituents cis to one another, would be ex
pected to exhibit this hydrolytic behavior. Precedents for such 
intramolecular carboxyl-group participation leading to ac
celerated rates of hydrolysis of phosphonate esters may be 
found in the work of both Gordon et al.12 and Blackburn and 
Brown.13

Observations of anisotropic deshielding effects in the 'H 
NMR spectra14 of both E- and Z-5 also support the given
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structural assignments. For example, as predicted, the vinyl 
proton of E-5 resonates at a lower field than the vinyl proton 
of Z-5, presumably owing to its cis relationship to an eth- 
oxycarbonyl group.* 14 Also, the allylic methyl protons of E -5 
resonate at a lower field than those of Z-5, again presumably 
owing to their cis relationship to a diethoxyphosphinyl 
group.

By treatment with aqueous HBr, esters of the type 6 and 
7 may be hydrolyzed to the free a-(dihydroxyphosphinyl- 
methyl)acrylic acid (1).1 In the present study, 6 was converted 
to 1 in 54% isolated yield.

In Scheme II is outlined another modified Wittig reaction 
examined as a synthetic route to 1. In this case the known 
compound dimethyl a,/3-bis(dimethoxyphosphinyl)succi- 
nate15 (10) was treated with formaldehyde under strongly 
basic conditions. A mixture of what appeared to be both di
methyl (n-methylidene-d-dimethoxyphosphinyl)succinate
(11) and the known compound dimethyl a,/3-bis(methyli- 
dene (succinate (12) was generated. Compound 12 was always 
the major product regardless of the conditions (e.g., base, 
temperature, reaction time, sequence of addition, solvent, 
stoichiometry) employed. Upon hydrolysis, 11 underwent 
decarboxylation without apparent double-bond rearrange
ment to give a 36% yield of 1.

Still another synthetic approach to 1, outlined in Scheme 
III, was developed so that selective carbon-13 enrichment 
could be made in the carboxyl carbon position. The finding 
of a commercial source of ethyl bromoacetate, 90% 13C en
riched in the carbonyl carbon position, led to the adoption of 
this scheme.

A Michaelis-Arbusov reaction of the labeled ethyl bro
moacetate with triethyl phosphite gave labeled ethyl (di- 
ethoxyphosphinyl)acetate (13) in 96% yield. The modified 
Wittig procedure with formaldehyde then generated labeled 
ethyl acrylate. This ethyl acrylate was next treated without 
isolation with an excess of dimethyl phosphite in the presence 
of 1 molar equiv of sodium methoxide in methanol, following 
the procedure of Pudovik and Kitaev,16 to generate labeled 
dimethyl i'j-methoxycarbonylethylphosphonate (14) in 62% 
yield. This in turn was converted to labeled methyl a- (di- 
methoxyphosphinylmethyl)acrylate (15) by treatment with 
KH in tetrahydrofuran followed by condensation with form
aldehyde. Martin et al.17 had earlier shown that such Stobbe 
condensations of diethyl d-ethoxycarbonylethylphosphon- 
ate with a variety of ketones gave a series of (3,7-unsaturated 
phosphonates. No evidence was observed for subsequent 
base-catalyzed rearrangement to a,/3-unsaturated phospho
nates.17

Compound 15 was converted to labeled 1 by acid-catalyzed

Scheme III
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hydrolysis. The !H NMR spectra showing the vinyl proton 
regions of both labeled and unlabeled 1 are illustrated in 
Figure 1. In unlabeled 1 each of the vinyl proton signals is split 
by 4J i h - :i lP couplings of 4.3 and 4.7 Hz for the downfield and 
upfield protons, respectively. The smaller splitting of each 
peak is due to geminal coupling.5 These 'H -31?  and
•H -’H vinyl proton couplings were verified earlier by Nowak 
et al.5 using both heteronuclear and homonuclear spin de
coupling experiments. In the 13C-labeled sample of 1 addi
tional 3J ih-^c couplings of 6.7 and 11.5 Hz were observed for 
the downfield and upfield vinyl protons, respectively. Simi
larly, for the trimethyl ester precursor 15 3J ih- ‘3c values of
7.0 and 13.5 Hz were observed for the corresponding vinyl 
protons in the spectrum.

For spin-spin coupling between two nuclei substituted di
rectly on the carbons of a carbon-carbon double bond it has 
been shown experimentally without exception18 that J  trans 
> J cis. This observation has also received some theoretical 
justification.19 Thus it is clear from Figure 1 that the vinyl 
proton which is cis to the 13C-enriched carboxyl group in both 
1 and 15 resonates at a lower field (relative to tetramethyl- 
silane) than that which is trans.
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3,
->1H , 3 C= 6 -7 Hz

Figure 1. A: the 'H NMR spectrum in D2O at 60 MHz showing the 
vinyl proton region of the dilithium salt of 1. B: the same, with 90% 
13C enrichment in the carboxyl carbon position.

Nowak, Mildvan, and Kenyon5 had earlier made a tentative 
assignment of these vinyl protons in 1 on the basis of the ob
served differences in the 4J v a l u e s .  It was pointed out 
that trans coupling is often greater than cis coupling in such 
systems, but known exceptions were noted,20 and it was stated 
that there was “ uncertainty in the assignments of the vinyl 
protons” 5

James and Cohn6 later made the opposite tentative as
signments of the vinyl protons of 1 based on analogy to the 
well-estaolished vinyl proton assignments made earlier for 
phosphoenolpyruvic acid.21 In phosphoenolpyruvic acid the 
vinyl proton cis to the carboxyl group resonates downfield 
relative to the corresponding trans vinyl proton. James and 
Cohn argued that the same should probably be true for 1. 
Indeed, many examples are known where the anisotropic de
shielding effect of a carbonyl group substituted on a carbon- 
carbon double bond results in the vinyl proton substituted cis 
to be downfield from the geometrical isomer with the corre
sponding vinyl proton substituted trans.14 The results in 
Figure 1 support the assignments of James and Cohn,8 and, 
at least for this limited number of cases, show that the an
isotropic deshielding of a vinyl proton by a carboxyl group 
attached to a carbon-carbon double bond is greater than that 
of a phosphinylmethyl group similarly attached to such a 
double bond.

The most efficient synthesis of unlabeled 1 which emerges 
from these studies is to prepare unlabeled 14 and then to carry 
out the last two steps of Scheme III. Alternatively, diethyl 
jS-ethoxyearbonylethylphosphonate, the triethyl ester related 
to 14, can be prepared by the method of Garner et al.22 and 
used in the same sequence.

Experimental Section

General. All melting and boiling points are uncorrected. NMR 
spectra were determined at 60 MHz using either a Varian Model 
A-60A or Perkin-Elmer R12B spectrometer; 5 values are relative to 
Me4Si. IR spectra were recorded on a Beckman Acculab 4 spectrom
eter. Microanalyses were performed by the Microanalytical Labora
tory, Department of Chemistry, University of California, Berkeley.

Bis(dimethoxyphosphinyl)methane (2) was prepared by the 
methods of Roy23 and Nicholson et al.,24 bp 80-85 °C (0.02 Torr) [lit.24 
bp 87-90c C (0.05 Torr)]. The method of Roy23 was also employed for 
the synthesis of bis(diethoxyphosphinyl)methane (3), bp 85-90 
°C (0.02 Torr) [lit.24 bp 90-94 °C (0.1 Torr)].

A mixture of (E ) and (Z)-ethyl (a-methyl-d-dimethoxyphos- 
phinyl)acrylates (E - and Z -4) was prepared as follows. Sodium

hydride (3.2 g of a 56% suspension in mineral oil, 75 mmol, Metal 
Hydrides, Inc.) was washed with hexane under N2, and 100 ml of di- 
methoxyethane, freshly distilled from NaH, was added. Compound 
2 (18.5 g, 92.5 mmol) dissolved in 25 ml of the distilled dimethoxy- 
ethane was added dropwise at 0 °C and allowed to stir for 2 h at room 
temperature under N2. Freshly distilled ethyl pyruvate (9.3 g, 74 
mmol, Aldrich) in 25 ml of dimethoxyethane was added dropwise at
0 °C, and the mixture was stirred for 0.5 h at 0 °C after addition was 
complete. Then cold, saturated aqueous KH2PO4 (50 ml) was added, 
and the reaction mixture was extracted thoroughly with five 100-ml 
portions of CH2CI2. The extract was dried using Na2S04 and filtered, 
and the solvent was removed in vacuo. Short-path distillation at 85-90 
°C (0.03 Torr) gave 14.9 g (91% yield) of a 50:50 mixture of E- and Z-4. 
E -4: NMR (CDC13) b 1.33 (t, J = 7 Hz, 3 H), 2.25 (d of d, 4J H-h = 1-3 
Hz, 4J HJiP = 3.6 Hz, 3 H), 3.73 (d, J  = 11 Hz, 6 H), 4.25 (q, J = 7 Hz, 
2 H), 6.6 (d of q, 2J H-3‘p = 16.4, 4J H-h = 1.3 Hz, 1 H). Z-4: NMR 
(CDCI3) 6 1.33 (t, J = 7 Hz, 3 H), 2.11 (apparent t, 4J H-h = 1.8, V HJiP 
= 1.8 Hz, 3 H), 3.75 (d, 3J H-3‘p = 11 Hz, 6 H), 4.25 (q, J  = 7 Hz, 2 H),
5.8 (d of q, 2J h-31p = 15, 4J h- h = 1-8 Hz, 1 H).

Anal. Calcd for C8H15O5P: C, 43.25; H, 6.80. Found: C, 43.21; H, 
6.77.

A mixture of ( E ) -  and (Z)-ethyl (a -methy]-/3-diethoxyphos- 
phiny])acrylates (E- and Z-5) was prepared in an analogous fashion 
using 3 instead of 2. Short-path distillation at 100-110 °C (0.03 Torr) 
gave 16.2 g (88% yield) of an analytically pure sample of E - and Z-5 
in a 50:50 ratio. E-5: NMR (CDCI3) b 1.33 (t, J = 7 Hz, 3 H), 1.35 (t, 
J = 7 Hz, 6 H), 2.25 (d of d, 4J H-h = 1.0,4J H- 3' p  = 3.6 Hz, 3 H), 4.15 
(m, J = 7 Hz, 6 H), 6.58 (d of q, 2J h-3ip = 15.8, 4J h h  = 1.0 Hz, 1 H). 
Z-5: NMR (CDCI3) b 1.33 (t, J  = 7 Hz, 3 H), 1.35 (t, J  = 7 Hz, 6 H),
2.11 (apparent t, 4J h-h = 1-4, 4J h-31p = 1-4 Hz, 3 H), 4.15 (m, J  = 7 
Hz, 6 H), 5.78 (d of q, 2J h-31P = 14.6, 4J h-H = 1-4 Hz, 1 H).

Anal. Calcd for C10H19O5P: C, 48.00; H, 7.65. Found: C, 47.68; H, 
7.73.

Rearrangement of E -  and Z-4 to ethyl a-(dimethoxyphos
phinylmethyl )acrylate (6) could be achieved either by (1) con
ducting the reaction described above to prepare E- and Z-4 with a 20% 
molar excess of NaH and stirring for 6 h at room temperature or (2) 
adding a 5.0-g mixture of isolated E- and Z-4 dropwise to a 5% molar 
equivalent of hexane-washed NaH in 100 ml of dry dimethoxyethane 
at 0 °C and stirring for 6 h at room temperature before workup. With 
the second method 2.05 g (41% yield) of product 6 was obtained, bp 
90-95 °C (0.03 Torr) [lit.1 bp 103-105 °C (1 Torr)], with an NMR 
spectrum (CDCI3) identical with that reported previously.1

Rearrangement of E -  and Z-5 to ethyl «-(dicthoxyphosphin- 
ylmethyl)acrylate (7) could be demonstrated by NMR spectroscopy. 
A 5.0-g mixture of E- and Z-5 in a 40:60 ratio was treated with NaH 
using the second method described above. The product mixture dis
tilled at bp 100-110 °C (0.03 Torr) giving 2.8 g (58% recovery) of ap
proximately 65% 7 and 35% of unrearranged E- and Z-5, as judged by 
integration of the allylic proton region of the NMR spectrum. Com
pound 7 had the following NMR (CDCI3): b 1.33 (t, J = 7 Hz, 3 H), 1.35 
(t, J  = 7 Hz, 6 H), 2.94 (d, 2J hj ip = 22 Hz, 2 H), 4.15 (m, J  = 7 Hz, 6 
H), 5.81 (d, J = 5 Hz, 1 H), 6.21 (d, J  = 4 Hz, 1 H).

Hydrolysis of 6 to form a-(dihydroxyphosphinylmethyl)- 
acrylic acid (1) was achieved as follows. A mixture (5.0 g, 22.5 mmol) 
of 6, E- 4, and Z-4 in a 60:20:20 ratio was heated at reflux for 1.5 h in 
48% HBr according to the procedure of Stubbe and Kenyon.1 Product
1 (1.21 g, 54% yield based on 6) was isolated using fractional crystal
lization from water as white flakes, mp 168-170 °C (lit.1 mp 118-120 
°C). Samples would occasionally melt at 118-120 °C on recrystalli
zation, suggesting that either polymorphism exists or that thermal 
dehydration to a cyclic anhydride is possibly occurring.25 The NMR 
spectrum (D20 ) was identical with that previously reported for l .1

Stereoselective rearrangement of Z-5 to ethyl «-(diethoxy- 
phosphinylmethyl)acrylate (7) was determined as follows. A mix
ture of E- and Z-5 in the ratio 40:60 (1.0 g) was added dropwise to 40 
ml of 0.1 M sodium ethoxide in ethanol, and the solution was heated 
at reflux for 0.5 h under N2. The reaction mixture was then cooled to 
0 °C, 225 ml of saturated aqueous KH9PO4 was added, and the solu
tion was extracted with four 100-ml portions of CH2C12. After drying 
the solution over MgS0 4 , the solvent was removed in vacuo. The NMR 
spectrum (CDCI3) of the resulting yellow oil (0.76 g, 76% recovery) 
showed the presence of only E-5 and 7 in a ratio of 40:60.

Hydrolysis of Z-5 to generate (Z)-(<x-methyl-/S-dihydroxy- 
phosphinyl)acrylic acids (8) was carried out as follows. A mixture 
(5.0 g, 22.5 mmol) of E- and Z-5 in the ratio of 40:60 was dissolved in 
5 ml of H20  and stirred at 0 °C while 2.0 g of 40% aqueous NaOH was 
added. The resulting mixture was stirred at room temperature for 48 
h and then acidified with 12 N HC1 to pH 2 and allowed to stir for an 
additional 3 h before extracting with five 25-ml portions of CH2C12.

J . Org. C h e m ., V ol. 4 2 , N o . 6 ,1 9 7 7  1033



1034 J . Org. C h e m ., V ol. 4 2 , N o . 6 ,1 9 7 7 Davidson and Kenyon

The aqueous layer was observed to form a white, crystalline precipi
tate which was isolated by filtration. After recrystallization from 
water, 1.89 g of the hemihydrate of product Z -8 (94% yield based on 
Z-5) was obtained as hygroscopic, colorless needles: mp 179-181 °C; 
IR (Nujol) 6.06,7.6,8.05,8.53,9.00,9.86,11.11 y, NMR (D20 ) 5 2.02 
(apparent t, 4J h h  = 1.4, 4J h - 3>p = 1.4 Hz, 3 H), 6.11 (d of q, 4J h h 
= 1.4, 2e/H-;,,p = 10.2 Hz, 1 H).

Anal. Calcd for C4H7C>5P-0.5H,O: C, 27.44; H, 4.61. Found: C, 27.3;
H, 4.93.

Hydrolysis of E -5 to generate (£)-(o!-methyl-£i-dihydroxy- 
phosphinyl)acrylic acid (£1-8) began with crude (£)-(o-methyl- 
/}-diethoxyphosphinyl)acrylic acid (£-9,1.65 g) which was obtained 
upon evaporating the CH2CI2 layer from the preceding reaction. This 
ethyl ester E -9 was heated at reflux for 36 h in 25 ml of 6 N HC1. 
Product E -8 (1.06 g, 71% yield based on the crude E-9) was isolated 
by recrystallization from water as hygroscopic, colorless plates: mp 
153-158 °C; IR (Nujol) 5.91, 7.88, 8.47, 9.71, 10.82 y  NMR (D20 ) 5
2.13 (d of d, 4J h »ip = 3.6, 4J H- h = 1.4 Hz, 3 H), 6.57 (d of q, V H- h  =
I. 4, -Jh np = 16.4 Hz, 1 H).

Anal. Calcd for C4H7Or,P-0.25H2O: C, 28.17; H, 4.43. Found: C, 
28.21; H, 4.20.

Dimethyl a,/3-bis(dimethoxyphosphinyl)succinate (10) was
prepared by the method of Kirillova and Kukhtin,l:' bp 150-160 °C 
(0.03 Torr) [lit.15 bp 208-210 °C (4 mm)].

Synthesis of 1 from 10 using a modified Wittig reaction with 
formaldehyde was achieved as follows. Compound 10 (30.0 g, 82.9 
mmol), previously dried overnight over P4Om, was dissolved in 500 
ml of dry tetrahydrofuran. Lithium hydride (1.0 g, 125 mmol) was 
added with stirring under N2. The reaction mixture was then heated 
at reflux for 15 min. After cooling, 2.5 g (83.3 mmol) of paraformal
dehyde (Eastman, previously dried in vacuo overnight) dissolved in 
200 ml of tetrahydrofuran was added rapidly at room temperature. 
After 2 h of additional stirring, the reaction mixture was filtered, and 
the solvent was removed from the filtrate in vacuo at 25 °C. Short- 
path distillation at 65-85 °C (0.05 Torr) gave 8.45 g of a mixture of 
what appeared from examination of the NMR spectrum to be a 20:80 
mixture of dimethyl (a-methylidene-d-dimethoxyphosphinyl)suc- 
cinate (11) and dimethyl <v,/f-bis(methylidene)succinate-l! (12). This 
mixture could be partially resolved by further vacuum distillation, 
which yielded two fractions, bp 45-55 °C (0.1 Torr) and 100-110 °C 
(0.1 Torr). Judging from its NMR spectrum, the lower boiling fraction 
was mostly the dimethyl a,/3-bis(methylldene)succinate [lit.'2fi bp 
52-65 °C (1 Torr)]. The higher boiling fraction, presumably mostly 
11 (2.05 g, 9.3% yield), was then heated at reflux for 1.5 h in 20 ml of 
48% HBr. After several recrystallizations from water, 0.46 g (36% yield 
based upon impure 11) of 1 was obtained as white flakes, mp 168-170 
°C. The NMR spectrum was identical with that previously re
ported.1

Preparation of Ethyl (Diethoxyphosphinyl)aeetate (13) 90% 
,:!C Enriched in the Carbonyl Position. Ethyl bromoacetate (90% 
1:!C enriched in the carbonyl position, 5.0 g, 29.8 mmol, Koch Isotopes, 
Inc.) was heated at reflux for 3 h with 15 g (90.4 mmol) of freshly 
distilled triethyl phosphite (Aldrich). The l:!C-enriched product, ethyl 
(diethoxyphosphinyl)acetate (13, 6.45 g, 96% yield), was short-path 
distilled: bp 105-110 °C (1 Torr) [lit.27 bp 142-145 °C (9 Torr)]; NMR 
(CDCI3) 5 1.3 (t, J = 7 Hz, 3 H), 1.36 (t, J = 7 Hz, 6 H), 2.98 (d of 
d, 2J h - » c = 7.5,2J H- 3' p  = 21.7 Hz, 2 H), 4.2 (m, J = 7 Hz, 6 H).

Preparation of Dimethyl (3-Methoxycarbonylethylphospho- 
nate (14) 90% l:1C Enriched in the Carbonyl Position. A modified 
version of the procedure of Pudovik and Kitaev16 was employed. 
Sodium hydride (1.44 g, 33.6 mmol, 56% suspension in mineral oil) 
was washed with hexane and placed in a 500-ml four-neck flask 
equipped with a mechanical stirrer, thermometer, 125-ml pressure- 
equalized addition funnel, and an N2 bubbler. Dimethoxyethane (100 
ml, freshly distilled from NaH) was added and the mixture was cooled 
to 0 °C. The ’ ^C-enriched 13 (6.45 g, 28.9 mmol) in 50 ml of the dry 
dimethoxyethane was added dropwise and allowed to stir for 1 h at 
0 °C. The mixture was then cooled to -2 0  °C, 15 g (500 mmol) of pa
raformaldehyde (dried in vacuo overnight) was added rapidly, and 
the solution was allowed to stir at 0 °C. The reaction mixture, while 
still cold, was then filtered under an N2 purge through a fine-fritted 
sintered glass filter into a 300-ml three-neck flask. The residue was 
washed with 25 ml of dry dimethoxyethane, and this solution was also 
added to the filtrate. Dimethyl phosphite (12 g, 109 mmol, Aldrich, 
freshly distilled from CaH2) was added followed by the dropwise 
addition of 15 ml of 1 M sodium methoxide over 1 h at room temper
ature. After being stirred for an additional 1 h, the reaction mixture 
was cooled to 0 °C, 25 ml of saturated, aqueous KH2P 04 was added, 
and the solution was extracted with five 100-ml portions of CH2CL2/ 
After the extract was dried over Na2S04, the solvent was removed in

Preparation of Methyl a-(Dimethoxyphosphinylmethyl)- 
acrylate (15) 90% l:!C Enriched in the Carbonyl Position. Product 
14 (3.44 g, 17.5 mmol) was dissolved in 60 ml of dry tetrahydrofuran 
and stirred under N2 while potassium hydride (4.18 g of 25% sus
pension in mineral oil, 26.7 mmol) was added at room temperature. 
The mixture was allowed to stir at room temperature for 3 h. Para
formaldehyde (5.0 g, 16.7 mmol) was added to the mixture rapidly, 
and the slurry was stirred vigorously for 6 h. Excess paraformaldehyde 
was removed by filtration, and the solvent was removed in vacuo 
leaving a yellow oil which soon separated into two layers. The upper 
layer of mineral oil was removed by decantation leaving 1.43 g of 
product as a yellow oil. The NMR spectrum (CDCl.d showed the 
presence of at least two products, compound 15 comprising better 
than 75% of the mixture. It was used in the next step of the synthesis 
without further purification. NMR (CDCI3) 6 2.98 (d of d, 2J h - 31p  =  
22, 'Vh- ,3c = 4-6 Hz, 2 H), 5.95 (d of d, V h-sip = 5.5 Hz, 3J h-13c = 13.5 
Hz, 1 H), 6.35 (apparent t, V h-31p = 5.5, 3J h-13c = 7.0 Hz, 1 H).

Preparation of Dilithium a-(Dihydroxyphosphinylmethyl)- 
acrylate (Dilithium Salt of 1) 90% l:lC Enriched in the Carbonyl 
Position. Impure 1:1C-enriched 15 (1.43 g, 5.1 mmol) was heated at 
reflux for 1.5 h in 48% HBr (freshly distilled from SnCl2). After re
moval of the solvent, an oil remained which was dissolved in 5 ml of 
H20. Barium acetate was then added until the pH was 4.3. Then 25 
ml of absolute ethanol was added to yield 1.85 g of precipitated crude 
barium salt of 1. This salt was suspended in water and subjected to 
ion exchange using a Dowex 50-W-X cation resin in the lithium form. 
The water was removed in vacuo leaving 0.95 g of crude dilithium salt 
of 1. Recrystallization from aqueous ethanol gave 0.65 g of dilithium 
salt of 1:iC-enriched 1, the properties of which corresponded to those 
of the dilithium salt of 1 prepared from authentic, unlabeled 1: NMR 
(D20) 5 3.19 (d of d, V h-13c = 4, -Jh :»p = 20.5 Hz, 2 H), 6.40 (d of d, 
,t/H-|3c = 11.5, V h J 'p = =4.7 Hz, 1 H), 6.65 (apparent t, V h-i3c = 
6.7,4J H :‘ip = 4.3 Hz, 1 H). The vinyl proton region of this spectrum 
is shown in Figure IB.
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vacuo. The crude product was distilled, bp 95—i03 °C (1 Torr) [lit.16
bp 137-138 °C (10 Torr)], yielding 3.47 g of 1:iC-enriched 14 (61%
yield).

References and Notes
(1) Part 2: J. A. Stubbe and G. L. Kenyon, B io ch e m is try , 11, 338 (1972).
(2) National Institutes of Health Predoctoral Trainee, 1973-1976.
(3) Recipient of a Career Development Award, AM 00014, from the National 

Institute of Arthritis, Metabolism and Digestive Diseases.
(4) A. L. Lehninger, “Bioenergetics", 2d ed, W. A. Benjamin, Menlo Park, Calif., 

1971, pp 67-68.
(5) T. Nowak, A. S. Mildvan, and G. L. Kenyon, B io ch e m is try , 12, 1690 

(1973).
(6) T. L. James and M. Cohn, J. B io l. C hem ., 249, 3519 (1974).
(7) W. D. Emmons and W. S. Wadsworth, J. A m . C hem . Soc., 83, 1733 

(1961).
(8) J. Boutagy and R. Thomas, C hem . Rev., 74, 87 (1974).
(9) R. K. Huff, C. E. Moppett, and J. K. Sutherland, J. Chem . S oc., 2726 

(1968).
(10) A. R. Fersht and A. J. Kirby, Prog. B ioorg . C hem ., 1, 2 (1971).
(11) R. Klugerand P. D. Adawadkar, J. A m . C hem . S o c ., 98, 3741 (1976).
(12) M. Gordon, V. A. Notaro, and C. E. Griffin, J. A m . C hem . S oc., 86, 1898 

(1964)
(13) G. M. Blackburn and M. J. Brown, J. A m . C hem . S oc., 91, 525 (1969).
(14) L. M. Jackman and S. Sternhell, “Applications of Nuclear Magnetic Res

onance Spectroscopy in Organic Chemistry", Pergamon Press, Oxford, 
1969.

(15) L. M. Kirillova and V. A. Kukhtin, Zh. O bshch. K h im ., 35, 1146 (1965).
(16) N. Pudovik and Y. P. Kitaev, Zh. O bshch . K h im ., 22, 473 (1952).
(17) D. J. Martin, M. Gordon, and C. E. Griffin, Tetrahedron , 23, 1831 (1967).
(18) F. A. Bovey, “Nuclear Magnetic Resonance Spectroscopy", Academic 

Press, New York, N.Y., 1969.
(19) M. Karplus, J. Chem . Phys., 33, 1842 (1960).
(20) J. A. Stubbe and G. L. Kenyon, B io ch e m is try , 10, 2669 (1971).
(21) M. Cohn, J. E. Pearson, E. L. O'Connell, and I. A. Rose, J. A m . C hem . Soc., 

92, 4095 (1970).



Synthesis of Isomeric Acetylenic Dyes J . Org. C h e m ., V o i. 4 2 , N o . 6 , 1 9 7 7  1035

(22) A. Y. Garner, E. C. Chapin, and P. M. Scanlon, J. Org. C hem ., 24, 532 
(1959).

(23) C. H. Roy, U.S. Patent 3 251 907 (1966); C hem . A b str., 65, 3908d 
(1966).

(24) D. A. Nicholson, W. A, Cilley, and O. T. Quimby, J. Org. C hem ., 35, 3149

(1970).
(25) G. M. Blackburn and M. J. Brown, J. A m . C hem . Soc., 91, 525 (1969).
(26) W. J. Bailey, R. L. Hudson, and E. T. Yates, J. Org. C hem ., 28, 828 

(1963).
(27) E. Blumenthal and J. M. Herbert, Trans. F a raday S oc., 41,611 (1945),

Acetylenic Analogues of the Cyanine Dyes. 2.1 Synthesis of 
Isomeric Acetylenic Dyes

John D. Mee

Research Laboratories, Eastman Kodak Company, Rochester, New York 14650 

Received August 4, 1976

A new synthesis of acetylenic analogues of cyanine dyes is described, and the mechanism of the reaction is dis
cussed in terms of ynenamines as reactive intermediates. This approach makes possible the separate synthesis of 
isomeric acetylenic dyes such as 4 and 5.

The first examples of acetylenic cyanine analogues were 
described recently.1 These compounds, which possess a formal 
triple bond in the conjugated system, were obtained through 
a reaction sequence in which the final step was the dehydro-

Et Et
cia r

chlorination of a meso-chloro carbocyanine, as in the forma
tion of 2 from 1. This route leads to dyes of unambiguous 
structure only when the terminal heterocyclic nuclei are 
identical. In cases where this condition is not met, for example 
in 3, elimination of hydrogen chloride can occur in two alter
native modes to give the two isomeric dyes 4 and 5.

We report here a new and more versatile approach, whereby 
dyes such as 4 and 5 may be obtained separately. One method2 
for the preparation of meso-substituted carbocyanines in
volves the reaction, under basic conditions, of a heterocyclic 
quaternary salt containing a 2-substituted propenyl group 
with a second quaternary salt having a suitable leaving group. 
Thus, reaction of the 2-chloropropenyl salt 63 with the betaine 
74 in acetonitrile, using pyridine as condensing agent, gave the 
meso- chloro carbocyanine 1. When triethylamine was used 
in place of pyridine, however, the product was the acetylenic 
dye 2.1’6

Since 1 is not dehydrochlorinated under the conditions used 
to prepare 2, it cannot be an intermediate in the formation of
2. The reaction of 2-chloropropenyl salts with triethylamine 
in the absence of a second reactive quaternary salt proved to 
be highly illuminating. Although the reaction of 6 did not yield

CHgCN J CSHSN

jcH /JN /E tjN

I I
Et Et

5
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any readily isolated products, treatment of an acetonitrile 
solution of the corresponding derivative of imidazo[4,5-ò]- 
quinoxaline, 8, resulted in the rapid separation of the ynena- 
mine7 10, presumably via the dienamine 9. When the

naphtho[l,2-d]thiazolium salt 11:! was allowed to react with 
triethylamine under the same conditions, the initially gen
erated ynenamine 12 underwent a subsequent addition of 
triethylamine hydroperchlorate across the triple bond to yield 
the ammonium salt 13. Replacement of triethylamine by the

11

more sterically hindered diisopropylethylamine, together with 
sodium hydride, resulted in termination of reaction at the 
ynenamine stage and 12 was isolated.

We believe that ynenamines such as 10 and 12 are the key 
intermediates in this synthesis of acetylenic dyes, for they 
readily react with 7 to give the same acetylenic dyes as are 
obtained from their parent 2-chloropropenyl salts, 8 and
11.

Further insight into the mechanism of the dye-forming 
reaction was gained by replacement of 6 by its deuterium 
substituted analogue 14. The reaction gave a dye in which 
deuterium was retained, consistent with a reaction sequence 
in which the deuterated ynenamine 15 adds to 7 to give an 
intermediate 16. Since the loss of bisulfite from 16 to give 17 
proceeds with retention of deuterium, this elimination must 
occur in a 1,2 rather than a 1,4 manner. Although a route in
volving the intermediacy of an acetylide ion 18 could also lead 
to retention of deuterium in the acetylenic dye, the addi
tion-elimination sequence seems likely, since under compa
rable conditions the rate of exchange of the acetylenic hy
drogen atom in 12 with D20  proceeded much more slowly than 
the formation of 5 from 11. It is interesting to note that reac
tion of 13 with 7 yields only 5, though more slowly than in the 
reaction of 7 with either 11 or 12, suggesting that in solution 
13 may be in equilibrium with 12. The slower reaction of 13 
also confirms that 13 is formed from 12 and not vice versa.

+>—  C=CCH3
■N I I

D Cl 
Et

C104
14

Et,N

cior

Et
18

Regardless of the precise details of the mechanism by which 
the acetylenic dyes are formed, the retention of deuterium in 
17 has important implications for the synthesis of acetylenic 
dyes in which the two heterocyclic nuclei are different, for it 
may be anticipated that the single hydrogen substituent on 
the conjugated chain of the dye will be adjacent to that nucleus 
that originally formed part of the 2-chloropropenyl salt. Ac
cordingly, 4 and 5 were obtained from 6 and 11, respectively. 
The isomeric pairs of dyes 19-30 (see Table I) were similarly 
obtained from the appropriate 2-chloropropenyl salts. Details 
of the preparations of the additional intermediates 31-38, 
required for the synthesis of these dyes, are given in the Ex
perimental Section.

Experimental Section
'H NMR spectra were recorded using a Bruker HX-90 or Varian 

T-60 spectrophotometer. The spectra of the acetylenic dyes were 
obtained in Me^SO-dg containing 3% pyridine-dr, to inhibit isomer
ization.8 Melting points were determined using a Thomas-Hoover 
apparatus and are uncorrected. IR spectra were recorded using a 
Perkin-Elmer Model 257 spectrophotometer. Electronic spectra of 
solutions of the dyes in the concentration range of 1-2 X 10-5 M were 
recorded using a Perkin-Elmer Model 450 spectrophotometer. At 
these concentrations, Beer’s law was obeyed. No detectable isomer
ization occurred during the recording of NMR, IR, or electronic 
spectra of the dyes, with one exception noted in Table I.

All the acetylenic dyes decomposed on heating without displaying 
any distinct melting point. All were isomerically pure, within the limits 
of detection, as judged by comparisons of electronic, NMR, and IR 
spectra. With the exception of dye 2, the acetylenic dyes were not 
recrystallized, since in some cases this leads to partial isomerization.8 
Unless otherwise noted, the dyes were dried at 60 °C.

9-Chloro-3,3'-diethylthiacarbocyanine Chloride (1). To a 
mixture of the chloride salt of 63 (1.37 g, 0.005 mol) and 79 (1.22 g, 
0.005 mol) in hot acetonitrile (50 ml) was added pyridine (2.5 ml). The
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mixture was heated at reflux for 30 min, with constant stirring. The 
crystalline dye 1, which separated during the reaction, was collected 
by filtration of the hot reaction mixture and washed with acetonitrile: 
yield 1.06 g (47%); mp 246-248 °C dec; Xmax(CH3CN) 549 nm (e 18.3 
X 104). Anal. Calcd for CaiH soCB^S^IDO: C, 56.9; H, 4.8; Cl, 15.9; 
N, 6.3. Found: C, 56.7; H, 5.0; Cl, 15.9; N, 6.1.

11-Chloro-l ,3'-diethylnaphtho[ 1,2-f7]thiazolothiacarbocyan- 
ine Chloride (3). This dye was obtained from 79 and the chloride salt 
of l l 3 by the method described for the preparation of dye 1: yield 22%; 
mp 214-216 °C dec; Amax (CH3CN) 567 nm (e 18.0 X 104). Anal. Calcd 
for C25H22CI2N2S2T.5H2O: C, 58.4; H, 4.9; N, 5.5. Found: C, 58.4; H, 
4.8; N, 5.6.

Dehydrochlorination of Dye 3. A mixture of 3 (0.49 g, 0.001 mol), 
50% aqueous acetonitrile (5 ml), and triethylamine (0.15 g, 0.0015 mol) 
was heated at reflux for 1 min. To the resulting solution was added 
sodium perchlorate (0.2 g) dissolved in a little water and the solution 
slowly diluted to 15 ml with water. The dye was collected and washed 
successively with water, methanol, and ether, yield 0.50 g (98%). The 
visible, NMR, and IR spectra of the product corresponded to a mix
ture of dyes 4 and 5 in a ratio of approximately 2:1.

3-Ethyl-2-[(3-ethyl-2-benzothiazolinylidene)-l-propynyl]- 
benzothiazolium Perchlorate (2) (Method A). A mixture of the 
perchlorate salt of 63 (1.70 g, 0.005 mol) and 79 (1.22 g, 0.005 mol) in 
acetonitrile (25 ml) was cooled at 0-5 °C and stirred as triethylamine 
(1.50 g, 0.015 mol) was added in one portion. After 1 min, the reaction 
mixture was filtered and the filtrate diluted with ether (175 ml). De
cantation of the ethereal layer followed by trituration of the viscous 
residue with methanol (25 ml) yielded 0.85 g (37%) of crystalline dye, 
which was recrystallized from ethanol. The dye was identical with that 
reported previously:1 NMR b 1.3 (t, 3), 1.6 (t, 3), 4.3 (q, 2), 4.6 (q, 2),
5.8 (s, 1), 7.1-8.5 (m, 8).

3-Ethyl-2-[(3-ethyl-2-benzothiazolinylidene)-1 -propynyl- 
d]benzothiazolium Perchlorate (17). This dye was prepared from 
79 and 14 by method A. The crude dye had Amax (CH3CN) 513 nm (c
9.9 X 104). The proportion of undeuterated dye was estimated as <7% 
by comparison of the NMR spectra of dyes 17 and 2 (singlet at 5 5.8). 
Attempted recrystallization of the dye from ethanol resulted in re
placement of most of the deuterium by hydrogen.

2- [(5,6-Dichloro-l,3-diethyl-2-benzimidazolinylidene)-l- 
propynyl]-1,3-diethylimidazo[4,5- bjquinoxalinium Perchlorate
(20) (Method B). 35 (2.30 g, 0.0055 mol), 38 (1.85 g, 0.005 mol), and 
acetic anhydride (0.60 g, 0.006 mol) in acetonitrile (25 ml) were stirred 
at 0-5 °C as triethylamine (2.5 g, 0.025 mol) was added. The initially 
clear solution was stirred at 0-5 °C for 15 min as dye separated. The 
dye was collected, washed with acetonitrile, and dried at room tem
perature in vacuo, yield 0.54 g (18%).

1- Ethyl-2-[(3-ethyl-2-benzothiazolinylidene)-l-propynyl]- 
naphtho[l,2-d]thiazo!ium perchlorate (4) was prepared from the 
perchlorate salt of 63 and anhydro-l-ethyl-2-sulfonaphtho[l,2- 
d]thiazolium hydroxide9 by method A. The dye was isolated by 
dilution of the reaction mixture with methanol (4 volumes): yield 20%; 
NMR <5 1.3 (t, 3), 1.8 (t, 3), 4.1 (q, 2), 5.1 (q, 2), 5.7 (s, 1), 7.0-8.6 (m,
10).

3- Ethyl-2-[(l-ethylnaphtho[l,2-d]thiazolin-2-ylidene)-l- 
propynyl]benzothiazolium Perchlorate (5). A. The dye was pre
pared from 79 and l l 3 by the procedure described for the synthesis 
of dye 4: yield 46%; NMR S 1.6 (m, 6), 4.6 (m, 4), 5.9 (s, 1), 7.3-8.7 (m, 
!°).

B. The above procedure was repeated using an equimolar amount 
of 12 in place of 11. On addition of aqueous sodium perchlorate so
lution, 5 separated, yield 50%.

C. 7 (0.17 g, 0.0007 mol) and 13 (0.32 g, 0.0007 mol) were stirred with 
a mixture of triethylamine (0.07 g, 0.0007 mol) and acetonitrile (3 ml) 
at room temperature. Solution was rapidly attained and the rate of 
appearance of dye color was slower than in the above reactions. After 
5 min, the solid dye which had separated was collected and washed 
with acetonitrile, yield 0.20 g (56%).

5.6- Dichloro-l,3-diethyl-2-[(l,3-diethylimidazo[4,5-b]qui- 
noxalinylidene)-l-propynyl]benzimidazolium perchlorate (19) 
was prepared from 34 and 37 by method B: yield 20%; NMR <5 1.5 (m,
12), 4.4 (m, 8), 5.5 (s, 1), 7.5-8.6 (m, 6).

5.6- Dichloro-l,3-diethyl-2-[(3-ethyl-2-benzothiazolinyli- 
dene)-l-propynyl]benzimidazolium perchlorate (21) was pre
pared from the perchlorate salt of 63 and 37 by method B: yield 20%; 
NMR 6 1.3 (t, 3), 1.5 (t, 6), 4.2 (q, 2), 4.5 (q, 4), 5.7 (s, 1), 7.1-8.0 (m,
4), 8.4 (s, 2).

2- [(5,6-Dichloro-l,3-diethyl-2-benzimidazolinylidene)-l- 
propynyl]-3-ethylbenzothiazolium iodide (22) was prepared from 
79 and 35 by method A, except that the reaction was allowed to pro
ceed for 5 min at 25 °C. Tetraethylammonium iodide (0.64 g, 0.0025

mol) was added to the filtered reaction mixture. The solution was 
chilled briefly and the dye that separated was collected and washed 
with a little acetonitrile, then with ether: yield 40%; NMR b 1.4 (m, 
9), 4.5 (m, 6), 5.6 (s, 1), 7.3-8.7 (m, 6).

3-Ethyl-2-[ (3-ethyl-2,3-dihydrothiazolo[4,5- b]quinolin-2- 
ylidene)-l-propynyl]benzothiazolium perchlorate (23) was 
prepared by the acid-catalyzed isomerization8 of 24. Thus, dye 24 (0.40 
g) was dissolved in acetonitrile (100 ml) and acetic acid (2 ml) was 
added. After 3 h the solution was concentrated to 15 ml and chilled 
to yield 0.14 g (35%) of 23: NMR 6 1.4 (t, 3), 1.7 (t, 3), 4.4 (q, 2), 4.8 (q,
2) , 6.1 (s, 1), 7.3-8.8 (m, 9).

3-Ethyl-2-[(3-ethyl-2-benzothiazolinylidene)-l-propynyl]- 
thiazolo[4,5-b]quinolinium perchlorate (24) was prepared from
3-ethyl-2-methylthiothiazolo[4,5-fe]quinolinium p -toluenesulfonate10 
and the perchlorate salt of 6 by method A: yield 27%; NMR S 1.4 (t,
3) , 1.7 (t, 3), 4.6 (m, 4), 6.2 (s, i), 7.3-9.2 (m, 9).

l-Ethyl-2-[(3-ethyl-2-benzothiazolinylidene)-l-propynyl]-
quinolinium perchlorate (25) was prepared from anhydro-1- 
ethyl-2-sulfoquinolinium hydroxide9 and the perchlorate salt 63 by 
method A; yield 23%; NMR S 1.3 (t, 3), 1.6 (t, 3), 4.3 (q, 2), 4.9 (q, 2),
5.8 (s, 1), 7.2-8.7 (m, 10).

3-Ethyl-2-[(l-ethyl-2,3-dihydro-2-quinolinylidene)-l-pro- 
pynyl]benzothiazolium perchlorate (26) was prepared from 79 and 
36 by method A: yield 46%; NMR b 1.4 (m, 6), 4.5 (m, 4), 5.6 (s, 1),
7.2-8.7 (m, 10).

l-Ethyl-2-[(l,3-diethyl-2,3-dihydroimidazo[4,5-b]quinoxa- 
lin-2-ylidene)-l-propynyl]naphtho[l,2-t/]thiazoiium perchlo
rate (27) was prepared from 8 and archydro-2-sulfo-l-ethyl- 
naphtho[l,2-d]thiazolium hydroxide9 by method A. The dye sepa
rated spontaneously from the reaction mixture: yield 39%; NMR 51.6 
(m, 9), 4.5 (q, 4), 5.1 (q, 2), 5.7 (s, 1), 7.3-8.8 (m, 10).

1,.3-Diet hyl-2-[(l-ethylnaphtho[ 1,2-d]thiazolin-2-ylidcne)-
l-propynyl]imidazo[4,5-b]quinoxalinium perchlorate (28) was 
prepared from l l 3and 38 by method B: yield 44%; NMR b 1.6 (m, 9),
4.5 (m, 6), 6.2 (s, 1), 7.2-8.6 (m, 10).

3-Ethyl-2-[(l,3-diethyl-2,3-dihydroimidazo[4,5-b]quinoxa- 
lin-2-ylidene)-l-propynyl]benzothiazolium Perchlorate (29). 
A. 29 was prepared from 79 and 8 by method A. The dye separated 
spontaneously from the reaction mixture: yield 48%; NMR b 1.5 (m, 
9), 4.5 (m, 6), 5.7 (s, 1), 7.3-8.6 (m, 8).

B. The above procedure was repeated using an equimolar amount 
of 10 in place of 8. On addition of aqueous sodium perchlorate solu
tion, 29 separated, yield 57%.

1.3- Diethyl-2- [ (3-ethyl-2-benzothiazolinylidene) -1 -pr opy- 
nyl]imidazo[4,5-b]quinoxalinium perchlorate (30) was prepared 
from the perchlorate salt of 63 and 38 by method B: yield 27%; NMR 
5 1.4 (t, 3), 1.6 (t, 6), 4.5 (m, 6), 6.1 (s, 1), 7.3-8.6 (m, 8).

1.3- Diethyl-1,2-dihydro-2-(2-propynylidene)imidazo-[4,5- 
b]quinoxaline (10). Compound 8 (2.00 g, 0.005 mol). in aceto
nitrile (20 ml) was stirred as triethylamine (1.50 g, 0.015 mol) was 
added in one portion. After 1 min the solid that separated was col
lected and washed with a small volume of acetonitrile: yield 0.63 g 
(48%); mp (CH3CN) ~135 °C dec; IR (KBr) 3260 (acetylenic H), 2081 
cm- 1 (C=C); NMR (C6D6) b 0.83 (t, 3), 1.32 (t, 3) 2.95 (d, 1), 3.36 (q,
2), 3.95 (d, 1), 4.36 (q, 2), 7.0-8.1 (m, 4). Anal. Calcd for CieHisN^ C, 
72.7; H, 6.1; N, 21.2. Found: C, 72.4; H, 6.2; N, 21.2.

l-Ethyl-2-(2-propynylidene)naphtho[l,2-d]thiazoIine (12). 
A mixture of l l 3 (1.94 g, 0.005 mol), sodium hydride (0.6 g, 0.025 mol), 
and acetonitrile (25 ml) was stirred and cooled in an ice bath as di- 
isopropylethylamine (2.5 g, 0.02 mol) was added dropwise. The mix
ture was filtered and solvent removed by evaporation at 30 °C, under 
reduced pressure. The residue was extracted with petroleum ether 
(bp 30-60 °C, 5 X 50 ml). The combined extracts were concentrated 
to 50 ml. Upon chilling, 0.28 g (22%) of 12 separated: mp (petroleum 
ether) ~100 °C dec; IR (KBr) 3281 (acetylenic H), 2035 cm-1 (C=C); 
NMR (CD3CN) 5 1.56 (t, 3), 3.61 (d, 1), 4.21 (q, 2), 4.78 (d, 1), 7.3-S.4 
(m, 6). Anal. Calcd for Ci6H13NS: C, 76.5; H, 5.2; N, 5.6; S, 12.8. Found: 
C, 76.6; H, 5.4; N, 5.2; S, 12.6.

Deuteration of 12. Compound 12 (0.03 g) was dissolved in CD3CN 
(0.5 ml). D2O (0.09 g) and triethylamine (0.05 g) were added and the 
rate of exchange of the acetylenic hydrogen was monitored by NMR 
(disappearance of doublet at S 3.68). The half-life for this process was 
estimated as 6 min.

Reaction of 11 with Triethylamine. A suspension of l l 3 (0.78 g, 
0.002 mol) in acetonitrile (8 ml) was stirred as triethylamine (0.60 g, 
0.006 mol) was added in one portion. The solid dissolved at once. From 
the resulting blue-colored solution, solid soon began to separate. After 
1 min, the solid was collected and washed with acetonitrile, then with 
ether to yield 0.26 g (30%) of 13 as a colorless solid with no distinct 
melting point: NMR (CF3C 02H) b 1.60 (t, 9), 2.02 (t, 3), 3.89 (q, 6),
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4.91 (s, 2), 6.03 (d, 1, J  = 7 Hz), 6.32 (d, 1, J  = 7 Hz), 7.9-8.9 (m, 6), 
consistent with a protonated structure

Anal. Calcd for C22H29CIN2O4S: C, 58.3; H, 6.5; Cl, 7.8; N, 6.2; S,
7.1. Found: C, 58.1; H, 6".4; Cl, 8.2; N, 6.2; S, 7.3.

2-Acetonylidene-l,3-diethyl-2,3-dihydroimidazo[4,5-6]qui- 
noxaline (31). A mixture of l,3-diethyl-2-methylimidazo[4,5- 
b]quinoxalinium p-toluenesulfonate (20.6 g, 0.05 mol), acetic anhy
dride (5.6 g, 0.06 mol), and pyridine (75 ml) was heated at reflux for 
15 min, cooled, and diluted to 500 ml with water. The solid was col
lected and washed with water. The yield of crude product was 11.9 
g (84%): mp (CH3CN) 213-214 °C; NMR (CDC13) <51.33 (t, 6), 2.23 
(s, 3) 4.40 (q, 4), 5.10 (s, 1), 7.3-7.9 (m, 4). Anal. Calcd for Ci6HiBN40: 
C, 68.1; H, 6.4; N, 19.9. Found: C, 67.9; H, 6.2; N, 19.8.

2-Acetonylidene-5,6-dichloro-l,3-diethylbenzimidazoline (32). 
A mixture of 5,6-dichloro-l,3-diethyl-2-methylbenzimidazolium io
dide (38.5 g, 0.11 mol), acetic anhydride (12.0 g, 0.12 mol), 1,5-diaza- 
bicyclo[4.3.0]non-5-ene (24.8 g, 0.2 mol), and pyridine (100 ml) was 
heated at reflux for 15 min. After cooling, the mixture was added to 
1 N NaOH (11.) at <10 °C. The precipitated solid was collected and 
washed with water. The yield of crude material was 17.5 g (58%): mp 
(benzene-petroleum ether) 155 °C dec; NMR (CDCI3) b 1.30 (t, 6),
2.11 (s, 3), 4.17 (q, 4), 4.72 (s, 1), 7.09 (s, 2). Anal. Calcd for 
Ci4H16Cl2N20 : C, 56.2; H, 5.4; N, 9.1. Found: C, 55.8; H, 5.7; N, 9.1.

2-Acetonylidene-3-ethylbenzothiazoline was prepared according 
to the published procedure:11 NMR (CDCI3) b 1.33 (t, 3), 4.01 (q, 2), 
5.84 (s, 1), 7.0-7.6 (m, (m, 4).

2-(Acetonylidene-l-d)-3-ethylbenzothiazoline (33). A solution 
of 2-acetonylidene-3-ethylbenzothiazolineu (6.6 g, 0.03 mol) in 
chloroform (10 ml) was shaken with deuterium oxide (5 ml) containing 
1 drop of DC1 (20% in D20) and the chloroform layer was separated. 
After three such treatments, the chloroform was evaporated to yield 
33, 5.6 g (8.5%). The proportion of undeuterated product was esti
mated as <7% by comparison of NMR spectra (singlet at 5 5.84) of this 
and the preceding compound.

2-(2-Chloropropenyl)-3-ethylbenzothiazolium perchlorate
(6) was prepared according to the published procedure:3 NMR 
(CD3CN) 5 1.58 (t, 3), 2.74 (s, 3), 4.82 (q, 2), 7.56 (d, 1), 7.7-8.4 (m,
4).

2-(2-Chloropropenyl-l-d)-3-ethylbenzothiazolium Perchlo
rate (14). Compound 33 (1.00 g, 0.0045 mol) was added to phosphoryl 
chloride (5 ml) with stirring, to give a clear solution from which solid 
soon began to separate. After 10 min, 20 ml of benzene was added. The 
solid was collected, washed with benzene, and dissolved in methanol 
(10 ml). Addition of a solution of sodium perchlorate (1 g) in water 
(2 ml) gave a precipitate which was collected and washed with 
methanol, yield 1.10 g (72%). The proportion of undeuterated product 
was estimated as <7% by comparison of the NMR spectra (doublet 
at 5 7.56) of this and the preceding compound.

2-(2-Chioropropenyl)-l,3-diethylimidazo[4,5-b]quinoxali- 
nium Perchlorate (34). Compound 31 (5.64 g, 0.02 mol) was added 
to phosphoryl chloride (25 ml). The mixture was stirred for 30 min, 
then cautiously decomposed with 600 g of an ice-water mixture. So
dium perchlorate (4.9 g, 0.04 mol) dissolved in a little water was added. 
The resulting precipitate was collected and washed with water, then 
dried at room temperature in vacuo: yield 7.13 g (88%); mp (MeOH) 
196-167 °C dec. Anal. Calcd for CisHisCWNhCU: C, 47.9; H, 4.5; Cl, 
17.7; N, 14.0. Found: C, 47.5; H, 4.8; Cl, 18.0; N, 13.9.

The following two compounds were prepared similarly.
2-(2-Chloropropenyl)-5,6-dichloro-l,3-diethylbenzimidazol- 

ium perchlorate (35) was prepared from compound 32: yield 81%; 
mp (MeOH) 214-216 °C dec. Anal. Calcd for C14H16C14N204: C, 40.2; 
H, 3.8; Cl, 33.9; N, 6.7. Found: C, 39.9; H, 3.6; Cl, 34.1; N, 6.6.

2-(2-Chloropropenyl)-l-ethylquinolinium perchlorate (36) 
was prepared from 2-acetonylidene-l-ethyl-lH-quinolone:12 yield

80%; mp (MeOH) 158-160 °C dec. Anal. Calcd for C14H15CI2NO4: C, 
50.6; H, 4.6; N, 4.2. Found: C, 50.4; H, 4.7; N, 4.1.

5,6-Dichloro-l,3-diethyl-2-hydroxyiminomethylbenzimida- 
zolium Iodide (37). 5,6-Dichloro-l,3-diethyl-2-methylbenzimida- 
zolium iodide (30.8 g, 0.08 mol) was added to a suspension of sodium 
hydride (0.1 mol) in acetonitrile (150 ml). The mixture was stirred 
until hydrogen evolution ceased, then heated to boiling and filtered. 
Upon cooling, 9.1 g (44%) of 5,6-dichloro-l,3-diethyl-2-methylene- 
benzimidazoline separated, mp (CH3CN) 121-122 °C. This material 
(4.0 g, 0.016 mol) was dissolved in benzene (80 ml) and nitrosyl chlo
ride bubbled into the solution until no more solid separated. The solid 
was collected and washed with benzene. For purification, the crude 
product was dissolved in 2 N NaOH (80 ml) containing sodium iodide 
(20 g). After filtration of insoluble material, the filtrates were acidified 
with concentrated HC1, whereupon 38 separated: yield 2.6 g (40%); 
mp (CH3CN) 240 °C dec. Anal. Calcd for Ci2Hi4Cl2IN30 : C, 34.8; H, 
3.4; N, 10.1. Found: C, 34.6; H, 3.5; N, 10.0.

l,3-Diethyl-2-hydroxyiminomethylimidazo[4,5-b]quinoxali- 
nium Perchlorate (38). A solution of l,3-diethyl-2-methylimida- 
zo[4,5-6]quinoxalinium p-toluenesulfonate (100 g, 0.24 mol) in acetic 
acid (625 ml) was cooled at 15 °C as sodium nitrite (34.5 g, 0.50 mol) 
in water (200 ml) was added slowly. The solution was allowed to stand 
at room temperature for 2.5 h, then sodium perchlorate (46 g) in water 
(400 ml) added. After cooling to 15 °C, the solid was collected and 
washed with water, then with acetone: yield 67.7 g (75%); mp 
(MeOH-CHsCN) 280-282 °C dec. Anal. Calcd for Ci4H16ClN50 5: C, 
45.5; H, 4.4; N, 18.9. Found: C, 45.8; H, 4.4; N, 19.3.
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It has been found that acid-catalyzed interconversion of isomeric acetylenic dyes can occur. A discussion of the 
factors which influence the visible absorption properties alid relative thermodynamic stabilit ies of pairs of isomeric 
dyes is presented.

Syntheses of acetylenic analogues of the cyanines have 
been described in earlier papers of this series.1- In contrast 
to the cyanines, these compounds are intrinsically unsym- 
metrical. We report here a study of some of the effects of this 
asymmetry upon the visible absorption spectra and thermo
dynamic properties of the dyes.

Spectral Properties. Acetylenic dyes possessing two 
identical heterocyclic nuclei, for example 1, have visible ab
sorption maxima hypsochromically displaced from those of 
the corresponding carbocyanines by 30-40 nm. This was in
terpreted1 as resulting from energetic nonequivalence of the 
extreme structures la and lb.

I
CIQT

cior
lb

Further, comparison of the structures of 1 and its carbo- 
cyanine analogue 2 by x-ray crystallography11 supports the

cior
2

view that la is of lower energy than lb and reflects the dif
ferences in geometry between these two dye classes. For 
convenience, extreme structures such as la and lb are referred 
to as “ acetylene” and “ cumulene” .

Acetylenic dyes containing nonidentical heterocyclic nuclei 
can exist in two isomeric forms, differentiated as in 19 and 20 
by the position of the single hydrogen substituent on the 
chromophoric chain, relative to the heterocyclic nuclei. For 
each of the isomeric pairs shown in Table I, both dyes absorb 
at shorter wavelength than the unsymmetrical carbocyanine 
analogue (e.g., dye 3). However, a more interesting feature of 
these dyes is the difference between absorption maxima of 
isomeric dyes. The structural factors which influence this 
difference may be explained as resulting from the interplay 
of two factors: the lower energy, other things being equal, of 
the acetylene rather than the cumulene extreme structure and 
the relative basicities of the two heterocyclic nuclei in ques

tion. Brooker4 has established a scale of relative basicity, or 
ability to stabilize a positive charge, for a large number of 
heterocyclic nuclei. Thus in an unsymmetrical carbocyanine 
3, the extreme structure 3a, in which the positive charge is 
located on the more basic benzimidazole nucleus, is of lower 
energy than 3b.

In the acetylenic analogue 19, the tendency for the acety
lenic extreme structure to be of lower energy is further rein-

19b
forced by the location of the positive charge on the more basic 
benzimidazole nucleus. Conversely, in the isomeric dye 20, the
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Table I. Isomeric Acetylenic Dyes
+

Registry
no. Dyea R, R,

Rel basicity6 % o f

R,
A (CH3CN), AXmax, equilibrium

R 2 basicity nm nm mixture

61268-47-1 19

Et

.*r ooo-
Et

120 50 488 > 99

61268-49-3 20

Et

E t

Et

50 120

70

532

44

< 1

56387-15-6 21
n  E t>  U  E t

oo-
E t

120 58 468 > 9 8

62 42

61268-50-6 22c OtO
Et

H it

Et

58 120 510 < 2

61268-52-8 23 ©O'
Et

®§0 -
Et

58 24 508 > 95

61268-54-0 24
Et

0 0 -
Et

24 58

34

546

38

< 5

56387-17-8 25 0 O-.
Et

■0 0 -
Et

80 58 543 > 9 0

56387-19-0 26 OCi 58 80

22

543

0

< 1 0

61268-56-2 27

61268-58-4 28

61268-60-8

E t

'O i l

Et

Et
,N _N

Et

E t 
N.__ N.

Et

N ' " N  
E t

S p ~

O  E t

70 50

50 70

70 58

20

537

556

526

19

75 ± 5

25 ± 5

75 ± 5

12

61268-62-0

61268-64-2 29

Et

?>
N
E t

K / J  Et

Et
. N . N

58 70

58 50

535

523

25 ± 5

23 ± 5
Et

61268-66-4 30

Et

O C o I+/ -  © © “
E t

50 58 531 77 ± 5

For convenience, the dyes o f  this table are identified by the same numbers used in the preceding paper. 6 See ref 4. c Io 
dide salt.
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acetylenic extreme structure has the positive charge located 
on the less basic imidazo[4,5-i>]quinoxaline nucleus, and the 
two factors oppose one another. Thus the energy difference 
between the extreme structures is greater for 19 than for 20, 
and the consequently greater degree of electron delocalization 
in 20 is responsible for the bathochromic displacement of its 
absorption maximum relative to that of 19. In Table I, iso
meric pairs of dyes are listed in order of decreasing difference 
in basicity between the two terminal nuclei. It is apparent that, 
in general, the dye in which the single hydrogen atom on the 
conjugated chain is adjacent to the more basic nucleus has an 
absorption maximum at longer wavelengths than that of its 
isomer. In addition, the greater the difference in basicity be
tween the two nuclei, the greater is the difference between the 
absorption maxima of the corresponding pair of isomeric dyes. 
The dye pair 25 and 26 constitute an exception, for the ab
sorption maxima of these dyes are identical, although 25 has 
a much broader absorption envelope. The origin of this 
anomalous behavior is, at present, unexplained.

Relative Thermodynamic Stability of Isomeric Dyes. 
Although the addition of acids such as hydrogen chloride 
across the triple bond of acetylenic dyes occurs readily,1 under 
suitable conditions acid-catalyzed interconversion of isomeric 
dyes can occur. Thus treatment of an acetonitrile solution of 
either isomer of a pair of acetylenic dyes with a trace of acetic 
acid leads to an equilibrium mixture of the two dyes. It is 
presumed that the equilibrium is established via a common 
dication formed by protonation of either isomeric dye.

R 1 ¡ ( V  - C C H — R z R + i G H = C = C H R + 2

H+
R ! = C H C = C R + 2

The relative proportion of each isomer at equilibrium is 
shown in Table I. For each pair, the isomer having an ab
sorption maximum at shorter wavelength is the thermody
namically more stable. Paralleling the arguments presented 
to account for the spectral absorption characteristics of the 
dyes, this behavior is attributed to the increased stabilization 
of the acetylenic extreme structure in the hypsochromic iso
mer. The greater the difference in basicity between the two 
nuclei, the more strongly is the equilibrium displaced in favor 
of the hypsochromic isomer.

An exception to the above is found in the dye pair 29 and 
30, in which case the equilibrium is unexpectedly displaced 
in favor of the bathochromic isomer 30. A possible explanation 
for this behavior is as follows: planar projections5 of isomers

29 and 30 indicate that although the four steric interactions 
a-d are possible, only a is significant, and this interaction 
occurs only in 29. No steric interactions are indicated involving 
/V-ethyl groups of either nucleus attached to the terminal sp 
carbon atom at the opposite end of the dye chain. It is sug
gested that in 29 and 30, where the basicity difference between 
the two heterocyclic nuclei is small, the steric hindrance to 
planarity, caused by interaction a, destabilizes 29 sufficiently 
for 30 to predominate in the equilibrium mixture. It should 
be pointed out that the equilibrium ratio of 29 to 30 (23:77) 
corresponds to a very small energy difference (•—-0.9 kcal/mol) 
between the two isomers.

Molecular Orbital Calculations. The experimental re

2

Figure 1. Acetylenic dyes and carbocyanine analogues (R = R' = H). 
Charge densities [ir(a)] as calculated by the CNDO/S method of Jaffé 
and co-workers.8 The carbocyanine analogue is predicted to absorb 
at significantly longer wavelength (430 nm) than the corresponding 
acetylenic dye (415 nm, Table IIB). Pariser-Parr-Pople calculations 
are summarized in Table IIA,C.

suits for acetylenic dyes correspond closely to absorption shifts 
and tautomer stabilities expected from Brooker’s concepts 
about unsymmetrical dyes, the electronic properties of het
erocycles, and deviations.4 Since these concepts were based 
primarily on the 7r-electronic character of dyes without acet
ylenic bonds, it was of interest to use molecular orbital theory 
to examine the conjugated 7r-electron system of the present 
acetylenic dyes, treating them as geometrical isomers of their 
symmetrical carbocyanine analogues. The geometry for the 
acetylenic extreme structure of dye 1 is shown in Figure 1 
along with that of the carbocyanine analogue 2. The molecular 
orbital calculations for most of the dyes used Pariser-Parr- 
Pople methods,6 modified to include cr-inductive effects.6b’7 
In addition, valence electron calculations using the CNDO/S 
formalism of Jaffé and co-workers8 were carried out for model 
dyes. The results of these calculations and related experi
mental data are summarized in Table II for three classes of 
dyes: (A) dyes containing identical heterocycles, (B) model 
acetylenic and carbocyanine chromophores, and (C) isomeric 
dyes containing nonidentical heterocycles. The dyes con
taining identical heterocycles were examined with two Par
iser-Parr-Pople parameter sets.6b'7 Both provide reasonable 
estimates of the relative transition energies for acetylenic and 
carbocyanine dyes (Table IIA). Results based on the first set 
are in better agreement with experimental values, and these 
are used for the discussion below.

T h e allowed visible transition o f  acetylenic dyes occurs at 
shorter wavelength than for the corresponding carbocyanines, 
indicating chrom ophoric asym m etry as discussed in the pre
vious sections. In the m olecular orbital calculations for ir 
electrons, introduction o f this asym m etry as sim ple geom et
rical changes (bond lengths and bond angles) was sufficient 
to shift the predicted absorptions to shorter wavelength and  
localize more o f the 7r-electron density on the heterocycle  
nearest the C -H  carbon o f the chrom ophore (Figure 1).

Dye 1 with the acetylenic geometry, la, showed a predicted 
transition at 489 nm (2.53 eV), whereas the observed value is 
473 nm. A “ cumulene” geometry for the dye, obtained by 
adjusting only the sp-carbon positions to equalize all the bond 
lengths, gave a similar transition (488 nm).9 The carbocyanine 
analogue 2 has a calculated transition at 524 nm (2.37 eV), 
corresponding to an observed value of 513 nm. The dyes 1,2, 
and 6-9, each containing identical heterocycles, exhibit a close
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Table II. Spectroscopic Properties and Relative Stabilities of Acetylenic Dyes and Carbocyanine Analogues

A. Dyes with Identical Heterocyclic Nuclei

Caled by Pariser-Parr-Pople methods
Et (10-4 e)b Parameter set 1 Set 2,

Registry no. Dye“ obsd £ t(/)c 7T energy d Et( /)c

52846-51-2 la 2.62 (14) 2.53 (1.81) 495.86 2.30 (1.87)
61268-71-1 ib 2.54 (1.98) 495.62
61268-72-2 2 2.42 (21) 2.37 (1.79) 494.34 2.21 (1.78)

AE = 0.20 eV AE = 0.16 eV AE = 0.09 eV
56387-12-3 6 2.30 (21) 2.27 (1.96) 475.29 2.28 (2.10)
50818-84-3 7 2.13 (32) 2.15 (1.95) 473.79 2.20 (2.00)

AE = 0.17 eV AE = 0.138 eV AE = 0.08 eV
61268-68-6 8 2.42 (9.9) 2.36 (1.72) 347.12 2.24 (1.73)
61268-69-7 9 2.24 (16) 2.22 (1.64) 345.71 2.14 (1.62)

A£  = 0.17 eV AE = 0.165 eV AE = 0.10 eV

B. Model Acetylenic and Carbocyanine Chromophores

Caled Caled values
Structure quantity PPP method1 CNDO/S method/

- Acetylenic dye
(Figure 1, R = R' = H) «HF -9.40 -10.933 M

Et (f) 2.57 (1.70) 2.99 (1.37)
3.68 (0.10) 3.51 (0.00001)
3.99 (0.03) 4.15 (0.09)

Carbocyanine
(Figure 1, R = R' = H) ÉHF -9.37 -10.971 (tt)

Et (/) 2.41 (1.68) 2.88 (1.29)
3.64 (0.13) 4.09 (0.10)

C. Isomeric Dyes with Different Heterocyclic Nuclei

Obsd in CH.iCN Caled by Pariser-Parr-Pople methods
Dye“ Et (10-4 f),6 % isomer Et (f)c 7r energy^

19 2.54 (13) >99 2.42 (1.86) 485.71
20 2.33 (>13) <1 2.31 (1.85) 485.57

AE = 0.21 eV AE = 0.11 eV
21 2.65 (9) >98 2.47 (1.74) 421.57
22 2.43 (12) <2 2.42 (1.81) 421.41

AE = 0.22 eV A£  = 0.05 eV
29 2.37 (16) 23 2.33 (1.85) 411.22
30 2.33(13) 77 2.26 (1.80) 411.23

AE = 0.04 eV A£ = 0.07 eV
“ Dye structures: acetylenic dye la /lb  from l,3-diethyl-5,6-dichlorobenzimidazole and carbocyanine analogue 2; acetylenic dye 

6 from l,3-diethylimidazo[4,5-i>]quinoxaline and carbocyanine analogue 7; acetylenic dye 8 from 3-ethylbenzothiazole and carbocyanine 
analogue 9; tautomeric dyes (19-22, 29, 30) from Table I. 6 Observed transition energies (.Et, eV) and extinction coefficients (10-4 
e, 1. mol-1 cm-1) in acetonitrile (Table I and ref 1) . c Calculated transition energies ( E t , eV) and oscillator strengths (/) for the ir-electron 
system excluding the acetylenic bond in the plane of the molecule. The basic program (QCPE, No. 71),'6a modified to include heteroatom 
inductive effects, was used with standard parameters60 and additional inductive effects within the chromophore.7 d Total ir energy 
in eV, as calculated by equation 2.20 in ref 12. H. A. Hammond, private communication. e Results using the original parameter set 
devised by Hammond.66 f CNDO/S method of Jaffé and co-workers.8

correspondence between the predicted and observed transi
tion energies (Table IIA). In addition, transition energy dif
ferences between acetylenic/carbocyanine pairs of dyes are 
close.

Model acetylenic and carbocyanine chromophores with 
terminal benzimidazoles were examined by PPP and CNDO/S 
calculations (Table IIB and Figure 1, R = R' = H). Calcula
tions on acetylenic hydrocarbons have suggested weak UV 
transitions at longer wavelength than the allowed tt -*  7r* 
transitions.11 In dyes 1 and 2, the CNDO/S calculations pre
dict the lowest energy transition to be in the visible region of 
the spectrum with high oscillator strength, and weak transi
tions involving the acetylenic bond in the UV. In agreement 
with the ^-electron calculations comparing acetylenic and 
carbocyanine dyes, shorter wavelength absorption for the 
acetylenic dye is also predicted, along with similar highest

rilled orbital energies and higher 7r-electron density on the 
heterocycle nearest the methine carbon in the acetylenic 
dye.

The isomeric acetylenic dyes (19/20,21/22, and 29/30) were 
examined using a fixed acetylenic geometry for all isomers (see 
dye la, Figure 1). The results of these ir-electron calculations 
generally exhibited better agreement with spectral data than 
isomer stabilities (Table IIC). Calculated and observed 
transition energies were within 3% for dyes 20,22,29, and 30 
and within 6% for 19 and 21. The dominant isomers in two dye 
sets (19/20, 21/22) were observed to be 19 and 21. These also 
exhibited slightly higher total -k energies,12 but the high sta
bility observed for these isomers is not adequately reflected 
in the total it energies. Dyes 29/30 are much closer in stability 
as shown by equivalent total it energies and a 23%/77% tau
tomeric mixture at equilibrium. Although it is reasonable to
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suggest that the small differences in total it energy may be an 
artifact of the calculations, it is nevertheless interesting that 
the 7r energies qualitatively parallel the observed isomer sta
bilities.

The Pariser-Parr-Pople calculations used here (cyanine 
dye parameters, fixed acetylenic bond lengths, nonconjugated 
bond omitted) reproduce most of the characteristics in the 
visible spectra of acetylenic dyes and their carbocyanine an
alogues. Some 7r-charge localization was observed in dye la 
similar to previous suggestions made on the basis of experi-. 
mental bond lengths from an x-ray crystal structure.33 In 
addition, total it energies excluding components of the triple 
bond in the molecular plane provide qualitative estimates of 
the relative stabilities of isomeric acetylenic dyes. Thus, in 
both a qualitative and quantitative sense, the primary dif
ferences between acetylenic dyes and their symmetrical car
bocyanine analogues can be understood as a consequence of 
asymmetry in the conjugated Tr-electron chromophore.

Experimental Section
Electronic spectra were recorded using a Perkin-Elmer Model 450 

spectrophotometer.
Equilibration Experiments. Solutions of the acetylenic dyes in 

acetonitrile, in the concentration range of 1-2 X 10" 1M, were used. 
To 3 ml of dye solution was added 1-2 drops of acetic acid. Visible 
absorption spectra were then recorded periodically until equilibrium 
was attained, giving a family of absorption curves passing through an 
isosbestic point (the time required to reach equilibrium varied from 
a few minutes to several hours). The equilibrium proportion of each 
acetylenic dye of a pair was readily computed using the absorption 
curves of the two pure isomers and that of the equilibrium mix
ture.
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Synthesis of 6,9-Bisnormethyl-8-methoxy-12,13-epoxy-6,8,10-trichothecatriene
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An efficient synthesis of an A-ring aromatic trichothecane analogue, 6,9-bisnormethyl-8-methoxy-12,13-epoxy-
6,8,10-trichothecatriene (11), has been developed. The aryl allyl ether, 2, was converted in a series of six steps to 
7b in ca. 74% overall yield. Bromination of the enolate anion of 7b, removal of the benzyl protecting group, and cy- 
clization (sodium hydride in ether) gave the tricyclic ketone, 9, in very high yield. Alternatively, hydrogenolvsis of 
7b followed by acetylation and bromination gave 13c. Treatment of 13c with DBN gave 9. The spiro epoxide. 11, 
was prepared from 9 by treatment with dimethylsulfonium methvlide.

canes display potent activity against fungi, protozoa, viruses, 
and/or neoplasms. The significant mammalian toxicity which 
most of the trichothecanes exhibit has also been implicated 
as a cause of massive livestock poisoning, a result of ingestion 
of certain moldy foods.1

Structurally, the trichothecanes range in complexity from 
12,13/I-epoxytrichothec-9-ene (1, R3 = R4 = R = R 1 1 = H; X 
= H2) to highly oxidized compounds such as nivalenol (1, R3 
= R^ = R6 = R15 = OH; X = O).1 Macrocyclic lactone deriv
atives, bridging C-4 to C-15, are also quite common.1 Three

The trichothecanes are a group of sesquiterpene mycotox- 
ins which possess the general structure 1. Interest in this group 
emanates from the discovery that a number of the trichothe-

1
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trichothecane syntheses have been reported: trichodermin2a 
(1, R:! = R7 = R 15 = H; R4 = OCOCH3; X = H2) and 12,130- 
epoxytrichothec-9-ene.2b’3 The first two syntheses2a’b utilize 
a similar strategy insofar as the C ring is formed onto a pre
cursor which contains the A and B rings. The most recent 
synthesis3 is patterned after the proposed biosynthetic scheme 
for trichodermin; in this approach the bond between 0-1 and 
C -ll is formed in a key step. All of the syntheses afford the 
final product in low overall yield and cannot be regarded as 
generally applicable for the preparation of a wide variety of 
compounds for thorough biological studies.

As a first step in the study of antineoplastic structure- 
activity requirements for the trichothecanes we examined 
several possible synthetic routes to this group of compounds. 
Our basic goal was to develop an approach which would be 
efficient and versatile. The versatility is required to provide 
synthetic approaches to a variety of trichothecanes and tri
chothecane analogues. We now wish to report our results in 
the synthesis of a trichothecane analogue which possesses an 
aromatic A ring.

The basic strategy for the synthesis of A-ring aromatic 
trichothecanes is presented in Scheme I.4 The literature

Scheme I

contains ample precedent for the conversion of ketones to the 
corresponding spiro epoxide, so the synthetic target becomes 
the tricyclic ketone. We chose, in our synthetic approach, to 
develop the tricyclic structure by an intramolecular Wil
liamson reaction on a substrate which contained the pre
formed A and C rings. Thus, the first synthetic goal was to 
construct the 11-carbon trichothecane backbone with the A 
and C rings already intact. Such an approach should offer 
some considerable versatility in the elaboration of a variety 
of trichothecane analogues.

The requisite 11-carbon backbone of the A-ring aromatic 
trichothecane was readily assembled in two steps. Treatment 
of sodium p-methoxyphenoxide with 3-chlorocyclopentene9 
gave 2, which, upon distillation, afforded 2 along with rear
ranged phenol, 3a, in a combined yield of 70%. The thermal 
Claisen rearrangement of pure 2 proceeded to give 3a in 98% 
yield. Attempts to isomerize the double bond in 3a, in the

3a, R =  H 
b, R =  CH2Ph

presence of the free phenol, were uniformly unsuccessful; so 
the phenol was converted to the benzyl ether, 3b (96%); 3b was 
smoothly converted to 4 (97%) by treatment with potassium 
ferf-butoxide in MeoSO-water.5

When water was omitted from the latter reaction none of 
the desired olefin was obtained; instead a product tentatively 
formulated as the chroman, 5, was produced (90%). Support 
for this structure assignment was obtained when 5 was treated 
with hydrogen (10% Pd/'C): the hydrogenolysis product, a 
phenol [2-(2'-benzylcyclopentyl)-4-methoxyphenol], was 
characterized spectroscopically.6

Epoxidation of 4 with m-chloroperbenzoic acid in a di- 
chloromethane-aqueous sodium bicarbonate biphase system7 
gave a crystalline epoxide, 6, in high yield (90%). The epoxide,

6 7a,R =  H
b, R =  Me

without purification, was converted to the ketone, 7a, by 
treatment with boron trifluoride etherate in benzene for 1 min 
at 23 °C. The yield of 7a from 4 was 89%.

The ketone, 7a, was converted to the enolate anion by the 
action of sodium amide in liquid ammonia (ca. 6 h as judged 
by complete dissolution of starting material), then treated 
with excess methyl iodide to give 7b (91%). The NMR spec
trum of 7b shows a sharp singlet at 5 1.28 for the newly intro
duced methyl group; absent from the NMR spectrum of 7b 
was a multiplet at 5 2.90-3.42 which was assigned to the ben- 
zylic methine proton (adjacent to the carbonyl) in 7a. Both 
7a and 7b showed characteristic cyclopentanone IR absorp
tion, 1745 and 1748 cm-1, respectively.

Bromination of 7b with phenyltrimethylammonium bro
mide perbromide (PTAB) in THF gave 8a in only 42% yield 
along with gem-dibrominated material (ca. 25%) and un
reacted starting material (ca. 25%). Pyridinium hydrobromide 
perbromide gave inferior results compared with PTAB. 
Treatment of 7b with cupric bromide in chloroform-ethyl 
acetate resulted in cleavage of the benzyl group. Acetamide 
was added as a hydrogen bromide scavenger in an effort to 
avoid this cleavage; under these conditions the cupric bromide 
was consumed, the hydrogen bromide-acetamide complex 
precipitated from solution, and starting material was recov
ered. The preparatively useful bromination of 7b was effected 
by using lithium diisopropylamide followed by bromine,8 af
fording 8a in 60% yield along with 37% of unreacted starting

Br

8a,R =  CH2Ph 8b'
b,R =  H

material. The separation of 8a and 7b was readily accom
plished and the yield of 8a, based upon recovered starting 
material, was 97%. No dibrominated side products were 
formed in this reaction when excess 7b was used (ca. 0.68 equiv 
of Br2 was used).

The benzyl group in 8a was cleaved with anhydrous HBr 
in methylene chloride. The cleavage reaction proceeded to a 
certain point and stopped; presumably the benzyl bromide 
concentration reached a sufficient level such that the cleavage 
and rebenzylation reactions were at equilibrium. The reaction 
afforded 8b in 62% yield along with 36% of recovered 8a. Thus, 
the yield of 8b, based upon the recovered starting material,4
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was 98%. The IR spectrum of 8b contained no carbonyl ab
sorption s.nce 8b exists as the hemiketal, 8b'. It was possible, 
using medium-pressure liquid chromatography, to separate 
the two isomeric bromohemiketals; however, this was un
necessary since the epimeric mixture was perfectly suitable 
for the next step. Cyclization of 8b with sodium hydride in 
anhydrous ether gave 9 in 99% yield. Considerable care had 
to be exercised in the handling of 9 because it showed a

marked tendency to undergo hydrolytic ring opening to give 
10, particularly in the presence of acid. Both tautomeric forms 
of 10 could be obtained. The compound, in CHCI3 solution, 
exists as the ketone, 10. Dissolution of 10 in CCI4 led to the 
crystallization of the less soluble hemiketal, 10'. Spectra of 10' 
could be determined in CHCI3 solution provided that the 
spectra were recorded quickly after the solutions were pre
pared.

Treatment of 9 with dimethylsulfonium methylide gave the 
spiro epoxide, 11, in 79% yield (based on recovered starting 
material). The stereochemistry of 11 is undefined. It was 
necessary to use an inverse addition procedure because the 
product spiro epoxide showed a tendency to react with the 
ylide to give a tertiary allylic alcohol. Formation of the tertiary 
allylic alcohol was quite pronounced when the ketone was 
added to the ylide solution. Dimsyl sodium (Me2SO-NaH) 
was found to be the base of choice for generation of the ylide 
in this rection; when rc-butyllithium was used a tertiary n- 
butylcarbinol was invariably formed. This latter product was 
observed even when excess trimethylsulfonium iodide was 
used and times in excess of 1 h were allowed for ylide forma
tion.

Other phenol blocking groups were examined during the 
course of this study. The benzyl group was removed from 7b 
by hydrogenolysis (5% Pd/C); the product, 12, existed almost 
exclusively as the hemiketal 12b. The IR spectrum of 12

(CHCI3) showed no carbonyl absorption; however, upon the 
addition of a trace of triethylamine a medium intensity band 
appeared at 1745 cm“ 1. Bromination of 12 with PTAB in 
freshly distilled anhydrous THF or with cupric bromide in 
chloroform-ethyl acetate yielded complex, tarry mixtures; 
bromination of 12 with PTAB in methylene chloride yielded
5-bromo-3a-hydroxy-7-methoxy-8b-methyl-2,3,3a,8b-tet- 
rahydro-l/7-cyclopenta[6]benzofuran, the product of aro
matic bromination ortho to the phenolic hydroxyl.

Acetylation of 12 gave the phenyl acetate, 13a, in high yield. 
Bromination of 13a with PTAB afforded the a,a-dibromo 
ketone, 13b, as the major product. Treatment of 13a with 
cupric bromide in chloroform yielded 13c as the major product 
(72%) with only a trace (5%) of 13b. Treatment of 13c with

13a,R =R ' =  H
b, R =  R' =  Br
c, R =  Br; R' =  H

DBN effected cleavage of the phenyl acetate and cyclization 
in one pot and 9 was obtained in 82% yield from 13c.

In conclusion, the series of six steps from 2 to 7b can be 
carried out in ca. 74% yield with a minimum of difficulty. 
Three of the remaining four steps (via 8a) require chroma
tography to recover starting material for recycling but the 
overall yield of 11 from 2 (ten steps, via 8a) is 55%. The syn
thesis is relatively simple to carry out and is versatile. The 
alternate synthesis of 9 from 7b (via 12) adds an additional 
step and the overall yield of 11 from 2 is reduced to 43%; 
however, the simplicity of the procedures involved affords 
some merit to this approach. Other phenols have been reacted 
with 3-chlorocyclopentene to give analogues of 2 which also 
readily undergo Claisen rearrangement; these intermediates 
will provide a series of compounds with a range of A-ring 
functionality. The intermediates 7a and 8a are particularly 
well suited for elaboration of necessary C-ring functionality; 
this work is in progress. Finally, this approach may also be 
employed for the synthesis of trichothecanes which possess 
an aliphatic A ring; the stereochemistry of the substituents 
at C-5 and C-6 (cf., 1) can be controlled in the initial Claisen 
rearrangement and this work will be the subject of a forth
coming communication.

Experimental Section
NMR spectra were determined for solutions in CCb (unless oth

erwise specified), containing ca. 1% Me.jSi as internal standard, with 
a Varian T-60 spectrometer. IR spectra were determined for neat 
samples (unless otherwise specified) with a Perkin-Elmer 237 spec
trophotometer. UV data were determined for solutions in 95% ethanol 
(unless otherwise specified) with a Beckman DB-G spectrophotom
eter. Mass spectra were determined by the NIH Biomedical Tech
nology Center at Cornell University. Melting points are uncorrected 
and were determined in capillary tubes with a Hoover-Thomas Uni
melt apparatus. Microanalyses were performed by Galbraith Labo
ratories, Knoxville, Tenn., and by Atlantic Microlab, Inc., Atlanta, 
Ga.

3-(p-Methoxyphenyloxy)cyclopentene (2). A solution of sodium 
ethoxide was prepared by gradual addition of sodium metal (23.0 g,
1.0 mol) to absolute ethanol (500 ml). The reaction mixture was al
lowed to cool to room temperature and p-methoxyphenol (124 g, 1 
equiv) was added with vigorous stirring. The reaction mixture was 
allowed to stir for at least 1 h before being used in the subsequent 
reaction. The vigorously stirred suspension of sodium p-methoxy- 
phenoxide in absolute ethanol was cooled to —45 °C (dry ice in chlo
roform-carbon tetrachloride, 1:1) and freshly prepared 3-chlorocy
clopentene (102 g, 1.0 mol) was slowly added. The pH of the reaction 
mixture was continuously monitored (pH test paper) to ensure that 
the reaction remained basic. Water was added to the cooling bath and 
the temperature of the reaction mixture was permitted to increase 
to - 4  °C (over ca. 1 h). (If the temperature was allowed to rise above 
ca. 5-7 °C, the reaction became uncontrollably exothermic with re
action temperature going over 30 °C. The reaction mixture then 
turned a greenish-blue color and was found to be very acidic— lower 
isolated yields resulted.) Anhydrous K2CO3 (138.2 g, 1.0 mol) was 
added (addition of anhydrous K2CO3 was made at lower temperatures 
only if the reaction mixture was found to have a pH of 7 or less) and 
the mixture was maintained below 0 °C for 5 h. The temperature was 
allowed to slowly increase to 15 °C after which careful monitoring of 
the reaction temperature was no longer essential. (Any indication of 
a sudden exothermic reaction required recooling of the reaction 
mixture to 0 °C for an additional 2 h.) The reaction mixture was 
stirred at room temperature for 36 h and filtered through Celite. The 
inorganic residue was thoroughly washed with acetone and the com
bined filtrate was concentrated in vacuo (below 50 °C). (It was es
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sential to monitor the pH of the filtrate and the various residues; any 
indication of acidity required the addition of K2CO3 to achieve neu
tralization or slight alkalinity.) The residue was dissolved in ether (1 
1.), washed with 5% KOH solution (7 X 250 ml), water (1 X 250 ml), 
and saturated NaCl solution (1 X 500 ml), and dried (anhydrous 
Na2S 04). The ethereal solution was concentrated in vacuo and the 
residue was distilled in the presence of anhydrous K2CO3 (20% of the 
weight of the residue) under the lowest pressure possible. (In reactions 
where more than 1 mol of 3-chlorocyclopentene was employed the 
residue was divided according to the number of moles used and was 
distilled separately in the presence of anhydrous K2CO3.) Fluctuations 
in vacuum typically occurred when the pot temperature reached 160 
°C; however, a gradual return to the original vacuum occurred. (In 
one instance where starting phenol was not removed, prolonged and 
continual reductions in vacuum occurred and complete destruction 
of product resulted.)

Distillation of the crude product gave 2 (77.8 g, 41%) and 3a (55.7 
g, 29%). 3-(p-Methoxyphenoxy)cyclopentene (2) had bp 115-120 °C 
(0.4 Torr); IR 969, 889, 824, 790, and 756 cm’ 1; UV max 223 nm (e 
3650) and 291 (2590); NMR b 1.87-2.57 (m, 4), 3.75 (s, 3), 5.10-5.33 
(m, 1), 5.83-6.12 (m, 2), and 6.77 (s, 4).

Anl. Calcd for Ci2Hi.,02: C, 75.76; H, 7.42. Found: C, 75.79; H, 
7.46.

2-(3'-Cyclopentenyl)-4-methoxyphenol (3a). A mixture of 2 
(91.9 g, 0.483 mol) and anhydrous K2CO3 (9.2 g) was heated at 185 °C 
for 30 min (No atmosphere) and distilled to yield 90.1 g of 3a (98%): 
bp 110 °C (0.28 Torr); IR 3356 cm-1; UV max 226 nm (f 3760) and 271 
(3310); NMR b 1.43-2.73 (m, 4), 3.63 (s, 3), 3.79-4.32 (m, 1), 4.80 (s, 
1, -OH), 5.61-6.07 (m, 2), and 6.52 (s, 3).

Anal. Calcd for C12H 14O2: C, 75.76; H, 7.42. Found: C, 75.96; H, 
7.49.

2-(3'-Cyclopentenyl)-l-benzyloxy-4-methoxybenzene (3b).
A stirred mixture of 3a (12.38 g, 0.65 mmol), anhydrous K2CO3 (17.97 
g, 130 mmol), and benzyl bromide (33.35,195 mmol) in acetone (100 
ml) was heated under reflux for 51 h. The cooled reaction mixture was 
filtered, the precipitate was washed with acetone (2 X 100 ml), and 
the combined acetone solution was concentrated in vacuo. The residue 
was dissolved in ether (500 ml) and the ethereal solution was washed 
with water (100 ml) and saturated NaCl solution (100 ml), dried 
(Na-jSOi), and concentrated in vacuo. Anhydrous K2C03 (1.3 g) was 
added and the residue was distilled to yield 17.5 g (96%) of 3b: bp 163 
°C (0.35 Torr); IR 1587,917,876,855,800,735, and 696 cm -1; UV max 
232 nm (« 4750) and 290 (3080); NMR b 1.47-2.73 (m, 4), 3.67 (s, 3),
4.10-4.57 (m, 1), 4.98 (s, 2), 5.62-6.07 (m, 2), 6.48-6.82 (m, 3), and 7.33 
(s, 5).

Anal. Calcd for Ci9H20O2: C, 81.39; H, 7.19. Found: C, 81.29; H, 
7.21.

2-(l'-Cyclopentenyl)-l-benzyloxy-4-methoxybenzene (4).
Potassium ferf-butoxide (11.8 g, 0.11 mol) was added to Me2SO (120 
ml) with stirring; the solution was stirred for 30 min and Me2SO was 
added to bring the volume to 150 ml. The mixture was treated with 
water (7.5 ml) and 3b (17.56 g, 62.6 mmol), then heated at 95 °C for
1.5 h. The cooled mixture was diluted with water (1.51.) and extracted 
with ether (600 ml) in a liquid-liquid extraction apparatus. The 
ethereal solution was washed with water and saturated NaCl solution, 
dried (Na2S 04), and concentrated in vacuo. The residue was dried 
under high vacuum (P2O5) for 8 h and crystallized from petroleum 
ether to yield 16.98 g (97%) of 4: mp 57-58 °C; IR 957, 909, 870, 851, 
and 694 cm-1; UV max 224 nm (e 10 500) and 310 (3170); NMR b 
1.63-2.93 (m, 6), 5.00 (s, 2), 6.27-6.42 (m, 1), 6.45-6.88 (m, 3), and 7.33 
(s, 5).

Anal. Calcd for C19H20O9: C, 81.39; H, 7.19. Found: C, 81.40; H,
7.23.

l,2,3,3a,4,9a-Hexahydro-4-phenyl-8-methoxycyclopenta[c]- 
benzofuran (5). Potassium ferf-butoxide (121.1 g, 1.05 mol) was 
added to anhydrous Me2SO (1.4 1. with stirring); after 30 min Me2SO 
was added to bring the volume to 1.51. and 3b (168.0 g, 0.672 mol) was 
added to the stirred solution at room temperature. The mixture was 
heated for 1.5 h at 85 °C, cooled, diluted with water (6 1.), and ex
tracted with ether (1.51.) in a liquid-liquid extraction apparatus. The 
ethereal solution was washed with water (3 1.) and saturated NaCl 
solution (500 ml), dried (NaoSOt), and concentrated in vacuo. The 
residue was crystallized from anhydrous ether to vield 151.2 g (90%) 
of 5: mp 106.5-107.5 °C; IR (KBr) 999,865,824,772,748,714, and 704 
cm“ 1; UV max 230 nm (« 6240) and 293 (3620); NMR b 1.30-2.07 (m, 
6), 2.13-2.63 (m, 1), 2.80-3.16 (m, 1), 3.73 (s, 3), 4.26 (d, 1, J = 10 Hz), 
6.65 (s, 3), and 7.34 (s, 5).

Anal. Calcd for C19H20O2: C, 81.39; H, 7.19. Found: C, 81.30; H, 
7.19.

2-(2'-Benzylcyclopentyl)-4-methoxyphenol. A mixture of 5 (0.5

g, 1.76 mmol) and 10% Pd/C (0.5 g) in ethyl acetate (6.0 ml) was stirred 
under a hydrogen atmosphere for 4 days. The mixture was filtered 
(Celite bed) and the residue was washed with ethyl acetate (30 ml). 
The combined ethyl acetate solution was concentrated in vacuo and 
the residue was purified by TLC (silica gel-benzene) to give 2-(2'- 
benzylcyclopentyl)-4-methoxyphenol (97%): mp (crystallized from 
ether) 95-96 °C; IR 3425,1043,872, and 695 cm-1; UV max 225 nm 
(t 6080) and 296 (3640); UV max (NaOH in 95% ethanol) 257 nm (f 
2510) and 316 (5150); NMR b 1.16-3.00 (m, 9), 3.26-3.86 [m, 4 (CH.,0, 
s, 3.78)], 4.80 (s, 1, OH), 6.60-6.93 (m, 3), and 7.37 (s, 5).

Anal. Calcd for C 1UH2202: C, 80.81; H, 7.85. Found: C, 80.54; H, 
7.86.

1- (2'-Benzyloxy-5'-methoxyphenyl)-l,2-epoxycyclopentane
(6). A stirred mixture of 4 (11.2 g, 40.0 mmol), dichloromethane (400 
ml), and 0.5 M aqueous NaHCOa (120 ml) was cooled to 8 °C and 
slowly treated with solid m-chloroperbenzoic acid (85%, 8.12 g, 40.0 
mmol) such that the temperature never rose above 10 °C. The cooling 
bath was removed and the reaction was allowed to warm to room 
temperature over 3.5 h (peracid consumption was monitored with 
potassium iodide-starch test paper). The organic phase was separated, 
washed with 10% aqueous Na2SO:j solution (120 ml), dried (Na2S04), 
and concentrated in vacuo below 35 °C. The residue was dried over 
a high vacuum (P2O5) for 30 min and used directly in the subsequent 
reaction. The NMR spectrum of the crude product showed no trace 
of unreacted 4: NMR b 1.23-2.47 (m, 6), 3.33 (s, 1), 3.77 (s, 3), 5.03 (s, 
2), 6.67-7.07 (m, 3), and 7.37 (s, 5).

2- (2'-Benzyloxy-5'-methoxyphenyl)cyclopentanone (7a). The 
crude epoxide obtained from the previous reaction was dissolved in 
anhydrous benzene (400 ml) and the stirred solution was treated with 
freshly distilled boron trifluoride etherate [2.4 ml (2.77 g), 20 mmol]. 
After 1 min at 23 °C the reaction was quenched with saturated 
aqueous Na2CO;! (100 ml) and stirred for 5 min. The pale yellow so
lution, which turned dark green upon the addition of the boron tri
fluoride etherate, returned to its original color ca. 1 min after the re
action was quenched. The organic phase was separated, washed with 
water (100 ml) and saturated NaCl solution (100 ml), dried (Na2S04), 
and concentrated in vacuo to yield 10.5 g (94%) of 7a. Crystallization 
from a small quantity of anhydrous ether yielded 9.97 g (89%) of 7a: 
mp 100-101.5 °C; IR (CC14) 1745 cm“ 1; UV max 217 nm (t 6310), 228 
(6210), and 291 (2680); NMR b 1.55-2.60 (m, 6), 2.90-3.42 (m, 1), 3.70 
(s, 3), 4.88 (s, 2), 6.48-6.88 (m, 3), and 7.33 (m, 5).

Anal. Calcd for Ci<jH>uO:i: C, 77.00; H, 6.80. Found: C, 76.86; H,
6.89.

2-Methyl-2-(2'-benzyloxy-5'-methoxyphenyl)cyclopentanone 
(7b). 2-(2'-Benzyloxy-5'-methoxyphenyl)cycIopentanone (7a, 25.85 
g, 87.2 mmol) was added to a suspension of sodium amide (10.2 g, 261.6 
mmol) in liquid ammonia (2.5 1.) with vigorous stirring. The reaction 
mixture was stirred for 6.5 h in refluxing ammonia until the initially 
cloudy suspension became a yellow-green transparent solution. 
Methyl iodide (37.15 g, 261.6 mmol) was added rapidly with stirring. 
The reaction mixture was stirred for an additional 2.5 h and anhy
drous ether (1 1.) was added. The reaction mixture was allowed to 
stand without stirring until all of the liquid ammonia was distilled 
from the reaction (24 h). Ether was added to bring the volume to 1.25 
1. and the ethereal solution was washed with water (3 X 500 ml), dried 
(Na2S 04), and concentrated in vacuo. The residue was thrice crys
tallized from anhydrous ether to yield 24.6 g (91.0%) of 2-methyl-2- 
(2'-benzyloxy-5'-methoxyphenyl)cyclopentanone (7b): mp 95-96 °C; 
IR (CC14) 1748 c m '1; UV max 220 nm (e 6780), 229 (7310), and 290 
(3260); NMR b 1.28 (s, 3), 1.47-2.43 (m, 6), 3.75 (s, 3), 4.89 (s, 2), 
6.52-6.93 (m, 3), and 7.37 (s, 5).

Anal. Calcd for C>uH<>0 :l: C, 77.39; H, 7.14. Found: C, 77.39; H, 
7.17.

5-Bromo-2-methyl-2-(2'-benzyloxy-5'-methoxyphenyl)cyclo- 
pentanone (8a). Method A. 2-Methyl-(2'-benzyloxy-5'-methoxy- 
phenyllcyclopentanone (7b, 1.00 g, 3.22 mmol) was added to a stirred 
solution of phenyltrimethylammonium perbromide (1.30 g, 3.45 
mmol) in dry tetrahydrofuran (25 ml) at room temperature. The or
ange reaction mixture gradually became colorless as the white 
phenyltrimethylammonium bromide precipitated from solution and 
after 2.5 h the reaction mixture was filtered and concentrated in vacuo. 
The residue was purified by column chromatography (silica gel, 
methylene chloride) to give 7b (0.3 g, 30%), 8a (0.53 g, 42%), and
5,5-dibromo-2-methyl-2-(2'-benzyloxy-5'-methoxyphenyl)cyclo- 
pentanone (0.39 g, 25%). 8a had mp 91-92 °C (crystallized from ether); 
IR (KBr) 1757 cm "1; UV max 238 nm (< 4700) and 294 (3280); NMR 
b 1.43 (s, 3), 1.60-2.67 (m, 4), 3.63-4.10 [m, 4 H (OCH.,, s, 3.76)], 4.82 
and 5.07 (br d of d, J = 4 Hz, 2), 6.53-6.93 (m, 3), and 7.41 (s, 5); mass 
spectrum m/e (rel abundance) M+ + 2 390 (27), M+ 388 (29), 299 (7), 
297 (7), 218 (54), 177 (14), 162 (22), 91 (100), and 77 (6).
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Anal. Calcd for CaoHaiBrOa: C, 61.71; H, 5.44; Br, 20.53. Found: C, 
61.70; H, 5.46; Br, 20.64.

Method B. A solution of n-butyllithium in hexane (8 .18  ml of 1.3 
M solution 106.3 mmol) was added (via syringe through a rubber in
jection septum) to a magnetically stirred solution of freshly distilled 
diisopropylamine (10 .76  g, 106.3 mmol) in THF (300 ml, freshly dis
tilled over LiAlH4) maintained at —78 °C under a No atmosphere. 
After 15 min a solution of 7 b  (30 .0  g, 96.65 mmol) in anhydrous THF 
(100 ml) was injected and the mixture was stirred at —78 °C for 30 
min. At this point the white, heterogeneous mixture was treated with 
a 0.5 M solution of bromine in methylene chloride—the bromine so
lution was added rapidly until the mixture was a homogeneous, pale 
yellow color (131 ml, 65.6 mmol, of Br2 was added; this corresponded 
to 68% of the stoichiometric requirement of Br2). Further addition 
of Br2 led to formation of dibrominated product. Immediately fol
lowing the addition of bromine the cooling bath was removed and the 
reaction was quenched with a twofold excess of aqueous NaHCO:s 
(17 .8  g, 0.212 mmol, in 100 ml of H2O). The cold THF layer was sep
arated and washed with saturated NaCl solution (2  X  250 ml); the 
aqueous NaHCO:l phase was extracted with ether (2 X  250 ml) and 
the ethereal solution was washed with the brine solution from the 
previous washing. The combined THF-ether solution was dried 
(Na2S04) and concentrated in vacuo to yield 35.7 g of a semisolid 
yellow oil. Silica gel chromatography (CH2CI2) afforded 22.73 g (60% ) 
of 8a  along with 11.16 g (37% ) of recovered 7b.

3-Bromo-3a-hydroxy-7-methoxy-8b-methyI-2,3,3a,8b-tetra- 
hydro-l /7-cyclopentafhjbenzofuran (8b). A stirred solution of 
8a (15.8 g, 40.59 mmol) in CH2CI2 (200 ml, purified through a basic 
alumina I column) was treated at room temperature with anhydrous 
HBr (via a gas dispersion tube) and maintained at a positive pressure 
of ca. 5 psi for 4 h. The reaction was monitored by TLC (silica gel/ 
CH2CI2) and after 4 h the reaction was at equilibrium. The mixture 
was concentrated in vacuo and the residue was placed under vacuum 
(continuous pumping at ca. 0.3 mm) for 1 h to remove the benzyl 
bromide. The residue was dissolved in CH2CI2 and the entire process 
was repeated to give 16.1 g of a dark green oil. Silica gel chromatog
raphy gave 7.526 g (62%) of 8b and 5.66 g (36%) of recovered 8a. The 
epimeric mixture of 8b had UV max 297 nm (t 3910) and 231 
(5750).

Anal. Calcd for CisHisC^Br: C, 52.19; H, 5.05; Br, 26.71. Found: C, 
52.37; H, 5.08, Br, 26.81.

The epimeric mixture was separated using medium-pressure liquid 
chromatography (silica gel H/CH2C12). The major isomer, ca. 60% of 
the mixture, was a solid and was crystallized from CH2C12: mp 78-79 
°C; IR (CC14) 3584, 2941, 2865, 2833, 1548, 1490, 1284, 1214, 1182, 
1036,939, and 909 cm-1; NMR 8 1.45 (s, 3), 1.73-2.60 (m, 4), 3.58-3.70 
(br s, 1), 3.72 (s, 3), 4.37-4.62 (m, 1), and 6.47-6.72 (m, 3). The minor 
isomer was an oil: IR (CC14) 3571,3425,2950,2865,2833,1773,1548, 
1490, 1250, 1212, 1135, 1031. 939, and 862 cm "1; NMR 8 1.35 (s, 3), 
1.63-2.28 (m, 4), 3.57 (s, 1), 3.73 (s, 3), 3.93-4.30 (br d of d, 1), and 
6.48-6.75 (m, 3).

Synthesis of the Tricyclic Ketone, 9. Method A. A stirred sus
pension of NaH (98%, 0.2 g, 8.33 mmol) in anhydrous ether (15 ml), 
under a nitrogen atmosphere, was treated with a solution of 8b (1.5 
g, 5.014 mmol) in anhydrous ether (2 ml). After 18 h at room tem
perature the reaction mixture was filtered through analytical Celite 
and concentrated to dryness. It was absolutely essential to remove 
the last traces of ether from the crude product and to exclude any trace 
of water. The crude yellow oil was purified by silica gel chromatog
raphy (anhydrous CHCL) to yield 1.083 g (99%) of 9 as a colorless oil: 
IR (CC14) 3700-3200 (no absorption), 2941, 2865, 2760, 1770, 1613, 
1585, 1488, 1385, 1198, 1042, 1022, 953, and 864 cm“ 1; UV max 296 
nm (« 3363) and 233 (5698); NMR 8 1.32 (s, 3), 1.58-2.55 (m, 4), 3.65 
(s. 3), 3.88-4.18 (d of d, 1), and 6.35-6.68 (m, 3).

Anal. Calcd for Ci;iHi40 3: C, 71.54; H, 6.47. Found: C, 71.61; H, 
6.51.

Method B. DBN (0.25 g, 2.0 mmol)1" was added to a stirred solution 
of 5-bromo-2-methyl-2-(2'-acetoxy-5'-methoxyphenol)cyclopenta- 
none (13c, 0.673 g, 1.972 mmol) in anhydrous benzene (10 ml). The 
solution was stirred for 15 min at room temperature and concentrated 
in vacuo. The residue was purified by silica gel chromatography 
(CH2CI2) to yield 0.353 g (82%) of 9.

5-Hydroxy-2-methyl-2-(2'-hydroxy-5-methoxyphenyl)cyclo- 
pentanone (10) and 3,3a-Dihydroxy-7-methoxy-8b-methyI- 
2,3,3a,8b-tetrahydro-lff-cyclopenta[b]benzofuran (10'). The 
ketone 9 was unstable in the presence of water and underwent hy
drolytic ring opening to give 10: IR 3344, 1757 (C = 0 ), 1070, 1036, 
1018,952,869,844, and 803 cm "1; NMR (CDCI3) 8 1.42 (s, 3), 1.50-2.70 
[m, 6 (2-OH)], 3.82 (s, 3), 4.20-4.33 (m, 1), and 6.60-6.83 (m, 3). 
Crystallization of 10 from CHCI3 (or CC14) afforded the hemiketal 10':

mp 110.5-111.5 °C; IR (CHCI3, taken quickly after the solution was 
prepared) 3333, 1079, 1071, 1036, 1010, 957, 923, 879, 853, and 806 
cm-1; NMR (CDCI3, taken quickly after the solution was prepared) 
8 1.37 (s, 3), 1.77-2.30 (m, 4), 3.20 (s, 1, -OH), 3.63 (s, 1, -OH), 3.83 (s,
3), 4.17-4.30 (m, 1), and 6.80 (s, 3); mass spectrum m/e (rel abundance) 
M+ -  236 (5), 218 (100), 190 (6), 189 (3), 175 (16), 174 (1), 162 (54), 
147 (8!, and 91 (11).

Anal. Calcd for C, tH^Oj: C, 66.09; H, 6.83. Found: C, 65.95; H, 
6.85.

6,9-Bisnormethyl-8-methoxy-12,13-epoxy-6,8,10-trichothe- 
catriene (11). A stirred mixture of NaH (98%, 0.11 g) in Me2SO (10 
ml, dried and distilled over CaH2> was heated at 71 °C (N2 atmo
sphere) for 7 h. The resultant gray solution, 4.58 mmol of dimethyl- 
sulfomum methylide, was cooled to room temperature, THF (10 ml, 
dried and distilled over LiAlH4) was added, and the solution was 
cooled to —10 °C. Trimethylsulfonium iodide (0.935 g, 4.58 mmol) 
dissolved in anhydrous Me2SO (0.5 ml) was added and the mixture 
was stirred for 10 min at —10 to —5 °C. The ylide solution was trans
ferred, via a double-tipped 18 gauge 24-in. stainless steel flexible 
needle (both flasks were equipped with rubber septum inlets), to a 
stirred solution of 9 (1.0 g, 4.58 mmol) in THF (5 ml, distilled over 
LiAlH4) which was cooled to —10 °C and kept under a purge of N2. 
The inverse addition of the ylide and the washing was completed in 
ca. 2 min. The mixture was stirred at —5 °C for 1 h, then the temper
ature was allowed to rise to room temperature. The THF was removed 
under a stream of N2, and the Me2SO solution was diluted with five 
volumes of H20  and extracted with ether (3 X 50 ml). The ethereal 
solution was washed with water (20-ml portions) until the ethereal 
solution was neutral. The ether was removed in vacuo, and the residue 
was dissolved in CHCI3 (50 ml) and dried (Na2CO.j). The solution was 
concentrated in vacuo to yield 0.851 g of a yellow oil which was purified 
by silica gel chromatography to yield 0.34 g (33%) of recovered 9 and 
0.479 g (46%) of 11: mp 89.5-90.5 °C; IR (CHCl:t) 3050, 2960, 2930, 
2865, 2833, 2247,1622,1591,1493,1468,1328,1258,1209,1202,1148, 
1044, 1034, 979, and 811 cm“ 1; UV max 295 nm (c 3630) and 232 
(6453); NMR (CDCL) 8 1.16 (s, 3), 1.74-2.39 (m, 4), 2.91 (d, J ab = 5 
Hz, 1), 3.20 (d, J a b  = 5 Hz, 1), 3.73 (s, 3), 4.12 (br s, 1), and 6.55-6.91 
<m,3).

Anal. Calcd for Cu H ibO.): C, 72.39; H, 6.94. Found: C, 72.41; H,
6.95.

c/s-3a-Hydroxy-7-methoxy-8b-methyl-2,3,3a,8b-tetrahy- 
dro-l/f-cycIopenta[b]benzofuran (12). A suspension of 5% Pd/C 
(0.60 g) in ethyl acetate (200 ml) was allowed to equilibrate over a 
hydrogen atmosphere for 2.5 h. A solution of 2-methyl-2-(2'-benzyl- 
oxy-5'-methoxyphenyl)cyclopentanone (7b, 1.24 g, 3.99 mmol) in ethyl 
acetate (15 ml) was added to this suspension. Hydrogen uptake ceased 
after 109.0 ml (4.87 mmol) was absorbed (20 h). The reaction mixture 
was filtered through Celite and the inorganic residue was washed with 
ethyl acetate (100 ml). The combined ethyl acetate solution was 
concentrated in vacuo. The oily residue was dried under high vacuum, 
and the residue crystallized slowly from the neat oil (either by 
scratching when chilled at 0 °C or by addition of seed crystals) to 
quantitatively yield cis-3a-hydroxy-7-methoxy-8b-methyl- 
2,3,3a,8b-tetrahvdro-l/i-cyclopenta[6]benzofuran (12): mp 54.5-57 
°C; IR 3390 and 1721 cm“ 1; UV max 228 nm (e 3360) and 298 (3130); 
NMR 6 1.24 (s, 3), 1.30-2.40 (m, 6), 2.93-3.27 (m, 1, OH), 3.67 (s, 3), 
and 6.50 (s, 3).

Anal. Calcd for CisHieOn: C, 70.89; H, 7.32. Found: C, 70.75; H, 
7.35.

cis-5-Bromo-3a-hydroxy-7-methoxy-8b-methyl-2,3,3a,8b- 
tetrahydro-lH-cyclopenta[b]benzofuran. Crystalline cis-3a- 
hydroxy-7-methoxy-8b-methyl-2,3,3a,8b-tetrahydro-lH-cyclopen- 
ta[6]benzofuran (12, 110.0 mg, 0.5 mmol) was added to a*solution 
of phenyltrimethylammonium perbromide (188 mg, 0.5 mmol) in 
methylene chloride (7 ml) with stirring at room temperature. The 
orange-colored solution became colorless after 4.5 h. The reaction 
mixture was concentrated in vacuo at temperatures below 50 °C and 
the residue was extracted with hot anhydrous ether (5 X 25 ml) The 
ethereal solution was dried (Na2S04) and concentrated in vacuo. The 
residue was purified by preparative TLC (silica gel-methylene chlo
ride) to give exclusively cis-5-bromo-3a-hydroxy-7-methoxv-8b- 
methyl-2,3,3a,8b-tetrahydro-17i-cyclopenta[6]benzofuran: IR 3436 
cm-1; UV max 221 nm (f 5850) and 304 (4060); NMR & 1.17-2.63 [m, 
9 (CH;!, s, 1.35)], 3.49 (s, 1, OH), 3.77 (s, 1), 6.57 (d, 1 J„, = 3 Hz), and
6.80 (d, 1).

Anal. Calcd for C1:,H,sBr02: C, 52.16; H, 5.08, Br, 26.61. Found: C. 
52.19; H, 5.05; Br, 26.71.

Method A. 2-Methyl-2-(2'-acetoxy-5'-methoxyphenyl)cyclo- 
pentanone (13a). A mixture of cis-3a-hydroxy-7-methoxy-8b- 
methyl-2,3,3a,8b-tetrahydro-lH-cyclopenta[fe]benzofuran (12, 13.4
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g, 60.8 mmol) and dry sodium hydride (1.6 g, 67 mmol) in anhydrous 
ether (125 ml) was stirred under a nitrogen atmosphere at room 
temperture for 1 h. The dark yellow mixture was cooled to —30 °C and 
acetyl chloride (9.6 g, 122 mmol) was added with vigorous stirring. Five 
minutes after the addition was completed the cooling bath was re
moved and 1% aqueous HC1 (100 ml) was added. The ethereal phase 
was separated and the aqueous phase was washed with ether (2 X 100 
ml); the combined ethereal solution was washed with saturated 
aqueous NaCl solution (50 ml), dried (NavSCb), and concentrated 
under high vacuum to give an oily solid. The product was crystallized 
from isopropyl ether to give 13.7 g of 13a. The mother liquor was 
concentrated and an additional 1.7 g of 12 was obtained. The yield 
of 13a based on recovered starting material was 98%: mp 83-84 °C; 
IR (CCD 1770 and 1742 cm-1; UV max 239 nm (t 3390) and 282 
(2010); NMR i  1.27 (s, 3), 1.60-2.42, [m, 9 (COCH3, 3, 2.14)], and 
6.47-7.06 (m, 3).

Anal. Calcd for Ci5H 180 4: C, 68.68; H, 6.92. Found: C, 68.67; H,
6.95.

Method B. A solution of 12 (7.0 g, 26.7 mmol) in pyridine (100 ml) 
was stirred for 30 min, acetic anhydride (20 ml, 212 mmol) was added, 
and the reaction mixture was stirred for 10 days at room temperature. 
The mixture was concentrated in vacuo and the residual pyridine was 
removed by azeotropic distillation with toluene. The residue was dried 
and crystallized from isopropyl ether to yield 6.95 g (83%) of 13a.

5,5-Dibr'-mo-2-methyl-2-(2'-acetoxy-5'-methoxyphenyl)cy- 
clopentanone (13b). 2-Methyl-2-(2'-acetoxy-5'-methoxyphenyl)- 
cyclopentanone (13a, 310 mg, 1.10 mmol) was added to a solution of 
phenyltrimethylammonium perbromide (460 mg, 1.22 mmol) in 
CH2CI2 (25 ml) with stirring at room temperature. The orange-colored 
solution became colorless after 3 h. The reaction mixture was con
centrated in vacuo at temperature below 35 °C and the residue was 
extracted with hot anhydrous ether (5 X 25 ml). The ethereal solution 
was washed with water (50 ml) and saturated NaCl solution (50 ml), 
dried (NaaSCb), and concentrated in vacuo. The residue was found 
by NMR to contain some starting material and monobrominated 
product in addition to the major product, the aya-dibrominated ma
terial. The residue was purified by preparative TLC (silica gel, 
methylene chloride) to give 5,5-dibromo-2-methyl-2-(2'-acetoxy- 
5'-methoxyphenyl)cyclopentanone (13b): IR 1767 cm-1; UV max 232 
nm (e 5580) and 281 (2020); NMR 5 1.47 (s, 3), 1.85-2.52 [m, 5 (COCH:!, 
s, 2.20)], 2.70 (q, 2, J 4,3 = 6 Hz), 3.70 (s, 3), and 6.52-7.02 (m, 3).

Anal. Calcd for CisHisBroCL: C, 42.88; H, 3.84; Br, 38.04. Found: 
C, 42.90; H, 3.85; Br, 37.94.

5-Bromo-2-methyl-2-(2'-acetoxy-5'-methoxyphenyl)cyclo- 
pentanone (13c). A mixture of CuBr2 (3.13 g, 0.014 mol) and 2- 
methyl-2-(2'-acetoxy-5'-methoxyphenyl)cyclopentanone (13a, 2.10 
g, 0.008 mol), in ethyl acetate (25 ml) and CHCf. (25 ml) was heated 
to reflux. The dark green reaction mixture changed to light amber and 
the black cupric bromide was converted to white cuprous bromide; 
after 1.5 h the reaction mixture was cooled and fdtered, and the copper 
salt washed with ethyl acetate (100 ml). The filtrate was concentrated 
in vacuo (below 50 °C) and the residue was purified by column chro
matography (silica gel, methylene chloride) to yield 1.73 g (72%) of
5-bromo-2-(2'-acetoxy-5'-methoxyphenyl)cyclopentanone (13c as 
a mixture of a-bromo epimers): IR 1786 cm-1; UV max 230 nm (r 
3770) and 282 (1330); NMR S 1.37 (minor epimer, s), 3.77 (s, 3), 
4.17-4.73 (m, 1), and 6.00-7.04 (m, 3); mass spectrum m/e (rel abun
dance) M+ + 2 342 (14), M+ 340 (14), 300 (96), 298 (100), 219 (16), 218

(9), 201 (13), 191 (11), 177 (21), 175 (9), 165 (9), 164 (76), 162 (15), 161 
(11), 149 (14), 91 (18), 55 (77), and 43 (56).
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General methods for the synthesis of trimethylsilyloxy-1,3-dienes 1 are discussed. The reaction of 1 with lead(IV) 
benzoate (LTB), followed by treatment with fluoride ion, affords a variety of keto benzoates 4. The structural fea
tures present in 1 determine the type of 4 which results. l-Trimethylsilyloxy-l,3-cyclohexadienes Id and le  as well 
as alicyclic 2-trimethylsilyloxy-l,3-dienes If and lg  afford products arising from the 1,2 addition of benzoate to 1. 
A carbonium ion mechanism involving neighboring group participation by a benzoyloxy group accounts for the 3,4- 
addition products occurring from the LTB reaction with la -c.

Substituted trimethylsilyloxy-1,3-cyclohexadienes, 1,
react regiospecifically at the 1,2 double bond with electrophiles 
such as bromine1 and the Simmons-Smith reagent.2 Further, 
the diene system in 1 has proven to be a suitable component 
for [4 + 2] cycloaddition reactions, again with high regiospe- 
cificity.3 Scheme I summarizes these findings.

the enone 2 is substituted in the 3 position. Hence, the reaction 
of 2b with CTMS/Et:iN in benzene, as shown in eq 1, results

Scheme I

Since trimethylsilyl enol ethers react cleanly with lead(IV) 
benzoate to afford, upon workup, a-benzoyloxycarbonyl 
compounds,4 a study was undertaken to extend this reaction 
with 1. Previous to the current work, the lead(IV) carboxylate 
oxidation of conjugated dienes had been noted in but a few 
cases.5

In general, 1 was prepared by treatment of the appropriate 
ketone, 2, with strong base (LDA), followed by quenching of 
the dienolate 3 with chlorotrimethylsilane (CTMS).2a’G Owing 
to the kinetic selectivity of the reactions employed, it was 
possible to obtain both 1- and 2-trimethylsilyloxy substitution 
of the 1,3-diene system. The use of f),y -unsaturated 2 provides 
the former and a,/3-unsaturated 2 affords the latter. This 
synthetic flexibility for the generation of 1 is outlined in 
Scheme II, and compounds 1 thus prepared are noted in Table 
I.

Scheme II

Production of 1 employing weak base proved to be a less 
general entry into the system. Standard methods for this mode 
of generation of 1 (CTMS/Et3N/DMF2a'6’7 or CTMS/Et3N/ 
ZnCl2/benzene3b) afford inseparable mixtures of isomers when

2b lb 30 : 70 lh

in a mixture containing both lb and lh.2a’8 This method, 
however, has been used successfully in one instance to prepare 
the heteroannular silyloxy diene of testosterone,2 in a specific 
manner. As noted in eq 1, no product of type Id was observed.9 
Indeed, if no 3 substitution is present, this procedure is the 
most convenient for the preparation of dienes of type la, when 
large quantities are required. Compound lg was conveniently 
prepared via this route.

Mixing of 1 with an equimolar quantity of lead(IV) benzo
ate10 (LTB) in methylene chloride resulted in the immediate 
precipitation of lead (II) benzoate. Filtration and subsequent 
treatment of the filtrate with triethylammonium fluoride11 
afforded the benzoates, 4, as summarized in Table II.

The appearance of 4d-g seems to be very much in line with 
literature analogy concerning the reaction of 1 with electro
philes.1’2 Attempts to isolate intermediate dibenzoates of type 
5, by omission of the fluoride treatment, proved unsuccessful.

5a

BzO OSiMe3 
BzCt

R*'
%
5b

Rb

It had been anticipated that 5 would be present based on the 
known reaction of 6 with lead(IV) acetate to give 7 (eq 2).4b

Previous attempts to isolate dibenzoates analogous to 7 from 
the reaction of 6 with LTB have established that the loss of 
trimethylsilyl benzoate is very facile,4’12 so that failure to 
isolate 5 is not unexpected. Circumstantial evidence for the 
existence of 5 was obtained from the reaction of Id with LTB. 
In this case, the NMR spectrum of the reaction mixture, after 
anhydrous workup, revealed that only 4d and trimethylsilyl 
benzoate were present.13 Thus, it appears quite likely that 
intermediates of type 5 are involved in the production of 
4d-g.

Identification of the structures for 4a and 4a' was forth
coming from a consideration of both NMR data and the



1052 J. O rg. C h e m ., V o l. 4 2 , N o . 6 , 1 9 7 7 Rubottom and Gruber

Table I. Physical Data for Alkyl Substituted Trimethylsilyloxy Dienes, l a’ b
~  MS (15 eV), m/e

1» (% yield of Bp, °C (mm) IR (neat). NMR(CC1„/ (rel abundance); m*,
2 / isolated 1) [lit. bp, °C] n25 D cm-1 Me4Si), 5 metastable peak

OSiMe,

la (80)

56-58 (6.0) [33-37 1.4590
(0 .0 1 )* ]

1648,1590 0.23 (s, 9 H)
2.12 (m, 4 H) 
4.75 (m, 1, H) 
5.70 (m, 2 H)

169 (15), 168 (M+, 
100), 167 (14), 
153 (12), 75 (32), 
73 (17); m* 166, 
139

OSiMe,

lb (75)

OSiMe,

lc (81)

OSiMe,

Id (77)

51-53 (1.0) 1.4626 1660, 1610 0.14 (s, 9 H)
1.77 (s, 3 H)
1.9-2.2 (m, 4 H) 
4.55 (m, 1 H) 
5.35 (m, 1 H)

183 (17), 182 (M+, 
100), 181 (13), 
167 (35), 73 (15); 
m* 153.5

54-57 (1.5) [45-47 
(0.05)d ]

1.4509 1660, 1610 0.13 (s, 9 H)
1.97 (s, 6 H)
1.74 (s, 3 H)
1.89 (s, 2 H)
4.38 (broad s, 1 H) 
5.34 (m, 1 H)

210 (M+, 28), 196 
(17), 195 (100), 
179 (9); m* 164

76-82 (10.0) 1.4630 1660, 1600 0.23 (s, 9 H)
1.67 (s, 3 H)
2.10 (broad s, 4 H) 
4.91 (s, 1 H)
5.04 (broad s, 1 H)

183 (18), 182 (M\ 
181 (12), 167 
(26), 165 (10), 
73 (17); m* 180, 
153.5, 136.5

0SiMe3 81-83 (9.7) 1.4633 1657,1607

OSiMe,

L

2f If (69)

O OSiMe,

/Ph Ph
2g lg (80)

a Satisfactory analytical

85-89 (4.8) [111- 
115 (18)*]

88.5-90.5 (0.25)

1.4707 1640,1590

1.5480 1635, 1590

0.12 (s, 9 H)
1.70 (s, 3 H)
2.14 (m, 4 H)
4.88 (d, 1 H, J= 6 

Hz)
5.40 (d, 1 H, J = 6 

Hz)
0.18 (s, 9 H) 
1.4-1.75 (m, 4 H)
1.9—2.3 (m, 4 H) 
4.05 (s, 1 H)
4.22 (s, 1 H)
6.10 (m, 1 H)
0.27 (s, 9 H)
4.35 (broad s, 2 H) 
6.60 (AB, 2 H, J = 

16 Hz)
7.06-7.46 (m, 5 H)

183 (16), 182 (M\ 
100), 181 (12), 167 
167 (30), 165 (8), 
151 (7), 75(7),
73 (22); m* 180, 
153.5, 136.5

197 (17), 196 (M+ 
100), 181 (88),
167 (27), 154 
(32). 147 (20), 75 
(24); m* 167,
121

219 (21), 218 (M+ 
100), 217 (28),
203 (49), 127 
(11), 103(10),
75 (32), 73 (21); 
m** 216, 188.5

0.3/ for C and H) were reported for all new compounds listed in the table. *See Experi
mental Section for specific procedures. c Value cited in ref 2a. d Value cited in ref 1. * Value cited in ref 3d. /Registry no 
are, respectively, 930-68-7, 1193-18-6, 78-59-1, 31883-98-4, 5259-65-4, 932-66-1, 1896-62-4. g Registry no. are, respec
tively, 54781-19-0, 54781-27-0, 54781-28-1, 61140-45-2, 61140-46-3, 57781-35-0, 61140-47-4.

chemical behavior of the two compounds. Decoupling exper
iments14 indicated the presence of a

-COCOBzCOBzCH-
I I

HA h „

unit in both compounds. The chemical shift of Hb in 4a 
compared to that of Hb in 4a' (i5 5.45 vs. 6.02) is indicative of 
an axial Hr in,the former and an equatorial Hb in the latter.15 
The observed coupling constants of J ab = 11 Hz in 4a and J ab 
= 4 Hz in 4a' lead to the conclusion that in 4a, Hh and Ha are

HB<5 5.45 „
s L

BzO HB <5 6.02|
HA 5 5.74 Ha35.68

J a b  =H Hz JAB = 4 Hz
4a 4a'

trans diaxial, while in 4a', Hr is equatorial and HA is axial.15 
Therefore, structure 4a is assigned to the trans dibenzoate and 
4a' to the cis dibenzoate.

Treatment of a 50:50 mixture of 4a and 4a' with potassium 
ierf-butoxide in THF resulted in the production of 8a, a 
known compound.11’ This result is consistent with the NMR 
data given above and the same procedure was also successful 
for transforming 4b and 4c into 8b and 8c, respectively 
(Scheme III). Although the formation of 8b and 8c serves to

Scheme III
0  0

4a/4a, R, R,, R2 = H 8a, R, R,, R, = H (80%)
b, R = Me; R ,, R, = H b, R = Me; R,, R2 = H (65%)
c, R, R,, R2 = Me c , R, R ,, R2 = Me (63%)

show the gross structural features of 4b and 4c, further evi
dence was deemed necessary to prove the trans stereochem
istry indicated for these compounds (cf. Table II). This evi
dence was obtained from the reactions of la-c with LTB using 
abbreviated reaction times. Whereas 4a and 4a' were produced
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Table II. Reaction of 1 with Lead(IV) Benzoate Followed 
by Fluoride Treatment

occurs at higher field, as would be expected for the structures 
as described.

A mechanistic interpretation for the above findings is 
presented in Scheme V using, as an example, the transfor
mations of lc.

Scheme V 
lc
|ltb

OSiMe,

XX
11a

+  OBz

after ca. 2 h contact time with LTB, and 4b and 4c arose after 
ca. 20 h, contact time of ca. 10 min with la and 1 h with lb and 
lc  led to the results summarized in Scheme IV.

Ph

OSiMe,

la

Scheme IV 
0

,OH
1. LTB /10m in | BzC l/Py

2. EtjNHF
OBz

u

&
I I V - P h  +  “ OBz

/ X X c

.OBz

lb

sUO OBz

X X
14

“ OBz
inversion at C-3

H?0
retention at C-3

lc

The spectral properties of 9a14 are consistent with the 
proposed structure, and further proof of the cis stereochem
istry in 9a was obtained by transforming it into the previously 
characterized 4a' via treatment with benzoyl chloride in 
pyridine. Analogous behavior by lb and lc led to the pro
duction of 9b and 9c, respectively, which, in turn, were 
transformed into the corresponding cis dibenzoates 4b' and 
4c'. Comparison of the NMR spectra of 4b and 4c with those 
of 4b' and 4c' strengthens the proposed assignments. In each 
pair of isomers the proton designated Ha in the cis isomer

4c 9c +  10c

4b, R =  H 5 6.06 
c, R =  Me 5 5.87

4b', R =  H <5 5.32 
c ,  R =  Me 5 5.34

Attack of LTB at the electron-rich 1,2 double bond of lc 
affords 11, analogous to the normal behavior shown by 1 
toward electrophiles. Trapping of 11 by benzoate addition at 
C-4 via either an intra- or intermolecular process gives 12. 
Expulsion of lead(II) benzoate from 12 with neighboring group 
participation leads to 14 via the carbocation 13. Prolonged 
time in the reaction medium (dry solvent) then affords 15 with 
inversion most likely occurring at the allylic center, C-3. 
Subsequent reaction of 15 with fluoride ion at silicon gives the 
trans dibenzoate 4c. On the other hand, short reaction time 
prevents the inversion mechanism from functioning and 14 
is intercepted by water,17 thereby affording 16 and 17. These, 
in turn, are transformed into 9c and 10c upon fluoride treat
ment. The proposed mechanism finds direct analogy from that 
postulated for the reaction of cyclopentadiene with LTB. ,a 
It is of interest that the data presented in ref 5b do not pre-
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elude 1,4-addition leading eventually to 3,4-substituted 
products as indicated in the present work. A small amount of 
18 (ca. 5%) isolated from the reaction of lb  with LTB implies

0

18

that, at least in this case, 11 can be channeled into a 1,2-ad
dition product to a small extent. This compound could arise 
either from 1,2-addition or from 1,4-addition followed by loss 
of benzoic acid to afford 18.18

Appearance of both 4a and 4a' from the reaction of la with 
LTB may argue for decomposition of 14 via both an inversion 
process at C-3 to produce 4a and a concerted six-center rear
rangement with retention at C-3 leading to 4a'. The latter 
process would be severely restricted in 14 generated from lb 
and lc  owing to nonbonded interactions caused by the C-4 
methyl substituent. In fact, no cis dibenzoates (i.e., 4b' and 
4c') were discovered in the reactions of lb and lc  with LTB. 
The possibility of equilibration between 4a and 4a' was ruled 
out when pure 4a' remained unchanged after treatment with 
EfjNHF for 10 h.

Direct proof for the intermediacy of 15 and 16 was obtained 
by isolation of the two compounds. Treatment of lc with LTB 
for 20 h followed by aqueous workup gave 15, which was 
quantitatively converted into 4c upon treatment with 
Et:iNHF. Reaction of lc  with LTB for 10 min followed by 
addition of methanol gave 16. When 16 was treated with 
EGNHF, 10c was obtained as the sole reaction product.

Experimental Section
General. Melting points were determined with a Thomas-Hoover 

capillary melting point apparatus and are uncorrected. Proton mag
netic resonance (NMR) spectra were recorded at 60 MHz on a Varian 
Anaspect EM 360 spectrometer using tetramethylsilane as internal 
standard. Infrared spectra were obtained on a Perkin-Elmer 621 
grating infrared spectrometer. Low-resolution mass spectral data was 
obtained with an Hitachi Perkin-Elmer RMU-6E instrument (15 eV) 
equipped with a direct inlet system. Elemental microanalyses were 
determined employing a Perkin-Elmer 240 Elemental Analyzer. In
dices of refraction were measured on a Bausch and Lomb Abbe-type 
refractometer utilizing the D line of sodium at a temperature of 25 °C. 
For all column chromatography, silica gel Woelm 0.032-0.063 mm 
(ICN Pharmaceuticals GmbH & Co.) was used. TLC analyses utilized 
silica gel 7GF (Baker). The lead tetrabenzoate was prepared from 
commercial lead tetraacetate (90%, Alfa-Ventron) by the method of 
Hurd and Austin,10 mp 186-187 °C dec. The triethylammonium 
fluoride was obtained as a white solid (very hygroscopic) by the pro
cedure of Hunig.11 Anhydrous magnesium sulfate was employed as 
drying agent.

Preparation of Trimethylsilyloxy Dienes la-f. The procedure 
employed was essentially the same as that outlined by Conia for the 
synthesis of la-c.2a To 100 ml of tetrahydrofuran19 (distilled from 
LiAlH4) at -1 8  °C (ice/methanol) was added 5.0 g (49.4 mmol) of 
diisopropylamine followed by 20.6 ml of n-butyllithium (2.45 M in 
hexane, Alfa-Ventron). After 10 min, 45 mmol of enone 2 was added 
over 10 min. For the preparation of Id, le, and If the enone was dis
solved in ca. 10 ml of tetrahydrofuran and the reaction run at -7 8  °C. 
After 10 min, 12 ml (94 mmol) of chlorotrimethylsilane was added 
rapidly. The reaction mixture was warmed to room temperature and 
allowed to stir for 2 h and then diluted with 200 ml of pentane. Ex
traction with 150 ml of cold (ca. 5 °C) aqueous sodium bicarbonate, 
drying, filtration, and removal of solvent in vacuo gave crude la-f. 
Distillation at reduced pressure afforded pure la-f. The physical data 
for la -f are presented in Table I.

trans-l-Phenyl-3-trimethylsilyloxybutadiene (lg). The 
method of Danishefsky was applied.:ih To a suspension of 0.20 g (1.5 
mmol) of zinc chloride in 15 ml of triethylamine was added 7.3 g (50 
mmol) of 2g in 15 ml of dry benzene followed by 13 ml (100 mmol) of 
chlorotrimethylsilane. After stirring for 15 h at 40 °C, the reaction 
mixture was cooled and added to 100 ml of ether. Filtration and re
moval of solvent in vacuo gave crude lg. Distillation at reduced

3- Methvl-3-cyclohexen-l-one (2d). To 600 ml of ammonia 
(distilled from sodium) was added 250 ml of ether (distilled from 
LiAlH4) containing 24.4 g (200 mmol) of m-methylanisole. Then 250 
ml of fert-buttyl alcohol (distilled from calcium hydride) was added 
rapidly with stirring, and 7.0 g (1.0 mol) of lithium (in small pieces) 
was added in portions over 20 min. This mixture was allowed to stir 
under ammonia reflux for 2 h. The excess Li/NHs was then destroyed 
with solid ammonium chloride and the ammonia allowed to evaporate 
under an atmosphere of nitrogen (fume hood). Pentane (500 ml) was 
added and gentle heat was applied (water bath) to drive off any re
sidual ammonia. The reaction mixture was then partitioned between 
an additional 300 ml of pentane and 500 ml of water. The pentane 
layer was then extracted with water until no change in volume of the 
water extract was noted. The pentane layer was dried and concen
trated in vacuo. The crude enol ether was dissolved in 400 ml of 
methanol/water (3:1) containing 800 mg of oxalic acid dihydrate and 
allowed to stir for ca. 1 h. This mixture was diluted with 500 ml of 
water and extracted several times with methylene chloride. The 
methylene chloride extracts were combined and washed once with 
100 ml of water, dried, filtered, and concentrated in vacuo. Distillation 
at reduced pressure gave 13.3 g (60%) of 2d, bp 65.5-66.0 °C (13 mm) 
[lit.20 bp 61-62 °C (14 mm)].

4- Methyl-3-cyclohexen-l-one (2e). The method cited for the 
preparation of 2d was applied to p-methylanisole and afforded 14.3 
g (65%) of pure 2e, bp 68-70 °C (14 mm) [lit.21 bp 74 °C (17 mm)].

Lead Tetrabenzoate Oxidations. General Procedure. To a so
lution of 1.52 g (2.2 mmol) of LTB in 40 ml of methylene chloride 
(stored over calcium chloride) cooled to —18 °C (ice/methanol) was 
added a solution of 2.0 mmol of trimethylsilyloxydiene 1 in 2 ml of 
methylene chloride (nitrogen atmosphere). After 5 min at —18 °C, 
the reaction mixture was stirred for 1 h at room temperature (devia
tions from the standard 1 h are noted in the specific instances below). 
The slurry was then filtered to remove lead dibenzoate and the fíltrate 
treated with triethylammonium fluoride (725 mg, 6.0 mmol). After 
stirring under nitrogen for 2-8 h. the reaction mixture was diluted 
with 60 ml of methylene chloride and washed successively with 20 ml 
of 50% aqueous sodium carbonate, 20 ml of 1.5 M hydrochloric acid, 
and 20 ml of aqueous sodium bicarbonate. The organic solution was 
dried and filtered. Removal of solvent in vacuo yielded crude products 
which were purified by the specific methods noted below.

trans-2,3-Dibenzoyloxycyclohexanone (4a) and cis-2,3-Di- 
benzoyloxycyclohexanone (4a'). From 2.0 mmol of la was obtained 
LTB reaction time) 443 mg (66%) of trans/cis 4a/4a'. Separation was 
effected by fractional crystallization from ether/petroleum ether (bp 
30-60 °C).

Compound 4a (32% isolated): mp 128-129 °C; IR (KBr) 1740,1720, 
1710 cm-1; NMR (CDC1.¡) & 1.5-2.8 (m, 6 H), 5.22-5.85 (complex m, 
2 H, CHbOBzCHaOBz) (irradiation in the methylene region reduces 
the multiplet to an AB pattern, 5, 5.74, d (sharp) and 5.45 d (broad), 
J = 11 Hz), 7.2-8.2 (m, 10 H); mass spectrum m/e (rel abundance) 338 
(M+, <1), 310 (7), 216 (16), 122 (19), 106 (10), 105 (100).

Anal. Caled for C,0H!8O5: C, 71.00; H, 5.36. Found: C, 70.86; H,
5.33.

Compound 4a' (29% isolated): mp 130-131 °C; IR (KBr) 1745,1720 
cm“ 1; NMR (CDC1.,) 6 1.8-2.8 (m, 6 H), 5.68 (d, 1 H, J = 4 Hz), 6.02 
(m, 1 H) (irradiation at ca. 5 6.02 collapses the 5 5.68 signal into a 
singlet, while irradiation in the methylene region collapses the ó 6.02 
signal into a doublet, J = 4 Hz), 7.2-8.2 (m, 10 H); mass spectrum m/e 
(rel abundance) 338 (M+, 3), 310 (12), 216 (12), 122 (16), 106 (10), 105 
(100).

Anal. Caled for C90H180 5: C, 71.00; H, 5.36. Found: C, 71.26; H,
5.34.

Attempted Equilibration of 4a/4a'. A solution of 120 mg (0.36 
mmol) of 4a' in 25 ml of methylene chloride containing 0.25 g (2 mmol) 
of triethylammonium fluoride was stirred under nitrogen for 10 h. 
NMR analysis of the crude product after normal LTB reaction 
workup conditions revealed the presence of only 4a'.

trans-2,3-Dibenzoyloxy-3-methylcyclohexanone (4b) and
6-Benzoyloxy-3-methyl-2-cyclohexen-l-one (18). From 2.0 mmol 
of lb was obtained (20 h LTB reaction time), after column chroma
tography (CHCW, 218 mg (31%) of 4b and 25 mg (5%> of 18. With 
methylene chloride distilled form P20 5, 47% of 4b was obtained.

Compound 4b: mp 117.5-118.0 °C; IR (KBr) 1740 (sh), 1720 (sh), 
1702 cm“ 1; NMR (CDC1:)) 5 1.73 (s, 3 H), 1.8-3.0 (m, 6 H), 6.06 (s, 1 
H), 7.1-8.3 (m, 10 H); mass spectrum m/e (rel abundance) 252 (M+, 
<1), 324 (7), 230 (65), 122 (13), 106 (10), 105 (100), 98 (11).

Anal. Caled for C2iH2o05: C, 71.58; H, 5.72. Found: C, 71.76; H, 
5.72.

pressure afforded pure lg. The physical constants are listed in Table
I.



Trimethylsilyloxy-1,3-dienes with Lead(IV) Benzoate

Compound 18: rap 92-93 °C; IR (KBr) 1722, 1678, 1630 cm“ 1; 
NMR (CDC13) b 2.0 (s, 3 Hi, 2.2-2.6 (m, 4 H), 5.49 (d of d, 1 H, J = 7, 
11 Hz), 5.93 (broad s, 1 H), 7.2-8.2 (m, 5 H); mass spectrum m/e (rel 
abundance) 230 (M+, 6),, 125 (43), 109 (13), 108 (100), 105 (43), 97
(13), 82 (37).

Anal. Calcd for C14H14O3: C, 73.03; H, 6.13. Found: C, 72.85; H,
6.06.

frans-2,3-Dibenzoyloxy-3,5,5-trimethylcyclohexanone (4c). 
From 2.0 mmol of lc was obtained (20 h reaction time), after column 
chromatography (CHCI3), 417 mg (55%) of 4c, as a colorless oil: IR 
(neat) 1720 cm“ 1; NMR (CDCl;i) b 1.07 (s, 3 H), 1.10 (s, 3 H), 1.86 (s, 
3 H), 2.47 (s, 2 H), 2.48 (d, 1 H, J  = 14 Hz), 2.79 (d, 1 H, J = 14 Hz), 
5.87 (s, 1 H), 7.2-8.2 (m, 10 H); mass spectrum m/e (rel abundance) 
258 (27), 122 (16), 106 (10), 105 (100).

Anal. Calcd for C23H24O.5: C, 72.61; H, 6.36. Found: C, 72.90; H, 
6.17.

2-Benzoyloxy-3-methyl-3-cyclohexen-l-one (4d). From 2.0 
mmol of Id was obtained, after removal of solvent, 418 mg (91%) of 
essentially pure 4d (NMR, TLC). Column chromatography (CHCI3) 
afforded an analytical sample: IR (neat) 1720 cm-1; NMR (CDCIi) 
b 1.80 (s, 3 H), 2.35-2.73 (m, 4 H), 5.77 (broad s, 1 H), 5.90 (broad s,
1 H), 7.2-8.2 (m, 5 H); mass spectrum m/e (rel abundance) 230 (M+, 
6), 108 (12), 106 (10), 105 (100), metastable 47.

Anal. Calcd for C,4HI403: C, 73.03; H, 6.13. Found: C, 73.28; H,
6.11.

2-Benzoyloxy-4-methyl-3-cyclohexen-l-one (4e). From 2.0 
mmol of le was obtained 194 mg (42%) of 4e: mp 68.5-69.5 °C 
(ether/petroleum ether); IR (KBr) 1725 cm-1; NMR (CDCId 5 1.81 
(s, 3 H), 2.3-2.7 (m, 4 H), 5.50 (m, 1 H), 5.92 (m, 1 H), 7.2-8.2 (m, 5 H); 
mass spectrum m/e (rel abundance) 230 (M+, 5), 122 (14), 108 (26), 
106 (10), 105 (100).

Anal. Calcd for C^HnO*: C, 73.03; H, 6.13. Found: C, 72.87; H,
6.12.

l-BenzoyIoxy-3,4-tetramethylene-3-buten-2-one (4f). From
2.0 mmol of If was obtained 262 mg (54%) of 4f: mp 97.5-98.5 °C 
(ether/petroleum ether); IR (KBr) 1720, 1675, 1630 cm“ '; NMR 
(CDCI3) b 1.5-1.8 (m, 4 H), 2.00-2.42 (m, 4 H), 5.27 (s, 2 H), 6.93 (m,
1 H), 7.2-8.2 (m, 5 H); mass spectrum m/e (rel abundance) 244 (M +,
5), 122 (15), 110 (10), 109 (100), 105 (50), 81 (10), metastable 60.

Anal. Calcd for CisHigOs: C, 73.75; H, 6.60. Found: C, 73.69; H, 
6.54.

traas-l-Benzoyloxy-4-phenyl-3-buten-2-one (4g). From 2.0 
mmol of lg was obtained 413 mg (78%) of 4g: mp 120-121 °C (ether); 
IR (KBr) 1725,1700 cm "1; NMR (CDC1:!) b 5.17 (s, 2 H), 6.83 (d, 1 H,
J  = 16 Hz), 7.20 (d, 1 H, J = 16 Hz), 7.2-8.2 (m, 10 H); mass spectrum 
m/e (rel abundance) 266 (M+, 9), 144 (28), 127 (10), 126 (100), 105
(48).

Anal. Calcd for C|7H M0 :i: C, 76.68; H, 5.30. Found: C, 76.58; H, 
5.58.

cJS-3-Benzoyloxy-2-hydroxycyclohexanone (9a). From 2.0 
mmol of la was obtained (solvent not dried and LTB reaction time 
of 10 min) 70 mg (15%) of 9a, by fractional crystallization (ether/ 
petroleum ether): mp 120.5-121.5 °C; IR (KBr) 3480, 1710 cm-1 
(broad); NMR (CDCId 5 1.75-2.76 (m, 6 H), 3.79 (d, 1 H, J = 4 Hz, 
-OH), 4.38 (d of d, 1 H, J = 4, 4 Hz), 5.76 (m, 1 H), 7.2-8.2 (m, 5 H); 
mass spectrum m/e (rel abundance) 234 (M+, 18), 206 (10), 122 (72), 
112 (70), 106 (10), 105 (100), 83 (15), 82 (10).

Anal. Calcd for Ci.iHi4 0 4: C, 66.66; H, 6.02. Found: C, 66.65; H,
5.98.

cis-2-Benzoyloxy-3-hydroxy-3-methylcyclohexanone (10b) 
and cjs-3-Benzoyloxy-2-hydroxy-3-methylcyclohexanone (9b).
From 2.0 mmol of lb was obtained 70 mg (14%) of 10b and 60 mg 
(12%) of 9b, by fractional crystallization (ether/petroleum ether) from 
the crude reaction mixture.

Compound 10b: mp 147-148 °C; IR (KBr) 3510,1730,1700 cm“ 1; 
NMR (CDCId b 1.38 (s, 3 H), 1.8-2.7 (m, ? H), 5.34 (s, 1 H), 7.2-8.2 
(m, 5 H); mass spectrum m/e (rel abundance) 248 (M+, 8), 126 (30), 
106 (10), 105 (100).

Anal. Calcd for Ci4H160 4: C, 67.73; H, 6.50. Found: C, 67.60; H, 
6.41.

Compound 9b: mp 112-113 °C; IR (KBr) 3460, 1720 (sh), 1710 
cm-1; NMR (CDCId b 1.83 (s, 3 H), 1.6-3.2 (m, 6 H), 3.83 (d, 1 H, J  
= 12 Hz, -OH), 4.06 (d, 1 H, J = 12 Hz), 7.2-8.2 (m, 5 H); mass spec
trum m/e (rel abundance) 248 (M+, 11), 126 (78), 122 (36), 106 (10), 
105 (100), 98 (13).

Anal. Calcd for Ci4H i60 4: C, 67.73; H, 6.50. Found: C, 67.45; H, 
6.51.

cis-2-Benzoyloxy-3-hydroxy-3,5,5-trimethylcyclohexanone 
(10c) and cfs-3-Benzoyloxy-2-hydroxy-3,5,5-trimethylcyclo- 
hexanone (9c). From 2.0 mmol of lc was obtained 100 mg (18%) of

10c and 90 mg (16%) of 9c, by fractional crystallization from the crude 
reaction mixture (ether/petroleum ether).

Compound 10c: mp 164.5-165.0 °C; IR (KBr), 3510, 1733. 1700 
cm -'; NMR (CDCId b 1.10 (s, 3 H), 1.07 (s, 3 H), 1.33 (s, 3 H), 1.93 (s, 
2 H), 2.25 (d, 1 H, J  = 14 Hz), 2.55 (d, 1 H, J  = 14 Hz), 2.44 (s, 1 H, 
-OH). 5.33 (s, 1 H), 7.2-8.2 (m, 5 H); mass spectrum m/e (rel abun
dance) 276 (M+, 11), 155 (9), 154 (69), 106 (10), 105 (100), metastable 
86.5.

Anal. Calcd for Ci6H „,04: C, 69.55; H, 7.30. Found: C, 69.73; H, 
7.47.

Compound 9c: mp 133-134 °C; IR (Kbr) 3460, 1725 (sh). 1715 
cm "1; NMR (CDCId b 0.90 (s, 3 H), 1.12 (s, 3 H), 1.85 (s, 3 H), 1.85 (d, 
1 H, J  = 16 Hz), 2.44 (s, 2 H), 3.06 (d, 1 H, J = 16 Hz), 3.82 (d, 1 H, J 
= 7 Hz, -OH), 4.10 (d, 1 H, J = 7 Hz), 7.2-8.2 (m, 5 H); mass spectrum 
m/e (rel abundance) 276 (M+, 3), 155 (10), 154 (100), 139 (11).

Anal. Calcd for Ci6H2()04: C, 69.55; H, /.30. Found: C, 69.76; H, 
7.49.

2-Benzoyloxy-2-cyclohexen-l-one (8a). To 200 ml of dry diethyl 
ether (containing 10% tetrahydrofuran) was added 300 mg (0.89 
mmol) of 4a/4a' followed by 200 mg (1.8 mmol) of potassium tert- 
butoxide. After refluxing overnight, under nitrogen, the reaction 
mixture was diluted with 100 ml of ether and washed with water (2 
X 20 ml). After drying and removal of solvent in vacuo, crystallization 
from ether/hexane yielded 150 mg (80%) of 8a: mp 89-90 °C (lit.16 mp
86.5-87.0 °C); IR (KBr) 1728,1683 cm“ 1; NMR (CDCId b 1.8-2.8 (m, 
6 H), 6.67 (t, 1 H, J  = 4 Hz), 7.2-8.2 (m, 5 H); mass spectrum m/e (rel 
abundance) 216 (M+, 12), 106 (10), 105 (100), metastable 51.

Anal. Calcd for CI:1H|20;,: C, 72.21; H, 5.60. Found: C, 72.47; H, 
5.52.

2-Benzoyloxy-3-methyl-2-cycIohexen-l-one (8b). To 20 ml of
dry tetrahydrofuran, through which dry nitrogen had been bubbled 
for ca. 30 min, was added 119 mg (0.34 mmol) of 4b followed by 56 mg 
(0.50 mmol) of potassium tert -butoxide. After stirring under nitrogen 
for 1.5 h at room temperature, the reaction mixture was diluted with 
100 ml of ether and washed with water (3 X 20 ml). The water wash
ings were combined and extracted with 30 ml of ether. The ether ex
tracts were combined, dried, and concentrated in vacuo affording 51 
mg (65%) of 8b as a colorless oil. Molecular distillation at 120 °C (0.2 
mm) gave an analytical sample: IR (neat) 1733,1680, 1650 cm-1 (sh); 
NMR (CDCId b 2.0-2.8 (m, 6 H), 1.93 (s, 3 H), 7.2-8.2 (m, 5 H); mass 
spectrum m/e (rel abundance) 230 (M+, 62), 106 (10), 105 (100).

Anal. Calcd for Ci4H140 :i: C, 73.03; H, 6.13. Found: C, 72.89; H, 
6.37.

2-Benzoyloxy-3,5,5-trimethyl-2-cyclohexen-l-one (8c). To 20 
ml of dry tetrahydrofuran, through which dry nitrogen had been 
bubbled for ca. 30 min, was added 183 mg (0.48 mmol) of 4c followed 
by 112 mg (1.0 mmol) of potassium tcrt-butoxide. After 30 min of 
stirring at room temperature under nitrogen, the reaction mixture 
was diluted with 100 ml of ether and washed with water (3 X 20 ml). 
The water extracts were combined and extracted with 30 ml of ether. 
The ether extracts were combined, dried, filtered, and concentrated 
in vacuo. Crystallization of the crude product from ether/hexane af
forded 78 mg (63%) of 8c: mp 70.0-70.5 °C; IR (KBr) 1730,1682,1660 
c m '1; NMR )cdcl;!) b 1.13 (s, 6 H), 1.86 (s, 3 H), 2.42 (s, 4 H), 7.4-8.3 
(m, 5 H); mass spectrum m/e (rel abundance) 258 (M+, 33), 106 (10), 
105 (100).

Anal. Calcd for C16Hi80 3: C, 74.40; H, 7.02. Found: C, 74.66; H,
7.07.

Benzoylation of Alcohols 9a, 9b, and 9c. General Procedure.
To 40-60 mg of alcohol was added 2 ml of pyridine and 40 mg of 
benzoyl chloride. After 30 h at room temperature, the reaction mixture 
was added to 15 ml of 10% hydrochloric acid. Extraction with ether 
(3 X 20 ml), washing with 15 ml of 1.5 N hydrochloric acid and 15 ml 
of aqueous sodium bicarbonate, drying, and removal of solvent in 
vacuo gave crude dibenzoate. Column chromatography or crystalli
zation provided pure dibenzoate.

c/s-2,3-Dibenzoyloxy-3-methylcyclohexanone (4b'). From 45 
mg (0.18 mmol) of 9b was obtained, after column chromatography 
(hexane/ethyl acetate, 8:1), 51 mg (81%) of 4b' as a colorless oil: IR 
(neat) 1720,1710 cm“ 1 (sh); NMR (CDC13) b 1.7-2.7 (m, 5 H), 1.85 (s,
3 H), 3.0-3.4 (m, 1 H), 5.32 (s, 1 H), 7.2-8.2 (m, 10 H); mass spectrum 
m/e (rel abundance) 352 (M+, 1), 324 (8), 230 (55), 122 (15), 106 (10), 
105 (100).

Anal. Calcd for C21H20O5: C, 71.58; H, 5.72. Found: C, 71.65; H, 
5.89.

cis-2,3-Dibenzoyloxycyclohexanone (4a'). From 50 mg (0.21 
mmol) of 9a was obtained, after crystallization from ether, 42 mg 
(59%) of 4a', mp 130-131 °C. The 4a' so produced was spectrally 
identical (IR, NMR) with the 4a' obtained from LTB treatment of
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la, and further, no depression of melting point (mmp 130-131 °C) 
was noted upon admixture.

c/s-2,3-Dibenzoyloxy-3,5,5-trimethylcyclohexanone (4c')-
From 37.5 mg (0.136 mmol) of 9c (50 mg of a 75:25 mixture of 9c and 
10c) was obtained, after column chromatography (CHCL), 20 mg 
(53%) of 4c': mp 125-126 °C (ether/petroleum ether); IR (KBr) 1740, 
1715 cm -1; NMR (CDCW 5 0.98 (s, 2 H), 1.15 (s, 3 H), 1.85 (s, 3 H), 
1.95 (d, 1 H, J = 14 Hz), 2.33 (d, 1 H, j  = 14 Hz), 2.62 (d, 1 H, J = 14 
Hz), 3.22 (d, 1 H, J = 14 Hz), 5.34 (s, 1 H), 7.8-8.2 (m, 10 H); mass 
spectrum m/e (rel abundance) 380 (M+, 2), 352 (10), 322 (12), 258 (55), 
154 (22), 126 (10), 122 (10), 106 (10), 105 (100), metastables 175, 
42.5.

Anal. Calcd for C23H24O5: C, 72.61; H, 6.36. Found: C, 72.61; H,
6.42.

trans-5,6-Dibenzoyloxy-3,3,5-trimethyl-1 -trimethylsilyloxy- 
cyclohexene (15). To 1.52 g (2.2 mmol) of LTB in 40 ml of dry 
methylene chloride (distilled from PoO-,) was added 420 mg (2.0 
mmol) of lc  at room temperature. After 20 h of stirring under nitro
gen, the reaction mixture was diluted with 50 ml of methylene chloride 
and washed with 50 ml of water and 50 ml of aqueous sodium bicar
bonate. Drying and removal of solvent in vacuo gave crude 15. Column 
chromatography (hexane/ethyl acetate, 7:1) gave 140 mg (15%) (hy
drolysis noted upon chromatography) of analytically pure 15: IR 
(neat) 1720,1675 cm '1; NMR (CDCl:i) 6 0.16 (s, 9 H), 1.07 (s, 3 H), 1.18 
(s, 3 H), 1.72 (s, 3 H), 1.98 (d, 1 H, J = 14 Hz), 2.58 (d, 1 H, J = 14 Hz),
5.00 (s, 1 H), 5.91 (s, 1 H), 7.2-8.2 (m, 10 H); mass spectrum m/e (rel 
abundance) 330 (10), 315 (5), 235 (12), 234 (19), 219 (31), 211 (14), 137 
(17), 136 (31), 110 (10), 109 (100), 105 (21), metastable 301.

Anal. Calcd for CLfiH^OsSi: C, 68.99; H, 7.13. Found: C, 69.15; H. 
7.22.

Hydrolysis of 15. To 120 mg (0.27 mmol) of 15 in 15 ml of meth
ylene chloride was added 0.25 g (2 mmol) of trierhylammonium flu
oride. After 1 h at room temperature, the reaction mixture was diluted 
with 30 ml of methylene chloride, washed with 20 ml of aqueous so
dium bicarbonate, dried, and concentrated in vacuo, affording 100 
mg (99%) of 4c, spectrally (IR, NMR) identical with that obtained via 
LTB treatment of lc.

c/s-6-Benzoyloxy-5-hydroxy-3,3,5-trimethyl-l-trimethylsil- 
yloxycyclohexene (16). To 1.52 g (2.2 mmol) of LTB in 40 ml of 
methylene chloride was added 420 mg (2.0 mmol) of lc  at —18 °C. 
After 10 min of stirring at room temperature under nitrogen, 2.5 ml 
of anhydrous methanol was added and the mixture allowed to stir 
overnight. The reaction mixture was then diluted with 50 ml of 
methylene chloride and washed with 50 ml of water followed by 50 
ml of aqueous sodium bicarbonate. Drying and removal of solvent in 
vacuo gave crude 16 as a colorless oil. Column chromatography 
(hexane/ethyl acetate, 7:1) afforded 313 mg (45%) of pure 16: IR (neat) 
3500,1720,1665 cm "1; NMR (CDC1:)) h 0.10 (s, 9 H), 1.08 (s, 3 H). 1.22 
(s, 3 H), 1.33 (s, 3 H), 1.53 (d, 1 H, J = 14 Hz), 1.90 (d, 1 H, J = 14 Hz), 
2.22 (s, 1 H, -OH), 4.86 (s, 1 H), 5.43 (s, 1 H), 7.2-8.2 (m. 5 H); mass 
spectrum m/e (rel abundance) 348 (M+, 5), 333 (7), 330 (41), 315 (40). 
226 (14), 225 (22), 216 (38), 169 (100), 105 (74), metastables 301, 154, 
147,128, 35.

Anal. Calcd for CI9H,80 4Si: C, 65.48; H, 8.10. Found: C, 65.53; H,
8.23.

Hydrolysis of 16. The same proceduce cited for the hydrolysis of 
15 was applied to 16, affording a 64% yield of pure 10c. The 10c so 
produced had a melting point of 164-165 °C which showed no de
pression upon admixture (mmp 164-165 °C) with 10c produced from 
LTB treatment of lc. Further, the spectral properties (IR and NMR) 
of the 10c produced by both methods were identical.
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Electrophilic addition of feri-butyl hypochlorite and hypobromite to 3,4-dihydro-2R-pyran (1) in alcohol and 
organic acid solvents yielded cis/trans mixtures of the 1,2-addition products 3-halo-2-alkoxytetrahydropyrans 
(4a-k). Addition of these reagents to 2-alkoxy-3,4-dihydro-2R-pyrans (2a and 2b) in the corresponding alcohol sol
vents yielded cis/trans mixtures of the 1,2-addition products 3-halo-2,6-dialkoxytetrahydropyrans (5a-d). In con
trast, additions to 2-alkoxy-6-methyl-3,4-dihydro-2/f-pyrans (3a and 3b) yielded cis/trans mixtures of the 1,2-ad
dition products 3-halo-2,6-dialkoxy-2-methyltetrahydropvrans (Ga-d) and the 1,4-addition products 3-halo-6,6- 
dialkoxy-2-hexanone (7a-d). The important influence of the axial 2-alkoxy group and the 6-methyl group on the 
course of these reactions is discussed, as well as the stereochemistry of the products and the mechanisms of the re
actions.

A comparison of electrophilic additions to 2-alkoxy-3,4- 
dihydro-2//-pyrans (2) vis-à-vis the unsubstituted compound
3,4-dihydro-2/f-pyran (1) indicates the instrumental role of 
the 2-alkoxy group on the outcome of the reaction.2 In addi
tion, it is becoming apparent that the introduction of an alkyl 
group at the C-6 position, such as with the 2-alkoxy-6- 
methyl-3,4-dihydro-2if-pyrans (3), substantially enhances 
the reactivity of the dihydropyran ring system.:!a-b-4 We now 
wish to describe the electrophilic addition of ieri-butyl hy- 
pohalite reagents ’ to these dihydropyrans 1-3 in hydroxylic

1 2 3

solvents that demonstrates the unique synergistic effect of the
6-alkyl group coupled with the 2-alkoxy group on the course 
of the reaction.

Addition of feri-butyl hypohalites (hypochlorite and hy
pobromite) to the unsubstituted 3,4-dihydro-2/i-pyran (1) 
in hydroxylic solvents (alcohols and acids) yielded cis/trans 
mixtures of the corresponding 1,2-addition products 4a-k (see

Table I). Analysis of the product mixtures by 100-MHz NMR 
spectroscopy confirmed the configurations (and predominant 
conformations) for the cis- and trans-addition products. The 
alkoxy group at the newly developed anomeric center (C-2) 
is axial as is predicted by the anomeric effect0 ' and confirmed 
by NMR analysis since the vicinal coupling constants are small 
(Jea = 3.0-3.5 Hz, cis isomer, and J ee = 3.2-4.9 Hz, trans iso
mer). The cis and trans isomers are resolvable on GLC analysis 
and distinguishable by NMR analysis0-8 since the equatorial 
anomeric proton (C-2) for the cis diastereomer is always 
shifted further downfield than that of the trans and its cou
pling constant is usually smaller (Jea < Jee).

The mechanism of 1,2-additions of tert-butyl hypohalites 
to olefins is known to involve the electrophilic addition of X + 
to the double bond followed by'the nucleophilic solvent.50-9 
Halogen addition to 3,4-dihydro-2H-pyran has been discussed 
previously in detail,6-8c so we will only reiterate here that all

products, especially when X  is Cl, are derived principally from 
the oxocarbonium ion lb.

+

For all of the alkyl alcohol solvents the ratio of cisitrans 
products was ca. 15:85 with feri-butyl hypochlorite. However, 
with the other nucleophilic solvents such as benzyl alcohol and 
the organic acids, which perhaps can more effectively stabilize 
the oxocarbonium ion lb, there was an appreciable increase 
in the formation of the cis isomer. Attempts to use other protic 
solvents such as alkylamines failed, presumably because of 
the competing N-chlorination of the solvent.10

Addition of feri-butyl hypobromite to 3,4-dihydro-2/i- 
pyran (1) yielded similar results11 as those with tert-butyl 
hypochlorite; however, it is necessary to add traces of a free- 
radical inhibitor such as dihydroquinone to minimize com
peting side reactions. There is also more trans isomer formed 
with tert-butyl hypobromite, reflecting the increased im
portance of the intermediate halonium ion la when X is 
Br.

Although the addition of feri-butyl hypohalites to acyclic 
vinyl ethers in alcohol solvents has been evaluated,5c>9c we 
have found using the conditions described in the Experimental 
Section marked improvements in the isolated yields.12

Addition of the feri-butyl hypohalites to the 2-alkoxy-
3,4-dihydto- 2 H -pvrans 2a and 2b in the respective alcohol 
solvent yielded the corresponding 1,2-addition products 5a-d

(see Table II). In these examples, however, the diastereomeric 
mixture is ca. a 50:50 cis:trans mixture with feri-butyl hypo-



1058 J . Org. C h e m ., V o i. 4 2 , N o . 6 ,1 9 7 7 Duggan and Hall

Table I. ferf-Butyl Hypohalite Addition to  3,4-Dihydro-2H-pyran

Isolated
Hypohalite/solvent Product Cis/trans" yield ,b

f-BuOCl/CH 3OHc 3-Chloro-2-m ethoxytetrahydropyran (4a) 15/85 72
f-BuOCl/C2HsOHc 3-Chloro-2-ethoxytetrahydropyran (4b ) 15/85 67
f-BuOCl/n-C3H,OHc 3-Chloro-2-n-propoxytetrahydropyran (4c) 15/85 64
f-BuOCl/i-C3H7OH" 3-Chloro-2-isopropoxytetrahydropyran (4 d ) 15/85 50
f-BuOCl/n-C4H9OHc 3-Chloro-2-n-butoxytetrahydropyran ( 4e ) 15/85 69
f-BuOBr/n-C4H9OHd 3-Brom o-2-n-butoxytetrahydropyran (4 f ) 10 /90 75'
f-BuOCl/sec-C4H9OHe 3-Chloro-2-sec-butoxytetrahydropyran (4g) 20/80 60
f-BuOCl/f-C4H9O H / • 3-Chloro-2-ferf-butoxytetrahydropyran (4h) 15 /85 35
f-BuOCl/C6H5CH2OH"
f-B u0C l/C H 3C 0 2B?

3-Chloro-2-benzyloxytetrahydropyran (4i) 33/67 70
3-Chloro-2-acetoxytetrahydropyran (4j) 32 /68 85

f-B u0C l/C 2H5C 0 2H" 3-Chloro-2-propionoxytetrahydropyran (4k) 45 /55 80
"Determined by GLC analysis and confirm ed by 100-MHz NMR spectroscopy. ¿’ Isolated yield after distillation. "R eaction  

conditions are described in Experimental Section for 4e. ¿¿Reaction conditions are described in Experimental Section for 4f. 
"Same reaction conditions as 4e except temperature (0 “ C )JS am e reaction conditions as 4e except temperature (20 °C ).
8 Reaction conditions are described in Experimental Section for 4j. ¿¿Same reaction conditions as 4j except temperature (0 
°C ). 'Isolated yield after colum n chromatography.

Table II. ferf-Butyl Hypohalite Addition  to  
2-Alkoxy-3,4-dihydro-2//-pyrans

D ihydro
pyran Hypohalite /solvent Product

Isolated 
yield," %

X )MeO 0

f-BuOCl/MeOH&
x xMeO 0  OMe

61

2 a 5a

X )MeO 0

f-BuOBr/MeOH" xxBrM eO^O^OM e
63

2 a 5b

E t O '^ O
f-BuOCl/EtOH6 xx°EtO 0  OEt

76

2 b 5c

E t O ^ O ^
f-BuOBr/EtOH" XX“EtO 0  OEt

74

2 b 5d

"Isolated by colum n chromatography. b Reaction condi-
tions are described in the Experimental Section for 5a. "Re- 
action conditions are described in the Experimental Section 
for 5b.

chlorite and slightly less (ca. 40:60) with tert-butyl hypo- 
bromite. The starting 2-alkoxy-3,4-dihydro-2H-pyrans (2a 
and 2b, as well as 3a and 3b), as has been previously re
ported,13 exist predominantly (greater than 90%, NMR 
analysis) in the conformation where the C-2 anomeric proton 
is equatorial (alkoxy group is axial). This stereochemistry 
about the original anomeric center, as indicated by 100-MHz 
NMR spectroscopy, was preserved in the products (now C-6 
in cis- and trans-5). The signal for the anomeric C-6 proton 
in each diastereomer was a superficial triplet (Jea «  Jee =
3.0-4.0 Hz) as expected for an equatorial proton at this posi
tion. The stereochemistry about the newly developed anom
eric center at C-2, however, was clearly two diastereomers with 
the two different proton signals as doublets with small cou
pling constants (5.7-7.0 Hz) indicating an axial proton in one 
and equatorial proton in the other coupled to the adjacent 
equatorial (Jae and Jee) proton at C-3. These results are de
picted in Scheme I.

The presence of the bulky axial alkoxy group at C-2 would 
result in a preferential trans addition of the halogen to the 
dihydropyran 2. Subsequent addition of alcohol to the inter
mediate oxocarbonium ion would be affected by the axial 
alkoxy group as well. Trans-diaxial addition creates a rather 
serious 1,3 interaction between alkoxy groups thus making the

Scheme I
trans-5

X

/

cis-equatorial addition much more competitive. With tert- 
butyl hypobromite some trans product would arise from the 
intermediate bromonium ion.

In contrast to these results with 3,4-dihydro-2H-pyran (1) 
and its 2-alkoxy derivatives 2a and 2b, addition of the tert- 
butyl hypohalites in alcohol to the 2-alkoxy-6-methyl-3,4- 
dihydro-2//-pyrans 3a and 3b yielded mixtures of products 
6a-d and 7a-d that are derived from 1,2- and 1,4-addition, 
respectively (see Table III). The 1,2-addition products 6a-d 
were mixtures of cis and trans isomers. The ratio and the
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Table III. ferf-Butyl Hypohalite Addition to 2-Alkoxy-6-methyl-3,4-dihydro-2if-pyrans
Products

Dihydropyran Hypohalite/solvent 1,2-Addition (y ield )0 1,4-Addition (y ie ld )0

f-BuOCl/MeOH*

(BuO Br/M eO H “

f-BuOCl/EtOH*

ch 3

6a (39%)

6 b (62%)

6c (36%)

OMe

7a (40%) 

OMe

7b (21%) 

OEt

7c (53%)

6 d (47%) 7d (39%)

“ Isolated by colum n chromatography. 6 Reaction conditions are described in the Experimental Section for the addition o f 
ferf-butyl hypochlorite to  2-m ethoxy-6-m ethyl-3,4-dihydro-2//-pyran (3a). “ Reaction conditions are described in the Exper
imental Section for the addition o f  ferf-butyl hypobrom ite to 2-m ethoxy-6-m ethyl-3,4-dihydro-2f/-pyran (3a).

stereochemistry of the products were similar to those obtained 
with the 2-alkoxy-3,4-dihydro-2//-pyrans (2a and 2b). That 
is, the stereochemistry about the original anomeric center was 
preserved and the cis and trans isomers are diastereomers at 
the new anomeric center.

The ratio of the 1,2- vs. 1,4-addition products in the reaction 
of ferf-butyl hypochlorite with dihydropyrans 3a and 3b was 
found not to be significantly affected by the temperature of 
the reaction. For example, with 3a the ratio of 1,2- to 1,4- 
addition was ca. 50:50 for —50, —15, and 20 °C. For 3b, this 
ratio was the same at the low temperature and ca. 40:60 at —15 
and 20 °C. At temperatures below —15 °C competing side 
products derived from free-radical reactions5d’9d became 
important. One such product that was characterized was the 
allylic chlorinated product 2-alkoxy-6-chloromethyl-3,4- 
dihydro-2//-pyran (8).14

The addition of ferf-butyl hypobromite to these pyrans 3a 
and 3b, however, had to be performed at —60 °C to prevent 
serious competition from free-radical reactions. Even the use 
of free-radical inhibitors or exclusion of light did not effec
tively suppress these reactions. The ratio of 1,2- vs. 1,4-ad
ditions at this temperature was ca. 75:25 for 3a and 60:40 for 
3b.

We interpret these results and the differences between the 
addition of ferf-butyl hypohalites to 2-alkoxy-3,4-dihydro- 
2//-pyrans (2a and 2b) and 2-alkoxy-6-methyl-3,4-dihydro- 
2//-pyrans (3a and 3b) in the following manner (see Scheme 
II). As was discussed earlier, the presence of the bulky axial

Scheme II

OR

3. R' =  CH.

RO

X

f r î > ) R
R'

trans-5, R' =  H 
trans-6, R' - CH

path a' | ROH

OR

t-BuOX
0

\+/ 
X

1
OR

cis-/trans-5 
cis-/trans-6

ROH. RO
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alkoxy group at the anomeric carbon would result in the 
preferential formation of the trans halonium ion and subse
quently the oxocarbonium ion. When X  is chlorine, path a, via 
the oxocarbonium ion, would dominate as the route to cis and 
trans 1,2-addition products. When X  is bromine, path a', via 
the bromonium ion intermediate, would become competitive 
yielding trans 1,2-addition products. However, when R' is a 
group that can stabilize the oxocarbonium ion intermediate, 
such as methyl, a new course (path b) becomes important. 
This stabilization evidently allows time for the conformational 
change that enables participation (synchronous assistance)15 
of the 2-alkoxy group that ultimately yields the 1,4-addition 
product 7.

Although the sine qua non for the formation of the 1,4- 
addition product from these dihydropyran systems is the 
presence of the 6-methyl group, it is the unique synergistic 
effect of the 6-alkyl group coupled with the 2-alkoxy group 
that diverts the normal course of the addition reaction.

Experimental Section13
General Comments. The 2-alkoxy-3,4-dihydro-2H-pyrans (2a, 

2b) and the 2-alkoxy-6-methyl-3,4-dihydro-2H-pyrans (3a, 3b) were 
prepared by a method previously described.17 Pyran 1 and 2b are 
available from Aldrich Chemical Co. The tert-butyl hypochlorite and 
feri-butyl hypobromite were prepared,Sa-1' dried over CaCl2, and 
stored in the dark below 0 °C until use. All solvents were reagent 
grade. All reactions were performed in dry glassware under a static 
nitrogen atmosphere. The reaction temperature was monitored with 
an internal thermometer. Gas chromatography (GLC) analyses were 
performed on 120 X 0.4 cm (i.d.) glass columns packed with 5% Car- 
bowax 20M supported on 60-80 mesh Chromosorb W (AW, DMCS). 
Distillations were accomplished with short-path or Kugelrohr ap
paratus; all boiling points are uncorrected. Column chromatography 
was performed on 60-100 mesh Floridin magnesium silicate (Florisil) 
columns by eluting with petroleum ether and petroleum ether-Et20. 
The assigned structure of each product (or mixture) was consistent 
with the spectral data and composition analysis (±0.4% for C, H, X). 
The latter (4a-k, 5a-d, 6a-d, 7a~d) were submitted to the Editor. 
Significant data on all new compounds are included in the Experi
mental Section. A representative selection of experiments is described 
to illustrate these reactions.

3-Chloro-2-n-butoxytetrahydropyran (4e). To a stirred and 
cooled (—50 °C) solution of 3,4-dihydro-2H-pyran (1, 2.91 g, 34.6 
mmol) in 1-butanol (35 ml) was slowly added (ca. 10 min) 3.80 g (35.0 
mmol) of tert- butyl hypochlorite, during which time the exothermic 
reaction caused the temperature to rise to -4 0  °C. After 5 min the 
cooling bath (dry ice-ethanol) was removed and the reaction mixture 
allowed to warm to 0 °C and then partitioned between ice-water and 
petroleum ether. The organic layer was separated, washed with water 
(four times) and brine, and then dried (MgS04). Removal of solvent 
in vacuo afforded 6.37 g of a pale yellow oil. Analysis (GLC) of the oil 
indicated a 15:85 mixture of cis and trans isomers of 4e that after 
distillation (bp 103-108 °C, 14 mm) and column chromatography 
afforded 4.51 g (66%) of 4e as a colorless oil: bp 106-108 °C (14 mm); 
IR (film) 2970, 2940, 2880, 1460, 1440, 1200, 1135, 1095, 1070, 1030, 
870, 730 cm“ 1; NMR (100 MHz, CC14) b 4.62 (0.17 H, d, J = 3.2 Hz, 
equatorial anomeric proton, cis isomer), 4.46 (0.83 H, d, J = 3.5 Hz, 
equatorial anomeric proton, trans isomer), 4.02-3.25 (5 H, m), 
2.45-1.20 (8 H, complex m), 0.93 (3 H, perturbed t, J = 7.0 Hz); mass 
spectrum m/e (rel intensity) 194 (M+, 4), 192 (M+, 13), 138 (3), 136
(8), 121 (13), 119 (31), 92 (12), 90 (40), 83 (15), 64 (9), 62 (32), 57 (57), 
55 (100), 41 (71), 29 (76).

3-Bromo-2-n-butoxytetrahydropyran (4f). To a stirred and 
cooled (—50 °C) solution of 3,4-dihydro-2H-pyran (1, 316 mg, 3.76 
mmol) and dihydroquinone (1-2 mg, free-radical inhibitor) in 1- 
butanol (7 ml) was slowly added (ca. 10 min) 688 mg (4.50 mmol) of 
tert-butyl hypobromite, during which time the exothermic reaction 
caused the temperature to rise to —40 °C. After 5 min, the cooling bath 
(dry ice-ethanol) was removed and the reaction mixture allowed to 
warm to 0 °C. Normal workup, as described above for 4e, afforded a 
pale orange oil. Analysis (GLC) of the orange oil indicated a 10:90 
mixture of cis and trans isomers of 4f that after column chromatog
raphy afforded 715 mg (77%) of 4f as a colorless oil: IR (film) 2970, 
2940, 2880, 1460, 1440, 1200, 1130,1090, 1070,1025, 870, 730 cm“ 1; 
NMR (100 MHz, CCD b 4.60 (0.10 H, d, J = 3.1 Hz, equatorial ano- 
meric proton, cis isomer), 4.49 (0.90 H, d, J = 3.6 Hz, equatorial

anomeric proton, trans isomer), 4.07-3.25 (5 H, complex m), 2.55-2.15 
(1 H, m), 2.15-1.70 (2 H, m), 1.70-1.20 (5 H, m), 0.93 (3 H, perturbed 
t, J = 7.0 Hz); mass spectrum m/e (rel intensity) 238 (M +, 29), 236 
(M+, 30), 182 (5), 180 (5), 165 (48), 163 (49), 136 (65), 134 (67), 108 (26), 
106 (26), 83 (16), 73 (17), 57 (57), 55 (100), 41 (33), 29 (34).

3-Chloro-2-acetoxytetrahydropyran (4j). To a stirred and 
cooled (10 °C) solution of 3,4-dihydro-2H-pyran (1,3.36 g, 40.0 mmol) 
in glacial acetic acid (35 ml) was slowly added (ca. 10 min) 4.44 g (40.9 
mmol) of ieri-butyl hypochlorite, during which time the exothermic 
reaction caused the temperature to rise to 20 °C. After 10 min the 
reaction mixture was worked up, as described above for 4e, and af
forded 6.59 g of a pale yellow oil. Analysis (GLC) of the oil indicated 
a 32:68 mixture of cis and trans isomers of 4j that after distillation 
afforded 5.95 g (85%) of 4j as a colorless oil: bp 126-128 °C (18 mm); 
IR (film) 2970, 2900, 2870,1755,1440,1230, 1140, 1120,1070, 1040, 
1020,950,870, 770,740 cm“ 1; NMR (100 MHz, CC14) b 5.98 (0.32 H, 
d, J  = 3.2 Hz, equatorial anomeric proton, cis isomer), 5.63 (0.68 H, 
d, J  = 4.9 Hz, equatorial ar.omeric proton, trans isomer), 4.13-3.48 
(3 H, m), 2.50-1.30 (4 H, m), on which is superimposed two singlets 
at 2.09 (0.96 H, s, cis isomer) and 2.05 (2.04 H, s, trans isomer); mass 
spectrum m/e (rel intensity) 180 (M+, 1), 178 (M+, 5), 138 (4), 136 (18), 
121 (10), 119 (44), 92 (8), 90 (25), 83 (22), 64 (10), 62 (33), 55 (100), 43
(53), 41 (75), 39 (65), 29 (32), 27 (46).

3-ChIoro-2,6-dimethoxytetrahydropyran (5a). To a stirred and 
cooled (-5 5  °C) solution of 2-methoxy-3,4-dihydro-2H-pyran (2a, 
1.25 g, 11.0 mmol) in methanol (30 ml) was slowly added (ca. 5 min)
1.30 g (12.0 mmol) of fert-butyl hypochlorite, during which time the 
exothermic reaction caused the temperature to rise to —50 °C. After 
5 min the cooling bath (dry ice-2-propanol) was removed and the 
reaction mixture allowed to warm to 0 °C. Normal workup, as de
scribed above for 4e, afforded 1.30 g of a yellow oil. Analysis (GLC) 
of the oil indicated one major peak, which on subsequent NMR 
analysis suggested ca. 50:50 mixture of diastereomers of 5a, that after 
column chromatography afforded 1.21 g (61%) of 5a as a pale yellow 
oil: IR (film) 2980,2950,2850,1450,1390,1220,1200,1160,1120,1060, 
1010,940,910,790 cm "1; NMR (100 MHz, CC14) b 4.71 (0.5 H, t, J  =

3.5 Hz, equatorial anomeric proton at C-6), 4.56 (0.5 H, d, J = 6.0 Hz, 
anomeric proton at C-2), 4.48 (0.5 H, t, J  = 3.5 Hz, equatorial anom
eric proton at C-6), 4.33 (0.5 H, d, J = 5.7 Hz, anomeric proton at C-2), 
3.83-3.50 (1 H, m), 3.46 (1.5 H, s), 3.43 (1.5 H, s), 3.41 (1.5 H, s), 3.39 
(1.5 H, s), 2.42-1.45 (4 H, m); mass spectrum m/e (rel intensity) 181
(1), 179 (2), 151 (4), 149 (12), 122 (6), 120 (18), 107 (4), 105 (11), 94 (14), 
92 (39), 75 (15), 71 (24), 58 (100), 43 (11), 41 (15).

3-Bromo-2,6-dimethoxytetrahydropyran (5b). To a stirred and 
cooled (—60 °C) solution of 2-methoxy-3,4-dihydro-2H-pyran (2a, 
660 mg, 5.79 mmol) in methanol (15 ml) was slowly added (ca. 5 min)
1.07 g (7.0 mmol) of tert-butyl hypobromite, during which time the 
exothermic reaction caused the temperature to rise to -5 5  °C. After 
5 min the cooling bath (dry ice-2-propanol) was removed and the 
reaction mixture allowed to warm to 0 °C. Normal workup, as de
scribed above for 4e, afforded 1.23 g of a yellow oil. Analysis (GLC) 
of the oil indicated one major peak, which on subsequent NMR 
analysis indicated ca. 40:60 mixture of diastereomers of 5b, that after 
column chromatography afforded 1.00 g (76%) of 5b as a pale yellow 
oil: IR (fdm) 2970, 2935,291C, 2820,1440,1375,1225,1170,1120,1050, 
1010, 950, 730 cm -'; NMR (60 MHz, CC14) & 4.79-4.36 (2 H, over
lapping triplets and doublets, equatorial anomeric protons at C-6 and 
anomeric protons at C-2), 3.94-3.61 (1 H, m), 3.46 (1.2 H, s), 3.42 (1.8 
H, s), 3.40 (1.8 H, s), 3.37 (1.2 H, s). 2.42-1.15 (4 H, m); mass spectrum 
m/e (rel intensity) 225 (1), 223 (1), 195 (15), 193 (15), 166 (30), 164 (32), 
151 (10), 149 (10), 138 (22), 136 (22), 118 (10), 113 (7), 85 (40), 71 (26), 
58 (100), 45 (11), 43 (13), 41 (15).

Reaction of 2-Methoxy-6-methyl-3,4-dihydro-2ii-pyran (3a) 
with tert-Butyl Hypochlorite. To a stirred solution (20 °C) of 2- 
methoxy-6-methyl-3,4-dihydro-2//-pyran (3a, 5.78 g, 45.2 mmol) in 
methanol (57 ml) was slowly added (ca. 20 min) 5.00 g (47.0 mmol) 
of tert-butyl hypochlorite, during which time the exothermic reaction 
caused the temperature to rise to 25 °C. After 10 min the reaction 
mixture was worked up, as described above for 4e, and afforded 8.11 
g of a yellow oil. Analysis (GLC) of the oil indicated a 49:51 mixture 
of 1,2-addition product 6a and 1,4-addition product 7a. Careful col
umn chromatography afforded 3.42 g (39%) of 6a (NMR analysis in
dicated ca. 33:67 mixture of diastereomers that are partially resolved 
by GLC) as a pale yellow oil and 3.56 g (40%) of 7a as a colorless, vis
cous oil.

3-Chloro-2,6-dimethoxy-2-methyitetrahydropyran (6a). IR
(film) 2970,2920,2810,1450,1380,1220,1210,1185,1115,1065,1015, 
990,980,960,900,865,810 cm "1; NMR (100 MHz, CC14) b 4.56 (1 H, 
t, J = 3.8 Hz, equatorial anomeric proton), 4.00-3.85 (1 H, m, two 
overlapping triplets, J = ca. 4 Hz), 3.41 (3 H, s), 3.30 (1 H, s), 3.28 (2
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H, s), 2.72-2.30 (1 H, m), 2.30-1.50 (3 H, complex m), 1.41 (1 H, s), 1.36 
(2 H, s); mass spectrum m/e (rel intensity) 195 (0.25), 193 (0.75), 181 
(0.5), 179 (1.5), 165 (2.7), 163 (8), 127 (2.6), 122 (1.7), 121 (2.5), 120 (6), 
119 (7), 108 (8), 106 (25), 91 (12), 71 (41), 58 (100), 43 (31), 41 (14).

3-Chloro-6,6-dimethoxy-2-hexanone (7a). IR (film) 2950, 2840, 
1722,1440,1390,1360,1125,1070,915 cm’ 1; NMR (100 MHz, CC14) 
o two overlapping triplets at 4.38 (1 H, t, J = 5.5 Hz) and 4.17 (1 H, 
t,J  = 7.3 Hz), 3.24 (6 H, s), 2.24 (3 H, s), 2.00-1.55 (4 H, complex m); 
mass spectrum m/e (rel intensity) 195 (0.1), 193 (0.3), 165 (2), 163 (6), 
127 (4), 85 (2), 75 (100), 71 (86), 58 (48), 47 (13), 43 (49), 41 (18), 31
(12).

Reaction of 2-Methoxy-6-methyl-3,4-dihydro-2Ji-pyran (3a) 
with ieri-Butyl Hypobromite. To a stirred and cooled (—60 °C) 
solution of 2-methoxy-6-methyl-3,4-dihydro-2//-pyran (3a, 358 mg,
2.80 mmol) in methanol (8 ml) was slowly added (ca. 5 min) 536 mg 
(3.40 mmol) of ieri-butyl hypobromite, during which time the exo
thermic reaction caused the temperature to rise to —55 °C. After 5 
min the cooling bath (dry ice-2-propanol) was removed and the re
action mixture allowed to warm to 0 °C. Normal workup, as described 
above for 4e, afforded 647 mg of a yellow oil. Analysis (GLC) of the 
oil indicated a 76:24 mixture of 1,2-addition product 6b and 1,4- 
addition product 7b. Careful column chromatography afforded 418 
mg (62%) of 6b (NMR analysis indicated ca. 40:60 mixture of diaste- 
reomers) as a pale yellow oil and 138 mg (21%) of 7b as a colorless, 
viscous oil.

3-Bromo-2,6-dimethoxy-2-methyltetrahydropyran (6b). IR
(film) 2970, 2925, 2810,1440,1370,1210, 1165,1100,1055, 1010, 970, 
955, 890, 860 cm -'; NMR (60 MHz, CC14) b 4.55 (1 H, t, J = 4 Hz, 
equatorial anomeric proton), 4.15-3.88 (1 H, m, two overlapping 
triplets), 3.40 (3 H, s), 3.30 (1.2 H, s), 3.29 (1.8 H, s), 2.84-2.20 (1 H, 
complex m), 2.20-1.54 (3 H, complex m), 1.46 (1.2 H, s), 1.44 (1.8 H, 
s); mass spectrum m/e (rel intensity) 239 (1), 237 (1), 209 (5), 207 (5), 
180 (2), 178 (2), 166 (5), 165 (2), 164 (5), 163 (2), 152 (6), 150 (6), 99 
(11), 85 (11), 71 (30), 58 (100), 43 (22).

3-Bromo-6,6-dimethoxy-2-hexanone (7b). IR (film) 2935, 2825, 
1715, 1435, 1355, 1120, 1060 cm“ 1; NMR (100 MHz, CC14) S two 
overlapping triplets centered at 4.34 (1 H, t, J = 6 Hz) and 4.32 (1 H, 
t, J = 7 Hz), 3.26 (6 H, s), 2.31 (3 H, s), 2.22-1.82 (2 H, m), 1.82-1.50 
(2 H, m); mass spectrum m/e (rel intensity) 209 (14), 207 (18), 166 (3), 
164 (3), 127 (73), 95 (11), 84 (16), 75 (100), 71 (73), 58 (36), 43 (68), 32 
(73), 31 (100).

3-Chloro-2-methoxytetrahydropyran (4a). Bp 73-75 °C (14
mm); NMR (100 MHz, CC14) <5 4.52 (0.15 H, d, J = 3.0 Hz, equatorial 
anomeric proton, cis isomer), 4.38 (0.85 H, d, J = 3.2 Hz, equatorial 
anomeric proton, trans isomer), 3.93-3.39 (3 H, m), 3.40 (0.45 H, s, 
cis isomer), 3.36 (2.55 H, s, trans isomer), 2.40-1.05 (4 H, m); mass 
spectrum m/e (rel intensity) 152 (M+, 2), 150 (M+, 5), 124 (3), 122 (10), 
121 (6), 119 (26), 92 (24), 90 (50), 87 (24), 75 (12), 64 (30), 62 (91), 61 
(91), 55 (100), 41 (18), 39 (17).

3-Chloro-2-ethoxytetrahydropyran (4b). Bp 120-122 °C (17 
mm); NMR (100 MHz, CC14) b 4.61 (0.15 H, d, J -  3.2 Hz, equatorial 
anomeric proton, cis isomer), 4.45 (0.85 H, d, J = 3.5 Hz, equatorial 
anomeric proton, trans isomer), 3.93-3.58 (3 H, m), 3.58-3.28 (2 H, 
m), 2.49-2.08 (1 H, m), 2.08-1.58 (2 H, m), 1.58-1.09 (1 H, m), two 
overlapping triplets at 1.25 (0.45 H, t, J = 7.1 Hz, cis isomer) and 1.20 
(2.55 H. t, J = 7.1 Hz, trans isomer); mass spectrum m/e (rel intensity) 
166 (M+, 2), 164 (M+, 7), 138 (1), 136 (4), 121 (6), 119 (24), 101 (14), 
92 (8), 90 (26), 83 (13), 75 (58), 64 (16), 62 (53), 57 (18), 55 (100), 47 
(55), 41 (36), 39 (35), 29 (51), 27 (66).

3-Chloro-2-n-propoxytetrahydropyran (4c). Bp 113-115 °C 
(30 mm); NMR (100 MHz, CC14) 5 4.58 (0.15 H, d, J = 3.0 Hz, equa
torial anomeric proton, cis isomer), 4.42 (0.85 H, d, J  = 3.4 Hz, 
equatorial anomeric proton, trans isomer), 3.95-3.19 (5 H, complex 
m), 2.45-1.20 (4 H, complex m) on which is superimposed a hextet at
1.59 (2 H, hextet, J = 7.1 Hz), and two overlapping triplets at 0.98 
(0.45 H. t, J  = 7.1 Hz) and 0.94 (2.55 H, t, J = 7.1 Hz); mass spectrum 
m/e (rel intensity) 180 (M+. 21) 178 (M+, 60), 152 (2), 150 (7), 138 (5), 
136 (15), 121 (32), 119 (95i, 92 (26), 90 (75), 89 (45), 83 (15), 64 (14), 
62 (41), 55 (100), 43 (67), 41 (17).

3-Chloro-2-isopropoxytetrahydropyran (4d). Bp 94-95 °C (20 
mm); NMR (100 MHz, CC14) b 4.71 (0.15 H, d, J = 3.5 Hz, equatorial 
anomeric proton, cis isomer), 4.52 (0.85 H, d, J = 3.7 Hz, equatorial 
anomeric proton, trans isomer), 4.02-3.60 (3 H, m), 3.58-3.27 (1 H, 
m), 2.47-2.05 (1 H, m), 2.05-1.59 (2 H, m), 1.59-1.25 (1 H, m), two 
anisochronous methyl signals at 1.18 (3 H, d, J = 6.2 Hz) and 1.12 (3 
H, d, J  = 6.2 Hz); mass spectrum m/e (rel intensity) 134 (2), 132 (7), 
121 (6), 119 (18), 100 (7), 83 (7), 64 (2), 62 (7), 55 (23), 43 (100), 31 (17), 
29 (14).

3-Chloro-2-sec-butoxytetrahydropyran (4g). Bp 125-127 °C 
(30 mm); NMR (100 MHz, CC14) b doublets centered at 4.86 and 4.69

(0.1 H, d, J  = ca. 3 Hz, equatorial anomeric protons, two cis diaste- 
reomers), doublets centered at 4.49 and 4.46 (0.9 H, d, J = 3.6 Hz, 
equatorial anomeric protons, two trans diastereomers), 3.95-3.30 (4 
H, m), 2.45-2.05 (1 H, m), 2.05-1.65 (2 H, m), 1.65-1.25 (3 H, m), two 
sets of overlapping doublets centered at 1.20 and 1.18 (0.3 H, J = ca. 
7 and 6 Hz, two cis diastereomers) and 1.16 and 1.09 (2.7 H, d, J = 6.0 
and 6.5 Hz, two trans diastereomers), and at least two overlapping 
triplets centered at 0.92 and 0.89 (3 H, J = 7.0 Hz); mass spectrum 
m/e (rel intensity) 194 (M+, 3), 192 (M+, 10), 179 (0.5), 177 (1.5), 165 
(1), 163 (4), 138 (17), 136 (46), 121 (27), 119 (100), 92 (28), 90 (80), 83 
(14), 64 (9), 62 (26), 57 (66), 55 (90), 41 (40), 29 (43).

3-Chloro-2-tert-butoxytetrahydropyran (4h). Bp 118-122 °C 
(10 mm); NMR (100 MHz, CC14) b 4.89 (0.15 H, d, J = 3.3 Hz, equa
torial anomeric proton, cis isomer), 4.60 (0.85 H, d, J = 4.3 Hz, 
equatorial anomeric proton, trans isomer), 4.00-3.25 (3 H, m), 
2.46-2.06 (1 H, m), 2.06-1.60 (2 H, m), 1.60-1.30 (1 H. m), 1.24 (1.35 
H, s, cis isomer), 1.22 (7.65 H, s, trans isomer); mass spectrum m/e (rel 
intensity) 194 (M+. 0.2), 192 (M+, 0.8), 179 (0.5), 177 (2), 139 (2), 137 
(6), 121 (7), 119 (23), 92 (2), 90 (6), 83 (11), 57 (100), 55 (17), 41 
(13).

3-Chloro-2-benzyloxytetrahydropyran (4i). Bp 120-123 °C (1 
mm); NMR (100 MHz, CCI4) b 7.24 (5 H, apparent s), two overlapping 
AB systems of the anisochronous benzylic protons centered at 4.70 
(0.33 H, d, J -  12.2 Hz) and 4.46 (0.33 H, d, J = 12.2 Hz) for the cis 
isomer and at 4.68 (0.67 H, d, J = 12.2 Hz) and 4.42 (0.67 H, d, J = 12.2 
Hz) for the trans isomer that are superimposed on the equatorial 
anomeric protons centered at 4.69 (0.33 H, d, J  = 3.2 Hz, cis isomer) 
and 4.53 (0.67 H, d, J = 3.4 Hz, trans isomer), 3.95-3.61 (2 H, m), 
3.61-3.30 (1 H, m), 2.48-1.20 (4 H, m); mass spectrum m/e (rel in
tensity) 228 (M+, 0.4), 226 (M+, 1.2), 190 (3), 144 (12), 91 (100), 77 (4), 
65(12), 55 (10), 41 (6), 39(13).

3-Chloro-2-propionoxytetrahydropyran (4k). Bp 126-130 °C 
(14 mm); IR (film) 1752 cm“ 1; NMR (100 MHz, CC14) b 6.00 (0.45 H, 
d, J = 3.0 Hz, equatorial anomeric proton, cis isomer), 5.63 (0.55 H, 
d ,J  = 4.9 Hz, equatorial anomeric proton, trans isomer), 4.08-3.43 
(3 H, complex m), two overlapping quartets at 2.38 (0.9 H, q, J = 7.3 
Hz) and 2.33 (1.1 H, q, J -  7.3 Hz), 2.20-1.40 (4 H, m), two overlapping 
triplets at 1.18 (1.35 H, t, J  = 7.3 Hz, cis isomer) and 1.14 (1.65 H, t, 
J = 7.3 Hz, trans isomer); mass spectrum m/e (rel intensity) 121 (11), 
119 (32), 100 (4), 83 (6), 77 (4), 57 (100), 55 (22), 43 (4), 41 (7), 39 (8), 
29 (32), 28 (43), 27 (14).

3-Chloro-2,6-diethoxytetrahydropyran (5c). NMR (100 MHz, 
CC14) 5 4.80 (0.6 H, t, J  = 3.8 Hz, equatorial anomeric proton at C-6), 
4.64 (0.6 H, d, J = 7.0 Hz, anomeric proton at C-2), 4.54 (0.4 H, t, J 
= ca. 3 Hz, equatorial anomeric proton at C-6), 4.38 (0.4 H, d, J = 6.2 
Hz, anomeric proton at C-2), 4.02-3.32 (5 H, complex m), 2.50-1.90 
(2 H, m), 1.90-1.40 (2 H, m), two overlapping triplets at 1.21 (4.8 H, 
t, J = 7.0 Hz) and 1.17 (1.2 H, t, J = 7.1 Hz); mass spectrum m/e (rel 
intensity) 209 (0.3), 207 (1), 165 (3), 163 (9), 137 (2), 136 (2), 135 (6), 
134 (7), 108 (8), 106 (26), 99 (8), 93 (2), 91 (8), 85 (8), 80 (5), 78 (15). 
72 (100), 57 (17), 47 (13), 45 (8), 44 (50), 43 (23), 41 (16), 29 (28).

3-Bromo-2,6-diethoxytetrahydropyran (5d). NMR (60 MHz, 
CCL4) b two overlapping triplets at 4.85 (0.9 H, t, J  = 3.2 Hz, equatorial 
anomeric proton at C-6) and 4.75 (0.1 H, t, J = ca. 4 Hz, equatorial 
anomeric proton at C-6) on which is superimposed a doublet at 4.75 
(0.9 H, d, J = 6.6 Hz, anomeric proton at C-2), 4.44 (0.1 H, d, J = 6.6 
Hz, anomeric proton at C-2), 4.20-3.14 (5 H, complex m), 2.44-2.00 
(2 H, m), 1.95-1.52 (2 H, m), two overlapping triplets at 1.25 (0.3 H. 
t,J  = 7.0 Hz) and 1.22 (5.7 H, t,J  = 7.2 Hz); mass spectrum m/e (rel 
intensity) 253 (1), 251 (1), 209 (5), 207 (7), 180 (14), 178 (15), 152 (6), 
150 (6), 124 (5), 122 (4), 99 (20), 85 (5), 72 (100), 57 (9), 44 (27), 43 (10), 
41(11), 29(15).

3-Chloro-2,6-diethoxy-2-methyltetrahydropyran (6c). NMR 
(100 MHz, CC14) b 4.65 (0.5 H, t , J = 3.0 Hz, equatorial anomeric 
proton), 4.56 (0.5 H, t, J  = 3.2 Hz, equatorial anomeric proton),
4.03-3.20 (5 H, m) that includes a quartet at 3.53 (q, J = 7.0 Hz), 
2.50-2.22 (1 H, m), 2.22-1.43 (3 H, m), 1.40 (3 H, s), two overlapping 
triplets at 1.18 (3 H, t, J = 7.0 Hz) and 1.16 (3 H, t, J -  7.0 Hz); mass 
spectrum m/e (rel intensity) 223 (1), 221 (3), 179 (8), 177 (24), 150 (2), 
148 (8), 136 (6), 134 (18), 122 (19), 120 (54), 92 (21), 85 (32), 72 (100), 
57 (16), 45 (27), 44 (64), 42 (17), 29 (21), 27 (13).

3-Chloro-6,6-diethoxy-2-hexanone (7c). IR (film) 1725 cm~'; 
NMR (100 MHz, CC14) b 4.42 (1 H, t, J  = 4.7 Hz), 4.17 (1 H, q, J = 7.7 
and 5.9 Hz), 3.53 (4 H, q, J = 7.0 Hz), 2.26 (3 H, s), 2.02-1.37 (4 H, m),
1.15 (6 H, t, J = 7.0 Hz); mass spectrum m/e (rel intensity) 179 (9), 
177 (27), 103 (100), 85 (82), 75 (46), 72 (33), 57 (33), 47 (73), 44 (33), 
43 (90), 29 (45), 27 (23).

3-Bromo-2,6-diethoxy-2-methyltetrahydropyran (6d). NMR
(60 MHz, CC14) b two overlapping triplets at 4.64 (0.6 H, t, J = ca. 5 
Hz) and 4.59 (0.4 H, t, J  = ca. 4 Hz), 4.20-3.10 (5 H, complex m) that
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includes a quartet at 3.58 (q, J = 7 Hz), 2.75-2.20 (1 H, m), 2.20-1.57 
(3 H, m), 1.48 (1.2 H, s), 1.46 (1.8 H, s), 1.19 (6 H, t, J = 7 Hz); mass 
spectrum mie (rel intensity) 267 (1), 265 (1), 253 (1), 251 (1), 223 (12), 
221 (12), 180 (10), 178 (10), 166 (10), 164 (8), 141 (15), 113 (12), 85 (26), 
72 (100), 57 (18), 43 (49), 29 (16).

3-Bromo-6,6-diethoxy-2-hexanone (7d). IR (film) 1718 cm-1; 
NMR (60 MHz, CCR) h two overlapping triplets at 4.38 (1 H, t, J = 
5 Hz) and 4.32 (1 H, t, J  = 7 Hz), 3.88-3.08 (4 H, m), 2.30 (3 H, s), 
2.24-1.38 (4 H, complex m), 1.18 (6 H, t, J = 7 Hz); mass spectrum m/e 
(rel intensity) 268 (M+, 1), 266 (M+, 1), 223 (30), 221 (32), 180 (3), 178
(3), 166 (2). 164 (2), 151 (3), 149 (3), 113 (11), 103 (100), 85 (58), 75 (28), 
72 (28), 57 (17), 47 (26), 43 (47), 29 (12).

Acknowledgment. The authors are grateful to Dr. M. 
Rosenberger for helpful discussions, Dr. W. Benz for the mass 
spectra, Dr. F. Scheidl for the microanalyses, and Dr. T. 
Williams for the 100-MHz NMR spectra, all of Hoffmann-La 
Roche Inc., Nutley, N. J.; and GAF Corp., New York, N.Y., for 
generous samples of vinyl ethers; and the Research Council, 
Rutgers University, for partial support of this work.

Registry No.— 1, 110-87-2; 2a, 4454-05-1; 2b, 103-75-3; 3a, 
28194-35-6; 3b, 52438-71-8; ei's-4a, 6559-29-1; trans-4a, 6559-30-4; 
cis-4b, 6559-31-5; trans-4b, 6559-32-6; cis- 4c, 61092-36-2; trans- 4c, 
61092-37-3; cis-4d, 61092-38-4; trans-4d, 61092-39-5; cis-4e, 
61092-40-8; trans-ie, 61092-41-9; cis-4f, 55162-86-2; trans-it, 
61092-42-0; cis-(R*)-4g, 61092-43-1; ci's-(S*)-4g, 61092-44-2; 
trans-(R*)-4g, 61092-45-3; trans-(S*)-4g, 61092-46-4; cis-4h, 
61092-47-5; trans-4h, 61092-48-6; ci's-4i, 61092-49-7; trans-4i, 
61092-50-0; cis-4j, 14750-43-7; trans-4), 14750-42-6; cis-4k, 61092-
51-1; irans-4k, 61092-52-2; cis-5a, 61092-53-3; trans-5a, 61092-54-4; 
cis- 5b, 38017-14-0; irons-5b, 61092-55-5; cis-5c, 61092-56-6; trans- 5c, 
61092-57-7; cis-5d, 61092-58-8; trans-5d, 61092-59-9; cis-6a, 
61092-60-2; trans-6a, 61092-61-3; cis-6b, 61092-62-4; trans- 6b, 
61092-63-5; ci's-6c, 61092-64-6; trans-6c, 61092-65-7; cis-6d, 
61092-66-8; irans-6d, 61092-67-9; 7a, 61092-68-0; 7b, 61092-69-1; 7c, 
61092-70-4; 7d, 61092-71-5; 8c, 61092-72-6; f-BuOCl, 507-40-4; t- 
BuOBr, 1611-82-1; 2-chloro-l,l-dibutoxyethane, 17437-27-3; butyl 
vinyl ether, 111-34-2.
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Electrochemical and spectrophotometric results for the electrode reduction in DMF of the nonalternant hydro
carbon fluorene substituted at one 9 position by a methyl, phenyl, or benzyl group indicate that the radical anion 
originally produced decomposes to the fluorenyl anion and hydrogen. In the presence of proton donor the parent 
species is regenerated. If the second 9 position is substituted by a benzyl group the radical anion again yields the 
fluorenyl carbanion, which, in the presence of proton donor, yields the singly substituted fluorene. Fluorene substi
tuted at the 9 position by two phenyl groups, two methyl groups, or a phenyl and a methyl group does not cleave any 
of these substituents. Rather in at least one case it appears as if C11-C 12 bond cleavage occurs instead. In none of 
these cases does a normal ECE type mechanism seem to occur.

The electrochemical reduction of alternant aromatic hy
drocarbons has been shown to proceed by the so-called elec- 
trochemical-chemical-electrochemical (ECE) mechanism in 
electrochemically inert protic media.2-7 The anion radical 
produced at the electrode abstracts a proton from the donor, 
with the subsequent reduction of the neutral radical. Another 
chemical step then follows this second electrochemical re
duction. In aprotic media the anion radical must abstract 
protons from solvent, supporting electrolyte, another hy
drocarbon molecule, or impurity, or return to starting mate
rial. Polarographically, most alternant aromatic hydrocarbons 
display two one-electron waves in aprotic media, and one 
two-electron wave, at more positive reduction potentials, in 
the presence of proton donors.

However, the situation for nonalternant aromatic hydro
carbons is not so clear. A few systems have been studied, with 
varying results. The type of molecule which has received most 
attention is that in which a bridge methylene is present be
tween two parts of a benzenoid system. The bridge methylene 
contributes to the aromaticity of the ring system through 
hyperconjugative effects, and hence these compounds are 
considered nonalternant. Further, the methylene hydrogens 
are found to be weakly acidic (pKn = 20-25).8-10 Janata et al. 
studied the electrochemical reduction of 4,5-methylenephe- 
nanthrene and found that the usual ECE process occurred in 
the presence of proton donors, and even to a small extend in 
aprotic media where self-protonation took place.10 It was 
found that 9,10-dihydro-4,5-methylenephenanthrene was a 
product in both situations, and that 4,5-methylenephenan- 
threne behaved as a typical alternant aromatic hydrocarbon. 
For this system a second wave was observed at more negative 
potentials under both proton-donor and aprotic conditions. 
This was attributed to reduction of the 9,10-dihydro-4,5- 
methylenephenanthrene, a fluorene derivative. Study of the 
nonalternant hydrocarbon fluorene (RH2) itself by Jezorek 
et al. revealed behavior quite different from that of 4,5- 
methylenephenanthrene or other alternant hydrocarbons. 
This was true under both aprotic and proton-donor condi
tions.11'12 It was found that the reduction of the protonated 
radical (RH3-) did not occur. That is, after the initial elec
trochemical and chemical steps, the mechanism was different 
from those previously studied. In the presence of proton do
nors, in fact, both polarographic and constant-potential 
electrolysis yielded an n value of 3, rather than the usual 2". 
Jezorek et al. proposed a mechanism in which loss of a 9- 
hydrogen atom was a product-determining step. When similar 
experiments were done on fluoranthene these anomalous re

sults were not obtained, thus implicating the 9 position in the 
mechanism of the three-electron reduction of fluorene.12

In order to better understand the electrochemical behavior 
of nonalternant hydrocarbons, a series of 9-substituted fluo
renes was examined in this study under both proton-donor 
and aprotic conditions. The aprotic experiments were ex
pected to answer the question of whether parent hydrocarbon 
participated in self-protonation of the radical anion, as was 
postulated for fluorene.12 The 9-substituted fluorenes are 
expected to be more acidic than fluorene itself.13 Some 9,9- 
disubstituted fluorenes were also studied, and for these, of 
course, there are no hydrogens in the 9 position and parent 
participation is not possible. These 9-substituted and 9,9- 
disubstituted fluorenes were also studied under proton-donor 
conditions to see if anomalous results such as were found for 
fluorene would be obtained.

The species included in this investigation are 9-methyl- 
fluorene (9-MF), 9-phenylfluorene (9-PF), 9-benzylfluorene 
(9-BF), 9,9-dibenzylfluorene (DBF), 9-phenyl-9-benzylfluo- 
rene (PBF), 9-benzyl-9-methylfluorene (BMF), 9,9-di- 
phenylfluorene (DPF), 9-phenyl-9-methylfluorene (PMF), 
and 9,9-dimethylfluorene (DiMF).

Results and Discussion
This discussion will be broken into three parts because the 

nonalternant fluorene derivatives investigated in this study 
were found to display three distinct types of electrode re
duction behavior. Those fluorenes substituted at only one of 
the two 9 positions exhibited one identifiable mechanism; 
those substituted at one 9 position by a benzyl group and at 
the other by some other moiety were found to have a second 
type of mechanism; and those disubstituted fluorenes in which 
neither 9 substituent was a benzyl group displayed yet a third 
type.

The Monosubstituted Fluorenes. A. Aprotic Condi
tions. All of the monosubstituted fluorenes exhibited a one- 
wave polarogram under aprotic conditions in dimethylform
amide (DMF), and a diffusion limited current, i(\, linearly 
dependent on the square root of the height of the mercury 
column, h1/2, suggesting a diffusion controlled process.14 The 
quantity E3/4 — E 1/4 (the potential at i = %ic\ and re
spectively) was determined for each polarogram and found 
to be 0.060 ±  0.005 V, suggesting a reversible one-electron 
process.15 Cyclic voltammograms at about 0.2 and 2 V/s scan 
rates were taken for all three fluorene derivatives, with 9-MF 
showing an oxidation peak upon potential scan reversal at 
both scan rates, and 9-PF exhibiting evidence of an oxidation
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Table I. Electrochemical and Spectral Data for the Substituted Fluorenes in DMF under Aprotic Conditions"

CV oxidation wave1 Xmax for Coulometric
Substrate - E 1 / 2 ,  V6 0.2 V/s 2.0 V/s anion(si,nmd Radical anion «value

9-BF 3.30 No No 382 No 1
9-PF 3.16 No Yes 372, 410 (sh), 490 No 1
9-MF 3.28 Yes Yes 383 No 1
DBF 3.26 No No 390-410, 490 No 2
PBF 3.09 No No 390, 500 No 2
BMF 3.23 No No 330, 350, 385 No 2
DPF 3.18 Yes Yes Yes, blue
DiMF 3.39 Yes Yes Yes, blue
PMF 3.22 Yes, blue

" All substrates exhibited linear /a vs. h 1/2, one wave polarograms with n values of 1, and an E3/4 — £ 1/4 of 0.060 ± 0.005 V. b Vs. 
Ag/AgClO.] (satd). ' Cyclic voltammetric. d Produced coulometrically in special flow cell.

peak at the faster scan rate but not the slower. The 9-BF 
showed no evidence of an oxidation wave.

Controlled potential electrolysis at a mercury pool electrode 
in a specially designed flow cell allowed the UV-visible spec
trum of the electrolysis products to be obtained during the 
reduction process.11’ Observed peaks were at 382 nm for 9-BF, 
372, 410 (shoulder), and 490 nm for 9-PF, and at 383 nm for
9-MF (Table I). These peak positions correspond fairly closely 
to those reported by Bowden and Cockerill13 in other solvents 
for the anions of the respective substrates. Addition of an 
excess of D20  to the electrolysis solution produced a quanti
tative yield of the starting material 40-80% deuterated at the 
9 position as determined by NMR spectroscopy. Constant 
potential electrolysis in an ordinary H-type cell carried out 
on the plateau of the polarographic wave gave an n  value of 
about 1 .0  for all three hydrocarbons as determined by inte
gration of the current-time ( i- t )  curve. The same n  value was 
obtained in the flow-cell experiments using 0.001 M substrate. 
The colored carbanion could be seen forming at the electrode 
for all three species. As these anions are sensitive to air, 12 
conventional workup techniques could not be employed. At 
the conclusion of the electrolysis water was added to the 
electrolyzed solution and the product extracted with hexane. 
Evaporation of the hexane gave the 9-substituted substrate 
in quantitative yield. A summary of the electrochemical and 
spectral data for the three 9-substituted fluorenes is given in 
Table I.

B. Proton-Donor Conditions. The three monosubstituted 
fluorene derivatives exhibited similar behavior upon elec
trolysis in the presence of proton donor, just as they had under 
aprotic conditions. No change in E i/ 2 was observed when 
polarograms were performed in hydroquinone media, but 
acute maxima were observed when the proton donor con
centration was about 0.01 M and higher. The polarographic 
limiting current increased anywhere from 7- to 13-fold com
pared to the aprotic value and depending on the substrate 
used, when the proton donor concentration was increased from 
zero to about 0.1 M. The increase in i c 1 for these compounds 
was very small up to about 0.001 M hydroquinone. From this 
point up to the highest concentration of proton donor studied,
0.1 M, if! increased rapidly in an exponential-like fashion. This 
description of the id vs. hydroquinone concentration curve 
holds for all the species reported in this study with only 
quantitative differences, the reasons for which are not 
clear.

Constant potential electrolysis in hydroquininone media 
did not produce an exponentially decreasing current. Instead 
a constant value much higher than background was observed. 
Extensive gas evolution at the cathode was obtained, and 
workup of the reaction mixture yielded only substrate as 
product. Constant potential electrolysis in the presence of 
hydroquinone of 9-PF and 9-BF deuterated at the 9 position

was carried out under the same conditions as were used for the 
nondeuterated compounds. Again the only product was 
starting material in each case. Analysis of the products by 
NMR spectroscopy revealed that about 60% replacement of 
deuterium by proton had occurred. It should be pointed out 
that when 50% replacement of deuterium by proton has oc
curred, the probability of deuterated and nondeuterated 
fluorenes being reduced at the electrode is the same. Because 
the electrolysis current did not go to zero with time in 0.02 M 
hydroquinone media, an n value could not be calculated. It 
should be noted that results for both the macrocoulometry and 
flow-cell coulometry experiments were identical. While 
psuedo-first-order kinetics probably did not hold in the ma
crocoulometry situation as the hydroquinone excess over 
substrate was only twofold, a situation much closer to first 
order existed in the flow-cell experiments where a 2 0 -fold or 
more excess of proton donor was used.

Based on the aprotic and hydroquinone media electrolysis 
experiments an overall mechanism for 9-BF, 9-PF, and 9-MF 
can be proposed.

ARH + e- ^  ARH-" (1)

ARH -  — AR- + V2H2 (2)

where R = benzyl, phenyl, or methyl.
In the presence of proton donor:

AR- + HX -*  ARH + X -  (3)

The cyclic voltammetric experiments demonstrate that the 
radical anions are not especially stable, even though at faster 
scan rates, and for 9-MF, evidence of reversibility at the 
electrode is obtained. It would appear, however, that the an
ions are relatively stable compared to the radical anions, as 
the carbanions fulfill the An +  2 rule of aromatic resonance 
stabilization.17 The overall mechanism then appears to be one 
of cyclic regeneration of substrate, rather than the possible 
ECE pathway, that is, reactions 2 and 3 rather than 4.

HX
ARH-~ — »• neutral radical —*• further reduction (4)

The first of the two possible pathways for decomposition 
of the radical anions, 2 and 3, catalytic hydrogen reduction, 
apparently predominates for all three singly substituted 
fluorenes under the conditions of this study.

9,9-Disubstituted Fluorenes Containing the Benzyl 
Group. A. Aprotic Conditions. Just as for the singly sub
stituted fluorenes described above the doubly substituted, 
benzyl-containing fluorenes were found to have one-wave 
polarograms under aprotic conditions in DMF. In addition, 
they exhibited an ¿(j  linearly dependent on h 1/2, and an E 3 / 4  

— £ 1 / 4  of 0.060 ±  0.005 V. Cyclic voltammograms at scan rates
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of about 0.2 and 2 V/s showed no evidence of an oxidation 
wave with potential reversal. This indicates an overall irre
versible process, at least under these experimental conditions. 
Constant potential electrolysis on the plateau of the polaro- 
graphic wave, performed in the special flow cell, produced 
colored reaction products with broad absorption spectra. 
These spectra appeared to be a composite of a mixture of 
product species, one of which may have been the benzyl 
anion,18-20 another the anion of the fluorene fragment. In 
addition there may have been present some species produced 
by reaction of these carbanions with traces of oxygen.12 The 
electrochemical and spectrophotometric data are summarized 
in Table I. When water was added to the electrolyzed solution 
in either the flow cell or regular H cell, the mixture extracted 
with hexane, and the hexane evaporated, only singly substi
tuted fluorene was obtained; a benzyl group was lost in all 
three cases. Integration of the i-t  curve under aprotic condi
tions in both the coulometric-spectrophotometric and massive 
electrolysis experiments yielded an n value of approximately 
2 for each of the three doubly substituted, benzyl-containing 
fluorenes. This result was unexpected because the polaro- 
graphic limiting current was about the same as that for fluo
rene itself, a known one-electron reduction. As the diffusion 
coefficients for these substituted fluorenes are expected to be 
about the same as for fluorene, it follows that reduction of the 
substituted fluorenes should also be a one-electron process. 
It is a fact, however, that constant potential electrolysis at a 
mercury pool, where reaction products can accumulate and 
where the solution is stirred, is a different experiment than 
polarography, where the dropping-mercury electrode is being 
constantly renewed with fresh mercury and the solution is 
unstirred.14

B. Proton Donor Conditions. Polarography performed 
on the disubstituted, benzyl-containing fluorenes in the 
presence of varying concentrations of hydroquinone was not 
accompanied by a significant shift in Ei/o with increased 
proton donor concentration as required for an ECE type 
mechanism. However, id was threefold higher for DBF and 
ninefold for PBF and BMF at 0.1 M hydroquinone as com
pared to the aprotic values. Constant potential electrolysis in 
the presence of hydroquinone showed behavior for DBF 
similar to that of 9-BF; for PBF similar to 9-PF; and for BMF 
similar to 9-MF. Extraction of the electrolyzed mixture with 
hexane yielded only the monosubstituted fluorene species 
mentioned above, a benzyl group having been lost in each case. 
Based upon the n value obtained coulometrically and the 
monosubstituted products recovered from the hexane ex
traction, it would appear that cleavage of a benzyl radical 
occurs upon addition of one electron to the disubstituted, 
benzyl-containing fluorenes, but that this cleavage is suffi
ciently slow or otherwise different so as to not influence the 
polarographic behavior. Indications are that even in the 
presence of proton donor the rate of cleavage is fast compared 
to protonation (ECE pathway) or that even if protonation does 
occur, the neutral radical is not further reduced and subse
quent cleavage still occurs. Coulometric n values in the pres
ence of hydroquinone were impossible to calculate as, after 
a time, the current leveled out at a value much higher than 
background.

As the monosubstituted fluorene fragment was recovered 
in all cases there is no question that benzyl-group cleavage 
occurs. In order to explain the n value of 2 it would seem rea
sonable to postulate that the benzyl fragment is further re
duced to the anion,21 and reacts with solvent and/or impurities 
to form toluene. However, attempts to identify toluene in the 
reaction mixture were not fruitful, nor were efforts to identify 
bibenzyl (formation of which, however, cannot explain an n 
value of 2). Therefore, the total mechanistic picture remains 
unclear. Benzyl cleavage is certain, however, as is formation

of the monosubstituted fluorene fragment via protonation of 
the carbanion.

It should be noted that the monosubstituted fluorene 
fragment is itself electroactive, and at the higher proton donor 
concentrations, id increases markedly, as was seen for the three 
monosubstituted fluorenes discussed earlier. Therefore, the 
electrolysis current, leveling off at a value much higher than 
background in the presence of proton donor, can be considered 
to be a composite of the reduction of the disubstituted fluo
renes, and monosubstituted fluorene fragment, and possibly 
of the benzyl fragment. The fluorene fragment facilitates 
catalytic hydrogen ion reduction, as explained in the section 
on monosubstituted fluorenes, and results in large current 
increases as the proton donor concentration is increased.

That it is a benzyl radical that splits off the parent fluorene 
molecule rather than a phenyl or methyl group can be ascribed 
to the fact that the benzyl radical is resonance stabilized to 
a greater extent than either the CH2- or CeHs- radicals. Kerr22 
and Benson23 have shown that the homolytic dissociation 
energy of the H3C-H bond in methane and the CoHr-H bond 
in benzene is about 104 kcal/mol for both but for the 
CbH'.CH^H bond of toluene is only about 85 kcal/mol. It thus 
appears as if the benzyl radical is about 19 kcal/mol more 
stable than the methyl and phenyl radicals.

It is interesting to note that while carbon-carbon bond 
cleavage is not uncommon for alkali metal reduction of di
substituted fluorenes24-25 or for electrochemical oxidations,26 
it is a very unusual process for electrochemical reductions. It 
is possible that the very stable cyclopentadienyl-type struc
ture of the fluorene anion makes it a good leaving group, not 
unlike a halide-anion leaving group in the electrochemical 
reduction of organic halogen compounds.27

Disubstituted Fluorenes Not Containing a Benzyl 
Group. A. Aprotic Conditions. Just as for the six fluorenes 
described previously, DPF, PMF, and DiMF gave one-wave 
polarograms under aprotic conditions in DMF solvent, and 
exhibited an ia linearly dependent on h 1/2 and an E3/4 — E 1/4 
of 0.060 ±  0.005 V. Cyclic voltammograms of DPF and DiMF 
at scan rates of about 0.2 and 2.0 V/s possessed oxidation 
peaks in all cases, and potential differences between the ca
thodic and anodic peaks of 56 and 60 mV, respectively. This 
is close to the Nernstian value of 59 mV expected for a re
versible one-electron process. The electrochemical and 
spectral data are summarized in Table I.

Constant potential electrolysis on the plateau of the po
larographic wave produced the blue anion radicals of the 
substrates for all three fluorene compounds. No breakdown 
of these anion radicals to the yellow-red carbanions could be 
detected even after several hours standing under the nitrogen 
atmosphere. It appears that the anion radicals of these three 
species are much more stable than those discussed earlier.

Addition of water to the electrolyzed DPF solution, ex
traction with hexane, and evaporation of the hexane yielded 
a white solid with three components as shown by thin layer 
chromatography on alumina, with hexane developer. However,
9-PF was not one of the products as may have been suggested 
by the reactions of the disubstituted fluorenes discussed 
earlier or by the metalation studies of Janzen and coworkers.25 
For PMF and DiMF a similar extraction procedure yielded 
a colorless oil as product. Gas chromatographic analysis of the 
oil from DiMF on a Carbowax 20M column at 180 °C showed 
four components, none of which was 9-MF. Thin layer chro
matographic analysis, with hexane developer, of the oil from 
PMF electrolysis showed no 9-PF or 9-MF. None of the 
products were identified further as these analyses and the 
long-term stability of the radical anions indicates that the 
cleavage of 9 substituents observed for the benzyl-substituted 
fluorenes does not occur in these three cases.

B. Proton Donor Conditions. Polarography of these three
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disubstituted fluorenes in the presence of increasing con
centrations of hydroquinone resulted in an increase of id and 
a positive shift in E 1/2, as expected for an ECE mechanism. 
In 0.10 M hydroquinone the id was about 12, 6, and 6 times 
larger than under aprotic conditions for DPF, DiMF, and 
PMF, respectively. Shifts in E\/i were about 9, 7, and 8 mV 
respectively, quite small compared to the usual ECE situation 
of perhaps 50-100-mV shifts. Also, acute maxima were ob
served at proton donor concentrations above 5 X 10“ - M. 
Extraction with hexane of the solutions from exhaustive 
electrolysis of the three fluorene derivatives gave the same 
products as are discussed above. Again, in the presence of 
proton donor, it appears as if loss of a 9 substituent does not 
occur. Apparently only the 9-benzyl group, of the series of 
substituents studied, is a good leaving group. Reaction 
products were not identified individually because it was clear 
that cleavage at the 9 position did not occur. An exception to 
this was the solid product resulting from DPF electrolysis. 
This solid had a very high melting point, about 230 °C, and 
its UV spectrum exhibited a peak near 222 nm and a broad, 
less intense, band centered around 270 nm, virtually identical 
with the spectrum of tetraphenylmethane.28 The mass spec
trum exhibited two peaks of roughly equivalent intensity with 
m/e values of 322 and 320. A possible mechanism can be 
postulated as follows. The radical anion of DPF can undergo 
a reaction with proton donor at Cn or C12 (equivalent posi
tions) resulting in cleavage of the C11-C 12 bond and the pro
duction of tetraphenylmethane (mol wt 320). Subsequent 
reduction and protonation of a double bond would result in 
a product of molecular weight 322. Major peaks for both of 
these species were observed in the mass spectrum, as indicated
above.

© c ; Q̂) + e_ -  0 3 © (5,6)

pit ^ P h Ph'"^ "P h

+ X (7)

Ph^  ''"Ph

-  © ^  x

Ph’ '''Ph

+

Ph
1
c

Ph | Ph 
Ph

e- further 
reduction (8,9)

This mechanism is still speculative, as not enough corro
borating evidence is on hand, but it does appear as if Ci 1-C 12 
bond cleavage occurs, unlike the situation for the other fluo
rene derivatives studied.

Conclusions
Of the fluorene derivatives reported in this investigation 

the singly substituted species most resemble fluorene itself 
in mechanism. Both fluorene and the singly substituted de
rivatives are thought to release a hydrogen atom after the first 
reduction step12 rather than being protonated and further 
reduced as in a normal ECE sequence. Also, the three carb- 
anions produced all react with oxygen, as does fluorenyl 
carbanion, to produce fluorenone.12

The doubly substituted derivatives, of course, cannot re
lease a hydrogen atom, but do either cleave a benzyl group 
from the 9 position or apparently undergo cleavage of the 
five-membered ring system itself. For some reason, not un

derstood at this time, these nonalternant hydrocarbons do not 
follow the usual ECE reaction pathway to a dihydro reduction 
product, but rather shed 9-position substituents or (appar
ently) cleave the C11-C 12 bond. Continued investigations are 
underway in our laboratory to attempt to understand the 
reasons for this unusual behavior.

Experimental Section
Instrumental. All electrochemical measuremnts were carried out 

using a Princeton Applied Research Model 173 potentiostat, Model 
176 current-to-voltage converter with digital readout, and-Model 178 
electrometer probe. Reproducibility of potential settings was about 
±2 mV. The ramp voltage for polarography was generated using a 
circuit described by Means.29 An Exact Model 126b VCF sweep 
generator was used to obtain triangular waves of the desired frequency 
for cyclic voltammetry. Recording of some of the electrochemical 
experiments was done on an Electro Instruments Model 500 X -Y  
recorder. Cyclic voltammograms were recorded and stored on a 
Tektronix Model 5103N oscilloscope, and photographs taken with 
a C-5 oscilloscope camera. Cyclic voltammetry experiments utilized 
a Metrohm Model E 410 hanging-mercury-drop electrode.

Exhaustive, controlled potential, massive electrolysis experiments 
were carried out using a conventional H-type cell equipped with a 
fine-porosity, sintered-glass frit separating cathode and anode com
partments. The mercury-pool cathode was continuously stirred by 
a magnetic stirrer to expose fresh metal surface during electrolysis. 
Simultaneous coulometric-spectrophotometric experiments were 
carried out using a special flow cell designed by Janata and Mark."’ 
This cell, designed for the cell compartment of the Cary 14 spectro
photometer, allowed the spectra of electrode reaction products to be 
observed during the electrolysis.

The reference electrode used was constructed from two 2-cm 
lengths of 4-mm glass tubing separated by a 2-cm length of Corning 
Glass Works porous cane (thirsty glass). All three pieces were then 
covered by heat-shrinkable polyethylene tubing. A second piece of 
polyethylene tubing was sealed to one of the pieces of glass tubing, 
and this compartment filled with 0.1 M tetra-n-butylammonium 
perchlorate (TBAP) in DMF, and the end closed off with a 1 cm piece 
of porous cane. This compartment served as the salt bridge. The top 
compartment contained a saturated solution of AgClO.1 in 0.1 M 
TBAP-DMF solution. A length of polished silver wire was immersed 
in this solution as the electrical contact element. This electrode was 
equilibrated for at least 24 h before use, and all air bubbles were re
moved. These electrodes were found to be stable for several weeks.

Chemicals and Solutions. TBAP (G. F. Smith) was dissolved in 
a minimum of acetone and the solution filtered; it was then precipi
tated by adding distilled water, filtered, and washed twice with dis
tilled water. This product was dissolved again in acetone, precipitated 
with ethyl ether, filtered, washed three times with ethyl ether, and 
dried in a vauum oven at 100 °C for 6 h. This procedure completely 
removed iodide impurity. DMF (Burdick and Jackson, Distilled in 
Glass) was dried by the method of Moe.:tl> Dimethylamine impurity 
produced was removed by degassing under vacuum for 2 h. Purified 
solvent was stored over activated Linde Type 5A molecular sieves for 
at least 72 h before use. The DA) used was the usual high purity, 
commercially available grade. If Karl Fischer titration showed the 
water content of the stock DMF to be less than 0.015%, the solvent 
was used directly without purification after storing over sieves as 
above. Background currents of all solvent-0.1 M TBAP solutions were 
less than about 0.2 n A at the point of solvent breakdown, about —3.6
V.

All electrochemical solutions were 0.1 M in TBAP. The concen
tration of electroactive species was about 0.001 M for polarographic, 
cyclic voltammetric, and coulometric-spectrophotometric experi
ments, and 0.01 M for exhaustive electrolysis studies. Solutions for 
protic electrolysis were about 0.02 M in hydroquinone.

Polarographic and cyclic voltammetric solutions were deoxygenated 
by bubbling nitrogen (high purity, Delta Products) for at least 15 min 
and solutions for controlled potential electrolysis Tor at least 30 min 
before reaction; and a nitrogen atmosphere was maintained over the 
solutions during the course of the measurement. The nitrogen was 
dried and deoxygenated as described previously.12

Extraction of controlled potential electrolysis solutions was done 
with reagent grade hexane. The solution from the cathode compart
ment was pipetted into a separatory funnel containing 100 ml each 
of hexane and water. The hexane extracts were combined and back- 
washed with three 100-ml portions of water to remove DMF. The 
hexane layer was then run through several layers of filter paper to 
remove water and the solvent removed on a rotary evaporator.
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Syntheses. 9-MF. The method of preparation was essentially that 
of Scherf and Brown:!1 and Murphy and Hauser32 using 1,2-dime- 
thoxyethane solvent, phenyllithium (Alpha Products, 1.4 M in 70:30 
benzene-ether) as the proton-abstracting agent, and methyl iodide. 
Benzene extraction and CaCl2 drying produced a yellow oil, which was 
chromatographed on neutral alumina. The 9-MF (first fraction off) 
was decolorized with charcoal. Prior to electrolysis the 9-MF was 
dissolved in benzene and filtered through a short column of alumina. 
The filtrate was evaporated to dryness under nitrogen giving a product 
of mp 44-45 °C (lit.33 45 °C).

9-BF. Essentially the same method as given by Scherf and Brown3' 
and Murphy and Hauser32 was used here, employing 1,2-dime- 
thoxyethane, phenyllithium, and benzyl chloride, followed by ether 
extraction and CaCl2 drying. The crude product was recrystallized 
from methanol giving a species melting at 135 °C (lit.33 1 34-135 
°C).

9-PF. The procedure of Kovache34 and Mathieu33 was followed for 
this species, yielding a product with mp 145 °C (lit.33 1 45 °C).

DBF. The method of Scherf and Brown31 was utilized, yielding a 
product melting at 147-148 °C (lit.31 146 °C).

DiMF. A procedure essentially the same as that for DBF was 
used.31 The product exhibited a mp of 95-96 °C (lit.33 95-96 °C). 
Alumina filtration of a benzene solution of DiMF was performed prior 
to electrochemical use, as noted above for 9-MF.

DPF. Attempts to use the procedure of Gilman36 and Gorsich were 
unsuccessful, and a modified procedure had to be developed. 2- 
Phenylbenzoic acid (25 g» was dissolved in 300 ml of methanol and 
2 ml of concentrated H2SO4 was added. This mixture was then re
fluxed for 18 h. The methanol was stripped off with a rotary evapo
rator and the residue washed with water until rinsings were neutral. 
The product was dissolved in ether, dried with CaCl2, placed in a 
300-ml three-neck flask, and purged several times with nitrogen. 
Phenyllithium (0.25 mol) was added slowly over a period of 60-75 min. 
The mixture was cooled and stirred for 12 h under nitrogen. Then 10% 
(v/v) HC1 in methanol was added until the solution was acid to litmus. 
The solution was then extracted with water several times until the 
extracts were neutral to litmus. The ether layer was shaken with CaCl2 
and evaporated on a rotary evaporator, and 200 ml of acetic acid was 
added to the residue. This solution was refluxed for 15 min, at which 
time DPF crystallized out. This was recrystallized from methanol to 
give a product with mp 223 °C (lit.37 2 2 2 °C).

Anal. Caled for C-isHig: C, 94.32; H. 5.68, mol wt, 318. Found: C, 
94.22; H, 5.68, mol wt, 318.

BMF. 9-Benzylfluorene (5 g, 0.02 mol) was added to 50 ml of di- 
oxane in a three-neck, 300-ml flask which was purged with nitrogen 
several times. Potassium (0.78 g, 0.02 mol) was added with nitrogen 
flowing. The flask was again purged. The solution was refluxed for 
2 h and cooled, and 5 ml of methyl iodide (slight excess) was added 
with a syringe. The solution was stirred for 2 h under nitrogen, 40 ml 
of water containing 4 ml of HC1 was added, and the solution was re
peatedly extracted with benzene. The benzene extracts were back- 
washed with water to remove dioxane, dried with CaCl2, and evapo
rated to dryness. The crude BMF was recrystallized three times from 
hexane to give a product with mp 99 °C.

Anal. Caled for CaiHis: C, 93.33; H, 6.67, mol wt, 270. Found: C, 
93.31; H, 6.70, mol wt, 270.

PBF and PMF. 9-PF (50 g, 0.02 mol) was dissolved in 50 ml of
1,2-dimethoxyethane in a 300 ml, three-neck flask. After thorough 
purging with nitrogen 0.02 mol of phenyllithium was added with a 
syringe. The mixture was refluxed for 2 h, cooled to room temperature, 
and 3.0 g of benzyl chloride slowly added from a syringe. The solution 
was stirred for 2 h under nitrogen and 40 ml of water containing 4 ml 
of concentrated HC1 was added. The reaction mixture was extracted 
several times with benzene and the extracts were combined and 
backwashed with water to remove the solvent. The benzene extracts 
were then dried with CaCl2, filtered, and evaporated to dryness. The 
crude PBF was recrvstallized from ethanol to give a product with mp 
141 °C (lit.33 140 °C).

Anal. Caled for CjoHxe: C, 93.97; H, 6.03. Found: C, 93.85; H, 
6.05.

PMF was prepared similarly except that methyl iodide was, of 
course, used instead of benzyl chloride. The pure PMF had mp 84 °C 
(lit.33 85 °C).

Prior to electrolysis these species were filtered through alumina, 
as explained above.

9-Phenyl-9-deuteriofluorene. As above, the anion of 9-PF was 
prepared by dissolving 3.0 g of 9-PF in 40 ml of dioxane in a three-neck 
flask, purging with nitrogen, adding 0.015 mol of phenyllithium, and 
refluxing for 2 h under nitrogen. The red anion was clearly seen. After 
cooling to room temperature, 5 ml of 99+% D2O (an excess) was added

by syringe. This solution was stirred for 2 h under nitrogen, and then 
40 ml of water containing 4 ml of HC1 was added. Benzene extraction, 
water backwashing, CaCl2 drying, and evaporation to dryness then 
followed. Crude, deuterated 9-PF was dissolved in benzene, the so
lution filtered through a small column of neutral alumina, and the 
filtrate evaporated under a stream of nitrogen followed by vacuum 
drying for 2 h. The NMR of 9-PF exhibits a peak for the 9 proton at 
5 5.05,33 while the deuterated material prepared as above had no de
tectable absorption in the range ô 4.75-5.25, indicating complete 
deuteration of the 9 position.

9-Benzyl-9-deuteriofluorene. This material was prepared in 
essentially the same manner as the deuterated 9-PF. To 2.50 g (0.01 
mol) of 9-BF in 40 ml of dioxane was added 0.012 mol of phenylli
thium. After refluxing, 5 ml of D20  was added, then the H20-HC1 
mixture, followed by benzene extraction. The benzene extracts were 
water backwashed, dried with CaCl2, and evaporated to dryness. 
Methanol was used to recrystallize the product. Alumina filtration 
was also used prior to electrochemical experiments. The NMR of 9- 
BF33 exhibits a doublet centered at <5 3.10 due to the benzyl protons, 
and a triplet due to the 9-position proton centered at 5 4.20. The 
deuterated product prepared as described above exhibited only a 
singlet with integrated area corresponding to two protons at 5 3.10, 
but no signal at <5 4.20, indicating complete deuterium substitution 
at the 9 position.

Acknowledgments. This research was supported in part 
by the National Science Foundation, Grant NSF MPS 
720514-A02.

Registry No.—9-BF, 1572-46-9; 9-PF, 789-24-2; 9-MF, 2523-37-7; 
DBF, 4709-64-2; PBF, 35377-96-9; BMF, 61076-90-2; DPF, 20302-
14-1; DiMF, 4569-45-3; PMF, 56849-83-3; 2-phenylbenzoic acid, 
947-84-2; phenyllithium, 591-51-5; methyl iodide, 74-88-4; benzyl 
chloride, 100-44-7; 9-phenyl-9-deuteriofluorene, 61076-91-3; D20, 
7789-20-0; 9-benzyl-9-deuteriofluorene, 15480-52-1.

References and Notes
(1) Taken in part from the Ph.D. Thesis of A. L. Lagu, The University of Cin

cinnati, May 1974.
(2) G. J. Hoijtink, J. Van Shooten, E. de Boer, and W. J. Aalbersbert, Reel. Trav. 

Chim . Pays-Bas, 73, 355 (1954).
(3) G. J. Hoijtink, Reel. Trav. C him . Pays-Bas, 73, 895 (1954).
(4) P. S. Given and M. E. Peover, J. Chem . Soc. 385 (1960); C o llec t. C zech. 

Chem . C om m un., 25, 3195 (1960).
(5) G. J. Hoijtink and J. Van Shooten, R ee l. Trav. C him . Pays-Bas, 71, 1089 

(1952).
(6) J. Janata and H. B. Mark, Jr., J. Phys. C hem ., 72, 3616 (1968).
(7) (a) N. H. Velthorst and G. J. Hoijtink, J. A m . C hem . Soc.. 87, 4529 (1965); 

lb) ib id ., 89, 209 (1967).
(8) C. D. Ritchie and R. E. Uschold, J. A m . C hem . S oc.. 89, 1721 (1967).
(9) A. Streitwieser, Jr., “Molecular Orbital Theory,” Wiley, New York, N.Y., 

1962, pp 414-415.
(10) J. Janata, J. Gendell, R. G. Lawton, and H. B. Mark, Jr., J. A m . Chem . Soc., 

90, 5226(1968).
(11) J. R. Jezorek and H. B. Mark, Jr., A na l. Le tt., 3, 515 (1970).
(12) J. R. Jezorek, A. Lagu, T. Siegei, and H. B. Mark, Jr., J. Org. C hem .. 38, 

788(1973).
(13) K. Bowden and A. F. Cockerill, J. Chem . Soc. B, 173 (1970).
(14) J. Herovsky and J. Kuta, "Principles of Polarography”, Academic Press, 

New York, N.Y., 1966, pp 73-115.
(15) J. Tomes, C ollec t. C zech . C hem . C om m un., 9, 12 (1937).
(16) J. Janata and H. B. Mark, Jr., A n a l. C hem ., 39, 1876 (1967).
(17) A. J. Jones, Rev. Pure  A p p l. C hem ., 18, 253 (1968).
(18) G. Hafelinger and A. Streitwieser, Jr., C hem . B er., 101, 672 (1968).
(19) R. Asami, M. Levy, and M. Szwarc, J. C hem . S oc., 361 (1962).
(20) R. Waack and M. Doran, J. A m . C hem . S o c ., 85, 1651 (1963).
(21) C. K. Mann, J. L. Webb, and H. M. Walborsky, Tetrahedron  L e tt., 2249, 

(1966).
(22) J. A. Kerr, Chem . Rev., 66, 465 (1966).
(23) 3. W. Benson, J. C hem . Educ., 42, 502 (1965).
(24) 3. W. H. Scherf and R. K. Brown, Can. J. C hem ., 39, 1388 (1961).
(25) E. G. Janzen, W. B. Harrison, and J. B. Pickett, J. O rganom et. C hem ., 16, 

48 (1969).
(26) R. N. Adams, “Electrochemistry at Solid Electrodes”, Marcel Dekker, New 

York, N.Y., 1969.
(27) C. K. Mann and K. K. Barnes, "Electrochemical Reactions in Nonaqueous 

Systems", Marcel Dekker, New York, N.Y., 1970, pp 201-243.
(28) L. R. LaPaglia, J. M ol. S p e c tro sc ., 6, 427 (1961).
(29) D. K. Means, Ph.D. Thesis, University of Michigan, 1970.
(30) N. S. Moe, Acfa C hem . Scand., 21, 1389 (1967).
(31) G. W. H. Scherf and R. K. Brown, Can. J. C hem .. 38, 697 (1960).
(32) W. S. Murphy and C. R. Hauser, J. Org. C hem ., 31, 85 (1966).
(33) G. W. H. Scherf and R. K. Brown, Can. J. C hem ., 39, 1388 (1961).
(34) A. Kovache, A nn. C him . (P aris), 10, 205 (1918).
(35) A. Mathieu, B u ll. Soc. C him . Fr., 1526 (1971).
(36) H. Gilman and R. Gorsich, J. Org. C hem ., 23, 550 (1958).
(37) R. G. Clarkson and M. Gomberg, J. Am . C hem . S oc., 52, 2881 (1930).



1068 J. Org. C h e m ., V o l. 4 2 , N o . 6 , 1 9 7 7 Piatak, Flynn, Yim, and Roosenberg

Observations on Bromine Rearrangement during Déméthylation of 
Bromomethoxybenzoic Acids

David M. Piatak,* G. Flynn, K. Yim, and J. Roosenberg

Department of Chemistry, Northern Illinois University, DeKalb, Illinois 60115 

Received August 2, 1976

Several aspects of the requirements for concomitant bromine rearrangement during HBr-HOAc déméthylation 
of bromodimethoxybenzoic acids were explored. Formation of 3-bromo-4,5-dihydroxybenzoic acid from 2-bromo-
4,5-dihydroxybenzoic acid and isovanillic acid from 2-iodo-4,5-dimethoxybenzoic acid indicated a relationship be
tween halogen loss from its original position and a OH group para to it. This assumption was corroborated when
4-bromo-2,6-dimethoxybenzoic acid resulted in 5-bromoresorcinol. Conversion of 4-bromo-2,3-dimethoxybenzoic 
acid to 4-bromo-2,3-dihydroxybenzoic acid confirmed the necessity of also locating the halogen to be migrated 
ortho to the carboxylic acid group. Explanations for these and previous results are proposed.

Perhaps the best studied and most interesting com
pounds for examining the requisite factors for bromine mi
gration on aromatic compounds (or more aptly, debromina- 
tion-rebromination) are the bromomethoxybenzoic acids. 
This series of compounds is well suited to such an investiga
tion since a wide variety of mono- and dimethoxy systems can 
be devised and synthesized to test several aspects of the 
mechanism. The various products obtained can be readily 
analyzed and prepared alternately if needed.

The initial rearrangement observed by Tomita and co
workers1 when demethylation of 2-bromo-4,5-dimethoxy- 
benzoic acid (1) by HBr-HOAc led to 3-bromo-4,5-dihy-

COOH

OR,
1, R[ = Br; R2 = H; R3 = R4 = Me
2, R, = R3 = R4 = H; R 2 = Br
6 , R, = Br; R2 = R3 = R4 = H
7, R, = I; R2 = H; R3 = R4 = Me 

12, R, = R2 = R4 = H; R3 = Me
COOH

3, R, = R2 = Me; R3 = R4 = R s = H
4, R, = Rj = Me; R3 = R4 = H; R s = Br
5, R, = R2 = R3 = R 5 = H; R„ = Br
8 , R, = R2 = Me; R3 = Br; R„ = R s = H
9, R2 = Me; R3 = N 02; R, = R4 = R 5 = H

10, R, = R 2 = Me; R3 = N 02; R„ = R s = H
11, R, 1 R 2 = Me; R3 = R s = H; R4 = Br
13, R, = R2 = R4 = R s = H; R3 = Br
14, R, = R2 = R 3 = R4 = H; R s = Br

droxybenzoic acid (2) prompted their exploration of several 
more discernible requirements. For example, they2-4 found 
that 2-bromo-3,4-dimethoxybenzoic acid also yields 3- 
bromo-4,5-dihydroxybenzoic acid (2) and 2-bromo-5- 
methoxybenzoic acid gives 4-bromo-3-hydroxybenzoic acid 
while 2-bromo-4-methoxybenzoic acid only produces 3-bro- 
mophenol. Further experiments indicated that replacement 
of the carboxylic acid group with an acetyl, aldehyde, or 
methyl moiety or substitution of chlorine for bromine on the 
ring caused only ether cleavage but no halogen migration to 
occur. They also observed that use of 48% HBr as the de-

methylating reagent formed some rearranged product as well 
as 3,4-dihydroxybenzoic acid while HCl-HOAc, aqueous HC1, 
HI, or AlCl;j brought about only demethylation.

Subsequent work by Pettit and Piatak5 expanded this re
arrangement to the o-veratric acid (3) series by converting
6-bromo-2,3-dimethoxybenzoic acid (4) to 5-bromo-2,3- 
dihydroxybenzoic acid (5) and added the nitro group as a 
potential alternative to the acid moiety by reporting the for
mation of 3,4-dihydroxynitrobenzene along with 2-bromo-
4,5-dihydroxynitrobenzene during reaction of 2-bromo-4,5- 
dimethoxvnitrobenzene with HBr-HOAc.

Results and Discussion
The position and relationships of ring substituents on the 

starting compounds and their products from the previous 
work1-5 implies that the reaction sequence involves (a) de
methylation of the methoxyl groups; (b) loss of bromine from 
the ring as the critical key step; and (c) rebromination of the 
resultant phenolic acid at a more favorable location. Loss of 
the bromine atom in the second step appears to occur when 
it occupies a position which is not favored by simple bromi- 
nation of the corresponding phenolic acid and is situated ei
ther ortho or para to a potential hydroxy group and ortho to 
the carboxylic acid moiety. The latter criteria have, however, 
not been rigidly tested since only one example4 in which the 
original methoxyl was meta to the bromine was used, and only 
examples where the halogen atom is ortho to the acid group 
have been employed. Therefore, we undertook the HBr-HOAc 
reaction of some model compounds to query the validity of the 
reaction sequence and provide further information about the 
character and relationships of the functional groups.

In order to test the first step of the sequence bromohydroxy 
acid 6 was chosen as a model, since migration of the bromine 
should occur with this compound even if methoxyl cleavage 
proceeds initially. Further examination of this part of the 
mechanism included 6-iodo acid 7. Hopefully, the more re
active iodine atom6 would allow for less energetic and, con
sequently, controllable reaction conditions enhancing the 
possibility of isolating significant intermediates. Use of iodine 
would also expand the range of halogens capable of undergoing 
the rearrangement. Two additional acids, 4-bromo-2,6-di- 
methoxybenzoic acid and 4-bromo-o-veratric acid (8), were 
chosen to verify the necessity of orienting the bromine ortho 
or para to one methoxy group and ortho to the carboxylic acid 
moiety.

Of the four desired model compounds only 8 was essentially 
unknown via a synthetic route. The others could be prepared 
by available literature methods except for iodo acid 7, which 
was best made by direct iodination of veratraldehyde using 
the iodine-silver trifluoroacetate method7 followed by oxi
dation of the aldehyde moiety. The 4-bromo acid 8 prépara-
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tion started with the nitration of o-vanillin acetate using a 
combination of procedures by Dey and Kutti8 and Ichikawa 
et al.9 The resultant nitro aldehyde was then oxidized and 
hydrolyzed to nitro acid 9, which upon prolonged treatment 
with diazomethane gave the methyl ester of nitro acid 10. 
Comparison of an NMR spectrum of the 4-nitro ester with 
those of methyl 2,3-dimethoxy-5-nitrobenzoate10 and methyl
2,3-dimethoxy-6-nitrobenzoaten revealed the original 
structural assignments to be correct.

Conversion of the nitro moiety to a bromine and hydrolysis 
of the resultant bromo ester to the desired 4-bromo acid 8 was 
carried out without rigid characterization of the two inter
mediates because they did not crystallize. The desired acid 
8 had mp 137-138 °C, quite different from mp 87-89 °C for
6-bromo acid5 4 and mp 120 °C for 5-bromo acid12 11. An 
NMR spectrum of acid 8 had aromatic proton doublets at 8
7.44 and 7.79 with J  = 8.5 Hz consistent with the normal 
coupling constant range of ortho protons. The 6-bromo acid 
4 had doublets at 8 6.85 and 7.29 with J = 9.0 Hz indicating 
the shielding influence of the methoxyl moiety on the adjacent 
C-4 proton. As might be expected, the aromatic protons for
5-bromo acid 11 appeared at 8 7.25 and 7.85 (J = 2.0 Hz).

Demethylation and/or migration reactions were accom
plished in heavy-walled Pyrex tubes. Products were identified 
by their physical and spectroscopic characteristics and by 
comparison with specimens synthesized by alternate routes 
when possible. For example, 5-bromo acid 2 secured from 
reaction 6 was related to material made by brominating pro- 
tocatechuic acid.1 Reaction of 6-iodo acid 7 resulted in iso- 
vanillic acid (1 2 )  identified by mp 250-255 °C (lit.13 mp
255-257 °C) and an appropriate NMR spectrum. Similarly 
delineated was 5-bromoresorcinol, the product from reaction 
of 4-bromo-2,6-dimethoxybenzoic acid, except that it was 
found to be best characterized as 5-bromo-1,3-dimethoxy- 
benzene.14

The structure of 4-bromophenolic acid 13 formed in the 
HBr-HOAc reaction of 4-bromo acid 8 was also elucidated 
spectroscopically. Although its melting point (227.5-229 °C) 
was comparable to that of the potential rearrangement 
product 5-bromo acid 5  (mp5 222-223 °C), an NMR spectrum 
of 13 had aromatic proton doublets at 8 7.03 and 7.24 (J = 9.0 
Hz) which were more appropriate for two ortho protons. An 
NMR spectrum of 5  had these doublets at 8 7.14 and 7.35 with 
J = 2.0 Hz while the third isomer, 6-bromo acid5 14, had values 
of 8 6.73 and 6.86 (J = 7.0 Hz) for its aromatic protons. The 
identity of 13 was confirmed by comparison with a sample 
prepared from 8 by AICI3 demethylation, a method which does 
not lead to rearrangement.2’5

Evaluation of the above and former1 5 results discloses some 
unique aspects about the overall reaction and leads us to 
postulate the mechanism depicted to Scheme I. Initially, 
cleavage of the methoxy group para (or even ortho) to the 
halogen will occur. Demethylation of this one in preference

Scheme I

to the C-4 methoxyl is favored because the latter will be ren
dered less basic by the electron-withdrawing effects of the 
carboxyl.15 This change will permit the more inductive hy
droxyl group to assist protonation of the carbon bearing the 
halogen. Bromine migration is possible with a para hydroxyl 
moiety as evidenced by the conversion of 2-bromo acid 6 to
3-bromo acid 2. alternatively, both methoxy groups could be 
cleaved before the protonation step but the isolation of iso- 
vanillic acid (12) from the reaction of iodo acid 7 supports the 
former interpretation. Rebromination and, hence, halogen 
migration will result when the formation of protocatechuic 
acid, which promotes bromination at C-5, is complete.

The decarboxylation of 4-bromo-2,6-dimethoxybenzoic acid 
during its demethylation coupled with the previous3 conver
sion of 2-bromo-4-methoxybenzoic acid to 3-bromophenol 
tends to also confirm the supposition that the halogen should 
be ortho or para to at least one oxygen functionality. In both 
of these examples, one or more methoxy groups were situated 
meta to the bromine while the carboxylic acid was either ortho 
or para.

Perhaps the most curious outcome is the isolation of 4- 
bromophenolic acid 13, a product of only demethylation, from 
bromo acid 8. It appears that bromine loss from the aromatic 
rings is greatly influenced by its position with respect to the 
acid group. It can best be explained by a deactivating effect 
of the carboxyl group upon protonation of the C-4 position 
bearing the bromine.15 This effect apparently negates any 
activating influence by the ortho oxygen moiety. When the 
carboxylic acid is located ortho to the bulky bromine (Scheme
I), however, it is twisted out of plane and loses a large part of 
its influence permitting the hydroxyl group para to the bro
mine to assist protonation and, thus, bring about bromine 
loss.

Experimental Section
The 'H NMR spectra were recorded with a Varian A-60A instru

ment. Unless otherwise noted, CDCls was used as the solvent with 
Me4Si as the internal standard. IR spectra were taken on KBr disks 
with a Perkin-Elmer 237B instrument. Melting points are uncorrected 
and were observed with a Fisher-Johns apparatus.

HBr-HOAc Reaction of 2-Bromo-4,5-dihydroxybenzoic Acid
(6) . The 2-bromo acid'2 (0.5 g) was heated with a 46% HBr-HOAc 
solution (10 ml) in a sealed tube for 3 h at 130 °C. The solution was 
evaporated under a stream of nitrogen, and the product was recrys
tallized from water to yield 3-bromo acid 2 [mp 226-228 °C (lit.1 mp 
222 °C); NMR (Me2SO) 5 7.44 (d, 1, J  = 2.0 Hz), 7.59 (d, 1, J = 2.0 
Hz)], identical in all respects with a sample prepared by brommating
3,4-dihydroxybenzoic acid.1

2-Iodo-4,5-dimethoxybenzaldehyde. A solution of iodine (29.2 
g) in CCI4 (160 ml) was added to veratraldehyde (19.0 g) and 
CF;)C02Ag (25.0 g) with shaking. The reaction mixture was stirred 
for 4 h, the yellow Agl collected by filtration, and the filtrate washed 
with 5% NaHSOs. Removal of the solvent and crystallization of the 
residue from methanol (500 ml) gave 27.0 g (81.9%) of the 2-iodoal- 
dehvde: mp 145-146 °C; NMR 6 3.88 (s, 3), 3.92 (s, 3), 7.27 (s, 1), 7.34 
(s, 1), 10.12 (s, 1).

Anal. Calcd for C9H9I0 3: C, 37.01; H, 3.11. Found: C, 36.95; H, 
3.13.

Rilliet16 reported mp 128 °C for this compound obtained via dia- 
zotization of 2-amino-4,5-dimethoxybenzaldehyde and reaction with 
KI.

2-Iodo-4,5-dimethoxybenzoic Acid (7). The iodo aldehyde (13.1 
g) was oxidized by addition to KMnOj (37.0 g) in water (200 ml). The 
mixture was heated at 40 °C with stirring for 1.5 h, then filtered. 
Acidification of the filtrate and recrystallization of the product from 
ethanol-water gave 3.29 g (28%): mp 159-160 °C; NMR 5 3.71 (s, 3), 
3.75 (s, 3), 7.38 (s, 1), 7.42 (s, 1).

Anal. Calcd for C9H9I0 4: C, 35.08; H, 2.95. Found: C, 34.52; H, 
2.97.

HBr-HOAc Reaction with 2-Iodo-4,5-dimethoxybenzoic Acid
(7) . A 0.5-g sample of iodo acid 7 was heated at 50 °C with 10 ml of 46% 
HBr/HOAc overnight. Some decomposition occurred as evidenced 
by the darkness of the reaction. Removal of the solvent under a stream 
of nitrogen and recrystallization of the residue from water yielded 0.16
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g of isovanillic acid (12), mp 216-220 °C. Recrystallization from water 
(Norite A) resulted in mp 250-255 °C (lit.‘ mp 255-257 °C); NMR 
6 3.89 (s, 3), 6.94 (d, 1, J ah = 9.0 Hz), 7.35 (d, 1 ,J =  1.7 Hz), 7.41 (1, 
4 AH = 9.0, J a m  = 1.7 Hz).

Domethylation of 4-Bromo-2,6-dimethoxybenzoic Acid. A
sample of 4-bromo-2,6-dimethoxybenzoic acid17 (0.5 g) was sealed 
in a glass tube with 40% HBr in glacial HOAc (5 ml). The tube was 
heated to 130 °C during 100 min, kept at 130-142 °C for 65 min, and 
then cooled. The solution was evaporated in vacuo, and the residue 
was taken up in ether and washed with dilute NaHCOn and water. The 
product was treated with diazomethane overnight. Recrystallization 
of the methylated material from MeOH-petroleum ether gave 0.3 g 
(75%) of 5-bromo-l,3-dimethoxybenzene: mp 60.5-62.5 °C; vmax 1580, 
1215,1165,1050 cm "1; NMR 6 3.74 (s, 6), 6.35 (t, 1, J = 2.0 Hz), 6.62 
(d, 2, J = 2.0 Hz). A melting point of 66 °C was reported by Dean and 
Whalley.”

4-Nitro-2-hydroxy-3-methoxybenzaldehyde. A procedure 
combining the methods of Dey and KuttiK and Ichikawa et al.9 gave 
the best results. Finely powdered o-vanillin acetate (30 g) was added 
to a stirred mixture of fuming HNO;; (100 ml) and concentrated 
H^SOi (20 ml) at —15 °C over 1 h. After the reaction mixture had been 
stirred for 40 min at —5 to —15 °C, it was poured into ice water (ca. 
700 g). The resultant oil was recovered with benzene and washed with 
dilute NaHCO.i and water. Recrystallization of the residue from 
methanol gave 12 g of material, mp 134-137 °C, which proved to be 
two compounds by TLC.

All of the nitrated material was therefore hydrolyzed in 2% NaOH 
(700 ml) by refluxing for 20 min. Storage of the solution overnight at 
ambient temperature gave an orange precipitate which was collected. 
Acidification of the filtrate yielded the 4-nitro isomer which was re
crystallized from methanol-water (Norite A) to give 22 g (72.2%) of 
product with mp 92-93.5 °C; cmax 3100, 1670, 1525 cm-1. A melting 
point of 92-93 °C was reported by both Dey and Kutti8 and Ichikawa 
et al.9

The orange precipitate from the hydrolysis was suspended in hot 
water and acidified. The resultant brown material was recrystallized 
from methanol (Norite A) to yield the 6-nitro isomer as yellow needles: 
mp 104-107 °C; rmax 3050,1670,1500 cm-1. Ichikawa9 reported mp 
104 °C, while Dey and Kutti8 observed only 72-73 °C.

4-Nitro-2-hydroxy-3-methoxybenzoic Acid (9). Silver nitrate 
(50 g) was added to the above 4-nitro aldehyde (10 g) suspended in 
a solution of NaOH (22 g) in water (1 1.) at 70 °C. The mixture was 
refluxed for 5 h, then filtered hot. Acidification of the filtrate formed 
a brown precipitate which was recrystallized from methanol-water 
(Norite A) to yield 6 g (55.5%) of pale yellow flakes, mp 205-206.5 °C. 
Repeated recrystallization from the same solvent gave an analytical 
sample of 9 with mp 206.5-208 °C; vmax 3000,1640,1510 cm-1; NMR 
i 3.74 (s, 3), 7.32 (d, 1, J = 8.7 Hz), 7.72 (d, 1, J  = 8.7 Hz).

Anal. Calcd for CsHtNOr: C, 45.08; H, 3.31; N, 6.57. Found: C, 44.96, 
45.06; H, 2.97, 3.43; N, 6.59, 6.76.

The nitro acid 9 was methylated with diazomethane to methyl 4- 
nitro-2-hydroxy-3-methoxybenzoate which had mp 112-114 °C (from 
methanol); cmax 3130,1680,1540 cm-1; NMR h 4.01 (s, 3), 4.05 (s, 3),
7.16 (d, 1, J = 8.0 Hz), 7.67 (d, 1, J = 8.0 Hz).

Anal. Calcd for C9H9NOfi: C, 47.58; H, 3.99; N, 6.17. Found: C, 47.77; 
H, 3.98; N, 6.43.

Methyl 4-Nitro-2,3-dimethoxybenzoate. Freshly prepared di
azomethane (ca. 6 g) in ether was added to nitro acid 9 (6.0 g) dissolved 
in ether, and the solution was stored for 3 days at room temperature. 
Removal of the solvent and crystallization of the residue from 
methanol resulted in 2.5 g (36.8%) of ester which gave an analytical 
sample having mp 40^2 °C; rmax 1750,1555 cm-1: NMR 6 3.94 (s, 3), 
3.98 (s, 3), 4.03 (s, 3), 7.55 (s, 2).

Anal. Calcd for Ci0H uNO6: C, 49.80; H, 4.60; N, 5.81. Found: C,
50.25, 50.16; H, 4.66,4.33; N, 5.53, 5.57.

Hydrolysis of the ester with 2 N KOH on a steam bath for 2 h and 
acidification of the red solution gave 4-nitro acid 10: mp 157-159 °C; 
nmax 3190, 1735,1595, 1630, 1470 cm-1. Majima and Okazaki18 indi
cated mp 94-95 °C for the 4-nitro acid they obtained by oxidizing
2,3-dimethoxy-4-nitrotoluene.

4-Bromo-2,3-dimethoxyoxbenzoic Acid (8). The 4-nitro ester 
(1.0 g) was reduced with 10% Pd/C (75 mg) in ethanol (20 ml) under 
3 atm hydrogen. The catalyst was removed with Celite, and the filtrate 
evaporated to give an oil with infrared bands at 3440,1670,1580 cm“ 1 
and NMR signals at d 3.83 (s, 6), 3.90 (s, 3), 4.60 (s, 2), 6.48 (d, 1 ,J  =
8.5 Hz), 7.49 (d, 1,J  = 8.5 Hz).

The amino ester was taken up in water (20 ml) containing 48% HBr 
(4.0 ml) and cooled to 5 °C. A solution of NaNOi; (0.37 g) in water (1.5

ml) was introduced, and the mixture was stored at 5 °C for 1 h. A 
slurry of CuBr prepared from CuS04 (0.7 g), NaBr (1.8 g), concen
trated H_)SO.t (0.7 g), Cu powder (0.44 g), and water (10 ml) was added, 
and the diazotization mixture was stirred at ambient temperature 
overnight. The product was recovered with ether. It failed to crys
tallize, but had infrared bands at 1700 and 1550 cm" 1 and NMR sig
nals at 5 3.91 (s. 3), 3.95 (s, 6), 7.34 (s, 2).

The bromo ester was hydrolyzed with 5% NaOH (20 ml) by heating 
at reflux for 2.5 h. The reaction mixture was filtered, and the filtrate 
acidified. The bromo acid 8 was recovered with ether and crystallized 
from methanol to yield 1.06 g (98.2%), which gave an analytical sample 
after repeated recrystallizations from the same solvent. It had mp 
137-188 °C; </max 2970,1690,1585 cm“ 1; NMR 5 3.93 (s, 3), 4.13 (s, 3), 
7.44 (d, 1,J = 8.5 Hz), 7.79 (d, 1 ,J  = 8.5 Hz).

Anal. Calcd for C9H9Br09: C, 41.39; H, 3.47. Found: C, 41.59,41.76; 
H, 3.19, 3.51.

4-Bromo-2,3-dihydroxybenzoic Acid (13). A. HBr-HOAc 
Reaction. A 0.2-g sample of bromo acid 8 was sealed in a tube with
6.0 ml of a 40% solution of HBr gas in glacial HOAc. The tube was 
heated to 130 °C in 100 min, maintained at 130-140 °C for 65 min, 
then cooled. The red solution was evaporated in vacuo, water added 
to the residue, and the mixture evaporated again. Since an NMR 
spectrum indicated the presence of acetate moieties, the material was 
treated with 5% NaOH (10 ml) for 1 h on a steam bath. Acidification 
of the solution, recovery of the acid with ether, and recrystallization 
of the product from methanol-water gave 0.1 g (55.5%), mp 227.5-229 
°C. Repeated recrvstallizations from the same solvent produced 13 
melting at 226-228 °C; 3545, 2950, 1680 cm“ 1; NMR (Me2SO)
6 7.03 (d, 1, J = 9.0 Hz), 7.24 (d, 1 ,J  =  9.0 Hz).

Anal. Calcd for C-H-.RrO.i: C, 36.08; H, 2.16. Found: C, 35.75,35.84; 
H, 2.21,2.13.

DaRe and Cimatoribus19 reported the isolation of 4-bromo-2,3- 
dihydroxybenzoic acid, mp 225-227 °C, from a natural source.

B. AlChi Reaction. Anhydrous A1C1:) (2.5 g) was added to bromo 
acid 8 in benzene (16 ml), and the mixture was refluxed for 4 h. Ad
ditional A1CI;) (1.5 g) was introduced and refluxing was continued for 
2 h. The cooled reaction mixture was decomposed with concentrated 
HC1 (10 ml) and water (7 ml), and the product isolated with ether. 
Recrystallization of acid 13 from methanol-water yielded 0.8 g 
(44.4%), mp 224-228 °C, identical with the sample from A by mixture 
melting point and comparison of infrared and NMR spectra.

Registry No.—2, 61203-46-i; 6, 61203-47-2; 7, 61203-48-3; 8, 
61203-49-4; 9,61203-50-7; 10,61203-51-8; 12,645-08-9; 13,61203-52-9; 
2-iodo-4,5-dimethoxybenzaldehvde, 61203-53-0; iodine, 7553-56-2; 
veratraldehyde, 120-14-9; 4-bromo-2,6-dimethoxybenzoic acid, 
61203-54-1: 5-bromo-l,3-dimethoxybenzene, 20469-65-2; 4-nitro- 
2-hydroxy-3-methoxybenzaldehyde, 20041-61-6; o-vanillin acetate, 
7150-01-8; HNO;), 7697-37-2; 6-nitro-2-hydroxy-3-methoxybenzal- 
dehyde, 2426-86-0; diazomethane, 334-88-3; methyl 4-nitro-2-hy- 
droxy-3-methoxybenzoate, 61203-55-2; methyl 4-nitro-2,3-di- 
methoxybenzoate, 61203-56-3; methyl 4-amino-2,3-dimethoxyben- 
zoate, 61203-57-4; methyl 4-bromo-2,3-dimethoxybenzoate, 61203- 
58-5; A1C1:1, 7446-70-0.
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The reactions of diphenylcyclopropylcarbinol with 1 and 2 equiv of bromine in acetic acid have been carried out. 
In the first case the products are l-acetoxy-2,4-dibromo-l,l-diphenyl-l-butanol and 2,4-dibromo-l,l-diphenyl-l- 
butene. In the latter case no dibromo acetate is formed, and it has been demonstrated that this product in the pres
ence of excess bromine is converted to the latter two products. The dibromo acetate is not formed upon treatment 
of 4-bromo-l,l-diphenyl-l-butene with bromine in acetic acid. The mechanistic implications of these observations 
are considered.

With regard to their possible reactions with bromine the 
cyclopropylcarbinols may be considered to be difunctional 
compounds capable of undergoing the ring opening reactions 
of cyclopropanes or the elimination of water by the bromine 
acting in its capacity as a Lewis acid. This capability has been 
demonstrated in several studies of the bromination of 3,5- 
cyclocholestan-6/3-ol as well as its methyl ether and acetate 
derivatives; the product in each case being an essentially 
quantitative yield of Sd^a^d-tribromocholestane.1 When 
treated with a deficiency of bromine in ether at 0 °C cholest- 
eryl bromide was isolated, and it was proposed that this ma
terial served as an intermediate in the formation of the tri
bromide. The formation of cholesteryl bromide was proposed 
as a consequence of first an S\ji replacement of the 6/3-hy- 
droxyl group by bromine followed by an ¿-steroid rearrange
ment. The possible simultaneous loss of hydroxyl and ring 
opening nucleophilic attack of bromine at the 3 position was 
not considered, though it will be shown subsequently that this 
possibly exists.

In searching for a model system in which to examine the 
bifunctional character of the cyclopropylcarbinols, diphen
ylcyclopropylcarbinol (DPCC, I) was chosen because the 
products could be expected to be readily identified and ana
lyzed by proton and carbon NMR spectroscopy and the ex
pected benzhydryl-like carbocation formed by loss of hydroxyl 
would be relatively stable and unlikely to undergo extensive 
rearrangement.

The treatment of DPCC with trifluoroacetic acid in the 
presence of triethyl- or triphenylsilane has been reported to 
yield both the olefin ester II and diphenylcyclopropylmethane
(III).2 The latter arises from the trapping of the diphenylcy-

CF,CO,H

Ph2C<] Ph2C=CHCH2CH202CCF3 + Ph2CH<|
I ^  = S iH  ^

Ah 11 111
DPCC, I

clopropylcarbinyl cation by the hydride, while II may arise 
from a nucleophilic attack of the acid on the cyclopropyl ring 
of the cation or by a concerted process of such a ring opening 
with the loss of water. The latter explanation was preferred 
as no 1,1 -diphenyl-1 -butene was found among the products— 
a fact attributed to a lack of electrophilic character in the 
cyclopropyl methylenes of the cation.

During the course of the study described here, Skell, Day, 
and Shea3 reviewed, corrected, and extended the under
standing of the reactions of bromine with cyclopropane and 
several alkylcyclopropanes. In order to avoid the free-radical 
chain process, the reaction must be conducted in the dark. The 
ionic reaction is often sluggish, leading to a complex mixture 
of isomeric mono-, di-, and tribromoalkanes which require a 
sequence of bromination, dehydrobromination, and rear
rangement steps which are initiated by electrophilic attack 
of bromine on the cyclopropyl ring system.

Results
The reaction of diphenylcyclopropylcarbinol in the dark 

with 1 equiv of bromine in acetic acid is over in about 3 h at 
room temperature. Conventional workup of the reaction 
mixture by drowning in water, extraction, and a wash with 
bicarbonate to remove excess acetic acid gave the products 
shown below.

Ph2C<J + Br2 — ■ ; >- Ph,CCHBrCH,CH,Br

OH OAc
I IV (63%)

+ Ph2CCHBrCH2CH2Br +  Ph2C=CBrCH2CH2Br 

OH
V (25%) VI (12%)

The structures of each were determined by proton and 
carbon NMR spectroscopy, elemental and/or high-resolution 
mass spectrometry, and synthesis or comparison with known 
compounds from the literature. When the reaction was con
ducted directly in the NMR probe using perdeuterioacetic 
acid or worked up by removing the solvent at reduced pressure 
no dibromo olefin VI was noted, and the products were IV and 
V only in essentially equal amounts. Thus, VI appears not to 
be a direct reaction product (see also below).

When I is reacted in the same fashion with 2 equiv of bro
mine the color is not discharged after several days. However, 
the reaction was found to be over essentially after 3 h or less 
as above. The products were the dibromo alcohol V (43% I and 
the dibromo olefin VI (57%) only. Indeed, if one followed the 
course of the reaction in the NMR probe in perdeuterioacetic 
acid it became apparent that as the dibromo acetate IV was 
created it was destroyed by the excess bromine forming the 
mixture of V and VI. In an independent experiment pure IV 
in acetic acid was treated with bromine to also give V and VI. 
In fact, in a similar experiment the dibromo alcohol V was 
rapidly dehydrated by bromine in acetic acid to form VI. Such 
dehydrations of tertiary alcohols with bromine have been 
observed before.4

A variety of reactions of DPCC and related compounds have 
been carried out in an attempt to explicate the mechanism of 
the reaction. These are summarized in Schemes I and II and 
will be mentioned as pertinent to the subsequent discussion. 
Of particular interest, however, is the observation that when 
the reaction medium is buffered with sodium acetate the re
action with bromine is greatly slowed and only the dibromo 
acetate IV is formed. In contrast, when the medium contains 
added potassium bromide the bromine color is discharged 
quite rapidly. While this might be due only to a normal salt 
effect, the appearance of the bromo olefin VII as a new prod
uct suggests the possible presence of hydrogen bromide or an 
altered mode of reaction.

Finally, the bromo olefin VII (Scheme II) when treated with
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Scheme I

Ph2C

OH
I

Br2(l equiv) 

HOAc-NaOAc

Br2(0.7 equiv) 

HOAc-KBr ’

HOAc

CF3C02H
(trace)

Br2

ch 3cn

HBr

CHClj

IV (50%) +  I

IV (35%) +  V (35%) +  I (9%) 
+  Ph2C =C H C H 2CH2Br

vn (21%)

Ph2C = C H  CH2CH2OAc 
VIII

V (only)

VII (only)

Scheme II
HOAc-----------► no reaction

CF:,CO,H
(trace)

----------- ► VI +  V (trace)
HOAc

Br" ► Ph-jCCHBrCH-.CH.Br (only)
HOAc j " '

Br
IX

CC1,

bromine in acetic acid yields a quantitative conversion to the 
tribromide IX. No evidence for the formation of the dibromo 
acetate IV could be found. In contrast, when V is treated with 
acetyl hypobromite high yields of IV result plus smaller 
amounts of IX presumably formed by the incomplete con
version of the bromine to hypobromite.

Discussion
The formation of the dibromo alcohol V when DPCC (I) is 

brominated in acetic acid or in an aprotic solvent such as ac
etonitrile is reasonably the result of a conventional electro
philic attack of bromine on the cyclopropane ring just as 
pictured by Skell, Day, and Shea.3 Subsequent dehydration 
of V by bromine or some other acid accounts for the formation 
of the dibromo olefin VI.

Of greater interest in this study is the dibromo acetate IV. 
This product is not formed by the prior esterification of DPCC 
and then electrophilic ring bromination, for DPCC fails to 
esterify under any usual experimental conditions. Indeed, 
treatment of DPCC in acetic acid with acid yields the ring- 
opened acetate VIII, and no derivatives of VIII are found in 
the bromination. Furthermore, attempts to acetylate the di
bromo alcohol V also under a variety of conditions failed in 
each case.

The rate of bromination of DPCC is greatest in acetic acid 
containing potassium bromide where some small amounts of 
hydrogen bromide may be present. In buffered acetic acid the 
reaction is slowest, while the reaction in acetic acid is inter
mediate in rate. Thus, it appears likely that the reaction is acid 
catalyzed. Since the esterification results discussed above rule 
out the likely formation of the diphenylcyclopropylcarbinyl 
cation during the bromination, a more unusual pathway for 
the formation of IV is called for.

Nucleophilic attack of bromine on DPCC with a concomi
tant loss of water can be pictured as

dibrom o alcohol V

dibrom o acetate IV

brom o olefin VII

Br— Br (HOAc)2

The acetic acid is included because it is known that complexes 
of the acid with bromine exist.5 The result of a process such 
as that pictured would be the formation of the bromo olefin 
VII and a positive bromine stabilized by the acetic acid or 
more likely present as acetyl hypobromite. The formation of 
VII in appreciable amounts when excess bromide ion is 
present results from trapping of the positive bromine entity 
by bromide. Finally, it was demonstrated that the acetyl hy
pobromite will add to VII in acetic acid to yield IV. The evi
dence of Carey and Tremper2 that the ring opening of DPCC 
to form II may involve a nucleophilic attack on the cyclopro
pane ring may be taken as supporting evidence for the 
mechanism proposed here. Thus, bromine may attack cyclo
propane rings in either an electrophilic or nucleophilic 
sense.

The evidence concerning the bromination of 3,5-cyclo- 
cholestan-6/j-ol can now be reassessed. In an aprotic solvent 
the formation of cholesteryl bromide occurs by nucleophilic 
attack of the bromine on the cyclopropane ring at C-3 with loss 
of the hydroxyl. When there is a deficiency of bromine the 
reaction terminates, but with adequate bromine the observed 
tribromide is formed. Unfortunately, the bromination of the 
cycloalcohol in acetic acid has not been reported.

Experimental Section
General. Diphenylcycloproplycarbinol was obtained from Aldrich 

and used directly. Proton and carbon-13 NMR spectra were obtained 
on JEOL MH-100 and FX-60 FT instruments, respectively. All 
chemical shifts are referenced to tetramethylsilane. Combustion 
analyses were obtained from Galbraith Laboratories, Knoxville, 
Tenn., and high-resolution mass spectral analyses were performed 
by Mr. G. Gabel on the Consolidated Electronics Corp. Model 21-110B 
mass spectrometer in the Biochemistry Department, Texas A and M 
University.

Cyclopropyldiphenylcarbinol. Reactions with Acetic Acid.
A. A solution of 1.12 g (5.0 mmol) of diphenylcyclopropylcarbinol was 
prepared in 40 ml of glacial acetic acid and 0.80 g (5.0 mmol) of bro
mine was added. The mixture was allowed to stand overnight at room 
temperature in the dark. The reaction mixture was then poured into 
100 ml of water and extracted with 3 X 50 ml of chloroform, the 
combined chloroform extracts were washed with 6% sodium bicar
bonate, and the chloroform was removed on a rotary evaporator. The 
whole crude reaction product was analyzed by proton NMR as con
sisting of 63% l-acetoxy-2,4-dibromo-l,l-diphenylbutane, 25% 2,4- 
dibromo-l,l-diphenyl-l-butanol, and 12% 2,4-dibromo-l,l-diphe- 
nyl-l-butene.

The crude product was dissolved in boiling hexane and, upon 
cooling, deposited l-acetoxy-2,4-dibromo-l,l-diphenylbutane: mp
112-113 °C; NMR (CDC1:1) i'l.65 (m, 1 H), 2.04 (s, 3 H), 2.50 (m. 1 H),
3.60 (m, 2 H), 6.24 (dd, 1 H, J = 12 and 3 Hz); 1:,C NMR (CDC1:1) b 22.1 
(q), 31.2 (t). 37.7 (t), 56.6 (d), 86.3 (s), 127.0 (d), 127.5 (d), 128.1 (d),
129.1 (d), 139.6 (s), 169.0 (s).l!

Anal. Calcd for CisHisO-.Br.: C, 50.6; H, 4.5; Br, 37.4. Found: C, 
50.87; H, 4.39; Br, 37.4.

The other products are described below.
B. A solution of 1.12 g (5 mmol) of diphenylcyclopropylcarbinol in 

40 ml of glacial acetic acid was treated with 1.60 g (10 mmol) of bro
mine. The reaction mixture was treated in all respects as before. After 
standing overnight a reddish color still persisted; however, no starting 
material remained at this time. The workup was as before. The NMR 
analysis of the whole product gave 43% 2,4-dibromo-l,l-diphenyl- 
1-butanol and 57% 2,4-dibromo-l,l-diphenyl-l-butene.

C. The reaction of 1.12 g (5 mmol) of diphenylcyclopropylcarbinol 
with 0.80 g (5 mmol) of bromine was carried out in a solvent prepared 
by reacting 3 g of anhydrous sodium carbonate with 40 ml of glacial 
acetic acid, then adding 4 ml of acetic anhydride. The reaction in the 
dark became colorless only after 5 days. Workup of the reaction as 
above showed over ca. 50% of the dibromo acetate above plus un
reacted starting material.

Other Reactions of DPCC. A. Reaction with Bromine in Ac
etonitrile. A solution of 1.12 g (5 mmol) of diphenylcyclopropylcar-
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b:nol in 40 ml of acetonitrile was reacted overnight at room temper
ature in the dark with 0.80 g (5 mmol) of bromine. The standard 
workup was used. Evaporation of the solvent gave a quantitative yield 
of a yellow oil which could not be distilled without decomposition. 
However, the NMR of the oil was that of a pure compound assigned 
the structure 2,4-dibromo-l,l-diphenyl-l-butanol (V): NMR (CC14) 
b 2.00 (m, 1 H), 2.30 (m, 1 H), 2.82 (s, 1 H, OH), 3.58 (m, 2 H), 5.47 (dd, 
1 H, J = 6 and 1 Hz), 1.2-1.1 (m, 10 H); IR (neat) 3560 cm -'(OH ).

Anal. Calcd for Cj,;HigOBr9: mol wt, 383.9543. Found: mol wt, 
383.9548.

B. With Hydrobromic Acid. A solution of 2.0 g (0.9 mmol) of di- 
phenylcvclopropylcarbinol in 20 ml of benzene was stirred with 25 
ml of 48% hydrobromic acid for 1 h at room temperature. The reaction 
mixture was washed with water and dilute sodium bicarbonate. The 
solvent was evaporated, yielding 2.3 g (88%) of light yellow oil, 4- 
bromo-l,l-diphenyl-l-butene (VII). Purification by high-vacuum 
short-path distillation gave a product pure by NMR: NMR (CC14) b
2.68 (q, 2 H), 3.40 (t, 2 H), 6.12 (t, 1 H), 7.25 (m, 10 H).

Anal. Calcd for CigHigBr: mol wt, 286.0357. Found: mol wt, 
286.0364.

C. Reaction with Acetic Acid. A solution of 1.12 g (5 mmol) of 
diphenylcyclopropylcarbinol in 40 ml of glacial acetic acid was treated 
with one drop of trifluoroacetic acid at 80 °C for 3 h. The standard 
workup was used. The product was a slightly brown oil which gave the 
NMR spectrum expected for pure 4-acetoxy-l,l-diphenyl-l-butene:2 
NMR (CDCI3) b 2.02 (s, 3 H), 2.44 (t, 1 H, J = 6 Hz), 2.50 (t, 1 H, J = 
6 Hz), 4.16 (t, 2 H, J = 6 Hz), 6.18 (t, 1 H, J = 6 Hz), 7.38 (m, 10 
H).

Other Reactions. A. l,2,4-Tribromo-l,l-diphenylbutane. A 5%
solution of bromine in carbon tetrachloride was added slowly and 
dropwise to a solution of 500 mg of 4-bromo-l,l-diphenyl-l-butene 
(VII) in ca. 10 ml of carbon tetrachloride until the color persisted. The 
solution was washed with dilute sodium sulfite and the solvent 
evaporated. Attempted short-path distillation led to decomposition 
of the product. However, the whole crude product had the NMR of 
a single pure compound and gave the correct high-resolution MS for
C.sHisBr;,. The structure was assigned as l,2,4-tribromo-l,l-di- 
phenylbutane (IX) based on the NMR (CCI4): b 2.1 (m, 1 H), 2.95 (m, 
1 H), 3.70 (m, 2 H), 5.52 (dd, 1 H, J = 1 and 2 Hz), 7.65 (m, 10 H).

Anal. Calcd for CigHisBr;]: mol wt, 447.9364. Found: mol wt, 
447.9374.

B. Reaction of VII with Bromine in Acetic Acid. The following 
experiment was carried out in the MH-100 NMR in a standard 5-mm 
tube. A mixture of ca. 80 mg of VII in 0.6 ml of perdeuterioacetic acid 
was treated with slightly more than 1 equiv of bromine. The NMR 
spectrum changed quickly to that of the tribromide IX. No trace of 
the dibromo acetate IV was evidenced.

C. Reaction of VII with Acetyl Hypobromite. A solution of 
acetyl hypobromite in carbon tetrachloride was generated as described 
by Rolston and Yates7 from 1.5 g of silver acetate. A solution of 1.0 
g of VII in 10 ml of carbon tetrachloride was added at -2 0  °C. After 
warming to room temperature, the reaction mixture was filtered, 
washed, and concentrated to give 1.4 g of crude product which ana
lyzed by NMR as 72% of dibromo acetate IV, and 28% of the tribro
mide IX.

D. Treatment of the Dibromo Acetate IV with Hydrogen 
Bromide in Acetic Acid. A solution of approximately 200 mg of the 
dibromo acetate IV in 1 ml of acetic acid was treated by bubbling in 
hydrogen bromide at room temperature for 2 min. After standing 
overnight the reaction mixture was worked up in the usual way. An 
NMR analysis of the product indicated that it was the dibromo olefin 
VI contaminated with a trace of the dibromo alcohol V.

E. Reactions Which Failed to Yield Product. The following re
actions were attempted but only starting material was recovered: (1) 
Repeated attempts were made to acetylate the DPCC I and the di
bromo alcohol V. Among these may be listed acetic anhydride and 
acetyl chloride both with and without pyridine. (2) The dibromo al
cohol V did not react on standing with acetic acid. Catalysis by either 
small amounts of trifluoroacetic acid or 70% perchloric acid did not 
alter the starting material.
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Structural Effects in Solvolytic Reactions. 19. The Relative 
Electron Releasing Capability of Methyl, Phenyl, and Cyclopropyl 
Groups as Measured by the Tool of Increasing Electron Demand
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The rates of solvolysis of aryldimethylcarbinyl (fert-cumyl) and 1-aryl-l-phenyl-l-ethyl p-nitrobenzoates with 
representative substituents in the aryl ring were determined in 80% aqueous acetone in order to test, by the applica
tion of the tool of increasing electron demand, the relative capability oi methyl, phenyl, and cyclopropyl groups to 
stabilize a carbonium ion center. The teri-cumyl system yields a p+ of -4.72 and the 1-aryl-l-phenyl-l-ethyl sys
tem yields one of -3.23. These data, together with the earlier reported value of p+ for 1-aryl-l -cyclopropyl-l-ethyl 
system, —2.78, reveal that the relative electron releasing abilities of these groups increase in the order methyl < 
phenyl < cyclopropyl, supporting the conclusions reached earlier based on both rate and equilibria studies, but in 
direct contradiction to conclusions based on MC NMR shifts.

The extent and the consequences of the stabilization of 
carbonium ion centers by attached groups have received 
considerable attention in recent years. For many years, the 
main tool in such studies has been the solvolytic behavior of

appropriate derivatives. With the advent of 1 !C NMR and the 
ability to prepare and observe carbonium ions under stable 
ion conditions, workers in the field have utilized UC shifts to 
estimate electron densities at the carbonium carbon and to
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Table I. Rates of Solvolysis of tert-Cumyl and 1-Aryl-l-phenyl-l-ethyl p-Nitrobenzoates and Related Derivatives in 80%
Aqueous Acetone

Registry
no. System

Substituent 
in aryl T\, °C

k l X 106, s" 1
t 2, ° c 25 °C

A H*,
kcal mol-1

AS*,
eu

23852-76-8 1 p-CH 30 372
23852-75-7 p -c h 3 577 (75) 37.5 (50) 1.54“ 23.8 - 5.1

7429-06-3 p-H 391 (100) 33.6 (75) 0.072° 24.8 - 8.2
40543-93-9 p -c f 3 238(150) 25.7 (125) 8.36 X 10~5° 29.2 - 6.7
60921-48-4 3,5-(CF3)2 219 (175) 22.2 (150) 7.50 X 10-7° 33.9 - 0.3
60921-49-5 2 p -c h 30 322b
60921-50-8 p-H 320 (75) 20.0 (50) 0.785'b’c 24.2 - 5.3
60921-51-9 P-CF3 107 (100) 7.36 (75) 8.95 X 10" 3 ° 27.1 - 4.5
60921-52-0 3,5-(CF3)2 126(125) 10.2 (100) 4.31 X 10_4° 29.1 - 3.8
41327-36-0 3 d P-CH 3O 33 000
41327-37-1 p-H 8.91 (0) 241 20.8 - 5.5
41327-38-2 p -c f 3 83.8 (50) 3.88 22.9 - 6.4
41327-39-3 3,5-(CF3)2 111(75) 7.42 (50) 0.315° 23.6 - 9.1

° Calculated from rates at higher temperatures. 6 Calculated by multiplying the rate of the benzoate by the factor 20.8 (ref 10). 
c Lit.4b k\2b =  6.81 X 10~8 s~b d Reference 9.

deduce therefrom the relative electron releasing properties 
of various groups to the carbonium carbon. For example, from 
a study of the 13C shifts of the carbonium carbon in the tert- 
butyl cation, the phenyldimethyl, and the cyclopropyldi- 
methyl carbonium ions, Olah and White proposed that elec
tron release from these groups to an electron deficient center 
increases in the order methyl < phenyl > cyclopropyl.3 But 
there are much rate4 and equilibrium data5'6 that indicate that 
the electron release follows the order methyl < phenyl < cy
clopropyl.

The tool of increasing electron demand7’8 offers consider
able promise for arriving at an objective conclusion in cases 
where such ambiguity is present. It is possible to estimate the 
magnitude of the electron density at the developing electron 
deficient center by observing the effect of substituents in the 
aromatic ring (p+). The quantitative aspects of the Hammett 
treatment facilitate realizing a quantitative estimate of the 
electron deficiency at the developing carbonium ion center. 
Numerous systems have now been subjected to this test, 
yielding consistent unambiguous results.8

We therefore decided to apply this tool to examine the 
electron releasing properties of methyl, phenyl, and cyclo
propyl. This was achieved by synthesizing and determining 
the rates of solvolysis of representative derivatives of two 
systems (1, 2) for comparison with the data already available 
for the third (3).9

ch3 ch3

OPNB OPNB
1 2

ch3

OPNB
3

Results
Synthesis. The synthesis of 1-aryl-l-cyclopropyl-l-ethyl 

p-nitrobenzoates (3) was described earlier.9 The ferf-cumyl 
alcohols (1-OH) were synthesized by the addition of the ap
propriate Grignard reagents to acetone. Similarly, the addition 
of the Grignard reagents to acetophenone furnished 2-OH. 
The alcohols were converted to p-nitrobenzoates by successive 
treatment with n-butyllithium and p-nitrobenzoyl chloride.

The properties of the p-nitrobenzoates are summarized in 
Table III.

Kinetic Studies. The rates of solvolysis of the p-nitro- 
benzoates were determined in 80% aqueous acetone following 
the standard titrimetric procedure. 1-p-Anisyl-l-phenyl-l- 
ethyl p-nitrobenzoate (2, X  = P-OCH3) was too unstable to 
be isolated; hence, the benzoate was prepared and solvolyzed 
and the rate of the p-nitrobenzoate was calculated by multi
plying the rate of the benzoate by the factor 20.8.10 The rate 
data, together with activation parameters, are tabulated in 
Table I.

Discussion
It was previously concluded from a study of the solvolysis 

of tert-butyl, tert-cumyl, and cyclopropyldimethylcarbinyl 
p-nitrobenzoates (4, 5, 6) that the electron releasing ability

OPNB OPNB
4 5

Rel rate (25°C) 1.00 969
5 13C+ 328.8 2548

6
Rel rate (25°C) 503000

5 13C+ 280.8

of methyl, phenyl, and cyclopropyl increases in the order 
methyl < phenyl < cyclopropyl.4 Relief of B strain is not a 
significant factor in the major changes in the rates of solvolysis 
of these derivatives.4 Hence the observed rate enhancement 
is attributed to the greater effectiveness of phenyl and cy
clopropyl groups in delocalizing the positive charge. Clearly, 
according to these results, cyclopropyl is far more efficient 
than phenyl in delocalizing such charge. Olah and co-workers 
previously examined the 13C chemical shifts for the carbonium 
ion carbon in 4, 5, and 6 and concluded from the observed 
values that the phenyl (5 13C+ 254.8 ppm) must be more 
electron releasing than the cyclopropyl group (5 13C+ 280.8
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<r .
Figure 1. Log k-a+ plot for the solvolysis of (A) 1-aryl-l-cyclopro- 
pyl-l-ethyl, (B) 1-aryl-l-phenyl-l-ethyl, and (C) teri-cumyl p-ni- 
trobenzoates in 80% aqueous acetone at 25 °C.

Table II. Relative Solvolytic Reactivities of tert-Cumyl,
2-Aryl-3-methyl-2-butyl, 1-Aryl-l-phenyl-l-ethyl, and 1- 

Aryl-l-cyclopropyl-l-ethyl p-Nitrobenzoates in 80% 
Aqueous Acetone

Substituent in Relative rate
aryl 1 9" 2 3

P-CH3O 1.00 0.20 0.87 89
p-H 1.00 0.13 10.9 3 350

P-CF3 1.00 0.16 107.0 46 400
3,5-(CF3)2 1.00 0.19 575.0 420 000

0 Registry no. are, respectively, 41327-33-7, 41366-66-9, 
41327-34-8, 41327-35-9.

Table III. Properties of p-Nitrobenzoates

System
Substituent 

in aryl
Mp,
°C Anal.

1 P-CH3O 90 dec" C, H, N
P-CH3 106-107.45 C, H, N
p-H 133-134c
P-CF3 110.5—111 C, H, N,F
3,5-(CF3)2 89 C, H, N, F

2 p-H 135 dec C, H, N
P-CF3 121.5-122 C, H, N, F
3,5-(CF3)2 138-139 C, H, N,F

0 Lit.15 mp 83-84 °C. 6 Lit.15 mp 108-109 °C .c Lit. mp 136-137 
°C: L. F. King, J. Am. Chem. Soc., 61, 2383 (1939). d Lit.15 mp 
110-111°C.

ppm).4-11 Hence, the observed solvolytic results fail to corre
late with the 13C shifts, although it has been proposed that 
such shifts do indeed provide a measure of the electron density 
in such ions.4’12 Consequently, there exists a major discrep
ancy between the results realized in solvolytic studies and the 
conclusions based on 13C shifts as to the relative ability of the 
phenyl and cyclopropyl groups in stabilizing the carbonium 
ion center.

An alternative approach for testing this discrepancy is to 
apply the tool of increasing electron demand. After all, this 
tool has provided consistent unambiguous results in numerous 
systems. The determination of p+ in 1,2, and 3 makes it pos
sible to evaluate the effectiveness of these groups in stabilizing 
the carbonium ion, utilizing p+ as a measure of the electron 
demand in the transition state.

The value of p+ for the solvolysis of teri-cumyl p-nitro- 
benzoates in 80% aqueous acetone is —4.72 (correlation coef
ficient 0.999).13-15 The 1-aryl-l-phenyl-l-ethyl p-nitroben- 
zoates (2) yield p+ of —3.23 (correlation coefficient 0.999) and 
the 1-aryl-l-cyclopropyl-l-ethyl p-nitrobenzoates (3) yield 
one of —2.789 (Figure 1). Hence, p+ for the cyclopropyl system 
is more positive than for the phenyl system, thereby reaf-

P4

firming the greater ability of the cyclopropyl group over the 
phenyl group in delocalizing the charge.

It is of interest to examine by means of this tool the relative 
electron releasing effect of hydrogen as a substituent at the 
carbonium ion center. The value of p+ for the benzhydryl 
system (7) is —3.72, considerably more negative than p+ for

V-ZÌÌ3

Y
2

-3 ,2 2 ,

8
P+ -2.52

the diarylmethyl system (—3.23), which in turn is more neg
ative than p+ (—2.52) for the triarylmethyl system (8).16'17 
Thus, the electron releasing properties, as measured by this 
tool, increase hydrogen < methyl < phenyl. The three aro
matic groups of 8 delocalize the charge more effectively than 
the two aromatic groups of 7 or the two aromatic and one 
methyl group of 2. It should be noted that the p+ for 1-cyclo- 
propyl-l-aryl-l-ethyl system (3) approaches the value ob
served for the triarylmethyl system (8). Consequently, a cy
clopropyl group plus a methyl group is nearly as effective as 
two phenyl groups in delocalizing charge to the electron de
ficient center.

A comparative study of the rates of solvolysis of the 1- 
aryl-l-phenyl-l-ethyl system (2) and of the 1-aryl-l-cyclo
propyl-l-ethyl system (3) with the closely related teri-cumyl 
and 2-aryl-3-methyl-2-butyl systems (9) (p+ = -4.769) is
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9 = -4.76
presented in Table II. Thus the electron releasing power of an 
isopropyl group is similar to that of a methyl group. With in
creasing electron demand at the cationic center, the rate en
hancement observed for 3 is much greater than that observed 
for 2. This is in agreement with the greater stabilizing effect 
of the cyclopropyl group compared with the phenyl group.

These results have important implications. Many different 
approaches are now available for establishing the relative 
order of stabilization of a cationic center by methyl, phenyl, 
and cyclopropyl groups. The earlier solvolytic and equilibrium 
studies revealed that the trend of delocalization of charge 
increases in the order methyl < phenyl < cyclopropyl.4 From 
a study of the 13C shifts of alkyl carbonium ions Olah con
cluded that a phenyl group is more effective in stabilizing a 
cationic center than a cyclopropyl group.3 However, the ap
plication of the tool of increasing electron demand supports 
the conclusions reached earlier based on solvolysis and equi
libria studies. Therefore, caution is in order at this time in 
utilizing 13C shifts to draw conclusions as to the charge den
sities in carbonium ions.

Experimental Section
All melting points are uncorrected. IR spectra were taken on a 

Perkin-Elmer Model 137 spectrometer and NMR spectra were re
corded on a Varian T-60 spectrometer.

Preparation o f Tertiary Alcohols. The tert-cumyl alcohols were 
prepared by the addition of the appropriate Grignard reagents to 
acetone in ether. l-Aryl-l-phenyl-l-ethylcarbinols were also similarly 
prepared starting from acetophenone. The following procedure for 
the Grignard reaction is representative. A solution of the ketone (30 
mmol) in ether (25 ml) was slowly added to a solution of the Grignard 
reagent (32.5 mmol, prepared by reacting the aryl halide with mag
nesium in ether) at 0 °C. After the addition, the reaction mixture was 
stirred at room temperature for 1 h and then refluxed for 2 h. The

reaction mixture was then decomposed with ice-cooled ammonium 
chloride and extracted with ether. The ether extracts were dried over 
anhydrous magnesium sulfate and solvent evaporated. The tertiary 
alcohols were used for p-nitrobenzoate preparation without further 
purification.

Preparation of p-Nitrobenzoates. The p-nitrobenzoates were 
obtained by treating the tertiary alcohols with n-butyllithium and 
p-nitrobenzoyl chloride.18 The properties and analysis of the p-ni
trobenzoates prepared in this study are summarized in Table III.

Kinetic Procedure. The procedure employed for determining the 
rate constants was described earlier.18
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The dimerization of 3,3,6,6-tetramethylcyclohexyne has been reinvestigated and the structure of the dimer re
assigned as a moncyclic conjugated enyne (3).

The dimer of 3,3,6,6-tetramethylcyclohexyne (1) was de
scribed by us in 19721 and was assigned structure 2 on the

1 2

basis of spectroscopic evidence and partial degradation. The 
formation of 2 was interpreted through dimerization of 1 to 
a cyclobutadiene and subsequent rearrangement.

Another structure considered1 for the dimer was 3, which

was consistent with most of the data, but the dimer lacked 
acetylenic infrared absorption at 2250-2270 cm-1, expected 
for vinylacetylenes,2 and 3 would not have been expected to 
give the observed acetic acid in oxidation with permanga
nate-periodate.

An intensive but unsuccessful effort to find independent
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evidence for the supposed cyclobutadiene intermediate has 
forced reconsideration of the structural assignment of the 
dimer. For the reasons which follow, we now conclude that the 
dimer is 3.

The original objections to 3 are swept away by two obser
vations. First is that while there is indeed no easily detectable 
C=C stretching band in the infrared, there is an intense band 
at 2211 cm-1 in the Raman spectrum, which was not available 
to us in the earlier work, and a thick film infrared spectrum 
does show a weak band at 2220 cm-1. Second is that the per
manganate-periodate oxidation method of von Rudolf14 has 
been found unreliable in our hands for the detection of acetic 
acid product, since blank reactions with the solvent, tert-butyl 
alcohol or pyridine, give GLC peaks with the retention time 
of acetic acid.

More positive evidence for 3 has also been gathered. The 
13C NMR spectrum shows four olefinic carbons at 109.5,128.5,
142.1, and 146.5 ppm from Me4Si, with splitting in the off- 
resonance decoupled spectrum showing one proton on the 
carbon at 142.1 ppm and two protons on the carbon at 109.5 
ppm. The spectrum shows two signals in the acetylenic re
gion’ 7 at 80.3 and 95.5 ppm, neither being split by off-reso- 
nance decoupling.

Irradiation of the dimer in ether solution with ultraviolet 
light converted it to an isomer, as shown by mass spectrometry 
and analysis. The structure of the isomer will not be assigned 
here, but its spectroscopic properties bear significantly upon 
the structure of its progenitor.8 Loss of the conjugated un
saturation is shown by the disappearance of the UV band at 
227 nm, there being only weak end absorption in the photo
product. The 13C NMR spectrum of the photoisomer shows 
loss of the two olefinic carbons at 128.5 and 142.1 ppm. The 
acetylenic carbons appear still as bands at 81.7 and 87.2 ppm. 
The Raman spectrum confirms the existence of the acetylenic 
group at 2222 cm-1 and shows disappearance of a C=C 
stretching band at 1620 cm-1, present before irradiation. The 
infrared spectrum shows acetylenic absorption at 2241 cm-1, 
and with a band at 1660 cm-1 suggests that the terminal 
methylene group (which appeared at 1650 cm-1 in the cyclo- 
hexyne dimer1) was unaffected by irradiation. The 1H NMR 
spectrum shows a terminal methylene group still present at 
<5 4.69 (at <5 4.65 before irradiation1) but the single olefinic peak 
at 8 5.54 in the dimer is missing in its photoisomer.

The 13C NMR spectra of the dimer and the photoisomer 
strongly suggest that the isopropenyl group1 is remote from 
the site of structural change, since the chemical shifts assigned 
to the three carbons of that group are essentially unchanged 
(22.7,109.5, and 146.5 ppm in the dimer; 22.7,109.3, and 146.9 
ppm in the photoisomer). This leaves a conjugated enyne as 
the only plausible chromophore for the UV absorption in the 
dimer at 227 nm. Conjugated enynes generally possess UV 
absorptions in the 225-230-nm region.9

To summarize the structural requirements for the cyclo- 
hexyne dimer as reported here and previously,1 it contains a 
conjugated enyne with the double bond trisubstituted, an 
isopropenyl group not conjugated with the other unsaturation 
present, three pairs of methyl groups with three different 
chemical shifts CNMR), none of the three showing spin- 
spin splitting, one group - C H 9 C H 2 -  which appears as a 
complex pair of multiplets at 8 1.8-2.4 and 1.2-1.7, and one 
group - C H 2 C H 9 -  which appears as a singlet at 8 1.46. Also, 
these groups must be so arranged as to give a,a,a',a'-tetra-

methyladipic acid upon oxidation with permanganate-per
iodate. Only structure 3 seems plausibly to meet all of these 
requirements. Structure 4 is a formal possibility, but would 
not be expected to have the observed stability.

An interesting ozonolysis product of the dimer was pre
viously assigned structure 5, in agreement with its spectro
scopic properties, and reasonably formed from structure 2.

The ozonolysis product may now be assigned structure 6, 
which seems equally satisfactory in relation to the spectro
scopic data. The infrared spectrum of this product does con
tain a weak band at about 2235 c m '1 attributable to the triple 
bond but previously discounted. While it may be surprising 
that the triple bond survived ozonolysis, it has been observed- 
by others that in compounds with both double and triple 
bonds, ozone attacks the double bonds preferentially.10

Synthetic approaches to 3 were investigated to further 
confirm the structure. All attempts were unsuccessful, but a 
related compound, 7, was prepared by the route outlined in 
Scheme I.

Scheme I
\ __  MgBr

(CH3)3Si— C = C — C(CH3)2 +

Cl
8

(CH3)3Si— C = C

9
1. AgNO;,
2. KCN

10

1. C H;,MgBr

11

7
Compound 7 had Raman bands at 2200 and 1611 cm-1, 

corresponding to those at 2211 and 1620 cm-1 in 3. The most 
convincing case for the structures of both 3 and 7, however, 
is found in the comparison of their 'H NMR spectra. The 
protons remote from the isopropenyl (or isopropyl) group in 
the two molecules display nearly identical signals, with singlets 
at 8 5.63 (1 H), 1.41 (4 H), 1.20 (6 H), 1.08 (6 H), and 0.97 (6 H) 
in 7 corresponding respectively to those at 8 5.54, 1.46, 1.23,
1.05, and 0.97 in 3. The isopropyl group in 7 appears as a 
doublet (6 H, J = 6 Hz) at 8 0.87, while the peaks at 8 1.75 and
4.64 in 3, attributed to the isopropenyl group, are missing in
7.

The reassignment of the tetramethylcyclohexyne dimer as 
3 rather than 2 reopens the question of mechanism of dimer
ization. While a cyclobutadiene intermediate is still a formal
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12 13
possibility, there is no evidence to support it. Rather, a con
certed [-2 + „4] mechanism (12) or a two-step process through 
biradical 13 seems a simpler explanation. The reaction appears 
to be unprecedented for acetylenes, strained or otherwise. It 
may be viewed as further indication of the reluctance to form 
cyclobutadienes when other pathways, with or without prec
edent, are available.

Experimental Section11
l-(3',3',6',6'-Tetramethyl-l'-cyclohexenyl)-3,3,6-trimethyl- 

hept-l-yn-6-ene (3). An improved procedure for generation of
3.3.6.6- tetramethylcyclohexyne dimer uses active magnesium12 in 
place of sodium.1 The advantage of magnesium is that none of the 
previously described dihydro dimer1 is formed. The magnesium was 
prepared by reaction of 12.7 g (0.134 mol) of anhydrous magnesium 
chloride with 9.8 g (0.251 g-atom) of potassium in 100 ml of refluxing 
tetrahydrofuran under argon. Magnesium was subsequently trans
ferred from the cooled reaction mixture with a syringe.

To a mixture of approximately 10 mg-atoms of magnesium in 40 
ml of tetrahydrofuran, a solution estimated by GLC analysis to con
tain 0.479 g (1.62 mmol) of l,2-dibromo-3,3,6,6-tetra- 
methylcyclohexene and 0.043 g (0.17 mmol) of l-bromo-2-chloro-
3.3.6.6- tetramethylcyclohexene in 10 ml of tetrahydrofuran was 
added; and the resulting mixture was stirred for 11 h at room tem
perature. The reaction mixture was then filtered to remove the un
reacted magnesium, and the filtrate was poured into 100 ml of water 
and extracted twice with diethyl ether. The combined ether extracts 
were dried over MgSO.i for 12 h. The MgS04 was removed by filtra
tion. Concentration on a rotary evaporator followed by concentration 
in vacuo for 2 h at 1.0 mm gave 0.167 g of a yellow oil whose NMR 
spectrum and infrared spectrum were indistinguishable from those 
reported for 31 and which was shown by GLC analysis on a column 
of 10% Ucon 550X on Chromosorb A at 200 °C, flow rate of 100 ml/ 
min, to contain only hydrocarbon 3 (yield 0.61 mmol, 68%). Rinsing 
the unreacted magnesium several times with diethyl ether gave higher 
yields (up to 90%) of 3.

The Raman spectrum possessed intense bands at 2920, 2211, and 
1620 cm-1, with numerous weak bands including one at 1650 cm-1. 
The 13C NMR spectrum in CDCR solution included three methyl 
signals (quartets with off-resonance decoupling) at 22.7, 28.55, and 
29.46 ppm downfield from tetramethylsilane. There were four ali
phatic CH2 signals (triplets with off-resonance decoupling) at 33.60, 
33.92, 34.72, and 41.91 ppm; one olefinic = C H ; at 109.45 ppm; one 
olefinic carbon split to a doublet with off-resonance decoupling at
142.05 ppm; and seven signals for carbons not bonded to hydrogens 
at 29.12, 31.63, and 32.60 ppm (quaternary), 30.25 and 95.52 ppm 
(acetylenic), and 128.46 and 146.51 ppm (olefinic).

l-Trimethylsilyl-3-methyl-3-chloro-l-butyne (8). A mixture 
of 3.5 g (22.4 mmol) of l-trimethylsilyl-3-methylbut-l-yn-3-ol and 
14 g of concentrated hydrochloric acid was stirred for 30 min, diluted 
with 25 ml of water, and extracted with pentane. The pentane extract 
was dried over MgS04. and then concentrated to yield 3.1 g of a light 
yellow oil. Chromatography of this oil on 50 g of silica gel (pentane 
eluent) yielded 2.4 g of 8 (13.8 mmol, 62%), 98% pure by GLC. The 
NMR spectrum of this oil contained only two singlets at h 0.18 (9 H) 
and 1.82 (6 H). The IR spectrum possessed absorptions at 2180 cm-1 
(medium, sharp) and 860 cm-1 (strong, broad) among others. Distil
lation of the product from a similar preparation gave a colorless liquid, 
bp 54.5-55 °C (17 mm) [lit.13 bp 49 °C (14 mm)] with n 24D 1.4424 
(lit.13 n2nD 1.4415).

l-Trimethylsi!yl-3,3,6-trimethyl-l-heptyne (9). A solution of
3-methylbutylmagnesium bromide was prepared from 6.4 g (267 
mg-atoms) of magnesium turnings and 40 g (265 mmol) of 3- 
methyl-l-bromobutane in 100 ml of diethyl ether. A solution of 3.4 
g (19.5 mmol) of l-trimethylsilyl-3-methyl-3-chloro-l-butyne (8) in 
5 ml of diethyl ether was added over a period of 45 min to 76 ml of the 
solution of 3-methylbutylmagnesium bromide. The resulting mixture 
was stirred overnight under argon at room temperature and then 
heated under reflux for 4 h. The reaction mixture was then cooled with 
an ice bath, poured into 200 ml of 1 M HC1, and extracted three times 
with diethyl ether. The combined ether extracts were dried over 
MgS04 and concentrated on a rotary evaporator to yield 4 g of a yellow

oil which was found by GLC analysis to contain at least seven com
ponents, in addition to a small amount of solvent. A small amount 
(0.28 g) of a white solid, mp 117-123 °C, was also isolated but not 
examined in detail.

Two of the components of the reaction mixture which comprised 
ca. 41% (estimated by GLC peak area analysis) of the crude product 
were isolated by GLC. The component in excess was found to have 
an IR spectrum with absorption at 2180 (medium, sharp) and 850 
cm“ 1 (strong, broad) among others and an NMR spectrum with ab
sorptions at 5 0.14 (s,9 H), 0.89 (doublet,«/ = 5 Hz,6 H), 1.16 (s, 6 H), 
and 2.15-1.20 (complex signal, 5 H), and was assigned the structure
9.

Anal. Calcd for C1:iH26Si: C, 74.20; H, 12.45. Found; C, 74.30; H,
12.42.

The other component had an IR spectrum with absorptions at 1950 
(medium, sharp) and 840 cm“ 1 (strong, broad) among others and an 
NMR spectrum with absorptions at <5 0.04 (s, 9 H), 0.88 (d, J = 5.5 Hz, 
6 H), 1.61 (s, 6 H), 2.10-1.70 (m, 2 H), and 1.50-1.00 (m, 3 H), and was 
assigned structure 14. The ratio of 9:14 was 1.27:1.00 as judged by the 
areas of the two GLC peaks.

Si(CH:i)a
14

3,3,6-Trimethyl-1-heptyne (10). A solution of 1.0 g (5.9 mmol) 
of silver nitrate in 3 ml of water and 3 ml of 95% ethanol was added 
dropwise to a solution of 0.17 g (0.81 mmol) of 9 in 6 ml of absolute 
ethanol. A white, cloudy mixture resulted which was stirred at room 
temperature for 40 min. A solution of 2 g (30.8 mmol) of potassium 
cyanide in 4 ml of water was then added slowly. The resulting solution 
was extracted with 50 ml of pentane, and the extract was dried over 
MgSO |. The bulk of the pentane was distilled off (distillate bp up to 
40 °C) and the residue (0.51 g) was examined for absorptions in its 
IR spectrum to confirm the presence of a terminal acetylene in the 
product mixture. A sharp absorption at 3300 cm“ 1 confirmed the 
presence of a terminal triple bond,14 and no absorption which would 
indicate the presence of ethanol (i.e., a hydroxyl absorption at ca. 3400 
cm“ 1) could be detected in the same spectrum, so this material was 
used for the next reaction without purification. GLC analysis of this 
oil showed the presence of only one component in addition to pen
tane.

l-(3',3',6',6'-Tetramethyl-l'-cyclohexenyl)-3,3,6-trimethyl- 
1-heptyne (7). A solution of ethylmagnesium bromide in diethyl ether 
was prepared from 21 g (0.202 mol) of ethyl bromide and 4.8 g (0.20 
g-atom) of magnesium in 100 ml of diethyl ether. Titration of a hy
drolyzed aliquot of this solution immediately prior to its use showed 
it to be 1.90 M. The crude product of the previous reaction was puri
fied by chromatography on 20 g of silica gel; elution with 80 ml of 
pentane and concentration yielded 0.5 g of a presumed mixture of 
pentane and 10. A solution of this material in 2 ml of diethyl ether was 
added under nitrogen dropwise to 2 ml (3.8 mmol) of the ethylmag
nesium bromide solution. The resulting mixture was stirred for 5 h 
and then cooled with an ice bath. To the cooled reaction mixture, a 
solution of 0.55 g (3.57 mmol) of 2,2,5,5-tetramethylcyclohexanone1 
in 2 ml of diethyl ether was added over a period of 5 min. The ice bath 
was allowed to warm to room temperature, and the reaction mixture 
was stirred overnight (ca. 13 h). The reaction mixture was then treated 
with 20 ml of saturated ammonium chloride solution and extracted 
twice with diethyl ether. The combined ether extracts were dried over 
MgS04 and concentrated to yield 0.70 g of a light yellow oil. The IR 
spectrum of this oil possessed bands at 3450 and 1705 cm“ 1 indicating 
the presence of some alcohol and unreacted ketone in the crude 
product. No band was detected at 3300 cm“ 1, indicating the absence 
of any unreacted 10.

The above oil was mixed with 1 ml of pyridine and cooled with an 
ice bath. To this mixture was added a solution of 1 ml of phosphorus 
oxychloride in 2.5 ml of pyridine. The resulting mixture was stirred 
and cooled for 30 min and then heated to 90 °C for 60 min. The re
action mixture was then cooled, poured onto ice, and extracted twice 
with pentane. The combined pentane extracts were dried over MgS04 
and concentrated to yield 0.65 g of a light yellow oil. The crude product 
was then chromatographed on 40 g of alumina (Woelm, activity I); 
elution with 250 ml of pentane yielded 39.1 mg of a colorless oil. 
Elution with 250 ml of 1:1 pentane/diethyl ether yielded 0.1 g (18%) 
of unreacted ketone as identified by its IR spectrum. Elution with 400 
ml of diethyl ether yielded a small additional amount of unreacted 
ketone.
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GLC analysis of the oil eluted with pentane indicated the presence 
of a component with a retention time close to that of 3. This compo
nent was isolated by GLC (yield 9 mg). Its IR spectrum possessed 
absorptions of medium intensity at 2920, 1460, 1380, 1365, and 872 
cm-1, in addition to other weak absorptions. A 220-MHz NMR 
spectrum showed signals at S 5.63 (s, 1 H), 1.41 (s, 4 H, superimposed 
on a multiplet from <5 1.68 to 1.27,5 H), 1.20 (s, 6 H), 1.08 (s, 6 H), 0.97 
(s, 6 H), and 0.87 (doublet, J = 6 Hz, 6 H). The Raman spectrum 
possessed intense bands at 2200 and 1611 cm- 1  in addition to other 
weak bands.

Anal. Calcd for C20H34: C, 87.51; H, 12.49. Found: C, 87.93; H, 
12.47.

The mass spectrum of the oil eluted with pentane possessed peaks 
at m/e 274 (12.98), 259 (10.20), 205 (22.36), and 203 (20.51) (calculated 
mass of parent ion of 7, 274). In addition, a peak at m/e 166 (4.11%) 
was present indicating the presence of 3,3,6,6-tetramethyl-l-ethyl- 
cyclohexene (C12H22, mol wt 166) in this oil. In the 10-eV mass spec
trum, the intensities of the m/e 274 and 166 peaks increased to 44.35 
and 27.01, respectively.

R egistry  N o.— 1, 37494-11-4; 3, 59129-90-7; 6 , 61075-98-7; 7,
61075- 99-8; 8 , 18387-63-8; 9, 61076-00-4; 10, 61076-01-5; 11, 61076-
02-6; 14, 61104-52-7; l-trimethylsilyl-3-methylbut-l-yn-3-ol, 5272-
33-2; 3-methyl-l-bromobutane, 107-82-4; 2,2,5,5-tetramethvlcyclo- 
hexanone, 15189-14-7; 3,3,6,6-tetramethyl-l-ethylcyclohexene,
61076- 03-7.
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In connection with our interest in the asymmetric bromi- 
nation of alkenes,1 the chiroptical properties of some alkyl 
substituted cyclohexene derivatives were needed. In this paper 
we report the hitherto unknown relationship between optical 
rotations and absolute configurations of 3-tert-butylcyclo
hexene and of fran.s-3-ferf-butyl-6-methylcyclohexene. The 
optical rotation of 4 -tert-butylcyclohexeneld has also been 
revised.

(R )-(—)-3-tert-Butylcyclohexene (3) of high optical purity 
was obtained through an improvement of the route already 
followedld for the preparation of the optically active 4-iert- 
butyl isomer (4), consisting in the dehydrotosylation of the 
tosylate (2) of (+)-cis-3-fert-butylcyclohexanol (1) (Scheme
I). The (IS , 3R) configuration had been firmly established2

S chem e I

(1S ,3R )-W -1 (1S .3R )-F )-2  ( R H - l -3  <R )-(.)-4

for (+ ) - l  by the ORD curve of (+)-3-tert-butylcyclohexanone 
arising from its oxidation. A  value of [a]30D + 7 .9 °  has been 
reported2 for 1 obtained by resolution of the acid phthalate 
through the brucine salt and a very high optical purity was 
suggested by the obtainment of (+)-3-feri-butylcyclohexa- 
none with the same optical rotation ([<*]24-5D +  25°) starting 
both from ( + ) - l  and the diastereoisomeric (+)-trans-3-tert- 
butylcyclohexanol, which had been independently resolved 
through its 3/3-acetoxy-A5-etienate.2 In our hands the reso
lution of the acid phthalate of ( ± ) - l  with brucine led to both 
enantiomeric alcohols, the dextrorotatory one having higher 
optical purity ([a]25D + 8 .9  and - 8 .1 ° ) .  Treatment of both 
enantiomers with tosyl chloride afforded, after crystallization, 
the corresponding tosylates with very close absolute values 
of optical rotation ([«|25D —23.1 and + 2 2 .7 ° , respectively). 
Heating of (-)-2  in quinoline gave a mixture of 3- and 4- 
tert-butylcyclohexene (3 and 4) in a 38:62 ratio. After chro
matographic separation on a A gN O s/Si0 2  column, the two 
olefins had the following rotations: {R )-3, [a]25D - 6 .2 ° ;  (R )-4,
[a]25D + 8 2 .8 °. The latter value is somewhat higher than the 
rough estimate of the maximum optical rotation previously 
made for 4ld starting from a sample of ( + ) - l  of lower optical 
purity and based on the maximum rotation ([«]30D + 7 .9 °)  
reported at that time for 1 .

(3/?,6R)-(+)-trans-3-iert-Butyl-6-m ethylcyclohexene (9),
[a]25D + 11 7 .6 was obtained from optically pure natural (+ ) -  
pulegone (5) according to Scheme II.

The addition of méthylmagnésium iodide to (+ ) -5  in the 
presence of cuprous chloride, which acts as catalyst for 1,4 
addition,3 gave, as reported,4 a 7:3 mixture of ketones 6 and
7. The major diastereoisomer 6 was separated as the tos-
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S chem e II

(3R ,6R )-{+>-9  8

ylhydrazone 8, which was transformed into pure 9, which 
should also be optically pure, by treatment with an excess of 
butyllithium. Since the last reaction does not involve5 the 
chiral centers C(2) and C(5), the (3R,6R) absolute configu
ration resulted for (+ ) -9  from the known R configuration of 
(-l-)-pulegone6 and from the established4 trans relationship 
of the two alkyl substituents in the major product G of the 1,4 
Grignard addition to 5. This was unambiguously confirmed 
by the N M R  spectra of several products of anti addition to 9, 
which will be described elsewhere.7

It can be emphasized that the molecular rotation of (3R,- 
6 /? )-9 , [M ]d  + 1 7 9 .1 °, is very similar to that of the corre
sponding trans-2-menthene (10, [M ]d  + 1 8 5 °) .8>9 According

c h 3

10 1 1

to Brewster’s treatment of the optical activity of endocyclic 
olefins,9 if a dextrorotatory contribution of 130° by the methyl 
group to the [M ]d  of (+ ) -9  is assumed (a value leading to a 
reasonable agreement between calculated and experimental 
values of [M ]d  for several terpene olefins9), (R)-3 would be 
expected to be dextrorotatory. This is in contrast with the 
experimental value of [M ]d  —8 .6 °.

Furthermore, the M ills10 and Brewster9 empirical rules 
predict a positive rotation for compounds having configura
tion 11 when the substituent X  is more polarizable than hy
drogen, unless C = C  >  X  >  C H 3 in polarizability. However, 
Eliel has suggested11 that the ieri-butyl group is less polari
zable than methyl, which is less polarizable than vinyl, and 
the octet refraction values reported by Brewster12 support this 
assumption. Therefore it can be concluded that, while the 
optical rotation of irons-3-ieri-butyl-6-methylcyclohexene
(9) is conformable to the expectation, that of the simple 3- 
tert-butyl derivative 3 is not.13 W e are currently investigating 
the cause of this apparent anomaly by far ultraviolet, ORD, 
and CD studies on the present and other simple substituted 
cyclohexenes.

Experimental Section
Melting points were determined on a Kofler block and are uncor

rected. NMR spectra were registered with a JEOL C-60HL spec
trometer from CDCI3 solutions using Me4Si as internal standard. GLC 
analyses of the mixture of 6 and 7 and of olefins 3,4, and 9 were per
formed on a Perkin-Elmer Model F 11 instrument fitted with a 2-m 
glass column, 3 mm i.d., packed with 10% Carbowax 20M on silanized 
80-100 mesh Chromosorb W. IR spectra for comparisons were reg
istered on liquid films with a Perkin-Elmer Model 257 double-beam 
grating spectrophotometer. Optical rotations were measured in CHCI3 
solutions with a Perkin-Elmer Model 141 photoelectric polarimeter. 
The reference compounds (± )-3  and (± )-4  were prepared according 
to the reported methods.14,15 MgS04 was always used as the drying 
agent. Petroleum ether refers to the fraction bp 30-50 °C.

(+ ) -  and (-)-e is -3 -te rt-B u ty lcy c loh ex a n o l ( 1 ). The resolution 
of (± ) - l  was carried out as reported.2 The brucine salt of cis-3-tert-

butylcyclohexyl hydrogen phthalate was prepared by mixing 80 g of 
acid phthalate and 105 g of brucine in acetone. Most of the solvent 
was evaporated, benzene was added, and the solution was left over
night in a refrigerator. The precipitate (64 g) had [aj^D -18.8° (c 1.5). 
Concentration of the mother liquors gave a second crop (23 g), [a]26D 
— 18.6°. Three crystallizations from benzene of a sample of the two 
combined fractions gave a brucine salt with [a]25589 -18.7°, [a)2554fi 
-22.7°, [a]25436 -  55.0°, [a]25365 -137.3°.

A warm solution of 50 g of this salt in MeOH was treated with 2 N 
aqueous HC1 (30 ml), diluted with water, and extracted with ether. 
The extract was washed with 2 N HC1 and water, dried, and concen
trated. Dilution with petroleum ether yielded 20 g of crystalline cis-
3-ieri-butylcyclohexyl hydrogen phthalate. After recrystallization 
from ethyl ether-petroleum ether, this product had mp 123-123.5 °C, 
[a]25589 +14.7°, M 25546 +16.9°, [a]25436 +32.3°, [a]2536B +58.7° (c 2.8) 
(lit.2 mp 104.5-107 °C, [a]30D +14°).

Anal. Calcd for C18H24O4: C, 71.02; H, 7.95. Found: C, 70.80; H,
7.90.

A suspension of the acid phthalate from several preparations (80 
g), [a]2SD +14.7°, in 50% aqueous KOH was steam distilled. Ether 
extraction and distillation under reduced pressure gave 40 g of pure 
1, mp 39-40 °C, [«]2S689 +8.9°, [«P ms +10.1°, [a]25436 +17.0°, [«]2S365 
+26.0° (c 4.4) (lit.2 liquid at room temperature, [a]30D +7.9°).

The mother liquors from which the brucine salt was separated were 
evaporated and the residue was treated with 2 N aqueous HC1. Ex
traction with ether, evaporation, and crystallization from ethyl 
ether-petroleum ether yielded the (—)-acid phthalate, [<*]25D —13.0°. 
Saponification of this product as described above afforded (—)-l, 
[«P d -8.1°.

Tosylates o f  (+)- and (—)-c is -3 -te rt-B u ty lcy c loh ex a n o l (2). 
Tosyl chloride (9.5 g) was added to a stirred solution of (+)-1 (5.8 g,
[n]25D +8.9°) in dry pyridine (60 ml) at 0 °C. After standing overnight 
at 5 °C, the mixture was treated with cold 2 N aqueous HC1 and ex
tracted with ether. Evaporation of the washed (2 N aqueous HC1 and 
water) and dried extract followed by crystallization of the residue from 
petroleum ether yielded 8.5 g of 2, mp 85-87 °C [lit.16 (±)-2, mp 
58-59.5 °C], [a]25589 -  23.1°, [n]25546 -  26.3°, [a]26436 -  45.1°, [«]2536s 
—71.0° (c 4.0), unchanged after two crystallizations.

Anal. Calcd for C17H26SO3: C, 65.77; H, 8.44. Found: C, 65.80; H, 
8.60.

A second crop of 2 had [a]25D —22.8°.
Similar treatment of (—) - l , [a]25D —8.1°, gave, after crystallization 

from petroleum ether, the dextrorotatory tosylate, mp 85-86 °C, 
[a]25D +22.7° (c  4.0). A sample with [o ]25d  +6° was obtained as the 
third crop from the mother liquors.

(-)-3 -te r t -B u ty lcy c lo h e x e n e  (3) and (+ )-4 -te r t-B u ty lcy - 
clohexen e (4). A solution of ( - ) -2  (5.0 g, [«)25D —23.1°) in dry 
quinoline (80 ml) was heated at 180 °C for 4 h, then treated with cold 
2 N aqueous HC1 and extracted with ether. Evaporation of the washed 
(2 N, HC1 and water) and dried extract gave 2.6 g of a mixture of 3 and 
4 in a 38:62 ratio (GLC), which was chromatographed on a 45 X 1.8 
cm column filled with 10% AgNC>3 on silica gel (Woelm, dry-column 
grade) eluting with petroleum ether. Fractions (25 ml) were collected, 
whose composition was checked by GLC. Fractions 9-13 contained 
pure 3 which, after being freed from solvent by preparative GLC, had 
an IR spectrum identical with that of racemic 314 (main absorption 
bands at 1387,1362,1223,1136,890,865,765,723,642 cm"1); NMR 
<5 0.90 [s, (CH3)3C-, 9 H], 5.67 (m, W U2 ~  4 Hz, -C H = , 2 H); [«]26589 
-6.2°, [«]25546 -7.4°, [«)25436 -16.1°, [o]25365 -32.3° (c 3.6). Fractions 
14-16 consisted of mixtures of 3 and 4; fractions 17-27 gave pure 4, 
with an IR spectrum identical with that of racemic 4,15 M 25589 +82.8°, 
M 25546 + 94.2°, [ « p 436 +160.3°, [«Pass +247.1°.

( - ) -tr a n s -2 -te r t -B u ty l-5 -m e th y lc y c lo h e x a n o n e  T osy lh y - 
drazone (8). Natural (+)-pulegone (5) [[a]20D +22.5° (neat), 100% 
optical purity,17 35 g] was reacted with methylmagnesium iodide (from
6.2 g of magnesium and 36 g of methyl iodide) in the presence of 
freshly prepared cuprous chloride18 (0.75 g), as described,4 except that 
ethyl ether was used as the solvent instead of tetrahydrofuran. The 
7:3 mixture (GLC) of 6  and 7 obtained (28 g) was dissolved in absolute 
ethanol (200 ml), tosylhydrazine (31 g) was added, and the mixture 
was refluxed for 8 h. Evaporation of the solvent left a semisolid residue 
which was dissolved in methanol. After standing overnight at —10 °C, 
the tosylhydrazone 8 crystallized (20 g), mp 138-140 °C. Concentra
tion of the mother liquors and standing at -1 0  °C yielded a second 
fraction (8 g), identical with the first one. After repeated recrystalli
zations from methanol until a constant optical rotation and melting 
point were reached, 8 had mp 145-146 °C, [a]25589 -33.7°, [a]25546 
-39.0°, [a]25436 -  72.3°, [a]25365 -126.5° (c 3.1); NMR b 0.86 [over
lapping s and d, (CH)3C- and CH3-, 12 H], —1.1—2.1 (7 cyclohexane 
H), 2.41 (s, CH3C6H4-, 3 H), 2.70 [2m ,J~ 10Hz, >CHC(CH3)3, 1 H],
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7.32 and 7.92 (2 d, -C 6H4-, 4 H), 8.38 (m, >NH, 1 H).
Anal. Calcd for ClgH28N2S 02: C, 64.26; H, 8.39; N, 8.33; S. 9.53. 

Found: C, 63.98; H, 8.20; N, 8.18; S, 10.05.
(+)-trans-3-tert-Butyl-6-methylcyclohexene. A 2.2 M solution 

of butyllithium in hexane (75 ml) was added dropwise to a stirred 
suspension of the tosylhydrazone 8 (13.2 g) in anhydrous ethyl ether 
(140 ml) at 0 °C under a nitrogen atmosphere. The solid 8 first dis
solved, then a white precipitate was formed, which turned to yellow 
and finally to orange. The reaction mixture was stirred at 0 °C for 2 
h, left for 12  h at room temperature under nitrogen, and then hydro
lyzed. The organic layer was separated, washed with 10% aqueous 
Na2C03 and water, dried, and evaporated. The residue was dissolved 
in petroleum ether and filtered through a 40 X 2.5 cm column of silica 
gel. Evaporation and distillation of the eluate yielded pure (GLC) 9: 
bp 72-73 °C (18 mm); [« F 589 +117.6°, [«]25546 +134.3°, [a]25436 
+235.5°, [a]25365 +378.2° (c 6, CHCI3); NMR 5 0.86 [overlapping s and 
d, (CH3)3C- and CH3-  12  H], 5.52 (m, W x,2 ~  4 Hz, -C H = , 2 H).

Anal. Calcd for CnH2o: C, 86.60; H, 13.24. Found: C, 86.84; H, 
13.25.
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ionic pair.
In this paper we wish to report the comparison of the be

havior of benzophenone hydrazone (I) in the Wolff-Kishner 
reaction with that of three structurally related compounds (II, 
III, IV) in which the stabilization of the partial negative charge 
at the reactive carbon atom should vary as a function of the 
differences in coplanarity, aromaticity, and antiaromati
city.2

Results and Discussion
The kinetics of the Wolff-Kishner reaction of I-IV  were 

determined in butyl carbitol using the sodium butyl carbito-
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and Dibenzosuberone
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A careful determination1 of the kinetic and activation pa
rameters of the Wolff-Kishner reaction of benzophenone 
hydrazone in two hydroxylic solvents (butyl carbitol and 1 -

Table I. Rate Constants and Activation Parameters for 
the Wolff-Kishner Reaction of I-IV

^ 150.5° x 103,
Compd M_1 s' 1 AH *, kcal/mol1 AS*, eu‘

I 2.71“ 28.8 ±  0.5 -3 .1  ±  1.1
II 254a'6 25.6 ±  0.4 -1 .5  ±  0.9

III 1.62° 29.1 ±  1.5 -3 .3  ±  3.2
IV 0.280“ 30.2 ±  0.7 -4 .4  ±  1.6

“ Standard deviations of these values are less than 5%. h Ex
trapolated from 91.7-131.0 °C. c Errors quoted in AH *  and AS* 
are equal to 1.96 X (standard errors) which gives a 96% “confi
dence level” (N. C. Barford, “Experimental Measurements: 
Precision, Error and Truth”, Addison-Wesley, Reading, Mass., 
1967).



1082 J. Org. Chem., Vol. 42, No. 6,1977 Notes

Table II. Kinetic Results for the Wolff-Kishner Reaction of Fluorenone Hydrazone (II), Dibenzotropone Hydrazone
(III), and Dibenzosuberone Hydrazone (IV)

E x p t

n o .

H y d r a 

z o n e

[ H y H ] o ,

M

[ R O - N a + ] , M  

I n i t  F i n a l

T e m p ,

° C i f / t l /2

ki  X  1 0 5 , 

s - 1

ks  X  1 0 2 , 

M - ' s - 1

1 2 1 i i 0 .0 6 0 0 . 0 2 7 4 0 . 0 2 5 4 1 3 1 . 0 8 .7 1 4 8 6 . 2 2

1 1 7 i i 0 .0 4 0 0 . 0 9 4 5 0 .0 9 2 0 1 1 1 . 3 8 .3 9 9 .9 1 . 1 7

1 1 9 h 0 .0 4 9 0 . 0 5 8 7 0 . 0 5 7 5 1 1 1 . 3 7 . 1 6 3 . 2 1 . 1 9

1 2 0 i i 0 . 0 4 1 0 . 0 2 4 8 0 . 0 2 2 4 1 1 1 . 3 1 . 2 2 4 . 7 1 . 1 4

1 2 3 h 0 .0 4 7 0 . 1 0 3 1 0 . 1 0 0 5 9 1 . 2 6 . 6 1 6 . 9 0 . 1 7 8

1 2 2 i i 0 .0 5 8 0 . 0 5 9 2 0 . 0 5 8 4 9 1 . 2 1 . 9 9 . 3 7 0 . 1 7 1

1 4 2 i n 0 . 0 4 3 0 . 0 1 0 8 0 . 0 1 0 6 1 9 5 . 2 8 .4 4 0 .3 4 . 5 0

1 4 1 i n 0 . 0 3 2 0 . 0 7 7 0 0 . 0 7 5 5 1 9 5 . 2 1 2 . 3 3 3 9 5 . 3 2

1 4 5 i n 0 . 0 3 3 0 . 1 2 3 0 . 1 2 2 1 7 1 . 8 7 .8 9 0 .8 0 .8 6 0

1 4 6 H I 0 . 0 3 3 0 . 1 1 4 0 . 1 1 4 1 5 0 . 5 5 .8 1 7 . 2 0 . 1 7 1

1 4 7 I I I 0 . 0 3 5 0 . 1 3 6 0 . 1 3 6 1 5 0 . 4 7 . 1 1 8 . 4 0 . 1 5 3

1 1 0 I V 0 . 0 4 3 0 .0 8 6 5 0 . 0 8 1 5 1 9 5 . 6 8 . 1 6 6 . 1 0 .9 4

1 0 9 I V 0 .0 3 9 0 . 1 3 1 0 0 . 1 2 6 5 1 9 5 . 6 1 0 . 9 1 0 6 0 . 9 8 1

1 1 1 I V 0 . 0 3 3 0 . 1 5 4 0 . 1 5 2 1 7 1 . 6 5 .6 1 9 . 4 0 . 1 4 7

1 3 7 I V 0 . 0 3 5 0 . 1 2 6 0 . 1 2 4 1 7 1 . 5 5 . 1 1 6 . 5 0 . 1 5 3

1 1 3 I V 0 . 0 2 8 0 .6 9 7 0 .6 9 7 1 7 1 . 6 1 3 1 2 4 0 .2 0 6

1 3 8 I V 0 . 0 2 7 0 . 1 5 8 0 . 1 5 8 1 5 0 . 6 1 . 6 3 . 9 4 0 . 0 2 8 1

1 3 9 IV - 0 . 0 2 8 0 .4 9 2 0 .4 8 6 1 5 0 . 6 6 .4 1 2 . 0 0 . 0 2 7 9

l a t e  c a t a l y s t  a s  d e s c r i b e d  e l s e w h e r e . 1  C o m p o u n d s  I ,  I I I ,  a n d  

I V  w e r e  s t u d i e d  i n  t h e  t e m p e r a t u r e  r a n g e  1 5 0 . 4 - 1 9 5 . 6  ° C ,  

w h i l e  I I ,  b e c a u s e  o f  i t s  h i g h e r  r e a c t i v i t y ,  w a s  s t u d i e d  i n  t h e  

t e m p e r a t u r e  r a n g e  9 1 . 2 - 1 3 1 . 0  ° C .  A  c o m p a r i s o n  o f  t h e  r a t e  

c o n s t a n t s  ( a t  1 5 0 . 5  ° C )  a n d  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  i s  

g i v e n  i n  T a b l e  I .

W h i l e  t h e  r e l a t i v e  r a t e s  o f  t h e  W o l f f - K i s h n e r  r e a c t i o n  o f  

I - I V  s h o w  s i g n i f i c a n t  d i f f e r e n c e s ,  i t  i s  a p p a r e n t  f r o m  t h e  

c o m p a r i s o n  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  t h a t ,  e x c e p t  f o r  t h e  

c a s e  o f  I I ,  t h e  r a t e s  a r e  g o v e r n e d  p r i m a r i l y  b y  t h e  d i f f e r e n c e s  

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

I ,  I I I ,  a n d  I V  f a l l  i n t o  a  n a r r o w  r a n g e  o f  — 3 . 7 5  ±  0 . 6 5  e u  a n d  

i t  c a n  b e  a s s u m e d  t h a t  t h e  t r a n s i t i o n  s t a t e s  o f  t h e  r a t e - d e 

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

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

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

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

s o l v e n t  m o l e c u l e  t o  t h e  s p 2  c a r b o n  a t o m  o f  t h e  h y d r a z o n e  

m o i e t y .  I t  i s  a p p a r e n t ,  h o w e v e r ,  t h a t  t h e  a n t i a r o m a t i c i t y  o f  

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

t h e  r e a c t i v i t y  o f  I I I .

T h e  b e h a v i o r  o f  f l u o r e n o n e  h y d r a z o n e  ( I I ) ,  o n  t h e  o t h e r  

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

c a r b a n i o n  c h a r a c t e r  o f  t h e  h y d r a z o n e  a n i o n :

N  N

X N H .  X N — H

T h e  r e s u l t s  l i s t e d  i n  T a b l e  I  c l e a r l y  d e m o n s t r a t e  t h a t  t h e  

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

h y d r a z o n e  a n i o n  o f  I I  c a u s e s  a  s i g n i f i c a n t  d e c r e a s e  i n  t h e  e n 

t h a l p y  o f  a c t i v a t i o n ,  m o s t  l i k e l y  b e c a u s e  o f  t h e  r e l a t i v e l y  e a s i e r  

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

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

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

c a r b a n i o n ,  t h e  t r a n s i t i o n  s t a t e  l i e s  c l o s e r  t o  t h e  p r o d u c t  o f  t h e  

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

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

a n d  I V .

Experimental Section
Materials. T h e  p r e p a r a t i o n  o f  b e n z o p h e n o n e  h y d r a z o n e  a n d  t h e  

p u r i f i c a t i o n  o f  b u t y l  c a r b i t o l  h a v e  b e e n  d e s c r i b e d  e l s e w h e r e . 1

Fluorenone hydrazone w a s  p u r c h a s e d  f r o m  A ld r ic h  C h e m i c a l  C o . 

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

Dibenzotropone hydrazone a n d  dibenzosuberone hydrazone
c o u ld  n o t  b e  p r e p a r e d  in  t h e  u s u a l  m a n n e r 11 s i n c e  t h i s  p r o c e d u r e  

y i e l d e d  t h e  c o r r e s p o n d i n g  a l c o h o l s  in  4 0 - 6 0 %  y i e l d .  T h e  h y d r a z o n e s  

w e r e  o b t a i n e d  b y  a l l o w i n g  t h e  k e t o n e s  t o  r e a c t  f o r  2  h  w i t h  a n  e x c e s s  

o f  9 5 %  h y d r a z i n e  in  r e f l u x i n g  e t h y l e n e  g l y c o l  u n d e r  n i t r o g e n .  T h e  

r e a c t i o n  m i x t u r e  w a s  c o o le d  a n d  d i lu t e d  w i t h  w a t e r ,  a n d  t h e  h y d r a -  

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

e t h e r .  D i b e n z o t r o p o n e  h y d r a z o n e  (III), m p  7 8  ° C .

A n a l .  C a l c d  f o r  C i 5 H 1 2 N 2 C ,  8 1 . 7 9 ;  H ,  5 .4 9 ;  N ,  1 2 . 7 2 .  F o u n d :  C ,  

8 2 .4 2 ;  H . 5 . 3 1 ;  N ,  1 2 .4 4 .

D i b e n z o s u b e r o n e  h y d r a z o n e  (IV), m p  8 2  ° C .

A n a l .  C a l c d  f o r  C 1 5 H i 4N 2 C ,  8 1 . 0 5 ;  H ,  6 .3 5 ;  N ,  1 2 .6 0 .  F o u n d :  C ,  

8 0 .9 0 ;  H ,  6 . 1 9 ;  N ,  1 2 . 5 0 .

Kinetic Experiments. T h e  a p p a r a t u s ,  p r o c e d u r e ,  t r e a t m e n t ,  a n d  

a c c u r a c y  o f  t h e  d a t a  a n d  t h e  r e s u l t s  f o r  b e n z o p h e n o n e  h y d r a z o n e  w e r e  

r e p o r t e d  e l s e w h e r e . 1 T h e  k in e t ic  r e s u l t s  o b t a i n e d  w i t h  t h e  h y d r a z o n e s  

o f  f l u o r e n o n e  (II), d i b e n z o t r o p o n e  (III), a n d  d i b e n z o s u b e r o n e  (IV) 
a r e  s u m m a r i z e d  in  T a b l e  II.
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R e g i s t r y

n o .

1 1 2 0 - 6 7 - 8

3 5 9 1 - 5 7 - 9

3 2 2 6 4 - 5 0 - 9

6 1 2 1 6 - 6 4 - 6

T a b l e  I .  ‘ H  a n d  1 3 C  N M R  C h e m i c a l  S h i f t s 0

CH, CH,

R i n g  p r o t o n s  M e t h y l  p r o t o n s  C - l

1 . 7 2  1 . 2 4  6 7 . 1 3

1 . 6 5  1 . 0 9  4 0 . 1 4

1 . 6 5  1 . 1 2

1 . 4 6  1 . 0 9  5 7 . 6 1

1 . 6 5  5 1 . 5 0

( m i x e d  i s o m e r s )

CK, CH,

6 1 2 1 6 - 6 5 - 7

Cl

f lP a r t s  p e r  m i l l i o n  d o w n f i e l d  f r o m  M e 4 S i .

1 . 4 7 1 . 1 0  5 7 . 7 1

C - 2 ,  C - 3  M e t h y l  C

2 6 . 9 9  8 . 1 1

2 7 . 9 6  1 0 . 4 8

2 7 . 4 2  1 0 . 5 3

2 7 . 7 1  8 . 0 1

2 7 . 4 7  1 0 . 4 8

w i t h o u t  a l t e r i n g  t h e  s p a t i a l  r e l a t i o n s  o f  g r o u p s  o n  t h e  o r i g i 

n a l l y  o l e f i n i c  c a r b o n s . 2  T h e  e a r l y  r e p o r t s 2 '3  i n d i c a t e d  t h a t  b o t h  

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

c y c l o h e x e n e , 3  a n d  t h e  b e h a v i o r  o f  t h e  i s o m e r s  d i f f e r e d  s o  

g r e a t l y  t o w a r d  s i l v e r  i o n s  a s  t o  b e c o m e  s u b s e q u e n t l y  e x e m 

p l a r y  o f  c e r t a i n  e l e c t r o c y c l i c  r e a c t i o n s .4 A  m o r e  r e c e n t  r e p o r t 5 

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

w o r k .  T h e  l a t t e r  w o r k e r s  w e r e  u n a b l e  t o  a c h i e v e  t h e  s e p a r a 

t i o n s  c l a i m e d  i n  o n e  o f  t h e  e a r l y  r e p o r t s . 3

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

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

J HH(HF)cis >  ^HH(HF)trans f o r  v i c i n a l  s p i n  c o u p l i n g  c o n s t a n t s  

i n  c y c l o p r o p a n e s . 6 A s  t h i s  r u l e  c a n n o t  b e  a p p l i e d  t o  t h e  b r o -  

m c c h l o r o c a r b e n e - o l e f i n  a d d u c t s ,  d i r e c t  e v i d e n c e  f o r  s t r u c 

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

p r e v i o u s l y ,  a n d  t h o s e  a s s i g n m e n t s  t h a t  h a v e  b e e n  m a d e 4  a r e  

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

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

a b o v e  p o s t u l a t e .

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

u s i n g  t h e  b r o m o c h l o r o c a r b e n e  a d d u c t s  o f  c i s - 2 - b u t e n e ,  c y 

c l o h e x e n e ,  c y c l o p e n t e n e ,  a n d  s t y r e n e .  I n  e a c h  o f  t h e  f o u r  c a s e s  

p a r t i a l  s e p a r a t i o n  ( 6 0 %  v a l l e y  b e t w e e n  i s o m e r  p e a k s )  w a s  

a c h i e v e d  h v  i s o t h e r m a l  G L C  u s i n g  a  7 6  m  X  0 . 1 2  m m  o p e n  

t u b u l a r  c o l u m n  a n d  r e t e n t i o n  t i m e s  o f  1 - 3  h .  T h e  g a s  c h r o 

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

r a t i o s  o f  1 . 0  ±  0 . 2  w h e r e  t h e  u n c e r t a i n t y  r a n g e  i s  o f  i n s t r u 

m e n t a l  o r i g i n .

' H  N M R  s p e c t r a  o f  t h e  p u r i f i e d  i s o m e r  p a i r s  a l s o  i n d i c a t e d  

t h e  l a c k  o f  f o r m a t i o n a l  s t e r e o s e l e c t i v i t y , 7  a n d  r e a c t i o n  k i n e t i c s  

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

V i r t u a l  a b s e n c e  o f  s t e r e o s e l e c t i v i t y  i s  o f  i n t e r e s t  i n  v i e w  o f  t h e  

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

f a c t o r s  i n  c a r b e n e  a d d i t i o n s  b y  D o e r i n g  a n d  H o f f m a n n ’ s  

p r o c e d u r e . 8  U s e  o f  t h i s  m e t h o d  f o r  t h e  a d d i t i o n  o f  f l u o r o -  

c h l o r o c a r b e n e 6®  a n d  f l u o r o b r o m o c a r b e n e 9  t o  c y c l o h e x e n e  g a v e  

p r o d u c t s  h a v i n g  i s o m e r  r a t i o s  o f  1 . 5  a n d  1 . 7 ,  r e s p e c t i v e l y ,  w i t h  

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

P a r t i a l  r e a c t i o n  o f  t h e  i s o m e r  p a i r s  i n  e t h a n o l i c  s i l v e r  p e r 

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

s i d e r a b l y  m o r e  r e a c t i v e  t h a n  t h e  o t h e r .  G r a v i m e t r i c  a n a l y s i s  

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

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

f r o m  o n e  i s o m e r  o f  6 - b r o m o - 6 - c h l o r o b i c y c l o [ 3 . 1 . 0 ] h e x a n e  a s  

r e p o r t e d  b y  S k e l l  a n d  S a n d l e r 3  a n d  a l s o  f r o m  t h e  l e s s  r e a c t i v e  

i s o m e r  o f  l - b r o m o - l - c h l o r o - c i s - 2 , 3 - d i m e t h y l c y c l o p r o p a n e .  

O n  t h e  o t h e r  h a n d ,  n e i t h e r  i s o m e r  o f  l - b r o m o - l - c h l o r o - 2 - 

p h e n y l c y c l o p r o p a n e  l o s t  c h l o r i n e ;  o n l y  b r o m i n e  w a s  l o s t  t o  

s i l v e r  i o n s  b y  b o t h  i s o m e r s .

T h e  7 - b r o m o - 7 - c h l o r o b i c y c l o [ 4 . 1 . 0 ] h e p t a n e s  b e h a v e  s t i l l  

d i f f e r e n t l y  t o w a r d  s i l v e r  i o n s  i n  t h a t  b e l o w  6 5  ° C  b o t h  h a l o 

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

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

c o m m u n i c a t i o n 3  b u t  i s  m a d e  l e s s  s u r p r i s i n g  b y  t h e  r e c e n t  r e 

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

f r o m  s i m i l a r  r e a c t i o n s  o f  7 , 7 - d i b r o m o n o r c a r a n e 1 0  w i t h  a n a l 

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

c o m p o u n d s .

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

o f  t h e  t w o  i s o m e r s  o f  l - b r o m o - l - c h l o r o - c i s - 2 , 3 - d i m e t h y l c y -  

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

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

b a n d  f o u n d  n e a r  3 2 3  c m - 1  i n  t h e  R a m a n  s p e c t r u m  o f  t h e  

i s o m e r  m i x t u r e . 1 1  C h e m i c a l  s h i f t s  i n  t h e  ' H  a n d  1 3 C  N M R  

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

i s o m e r s ,  a n d  t h e  c o r r e s p o n d i n g  d i b r o m o -  a n d  d i c h l o r o d i -  

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

C o m p a r i s o n  o f  t h e  N M R  s p e c t r a  r e v e a l s  n o  d i f f e r e n c e  

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

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

u t a b l e  t o  t h e  r i n g  p r o t o n s  o f  t h e  b r o m o c h l o r o  i s o m e r s ,  t h o u g h  

o v e r l a p p e d  a t  6 0  M H z ,  w e r e  r e s o l v e d  a t  1 0 0  M H z . 1 2  T h e  a p 

p e a r a n c e  o f  t h e  r i n g  p r o t o n  s i g n a l s  a t  h i g h e r  f i e l d s  f o r  t h e  l e s s  

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

i s o m e r  h a v i n g  b r o m i n e  c i s  t o  t h e  m e t h y l  g r o u p s . 1 3

S t r o n g e r  e v i d e n c e  f o r  t h i s  a s s i g n m e n t  c o m e s  f r o m  t h e  1 3 C
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T a b l e  I I .  R e a c t i o n  o f  l , l - D i b r o m o - c i s - 2 , 3 -  

d i m e t h y l c y c l o p r o p a n e  i n  E t h a n o l i c  S i l v e r  P e r c h l o r a t e "

T i m e ,  s [ H + ] , m M %  r e a c t i o n 1 0 4 k , M _ 1  s ' 1

2 7 0 0 1 . 7 4 .6 2 . 3 6

9 9 6 0 5 .6 1 5 . 2 2 .2 9

3 0  1 8 0 1 3 . 8 3 7 . 5 2 . 3 0

8 8  8 0 0 2 6 .6 7 2 . 3 2 . 4 7

2 6 7  7 8 0 3 4 . 8 9 4 . 6 2 . 2 2

2 . 3 3  ±  0 .0 7

“  I n i t i a l  c o n c e n t r a t i o n s :  3 6 . 8  m M  h a l i d e  a n d  7 5 . 4  m M  s i l v e r  

p e r c h l o r a t e  i n  8 0 %  ( v o l )  e t h a n o l - w a t e r  a t  2 5 . 0  ° C .

T a b l e  I I I .  R a t e  o f  A c i d  F o r m a t i o n  f r o m  M i x e d  I s o m e r s  

o f  l - B r o m o - l - c h l o r o - 2 - p h e n y l c y c l o p r o p a n e "

T i m e ,  m i n 5 2 2 6 5 1 7 9 5 9 0 1 4 2 9 3 7 6 3

O b s d  [ H + ] , m M 1 0 . 6 1 9 . 0 2 6 . 7 3 3 . 3 4 0 .9 4 7 . 2

C a l c d  [ H + ] , m M ‘ 1 0 . 3 1 9 . 1 2 6 . 7 3 3 . 0 4 0 . 3 4 7 . 2

"  0 .0 4 8 6  M  d i h a l o c y c l o p r o p a n e  a n d  0 .4 4  M  s i l v e r  p e r c h l o r a t e  

i n i t i a l l y  in  9 5 %  ( v o l )  e t h a n o l - w a t e r  a t  9 2 . 8  ° C .  h T i m i n g  w a s  

b e g u n  a t  m i x i n g  a t  r o o m  t e m p e r a t u r e .  A f t e r  1 2 . 5  m i n ,  t o  a l l o w  f o r  

m i x i n g  a n d  t h e r m a l  e q u i l i b r a t i o n ,  6 . 6  m M  a c i d  h a d  f o r m e d  w h i c h  

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

1 B a s e d  o n  a  1 : 1  i n i t i a l  i s o m e r  r a t i o  a n d  p s e u d o - f i r s t - o r d e r  r a t e  

c o n s t a n t s  o f  1 . 9 4  X 1 0 “ -  a n d  7 . 5  X 1 0 ~ 4 m i n - 1 .

N M R  c h e m i c a l  s h i f t s  s h o w n  i n  T a b l e  I  f o r  t h e  s a m e  s e t  o f  

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

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

T h e  a s s i g n m e n t  o f  t h e  s i g n a l s  t o  t h e  c a r b o n s  g i v i n g  r i s e  t o  

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

s p e c t r a .  T h e  1 3 C  N M R  c h e m i c a l  s h i f t s  a g r e e  r o u g h l y  w i t h  

v a l u e s  e s t i m a t e d  b y  a d d i t i o n  o f  m o n o h a l o  s u b s t i t u e n t  e f 

f e c t s . 1 4  T h e  s m a l l  d i f f e r e n c e  i n  c h e m i c a l  s h i f t s  o f  t h e  c o r r e 

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

a  d i f f e r e n c e  i n  r i n g  s t r a i n s . 1 5

T h a t  t h e  l e s s  r e a c t i v e  i s o m e r  o f  1  - b r o m o - 1  - c h l o r o - c i . s  -

2 , 3 - d i m e t h y l c y c l o p r o p a n e  h a s  b r o m i n e  c i s  t o  t h e  m e t h y l s  i s  

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

m o n o h a l o c y c l o p r o p a n e s  a n d  c y c l o p r o p y l  t o s y l a t e s . 1 6  T h i s  

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

e l e c t r o n  d i f f r a c t i o n  a n a l y s i s  o f  t h e  l e s s  r e a c t i v e  i s o m e r . 1 7

R a t e  c o n s t a n t s  f o r  t h e  s i l v e r  i o n  a s s i s t e d  r e a c t i o n s  i n  

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

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

f o r  1 , 1 - d i b r o m o - c i ' s - 2 , 3 - d i m e t h y l c y c l o p r o p a n e .  T h i s  o b s e r 

v a t i o n  i s  i n  c o n t r a s t  t o  t h e  r e c e n t  c o m m u n i c a t i o n  o f  B a c h  a n d  

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

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

f e r e n c e s  i n  i n i t i a l  c o n c e n t r a t i o n s .  G e n e r a l l y ,  t h e  r a t e s  w e r e  

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

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

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

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

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

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

c o n c e n t r a t i o n  o r  d e c r e a s e  o f  r e a c t a n t  c o n c e n t r a t i o n  i n  p e 

t r o l e u m  e t h e r  e x t r a c t s  o f  t h e  r e a c t i o n  s o l u t i o n .  T h e r m a l  r e 

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

i n  t h e  c a s e  o f  t h e  m e t h a n o l y s i s  o f  l , l - d i b r o m o - c i s - 2 , 3 - d i -  

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

t i o n  o f  t h e  r e a r r a n g e m e n t  p r o d u c t ,  ( I ? ) - 3 , 4 - d i b r o m o - 2 - p e n -  

t e n e , 1 9  a n d  i n  o t h e r  c a s e s  b y  t h e  e q u a l i t y  o f  t h e  r a t e  o f  r e a c t a n t  

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

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

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

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

S a n d l e r 2 0  o n  r e a c t i o n s  o f  d i b r o m o -  a n d  d i c h l o r o c y c l o p r o -  

p a n e s .

T h e  s t r u c t u r e s  o f  t h e  l - b r o m o - l - c h l o r o - 2 - p h e n y l c y c l o -  

p r o p a n e  i s o m e r s  s h o w n  i n  T a b l e  I V  a r e  a s s i g n e d  b y  a n a l o g y  

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

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

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

o f  cis-  a n d  i r a n s - l - c h l o r o - 2 - p h e n y l c y c l o p r o p a n e . 1S a  P r e s e n c e  

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

l a t t e r  c o m p a r i s o n  ( v i d e  i n f r a ) .

T h e  s e c o n d - o r d e r  r a t e  c o n s t a n t s  i n  T a b l e  I V  p r o v i d e  t h r e e  

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

m a i n i n g  h a l o g e n .  B r o m i n e  i s  r e m o v e d  f a s t e r  f r o m  t h e  m o r e  

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

( w h e r e  c h l o r i n e  i s  t h e  r e m a i n i n g  h a l o g e n )  t h a n  f r o m  1 , 1 - 

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

m a i n i n g  h a l o g e n ) ;  t h e  r a t i o  ^ c i B r / ^ B r B r  i s  3 . 1 7 .  S i m i l a r l y  i n  t h e  

d i m e t h y l  s e r i e s ,  f e c i B r / ^ B r B r  i s  s e e n  t o  b e  1 . 7 2  a t  2 5  ° C .  W h e n  

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

f r o m  t h e  l e s s  r e a c t i v e  b r o m o c h l o r o  i s o m e r ,  t h e  r a t i o  / ¡ c i a / ^ B r C i  

i s  1 . 2 5 .  A  f a s t e r  r e a c t i o n  w h e n  c h l o r i n e ,  r a t h e r  t h a n  b r o m i n e ,  

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

p r o p a n e s 2 1  a n d  m a y  i n d i c a t e  t h a t  o n l y  a  s m a l l  a m o u n t  o f  

p o s i t i v e  c h a r g e  i s  t r a n s f e r r e d  t o  C - l  i n  t h e  t r a n s i t i o n  s t a t e  a s  

h a s  b e e n  s u g g e s t e d  f o r  a c e t o l y s i s , 10’  h y d r o l y s i s , 2 2  a n d  o n  t h e 

o r e t i c a l  g r o u n d s . 2 8  W h e t h e r  t h e  c h a r g e  a t  C - l  i s  s m a l l  b e c a u s e  

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

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

t r a n s f e r  t o  C - 2  a n d  C - 3  i s  s y n c h r o n o u s  w i t h  c a r b o n - h a l o g e n  

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

l a t t e r  p o s s i b i l i t y  h a s  b e e n  p r o p o s e d  b y  D e P u y  e t  a l . ,  h o w e v e r ,  

f o r  a c e t o l y s e s . 2 4

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

h a l o g e n  b o n d  b r e a k i n g  i n  t h e  s i l v e r  i o n  a s s i s t e d  s o l v o l v s e s  i s  

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

r a t e  c o n s t a n t s  a t  9 2 . 8  ° C  f o r  c h l o r o c y c l o p r o p a n e  ( 2 . 1 8  X 1 C T 7 

M “ 1 s _ 1 ) a n d  1 , 1 - d i c h l o r o c y c l o p r o p a n e  ( 1 . 3  X 1 0 - 7  M ^ 1 s _ 1 )

T a b l e  I V .  S i l v e r  I o n  A s s i s t e d  S o l v o l y s i s  R a t e  C o n s t a n t s 3

X - Y

B r - B r C l —B r B r - C l C l - C l

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

2 3  ( 9 2 . 8 ) *  

( 3 2 3 4 - 5 1 - 3 ) c
7 3  ( 9 2 . 8 )  

( 6 1 1 5 8 - 7 4 - 5 )
2 . 8  ( 9 2 . 8 )  0 . 1 6 0  ± 0 . 0 0 6  ( 9 2 . 8 )
( 6 1 1 5 8 - 7 5 - 6 )  ( 2 4 1 5 - 8 0 - 7 )

“ R a t e  c o n s t a n t s  X 1 0 s ( M  1 s  1 ) i n  9 5 %  e t h a n o l  i n i t i a l l y  c o n t a i n i n g  0 . 4 2  ± 0 . 0 3  M  s i l v e r  p e r c h l o r a t e .  T e m p e r a t u r e s  i n  p a r e n 
t h e s e s .  *  E x t r a p o l a t e d  f r o m  l o w e r  t e m p e r a t u r e s .  c R e g i s t r y  n o .
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i n  0 . 4 2  M  e t h a n o l i c  ( 9 5 % )  s i l v e r  p e r c h l o r a t e .  I n  v i e w  o f  t h e  

w e l l - k n o w n  l o w  r e a c t i v i t y  o f  g em - d i h a l i d e s  t o w a r d  s i l v e r  

i o n s 2 5  t h i s  d i f f e r e n c e  w o u l d  o t h e r w i s e  b y  s u r p r i s i n g l y  

s m a l l .

A n  a p p r o x i m a t e  v a l u e  o f  9 7 0  f o r  k\>„/kc\ a t  9 2 . 8  ° C  f o r  r e 

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

c o m p o u n d s  w a s  o b t a i n e d  u s i n g  a n  a c t i v a t i o n  e n t h a l p y  o f  2 0 . 6  

k c a l / m o l  f o r  t h e  m o r e  r e a c t i v e  b r o m o c h l o r o  i s o m e r .  F o r  

b r o m o -  a n d  c h l o r o c y c l o p r o p a n e  t h e  r a t i o  w a s  4 0 0  ±  2 5 ,  a n d  

f o r  a c e t o l y s e s  o f  t h e  m o n o h a l o  c o m p o u n d s  a t  1 0 0  ° C  t h e  r a t i o  

h a s  b e e n  r e p o r t e d  t o  b e  3 2 . 16 c  A c c o r d i n g  t o  H a m m o n d ’ s  p o s 

t u l a t e , 2 6  t h e  l a r g e r  r a t i o  f o r  t h e  s i l v e r  i o n  p r o m o t e d  e t h a n o l -  

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

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

s u b s t i t u e n t s  i n  t h e  a c e t o l y s i s  r e a c t i o n s .

Experimental Section
I n f r a r e d  s p e c t r a  w e r e  d e t e r m i n e d  o n  n e a t  l i q u i d s  u s i n g  B e c k m a n  

I R - 5 A  a n d  P e r k i n - E l m e r  5 2 1  s p e c t r o p h o t o m e t e r s .  ! 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  J E O L  M i n i m a r  a n d  V a r i a n  A - 6 0  a n d  H A - 1 0 0  

s p e c t r o m e t e r s  u s in g  1 5 - 2 0 %  c a r b o n  t e t r a c h lo r id e  s o lu t io n s .  1:iC  N M R  

s p e c t r a  w e r e  o b t a i n e d  o n  2 0 %  h e x a d e u t e r i o a c e t o n e  s o l u t i o n s  u s in g  

a  J E O L  F X - 6 0  s p e c t r 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  w i t h  a  

H e w l e t t - P a c k a r d  5 7 0 0 - A  g a s  c h r o m a t o g r a p h  u s i n g  a  7 6  m  X 0 .2  m m  

o p e n  t u b u l a r  c o lu m n  c o a t e d  w i t h  O V - 1 7 .  A n  A u t o p r e p  7 0 0  w i t h  a  g la s s

2 .7  m  X 8 m m  c o l u m n  p a c k e d  w i t h  S E - 3 0  o n  C h r o m o s o r b  w a s  u s e d  

f o r  p r e p a r a t i v e  s e p a r a t i o n s .  H e w l e t t - P a c k a r d  5 9 3 0  a n d  P e r k i n - E l m e r  

2 7 0  G S - m a s s  s p e c t r o m e t e r s  w e r e  u s e d .  M i c r o a n a l y s e s  w e r e  p e r f o r m e d  

b y  G a l b r a i t h  L a b o r a t o r y ,  K n o x v i l l e ,  T e n n .

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

c a r b e n e  a d d i t i o n  t o  t h e  a p p r o p r i a t e  o l e f i n s  e x c e p t  f o r  1 , 1 - d ic h lo r o -  

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

p h a s e  p h o t o c h lo r i n a t i o n  o f  c y c l o p r o p a n e . 27  T h e  d i h a l o c a r b e n e s  w e r e  

g e n e r a t e d  f r o m  t h e  a p p r o p r i a t e  h a lo f o r m  a n d  p o t a s s i u m  f e r t - b u -  

t o x id e  a l c o h ó la t e .8 T h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  a d d u c t s  a g r e e d  w i t h  

p u b l i s h e d  v a l u e s 3 *6 ’8’ 20,28  f o r  e a c h  c o m p o u n d .  C y c l o p r o p y l  b r o m id e  

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

le s s  t h a n  2 %  i m p u r i t i e s .

l-Bromo-l-chloro-cis-2,3-dimethylcyclopropanes. C h l o r o d i -  
b r o m o m e t h a n e  ( 0 .3 4  m o l)  w a s  a d d e d  o v e r  1  h  t o  a  s t i r r e d  m i x t u r e  o f

0 .5 0  m o l  o f  p o t a s s iu m  f e r t - b u t o x i d e  a lc o h ó la t e ,  1  m o l  o f  c t s - 2 - b u t e n e ,  

a n d  2 5 0  m l  o f  p e t r o l e u m  e t h e r  ( b p  3 8 - 5 7  ° C )  h e ld  a t  — 1 0  ° C .  S t i r r i n g  

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

m i x t u r e  w a s  w a s h e d  w i t h  w a t e r  ( 3  X  5 0  m l)  a n d  d r i e d  b e f o r e  b e in g  

d i s t i l l e d  f i r s t  t h r o u g h  a  0 .5 - m  V i g r e u x  c o l u m n  a n d  t h e n  t h r o u g h  a  

T e f l o n  a n n u l a r  s t i l l  u n d e r  r e d u c e d  p r e s s u r e .  T h e  y i e l d  w a s  5 0  g  ( 0 .2 7  

m o l,  8 0 % ): b p  7 2 - 7 3  ° C  ( 3 8  m m ) ;  n 26D  1 . 4 8 5 6 ;  d 25 1 . 4 5 3 ;  I R  ( f i lm )  3 0 2 0 , 

2 9 3 6 , 1 1 2 7 ,  9 4 5 , 7 1 7  c m ^ >  ( s ) .

A n a l .  C a l e d  f o r  C 5 H 8 C l B r :  C ,  3 2 . 7 3 ;  H ,  4 .4 0 .  F o u n d :  C ,  - 3 2 . 5 8 ;  H , 

4 .3 9 .
Reaction of endo-l-Bromo-exo-l-chloro-cis-2,3-dimethyI- 

cyclopropane in Methanolic Silver Perchlorate. T h e  le s s  r e a c t iv e  

is o m e r  ( 1 . 2 2  m m o l)  in  4  m l  o f  m e t h a n o l  c o n t a in in g  3 . 6 1  m m o l  o f  s i l v e r  

p e r c h l o r a t e  w a s  h e a t e d  in  a  s e a l e d  v i a l  a t  6 4  ° C  f o r  2 7  h . T h e  p r e c i p 

i t a t e  w a s  c o l l e c t e d  in  a  G o o c h  c r u c i b l e ,  w a s h e d ,  a n d  d r i e d  a t  1 2 0  ° C  

t o  a  c o n s t a n t  w e i g h t  o f  1 8 3 . 4  m g  ( 1 . 2 8  m m o l  s i l v e r  c h lo r i d e  e q u i v a 

le n t ) .  T h e  r e m a i n i n g  s i l v e r  s a l t  in  t h e  c o m b in e d  f i l t r a t e  a n d  w a s h in g s  

w a s  p r e c i p i t a t e d  w i t h  e x c e s s  0 . 3 7 5 4  M  a q u e o u s  s o d i u m  c h lo r id e .  T h e  

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

A l i q u o t s  o f  t h e  a q u e o u s  l a y e r  ( 1 7  m l)  w e r e  n e u t r a l i z e d  w i t h  0 . 0 1 0 7  M  

m e t h a n o l i c  s o d i u m  m e t h o x i d e  a n d  r e q u i r e d  6 .8 5  ±  0 . 0 1  m l  p e r  m l  o f  

a q u e o u s  s o lu t io n  in d ic a t in g  t h e  f o r m a t io n  o f  1 . 2 5  m m o l  o f  a c id  d u r in g  

t h e  r e a c t io n .  T h e  n e u t r a l iz e d  a l iq u o t s  w e r e  t i t r a t e d  b y  M o h r ’s  m e t h o d  

t o  d e t e r m i n e  b y  d i f f e r e n c e  t h a t  1 . 2 2  m m o l  o f  s i l v e r  io n s  h a d  b e e n  

c o n s u m e d  in  t h e  r e a c t i o n .  G C - M S  o f  t h e  p e t r o l e u m  e t h e r  e x t r a c t s  

s h o w e d  o n e  m a jo r  c o m p o n e n t  w i t h  m o l e c u l a r  io n  m a s s e s  o f  1 7 8  a n d  

1 8 0  in  a  r a t io  o f  a b o u t  o n e , c o n s i s t e n t  w i t h  a n  a s s ig n m e n t  o f  t h i s  m a jo r  

p r o d u c t  a s  3 - b r o m o - 4 - m e t h o x y - 2 - p e n t e n e .  T h e  c h r o m a t o g r a m s  a l s o  

s h o w e d  a  m in o r  c o m p o n e n t  t h a t  h a d  m o l e c u l a r  io n  m a s s e s  o f  1 3 4  a n d  

1 3 6  in  a  r a t i o  o f  3 : 1  a s  e x p e c t e d  f o r  3 - c h l o r o - 4 - m e t h o x y - 2 - p e n t e n e .  

T h e  r a t i o  o f  b r o m o p e n t e n e  t o  c h lo r o p e n t e n e  in  t h e  p e t r o l e u m  e t h e r  

e x t r a c t s  w a s  9 : 1 .
Kinetic Studies. T e m p e r a t u r e s  w e r e  c o n s t a n t  w i t h i n  0 . 1  ° C .  R u n s  

a t  2 5  ° C  w e r e  q u e n c h e d  b y  p i p e t t i n g  a l i q u o t s  i n t o  e x c e s s  a q u e o u s  

s o d i u m  c h lo r id e .  T h e  q u e n c h e d  m i x t u r e s  w e r e  t h e n  t i t r a t e d  f i r s t  w i t h  

m e t h a n o l ic  s o d i u m  m e t h o x i d e  t o  t h e  t h y m o l  b lu e  e n d  p o i n t  a n d  t h e n  

w i t h  s i l v e r  p e r c h l o r a t e  b y  V o l h a r d ’s  o r  M o h r ’ s  m e t h o d .  F o r  r u n s  a t

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

c o o le d  t o  0  ° C  a n d  s e a l e d  in  g l a s s  a m p u l e s  b e f o r e  b e i n g  i m m e r s e d  in  

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

m a t e l y  c o r r e c t e d  f o r  w i t h  t h e  f o r m u la  k =  ( 1  +  1 0 “ 3 t ) fc app w h e r e  t i s  

t h e  b a t h  C e l s i u s  t e m p e r a t u r e  a n d  & app i s  t h e  u n c o r r e c t e d ,  o b s e r v e d  

r a t e  c o n s t a n t .

Registry No.— B r o m o c h lo r o c a r b e n e ,  1 3 5 9 0 - 4 7 - 1 ;  c i s - 2 - b u t e n e ,  

5 9 0 - 1 8 - 1 ;  c y c l o h e x e n e ,  1 1 0 - 8 3 - 8 ;  c y c l o p e n t e n e ,  1 4 2 - 2 9 - 0 ;  d i b r o m o -  

c a r b e n e ,  4 3 7 1 - 7 7 - 1 .
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A  s y n t h e s i s  o f  a n f t - [ 2 . 2 ] ( l , 4 ) n a p h t h a l e n o p h a n e  ( 3 )  w a s  

f i r s t  r e p o r t e d  b y  C r a m  i n  1 9 6 3 , 1  a n d  l a t e r ,  v i a  a n  i m p r o v e d  

m e t h o d ,  b y  B r o w n  a n d  S o n d h e i m e r . 2  I n  1 9 6 9 ,  W a s s e r m a n  a n d  

K e e h n  r e p o r t e d  a  s y n t h e s i s  o f  s y r c - [ 2 . 2 ] ( l , 4 ) n a p h t h a l e n o -  

p h a n e  ( 1 )  a n d  i t s  t h e r m a l  c o n v e r s i o n  o n  m e l t i n g  t o  anti-
[ 2 . 2 ] ( l , 4 ) n a p h t h a l e n o p h a n e  ( 3 ) . 3  I t  w a s  s u g g e s t e d  t h a t  t h e
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thermal conversion of the syn to anti isomer probably pro
ceeded via an intermediate diradicai 2 .

Since it would be desirable to have thermally stable syn and 
anti isomers of the naphthalenophanes for a comparative 
study of their physical and chemical properties, we undertook 
the syntheses of the syn and anti isomers of [2 .2 ](1,4)- 
naphthalenophane-1,13-diene (8 and 9), which no longer have 
the possibility of thermal ring opening to a diradicai such as
2. The synthetic approach followed the general procedure we 
have described recently for preparing cyclophanedienes,4 and 
is outlined in Scheme I.

A coupling reaction between l,4-bis(bromomethyl)naph- 
thalene and l,4-bis(mercaptomethyl)naphthalene,5 carried

out as described earlier for similar couplings,6 gave a mixture 
of the syn and anti isomers of 2,15-dithia[3.3](l,4)naph- 
thalenophane (4 and 5). These were separated and purified 
by chromatography over silica gel, giving the syn isomer 4 in 
11% yield and the anti isomer 5 in 53% yield.

Treatment of either pure 4 or pure 5 with benzyne, gener
ated in situ by the reaction of anthranilic acid with isoamyl 
nitrite in 1 ,2 -dichloroethane, led to essentially the same 
mixture, as analyzed by N M R , of the syn and anti stereoiso
mers represented by 6 and 7. In proof of these structural as
signments, the yellow oil, containing the mixture of 6 and 7 
derived from the pure syn isomer 4, was heated with Raney 
nickel in ethanol. As expected, this gave a mixture of the 
known syn and anti isomers of [2.2](l,4)naphthalenophane 
(1 and 3) in a ratio of 1:2.7. W hen the benzyne-Stevens rear
rangement product from the pure anti isomer 5 was likewise 
treated with Raney nickel, the syn and anti isomers, 1 and 3, 
were again formed and in essentially the same ratio. This 
suggests that the benzyne-Stevens rearrangements of 4 and 
5 involve the same intermediate.

When the mixture of 6 and 7 was oxidized with m-chloro- 
perbenzoic acid in chloroform, a mixture of the corresponding 
bis sulfoxides was formed in quantitative yield as a yellow oil. 
Pyrolysis of this yellow oil at 300 °C  in a gradient sublimator 
gave a crystalline solid which was chromatographed over silica 
gel. From the first eluate fraction pure anti isomer 9 was iso
lated as white crystals, mp 252 °C  dec, in 4% yield. From the 
second eluate fraction the pure syn isomer 8 was obtained as 
white crystals, mp 200  °C  dec, in 0 .6% yield.

The two isomers are readily distinguishable from their 'H  
N M R  spectra. In the anti isomer 9 the H r protons feel the ring 
current of the opposite naphthalene ring and appear at high 
field (r 4.26), whereas in the syn isomer 8, this effect is much 
smaller and the H c protons appear at r 3.28.

The deshielding effect of the benzene ring current on 
bridging vinyl hydrogens has already been noted for the ex
amples of [2 .2]paracyclophane-l,9-diene, where the signal for 
the vinyl protons is at r 2.80,4 and of [2.2.2](l,3,5)cyclo- 
phane-l,9,17-triene, where the vinyl protons are at r 2.63.7 As 
would be expected, the deshielding effect of the naphthalene 
ring current is even greater so that the signal for the vinyl 
protons of the anti isomer 9 appears at r 2.55 and that of the 
syn isomer 8 at r 2.36, a truly remarkable chemical shift for 
an unconjugated vinyl proton.

Experimental Section8
Syn and Anti Isomers of 2,15-Dithia[3.3](l,4)naphthaleno- 

phane, 4 and 5. A  s o l u t i o n  o f  6 2 8  m g  o f  l , 4 - b i s ( b r o m o m e t h y l ) n a p h -  

t h a l e n e  a n d  4 4 0  m g  o f  l ,4 - b i s ( m e r c a p t o m e t h y l ) n a p h t h a l e n e r> in  2 0 0  

m l  o f  b e n z e n e  w a s  a d d e d  d r o p w i s e  u n d e r  a  n i t r o g e n  a t m o s p h e r e  t o  
a  b o i l in g  s o lu t io n  o f  3 5 5  m g  o f  p o t a s s iu m  h y d r o x id e  in  1 . 0  1. o f  e t h a n o l .  

W h e n  t h e  a d d i t i o n  w a s  c o m p l e t e  ( 4 8  h ) ,  t h e  r e a c t i o n  m i x t u r e  w a s  

c o n c e n t r a t e d  a n d  t h e  r e s i d u e  w a s  e x t r a c t e d  w i t h  c h lo r o f o r m .  C o n 

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

u s i n g  c h lo r o f o r m  f o r  e l u t i o n ,  g a v e  5 6 0  m g  ( 7 5 % )  o f  a  c o l o r l e s s  s o l id  

w h o s e  N M R  s p e c t r u m  in d ic a t e d  i t  t o  b e  a  m ix t u r e  o f  4 a n d  5. T h e  a n t i  

i s o m e r ,  5, p r o v e d  t o  b e  s p a r i n g l y  s o lu b le  in  b e n z e n e  a n d  t h e  s y n  is o m e r  

c o u ld  b e  r e m o v e d  b y  b e n z e n e  e x t r a c t i o n .  C h r o m a t o g r a p h y  o f  t h e  

c r u d e  s y n  i s o m e r  4, s o  o b t a i n e d ,  o v e r  s i l i c a  g e l  u s in g  a  1 : 1  b e n z e n e -  

h e x a n e  m i x t u r e  f o r  e l u t i o n  g a v e  8 3  m g  ( 1 1 % )  o f  t h e  p u r e  s y n  i s o m e r  

4 a s  c o l o r l e s s  p r i s m s :  m p  2 3 0 - 2 3 5  ° C  d e c ;  N M R  ( C D C l :i) d o u b l e t  o f  

d o u b le t s  a t  r  2 . 1 4  (4  H , J  =  6 .5 ,  J ' =  3 .5  H z , H a ) , a  d o u b le t  o f  d o u b le t s  

a t  2 .9 4  (4  H ,  -J =  6 .5 ,  J '  =  3 . 5  H z ,  H B ), a  s i n g le t  a t  3 .0 7  (4  H ,  H c ) , a n d  

a n  A B  q u a r t e t  a t  5 .6 7  (8  H ,  J  =  1 5  H z ,  C H 2 S - ) ;  m a s s  s p e c t r u m  m le  
3 7 2 .0 9 8  ( c a lc d  f o r  C 24 H 20S 2 , 3 7 2 . 1 0 0 ) .

A n a l .  C a l c d  f o r  C 24H 20S 2 : C ,  7 7 .4 0 ;  H ,  5 . 4 1 .  F o u n d :  C ,  7 7 . 2 5 ;  H  
5 .4 5 .

T h e  s a m p l e s  o f  a n t i  i s o m e r  5 f r o m  t h e  e x t r a c t i o n  a n d  c h r o m a t o g 

r a p h y  w e r e  c o m b i n e d  a n d  s u b l i m e d  a t  2 0 0  ° C  a t  0 .0 3  m m  t o  g i v e  3 9 5  

m g  ( 5 3 % )  o f  p u r e  a n t i  i s o m e r  5 a s  w h i t e  c r y s t a l s :  m p  2 8 0  ° C  d e c ;  N M R  

( C D C 1 :1) a  d o u b le t  o f  d o u b le t s  a t  r  1 . 9 0  (4  H , J  =  6 .0 , J '  =  3 .0  H z ,  H a ), 

d o u b l e t  o f  d o u b l e t s  a t  2 .4 0  (4  H ,  J  =  6 .0 , J '  =  3 .0  H z ,  H B ), a  s i n g le t
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a t  3 . 7 3  (4  H ,  H r ) ,  a n  A B  q u a r t e t  a t  5 .4 6  (4  H , J  =  1 5  H z ,  - C H 2S - )  a n d  

a t  6 .0 5  (4  H . J  =  1 5  H z ,  - C H > S - ) ;  m a s s  s p e c t r u m  m /e  3 7 2 . 1 0 0  ( c a lc d  

for C24H20S2, 372.101).
A n a l .  C a l c d  f o r  C 24 H 90S 2 : C ,  7 7 .4 0 ;  H ,  5 . 4 1 .  F o u n d :  C ,  7 7 . 3 1 ;  H , 

5 .2 7 .

Benzyne-Stevens Rearrangement of 4 and 5. T o  a  b o i l i n g  s o 

l u t i o n  o f  7 4  m g  o f  5  a n d  2 1 0  m g  o f  i s o a m y l  n i t r i t e  in  3 0  m l  o f  1 , 2 - d i -  

c h lo r o e t h a n e  u n d e r  a  n i t r o g e n  a t m o s p h e r e  t h e r e  w a s  a d d e d  d r o p w is e  

a  s o lu t io n  o f  6 8  m g  o f  a n t h r a n i l i c  a c id  in  1 0  m l  o f  1 , 2 - d i c h l o r o e t h a n e .  

T h e  a d d i t i o n  r e q u i r e d  1 . 5  h  a n d  t h e  r e s u l t i n g  r e a c t i o n  m i x 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  a n  a d d i t i o n a l  1 5  m in .  A f t e r  c o n c e n t r a t i o n  o f  

t h e  r e a c t i o n  m i x t u r e  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  t a k e n  

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

E l u t i o n  w i t h  b e n z e n e  g a v e  6 0  m g  ( 5 8 % )  o f  a  p a l e  y e l lo w  o i l :  m a s s  

s p e c t r u m  m / e  5 2 4  ( c a lc d  f o r  C ;i6H 2a S 2, 5 2 4 ) ;  N M R  s p e c t r u m  ( C D C l :i) 

s h o w in g  c o m p l e x  m u l t i p l e t s  a t  r  1 . 0 ,  2 . 0 - 3 . 6 ,  4 . 0 - 4 .6 ,  a n d  5 . 0 - 7 . 0 ,  

s u g g e s t i n g  t h e  p r e s e n c e  o f  a  m i x t u r e  o f  6 a n d  7.
S i m i l a r l y ,  w h e n  1 9  m g  o f  p u r e  4  w a s  t r e a t e d  in  a n  a n a l o g o u s  w a y ,  

t h e r e  w a s  i s o l a t e d  1 7  m g  ( 6 4 % )  o f  a  p a l e  y e l lo w  o i l  s h o w in g  a  p a r e n t  

m o le c u la r  io n  a t  m /e  5 2 4  a n d  a n  e s s e n t i a l l y  id e n t i c a l  N M R  s p e c t r u m  

a s  a b o v e .

Raney Nickel Desulfurization of the Benzyne-Stevens Re
arrangement Products. A  s o l u t i o n  o f  6 0  m g  o f  t h e  y e l lo w  o i l  ( m i x 

t u r e  o f  6 a n d  7) f r o m  t h e  b e n z y n e - S t e v e n s  r e a r r a n g e m e n t  o f  p u r e  5 
a n d  1  g  o f  R a n e y  n ic k e l  c a t a l y s t  in  3 0  m l o f  a b s o lu t e  e t h a n o l  c o n t a in in g  

e n o u g h  b e n z e n e  f o r  s o l u b i l i t y  o f  t h e  o r g a n i c  c o n s t i t u e n t s  w a s  b o i le d  

u n d e r  r e f l u x  f o r  2 0  h .  A f t e r  r e m o v a l  o f  t h e  c a t a l y s t  a n d  s o l v e n t ,  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 v e r  s i l i c a  g e l  u s i n g  a  1 : 2  m i x t u r e  o f  

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

g a v e  1 5  m g  ( 4 1 % )  o f  t h e  p u r e  a n t i  i s o m e r  3 :  m p  2 9 8 - 3 0 1  ° C ; 2 N M R  

( C D C f j )  a  d o u b le t  o f  d o u b le t s  a t  r 2 .2 6  (4  H , ./  =  6 .0 , J ' =  3 .0  H z ,  Ha), 
a  d o u b l e t  o f  d o u b l e t s  a t  2 .5 9  ( 4 H , J  =  6 .0 , J ' =  3 .0  H z , Hr), a  s i n g le t  

a t  4 . 2 3  (4  H ,  H e ) ,  a n d  a n  A 2 B 2  m u l t i p l e t  a t  6 . 1 - 7 . 2  ( 8  H ,  - C H 2- ) .

F r o m  t h e  s e c o n d  f r a c t i o n  o f  e l u a t e  t h e r e  w a s  i s o l a t e d  6  m g  ( 1 6 % )  

o f  w h i t e  c r y s t a l s  o f  t h e  p u r e  s y n  i s o m e r  1 :  m p  2 4 2 - 2 4 5  ° C ; :| N M R  

( C D C f i )  a  d o u b le t  o f  d o u b le t s  a t  r 2 . 5 1  (4  H , J  =  6 .0 , J '  =  3 .0  H z ,  Ha), 
a  d o u b l e t  o :  d o u b l e t s  a t  3 . 1 5  (4  H ,  J  =  6 .0 ,  J ' -  3 .0  H z ,  Hr), a  s i n g le t  

a t  3 .2 8  (4  H ,  H e ) ,  a n d  a n  A 2B 2 m u l t i p l e t  a t  6 . 0 - 6 . 8  (8  H ,  - C H 2- ) .

S i m i l a r l y ,  w h e n  1 7  m g  o f  t h e  b e n z y n e - S t e v e n s  r e a r r a n g e m e n t  

p r o d u c t  f r o m  t h e  p u r e  s y n  i s o m e r  4 w a s  s u b j e c t e d  t o  R a n e y  n ic k e l  

d e s u l f u r i z a t i o n ,  t h e  p r o d u c t s  w e r e  t h e  a n t i  i s o m e r  3  in  4 0 %  y i e l d  a n d  

t h e  s y n  i s o m e r  1  in  1 5 %  y i e l d .

Syn and Anti Isomers of [2.2](l,4)Naphthalenophane-l,1 3 -  

diene, 8  and 9. A  s o l u t i o n  o f  5 9 . 5  m g  o f  t h e  b e n z y n e - S t e v e n s  r e a r 

r a n g e m e n t  p r o d u c t  f r o m  5 a n d  4 0  m g  o f  m - c h l o r o p e r b e n z o i c  a c id  

( 8 5 % )  in  1 0  m l  o f  c h lo r o f o r m  w a s  a l l o w e d  t o  s t a n d  a t  r o o m  t e m p e r a 

t u r e  o v e r n i g h t  u n d e r  a  n it r o g e n  a t m o s p h e r e .  T h e  c h lo r o f o r m  s o lu t io n  

w a s  w a s h e d  s u c c e s s i v e ly  w i t h  a q u e o u s  s o d i u m  b ic a r b o n a t e  a n d  w a t e r ,  

d r i e d ,  a n d  c o n c e n t r a t e d  t o  g iv e  t h e  c o r r e s p o n d i n g  b is  s u l f o x i d e  a s  6 3  

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

a  g r a d i e n t  s u b l i m a t o r  a t  3 0 0  ° C  a n d  u n d e r  0 .0 2  m m  p r e s s u r e .  T h e  

m ix t u r e ,  w h ic h  c o l le c t e d  o n  t h e  c o ld  f in g e r ,  w a s  c h r o m a t o g r a p h e d  o v e r  

s i l i c a  g e l  u s i n g  a  1 : 2  m i x t u r e  o f  c a r b o n  t e t r a c h l o r i d e - h e x a n e  f o r  e l u 

t io n .  T h e  f i r s t  f r a c t i o n  o f  e l u a t e  g a v e  1 . 3  m g  (4 % )  o f  t h e  p u r e  a n t i  

i s o m e r  9 a s  w h i t e  c r y s t a l s :  m p  2 5 2  ° C  d e c ;  N M R  ( C D C l :d  a  d o u b l e t  

o f  d o u b l e t s  a t  t  2 . 3 7  (4  H ,  J  =  6 .0 , J ‘ =  3 .0  H z ,  Ha), a  s i n g le t  a t  2 . 5 5  

(4  H ,  - C H = C H - ) ,  a  d o u b l e t  o f  d o u b l e t s  a t  2 .6 3  (4  H ,  J  =  6 .0 , J ' -  3 .0  

H z ,  Hr), a n d  a  s i n g le t  a t  4 . 2 6  (4  H ,  H e ) .

A n a l .  C a l c d  f o r  C 2 . iH 16 : m o l  w t ,  3 0 4 . 1 2 5 .  F o u n d  ( h i g h - r e s o l u t i o n  

m a s s  s p e c t r u m ) :  m o l w t ,  3 0 4 . 1 2 4 .

T h e  s e c o n d  f r a c t i o n  o f  e l u a t e  g a v e  0 .2  m g  ( 0 .6 % )  o f  w h i t e  c r y s t a l s :  

m p  2 0 0  ° C  d e c ;  N M R  ( C D C l a )  a  s i n g l e t  a t  r  2 .3 6  ( 4  H ,  - C H = C H - ) ,  

a  d o u b l e t  o f  d o u b l e t s  a t  2 . 7 2  (4  H ,  J  =  6 .0 , J ’ =  3 .0  H z ,  Ha), a  d o u b l e t  

o f  d o u b le t s  a t  3 .2 3  (4  H ,  J  =  6 .0 , J '  =  3 .0  H z , Hr), a n d  a  s in g le t  a t  3 .2 8  

(4  H ,  H (-) .

A n a l .  C a l c d  f o r  C 2 |H ig :  m o l  w t ,  3 0 4 . 1 2 5 .  F o u n d  ( h i g h - r e s o l u t i o n  

m a s s  s p e c t r u m ) :  m o l  w t ,  3 0 4 . 1 2 5 .
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In connection with another study in progress in these lab
oratories, we required substantial quantities of 9-epi-pros
taglandin F2„ (PGF2/j) (la) and 11-epi-prostaglandin F2([ (2a). 
PGF2(:j ) or derivatives thereof) has been obtained as one 
component of the mixtures formed on the sodium borohydride 
reduction2-5 of PG E 2 (3a) (or analogues), or the aluminum  
amalgam5’6 reduction of the mixed 1 0 ,1 1 -a - and -jd-epoxides 
of P G A 2 (or derivatives). Analogous procedures5 6 have been 
utilized to prepare 1 l-e p ;-P G F 2„, but the efficiency of these 
processes is very low (see Table I, for example). Weinshenker 
et al.7 have described a synthesis of this compound (2a) the

1

a) R1, R2. R3, R4 = H
b) R1=CH3; R2, Rj=H, R4rCH3CO
c) rRcHj, R2, R3,R4=H
d) r' = CH3; R^H; R3, R4=THP

J

a) Ri R3, R4 = H; Rist)«
b) R1, R2, R4= H; R3=OH
c) rRcH3; R2 = 0H, R3*«, R4=CM3C0
d) r!=CH3; Rj=H; R3 = OH, R4= CH3CO 
«) R'=CH3; r7 = OTHP; Rira R4=THP
f) R1, R3,R4 = H; R2s OSi(CH3)3
g) r’ = CH3; R2 = H; R3=OSi(CH3)3; R4=CH3CO

a)
b)
c)

2

o) R', R2, R3. R4 = H
b) r1 = CH3; R2,R3=H; R4=CH3CO
c) R' = CH3; R2,R3, R4:«

5

',R3=OH; R2,R4 = H; Rs=CH3CO 
’.R3=H, R2,R4=0H; R5=H or CH3C0 
1=OH; R2,R4 = H; R3=OTHP; R5=THP

Registry No.— 1, 2 3 2 8 4 - 4 4 - 3 ;  3, 1 4 7 2 4 - 9 1 - 5 ;  4, 6 1 1 5 8 - 7 6 - 7 ;  5, 
6 1 2 1 6 - 6 6 - 8 ;  6, 6 1 1 5 8 - 8 1 - 4 ;  6 s u l f o x i d e ,  6 1 2 4 7 - 6 1 - 8 ;  7, 6 1 2 1 6 - 6 8 - 0 ;  7 
s u l f o x i d e ,  6 1 1 5 8 - 8 2 - 5 ;  8 ,  6 1 1 5 8 - 7 7 - 8 ;  9, 6 1 2 1 6 - 6 7 - 9 ;  l ,4 - b i s ( b r o -  

m o m e t h y l ) n a p h t h a l e n e ,  5 8 7 9 1 - 4 9 - 4 ;  l , 4 - b i s ( m e r c a p t o m e t h y l ) -  

n a p h t b a l e n e ,  5 9 0 4 5 - 5 8 - 8 ;  a n t h r a n i l i c  a c i d ,  1 1 8 - 9 2 - 3 .

References and Notes
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(1963).

crucial aspect of which involved the nucleophilic inversion 
(tetraethylammonium formate on the tosylate) of the pros
taglandin intermediate8 4. Very recently, Corey and co
workers9 have shown that both la and 2a were readily avail
able by the stereospecific inversion of suitably protected 9- 
and 1 1 -tosylates of PGF2„ with superoxide ion. This process, 
though useful, requires large amounts of the costly reagent
18-crown-6 to solubilize the potassium superoxide.
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Table I. Reduction of PGE2 and 1 l-epj'-PGE2 Derivatives

R e g i s t r y

n o . S u b s t r a t e

R e d u c i n g

a g e n t

G r o u p  

a t  C - l l

S t e r e o c h e m i s t r y  o f  

r e d u c t i o n  a t  C - 9

a ß R e f

3 6 3 - 2 4 - 6 P C E »  ( 3 a ) N a B H 4 a - O H 4 2 5 8 5

3 8 3 1 0 - 9 0 - 6 l l - e p / - P G E )  (3b) N a B H , d - O H 2 1 7 9 " T h i s  w o r k

3 7 7 8 5 - 7 6 - 5 3c A 1 H - , « - O H 6 9 4 " T h i s  w o r k

3 7 7 8 5 - 7 7 - 6 3d A 1 H ;| d - O H 1 0 0 0 " T h i s  w o r k

5 4 9 8 4 - 2 0 - 2 3e A 1 H , o - T H P O 4 0 6 0 " T h i s  w o r k

6 1 1 5 8 - 7 9 - 0 3f N a B H 4 « - ( C H i L S i O 8 5 1 5 5

6 1 2 1 8 - 4 8 - 2 3g N a B H , d - ( C H ; ; ) . | S Ì O 0 1 0 0 " T h i s  w o r k

"  R a t i o  o f  i s o l a t e d  p r o d u c t s .

Both P G E 2 and ll-ept-PGE2 (3b) are easily prepared51’ 
from the corresponding 1 0 ,1 1 -epoxides which in turn can be 
produced with a considerable degree of stereoselectivity from 
PG A2.1 0 1 1 It occurred to us that the transformation of 3a and 
3b into la and 2a might be possible if a way could be devised 
to induce the hydroxyl moiety at C - l l  to direct an intramo
lecular delivery12 of hydride ion to the carbonyl group at C-9  
without affecting other reducible groups in the substrate. For 
various reasons, 12 it was considered that aluminum hydride14 
would meet these requirements, and therefore an equimolar 
amount of Alane (aluminum hydride stabilized with trieth- 
ylamine)15 in benzene was added to a solution of PG E2 methyl 
ester 15-acetate (3c) in tetrahydrofuran at —78 °C . Workup 
of the reaction after 15 min and separation of the mixture thus 
obtained by preparative thin layer chromatography (TLC) 
gave the starting material and three products 5a, lb, and lc, 
identified by direct comparison with authentic specimens, in 
a ratio of 20:4.5:26:49.5, respectively. Reduction from the a 
side had thus occurred with a selectivity greater than 94%! 
Reduction of ll -e p i-P G E 2 methyl ester acetate (3d) in the 
same way gave the starting material, 2b, and 2c in a ratio of 
15:54:31. No 9/3,11/3 alcohol 5b was formed and therefore hy
dride was introduced stereospecifically from the /3 face of the 
molecule. That a free hydroxyl group at C - l l  was vital for the 
above stereochemical control was evident from the reduction 
of PG E 2 methyl ester bis(tetrahydropyranyl ether) (3e) in 
which case a 60:40 mixture of Id and 5c was formed. This ratio 
was almost identical with that which has been reported5 (see 
Table I) for the sodium borohydride reduction of PG E 2, but 
greatly different (15:85) from that which was obtained from 
the sodium borohydride reduction of the 1 1 -trimethylsilyl 
ethers of PG E2 derivatives.5 Inasmuch as a bulky substituent 
at C - l l  is known5 16 17  to cause predominant or exclusive re
duction with sodium borohydride to occur from the side op
posite to this group (i.e., to give the cis-9,11 stereochemistry), 
the high proportion of the trans product formed in the re
duction of 3e with Alane is probably a reflection of a sub
stantial intramolecular delivery of hydride even in the absence 
of a free hydroxyl group at C - l l .

The alkaline hydrolysis of lb, lc, 2b, and 2c could be ac
complished in yields exceeding 90%; thus PG F2/4 and 11-epi- 
PG F2„ were obtained in 76 and 86% overall yields (based on 
starting material consumed) from 3a and 3b, respectively.

The results described herein have a number of interesting 
and important implications of a mechanistic and synthetic 
nature.

Experimental Section
T h e  m e l t in g  p o i n t s  w e r e  d e t e r m i n e d  in  a  M e l - T e m p  m e l t i n g  p o i n t  

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

a  P e r k i n - E l m e r  M o d e l  1 4 1  p o l a r i m e t e r .  T h e  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  w i t h  a  P e r k i n - E l m e r  M o d e l  2 3 7  g r a t i n g  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 .  T h e  N M R  s p e c t r a  w e r e  o b t a i n e d  w i t h  a  V a r i a n  T - 6 0  

s p e c t r o m e t e r .

Aluminum Hydride Reduction of PGE2 Methyl Ester 15- 
Acetate (3c). A  s o l u t i o n  o f  c o m p o u n d  3c ( 0 .5 0 0  g , 1 . 2 2  m m o l l  in  a n 

h y d r o u s  t e t r a h y d r o f u r a n  ( 7 .5  m l)  w a s  c o o le d  t o  —7 0  ° C  in  a n  a t m o 

s p h e r e  o f  a r g o n .  A  0 .7 5  M  s o l u t i o n  ( 1 . 6 2  m l ,  1 . 2 1  m m o l)  o f  A l a n e  in  

b e n z e n e  w a s  m i x e d  w i t h  a n h y d r o u s  t e t r a h y d r o f u r a n  ( 1 0 . 4  m l)  a n d  

t h e n  a d d e d  s lo w l y  w i t h  s t i r r i n g ,  a t  —7 0  ° C ,  t o  t h e  s o l u t i o n  o f  3c. F i f 

t e e n  m i n u t e s  a f t e r  t h e  a d d i t i o n  w a s  c o m p l e t e d ,  w a t e r  ( 5  m l)  a n d  6  N  

h y d r o c h l o r i c  a c i d  ( 5  m l)  w e r e  a d d e d  a t  - 7 0  ° C .  T h e  p r o d u c t  w a s  e x 

t r a c t e d  w i t h  e t h y l  a c e t a t e ,  a n d  t h e  e x t r a c t  w a s  w a s h e d  s u c c e s s i v e l y  

w i t h  s a t u r a t e d  s o d i u m  b i c a r b o n a t e  a n d  s a t u r a t e d  s o d i u m  c h lo r i d e  

s o l u t i o n s ,  a n d  t h e n  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 .  T h e  s o l v e n t  w a s  

r e m o v e d  in  v a c u o  a n d  t h e  m i x t u r e  ( 0 .4 8 0  g )  t h u s  o b t a i n e d  w a s  s e p a 

r a t e d  b y  p r e p a r a t i v e  T L C  o n  s i l i c a  g e l  ( e t h y l  a c e t a t e - h e x a n e ;  6 0 :4 0 ) . 

In  a d d i t io n  t o  t h e  s t a r t i n g  m a t e r ia l  ( 0 .0 9 2  g ) ,  t h e r e  w a s  i s o la t e d  a  s m a ll  

a m o u n t  ( 0 .0 2 0  g ,  5 %  b a s e d  c n  s t a r t i n g  m a t e r i a l  c o n s u m e d )  o f  P G F 2„  

m e t h y l  e s t e r  1 5 - a c e t a t e  ( 5 a ) ,  a n d  t h e  t w o  m a jo r  p r o d u c t s  P G F ii( 

m e t h y l  e s t e r  1 5 - a c e t a t e  (lb, 0 .2 2 0  g , 5 4 % )  a n d  P G F 2 d m e t h y l  e s t e r  (lc,
0 . 1 0 2  g ,  2 8 % ) .

C o m p o u n d  5a w a s  a n  o i l :  [ o ] d  —5 . 3 °  ( C H C L ) ;  I R  ( C H C L )  3 6 1 5 ,  

3 4 8 5 , 1 7 3 3 , 9 5 9  c m “ 1 ; N M R  .C D C R )  b 0 .8 7  ( m , 3  H ) ,  2 .0 0  (s , 3  H ) ,  2 .2 8  

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

(m , 5  H ) .  T h i s  s u b s t a n c e  w a s  id e n t ic 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 ic  

s p e c i m e n  p r e p a r e d  a s  d e s c r i b e d  b y  W h i t e .5

C o m p o u n d  lb a l s o  w a s  a n  o i l :  [ a ] n  —3 0 . 0 °  ( C H :)O H ) ;  I R  ( C H C l :t) 

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

H ) ,  2 .2 8  ( t ,  2  H ,  J  =  6 .4  H z ) ,  3 .6 2  ( s , 3  H ) ,  3 .9 7  ( m , 2  H ) ,  4 . 8 7 - 5 . 6 2  (m , 

5  H ) .  T h i s  c o m p o u n d  w a s  i d e n t i c a l  in  a l l  o f  i t s  p r o p e r t i e s  w i t h  t h o s e  

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

P G F 2,; m e t h y l  e s t e r  l c  w a s  a  s o l id  w h ic h  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 h y l  a c e t a t e  h a d  m p  8 5 - 8 6  ° C  ( l i t . 18  9 0 - 9 1  ° C ) ;  [ « ] „  -  4 . 1 °  ( C H  ,O H ) ; 

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

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

A n a l .  C a l c d  f o r  C 2 I H :)60 s :  C ,  6 8 .4 4 ;  H ,  9 .8 5 .  F o u n d :  C ,  6 8 .3 9 ;  H ,

9 .9 1 .

Aluminum Hydride Reduction of ll-ep/-PGE2 Methyl Ester
15-Acetate (3d). T h e  r e d u c t i o n  o f  3d w a s  c a r r i e d  o u t  in  a  m a n n e r  

id e n t ic a l  w i t h  t h a t  d e s c r ib e d  f o r  3c. T h e  c r u d e  m ix t u r e  w a s  s e p a r a t e d  

b y  T L C  o n  s i l i c a  g e l  ( e t h e r - h e x a n e ,  6 0 :4 0 ) . I n  a d d i t i o n  t o  t h e  s t a r t i n g  

m a t e r i a l  ( 1 4 % ) ,  t h e r e  w a s  i s o l a t e d  l l - e p i - P G F 2„  m e t h y l  e s t e r  1 5 -  

a c e t a t e  (2b, 5 8 %  b a s e d  o n  s t a r t i n g  m a t e r i a l  c o n s u m e d ) ,  a n d  1 1 - e p i -  

P G F 2„  m e t h y l  e s t e r  (2c, 3 5 % ) .

C o m p o u n d  2b w a s  a n  o i l :  [o J d  +  3 1 °  ( C H C L ) ;  I R  ( C H C L )  3 6 2 5 ,  

3 5 3 5 , 1 7 3 2 , 9 6 7  c m “ 1 ; N M R  ( C D C L )  <5 0 .8 7  ( m , 3  H ) ,  2 . 0 2  ( s , 3  H ) ,  2 .2 8  

( t ,  2 H , J  =  6 .7  H z ) ,  3 .6 2  ( s , 3  H ) ,  4 .3 0  ( m , 2  H ) ,  4 . 9 4 - 5 .7 3  (m , 5  H ) .  T h i s  

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

h y d r o l y s e d  t o  l l - e p i - P G F 2„  a s  d e s c r i b e d  b e lo w .

C o m p o u n d  2c w a s  a  s o l id  w h ic h ,  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 h y l  

a c e t a t e ,  h a d  m p  1 1 0 - 1 1 1 ° ;  [ « ] D + 8 4 . 4 °  ( C H :)O H ) ;  I R  ( C H C L )  3 6 1 0 ,  

3 4 2 5 , 1 7 3 4 , 9 6 5  c m ' 1 ; N M R  I C D C 1 3 ) b 0 .8 8  ( m , 3  H ) ,  2 . 3 0  ( t ,  2  H ,  J =
6 . 8  H z ) ,  3 .6 7  ( s ,  3  H ) ,  4 . 1 7  ( m , 3  H ) ,  5 . 2 7 - 5 . 6 6  ( m , 4  H ) .

A n a l .  C a l c d  f o r  C 2 i H ; ,60 5 : C ,  6 8 .4 4 ;  H ,  9 .8 5 .  F o u n d :  C ,  6 8 .3 4 ;  H , 
9 .8 5 .

PGF2)j (la). A. Hydrolysis of PGF2/3 Methyl Ester 15-Acetate 
(lb). T o  a  s o l u t i o n  o f  lb ( 0 .2 2 0  g ,  0 . 5 3 4  m m o l)  in  m e t h a n o l  ( 3 4  m l)  

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

c a r b o n a t e  ( 0 .2 2 0  g , 1 . 6  m m o l)  w a s  a d d e d .  T h e  s o lu t io n  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  5 3  h  a n d  t h e n  i t  w a s  c o n c e n t r a t e d  in  v a c u o  t o  o n e - h a l f  

t h e  o r ig in a l  v o lu m e . W a t e r  ( 5  m l)  w a s  a d d e d  a n d  t h e  n e u t r a l  m a t e r i a l s  

w e r e  e x t r a c t e d  w i t h  d i c h lo r o m e t h a n e  ( 1 0  m l) . T h e  a q u e o u s  p h a s e  w a s  

m a d e  a c i d i c  t o  c a .  p H  2  w i t h  s a t u r a t e d  a q u e o u s  o x a l 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  w a s  e x t r a c t e d  i n t o  e t h y l  a c e t a t e .  T h e  e x t r a c t  w a s  

w a s h e d  w i t h  s a t u r a t e d  s o d i u m  c h lo r i d e  s o l u t i o n ,  d r i e d  o v e r  m a g n e -
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s i u m  s u l f a t e ,  a n d  e v a p o r a t e d  in  v a c u o .  T h e  r e s i d u a l  s o l i d  ( 0 . 1 7 5  g , 

9 3 % )  h a d  m p  9 4 - 9 5  ° C  ( l i t . ! 9 6 . 5 - 9 7  ° C ) ,  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 h y l  a c e t a t e ,  a n d  w a s  in d i s t i n g u i s h a b l e  f r o m  a n  a u t h e n t i c  s p e c i m e n ' 1 

o f  P G F j *

B. Hydrolysis of PGF20 Methyl Ester (lc). T h e  h y d r o l y s i s  o f  lc 
w a s  e f f e c t e d  in  t h e  s a m e  m a n n e r  a s  d e s c r i b e d  f o r  l b ,  w i t h  t h e  e x 

c e p t io n  t h a t  t h e  q u a n t i t y  o f  p o t a s s i u m  c a r b o n a t e  w a s  h a lv e d .  P G F v ,*  

w a s  o b t a i n e d  in  9 4 %  y i e l d  a n d  h a d  m p  9 3 - 9 5  °C 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 h y l  a c e t a t e .

1 l-epi-PGF2a (2a). T h e  h y d r o l y s i s  o f  2b o r  2c w a s  a c c o m p l i s h e d  

in  e x a c t l y  t h e  s a m e  w a y  a s  d e s c r i b e d  a b o v e  f o r  lb a n d  lc. 1 1 - e p i -  

P G F - i , ,  (2a) w a s  t h u s  o b t a i n e d  in  9 3 %  y i e l d  a n d  h a d  m p  1 1 7 - 1 1 8  °C 
( l i t .9 1 1 7 - 1 1 9  °C) a f t e r  c r y s t a l l i z a t i o n  f r o m  a c e t o n i t r i l e .  T h i s  m a t e r ia l  

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

t o  W h i t e / ’

Registry No.— la, 4 5 1 0 - 1 6 - 1 ;  lb, 5 8 2 8 2 - 7 1 - 6 ;  l c ,  2 8 9 7 7 - 2 6 - 6 ;  2a, 
3 8 4 3 2 - 8 7 - 0 ;  2b, 6 1 1 5 8 - 8 0 - 3 ;  2c, 5 8 4 0 7 - 2 2 - 0 ;  5a, 4 2 1 6 1 - 5 6 - 8 ;  a lu m in u m  

h y d r i d e ,  7 7 8 4 - 2 1 - 6 .
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Table I. 3-Furylmethanols from Isomerization of 2,7- 
Dioxabicyclo[3.2.0]hept-3-enes

______ Anal., %______
Yield, Bp, Calcd Found

Compd % °C (mm) C H C H

8 58 65-70 (0.2) 64.3 7.2 63.9 7.5
9 73 80-83 (0.15) 60.6 7.1 60.3 7.4

10 63 98-100 (0.2) 56.5 5.9 56.4 6 . 2

11 6 8 80-85 (0.2) 71.4 9.6 71.5 9.6
12 6 8 80-85 (0.2) 75.8 5.8 75.6 5.7

dehyde.6 In this way oxetanes 1 -7  were prepared (with the 
exception of 3, cf. Experimental Section).

1, R, = H; R, = CH3
2, R, = H; R, = C 0 2C4H„
3, R, = H; R2 = CH2OCOCH3
4, R, = H; R2 = CHjCH2CH(CH3)2
5, R, = H; R 2 = C6H5
6, R, -  R, — CO,C2H5
7, R, = H; R2 = 2-furyl

W e have now found that oxetanes 1 -5  can be isomerized in 
the presence of acids (e.g., p-toluenesulfonic acid) in aprotic 
solvents such as diethyl ether or carbon tetrachloride at room 
temperature to 3-furylmethanols 8 -1 2  in good yields. There

8, R = CH3
9, R = C 0 2C4H9

10, R = CH2OCOCH3
11, R = CH2CH2CH(CH3)2
12, R = C6H5

can be little doubt that the gain in stabilization on return to 
the furan system is the driving force of this isomerization. In 
Table I are shown the yields, boiling points, and analytical 
data of 3-furylmethanols obtained.

Compound 9-was reduced with lithium aluminum hydride 
to diol 13, which, in turn, was cleaved with lead tetraacetate 
to 3-furylaldehyde 14 in 65% yield:

9
LiAIH, 
----------- ►

-CHCHOH

I ■
OH
13

PbfOAc),
--------------

CHO

14

A considerable number of naturally occurring furans bear 
a substituent in position 3 .1 The synthetic access to them is 
usually not easy because of known difficulties in preparation 
of 3-furyl type synthons.2 Although in recent years a number 
of methods for the synthesis of 3-substituted furans were re
ported,3 there is still a need for further, possibly uncompli
cated synthetic routes. W e would like to present here a new 
synthesis of 3-substituted furans which is simple, does not 
require any special reagents or reaction conditions, and can 
be performed on a fairly large scale.

It is known since 1963 that carbonyl compounds can be 
photochemically added to furan furnishing in a remarkably 
regioselective reaction derivatives of 2,7-dioxabicyclo[3.2.0] - 
hept-3-ene.4'5 The outcome of the photochemical cycloaddi
tion is strongly dependent on the carbonyl compound used; 
the yields vary from 1% for acetophenone to 35% for benzal-

Compound 11 was oxidized with Sarett or Jones reagents to 
perilla ketone 15.

CO— CH2— CH,— CH(CH,)2

15

These examples show that 3-furylmethanols can be exploited 
in the synthesis of naturally occurring furans either directly 
by employing a suitable aldehyde for photocycloaddition or 
by means of convenient synthons, e.g., 9, 13, or 14.

The behavior of oxetanes 6 and 7 toward acids was different 
from that of compounds 1 -5 . Whereas oxetane 6 remained 
unchanged under the conditions employed, oxetane 7 was very 
unstable; the acidity of silica gel for chromatography was 
sufficient to convert 7 into a new compound for which the
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constitution of the formate of 1-hydroxy-4-(2-furyl)-1,3- 
butadiene (16) was deduced from the spectral and analytical

0

H — C— 0 — C H = C H — C H = C H — \  ^

16

data. This is a new manner of oxetane ring cleavage in the
2,7-dioxabicyclo[3.2.0]hept-3-ene system.

Experimental Section
6-Carbobutoxy-2,7-dioxabicyclo[3.2.0]hept-3-ene (2). A s o l u 

t io n  o f  n - b u t y l  g l y o x y l a t e  ( 3 7 .0  g )  in  f u r a n  ( 4 5 0  m l)  w a s  i r r a d i a t e d  w it h  

a  4 0 0 -V V  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 d e r  a r g o n  a t m o s p h e r e  in  a  

P y r e x  p h o t o c h e m ic a l  r e a c t o r .  A f t e r  2 5  h  t h e  m ix t u r e  w a s  d i s t i l l e d  a n d  

a f f o r d e d  4 3 .5  g  ( 7 7 .3 % )  o f  o x e t a n e  2: b p  8 6 - 8 8  ° C  ( 0 .2  T o r r ) ;  I R  1 7 5 0 ,  

1 6 1 0  c m " 1 ; 'H  N M R  ( C C 1 4) S 6 .5 9  ( m , 1  H , J =  1 ,  J 3 ,4 =  2 .3  H z , H - 3 ) ,

6 .3 4  ( d , 1  H ,  J i ,5 =  4 .2  H z ,  H - l ) ,  5 . 3 4  ( t ,  1  H ,  J 4,s  =  2 .8  H z ,  H - 4 ) ,  4 .6 9  

(d , 1  H , J 5.6 =  2 .9  H z , H - 6 ). 3 .6 9  (m , 1  H , H - 5 ) ,  s ig n a l s  o f  t h e  n - b u t o x y  

g r o u p  a t  4 . 1 3  ( t ,  2  H )  a n d  1 . 1 - 1 . 8  ( m . 7  H ) .  A n a l .  C a l c d  f o r  C m H i 40 4: 

C ,  6 0 .6 ;  H ,  7 . 1 .  F o u n d :  C ,  6 0 .8 ;  H ,  7 . 1 .

6-Acetoxymethyl-2,7-dioxabicyclo[3.2.0]hept-3-ene (3) w a s  

o b t a i n e d  f r o m  2  b y  l i t h i u m  a lu m in u m  h y d r i d e  r e d u c t i o n  f o l lo w e d  b y  

a c e t y l a t i o n  w i t h  a c e t i c  a n h y d r i d e  a n d  p y r i d i n e  in  5 3 %  o v e r a l l  y i e l d :  

b p  8 3 - 8 6  ° C  ( 0 .2  T o r r ) ;  I R ' l 7 4 5 ,  1 6 0 5  c m “ 1 ; >H  N M R  ( C C 1 4) h 6 .6 5  

( m . 1  H . J 3A =  3 ,  J 3 .5  =  1 . 3  H z ,  H - 3 ) ,  6 .0 5  ( d , 1  H . J 1t5 =  4 .4  H z ,  H - l ) ,

5 . 3 4  ( t ,  1  H ,  J 4 5  =  3  H z .  H - 4 ) ,  4 .6 0  ( p t ,  1  H ,  J 5 .6 =  2 .9  H z ,  H - 6 ) ,  4 . 2 3  

( d , 2  H ,  C H , O A c ) ,  3 . 5 7  ( m , 1  H ,  H - 5 ) ,  2 .0 8  ( s ,  3  H ,  O A c ) .  A n a l .  C a l c d  

f o r  C8H,o0 4: C ,  5 6 .5 ;  H ,  5 .9 .  F o u n d :  C ,  5 6 .5 ;  H ,  6 .2 .

6-(3-Methylbutyl)-2,7-dioxabicyclo[3.2.0]hept-3-ene (4) w a s  

p r e p a r e d  in  6 6 .4 %  y i e l d  f r o m  4 - m e t h y l p e n t a n a l  a n d  f u r a n  a c c o r d i n g  

t o  t h e  m e t h o d  d e s c r i b e d  f o r  o x e t a n e  2; b p  1 3 5  ° C  ( 5 3  T o r r ) ;  I R  1 6 1 0  

c m “ 1 ; 'H  N M R  ( C C 1 4) 6 6 .6 0  ( m , 1  H ,  J 3 ,4 =  2 .8  H z ,  H - 3 ) ,  6 . 2 1  ( d , 1  

H , J ' j . s  =  4 .5  H z , H - l ) ,  5 .2 7  ( t , 1  H , J 4>5 =  3  H z ,  H - 4 ) ,  4 .4 5  ( p t ,  1  H , J 5,6 

=  3 .2  H z ,  H - 6 ) ,  3 . 3 7  ( m , 1  H , H - 5 ) ,  s i g n a l s  o f  t h e  3 - m e t h y l b u t y l  g r o u p  

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

C ,  7 1 . 6 ;  H ,  9 .8 .

6,6-Dicarbethoxy-2,7-dioxabicyclo[3.2.0]hept-3-ene ( 6 )  w a s

o b t a i n e d  s i m i l a r l y  in  3 0 %  y i e l d  f r o m  d i e t h y l  k e t o m a l o n a t e  a n d  f u r a n .  

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  c o lu m n  c h r o m a t o g r a p h y :  I R  1 7 6 0 ,  

1 6 0 5  c m - 1 ; ! H  N M R  ( C D C I 3 ) <5 6 .5 6  (m , 1  H ,  J 3 4  =  3 ,  J 3is  =  1  H z ,  H - 3 ) ,

6 . 3 3  ( d , 1  H ,  J , , 5  =  4 .2  H z , H - l ) , 5 . 1 8  ( t ,  1  H ,  J 4.5 =  2 . 5 H z ,  H - 4 ) , 4 .2 6  

( m , 5  H . H - 5  a n d  t w o  C H 20 ) ,  1 . 3 0  ( t ,  6  H ,  t w o  C H 3 ). A n a l .  C a l c d  f o r  

C h H i j O r : C ,  5 4 .5 ;  H ,  5 .8 .  F o u n d :  C ,  5 4 .6 ;  H ,  6 .0 .

O x e t a n e s  1 ,  5  a n d  7  w e r e  p r e p a r e d  a c c o r d i n g  t o  r e f  5 .

Isomerization of 6-Substituted 2,7-Dioxabicyclo[3.2.0]hept-
3-enes. A  1 %  s o lu t io n  o f  o x e t a n e  1 ( o r  2-5) in  d i e t h y l  e t h e r  o r  c a r b o n  

t e t r a c h l o r i d e  w a s  t r e a t e d  w i t h  0 .0 2 - 0 .0 4 %  o f  p - t o l u e n e s u l f o n i c  a c i d  

a n d  l e f t  a t  r o o m  t e m p e r a t u r e  f o r  1 0 - 2 4  h . A f t e r  n e u t r a l i z a t i o n  w i t h  

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

p o in t s ,  a n d  e l e m e n t a l  a n a l y s e s  o f  3 - f u r y lm e t h a n o l s  8-12 a r e  c o l le c t e d  

in  T a b l e  I .  A l l  c o m p o u n d s  e x h i b i t e d  'H  N M R  l o w - f i e l d  s i g n a l s  a t  5
7 . 3 - 7 . 4  (2  H )  a n d  6 . 3 - 6 . 4  ( 1  H )  t y p i c a l  f o r  3 - m o n o s u b s t i t u t e d  fu r a n s .  

A l s o  t h e i r  I R  s p e c t r a  d i s p l a y e d  b a n d s  s p e c i f i c  f o r  t h e  f u r a n  r i n g  a t  

1 5 1 0  a n d  8 7 0 - 8 8 0  c m " 1 .

I s o m e r i z a t i o n  o f  6 - s u b s t i t u t e d  2 , 7 - d i o x a b i c y c l o [ 3 . 2 . 0 ] h e p t - 3 - e n e s  

w i t h  h i g h e r  c o n c e n t r a t i o n  o f  c a t a l y s t  le d  t o  r e t r o  c l e a v a g e ;  a f t e r  a d 

d i t io n  o f  5 %  p - t o lu e n e s u l f o n ic  a c id  t o  c o m p o u n d  5  o n ly  b e n z a ld e h y d e  

c o u ld  b e  d e t e c t e d  a f t e r  1 0  h . F r o m  o x e t a n e  1  t a r s  w e r e  f o r m e d  u n d e r  

s i m i la r  c o n d it io n s .  O n  t h e  o t h e r  h a n d ,  o x e t a n e  6  r e m a in e d  u n c h a n g e d  

a f t e r  s t a n d i n g  w i t h  1 %  h y d r o g e n  c h lo r i d e  f o r  1 4 0  h .

3-(l,2-Dihydroxyethyl)furan (13). B u t y l  3 - f u r y lg l y c o l a t e  (9) w a s  

r e d u c e d  w i t h  l i t h i u m  a l u m i n u m  h y d r i d e  in  e t h e r  s o l u t i o n  a t  0  ° C .  

A f t e r  t y p i c a l  w o r k u p  6 7 %  o f  d i o l  13 w a s  o b t a i n e d .  T h e  c o m p o u n d  

s o l i d i f i e d  a f t e r  d i s t i l l a t i o n  a t  1 1 0  ° C  (0 . 2  T o r r ) :  m p  5 4 . 5 - 5 5  ° C ;  I R  

3 3 5 0 , 1 5 1 0 , 8 7 5  c m " 1 ; 'H  N M R  ( C D C 1 3 ) 5 7 . 3 6  ( m , 2  H ,  f u r a n  H - 2  a n d  

H - 5 ) ,  6 .3 0  ( s ,  1  H ,  f u r a n  H - 4 ) ,  4 .7 0  ( p d ,  1  H ,  J Ax  =  4 .2 ,  J b x  =  6 . 8  H z ,  

C H O H C H 9O H ) ,  3 . 6 5  ( m , 2  H ,  C H O H C H 2O H ) .  A n a l .  C a l c d  f o r  

C 6H 8 0 3 : C ,  5 6 .2 ;  H ,  6 .3 .  F o u n d :  C ,  5 6 .3 ;  H ,  6 .6 .

O x id a t io n  o f  d i o l  13 w it h  le a d  t e t r a a c e t a t e  in  b e n z e n e  s o lu t io n  g a v e ,  

a f t e r  w o r k u p ,  6 5 %  o f  3 - f u r y l a l d e h y d e ,  m p  o f  p h e n y l h y d r a z o n e  1 4 7 . 5  

° C  ( l i t . 7  1 4 9 . 5 ° C ) .

1 , 2 - O - I s o p r o p y l i d e n e  d e r i v a t i v e  o f  3 - ( l , 2 - d i h y d r o x y e t h y l ) f u r a n  

w a s  o b t a i n e d  in  8 1 %  y i e l d  f r o m  13 a n d  a c e t o n e  t o  w h i c h  a  c a t a l y t i c  

a m o u n t  o f  c o n c e n t r a t e d  s u l f u r i c  a c i d  w a s  a d d e d :  d i s t i l l e d  a t  4 5 - 5 0  

° C  ( 0 .2  T o r r ) ;  I R  1 5 1 0 ,  8 8 0  c m “ 1 ; J H  N M R  ( C D C 1 3 ) 5 7 .3 8  ( m , 2  H ,  

fu r a n  H - 2  a n d  H - 4 ) ,  6 .3 6  (m , 1  H ,  f u r a n  H - 4 ) ,  5 .0 0  (p d , 1  H ,  J a x  =  6 .0 ,  

J  b x  =  7 .8  H z ,  f r a g m e n t  a ) ,  4 . 1 6  ( p d ,  1  H ,  J a b  =  7 .7  H z ,  f r a g m e n t  b ) ,

CH— CH,
■ I

CH— CH4HB
■ I CH— CHaHb1 I

X X ° x °
a b c

3 . 7 5  ( t ,  1  H ,  f r a g m e n t  c ) ,  1 . 4 3  a n d  1 . 4 7  ( t w o  s ,  6  H ,  t w o  C H 3 ). A n a l .  

C a l c d  f o r  C 9H 1 2 O 3 : C ,  6 4 .3 ;  H ,  7 . 1 .  F o u n d :  C ,  6 4 .7 ;  H ,  7 .4 .

l-(3-Furyl)-4-methyl-l-pentanone (Perilla Ketone, 15). A

s o l u t i o n  o f  l - ( 3 - f u r y l ) - 4 - m e t h y l - l - p e n t a n o l  (11, 1 0 0  m g )  in  3  m l  o f  

a c e t o n e  w a s  t r e a t e d  w i t h  J o n e s  r e a g e n t ;8 u n t i l  p e r s i s t e n t  y e l lo w  c o l 

o r a t io n .  T h e  e x c e s s  o f  t h e  o x id iz in g  r e a g e n t  w a s  d e s t r o y e d  w i t h  a  f e w  

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

t h e  d r i e d  ( M g S 0 4) c h lo r o f o r m  s o l u t i o n  a n d  d i s t i l l a t i o n  o f  t h e  r e 

m a i n i n g  l i q u i d  a t  6 0 - 7 0  ° C  ( 1 0  T o r r )  a f f o r d e d  6 1  m g  ( 6 1 . 7 % )  o f  t h e  

p e r i l l a  k e t o n e :  m p  o f  2 ,4 - d i n i t r o p h e n v l h v d r a z o n e  1 4 9 . 5  ° C  ( l i t .9 1 4 9 . 5  

° C ) ;  I R  1 6 8 0 , 1 5 7 0 , 1 5 2 0 , 8 7 5  c m “ 1 ; 1_H  N M R  ( C C 1 4) 5 8 .6 7 ,  7 .8 3 ,  a n d

6 . 8 1  ( t h r e e  m , 3  H ,  f u r a n  H - 2 ,  H - 4 ,  a n d  H - 5 ) ,  2 .6 9  ( t ,  2  H ,  Jo ,3 =  7 .6  

H z ,  C O C H 2- ) ,  s i g n a l s  o f  t h e  2 - m e t h y l p r o p y l  g r o u p  a t  0 . 9 3 - 1 . 8  ( m , 9  

H ) .  A n a l .  C a l c d  f o r  C i 0H 1 4 O o: C ,  7 2 . 3 ;  H .  8 .5 .  F o u n d :  C ,  7 2 . 5 ;  H ,

8 .7 .

E s s e n t i a l l y  t h e  s a m e  r e s u l t  w a s  o b t a i n e d  o n  o x i d a t i o n  o f  1 1  w i t h  

S a r e t t  r e a g e n t .

Formate of l-Hydroxy-4-(2-furyl)-l,3-butadiene (16). 6  ( 2 -

F u r y l ) - 2 , 7 - d i o x a b i c y c l o [ 3 . 2 . 0 ] h e p t - 3 - e n e  (7, 1  g )  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  ( M e r c k )  c o lu m n  in  a  m ix t u r e  o f  l ig h t  p e t r o le u m  

( b p  6 0 - 8 0  ° C )  a n d  b e n z e n e  ( 1 0 : 3  v / v ) .  T h e  m a in  f r a c t i o n  ( 0 .6 3  g )  w a s  

d i s t i l l e d  a t  8 0  ° C  ( 0 .0 2  T o r r ) :  I R  1 7 3 0 , 1 6 4 0 , 1 6 2 5 , 1 5 5 5 , 1 2 2 0 ,  1 1 5 0 ,  

9 7 0 , 9 2 5 , 8 8 5 ,  a n d  7 3 8  c m " 1 ; 'H  N M R  ( C C 1 4) 6 8 . 1 2  ( s ,  1  H ,  H C O O - ) ,  

5 . 4 3 - 7 . 5 3  ( m , 7  H ,  v i n y l i c  a n d  f u r a n  H ) ;  U V  ( c y c l o h e x a n e )  Amax 2 9 3  

n m  (r 3 6  1 0 0 ) ,  3 0 4 .5  ( 4 5  5 0 0 ) ,  a n d  3 1 7 . 5  ( 3 4  2 0 0 ) .  A n a l .  C a l c d  f o r  

C g H 80 3 : C ,  6 5 .9 ;  H ,  4 .9 . F o u n d :  C ,  6 5 .8 ;  H ,  4 .8 .

Registry No.— 1, 7 5 5 5 - 2 5 - 1 ;  2, 6 1 0 6 3 - 3 9 - 6 ;  3, 6 1 0 6 3 - 4 0 - 9 ;  4, 
6 1 0 6 3 - 4 1 - 0 ;  5 , 1 9 1 5 - 1 6 - 8 ;  6, 6 1 0 6 3 - 4 2 - 1 ;  7, 7 5 5 5 - 2 7 - 3 ;  8 , 1 3 1 2 9 - 2 6 - 5 ;  

9 ,  6 1 0 6 3 - 4 3 - 2 ;  10, 6 1 0 6 3 - 4 4 - 3 ;  11, 6 0 1 2 2 - 2 1 - 6 ;  12, 4 0 3 5 8 - 4 9 - 4 ;  13, 
6 1 0 6 3 - 4 5 - 4 ;  13 1 , 2 - O - i s o p r o p y l i d e n e  d e r i v a t i v e ,  6 1 0 6 3 - 4 6 - 5 ;  14, 
4 9 8 - 6 0 - 2 ;  15,5 5 3 - 8 4 - 4 ;  16,6 1 0 6 3 - 4 7 - 6 ;  n - b u t y l  g l y o x y l a t e ,  6 2 9 5 - 0 6 - 3 ;  

f u r a n ,  1 1 0 - 0 0 - 9 ;  4 - m e t h y l p e n t a n a l ,  1 1 1 9 - 1 6 - 0 ;  d i e t h y l  k e t o m a l o n a t e ,  

6 0 9 - 0 9 - 6 ;  a c e t o n e ,  6 7 - 6 4 - 1 .
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Electrochemical oxidation is a useful method for biaryl 
coupling of phenols and phenol eithers. These laboratory re
actions offer attractive synthetic procedures that parallel a 
wide range of important biosynthetic processes. Simple me-
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thoxy derivatives of bibenzyl undergo intramolecular coupling 
to afford either dihydrophenanthrenes or the completely ar
omatic compounds in good yield by electrolysis;1 but from 
alkoxybibenzyl compounds with an electron-donating sub
stituent ortho to the ethylene link and para to a methoxy 
group the principal products have been dienones2:i (Scheme 
I). Several examples are on record in which 1-benzyliso-

Scheme I

Scheme II

CH,0

CH,0

OCH,
CH:,0.

CH,0
OCH3 OCH,

quinoline alkaloids have been converted to morphinandi- 
enones by anodic oxidation.4

In an earlier communication the keto acid 1 was proposed 
as a starting compound for a series of isoquinoline alkaloids 
biogenetically derived from the l-benzylisoquinolines,5 and 
tetrahvdropapverine and laudanosine were prepared from 1 . 
In this study l-(3,4-dim ethoxybenzyl)-6,7-dim ethoxy-3-iso- 
chromanone (2) and l-(3,4-dim ethoxybenzyl)-2-m ethyl-
6,7-dim ethoxy-l,4-dihydro-3(2i7)-isoquinolone (3), both 
prepared from the keto acid 1 , were oxidized electrochemically 
and also with the chemical oxidant vanadium oxyfluoride. 
When this work was initiated we supposed that on anodic 
oxidation of 2 or 3 a simple biaryl coupling would occur with 
formation of compounds with the aporphine skeleton (4).fi The 
actual results reported here are more complex than we origi
nally proposed (Scheme II).

The lactone 2 was used as a model compound in these oxi
dations since the lactone is more easily prepared from the keto 
acid 1 than the lact am 3. Anodic oxidation of the lactone 2 has 
afforded at least two distinct products depending in part on 
the solvent (and pH) used. Electrolysis of 2 in dichlorometh- 
ane-trifluoroacetic acid (D C M -T F A ) 1 with tetrabutylam- 
monium tetrafluoroborate as supporting electrolyte gave
6,12-dioxo-2,3,7-trim ethoxy-6,8a,9,10-tetrahydro-9,8a-ep- 
oxyethanophenanthrene (5) as the main product in 33% yield. 
The same spirodienone 5 was isolated in 59% yield from the 
oxidation of 2 by vanadium oxyfluoride in D C M -T F A  solu
tion.

An analogous dienone 6 (6,12-dioxo-2,3,7-trimethoxy- 
6,8a,9,10-tetrahydro-9,8a-iminoethanophenanthrene) was 
obtained in approximately 40% yield from the lactam 3, either 
by anodic oxidation or vanadium oxyfluoride, when the sol
vent system D C M -T F A  was used.

The constitutions 5 and 6 are supported by elemental 
composition and spectral data. In both cases the infrared 
spectra show bands characteristic of the dienone system 
(1660-1650 and 1630 cm-1 ); moreover, the positions of the acyl

5, Z = 0
6, Z =NCH;1

carbonyl bands are shifted to higher wavenumbers in going 
from 2 to 5 (1740 to 1760 cm- 1 ) or from 3 to 6 (1640 to 1690 
cm-1 ) corresponding to a change from a six- to a five-mem- 
bered ring in the lactone or lactam, respectively. The N M R  
spectra are in agreement with the assigned structures, and the 
U V spectra are helpful in establishing the patterns of conju
gation. Compounds 5 and 6 exhibit a similar series of ab
sorption bands in the U V, and the spectra of both compounds 
correspond closely to those reported for a pair of structurally 
related conjugated dienones (7:! and 87). The alternative 
possibility that 5 or 6 possess a morphinandienone structure
(9) can be excluded on the basis of the very different U V  
spectrum described for salutaridine.8

When the isochromanone derivative 2 was oxidized elec- 
trolytically in acetonitrile with quaternary ammonium salts, 
a different product was obtained in 20%  yield which is assigned 
the bridged lactone structure 10. The formulation of this 
product as 2,3,7,8-tetramethoxy-13-oxo-10,5-(epoxymeth- 
ano)dibenzo[a,d]cycloheptadiene (10) rather than a biphenyl 
derivative (4, Z =  O) is based on the N M R  and U V  spectra. In 
the aromatic region there are three bands at 5 6.77 (1 H), 6.71 
(2 H ), and 6.48 (1 H) for a total of four hydrogens. In addition 
to the complex pattern, from interaction of the methylene
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hydrogens with the adjacent carbinol hydrogen, that would 
be present in either 10 or 4 there is a singlet corresponding to 
one hydrogen at <5 4.41 that can be attributed only to the hy
drogen at position 10 in 10. In the N M R  spectrum of the 
starting lactone 2 there is a singlet for two hydrogens at 5 3.19, 
and the same spectral feature should persist in the oxidation 
product if the correct structure were 4 and not 10; no such 
band appears in the N M R  of the actual product.

When the U V  spectrum of the product assigned structure 
10 (Amax 289 nm, log e 3.90) is compared with those of N- 
acetylisopavine (11a, Amax 287 nm, log e 3.95)9 and glaucine 
(12, Amax 281 and 302 nm, log e 4.15 and 4.16, respectively)10

O C H 3

O C R ,

l i a ,  R  =  C O C H i

b . R  =  C H 3

the choice is clearly in favor of the constitution with two iso
lated dimethoxybenzene rings rather than the tetrame- 
thoxybiphenyl system.

The mode of oxidative coupling represented by 10 has not 
been reported previously from either chemical or electro
chemical oxidations of substituted bibenzyls (cf. Scheme I), 
and this new structural type provides a lactonic analogue of 
the alkaloid isopavine (lib). Although the lactam 3 has also 
been subjected to anodic oxidation in acetonitrile solution, 
no nitrogenous product similar to 10 has yet been isolated. We  
have not established the mechanisms for these reactions, but 
the formation of 10  from 2 can be rationalized by assuming 
that a cation radical 13 is generated from 2, and in neutral or 
basic solution, and with activation of the adjacent carbonyl 
group, 13 loses a proton from the 4 position of the isochro- 
manone ring. A  second stage of oxidation of the resulting 
radical would afford the cation 14 which can then serve as an 
electrophile toward the veratryl ring, leading to 10 (Scheme
III). The same intermediate 13 can be invoked to explain the 
formation of the spirodienone 5. In acidic solution the loss of 
a proton would be repressed, and alternatively intramolecular 
coupling followed by a second oxidation step could occur to 
give either 15 or 16, which as a long-lived cation in D C M -  
T F A 1 could rearrange to the same conjugated dienone 17; 
subsequent hydrolysis of 17 would afford 5.

Experimental Section
General. M e l t i n g  p o in t s  w e r e  t a k e n  o n  a  M e l - T e m p  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 .  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  S c h w a r z k o p f  

M lc r o a n a l y t i c a l  L a b o r a t o r y .  I R  a n d  U V  s p e c t r a  w e r e  r e c o r d e d  r e 

s p e c t i v e l y  o n  P e r k i n - E l m e r  3 3 7  a n d  C a r y  1 4  s p e c t r o p h o t o m e t e r s .  

N M R  s p e c t r a  w e r e  o b t a i n e d  o n  V a r i a n  A - 6 0  a n d  H A - 1 0 0  M H z  

s p e c t r o m e t e r s .  E l e c t r o c h e m i c a l  r e a c t io n s  w e r e  c a r r ie d  o u t  in  a  H - t y p e  

c e l l  w i t h  a  s i n t e r e d  g l a s s  d i s k  s e p a r a t i n g  t h e  a n o d e  a n d  c a t h o d e  

c o m p a r t m e n t s ;  a  P r i n c e t o n  A p p l i e d  R e s e a r c h  M o d e l  1 7 3  p o t e n t i o -  

s t a t / g a l v a n o s t a t  e q u i p p e d  w i t h  a  M o d e l  1 7 6  c u r r e n t - t o - v o l t a g e  c o n 

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

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

1-(3,4-Dimethoxy benzyl )-6,7-dimethoxy-3-isochromanone
( 2 ) .  T h e  k e t o  a c i d  ( 1 , 1  g )  in  e t h a n o l  ( 2 0  m l)  w a s  t r e a t e d  w i t h  N a B H 3 

(0 .4  g ) .  A f t e r  0 .5  h  t h e  m i x t u r e  w a s  h e a t e d  o n  a  w a t e r  b a t h  f o r  1 0  m in ,  

d i lu t e d  w i t h  w a t e r  ( 5 0  m l) ,  a n d  c o o le d .  A d d i t i o n  o f  2 0 %  H C 1  t o  p H

3  a n d  h e a t i n g  q u i c k l y  g a v e  a  c o l o r l e s s  s o l i d  ( 0 .8  g ) :  m p  1 7 4 - 1 7 5  ° C  

( f r o m  E t O H ) ;  I R  1 7 4 0  c m “ ; m /e  ( M + ) 3 5 8 ;  N M R  ( C D C 1 3) b 6 7 7 5 - 6 .3 0  

( m , 5 ,  A r H  1 , 5 .5 8  ( t ,  1 ,  J  =  5  H z ,  A r C H R O - ) ,  3 .7 8  ( s ,  9 , O C H ;l) , 3 .6 2  

( s , 3 ,  O C H f ) , 3 . 3 8 - 2 . 4 8  ( m , 4 , A r C H 2), 3 . 1 9  ( s ,  2  A r C H . C O ) .

A n a l .  C a l c d  f o r  C , 0H 22 O 6: C ,  6 7 .0 3 ;  H ,  6 . 1 9 .  F o u n d :  C ,  6 7 .0 4 ;  H ,

6 .2 8 .

6,12-Dioxo-2,3,7-trimethoxy-6,8a,9,10-tetrahydro-9,8a-epox- 
yethanophenanthrene ( 5 ) .  A. By Anodic Oxidation. T h e  e l e c 

t r o l y s i s  v e s s e l  w a s  f i l l e d  w i t h  a  4 : 1  s o lu t io n  o f  D C M - T F A  c o n t a in in g  

t e t r a b u t y l a m m o n i u m  t e t r a f l u o r o b o r a t e  ( 4 .5  g ) .  T h e  la c t o n e  (2,0 .7 2  

g )  w a s  d i s s o l v e d  in  t h e  a n o d e  c o m p a r t m e n t ,  a n d  a  p o t e n t i a l  o f  1 . 3  V  

w a s  a p p l i e d  f o r  2 .5  h . A  d e e p  p u r p l e  c o l o r  d e v e l o p e d  q u i c k l y  a r o u n d  

t h e  a n o d e .  T h e  a n o l y t e  w a s  s t i r r e d  f o r  1 5  m in  w i t h  Z n  d u s t ,  b u t  t h e r e  

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

w a s h e d  w i t h  a q u e o u s  N a 2C 0 2 a n d  t h e n  w i t h  w a t e r .  T h e  s o l i d  w a s  

d i s s o l v e d  in  C H C U - E t O H ,  a n d  o n  c o o l in g  t h e  s p i r o d i e n o n e  ( 5 )  w a s  

d e p o s i t e d  a s  a  p a le  y e l lo w  s o l id  ( 0 .2 3  g ) : m p  2 8 6 - 2 8 8  ° C ;  I R  1 7 6 0  C = 0  

f o r  y - l a c t o n e ) ,  1 6 4 0 ,  1 6 3 0  c m - 1 ; U V  m a x  ( 9 5 %  E t O H )  2 3 8  n m  ( lo g  e 

4 . 0 2 ) ,  2 .6 4  ( 4 . 1 2 ) ,  2 9 0  ( 3 .9 2 ) ,  a n d  3 5 7  ( 3 .9 3 ) ;  N M R  b 6 .9 6  ( s ,  0  H  in  a, 
d - u n s a t u r a t e d  k e t o n e ) ,  6 .7 6  ( s ,  1 ,  A r H ) ,  6 .4 9  ( s , 1 ,  A r H ) ,  6 .0 3  ( s ,  n  H  

in  « , 0 - u n s a t u r a t e d  k e t o n e ) ,  5 .0 5  ( t ,  1 ,  J  =  3 . 5  H z ,  C H O - ) ,  3 . 9 5  ( s ,  6 , 

A r O C H ; ,) ,  3 .7 8  ( s , 3 ,  v i n y l  O C H 3) , 3 .0 8  ( d , 2 ,  J  =  3 . 5  H z ,  A r C H , ) ,  2 .7 2  

( s ,  2 ,  A r C H 2C 0 2).

A n a l .  C a l c d  f o r  C i 9H i KO fi: C ,  6 6 .6 6 ; H ,  5 .3 0 .  F o u n d :  C ,  6 6 .6 9 ;  H ,  
5 .2 2 .

B. By Vanadium Oxyfluoride Oxidation. T o  a  s t i r r e d  s o l u t i o n  

o f  t h e  l a c t o n e  ( 2 ,  3 .6  g )  in  D C M  ( 1 0 0  m l ) - T F A  ( 5  m l)  a t  0  ° C  w a s  

a d d e d  a  s l u r r y  o f  V O F :i ( 5 .5  g )  in  T F A  ( 3 0  m l) .  T h e  r e a c t i o n  m i x t u r e  

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

p o u r e d  i n t o  w a t e r  ( 4 0 0  m l)  c o n t a i n i n g  c i t r i c  a c i d  ( 1 2  g ) .  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 ,  w a s h e d  w i t h  w a t e r ,  a n d  c o n c e n t r a t e d  t o  a f f o r d  

a  r e d - b r o w n  s o l i d .  T h e  p r o d u c t  5  w a s  o b t a i n e d  b y  r e c r y s t a l l i z a t i o n  

f r o m  C H C l s  a s  i v o r y  c r y s t a l s ,  2 .0  g ,  m p  2 8 6 - 2 8 8  ° C .  T h i s  p r o d u c t
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p r o v e d  t o  b e  i d e n t i c a l  w i t h  5  f r o m  p a r t  A  b y  s u p e r i m p o s i n g  t h e  I R  

s p e c t r a .

6,12-Dioxo-2,3,7-trimethoxy-ll-methyl-6,8a,9,10-tetrahy- 
dro-9,8a-iminoethanophenanthrene (6). A. By Anodic Oxidation.
T h e  l a c t a m  ( 3 , 1 . 6  g )  w a s  e l e c t r o c h e m i c a l l y  o x i d i z e d  in  D C M - T F A  

s o l u t i o n  a t  a  c o n s t a n t  p o t e n t i a l  o f  1 . 8  V  o v e r  a  p e r i o d  o f  2 .5  h . T h e  

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

w a t e r  (2  X  1 5 0  m l) ,  f o l l o w e d  b y  a q u e o u s  N a H C O a  ( 2  X  1 5 0  m l) .  T h e  

o r g a n ic  l a y e r  w a s  d r i e d  ( N a > C O ;i) ,  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  

le a v e  a  b r o w n  o i l  t h a t  w a s  r e d is s o lv e d  in  h o t  E t O A c - C H C l , (. F r o m  t h is  

s o lu t io n  t h e  l a c t a m  s p i r o d ie n o n e  (6 ) c r y s t a l l iz e d  a s  a  p a le  y e l lo w  s o l id : 

0 .6  g ; m p  2 5 2 - 2 5 4  ° C ;  I R  ( N u jo l )  1 6 9 0  ( C = 0  f o r  y - l a c t a m ) ,  1 6 6 0 , 1 6 5 0  

c m “ 1 ; U V  m a x  ( 9 5 %  E t O H )  2 3 9  n m  ( lo g  e 4 .0 4 ) ,  2 6 5  ( 4 . 1 0 ) ,  2 9 3  ( 3 .9 2 ) ,  

a n d  3 5 6  ( 3  8 9 ) ; m /e  ( M + ) 3 5 5 ;  N M R  <5 6 . 8 6  ( s , ¡i H  in  « ,/ 3 -u n s a t .u r a t e d  

k e t o n e ) ,  6 .6 5  ( s ,  1 ,  A r H ) ,  6 . 4 1  ( s ,  1 ,  A r H ) ,  5 .9 5  ( s ,  a H  in  « ,/ J - u n s a t u -  

r a t e d  k e t o n e ) ,  3 .9 2  ( m , 1 , A r C H N ) ,  3 .8 4  ( s ,  6 , O C H ;)), 3 .6 7  ( s , 3 ,  v i n y l  

O C H :1) , 2 . 9 1  ( s ,  3 ,  N C H ; ; ) ,  2 . 8 1  ( s ,  2 , A r C H . C O ) ,  2 . 7 8 - 2 . 4 3  ( m , 2 , 

A r C H , ) -
A n a l .  C a l e d  f o r  C j i H ^ N O .- ,:  C ,  6 7 .5 9 ;  H ,  5 .9 6 ;  N ,  3 .9 4 .  F o u n d :  C ,  

6 7 .7 2 ;  H ,  6 . 1 5 ;  N ,  4 . 1 7 .

B. By Vanadium Oxyfluoride Oxidation of 3. A  s o l u t i o n  o f  t h e  

l a c t a m  3 ( 3 .6  g )  in  D C M  ( 1 0 0  m l)  w a s  c o o le d  t o  0  ° C  a n d  t r e a t e d  w it h  

a  s u s p e n s i o n  o f  V O F . ¡  ( 5 .5  g )  in  T F A  ( 3 0  m l) .  T h e  r e d - p u r p l e  s o lu t io n  

w a s  s t i r r e d  f o r  4  h  a n d  t h e n  p o u r e d  i n t o  w a t e r  ( 4 0 0  m l)  c o n t a i n i n g  

c i t r i c  a c i d  ( 1 2  g ) .  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  w a s h e d  w i t h  

w a t e r ,  d r i e d  ( N a 2C O ;d ,  a n d  e v a p o r a t e d .  T h e  r e s i d u e  ( 3 .6  g  w a s  d i s 

s o l v e d  in  M e O H  ( 4 0  m l ) - C H C l : !  ( 1 5  m l) ,  a n  t h e  f i r s t  c r o p  o f  c r y s t a l s ,  

1 . 4  g , m p  2 5 3 - 2 5 5  ° C ,  w a s  i d e n t i c a l  w i t h  t h e  d i e n o n e  6  f r o m  a n o d i c  

o x i d a t i o n  o f  t h e  l a c t a m  3 b y  i n f r a r e d  s p e c t r a l  c o m p a r i s o n .

2,3,7,8-Tetramethoxy-13-oxo-10,5-(epoxymethano)diben- 
zo[a,d]cycloheptadiene (10). A  s o l u t i o n  o f  M e C N  ( 2 3 0  m l)  c o n 

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

b e t w e e n  t h e  c o m p a r t m e n t s  o f  t h e  e le c t r o ly t ic  c e l l .  T h e  la c t o n e  ( 2 , 1 . 7 9  

g )  w a s  d i s s o l v e d  in  t h e  a n o l y t e .  E l e c t r o l y s i s  a t  1 . 3  V  ( v s .  A g  r e f e r e n c e  

e l e c t r o d e )  f o r  4  h  g a v e  a  r e d - b r o w n  s o l u t i o n .  T h e  a n o d e  s o l u t i o n  w a s  

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

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

c r y s t a l s :  0  4  g ; m p  2 4 2 - 2 4 3  ° C ;  I R  s p e c t r u m  ( N u jo l )  1 7 4 0  c m ' 1 ; U V  

m a x  ( 9 5 %  E t O H )  2 8 5  n m  i n f l e c t i o n  ( lo g  c 3 .8 9 ) ,  2 8 8  ( 3 .9 0 ) , 2 9 0  ( 3 .8 9 ) ; 

N M R  S 6 .7 7  ( s ,  1 ,  A r H ) ,  6 . 7 1  ( s ,  2 ,  A r H ) ,  6 .4 8  ( s ,  1 ,  A r H ) ,  5 . 5 3  ( d d ,  1 ,  

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

1 2 , O C H ;,) ,  3 .6 2  ( d d ,  1 , J  =  2 4 , 4 .6  H z ) ,  a n d  3 . 2 1  ( d d ,  1 , J  =  2 0 ,  3  H z ) ;  

m a s s  s p e c t r u m  m /e  ( M + ) 3 5 6 .

A n a l .  C a l e d  f o r  C ao H ^ o O e: C ,  6 7 . 4 1 ;  H ,  5 .6 6 ;  0 ,  2 6 .9 4 .  F o u n d :  C ,  

6 7 .6 4 ;  H ,  5 .9 2 ;  O , 2 6 .9 9 .
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Baeyer-Villiger-Type Oxidation of an 
Isoindolo[l,2-fo][3]benzazepine Derivative

H e in z  0 .  B e r n h a r d , 1 J .  N o r m a n  R e e d , 2 a n d  V i c t o r  S n i e c k u s *

G u elp h -W aterloo  Center for Graduate W ork in Chem istry, 
D epartm ent o f  Chem istry, U niversity o f Waterloo, 

Waterloo, Ontario, Canada N 2L  3G1

R eceived J u ly 16, 1976

During the course of our work with isoindolo[l,2-h][3]- 
benzazepine derivatives la-c, prepared by a new photo-

l a ,  R 1 =  R 2 =  O M e ;  R 3 =  H  H

b ,  R ‘ +  R 2 =  O C H j O ;  R 3 =  O M e  2

c ,  R '  =  R 2 =  R 3 =  O M e

chemical method and correlated with rearrangement products 
of protoberberine and papaverrubine alkaloids,3 we investi
gated routes to C -13-C -13a  functionalized derivatives of la. 
W e report on the m-chloroperbenzoic acid (M CPBA) oxida
tion of la to the phthalimide derivative 2 , a reaction which, 
in sum, is the result of oxidative double bond cleavage and 
Baeyer-Villiger reaction.

Attempts to prepare the epoxide of la using 1 equiv of 
M C P B A 4 as well as basic,5 acidic,6 and neutral7 conditions 
were unsuccessful (see Experimental Section). However, 
treatment of la with 3 equiv of M C P B A  resulted in the for
mation of 2 in 60% yield. The product showed the molecular 
formula C 19H 17N O 6 indicating incorporation of three oxygen 
atoms into compound la. Its IR spectrum showed absorption 
at 1735 and at 1760 and 1710 cm - 1  consistent with the pres
ence of formyl ester and phthalimide functionality, respec
tively. The N M R  spectrum exhibited a one-proton singlet at

S c h e m e  I

1. P h C O C l, O H

2 . C H ;n 2

M e O .

M e O
N C O P h  

M e O  H  

6
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t  1.59 confirming the presence of a formyl function. The re
maining absorptions were fully compatible with the assigned 
structure (see Experimental Section). Finally, the mass 
spectrum of 2 showed, besides the correct parent ion at m/e 
355, a base peak at m/e 327 (M + — CO) indicating facile de- 
carbonylation as may be expected from phenyl formate de
rivatives.8

Structure 2 was confirmed by acid-catalyzed deformylation 
to 3 and by conversion with N H 2N H 9 to phthalhydrazide and 
the amino phenol 5. Compound 5 was obtained in better yield 
by sodium borohydride reduction of 2. The structure of 59 is 
based on spectral evidence (see Experimental Section) and 
on its transformation into the known 6 by successive ben
zoylation and méthylation.

A  plausible mechanism for the M CPBA-prom oted rear
rangement of la  into 2 (Scheme II) incorporates, as the salient

Scheme II

R = m-ClC6H4

features, the fragmentation (7 —* 8) and Baeyer-Villiger10 
steps 8 —- 2. Baeyer-Villiger oxidation products have been 
previously encountered in attempted epoxidations of a,fi- 
unsaturated ketones,5 a-amino-a,/3-unsaturated ketones,10 
enol ethers,12 and enamides.13 The proposed mechanism for 
the oxidative rearrangement of la  by M CPBA has analogy in 
the work of Bagli and Immer.12 A  related rearrangement has 
been observed in the case of iminium salts.14

Experimental Section13
Reaction of 7,8-Dihydro-10,1 l-dimethoxy-5ff-isoindolo[l,2- 

b][3]benzazepin-5-one (la) with MCPBA. To a stirred solution 
of 50 mg (0.16 mmol) of compound la in 20 ml of dry methylene 
chloride was added 90 mg (0.52 mmol) of 98% m -chloroperbenzoic acid 
and the solution was stirred at room temperature under nitrogen for
6.5 h after which time TLC (silica gel, ethyl acetate-methylene 
chloride, 1 : 1 ) showed the absence of the highly fluorescent spot due 
to starting material and the potassium iodide-starch test showed the 
absence of MCPBA. The solution was washed successively with 5% 
aqueous sodium bicarbonate, dried (Na2S 04), and evaporated to 
dryness. The resulting pale yellow oil solidified upon standing. Re
crystallization from 2-propanol gave 35 mg (60%) of 2: mp 163-164.5 
°C; IR 1760, 1735 (OCHO), 1710 cm“ 1; UV 298 nm U 2600), 285 
(5200), 235 (sh, 15 200); NMR (CDC1:1) t 1.59 (s, 1, OCHO), 2.1-2.3 
(m, 4, ArH), 3.20 (s, 1, H-3), 3.35 (s, 1, H-6 ), 6.06 (t, 2, J = 7 Hz, 
CH2N), 6.16 and 6.20 ( 2  s, 6 , 2  OCH3), 7.13 (t, 2 , J  = 7 Hz, CH2CH2N); 
mass spectrum m /e  (rel intensity) 355 (M+, 8 ), 327 (100), 180 (67), 167 
(96), 160 (30), 149 (30).

Anal. Calcd for C i9Hi7N 06: C, 64.22; H, 4.82; N, 3.93. Found: C, 
64.29; H, 4.74; N, 3.87.

When the above reaction was carried out with 1 equiv of MCPBA 
for 14 days, TLC (EtOH-PhH, 5:95) showed only starting material 
(major, Rf 0.49), trace amounts of two other components (Rf 0.31 and
0. 22), and the absence of compound 2. The minor components were 
in insufficient amounts for characterization.

When the above reaction was carried out at room temperature using 
hydrogen peroxide under basic,5 acidic,6 and neutral' conditions only 
starting material (>80%) was recovered. Under acidic conditions6 at 
100 °C for 30 min, there was obtained compound 2 (60%) which was 
shown to be identical by UV and NMR spectral comparison with a 
sample obtained above.

N - [ j3-(2-Hydroxy-4,5-dimethoxyphenethyl)]phthalimide (3). 
A solution of 35 mg (0.10 mmol) of compound 2 in 5 ml of 1 -propanol 
containing a catalytic amount of p-toluenesulfonic acid hydrate was 
refluxed for 5 h and evaporated to dryness. The residue was taken up 
in chloroform and the solution was extracted with NaHCOs solution. 
The organic layer was evaporated to dryness to give 25 mg (78%) of 
compound 3. Recrystallization from ethyl acetate gave an analytical 
sample: mp 214-215 °C; IR 1760,1705 cm-1; NMR (acetone-dr,) t  1.97 
(br s, 4, ArH), 2.04 (s, 1, exchangeable with D20, OH), 3.13 (s, 1, H-6 ),
3.33 (s, 1, H-3), 5.93 (t, 2, J = 7 Hz, CH2N), 6.15 and 6.27 (2 s, 6 , 2 
OCH j), 6.93 (t, 2, J  = 7 Hz, CH9CH0N); mass spectrum m /e  (rel in
tensity) 327 (M+, 39), 180 (26), 167 (100), 160 (29), 149 (29).

Anal. Calcd for CI8H 1 7 N 05: C, 66.05; H, 5.23; N, 4.28. Found: C, 
65.67; H, 5.41; N, 4.00.

The acetate of 3 was prepared under standard conditions using 
acetic anhydride in pyridine. Recrystallization from ethyl acetate gave 
an analytical sample: mp 188.5 °C; IR 1755 (ester and imide CO), 1720 
cm“ 1 (imide CO); NMR(CDC13) r 2.1-2.3 (m, 4, ArH), 3.18 (s, 1 , H-3), 
3.39 (s, 1, H-6 ), 6.15 (t, 2, J =  7 Hz, CH^N), 6.15 and 6.18 (2 s, 6 , 2 
OCH3), 7.20 (t, 2 , CH2CH2N), 7.82 (s, 3, OCOCH3); mass spectrum 
m /e  (rel intensity) 369 (M+, 10), 327 (70), 180 (34), 167 (100).

Anal. Calcd for C20H 19NO6: C, 65.03; H, 5.18; N, 3.79. Found: C, 
65.04; H, 5.14; N, 3.74.

Reaction of Compound 2 with Hydrazine Hydrate. A solution 
of 50 mg (0.14 mmol) of 2 and 25 mg of hydrazine hydrate (85%) in 2 
ml of 95% ethanol was refluxed for 2 h according to an established 
literature procedure. 16 Normal workup gave 6  mg (27%) of 
phthalhydrazide (4), identical by melting point and mixture melting 
point with an authentic sample17  and 7 mg (26%) of 2-(2-ami- 
noethyl)-4,5-dimethoxyphenol (5) which was shown to be identical 
by TLC and NMR with the NaBH j reduction product of 2 described 
below.

Sodium Borohydride Reduction of Compound 2. A solution of 
50 mg (0.14 mmol) of 2 and 100 mg of sodium borohydride in 10 ml 
of dry ethanol was refluxed for 7.5 h and evaporated to dryness. The 
residue was partitioned in methylene chloride-water and the organic 
layer was separated, dried (Na2SO|), and evaporated to give 21 mg 
(76%) of 2-(2-aminoethyl)-4,5-dimethoxyphenol (5): mp 123-126 
°C; NMR (CDCI3) t 3.45 (br s, 2, ArH), 4.96 (br s, 3, exchangeable with 
DoO, OH and NH2), 6 . 2 0  and 6.24 ( 2  s, 6 , 2  OCH3 ), 6.95 (t, 2 , J  = 5.5 
Hz, CH2N), 7.34 (t, 2, J  = 5.5 Hz, CH2CH2N); mass spectrum m /e  (rel 
intensity) 197 (M+, 80), 180 (65), 168 (97), 167 (100), 163 (25), 153 (59). 
Compound 5 was further characterized as described below.

IV-Benzoyl-jS (2,4,5-trimethoxyphenethyl)amine (6 ). Com
pound 5 (21 mg, 0.11 mmol) was benzoylated according to Senoh and 
Witkop18 to give 21 mg (65%) of lV-benzoyl-/3-(4,5-dimethoxy-2- 
hydroxyphenethylamine, NMR (CDCI3 ) t 1 .7—1.9 (m, 2 , ArH),
2.1-2.6 (m, 4, ArH and OH, exchangeable with D20), 2.7-2.95 (br s,
1, exchangeable with D20, NH), 3.35 and 3.40 (2 s, 2, H-3 and H-6 1 , 
6.20 (s, 6 , 2 OCH3 ), 6.28" (t, 2, J  = 7 Hz, CH2N), 7.08 (t, 2, J  = 7 Hz, 
CH2CH2N), which, without purification, was subjected to reaction 
with an excess of diazomethane in ether-methanol. Normal workup 
followed by PLC on silica gel (benzene-methanol-acetone, 8:1:1) gave 
a sample of 6  which was recrystallized from aqueous methanol: mp 
106-107 °C (lit. 18 106 °C); IR 3350 (NH), 1655 cm“ 1; (CO); NMR 
(CDCI3 ) r 1.7—1.9 (m, 2, ArH), 2.1-2.6 (m, 3, ArH), 2.7-2.95 (br s, 1, 
exchangeable with D20, NH), 3.40 and 3.43 (2 s, 2, H-3 and H-6 ), 6.16, 
6.19, and 6.22 (3 s, 9,3 OCH3 ), 6.33 (t, 2, J  = 7 Hz, CH2N), 7.12 (t, 2, 
J  = 7 Hz, CH2CH2N).
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R e g i s t r y  N o . — l a ,  3 5 6 1 1 - 5 4 - 2 ;  2 , 6 1 1 7 7 - 8 9 - 7 ;  3 , 6 1 1 7 7 - 9 0 - 0 ;  3  a c 

e t a t e ,  6 1 1 7 7 - 9 1 - 1 ;  4 , 1 4 4 5 - 6 9 - 8 ;  5 , 6 1 1 7 7 - 9 2 - 2 ;  6 , 6 1 1 7 7 - 9 3 - 3 ;  N - b e n -  

z o y l - / 3 - ( 4 ,5 - d i m e t h o x y - 2 - h y d r o x y ) p h e n e t h y l a m i n e ,  6 1 1 7 7 - 9 4 - 4 .
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Sulfaguanidine ( l ) 2 is unusual compared to the many de
rivatives of sulfanilamide (4-aminobenzenesulfonamide) that 
contain the grouping -S O iH N - in being insoluble in aqueous 
alkali. Its 4-amino group is comparably basic to the other 
sulfanilamides (pK B =  11.25) but its guanidino group is only 
very weakly basic (p /ie  =  13.52).3 The nonacidic character of 
the compound caused Schwenker4 to investigate its infrared 
and 'H  N M R  spectra and, by comparison of the infrared 
spectra in KBr pellets with those of several model compounds, 
it appeared that 1 had no infrared absorption which could be 
ascribed to the N -H  bond of an - S 0 2N H - group. The 'H  
N M R  spectrum in dimethyl sulfoxide solution was less deci
sive because of serious overlap of the downfield N -H  reso
nances with the resonances of the aromatic ring, but none
theless, there appeared to be no evidence for the three dif
ferent kinds of - S 0 2N H C (= N H )N H , proton resonances 
predicted for the conventional guanidine structure. It was 
concluded therefore that the correct structure for sulfa
guanidine is not la , but instead the tautomer lb . Schwenker’s 
work seems to have been largely, if not totally, ignored, and 
as recently as 1975, a 13C investigation5 formulates sulfa
guanidine as la in accord with the standard reference 
works.6

d t t P H fifr W

2 0 0  2 5 0  3 0 0  p p m

F i g u r e  1 . N a t u r a l - a b u n d a n c e  15N  N M R  s p e c t r u m  o f  s u l f a g u a n i d i n e  

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

a r e  in  p a r t s  p e r  m i l l io n  u p f i e l d  o f  D ^ N O a / D v O .

l b

Because the structure of 1 may not be the same in solution 
as it is in the solid, we have taken the natural-abundance I5N  
spectrum with a Bruker W H -180 spectrometer at 18.23 M H z  
(8 g of 1 in 18 ml of dimethyl sulfoxide) without proton de
coupling, using a 65° flip angle, a repetition rate of 20 s, and 
an accumulation time of 12 h. The upfield portion (Figure 1) 
of the resulting spectrum showed two triplet resonances, one 
over twice the intensity of the other, consistent with a struc
ture having three -N H 2 groups. The lower intensity triplet 
(309.3 ppm upfield of D 15NC>3) arises from the 4-amino group 
and the larger intensity triplet (295.0 ppm) from the 
= C (N H 2)2 amino groups of lb. The N -H  coupling constants 
for the two triplets were 85 and 91 Hz, respectively. A  down- 
field singlet resonance at 212.3 ppm upfield of D 15NO,{ cor
responded to the - S 0 2N = C <  nitrogen.

W hy does structure lb  correspond to a substance with a 
weakly basic and weakly acidic guanidine group? One can 
write the usual resonance forms for both the conjugate acid, 
2, and the conjugate base, 3, of lb. To be sure, 2a will be ren
dered less favorable by the close proximity of the RSO2-  group 
to the positively charged nitrogen, but 2b and 2c should be

y
R — S 0 2— N = C

\

n h 2 + N H ,
H ✓  *

R — S O , — N -— C
\

N H 2 n h 2

2 a 2 b

H  /
R — S O ;!— N — G

N H ,

s
+ n h 2

2 c

N H

R — S 0 2— N = C ,
/

\
N H ,
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N H

R — S O , —  N — C,

3 b

\
N H .

N H

R — S O , =  N — C ,
/

Y
N H ,

3 c
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reasonably comparable to structures usually written for am- 
idinium ions.6 The resonance forms 3 a -c  would appear, if 
anything, to enhance the acidity of lb by charge delocaliza
tion. However, there is a possibility that failure of 1 to dissolve 
in alkali, when other sulfa derivatives are soluble, could be 
ascribed to a very much lower water solubility of 1. However, 
this cannot be the case, because, in fact, 1 is substantially more 
soluble in neutral water than the other sulfa derivatives.2

The only reasonable explanation for low basicity and acidity 
of lb vs. what might otherwise be expected seems to be 
through some special stabilizing characteristic of lb which is 
not shared to the same extent by 2 or 3 (or by the corre
sponding conjugate bases). One such possibility is delocali
zation of the lone pair on nitrogen to sulfur, as expressed by 
4. The fact that the two -N H 2 groups of the guanidine have

c x .  *
s ' t/ X H 2N ( C H 3)3

C N "

N

X '

r \
x n ^ c h 2c n

C B )

4 a ,  X  =  I

b ,  X  =  0 S 0 2 0 C H 3

c ,  X  =  0 S 0 2 - 4 - C B 3 C 6 B 4

d ,  X  =  C l

e ,  X  =  0 S 0 2 C F 3

+

N C  N  C B ,

I
C B ; ,

6

¿b

+  C L  X L
x n  c b  N ' B B C N

C B ;, C H ;)

N B 2

R — S O o— N = C

N B 2

N B

— +  /
R — S O ,  = N = C

\
N B ,

4

no appreciable chemical-shift difference is in accord with an 
important contribution of 4.s

R e g i s t r y  N o . —  l b ,  6 1 1 1 6 - 9 5 - 8 .

References and Notes
(1) Supported by the Public Health Service, Research Grant 11072 from the 

Division of General Medical Sciences, and by the National Science Foun
dation.

(2) R. 0 . Roblin, Jr., J. H. Williams, P. S. Winnek, and J. P. English, J. Am. Chem. 
Soc.. 62, 2002 (1940).

(3) P. H. Bell and R. O. Roblin, Jr., J. Am. Chem. Soc.. 64, 2905 (1942).
(4) G. Schwenker, Arch. Pharm. ( Weinheim, Ger.), 295, 753 (1962).
(5) C. Chang and H. C. Floss, J. Med. Chem., 18, 505 (1975).
(6) For example, “The Merck Index", Merck and Co„ 1968, p. 995.
(7) G. W. Wheland, “Resonance In Organic Chemistry”, Wiley, New York, N.Y., 

1955, pp 357-361.
(8) Note Added In Proof. A very recent x-ray study shows that structure 1b is 

also correct for the solid: M. Alléaume, A. Gulko, F. H. Herbstein, M. Kapon, 
and R. E. Maroh, Acta Crystallogr., B32, 669 (1976).

“Abnormal” Displacement in the Reaction of
2-(iV-Methylpyrrolyl)methyltrimethylammonium 

Salts with Sodium Cyanide

J o h n  R .  C a r s o n ,  J o h n  T .  H o r t e n s t i n e ,

B r u c e  E .  M a r y a n o f f , *  a n d  A l b e r t  J .  M o l i n a r i

Chemical Research D epartm ent, M cN eil Laboratories, Inc., 
Fort Washington, Pennsylvania 19034

R eceived S ep tem ber 1, 1976

It has been known for some time that the reaction of 2- 
(chloromethyl)furan (1) with metal cyanides can proceed in 
two directions, “ normal” displacement to afford 2, as well as 
“ abnormal” substitution to afford 3 ,1 whereas the reaction of

CX .
' O '  C B C N  

2

benzyl halides with cyanide occurs with direct substitution. 
Although much attention has been focused on this process in 
the chemistry of furans,2 no intensive studies have been per
formed on cyanide displacement with corresponding pyrrole 
derivatives. W e wish to report on the reaction of 2-pyrrolyl- 
methylammonium salts (4) with sodium cyanide. Under a 
variety of conditions, this operation produces not only N- 
methylpyrrole-2-acetonitrile (5), as reported earlier by others,2

but also significant amounts of heretofore unrecognized, 
“ abnormal” nitrile (6). Furthermore, thorough analysis of the 
reaction mixtures revealed minor dipyrrolylmethane by
products, 7 and 8, signaling the participation of an ion-pair 
process in the cyanolysis.

When quaternary ammonium salts4 4 were heated in solu
tion with sodium (or potassium) cyanide, trimethylamine was 
evolved. Temperatures of 80 -95  °C  afforded a reasonable 
reaction rate, with total reaction times of 1 .5 -3  h. GLC anal
ysis of a crude organic product from the reaction of 4d (xy- 
lene/water) revealed that three volatile substances were 
generated. Distillation of the product mixture provided in 78% 
yield a fraction composed of isomeric (mol wt 120) nitriles 
(G L C /M S , IR) in a ratio of ca. 9:1, assigned structures 5 and 
6, respectively (vide infra). Kugelrohr distillation of the res
idue furnished a yellow solid (mol wt 213) nitrile (M S, IR) in 
8% yield, leaving behind some dark tar.

A mixture of the isomeric nitriles was resolved by fractional 
distillation to provide a sample of pure 5 (mp 28 -29  °C ) and 
a fraction highly enriched in 6; recrystallization (CH :!OH) 
supplied a sample of pure 6 (mp 53-55 °C ). The higher boiling 
nitrile was recrystallized (Et20 )  to give a pure sample of 7 (mp
88-89 °C ). Full spectral data, which support these structural 
assignments, are provided in the Experimental Section.

Five salts differing in their counterion were investigated 
under various circumstances. In every case, a mixture of iso
meric products 5 and 6 was formed. Compound 7 was generally 
a minor product (1 -8% ), although slightly higher yields of 7 
(10-15% ) were obtained when the reaction was conducted in 
aqueous solution under comparatively dilute conditions. 
Results of some representative experiments are presented in 
Table I. The data indicate that the amount of “ abnormal” 
substitution, ranging from 10 to 40%, is greatly dependent on 
the reaction medium (cf., e.g., entries 2, 7 ,1 1 ,1 2 ,1 5 , and 16; 
4, 9, 13, and 14) and, to a lesser extent, on the counterion of 
substrate 4 (cf. entries 1-5; 6-10). No conditions have yet been 
discovered where the “abnormal” reaction mode is absent, or 
for that matter, reduced below a minimum level of 8-10% ."’ In 
contrast to the solvent dependence observed here, 2-(chlo- 
romethyl)furan (1) yields predominantly “abnormal” product 
3 in polar, protic media and “ normal” product 2 in dipolar, 
aprotic media.2b

Salt 4b decomposed in water in less than 3 h at 90 °C  (but 
decomposed slowly at 50 °C). Subsequent addition of sodium 
cyanide to the decomposed material (in situ) did not generate 
any 5 or 6. O f eight volatile substances detected (GLC) in the 
tarry product derived from the thermal degradation experi
ment, the three major ones were identified (M S) as 8a -c . This 
suggests the possible existence of an electrophilic intermediate 
such as 9, which combines in situ with N-methylpyrrole 
originating from 4, presumably via a demethylation/retro- 
Mannich reaction sequence.6 Similarly, the source of dipyr
rolylmethane 7 may be explained in terms of the interception



Notes J. Org. Chem., Vol. 42, No. 6,1977 1097

Table I. Results for the Reaction of 4 with Sodium Cyanide"

E n t r y C o m p d [ C N ] 0 6 M e d i u m T e m p ,  ° C %  5  a n d  6 ' %  6  in  5  a n d  6 '

1 4a 1 2 . 5 X y l e n e / w a t e r R e f l u x '7 5 7 1 6
2 4b 1 2 . 5 X y l e n e / w a t e r R e f l u x '7 8 7 1 2 . 5
3 4c 1 2 . 5 X y l e n e / w a t e r R e f l u x '7 6 9 1 1 . 5
4 4d 1 2 . 5 X y l e n e / w a t e r R e f l u x ' 7 8 9 1 0
5 4e 1 2 . 5 X y l e n e / w a t e r R e f l u x '7 6 8 2 3 . 5
6 " 4a 6 . 2 5 M e 2S O 8 5 , 8 0 9 1 , 9 2 3 1 , 3 4
I e 4b 6 . 2 5 M e - ,S O 8 0 8 6 , 7 5 3 5 ,  3 6
8 4c 6 . 2 5 M e - ,S O 8 5 8 2 3 3
9 P 4d 6 . 2 5 M e , S O 8 0 8 6 , 6 9 4 0 ,  4 0

1 0 4e 6 . 2 5 M e 2S O 8 0 8 0 3 4
1 1 4b 1 2 . 5 W a t e r 8 0 6 0 1 3
1 2 4b 6 . 2 5 W a t e r 8 0 4 9 1 1

1 3 4d 1 2 . 5 W a t e r 8 0 6 8 1 2

1 4 4d 6 . 2 5 W a t e r 8 0 5 2 1 0

1 5 4b 1 1 . 5 / 8 0 8 8 2 2

1 6 4b s a i d " C 2 H 5 O H R e f l u x 7 0 3 1

"  R e a c t i o n s  w e r e  c a r r i e d  o u t  u s i n g  a  N a C N / 4  r a t i o  o f  2 . 5  t o  1 .  h I n i t i a l  m o l a r  c o n c e n t r a t i o n  o f  c y a n i d e .  ' Y i e l d s  o f  5  a n d  6  w e r e  d e 

t e r m i n e d  b y  G L C  u s i n g  a n  i n t e r n a l  r e f e r e n c e  ( a d d e d  d u r i n g  w o r k u p )  a n d  d e t e c t o r  r e s p o n s e  f a c t o r s .  S t a n d a r d  e r r o r  in  t h e  a n a l y t i c a l  

d a t a  i s  e s t i m a t e d  t o  b e  a t  m o s t  ± 2 % .  d A p p r o x i m a t e l y  9 4  ° C  ( a z e o t r o p e ) .  1 R e s u l t s  p r e s e n t e d  f o r  t w o  r e a c t i o n s  ( r e s p e c t i v e l y ) . f E t h y l e n e  

g l y c o l / w a t e r ,  8 : 1 .  " R e a c t i o n  a r r a n g e d  t o  h a v e  i n i t i a l  c o n c e n t r a t i o n  o f  3 . 0  M ,  b u t  N a C N  d i d  n o t  a p p e a r  t o  d i s s o l v e  c o m p l e t e l y ,  e v e n  

a t  b o i l i n g  p o i n t  o f  s o l v e n t .

of azafulvalenium intermediate 9 by nitrile 5 .7 Deliberate 
decomposition of 4b at 90 °C  in the presence of 5 (2 molar 
equiv) produced 7 in 28% yield (purified).

b, R = A-m ethyl-2- 
pyrrolylmethyl

c , R = 5-(N'-methyl-
2-pyrrolylmethyl )- 
A-methyl-2- 
pyrrolylmethyl

The cyanolysis of 4 may entail bimolecular (Sn 2 /S n20, 
unimolecular (SnI), or combination mechanisms. By-product 
7, together with the thermal decomposition results, suggests 
that this reaction may proceed, at least in part, by an S n I 
process involving ion pair 9. The fact that the counterion of 
4 has an influence on the product distribution supports this 
view.

In conclusion, we wish to point out that this work indicates 
a greater generality for “ abnormal” displacement in substi
tution reactions of five-membered-ring heteroarylmethyl 
compounds.

Experimental Section

B o i l i n g  p o i n t s  a r e  u n c o r r e c t e d ;  m e l t i n g  p o i n t s  a r e  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  o n  a  P e r k i n - E l m e r  R - 3 2  i n s t r u m e n t  a t  

9 0  M H z ,  a n d  c h e m i c a l  s h i f t s  a r e  r e p o r t e d  in  p a r t s  p e r  m i l l i o n  d o w n -  

f i e l d  f r o m  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  r e f e r e n c 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  5 2 1  s p e c t r o p h o t o m e t e r ;  U V  s p e c t r a  

w e r e  o b t a i n e d  o n  a  C a r y  1 4  i n s t r u m e n t ;  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 i t a c h i  P e r k i n - E l m e r  R M U - 6  s p e c t r o m e t e r  a t  a n  io n iz in g  e n e r g y  

o f  7 0  e V .  G L C  a n a l y s e s  w e r e  p e r f o r m e d  o n  a  P e r k i n - E l m e r  M o d e l  

3 9 2 0  g a s  c h r o m a t o g r a p h ,  c o n n e c t e d  t o  a  H e w l e t t - P a c k a r d  3 3 5 2  d a t a  

s y s t e m ,  u s i n g  a  6  f t  X  0 . 1 2 5  in . ,  1 . 3 5 %  O V - 1 7  o n  C h r o m o s o r b  W  A W /  

D M S  c o lu m n .

Quaternary Ammonium Salts. A  s t i r r e d  s o l u t i o n  o f  n e w l y  d i s 

t i l l e d  2 - d i m e t h y l a m i n o m e t h y l - / V - m e t h y l p y r r o l e :ia in  d r y  b e n z e n e ,  

in  a  f l a s k  i m m e r s e d  in  a  w a t e r  b a t h  a t  a m b i e n t  t e m p e r a t u r e ,  w a s  

t r e a t e d  w i t h  a  s o lu t io n  o f  t h e  a p p r o p r i a t e  m e t h y la t i n g  a g e n t  ( 1  m o la r  

e q u iv )  in  d r y  b e n z e n e . A f t e r  a d d i t io n ,  t h e  r e a c t io n  m ix t u r e  w a s  s t i r r e d  

f o r  a n  a d d i t i o n a l  1  h . T h e  s o l i d  w h ic h  s e p a r a t e d  w a s  c o l l e c t e d  b y  f i l 

t r a t io n ,  r in s e d  w it h  d r y  e t h e r ,  a n d  d r ie d  in  v a c u o  a t  r o o m  t e m p e r a t u r e  

f o r  2 - 3  h . T h e  s a l t s ,  c h a r a c t e r i z e d  a n d  a s s a y e d  b y  1 H  N M R ,  w e r e  

> 9 8 %  p u r e  (2 %  l i m i t  t o  t h e  a n a l y t i c a l  p r o c e d u r e ) .  A l l  o f  t h e  s a l t s  w e r e  

t h e r m a l l y  u n s t a b le  a n d  d e c o m p o s e d  s lo w ly  e v e n  a t  r o o m  t e m p e r a t u r e .  

A t t e m p t e d  r e c r y s t a l l i z a t i o n  o f  4c a n d  4d r e s u l t e d  in  s o m e  d e c o m p o 

s i t i o n  ( a n d  d a r k e n i n g ) .  T h e  p r o d u c t s  w e r e  s t o r e d  u n c h a n g e d  a t  - 2 0  

°C f o r  o v e r  1 y e a r .  T h e  t r i f l a t e  s a l t  4e a p p e a r e d  t o  b e  t h e  m o s t  t h e r 

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

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

a c t i o n  ( m p  1 0 3 - 1 0 4  ° C ,  t u r n e d  p i n k ) .

General Cyanolysis. S o d i u m  c y a n i d e  a n d  t h e  a p p r o p r i a t e  r e a c t io n  

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

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

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

w i t h  t o lu e n e  a n d  w a t e r ,  a n  i n t e r n a l  r e f e r e n c e  w a s  m i x e d  in  ( « - n a p h -  

t h o l ,  h e x a d e c a n e ,  o r  b i b e n z y l ) ,  a n d  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 .  

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

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

Isolation of 5, G, and 7. T h e  o r g a n i c  p h a s e  f r o m  a  0 . 1 - m o l  e x p e r i 

m e n t  w i t h  4d in  x y l e n e / w a t e r  w a s  c o n c e n t r a t e d  t o  a n  o i l .  T h e  o i l  w a s  

d i s t i l l e d  [b p  6 5 - 7 2  ° C  ( 1 . 0  T o r r ) ]  t o  g i v e  a  7 8 %  y i e l d  o f  5 a n d  G, in  a  

r a t i o  o f  c a .  9 : 1 ,  r e s p e c t i v e l y .  S e p a r a t i o n  o f  5 a n d  G w a s  g e n e r a l l y  e f 

f e c t e d  b y  f r a c t io n a l  d i s t i l l a t i o n  o f  m i x t u r e s  l a r g e l y  e n r ic h e d  in  5 u s in g  

a  1 . 5 - f t  c o lu m n  p a c k e d  w i t h  p o r c e l a i n  s a d d l e s .  P u r e  5  h a d  b p  6 0 - 6 1  

° C  ( 0 .0 0 5  T o r r )  [ m p  2 8 - 2 9  ° C ;  I R  ( n e a t )  < w  3 1 0 5 , 2 9 5 0 , 2 2 5 0  ( C N ) ,  

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

3 . 5 3  ( p a i r  o f  s ,  5  H ,  1 - C H n  a n d  C H - ,C N ,  r e s p e c t i v e l y ) ,  6 .0 3  ( m , 2  H ) ,  

6 .5 5  ( t ,  1  H ,  J  =  c a .  2  H z ,  5 - H ) ;  U V  ( C H 3 O H )  X max ( A  2 1 7  n m  ( 7 3 5 0 ) ;  

M S  m /e  ( r e l  a b u n d a n c e )  1 2 0  ( 1 0 0 ) ,  1 1 9  ( 9 3 ) ,  9 4  ( 9 3 ) ,  9 3  ( 4 6 ) , 9 2  ( 3 6 ) ,  

5 1  ( 3 2 ) ,  4 4  (8 6 )] a n d  a  f r a c t i o n  h i g h l y  e n r i c h e d  in  G h a d  b p  3 9 - 4 1  ° C  

( 0 .0 0 5  T o r r ) .  A  s a m p l e  o f  p u r e  6 , o b t a i n e d  b y  r e c r y s t a l l i z a t i o n  f r o m  

m e t h a n o l ,  h a d  m p  5 3 - 5 5  ° C  [ I R  ( K B r )  i>max 3 1 2 0 ,  2 9 1 5 ,  2 2 0 0  ( c o n j u 

g a t e d  C N ) ,  1 4 6 0 ,  1 4 3 0 ,  1 3 9 3 ,  1 3 8 0 ,  1 3 1 5 ,  1 1 7 3 ,  1 0 2 8 ,  7 7 3  c m " 1 ; 'H  
N M R  ( C D C I 3 ) & 2 .2 3  ( s ,  3  H ,  W 1/2  =  c a .  1 . 5  H z ,  5 - C H . ,) ,  3 . 6 1  ( s h a r p  

s , 3  H ,  1 - C H :!) , 5 .9 0  ( b r o a d e n e d  d ,  1  H ,  J  =  c a . 4  H z ,  4 - H ) ,  6 . 6 6  ( s h a r p  

d ,  1  H ,  J  =  c a .  4  H z ,  3 - H ) ;  U V  ( C H :1O H )  Xmax (e) 2 2 7  ( 5 8 6 0 ) ,  2 5 8  n m  

( 1 5  4 0 0 ) ; M S  m /e  ( r e l  a b u n d a n c e )  1 2 0  ( 7 2 ) ,  1 1 9  ( 8 3 ) ,  4 4  ( 1 0 0 ) ,  4 0  ( 8 3 )] . 

C o m p o u n d  7 w a s  t y p i c a l l y  i s o l a t e d  f r o m  t h e  p o t  r e s i d u e  o f  t h e  in i t i a l  

d i s t i l l a t i o n  b y  f l a s h  d i s t i l l a t i o n  ( K u g e l r o h r ) .  A  s a m p l e  o f  p u r e  7, o b 

t a in e d  b y  r e c r y s t a l l iz a t io n  f r o m  d r y  e t h e r ,  h a d  m p  8 8 - 8 9  ° C  [ I R  ( K B r )  

i w  3 1 0 5 ,  2 8 9 5 , 2 2 5 0  ( C N ) ,  1 4 9 0 , 1 4 5 5 , 1 4 1 5 , 1 3 1 2 , 1 2 9 0 , 1 1 9 9 , 1 0 1 9 ,  

1 0 0 6 ,  7 7 0 ,  7 6 0 , 7 0 5  c m “ 1 ; >H  N M R  ( C D C 1 :1) i  3 .4 4 ,  3 .4 9  ( p a i r  o f  s ,  6  H .  

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

2  H ) ,  6 .5 4  ( m , 1  H ) ;  U V  ( C H ;!O H )  X max (e) 2 2 3  n m  ( 1 5  2 0 0 ) ;  M S  m /e  
( r e l  a b u n d a n c e )  2 1 3  ( 1 0 0 ) ,  2 1 2  ( 5 8 ) ,  1 7 3  ( 8 1 ) ,  1 3 2  ( 5 0 ) , 9 4  (9 2 ) ,  9 3  (5 4 ) ] . 

S a t i s f a c t o r y  e l e m e n t a l  a n a l y s e s  ( C ,  H ,  N )  w e r e  o b t a i n e d  f o r  t h e  n e w  

s u b s t a n c e s ,  6 a n d  7.

Acknowledgment. W e thank the analytical section of the 
Chemical Research Department for services rendered to this 
work.



1098 J. Org. Chem., Vol. 42, No. 6,1977 Notes

R e g i s t r y  N o . — 4 a ,  5 4 8 2 8 - 8 0 - 7 ;  4 b ,  6 1 0 7 6 - 0 5 - 9 :  4 c ,  6 1 0 7 6 - 0 6 - 0 ;  4 d ,

6 1 0 7 6 - 0 7 - 1 ;  4 e ,  6 1 0 7 6 - 0 8 - 2 ;  5 , 2 4 4 3 7 - 4 1 - 0 ;  6 , 5 6 3 4 1 - 3 6 - 7 ;  7 , 6 1 0 7 6 - 0 9 - 3 ;

2 - d i m e t h y l a m i n o m e t h v l - A , - m e t h y l p y r r o l e ,  5 6 1 3 9 - 7 6 - 5 ;  s o d i u m  c y 

a n i d e ,  1 4 3 - 3 3 - 9 .
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The majority of m etal-ammonia reactions (Birch reduc
tions) do not involve carbon-carbon bond cleavage.2 W e have 
recently observed that the photodimers 1" and 24 are selec
tively cleaved to hydrocarbons 35 and 4,6 respectively, on

3  4

treatment with lithium or sodium in ether-ammonia. H y
drocarbons 1 and 2 react rapidly and a permanent blue color 
is not observed until after addition of 2 equiv of metal.

In contrast, hydrocarbons 57 and 6,4 isomers of 1 and 2, re
spectively, are totally inert to the lithium-ammonia cleavage 
reaction under comparable conditions. W e attribute this 
spectacular difference in reactivity to a combination of steric 
strain and contiguous benzylic positions in 1 and 2. W e have

recently obtained an x-ray crystallographic analysis2 of hy
drocarbon 1, which shows that the four-membered ring is 
planar and has an elongated bond (1.579 A). Interestingly, it 
is this bond which is cleaved during the lithium-ammonia  
reduction. W e have also determined that 78a is inert to N a -

N H :! reductive cleavage. Comparison of structures 1, 5, and 
7 suggests that relief of steric strain is involved in the reductive 
cleavage of 1.

W e offer the rationalization shown in Scheme I as an ex- 

S c h e m e  I

planation for the process and feel that while relief of steric 
strain is important, the availability of a benzylic position to 
stabilize the anion in structure 9 is an essential factor. Base- 
induced cleavage of 1 and 2 without the assistance of a re
ductive process is unlikely, since these hydrocarbons are stable 
to strong anhydrous base.81’

Recent reviews provide a few examples of carbon-carbon 
reductive cleavage.2 The major structural features responsible 
for this effect are vicinal benzylic positions and/or relief of 
strain, as implied above. Whereas 1,2-diarylethanes appear 
to be stable to reduction,9 tri- and tetraarylethanes are known 
to cleave.10 If 10 is considered to be a diarylethane, it should

1 0  l i

be stable. However, cleavage of the carbon-carbon bond as 
shown indicates that relief of steric strain must be essential.11 
Cleavage of the cyclobutane ring of 11 with sodium to the 
radical anion of acenaphthalene has been established by ESR  
studies.12

It is of interest that while hydrocarbon 7 is unaffected by 
the L i-N H q reaction, the diol 1213 is cleaved to tetralin in

1 2 1 3
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approximately 25% yield. However, the cleavage of 12 could 
result from a retro-pinacol reaction,211 and hence this may be 
an unfair comparison. Nevertheless, it serves as a good re
minder that predictions of reductive cleavage must be made 
cautiously.

While the reductive cleavage described for 1 and 2 is useful 
in distinguishing head-to-head and head-to-tail dimers of the 
type shown by 1 ,2 ,5 , and 6, it is also useful as a stereospecific 
synthesis of d,/3'-linked hydrocarbon types illustrated by 3 and 
4, which are otherwise difficult to obtain as pure hydrocar
bons. Since a single product was obtained in the preparation 
of 3, we assume that the positions )3 to the aromatic rings of 
1 are not involved. This permits the stereochemical assign
ment shown for 3, mp 34-85  °C ,5 and hence suggests the meso 
configuration for hydrocarbon 13, mp 118-119 °C .14

Experimental Section
Li-NH.! Reductive Cleavage of cis,anfi,cis-5,6,6a,- 

6b,7,8,12b,12c-Octahydrodibenzo[a,i]biphenylene (1) to 1,1',- 
2,2',3,3',4,4’-Octahydro-2,2'-binaphthyl (3). T o  a  s o l u t i o n  o f  2 .0  

g  ( 7 .2  X  1 0 - 3  m o l)  o f  1 ,  m p  7 1 - 7 2  ° C ,  in  1 0  m l o f  d r y  e t h e r  a n d  5 0  m l 

o f  a m m o n ia  w a s  a d d e d  0 . 1 1  g  ( 1 . 5 7  X  1 0 “ ~ g - a t o m )  o f  l i t h iu m  in  s m a l l  

p ie c e s .  A f t e r  a d d i t i o n ,  t h e  b lu e  c o lo r  p e r s i s t e d .  A f t e r  1  h , t h e  r e a c t io n  

w a s  q u e n c h e d  w i t h  a n h y d r o u s  a m m o n i u m  c h lo r i d e ,  a m m o n i a  w a s  

a l lo w e d  t o  e v a p o r a t e ,  a n d  2 0 0  m l  o f  w a t e r  w a s  a d d e d  t o  t h e  r e s i d u e .  

T h e  r e a c t io n  m i x t u r e  w a s  e x t r a c t e d  ( e t h e r ,  3  X  1 0 0  m l)  a n d  t h e  o r 

g a n i c  l a y e r  w a s  w a s h e d  w i t h  5 0 - m l  p o r t i o n s  o f  1 0 %  s u l f u r i c  a c i d ,  

C l a i s e n ’s  a l k a l i , ,fi a n d  w a t e r .  T h e  e t h e r  l a y e r  w a s  d r i e d  ( M g S C b )  a n d  

c o n c e n t r a t e d  t o  g iv e  1 . 9 5  g  o f  a  c r y s t a l l i n e  p r o d u c t ,  m p  7 3 - 7 8  ° C .  G C  

a n a l y s i s 1 ' 8 o f  t h e  p r o d u c t  s h o w e d  le s s  t h a n  2 %  o f  u n r e a c t e d  1  a n d  a  

m a jo r  p e a k  c o r r e s p o n d i n g  t o  3 . 5b R e c r y s t a l l i z a t i o n  o f  t h e  c r u d e  

p r o d u c t  f r o m  i s o h e x a n e  g a v e  1 . 2  g  ( 6 0 %  y i e l d )  o f  w h i t e  n e e d l e s ,  m p

8 4 . 5 - 8 5  ° C .  A  s e c o n d  c r o p  o f  0 .5  g  o f  l e s s  p u r e  m a t e r i a l  w a s  o b t a i n e d  

b y  c o n c e n t r a t i o n  o f  t h e  m o t h e r  l i q u o r .  T h e  t o t a l  y i e l d  w a s  8 5 % . T h e  

p r o d u c t  h a d  a n  id e n t ic a l  H  N M R  s p e c t r u m  a n d  u n d e p r e s s e d  m e l t in g  

p o i n t  o n  m i x i n g  w i t h  a  k n o w n  s a m p l e  o f  3.5h
Li-NH.j Reductive Cleavage of 4b/3,4ca,9,9aa,9b/3,10-Hex- 

ahydrocyclobuta[l,2-a:4,3-a']diindene (2) to 2,2'-Biindanyl (4). 
T o  a  s o l u t i o n  o f  1 . 0  g  1 4 . 3  X  1 0 _ :i m o l)  o f  t h e  p h o t o d i m e r  2,4 m p  1 1 0  

° C ,  in  1 0  m i  o f  e t h e r  a n d  5 0  m l  o f  a m m o n i a  w a s  a d d e d  0 .6 5  g  ( 9 .3  X  

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

r i e d  o u t  a s  d e s c r i b e d  a b o v e  t o  g i v e  1 . 0  g  o f  a  s o l i d .  G C  a n a l y s i s 171’ o f  

t h i s  s o l id  s h o w e d  a  m a jo r  p e a k  a n d  n o  u n r e a c t e d  2. R e c r v s t a l l i z a t i o n  

o f  t h e  p r o d u c t  f r o m  a c e t o n e  g a v e  0 . 8  g  ( 8 0 %  y i e l d )  o f  w h i t e  c r y s t a l s  

o f  4: m p  1 6 5 - 1 6 7  ° C  ( l i t .6a m p  1 6 5 - 1 6 6 . 5  ° C ) ;  ‘ H  N M R  ( C D C 1 :1) b 7 . 1 0  

( m , 8 , A r H ) ,  3 . 2 0 - 2 . 9 0  ( m , 4 ,  A r C H 2), 2 . 8 3 - 2 . 3 0  ( m , 6 , A r C H 2C H ) ;  

m a s s  s p e c t r u m  ( 7 0  e V )  m /e  2 3 4 .

Hydrogenation of l,l',2,2',3,3',4,4'-Octahydro-l,l'-binaph- 
thyl-l,l'-diol (12) to l,C,2,2',3,3',4,4'-Octahydro-l,l'-binaphthy] 
(7). A  s o lu t io n  o f  1 5  g  ( 0 .0 5 1  m o l)  o f  t h e  p in a c o l  121:i in  5 0 0  m l o f  a c e t ic  

a c i d  a n d  1 . 5  g  o f  1 0 %  P d / C  w a s  s h a k e n  in  a  P a r r  h y d r o g e n a t i o n  v e s s e l  

u n d e r  a  5 0 - p s i g  h y d r o g e n  a t m o s p h e r e  a t  6 0 - 7 0  ° C  f o r  4 3  h . T h e  r e 

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

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

o n  b a s i c  a l u m i n a  u s i n g  i s o h e x a n e .  T h e  c o m b i n e d  h y d r o c a r b o n  f r a c 

t i o n s  w e r e  d i s t i l l e d  u s i n g  a  K u g e l r o h r  a p p a r a t u s  a t  1 6 0 - 1 7 0  ° C  ( 0 .2  

m m )  t o  g i v e  3 . 5  g  ( 0 . 0 1 3  m o l .  2 6 %  y i e l d )  o f  a  c l e a r ,  c o l o r l e s s  o i l :Ka-1 

>H N M R  ( C D C b )  b 7 . 3 1 - 6 . 8 6  ( m , 8 , A r H ) ,  3 . 7 2 - 3 . 2 0  ( m , 2 ,  A r C H ) ,  2 .6 5  

( t ,  4 ,  A r C H 2), J  =  4  H z ,  a n d  2 . 1 3 - 1 . 0 4  ( m , 8 , A r C H 2 C H 2 C H , ) ;  m a s s  

s p e c t r u m  ( 7 0  e V )  m /e  2 6 2 .

Reaction of 12 with Sodium-Ammonia. A  s o lu t io n  o f  0 .8  g  ( 0 .0 0 2 7  

m o l)  o f  12, m p  1 8 5 - 1 8 9  ° C  ( l i t . 1 3  m p  1 9 1  ° C ) ,  in  5 0  m l  o f  THF w a s  

a d d e d  t o  a  s o l u t i o n  o f  5 0  m l  o f  a m m o n i a  a n d  0 . 5  g  ( 0 .2 2  g - a t o m )  o f  

s o d i u m .  A f t e r  1  h , t h e  r e a c t i o n  w a s  q u e n c h e d  b y  a d d i t i o n  o f  s o l id  

a m m o n iu m  c h lo r id e  a n d  t h e  p r o d u c t s  i s o la t e d  a s  p r e v i o u s l y  d e s c r ib e d .  

T h e  r e s u l t i n g  o i l  w a s  a n a l y z e d  b y  G C I7c a n d  s h o w n  t o  c o n t a i n  2 5 %  

t e t r a l i n .
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(16) L. F. Fieser and M. Fieser, “Reagents for Organic Synthesis” . Voi. I. Wiley. 
New York, N.Y., 1967, p 153.

(17) (a) An 8 ft X  0.25 in. column of 8 0 -100  mesh Chromosorb G coated with 
7%  UC W-98 at 230 °C  was used; (b) ref 17a at 190 °C; (c) a 6 ft X  0.25 
in. column of 80-100 mesh, AW-DMCS-treated Chromosorb G coated with 
3.5%  N,M-bis(p-methoxybenzylidine)-a,«'-bitoluidine at 220 °C  was 
used.

Reactions of Enones with the New Organocuprates, 
LiCu2(CH:t).i, Li2Cu:i(CH.3)5, and L^CiRCHsH

E u g e n e  C .  A s h b y , *  J .  J .  L i n ,  a n d  J o h n  J .  W a t k i n s

School of Chem istry, Georgia In stitute o f Technology, 
Atlanta, Georgia 30332

R eceived August 25, 1976

It has been reported that a mixture of (CH.i)Li and Li- 
Cu(CH 3)2 provides unusually stereoselective methylation of
4-ierf-butylcyclohexanone compared to CH 3Li alone.1 It was 
suggested that a highly reactive cuprate having the stoichi
ometry Li2Cu(CH:i):i or LinCu(CH3)4 is formed when CH  fLi 
and LiCu(CH.))2 are allowed to react and that reaction of these 
species with the ketone would explain the observed results. 
W e have recently obtained direct evidence for the existence 
of LiCu2(CH :!)3 and Li2Cu(CH 3)3 in both dimethyl ether and 
tetrahydrofuran and indirect evidence for the species 
Li2Cu3(CH 3)5 and LioCuiCH.'ds in diethyl ether by low-tem 
perature N M R .2 All of the cuprates appear to be single species 
in solution except LivCuiCH ,):; which has been shown to exist 
as an equilibrium mixture. Since LiCu(CH 3)2 has proven to 
be an excellent conjugate methylating agent for a ji-unsatu- 
rated carbonyl compounds, it was considered to be important 
to evaluate these new cuprates as conjugate methylating 
agents.

LiCu(CH 3)2 +  CH 3Li ^  L i2Cu(CH 3)3 (D

Six enones (I-V I) were chosen to react with LiCu(CH :!)2, 
LiCu2(C H 3)3, and Li2Cu(CH 3)3 in T H F  and LiCu(CH :!)2, 
Li2Cu3(CH 3)5, and Li2Cu(CH3)3 in E t20  solvent. The results 
of these reactions are shown in Tables I and II. In T H F solvent
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Table I. Méthylation of Enones with LiCu(CH3)2, LiCu2(CH3)3, and Li2Cu(CH3)3"  in THF at Room Temperature

M o l a r  f . P r o d u c t ,  %
r a t i o  o f  , E n o n e  ----------------------------------

C u p r a t e r e a g e n t R e a c t i o n r e c o v e r e d , 1 , 4  m e t h - 1 , 2  m e t !  -

E x p t r e a g e n t * E n o n e c t o  e n o n e t i m e ,  h % y l a t i o n y l a t i o n

1 L i C u ( C H 3 ) 2 f - B u C H = C H ? B u - f  {tra n s)  ( I ) 3 : 1 3 5 9 5 d 0

2 L i C u , ( C H 3 ) 3 (I) 3 : 1 3 2 0 8 2 0

3 L i 2 C u ( C H 3 ) 3 (I)
Q

2 : 1 3 0 1 0 8 0

4 L i C u ( C H 3 ) 2 C H 3 C H = C H C C H 3 ( I I ) 3 : 1 3 7 9 3 e 0

5 L i C u , ( C H 3 ) 3 ( I I ) 3 : 1 3 1 1 9 0 0

6 L i 2 C u ( C H 3 ) 3 ( I I ) 2 : 1 3 1 1 9 3 0

Ç H 3 0

7 L i C u ( C H 3 ) 2 C H 3 C H = C - C C H 3 ( I I I ) 3 : 1 3 4 4 5 6 / 0

8 L i C u 2 ( C H 3 j 2 ( I I I ) 3 : 1 3 9 5 0 0

9 L i 2C u ( C H 3 ) 3 ( I I I )

Q

2 : 1 3 4 8 5 2 0

1 0 L i C u ( C H 3 ) 2 ( C H 3 ) 2C = C H C C H 3 ( I V ) 3 : 1 3 4 9 5 1 £ 0

1 1 L i C u 2 ( C H 3 ) 3 ( I V ) 3 : 1 3 6 6 3 0 0

1 2 L i : C u ( C H 3 ) 3 ( I V )

0

2 : 1 5 3 0 8 5 9 '

1 3 L i C u ( C H 3 ) 2 O  ,v> 3 : 1 3 0 1 0 0 " 0

1 4 L i C u 2 ( C H 3 ) 3 ( V ) 3 : 1 3 0 1 0 3 0

1 5 L i 2 C u ( C H 3 ) 3 ( V )

0

2 : 1 3 0 9 5 0

1 6 L i C u ( C H 3 ) 2 -^!x‘vi> 3 : 1 5 1 0 0 0 0

1 7 L i C u 2 ( C H 3 ) 3 ( V I ) 3 : 1 5 1 0 0 0 0

1 8 L i 2 C u ( C H 3 ) 3 ( V I ) 2 : 1 5 1 0 0 0 0

a L i 2 C u ( C H 3 ) 3 i s  i n  e q u i l i b r i u m  w i t h  L i C u ( C H 3 ) 2 a n d  C H 3 L i .  *  R e g i s t r y  n o . :  L i C u ( C H 3 )2 , 1 5 6 8 1 - 4 8 - 8 ;  L i C u 2 ( C H 3 )3 , 6 1 3 0 3 -

8 2 - 0 ;  L i 2 C u ( C H 3 ) 3 , 6 1 2 7 8 - 4 2 - 0 .  b R e g i s t r y  n o . :  I ,  2 0 8 5 9 - 1 3 - 6 ;  I I ,  6 2 5 - 3 3 - 2 ;  I I I ,  5 6 5 - 6 2 - 8 ;  I V ,  1 4 1 - 7 9 - 7 ;  V ,  9 3 0 - 6 8 - 7 ;  V I ,

7 8 - 5 9 - 1 .  d R e g i s t r y  n o . ,  6 1 2 6 7 - 9 3 - 4 .  «  R e g i s t r y  n o . ,  6 1 2 6 7 - 9 4 - 5 . / R e g i s t r y  n o . ,  6 1 2 6 7 - 9 5 - 6 .  a R e g i s t r y  n o . ,  6 1 2 6 7 - 9 6 - 7 .  
' ’ R e g i s t r y  n o . ,  6 1 2 6 7 - 9 7 - 8 .  ' R e g i s t r y  n o . ,  2 1 9 8 1 - 0 8 - 8 .

Table II. Méthylation of Enones with LìCu(CH:i)l> and Lìl>Cu(CH;i).ì in EtiO at Room Temperature

Enone __________Product, %

Expt
Cuprate
reagent Enone

Molar ratio of 
reagent:enone

Reaction 
time, min

recovered,
%

1,4
methylation

1,2
methylation

19 LiCu(CH.,)> I 1:1 10 37 63 0
20 LiCu(CH:i) > I 3:1 10 0 100 0
21 L C C u :i( C H ;s ) ;- , I 1:1 10 0 105 0
22 Li.,Cu(CH:t)3 I 2:3 10 0 53 47"
23 LiCu(CH3)9 I I 3:1 10 3 97 0
24 Li,Cu3(CH:i)5 I I 1:1 10 0 108 0
25 Li,Cu(CH:l)3 I I 2:1 10 0 96 3 h
26 LiCu(CH;!)-> I I I 3:1 10 6 94 0
27 Li>Cu:!(CH ;);> I I I 1:1 10 0 95 0
28 Li >Cu(CH;))n I I I 2:1 10 0.5 14 86'■
29 LiCu(CH-i)i> I V 3:1 10 17 82 1
30 LLCu:i(CH:,)s I V 1:1 10 6 96 0
31 Li,Cu(CH,).i I V 2:1 10 2 19 79
32 LiCu(CH3)9 V 1:1 1 9 91 0
33 Li)Cu:)(CH:i)s V 1:1 10 0 95 0
34 Li,Cu(CH;,)3 V 2:3 1 0 100 0
35 LiCu(CH3)o V I 3:1 10 0 100 0
36 LLCu,(CH:1).3 V I 1:1 10 0 94 0
37 Li2Cu(CH:i):i V I 2:1 10 0 3 d 93'’

° Registry 
61268-02-8.

no., 61267-98-9. h Registry no., 61267-99-0. «' Registry no., 61268-00-6. d Registry no., 61268-01-7. 1 Registry no.

(Table I), LiCuoiCH;!):! reacted with enones in the same 
fashion as LiCu(CH :1)2 to give 100% 1,4-regioselective m éth
ylation, but at a slower rate (expt 2, 5, and 11). When the 
enone was substituted in the a position (enone III), Li- 
Cu2(CH;j),) did not react under the conditions that LiCuiCH.O) 
gave a 56% yield. On the other hand, LioCuiCH:;).; has a re

action rate similar to that of LiCu(CH 3)2 in the reactions of 
d-monosubstituted enones (I, II, III, and V) but gives mostly
1,2 methylation for /3-disubstituted enones such as IV  (expt
12). Although all three cuprate reagents gave quantitative 
conjugate alkylation with cyclohexenone (V), none of the three 
reagents reacted with isophorone (VI).
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In Et20  solvent (Table II), the reactions are much faster 
than in T H F  solvent. LÍ2Cu3(C H 3)5 is mojje reactive than 
LiCu(CH:!)2 and also provides 100% 1,4 regioselectivity in each 
case studied as does LiCu(CH 3)2. Li2Cu(CH 3)3 gives 100%  
conjugate alkylation for cyclohexenone (V) whereas Li- 
Cu(CH3)2 under the same conditions results in some recovered 
reactant. However, in diethyl ether, Li2Cu(CH 3)3 is in general 
less regioselective than LiCu(CH 3)2. Clearly in the case of 
Li2Cu(CH 3)3, C H 3Li is reacting in diethyl ether to form
1,2-addition product.

It appears that the relative rates of LiCu(CH 3)2, Li- 
Cu2(C H 3)3, Li2Cu3(C H 3)-„ and Li2Cu(CH 3)3 reaction with 
enones depends on the steric requirement of the particular 
enone. W hen the enone is disubstituted (either or a,P), 
reaction is much slower than for a monosubstituted enone. For 
example, LiCu2(CH 3) í does not react with III (an a,/3-disub- 
stituted enone) in T H F whereas LiCu(CH3)2 effects conjugate 
addition in 56% yield (expt 7 and 8). On the other hand, Li- 
Cu2(CH 3)3 and LiCu(CH3)2 react with II (/3-monosubstituted 
enone) in T H F  at about the same rate (expt 4 and 5). Clearly 
all of the cuprates react with cyclohexenone (V) at a rapid rate 
compared to the other enones whereas isophorone (VI) (a 
/3,/3-disubstituted enone) does not react with any of the cu
prates.

When Li2Cu(CH 3)3 was allowed to react with IV (a 
disubstituted enone) in TH F, the reaction involving conjugate 
addition is apparently slowed down so much that 1,2 addition 
by the equilibrium concentration of CH 3Li becomes the major 
reaction. The same phenomenon is observed in diethyl ether 
(Table II). Li2Cu(CH 3)3 is affected much more than Li- 
Cu(CH 3)2 by disubstitution in the enone. For example, with 
the least substituted enones (II and V ), Li2Cu(CH 3)3 gives 
conjugate addition in high yield, whereas with the more 
sterically hindered enones (I, III, IV, and VI), substantial 1,2 
addition takes place.3 4

In conclusion, the new organocuprates, LiCu2(CH;f)3 and 
Li2Cu(CH :¡)3 in T H F  and Li2Cu(CH 3)3 and Li2Cu3(C H ;i)r, in 
Et20 ,  react with enones in a similar manner compared to Li- 
Cu (C H 3)2. Except in the cases of disubstituted enones, 
Li2Cu(CH 3)3 gives quantitative conjugate methylation of the 
enones studied at a comparable or greater rate than Li- 
Cu(CH 3)2 provided that the reaction is carried out in TH F . 
On the other hand, poor regioselectivity was observed in di
ethyl ether. LiCu2(CH 3)3 gave quantitative regioselectivity 
in T H F  and reacted in general more slowly than LiCu(CH:i)2. 
Since LiCu2(CH 3)3 is insoluble in diethyl ether, studies were 
not carried out in this solvent. L i2Cu3(C H 3)5 in ether gave 
excellent results with all of the enones and appeared to react 
somewhat more rapidly compared to LiCu(CH 3)2.

Experimental Section

Apparatus. R e a c t i o n s  w e r e  p e r f o r m e d  u n d e r  n it r o g e n  a t  t h e  b e n c h  

u s in g  S c h l e n k  t u b e  t e c h n i q u e s / ’ O t h e r  m a n i p u l a t i o n s  w e r e  c a r r i e d  

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

g a n e s e  o x id e  c o lu m n s  t o  r e m o v e  o x y g e n  a n d  d r y  i c e - a c e t o n e  t o  r e m o v e  

s o l v e n t  v a p o r s .6 * H  N M R  s p e c t r a  w e r e  o b t a i n e d  a t  6 0  M H z  u s i n g  a  

V a r i a n  A - 6 0  N M R  s p e c t r o m e t e r .

Analytical. A c t i v e  C H 3  g r o u p  a n a l y s i s  w a s  c a r r i e d  o u t  b y  h y d r o 

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

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

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

V o lh a r d  p r o c e d u r e .  C o p p e r  w a s  d e t e r m in e d  b y  e le c t r o ly t ic  d e p o s i t io n  

o n  a  F t  e l e c t r o d e .
M aterials. T e t r a h y d r o f u r a n  ( F i s h e r  C e r t i f i e d  r e a g e n t  g r a d e )  w a s  

d i s t i l l e d  u n d e r  n i t r o g e n  o v e r  N a A l H j  a n d  d i e t h y l  e t h e r  ( F i s h e r  r e 

a g e n t )  o v e r  L Í A I H 4 p r i o r  t o  u s e .  M e t h y l l i t h i u m  in  T H F  a n d  E t 20  w a s  

p r e p a r e d  b y  t h e  r e a c t io n  o f  ( C H :!)2H g  w i t h  e x c e s s  l i t h iu m  m e t a l .  B o t h  

s o lu t io n s  w e r e  s t o r e d  a t  - 7 8  ° C  u n t i l  r e a d y  t o  u s e .  C u p r o u s  io d id e  w a s  

p u r i f i e d  b y  p r e c i p i t a t i n g  f r o m  a n  a q u e o u s  K I - C u I  s o l u t i o n . '  T h e  

p r e c i p i t a t e d  s o l id  w a s  w a s h e d  w i t h  w a t e r ,  e t h a n o l ,  a n d  d i e t h y l  e t h e r  

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

Preparation o f  Reagents in THF. LiCu2(C H 3)3 . C u p r o u s  io d id e  

( 1 . 5 3  g , 8 ,0 5  m m o l)  w a s  w e i g h e d  i n t o  a  5 0 - m l  r o u n d - b o t t o m  f l a s k  in  

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

r e m o v e d  f r o m  t h e  d r y b o x ,  c o n n e c t e d  b y  m e a n s  o f  a  n e e d le  t o  a  n i 

t r o g e n  b u b b le r ,  a n d  1 5  m l  o f  T H F  a d d e d  t o  s lu r r y  t h e  s o l id .  T h e  s lu r r y  

w a s  c o o le d  t o  —7 8  ° C  a n d  1 5 . 1  m l  o f  a  0 .8 0 2  M  s o l u t i o n  o f  m e t h y l l i 

t h i u m  ( 1 2 . 1  m m o l)  in  T H F  w a s  a d d e d  t o  t h e  f l a s k .  W i t h i n  5  m in  a l l  

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

N M R  a t  —9 6  ° C  s h o w e d  t h e  s o l u t i o n  t o  c o n t a i n  o n l y  L i C u 2 ( C H 2 ) : ¡ . 2 

A n a l y s i s  o f  t h e  s o l u t i o n  s h o w e d  L i ,  C u ,  C H :i, a n d  I  t o  b e  p r e s e n t  in  a  

r a t i o  o f  1 . 4 9 : 1 . 0 0 : 1 . 5 0 : 1 . 0 2 .

L i C u ( C H 3 >2 . C u p r o u s  i o d i d e  ( 1 . 2 6  g , 6 .6 2  m m o l)  w a s  a l l o w e d  t o  

r e a c t  w it h  1 6 . 5  m l  o f  0 .8 0 2  M  m e t h y l l i t h iu m  ( 1 3 . 2  m m o l)  in  T H F  u s in g  

t h e  s a m e  p r o c e d u r e  a s  w a s  u s e d  t o  p r e p a r e  L i C u 2 ( C H :5):t ( s e e  a b o v e ) .  

A l l  t h e  s o l i d  d i s s o l v e d  w i t h i n  1  m in  t o  y i e l d  a  c l e a r ,  l i g h t  b r o w n  s o l u 

t io n .  ! H  N M R  a t  —9 6  ° C  s h o w e d  o n l y  o n e  s i g n a l  a t  5  — 1 5 . 7 ,  w h ic h  

c o r r e s p o n d e d  t o  L i C u ( C H 3 )2 . A n  a n a l y s i s  o f  t h e  s o l u t i o n  s h o w e d  L i ,  

C u ,  C H 3 , a n d  I  t o  b e  p r e s e n t  in  a  r a t i o  o f  2 .0 0 : 1 . 0 0 : 2 . 1 2 : 0 . 9 8 .

Li2C u(C H 3)3. C u p r o u s  i o d i d e  ( 0 .8 0  g , 4 . 2 3  m m o l)  w a s  a l l o w e d  t o  

r e a c t  w it h  1 9 .0  m l  o f  0 .8 0 2  M  m e t h y l l i t h iu m  ( 1 6 . 9  m m o l)  in  T H F  u s in g  

t h e  a b o v e  p r o c e d u r e  f o r  m a k i n g  L i C u 2 ( C H :i):¡. A l l  t h e  s o l id  d i s s o lv e d  

w i t h i n  1  m in  t o  y i e l d  a  c l e a r ,  c o l o r l e s s  s o l u t i o n .  'H  N M R  a t  - 9 6  ° C  

s h o w e d  t h e  p r e s e n c e  o f  L L C u i C H . t L  in  e q u i l ib r iu m  w it h  L i C u ( C H : )¿. 
a n d  C H :tL i  [ f o u r  s i g n a l s  a t  <5 — 1 . 4 0 ,  - 1 . 5 7 ,  — 1 . 7 3 ,  a n d  —2 .0 8  a r e  o b 

s e r v e d ;  s ig n a l s  a t  5 - 1 . 5 7  a n d  —2 .0 8  a r e  d u e  t o  L i C u ( C H :f) 2  a n d  C H :!L i ,  

r e s p e c t iv e ly ,  w h ile  t h o s e  a t  ó — 1 . 4 0  a n d  - 1 . 7 3  a r e  d u e  t o  L i 2C u ( C H 3 ) : J .  

A n  a n a l y s i s  o f  t h e  s o l u t i o n  s h o w e d  L i ,  C u ,  C H 3 , a n d  I  t o  b e  p r e s e n t  

in  a  r a t i o  o f  3 . 8 2 : 1 .0 0 :3 .6 2 :0 .9 4 .

P reparation  o f  Reagent in Et20 . LiCu(CH.i)2. C u p r o u s  i o d id e  

( 0 .5 3  g , 2 .7 9  m m o l)  w a s  w e ig h e d  i n t o  a  5 0 - m l  r o u n d - b o t t o m  f l a s k  in  

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

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

n i t r o g e n  b u b b l e r ,  a n d  5  m l  o f  E t 20  a d d e d  t o  s l u r r y  t h e  s o l i d .  T h e  

s l u r r y  w a s  c o o le d  t o  —7 8  ° C  a n d  4 .4  m l  o f  1 . 2 7  M  s o l u t i o n  o f  m e t h y l 

l i t h i u m  ( 5 .5 8  m m o l)  in  E t 20  w a s  a d d e d  t o  t h e  f l a s k .  A l l  t h e  s o l id  

d i s s o lv e d  im m e d ia t e ly  a n d  a  c le a r ,  c o lo r le s s  s o lu t io n  fo r m e d . ! H  N M R  

a t  - 9 6  ° C  s h o w e d  o n l y  L i C u ( C H :))2  t o  b e  p r e s e n t .  A n  a n a l y s i s  o f  t h e  

s o l u t i o n  s h o w e d  L i ,  C u ,  C H ¡ ,  a n d  I  t o  b e  p r e s e n t  in  a  r a t i o  o f  1 . 9 7 :  

1 . 0 0 : .9 6 :0 .9 5 .

L i 2 C u : i ( C H . ! ) 5 . C u p r o u s  i o d i d e  ( 0 .3 8 0  g ,  2 .0  m m o l)  w a s  a l l o w e d  t o  

r e a c t  w i t h  3 . 5  m l  o f  0 .9 5  M  s o l u t i o n  o f  m e t h y l l i t h i u m  ( 3 .3  m m o l)  in  

E t 20  u s i n g  t h e  s a m e  p r o c e d u r e  a s  w a s  u s e d  t o  p r e p a r e  L i C u ( C H 2 ) 2 

( s e e  a b o v e ) .  M o s t  o f  t h e  s o l i d s  d i s s o l v e d  i m m e d i a t e l y  t o  g i v e  a  c l e a r ,  

l ig h t  p i n k  s o l u t i o n ,  b u t  a  s m a l l  a m o u n t  o f  a  y e l lo w  s o l i d  ( m e t h y l c o p -  

p e r )  r e m a i n e d .  A n  a n a l y s i s  o f  t h e  s o l u t i o n  s h o w e d  L i ,  C u ,  C H 3 , a n d  

I  t o  b e  p r e s e n t  in  a  r a t i o  o f  5 . 2 1 : 3 . 0 0 : 5 . 0 9 : 3 . 0 3 .  I f  a l l  o f  t h e  i o d i d e  is  

a s s u m e d  t o  b e  p r e s e n t  a s  L i l ,  t h e n  t h e  o r g a n o c o p p e r  s p e c i e s  w o u ld  

h a v e  a  L i : C u : C H ;! r a t i o  o f  2 . 1 8 : 3 . 0 0 : 5 . 0 9 .  T h i s  i n d i c a t e s  t h e  p r e s e n c e  

o f  t h e  c o m p l e x  L i 2 C u ;i(C H :)) - ,. T h i s  c o m p o u n d  w a s  i n d e e d  s h o w n  t o  

b e  p r e s e n t  b y  N M R  s t u d i e s . 2

L i 2 C u ( C H 3 ),3 . C u p r o u s  i o d i d e  ( 0 .5 7  g ,  2 .9 7  m m o l)  w a s  a l l o w e d  t o  

r e a c t  w i t h  9 .3 6  m l  o f  1 . 2 7  M  s o l u t i o n  o f  m e t h y l l i t h i u m  ( 1 1 . 9  m m o l)  

in  E t 20  u s in g  t h e  s a m e  p r o c e d u r e  a s  w a s  u s e d  t o  p r e p a r e  L i C u ( C H :¡ ) 2 

( s e e  a b o v e ) .  A l l  t h e  s o l id  d i s s o l v e d  i m m e d i a t e l y  a n d  a  c l e a r ,  c o lo r le s s  

s o l u t i o n  r e m a i n e d .  ' H  N M R  a t  —9 6  ° C  s h o w e d  L i 2 C u ( C H ; ¡) : i ,  L i -  

C u ( C H :i) 2, a n d  C H :iL i  t o  b e  p r e s e n t . 2 A n  A n a l y s i s  o f  t h e  s o l u t i o n  a  

s h o w e d  L i ,  C u ,  C H :¡, a n d  I  t o  b e  p r e s e n t  in  a  r a t i o  o f  3 . 8 2 : 1 . 0 0 : 3 . 8 8 :

1 .0 2 .

G eneral R eactions o f  Enones. A  1 0 - m l  E r l e n m e y e r  f l a s k  w i t h  a  

T e f l o n - c o a t e d  m a g n e t i c  s t i r r i n g  b a r  w a s  d r i e d  in  a n  o v e n  a n d  a l lo w e d  

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

c o n n e c t e d  b y  m e a n s  o f  a  n e e d le  t o  a  n i t r o g e n - f i l l e d  m a n i f o ld  e q u ip p e d  

w i t h  a  m i n e r a l  o i l  f i l l e d  b u b b l e r .  T h e  c u p r a t e  r e a g e n t  ( c a .  0 . 1 - 0 . 5  

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

e n o n e  ( in  T H F  o r  E t 20  s o l v e n t  w i t h  i n t e r n a l  s t a n d a r d ,  n - C ] 2 H 2e o r  

n - C 1 |H ;!o) w a s  a d d e d  t o  t h e  s t i r r e d  r e a g e n t .  A f t e r  t h e  d e s i g n a t e d  r e 

a c t i o n  t i m e ,  t h e  r e a c t i o n  w a s  q u e n c h e d  b y  H 20  s lo w l y  a n d  d r i e d  b y  

M g S 0 4. A  1 0 - f t  5 %  C a r b o w a x  2 0 M  o n  C h r o m o s o r b  W  c o l u m n  w a s  

u s e d  t o  s e p a r a t e  t h e  1 , 4  a n d  1 , 2  m e t h y la t i o n  p r o d u c t s  o f  e n o n e  I  ( 1 2 0  

° C ) ,  e n o n e  I I  ( 9 0  ° C ) ,  e n o n e  I I I  ( 1 0 0  ° C ) ,  e n o n e  I V  ( 1 0 0  ° C ) ,  e n o n e  

V  ( 1 0 0  ° C ) ,  a n d  e n o n e  V I  ( 1 0 0  ° C ) .  A u t h e n t i c  s a m p l e s  o f  1 , 2 - a d d i t i o n  

p r o d u c t s  w e r e  p r e p a r e d  b y  r e a c t io n  o f  t h e  e n o n e  w it h  M e L i .  T h e  y ie ld  

p e r c e n t  f o r  e a c h  r e a c t i o n  w i t h  L i C u ( C H 2 ) 2 w a s  n o r m a l i z e d  b y  1 0 0 %  

y i e l d  =  e n o n e  r e c o v e r y  %  +  1 , 2  p r o d u c t  %  +  1 , 4  p r o d u c t  % . T h e  y i e l d  

p e r c e n t s  f o r  o t h e r  r e a c t i o n s  w e r e  b a s e d  o n  t h e  L i C u ( C H :i) 2  r e a c 

t io n .

Acknowledgment. W e are indebted to the National 
Science Foundation and to the donors of the Petroleum Re



1102 J. Org. Chem., Vol. 42, No. 6,1977 Notes

search Fund, administered by the American Chemical Society, 
for support of this work.

References and Notes
(1) T. L. Macdonald and W. C. Still, J. Am. Chem. Soc., 97, 5280 (1975).
(2) E. C. Ashby and J. J. Watkins, J. Chem. Soc., Chem. Commun., in press.
(3) Professor Still has informed us that the reference to low-temperature 1,4 

addition of cuprates to isophorone was erroneously included and should be 
ignored.

(4) W. C. Still and T. L. Macdonald, Tetrahedron Lett., 2659 (1976).
(5) D. F. Shriver, “The Manipulation of Air-Sensitive Compounds”, McGraw-Hill, 

New York, N.Y., 1969.
(6) E. C. Ashby and R. D. Schwartz, J. Chem. Educ., 51, 65 (1974).
(7) G. B. Kauffman and L. A. Teter, Inorg. Synth., 7, 9 (1963).

A Synthesis of 3,7-Dimethylpentadec-2-yl Acetate. 
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The sawflies are ubiquitous in North America and include 
in their host selection a great diversity of plant groups. Many 
species (e.g., Diprion hercyniae and Neodiprion lecontei) are 
among the worst defoliators of spruce and pine forests as a 
result of feeding by the caterpillar-like larvae on coniferous 
needles.2 Recently Coppel and co-workers3 identified 3,7- 
dimethylpentadec-2-yl acetate (6) as the major component 
of the sex pheromone produced by female Neodiprion le
contei. W e report below a facile synthesis of racemic 6 starting 
with commercial 2,6-dimethylcyclohexanone (1).

In the synthesis outlined in Scheme I (R =  n-heptyl), the

S c h e m e  I

a ,  N a H ,  n - C 8 H ,  7 I / T H F ;  b ,  N H 2 O H H C I ,  N a O A c / E t O H ;  c ,  

p - T s C l / p y r i d i n e ,  r e f l u x ;  d ,  D i B A L H / h e x a n e ,  — 7 8 ° C ;  e ,  

H 3 0 + ; f ,  M e M g I / E t 2 0 ;  g ,  A c 2 0 ;  h ,  P t 0 2 / H 0 A c ,  H , .

key step, a Beckmann fragmentation of the oxime 34 to the 
isomeric olefinic nitriles 4, proceeded in 90% yield when 3 
reacted with 2 equiv of p -T sC l in refluxing pyridine.5 The 
synthesis was completed by standard procedures as shown to 
give the acetate 6 in 59% overall yield from the ketone 2.

Experimental Section
2,6-Dimethyl-2-n-octylcyclohexanone (2). A  f la m e - d r ie d  2 5 0 - m l  

t h r e e - n e c k  f l a s k  f i t t e d  w i t h  a  m a g n e t i c  s t i r r e r ,  c o n d e n s e r ,  a d d i t i o n  

f u n n e l ,  n i t r o g e n  i n l e t ,  a n d  g a s  b u b b l e r  w a s  c h a r g e d  w i t h  4 . 5  g  (9 0  

m m o l)  o f  5 0 %  N a H .  A f t e r  t h e  m i n e r a l  o i l  w a s  r e m o v e d  w i t h  2  X  2 0  m l

o f  e t h e r ,  9 0  m l  o f  T H F  ( f r e s h l y  d i s t i l l e d  f r o m  N a )  a n d  1 0  m l  o f  D M F  

w a s  a d d e d .  T h e  m i x t u r e  w a s  h e a t e d  t o  r e f l u x  a n d  9 .4 5  g  ( 7 5  m m o l)  

o f  2 ,6 - d i m e t h y lc y c l o h e x a n o n e  w a s  a d d e d  d r o p w i s e .  W h e n  h y d r o g e n  

e v o l u t i o n  h a d  c e a s e d ,  t h e  m i x t u r e  w a s  c o o le d  t o  2 5  ° C  a n d  1 7 . 5  g  ( 7 3  

m m o l)  o f  1 - io d o o c t a n e  a d d e d  in  o n e  p o r t io n .  A f t e r  s t i r r i n g  a t  a m b i e n t  

t e m p e r a t u r e  f o r  1  h ,  t h e  m i x t u r e  w a s  r e f l u x e d  f o r  a  f u r t h e r  1  h  

w h e r e u p o n  5 0  m l  o f  3  M  H 2S 0 4 w a s  a d d e d  a n d  r e f l u x i n g  c o n t i n u e d  

f o r  3 . 5  h . A f t e r  c o o l in g ,  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 ,  d i l u t e d  w i t h  

1 0 0  m l  o f  e t h e r ,  a n d  w a s h e d  w i t h  2  X  1 0 0  m l  o f  H 20 .  A f t e r  d r y i n g  o v e r  

M g S 0 4 , t h e  s o l v e n t  w a s  r e m o v e d  in  v a c u o  a n d  t h e  r e s i d u e  d i s t i l l e d  

v i a  s h o r t  p a t h  t o  g i v e  3 . 3 4  g  ( 3 6 % )  o f  t h e  s t a r t i n g  k e t o n e  1  a n d  7 . 3 1  g  

(4 2 % ) o f  2 : b p  1 1 7 - 1 2 0  ° C  (0 . 1  m m ) ;  I R  ( C C L ,)  1 7 1 0  c m “ 1 ; N M R  ( C C 1 4) 

b 0 .8 5  ( d i s t o r t e d  t ,  3  H ) ,  0 .9 2  ( d ,  3  H ,  J  =  7  H z ) ,  0 . 9 2 , 1 . 0 8  ( 2  s h a r p  

s i n g le t s ,  3  H ) ,  1 . 2 6  ( b r  s ,  1 4  H ) ,  1 . 0 - 2 . 0  ( b r ,  7  H ) ;  m /e  ( r e l  i n t e n s i t y )  

2 3 8  ( M + , 2 2 ) ,  1 2 6  ( 1 0 0 ) .

2.6- Dimethyl-2-n-octylcyclohexanone Oxime (3). A  m i x t u r e  

o f  5 .9 6  g  ( 2 5  m m o l)  o f  k e to n e  2 , 1 0 . 4  g  ( 1 5 0  m m o l)  o f  N H  > O H -H C l, 2 0 .6  

g  ( 1 5 0  m m o l)  o f  N a 0 A c - 3 H 20 ,  a n d  2 0  m l  o f  E t O H  w a s  r e f l u x e d  f o r  

4 8  h . A f t e r  1 5 0  m l  o f  H 20  w a s  a d d e d ,  t h e  p r o d u c t  w a s  e x t r a c t e d  i n t o  

2  X  4 0  m l  o f  e t h e r ,  d r i e d  o v e r  M g S 0 4, a n d  c o n c e n t r a t e d  in  v a c u o .  

M e t h a n o l  ( 1 5  m l)  w a s  a d d e d  a n d  t h e  m i x t u r e  r e f r i g e r a t e d  o v e r n i g h t .  

T h e  c r y s t a l l i n e  p r o d u c t  w a s  c o l le c t e d  b y  s u c t io n  f i l t r a t i o n  a n d  w a s h e d  

w i t h  c o ld  m e t h a n o l  t o  g iv e  2 .0 5  g  o f  o x im e ,  m p  7 9 - 8 1  ° C .  T h e  f i l t r a t e  

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

s u l t a n t  o i l  w a s  d i s t i l l e d  v i a  s h o r t  p a t h  t o  g i v e  3 . 5 1  g  o f  t h e  o x i m e  a s  

a  c o l o r l e s s ,  v i s c o u s  o i l ,  b p  1 2 7 - 1 3 0  ° C  ( 0 . 1  m m ) .  T h e  c o m b i n e d  y i e l d  

o f  o x i m e s  w a s  5 .5 6  g  (8 8 % ). T h e  d a t a  f o r  t h e  c r y s t a l l i n e  o x i m e  a r e  

p r e s e n t e d  b e lo w : I R  ( C C 1 4) 3 4 0 0  c m - 1 ; ( b r o a d ) ;  N M R  ( C C 1 4) b 9 .9  ( s ,

1  H ) ,  1 . 3  ( b r  s ,  1 4  H  s u p e r im p o s e d  o n  d ,  3  H ) ,  1 . 1  ( s , 3  H ) ,  0 .9  ( d i s t o r t e d  

t ,  3  H ) ,  1 . 2 - 2 . 0  ( b r ,  7  H ) ;  m /e  ( r e l  i n t e n s i t y )  2 5 3  ( M + , 6 ) , 2 3 6  ( 5 ) ,  1 4 1  

( 1 0 0 ), 1 2 6  (2 2 ).

Beckmann Fragmentation of Oximes 3. A  m i x t u r e  o f  4 .0 0  g  ( 1 5 . 8  

m m o l)  o f  t h e  c r y s t a l l i n e  o x i m e  3 a n d  6 .8 3  g  ( 3 5 .6  m m o l)  o f  p - t o l u -  

e n e s u l f o n y l  c h lo r id e  in  1 0  m l  o f  p y r i d i n e  w a s  r e f l u x e d  f o r  2 .5  h . A f t e r  

c o o l in g  t o  2 5  ° C ,  1  m l  o f  H 20  w a s  a d d e d  a n d  t h e  m i x t u r e  s t i r r e d  f o r  

1 0  m in  w h e r e u p o n  t h e  d a r k  b r o w n  s o l u t i o n  w a s  p o u r e d  i n t o  1 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  3  X  2 5  m l  o f  h e x a n e .  T h e  c o m b i n e d  h e x 

a n e  l a y e r s  w e r e  w a s h e d  w i t h  2  X  2 5  m l  o f  H 2O , d r i e d  o v e r  M g S 0 4, a n d  

c o n c e n t r a t e d  in  v a c u o .  T h e  r e s u l t a n t  b r o w n  o i l  w a s  d i s t i l l e d  v i a  K u -  

g e l r o h r  t o  g i v e  3 . 3 5  g  (9 0 % ) o f  t h e  i s o m e r i c  o l e f i n i c  n i t r i l e s  4: b p  

1 2 5 - 1 3 0  ° C  ( b a t h )  ( 0 . 1  m m ) ;  I R  ( C C L ,)  2 2 4 0  c m “ 1 ; N M R  ( C C 1 4) b 5 .0  

( m , 1  H ) ,  2 .4  ( s e x t e t ,  1  H ) ,  2 .0  ( m , 2  H ) ,  2 .0  ( m , 2  H ) ,  1 . 6 5  ( b r  s ,  3  H ) ,  

1 . 0 —1 . 7  ( b r ,  6  H ) ,  1 . 3  ( b r  s , 1 0  H ,  s u p e r i m p o s e d  o n  d ,  3  H ) ,  0 .8 5  ( d i s 

t o r t e d  t ,  3  H ) ;  m /e  ( r e l  in t e n s i t y )  2 3 5  ( M + ,  5 1 ) ,  2 2 0  ( 3 3 ) ,  2 0 7  ( 8 0 ) , 1 5 0  

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

Reduction of the Nitriles 4  to the Aldehydes 5 .  T o  a  m a g n e t i c a l l y  

s t i r r e d  s o lu t io n  o f  3 . 3 5  g  ( 1 4 . 2  m m o l)  o f  t h e  n i t r i l e s  4  in  2 0  m l  o f  h e x a n e  

w a s  a d d e d  d r o p w is e  a t  - 7 8  ° C  2 .8 0  m l  ( 2 .2 2  g , 1 5 . 6  m m o l)  o f  D i B A L H  

in  3  m l  o f  h e x a n e .  A f t e r  s t i r r i n g  a t  - 7 8  ° C  f o r  a n  a d d i t i o n a l  3 0  m in ,  

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

t e m p e r a t u r e  f o r  2  h . T h e  m i x t u r e  w a s  c a r e f u l l y  p o u r e d  i n t o  3 5  m l  o f  

r a p i d l y  s t i r r e d  3  M  H 2 S 0 4. A f t e r  1  h , t h e  o r g a n i c  l a y e r  w a s  w a s h e d  

w i t h  2  X  2 5  m l  o f  H 20 ,  d r i e d  o v e r  M g S 0 4, a n d  c o n c e n t r a t e d  in  v a c u o  

a n d  t h e  r e s i d u e  w a s  d i s t i l l e d  v i a  K u g e l r o h r  t o  g iv e  2 .8 6  g  ( 8 5 % )  o f  t h e  

a ld e h y d e s  5  a s  a  c o lo r le s s  o i l:  b p  1 1 0 - 1 1 5  ° C  ( b a t h ) ( 0 . 1  m m ) ;  I R  ( C C 1 4) 

2 8 2 0 , 2 7 2 0 , 1 7 2 0 , 1 6 4 0  c m " 1 ; N M R  ( C C 1 4) b 9 .5  ( d ,  1  H ,  J  =  2  H z ) ,  5 .0  

( m , 1  H ) ,  2 .2  ( s e x t e t ,  1  H ) ,  2 .0  ( d i s t o r t e d  t ,  2  H ) ,  1 . 6  ( b r  s ,  3  H ) ,  1 . 2 5  

( b r  s ,  1 0  H ) ,  1 . 0 5  ( d , 3  H ,  J  =  7  H z ) ,  0 .8 5  ( d i s t o r t e d  t ,  3  H ) ;  m /e  ( r e l  

i n t e n s i t y )  2 3 8  ( M + , 2 7 ) ,  1 8 0  ( 1 0 0 ) ,  1 2 6  ( 4 5 ) .

3.7- Dimethylpentadec-2-yl Acetate (G). T o  a  m a g n e t i c a l ly  s t i r r e d  

s o lu t io n  o f  M e M g l  [ p r e p a r e d  f r o m  1 . 4 2  g  ( 1 0 . 0  m m o l)  o f  M e l  a n d  0 .3 6  

g  ( 1 5 . 0  g - a t o m s )  o f  M g  in  1 0  m l  o f  E t 2 0 ]  w a s  a d d e d  1 . 7 0  g  ( 7 . 1 5  m m o l)  

o f  a l d e h y d e  5  in  3  m l  o f  E t 2 0 .  A f t e r  s t i r r i n g  a t  0  ° C  f o r  1 0  m in ,  2 .0 0  

g  ( 2 0  m m o l)  o f  A c 20  w a s  a d d e d  d r o p w is e .  A f t e r  a d d i t io n  w a s  c o m p e t e ,  

s t i r r in g  w a s  c o n t in u e d  f o r  1 5  m in ,  w h e r e u p o n  2 0  m l o f  a q u e o u s  N H 4C 1 

w a s  a d d e d .  T h e  o r g a n ic  l a y e r  w a s  w a s h e d  w i t h  2  X  1 0  m l  o f  H 20 ,  d r ie d  

o v e r  M g S 0 4, a n d  c o n c e n t r a t e d  in  v a c u o .

T h e  c r u d e  p r o d u c t  f r o m  a b o v e  in  1 5  m l  o f  H O A c  w a s  r e d u c e d  o v e r  

P t  ( 1 5  m g  o f  P t 0 2) a t  1 5  p s i  H 2. T h e  c a t a l y s t  w a s  r e m o v e d  b y  f i l t r a t i o n  

a n d  t h e  s o l v e n t  r e m o v e d  in  v a c u o .  T h e  r e s i d u e  w a s  d i s t i l l e d  v i a  K u 

g e l r o h r  t o  g i v e  1 . 8 8  g  ( 8 8 % ) o f  6  a s  a  c o l o r l e s s  o i l :  b p  1 3 0 - 1 3 5  ° C  

( b a t h ) ( 0 . 1  m m ) ;  I R  ( C C 1 4) 1 7 4 0 , 1 2 4 0  c m " 1 ;  N M R  ( C C 1 4) b 4 .8  ( m , 1  

H ) ,  1 . 9 5  ( s ,  3  H ) ,  1 . 2 5  ( b r  s ,  1 8  H ) ,  1 . 0 - 1 . 5  ( m  w i t h  M e  d o u b l e t s  s u 

p e r i m p o s e d ,  1 3  H ) ,  0 .9  ( d i s t o r t e d  t ,  3  H ) ;  M S :! m /e  ( r e l  i n t e n s i t y )  2 9 8  
( M + ,  1 3 ) ,  2 3 8  ( 1 0 0 ) .

T h e  d i s t i l l e d  p r o d u c t  s h o w e d  o n e  m a jo r  c o m p o n e n t  ( > 9 5 % )  b y  V P C  

a n a l y s i s  o n  a  4  f t  X  0 .2 5  in .  1 0 %  S E - 3 0 / C h r o m o s o r b  P  c o l u m n  a t  1 8 0  

° C .  T h e  V P C  r e t e n t i o n  t i m e ,  I R ,  a n d  m a s s  s p e c t r a  o f  6  a s  p r e p a r e d  

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

v i d e d  b y  P r o f e s s o r  C o p p e l . 3
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phenylcyclopentadienones ( 1 )4 with dimethyl A'-cyclobu- 
tene-l,2-dicarboxylate (2),5 followed by hydrolysis.

a. R = Me
b. R = Et
c. R = n-Pr

KOH 
DM SO

Reaction of 1 with two equimolar amounts of 2 in refluxing 
toluene for 3-4 days produced the single products in 42-93%  
yields. The analytical and spectral data are compatible with 
the 1:1 adduct structure of 3 (see Tables I and II). The 'H  ester 
methyl resonances which appear at 3.61-3.62 ppm for these 
adducts are in accord with the endo  -carbomethoxy as- 
signment.lcThe endo stereoselectivity can be predicted on the 
basis of the secondary orbital interactions6 between carbo
methoxy groups and diene systems, as well as the dipole-

R  

Y

cH3 ° och
CHjOOC ^

A ^ c o o c h 3

c o o c h 3

Although electrophile-induced monolactonization of 2- 
endo-norbornenecarboxylic acid and related compounds is 
well known,1 examples involving formation of dilactone are 
rare.2 The present note describe the facile formation of di
lactones 5 from l,6-dialkyl-7,8-diphenyltricyclo[4.2.1.02'5]- 
non-7-en-9-one-endo-2,5-dicarboxylic acids (4) which were 
obtained by Diels-Alder reactions3 of 2,5-dialkyl-3,4-di-

dipole interactions7 between reactants in the transition state 
of the [4 +  2] cycloaddition.

The dimethyl esters 3 were converted by alkaline hydrolysis 
in dimethyl sulfoxide at 80 °C  to the corresponding dicar - 
boxylic acids 4, which, on treatment with excess bromine in 
dichloromethane at room temperature, afforded the corre
sponding dilactones 5 in 22-26% yields (from 3). The struc-

Table I. Cycloadducts 3 Derived from Cyclopentadienones 1 and Dimethyl A'-Cyclobutene-l,2-dicarboxylate (2)

IR
Registry Time,“ Yield, Mp, (KBr), cm“ 1, __________ ‘H NMR, b (CPC13)

« a  p A m n d  Ó R  rlo iro  O/. „ „  „  _ r n n r H „  o t .ino. Compdft R days % °C VC=0 -COOCH3 Others

61202-87-7 3a Me 3 42 142-144.5 1726 3.62 1.33 (s, 6 H, CH;5)
1749 1.66-2.87
1778 (m, 4 H, -C H 2CH9-)  

6.88-7.19
(m, 10 H, aromatic)

61202-88-8 3b Et 3.5 93 126-128.7 1724 3.61 0.77
1750 (t, J  = 8 Hz, 6 H, CH3)
1773 2.05

(q, J  = 8 Hz, 4 H, -C H 2-)  
1.95-2.72
(m, 4 H, -C H 2CH2-) 
6.89-7.20
(m, 10 H, aromatic)

61202-89-9 3c rc-Pr 4 59 120-122 1720 3.62 0.7-2.8
1742 (m, 18 H, n-CH3CH2CH2-)
1763 6.63-7.37

(m, 10 H, aromatic)

“ Time of disappearance of 1, monitored by TLC. b Satisfactory analytical data (±0.4% for C, H) for all compounds were submitted 
for review.
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T a b l e  I I .  1 3 C  N M R  S p e c t r a l  D a t a  o f  3 ®

C o m p d R

C - l ,  6  

( s )

C - 2 ,  5 b 
( s )

C - 3 .  4  

( t )

C - 7 ,  8  

( s )

C - 9

( s )

- C O -

i s )

- o c h 3

(q)
c h 3 -

(q)
- c h 2 -

( t )

- c h 2-

( t )

3 a M e 5 9 . 7 4 5 8 . 9 2 2 1 . 1 0 1 4 2 . 8 5 2 0 0 . 3 1 1 7 2 . 3 9 5 1 . 9 4 6 . 9 8

3 b E t 6 2 . 9 8 5 9 . 0 9 2 1 . 7 5 1 4 2 . 6 0 2 0 1 . 1 2 1 7 2 . 7 2 5 1 . 7 8 9 . 7 4 1 6 . 0 7

3 c rc -P r 6 2 . 8 2 5 9 . 0 9 2 1 . 7 5 1 4 2 . 5 2 2 2 1 . 2 5 1 7 2 . 7 2 5 1 . 7 8 1 5 . 1 0 1 8 . 3 4 2 5 . 4 9

a I n  p a r t s  p e r  m i l l i o n ,  f r o m  i n t e r n a l  M e 4S i  i n  C D C 1 3 . P a r e n t h e s e s  i n d i c a t e  s p l i t t i n g  p a t t e r n s  i n  t h e  p a r t i a l  p r o t o n  d e c o u p l i n g  

m e a s u r e m e n t s .  b A s s i g n e d  f r o m  c o m p a r i s o n  w i t h  t h e  c o r r e s p o n d i n g  1 3 C  c h e m i c a l  s h i f t s  o f  t h e  a d d u c t s  f r o m  1  a n d  d i m e t h y l  

m a l e a t e  a n d  d i m e t h y l  f u m a r a t e .

Table III. l,6-Dialkyl-7,8-diphenyltricyclo[4.2.1.02’5]nonan-9-one-2,8:5,7-dicarbolactone (5)

R e g i s t r y

n o .

R *

( n o .)

Y i e l d ,

%

m e t h o d ®  

A  B

M p ,

° C

M + ,

m/e

" C = 0
( K B r  d i s k ) ,  

c m - 1

! H  N M R ,  6, p p m  

( i n  C D C l a )

6 1 2 0 2 - 9 0 - 2 M e

(5a)
2 6 2 1 2 8 4 - 2 8 5 4 0 0 1 8 1 0  1 7 8 3  

1 7 7 2

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

1 . 9 4 - 2 . 9 6  ( m ,  4  H ,  C H 2) 

6 .9 9  ( s ,  1 0  H ,  P h )

6 1 2 0 2 - 9 1 - 3 E t

(5b)
2 3 5 8 2 6 4 - 2 6 6 4 2 8 1 8 0 8  1 7 8 1  

1 7 7 4

0 . 5 3  ( t ,  6  H ,  C H 3 ) 

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

7 . 0 2  ( s ,  1 0  H ,  P h )

6 1 2 0 2 - 9 2 - 4 n - P r

(5c)
2 2 3 5 2 3 1 - 2 3 2 4 5 6 1 8 0 3  1 7 7 8  

1 7 6 9

0 . 5 8 - 1 . 2 4  ( m ,  1 4  H ,  n - P r )  

1 . 5 7 - 2 . 0 0

2 . 0 1 - 2 . 9 8  ( m ,  4  H ,  r i n g  C H 2 ) 

6 .9 9  ( s ,  1 0  H ,  P h )

a M e t h o d  A :  t r e a t m e n t s  o f  t h e  d i c a r b o x y l i c  a c i d s  4  w i t h  e x c e s s  b r o m i n e  i n  d i c h l o r o m e t h a n e .  Y i e l d s  f r o m  t h e  m e t h y l  e s t e r  3 .  M e t h o d  

B :  e l e c t r o l y s i s  o f  t h e  d i c a r b o x y l i c  a c i d s  4  u n d e r  K o l b e  c o n d i t i o n .  Y i e l d s  f r o m  4 .  b 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 )  f o r  

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

T a b l e  I V .  1 3 C  N M R  S p e c t r a l  D a t a  o f  5 a

P h

R

. ( n o . )

C - 2 ,  5  

( s )

C - l ,  6  

( s )

C - 3 ,  4  

( t )

C - 7 ,  8  

( s )

- C O O -

( s )

C - 9

( s )

c h 3 -

(q)
- c h 2 -

( t )

1

“
l

M e 5 5 . 8 4 5 9 . 5 7 1 6 . 5 6 9 2 . 6 9 1 7 0 . 9 3 2 0 7 . 2 9 6 . 1 7
( 5 a )
E t 5 4 . 8 7 6 3 . 1 1 1 6 . 4 9 9 2 . 2 6 1 7 0 . 0 0 2 0 7 . 9 0 7 . 9 2 1 5 . 2 6
( 5 b )

n-P r 5 5 . 1 1 6 2 . 8 2 1 6 . 5 6 9 2 . 3 6 1 7 2 . 0 7 2 0 7 . 9 4 1 4 . 6 1 1 6 . 8 8 2 4 . 5 9
( 5 c )

° I n  p a r t s  p e r  m i l l i o n ,  f r o m  i n t e r n a l  M e 4S i  i n  C D C 1 3 . P a r e n t h e s e s  i n d i c a t e  s p l i t t i n g  p a t t e r n s  i n  t h e  p a r t i a l  p r o t o n  d e c o u p l i n g  
m e a s u r e m e n t s .

t u r e s  o f  5  w e r e  c o n f i r m e d  b y  N M R  ( 1 3 C  a n d  1 H ) ,  I R ,  m a s s  

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  r e s u l t s  a r e  s u m m a r i z e d  

i n  T a b l e s  I I I  a n d  I V .

R e c e n t l y ,  b e n z o c y c l o b u t e n e  d e r i v a t i v e s  h a v e  b e e n  p r e p a r e d  

b y  t h e  D i e l s - A l d e r  a d d i t i o n  o f  2  t o  a n  a p p r o p r i a t e  d i e n e  a n d  

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

s u l t i n g  s i x - m e m b e r e d  r i n g . 8  A n  a t t e m p t e d  d e c a r b o n y l a t i v e  

b i s d e c a r b o x y l a t i o n  o f  4  b y  e l e c t r o l y s i s  u n d e r  K o l b e  c o n d i -

t i o n l b '9 w a s  u n s u c c e s s f u l ,  g i v i n g  5  i n  2 1 - 5 8 %  y i e l d s  ( T a b l e  I I I ) .  

N o  b e n z o c y c l o b u t e n e  d e r i v a t i v e s  o r  b i s d e c a r b o x y l a t e d  c o m 

p o u n d s 1 1 1 ’ 9  w e r e  d e t e c t e d .  T h e  o t h e r  e l e c t r o p h i l i c  r e a g e n t s  

s u c h  a s  l e a d ( I V )  a c e t a t e  a n d  t h a l l i u m ( I I I )  a c e t a t e  w e r e  i n e f 

f e c t i v e  u n d e r  u s u a l  c o n d i t i o n s 1 ® ’ 8 3 ' 1 0  s o  f a r  i n  o u r  h a n d s .

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

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

g r o u p s . 2 a ’b
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Experimental Section
General. M e l t i n g  p o in t s  w e r e  t a k e n  o n  a  Y a n a g i m o t o  m ic r o m e l t in 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 .  I n f r a r e d  s p e c t r a  w e r e  o b t a i n e d  

o n  a  J a s c o  I R - G  o r  a  H i t a c h i  E P I - G 3  s p e c t r o m e t e r .  * H  N M R  s p e c t r a  

w e r e  m e a s u r e d  o n  a  J E O L  C - 6 0 H L  o r  a  J E O L  4 H - 1 0 0  in s t r u m e n t  a n d  

a r e  r e p o r t e d  in  p a r t s  p e r  m i l l i o n  d o w n f i e l d  f r o m  i n t e r n a l  M e 4S i .  1 3 C  

N M R  s p e c t r a  w e r e  r e c o r d e d  o n  a  J E O L  F X - 6 0  p u l s e d  F o u r i e r  

t r a n s f o r m  n u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r o m e t e r  o p e r a t i n g  a t

1 5 . 0 3 0  M H z .  S a m p l e s  w e r e  o b s e r v e d  in  1 0 - m m  o .d .  t u b e s ,  a t  0 . 1 - 0 . 2  

M  s o l u t i o n s  in  c h lo r o f o r m - d  a t  3 0  ° C .  C h e m i c a l  s h i f t s  a r e  g i v e n  in  

p a r t s  p e r  m i l l i o n  d o w n f i e l d  f r o m  M e i S i  a s  z e r o .  P a r t i a l  p r o t o n  d e 

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

M a s s  s p e c t r a  w e r e  o b t a i n e d  o n  a  J E O L  0 1 S G - 2  m a s s  s p e c t r o m e t e r .

General Procedure for Reaction of 1  with 2 .  A  s t i r r e d  s o l u t i o n  

o f  1  ( 3  m m o l)  a n d  2  ( 6  m m o l)  in  d r y  t o lu e n e  ( 2 5  m l)  w a s  r e f lu x e d  u n d e r  

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

a n d  T L C .  T o l u e n e  w a s  e v a p o r a t e d  f r o m  t h e  s o lu t io n  a n d  t h e  r e s i d u e  

w a s  r e c r v s t a l l iz e d  f r o m  e t h a n o l  t o  a f f o r d  c o lo r le s s  c r y s t a l s  o f  3  ( T a b l e s  

I  a n d  I I ) .

General Procedure for Hydrolysis and Dilactonization of 3.
T h e  d i m e t h y l  e s t e r  3  (4  m m o l)  in  9 5 %  a q u e o u s  d i m e t h y l  s u l f o x i d e  ( 1 5 0  

m l)  c o n t a i n i n g  p o t a s s i u m  h y d r o x i d e  ( 0 .8  g )  w a s  s t i r r e d  a t  8 0  ° C  in  a  

w a t e r  b a t h  f o r  5  h . T h e  r e a c t i o n  m i x t u r e  w a s  p o u r e d  i n t o  i c e - w a t e r  

( c a . 1 . 5  1.)  a n d  a c i d i f i e d  c a r e f u l l y  w i t h  d i lu t e  h y d r o c h l o r i c  a c i d .  T h e  

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

in  d i c h l c r o m e t h a n e  ( 2 0  m l)  w i t h  s t i r r i n g  a t  r o o m  t e m p e r a t u r e  f o r  7  

h , a n d  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  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  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 ,  f o r m i n g  c o l o r l e s s  p r i s m s  o f  

5  ( T a b l e s  I I I  a n d  I V ) .

General Procedure for Electrolysis of 4 . T h e  d i a c i d  4  ( 1  m m o l)  

w a s  d i s s o l v e d  in  a  s o l u t i o n  o f  9 0 %  a q u e o u s  p y r i d i n e  ( 5 0  m l)  a n d  t r i -  

e t h y l a m i n e  ( 0 .7  m l) .  T h i s  s t i r r e d  m i x t u r e  w a s  e l e c t r o l y z e d  u n d e r  n i 

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

a  c u r r e n t  o f  0 .5  A  f o r  7  h , d u r i n g  w h i c h  t i m e  t h e  m i x t u r e  w a s  c o o le d  

w i t h  a n  ic e  w a t e r  b a t h .  T h e  d a r k  b r o w n  m i x t u r e  w a s  c o n c e n t 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 .  T o  t h e  r e s i d u e  w a s  a d d e d  1 0 %  a q u e o u s  s o 

l u t i o n  o f  s o d i u m  h y d r o g e n  c a r b o n a t e  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  b e n z e n e  a n d  e t h e r ,  w a s h e d  w i t h  w a t e r ,  a n d  t h e n  d r i e d  ( M g S C L ) .  

A f t e r  e v a p o r a t i o n  o f  t h e  s o l v e n t s ,  t h e  r e s i d u e  w a s  c r y s t a l l i z e d  f r o m  

e t h a n o l  t o  y i e l d  5  ( T a b l e  I I I ) .
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Two projects of terpene synthesis required the use of di- 
halomethylcyclohexadienones, derived from Reim er-Tiem - 
ann reactions of o- and p-cresols, as starting materials. In this 
connection it became important to determine the stereo
chemistry and conformation of the cyclohexanic substances 
encountered in early steps of the reaction sequences, a task 
accomplished in part by 13C N M R  spectroscopy.

Whereas dichloromethylcyclohexadienones are common 
Reimer-Tiemann products, their dibromomethyl equivalents 
have been reported only rarely.2’3 Treatment of o-cresol with 
bromoform and base yielded dienone lb , whose hydrogenation 
produced ketone 4. Dehydrobromination of the latter with 
potassium tert-butoxide led to bicycle 5. These three reactions 
parallel the earlier l a  —  2 —► 3 sequence4 and have the same

Registry No.— la, 2 6 3 0 7 - 1 7 - 5 ;  lb, 5 1 9 3 2 - 7 7 - 5 ;  lc, 6 1 2 0 2 - 9 3 - 5 ;  2, 
1 1 2 8 - 1 0 - 5 ;  4a, 6 1 2 0 2 - 9 4 - 6 ;  4b, 6 1 2 0 2 - 9 5 - 7 ;  4c, 6 1 2 0 2 - 9 6 - 8 .
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stereochemical consequence, as shown by the 13C N M R  
analysis of bicycles 3 and 5.

The p-cresol-based dienone 6b3 and its hydrogenation 
product 8b3 as well as the comparable dichloro compounds 
6a,5 7a,6 8a,7 and the product (9a) of the sodium borohydride 
reaction of 8a tosylhydrazone, were analyzed by 13C N M R

R

R

a ,  R  =  H ;  X  =  C l

b ,  R  =  H ;  X  =  B r

c ,  R  =  M e ;  X  =  C l

d ,  R  =  M e ;  X  =  B r

R

9

10a, Y = O
b ,  Y  =  H ,
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Table I. Carbon Shifts of 1-Methyl-1-dihalomethylcyclohexane Derivatives'2.e

6aö 6b 6c 7a 7c 7d 8a 8b 8c 8d 9a 9c 9d 10a 10b

C ( l ) 4 7 . 3 4 7 . 4 5 0 . 4 4 4 . 2 4 7 . 3 4 6 . 6 4 1 . 3 4 0 . 6 4 3 . 8 4 3 . 0 4 1 . 9 4 4 . 5 4 4 . 0 4 3 . 2 4 3 . 6

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

C ( 3 ) 1 3 0 . 3 1 3 0 . 3 1 2 9 . 4 3 3 . 3 4 1 . 6 4 2 . 0 3 6 . 3 3 6 . 6 4 5 . 3 4 5 . 4 2 1 . 7 3 0 . 9 3 1 . 4 C 4 4 . 8 2 9 .  l d

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

C ( 5 ) 1 3 0 . 3 1 3 0 . 3 1 3 0 . 6 1 2 9 . 2 1 2 9 . 4 1 2 9 . 4 3 6 . 3 3 6 . 6 3 6 . 8 3 7 . 1 2 1 . 7 2 1 . 3 2 1 . 6 3 6 . 5 2 1 . 8 d

C ( 6 ) 1 4 8 . 3 1 4 9 . 1 1 4 7 . 6 1 5 1 . 3 1 5 0 . 8 1 5 2 . 3 3 3 . 3 3 4 . 0 2 9 . 4 3 1 . 4 3 4 . 4 2 9 . 5 3 1 . 7 e 2 9 . 9 2 9 . 3

1 - M e 2 2 . 6 2 4 . 5 2 3 . 5 2 0 . 7 1 6 . 8 1 8 . 4 1 8 . 2 1 9 . 8 1 5 . 8 1 6 . 6 1 8 . 0 1 6 . 3 1 7 . 0 1 6 . 2 1 6 . 1

2 - M e 1 8 . 7 1 4 . 8 1 5 . 1 1 5 . 2 1 5 . 8 1 5 . 1 1 5 . 1 1 4 . 7 1 3 . 7

X 2C H 7 6 . 4 4 9 . 9 7 5 . 8 7 9 . 8 7 8 . 7 5 5 . 4 8 2 . 0 5 9 . 0 8 1 . 5 5 9 . 4 8 4 . 0 8 3 . 5 6 3 . 2 8 1 . 6 8 3 . 6

a T h e  ô  v a l u e s  a r e  i n  p a r t s  p e r  m i l l i o n  d o w n f i e l d  f r o m  M e 4 S i ;  ô ( M e 4S i )  =  S ( C D C 1 3 ) +  7 6 . 9  p p m .  b C f .  R .  H ö l l e n s t e i n  a n d  

W . v o n  P h i l i p s b o r n ,  H elv . C him . A c ta ,  55, 2 0 3 0  ( 1 9 7 2 ) .  c S i g n a i s  m a y  b e  r e v e r s e d .  d  D e t e r m i n e d  b y  d e u t é r a t i o n  o f  10a. 
e R e g i s t r y  n o . :  6a, 6 6 1 1 - 7 8 - 5 ;  6b, 1 7 7 4 6 - 7 9 - 1  ; 6c, 1 4 7 8 9 - 7 4 - 3 ;  7a, 3 8 5 1 0 - 8 0 - 4  ; 7c, 6 1 2 7 9 - 0 0 - 3 ;  7d, 6 1 2 7 9 - 0 1 - 4 ;  8a, 
2 4 4 6 3 - 3 3 - 0 ;  8b, 4 9 7 8 3 - 2 3 - 5 ;  8c, 4 2 3 7 4 - 1 5 - 2 ;  8d, 6 1 2 7 9 - 0 2 - 5 ;  9a, 2 4 1 4 7 - 1 3 - 5 ;  9c, 6 1 2 7 9 - 0 3 - 6 ;  9d, 6 1 2 7 9 - 0 4 - 7 ;  10a, 
4 2 3 7 4 - 1 8 - 5 ;  10b, 6 1 2 7 9 - 0 5 - 8 .

spectroscopy. The carbon shifts, listed in Table I, facilitated 
the general structure analysis of methylated derivatives of 6 -9  
(vide infra).

The reaction of dienone 6a with lithium dimethylcuprate 
produced a methylated enone of unknown stereochemistry. 
Its hydrogenation product had to be either 8c or 10a and was 
identical with the minor component of the ca. 4:1 isomer 
mixture from a hydrogenation of dienone 6c.8 Treatment of 
6b with lithium dimethylcuprate, followed by hydrogenation, 
led to an enone and anone, respectively, with stereochemical 
features identical with the products of the two-reaction se
quence emanating from 6a, as evidenced by 13C N M R  analy
sis. In order to determine the relative configuration of the 
various chloro compounds, they were converted into 1,2- 
dimethylcyclohexanecarboxylic acids of known constitution. 
Sodium borohydride reduction of the tosylhydrazone of the 
6a-derived cyclohexanone gave a l-dichlorom ethyl-l,2-di- 
methylcyclohexane whose treatment with sodio ethylene- 
glycolate,7 followed by acid hydrolysis of the resultant eth
ylene acetal and chromic acid oxidation,7 yielded a carboxylic 
acid identical with the product of the Diels-Alder reaction of 
butadiene and tiglic acid followed by hydrogenation.9 In view 
of the structure of the latter product being 12 the methylation

products of 6a and 6b are 7c and 7d, respectively, their dihy
dro derivatives 8c and 8d, respectively, and the deoxo com
pounds 9c and 9d, respectively. Furthermore, the major 
product of the hydrogenation of 6c possesses structure 10a.

Both cyclohexanone 8a and the mixture of ketones 8c and 
10a could be deoxygenated by successive treatments with 
tosylhydrazine and sodium borohydride and the resultant
1-dichloromethyl-l-methylcyclohexane (9a)7 and the mixture 
of cyclohexanes 9c and 10b, respectively, were transformed 
into 1-methylcyclohexanecarboxylic acid (11) and the mixture 
of acids 12 and 13, respectively, for 13C N M R  analysis (cf. 
shifts portrayed on formulas 11,12, and 13). The acid 13 was 
identical with the product of the reaction of 1,2-dimethylcy- 
clohexanol with formic and sulfuric acids.10-11

The chemical shifts of the carbons (1 to the carbonyl group 
in the cyclohexanones 8c and 10a (cf. Table I) are interpreted 
most readily on the basis of the presence of equatorial di- 
chloromethyl groups with preferred rotamer populations 14 
and 15, respectively. The same conformations appear to pre
dominate in the cyclohexanes 9c and 10b, respectively.12 The

1-methyl shifts of the acids 12 and 13 reveal these compounds 
to possess conformations 16 and 17, respectively.

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

a r e  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  o b t a i n e d  o n  a  P e r k i n - E l m e r  

1 6 7  s p e c t r o p h o t o m e t e r .  'H  N M R  s p e c t r a  o f  C D C I 3  s o lu t io n s  ( M e i S i ,  

h 0  p p m )  w e r e  r e c o r d e d  o n  a  V a r i a n  A - 5 6 / 6 0 A  s p e c t r o m e t e r ,  w h i le  t h e  

13 C  N M R  s p e c t r a  w e r e  p r o d u c e d  o n  a  V a r i a n  X L - 1 0 0 - 1 5  s p e c t r o m e t e r  

o p e r a t i n g  a t  2 5 . 2  M H z  in  t h e  F o u r i e r  t r a n s f o r m  m o d e .  T h e  h v a l u e s  

d e n o t e d  o n  f o r m u la s  2 ,  3 ,  4 , 5 ,  1 1 ,  1 2 ,  a n d  1 3  r e f e r  t o  C D C I 3  s o l u 

t io n s .

6-Dibromomethyl-6-methyl-2,4-cyclohexadienone (lb). A

s o lu t io n  o f  2 0 0  g  o f  N a O H  in  5 0 0  m l  o f  H 2 O  w a s  a d d e d  d r o p w is e  o v e r  

a  1 . 5 - h  p e r i o d  t o  a  v i g o r o u s l y  s t i r r i n g  s o l u t i o n  o f  2 3 3  g  o f  f r e s h l y  d i s 

t i l l e d  o - c r e s o l  in  5 4 6  g  o f  C H B r 3 a n d  t h e  s t i r r i n g  c o n t i n u e d  a t  r o o m  

t e m p e r a t u r e  f o r  4 8  h . T h e  m i x t u r e  w a s  d i lu t e d  w i t h  2  1. o f  H 2 O , t h e  

l a y e r s  s e p a r a t e d ,  a n d  t h e  a q u e o u s  p h a s e  e x t r a c t e d  w i t h  1 1 . o f  p e n t a n e .  

T h e  e x t r a c t  w a s  d r i e d  ( N a 2SC>4 ) , e v a p o r a t e d  t o  2 5 0  m l ,  a n d  c o m b in e d  

w i t h  t h e  C H B r 3  p h a s e .  T h e  o r g a n i c  s o l u t i o n  w a s  w a s h e d  w i t h  H 2 O  

( 5 0 0  m l) ,  c o ld  C l a i s e n  a l k a l i  ( 3 6 0  m l) ,  H 2 O  ( 3 0 0  m l)  a g a i n ,  a n d  s a t u 

r a t e d  b r i n e  s o l u t i o n .  I t  t h e n  w a s  d r i e d  ( N a 2 S 0 4 ) a n d  e v a p o r a t e d  ( 3 0  

° C ,  1  T o r r ) .  T h e  r e s i d u e ,  3 8 .4  g ,  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  1 )  a n d  e l u t e d  w i t h  c h lo r o f o r m ,  y i e l d i n g  3 5  g  o f  d i e n o n e  lb: 
m p  5 1 - 5 2  ° C ;  I R  ( C H C 1 3 ) C = 0  6 .0 3  ( s ) ,  C = C  6 . 1 0  n ( s ) ;  ‘ H  N M R  a

1 . 3 0  ( s ,  3 ,  M e ) ,  5 .9 5  ( s , 1 ,  B r C H ) ,  6 .0 8  ( d d ,  1 ,  J  =  1 0 ,  2  H z ,  H - 2 ) ,  6 .4 2  

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

1  ,J  =  1 0 , 6 ,  2  H z ,  H - 3 ) .

A n a l .  C a l c d  f o r  C 8 H 8O B r 2: C ,  3 4 . 3 2 ;  H ,  2 .8 8 .  F o u n d :  C ,  3 4 . 1 2 ;  H ,

2 .9 5 .

2-Dibromomethyl-2-methylcyclohexanone (4). A  m i x t u r e  o f

1 2 . 0 5  g  o f  lb  a n d  1 . 2 0  g  o f  1 0 %  P d / C  in  9 0  m l  o f  E t O H  w a s  h y d r o g e 

n a t e d  a t  r o o m  t e m p e r a t u r e  a n d  a t m o s p h e r i c  p r e s s u r e  f o r  6  h . I t  t h e n  

w a s  f i l t e r e d  a n d  t h e  f d t r a t e  c o n c e n t r a t e d  t o  3 0  m l ,  d i l u t e d  w i t h  1 5 0  

m l  o f  H 2 O , a n d  e x t r a c t e d  w it h  2 0 0  m l o f  h e x a n e .  T h e  e x t r a c t  w a s  d r ie d  

( N a 2 SC>4 ) a n d  e v a p o r a t e d .  T h e  r e s i d u e ,  1 1  g ,  w a s  c h r o m a t o g r a p h e d  

o n  S i 0 2  a n d  e l u t e d  w i t h  3 0 : 1  h e x a n e - e t h e r ,  y i e l d i n g  8 .8 5  g  o f  o i l y  

k e t o n e  4 : I R  ( C H C I 3 ) C = 0  5 .8 4  M ( s ) ;  2H  N M R  a 1 . 2 7  ( s ,  3 ,  M e ) ,  6 .2 8  

( s , 1 ,  B r C H ) .
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A n a l .  C a l c d  f o r  C8H12OBr2: C, 3 3 . 8 3 ;  H, 4 .2 6 .  F o u n d :  C ,  3 3 . 9 8 ;  H,
4 . 2 3 .

syn -7-B rom o-l-m eth ylb icyclo[3 .1 .1 ]heptan -6-one (5). A  s o 

l u t i o n  o f  7 .0  g  o f  4  in  3 5  m l  o f  d r y  M e g C O H  w a s  a d d e d  d r o p w i s e  o v e r  

a  2 - h  p e r i o d  t o  a  s o l u t i o n  o f  7  g  o f  K O C M e 3  in  1 0 0  m l  o f  M e g C O H  

u n d e r  n i t r o g e n  a t  r o o m  t e m p e r a t u r e  a n d  t h e  m i x t u r e  t h e n  s t i r r e d  a t  

6 5  ° C  f o r  3  h . I t  w a s  c o n c e n t r a t e d  t o  7 5  m l ,  1 2 0  m l  o f  5 %  a q u e o u s  

N a H C O .g  s o l u t i o n  a d d e d ,  a n d  t h e  m i x t u r e  e x t r a c t e d  w i t h  2 0 0  m l  o f  

h e x a n e .  T h e  e x t r a c t  w a s  w a s h e d  w i t h  H 20  ( 1 6 0  m l) ,  d r i e d  ( N a 2SC>4 ), 

a n d  e v a p o r a t e d .  C h r o m a t o g r a p h y  o f  t h e  r e s i d u e ,  4 .8 3  g , o n  S i 0 2 a n d  

e lu t io n  w i t h  h e x a n e  g a v e  2 2 0  m g  o f  a n  e x o - e n d o  m i x t u r e  o f  tert- b u t y l  

l - m e t h y l b i c y c l o [ 3 . 1 . 0 ] h e x a n e  c a r b o x y l a t e s .  E l u t i o n  w i t h  3 0 : 1  h e x 

a n e - e t h e r  g a v e  2 .2  g  o f  l i q u i d  k e t o n e  5: I R  ( C H C I 3 ) C = 0  5 .6 0  p (s); 
* H  N M R  5 1 . 1 8  ( s ,  3 ,  M e ) ,  3 . 3 8  ( t ,  1 ,  J  =  3  H z ,  C O C H ) ,  4 . 2 0  ( s , 1 ,  
B r C H ) .

A n a l .  C a l c d  f o r  C 8 H „ O B r :  C ,  4 7 . 3 1 ;  H ,  5 .4 6 .  F o u n d :  C ,  4 7 .4 5 ;  H ,

5 .2 8 .

C yclohexenones 7c and 7d. A  s o l u t i o n  o f  1 . 4 4  g  o f  d i e n o n e  6a in  

1 5  m l  o f  d r y  e t h e r  w a s  a d d e d  o v e r  a  2 0 - m i n  p e r i o d  t o  a  f r e s h l y  p r e 

p a r e d  0 . 2 2  M  e t h e r e a l  L i C u M e 2  s o lu t io n  ( 5 0  m l)  k e p t  u n d e r  N 2  a t  —5  

° C  a n d  t h e  m i x t u r e  s t i r r e d  a t  —5  ° C  f o r  3  h . I t  t h e n  w a s  p o u r e d  in t o  

1 2 0  m l  o f  2  N  H C 1  a n d  e x t r a c t e d  w i t h  e t h e r  ( 2 5 0  m l) .  T h e  e x t r a c t  w a s  

w a s h e d  w i t h  H 20  a n d  s a t u r a t e d  N a H C C >3 a n d  N a C l  s o l u t i o n s ,  d e c o 

lo r iz e d  ( a c t i v a t e d  c h a r c o a l ) ,  d r i e d  ( M g S 0 4), a n d  e v a p o r a t e d .  C r y s 

t a l l i z a t i o n  o f  t h e  r e s i d u a l  s o l i d  ( 1 . 5 7  g )  f r o m  h e x a n e  g a v e  c o l o r l e s s  

c r y s t a l s  o f  k e t o n e  7c: m p  6 2 - 6 4  ° C ;  I R  ( C C I 4) C = 0  5 .9 2  (s ) , C = C  6 .0 4  

M ( m ) ; 7H  N M R  5 1 . 0 0  ( d , 3 ,  J  =  7  H z ,  5 - M e ) ,  1 . 2 4  ( s , 3 , 4 - M e ) ,  5 . 9 1  ( s , 

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

A n a l .  C a l c d  f o r  C 9H I 2 0 C 1 2 : C ,  5 2 .2 0 ;  H ,  5 .8 4 ;  C l ,  3 4 .2 4 .  F o u n d ;  C ,  

5 2 .3 9 ,  H ,  5 .9 4 ;  C l ,  3 4 .0 8 .

A  l i k e  r e a c t i o n  b e t w e e n  d i e n o n e  6b ( 1 . 0 1  g  in  1 0  m l  o f  e t h e r )  a n d  

L i C u M e 2  ( 5 0  m l  o f  0 . 1 0  M  e t h e r e a l  s o l u t i o n )  l e d  t o  0 .9 8  g  o f  s o l id  

w h o s e  c r y s t a l l i z a t i o n  f r o m  h e x a n e  y i e l d e d  c r y s t a l l i n e  k e t o n e  7d: m p

7 2 - 7 4  ° C ;  I R  ( C C 1 4) C = 0  5 .9 4  ( s ) ,  C = C  6 .0 4  M ( m ) ;  7H  N M R  5 1 . 0 1  

( d ,  3 ,  J  =  7  H z ,  5 - M e ) ,  1 . 3 2  ( s ,  3 ,  4 - M e ) ,  6 .0 6  ( s ,  1 ,  B r C H ) ,  6 . 2 5  ( d , 1 ,  

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

A n a l .  C a l c d  f o r  C 9 H ] 2 O B r 2: C ,  3 6 . 5 2 ;  H ,  4 .0 9 . F o u n d :  C ,  3 6 .7 6 ;  H , 

4 . 1 4 .

C yclohexanones 8c, 8d, and 10a. A  m i x t u r e  o f  6 3 0  m g  o f  7c a n d

1 0 0  m g  o f  1 0 %  P d / C  in  1 0 0  m l  o f  E t O A c  w a s  h y d r o g e n a t e d  a t  r o o m  

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

o f  t h e  f i l t r a t e  y i e l d e d  6 2 0  m g  o f  k e t o n e  8 c :  I R  ( C C I 4 ) C = 0  5 .8 2  p  ( s ) ; 

H i  N M R  <5 0 .9 3  ( d , 3 ,J  =  6 H z ,  3 - M e ) ,  1 . 2 2  ( s ,  3 ,  4 - M e ) ,  5 .9 7  ( s ,  1 ,  

C 1 C H ) ;  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  w i t h  l i t e r a t u r e  v a l u e s . 8

S i m i l a r  h y d r o g e n a t i o n  o f  7d ( 1 5 0  m g  o f  7d, 2 0  m g  o f  1 0 %  P d / C ,  a n d  

2 0  m l  o f  E t O A c )  y i e l d e d  k e t o n e  8d ( 1 5 0  m g ) : m p  8 8 - 9 1  ° C ;  I R  (CCI4) 
C = 0  5 .7 8  m i s ) ;  ‘ H  N M R  5 0 .9 4  ( d , 3 ,  J  =  7  H z ,  3 - M e ) ,  1 . 0 8  ( s ,  3 ,  4 -  

M e ) ,  6 . 1 4  ( s ,  1 ,  B r C H ) ;  m /e  ( c a lc d  f o r  C 9H i 4O B r 2 ; 2 9 5 . 9 4 1 )  

2 9 5 . 9 3 1 .

R e p e t i t i o n  o f  t h e  h y d r o g e n a t i o n  o f  d i e n o n e  6c a c c o r d i n g  t o  t h e  

l i t e r a t u r e  p r o c e d u r e 8 a s  w e l l  a s  in  E t O A c  a s  a b o v e  g a v e  a  4 1 : 9  m ix t u r e  

o f  10a a n d  8c, r e s p e c t i v e l y ,  w i t h  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  w i t h  

t h o s e  r e c o r d e d .8

Cyclohexanes 9a, 9c, 9d, and 10b. A s o l u t i o n  o f  1 . 0 0  g  o f  8a a n d

1 .8 6  g  o f  p - t o i u e n e s u l f o n y l h y d r a z i n e  in  1 0 0  m l o f  M e O H  w a s  r e f lu x e d  

f o r  2  h , w h e r e u p o n  i t  w a s  c o o le d ,  1 . 9 0  g  o f  N a B H 4 a d d e d  in  s m a l l  

p o r t i o n s ,  a n d  t h e  m i x t u r e  r e f l u x e d  f o r  4  h . 1 3  I t  t h e n  w a s  p o u r e d  in t o  

1 5 0  m l  o f  H 20  a n d  e x t r a c t e d  w i t h  3 0 0  m l  o f  p e n t a n e .  T h e  e x t r a c t  w a s  

w a s h e d  w i t h  H 20  a n d  s a t u r a t e d  N a C l  s o l u t i o n ,  d r i e d  ( N a 2 S 0 4), a n d  

e v a p o r a t e d .  A p e n t a n e  s o l u t i o n  o f  t h e  r e s i d u e  w a s  f i l t e r e d  t h r o u g h  

a n  a l u m i n a  c o lu m n  a n d  e v a p o r a t e d ,  y i e l d i n g  0 .7 7  g  o f  l iq u id  d i c h lo r id e  

9a, 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 l e .7

A  C a g l i o t i  r e d u c t i o n  o f  8c u n d e r  t h e  a b o v e  c o n d i t i o n s  ( 5 9 5  m g  o f  

8c, 9 7 0  m g  o f  T s N H N H 2, a n d  6 5  m l  o f  M e O H ; 1 . 1  g  o f  N a B H 4) le d  to  

4 5 5  m g  o f  l i q u i d  d i c h l o r i d e  9c [ 'H  N M R  5 0 .8 5  ( d , 3 ,  J  =  7  H z ,  2 - M e ) ,

1 . 0 0  ( s , 3 , 1 - M e ) ,  5 .8 8  (s , 1 ,  C 1 C H ) ]  w h ic h  w a s  u s e d  w i t h o u t  p u r i f i c a t io n  

in  t h e  a c e t a l a t i o n - o x i d a t i o n  ( v i d e  i n f r a ) .

A C a g l io t i  r e d u c t i o n  o f  t h e  m ix t u r e  o f  k e t o n e s  8c a n d  10a u n d e r  t h e

a f o r e m e n t io n e d  c o n d i t io n s  ( 1 .6 4  g  o f  8c a n d  10a, 2 .6 8  g  o f  T s N H N H 2, 

a n d  1 4 0  m l  o f  M e O H ; 3 .0 3  g  o f  N a B H 4) y ie ld e d  1 . 0 5  g  o f  a  4 1 : 9  m ix t u r e  

o f  d i c h l o r i d e s  10b [ ’ H  N M R  5 0 .9 9  ( d ,  3 ,  J  =  7  H z ,  2 - M e ) ,  1 . 2 1  ( s ,  3 ,  

1 - M e ) ,  5 .6 8  ( s ,  1 ,  C 1 C H ) ]  a n d  9c, r e s p e c t i v e l y ,  w h i c h  w a s  u t i l i z e d  

w i t h o u t  f u r t h e r  p u r i f i c a t i o n  in  t h e  a c e t a l a t i o n - o x i d a t i o n  ( v i d e  

i n f r a ) .

A C a g l i o t i  r e d u c t i o n  o f  8d u n d e r  t h e  a b o v e  c o n d i t io n s  (9 8  m g  o f  8d, 
1 2 0  m g  o f  T s N H N H 2, a n d  1 0  m l  o f  M e O H ; 1 5 0  m g  o f  N a B H 4) y ie ld e d  

5 2  m g  o f  l i q u i d  d i b r o m i d e  9d: 7H  N M R  t> 0 .8 0  ( d ,  3 ,  J  =  7  H z ,  2 - M e ) ,  

1 . 0 4  ( s ,  3 , 1 - M e ) ,  6 . 1 0  ( s , 1 ,  B r C H ) ;  m /e  ( c a lc d  f o r  C 9H i 8B r 2, 2 8 1 .9 6 2 )  

2 8 1 .9 4 4 .

1,2-Dimethyl-l-cyclohexanecarboxylic Acids 12 and 13. A
m i x t u r e  o f  4 5 5  m g  o f  9c a n d  s o d i u m  e t h y l e n e g l y c o l a t e  ( f r o m  1 . 2 0  g 

o f  N a )  in  2 0  m l  o f  d i s t i l l e d  e t h y l e n e  g l y c o l  w a s  r e f l u x e d  u n d e r  N 2  f o r  

2 6  h .7 ’ 14  I t  t h e n  w a s  p o u r e d  in t o  5 0  m l  o f  H 20  a n d  e x t r a c t e d  w i t h  1 5 0  

m l  o f  p e n t a n e .  T h e  e x t r a c t  w a s  w a s h e d  w i t h  H 20  a n d  s a t u r a t e d  N a C l  

s o l u t i o n ,  d r i e d  ( N a 2 SC>4 ) , a n d  e v a p o r a t e d .  A  m i x t u r e  o f  t h e  r e s i d u e ,  

4 2 5  m g  o f  e t h y l e n e  a c e t a l  [ ’ H  N M R  <5 0 .8 5  ( s , 3 , 1 - M e ) ,  0 .8 5  ( d , 3 ,  J  =  

6  H z ,  2 - M e ) ,  3 . 8 3  ( s ,  4 , O C H 2 ), 4 .6 8  ( s ,  1 , 0 2 C H ) ] ,  a n d  1 5  m l  o f  1 0 %  

H 9S O 4 in  1 . 5  m l  o f  E t O H  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  1 2  h . 

W a t e r  ( 5 0  m l)  w a s  a d d e d  a n d  t h e  m ix t u r e  e x t r a c t e d  w i t h  p e n t a n e .  T h e  

e x t r a c t  w a s  w a s h e d  w i t h  H 20  a n d  s a t u r a t e d  N a C l  s o l u t i o n ,  d r i e d  

( N a 2 S 0 4 ) , a n d  e v a p o r a t e d .  A  s o l u t i o n  o f  t h e  r e s i d u a l  a l d e h y d e  [* H  

N M R  6 0 .7 6  (d , 3 ,  J  =  7  H z ,  2 - M e ) ,  0 .8 8  ( s ,  3 , 1 - M e ) ,  9 .3 7  ( s , 1 , C H O ) ]  

in  2 0  m l  o f  a c e t o n e  w a s  t r e a t e d  a t  0  ° C  w i t h  e n o u g h  J o n e s  r e a g e n t  (2 6  

g  o f  CrC>3 , 2 3  m l  o f  c o n c e n t r a t e d  H 9S O 4 , a n d  1 0 0  m l  o f  H 2 0 )  t o  p r o 

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

t o  r o o m  t e m p e r a t u r e .  A f t e r  t h e  a d d i t i o n  o f  H 20  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  e t h e r .  T h e  e x t r a c t  w a s  w a s h e d  w i t h  H 20  a n d  s a t u r a t e d  

b r i n e  a n d  e x t r a c t e d  w i t h  1 0 %  K O H  s o lu t io n .  T h e  a q u e o u s  e x t r a c t  w a s  

a c i d i f i e d  w i t h  2  M  H 2 S 0 4 a n d  r e e x t r a c t e d  i n t o  e t h e r .  T h e  o r g a n ic  

s o l u t i o n  w a s  w a s h e d  w i t h  H 20  a n d  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d ,  

y i e l d i n g  2 5 0  m g  o f  a c i d  12, 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 l e .9

T h e  s a m e  t h r e e - r e a c t io n  s e q u e n c e  o n  t h e  d i c h lo r id e  m ix t u r e  9c a n d  

10b ( 5 8 2  m g  o f  d i c h l o r i d e s ,  1 . 3  g  o f  N a ,  a n d  2 0  m l  o f  e t h y l e n e  g ly c o l )  

le d  s u c c e s s i v e ly  t o  a  2 3 :2 7  m ix t u r e  ( 2 1 5  m g )  o f  a c e t a l s  [J H  N M R  <5 (10b 
d e r i v e d )  4 . 7 5  ( s , 1 , 0 2 C H ) ]  ( c o r r e s p o n d i n g  t o  a  1 0 0  a n d  2 5 %  a c e t a l a -  

t io n  o f  9c a n d  10b, r e s p e c t i v e l y ) ,  a l d e h y d e s  [ 'H  N M R  ó (10b d e r iv e d )

1 . 0 7  ( s , 3 ,  1 - M e ) ,  9 . 7 1  ( s ,  1 ,  C H O ) ]  a n d  a c i d s  ( 1 1 5  m g )  12 a n d  13, 
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 u t h e n t i c  s a m p l e s .9 ' 10

Registry No.— lb, 6 1 2 7 9 - 0 6 - 9 ;  4, 6 1 2 7 9 - 0 7 - 0 ;  5, 6 1 2 7 9 - 0 8 - 1 ;  9c 
e t h y l e n e  a c e t a l ,  6 1 2 7 9 - 0 9 - 2 ;  9c a l d e h y d e ,  1 3 0 3 6 - 6 8 - 5 ;  10b e t h y l e n e  

a c e t a l ,  6 1 2 7 9 - 1 0 - 5 ;  10b a l d e h y d e ,  2 3 6 6 8 - 5 0 - 0 ;  12, 1 3 2 7 7 - 9 2 - 4 ;  13, 
6 1 2 7 9 - 1 1 - 6 ;  o - c r e s o l ,  9 5 - 4 8 - 7 .
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C o m m u n i c a t i o n s

The Kinetic Role of Hydroxylic Solvent in the 
Reduction of Ketones by Sodium Borohydride.
New Proposals for Mechanism, Transition State 
Geometry, and a Comment on the Origin of 
Stereoselectivity

S u m m a r y : The kinetic order with respect to 2 -propanol in 
the reduction of cyclohexanone by sodium borohydride is 
found to be 1.5, and an acyclic mechanism is proposed; in 
consequence of this mechanism a purely steric rationalization 
of stereoselectivity is suggested, in which the axial hydrogen 
at C-4 plays a crucial role.

S ir : In a recent communication,1 we have shown that the 
four-center transition state mechanism (B) is of no signifi
cance in the nonphotochemical borohydride reduction of 
ketones in 2-propanol. In order to make distinction between 
the two other most probable mechanisms2—the six-membered 
cyclic (C) and the linear acyclic (A)—knowledge of the kinetic

0
II

R - f C — R o)

H

k ( o - R
^ c = = o \ l r

c BH,

-BH3 H——BH3 H
A B C

role of hydroxylic solvent was clearly of crucial importance. 
Although it has been known since 1961 that hydroxylic solvent 
is required in these reductions,3 such a kinetic study has not 
yet been reported. No measurable reduction of cyclohexanone 
occurs in pure, dry diglyme,3’4 and, therefore, we have mea
sured the pseudo-second-order rate constants of reduction5 
as a function of 2-propanol concentration in the range 0.2 M 
and higher. The results, shown graphically in Figure 1 , clearly 
show the surprising result that, in this concentration range,6 
the order with respect to 2 -propanol is neither first nor second, 
but %. Thus the overall process for sodium borohydride re
duction of cyclohexanone in 2 -propanol is rate = k [ketone] 
[BH4~] [Pr-i-OH]3/2 with an overall kinetic order of % and a 
rate constant of k  =  9.7 X  10 - 4  1.5/2 mol-572 s_ 1  at 25 °C.

This order with respect to solvent is clearly inconsistent 
with the six-center mechanism (C) incorporating one molecule 
of solvent, and places severe constraints on other possible 
mechanisms. We wish to put forward what appears to be the 
simplest interpretation of this phenomenon, the consequences 
of which, in combination with other recent data, leads to a new 
and extremely simple explanation of the stereoselectivity of 
cyclohexanone reductions.

The half order is suggestive of pre-dissociation,

Pr-i-OH +  S  (or S~) ^  Pr-i-O " +  +SH (or SH) (1)

where S could represent solvent or one of several species that 
could be present in the complex reaction mixture arising from 
reduction with, or alcoholysis of, sodium borohydride.7 If the 
rate-determining reduction step is an acyclic push-pull 
mechanism as shown in Scheme I

Scheme I. Proposed Transition State 
for Borohydride Reduction of Ketones

V
Pr-i-O4-— -BH3— H-~;C— 0— H— 4-OPr-/

K

Figure 1. R e d u c t i o n  o f  c y c l o h e x a n o n e  w i t h  s o d i u m  b o r o h y d r i d e .  

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

t h e  l o g a r i t h m  o f  2 - p r o p a n o l  c o n c e n t r a t i o n .

involving isopropoxide and 2 -propanol,8 the rate expression 
must be that shown in eq 2 .

rate = k [ketone] [BH4~][Pr-(-OH] [Pr-i- 0] (2)

If  the isopropoxide is derived by the equilibrium of eq 1, and 
if [Pr-i-O- ] = [SH], it follows that

[Pr-t-O- ] = K 1/2[Pr-t-OH] 1/2 (3)

where [S] is disregarded as constant. Substituting (3) into (2) 
one obtains

rate = fcK':1,'2[ketone][BH4_][Pr-j-OH]3/2 (4)

which is of the form experimentally observed.13 Although a 
number of objections may be raised against this simple 
treatment, the mechanism is consistent with experimental 
observations, including the recent demonstration1 that the 
free alcohol is the product and the alkoxy group attached to 
boron is derived from solvent, and, at present, there do not 
seem to be grounds for the proposal of a more involved kinetic 
scheme. It is of considerable interest that the mechanism 
proposed is, with the exception of the solvent participation, 
the linear mechanism (A) suggested by Brown and co-workers 
in the original mechanistic work on borohydride reductions, 15 
and, in addition, this group has not only proposed a similar 
mechanism involving one 2 -propanol molecule, 16 but has also 
concluded, from a solvent study, that one requirement for the 
reaction is the ability of the solvent to ionize.3

It is noteworthy that the presently proposed mechanism 
assigns no role to the metal cation. This is not an oversight. 
Although studies have indicated that, in some related re
ductions, the cation does play an important role,3-17 ’18 there 
is, as far as we are aware, no evidence for a role for N a+ in 
N a B H i  r e d u c tio n s  in  2 -p r o p a n o l . Indeed there is evidence 
to the contrary: Brown and co-workers have demonstrated a 
negligible rate increase in such reductions upon addition of 
N al,3 in contrast, for example, to the results of L i+ addition, 
and Pierre and Handel have demonstrated the ineffectiveness 
of crown ethers in preventing NaBH 4 reductions in metha
nol. 17

Finally, we note that the idea of the long acyclic transition 
state apparently generates a new rationalization of stereo-
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Figure 2 .  A t t a c k  o n  c y c l o h e x a n o n e  a t  1 2 6 ° ,  i l l u s t r a t i n g  t h e  e f f e c t  o f  

a n  a x i a l  g r o u p  a t  C - 4 .

selectivity in these cyclohexanone reductions. If this attack 
occurs at 126° to the carbonyl group,19 rather than at 90°, it 
is evident from molecular models that steric interactions with 
the axial hydrogen or other group at C-4 may become severe. 
We attempt to illustrate this point in Figure 2; what is not 
evident from this diagram is that the groups attached to C-4 
are the only ones in the same plane as the carbonyl group. 
Molecular models indicate that in fact an attacking group at 
126° approaches as closely to the axial group at C-4 as it does 
to the other axial groups, all of which are already known to 
markedly affect stereoselectivity. We propose that the in
trinsic preference for “axial” attack may simply be the balance 
between the interference of two (axial 3, 5) vs. three (axial 2, 
6 , a n d  4 )  hydrogens, and that this stereoselection is modified 
in a predictable manner20 by larger groups at these crucial 
positions. An axial methyl group at C-4 does in fact have a 
pronounced effect,20 which is not accounted for by other ra
tionalizations.
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A Total Synthesis of C-Nucleoside Analogue of 
Virazole

Sum m ary: A synthesis of 5-carboxamido-3-(d-D-ribofura- 
nosyl)-l,2,4-triazole has been developed by treating /3-D-ri- 
bof’uranosyl-l-carboximidic acid methyl ester with oxamido 
hydrazide followed by dehydrative ring closure of the open 
chain product by heating at 135  °C.

Sir: Several approaches1 1 0  have recently been developed for 
synthesis of nucleosides possessing the unusual C-ribosyl 
linkage (C-nucleosides). In the area of C-triazole nucleosides, 
the recently reported method9 lends itself only to the synthesis 
of 1,2,3-triazole C-nucleosides. A synthesis of DL-5-(l-/3-ri- 
bofuranosyl)-3-amino-l,2,4-triazole has also been achieved3 
by a reaction of DL-2,5-anhydro-3,4-0-isopropylidene allonic 
acid lactone with aminoguanidine and subsequent removal 
of the isopropylidene blocking, but the approach seems to 
have limited application as far as the variation of C-5 sub
stituents on the triazole nucleus is concerned. We describe 
here a high yield procedure for the synthesis of C-nucleosides 
of 1,2,4-triazole derivatives which has potential for wider 
application in the synthesis of such nucleosides. The utility 
of our method has been demonstrated by a total synthesis of
5-carboxamido-3-(d-D-ribofuranosyl)-l,2,4-triazole (4) which 
is a C-nucleoside analogue of l-/J-D-ribofuranosyl-l,2,4-tria- 
zole-3-carboxamide. 11

Reaction of 2,3,5-tri-O-benzoyl-d-D-ribofuranosyl cyanide12
(1) with catalytic amounts of NaOCH;j in CH2OH at room 
temperature for 1  h led to the formation of the deblocked 
imidic ester 2 (mp 142-143  °C) in 60-85% yield: NM R 
(Me2SO-d6) Ó 3.59 (s, 3, OCH:i), 3.50-3.90 (m, 5, 2'-, 3'-, 4'- 
C— H and 5'-CH2), 4.06 (d, 1, l '-C — H, J r _2- = 2 Hz), 4.93 (br 
s, 3, 2'-, 3'-, 5'-OH), 8.25 (s, 1, C = N H ). The imidic ester 2 is 
susceptible to a facile nucleophilic displacement reaction with 
a variety of nucleophiles. For instance with ammonia or hy
drazine, it formed the corresponding amidine and amidrazone 
ribosyl derivatives respectively. For the synthesis of open- 
chain precursors 3 of 1,2,4-triazole nucleosides, the imidic 
ester 2 was treated with the appropriate carboxylic acid hy- 
drazides. Compound 3 (R' = CONH2) was thus synthesized 
in almost quantitative yield by reacting stoichiometric 
amounts of 2  and oxamido hydrazide in dimethyl sulfoxide 
at room temperature for 18 h. The structure of 3 (R' = 
CONH2) was established by XH N M R (Me2SO-de): <5 3.6 (m, 
2 , 2 '- and 3'-C—H), 3.8 (m, 1 , 4'-C— H), 3.95 (m, 2 ,5'-C— H2),
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^ P O C I j /  Pyridine

AcO

AcO ÔAc

5 6

4.15 (d, 1, l'-C — H, J r_2' ~  1 Hz), 5.2 (br m, 3, 2 ' - ,  3'-, 5'-OH),
6.62 (br s, 2, CONH2), 7.68,8 .0 (br s, 2 , CONHNHC), 10.05 (br 
s, 1 , C =N H ). When precursor 3 (R' = CONH2) was heated at 
135  °C under vacuum (0.1 mmHg), dehydrative ring closure 
occurred within ~ 1 5  min to give an 80% yield of C-Virazole 
4 (mp 193-195  °C). Compound 3 (R' = CONH2) appears to 
have thermodynamic propensity to form compound 4 as 
shown by a slow conversion in aqueous solution at ambient 
temperature. The cyclized product gave the following proton 
NM R pattern (Me2SO-d6): 5 3.53 (m, 2, 5'-C—H2), 3.82 (m, 
1, 4'-C— H), 3.45, 4.17 (m, 1  each, 2 ' - ,  3'-C— H), 4.73 (d, 1 , 
l '-C — H, J r - 2' = 5 Hz), 7.64,7.84 (br s, 1 each, CONH2),ex
tremely broad hydroxyl and NH protons between 5-7. Since 
the N M R data of the cyclized product do not allow a clear-cut 
distinction between structures 4 and 5, further proof in favor

of structure 4 was obtained by converting the product to its 
cyano derivative 6 . This was done by subjecting the tri-O- 
acetyl derivative of the product to conditions of dehydration 
in POCI3 and pyridine. The resulting compound was shown 
to be 5-cyano derivative 6 : IR  (CHCI3) 2260 cm- 1 ; N M R 
(Me2SO-d6) <5 1.94 (s, 3, COCH3), 2.07 (s, 6 , 2 -COCH3), 3 .9^ .4 
(m, 3 ,4'-C—H and 5'-CH2), 5.24 (d, 1, l'-C — H, J W  = 5 Hz),
5.31 and 5.56 (two t, 1 each, 2 1 -  and 3'-C— H). To establish the 
anomeric configuration of the triazole moiety in 4, it was 
converted into its 2',3'-0-isopropylidene derivative which gave 
the following NM R pattern (Me2SO-dfi): 5 1.32 and 1.50 [two 
s, 3 each, C-(CH3)2], 3.40 (d, 2 , 5'-CH2), 3.45 (br, 1 , 5'-OH), 4.05 
(m, 1 , 4'-C—H), 4.73 (m, 1 , 3'-C—H), 4.94 (d, 1, l'-C —H, J v . v  
= 4 Hz), 5.05 (m, 1 , 2'-C— H), 7.69 and 7.91 (two br s, 1 each, 
CONH2), 1 NH proton hurried under CONH2 signals. The 
NM R chemical shifts of the methyl protons in the isopropy- 
lidene derivative (5 1.32 and 1.50, ¿¡A = 0.18) supported the /? 
stereochemistry13 of compound 4.
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U m p o lu n g  o f  F u n c t io n a l 
G r o u p  R e a c t iv it y

J X
A L D R I C H

U m p olu n g , the term first proposed by Seebach, 1 refers 
to the reversal of the normal polarity of a functional group. 
In carbonyl chemistry, reversal of polarity creates an acyl 
anion. Nucleophilic acylation can then be achieved by either 
the acyl anion or an equivalent, “masked” intermediate.

Aldrich offers a growing line of reagents to utilize new 
techniques based on the U m p olu n g  concept. Research em
ploying the concept of U m p olu n g  has been summarized in re
cent reviews. 1-2 Several interesting applications are de
scribed below.

Lithiated 1,3-dithianes have been shown to be useful 
masked acyl anions.3

-So 1) n-BuLi

2) RX Q« 1) n-BuLi j

2) R X ;

o R "

R
Hg-

R / C = 0

An alternative reagent which affords similar products is 
methyl methylthiomethyl sulfoxide (M M TS).4 
» M e  O

Rs  ^SMe h 3o -

SMe

Ç H j 1) excess N aH /TH F  

S - 0  2) 2 RX

life
MMTS

Seebach and Meyer,5 utilizing an U m p olu n g  of the nor
mal reactivity of formaldehyde, have recently developed the 
first direct hydroxyméthylation of carbonyl compounds, 
using a doubly lithiated derivative of methanol.

HCHO (n -B u)3SnMgCI HOCHjSnln-Bu): 1) 2 n -B u li

2) PhCHO
3) H,0

Ph-CH-CHjOH 
OH

Electrophiles undergo reaction with the carbonyl anion 
derived from dimethylformamide [using lithium diiso- 
propylamide (LDA)] at -100° . 6 Similarly, dimethylthio- 
formamide has been used for nucleophilic f/noacylation.7

LDA _ D  R ’R7C ~ 0 _  . ?H 9
- NMe,

O
it

H-C-
2) H jO R -C -

■  _
O N M e ,

Vinyl ethers provide useful acyl anion equivalents. After 
reaction of their lithio salts with carbonyl compounds in the 
presence of A7,A7, A7', A^-tetramethylethylenediamine 
(TMEDA), the ethers obtained may be left intact or solvo-

lyzed (using methanolic HC1) to the corresponding ketones.8 

t-Buli <*"
CH,=CHOEt . »  CHrCOEt

P h C H O ,

OH OEt 
PhCH-C=CH,

HaO'
OH O

PhCH-C-CHj
The U m p olu n g  concept has also been extended to 

phosphorus ylids.9

R'CH=PPhj + R X - R -C -P P h ,
i 4
H

p 3
base _ „

----------- ►  a ^ c = o
o ,  "

Recently, Seebach furnished an illustration of the U m 
p o lu n g  of carbon -ca rb on  double bonds. 10

O  1 )  K H

2) s-BuLi*" PhX X »
LE, K*

1) E*
2) H- P h - ^ 4—Bor 2
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