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O r g a n i c
C h e m i s t r y

Douglas C. Neckers, Bowling Green State University, & Michael P. Doyle, Hope College

it’s modern, it’s different, yet it covers all the 
fundamentals... better!
"Neckers and Doyle claim as their goal providing a 
modern, thorough introduction to organic chemistry . ,.. 
they have achieved that goal admirably. The book inte
grates nicely the areas that form the bulwark of organic 
chemistry: structure, reactions, mechanism, and syn
thesis. The functional group approach is retained and 
the pedagogically sound technique of reinforcement is 
utilized by recalling a previously introduced topic before 
expanding into a related area. In contrast to the slow 
start that s o m e  v ie w  as a c r i t ic is m  o f  M o r r is o n  a n d  
Boyd’s textbook, Neckers and Doyle treat the common 
functional groups at a much earlier stage... This 
approach allows for an early overview of the major 
features of organic chemistry and aids understanding 
and perspective... .The text appears very readable.... 
Adequate references to biochemical and industrial pro
cesses are made and a number of brief, but enjoyable, 
historical perspectives are given. The figures and illus
trations are done very well... There are a large number 
of problems of varying difficulty both at the ends and 
sprinkled throughout the chapters. Because of the fun
damental importance of working problems to the under
standing of o rg a n ic  c h e m is try , the n u m b e r  a n d  q u a l ity  
provided is definitely a highlight of the book... .All in all, 
this new text by Neckers and Doyle is done well and 
instructors must consider it as a contender for adoption 
for their full-year organic course"

—Wayne C. Danen 
Journal of Chemical Education

look what else your colleagues are saying—
“The text is beautifully produced and contains a great 
deal of information. A great deal of thoughtful planning 
has gone into this book and the authors would appear 
to know students and understand the portions of organ
ic chemistry that seem to present the student with the 
most difficulty!’ —Denis W.H. MacDowell

West Virginia University

“ .. the best of the current texts. The ‘twice through’ 
approach is fast becoming a pedagogical necessity in 
this increasingly complex field!’

—Harvey Posvic 
Loyola University of Chicago

“I like the presentation, development and the scope of 
this text, many of these parts being new in mode. It is 
obviously a well done book and we will consider it as a 
prime candidate for the text in our majors organic 
chemistry sequence..!’ —Edward L. Compere, Jr.

Eastern Michigan University

“ I was very pleased with the level of presentation. It 
seems to fit our course well!’ —Kenneth E. Cook

Anderson College

“I am using it now. So far, things are going quite well. 
The mistakes and printing errors are really very few ..!’

—Earl S. Huyser 
University of Kansas

a partial list of adopters—
Anderson College • Bowling Green State University,
Main Campus • Chicago State University • Cuyahoga 
Community College, Metropolitan Campus • Franklin- 
Marshall College • Hillsdale College • University of Hous
ton • Indiana University at Indianapolis • University of 
Kansas • Keuka College • Loyola University, Chicago • 
Mercer University, Main Campus • North Georgia College 
• University o f  N o tre  D a m e  • Ottawa University • Universi
ty of Puget Sound • Rollins College • Rutgers University, 
New Brunswick • San Joaquin Delta College • Siena 
College • Southwestern University • Stephen F Austin 
State University • SUNY Agricultural and Technical Col
lege, Canton • Trinity College • Wichita State University

a complete package of study aids 
accompanies the text—
□  Solutions Manual 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.

□  Programmed Study Guide offers additional reinforce
ment of concepts and problem-solving techniques.

□  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.

(0 471 63091-8) 1977 1147 pp. $21.95
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s n a t u r a
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John E. Gordon, Kent State University

In a competitive course like Organic Chemistry your students 
need more than the usual study guide collections of prob
lems and answers This student-oriented workbook offers 
them a powerful, step-by-step method for studying and mas
tering the essentials of organic chemistry. Organized by 
required skills, it leaves most of the theoretical teaching to 
the textbook and concentrates on:
□  How to acquire the necessary mass of factual chemical 

information and use it in problem solving 
[ J Skill development in notation, spatial manipulation, nomen

clature and other key areas—using carefully designed drill 
exercises

The book provides numerous annotated examples and 
detailed problem-solving techniques (analyzing the standard 
organic problem types and specific techniques for their solu

tion). And it gives your students alternative ways of seeing, 
learning, and solving.. .and individualized instruction that 
otherwise just can't be provided in a large class.

your students will appreciate these special 
features—
□  Flowcharts for naming and other decision-making 

operations
□  Graphic displays of the interrelationships of functional 

groups, many in the form of oxidation-state charts
□  A concordance keying every chapter in the leading 28 

organic texts to the 22 units of the Guide
□  An index of problem types/solution techniques
□  An index of charts and tables
□  A summary/index of standard mechanisms
(0 471 03010-4) 1978 approx. 219 pp. $6.95 (tent.)

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 i c  C o m p o u n d s
Otto Theodore Benfey, Earlham College

This self-instructional book is a valuable tool in helping your 
students learn the common names and structural formulas of 
both aliphatic and aromatic organic compounds. 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 gener
al formula R-Y

contents—
Introduction. The Common Names of Simple Organic Com
pounds. A Stop-gap System of Nomenclature. The Common 
Names of Amines. The Systematic Naming of Alkanes. The 
Systematic Naming of Alkenes, Alkynes, Dienes, and Simple 
Cyclic Hydrocarbons. The Systematic Naming of Alkyl 
Halides. The Systematic Naming of Alcohols. The Systematic 
Naming of Aldehydes and Ketones. Some Comments on the 
Common Names of Carboxylic Acids, Aldehydes and 
Ketones. The Systematic Naming of Carboxylic Acids. 
Esters—Common and Systematic Names. An Introduction to 
Aromatic Nomenclature. The Calculation of Formal Charges. 
The Writing of Electronic Formulas. The Writing of Reso
nance Formulas. Isomeric Alcohols—Their Number and 
Structure.
(0 471 06575-7) 1966 212pp. $6.75

F u n d a m e n t a l s  o f  O r g a n i c  R e a c t i o n  M e c h a n i s m s
J. Milton Harris, The University of Alabama, & Carl C. Wamser, California State University, Fullerton

Harris/Wamser covers the important concepts of theoretical 
and mechanistic organic chemistry, using a reaction interme
diates approach to emphasize reaction mechanisms as the 
primary means of correlating and understanding organic 
reactions. It introduces your advanced undergraduate stu
dents to theoretical descriptions of organic molecules, the 
major types of organic reaction mechanisms, and methods 
for the determination of reaction mechanisms. Each topic is 
handled in a broad, selective fashion with extensive chapter 
references, bibliographies, and problem sets.

you’ll find—
□  Organization of material according to reaction intermedi

ates—rather than reaction types
□  A general approach that includes all major reaction 

classes and techniques

□  Theoretical aspects of organic chemistry covered in terms 
of structure and reactivity

□  Coverage of the most important organic reaction interme
diates: carbocations, carbanions, free radicals, carbenes, 
and excited states (photochemistry)

□  An overview of the most common and most valuable prin
ciples and methods involved in the determination of organ
ic reaction mechanisms, as well as representative 
mechanistic examples

□  A discussion of both Huckel Molecular Orbital Theory and 
Perturbational Molecular Orbital Theory, enabling your stu
dents to consider significant traditional problems as well 
as current research areas

(0 471 35400-7) 1976 384 pp. $17.95

To be considered for complimentary examination copies, 
write to Robert A McConnin, Dept. A 8396. Please include 
course name, enrollment, and title of present text.
Prices subject to change without notice.

JOHN WILEY & SONS, Inc.
605 Third Avenue, New York, NY 10016 
In Canada: 22 Worcester Road, Rexdale, Ontario

A 8396-11
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Role of Water in the Imidazole-Catalyzed Hydrolysis 
of p-Nitrotrifluoroacetanilide. A Study of 
Solvation in Acetonitrile-Water Mixtures1
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Solvation by water in the hydrolysis of p-nitrotrifluoroacetanilide has been studied through measurement of the 
rates of the imidazole-catalyzed hydrolysis as a function of water concentration in mixtures of acetonitrile and 
water. There is a complicated dependence on water with three apparently distinct regions of behavior: at [H2O] < 
[imidazole] = 1 M, linear dependence of rate constant on water concentration; at [H2O] from 1 to 10 M, linear de
pendence on [H20] with a lower slope; and at [H20] > 10 M, approximately fourth order in water. These results are 
related to probable mechanisms.

A com m on observation in the crystallography o f enzymes 
has been the low concentration o f water at active sites, par
ticularly after a m odel substrate is bound .3 This appears to 
be an expected result o f  the evolution o f  enzymes because o f 
the need for strong enzym e-substrate interactions which 
enable substrate to be held in an oriented, even strained, 
conform ation. W ater in the active site would interfere with 
oriented binding if it solvated those highly polar functional
ities which make significant contributions to the total binding 
energy between enzyme and substrate.

Understanding o f  enzyme function has progressed far in 
recent years due to  structural results from crystallography, 
enzym ology, and m echanistic results from  studies o f the 
fundamental chemistry o f  the reaction which is catalyzed. Yet, 
there are still im portant gaps in our knowledge o f  enzyme 
function, partly due to incom pleteness o f  the structural in
formation4 and partly due to our lack o f understanding o f the 
catalytic and inhibitory roles that water plays in the funda
mental chemistry o f  the reaction. W e expect that the enzyme 
must play the catalytic roles o f water in the reaction and some 
o f the catalytic power o f enzymes may be due to exclusion o f 
inhibitory effects o f  water. For example, a nucleophile might 
be expected to be more reactive when it is stripped o f  hydro
gen bonds.

Therefore, it appears that an im portant area o f funda
mental chemistry, necessary for total understanding o f en 
zyme function, is a knowledge o f the role o f  water in reactions 
o f  biological im portance. Because o f  the im portance o f  en 
zymes which catalyze the cleavage o f  amide bonds, we have 
studied the im idazole-catalyzed hydrolysis o f  p -n itrotriflu 
oroacetanilide, p -C F 3C (0 )N H C 6H 4N 0 2  (pN T A ) in acetoni
trile-water at variable water concentrations. This amide, and 
closely related amides, have been previously studied in 
aqueous solution .5' 1 1  T h e results that we have found appear

to be o f  interest both with regard to the roles o f  water in cat
alyzed hydrolysis o f  amides and with regard to the utility o f 
this experimental m ethod in studying the effects o f  water on 
chemical reactions.

E x p erim en ta l S ection

Materials. p-Nitrotrifluoroacetanilide (pNTA) was prepared 
from p-nitroaniline and trifluoroacetic anhydride,12 and was re
crystallized twice from ethanol-water, once from chloroform-hexane, 
and a final time from ethanol-water: mp 152.5-154 °C (lit.12151.5-153 
°C), IR 1745 cm' 1 (C = 0 ), UV (CH3CN) 298 nm (e 12 900), 219 nm 
(< 10 700). Imidazole was recrystallized three times from benzene, 
mp 88.5-91.5 °C (lit.13 88-90). Perchloric acid (J. T. Baker “ Ana
lyzed”) was determined by titration to be 70.74% HCIO4 (w/w). Water 
was distilled, boiled to remove CO2, and stored under Ascarite. 1- 
Methylimidazole was obtained from Aldrich Chemical Co. Zinc 
perchlorate hexahydrate was determined by EDTA titration to be 
70.0% Zn(C104)2, i.e., Zn(C104)2-6.3H20 . Acetonitrile was MCB 
“ Speetroquality” grade which we analyzed by gas chromatography 
and showed to contain less than 10~3 M water and undetectable 
amounts of other impurities in chromatography on a Poropak col
umn.14

Kinetic Method. Reactions were followed in acetonitrile-water 
mixtures on a Cary 16 spectrophotometer (thermostatted at 30.9 °C) 
by measuring the appearance of p-nitroaniline near 370 nm; the 
wavelength was adjusted to the Xmax which varies with the solvent. 
Buffers were prepared using imidazole and H C IO 4 . Solutions were 
prepared with all components except pNTA in a 10-mL volumetric 
flask, equilibrated in the constant-temperature bath, pNTA was 
added, and the solution was brought to the mark with additional 
solvent to give 10-4 M pNTA. We decided not to do these reactions 
at constant ionic strength because of the complications resulting from 
solvation of an additional solute.

Treatment of Data. For reactions with tm  less than ca. 2 h, the 
experimental infinity point obtained after ca. 10 half-lives was used 
for the calculation of the rate constant by the least-squares method. 
However, pNTA reacts so slowly under many of our conditions that 
it was inaccurate to use the experimental infinity point. The rate

3989



3990 J. Org. Chem., Vol. 42, No. 25,1977 Henderson and Haake

T able I. D ependence o f  the Rate Constant on Im idazole 
C oncentration  at a Constant Imidazolium Ion 

Concentration  o f  0.1 M at D ifferen t W ater 
Concentrations

Imidazole],
[Imidazole]
llmidazo- 10® &obsd> S *

M liumj [H20 ] = 0.7 M 5.0 M 45 M

0.01 1:10 0.13 5.7
0.033 1:3 0.1 0.47 13
0.10 1:1 0.32 1.4 51
0.30 3:1 1.1 4.5 200
1.00 10:1 4.4 16.0 520

Table II. Dependence o f  the Rate Constant on the 
Imidazolium Ion Concentration at a Constant Im idazole 

Concentration o f  0.1 M at D ifferen t W ater 
Concentrations

[Imidazo- [Imidazo
lium], lium| 106 feobsd. s-1___________

M [Imidazole] [HgOj = 0.7 M 5.0 M  45 M

0.01 1:10 0.20 1.1 94
0.033 1:3 0.28 1.2 59
0.10 1:1 0.32 1.4 51
0.30 3:1 0.28 1.6 51
1.00 10:1 1.8 41

constants for slower reactions were calculated using the theoretical
infinity point which was measured using p-nitroaniline (recrystallized 
from ethanol-water) in the reaction mixtures and with the other 
product, trifluoroacetic acid. Duplicate determinations of the rate 
constant were made for two of our slowest reactions; for feobsd = 5.83 
X 10-7 s-1 and k ,,^  = 2.27 X 10~6 s-1 the rate constants agreed within 
9 and 6%, respectively.

R esu lts

P rod u ct Identity. In the cases in which an infinity solution 
could be obtained, the UV spectrum o f the solution is the same 
as that measured with p-nitroaniline, trifluoroacetic acid, and 
the reagents. The alternative product to trifluoroacetate, 
iV-trifluoroacetylimidazole, is much more reactive than 
pN T A ; IV-trifluoroacetylimidazole hydrolyzed “ instanta
neously”  at room  tem perature ,15  while pN T A  hydrolyzed 
under similar conditions with a half-life o f  greater than 2 0  

min . 1 1  W hile these observations do not preclude the acylim - 
idazole as a reactive intermediate, previous results on this 
reaction5 - 1 1  indicate water as the nucleophile in attack at the 
acyl carbon o f  pN TA . Our results (vide infra) demonstrate 
that at low water concentrations the reaction o f pN T A  re
quires one water molecule and, at [H2O] extrapolated to zero, 
the rate is indistinguishable from zero; this is strong evidence 
that water is the nucleophile especially since the rate o f  re
action o f  p-nitrophenyl acetate in similar media does not 
depend greatly on [H2O] at very low water concentrations and 
infrared spectra have dem onstrated form ation o f  an acyl im 
idazole . 14 Therefore, in the studies reported in this paper, we 
believe it is reasonable to conclude that water is the nucleo
phile and hydrolysis is the reaction.

D ep en d en ce  o f  th e  R a te  C on stan t on  th e  C o n ce n tra 
tions o f  Im idazole , Im idazoliu m  Ion , and H y d ro x id e  Ion . 
The dependence o f the rate constant for the hydrolysis o f  
pN T A  on the concentration o f  imidazole at constant im ida
zolium concentration and its dependence on the concentration 
o f  imidazolium ion at constant imidazole concentration has 
been determined at 0.7,5.0, and 45 M  water (Tables I and II). 
The results indicate that the rate constant is dependent on 
the concentration o f imidazole but essentially independent 
o f  the concentration o f  imidazolium ion in all three solvent

Figure 1. Plots of fc0t»d/[Imidazole] vs. [Imidazole]: (a) 5 M water (O), 
10 M water (A); (b) 0.7 M water (O), 1 M water ( a ).

systems, although there do appear to be salt effects (Table II). 
Figure 1 presents the results o f  the study o f  the dependence 
o f the rate constant for hydrolysis o f  pN T A  over a wide range 
o f  concentration o f  1 0 : 1  im idazole/im idazolium  ion in four 
solvent systems; in the light o f  Table II (no dependence on 
concentration o f  imidazolium ion), these results reflect the 
dependence on imidazole concentration. In 45 M  water the 
rate constant increases linearly with the increase in imidazole 
concentration in agreement with the report11  o f the first-order 
imidazole dependence o f  the rate constant in water. However, 
in the four solvent systems displayed in Figure 1 the rate 
constants show a second-order com ponent (eq 1). T h e scatter 
at low [imidazole] (Figure 1) is probably due to experimental 
error which is large because o f the very slow rates (Table I).

fcobsd = &i[imidazole] +  ^ [im id a zo le ] 2 ( 1 )

As shown by the linearity o f  the graphs (Figure la ) o f  k 0bad/  
[Im] vs. [Im] in 5 M  water, fcj = 1.4 X 10- 5  M - 1  s_ 1  and k 2 =
2.3 X 10- 6  M - 2  s_1. In 10 M  water, k\ =  1.9 X 10~ 5 M - 1  s_ 1  

and k 2 = 7.7 X 10- 6  M - 2  s_1. However, the results in 0.7 and 
1 M  water (Figure lb ) show curvature (Figure 1 ); this is due 
to the fact that Figure lb  includes data both for water in excess 
o f  imidazole and for imidazole in excess o f water as explained 
in the Discussion. In 45 M  water, k\ =  5.3 X 10- 4  M - 1  s-1 . All 
the results extrapolate to within experimental error o f k 0bsd 
=  0  at zero concentration o f imidazole, indicating little or no 
contribution to the rate from hydroxide in these buffered 
systems. These results also indicate that at 1  M  imidazole, the 
concentration used in m ost o f  our studies, the reaction is 
primarily first order in imidazole.

D epend ence  o f  the R ate  Constant on  the C on centration  
o f  W a ter . T he dependence o f the rate constant for the hy
drolysis o f  pN T A  in C H 3C N -H 2O on the concentration o f 
water has been studied in three systems (Table III): 1.0 M  
im idazole/0 .1 M  imidazolium; 2.0 M  im idazole/0.2 M  im ida
zolium; and 1.0 M  IV-m ethylimidazole/0.17 IV-methylimida- 
zolium. The apparent pH  o f  the 1.0 M  im idazole/0.1 M  im 
idazolium system varied by 0.6 pH unit over the solvent range 
we used, indicating considerable variation in pK a with sol
vent.16 Since the hydroxide-catalyzed rate is «  k\[imidazole], 
we consider this pH variation to be insignificant in our rate
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T able III. D ependence o f  the Rate Constant on W ater 
______C oncentration  in D ifferen t B u ffer  Systems______

__________106 fepbad. S 1_______________ ^

[N-Methylimidazole] =
[H20 ] [Imidazole] = 1.0 M 2.0 M 1.0 M

[Imidazolium] = [/V-Methylimidazolium] 
M 0.1 M 0.2 M '0.17 M

0 . 1 2 1 .0 °
0.23 1 .8
0.50 3.5 7.5 1 .6
0.70 4.4
0.75 4.5 10.5
1 .0 0 5.9 13.9 2.9
1.25 6.7 16.4 3.5
1.50 7.6 19.0 4.1
2 .0 0 2 2 .8
2.50 10.4 6 .8

3.00 29.0
5.00 16.0 39.7 9.8
7.50 20.7 13.0

1 0 .0 26.2 6 8 .0 16.7
2 0 .0 53.5 24.2
30.0 117 88.3
36.0 2 1 0
40.0 294 237
42.0 357
45.0 520
48.0 750
50.0 588

° From extrapolation o f values determined at 0.5 M imidaz
ole-0.05 M imidazolium and 0.1 M imidazole-0.01 M imidazol- 
ium.

studies. T he rate constants in Table III are not corrected for 
ionization o f  pN T A  to its unreactive anion . 1 1  W e observe no 
UV absorbance due to the anion at or below 10 M  water. Above 
10 M  water, spectral evidence was obtained for the anion o f 
pN T A ; consequently, in analyzing the data we corrected the 
rate constants (see below).

The dependence o f the rate constant on water concentration 
in the 1.0 M  im idazole/0.1 M  im idazolium system is plotted 
in Figure 2. The plot appears separable into three regions: low, 
medium, and high water concentrations. W e use eq 2 -4  as a 
basis for interpretation o f the results.

fcobsd =  k 0 +  6 i [H 20 ] (2)

For [H2O] = 0 to 1 M; k D =  extrapolated intercept at [H 2O] = 
0; k\ determ ined by dependence o f /e0bsd on [H 2O] at [H 20 ] 
<1.1 M.

kobsd = fel.l +  &2[H20 ]  (3)

For [H 2O] = 1  to 10 M ; =  intersection at 1.1 M  H 2O o f 
lines determining k 1 and fc2; & 2 determined by dependence o f 
feobsd on [H 20 ]  at 1.1 M  <  [H 20 ) <  10 M.

^obsd = ^ 1 0  +  ^3[H 20]n (4)

For [H20 ]  = 10 to 55 M ; k\o =  intersection at 10 M  H 2O o f 
lines determining k 2 and k 3; k 3 and n determined by depen
dence o f &0bsd on [H 20 ]  at [H 20 ]  >  10 M.

In the medium water concentration, ca. 2.5 to 10 M , the rate 
constant is linearly dependent on the water concentration 
(slope =  k 2 =  2.1 X 10-6  M _ 1  s ' 1), indicating that the reaction 
is first order in water in this region. In the low water region the 
rate constants at and below 0.5 M  water show an initial linear 
dependence on water concentration (slope =  ki =  6.45 X 10~6 
M _ 1  s_1; intercept = k Q =  2.8 X 10-7  s-1 ). T he intercept, k a, 
appears to be within experimental error o f  zero if one includes 
the possibility o f  water as an im purity in the acetonitrile or

[HP] (M)

Figure 2. Plot of the rate constant vs. water concentration for 1.0 M 
imidazole/0.1 M imidazolium ion.

Figure 3. Plot of the log of the effective rate constant (1.0 M imid
azole/0.1 M imidazolium) vs. the log of the effective water concen
tration for the low (□ ) and medium (O) water regions, (□ ) x -  0 , y  
= 0.3 X 10~ 6 s ' 1, (O) x = 1 M, y = 7.7 X 10' 6 s ' 1.

imidazole reagents. The two straight lines for low and medium 
[H2O] intersect at 1.1 M  water and fej.i = 7.7 X 10-6  s' 1 (eq 
3 and Figure 2).

W e were concerned about more than one rate term making 
contributions in each o f these regions o f  water concentration; 
that is, one might expect that fc0bsd =  S & j^ O ]" '.  Therefore, 
we utilized a graphic determination o f n, for each region from 
the slope o f the plot o f  log (&0bsd — other terms) vs. log [H 20 ] 
in that region. The upper line (□ )  o f  Figure 3 is such a plot for 
the low water region o f  Figure 2. The six points from  0.12 to
1.0 M  describe a straight line with a nearly unit slope after 
subtraction o f the intercept (using eq 2 ) from &obsd> implying 
that the reaction is first order in water in that region. The 
lower line (O ) o f  Figure 3 is a similar plot for the medium 
water region after the values for water concentration (1.1 M ) 
and rate constant (k i.i = 7.7 X 10-6  s_1) at the intersection 
o f  the two lines in Figure 2 are subtracted from each point (eq
3). As expected from the linearity o f  the medium water region 
in Figure 2, the four points from  2.5 to 10 M  water describe a 
straight line with unit slope, confirming the first-order de
pendence o f the rate constant on water concentration in the 
medium water region.

The dependence o f the rate constant on water concentration 
in the 2.0 M  im idazole/0.2 M  imidazolium system is plotted
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Figure 4. Plot of the rate constant for the 2.0 M imidazole/0.2 M 
imidazolium catalyzed hydrolysis of p-nitrotrifluoroacetanilide vs. 
water concentration.

Figure 5. Plot of the rate constant for the 1.0 M IV-methylimida- 
zole/0.17 M IV-methylimidazolium catalyzed hydrolysis of p-nitro
trifluoroacetanilide vs. water concentration.

in Figure 4. Just as in the 1.0 M  imidazole/0.1 M  imidazolium 
system (Figure 2), the plot shows two water dependence re
gions in the range studied. In the medium water region the 
three rate constants from  3.0 to 10.0 M  water show a linear 
dependence on the water concentration (fe2 =  5.6 X 10~ 6 M - 1  

s-1 ). In the low water region, the five rate constants at [H 2O] 
<  2 M  show a linear dependence on water concentration (k 1 
=  11.6 X 10- 6  M - 1  s-1 ; intercept =  k Q =  1.9 X 10- 6  s-1 )- The 
two lines intersect at 1.7 M  water and k = 21.5 X 10- 6  s ' 1. The 
linearity o f  the dependence o f  the rate constant on water 
concentration in both the low and medium water regions o f 
Figure 4 implies that the reaction is first order in water in both 
regions. This is confirmed by analysis o f  the data using graphs 
similar to Figure 3. In the low water region the five points from 
0.5 to 1.5 M  water describe a straight line with a slope o f  1.01 
after subtraction o f  the intercept from  6 0bsd- In the medium 
water region, after subtraction o f the values for water con 
centration and rate constant at the intersection o f the two lines 
in Figure 4 from each point, the three points from  3 .0  to  10.0 
M  water describe a straight line with a slope o f 1 .0 0 .

The dependence o f the rate constant on water concentration 
in the 1.0 M  iV-methylimidazole/0.17 M  iV-methylimidazol- 
ium system is plotted in Figure 5. Just as in the 1.0 M  im id
azole/0.1 M  imidazolium system (Figures 2 and 3), the plot 
shows three water dependence regions. In the medium water 
region the four rate constants from 2.5 to 10.0 M  water show 
a linear dependence on water concentration (k 2 = 1.3 X 10- 6  

M - 1  s-1 ). In the low water region the four rate constants at 
and below 1.5 M  show a linear dependence on water concen
tration (k i = 2.5 X 10~ 6 M - 1  s-1 ; intercept = k Q = 3.2 X 10- 7

Figure G. Plot of the rate constant (corrected for anion concentration) 
for the 1.0 M imidazole/0.1 M imidazolium catalyzed hydrolysis of 
p-nitrotrifluoroacetanilide vs. the log of the effective water concen
tration for the region of high [H20], (a ) x = 9 M ,y = 2.4 X lO ^ s “ 1, 
(O ) x = 15 M, y = 3.65 X 10“ 5 s " 1.

s-1 ). The two lines intersect at 2.5 M  water and k =  6.7 X 10- 6  

s-1 . T he linearity o f  the dependence o f  the rate constant on 
water concentration in both the low and medium water regions 
o f  Figure 5 implies that the reaction is first order in water in 
both regions. This is confirmed by log-log analysis o f the data. 
In the low water region the four points from 0.5 to 2.5 M  water 
describe a straight line with a slope o f 1 . 0 1  after subtraction 
o f the intercept from feobsd- In the medium water region, after 
subtraction o f the values for water concentration and rate 
constant at the intersection o f the two straight lines in Figure 
5 from  each point, the three points from  5.0 to 10.0 M  water 
describe a straight line with a slope o f  1.05.

Using the values o f  k\, k 2, and k m (eq 2 and 3) for 1.0 M 
imidazole, we have determined the order o f  the reaction in 
water at high water concentration by the m ethod o f plotting 
log ih0bad — &10) vs. log [H20 ]  (eq 4). However, a correction o f 
kobad was required because, at concentrations o f  water greater 
than 10 M, we observed initial absorption in the electronic 
absorption spectra o f  our kinetic solutions due to the un- 
reactive anionic form o f p-nitrotrifluoroacetanilide. Since the 
anion is unreactive, we have corrected observed rate constants 
using eq 5, where the correction factor is calculated from  the 
extinction coefficient o f  anion in pure water, the anion ab
sorbance, and the ratio o f  the extinction coefficient o f  p -n i- 
troaniline in water and the solvent. This resulted in correction 
factors as follows: 1.5 for the range 50 to  42 M  water, 1.25 for 
36 and 40 M  water, 1.1 for 30 M  water, and 1.02 for 20 M  water. 
Equation 5 was applied in order to get corrected rate con 
stants, which were used in the treatment based on eq 4 (see 
Figure 6 ).

h COTT = feobsd x  correction factor (5)

Although there is a problem in determining at what point the 
medium water region ends and the high water region begins 
and thus what values for the water concentration and rate 
constant should be subtracted from  each point in order to 
apply eq 4 to the data, Figure 6  indicates, by subtracting rate 
constant and water concentration values which seem to be 
high and low limits for the transition points, that in the high 
water region the imidazole-catalyzed reaction is fourth order 
in water. This does not mean that lower and higher order
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water terms are nonexistent; at the lower ends o f  the lines in 
Figure 6 , the deviations o f  the lowest points indicate contri
butions from terms lower than fourth order in water. However, 
the excellent fit o f  the other points indicates that the pre
dom inant contribution to the rate is fourth order in the high 
region o f  water concentration. W e find similar results when 
we analyze the N -m ethylim idazole data in the same way. 
Using the rate constants in Table III, the data from 30 to 48 
M  yield k 3 = 3.3 X  10- 1 0  M ~ 4 s_ 1  for the reaction carried out 
at 1 M  imidazole and 0.1 M  imidazolium ion.

D iscu ssion

G en era l C om m ents. It appears that the results are well 
enough defined to attem pt empirical correlations leading to 
understanding the catalytic and inhibitory roles o f  water in 
this reaction, the hydrolysis o f  an amide— therefore, a reaction 
o f biological importance. However, we emphasize at the be
ginning o f the discussion that, although these results are en
couraging, this research is only a beginning on the very d iffi
cult problem o f  elucidating the effects o f  water on a molecule 
along a reaction coordinate. One concern with such studies of 
solvation is that the activity o f  each com ponent o f  the system 
should be known at each solvent com position in order to rig
orously analyze observations. However, we believe that this 
is not necessary for progress on the problem  o f  solvation be
cause: (I ) There has been great progress made in an empirical 
understanding o f acid-catalyzed reactions in strongly acidic 
solutions . 17  T h is progress has been made largely on an em 
pirical basis in media which change much more drastically 
than the mixed solvents we have employed. (2 ) Our cosolvent 
with water, acetonitrile, has major advantages: (a) It has a high 
dielectric constant and the dipole m om ent, n =  4.0, is even 
larger than that o f  water, n =  1.9, so association, ion pairing, 
aggregation and nonspecific solvent effects should be minimal,
(b) Specific hydrogen-bonding and proton-transfer effects in 
these media should be entirely due to the water, not the ace
tonitrile, because acetonitrile has no protons which can 
com pete in proton donation with'water protons and acetoni
trile appears to be 1 0 8 less basic than water ( p / ( a for 
CH 3C N H + = —10) . 18  Nevertheless, the hypotheses in this 
discussion must be regarded as tentative until more research 
is done.

W e need to  consider our results in terms o f mechanism for 
three regions o f  water concentration which differ considerably; 
the low, medium, and high water regions may be characterized 
approxim ately by powers o f  ten differences in water concen
tration: 0.5 ,5, and 50 M. O f particular concern is the question 
o f  the location o f the transition state along the reaction 
coordinate in each region, since our solvation numbers indicate 
the extent o f  solvation o f transition  sta te  over ground sta te. 
T he scheme shown in eq 6  will serve as the basis for our dis
cussion. The dependence on water and imidazole (see Results) 
indicates that both m olecules play essential roles. W ater as 
a nucleophile is indicated by the negligible rate at [H 2O] = 0 
as distinct from  the im idazole-catalyzed reaction o f  p -n itro- 
phenyl acetate which has been shown to proceed through an 
acylimidazole and gives a significant rate at [H 2O] = 0. The 
role o f  imidazole is dem onstrated in T able I and Figure la ,b . 
The complicated dependence o f /?„bsd on [imidazole] in Figure 
lb  is expected from the results (Table III and Figures 2,4, and
5) which demonstrate the importance o f the imidazole/water 
ratio; one water molecule is essential for reaction and there 
is a decreased dependence on [H 2O] as the imidazole/water 
ratio changes from  greater than one to  less than one (Figure 
2). In Figure la  the im idazole/water ratio is always consider
ably greater than one and the water concentrations are in the 
well-behaved, medium range o f  water concentration, but in 
Figure lb  there are data for [H 2O] both greater than and less

than [imidazole], so the curved dependence is not surpris
ing.
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Both Figure la  and lb  indicate some contribution to the 
rate by a term second order in imidazole. Although this is a 
minor contribution to the total rate, this indicates to us that 
the rate-determining step is not addition to the carbonyl group 
using the analogy to reactions o f  aryl esters. 19  In addition, 
previous research on the hydrolysis o f  amides leads one to 
expect rate-determining cleavage o f the C -N  bond . 20 The 
fourth order dependence on water appears to be additional 
evidence for this rate-determining step. Therefore, we suggest 
the following analysis o f the roles o f  water in this reaction.

(1) T h e L ow  [H 20 ]  R eg ion , 0.1-1 M . The strong, first- 
order dependence on [H 2O] certainly appears to the water 
molecule that is the nucleophile. Although k 4 , k * , ,  and k e  could 
contribute to the form ation o f  product, the need for a good 
leaving group makes k ;> and /z b m ost likely, especially in low 
water concentrations where the activity o f  an amide anion 
would increase dramatically. Because the reaction is pre
dom inantly first order in imidazole, either k \  is rate deter
mining in the k& pathway or k f, must involve imidazole as a 
base, abstracting the OH proton in the transition state. B e
cause there is a significant second-order contribution from 
imidazole, we suggest that the second imidazole may act as a 
base to remove the O -H  proton as the imidazolium ion formed 
in ki donates a proton to N. However, other hypotheses are 
possible, such as two imidazoles hydrogen bonded to one nu
cleophilic water with k  1 rate determining.

(2) T h e M edium  [H 2O ] R eg ion , 1-10 M . W e suggest that 
the second water molecule (the first being the nucleophile) is 
involved in the proton transfer required for 1  — products. 
Grunwald and co-workers21 have found that one water m ol
ecule is needed for proton transfer similar to that required for 
1 —» 2. Even in the region o f  [H2O] = 1 to 10 M , it should be 
difficult to eliminate amide anion from  1 ; however, cleavage 
o f  2  to give p-nitroaniline should be a facile process particu
larly since it also generates the resonance-stabilized CF3C0 2 -  
ion with increased C - 0  bond strengths. T he charged form  o f 
the reactive intermediate, 2 , is not unprecedented .5,22 

Therefore, proton transfer is critical and would appear to be 
the most critical function for a water molecule involved in 
solvation.

It is possible that the increased rate o f  reaction in the region 
o f  [H 20 ]  = 1 to 10 M  is a bulk solvent effect, but the well- 
behaved first-order behavior in this region (Figures 2, 3), 
rather than some curved dependence, leads us to  believe that 
there is a specific, proton-transfer role for a water molecule 
which leads to this preferred pathway in this region o f  [H 2O]
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concentration. W e will com m ent on the availability o f  water 
molecules below.

(3) T h e  H igh  H 2O  R eg ion : Our results dem onstrate that 
the reaction is predom inantly fourth order in water (Figure
6 ) in addition to the two water molecules im plicated by the 
first-order dependence on water in the low and medium ranges 
o f  [H2O]. Since Figure 6  is based on solvation changes beyond 
10 M  water, it appears that the latter two water molecules are 
already in the ground state in the high water region. Since one 
water is the nucleophile, this leads to a total solvation number 
o f  5. The solvation results indicate a highly solvated transition 
state which we suggest closely resembles the highly reactive 
intermediate 2 , which decomposes rapidly to products (k5 very 
fast) .5 Therefore, we suggest that solvation o f 2 is a suitable 
model for solvation o f  the transition state when water is 
readily available and that the high degree o f  hydration when 
water is readily available appears to  be associated with hy
drogen bonding to  the O -  atoms o f  2 .

In  sum m ary, we suggest that the structure o f  the transition 
state is always near 2  but may vary in structure, solvation, and 
energy depending on the availability o f  water. It is noteworthy 
that three regions o f  water composition found experimentally 
to  have differing solvation for the reaction are also distin
guishable in the relationship o f  [H 20 ]  to concentrations o f 
other components: (1) In the low water region, [H 20 ]  <  [im
idazole] so that as [H 20 ]  increases the concentration o f 5 in
creases. T h e intersection o f  the k\ and fc2 lines in Figure 2 is 
within experimental error o f  the water concentration required 
to solvate all imidazole as in 5 and to solvate each imidazolium 
ion with two water molecules as proton acceptors in hydrogen 
bonds. (2 ) T he medium [H 20 ]  region, 1 - 1 0  M  water, is the 
region in which all the water should be predominantly present 
as 5 or 6 . (3) In the high [H20 ]  region, there will be free OH 
groups and hydrogen bonds between water molecules.

/ ° \
H H.

A
,H  H

CH,CN ' n ^  n h  c h 3c n '
W

NCCH;,

T h e above discussion demonstrates ways that solvation 
studies such as the one reported here will be useful in our 
understanding o f solvation, structures o f transition states, and

solvent structure. As our studies o f  hydration in acyl transfer 
reactions proceed, we expect to be able to  draw general con
clusions which will substantiate these suggestions or will en
able us to  m odify them and which will enable us to  draw firm 
conclusions about the need for functional groups on enzymes 
to  replace critical water molecules in order to  lower activation 
barriers.
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Irradiation of an ether solution of 4,4-dimethyl-l-oxaspiro[2.4]heptan-5-one gives 4-isopropylidenepentanolide 
and 2-isopropylidenepentane-1,5-dial in yields of 65 and 5%, respectively. Irradiation of 4,4,7,7-tetramethyl-l-ox- 
aspiro[2.5]octan-5-one under comparable conditions affords 3,3-dimethyl-5-isopropylidenehexanolide and 4,4- 
dimethyl-2-isopropylidenehexane-l,6 -dial in yields of 45 and 20%, respectively. The photoproducts resulting ÍTom 
these reactions are readily accounted for by the general scheme we have previously advanced for the photochemis
try of p ,y -epoxy cyclicketones. These resultssuggestthatthe photochemistry previously reported fora l-oxaspiro[2.3]- 
hexan-5-one, though typical of that for other cyclobutanones, is not characteristic of l -oxaspiro[2.n]alkan-5-ones.

Recently we have suggested a general scheme to  account 
for the photochem istry o f  d,7 -epoxy cyclic  ketones .2 It is 
proposed that irradiation o f  a d,7 -epoxy cyclic ketone 1  

(Scheme I) initially leads to  Norrish type I bond cleavage and

the form ation o f  an apparent diradicai species 2  which 
undergoes subsequent ring opening to  give the acyl alkoxy 
diradicai 3. Unless specific substituent and/or skeletal con 
straints are present, product form ation proceeds from  3 by
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Scheme I

co m p etitiv e  ring closure to give lactone 4 and hydrogen 
transfer to  provide aldehyde 5. If the form ation o f either 4 or 
5 is prevented, then the other product predominates. I f  the 
form ation o f  both 4 and 5 is precluded, then decarbonylation 
occurs to give diradical 6  which undergoes disproportionation 
to  provide 7 and/or ring closure to  afford 8 .

There are three possible skeletal arrangements for a 0 ,y -  
epoxy cyclic ketone. T he epoxide moiety may have two points 
in com m on with the carbon ring containing the carbonyl 
functional group (9, bicyclic), one point in common (10, spiro), 
or no points in com m on (11, exocyclic). Although the photo
chem istry o f  jS,7 -epoxy cyclic ketones o f  types 92'3 and l l 4

9 10 11
have received significant attention, the photochemistry o f  only 
one spiroepoxy cyclic ketone has been reported. Irradiation 
o f  a solution o f  4,4,6,6-tetram ethyl-l-oxaspiro[2.3]hexan-5- 
one (12) in dry methanol gives cis-acetal 13c, trans-acetal 13t, 
and 2,2,3,3-tetramethylcyclobutanone (14) in yields o f  55,31, 
and 12-14%, respectively .5 These products are readily ac
counted for by a mechanism characteristic for the ph oto
chemistry o f  cyclobutanones .6 Thus, irradiation o f  12 (Scheme 
II) leads to Norrish type I bond cleavage and affords acyl alkyl 
diradical 15. Subsequent or concerted rearrangement and 
rebonding o f  15 provides oxacarbene 16 which is trapped by

Scheme II

methanol to  give acetals 13c and 13t. Alternatively, diradicai 
15 can lose carbon m onoxide to  generate diradicai 17. Ring 
closure o f  17 would give oxaspiropentane 18 which presumably 
undergoes a thermal rearrangement to provide 14.5

It is evident that the photoproducts obtained from  irra
diation o f  the l-oxaspiro[2.3]hexan-5-one 12 are clearly not 
those which would have been predicted by our general scheme 
for the photochem istry o f  0 ,y-epoxy  cyclic ketones. In order 
to determine if the photochemistry o f  1 2  is simply that which 
is typical o f  other cyclobutanones or whether it is character
istic o f  l-oxaspiro[2.n]alkan-5-ones, we have synthesized and 
examined the photochem istry o f  a l-oxaspiro[2.4]heptan- 
5-one and a l-oxaspiro[2.5]octan-5-one.

R esu lts and D iscu ssion

S ynthesis. Previously we have noted that it appears that 
in order for product form ation to be significant in the photo
chem istry o f  m ost 0 ,y-epoxy  cyclic ketones the a -carbcn  o f 
the 0 ,y-epoxy ketone moiety must be substituted with either 
two alkyl groups or one exceptionally good radical-stabilizing 
group, e.g., phenyl or cyclopropyl.2 Consequently, for this 
study we prepared 4,4-dim ethyl-1-oxaspiro[2.n]alkan-5- 
ones.

Treatm ent o f  2 ,2-dim ethylcyclopentane-l,3-dione7 (19) 
with ca. 0.5 equiv o f dimethylsulfonium methylide8 proceeded 
w ith81% conversionofl9togive4,4-dim ethyl-l-oxaspiro[2.4]- 
heptan-5-one (20) in 39% yield. The structure o f  20 follows

(C H ,)3S+I~

NaH
TH F /M e 2SO

19 20
from its mode o f formation and spectral characteristics which 
include an infrared carbonyl absorption at 1742 cm - 1  and 
methyl singlets at 5 1.03 and 0.93 in its 'H  N M R  spectrum.

4,4,7,7-Tetram ethyl-l-oxaspiro[2.5]octan-5-one (22) was 
prepared by an analogous reaction. Treatm ent o f  2,2,5,5-te- 
tram ethylcyclohexane-l,3-dione9 (21) with 1 equiv o f d i
methylsulfonium methylide proceeded with nearly complete 
conversion o f  21 to provide a mixture o f  22 and 4,4,9,9-tetra- 
methyl-l,6-dioxadispiro[2.1.2.3]decane (23) in yields o f  21 and

(C H 3) 3S+I

NaH
M e2SO

2 1  2 2  23 
2%, respectively. When epoxy ketone 22 was submitted to the 
same reaction conditions, it was cleanly converted to diepoxide 
23. T he structures o f  22 and 23 follow  from their analytical 
data, spectral characteristics, and mode o f  formation. O f 
particular interest is the fH N M R  spectrum o f 23 in which the 
C-4 and C-9 gem -dim ethyls give rise to singlets at 8 1.03 and 
0.87, respectively, the C - 8  and C - 1 0  methylene protons lead 
to  a singlet at S 1.55, and the C -l and C-7 methylene protons 
afford tw o-proton doublets (J  = 4.7 Hz) at S 2.73 and 2.37.

This spectrum is only consistent with the oxygens in 23 being 
in axial-equatorial positions and 23 undergoing a conform a
tional equilibrium  process which is sufficiently rapid at am 
bient tem perature on the 4H N M R  time scale so that corre
sponding groups are hom otopic.

P h otoch em istry . Irradiation o f  an ether solution o f 1-
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oxaspiro[2.4]heptan-5-one 20 through a Corex filter with a 
Hanovia L 450-W lamp afforded 4-isopropylidenepentanolide 
(24) and 2-isopropylidenepentane-l,5-dial (25) in yields o f 65 
and 5%, respectively. Consistent with the structure assign
ment, the infrared spectrum o f lactone 24 contains a carbonyl 
absorption at 1740 cm - 1  and the JH  N M R  spectrum o f  24

consists o f  a broad singlet at 5 4.86 for the C-5 methylene 
protons, a broad singlet at 8 2.59 for the C-2 and C-3 m eth
ylene protons, and a broad singlet at 8 1.69 for the allylic 
methyls. D ialdehyde 25 shows carbonyl absorptions in the 
infrared at 1722 (nonconjugated aldehyde) and 1661 cm - 1  

(conjugated aldehyde) and a carbon-carbon double bond 
stretch at 1631 cm -1 . T he ’ H N M R  spectrum o f 25 contains 
a one-proton singlet at 8 1 0 . 1 2  and a one-proton m ultiplet at 
8 9.76 for the conjugated and nonconjugated aldehydic pro
tons, respectively, a broad singlet at 8 2.53 for the C-3 and C-4 
methylene protons, and singlets at 8 2.19 and 1.99 for the al
lylic methyls which are Z  and E  to the carbonyl, respectively. 
Extended irradiation o f  an ether solution o f lactone 24 under 
identical photolysis conditions led to no significant photo
decom position.

T h e photochem istry o f  l-oxaspiro[2.5]octan-5-one 22 
parallels that o f  (3,7 -epoxy ketone 20. Irradiation o f an ether 
solution o f  2 2  through a Corex filter gave 3,3-dimethyl-5- 
isopropylidenehexanolide (26) and 4,4-dim ethyl-2-isopro- 
pylidenehexane-1,6 -dial (27) in yields o f  45 and 20%, respec
tively. The structures o f  26 and 27 follow from their analytical 
data and spectral characteristics. Consistent with these as
signments, the infrared carbonyl absorption o f  26 occurs at 
1724 cm -1 , whereas dialdehyde 27 shows carbonyl absorptions

at 1716 and 1665 cm -1 . T he 'H  N M R  spectra o f 26 and 27 are 
strikingly similar to those already discussed in detail for lac
tone 24 and dialdehyde 25, respectively.

T he photoproducts obtained from 20 and 22 can readily be 
accounted for by a com m on mechanism (Scheme III). Thus, 

Scheme III

irradiation o f a l-oxaspiro[2.n]alkan-5-one (28) gives initial 
Norrish type I bond cleavage and provides diradical species 
29 which ring opens to afford acyl alkoxy diradical 30. Product 
formation proceeds from 30 by competitive ring closure to give 
lactone 31 and hydrogen transfer to provide dialdehyde 32. 
It is apparent that this scheme parallels that which we have 
previously suggested as being general for unencumbered 
d,7 -epoxy cyclic ketones (see Scheme I).2 Consequently, it 
would appear that the photochem istry o f  4,4,6,6-tetra- 
m ethyl-l-oxaspiro[2.3]hexan-5-one (12),5 though typical o f  
that for other cyclobutanones ,6 is not characteristic o f  1 - 
oxaspiro[2.n]alkan-5-ones.

E x p erim en ta l S ection

General. Infrared spectra were obtained on Perkin-Elmer 180 or 
337 spectrophotometers and proton magnetic resonance spectra were 
recorded with Varian A-60A or Perkin-Elmer R-12B 60-MHz spec
trometers. Apparent splittings are given in all cases. Unless noted 
otherwise, yields were obtained by integration of appropriate signals 
in the *H NMR spectrum of the crude reaction product(s) vs. the 
signal of a predetermined amount of added standard (generally tri
chloroethylene) and are regarded as being accurate to ca. ±10%. El
emental analyses were performed by Micro-Analysis Inc., Wilmington, 
Del.

4,4-Dimethyl-l-oxaspiro[2.4]heptan-5-one (20). A 57% mineral 
oil dispersion of sodium hydride (0.480 g, 0.0114 mol) was washed 
three times with petroleum ether. The resulting powder was aspirated 
dry and flushed with dry nitrogen. Dimethyl sulfoxide (150 mL, dis
tilled from calcium hydride) was added, and the stirred mixture was 
heated at 70-75 °C until hydrogen evolution ceased. The resulting 
solution was cooled to room temperature, and tetrahydrofuran (200 
mL, distilled from lithium aluminum hydride) was added. The reac
tion mixture was then cooled in an ice bath and a solution of tri- 
methylsulfonium iodide (1.80 g, 0.0088 mol) in 20 mL of dry dimethyl 
sulfoxide was introduced. The reaction mixture was maintained at 
0 °C and a solution of 2,2-dimethylcyclopentane-l,3-dione (19, 2.0 
g, 0.016 mol) in 200 mL of dry dimethyl sulfoxide and 200 mL of dry 
tetrahydrofuran was added dropwise over 1.5 h. The resulting mixture 
was stirred under nitrogen at 0 °C for 2 h and then at room tempera
ture overnight. At this point, the reaction was quenched with water 
(300 mL) and extracted with ether (five 100-mL portions), and the 
combined ether extracts were dried over anhydrous potassium car
bonate. Evaporation of the solvent at reduced pressure gave an oil. 
GLC analysis (10 ft X 0.25 in. SE-30 column, 160 °C) of the residue 
showed that the reaction had proceeded with 81% conversion of 19 
to give a single product in 39% yield. The product was purified by GLC 
(above conditions) to give 20 as an oil: ¿Me4si (CDCL) 2.82 (s, 2 H), 
2.68-1.78 (br m, 4 H), 1.03 (s, 3 H), and 0.93 (s, 3 H); v (CHClj) 3025, 
2980, 2940, 1742, 1495, 1460, 1405, 1375,1300,1070, and 925 c m '1.

Anal. Calcd for C«Hi2Oz: C, 68.55; H, 8.63. Found; C, 68.31; H, 
8.63.

4,4,7,7-Tetramethyl-l-oxaspiro[2.5]octan-5-one (22). Epoxy 
ketone 22 was prepared by a procedure analogous to that employed 
for 19 —- 20 with the following alterations. A solution of trimethyl- 
sulfonium iodide (3.69 g, 0.0178 mol) in 15 mL of dry dimethyl sulf
oxide was added to an ice-cooled tetrahydrofuran solution of the ylide 
prepared from sodium hydride (1.00 g, 0.024 mol) and dimethyl 
sulfoxide (150 mL). After 2 min, a solution of 2,2,4,4-tetramethyicy- 
clohexane-l,3-dione (3.00 g, 0.0178 mol) in 15 mL of dry dimethyl 
sulfoxide was added and the resulting mixture was stirred under ni
trogen at 0 °C for 2 h and then at room temperature overnight. A 
common workup procedure was employed. GLC analysis (10 ft X 0.25 
in. SE-30 column, 175 °C) of the oily reaction residue indicated the 
presence of three components with retention times of 6.9, 10.7, and
14.0 min which were obtained in yields of 1.4,21.0, and 2.0%, respec
tively. The reaction products were purified by GLC (above conditions) 
to give unreacted 21 (f r 6.9 min), 2 2  (¡¡i 10.7 min) [mp 58-62 °C; i?Me4si 
(CDCl;j) 2.74 (d, J = 4.5 Hz, 1 H), 2.41 (d, J  = 4.5 Hz, 1 H), 2.35 (mi, 
2 H), 1.76 (m, 2 H), 1.08 (s, 3 H), 1.03 (br s, 6 H), and 0.95 (s, 3 H); r 
(CHClg) 2965,1710,1470,1375,1280, and 1080 cm -'. Anal. Calcd for 
Cn H180 2: C, 72.49; H, 9.95. Found: C, 72.69; H, 9.98.], and 4,4,9,9- 
tetramethyl-l,6-dioxadispiro[2.1.2.3]decane (23, ( r 14.0 min) as 
an oil {v (CHC!:t) 3010, 2985, 2960, 2935, 1470, 1370, and 960 cm -'. 
Anal. Calcd for C12H20O2: C, 73.43; H, 10.27. Found: C, 73.66; H,
10.36.].

Photolysis of 20. A solution of 198 mg of 20 in 15 mL of diethyl 
ether was irradiated through a Corex filter with a Hanovia L 450-W 
high pressure mercury lamp. Monitoring the photolysis by GLC (5
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ft X  0 .2 5  in. FFAP column, 1 6 0  °C) showed a gradual disappearance 
of 20 and the concomitant appearance of two photoproducts. The 
reaction was essentially complete after irradiation for 8 0  min. Evap
oration of the solvent at reduced pressure gave a yellow oil. Purifi
cation of the photoproducts by GLC (above conditions) provided 
4-isopropyIidenepentanoIide (24) as an oil \v (CHCl.t) 3 0 1 5 ,  2 9 2 5 ,  
1 7 4 0 ,1 4 4 5 , 1 3 7 5 ,1 3 4 0 ,1 2 9 0 , 1 2 5 5 , 1 1 4 0 ,  and 1 0 3 5  cm“ 1. Anal. Calcd 
for C8H i20 2: C, 6 8 .5 5 ;  H, 8 .6 3 . Found: C, 6 8 .2 8 ;  H, 8 .4 4 . ]  and 2-iso- 
propylidenepentane- 1,5-dial (25) as an oil [r (CHC13) 3 0 2 5 ,  1 7 2 2 , 
1 6 6 1 ,1 6 3 1 ,1 3 7 5 ,  and 1 1 6 0  cm -1.]

Analysis of the crude photolysate by !H NMR showed that 24 and 
25 were obtained in yields of ca. 65 and 5%, respectively.

Photolysis of 22. A solution of 2 0 5  mg of 22 in 12  mL of diethyl 
ether was irradiated through a Corex filter with a Hanovia L 4 5 0 - W  
high-pressure mercury lamp. Monitoring the photolysis by GLC (5  
ft X  0 .2 5  in. Carbowax column, 1 7 5  °C) indicated a gradual disap
pearance of 22 with the concomitant formation of two photoproducts. 
After irradiation for 2 h, ca. 9 5 %  of 22 had reacted. Evaporation of the 
solvent at reduced pressure provided a yellow oil. Purification of the 
photoproducts by GLC (above conditions) gave 3,3-dimethyl-5- 
isopropylidenehexanolide (26) as an oil (CDCL) 4 .5 7  (s, 2
H), 2 .4 9  (s, 2  H), 2 .2 2  (s, 2 H), 1 .7 7  (s , 3  H), 1 .7 1  (s, 3 H), and 1 .01  (s, 
6 H); v (CHCL) 2 9 7 0 ,  1 7 2 4 , 1 3 8 0 , 1 3 1 5 ,1 2 8 0 ,1 1 1 5 ,  and 1 0 2 5  cm -1. 
Anal. Calcd for Cu H)80 2: C, 7 2 .4 9 ; H, 9 .9 5 . Found: C, 7 2 .3 2 ; H, 9 .6 7 .]  
and 4 ,4-dimethyl-2-isopropylidenehexane- 1,6-dial (27) as an oil 
( < W i  (CDCl.d 1 0 .0 9  (s, 1 H), 9 .7 6  (m, 1 H), 2 .4 0  (br s, 2  H), 2 .2 0  (m, 
5  H), 1 .9 7  (m, 3  H), and 0 .9 9  (s, 6 H); v (CHC13) 3 0 2 5 ,2 9 6 5 ,2 8 8 0 ,1 7 1 6 ,  
1 6 6 5 , 1 6 3 5 , 1 3 8 0 ,11 9 0 , and 1 1 5 5  cm "1. Anal. Calcd for CnH 180 2: C, 
7 2 .4 9 ;  H, 9 .9 5 . Found: C, 7 2 .4 0 ;  H, 9 .7 6 .] .

Analysis of the crude photolysate by *H NMR showed that 26 and 
27 were obtained in yields of 45 and 20%, respectively.

A ck n ow led g m en t. This work was supported by grants 
from  the Research Corp. and the University o f  Delaware R e
search Foundation.

Registry No.—19, 3883-58-7; 20, 63704-11-0; 2 1 , 702-50-1; 2 2 ,
63704-12-1; 23, 63704-13-2; 24, 63704-14-3; 25, 63704-15-4; 26, 
63704-16-5; 27,63704-17-6.

R e fe re n ce s  and N otes

(1) Recipient of a Camille and Henry Dreyfus Teacher-Scholar Grant Award, 1976-1981.(2) R. K. Murray, Jr., T. K. Morgan, Jr., J. A. S. Polley, C. A. Andruskiewicz, Jr., and D. L. Goff, J. Am. Chem. Soc., 97, 938 (1975).(3) J. E. Starr and R. H. Eastman, J. Org. Chem., 31,1393 (1966); R. J. Chambers and B. A. Marples, J. Chem. Soc., Chem. Commun., 1122 (1972); R. K. Murray, Jr., T. K. Morgan, Jr., H. Hart, and V. J. Hull, J. Org. Chem., 38,3805 (1973); R. K. Murray, Jr., and D. L. Goff, J. Chem. Soc., Chem. Commun., 881 (1973).(4) R. G. Carlson, J. H.-A. Huber, and D. E. Henton, J. Chem. Soc., Chem. 
Commun., 223 (1973).(5) N. J. Turro, D. R. Morton, E. Hedaya, M. E. Kent, P. D’Angelo, and P. Schissel, 
Tetrahedron Lett., 2535(1971).(6) D. R. Morton, E. Lee-Ruff, R. M. Southam,and N. J. Turro, J. Am. Chem. Soc., 92, 4349 (1970).(7) W. C. Agosta and A. B. Smith, III, J. Org. Chem., 35, 3856 (1970).(8) E. J. Corey and M. Chaykovsky, J. Am. Chem. Soc., 87, 1353 (1965).(9) T. G. Halsall and O. B. Thomas, J. Chem. Soc., 2431 (1956).

Formation of Carbonium Ions from Electrooxidation of Alkyl Bromides
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Primary, secondary, and tertiary bromoalkanes were potentiostatically oxidized at platinum gauze. The anolyte 
was acetonitrile-lithium perchlorate or tetraethylammonium fluoborate and the reference electrode Ag/0.1 M 
AgNO.j. Carbon-bromine bond cleavage, leading to the formation of N-alkylacetamides, was observed to be the ex
clusive route of these oxidations. Each of the oxidations of 2-bromopropane, 2-bromobutane, tert-butyl bromide, 
and neopentyl bromide yielded a sole amide, whereas 1-bromobutane, 1-bromopentane, 1-bromohexane, 1-bromo- 
2-methylpropane, l-bromo-3-methylbutane, 2-bromopentane and 3-bromohexane gave mixtures of amides. A 
mechanism involving an initial electron transfer from the nonbonding orbital of the bromine is proposed. This in
termediate is thought to undergo attack by the nucleophilic solvent and/or undergo carbon-bromine bond breaking 
to generate highly energetic carbonium ions, which react with the acetonitrile directly or after rearrangement.

T he anodic oxidation o f  aliphatic halides has been stud
ied on relatively few systems to date. Iodoalkanes and 
haloadamantanes were studied by several groups. 1 '2 However, 
the electrochem ical oxidation o f simple alkyl bromides, with 
the sole exception o f hrom oadam antyl derivatives, has been 
unsuccessful. Preliminary study has recently dem onstrated 
that covalently bound bromine makes the selective electro
oxidation o f organic bromides feasible in acetonitrile solution .3 

C arbon-brom ine bond cleavage was found to occur exclu
sively, resulting in the form ation o f carbonium ion interm e
diates which reacted to form /V-alkylacetamide products. This 
paper reports the results o f  a comprehensive study on anodic 
oxidation o f  a variety o f  primary, secondary, and tertiary 
bromoalkanes. T he nature o f  the products and gross m echa
nistic features o f  the oxidation process are discussed.

R esu lts

Preparative electrolyses were perform ed potentiostatically 
in a three-com partm ent cell at room temperature. A ceton i
trile-lithium perchlorate or tetraethylammonium flouborate 
were used in both  anode and cathode com partm ents. The

solvent was routinely distilled from  phosphorus pentoxide 
before use. The background current in all experiments was 
~0.5 m A /cm 2 at 2.35 V. Initial currents with added substrates 
were 1 0 - 1 0 0  times the background, depending on the nature 
o f  the substrate. Coulom etry was accom plished with an elec
tronic counter. The coulometric data reported are uncorrected 
for background current, but if  the coulom etry were corrected 
(assuming that the current due to  background oxidation was 
that which was determined without added substrate) the n 
values would be lowered by less than 0.1. In the electroox
idations o f  primary alkylbromides, the anode potential was 
pulsed to about 0.5 V  for 1  s every 2 0  s. This resulted in higher 
currents and more rapid oxidations. For secondary brom oal
kanes only an occasional pulsing was needed. The work-up 
included concentration o f  the anolyte followed by extraction 
with chloroform, methylene chloride, and water. Evaporation 
o f the organic solvents after drying over anhydrous magne
sium sulfate usually gave oily acetam ido derivatives. The 
products reported in Table I were isolated after preparative 
GLC collection and identified by standard spectroscopic 
techniques and by com parison with authentic samples.
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Table I. Voltammetric Data" and Oxidation Products
mF

Registry Electro- con- Current
Substrate no. lytefc sumed yield, % c Products'*

(CH3)3CBr 507-19-7 A 4.0 83 (CH3)3CNHCOCH3 (1) (98%)
(CH3)2CHBr 75-26-3 A 3.6 41 (CH3)2CHNHCOCH3 (2) (92%)

B 3.2 70 2 (95%)
CH 3CH(Br)CH 2CH3 78-76-2 A 4.0 31 CH3CH(NHCOCH 3)CH 2CH 3 (3) (95%)

B 4.0 50 3 (98%)
(CH3)3CCH2Br 630-17-1 B 4.6 33 (CH3)2C(NHCOCH3)CH 2CH3 (4) (43%) 

CH3CONH2 (5) (14%)
(CH3)2CH(CH2)2Br 107-82-4 B 4.0 28 4 (16%)

(CH3)2CHCH(NHCOCH3)CH 3 (6 ) (25%) 
(CH3)2CHCH2CH2NHCOCH3 (7) (53%)

(CH3)2CHCH2Br 78-77-3 B 4.4 50 1 (56%) + 3 (3%)
(CH3)2CHCH 2NHCOCH3 (8 ) ( 1 %) 
5 (15%)

n-QiHgBr 109-65-9 B 4.6 40 3 (67%)
n-C 4H 9(NHCOCH3) (9) (33%)

n-CsHnBr 110-53-2 B 4.0 40 1- C6H n(NH COCH 3) (10) (30%)
2- C5H h (NHCOCH3) (11) (33%)
3- C5H n(NH COCH 3) (12) (33%)

2 -CsHuBr 107-81-3 B 4.0 51 11 (33%) +  12 (67%)
ra-C6H13Br 111-25-1 B 5.1 54 1- C6H 13(NHCOCH3) (13) (27%)

2- C6H 13 (NHCOCH3) (14) (41%)
3- C6H 13(NHCOCH3) (15) (31%)

3-C6Hi3Br 3377-87-5 B 4.0 40 14 (12%) +  15 (8 8%)

° All E p values were in the range of 2.5-2.8 V vs. Ag| AgN0 3  0.1 M in C H 3 C N  except for ieri-butyl bromide (2.4 V). Electrooxidations 
were carried out at controlled potential o f 2.35 V; 20 mmol o f alkyl bromide in 10 mL C H 3 C N  was used in each experiment. b The 
electrolyte concentration was 0.5 M (A, tetraethylammonium fluoborate; B, LiC10,(). c Current yields are based on 2 e/mol. d Percentages 
shown express product distributions of isolated materials. On this basis the current yield is treated as 100%. In the oxidations of neopentyl 
bromide, l-bromo-2-methylpropane, and l-bromo-3-methylbutane, unidentified materials were also present in the product mix
tures.

Table II. T he E ffect o f  Concentration  on the Y ield o f  2 in
the A nodic O xidation 3 o f  Isopropyl Brom ide at 2.35 V  vs. 

A g|A gN 03 0.1 M

Current
[i-PrBr] yield, % 0

0.025 8
0 .1 1 0
0.5 2 0
1 .6 C 45

0 In all runs, tetraethylammonium fluoborate (0.2 M) was used 
as an electrolyte. 6 Yields are based on isolated products after 
passing 4 mF in each experiment, assuming 2 e/mol. c At con
centrations higher than 1.6 M two phases were formed due to a 
limited solubility of certain bromoalkanes. Therefore current yield 
comparisons for all compounds listed in Table I are with substrate 
concentration of 1.6 M.

Cyclic voltammograms were recorded for each com pound 
using tetrabutylammonium fluoborate as an electrolyte. Each 
bromoalkane shows one anodic peak in the range 2.5-2.8 V  vs. 
A g/A g+ at 0.2 V /s  scan rate. tert-B utyl brom ide and all sec
ondary bromides gave a reasonably well-defined wave whereas 
primary bromoalkanes gave ill-defined ones. The anodic peak 
positions were dependent on sweep rate and there was no 
evidence o f  a reversible cathodic peak even at sweep rates o f  
60 V/s.

N-Alkylacetamido products which resulted from carbonium 
ion fragments are listed in Table I. T he oxidations o f  tert-  
butyl bromide, 2 -brom obutane, and 2 -brom opropane each 
gave a sole amide derivative, while other primary and secon
dary bromides yielded mixtures o f  acetamidated products, 
due to one or more hydride shifts (e.g., from  the oxidation o f 
n-bromoalkanes) or a methyl shift (in the oxidation o f  neo
pentyl brom ide) or both  shifts (in the case o f  l-b ro m o -2 - 
methylpropane).

T able III. The E ffect o f  E lectrolytes on the 
Y ields o f  2 and 3°

Concn, Supporting Current
Substrate M electrolyte yield, % c

2-Bromobutane 1 .6 TEAF 31
1 .6 LÌCIO4 50
1 .6 TEAP*’ 41
1 . 6 N H 4 B F 4 2 2

2 -bromopropane 0.5 TEAF 2 0
0.5 LÌCIO4 41

0 All experiments were carried out potentiostatically at 2.35 
V vs. Ag| A gN 03 0.1 M, at room temperature. Electrolyses were 
stopped after utilizing 4 mF. b TEAP = tetraethylammonium 
perchlorate.c Based on 2 e/mol calculation.

Several sets o f  experiments were conducted in order to 
optimize the product yields. T he dependence o f current yields 
on the concentration o f the substrate is illustrated in Table 
II for the oxidation o f  2-brom opropane. It shows clearly that 
the more concentrated the solution, the higher the current 
yield achieved. According to  these results all preparative ox 
idations were carried out at a substrate concentration o f  1.6 
M.

T he effect o f  the n value on the yield for the oxidation o f 
tert-butyl brom ide has been studied. W hen n = 3 or 4 the 
product mixture was contam inated with unidentified m ate
rials other than N -fieri-butyl)acetam ide. However, when n 
<  2 the desired amide was obtained in over 95% purity. As a 
consequence o f these results, the calculated current yields for 
all the electrooxidations presented in T able I are based on 2 
e/m ol.

Table III illustrates the influence o f  several supporting 
electrolytes on the extent o f  carbon-brom ine bond breaking 
in the case o f  oxidation o f 2 -brom obutane and 2-brom opro
pane. For both substrates, higher yields o f  the corresponding
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Scheme I
RBr

| a n o d e

b ♦ H20
[RBr]*- ---------► R N = C C H 3 ------► RNHCOCH, + H*CHjCN 3 3
al t♦I CH3CN

R*------------------------------

CH41 CH3CN * HO
R ”  --------->- R 'N = C C H 3 ------ ► R'NHCOCHj. + H*

amides were achieved with lithium perchlorate. Thus, this 
electrolyte was em ployed in most preparative electrolyses 
described in this work.

Regarding the yields obtained from  the experiments d e 
scribed above it seems reasonable to assume that the oxidation 
o f  alkyl bromides competes with oxidation o f products and/or 
intermediates. Consequently, the reactions were arbitrarily 
discontinued when ~ 1 0 % o f the charge calculated for a two- 
electron process had been utilized. This procedure was used 
in order to  avoid further oxidation o f the products.4®

D iscu ssion

Table I illustrates that the cleavage o f the carbon-brom ine 
bond in the anodic oxidation o f bromoalkanes is the sole 
process which appears to occur in the entire range o f  the 
substrates studied. This is in contrast to the behavior o f  sec
ondary bromoadam antanes.2® This high selectivity is partic
ularly noteworthy in the case o f  isobutyl brom ide and 1 - 
brom o-2 -methylbutane, where tertiary hydrogens are present 
and for which no products due to C -H  breaking were detect
ed.

On the basis o f  an earlier argument3 it seems likely that in 
the electrooxidation o f  simple alkyl brom ides an initial e lec
tron is removed from the nonbonding orbital o f  the bromine 
(Schem e I) followed either by C -B r  cleavage to generate a 
carbonium ion (path a), possibly a highly energetic one, and/or 
S n 2  type displacem ent on an initially form ed cation radical 
(path b ).lb-4b The carbonium ion, R +, can undergo a reversible 
rearrangement (path c) to the isomeric carbonium ion (R '+) 
and then react with the nucleophilic solvent to give amides 
different from  those obtained via paths a and b. In support 
o f  the pathways in Scheme I, products 11 and 1 2 , for instance, 
from the oxidations o f  1 - and 2 -brom opentanes, point to 
carbonium ion rearrangements (there is clear precedent for 
carbonium ion precursors in acetonitrile2b), whereas products 
9, 10, and 13 point to  an Sn2 type mechanism. It is clear, 
however, that the above results could be attributed to both 
cation radical and carbonium  ion intermediates as well.

As is evidenced by the product distribution for 1 -bro
moalkanes (Table I), the isomerizations normally tend from 
primary to secondary and from  secondary to tertiary alkyl 
products, that is, in the direction o f the more stable carbonium 
ion. However, the oxidation o f another primary alkyl bromide,
l-brom o-3-m ethylbutane, for instance, yielded a mixture o f 
three amides derived from  primary, secondary, and tertiary 
carbonium ions. This fact implies (assuming an Sn I m echa
nism) that the rearrangement o f  the carbonium ion by hydride 
migration occurs in com petition  with the direct addition o f 
the nucleophilic solvent acetonitrile to the carbonium  ion.

Table I also indicates that carbonium  ions “ prefer”  to

Scheme II 
H*

ROH « * R* — >- RNHCOCHj

alkene

rearrange toward the center o f  the molecule. This trend was 
observed for the oxidations o f  several com pounds, e.g., 2 - 
bromopentane and 1- and 3-bromohexanes. The rationale for 
this tendency may be attributed to a slightly greater inductive 
effect which the ethyl group exerts in comparison to the 
methyl group .5 Consequently, a carbonium ion substituted 
with two ethyl groups is more stable than that substituted with 
one ethyl and one methyl group.

The carbonium ion intermediates might have been expected 
to produce alkenes and/or alcohols in addition to the acet
amide, as demonstrated in Scheme II.

As we noted previously ,3 no olefins or alcohols were detected 
in the product mixtures o f  the various oxidized bromoalkanes 
(e.g., no dibrom ide from the formation o f isobutylene or 
te r t -butyl alcohol was observed from the oxidation o f tert- 
butyl brom ide). If one discounts the possibility o f  modifying 
the reactivity o f  a cation with a highly positively charged 
anode, i.e., adsorbed cations, one is then left with the propo
sition that the alkene, if formed, is converted to acetamide in 
a Ritter reaction.6® This is quite probable near the anode 
surface at which a high acid concentration must exist. Such 
acid-catalyzed processes converting alcohol or alkene to 
acetamide are not uncom m on under these conditions .7 Fur
thermore, aliphatic alcohols and olefins are known to oxidize 
below8 the potential applied for the oxidation o f bromoalkanes 
and such a possibility could also explain their absence.

In order to investigate the influence o f  acid on the formation 
o f products, one would have expected that anodic oxidation 
o f alkyl bromides in a basic medium would result in a decrease 
in the yield o f  ¿V-alkylacetamides. Indeed, when 2-brom o- 
butane was oxidized in the presence o f an excess o f anhydrous 
Na2C 0 3 , under the same oxidation conditions described in 
T able I, the yield o f 3 went down from  50% (without the 
presence o f  Na2C 0 3) to 32%. It is unlikely that all o f  this d if
ference in yield is due to experimental error and therefore it 
seems that at least some o f  the 18% difference “ belongs”  to 
other products which, unfortunately, were difficult to identify 
under the conditions studied, for the reasons described in the 
preceding paragraph.

Mechanisms involving intramolecular remote abstration 
o f hydrogen, by an R B r+- type o f intermediate, as found in 
mass spectroscopy o f alkyl halides9 and similarly in electro
oxidation o f  ketones , 10 are ruled out since no bifunctional 
alkanes (e.g., acetamidated bromoalkane, biacetamidated 
products, etc.) were observed, as one would have expected 
from such a process. A mechanism involving intermolecular 
hydrogen abstration is also ruled out for the same reasons. 
However, intermolecular interaction between a neutral alkyl 
brom ide and an oxidized molecule could be involved.

The fate o f  the bromine is not clear at present. However, 
neither Br2 nor products containing bromine functionality 
were observed. T he possibility o f  the form ation o f “ B r+”  in
termediate and its role as an electrophile (as demonstrated 
by  M iller et al.lb in the case o f “ I+” ) is under investigation.

Sum m ary

This work has dem onstrated not only the high selectivity 
o f  the heterolysis o f the carbon-brom ine bond but also the 
selectivity o f  the type o f products isolated. Although the de
tailed mechanism o f carbonium ion formation has not been 
elucidated, it m ost reasonably arises from  a fleeting bro- 
moalkyl cation radical initially generated by the electro
chemical process. In fact, all o f  the data presented here for 
alkyl bromide oxidations can be rationalized in terms o f an 
initial one-electron transfer from the highest filled molecular 
orbital o f  the organic bromide to the electrode. In subsequent 
steps bromoalkyl cations undergo scission o f the carbon bro
mine bond to form  carbonium ions and oxidizable bromine.
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These carbonium ions are responsible for the N-alkylace- 
tamide products. Attack on nitriles by carbonium ions has 
ample precedent in the literature613 and, indeed, the formation 
o f only rearranged iV-tert-pentylacetamide from oxidation 
o f neopentyl bromide, for example, requires a mechanism 
involving carbonium ions. This mechanism bears a striking 
resemblance to that for the decomposition o f  alkyldiazonium 
ions.11 The latter are highly unstable and decompose to alkyl 
carbonium ions.

E x perim en ta l S ection

Preparative Oxidations. For all experiments listed in Table I, the 
electrolysis cell consisted of a 20-mL water-jacketed flat-bottomed 
glass cylinder with a four-neck flat flange lid equipped with a platinum 
gauze as anode, a flat stainless steel spatule as a cathode, an Ag|0.1 
M AgNOa in MeCN reference electrode with a fine fritted cylinder 
at one end, and a magnetic stirrer bar. The separation of the anode 
cell and the cathode cell was achieved by a medium fritted cylinder 
at one end of the cathode. In some preparative oxidations, especially 
with primary bromoalkanes, the anode potential was pulsed to ~0 V 
for 1 s each 25 s. This was generally unnecessary, however, and had 
no discernible effect on the product. The potential was set at 2.35 V 
and the reactions were arbitrarily terminated, usually after passage 
of ~4 mF/mol of added substrate. The workup procedure consisted 
of evaporation of much of the acetonitrile (Caution: not to dryness. 
If perchlorate electrolyte is used the anolyte contains perchloric acid!), 
addition of water, and extraction twice with chloroform and twice with 
methylene chloride. The combined organic layers were washed once 
with water and then dried over anhydrous magnesium sulfate. After 
filtration and evaporation to an oil the product mixtures were isolated 
by preparative gas chromatography (GLC), using a 10% SE-30 col
umn, 2 m X 0.25 in., on Chromosorb W. The products isolated (Table
I) were characterized by NMR and GLC comparisons with authentic 
samples.

In electrolysis experiments at lower substrate concentrations (Table
II) a different type of three-compartment cell was used which has been 
described elsewhere.12

Cyclic Voltammetry. Voltammograms were recorded for each 
bromoalkane in twice-distilled acetonitrile. The cell volume was 10 
mL and the electrolyte was tetrabutylammonium fluoborate. The 
Ag|0.1 M AgNOa reference electrode was separated from the working 
electrode by a glass frit. The auxiliary electrode was a platinum sheet 
(10 X 20 mm), and the working electrode was a platinum wire sealed 
in glass and ground smooth making a small platinum button. All the 
voltammograms showed no cathodic peak corresponding to reduction 
of an initially formed cation radical.

Instrumentation. A Perkin-Elmer IR spectrometer Model 137 and 
Varian XL100 NMR spectrometer were used for structure determi
nation. Gas-liquid chromatography (GLC) analyses were performed 
by Varian Aerograph Model 920 gas chromatograph equipped with 
a thermal conductivity detector. The potentiostat employed is a

Princeton Applied Research Model 173. Coulometry during prepar
ative electrolysis was performed with a counter constructed from an 
Acromag integratortotalizer. A Universal Programmer Model 175 
from Princeton Applied Research was used as a function generator 
to pulse the anode potential during preparative oxidations and to 
determine scan rates during cyclic voltammetry measurements. The 
recorder employed during these cyclic experiments is a Model 26000 
A4 X -Y  recorder from Bryans.

Materials. Acetonitrile (Fluka 99.5%) was purified by distillation 
from phosphorus pentoxide under nitrogen and stored over 4A mo
lecular sieves. Anhydrous lithium perchlorate (Alfa Products) was 
used without any further treatment. Tetraalkylammonium fluobo- 
rates and perchlorate were purchased from Fluka AG and used 
without further purification. All bromoalkanes were commercial 
samples (Aldrich and BDH Labs).

Authentic Samples. /V-Alkylacetamide derivatives (Table I) were 
prepared by two procedures described elsewhere.1“ The availability 
of the starting material determined the method of choice. Thus, 
aminoalkanes were treated with acetic anhydride and tertiary alcohols 
were reacted with H2S 04 in acetonitrile. The NMR data for all 
products listed in Table I are in accordance with the literature and 
the elemental analyses of all the N-alkylacetamide products were 
satisfactory. The amides show characteristic absorptions in the IR 
in the regions 1650,1670, and 3300 cm-1.

A ck n ow led g m en t. The author is thankful to  Dr. A. Pross 
for helpful discussions.
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The regiospecificity evidenced in several o f its reactions is correlated with the x-ray structure of unsymmetrically 
substituted diaryldialkoxyspirosulfurane 6 . Most impressive is the large difference (0.24 Â) between the lengths 
of the S -0  bonds, 1.713 (2) and 1.955 (2) A, from which we infer a high degree o f polarization in the hypervalent
O -S -O  bond. The estimated S -0  bond orders are 0.96 and 0.37, respectively. The crystals of 6  are monoclinic, the 
space group is P 2t/c, and there are four molecules in a unit cell o f dimensions a = 11.201 (1), b = 14.253 (2), c = 
11.768 (2) A, d = 114.08 (1)°. The structure was refined to an R factor o f 0.047. Reactions of 6  with methyl fluorosul- 
fonate and trifluoromethanesulfonic acid reflect the relative nucleophilicities and basicities o f the oxygens o f 6 . The 
oxygen nearer the CFj substituents is more basic and more nucleophilic than that more distant from these electron- 
withdrawing groups, in a striking demonstration o f the polarizability o f the three-center four-electron bond. These 
chemical reactivities are consistent with what might be predicted from the x-ray data if one assumes the S and O 
separated by 1.955 Â to be essentially zwitterionic. The relevance o f this work to earlier work on sulfuranes with po
larized hypervalent bonds is discussed.

T he x-ray structures o f  a number o f  symm etrically substi
tuted sulfuranes, including 1 and 2, have been reported.2-6 A 
prom inent feature o f  all these structures is the longer than 
usual S - 0  single bonds, identical in length to each other

P
r

on 0

y J ^ J y - o

c f 3 c f 3

1 2
within experimental error. For example, the S - 0  bond lengths 
o f  1 are both 1.83 Â ,2 and in 2 the S - 0  bond lengths are 1.82 
and 1.83 Â .;i Diazasulfurane 3 has S -N  bond lengths o f  1.899 
and 1.897 Â .6 Identical or nearly identical hypervalent bond 
lengths are expected for sulfuranes with identical apical li
gands.

Evidence for the polarizability o f  the hypervalent bond in 
sulfuranes has recently been discussed.7 The carbonyl
stretching frequency is found to be very responsive to varia
tions in substituents (L, X , Y ) in sulfuranes o f  type 4 and 5.

O

3 4 5
This has been postulated to be a result o f  the variable level o f 
negative charge on the acyloxy group, reflecting a greater or 
lesser resemblance to a carboxylate anion in its carbonyl
stretching frequency.

If sulfuranes with unsymmetrical apical substitution pat
terns have strongly polarized hypervalent bonds, then this 
should cause a significant difference in their bond lengths; i.e., 
the more electronegative apical ligand should have a longer
S -X  bond length and the less electronegative ligand should 
have a smaller S -X  bond length.

W e herein report the x-ray structure for unsymmetrical

CH3 c h ,CÇ c h 3 c h 3
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sulfurane 6 which reveals a large difference in S - 0  bond 
lengths. The three-center four-electron hypervalent bond8 is 
not badly represented by resonance structures such as 6a and 
6b. W e might expect 6b to contribute more to the structure 
than 6a as a result o f the inductive electron withdrawal o f the 
CF3 substituents. This expected polarization o f  the hyper
valent three-center bond should be reflected in reactivity and 
in bond lengths. This work was undertaken to probe these 
predictions.

E xperim en ta l S ection

G eneral. Chemical shifts for protons are reported on the 6  scale, 
ppm downfield from the Me,(Si internal standard; fluorine chemical 
shifts are reported on the 0  scale, ppm upheld from the CFCI3  internal 
standard. The ’ H N M R and I9F N M R integral ratios are rounded to 
the nearest whole number o f nuclei. Melting points are uncorrected. 
Elemental analyses of new compounds are within 0.4% of theoretical 
values, unless otherwise noted.

Alkylation o f 6 with Methyl Fluorosulfonate. Sulfurane 6 (81 
mg, 0.198 mmol), synthesized by the published9  method, was dissolved 
in ca. 1 mL of dry CDCI3  and methyl fluorosulfonate (22.6 mg, 16 mL,
0.198 mmol) was added. The reaction, followed at 25 °C by *H NM R 
(disappearance o f methyl singlet o f  MeOSC^F), was complete after
12.5 days. The *H NM R spectrum o f this solution showed methyl 
singlets at 6 2.04, 2.15, and 4.38 (OCH3) for sulfonium salt 8 . Another 
small singlet (ca. 9% o f the total OCH 3  singlet at 8  at 75% reaction 
completion) was seen at 6  3.98 which might be due to the methoxy 
group o f sulfonium salt 7. The solution was extracted with aqueous 
NaOH to give ( ’ H NM R) ca. 80% sulfoxide 9 and ca. 20% o f an un
identified product. Chromatography on silica gel (6 . 2  g) with CHCI3 

gave 16.4 mg (20.3%) o f sulfurane 6  and 66.1 mg (75.8%, 95% based on 
conversion) of sulfoxide 9, mp 166-167 °C; *NMR (100 MHz, CDCI3 ) 
b 1.74 (s, 3, CH3), 1.79 (s, 3, CH3), 3.61 (m, 3, OCH3, coupling to CF3 

groups, J hf = 1.1 Hz), 4.54 (br s, 1, OH), 6.78 (br d, 1, ArH), 6.95-7.14 
(m, 1, ArH), 7.20-7.40 (m, 2, ArH), 7.54-7.84 (m, 3, ArH), 8.28-8.46 
(m, 1, ArH); 19F NMR (CDC13) 68.13 (q, 3, CF3, J ff = 8.5 Hz), 70.64 
(q, 3, CF3, J ff = 8.5 Hz); mass spectrum (70 eV) m/e (rel intensity) 
440 (6.0, M +.), 425 (34.4, M +- -  CH3), 409 (3.9, M+- -  OCH3), 379
(7.2), 289 (4.0), 265 (4.2), 239 (4.7), 205 (12.8), 149 (44.6), 91 (15.6), 77
(17.0), 43 (100).
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Anal. (C19H18F6O3S) C, H.
Reaction of Unsymmetrical Spirosulfurane G with Trifluo- 

romethanesulfonic Acid. To a solution of sulfurane 6 (230 mg, 0.563 
mmol) in 25 mL of ether was added 51 nL (86.2 mg, 0.574 mmol) of 
trifluoromethanesulfonic acid at 25 °C. In a few seconds a white 
precipitate formed. The mixture was stirred for 15 min and filtered. 
The crystals were washed with ether to give 256 mg (81.4%) of crys
talline sulfonium triflate 12: mp 200-202 °C; IR (KBr) 3450 (w, br, 
OH), 3000 (w), 1475 (w), 1447 (w), 1320-1120 (s, five or more strong 
peaks), 1030 (m), 975 (m), 965 (m), 948 (m), 831 (m), 765 (m), 704 (m), 
640 (m); ‘ H NMR (220 MHz, CH2C12) i  1.932 (s, 3, CH3), 2.205 (s, 3, 
CH3), 7.468 (d, 1, ArH, J = 8 Hz), 7.627 (t, 1, ArH, J = 8 Hz), 
7.705-7.932 (m, 5, ArH), 8.09 (d, 1, ArH, J = 8 Hz), 11.40 (br s, 1, OH); 
19F NMR (90 MHz, CH2C12) </> 73.51 (q, 3, CF3, J FF = 8.5 Hz), 74.73 
(q, 3, CF3, t/FP = 8.5 Hz), 78.9 (s, 3, - 0 S 0 2CF3).

Anal. (CigHigFgOsS^ C, H, F, S.
Treatment of Sulfurane 6 with HC1. (a) Sulfurane 6 (132.2 mg,

0.32 mmol), dissolved in 3 mL of CH2C12, was shaken with 1 mL of 
concentrated HC1. The CH2C12 layer was separated and the aqueous 
layer was extracted twice with CH2C12. The CH2C12 extracts were 
combined and dried (MgSCL), and solvent was removed, leaving a 
white solid (120 mg, 91.8% recovered) identified as 6 by melting point 
and ‘ H NMR: ‘H NMR of 6 (CDC13) b 1.62 (s, 3, CH3), 1.80 (s, 3, CH3)
7.15-7.80 (m, 6, ArH), 8.15-8.47 (m, 2, ArH, protons ortho to S).

(b) A solution of sulfurane 6 (242 mg, 0.59 mmol) in 10 mL of dry 
ether was saturated with HC1 gas. No precipitate formed. The ether 
was removed by N2 stream and the product was analyzed by *H NMR 
(CDCI3): b 1.83 (s, 3, CH3), 2.10 (s, 3, CH3), 7.40-7.87 (m, 6, ArH), 
7.93-8.14 (m, 1, ArH), 8.35 (d, 1, ArH, J  = 8 Hz). The product was 
recrystallized from CHCl3-hexane (181 mg, 75% recovered) and was 
identified as 6 ('H  NMR).

(c) A solution of 6 in CDC13, saturated with HC1, gave the following 
*H NMR: 6 1.92 (s, 3, CH3), 2.22 (s, 3, CH3), 7.43-8.06 (m, 7, ArH), 8.30 
(d, 1, ArH, J = 8 Hz), 9.13 (s, 2.2, HC1, excess). The downfield shifts 
of the methyl groups in the presence of HC1 suggest some sort of in
teraction with HC1 but no chlorosulfurane (14) could be isolated.

X-Ray Crystallography of Spirosulfurane 6. Crystals of 6 were 
grown by slowly evaporating a chloroform solution of 6. No special 
precautions were needed to protect the crystal from moisture.

Crystal Data for 6: CigHi4F80 2S mol wt = 408.4; monoclinic, o 
= 11.201 (1), b = 14.253 (2), c = 11.768 (2) A, 0 = 114.08 (1)°, V =
1715.4 A, Z = 4, pc = 1.58 g/cm3, m(CuK„) = 23.6 cm "1, F(000) = 832, 
systematic absences for OkO when k = 2n + 1 and for hOl when l = 2n 
+ 1 establish the space groups as P2\/c. The cell dimensions were 
obtained by a least-squares fit to the automatically centered setting 
for 15 reflections on a Syntex P2i diffractometer equipped with a 
graphite monochromator, X(CuK^) = 1.54178 A.

Solution and Refinement of the Structure of 6. A crystal with 
dimensions ca. 0.4 X 0.3 X 0.2 mm was used for data collection. The 
data collection was performed in the 20:0 scan mode. The variable scan 
option was employed (2.0- 10.0°/min) with the total background 
time/scan time set at 0.25. Three standards from different parts of 
the reciprocal space were monitored every 50 reflections. Examination 
of these reflections showed no crystal deterioration. The hkl and hkl 
octants were collected out to 20 = 126° (sin 0/X = 0.588). Out of the 
possible 3075 unique reflections collected, 2556 were observed using 
a 2a criterion based on counting statistics. The data were corrected 
for Lorentz and polarization effects, but not for absorption; the 
maximum and minimum transmission factors were estimated to be 
0.45 to 0.62.10

The structure was solved by direct methods using the programs 
supplied by Syntex.11 The hydrogens were located from difference 
maps. Full-matrix, least-squares refinement of positional and an
isotropic thermal parameters for the nonhydrogen and of positional 
and isotropic thermal parameters for the hydrogen atoms converged 
with values for R and R „ of 0.047 and 0.057, respectively.12 The final 
value of [2u<(|F0bsd| -  |FCaicd|)2/(m -  n)]1/2, where m is the number 
of observations and n is the number of variables, was 1.91. The scat
tering curves were taken from the analytical expression used in the 
“ International Tables for X-Ray Crystallography” .13 A final differ
ence map showed a peak, 60% of an average hydrogen, between C(18) 
and C(16); the rest were less than 50% of an average hydrogen. The 
final values of the atomic coordinates14 are given in Table I.

R esu lts

The synthesis and some properties o f  spirosulfurane 6  have 
been reported .9 It is found to be inert toward hot aqueous acid 
or base, a property which it shares with sulfurane 2 . 15  Pyrolysis 
o f  6  occurs only at temperatures above ca. 350 °C, which re-

Scheme I
6

CHIOSO, F

7  8

fleets an unusually high thermal stability for 6 , com pared to 
other spirosulfuranes9’16 substituted with less electronegative 
ligands. Sulfurane 6 is only weakly basic as evidenced by in
teractions with a chiral alcohol and with E u (fod )3.9 T he ox i
dation o f  6 to the sulfurane oxide has also been reported.17 
Oxidation is the only reaction seen for 2 .15

The alkylation o f 6 with methyl fluorosulfonate provides 
insight into the relative nucleophilicities o f  the two oxygens 
o f  6. Tw o possible methylation products are sulfonium salts 
7 and 8 (Schem e I). The addition o f 1 equiv o f  methyl fluoro
sulfonate to a chloroform  solution o f 6 at 25 °C  initially gives 
sulfonium salt 8 as the only detectable product. The 'H  N M R 
spectrum o f 8 shows two methyl singlets at 5 2.04 and 2.15. The 
m ethoxy signal is a broad m ultiplet (JHf =  L I H z) at 6 4.38. 
Upon treatment with aqueous NaOH, sulfonium salt 8 is 
converted to sulfoxide alcohol 9. During the course o f  the

methylation, another singlet at 5 3.98 begins to grow until, 
when the reaction is 75% com plete, the new singlet is ca. 9% 
o f  the area o f  the methoxyl singlet o f  8. W e suspect that this 
singlet might be the m ethoxyl peak o f  sulfonium salt 7. Our 
failure to isolate the corresponding sulfoxide 10 upon hy
drolysis o f  the reaction mixture may be the result o f de-
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Figure 1. Stereoscopic view of spirosulfurane G.

méthylation o f  7 to regenerate 6 under these conditions. The 
ether function in 9 is probably less prone to dém éthylation 
because the electron-withdrawing trifluorom ethyl groups 
lower the Lewis basicity o f  the adjacent oxygen and hence 
decrease the im portance o f S - 0  bonding analogous to  that 
giving oxonium character to 7 in the pictured route to 6. In any 
case, méthylation on the perfluoroalkoxy oxygen is the kine- 
tically preferred reaction. Clearly, the oxygen adjacent to the 
CF3 groups is the more nucleophilic o f  the two. It is interesting 
to  note that méthylation9 o f spirosulfurane 11 is much slower 
than méthylation o f  6 (12.5 days for G vs. 11 h for 11).18

T he addition o f  trifluorom ethanesulfonic (triflic) acid to 
an ether solution o f  6 gave a precipitate o f  sulfonium triflate
12. T he structure assigned to 12 is based on chem ical-shift

1 2

com parisons o f  the methyl groups o f 12 with sulfonium salts 
8 (« 2.04 and 2.15) and 13 (6 1.78,1.87 ,1 .98, and 2.17).9 T he 
methyl peaks o f  12 at <5 1.93 and 2.21 are similar in chemical 
shifts to  those o f  8 and to  two o f the peaks o f  13 (5 1.98 and 
2.17), and very different from  the chem ical shifts o f the 
gem -dim ethyl peaks for the ether function o f  13 (5 1.78 and 
1.87) and o f  the gem -dim ethyl peaks for the product o f  hy
drolysis o f  8 , sulfoxide 9 (6 1.74 and 1.79), which serve as 
m odels for the isomer o f  12 which would result from  proton
ation at the other oxygen.

13

Since 12 is the product o f  a rapid protonation equilibrium, 
one expects both O-protonated species to be present in a so
lution o f 12. T he chem ical-shift arguments presented above 
suggest that the equilibrium strongly favors protonation on 
the fluoroalkoxy oxygen. T he more basic site is, therefore, the 
same as the more nucleophilic site which was methylated in 
the reaction forming 8 .

An attempt to prepare chlorosulfurane 14 by the procedure9 
used to  prepare chlorosulfurane 15 failed. However, when a

CDCI3 solution o f  6 is saturated with HC1 the methyl groups 
shift downfield. A  similar shift is also seen in 15.9 T he inter
action o f 6 with HC1 appears to  be quite weak with the equi
librium lying in the direction o f  6.

6 -— -  14

The final coordinates for spirosulfurane 6 are listed in Table
I.14 T he im portant bond lengths and bond angles o f  6 are 
found in Tables II and III.14 The important bond lengths and 
bond angles o f  2 and 6 are com pared in Table IV .14 Figure 1 
shows a stereoscopic view o f  the m olecular structure o f  6 and 
Figure 2 shows its crystal structure.
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Figure 2. Stereoscopic view of the crystal structure of 6.

D iscu ssion

Unsymmetrical spirosulfurane 6 has approximate trigonal 
bipyramidal geometry about sulfur, like the geometry seen for 
other sulfuranes.2 6 The most striking feature o f 6 is the large 
difference in the lengths o f  the S - 0  bonds (a, 1.713 (2); 6 , 
1.955 (2) A; see Table IV). Their difference (0.24 A) reflects 
polarization o f the hypervalent O -S -O  bond resulting from 
the difference in electronegativities o f the apical ligands. The 
average S- 0  bond length o f  6 (1.83 A) is nearly equal to the
S - 0  bond lengths o f  sulfurane 2 (1.825 A). T he short S - 0  
distance in 6 is only slightly longer than a normal S - 0  bond 
(1.70 A ),19 whereas the other S- 0  bond distance is 0.26 A 
longer. Respective bond orders o f 0.96 and 0.37 are calculated 
for these bonds, using the Pauling20 correlation o f bond order 
with bond length. The only other significant difference be
tween the bond lengths and bond angles o f 2 and 6 are the C -0  
bonds o f 6 (e, 1.436; and / ,  1.369; Table IV) which differ by 0.07
A. This difference may be in part ascribed to the electroneg
ativity differences o f  the alkoxy ligands, since bond /  in 6 is 
slightly shorter than the average C - 0  bond length o f 2 with 
the shorter C - 0  bond in ft being associated with a longer S - 0  
bond to the same oxygen atom.

The C -S -C  angles o f 2 and 6 are identical. This is somewhat 
surprising because the C -S -C  angle o f  6 might have been ex 
pected to be larger than that o f  2, in view o f a previously noted 
trend4 21 which relates a decrease in the electronegativity of 
the apical ligands to an increase in the angle. On going from 
2 to 6 one apical ligand decreases in electronegativity. The 
large difference in the S - 0  bond lengths does not affect the
O -S -O  angle o f  6, which is nearly equal to that o f  2.

The x-ray structure o f  6 shows that the hypervalent O -S -O  
bond in sulfur is strongly distorted by the introduction o f 
structural features expected to result in polarization o f this 
three-center bond. T he fluoroalkoxy ligand in 6 is significantly 
more electronegative than the unfluorinated alkoxy ligand. 
Electron density is removed from the dim ethylalkoxy ligand 
toward the fluoroalkoxy ligand. The observations o f  a long
S - 0  bond b and a short S - 0  bond a in 6 are consistent with 
the idea that resonance structure 6b is quite im portant in 
describing the resonance hybrid which is 6.

The overall effect o f  the CF3 groups is to decrease the ba
sicity and nucleophilicity o f 6 compared to the unfluorinated 
analogue 11. The inductive electron-withdrawing effect o f  this 
substitution o f CF3 for CH 3 is shown by the results o f  this 
paper to be greater at the oxygen more remote from the CF3 
substituent o f  6 than at the adjacent oxygen. The reactions 
of 6  with Tiiethyl fluoTosulfonate and triflic acid occur p ref
erentially at the oxygen o f  the fluoroalkoxy group consistent 
with the postulated large contribution o f  resonance structure 
6b. Electrophilic attack at the fluoroalkoxy oxygen places the 
positive charge o f the product alkoxysulfonium ion adjacent

to the less electronegative alkoxy group in 8 and 12. T he re
semblance o f the transition state for m éthylation to the 
product can be used to rationalize the greater nucleophilicity 
o f  the oxygen nearer the CF3 substituents.

The carbonyl-stretching frequencies o f  sulfuranes 1,16, and 
17 are 1724, 1708, and 1647 cm -1 . The hypervalent bond is 
symmetrically substituted in sulfurane 1. The lower car
bonyl-stretching frequency seen (16) has been interpreted7

c f 3 c f ,
\ 3/

Çh3/ Ph3T0 CÎ oq0—
0 0 Û

00

16 17
in terms o f  an increase in carboxylate anion character for 16 
in relation to 1. In 16 there is more electron density on the 
acyloxy ligand than on the fluoroalkoxy ligand. T he acyloxy 
ligand is effectively more electronegative than the fluoroal
koxy ligand. The considerably lower carbonyl-stretching 
frequency seen in 17 points to an even higher degree o f  car
boxylate anion character in this unsymmetrical sulfurane, a 
result o f  the lesser electronegativity o f  the alkoxy ligand 
com pared to  the fluoroalkoxy ligand.

Chemical shift evidence for polarization o f the hypervalent 
bond has been reported7 for m onocyclic sulfuranes o f  struc
ture 18. The average o f  the peak positions for the two methyl

x
p h \ |

18
groups shift to lower field with increasing electronegativity 
o f  X . Extension o f  this argument to  bicyclic sulfuranes is 
possible. The average positions o f  the methyl groups o f  11, 6 , 
and 17 are <51.62,1.74, and 1.82. The increasing downfield shift 
parallels the expected order o f  increasing polarization o f the
O -S -O  bond.

The order o f  increasing polarization o f the hypervalent 
bond for known spirosulfuranes is inferred from an exam i
nation of both  infrared and lH N M R  evidence, to be as fo l
lows: 1 ,2 ,11  (symm etrical) <  16 <  6 <  17.

Similar distortions o f  the hypervalent bond are reported 
for phosphoranes. The crystal structures o f  unsymmetrical 
phosphoranes 19 and 20 have been determined.22’23 The P - 0
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Ph

19
bond lengths o f  19 differ by 0.05 A and those o f  20 by 0.06 A. 
The differences in apical bond lengths are not nearly as large 
as those found in 6 (0.24). Com pound 21 provides an even

21

closer analogue o f 6 in that one apical substituent is an a,a- 
bis(trifluoromethyl)alkoxy group and the other an “ ordinary” 
alkoxy group. The difference in the two apical P - 0  bond 
lengths24 is 0.10 (1) A, a deviation from  the ideal T B P  geom 
etry, w ith equal bond lengths, which is in the same direction 
as the deviation from ideality seen for 6, but less than half as 
large. The smaller differences in P - 0  bond lengths seen for 
19, 20, and 21 reflect a smaller polarizability, or at least a 
smaller deform ability, o f  a hypervalent bond with a central 
phosphorus than is seen for one with a central sulfur. A similar 
reduction in polarizability is reflected in carbonyl-stretching 
frequencies o f  iodinanes25 when com pared to  sulfuranes. 
Further work will be required to probe the generality o f  this 
observation and to establish a probable rationalization.
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Reactions of Some New Diaryldialkoxyspirosulfuranes. The Barrier to 
Cuneal Inversion of Configuration at Sulfuranyl Sulfur in 

Diastereomeric Spirosulfuranes1’2
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The syntheses of diaryldialkoxyspirosulfuranes 8 , 11, 15, and 17 are reported, including the first example of a 
pair of diastereomeric spirosulfuranes (17a and 17b) which may be interconverted by cuneal inversion at sul- 
fur(IV). Hydrolyses of these compounds are compared with each other and with those of related species. The most 
studied of these sulfuranes, 3,3,3',3'-tetramethyl-l,l'-spiro[3//-2,l-benzoxathiole] (8), undergoes a wide variety 
of reactions, including reactions with hydrogen halides to form halosulfuranes and with strong acids to form alkoxy- 
sulfonium salts. For both classes of products, *H NMR spectra show evidence for an intramolecular degenerate li
gand-exchange process. Low-temperature NMR studies on one of these adducts confirms this interpretation. 
The pyrolytic fragmentation reactions of 8,11, and 15 show facile dehydration for 8 and intramolecular dispropor
tionation for 11 and reveal a great thermal stability for 15. The reactivity (and basicity) of these spirosulfuranes 
is decreased by increasing electronegativity of apical ligands. The configurational stability of 17 has been deter
mined by measuring the rate of isomerization of exo- 17a to endo- 17b. The rate constant (k¡ = 3 X 10~6 s-1) for this 
process at 84 °C corresponds to a lower limit of AG*84°c = 30 kcal mol-1 for cuneal inversion of configuration (in
version through a planar transition state) at sulfuranyl sulfur. Possible alternative interconversion mechanisms 
are discussed.

T he number o f reported examples o f  spirosulfuranes has 
grown rapidly.2-9 However, there have been relatively few 
reports concerning the reactions o f  these new com pounds.4’6’9 
Martin and Perozzi report6 that b icyclic spirosulfuranes are 
much less reactive than acyclic sulfuranes, with m onocyclic 
sulfuranes showing intermediate reactivities. For example, 
spirosulfurane 1 is reported to be completely inert toward acid 
or base hydrolysis and unreactive toward a number o f re
agents, whereas its acyclic analogue 2 is extremely reactive.6

1 2,(O R F = OC(CF3)2Ph)

Kalman and Kapovits4 reported only one reaction (hydrolysis) 
for spirosulfurane 3. Som e reactions o f  tetrakis(alkoxysulfu- 
rane)3 4 and several spirotris(alkoxysulfuranes) have been 
reported.9oî] c iVb. 1OQ p-

O

A o 
0

7

3 4
In the past few years, considerable interest has centered 

around the determination o f  inversion barriers o f  sulfonium 
salts.10-14 Only recently has this interest been extended to
sulfuranes9®’15’16 and selenuranes.17

W e report here the synthesis and reactions o f  several new 
spirobicyclic sulfuranes. T he results are com pared and con 
trasted with those for previously reported sulfuranes, with the 
goal o f  evaluating the influences o f  changes in electronega-
tivity o f  apical ligands and o f gem-dialkyl substitution on the 
stability o f  spirosulfuranes. W e also describe the isolation o f

a pair o f  diastereomeric sulfuranes with a chiral center at the 
sulfuranyl sulfur and a determination o f  the barrier to  inter
conversion o f the two by a process involving, at least formally, 
inversion at sulfur.

E x p erim en ta l S ection
General. Proton chemical shifts are reported on the 5 scale, ppm 

downfield from tetramethylsilane internal standard; fluorine chemical 
shifts are reported on the 4> scale, ppm upfield from fluorotrichloro- 
methane internal standard. The *H NMR and 19F NMR integral ra
tios are uncorrected.

Solvents and Reagents. Chloroform-d and methylene chloride 
were dried by passage through a column of Woelm basic alumina 
(activated at 150 °C for 24 h). Ether and tetrahydrofuran (THF) were 
dried by several additions of sodium wire over several days until 
further additions caused no further hydrogen evolution. Pyridine-ds 
was obtained in sealed ampules from Merck.

2,2'-Dicarboxydiphenyl Sulfide Diethyl Ester (5). 2,2'-Dicar- 
boxydiphenyl sulfide18 (4.77 g, 17.4 mmol) and 20 mL of thionyl 
chloride were combined and boiled overnight. Excess thionyl chloride 
was removed by high vacuum. The residue was dissolved in 50 mL of 
benzene and added to a solution of 10 mL of absolute ethanol and 20 
mL of pyridine. After 5 min the solvents were removed by vacuum. 
The residue was dissolved in ether, and the ether solution was ex
tracted with dilute aqueous HC1, dilute aqueous NaOH, and water. 
The ether solution was dried (MgSCL) and the solvent removed, 
leaving 4.27 g (74.2%) of diester 5: mp 64.5-65.5 °C; ‘H NMR (CDCl3) 
& 1.30 (t, 6, CH3), 4.35 (q, 4, CH2), 7.12-7.67 (m, 6, ArH), 7.80-8.17 (m, 
2, ArH); mass spectrum (70 eV) m/e (rel intensity) 330 (100, M+-), 239
(19.0), 213 (69.2), 184 (25.6), 137 (10.8), 136 (19.3), 29 (17.4).

Bis[2-(l-hydroxy-l-methylethyl)phenyl] Sulfide (6 ). Diethyl 
ester 5 (20.0 g, 0.061 mol) was dissolved in 100 mL of dry ether and 
added dropwise with stirring to 100 mL of 2.9 M CH3MgBr (0.29 mol) 
in ether. After 2 h of boiling the solution was added to a dilute HCl-ice 
mixture. The ether layer was extracted with dilute aqueous KOH and 
water and dried (Na2S0 4), and solvent was removed, leaving a light 
yellow oil, which upon trituration with pentane gave a light-yellow 
solid. The solid was recrystallized from ether-pentane to give 15.93 
g (87.2%) of white crystalline product: mp 113.5-114.5 °C; IR (CHC13) 
3465 (m, br, OH), 3000 (s), 1466 (s), 1430 (s), 1384 (s), 1364 (s), 1165 
(s), 1036 (m), 947 (s), 855 cm“ 1 (m); ‘ H NMR (CDC13) 5 1.76 (s, 12, 
CH3), 3.37 (s, 2, OH), 7.00-7.63 (m, 8, ArH); mass spectrum (70 eV) 
m/e (rel intensity) 302 (14.1, M +-), 284 (3.0, M+- -  H20 ), 266 (10.9, 
M+- -  2H20), 251 (42.6, M+- -  2H20  and CH3), 227 (15.5), 211 (16.5), 
149 (100), 134 (58.1), 115 (33.7), 77 (27.3).

Anal. (C18H220 2S) C, H, S.
1 -Chloro-1 -[2-( 1 -hydroxy-1 -methylethyl )phenyl]-3,3-di- 

methyl[3ff-2,l-benzoxathiole] (7). ierf-Butyl hypochlorite (1.08 
g, 10.0 mmol, 1.13 mL) was added slowly by syringe to a stirred solu
tion of diol 6 (3.01 g, 10.0 mmol) in 50 mL of ether at 0 °C. After 15
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min the white precipitate was filtered and washed with ether to give
2.94 g (87%) of 7. This material was recrystallized from CH2CI2-  
hexane: mp 174.5-177 °C; IR (CHCI3) 3390 (w, br, OH), 2968 (s), 1475 
(m), 1443 (m), 1391 (w), 1372 (m), 1302 (w), 1245 (m), 1185 (w), 1152 
(m), *129 (w), 840 (s), 793 (m), 675 cm -' (m); 'H NMR (CD2C12) 5 1.86 
(s, 6, CH3), 1.94 (s, 6, CH3), 7.34-7.75 (m, 6, ArH), 8.20 (br s, 2, ArH, 
protons ortho to S); mass spectrum (70 eV) m/e (rel intensity) no 
molecular ion, 300 (0.4, M+- -  HC1), 285 (100, M+- -  HC1 and CH3), 
167 (20.6), 149 (14.1), 91 (10.3), 43 (18.3).

Anal. (CigH21C102S) C, H, Cl, S.
3 ,3 ,3 ',3 '-T e t r a m e t h y l - l , l '-s p ir o [3 i /-2 ,l -b e n z o x a t h io le ]  (8). A

sample of 4.08 g (12.1 mmol) of chlorosulfurane 7 was added to a 
mixture of ether and dilute aqueous KOH in a separatory funnel and 
shaken until no solid remained. The layers were separated, the ether 
layer was dried (Na2S 0 4), and the solvent was removed. The white 
solid remaining was recrystallized from ether-pentane to give 2.98 
g (82%) of sulfurane 8: mp 155-155.5 °C; IR (CC14) 2972 (s), 1467 (m), 
1443 (s), 1376 (m), 1358 (s), 1287 (m), 1253 (m), 1160 (s), 1032 (m), 956 
(s), 882 (s), 628 (s), 540 cm' 1 (m); ‘ H NMR (CD2C12) 6 1.53 (s, 6, CH3),
1.63 (s, 6, CH3), 7.10-7.58 (m, 6, ArH), 8.24-8.42 (m, 2, ArH, protons 
ortho to S); mass spectrum (70 eV) m/e (rel intensity) 300 (0.9, M+-), 
285 (100, M +- -  CH3), 167 (22.8), 149 (13.0), 135 (9.9), 43 (18.3).

Anal. (C18H20O2S) C, H, S.
B is [2 - (h y d r o x y m e th y l)p h e n y l]  S u lfid e  (9). Diester 5 (23.48 g, 

0.071 mol), in 150 mL of dry ether, was added dropwise to a suspension 
of LiAlH4 (5 g, 0.13 mol, excess) in 300 mL of dry ether under N2. After 
2 h of boiling, the mixture was carefully added to a dilute aqueous 
HCl-ice mixture. The ether layer was separated and the aqueous layer 
was extracted with ether. The combined ether solutions were dried 
(NazSO*), the solvent was removed, and the product was recrystallized 
from ether-hexane to give 17.13 g (98%) of diol 9: mp 109-110 °C; IR 
(CHC13) 3630 (m, OH), 2940 (s), 1740 (w), 1470 (m), 1446 (m), 1389 
(w), 1032 (m), 1010 (m), 795 (m), 670 cm“ 1 (w); lH NMR (CDC13) 6
2.10 (s, 2, OH), 4.76 (s, 4, CH2), 7.05-7.64 (m, 8, ArH); mass spectrum 
(70 eV) m/e (rel intensity) 246 (100, M+-), 228 (91.0, M +- -  H20), 213
(61.0), 197 (52.9), 195 (94.6), 184 (31.3), 165 (33.8), 136 (52.5), 91 (47.8), 
77 (67.3).

Anal. (Ci4H140 2S) C, H, S.
1- C h lo r o -l - (2 -h y d r o x y m e th y l)p h e n y l(3 //-2 ,l -b e n z o x a th io le ]

(10). tert-Butyl hypochlorite (0.55 g, 5.06 mmol, 0.547 mL) was added 
by syringe to a stirred solution of diol 9 (1.245 g, 5.06 mmol) in 30 mL 
of dry THF at 0 °C. After 15 min of stirring the precipitate was fil
tered, washed with ether, and dried (vacuum) to give 1.01 g (71%) of 
chlorosulfurane 10: mp 90-92 °C; IR (KBr) 3430 (s, br, OH), 3140- 
2800 (s), 1464 (m), 1446 (m), 1218 (m), 1205 (m), 1032 (m), 931 (s), 769 
(s), 730 (m), 548 cm_ l (m); mass spectrum (70 eV) m/e (rel intensity) 
no molecular ion, 244 (23.4, M+- — HC1), 243 (100, M+- — HC1 and H), 
215 (50.6), 197 (96.5), 184 (44.1), 137 (91.8), 109 (47.2), 91 (27.3), 77
(32.9).

Anal. (C14Hi3C102S) C, H, Cl, S.
l , l '-S p ir o [3 /f - 2 ,l -b e n z o x a t h io le ]  (11). M e th o d  A . Triethyl- 

amine (1.89 g, 18.7 mmol) was added to a stirred suspension of 5.29 
g (18.7 mmol) of chlorosulfurane 10 in 250 mL of dry ether in an inert 
atmosphere box. After stirring for 5 days at 25 °C, the mixture was 
filtered and the filtrate was cooled to —78 °C. After 3 h the deposited 
crystals were filtered and washed with ether to give 1.18 g (26%) of 
sulfurane 11: mp 158-161 °C (sealed tube); IR (CHCI3) 3015 (s), 2853 
(m), 1470 (m), 1452 (m), 1258 (w), 1141 (s), 652 cm“ 1 (m); 'H  NMR 
(CDC13) 6 5.100 and 5.195 (AB pattern, 4, CH2,d  = 14 Hz), 7.14-7.50 
(m, 6, ArH), 7.95-8.14 (m, 2, ArH, protons ortho to S); mass spectrum 
(70 eV) m/e (rel intensity) 244 (30.4, M +-), 243 (100, M +- -  H), 226 
(22.7, M+. -  H20), 215 (48.1), 197 (99.1, M+- -  CH30 2), 184 (28.9), 
165 (23.0), 237 (82.0), 109 (39.1), 91 (20.9), 77 (27.9).

Anal. (Ci4H120 2S) C, H, S.
M eth od  B . About 1 g (~0.025 mol) of potassium hydride was added 

to a mixture of 3.88 g (0.0138 mol) of chlorosulfurane 10 in 150 mL of 
dry THF in an inert atmosphere box. Hydrogen evolution occurred, 
and after 1 h the mixture was filtered. The solvent was removed 
leaving yellowish crystalline 11, 2.33 g (69%).

2 -  B r o m o -2 '-c a r b o x y d ip h e n y l S u lfid e . 2-Bromothiophenol19 
(28.7 g, 0.152 mol) and 2-iodobenzoic acid (37.7 g, 0.152 mol) were 
dissolved in 300 mL of water containing about 20 g of potassium hy
droxide and 0.5 g of copper bronze. The solution was boiled 8 h and 
filtered while hot. After cooling to 25 °C, the solution was acidified 
with concentrated HC1. The precipitate was filtered, washed with 
water and air dried to give 45.0 g (95.8%) of the acid: mp 184-185 °C; 
IR (KBr) 3440 (s, OH), 3000 (s, br), 1682 (s, C = 0 ), 1587 (w), 1560 (w), 
1462 (m), 1416 (m), 1312 (m), 1290 (m), 1270 (s), 1258 (s), 1149 (m), 
1056 (m), 1040 (m), 1020 (m), 750 cm' 1 (s); JH NMR (Me2SO-d6) &
6.60-6.83 (m, 1, ArH), 7.10-8.10 (m, 7, ArH), 13.1 (br s, 1, OH); mass

spectrum (70 eV) m/e (rel intensity) 310 (71.4, M+- 81Br), 308 (69.6, 
M+- 79Br) 229 (45.6, M+- -  Br), 212 (10.2, M +- -  Br and OH), 185
(22.6), 184 (55.2), 183 (20.8), 139 (22.2), 137 (100), 136 (32.0), 108
(20.4), 69 (12.7).

Anal. (C13H9B r02S) C, H, Br, S.
2-Bromo-2'-carboxydiphenyl Sulfide Ethyl Ester (12). 2-

Bromo-2'-carboxydiphenyl sulfide (34 g, 0.11 mol) was dissolved in 
excess thionyl chloride and refluxed for 5.5 h. The excess S0C12 was 
removed in vacuum, leaving a red solid. The solid acid chloride was 
dissolved in benzene and added to a solution of EtOH and pyridine. 
After a few minutes of swirling, the mixture was stripped of solvent 
and the residue was dissolved in ether and extracted with dilute 
aqueous HC1, dilute aqueous NaOH, and water. The ether layer was 
dried (MgS04) and ether removed, leaving an amber oil which crys
tallized after 1 day: 32.3 g (87%); mp 59-63 °C; 'H NMR (CDC13) 5 
1.30 (t, 3, CH3), 4.37 (q, 2, CH2), 6.75-7.15 (m, 8, ArH); mass spectrum 
(70 eV) m/e (rel intensity) 338 (82.3, M+-81Br), 336 (79.1, M+-79Br), 
293 (9.8, M+-81Br -  OEt), 291 (10.5, M+-79Br -  OEt) 257 (32.3, M+-
-  Br) 229 (100), 212 (70.8, M+- -  OEt and Br), 184 (84.8), 139 (32.6), 
137 (32.7), 108(21.9).

Anal. (C15H13Br02S) C, H, Br, S.
2-Bromo-2'-(l-hydroxy-l-methylethyl)diphenyl Sulfide (13). 

Ester 12 (15.8 g, 0.047 mol) was dissolved in 150 mL of dry ether and 
added dropwise to a stirred solution of 50 mL of 2.86 M CH3MgBr in 
ether (0.14 mol) to maintain gentle reflux. After this addition, the 
solution was stirred for 30 min at room temperature, and then 
quenched with saturated aqueous NH4C1. The ether layer was ex
tracted with aqueous HC1 and water and dried (MgS04), and ether 
was removed to give 13.7 g (90.4%) of 13 as a light yellow viscous oil: 
IR (neat) 3450 (s, OH), 3100-2900 (s), 1580 (s), 1450 (s), 1360 (s), 1250 
(s), 1170 (s), 1140 (s), 1110 (s), 1050 (s), 1043 (s), 1023 (s), 955 (s), 860 
(s), 755 (s), 710 cm" 1 (s); 'H  NMR (CDC13) & 1.71 (s, 6, CH3), 3.36 (br 
s, 1, OH), 6.76-7.83 (m, 8, ArH); mass spectrum (70 eV) m/e (rel in
tensity) 324 (63.4, M+-81Br), 322 (63.9, M+-79Br), 309 (50.6,
-  CH3), 307 (50.0, M+-79Br -  CH3), 228 (29.0, M+- -  Br and CH3), 
213 (27.8, M+- -  Br and 2CH3), 210 (42.8), 185 (11.3), 184 (22.3), 151 
(100), 149 (12.6), 108 (15.6), 59 (17.2), 43 (63.1).

Anal. (Ci6H15BrOS), C, H, Br, S.
2-( 1 -Hydroxy-1 -methylethyl) -2'- (1 -hydroxy- 1-trifluoro- 

methyl-2,2,2-trifluoroethyl)diphenyl Sulfide (14). Bromo alcohol 
13 (4.52 g, 13.98 mmol), in 150 mL of dry ether in a flask equipped with 
a dry ice condenser, was cooled to 0 °C, 15 mL of n-butyllithium in 
hexane (ca. 2.1 M, 31.5 mmol, slight excess) was added by syringe, and 
the solution was stirred for 0.5 h at 25 °C. Hexafluoroacetone was 
bubbled in (7 mL, 9.8 g, excess), and the mixture was stirred for 10 
min and added to a saturated NH4C1 ice-water solution. Ether was 
added and the mixture was shaken. The ether layer was washed with 
water and dried (MgS04) and solvent was removed, leaving 6.25 g of 
red oil. The oil was chromatographed on a column of silica gel (50-cm 
long, 4.5-cm diameter) using chloroform as eluent. The fraction 
containing diol 14 (2.18 g) was rechromatographed on another silica 
gel column (26 X 3 cm) using 1:1 ether-hexane as eluent and again on 
a 2-in. column of silica gel containing activated charcoal with 1:1 
ether-hexane: 1.844 g (32.1%) of light yellow solid; mp 99.5-103 °C; 
IR (CHC13) 3600 (w, free OH), 3250 (m, hydrogen bonded OH), 3000 
(w), 1472 (w), 1437 (w), 1387 (w), 1370 (w), 1300-1170 (four or five 
strong bands, CF3 stretch), 1152 (m), 1114 (m), 1040 (w), 965 (m),952 
(m), 931 (m), 715 cm" 1 (w); ‘ H NMR (CDC13) 5 1.78 (s, 6, CH3), 2.76 
(s, 1, disappears with D20  shake, OH), 6.90-7.66 (m, 7, ArH), 7.80 (br, 
1, ArH, proton ortho to carbon bearing 2CF3), 7.92 (s, 1, disappears 
with D20  shake, OH); I9F NMR (CDC13) 0 74.52 (s, 6, CF3); mass 
spectrum (70 eV) m/e (rel intensity) 410 (46.6, M +-), 395 (32.7 M+-
-  CH3),377 (6.4, M+- -  CH3 and H2), 210 (20.0), 151 (49.0), 149 (27.3), 
128 (9.4), 59 (10.4), 43 (100).

Anal. (ClgH16F60 2S) C, H, F, S.
Another method used to prepare 14 using activated magnesium20 

resulted in purer material, but yields were quite variable.
3,3-Bis(trifluoromethyl)-3',3'-dimethyl-l,l'-spiro[3H-2,l- 

benzoxathiole] (15). Diol 14 (1.70 g, 4.1 mmol) was dissolved in 50 
mL of ether and cooled to 0 °C. ieri-Butyl hypochlorite (0.45 g, 0.47 
mL, 4.1 mmol) was added dropwise with stirring. A very small amount 
of white precipitate was noted. After 1 h, the ether solution was ex
tracted with dilute aqueous NaOH and dried (MgS04), and solvent 
was removed to give a white solid. The crude product was recrystal
lized from CH2Cl2-ether-hexane to give 1.1 g (65.6%) of white, crys
talline sulfurane 15: mp 167.5-168.5 °C; IR (CDC13) 3000 (w), 1470 
(w), 1448 (w), 1296 (m), 1267 (m), 1210 (s), 1167 (m), 1150 (s), 1131 
(m), 1054 (w), 970 (m), 954 (m), 877 (w), 660 cm~l (m); *H NMR 
(CDCI3) 5 1.65 (s, 3, CH3), 1.83 (s, 3, CH3), 7.23-8.00 (m, 6, ArH),
8.27-8.67 (m, 2, ArH, protons ortho to S); mass spectrum (70 eV) m/e
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(rel intensity) 408 (0.5, M+-), 393 (100, M+- -  CH3), 339 (16.2, M+- 
-  CF3), 213 (6.0), 212 (4.9), 205 (8.6), 184 (7.2), 151 (12.7), 149 (11.4), 
91 (12.3), 43 (23.7).

Anal. (Ci8H14F60 2S) C, H, F, S.
2-( 1 -Hydroxy-1 -methylethyl)-2'- (1 -hydroxy-1 -methylpro- 

pyl)diphenyl Sulfide (16). Bromo alcohol 13 (10.7 g, 33.1 mmol) in 
200 mL of dry ether was cooled to 0 °C and 45 mL of n-butyllithium 
in hexane (ca. 2.1 M, 94.5 mmol, excess ) was added by syringe. After 
stirring the mixture at 25 °C for 0.75 h, methyl ethyl ketone (10 mL, 
excess) was added. The mixture was stirred for 15 min and added to 
a saturated NH4C1 ice-water solution. An ether extract was washed 
with water and dried (MgS04), and solvent was removed to give 15.04 
g of yellow liquid. This was chromatographed on a column of silica 
gel (96-cm long by 3-cm diameter) using chloroform as eluent. The 
fraction of diol 16 (4.38 g) was treated with activated charcoal and 
passed through a short column of silica gel containing some activated 
charcoal to give a light yellow oil: 4.02 g (38.4%); *H NMR (CDCI3) 
b 0.85 (t, 3, CH2CH3), 1.73 (s, 3, CH3), 1.78 (s, 6, CH3), 2.00 (m, 2, CH2), 
3.45 (br s, 2, OH, disappears with D20  shake), 7.10-7.45 (m, 6, ArH), 
7.45-7.80 (m, 2, ArH); mass spectrum (70 eV) m/e (rel intensity) 316 
(6.7, M+-), 283 (1.0, M+- -  H20  and CH3), 269 (4.6, M+- -  H20  and 
CH2CH3), 251 (2.4), 227 (6.9), 211 (4.0), 155 (6.4), 151 (12.4), 127 (10.3), 
115 (30.0), 57 (100), 43 (53.6).

Anal. (C19H240 2S) C, H, S.
The Exo and Endo Isomers of 3,3,3'-Trimethyl-3'-ethyl-l,T- 

spiro[3H-2,l-benzoxathiole] (17a, 17b). tert-Butyl hypochlorite 
(1.36 mL, 1.30 g, 12.0 mmol) was added by syringe to a solution of diol 
16 (3.79 g, 11.98 mmol) in 200 mL of dry ether at 25 °C. A yellow 
precipitate was filtered and washed with ether. The yellow solid was 
suspended in 75 mL of ether and shaken with dilute aqueous NaOH 
until the solid dissolved. The ether layer was separated and dried 
(MgS04) and solvent was evaporated leaving a light yellow oil which 
slowly solidified after a few days. Analysis by 1H NMR showed a 50:50 
mixture of exo and endo isomers of sulfurane 17 (2.64 g, 70.1%). All 
attempts to recrystallize this material failed. Analysis by TLC showed 
some impurities, so a sample of 2.23 g of the mixture was chromato
graphed on a column of 117 g of Woelm neutral alumina, activity grade 
1, using 1:1 (v/v) ether-hexane. The first fraction (0.36 g) was a 83/17 
mixture of exo and endo isomers. A sample of this mixture (280 mg) 
was recrystallized from hexane at —20 °C. A total of 211 mg of an 89/11 
mixture of exo and endo isomers was isolated: mp 83-85 °C; IR (CCLt) 
3118 (w), 3065 (w), 2975 (s), 2925 (m), 1466 (m), 1441 (m), 1375 (m), 
1365 (w), 1356 (m), 1286 (w), 1251 (w), 1159 (s), 1030 (m), 961 (m), 920 
(m), 882 (m), 624 cm-1 (s); 1H NMR (220 MHz, pyridine-ds) 17a (exo), 
S 0.794 (t, 3, CH2CH3, J = 7.3 Hz), 1.606 (s, 3, exo-CH3), 1.682 (s, 6, 
endo-CH3), 1.72-2.05 (m, 2, CH2CH3), 7.11-7.57 (m, 6, ArH), 8.55-
8.73 (m, 2, ArH, protons ortho to S); 17b (endo), b 1.138 (t, 3, CH2CH3, 
J  = 7.3 Hz), 1.522 (s, 3, exo-CH3 on same carbon as C2Hs), 1.606 (s, 
3, other exo-CH3), 1.70 (s, 3, endo-CH3), other peaks were obscured 
by those of the major isomer; mass spectrum (70 eV) m/e (rel inten
sity), no molecular ion, 299 (30.3 M+- — CH3), 285 (100, M+- — 
CH2CH3), 167 (25.1), 151 (11.8), 149 (10.0), 135 (11.6), 91 (9.3).

Anal. (Ci9H220 2S) C, H, S.
Further elution with 1:1 (v/v) ether-hexane failed to give any more 

product. Elution with methanol was necessary to obtain the remaining 
material (1.77 g). 1H NMR analysis of this material in CDC13 showed 
it to be 50% sulfurane (79% exo, 21% endo) and 50% sulfoxide diol. 
Hydrolysis had occurred on the column and partial cyclodehydration 
of the diol in CDCI3.

Interactions of Spirosulfuranes 8 and 15 with Optically Active 
Solvent. To a solution of 19.4 mg (0.065 mmol) of sulfurane 8 in 0.5 
mL of carbon tetrachloride (0.13 M) was added 45.0 mg (0.255 mmol, 
0.51 M) of L(-)-2,2,2-trifluoro-l-phenylethanol.21 The 220-MHz ‘ H 
NMR spectrum showed four resolved methyl singlets at b 1.460,1.486, 
1.572, and 1.596. Also, the two protons ortho to sulfur, which are 
normally seen as one doublet, were resolved into two doublets (b 8.12, 
8.19) in the presence of the chiral solvent. To a solution of 25.7 mg 
(0.063 mmol) of sulfurane 15 in 0.5 mL of carbon tetrachloride (0.126 
M) was added 45.9 mg (0.261 mmol, 0.52 M) of L(—)-2,2,2-trifluoro-
1-phenylethanol.21 The 220-MHz ’ H NMR spectrum showed four 
resolved methyl singlets at 5 1.568,1.592,1.760, and 1.774.

Hydrolysis of Sulfurane 8 to Sulfoxide Diol 18. Sulfurane 8 (1.01 
g, 3.37 mmol) was boiled in 11 mL of 10:1 methanol-water solution 
for 2 h. The solvent was removed in vacuum leaving a clear semisolid 
which was dissolved in ether. Evaporation of the ether afforded 0.953 
g (89%) of crystalline sulfoxide diol 18: mp 139-144 °C; IR (CHC13) 
3380 (m, OH), 3000 (s), 1472 (w), 1437 (w), 1388 (w), 1370 (m), 1245 
(w), 1184 (w), 1110 (w), 1056 (w), 998 (m), 965 (m), 588 cm-1 (w); *H 
NMR (CDCI3) b 1.38 (s, 6, CH3), 1.70 (s, 6, CH3), 4.78 (br s, 2, OH),
7.01-7.75 (m, 8, ArH); mass spectrum (70 eV) m/e (rel intensity) 318

(6.0, M+-), 303 (10.1, M+- -  CH3), 300 (0.3, M+- -  H20), 285 (100, M+- 
-  H20  and CH3), 167 (27.8), 151 (21.9), 149 (54.4), 135 (22.2), 91 (14.0), 
43 (37.3).

Anal. (Ci8H220 3S) C, H, S.
Sulfurane 18 (47 mg, 0.156 mmol) was dissolved in 0.5 mL of dry 

CDC13 to which was added 10 mL (0.55 mmol) of deuterium oxide. 
After 7.5 h at 25 °C less than 5% hydrolysis to 18 was noted. After 13 
days at 25 °C, 25% hydrolysis to 18 had occurred.

Hydrolysis of Dibenzyloxysulfurane 11. To a solution of sulfu
rane 11 (36.3 mg, 0.149 mmol) in 0.5 mL of dry chloroform-d was 
added 10 mL (0.55 mmol) of deuterium oxide. *H NMR analysis 
showed that 11 was 94% hydrolyzed to sulfoxide diol 19 after 3.6 h at 
25 °C and that hydrolysis was essentially complete after 7.1 h at 25 
°C.

Bis[2-(hydroxymethyl)phenyl] Sulfoxide (19). A solution of 2.32 
g of 85% m-chloroperbenzoic acid (MCPBA) (11.4 mmol) in 50 mL 
of CHC13 was added dropwise to a solution of sulfide diol 9 (2.81 g, 11.4 
mmol) in 150 mL of CHC13 at 0 °C. After stirring at 25 °C for 36 h the 
CHC13 solution was extracted with aqueous NaHC03 and dried 
(Na2S04), and solvent was removed to afford a light yellow oil which 
crystallized after 10 min leaving 2.1 g (70%) of sulfoxide 19: mp 
128-129 °C; IR (KBr) 3280 (s br, OH), 3065 (s), 2930 (s), 1470 (s), 1455 
(s), 1444 (s), 1370 (s), 1217 (m), 1202 (s), 1166 (m), 1067 (m), 1050 (s), 
1041 (s), 1031 (s), 994 (s), 820 (m), 766 (s), 608 (m), 542 (s), 529 (m), 
454 cm“ 1 (m); :H NMR (CF3COOH) 5 5.75 (s, 4, CH2), 7.46-8.04 (m, 
8, ArH); mass spectrum (70 eV) m/e (rel intensity), no molecular ion, 
244 (3.8 M+- -  H20), 197 (100), 165 (13.3), 138 (18.0), 137 (19.9), 109
(24.6), 91 (8.9), 77 (48.5).

Anal. (C14H i40 3S) C, H, S.
Attempted Hydrolysis of Spirosulfurane 15. Method A. A

sample of spirosulfurane 15 (166 mg, 0.41 mmol) was added to 5 mL 
of 10% aqueous methanol and boiled for 4.75 h. Upon cooling, crystals 
of 15 (134 mg, 72.3%) were deposited.

Method B. Spirosulfurane 15 (149 mg, 0.36 mmol) was dissolved 
in 1 mL of tetrahydrofuran-dg containing 10 nL of water. Boiling for 
0.5 h caused no change in the 'H NMR spectrum. Concentrated HC1 
(10 tiL) was added and the solution was boiled 1 h more. No change 
in the 'H  NMR spectrum was noted. Addition of 0.85 mL of 50% 
aqueous KOH rendered the solution basic. Boiling of this solution for 
1 h caused no change in the rH NMR spectrum.

Reactions of Sulfurane 8 with Acids, (a) Hydrochloric Acid. 
Sulfurane 8 (0.702 g, 2.34 mmol), in 20 mL of CH2C12, was shaken with 
10 mL of concentrated aqueous HC1. The organic layer was dried 
(MgS04) and solvent was removed. The product was recrystallized 
from CH2Cl2-hexane to give 0.60 g (76.5%) of chlorosulfurane 7: mp
173.5-176 °C.

(b) Hydrobromic Acid. A comparable experiment using 16% 
aqueous HBr gave 72.8% of bromosulfurane 21: mp 169.5-170.5 °C; 
IR (CHCI3) 3400 (w), 2960 (s, br), 1472 (m), 1441 (m), 1389 (m), 1370 
(m), 1239 (m), 1150 (m), 1125 (m), 835 (s), 665 cm’ 1 (m); :H NMR 
(CDCI3) b 1.97 (s, 6, CH3), 2.05 (s, 6, CH3), 7.45-8.00 (m, 6, ArH),
8.00-8.41 (m, 2, ArH, protons ortho to S).

Anal. (Ci8H2iBr02S) C, H, Br, S.
(c) Fluoroboric Acid. A comparable procedure using 25% aqueous 

fluoroboric acid gave, after recrystallization from CH2Cl2-hexane, 
81.6% of sulfonium salt 22a: mp 197-199 °C; IR (CHC13) 3350 (m, 
OH), 3040 (m), 2990 (m), 1475 (m), 1445 (m), 1370 (m), 1150 (m), 1055 
(s, B-F stretch), 835 (s), 670 cm' 1 (w); ‘ H NMR (CDC13) & 1.87 (s, 6, 
CH3), 2.01 (s, 6, CH3), 6.67 (br s, 1, OH), 7.38-7.90 (m, 6, ArH), 
7.90-8.30 (m, 2, ArH, protons ortho to S).

Anal. (Ci8H21BF40 2S) C, H, S.
(d) d-10-Camphorsulfonic Acid. Methylene chloride solutions 

of 8 (1.84 g, 6.13 mmol) and d-10-camphorsulfonic acid (1.42 g, 6.13 
mmol) were combined and stirred for 15 min. Solvent removal left a 
thick clear oil which crystallized after 9 days. Recrystallization from 
CH2Cl2-ether-hexane gave 2.2 g (68%) of sulfonium salt 22c: mp 
166-168 °C; IR (CHC13) 3020 (s), 1746 (s), 1448 (w), 1375 (w), 
1320-1100 (s), 1038 (s), 843 (s), 675 cm“ 1 (m).

Anal. (C28H360 6S2) C, H, S.
After two recrystallizations, the material was checked for any 

change in the optical activity compared to the unrecrystallized ma
terial. No change was detectable.

(e) Trifluoromethanesulfonic (Triflic) Acid. Triflic acid (0.50 
g, 3.33 mmol, 0.294 mL), added by syringe to a solution of sulfurane 
8 (1.0 g, 3.33 mmol) in 90 mL of ether at 0 °C, immediately gave a 
white precipitate. After overnight stirring at 25 °C, the solid was fil
tered, washed with ether, and air dried to give 1.486 g (99%) of sulfo
nium salt 22b: mp 166-169 °C; IR (CHC13) 3130 (m), 3020 (m), 1376 
(m), 1300 (s), 1253 (s), 1180 (s), 1033 (s), 839 (s), 640 cm- 1 (s); 'H NMR 
(CDCI3) b 1.70-2.20 (singlet and broad singlet overlapping, 12, CH3),
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7.30-7.90 (m, 8, ArH), 8.25 (br s, 1, OH); mass spectrum (70 eV) m/e 
(rel intensity) no molecular ion, 302 (3.7), 301 (1.3, M+- -  OTf), 285 
(100, M +- -  HOTf and CH3), 265 (39.5), 249 (27.2, 167 (24.4), 149
(64.0), 115 (25.5), 91 (20.7), 77 (12.2), 69 (82.1).

Anal. (C19H21F3O5S2) C, H, S.
(f) Acetic Acid. TO SULFURANE — (121 mg, 0.403 mmol), in 

0.5 mL of dry CDCI3, was added 23 juL (24.2 mg, 0.403 mmol) of glacial 
acetic acid. No changes in the 'H NMR spectrum of 8 were noted after 
20 h at 25 °C.

Low-Temperature 'H NMR Studies on Chlorosulfurane 7.
Low-temperature 100-MHz 'H NMR studies on chlorosulfurane 7 
were carried out in CD2CI2 solution from 28 to —95 °C. At 28 °C, six 
aromatic protons were seen as a multiplet at b 7.34-7.75 and the two 
ortho protons to sulfur were seen as a broad singlet at b 8.20. On 
cooling, continued broadening of the peak at b 8.20 occurred. At —95 
°C, one ortho proton was seen as a doublet at b 8.55 and the other 
became a part of the aromatic multiplet (b 7.3-8.2) which integrated 
for seven protons. A new singlet was observed at b 10.33 which is as
signed to the hydroxyl proton, hydrogen bonded to the chlorine atom. 
The methyl groups of 7 at 28 °C were seen as two singlets. On cooling, 
one of them broadened more rapidly than the other one. At —95 °C 
only a single broad peak at b 1.92 was seen whose width at half-height 
was 0.5 ppm. Throughout the study, the sample remained homoge
neous.

Reaction of Chlorosulfurane 7 with Diazasulfurane 24. Sam
ples of 7 (97.5 mg, 0.29 mmol) and 24 (103.5 g, 0.29 mmol) were dis
solved in ca. 1.5 mL of dry CDC13 at 25 °C. Subsequent 'H  NMR 
analysis showed the presence of sulfurane 8 and chloroazasulfurane
23.

Reaction of Sulfurane 8 with Methyl Fluorosulfonate. Methyl 
fluorosulfonate (0.565 g, 4.95 mmol, 0.4 mL) was added by a syringe 
to a solution of sulfurane 8 (0.909 g, 3.03 mmol) in 80 mL of ether. 
After stirring at 25 °C for 11 h the precipitate was filtered, washed 
with ether, and air dried. A yield of 0.924 g (74%) of monocyclic sul- 
fonium fluorosulfonate 25 was obtained: mp 153-154 °C; IR (CHC13) 
3040 (s), 1469 (m), 1450 (m), 1395 (m), 1377 (m), 1293 (s), 1152 (m), 
1134 (m), 1073 (s), 1057 (m), 942 (m), 840 (s), 588 cm“ 1 (m); JH NMR 
(CDCI3) b 1.78 (s, 3, CH3), 1.87 (s, 3, CH3), 1.98 (s, 3, CH3), 2.17 (s, 3, 
CH3), 3.73 (s, 3, OCH3), 7.30-8.05 (m, 8, ArH); mass spectrum (70 eV) 
m/e (rel intensity) no molecular ion, 315 (1.2, M +- — O3SF), 314 (6.1, 
M+- -  HO3SF), 265 (89.2), 211 (22.7), 165 (14.0), 149 (100), 134 (45.6), 
115 (47.9), 91 (43.3), 77 (19.6).

Anal. (CmHasFOsSj) C, H, S.
Reactions of Spirosulfurane 8 and 15 with Acetyl Chloride. 

To a sample of sulfurane 8 (346.5 mg, 1.15 mmol) dissolved in 1 mL 
of dry CDCI3 was added 82 mL (1.15 mmol) of acetyl chloride. The 
reaction was complete within 3.5 h at 25 °C ('H  NMR). The chloro
sulfurane 26 was crystallized from a CDCl3-CH 2Cl2-ether-hexane 
solvent mixture: 344.7 mg (79%); mp 129-132 °C; IR (CHC13) 3380 
(w, OH, slight hydrolysis), 2960 (s), 1742 (s, C = 0 ), 1470 (m), 1443 (m), 
1288 (m), 1370 (s), 1243 (s), 1150 (s), 1120 (s), 1018 (m), 935 (m), 836 
(s), 666 cm“ 1 (m); [H NMR (CDC13) b 1.23 (s, 3, CH3), 1.73 (s, 3, CH3),
2.06 (s, 3, CH3), 2.20 (s, 3, acetyl CH3), 2.26 (s, 3, CH3), 6.73 (d, 1, ArH, 
J  = 8 Hz), 7.13 (m, 1, ArH), 7.45-8.00 (m, 5, ArH), 9.54 (d, 1, proton 
ortho to S on the fused ring, J = 8 Hz).

Anal. (C20H23CIO3S) C, H, Cl, S.
To a sample of sulfurane 18 (78.5 mg, 0.192 mmol) dissolved in 1 

mL of dry CDC13 was added 14 fiL (0.197 mmol) of acetyl chloride. 
After 21.5 h at 25 °C, 'H NMR analysis showed that no reaction had 
taken place.

Attempted Reaction of Spirosulfurane 8 and Benzoyl Fluo
ride. Sulfurane 8 (190.7 mg, 0.634 mmol) and benzoyl fluoride (78.9 
mg, 0.635 mmol) were combined in 1.1 mL of dry CDCI3 at 25 °C. After 
80 h no change in the ’ H NMR spectrum was evident. After 19 days 
at 25 °C a few small peaks in the aliphatic region were seen (7% of total 
aliphatic integral). A catalytic amount of BF3 was added, but even 
after 24 h at 25 °C no further change in the 'H  NMR spectrum was 
noted.

Reduction of Sulfurane 8 to Sulfide Diol 6. (a) With Lithium 
Aluminum Hydride. Sulfurane 8 (1.065 g, 3.54 mmol), in 25 mL of 
dry THF, was added dropwise to a solution of excess LiAlH4 in 25 mL 
of THF under N2. The solution was boiled for 2 h and added to an 
ice-water mixture. The THF was removed in vacuum and the aqueous 
layer was extracted with ether three times. The ether layer was dried 
(MgS04) and solvent was removed to give sulfide diol 6, an oil which 
crystallized after 24 h: 0.98 g (91.5%).

(b) With Hydriodic Acid. Sulfurane 8 (1.13 g, 3.76 mmol), in 20 
mL of methylene chloride, was shaken with 30 mL of 19% aqueous HI. 
Almost immediately the mixture became very dark red (I2). The 
CH2CI2 layer was extracted with aqueous sodium thiosulfate and dried

(MgS04), and solvent was removed, which left a solid mixture of 
sulfide diol 6 (68%) and sulfurane 8 (32%) (]H NMR analysis).

Interaction of Spirosulfuranes with Eu(fod>3.22 (a) Sulfurane
8 (22.2 mg, 0.074 mmol) in 1.0 mL of CC14 (0.074 M) was examined by 
*H NMR before and after successive additions of Eu(fod)3 until the 
concentration of Eu(fod)3 reached 0.073 M. Relative concentrations 
were determined through comparison of the integrals of the tert- butyl 
groups of Eu(fod)3 and the methyl resonances of sulfurane 8. The 
exo-methyls (b 1.51) shift rapidly downfield (82.4 ppm/M), with a 
linear dependence of Eu(fod)3 concentration, with much peak 
broadening. The endo-methyls shift downfield more slowly (32.4 
ppm/M) with less peak broadening. At a Eu(fod)3 concentration of 
0.026 M, the aromatic protons were resolved into two triplets at S 7.24 
and 7.58 and two doublets at S 7.87 and 9.06. The doublet at 6 9.06 
represents the two protons ortho to sulfur.

In a parallel experiment at a higher initial concentration of 8 (0.26 
M), at concentrations of Eu(fod)3 up to 0.22 M significantly smaller 
concentration dependence of chemical shifts were seen for the exo
methyls (23.0 ppm/M) and the endo-methyls (9.3 ppm/M), evidence 
for a large formation constant for the Eu(fod)3 complex. In this ex
periment, the protons ortho to sulfur shifted downfield at a rate of
7.1 ppm/M.

(b) Sulfurane 15 (30.1 mg, 0.074 mmol) in 1.0 mL of CC14 (0.074 
M) was examined in the same way with increments of Eu(fod)3 up to 
a concentration of 0.069 M. The interaction of 15 with Eu(fod)3 is 
much weaker than with sulfurane 8, as evidenced by smaller downfield 
shifts for the methyl singlets at 5 1.60 (3.92 ppm/M) and 1.76 (.378 
ppm/M) as Eu(fod)3 concentration was increased.

(c) Diastereomeric Sulfuranes 17 (40.8 mg, 0.13 mmol, 86/14 
mixture of 17a and 17b) in 0.5 mL of CC14 (0.26 M total) was examined 
as above at Eu(fod)3 concentrations up to 0.193 M. Downfield shifts 
for the exo-methyl at 5 1.51 (36.1 ppm/M) and the two endo-methyls 
at b 1.60 (14.5 and 5.5 ppm/M) were assigned to the major isomer 
(17a), along with the peak for the two ortho protons of 17a, at b 8.31 
(10.7 and 2.7 ppm/M).

The ortho protons of 17b were located between the ortho protons 
of 17a. The peaks were too indistinct after broadening by Eu(fod)3 
to allow a similar study to be performed for the minor isomer 17b.

Interaction of Sulfurane 8 Simultaneously with Chiral Al
cohol and Eu(fod)3. Sulfurane 8 (30 mg, 0.10 mmol) and (S)-(+)-
2,2,2-trifluoro-9-(anthryl)ethanol23 (82.5 mg, 0.30 mmol) in 0.5 mL 
of CC14 (0.2 M in 8, 0.6 M in carbinol) was examined as above with 
incremental addition of Eu(fod)3 to a final concentration of 0.16 M. 
Initially, only one of the methyl peaks split into two peaks (b 1.18,1.34) 
and during addition of Eu(fod)3 the peak (b 1.23) that was unsplit 
broadened and moved rapidly downfield. Hence, this peak was as
signed to the exo-methyls by comparing the results of the interaction 
of 8 with Eu(fod)3 only. The other singlet that was split into two sin
glets moved downfield more slowly. The separation of the two singlets 
stayed nearly the same. Only when the molar ratio reached about 0.53 
did a small change occur.

Pyrolyses of Spirosulfuranes 8, 11, and 15. Sulfurane 8 (0.695 
g, 2.31 mm) was heated to 205 °C for 20 min leaving an amber oil. This 
oil was dissolved in CH2CI2, the solution was dried (MgS04), and 
solvent was removed to give 0.464 g (71.3%) of sulfoxide-diolefin 27: 
IR (neat) 3040-2900 (s), 1825 (w), 1640 (s), 1585 (s), 1465 (s), 1425 (s), 
1370 (s), 1300 (m), 1245 (m), 1160 (w), 1110 (s), 1065 (s), 1030 (s), 907 
(s), 765 cm-1 (s); 'H NMR (CDCI3) b 1.90 (m, 6, CH3), 5.01 (m, 2, vinyl 
CH), 5.16 (m, 2, vinyl CH), 7.00-7.90 (m, 8, ArH); mass spectrum (70 
eV) m/e (rel intensity) 282 (0.9, M+-), 266 (25.5), 265 (64.4), 264 (11.5), 
251 (16.4), 249 (20.4), 234 (15.2), 210 (15.5), 151 (23.0), 149 (100), 147
(30.4), 134 (39.2), 115 (34.9), 91 (28.2), 77 (12.7).

Anal. (C18H18OS) C, H, S.
Spirosulfurane 11 (138.7 mg, 0.57 mmol) was heated to 180 °C for 

10 min. Analysis by JH NMR showed that fragmentation to o-aryl- 
thiobenzaldehyde 28 was 90% complete. Chromatography on a short 
column of silica gel (5 g) with chloroform gave 83 mg (60%) of sulfide 
28 as a light yellow oil: IR (CHCI3) 3620 (w, OH), 2860 (w, aldehyde 
CH), 2755 (w, aldehyde CH), 1697 (s, C = 0 ); ‘ H NMR (CDC13) b 2.36 
(br s, 1, OH), 4.72 (s, 2, CH2), 6.70-6.95 (m, 1, ArH), 7.10-7.65 (m, 6, 
ArH), 7.70-7.90 (m, 1, ArH), 10.24 (s, 1, aldehyde CH); mass spectrum 
(70 eV) m/e (rel intensity) 244 (4.9, M+-), 226 (5.7, M4'- -  H20), 197 
(31.3, M+- -  CH3O2), 85 (66.4), 83 (100), 47 (20.4). After 3 days, >H 
NMR analysis showed that a new compound was forming, possibly 
the dibenzyl ether. Also, infrared analysis showed another carbonyl 
absorption at 1681 cm-1.

Two samples (76 mg and 36.3 mg) of spirosulfurane 15 were heated 
to 205 °C for 20 min and to 295 °C for 10 min, respectively.1H NMR 
analysis showed that no reaction had occurred in either procedure. 
Another sample (23 mg), heated to 355 °C for 15 min, gave a nearly
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black product whose 1H NMR in CDCI3 showed that the sulfurane 
was completely gone. There were characteristic peaks for the 2-pro- 
penyl group and other unidentified peaks were seen. The l9F NMR 
showed no quartets but showed a series of singlets or doublets near 
<t> 74.7. No products were isolated from this reaction.

Reaction of Sulfide Diols with 2 Equiv of m-Chloroperbenzoic 
Acid, (a) Sulfide Diol 6. A solution of MCPBA (1.40 g of 85% peracid,
6.90 mmol of peracid) in 15 mL of chloroform was added dropwise to 
a cooled solution of sulfide diol 6 (1.04 g, 3.45 mmol) in 25 mL of 
CHCI3. After stirring for 3 days at 25 °C, the solution was twice ex
tracted with aqueous Na2HCC>3 and dried (Na2S04), and solvent was 
removed leaving 1.09 g (95%) of sulfone 29 which was recrystallized 
from CH2Cl2-hexane: mp 165.5-167 °C; IR (CHCI3) 3480 (s, OH), 
3000 (s), 1435 (w), 1367 (m), 1290 (s), 1151 (s), 1134 (s), 1115 (s), 966 
(m), 599 cm- 1 (s); JH NMR (CDCI3) 5 1.70 (s, 12, CH3), 4.40 (br s, 2, 
OH), 7.10-7.93 (m, 8, ArH); mass spectrum (70 eV) m/e (rel intensity) 
no molecular ion, 302 (12.1), 301 (54.8, M+- -  H20  and CH3), 283 (1.2, 
M+- -  2H20  and CH3), 259 (12.1), 237 (17.7), 183 (100), 134 (21.1), 
115 (27.8), 91 (82.3), 77 (31.7).

Anal. (C18H220 4S) C, H, S.
(b) Sulfide Diol 9. A solution of 1.97 g of 85% MCPBA (9.76 mmol 

peracid) in 50 mL of CHCI3 was added dropwise to a solution of sulfide 
diol 9 (1.28 g, 4.88 mmol) in 150 mL of CHCI3 at 0 °C. After stirring 
at 25 °C for 12 h the solution was extracted with aqueous NaHCO.3 
and dried (MgS04), and solvent was removed to give a clear oil which 
crystallized upon addition of ether. Filtration yielded 0.81 g of sulfone 
30 and removal of the ether in the filtrate yielded 0.27 g of sulfone. 
Total yield of 30 was 1.08 g (80%): mp 109-115 °C; IR (KBr) 3541 (s), 
1476 (w), 1453 (w), 1398 (m), 1304 (s), 1227 (w), 1193 (m), 1159 (s), 
1133 (m), 1082 (m), 1038 (s), 977 (w), 955 (w), 775 (s), 731 (s), 614 (s), 
593 (m), 568 cm-1 (s); mass spectrum (70 eV) m/e (rel intensity) no 
molecular ion, 260 (5.5, M+- -  H20), 231 (13.8), 213 (82.7), 195 (100), 
165 (41.8), 137 (23.0), 91 (36.8), 77 (69.0).

Anal. (Ci4H140 4S) C, H, S.
(c) Sulfide Diol 14. m-Chloroperbenzoic acid (319 mg of 85% 

peracid, 1.57 mmol) in 10 mL of CH2C12 was added within 15 s to a 
cooled (0 °C) solution of diol 14 (320 mg, 0.78 mmol) in 15 mL of 
CH2C12. The solution was stirred for 14 h at 25 °C followed by ex
traction with aqueous NaHC03. After separating the organic layer 
and drying (MgS04), the solvent was removed, leaving 311 mg (86%) 
of white solid, sulfoxide-ene-ol 31. Two unidentified minor peaks (14% 
of total methyl group of 31) were also seen, perhaps attributable to 
sulfone diol 35 or sulfurane 15.

Rate of Isomerization of 17. An 89/11 mixture of sulfurane 17a 
and 17b (29.1 mg, 0.093 mmol) in 0.5 mL of pyridine-d5 was sealed 
in an NMR sample tube. The rate of isomerization to the equilibrium 
mixture (exo/endo::78/22) was followed by 220-MHz 'H NMR by 
integration of the ethyl triplets of each isomer. The isomerization was 
followed for about three half-lives. The data were fit to a first-order 
least-squares plot (R = 0.987) to give a first-order rate constant k 1 = 
3 X 10-6 s_1. This corresponds to a free energy of activation of 30 
kcal/mol.

A 50/50 mixture of 17a and 17b in pyridine-dr, was heated to 84 °C 
for a few days. Subsequent 'H NMR analysis confirmed the earlier 
quoted equilibrium composition (78/22) with approach from the 
opposite direction.

R esults

Synthesis. Spirosulfurane 8, prepared by the m ethod 
shown in Scheme I, is a white, crystalline material whose 
N M R  spectrum (CD2CI2) shows diastereotopic methyl singlets 
at 5 1.53 and 1.63. The 220-M H z spectrum o f a carbon tetra
chloride solution o f 8 containing L(—)-2,2,2-trifluoro-l- 
phenylethanol21 shows four resolved methyl singlets, consis
tent with the expected trigonal bipyramidal geometry about 
chiral sulfur. The two aromatic protons ortho to sulfur show 
a low-field chemical shift (5 8.24-8.42 in CD2C12) characteristic 
o f  sulfuranes and selenuranes o f  this type.9b’17

Spirodibenzyloxysulfurane 11 was synthesized by a related 
m ethod (Scheme I). Final .ring closure o f  10 to form 11 re
quired use o f  triethylamine in dry ether or potassium hydride 
in dry tetrahydrofuran because o f the reactivity o f  11 toward 
water. Crystalline 11 can, however, be handled in air without 
hydrolysis from atmospheric moisture. The 220-M H z JH 
N M R spectrum o f 11 shows an AB pattern at 8 5.100 and 5.195 
(J  =  14 Hz) for the diastereotopic benzyl hydrogens. Also seen

Scheme 1ocC-OEt

-o CH3MgBr
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is the characteristic downfield shift o f  the two arom atic p ro
tons ortho to sulfur at 8 7.95-8.14.

Unsymmetrical spirosulfurane 15 was prepared by oxida
tion o f sulfide diol 14 by the same procedure used for sulfurane 
8 (Scheme II). T he *H N M R  spectrum  o f 15 in CDCI3 shows 
two diastereotopic methyl singlets at 8 1.65 and 1.83. T he two 
protons ortho to sulfur are seen at 8 8.27-8.67. T h e 19F N M R  
shows two quartets at <t> 74.15 and 77.06 (J FF = 9.2 Hz) which 
correspond to the diastereotopic trifluoromethyl groups. The 
chiral nature o f  15 is demonstrated by the observation o f four 
methyl singlets for the enantiomers o f  15 in a 220-M H z 
spectrum o f 15 in a chiral m edium .21 It should be pointed out 
that the hydrochloride o f  15, presumed to be an intermediate 
in its synthesis, loses HC1 too rapidly to perm it isolation.

Diastereomeric spirosulfuranes 17a and 17b were form ed 
in almost equal amounts upon applying the standard proce
dure to 16. Colum n chrom atography on neutral alumina fo l
lowed by one recrystallization gave an 89/11 mixture o f  iso
mers 17a and 17b. The 220-M H z ‘ H N M R  o f the mixture in

Scheme IIocv  2CH3MgBr O C ”OC^ O c - O E t
< /

C £ o „
c h Cc h 3

1 2 13
1. 2 n-BuLi
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pyridine-ds shows ex o -  (17a) and endo- (17b) ethyl triplets 
at 8 0.794 and 1.606. These assignments are based in part on 
an examination o f  molecular models which places the endo- 
ethyl group in the deshielded region o f the cis aromatic rings 
and in part on the expectation that the therm odynam ically 
favored isomer would be that with the more bulky ethyl group 
in the less hindered exo position (17a). M ore substantial evi
dence for the assignments by the interaction o f  E u (fod)3 with 
17 will be discussed later.

H y d ro ly sis . Sulfurane 8 can be handled in air and is not 
easily hydrolyzed. It is hydrolyzed to sulfoxide diol 18 upon 
boiling for 2 h in 10% aqeuous methanol. The XH N M R  spec
trum o f  18 in CDClg shows diastereotopic methyl singlets at

18
<5 1.38 and 1.70. Similar spectroscopic evidence shows that 18 
slowly loses water to re-form  spirosulfurane 8 in CDCI3. After 
5 days at 25 °C , reversion to 8 had occurred to the extent o f  
63%, starting with pure 18.

Sulfurane 11 is more easily hydrolyzed than is 8. The ad
dition o f  D 2O to a chloroform  solution o f 11 resulted in 94% 
hydrolysis to sulfoxide diol 19 after 3.6 h at 25 °C . An alter-

19
native route to 19 is by oxidation o f  9 with m-chloroperbenzoic 
acid (M C P B A ). A  parallel hydrolysis experim ent using sul
furane 8 showed only 25% hydrolysis after 13 days at 25 °C. 
Unsymmetrical sulfurane 15 failed to hydrolyze to sulfoxide 
diol 20 even under stringent conditions such as boiling it in

15 — X

2 0
10% aqueous m ethanol for 4.75 h or using acidic or basic so
lutions.

R e a ct io n s  an d  In tera ction s . Sulfurane 8 reacts with 
strong acids (HC1, HBr, H B F 4, CF3SO 3H, d-10-cam phorsul- 
fon ic acid) to  form  halosulfuranes or sulfonium salts. All o f

= Cl, 7
= Br, 21

X = BF4 22a 
x  = oso2c f 3, 2 2 b
X = d-10-camphor- 

sulfonate, 2 2 c

these m onocyclic compounds are isolable and can be handled 
in air w ithout hydrolysis. T hey are insoluble in ether but are 
quite soluble in methylene chloride or chloroform . Repeated 
recrystallizations o f  d - 10-eam phorsulfonate 22c  failed to re
solve the two diastereomers.

A rapid degenerate intramolecular ligand exchange, inter
converting 7a and 7b, was first suspected upon examining its

7a 7b
XH N M R  spectrum. Because o f the chirality about sulfur, a 
total o f  four methyl singlets would be expected. However, the 
100-M H z XH N M R  spectrum o f 7 at 28 °C  in CD 2CI2 showed 
only two methyl singlets at 8 1.86 and 1.94. It was also observed 
that peaks for the two protons ortho to sulfur at 8 8.20 were 
broadened, unlike the usual sharp peaks seen for ortho protons 
in sulfuranes and selenuranes.9b’17 On stepwise cooling, the 
peak at 5 8.20 was further broadened and then sharpened at 
—95 °C  to  show peaks for one ortho proton as a doublet at 8
8.55 and the other as a part o f  the unresolved aromatic mul- 
tiplet. Also, a new peak appeared at 8 10.33, as a singlet, which 
is assigned to the hydroxyl proton, strongly hydrogen-bonded 
to the chlorine atom. T he —95 °C  temperature was not su ffi
ciently low to resolve the four methyl singlets expected for 7. 
A t this temperature, which was the lowest permitted by sol
ubility characteristics o f  7, the methyl region showed a single 
broad peak.

A  similar downfield shift is seen for the amide N H  proton 
(8 11.60) in chloroazasulfurane 23.18 Failure to see evidence 
for the intramolecular ligand exchange in 23 may result from 
the greater basicity o f  diazasulfurane 24 com pared to 8. This 
order o f  basicities was dem onstrated by com bining 24 and 
chlorosulfurane 7 in dry CDCI3 to  give sulfurane 8 and chlo
roazasulfurane 23. T he XH N M R  spectra for bromosulfurane 
21 and sulfonium salts 22a - c  also show evidence for an in-

24 23
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tramolecular exchange process similar to the one seen for 7. 
N o evidence was seen for reaction o f 8 with the weaker acetic 
acid.

Spirosulfurane 8 reacts with methyl fluorosulfonate at 25 
°C  to methylate one o f  the apical oxygens to give 25. This

8 c h 3oso2f

25
compound provides a model for the low-temperature 'H  NM R 
spectrum for protonated analogues 21 and 22, since it cannot 
show the degenerate intramolecular ligand exchange postu
lated for the protonated species. It shows four resolved methyl 
singlets as anticipated. A  similar model com pound which 
cannot undergo the degenerate exchange is provided by 
acetylation o f  8, using acetyl chloride to give 26, which also

8  + CHjCCl _ £ 5 £ k

26
shows four methyl singlets. The less nucleophilic fluorinated 
analogue, sulfurane 15, does not react with acetyl chloride 
under these conditions. Treatment o f sulfurane 8 with benzoyl 
fluoride gave no reaction after 80 h at 25 °C.

Sulfurane 8 is reduced to sulfide diol 6 with lithium alu
minum hydride or by treatment o f  a methylene chloride so
lution with aqueous hydriodic acid.

f l  L i A 1 H 4 ,  c
°  or aq HI ’ 0

Successive additions o f  Eu(fod)322 to a carbon tetrachloride 
solution o f  8 caused the two methyl singlets at 8 1.51 and 1.59 
to move downfield, the peak at 5 1.51 more rapidly than the 
peak at 5 1.59. Plots o f  the chemical shift o f  each singlet vs. the 
concentration o f  E u(fod)3 are nearly linear with slopes o f  82.4 
and 32.4 p pm /M  for the peaks initially at S 1.51 and 1.59. The 
com plexation o f  E u (fod )3 with the less basic sulfurane 15 is 
much weaker. Similar plots o f  chemical shift vs. E u (fod )3 
concentrations are nearly linear with slopes o f  3.92 and 3.78 
ppm /M  for the peaks initially at 8 1.60 and 1.76. The aromatic 
protons in 8 also shift downfield and are eventually completely 
resolved into two doublets and two triplets. In 15, the aromatic 
protons shift less and never becom e com pletely resolved.

Pirkle and Sikkenga24 have used E u (fod )3 to  indicate rel
ative stabilities o f  diastereomeric solvates. In the presence o f 
chiral arylperfluoroalkylcarbinols, the LH N M R  spectra of 
sulfoxide enantiomers are nonequivalent. The addition of 
E u (fod )3 alters the magnitude o f  the nonequivalence. The 
detailed dependence o f the nonequivalence on concentration 
o f Eu(fod)3 was related to energies o f  solvation o f the sulfoxide 
enantiomers by the chiral alcohol.

Since sulfurane enantiomers 8a and 8b interact with chiral 
carbinols to  give nonequivalent 'H  N M R  spectra and since 
sulfurane 8 also interacts strongly with E u (fod )3, Pirkle’s 
m ethod was applied to  determine the relative solvation 
energies o f  8a and 8b with a chiral alcohol. In the absence o f 
E u (fod )3, sulfurane 8 (0.2 M ) and (S)-2,2,2-trifluoro(9-an- 
thryl)ethanol (0.6 M ) interact in CC14 such that one o f the

8 a 8 b
diastereotopic methyl singlets seen for the racemic mixture 
in achiral media is resolved into two singlets at 8 1.18 and 1.34. 
The other methyl singlet at 8 1.23 is not resolved. Successive 
additions o f  E u (fod )3 cause the peaks to move progressively 
downfield. T he change in the magnitude o f the chemical shift 
o f  the two resolved singlets was m onitored with each addition 
o f  E u (fod )3. Except for the change from  no E u (fod ):i to the 
first increment o f  E u (fod):i, there was very little change in the 
magnitude o f nonequivalence o f  the resolved methyl singlets 
as more E u (fod )3 was added. This suggests that the energies 
o f  the interaction o f  sulfurane enantiomers with chiral alcohol 
are nearly the same.

Sulfurane 8, when heated to 205 °C  for 20 min, loses 1 equiv 
o f  water and forms sulfoxide diene 27. In comparison, Reich17

has reported that the selenium analogue o f 8 decom poses at 
its melting point (123 °C ), but is stable in solution to at least 
200 °C . Pyrolysis o f  sulfurane 11, which cannot give such a 
dehydration, at 182 °C  gives sulfide 28, with disproportiona-

H

28
tion o f the apical alkoxy ligands. Sulfurane 15 fails to pyrolyze 
when heated to 205 °C  for 20 min or at 295 °C  for 10 min. 
W hen 15 was heated to 355 °C  for 15 min, the JH N M R  
spectrum  o f  the nearly black sample showed that 15 was 
com pletely gone. There were characteristic peaks for the 2- 
propenyl group as a minor product and other unidentified 
peaks were seen. The 19F N M R  spectrum showed no quartets 
but showed a series o f  singlets or doublets at about <t> 75. No 
products were isolated from  this reaction.

The oxidation o f sulfide diol 6 with 2 equiv o f M CPBA gives 
sulfone diol 29. In a parallel reaction, sulfide diol 9 is oxidized •

c h 3 c h ,
C -O H

6  + 2MCPBA

/  \
c h 3 c h 3

2 9
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9  + 2MCPBA

14

to give sulfone diol 30. In contrast, oxidation o f  sulfide diol 14 
gives sulfone-ene-ol 31 in greater than 86% yield. Some minor 
peaks in the 'H  N M R  spectrum o f  the product may be due to 
the corresponding sulfone diol or sulfurane.

In te r co n v e rs io n  o f  17a an d  17b. T he barrier for inter- 
conversion o f  diastereom ers 17a and 17b was determined in 
pyridine-dr) solution at 84 °C . An equilibrium ratio 17a/17b 
o f  78/22 was determ ined by  heating a 89/11 mixture o f  d ia
stereomers at 84 °C  for a few days. The same ratio was reached 
from  the opposite direction, starting with a 50/50 sample o f 
diastereomers. T he rate o f  approach to equilibrium o f a 
mixture o f  17 initially 89/11 (exo/endo) was followed by 
220-M H z 'H  N M R  integral comparisons o f the resolved ethyl 
triplets o f  17a and 17b. The resulting rate constant (k\ =  3 X 
10-6  s-1 ) corresponds to  a free energy o f activation (at 84 °C ) 
o f  30 kcal m ol- 1. N o decom position o f  17 was observed during 
this experiment.

D iscu ssion

S u lfu ra n e  R e a ct iv ity . The remarkable unreactivity o f  
spirosulfurane 1 toward water has been mainly attributed to 
the “ five-membered ring effect” .6 Westheimer has shown that 
five-m em bered-ring phosphate esters hydrolyze a million 
times faster than their acyclic analogues.25 M uch o f  this ac
celeration results from the relief o f  strain which accompanies 
a change from  a tetrahedral ground state to  a trigonal bipy- 
ramidal (T B P ) transition state. A similar but smaller accel
erating effect seen in the hydrolysis o f cyclic sulfites26 has been 
attributed primarily to “ entropy strain”  factors favoring ap
proach to a T B P  transition state. For cyclic sulfuranes the 
inverse transformation o f  a “ trigonal bipyrim idal”  ground 
state to a “ tetrahedral”  transition state results in an increase 
in ring strain, which is reflected in the failure o f  I to hydrolyze. 
Other factors cited6 as possible contributors to  the low reac
tivity o f  1 relative to its acyclic analogue include (a) retarda
tion o f the ionization o f  apical ligands by the electron-with
drawing e ffect o f  the fluoroalkyl substituents ortho to sulfur 
and (b) the m inim ization o f  possible repulsive interactions 
between the r -d o  nor equatorial ligands and the apical 
three-center four-electron bond which is a consequence o f the 
geom etry o f  the spiro system.

A cyclic sulfurane 2 rapidly converts ter t -butyl alcohol to 
isobutylene, even at —60 °C , by a route believed to involve a 
very unstable intermediate ter t -butoxy  sulfurane form ed by 
a ligand-exchange reaction.27 T h e fact that two m onocyclic 
te r t -bu toxy  sulfuranes 32 and 33 have been isolated6’28 il
lustrates the great stabilizing effect o f a single five-membered 
ring. The addition o f  a second five-m em bered ring as in sul
furane 8 adds sufficient stability that the tertiary alkoxy li
gands do not give elim ination reactions except at elevated 
temperatures. _  _

N ot only does sulfurane 1 fail to hydrolyze, but attempts 
to observe or isolate the corresponding sulfoxide diol also give 
only 1. This suggests that the reasons for this failure to hy
drolyze 1 are to  be found in both kinetic and thermodynamic- 
properties o f  the molecule. The equilibrium clearly favors the 
spirosulfurane and cyclodehydration o f the sulfoxide diol is 
a rapid process. Sulfurane 8 is hydrolyzed to sulfoxide diol 18 
in protic media, reflecting a lesser therm odynam ic stability, 
relative to  the hydrolysis product, than is the case for 1. 
Strenuous attempts to hydrolyze unsym metrical sulfurane 
15 fail, suggesting that it is also favored at equilibrium relative 
to the hydrolysis product. The stabilization o f 1 and 15 by the 
five-m em bered ring effect is clearly enhanced by the elec
tron-withdrawing inductive effect o f  the C F3 substituents. 
Dehydrative ring closures to form  sulfuranes 1 ,8, and 15 are 
all favored by the presence in the five-m em bered rings o f  
gem-dialkyl groups. M any examples o f  facilitated ring closures 
in systems possessing this structural feature, manifestations 
o f  the Thorpe-Ingold effect, have been noted.29 It is therefore 
not surprising that the analogous sulfurane lacking this 
gem -dialkyl group, 11, is less stable toward hydrolysis than 
is 8 . it is also m ore rapidly hydrolyzed than 8.

Parallel experiments in which sulfides 6,9 , and 14 were each 
treated with 2 equiv o f  M C P B A  led to  further insight into 
their relative rates o f  cyclodehydration. For 6 and 9 the cor
responding sulfone diols are obtained, but for unsymmetrical 
sulfide 14 more than 86% o f sulfone-ene-ol 31 is obtained. In 
all three o f  these oxidations, the first step is expected to be 
oxidation to give the corresponding sulfoxide diols. In the first 
two cases, further oxidation simply gives sulfone diols 29 and
30. However, in the third case (Scheme III), the dehydration

Scheme 111

14 MCPBA

CH3

31, >86$

35, <i4$
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o f sulfoxide diol 20 to give sulfurane oxide 34 is faster than 
further oxidation with M C P B A  to form  sulfone diol 35. 
Fragmentations o f  sulfurane oxides analogous to that con 
verting 34 to 31 have been reported.30 These results further 
suggest a high stability o f  sulfurane 15 com pared to  8.

The relative thermal stabilities o f spirosulfuranes 8,11 , and 
15 parallel their relative hydrolysis rates. Zwitterion 36, a 
possible intermediate in the pyrolysis o f  8, could perhaps 
abstract a proton to give sulfoxide-ene-ol 37, and then un-

8

C H .  C H ,
\ V  _ .c-o

c h 3 c h 3 
\ VocOCi proton

abstraction

C
c h 3n c h 3

ococ
C h .

;c = c h 2

36 37
- H , 0

27
dergo dehydration to 27. Similar intermediates have been 
postulated in the pyrolysis o f  4 and in the reaction o f  2 with 
perfluoropinacol.9a"'!1 The pyrolysis o f  11 may follow  a route 
involving an intermediate similar to 36. In this case, a-proton 
abstraction would lead directly to 26. The two trifluoromethyl 
groups on 15 render the alkoxide function o f  the possible in 
termediate zwitterion 38 much less basic than the analogous

C H 3 c h 3

38
alkoxide function in 8 or 11. This may account in part for the 
remarkable thermal stability o f  15.

T he “ five-m em bered-ring e ffect”  is well established as a 
major factor that increases the stability o f  sulfuranes. H y
drolytic equilibria, the rates o f hydrolyses and pyrolyses o f  8, 
11, and 15, and the reactions o f the corresponding sulfide diols 
with m -chloroperbenzoic acid suggest another major factor 
that enhances sulfurane stability, i.e., an increase in the 
electronegativity o f  the apical ligand or ligands. T he results 
also show that the “ gem -dialkyl e ffect” 29 can also play a role 
in stabilizing spirosulfuranes.

B a sic ities  o f  S u lfu ran es. Pirkle21’24 has developed a set 
o f  chiral alcohols which are useful in making enantiomers 
separately observable by NM R. In addition to confirming the 
chiral nature o f our spirosulfuranes, these alcohols have been 
used to provide inform ation about their relative basicities. 
Since (—)-2,2,2-trifluoro-l-phenylethanol is moderately acidic, 
the major type o f interaction converting enantiomers into 
diastereomeric solvates involves hydrogen bonds to basic sites 
on solute molecules. Racem ic spirosulfuranes 8 and 15 both 
interact with this chiral solvent to allow resolution o f  the two 
methyl singlets into two peaks each, with sulfurane 8 inter
acting with the chiral solvent more strongly than 15, as evi
denced by the magnitude o f  nonequivalence o f  enantiom eric 
methyl peaks. For 8 the differences in chemical shift for each 
set o f  peaks was 0.026 and 0.024 ppm , but for 15 these same 
differences were less (0.024 and 0.017 ppm ), even though the 
concentration o f  chiral solvent for 15 (0.52 M ) was slightly 
higher than for 8 (0.51 M ). Sulfurane 1 shows no nonequiva

lence in 19F N M R  for CF3 peaks o f  enantiom ers in this chiral 
m edium ;6 thus, the relative order o f  basicity is 8 >  15 >  1.

M ore dramatic evidence for this ordering is found in in
teractions o f  these spirosulfuranes with the lanthanide-shift 
reagent E u (fod )3,22 a Lewis acid. Sulfurane 1 is reported6 to 
show no chem ical-shift changes in the presence o f  E u (fod )3, 
in keeping with the low basicity o f  1. Sulfurane 15 shows a 
moderately strong interaction with EudodLi, while a very large 
interaction is seen for 8 . Com plexation o f  E u (fod )3 with sp i
rosulfuranes might occur at the oxygen or sulfur atoms or 
both.

Spirosulfurane 8 reacts with strong acids to give halosul- 
furanes or sulfonium salts; no such reaction occurs for the less 
basic 1. T he chlorosulfurane o f 15, from the reaction o f 14 and 
te r t -butyl hypochlorite, was not isolable, losing HC1 to gen
erate 15, reflecting the reduced basicity o f  15 relative to 8. 
Treatm ent o f  8 with other electrophiles showed it unreactive 
toward the weaker acid, acetic acid, but reactive toward 
methyl fluorosulfonate and acetyl chloride. The less nucleo
philic sulfurane 15, however, does not react with acetyl ch lo
ride and methylation is very slow.32 The order o f  decreasing 
basicity and nucleophilicity (8 >  15 >  1) parallels the increase 
in number o f  CF3 groups on the oxygen apical ligands.

L ig an d  E x ch a n g e . Chlorosulfurane 7 is closely related to 
previously described16’33 chlorosulfurane 39. Strong evidence

39 40
is reported16 for the covalent nature o f  the S -C l bond in 39, 
partly through 1H N M R  spectroscopic com parison with the 
ionic sulfonium in fla te  40. T he addition o f the alcohol func
tion in 7, 21, and 2 2 a -c  provides the opportunity for a facile 
intramolecular ligand exchange which is fast on the N M R time 
scale at room  temperature. W hen the exchange is slowed at 
low tem perature, the proton ortho to sulfur on the fused ring 
in 7 is seen at very low field characteristic96 o f such protons 
in, for example, m odel com pound 39.

An associative mechanism (Schem e IV) similar to the one 
postulated16’33 for the hydrolysis o f  chlorosulfurane 39 may 
be operating for the exchange reaction o f  7. The failure to 
detect intramolecular exchange in the more weakly acidic 
chloroazasulfurane 23 is consistent with this mechanism, since 
loss o f  HC1 to form  the more basic diazasulfurane might be 
expected to  be slower than for the more acidic 7.

Scheme IV

8
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T h e  S tru ctu re s  o f  17a an d  17b. T he two end o -m ethyl 
groups o f  8 (5 1.59) are held in the deshielded region o f  space 
relative to  the cis arom atic ring, causing them  to  be shifted 
dow nfield relative to the exo-m ethyl groups (8 1.51). This 
assignment is consistent with the results o f  the Eu(fod)3 study 
on 8 in which the singlet at 8 1.51 broadens more and moves 
downfield faster than the singlet at <5 1.59 as the concentration 
o f  E u (fod )3 increases. If we make the reasonable assumption 
that Eu(fod).i interacts with the oxygens and/or sulfur lone 
pair o f  8 from  the less hindered direction away from  the aryl 
rings, the e x o -methyls, being closer to the E u (fod )3 than the 
en d o -methyls, would be expected to move downfield more 
rapidly.

Tentative 'H  N M R  assignments for 17 were made on the 
basis o f  the expected greater stability o f  exo-ethyl sulfurane 
17a because o f  the greater steric crowding o f the endo-ethyl 
group in 17b. The 'H  N M R  spectrum o f 17a shows two methyl 
singlets at 5 1.51 and 1.60. Successive additions o f  E u (fod )3 
causes the singlet initially at 5 1.51 (A ) to  broaden and move 
rapidly downfield. One o f the other two methyl peaks initially 
at 8 1.60 (B ) broadens less and moves downfield more slowly. 
T h e other m ethyl peak initially at 5 1.60 (C) broadens only 
slightly and moves dow nfield even more slowly. Plots o f 
chemical shift vs. concentration o f Eu(fod)3 were nearly linear 
with slopes for the three methyl peaks o f 17a o f 36.1 (A), 14.5 
(B ), and 5.5 (C) ppm  M _ I .

This is consistent with our tentative assignment o f structure 
17a (exo) to  the m ajor isomer. T he exo-ethyl group o f  17a 
m ight be expected to  provide greater steric hindrance to 
complex formation by Eu(fod)3 at the nearer oxygen, favoring 
com plexation at the oxygen a  to  the gem -dim ethyl group as 
in 42.

T h e greater proxim ity o f  the europium to methyl group A 
in 42 causes it to move downfield most rapidly, with B, second 
nearest, second m ost rapidly. The more distant endo- methyl 
(C) moves downfield m ost slowly. The chemical shift for A in 
the absence o f  E u (fod)3 (8 1 51) is identical to the exo-m ethyl 
peaks in 8 (which also m ove dow nfield with addition o f 
Eu(fod)-j m ore rapidly than do the endo-m ethyl peaks, as 
expected). These observations are consistent with the idea 
that the oxygen atoms, rather than the sulfur, provide the 
primary sites for E u (fod )3 com plex form ation in these sulfu- 
ranes.

A dded evidence for com plexation o f E u (fod )3 at oxygen 
rather than at sulfur com es from  the shifts seen for the 
downfield protons ortho to sulfur. Both ortho protons o f 8 shift 
downfield with a slope o f 7.1 ppm  M -1 . T he two ortho protons 
o f 17a, initially at 8 8.31, move dow nfield at different rates 
(slopes = 10.65 and 2.73 ppm  M _1). T he ortho proton with a 
slope o f 10.65 is postulated to  be H o , which is nearer the 
preferred site o f  com plex form ation in 42 than is H e- In the 
presence o f  E u (fod )3, the ortho protons o f  the minor isomer 
17b are seen as two resolved doublets betw een  the two ortho 
protons o f  the major isomer 17a. This is expected for an in
teraction o f  E u (fod )3 with 17b, whose less obtrusive endo- 
ethyl group provides less basis for steric differentiation b e 
tween the tw o basic sites than is the case for the exo isomer 
17a.

Possible In tercon version  M echanism s. Our kinetic study

o f the equilibration o f  mixtures o f  17a and 17b provides a free 
energy o f  activation for whatever process converts 17a to 17b 
o f 30 kcal m ol-1 at 84 °C . One mechanism for this process 
interconverting wedge-shaped conform ers could be called 
cuneal inversion (by analogy to the pyram idal inversions 
common for many species with tricoordinated central atoms), 
inversion through planar transition state 43. From high-

temperature 19F N M R  o f  spirosulfurane 1, M artin, Perozzi, 
and Paul15 set a lower lim it o f  25.3 kcal m ol-1 for AG* at 200 
°C  for the com parable cuneal inversion for 1. T he racemiza- 
tion o f  the optically active (S)-39 may also involve such an 
inversion, for which a lower lim it for AG* o f  25 kcal m ol-1  at 
23 °C  was determ ined.33

Another possible mechanism for the equilibration o f  17a 
and 17b would begin by ionization o f  one o f  the apical S - 0  
bonds, followed by pyramidal inversion o f  the resulting sul- 
fonium ions and then recom bination. Inversion barriers for 
some sulfonium ions have been determ ined10' 14 to be in the 
range 25-29 kcal m ol-1 , very similar to  the lower lim it o b 
tained for 17. It should be noted, however, that the sulfonium 
species in this case has an electronegative alkoxy substituent, 
a structural feature expected34 to increase the barrier to  py 
ramidal inversion. T he use o f  pyridine as a medium  for this 
study minimizes the importance o f  acid-catalyzed ionization 
to a alkoxysulfonium ion as a mechanism for the isomerization 
o f  17. It is conceivable that interconversion may be occuring 
at chiral carbon via inversion through a carbonium  ion 44,

17a 17b

44
although the failure to see any olefin makes this m ode ex
tremely unlikely.

Related work by Reich17 on the configurational stability o f  
selenuranes has established the equilibrium  m ixture o f  di- 
astereotopic selenurane 45a and 45b to be 74/26 (vs. 78/22 for 
17a and 17b). In both  cases, the m ore stable isomer has the 
greater steric bulk located exo to the aryl function.35 The rate 
o f  exo-endo isomerization for 45 showed AG* =  30.9 kcal 
m ol-1  at 120 °C , very similar to that for 17. R eich17 also re
ported evidence that trace amounts o f  water in benzene might 
catalyze the isomerization. Since this may also be occurring 
in our system (trace amounts o f water in pyridine-dg), higher

45a R, = H; Rj = CH3 
45b R, = CH3; Rg — H
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barriers for cuneal inversion at sulfur(IV) may be obtainable 
in systems which are inert toward hydrolysis or with more 
rigorous exclusion o f  water.

C on clu s ion
Additional factors that influence sulfurane stability have 

been found. An increase in the electronegativity o f  the apical 
ligands is reflected in an increase in the stability o f  sulfuranes. 
Hydrolyses o f spirosulfuranes are slowed by  the presence o f 
gem -dialkyl groups on the carbon a to the apical atoms, and 
sulfurane stability is enhanced by this structural feature.

A  lower lim it o f  30 kcal m ol-1 has been set for A G *84oC for 
the cuneal inversion at sulfur(IV), a process that interconverts 
a pair o f  diastereomeric spirosulfuranes. This value is the 
highest yet found for sulfuranyl sulfur but still represents only 
a lower limit to the value because inversion by another 
mechanism or catalysis by water, acids, or bases cannot rig
orously be ruled out.
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Synthetic procedures for irons-1-thiadecalin (1), cis-1-thiadecalin (11), and 15 trans- (2-10) and cis-l-thiade- 
calins (12-17) with methyl substituents in various positions of the heterocyclic or the carbocyclic ring are de
scribed.

Interest in the conform ational and configurational prop 
erties,1 and in the rearrangement reactions2 o f  th iane-l-lV - 
arylimides m otivated us to  synthesize a number o f  m ethyl- 
substituted 1-thiadecalins. Configuration and conformational 
equilibria o f  the com pounds were established by 13C and 'H  
N M R  spectroscopy;3 here the synthetic procedures are dis
cussed in some detail. T he formulas o f  the com pounds pre
pared are collected in Schemes I and II; in Table I the com 
positions o f  the product mixtures are summarized.

T he following procedures were used. M eth od  A . Addition

o f a (methyl)allylmagnesium halide to a (methyl)cyclohexene 
sulfide4 and ring closure o f  the resulting (methyl-substituted)
l-allyl-2-m ercaptocyclohexane (Schemes III and IV).

M eth ods B  and C. Cyclization o f  (m ethyl substituted)
l-(3 '-m ercaptopropyl)cyclohexene-l and (methyl substituted) 
3-(3 '-m ercaptopropyl)cyclohexene-l (Schemes V  and VI).

M eth od  D . Reaction o f  (methyl substituted) l-(3 '-m eth - 
y lsu lfonyloxypropyl)-2-m ethylsulfonyloxycyclohexane (cis 
and trans mixtures) with sodium sulfide, in 50% ethanol or in 
dim ethylform am ide (Schem e VII).
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T able  I. Com position o f  P roducts from  the Syntheses o f  
1-Thiadecalins

Starting material
Registry

no. M ethod6 Product0 %°

22a,23a 286-28-2, A 1 >97
115-07-1

22a, 23b* 115-11-7 A 3 97
2 3

22a,23c* 106-98-9 A 4 51
5 49

cis- 22c, 23a A 9 90
cis-22c* (38%) + 40072-08-0, A 9 63
trans-22c* (62%), 40072-07-9 8 13

23a 6 11
22b, 23a 7272-23-3 A 10 90
34a B 11 68

1 16
18 16

34d B 12 58.5
13 17.5
2 10

19 14
34c d B 15 70

7 10
20 14

34bd B 16 70
8 15

17 7
20 8

34b d C 16 60
8 15

17 10
20 14.5

30e 63714-74-9 C 14 >95
37ad’f D 11 51

1 8.5
18 40.5

37ad'f D 11 62
1 7

18 31
37dde 63714-75-0 D 12 45

13 16.5
2 <4
3 <4

19 34.5
37cde 63714-76-1 • D 15 61

20 24.5
21 14.5

27bde 63714-77-2 D 16 46
8 11

20 27
21 16

37b d4 D 16 69
8 11

20 13
21 8

16 63730-19-8 E 8 95
15 63730-18-7 E 15 <10

7 >90

a Crude product mixtures were distilled from high-boiling 
material by distillation in a Kugelrohr apparatus and composi
tions of the resulting mixtures were determined by gas chroma
tography; differences to 100% result from small amounts of un
identified compounds. 6 See Text. c 1-Thiadecalin unless oth
erwise indicated. “ a”  means the substituent is on the opposite ring 
side as the substituent on C-10; “ /3”  means the substituent is on 
the same ring side as the substituent on C-10. d Mixture of cis and 
trans isomers. e Solvent DMF. f Solvent 50% ethanol. * Registry 
numbers; cis-22c, 40072-08-0; trans-22c, 40072-07-9.

M eth od  E. Equilibration o f  lithio derivatives o f  methyl 
cis - 1-thiadecalin 1-oxides to m ethyl-trans-l-th iadecalin  1-

Scheme I

R = H unless indicated
1, all R ’s = H
2, R , = CH3 (3a-CH 3)
3, R 2 = CH3 (3|3-CH3)
4, R 3 = CH3 (4a-CH 3)
5, R 4 = CH3 (4/3-CH3)

6 , R 5 = CH3 (5c*-CH3)
7, R # = CH3 ( 6a-CH3)
8 , R , = CH3 (8a-CH3)
9, R s = CH3 (8(3-CH3) 

10, R 9 = CH3 (9-CH3)

Scheme II

R = H unless indicated

11, all R ’s = H 15, R„ = CH3 ( 6a-CH3)
12, R , = CH3 (3j3-CH3) 16, R 5 = CH3 (8a-CH3)
18, R 2 = CH3 (3a-CH 3) 17, R 6 = CH3 (8/3-CH3)
14, R 3 = CH3 (10-CH 3)

Scheme III

r 2
22a, all R ’s = H 23a, all R ’s = H
22b, R , = CH3 23b, R 3 = CH3
22c, R 2 = CH3 23c, R 4 = CH3

All R ’s = H unless indicated

24a, all R ’s = H 
24b, R , = CH3 
24c, R 2 = CH3 
24d, R 3 = CH3 
24e, R 4 = CH3 
24f, R s = CH3

1, all R ’s = H 
2,3, R 3 = CH3 
4,5, R 4 = CH3 

6 , R 5 = CH3 
8,9, R 2 = CH3 
10, R , = CH3

oxides and reduction to  the m ethyl-irons -1 -thiadecalins 
(Scheme VIII).

M eth od  A . Synthesis o f  com pounds l ,4a 4 and 5,4b and 94c 
by this m ethod has already been described, the trans fusion
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Scheme IV

o f the carbocyclic and heterocyclic rings being assumed.40 This 
assumption has now been verified by 13C N M R 3, and the 
configuration o f  the methyl groups in 4 and 5, previously not 
determined,4b has been established. When cyclohexene sulfide 
was allowed to react with methallylmagnesium chloride, a 
mixture o f  2 and 3 was obtained; reaction o f 3-m ethylcyclo- 
hexene sulfides (22c) with allylmagnesium brom ide gave 9, 
6, and 8. Both the synthesis o f  the 3-m ethylcyclohexene sul
fides and their reaction with the Grignard reagent require 
some discussion. It has been reported5 that reaction o f  a- 
cyclohexene oxides with thiourea6 leads to cyclohexene sul
fides with retention o f configuration. We found, however, that 
the reaction o f pure irons-3-m ethylcyclohexene oxide with 
thiourea gave pure cis -3-m ethylcyclohexene sulfide, and re
action o f a 1:1 mixture o f  trans- and cis -3-methylcyclohexene 
oxides with thiourea gave a mixture o f  cis- and trans-3- 
methylcyclohexene sulfides o f the same composition. It is clear 
from these results that this reaction proceeds with clean in
version o f configuration, not retention as claim ed.5 It also has 
been reported5 that treatment o f  «-cyclohexene oxides with 
KSCN leads to mixtures o f a- and /3-cyclohexene sulfides (i.e., 
the reaction is nonstereospecific); thus, a 2:1 mixture o f  cis- 
and trans-3-m ethylcyclohexene oxides was reported to give 
a 1:2.5 mixture o f  cis- and trans-3-methylcyclohexene sulfides 
when treated with K SC N .5 In our hands, reaction o f a 1:1 
mixture o f  cis- and trans-3-m ethylcyclohexene oxides with 
KSCN  gave a mixture o f trans- and cis -3-methylcyclohexene 
sulfides definitely richer in the trans product. However, this 
would seem to result not from  the reaction being nonstereo
specific but from the fact that the trans-3-methylcyclohexene 
oxide is much less reactive than the cis;8 if the reaction was 
followed gas chromatographically the remaining starting 
material was seen to becom e gradually richer in the less re
active trans-3-methylcyclohexene oxide which could, in fact, 
be isolated in nearly pure form from the reaction mixture. ’ H 
N M R  data o f both epoxides and episulfides were found to 
differ from the previously reported values5 and are listed to 
gether with the 13C N M R  data in Table III. The 13C data 
confirm the configurational assignments (see ref 8 for the 3- 
methylcyclohexene oxides); the C-5s o f  the iron s-3-C H 3 iso
mers are shifted upfield com pared to the parent com pounds 
due to the y a effect o f  the axial methyl group in one o f the 
possible half-chair conformers (see Scheme IV), whereas the 
corresponding conformation for the cis isomers is depopulated 
because o f sterical crowding between CH 3 and the heteroatom, 
as can be seen on a Dreiding model.

Reaction o f cis -3-m ethylcyclohexene sulfide with allyl
magnesium brom ide, followed by cyclization o f the interm e
diate 24, gave only thiadecalin 9. This agrees with the expected 
trans diaxial transition state, following an attack on the 
equatorially sulfur-substituted carbon atom 1 in the inverted 
conformation.

W hen mixtures o f  trans- and «s-3 -m eth ylcyclohexen e 
sulfides were added to allylmagnesium bromide solutions, the 
major product after cyclization was 9, even when tra ns-22c 
predominated in the starting material (see Table I), since, 
because o f its greater stability, trans -22c reacts only partly 
and because two products (6 and 8) are form ed from it in 
com parable amounts; attack on the preferred conform ation 
o f trans-22c (leading to 6) is probably somewhat hindered for 
steric reasons.

Cyclization o f  the intermediate írcm .s-l-alIyl-2-m ercapto- 
cyclohexanes 24 was perform ed with 0.1 mol equiv o f  azobis- 
(isobutyronitrile)9 rather than by irradiation with UV light;4 
the reaction took place without changes in configuration, and 
only small amounts o f thiahydrindanes (by addition to the less 
hydrogen-substituted carbon atom o f  the double bond) were 
form ed as by-products.

Products 2 and 3 (from  24d) were found in very unequal 
amounts (~1:30). M odel considerations show that formation 
o f 3 must be preferred if the free-radical addition o f  the thiol 
to the double bond occurs trans, as it normally does.10

M eth od  B . T he condensation o f  pyrrolidino(m ethyl)cy- 
clohexenes 25 with (m eth-)acrylates to give (methyl substi
tuted) 3-(2-oxocyclohexyl)propionates 27 has been de 
scribed.11 Reaction o f 25b with 26b in anhydrous ethanol gave 
27b as the only product; no reaction at the methyl-substituted 
carbon atom occurred, while with dioxane as a solvent the 
form ation o f approxim ately equal amounts o f  the two prod
ucts has been reported.12®

Reduction o f  the ketones with sodium  borohydride gave ■ 
mixtures o f the cis and trans isomers o f  the cyclohexanols 28. 
Temperatures during reaction were kept low to avoid the 
formation o f  the diols 36.12b N o attem pts were made to sep
arate the isomers, but the mixtures were converted into the 
methanesulfonates 29 and heated (without isolation o f  29) to 
induce elimination. Yields in this step were rather poor 
(<45% ), since only m ethylsulfonyloxy groups cis to at least 
one o f the other substituents o f  the cyclohexane ring could be 
expected to be suitably (i.e., axially) orientated for elim ina
tion.

The resulting 3-cyclohexenylpropionates (30) were mixtures
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Scheme V Scheme VI

25a, R, = R 2 = H 
25b, R , = CH3 
25c, R 2 = CH3

r 2

r3

COORfl

26a, R 4 = CH3 
26b, R 4 = C2H5 
26c, R 3 = R„ = CH3

R. R,
28, 29

27c, R 2 = R 4 = CH3 
27d, R 3 = R 4 = CH3

27a, R 4 = C H 3 28a, R 4 = CH3
27b, R , = CH 3; R 4 = C 2H5 28b, R , = CH3; R 4 = C2H S 

”  " "  28c, R 2 = R 4 = CH3
28d, R 3 = R 4 = CH3
29a, R 4 = CH3; R s = S 0 2CH3 
29b, R , = CH3;R 4 = C 2H5;

R 5 = S 0 2CH3 
29c, R 2 = R 4 = CH3;

R , = S 0 2CH3 
29d, R 3 = R 4 = CH3;

R s = S 0 2CH3

and

30a, R 4 
30b, R, 
30c, R 2 
3Od, R 3 
31a, R 4 
31b, R, 
31c, R 2 
31d, R 3 
32a, R 4 
32b, R, 
32c, R 2 
32d, R 3 
33a, R 4 
33b, R, 
33c, R 2 
33d, R 3 
34a, R 4 
34b, R, 
34c, R 2 
34d, R 3

30, 31, 32,
= COOCH3 
= CH3;R 4 = 
= CH3 ; R 4 = 
= CH3;R 4 = 
= CH2OH 
= CH3;R 4 = 
= CH3; R 4 = 
= CH3; R 4 =
= c h 2o s o 2
= CH3; R 4 • 
= CH3 ; R 4 : 
= CH 3; R 4  ̂
= CH2SCN 
= CH3; R 4 
= CH3;R 4 
= CH3;R 4 
= CH2SH 
= CH3;R 4 
= CH3;R 4 
= C H ,;R 4

r3

33, 34 

COOC2H5
c o o c h 3
c o o c h 3

c h 2o h
c h 2o h
c h 2o h

c h 3
c h 2o s o 2c h 3
c h 2o s o 2c h 3
c h 2o s o 2c h 3

c h 2s c n
c h 2s c n
c h 2s c n

c h 2s h
c h 2s h
c h 2s h

1, 11, R = H 
8, 16, 17, R . = CH3 18, R = H 
7 15 R = PH 20, Ri or = (trans to  S) 
2 ; 1 2 ,1 3 , R 3 = CH3 21, R ; or R 2 = Ch I (cis to S) 

19, R 3 = CH3

All R ’s = H unless indicated

of isomers as indicated in Scheme V. The ester groups were 
converted by a sequence of steps13 into mercaptomethyl 
groups (see Scheme V), and the 3'-mercaptopropylcyclohex-

R2

27b, R , = CH3, R 3 = C2H5 
27e, R 2 = R 3 = CH3

35b, R , = CH3, R 3 = C2H5 
35e, R 2 = R 3 = CH3

All R ’s = H unless indicated

30b, R , = CH3, R 3 = COOC2H5 8, 16, 17, R , = CH3
30e, R 2 = CH3, R 3 = COOCH3 14, R 2 = CH3

Scheme VII

36a, all R ’s = H 
36b, R , = CH3 
36c, R 2 = CH3 
36d, R 3 = CH3 
36e, R 4 = CH3

37a, R 5 = S 0 2CH3 
37b, R , = CH3, R 5 = S 0 2CH3 
37c, R 2 = CH3' R 5 = S 0 2CH3 
37d, R 3 = CH3, R s = S 0 2CH3 
37e, R 4 = CH3, R 5 = S 0 2CH3

All R ’s = H unless indicated

1,11, all R ’s = H 
8,16, R , = CH3 
15, R 2 = CH3 
2,3 ,12,13, R 3 = CH3 
14, R 4 = CH3

18, all R ’s = H
20, R , or R 2 = CH3 

(trans to S)
21, R. or R 2 = CH3 

(cis to  S)
19, R 3 = CH3

enes 34 were cyclized by heating with azobis(isobutyronitrile) 
in benzene as described for method A.

In addition to ring closure to give thiane derivatives, cy- 
clization to give either thiepanes [from 3-(3'-mercaptopro- 
pyl)cyclohexene-l’s] or thiolanes [from l-(3'-mercaptopro- 
pyl)cyclohexene-l’s] might be expected. No seven-membered 
ring products were isolated, the steric demand for such a re
action apparently being too high, but five-membered ring 
products (l-thiaspiro[4.5]decanes, 18-21) were found in ap
preciable amounts. The mixtures of products were separated 
by precipitation and recrystallization of the HgCl2 complexes, 
decomposition of the complexes with acid and steam distil
lation, and finally by preparative gas chromatography of the 
prepurified compounds or of the mother liquors. Configura
tion [cis or trans fusion of the rings, a  or d position (see foot
note c, Table 1) of the methyl groups] and conformation of the 
products were determined by 13C and 'H NMR spectroscopy.3 
From the data in Table I it is evident that formation of the 
cis-fused products is strongly preferred, in agreement with the
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Scheme VIII

All R ’s = H unless indicated

7, R , = CH3
8 , R 2 = CH3

known preference in addition of thio radicals to cyclohexenes 
to give axially substituted cyclohexanes. 13-14

Method C. Since elimination of a methylsulfonyloxy group 
from 3- (1 -methyl-2-methylsulfonyloxycyclohexyl)propionate 
was expected to be accompanied by skeletal rearrangements,13 
an alternative route, which had been successfully applied for 
the synthesis of 4-thia-5/3-cholestanes,13 was used to prepare 
10-methyl-l-thiadecalin: 3-(l-methyl-2-oxocyclohexyl)pro- 
pionate 27e was converted into the benzyl thioenol ether 35e, 
which was then desulfurized by treatment with Raney nickel 
previously partially deactivated by heating in acetone. Careful 
judgement of the time of deactivation is a somewhat crucial 
point of this method, or else the reaction does not go to com
pletion; however, if the Raney nickel is properly prepared, 
yields in this step are excellent.

The reaction sequence from 30e to 14 follows the procedure 
described above for method B (see also ref 13). An analogous 
synthesis starting with 27b gave 8,16,17, and 20 in the pro
portion listed in Table I, slightly different than in method B, 
presumably because different amounts of the two isomeric 
cyclohexenes 30b are formed by the two paths. In general, 
method C is necessary for compounds with quaternary cen
ters next to the carbonyl group on the cyclohexane ring, and 
the yields of compounds 30 are better than in method B; for 
large-scale synthesis, the large amount of Raney nickel re
quired (see Experimental Section) poses a problem.

Method D. Reduction of the 3-(2-oxocyclohexyl)propion- 
ates 27 with lithium aluminum hydride afforded mixtures of 
cis and trans isomers of the diols 36. The products were es- 
terified with methanesulfonyl chloride without separation, 
and the bis(methanesulfonates) 37 were allowed to react with 
sodium sulfide in either dimethylformamide4“ or 50% etha
nol.15-16

The resulting (methyl-) 1-thiadecalins were admixed with 
very considerable amounts of l-thiaspiro[4.5]decanes. Since 
the same products (20 and 21) are formed from 37b and 37c, 
the way of their formation may be inferred: instead of being 
replaced by S_ , the methylsulfonyloxy group on the cyclo
hexane ring reacts via elimination, and the sulfur on the 
propyl side chain subsequently adds to the resulting double 
bond. For the same reason, formation of the cis-fused thi- 
adecalins is again strongly preferred, since the bis(meth- 
anesulfonate) with axial orientation of the CH3SO3 group on 
the cyclohexane ring (leading to trans products in case of 
nucleophilic displacement) is also oriented favorably for 
elimination.

An attempt to prepare 10-methyl-l-thiadecalins by this 
method gave a fraction of sulfides in only 9% theoretical yield, 
containing 14 and (by :H NMR spectrum) 10-methyl-irarcs- 
1-thiadecalin, but too little for positive identification. The low 
yield in this instance is explained by side reactions due to the 
quaternary carbon next to the methylsulfonyloxy group (see 
above).

Separation of the various product mixtures was accom
plished in the manner described for methods A-C.

Method E. A number of trans-1-thiadecalins [especially 
the interesting 8a-methyl-trans-l-thiadecalinlc (8 )] were 
obtained only in small amounts by the methods described 
above (see Table I). Moreover, the retention times of 8 and of 
«s-7-methyl-l-r-thiaspiro[4.5]decane (21) were practically 
identical on all available GC columns, which made purification 
of 8 nearly impossible.

Both 16 and 15, on the other hand, were readily available 
in pure form: the mercuric chloride complex of 16 is not very 
soluble, allowing recrystallization, and 15 is a solid at room 
temperature and could itself be recrystallized. Since 16 and 
15 are effectively locked in one conformation,3 oxidation to 
the sulfoxides gave only one product in each case, the /3-sul
foxides 38a and 38b, respectively, the «-sulfoxides being ex
cluded because of severe syn-axial interactions in both pos
sible conformations.

The sulfoxide oxygen in thiane 1-oxides is known15-17 to 
prefer the axial position, and the tra n s  -1 -thiadecalin system 
has been calculated18 to be more stable than the corresponding 
cis-l-thiadecalin by 1.7 kcal/mol. In addition, an interaction 
corresponding to a syn-axial interaction between oxygen and 
the methyl group in 38b is absent in 39b. Consequently, 
equilibration between 38 and 39 should lead to a high pref
erence of the trans-fused system.

Equilibration was achieved by adding butyllithium to the 
benzene solutions of 38a and 38b and quenching with water 
after 2 h. Isolation of the sulfoxides 39 and reduction with 
phosphorus trichloride19 indeed gave nearly pure 8, and 7 
containing less than 10% 15.

The dideuterated analogue of 10 (9-methyl-trans-l-thi- 
adecalin-2 ,2 -d2), which was needed to aid the identification 
of the signals of 10 in the 13C NMR spectrum,3 was also pre
pared via the sulfoxide: a mixture of the a - and /3-1-oxides of 
10  was reacted two times with butyllithium and with D2O, and 
a mixture of mainly 1 0 -d2, 1 0 -di, and 10  was obtained upon 
reduction of the sulfoxides.

Experimental Section
Melting points of compounds 1-21 and of their HgCl2 complexes 

are summarized in Table II (for methods see footnotes a and b). Mi
croanalyses were carried out by Dr. Zak, Physikalisch-Chemisches 
Institut der Universität Wien. Compounds 1, 3-5, and 8-16 were 
further characterized by preparing their l-N-p-chlorophenyl imides; 
melting points and elemental analyses of these compounds are re
ported elsewhere.10

Analytical gas chromatography was carried out on a Varian Aero
graph Series 1400 equipped with FID, on 0.125-in. columns. Columns 
used were 12-ft, 20% Carbowax 20M + 10% KOH, and a 12-ft, 20% SE 
30, on Chromosorb W, 80-100 mesh. A Varian Aerograph Model 920 
equipped with a thermal-conductivity detector, with 0.375-in. alu
minum columns with matching phases, was used for preparative gas 
chromatography.

The 'H and 13C NMR spectra of compounds 1-17 are reported in 
the following paper of this issue.3 The proton and variable tempera
ture 13C spectra of compounds 18-21 will be presented elsewhere.20 
60-MHz 'H spectra were recorded on a Varian EM-360 with internal 
lock facility; 13C spectra were recorded in the pulsed mode at 25.16 
MHz on a Varian XL-100 spectrometer. Solvent was CDCI3, and the 
reference was MeiSi.

Starting materials were purchased from various sources unless 
methods of preparation are indicated.

In the sequel, only one representative preparation of methods A-D
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Table II. Characteristics of Thiadecalins 1-17 and Thiaspirodecanes 18-21

Registry Mp of HgCl2 com- Registry
Compd______________ no.__________________ Mp (lit.)0________________________plex (lit.)b__________________________no.

1 54340-73-7 17-18 170-171 63743-83-9
(17.74a) (172-173.540)

2 63702-90-9 c 172-176 63782-93-4
3 63730-12-1 8-10 152-153 63782-94-5
4 63730-13-2 9-11 176-177

(16L-16246)
63782-95-6

5 63730-14-3 0-1 148-149
(141-14246)

63782-96-7

6 63702-91-0 2-3 e
7 63702-92-1 8-10 161 63782-97-8
8 63702-93-2 d 132-133 63782-98-9
9 63730-15-4 6-8 145-146 63782-99-0

10 63702-94-3 d 153-154 
(117.5—118.54c)

63714-81-8

11 57259-80-0 - 1-1 176-177 63714-82-9
12 63730-16-5 12-14 187-188 63783-00-6
13 63730-17-6 31-32 158-159 63783-01-7
14 63702-95-4 —8 to —7 137-139 63714-83-0
15 46-47 154-155 63783-02-8
16 7-9 153-154 63783-03-9
17 63730-20-1 c 160-162 63783-04-0
18 53703-51-8 d 97-100 63714-84-1
19 63714-78-3 d 93-94 63714-85-2
20 63714-79-4 d 125-127 63714-86-3
21 63714-80-7 d e

“ In °C. Melting points o f sulfides melting below room temperature were determined by placing the crystalline compound in a sealed
ampule into a stirred 2-propanol bath which was gradually warmed from —30 °C to room temperature. 6 In °C. Since some of the
complexes showed a tendency to sublime the melting points were determined in sealed capillaries in an electrically heated Hoover
type silicon bath. Differences to values previously reported (note for 104')  are probably due to this sublimation. c Sample contained
small amounts of other isomers and did not crystallize. d Did not crystallize at —30 °C, although pure by GC. '  Not determined because
of very small amounts of material isolated. All compounds gave satisfactory elemental analysis, with exception of 6 and 21 where no
analysis was attempted for the same reason.

Table III. 13C “ and Pertinent 'H b Chemical Shifts of Cyclohexene Oxides c and Cyclohexene Sulfides d

40c trans-3-CH.5-40» C ÍS -3 -C H 3 -4 0 71 22a trans-22c cis- 22c
13C

C-l 51.9' 52.6« 52.8e 36.72 37.76 36.4a
C-2 51.9' 5 7 .I7 56.7« 36.72 41.40 45.86
C-3 24.7' 29.11 30.2i 25.89 31.74 30.9o
C-4 19.7' 29.2fi 27.17 19.49 30.85 24.5g
C-5 19.7' I7 .I4 20.3a 19.4g 16.89 21.22
C-6 24.7' 24.79 23.80 25.89 26.4« 25.6«
c h 3 19-16 18.5a 22.80 22.06

>H
H -l 3.08 3.08 3.18/

(w 1/2 = 9) (w 1/2 = 9)
3.08 3.18 3.20

H-2 (Wi/2 = 5) 2.78 2.91 («>1/2 = 6) 2.77 (w 1/2 = 5)
(d, 4) (d, 4 o f d, 2) (d, 6.5 of d, 1.5)

CH3 1.06 1.08 1.15 1.10
(d, 7) (d, 7) (d, 7) (d, 6.5)

0 In ppm from MeiSi; solvent CDCla. h H -l and H-2 refer to the protons at C -l and C-2, respectively. Ppm from Me4Si, solvent 
CDCI3. In parentheses: coupling constants, and half-width o f not resolved signals, in Hz. Data are apparent values measured in spectra. 
r 40: Cyclohexene oxide; registry no.: 286-20-4. d See Schemes III and IV .'  Taken from the literature: S. G. Daves and G. H. Whitham, 
J. Chem. Soc., Perkin Trans. 2, 861 (1975). f Taken from a mixture of 22c’s. * Registry no.: 7443-54-1. h Registry no.: 7443-69-8.

is reported. More detailed procedures for the compounds prepared 
are given in the Supplemental Material.

Method A. 8a-Methyl-trans-1-thiadecalin (9), 80-Methyl- 
trans- 1-thiadecalin (8), 5a-Methyl-trans-l-thiadecalin (6). 
trans-3-Methylcyclohexene Sulfide (trans-22c) and cis-3- 
Methylcyclohexene Sulfide (cis-22c). (a) Thiourea Method.6
3-Methylcyclohexene oxide8 (50% trans, 50% cis isomer, by NMR and 
GC; bp 42-47 °C/11 mm; bp lit.8 75 °C/6 mm) (11.2 g) was added to 
a suspension of 12 g of thiourea in 28 mL of water and 7.4 g of H2SO4 
without external cooling; when addition was complete, the mixture

was stirred for 2 h. A solution of 16 g of Na2CC>3 in 100 mL of water 
was added dropwise, and the resulting (basic) solution was extracted 
repeatedly with petroleum ether. The organic solution was dried, and 
the solvent was distilled off. The product mixture was distilled (Ku- 
gelrohr, air bath ~85 °C/20 mm) and found free of starting epoxides 
by GC. Yield of 22c: 10.6 g (83% of theory). Isomer ratio (by NMR): 
50% cis- 22c, 50% trans- 22c.

(b) Thiocyanate Method7. 3-Methylcyclohexene oxide (mixture 
as for a) (11.2 g) was added to a solution of 20 g of KSCN in 13 mL of 
ethanol plus 15 mL of H2O, and the mixture was stirred magnetically
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at room temperature for 48 h. The mixture was extracted with pe
troleum ether, the extract was dried, and the solvent was distilled off. 
The residue was found by GC to consist of 42% epoxide (isomer ratio 
trans/cis = 65:35) and of 52% episulfide. The mixture was once more 
reacted with KSCN as above for 72 h. The product mixture consisted 
of 20% epoxide (trans/cis = 94:6) and of 80% episulfide. The epoxides 
were distilled from the mixture; pure irons-3-methylcyclohexene 
oxide was obtained from this fraction by preparative GC (Carbo- 
wax-KOH, 90 °C). The episulfides were distilled (Kugelrohr); com
position (NMR): 62% trans-22c, 38% cis- 22c. Yield 43%.

8|8-Methyl- trans- 1-thiadecalin (9). A solution of allylmagnesium 
bromide (from 5.7 g of magnesium turnings and 7.2 g of allyl bromide 
in anhydrous ether) was prepared and separated from excess mag
nesium by rapid decantation through a glass Büchner funnel. A so
lution of 1.1 g of pure cis- 22c (prepared by the thiourea method from 
recovered irons-3-methylcyclohexene oxide, see above) in anhydrous 
ether was added slowly to the stirred Grignard solution. When the 
addition was complete, the mixture was heated to reflux for 12 h, and 
was then hydrolyzed with saturated NH4CI solution. The ether was 
decanted, the aqueous phase was repeatedly extracted with ether, and 
the ether solutions were united and dried. The solvent was distilled 
off at reduced pressure, and the residue (24c) was used without pu
rification.

The crude 24c was dissolved in 50 mL of anhydrous benzene and 
100 mg of azobis(isobutyronitrile) was added. The solution was heated 
to reflux overnight. The solvent was distilled off at reduced pressure, 
and the residue was distilled in a Kugelrohr apparatus (~120 °C air 
bath temperature/10 mm). Gas chromatography of the product 
mixture showed one major product 9 and an unknown compound 
(presumably 2,7-dimethyl-l-thiahydrindane). No signals of 8 and 6 
could be detected. Yield 410 mg (48% from cis-22c).

8/3-Methyl- (9), 8a-Methyl- (8), and 5a-Methyl-trans-l-thi- 
adecalin (6). A mixture of trans-22c (62%) and cis-22c (38%) (11.5 
g) was added to a solution of allylmagnesium bromide (from 19 g of 
allyl bromide and 15 g of magnesium). The intermediates 24c and 24f 
were cyclized [500 mg of azobis(isobutyronitrile)] as described above. 
Yield of product mixture after distillation (Kugelrohr) 5.3 g; for 
composition, see Table I.

The mixture of products was dissolved in ethanol and added to a 
solution of 17 g of HgCL in ethanol. The mixture was heated on a hot 
plate for 10 min and then brought to room temperature. The precip
itate was collected and recrystallized three times from boiling ethanol. 
Decomposition of the recrystallized complex with 50% HC1 and steam 
distillation and extraction of the distillate with petroleum ether gave 
pure 9. Preparative gas chromatography (Carbowax-KOH, 145 °C) 
of the similarly treated mother liquor gave 6 and 8.

Method B. cis-1-Thiadecalin (11). Methyl 3-(2-Hydroxycy- 
clohexyl)propionate (28a). To a stirred solution of 14.7 g of 27a11 
in 160 mL of anhydrous methanol, 3 g of NaBH4 was slowly added, 
at 0 °C.12b When the addition was complete, the mixture was stirred 
for an additional 3 h at 0 °C and then was neutralized with 
CH3COOH. After concentration to near dryness at reduced pressure, 
the residue was dissolved in CH2CI2, the solution was washed with 
water and sodium bicarbonate solution, the organic solution was dried, 
and the solvent was distilled off. The residue was distilled in a Ku
gelrohr unit. Yield of 28a 8.7 g; bp 120-130 °C/0.1 mm.

Methyl 3-Cyclohexen(l- or 2-)ylpropionate (30a). A solution 
of 8.7 g of 28a in 150 mL of anhydrous pyridine was cooled to 0 °C, and 
20 g of methanesulfonyl chloride was added gradually. The mixture 
was kept at +5 °C for 100 h and was then heated to reflux for 5 h. Most 
of the solvent was distilled off at reduced pressure, and the residue 
was poured on a mixture of ice, water, and HC1. The organic material 
was extracted with CH2CI2, the extracts were washed with dilute HC1 
and sodium bicarbonate solution, and the solvent was distilled off. 
The residue was distilled in a Kugelrohr apparatus. Yield of 30a 3.6 
g; bp 120 °C/8 mm.

l-(3'-Hydroxypropyl)cyclohexene and 3-(3'-Hydroxypro- 
pyl)cyclohexene (31a). A solution of 30a (8 g) in anhydrous ether 
was slowly added to 1.75 g of LiAlH4 in anhydrous ether. The mixture 
was heated to reflux overnight and was then hydrolyzed with water. 
The ether was decanted, the precipitate was repeatedly washed with 
ether, the combined ether extracts were dried, and the solvent was 
distilled off. The residue was distilled in a Kugelrohr apparatus. Yield 
of 31a 6 g; bp ~130 °C/8 mm.

l-(3'-Methylsulfonyloxypropyl)cyclohexene and 3-(3'- 
Methylsulfonyloxypropyl)cyclohexene (32a). To a solution of 6.5 
g of 31a in 200 mL of anhydrous pyridine at 0 °C, 30 g of meth
anesulfonyl chloride was added gradually. The resulting mixture was 
kept at +5 °C for 12 h and then poured on a mixture of ice, water, and 
HC1. The product was extracted with CH2CI2, the extracts were

washed with dilute HC1 and sodium bicarbonate solution, the solvent 
was distilled off at reduced pressure, and the residue was used without 
further purification.

l-(3'-Thiocyanopropyl)cyclohexene and 3-(3'-Thiocyano- 
propyl)cyclohexene (33a). A solution of 8.7 g of 32a and 50 g 
of KSCN in 200 mL of anhydrous acetone was heated to reflux 
overnight. The solvent was distilled off, the residue was extracted 
repeatedly with petroleum ether, the petroleum ether extracts were 
united and dried, and the solvent was distilled off. The residue was 
distilled in a Kugelrohr apparatus. Yield of 33a 6.7 g; bp ~150 °C/8
mm.

l-(3'-Mercaptopropyl)cyclohexene and 3-(3'-Mercaptopro- 
pyl)cyclohexene (34a). A solution of 6.7 g of 33a in anhydrous ether 
was added to 2 g of LiAlH4 in anhydrous ether, and the mixture was 
stirred overnight at room temperature. After isolation of the product 
as described for 31a, 5.22 g of 34a (bp ~140 °C/8 mm) was ob
tained.

cis-1-Thiadecalin (11). A solution of 5.1 g of 34a and 0.5 g of 
azobis(isobutyronitrile) in dry benzene was reacted as described for 
method A. Distillation of the product in a Kugelrohr gave 4.8 g of a 
mixture; for composition, see Table I. Purification of 11 by repeated 
recrystallization of the HgCl2 complex, or by preparative GC (Car
bowax-KOH; 140 °C).

Method C. 8a-Methyl-cis-l-thiadecalin (16), 8jS-Methyl-eis-
1-thiadecalin, 8a-Methyl- trans- 1-thiadecalin (8). Ethyl 3-(2- 
Oxo-3-methylcyclohexyl)propionate (27b). A solution of 66 g of 
25b11 and 70 g of freshly distilled 26b in 150 mL of anhydrous ethanol 
was heated to reflux for 48 h. Water (100 mL) was added, and the 
mixture was heated for 1 h. Most of the solvent was distilled off at 
reduced pressure, and the res.idue was worked up as described" for 
27a. Yield of 27b 42.4 g; bp 147-149 °C/10 mm.

Ethyl 3-(2-Benzylthio-3-methylcyclohexen(l- or 2-)yl)pro- 
pionate (35b). A solution of 39.6 g of 27b, 40.9 g of benzyl mercaptan, 
and 2 g of toluenesulfonic acid in 500 mL of benzene was heated to 
reflux for 48 h, and the water formed was separated with a Dean-Stark 
trap. After the theoretical amount of water had been collected, the 
solvent was distilled off and the residue was distilled in a Kugelrohr 
distillation unit (air bath temperature 140-150 oC/10_3 mm). Yield 
of 35b 53.6 g.

Ethyl 3-(3-Methylcyclohexen(l- or 2-)yl)propionate (30b).
Raney nickel21 from 300 g of alloy was washed with ethanol and ace
tone, and was heated in 1 L of acetone (Merck grade) to reflux for 45 
min; 23.5 g of 35b in 100 mL of acetone was rapidly added, and the 
mixture was heated to reflux, with stirring, for 18 h. The mixture was 
brought to room temperature, and the acetone was decanted. The 
solid was washed three times with acetone, and the combined acetone 
solutions were filtered through a bed of Celite. The solvent was dis
tilled off, the residue was dissolved in petroleum ether, the solution 
was dried over Na2S0 4, and the solvent was distilled off. The residue 
was distilled; yield of 30b 13.4 g. Isomer ratio by GC 52:48. As was the 
case in method B, no attempt was made to determine which of the two 
isomers was the predominant one. The CH3-  signals in the ’ H NMR 
spectrum (-cyclohexen-l-yl: 1.63 ppm, s, half-width 6 Hz; -cyclo- 
hexen-2-yl: 0.93 ppm, d, J = 6.5 Hz) were superimposed with the rest 
of the molecule and could not be accurately integrated. The product 
composition of the thiadecalins indicates that more ethyl 3-(3- 
methylcyclohexen-2-yl)propionate is formed with method B, ulti
mately leading to the formation of less spiro-compound 20 (see Table
I).

From the mixture of 30b, 16,17, and 8 were prepared analogously 
as described for 11, method B. For composition of products, see Table 
I.

10-Methyl-cis-l-thiadecalin (14). Methyl 3-(l-Methyl-2- 
benzylthiocyclohexen-2-yl)propionate (35e). A solution of 27e12a 
(39.6 g), 40.9 g of benzyl mercaptan, and 2 g of toluenesulfonic acid 
in 500 mL of benzene was reacted as described for 35b. Kugelrohr 
distillation (bp ~150 °C/10_:l mm) gave 48.7 g of 35e. Decomposition 
during distillation occurred if the bath temperature was raised above 
160 °C.

Methyl 3-(l-Methylcyclohexen-2-yl)propionate (30e). From 
35e with Raney nickel as described for 30b. Yield (from 23.5 g of 35e)
10 g.

10-Methyl-cis-l-thiadecalin (14). From 9 g of 30e, in an analo
gous procedure to 11 (see method B), 5.1 g of 14 was obtained after 
distillation. Purification was by recrystallization of the HgCL com
plex.

Method D. cis-1-Thiadecalin (11). 2-(3'-Hydroxypropyl)cy- 
clohexanol (cis and trans) (36a). A solution of 18.4 g of 27a" in 
anhydrous ether was added to a stirred suspension of 5 g of LiAlH4 
in anhydrous ether. The mixture was heated to reflux overnight and



Methyl-Substituted trans- and «s-l-Thiadecalins J. Org. Chem., Voi. 42, No. 25,1977 4023

was hydrolyzed with water. The ether was decanted, the solid was 
washed repeatedly with ether, and the ether solutions were united and 
dried. The solvent was distilled off, and the residue was distilled in 
a Kugelrohr apparatus (bp lit.121’ 119-120 °C/0.3 ram); yieldl5.4 g.

l-(3'-MethyIsulfonyloxypropyl)-2-methylsulfonyloxycyclo- 
hexane (cis and trans) (37a). To a solution of 15.4 g of 36a in 160 
mL of dry pyridine cooled to 0 °C, methanesulfonyl chloride (36 g) 
was slowly added. The mixture was kept at +5 °C for 100 h and was 
then poured on ice, water, and HC1. The products were extracted with 
CH2CI2, and the organic extracts were washed with dilute HC1 and 
sodium bicarbonate solution and dried. The solvent was distilled off 
at low temperature, and the crude product was used for the next step 
without purification.

c is -1 -Thiadecalin (11). (a) Solvent Dimethylformamide.4“ A
solution of 58 g of Na2S-9H20 in 250 mL of DMF was gradually heated 
to -—130 °C, and the water was distilled off. A solution of the crude 37a 
in dry DMF was gradually added, and the mixture was kept at ~130 
°C for 12 h. The mixture was brought to room temperature and 
poured on a fourfold volume of water. The aqueous mixture was ex
tracted with petroleum ether, the extract was dried, the solvent was 
distilled off, and the residue was distilled in a Kugelrohr apparatus. 
Yield of product mixture 6.6 g; for composition, see Table I. Purifi
cation of 11 by recrystallization of the HgCl2 complex and/or pre
parative GC (Carbowax-KOH, 140 °C).

(b) Solvent 50% Aqueous Ethanol. A solution of crude 37a from
29.3 g of 36a in the minimum amount of tetrahydrofuran was slowly 
added to a boiling solution of 61 g of Na2S-9H20  in 800 mL of 50% 
ethanol, and the mixture was heated to reflux for 72 h. After that 
period, the mixture was steam distilled, and the distillate was diluted 
with water to a total volume of 3 L and was extracted with petroleum 
ether. The extracts were dried, the solvent was distilled off, and the 
residue was distilled in a Kugelrohr apparatus. Yield of product 
mixture 11.9 g; for composition, see Table 1. Separation of products 
as reported above.

Method E. 8a-Methyl-trans-1 -thiadecalin (8). 8a-Methyl- 
cis-1-thiadecalin ld-Oxide (38b). To a solution of 10.3 g of 16 in 
CH2CI2,100 mL of an 0.59 M solution of m -chloroperbenzoic acid in 
CH2CI2 was added at 0 °C, and the sulfoxide was isolated analogous 
to ref 15. Gas chromatography of the product mixture after separation 
from unreacted starting material showed one major (38b, >90%) and 
three minor products (SE 30, 230 °C). The product was used for the 
next step without purification: 'H NMR 1.27 (d, CHg, J = 6 Hz), 2.73 
(s, Hg, half-width = 7 Hz), 3.42 ppm (d of m, H2e, J  = 1L5 Hz).

8a-Methyl-trans-1 -thiadecalin 1/3-Oxide (39b). A solution of
7.6 g of crude 38b in dry benzene was cooled to <10 °C; a slow stream 
of dry nitrogen was passed through the reaction flask. A solution of 
butyllithium (17 mL of a 2.6 M solution in hexane, diluted with 20 mL 
of dry benzene) was added dropwise. When the addition was complete, 
the mixture was stirred at room temperature for 1.5 h and was then 
hydrolyzed with external cooling. The benzene layer was separated, 
and the aqueous layer was acidified and extracted with CH2CI2. The 
organic solutions were united and dried, and the solvent was distilled 
off. The residue was distributed between an aqueous NaCl solution 
and petroleum ether; the aqueous solution was extracted with CH2CI2, 
the extract was dried, and the solvent was distilled off. The residue 
consisted of one major (39b; >90%) and three minor unidentified 
products: yield 7 g; :H NMR 1.14 (d, CH3, J = 5 Hz), 3.10 ppm (d of 
m, H20 J  = 10 Hz).

8a-Methyl- trans-1 -thiadecalin (8). A solution of 7 g of crude 39b 
and of 18 mL of PCI,3 in 100 mL of CH2CI2 was heated to reflux for 1 
h. The mixture was poured on ice with stirring. After 2 h, the dichlo- 
romethane layer was separated, the aqueous layer was extracted with 
CH2CI2, the dichloromethane solutions were united and dried, the 
solvent was distilled off, and the residue was distilled in a Kugelrohr 
apparatus. Yield of 8 5.5 g.

6a-Methyl-trans-1 -thiadecalin (7). 60-Methyl-cfs-i-thiade- 
calin l/J-Oxide (38a). From 1.9 g of 15, analogous to 38b: Yield 2.0 
gof crude 38a; 'H NM R0.95 (d, CH:l, ./ = 5 Hz), 2.68 (s, Hg, half-width 
= 9 Hz), 3.40 ppm (d of m, H20 J — 10 Hz).

6a-Methyl-trans-1 -thiadecalin 1/9-Oxide (39a). From 2.0 g of 
crude 38a, analogous to 39b: ‘ H NMR 0.88 (d, CH3, J = 5.5 Hz), 3.05 
ppm (d of m, H2e, <7 = 10 Hz).

6a-Methyl-trans-1-thiadecalin (7). From 39a, as described for
8. Composition >90% 7, <10% 15. Purification of 7 by recrystallization 
of HgCL complex.

9-Methyl-trans-l-thiadecalin-2,2-d2 (10-d2). Crude 10 (see 
method A) (2 g) was oxidized as described for 38b. The sulfoxides were 
distilled in a Kugelrohr apparatus; yield of approximately equal 
amounts of la - and 1/3-oxide 1.4 g (by GC and 'H NMR): 'H NMR
1.25 (s, CH 3 1-a-oxide), 1.13 ppm (s, C H 3 1-/3-oxide). The mixture was

dissolved in benzene and treated with butyllithium as described for 
39a and 39b. After 1,5 h, the mixture was hydrolyzed with a solution 
of 3 mL of D2O and 1.6 g of acetyl chloride. The sulfoxides were re
covered and the butyllithium-DgO treatment was repeated. The re
covered sulfoxides were reduced with PC13 as described above; yield 
of sulfides 0.5 g (mixture of U)-d2, 10-di, and a little 10).
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13C and 1H NMR spectra of a number of methyl-substituted trans- and cis-1-thiadecalins have been recorded. 
Assignment of signals was made by off-resonance decoupling, parametrization of substituent effects, and compari
son with carbon and nitrogen analogues; at the same time, the configuration of the compounds was established. The 
conformational equilibria of the conformationally heterogeneous parent, 3/3-methyl-, 8/3-methyl-, and 10-methyl- 
cis- 1-thiadecalins were determined by low-temperature 13C NMR.

In the last few years the chemistry of saturated sulfur- 
containing heterocycles and their S-substituted derivatives 
have been the subject of a fair amount of interest.1 In order 
to further our investigations of the conformational and con
figurational preferences and the rearrangement reactions of 
thiane- and 1,3-dithiane-l-imides2 a conformationally rigid 
system offering the possibility of biasing the conformational 
preferences of substituents on sulfur and on the adjacent 
carbon atoms was needed, t r a n s -  1-Thiadecalin (1) provides 
such a system: ring inversion is prohibited for reasons of strain, 
and substitution at certain positions will bias the site of a new 
substituent on S-l or C-2  through syn-axial interactions. 
Suitable substitution of c i s -  1-thiadecalin (11) also leads to 
conformationally homogeneous compounds with similar 
properties. Finally, the conformational preferences of mobile 
c i s -  1-thiadecalins of the sulfimides derived from them 
promised to be interesting.

A number of methyl-substituted t r a n s -  and cis- 1-thiade- 
calins (Schemes I and II) were accordingly prepared,3 and 
their 13C and 'H NMR spectra were recorded at room tem
perature (Tables I and IV). When compounds proved to be 
conformationally heterogeneous at room temperature (11, 12, 
14, and 17), the low temperature 13C NMR spectra were re
corded and the proportion of conformers determined by in
tegration of appropriate signals. In the sequel, the spectral 
assignments and, at the same time, the configuration and 
conformation of the 17 compounds investigated are discussed, 
and the conformational equilibria of the four mobile com
pounds are rationalized.

13C NMR Spectra. The noise-decoupled room temperature

Scheme I

13C spectrum of t r a n s  -1-thiadecalin (1) shows the expected 
nine sharp lines. The most downfield signals appear as dou
blets in the off resonance decoupled spectrum and are thus 
identified as C-9 and C-10. Comparison of the spectra of thi
ane5®'6 and cyclohexane4’7 shows that carbon atoms a  and d 
to sulfur experience downfield shifts of 2.9 and 0.6 ppm, re
spectively. The most downfield doublet is accordingly assigned 
to C-9, the more upfield one to C-10.

The three signals at next higher field belong to carbon 
atoms 4, 5, and 8 , which have two a  and three (3 substituents.4 
Replacement of CH2 by sulfur has nearly no influence at the 
exocyclic 7  position (compare the C H y  shifts of c i s - 3,5-di- 
methylthiane5® with the CH3 shifts in cis-1,3-dimethylcy- 
clohexane7) and the most downfield signal of the three is 
therefore assigned to C-5 (the corresponding shift in t r a n s -  
decalin is 34.485c). C-4 is “doubly 7 ”  to the sulfur atom, which 
in thiane leads to an upfield shift of 0.7 ppm compared to cy
clohexane; the signal at 34.40 consequently must be C-4. C-8 
is in a position analogous to that of the CH3(2) group in c i s -

2,4-dimethylthiane5® which is shifted upfield by 1.2 ppm 
compared to c i s - 3,5-dimethylcyclohexane; the signal at 32.58 
ppm comes closest to the value computed from the shift in 
frans-decalin (34.48 — 1.2 = 33.28).

The four most upfield signals belong to C-2 , C-3, C-6 and 
C-7, which have only two a  and two d substituents.4 C-2 is 
shifted downfield (similar to C-9) from the corresponding

1, all R ’s = H
2, R , = CH 3 (3c*-CH3)
3, R 2 = CH3 (3/3-CH3)
4, R 3 = CH 3 (4a-CH 3)
5, R 4 = CH 3 (4/3-CH3)

6 , R s = CH 3 (5a-CH 3)
7, R 6 = CH 3 (6 c*-CH3)
8 , R - = CH3 (8 a-CH3)
9, R 8 = CH3 (8/3-CH3) 

10, R , = CH3 (9-CH j )

R = H u

11, all R ’s = H
12, R, = CH 3 (3(3-CHj)
13, R 2 = CH 3 (3a-CH 3)
14, R 3 = CH3 (10-CH 3)

indicated

15, R„ = CH, (6 a-CH3)
16, R s = CH 3 (8 c*-CH3)
17, R 6 = CH 3 (8(3-CH3)
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Table I. 13C Chemical Shifts0 o f  t r a n s -  and cis-l-Thiadecalins

C om pdb Registry no. T em pc C-2 C-3 C-4 C-5 C -6 C - l C -8 C-9 C-10 c h 3

frcms-l-Thiadecalin
Parent, 1 54340-73-7 +30 3 O.O4 28.23 34 .4 0 34.5e 26.34 26.76 32 .5s 4 7 .O1 44.27 —
3q -CH3, 2 63702-90-9 +30 36.76 34 .2 2 4 3 .26 34 .5 i 26 .23 26 .78 32 .06 46 .3s 44.54 22 .7s
3 /3-CH3, 3 63730-12-1 +30 36 .2 i 28 .10 40.27 34 .7 6 26 .45 2 6 . 8 3 32.34 47.65 37 .7 2 17.37
4a-CH j, 4 63730-13-2 +30 23.1o 35 .3o 32 .44 31.9g 26 .73 26 .73 33.23 38.5o 4 7 .20 12 .3 2
40-CHj, 5 63730-14-3 +30 29 .28 37 .3 8 37.7 2 3 0 . 2 4 26.57 26.57 32.75 46 .44 50 .3g 2 O.I0
5o-CH 3, 6 63730-91-0 +30 2 9 . 8 3 2 8 . 6 9 31.73 34 . 1 4 33.77 2 0 . 5 4 33 . 1 2 40.57 4 6 . 8 1 13 . 0 7
6 a-CH 3, 7 63702-92-1 + 30 3 O.O3 2 8 . 1 4 34.34 43.29 (3 2 .58 ) 35 .2 2 (3 2 .50 ) 46 .65 43.93 22 .5 i
8 a-CH 3, 8 63702-93-2 +30 29 .96 28.1o 34.6g 34.87 25.7o 36.1g 37.23 5 4 . 6 4 4 4 .O3 20.36
8j3-CH3, 9 63730-15-4 + 30 3 O.O9 2 8 . I 9 35.25 35.16 2 O.I4 33.77 32.43 51 .4 i 3 6 .7 i 1 3 . 8 1
9 -CH3, 10 63702-94-3 +30 26.4(3 2 8 . 8 5 29.13 3 0 . 6 7 26.8s 2 2 . I 5 40.4 6 43 .9 6 47.37 I 8 . I 9

cis-l-Thiadecalin
Parent, 11 57259-80-0 +30 27.45 d d d d d 3 0 .6 9 42.15 36.75

+60 27 .62 24.5g 3 O.O4 2 9 .O0 2 3 . 8 7 24.23 30.94 42 .46 3 7 . I 0
Parent, H A e - 7 0 29 .92 2 1 . l o 32 .50 24.4 0 2 6 . 6 9 2 0 .8 8 31 .86 4 3 .l i 3 6 .0 i
Parent, H B e - 7 0 23.5g 28 .28 24.9 2 34 .2 2 1 9 . 6 1 28.2s 27.34 4 0 .4 i 36 .75
3 /3-CH3, 1 2 63730-16-5 +30 36 .63 2 7 .O7 41.45 26.01 26.74 2 1 .4 0 31.45 42 .7s 37.4 2 22.5o
3 0 -CH3, 1 2 +55 36 .7 i 27.24 4 1 .5 2 26 .33 26.77 2 1 . 6 2 31.57 42.93 37.5g 22 .3s
3 /3-CH3, 1 2 A f - 6 8 36.6 0 26 .72 41 .40 25 . 1 4 26 .72 2 0 . 8 3 31.24 4 2 . 6 7 3 7 . I 5 2 2 . 8 5
3a-CH 3, 13(B) 63730-17-6 +30 30 .70 3 4 . 8 5 (3 4 .28 ) (34 .46 ) 19.93 28 .56 27 .50 4 O.O1 3 7 . 8 1 23.10
IO-CH3, 14 63702-95-4 +30 d 23.59 d d 21.79 d 29 . 1 4 4 7 .O9 3 2 . 8 5 28 .20
10-CH 3, 14 + 55 2 6 . 1 5 23.74 34.59 37.83 21.95 2 5 . I 9 29.26 47.33 32.9s 2 8 . 2 5
IO-CH3, 14 A « — 6 8 3 O.O3 23.34 41.35 28 .28 2 1 . 8 7 2 O. 5 5 27.0 i 4 7 .O5 32.70 27 .3 2
10-CH 3, 14B« - 6 8 23.3g 23.34 29 .82 42 .55 21.33 27.53 29.30 46.53 32 .70 28.3g
6 q -CH3, 15 (A ) 63730-18-7 + 30 3 0 .0 7 21.42 32 .76 (33 .61) (33 .56 ) 29 .68 3 2 .O9 4 2 . 6 1 36 .53 2 2 .6 s
8 a-CH 3, 16 (A ) 63730-19-8 +30 29.53 2 2 .2 8 3 3 .O3 24 .3 2 26 .79 29 . 0 9 38.14 50.75 37 .50 2 O.O3
8/3-CH3, 17 63730-20-1 +30 24.95 27.8 6 27.3 i 32 .9o 2 I . I 9 d 3 0 . 6 7 4 9 .O5 36 .77 2 1 .0 2
8j3-CH3, 17 +55 25 . 1 7 2 8 . I 5 27 .29 3 2 . 8 4 2 1 .3 i 34.43 3 0 .9 i 4 9 .2 2 3 6 . 8 4 2 0 . 9 5
8 /3-CH3, 1 7 A b - 6 8 29.79 i 32.12 24.63 i 26.3s 33 .36 47.82 3 0 .2 i 18.3g
80-CH3, 17B b - 6 8 23.23 2 8 . 2 7 2 5 . 8 9 3 4 .5 i 2 0 . 7 7 35.8s 29.3 i 48.64 37 .7 6 2 1 . 7 4

a In CDC13, from  internal Me„Si. Parentheses indicate that assignments are not unambiguous. b t r a n s -  or cis-l-Thiadecalin. 
C-9 and C-10 are used instead o f  C-8 a and C-4a to  allow unambiguous use o f  “ a”  for axial, “ a ”  means the substituent is on 
the opposite ring side as the hydrogen at C-10; “ j3”  means on the same side o f  the ring as this hydrogen. For conform ations 
A  and B, see formula schemes in text. c ° C . Only when com pounds were found to be conform ationally inhom ogeneous at 
room  temperature, low  and high temperature 13C NMR spectra were recorded. d Signals were broad to  very broad due to 
slow ring inversion at this temperature and could not be measured accurately. e 58% A, 42% B. We are grateful to  Professor 
W. v. Philipsborn, Universität Zurich, for measuring spectra o f  this com pound at a number o f  temperatures. /> 9 5 %  A ; no 
signals o f  B could be detected. 8 33% A, 67% B. h 17% A, 83% B. ' N ot observed because either overlaid by a signal o f  the 
major com ponent or too  small to be discerned.

signal (26.99 ppm) in t r a n s - decalin,5c and is found at 30.04. 
C-3, like C-10, is also shifted slightly downfield, and the re
maining, most upfield two signals are carbon atoms 6 and 7. 
Comparison of the spectra of ethylcyclohexane5c and methyl 
cyclohexyl sulfide5b shows that the C-atom “doubly 5” to the 
sulfur (C-4) is shifted slightly more upfield than the one 7  to 
it (C-3,5). The most upfield signal in t r a n s -  1-thiadecalin is 
consequently assigned to C-6 .

The positions of methyl substitution in compounds 2-10 
follow from the synthetic procedures;3 the 13C spectra (and 
to a lesser extent, the proton spectra) indicate the configura
tion (a or ft see footnote b , Table I) of the methyl groups and 
the trans character of the ring fusion. The signals of axial 
methyl groups (in 3, 4, and 9) are invariably at higher field 
than the corresponding equatorial signals (2 ,5, and 8 ); when 
only one isomer was isolated, the position of the methyl group 
was still evident by comparison with signals of analogously 
orientated methyl groups (6 with 4; 7 with 2 ). Shift changes 
in carbon atoms near the methyl substituent ( a ,  f i, and 7 )  were 
in agreement with values calculated using the parameters 
developed for methylcyclohexanes4’7 and methyldecahydro- 
quinolines.8’9 Chemical shifts of carbon atoms remote ( > 7 )  

from the site of methyl substitution were generally close to 
corresponding shifts in the parent compound 1, which allowed 
unambiguous assignment of trans ring fusion in 2-10. To fa
cilitate assignments in 10, where most of the signals were 
substantially shifted compared to 1, 9-methyl-trans-l-thi- 
adecalin-2,2-d2 ( 10-ef 2) was prepared,3 in which the signal due 
to C-2 disappears through loss of NOE and by coupling with

the deuterium C-3 is shifted palpably upfield (—0.18 ppm), 
and C-4 is noticeably broadened.

The noise-decoupled room temperature 13C spectrum of 
c i s -  1-thiadecalin (11) shows only four sharp signals; the re
maining five signals are broad to very broad depending on the 
chemical shifts of the corresponding carbon atoms in con
formation A and B. Ring inversion therefore is already slow 
at +30 °C. Elevation of the probe temperature to +60 °C re
sults in sharpening of all nine signals due to fast inversion 
between A and B. Lowering the temperature stepwise to —70 
°C leads through coalescence (ca. —20 °C) to two sets of sharp 
signals which can be assigned to conformers A and B because 
of their unequal proportion (ratio 58% A, 42% B).

Assignment of the signals of each conformer to the various 
ring atoms is based on a combination of off resonance decou
pling, comparison with chemical shifts in the low-temperature 
spectrum of cis-decalin4c corrected for the replacement of C-l

Scheme III
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Scheme V

by S, effects of methyl substitution (in compounds 12-17), and 
shift changes of corresponding signals in A and B upon raising 
the temperature. The two most downfield signals in 11A and 
1 1 B are clearly C-9 and C-10; the remaining signals can be 
split into four groups for each conformer depending on the 
number of a, and y  effects4 they encounter. Thus, 11 A has 
C-4 and C-8  (two a, three d, no y a) next to C-9 and C-10; C-8, 
in an analogous position relative to S-l as in 1, must resonate 
at higher field. Next come C-2 and C -6  (two a, two d, no 7 a), 
with C-2, adjacent to the sulfur atom, shifted more downfield. 
C-5 (two a, three d, one 7 a) is at next higher field. The two 
most upfield signals belong to C-3 and C-7 (two a, two d, one 
7 a) with C-3, d to the sulfur atom, the more downfield signal. 
The signals of 11B can be assigned in an entirely analogous 
way. C-5 (two «, three d, no 7 a) and C-3 and C-7 (two a , two 
d, no 7 a) are the three most downfield signals next to C-9 and 
C-10. C -8  and C-4 are analogously substituted (two a, three 
d, one 7 a), but here C-8  is more dow nfield  shifted by the sulfur 
d to it. The two most upfield signals are C-2 and C-6 . Assign
ment of the spectrum of 11 at +60 °C follows from the spectra 
of the two frozen conformers, taking into account a downfield 
shifting of the signals of ~ 0.8 ppm upon raising the temper
ature by ~100 °C.

A number of signals in the room-temperature 13C spectrum 
of 3d-methyl-ci's-l-thiadecalin (12) are slightly broadened, 
the biasing influence of the methyl group being insufficient 
to make 12A the exclusive conformation. At +55 °C the signals 
are sharp, as at —68 °C; only the signals due to 12A can be 
detected at low temperature, indicating that this conformer 
predominates to >95%. Chemical shifts of C atoms close to the 
site of the methyl substituent show the expected a e, de and y e 
effects compared with 11 A, whereas C-6, C-7, and C-8  show 
only very minor changes. The configuration and conformation 
of 12(A) are thus established.

All signals in the room-temperature spectrum of 3a- 
methyl-ds-l-thiadecalin (13), on the other hand, are sharp, 
and no changes except the usual temperature dependence of 
13C shifts are observed upon variation of the probe tempera
ture. 13 must be conformationally homogeneous (13B), since 
a severe syn-axial interaction exists between CH3 and C-5 in 
conformation A. As in the case of 12(A), the signals next to the 
methyl substituent show the expected shift changes (ae, de), 
while C-6 , C-7, and C-8  are in good agreement with their 
values in 11B.

Scheme VII

15A

Compound 14, lO-methyl-cis-l-thiadecalin (see footnote 
b, Table I), like the parent compound 11, is conformationally 
heterogeneous, as indicated by the broad signals for C-2, C-4, 
C-5, and C-7 in the rt 13C spectrum. Once more the signals 
become sharp at +55 °C, and two sets of signals (ratio 33% A, 
67% B) are observed at —68 °C.

Replacement of H by CH3 on C-10 is known in cis-decalin40 
and c is -decahydroquinoline9 to bring about considerable shift 
changes in most of the carbon atoms compared to the parent 
compound. Only C-2 and C-7 in both 14A and 14B are ex
pected to be shifted by less than 1 ppm, relative to 11A and 
11B. However, assignment was complicated since 8 signals 
(four of each conformer) appear between 30 and 27 ppm. To 
aid the decision which of the two conformers was the minor 
and which the major one, the room- and low-temperature 
spectra of 14-2,2-d% were therefore recorded. Here the signals 
due to C-2 disappear through loss of the NOE and through 
being split into quintets. This makes possible the assignment 
of C-2 at 30.03 (minor) and 23.38 ppm (major) in the undeu- 
terated analogues at low temperature. Since C-2 in confor
mation B (one 7 a) resonates at much higher field than in A (no 
7 a), the major set of signals can be assigned unambiguously 
to 14B and the minor one to 14A. The rest of the signals are 
matched to the carbon atoms by the same criteria as listed for 
11.

The signals of 15 (6a-methyl-ci's-l-thiadecalin) are sharp 
at room temperature, since conformation 15B is prohibited 
because of the syn-axial CH3/C -4  interaction. The signals in 
the thiane ring (C-2, C-3, C-4) are in excellent agreement with 
11 A, which confirms the configurational and conformational 
assignment. Signals of C-6, C-5, and C-7 show the expected 
downfield shifts due to ae and de effects.

In 16, conformation B is excluded because of the two syn- 
axial interactions of the methyl group with C-2 and C-4, op
posed by only one additional gauche interaction between CH3 
and S in 16A. This consideration is verified by the sharpness 
of the signals of 16A at room temperature, which does not 
change upon lowering the temperature. The strain imposed 
upon the molecule by the CH3/S interaction manifests itself 
in less good agreement of signals remote from the site of 
substitution (C-3, C-4) compared to 11A or 15A. The carbon
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16B

atoms close to the methyl group show shift effects similar to 
the ones observed in the corresponding 8a-methyl-ds-dec- 
ahydroquinoline.9

In compound 17, finally, the effect of two syn-axial CH3/H 
interactions in 17A is set against one gauche CH3/S in 17B. 
The compound is conformationally heterogeneous, as indi
cated by the broadened signals of the rt spectrum. At —69 °C 
the two conformers appear in a ratio of 17:83, with confor
mation 17B predominating. Assignment of the signals is 
straightforward for the major conformer, using the criteria 
listed for 11; it is less easy for 17A, since two of the signals (C-3 
and C-6 ) are not observed and off-resonance decoupling could 
not be performed on the rest. Comparison with the shift ef
fects reported for the corresponding conformers of 8/3- 
methyl-cis-decahydroquinoline,9 however, leaves no doubt 
as to the correctness of the conformational assignments.

Comparison with Carbocyclic Analogues and Shift 
Effects Produced by Methyl Substitution. Comparison 
with carbocyclic analogues for which I3C data have been re
ported allows calculation of a set of increments for replace
ment of CH2 by S. These data have been compiled in Table 
II for t r a n s -  1-thiadecalin and for the two conformers of c i s -  

1-thiadecalin, A and B.
As in the case of the corresponding parameters for re

placement of CH2 with NH,8 the standard deviations of the 
values are relatively large, indicating differences in geometry 
between individual pairs of methyl-substituted decalins and 
1-thiadecalins. This reduces the worth of such averaged pa
rameters and makes the calculation of chemical shifts with two 
parameters (one multiplicative and one additive), which has 
been suggested in other heterocyclic systems14 fruitless, since 
deviations between values calculated and found are far larger 
than between values calculated with or without the multi
plicative parameter which is always close to unity. For this 
reason, 10 and its matching decalin have not been used for the 
calculation of the values in Table II, since geometrical dif
ferences to the other compounds in the corresponding series 
seem very pronounced. Generally the effects of replacing CH2 
by S are small with the exception of the a  carbons, but they 
are still noticeable on positions four bonds removed (C-6 ; 
“double 5” ).

Comparison of the chemical shifts of the three parent 
compounds 1, 11 A, and 11B with the methyl-substituted 
thiadecalins allows the calculation of effects of methyl sub
stitution. The results are similar to the values found for

Table II. Shift Differences AS“ between 1-Thiadecalins 
(X  = S) and Decalins6 (X  = CH2)

Shift differences
atom Effect Trans« Cis Ad Cis Be

C-2 a +2.4 ± 0.8 + 2.2 ± 0.2 +1.3 ± 0.8
C-3 ß +0.9 ± 0.4 +0.1 ± 0.5 +0.5 ± 0.1
C-4 d y - 0 .3  ± 0.4 -0 .7  ± 0.2 - 1 .2  ± 0.6
C-5 y +0.2 ± 0.5 —1.9 ± 0.3 +0.8 ± 0.5
C-6 d<5 —0.8 ± 0.2 - 0 .8  ± 0.3 —1.7 ± 0.4
C-7 7 -0 .5  ± 0.3 —0.8 ± 0.3 +0.3 ± 0.6
C-8 ß - 1 .9  ± 0.5 —1.1 ± 0.4 +1.1 ± 0.3
C-9 a +3.2 ± 0.6 +6.4 ± 1.0 +3.9 ± 0.3
C-10 ß +0.3 ± 0.5 - 0 .3  ± 0.5 +0.1 ± 0.6

a In parts per million. A  plus sign indicates that the signal 
in the S com pound is dow nfield from  the signal in the CH2 
analogue. The differences reported are averages for the 
pairs o f  com pounds considered (see footnotes c, d, and e) 
with their standard deviations. 6 13C chemical shifts o f  trans- 
decalin in CDC13 are reported in this paper; the other deca
lin values are from  ref 4c, but values o f  C -l and CTO o f  
cis-syn-1 -methyldecalin and o f  C-3 and C-7 o f  trans-anti-1- 
methyldecalin have been reversed. c Com pounds 1, 2, 5, 7, 
and 8  and the corresponding decalins were used for the cal
culation. d Com pounds 11A  (— 6 8  °C), 14A  (— 6 8  °C), 15A, 
and 16A and the corresponding decalins were used for the 
calculation. «C om pounds 11B (— 6 8  °C), 14B (— 6 8  °C), and 
13B and the corresponding decalins were used for the calcu
lation.

Table III. Conformational Equilibria in Mobile 
cis- 1-Thiadecalinsa

A G °
Compd A, % B, % K (kcal/mol)

Parent, 11 58 42 1.4 +0.14
3/3-CH3, 12 >95 <5 >19 >+1.2
10-CH.3, 14 33 67 0.49 -0.29
8/3-CH3, 17 17 83 0.20 -0.65
a In CDCI3 at —6 8  °C (205 K). For enumeration of signals used 

in integration, see Experimental Section.

methyldecalins4 and methyldecahydroquinolines,8’9 and for 
methylthianes.5'6 Individual a ,  f i , etc. values, however, once 
more differ quite strongly, especially for carbon atoms close 
to sulfur. The worth of averaged methyl-substitution pa
rameters with (large) standard deviations, therefore, is rather 
low; as in similar cases it seems more opportune to calculate 
individual parameters from the shift data as needed.

Conformation of cis- 1-Thiadecalins. The room-tem
perature 13C NMR spectra of 11, 12, 14, and 17 showed the 
presence of the two conformers in these compounds. Inversion 
was frozen out at —70 °C and the signal areas of corresponding 
carbon atoms (see Experimental Section) could then be in
tegrated. Nuclear Overhauser enhancement and T -l’s of such 
carbon atoms have been reported to be nearly equal in other 
heterocyclic systems.10 The resulting equilibrium constants 
and conformational free-energy differences are summarized 
in Table III.

Conformation A in c i s -  1-thiadecalin (11) is preferred by 
0.14 kcal/mol. This is in reasonable, if not complete, agreement 
with the value calculated by a force-field method11 (0.32 
kcal/mol); a comparison of the experimental with the calcu
lated AG °  values in the methylthiane series,53 however, leads
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Table IV. Pertinent ‘ H Chemical Shifts" of tran s- and cis-■1-Thiadecalins5

Compd H2e H2a h 9 CH3

Trans
Parent, 1 2.48-2.89. not resolved —2.40 (br m)
3«-CH 3, 2 2.15-2.55, not resolved —2.43 (br m) 0.92 (d, 6 )
3 /J-CH3, 3 - 2.21 (d, 13, o f d, 3) 3.03 (d, 13, o f d, 3) overlap H2e, H2a 1.19 (d, 7.5)
4a-CH3, 4 2.21 (d, 13, o f t, 4) 2.97 (d, 13, o f d, 10.5 -2 .9 7  (br) 0.86 (d, 7)

of d, 2.5)
4d-CH:i, 5 2.47 (d, 13, o ft , 4) 2.97 (d, 13 ,o fd , 11, -2 .4 5  (br) 0.92 (d, 5)

of d, 3)
5îï-CH,3, 6 2.30-2.93, not resolved 0.89 (d, 7)
6 0 CH3, 7 2.48-2.89, not resolved 2.34 (br m) 0.87 (d, 6.5)
8 «-C H 3, 8 —2.64, not resolved 2.16 (t, 1 0 ) 0.99 (d, 6 )
8 /5-CH3, 9 2.43-2.87, not resolved 1.01 (d, 7)
9-CH3, 10 2.39 (d, 14, o ft , 3.5) 2.89 (d, 14, o f d, 1.36 (s)

12, o f d, 3.5)
Cis

Parent, 11 (A !— B) —2.55, not resolved 2.97 (half-width 13)
3«-C H 3,12B 2.18-2.44, not resolved 2.57 (d, 12, o ft , 4) 0.95 (d, 6 )
3/3-CH3,13A 2.08-2.62, overlap w H3a 3.15 (half-width 9) 0.84 (d, 6 )
IO-CH3, 14 (A - B ) 2.24-2.82, overlap w Hs 2.46" (d, 6  o f d, 3) 1.16 (s)
6 «-C H 3, 15A —2.63, not resolved 3.25 (half-width 8 ) 0.94 (d, 5.5)
8«-C H 3,16A —2.57, not resolved 3.20 (half-width 7) 0.97 (d, 7)
8 /TCH3, 17 (A - B ) 2.26 — 2.78, not resolved 1 . 1 1  (d, 6 )

" In ppm, from Me^Si; the reported shift values are centers o f groups of signals in the spectra. The parenthesized data are multiplicity 
and coupling constants in Hz. 6 For preferred conformations of cis- 1-thiadecalins, see Schemes 111—IX. c From 14-2,2-d2.

to the conclusion that this agreement may be coincidental. 
Assuming additivity o f  conformational free energies and using 
the values from the methylthianes,5a one would predict con 
formation A to be the more favored, as indeed it is. In cis-
2,3-dimethylthiane, the 2 -C H 3 -e -3 -C H 3-a conform er is fa 
vored by 0.16 kcal/m ol com pared to 0 .0 2  kcal/m ol calculated 
with the values from the m onomethylthianes.5® If the exper
imental value o f c is -2 ,3-dimethylthiane is used as a basis for 
calculation, conform ation I IB differs from the 2-CH 3 -a-3- 
CH 3 -e form o f this molecule by a gauche interaction between 
C-4 and C - 6 , and conform ation 1 IA from 2-C H 3-e -3 -C H 3-o 
by a gauche interaction between S -l and C-7. W ith a C -C -  
C -C  gauche interaction from m ethylcyclohexane12 (0.87 
kcal/m ol) and a C -C -C -S  interaction similar to the one be 
tween CH 3 and S in 17B (see below; 0.95 kcal/mol) one obtains 
a calculated preference o f  0.08 kcal/m ol for conform ation A, 
reasonably close to the experimental value.

Introduction o f  a methyl group instead o f a proton at C-10 
in II (com pound 14) leads to a marked preference o f  con 
former B (67%). In addition to the situation in 1 1 , one has to 
offset the AG °  in methylcyclohexane (—1.74 kcal/m ol12b) 
against 3-methylthiane (—1.40 kcal/mol5a), giving a preference 
o f  11B o f  0.14 — 1.74 — (—1.40) = —0.20 kcal/m ol, in good 
agreement with the  experimental result o f  —0.29 kcal/m ol. 
Closer agreement can hardly be expected, since the second 
ring obviously changes the opportunities o f  the axial methyl 
group in both conform ations for reducing sterical strain by 
bending outward, and the change is not likely to be identical 
for the two conformers.

The sizeable changes in chemical shift upon cooling o f 12 
indicate a nonnegligible proportion of conformation B at room 
temperature. However, at —6 8  °C  there is less than 5% o f this 
conform ation, since no signals o f  the minor conform er are 
detected. The slight preference for A in 11 is enhanced in 12 
by 1.40 kcal/m ol (the preference o f  the methyl group in 3- 
methylthiane for the equatorial position) to 0.14 +  1.40 = 1.54 
kcal/mol. This corresponds to 2% o f  B at —68  °C, which is too 
little to be detected by 13C N M R.

Compound 17, finally, exists predominantly (A G °2o5 =  0.65 
kcal/m ol) in conformation B. Here the preference o f a methyl 
group in methylcyclohexane for the equatorial position is 
opposed by the C H 3/S  gauche interaction, which can thus be

estimated as —0.65 = 0.14 — 1.74 +  x ; x =  —0.65 -I— 0.14 +
1.74 = 0.95 kcal/m ol. This value is slightly larger than the 
gauche-butane interaction found in methylcyclohexane, and 
rather larger than the value deduced for a CH 3-C -C -S  in 
teraction from the experimental data o f 3-m ethylthiane, 5- 
m ethyl-l,3-dithiane, and cyclohexyl methyl sulfide50 (—0.6 
kcal/m ol). Obviously, the deviation o f the bond angles from 
tetrahedral geometry due to the sulfur atoms are such that 
CH 3 in 17 (and C-7 in the A conform ation o f  cis- 1-thiadecal
ins, generally; see above) are closer to the sulfur than axial CH 3 

in 3-methylthiane, and a differen t C /S  gauche interaction  
must be used. Similar reasoning may apply in the case o f cis- 
decahydroquinolines, where a similar difference between C /N  
gauche interactions was observed .9

T he remaining com pounds are conform ationally hom oge
neous either because trans ring fusion forbids inversion, or 
because o f severe C /C syn-axial interections in the alternative 
conformations.

*H NMR Spectra. Since only the protons on the C atoms 
adjacent to sulfur are resolved, and since the shift difference 
is less pronounced than in other heterocyclic systems (e.g., the 
decahydroquinolines9), even 100-MHz 'H  N M R  spectra offer 
only lim ited inform ation regarding the configurational and 
conformational properties o f  the trans- and c is - 1  -thiadecalins. 
T he apparent chemical shifts and coupling constants o f  the 
protons at C - 2  (H 2e, H 2a) and C-9 (H 9) and o f the methyl 
groups, if any, o f  the com pounds 1-17 are collected in Table
IV.

The most telling 'H  signal is the one due to H 9: in cis-1- 
thiadecalins preferentially in conform ation A this proton is 
coupled to three protons which are all gauche positioned, and 
the signal appears as a broad singlet with a half-width o f  ~ 8  

Hz (13, 15). If conform ation B is preferred, a large anti cou 
pling with Hga occurs and the signal appears as a doublet (J  
»  12 Hz) o f  triplets. If the conformational equilibrium allows 
for com parable amounts o f conform ations A and B, the half
width o f  the signal is intermediate (11, 14). Another aid in 
structural assignment is the apparent coupling constant o f  the 
methyl groups in the trans- 1 -thiadecalin series which is larger 
(~ 7  H z) for axial CH 3 (3, 4, 6 , 9) than for equatorial (—6  Hz;
5 ,7 ,8 ). Thus, the limited information that could be extracted 
from the ]H spectra o f 1-17 confirms the conclusions from the
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13C spect ra which proved considerably more valuable in the 
structural analysis o f  1 -thiadecalins.

Experimental Section
Synthesis and analytical data of the compounds investigated are 

described in detail elsewhere.'1
NMR spectra were recorded on a Varian XL-100 pulsed Fourier 

transform nuclear magnetic resonance spectrometer. 'H NMR spectra 
.were recorded in the CW mode, in 5-mm o.d. tubes. 13C spectra were 
measured at 25.16 MHz, in the pulsed mode, in 10-mm o.d. tubes. 
Solvent in both cases was CDCl.i, with 2-5% Me4Si admixed as in
ternal reference; the deuterium of the solvent provided the internal 
lock signal. Integration of corresponding signals in the low-temper- 
ature spectra was effected by counting squares of the signal areas, and 
by multiplication of signal height with half-width, after expanding 
electronically as much as resolution and noise level permitted. The 
following signals (numbers refer to position of carbon atoms) were 
integrated and gave the following (parenthesized) percentages (only 
one conformer of each pair is reported): 11A 2 (60), 4 (58), 5 (58), 6
(59), 9 (58), 10 (58); 14A 4 (32), 6 (34), 9 (33); 17A 5 (14), 9 (17), CH3 
(19). Error limits are estimated to be of the same size as reported in 
ref 13, that is, ±2% (in favorable cases of K  «  1) to ±10% (in unfa
vorable cases of K ~ 20). The resulting errors for the AC° values in 
Table II are ±0.06 kcal/mol or better.
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The stereochemistry of bromination of the title compound with bromine in the presence of pyridine to give the 
c-bromo sulfoxide has been studied by 'H NMR and stereospecific deuterium labeling methods. The reaction ap
pears to be completely regio- and stereospecific and involves inversion of configuration at both sulfur and a carbon. 
This result is discussed on the basis of various possible halogénation mechanisms. However, no clear-cut mechanis
tic choice appears to be possible.

The stereochemistry o f  a  halogenation o f sulfoxides by 
halogens or halogen sources (X 2) in the presence o f  base (B : ) 1 

has been extensively investigated in recent years.

R S (0 )C H R ,R 2 - 4 -  R S iO lC X R jR z
B:

The reaction is normally found to be stereospecific, and 
occasionally highly so, at both sulfur and a  carbon .7 T he re
sults, however, are puzzling, as the actual steric course appears 
to depend rather unpredictably both on sulfoxide structure 
(open chain7 or cyclic ,8^ 11 type and nature o f  the substituent 
at C „7-12) and reaction conditions (halogenating agent, pres
ence or absence o f  an electrophile such as AgNOa) .7 Thus, if 
it is reasonable to suppose that a single fundamental m echa
nism is operating in every case, it has been nevertheless im 

possible to fit all the results in a coherent framework. A p 
parently, the factors which ultimately control the stereo
chemistry are incom pletely understood.

It has been suggested that the conformational flexibility o f 
the substrate and/or reactive intermediates formed along the 
reaction path may play a key role in determining the steric 
course , 1 1 ’12 yet no comprehensive study has been reported on 
the halogenation o f conformationally rigid sulfoxides. 13 In this 
paper we report on the stereochemistry o f  bromination o f 
trans-2 -thiahydrindan 2 -oxide (la), a system which, by virtue 
o f the trans ring fusion, cannot undergo appreciable skeletal 
deform ation at the reaction centers. 14 This system is partic
ularly advantageous, since the four a  protons are all stereo- 
chem ically different, either because o f  their relation to the
S - 0  bond or the ring fusion, and can be readily identified in
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Figure 1. Proton NMR spectrum of irans-2-thiahydrindan 2-oxide (la) in CDClj in the presence of Eu(dpm):l 4:3 molar ratio.

Figure 2. Proton NMR spectrum of frans-2-thia-l-bromohydrindan 2-oxide (2a) in CDCl.t

the N M R. This is true also for the brom osulfoxide product 
and, consequently, the steric course o f  halogénation can be 
conveniently followed by N M R  methods.

a, R, = R 3 = R„ = H
b, R, = R 3 = H; R„ = D
c, R 3 = R„ = H; R, = D

Results

T he 100-M Hz N M R  spectrum o f  la has been previously 
discussed . 16 At 60 M H z the two quasi-equatorial protons Hi 
and H 2 still appear as separate resonances, 6 3.65 and 2.83, 
respectively. (In CDCI3 the shifts are concentration depen
dent; these values refer to a 0.44 M solution.) All other protons 
appear as two very broad signals centered at 5 1.95 and 1.2, 
respectively. The addition o f shift reagent [E u(dpm ):;] grad
ually resolves the heterocyclic part o f  the spectrum, all the 
protons eventually becoming neatly separated. This is shown 
in Figure 1, which corresponds to a 4:3 sulfoxide/shift reagent 
molar ratio.

Bromination o f la in acetonitrile in the presence o f  pyridine 
(48 h, room temperature) gave, together with unreacted 
sulfoxide and some sulfone (<10% ), a 30% yield o f  a tv-bro- 
mosulfoxide. Its presence was clearly evinced in the N M R  
spectrum o f the crude reaction product by the appearance o f 
a low-field dou blet17 [1 H, J  =  11 Hz, 6 4.18 (concentration 
dependent)] whose splitting unequivocally establishes the 
axial orientation o f the methyne proton geminal to bromine 
(henceforth the equatorial orientation o f bromine itself). No 
other doublet was visible in the N M R  o f  the crude product,
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HvS- 0 
B r ..

2a

Eu(dpm )

h 5 h . H, H,
Figure 3. Proton NMR spectrum of trans-2-thia-l-bromohydrindan 
2-oxide (2a) in CDCI3 in the presence of Eu(dpm)3 1:1 molar ratio.

Scheme I

2a
Zn .M eO D

D ,S O ,

I S O )

as well as in the isolated bromosulfoxide fraction. In T L C  this 
appears to be a single product. Therefore, within the limits 
o f  the sensitivity o f  the N M R  m ethod, only one a-brom osul- 
foxide was form ed, and the reaction appears to be extremely 
regio- and stereoselective. T he spectra o f  the isolated bro
m osulfoxide fraction in the absence and in the presence o f 
shift reagent (E u(dpm )3, 1:1 molar ratio] are reported in 
Figures 2 and 3, respectively. It is immediately apparent that 
the methyne doublet has been shifted downfield much less 
than the signal o f  the other axial «  proton ( H 4 ),  strong evi
dence 18 that the proton geminal to brom ine is trans with re
spect to oxygen; hence the brom osulfoxide has the structure 
2a. Additional definitive stereochemical proof was provided 
by the finding (see below) that in the reductive debromination 
(Zn/M eO D /D +) o f the bromosulfoxide product, the deuterium 
label turned up exclusively at positions R 2 and R 3, bound, that 
is, to Ci. Henceforth the Br atom must also be bound to Ci, 
a result that, given the axial setting o f  the geminal methyne, 
is com patible only with structure 2a.

Since the steric course o f  halogenation is known to often 
change drastically in the presence o f  silver nitrate ,7 the 
bromination o f la was also carried out in the presence o f 
AgNC>3 (2 equiv). Under these conditions the reaction went 
to com pletion in a relatively very short time. Again, however, 
2a was the only brom osulfoxide form ed together with some 
sulfone (20% ) . 19 Since in the case at hand AgNC>3 merely ac
celerates the reaction without altering its course, all further 
experiments were carried out in the presence o f  AgNC>3.

The question o f the steric course was approached through 
the use o f  specifically deuterium labeled derivatives o f  1 , as 
described in the following (Schemes I—III). Brom osulfoxide 
2a was subjected to reductive debrom ination by Zn in meth- 
anol-O-d in the presence o f acid catalyst ( D 2S O 4 ). Previously, 
on an open-chain substrate, com plete inversion o f configu
ration had been found by M ontanari and co-workers .7-20 On 
this basis, the product expected with our substrate was lb , 
where the D atom is quasi-axial and trans to S - O .  Instead 
(Schem e I) a mixture was obtained o f lb (60%) and lc (40%) 
corresponding to the reductive debromination occurring with 
80% racemization and 2 0 % net inversion.

This material, subjected to  brom ination under the usual 
conditions, gave a brom osulfoxide containing 1 0 0 % protium 
at the R 3 position (geminal to Br), but only about 60 and 40% 
protium respectively at R 4 and R j. In other words, the product 
was made up o f a mixture o f  2b and 2c (Schem e I). This 
finding dem onstrates that bromination o f  la occurs com 
pletely regiospecifically at C 3 and stereospecifically at sulfur 
with steric course inversion.

In order to ascertain the steric course at the a  carbon, one 
needs to know which o f  the protons at C 3 was replaced by

Scheme II

bromine, and this requires differential labeling at R i and R 4 . 
A preliminary experiment was carried out starting with the 
60:40 mixture o f  deuteriosulfoxides lb and lc, obtained as 
described above, by reductive debrom ination o f 2a (Scheme
II) .21 Treatm ent o f  this mixture (A ) with triethyloxonium 
fluoborate in CH 2CI2, followed by basic hydrolysis, inverted 
the configuration at sulfur22 producing B, partially deuterated 
at R i and R 4 . Bromination o f  B  gave a bromosulfoxide C with 
a protium content o f  100% at both R i and R 4 , but only about 
40% at R 3 , the position geminal to Br. This result, while con 
firming the inversion steric course at sulfur, is indicative o f 
at least predominant inversion o f configuration at the a carbon 
as well.

It was felt, however, that the differential deuterium labeling 
at R i and R 4 was insufficient to unambigously establish the 
stereoselectivity o f  removal and consequently the stereo
chemistry at C3 . A method was therefore sought to label only 
one o f  the positions at C3. Since the experiment o f  Scheme II
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Figure 4. Proton NMR spectrum of specifically deuterated 2-thiahydrindan 2-oxide (H, Scheme III) in CDCln in the presence of Eu(dpm)3 
1.2:1 molar ratio.

Figure 5. Proton NMR spectrum of the specifically deuterated bro- 
mosulfoxide I (see Scheme III) in C D C I3 in the presence of Eu(dpm)3 
1:1 molar ratio.

seemed to indicate preferential removal o f  H4, it appeared 
desirable to  deuterate precisely this position so that proton 
removal during bromination would eventually work against 
the kinetic isotope effect .23 T o  this end the sequence o f 
Scheme III was applied.

The S-m ethyl derivative o f  thiahydrindan-1 ,1 ,3 ,3 -d i  (3) 
was prepared as previously described .24 From previous work 
this sulfonium salt was known to undergo highly stereose
lective base-catalyzed H /D  exchange at position R 2 .24 

Treatm ent o f  3 with 2N NaOH in H 20  (7 h, 60 °C ) resulted 
in 80% exchange at the R 2 position giving D. This was 
subjected to thermal pyramidal inversion at sulfur, a process 
which exchanges corresponding positions across the sulfur 
atom .24 Indeed the material (E) obtained through thermal 
equilibration o f D had the H label equally divided between 
the quasi-equatorial a positions. This material was once more 
subjected to H /D  exchange to obtain F. This was ion ex
changed to obtain the chloride salt which was subsequently 
pyrolyzed to eliminate gaseous CH 3C1, leaving behind the 
labeled sulfide G. This material was oxidized to the sulfoxide 
H, whose N M R  spectrum in the presence o f  shift reagent is 
reported in Figure 4. As shown, the protium content at the 
quasi-equatorial positions R j and R 2 appears to be approxi
mately 65%, while that at the quasi-axial positions was still 
practically negligible.

Bromination o f H gave brom osulfoxide I whose N M R

spectrum is reported in’Figure 5. No protium appears to have 
been lost in bromination; it has switched place, however, as 
65% protium now appears at R 3 , the axial position geminal to 
Br. Recalling that bromination occurs with complete inversion 
at sulfur, this result demonstrates that the deuterium atom 
has been removed at R 4 (in spite o f  the unfavorable isotope 
e ffect) ,23 implying essentially com plete inversion at the a 
carbon.

In conclusion, «-brom ination o f la  is completely regio- and 
stereospecific and involves complete inversion o f configuration 
at both sulfur and «  carbon.

Discussion

All available evidence consistently indicates that the ha- 
logenation o f sulfoxides with halogen or halogen sources (X 2) 
in the presence o f  bases (B :) proceeds through the initial for-

X

R S ( 0 ) C H R , R ,  R S + C H R , R ,  — *  R S ( 0 ) C X R , R ,
one step

Q  or more

X ”  B H + X '

mation o f  a halooxosulfonium  intermediate, whose base- 
prom oted collapse eventually leads to the a-halosulfoxide 
product .23

A sizable deuterium isotope effect, &h /&d >  5.5, has been 
found for an open-chain substrate ,23 indicating proton ab 
straction occurs in the rate-determining transition state. In 
the absence o f contrary evidence, this mechanism may be 
reasonably assumed to have general validity. K inetic studies 
cannot provide inform ation about the step in which halogen 
is attached to the «  carbon, since this occurs after the rate-, 
determining step. This is precisely the question that stereo
chemical studies have sought to answer.

Fundamentally two types o f  mechanism have been pro
posed. In one, by M ontanari and co-w orkers ,7 hydrogen ab
straction and halogen migration were considered to occur in 
the same transition state. Such concertedness was assumed 
specifically in view o f  the close correlation, which in open- 
chain substrates was observed between the stereochemical 
course at sulfur and a  carbon, SinvCjnv or SretCret.7 However, 
in order to explain the occurrence o f various blends o f SinvCinv
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and SretCret, these authors suggested two processes were 
com peting with each other.

In the first, the halogen would migrate with a cation  from 
a syn coplanar conform ation, producing retention o f config
uration at both sulfur and a carbon. In the second, the halogen 
would migrate as an anion  from  an anti coplanar conform a
tion, involving inversion o f configuration at both reaction 
centers. According to M ontanari and his students ,7 the com 
petition between the two paths I and II would be decided by 
the relative stability o f  the syn and anti conform ers and ulti
mately by a steric factor: increasing bulk o f the groups (R, R 1( 
and R 2) at the ends o f  the S -C „  bond destabilizes the syn 
conform ation required for process I, thus shifting the balance 
toward process II and its attendant SinvCjnv steric course.

T o  visualize how the M ontanari mechanism would apply 
to our substrate it is useful to examine the Newman projec
tions (along the S -C „  bonds) o f  the key intermediate, the 
brom ooxosulfonium  cation.

Protons H 2 and H 4 (trans to brom ine) appear to deviate 
considerably from anti coplanarity with the bromine atom; 
from Dreiding models, the dihedral angles the S -B r bonds 
make with C -H 4  and C - H 2 are on the order o f  140 and 110°, 
respectively. On the other hand, protons H i and H 3 (cis to 
bromine) deviate less from syn coplanarity, the corresponding 
dihedral angle being about 20°. Although neither anti or syn 
coplanarity can be easily achieved in this very rigid system, 
the geometry is unquestionably more suitable for the occur
rence o f  process I rather than II. Indeed, if the two processes 
com parably com pete in open-chain systems, as proposed by 
M ontanari,7 process I would be expected to prevail strongly 
in our system, leading to removal o f  H] and/or H 3 and pref
erential steric course SretCret. This expectation is not fulfilled 
by the experiment, as the proton removed is H4, one o f  the 
protons trans to  bromine, and the steric course is SjnvCinv. 
Thus M ontanari’s mechanism, though not rigorously dis
proved by our results, does not receive support from 
them .25

The second mechanism was proposed by Klein and Stollar10 

and independently by M arquet and co-workers ,9 specifically 
for explaining the results obtained in the halogenation o f 
six-m em bered cyclic sulfoxides. It is a two-step process o f 
elimination-addition from the halooxosulfonium ion, in which 
a rate-determ ining anti ¡3 elimination o f  H X  to  form a posi-

R ' R " ( p - S + ( 0 ) R

H
B :-^

X "
j+zR ' R " C = £ + ( 0 ) R

BH+

R ' R " C — S ( 0 ) R

I
X

tively charged “ sulfene”  is followed by fast halide attack at 
the a  carbon o f  the sulfene to produce the halosulfoxide. 

Applied to our system, this mechanism requires the first

Scheme IV

step to be the anti elimination o f proton H 4 and Br (Scheme
IV).

As noted above, the H 4-C -S -B r  torsion angle is ~ 140°; i.e., 
the C -H 4 and S -B r  bonds deviate considerably from  the 
condition o f anti coplanarity which is most suitable for trans 
elimination. This stereoelectronic requirement could be 
overcom e by the elimination occurring via the carbanion 
mechanism, E lcb , but it may be unnecessary to go as far as 
that, since concerted anti /3 eliminations are known to  occur 
without great difficulty even in rigid systems which deviate 
considerably from anti coplanarity. For example, a case o f  an 
essentially exclusive base-catalyzed anti elimination has been 
reported involving the five-m em bered ring o f a steroidal 
brom ide, 3a -acetoxy-16a -deuterio-17a -brom opregn an e-
1 1 ,2 0 -dione ,26 where the geometrical situation o f the groups 
being eliminated is comparable to that o f  our brom ooxosul
fonium intermediate. Moreover, even in norbornyl derivatives, 
where the anti coplanar arrangement is essentially unac- 
cessible, anti eliminations do occur to some extent .26 In such 
cases the E2 transition state may be shifted somewhat toward 
the E lcb  extrem e ,27 a requirement which could be accom 
modated in the elimination from the bromooxosulfonium ion, 
where substantial carbanion character may be easily 
achieved.

As far as the second step o f the M arquet mechanism is 
concerned, however, the observed steric course demands that 
brom ide attack on the sulfene occurs exclusively, or very 
nearly so ,28 on one o f the two sides, precisely that where bro
mide was expelled from the bromooxosulfonium intermediate 
(equatorial attack). Since, at least in the absence o f ionic silver, 
bromide ions are likely to face both sides o f  the sulfene, this 
result is very surprising. It is nevertheless admissible, since 
the faces o f the “ sulfene” , being diastereotopic, have in 
trinsically different reactivities. In this connection it may be 
recalled that in the chlorination o f frans-4-R-thiane 1-oxide, 
the observed steric course would require attack on the sulfene 
to occur preferentially (2 0 :1 ) on the side opposite to that where 
chloride was expelled .9 - 1 1

In conclusion our findings, though not providing additional 
evidence, may not be incom patible with the M arquet9 “ sul
fene”  mechanism.

One aspect o f  the halogenation reaction that this m echa
nism does not consider explicitly is the role silver ions can play 
in changing, sometimes very drastically, the steric course 
(though this was not the case o f  the present study). W e feel 
this capacity o f ionic silver, and perhaps o f other electrophiles, 
may provide the key to  a better understanding o f  the prod
uct-form ing steps o f the halogenation mechanism. W e are 
currently testing the idea that the effect o f  silver ion may be 
related to its ability to bind halide ions in solution which might 
otherwise function as counterion o f the halooxosulfonium 
intermediate. The results o f  this study will be reported in a 
forthcom ing paper.
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Experimental Section
Bromination of frans-2-Thiahydrindan 2-Oxide. A solution of 

bromine (2.01 g, 13 mmol) in anhydrous acetonitrile (15 mL) was 
added dropwise to a stirred solution of iraras-2 -thiahydrindan 2 - 
oxide16 (1 g, 6.3 mmol) in a mixture o f anhydrous pyridine (3.6 mL) 
and acetonitrile (20 mL) cooled at —20 °C. The reaction mixture was 
stirred at room temperature for 48 h. Acetonitrile was removed under 
reduced pressure; the oily residue was dissolved in chloroform ( 2 0 0  

mL) and washed, in order, with aqueous sodium thiosulfate, aqueous 
sulfuric acid, and saturated aqueous sodium chloride. After drying 
with anhydrous sodium sulfate, chloroform was evaporated to leave 
an oil which, analyzed by TLC, resulted in a mixture of bromosul- 
foxide, starting sulfoxide, and sulfone. The oil was dissolved in ethyl 
ether (3 mL) and precipitated at -3 0  °C with light petroleum ether 
(15 mL) to give 450 mg (30%) of a white crystalline solid. Recrystal
lized from acetone/ethyl ether at - 2 0  °C, it appeared to be a pure 
compound (TLC). Unfortunately neither melting point nor elemental 
analysis could be obtained, since this compound, stable in solution 
at low temperature, spontaneously and unpredictably undergoes 
sudden decomposition in the solid. However, mass spectral analysis 
gave the expected molecular peaks at m/e 236 and 238 and a frag
mentation pattern consistent with the assigned structure (2a). The 
NM R (60 MHz, 38 mg in 0.5 mL of CDCI3 ) is shown in Figure 2. The 
low-field doublet at b 4.18, due to the methyne proton geminal to 
bromine, is characterized by an 11-Hz coupling which establishes its 
quasi-axial setting (trans diaxial vicinal coupling); hence the bromine 
atom must be quasi-equatorial.

The geometric relation with respect to the S -0  function was ob 
tained.by lanthanide-induced shift experiments. For instance, the 
spectrum obtained at the maximum shift reagent to bromosulfoxide 
molar ratio ( 1 :1 ) shows (Figure 3) how the methyne proton doublet 
has moved downfield much less rapidly than the triplet o f the axial 
proton at C3 . Thus the methyne proton is trans and the axial meth
ylene proton at C3  is cis with respect to S-O.

Bromination in the Presence of Silver Nitrate. A solution of 
bromine (2 g, 12 mmol) in anhydrous acetonitrile (15 mL) was added 
dropwise at — 2 0  °C to a stirred solution of sulfoxide ( 1  g, 6.3 mmol) 
and silver(I) nitrate (4.2 g, 25 mmol) in a mixture o f anhydrous pyri
dine (3.8 mL) and acetonitrile (30 mL). The reaction mixture was 
further stirred at —20 °C for 1 h, then at room temperature for 1 h. 
Filtration of silver bromide and removal o f acetonitrile under reduced 
pressure left a crude oily product which (TLC and NM R) appeared 
to be made up of bromosulfoxide 2a (80%) and sulfone (20%). No 
unreacted sulfoxide could be detected. Workup as described above 
gave 1 . 2  g o f pure 2a.

This bromination procedure was applied to the deuterium labeled 
compounds for which, however, the reaction time was 4 h at —20 °C 
and 1 h at room temperature.

Reductive Debromination of 2a. Zinc (20 g, 0.3 mol) and a few 
drops o f concentrated deuteriosulfuric acid were added to a stirred 
solution of bromosulfoxide 2a (10 g, 0.042 mol) in methanol-O-d (55 
mL). Continuous TLC monitoring of the reaction mixture, stirred at 
room temperature, showed complete disappearance of the starting 
sulfoxide after 6  h. Zinc was filtered off and methanol removed under 
reduced pressure. The residue was dissolved in chloroform (300 mL) 
and washed with aqueous sodium carbonate and saturated aqueous 
sodium chloride. After drying with sodium sulfate and removal of 
chloroform, the residue was purified by column chromatography 
(silica; chloroform-acetone). The recovered sulfoxide (2 g, 28% yield) 
was finally distilled at reduced pressure, bp 126 °C (1.5 mm). NM R 
in the presence of Eu(dpm >3 indicated a 60% protium content at the 
H 2 position and a 40% protium content at the H 3  position.

Inversion of A to B. The inversion o f A to obtain B was achieved 
according to the procedure by Johnson and McCants . 2 2  NM R of the 
inverted sulfoxide B in the presence of Eu(dpm ) 3  showed protium 
contents o f 51 and 62% at the positions corresponding to H 4  and Hi, 
respectively.

D /H  Exchange of 3 and Pyramidal Inversion. The sulfonium 
salt 3 (4.5 g, 0.018 mol) was heated at 60 °C for 7 h in 2 N NaOH (70 
mL). The recovered salt (4.5 g) was twice crystallized from 95% eth
anol, containing a few drops o f diluted hydrochloric acid, and ethyl 
ether.

The NM R of the undeuterated sulfonium salt in D 2 O has been 
previously described . 24 The recovered material, D, had 80% protium 
content at b 3.40 corresponding to H2.

A solution o f D (4 g) in water (50 mL) was refluxed for 28 h. The 
sulfonium salt E, recovered after removal of water under reduced 
pressure and analyzed by NMR, showed 40% protium contents at b
3.85 and 3.4 corresponding to H 1 and H2, respectively . 24

Four grams of this material was dissolved in 2N NaOH (70 mL) and 
kept at 60 °C for 8  h. The recovered sulfonium salt (3.5 g) F was twice 
crystallized from 95% ethanol, containing a few drops o f diluted hy
drochloric acid, and ethyl ether. The protium content (NM R) was 
found to be 90% at <5 3.4 (H 2) and 40% at b 3.85 (H i ) . 24

Sulfonium Tetrafluoroborate Anion Exchange and Pyrolysis. 
The sulfonium tetrafluoroborate F (3.5 g) was dissolved in water (50 
mL) and the solution eluted through a column o f Amberlist 26 (Cl- ). 
The sulfonium chloride, obtained as a semisolid compound by removal 
of water under reduced pressure, was decomposed to sulfide and 
methyl chloride at 160 °C. The resulting crude sulfide was dissolved 
in chloroform and washed with aqueous sodium thiosulfate and sat
urated aqueous sodium chloride. After drying with sodium sulfate and 
removal o f chloroform, the residue was distilled under reduced 
pressure to give 1.6 g (78%) o f sulfide G, whose NM R spectrum in 
CDCI3  showed 65% protium content at b 2.8, corresponding to the 
pseudoequatorial positions.2'

Oxidation of Sulfide G to Sulfoxide H. To a solution of 1.5 g of
sulfide G in acetone (15 mL) at 0 °C, 1.3 m L of 31% hydrogen peroxide 
in acetone (10 mL) was added dropwise. The solution was stirred at 
room temperature for 3 days. Workup gave 1.5 g of pure sulfoxide, 
whose NM R is reported in Figure 4, containing 65% protium at the 
positions corresponding to Hi and H2.

NMR. All spectra were recorded at 60 MHz (C-60 Jeol). The ad
dition of Eu(dpm):i shift reagent to chloroform solutions o f sulfoxides 
and bromosulfoxides allowed the complete resolution o f the reso
nances o f the heterocyclic ring protons (see, for example, Figures 1 
and 3). Assignment of the different resonances to each individual 
proton was done on the basis o f coupling constants and rates of 
chemical shift changes in the presence of Eu(dpm).i. The percentages 
of protium at the various positions for the partially deuterated com 
pounds were determined ( =f 1 0 % approximation) using as standard 
the intensities of the two bridgehead protons (Hr„ He) for the sulfoxide 
and of one bridgehead proton (H 5 ) for the bromosulfoxide.
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Phosphorylated derivatives of l-carboxymethyl-2-iminoimidazolidine (1) with phosphorus attached to the pri
mary and secondary nitrogen positions, respectively, were prepared. Dilithium l-carboxymethyl-3-phosphono-2- 
iminoimidazolidine (2) was obtained by treatment of 1 with POCI3 in aqueous LiOH solution. Compound 2 was 
shown to be identical with the product of phosphorylation of 1 by adenosine 5'-triphosphate, catalyzed by creatine 
kinase. Thus, the previous structural assignment for this compound [G. L. Rowley, A. L. Greenleaf, and G. L. Ken
yon, J. Am. Chem. Soc., 93, 5542 (1971)] is incorrect. l-Carboxymethyl-2-(diphenoxyphosphinylimino)imidazoli- 
dine sodium salt (13), the diphenyl ester of the isomeric substance, was obtained by coupling of N-(2-aminoethyl)- 
glycine sodium salt with .S’ ,.S'-dimethyl-/V-(diphenoxyphosphinylimino) dithiocarbonimidate. Structural assign
ments for both 2 and 13 were made using NMR spectroscopy; especially valuable were measurements of 
values of appropriate selectively I6N-enriched compounds. Some model 2-iminoimidazolidines, unequivocally 
phosphorylated on either the primary or secondary nitrogen, were synthesized for use in spectral comparisons. The 
measured apparent first-order rate constant for the hydrolysis of the P-N bond of 2 at pH 2.96 was found to be con
sistent with the structural assignment given here.

The synthetic creatine analogue l-carboxymethyl-2-imi- 
noimidazolidine (1 )5 is an excellent substrate for the enzyme 
creatine kinase, having a maximal velociiy of 90% of that of 
creatine itself.6 The two possible products of this enzymatic 
phosphorylation are salts of l-carboxymethyl-3-phosphono-
2-iminoimidazolidine (2) and l-carboxymethyl-2-(phospho- 
noimino)imidazolidine (3). After an exhaustive analysis of the 
products of this enzymatic process, only one of these was de
tected, and it was tentatively identified as 3.5 This identifi
cation was based upon examination of the proton NMR 
spectrum of the isolated product and its observed minimal 
31P-N-C-*H coupling of phosphorus to the protons of one of 
the ring methylene groups. Such coupling had been antici
pated to be relatively pronounced in structure 2, but not in 3.7 
The present work includes the chemical syntheses and 
structural assignments for 2, the diphenyl ester of 3, and 
several other N-phosphono-2-iminoimidazolidines. As a result 
of this work, the structural assignment given previously5 for 
the product of the creatine kinase catalyzed phosphorylation 
of 1 has been shown to be incorrect; that is, this product has 
structure 2, not 3.

Results and Discussion
In the course of this work, synthetic routes to both 2 and 3 

were sought so that the chemical and biochemical behaviors 
of each could be examined. One of the compounds synthesized 
as a potential precursor to 2 was l-diphenoxyphosphinyl-2- 
(benzyloxycarbonylimino)imidazolidine (4). The precursor 
to 4, 2-(benzyloxycarbonylimino)imidazolidine (5), and the 
isomeric 6 had both been prepared and characterized by 
Matsumoto and Rapoport.8 Using proton NMR spectroscopy, 
the distinction between 5 and 6 is straightforward, since 5 is 
symmetrically substituted and 6 is not.

W here Cbe =  -C 0 2CH2C6H5

When 5 was treated with diphenyl chlorophosphate and 
triethylamine in tetrahydrofuran solution, product 4 was 
generated. Consistent with the structural assignment, the 
proton NMR spectrum clearly indicated asymmetric substi
tution, since the two ring methylene groups were now in dif
ferent magnetic environments. Attempts to carboxymethylate 
4 at the N-3 position were unsuccessful,9 precluding its use as 
a precursor to 2. The proton NMR spectrum was valuable, 
however, since 4 u n eq u iv oca lly  possesses the structure with
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Scheme I
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phosphorus attached to the secon d ary  nitrogen in the ring. 
At 2 2 0  M Hz the -C H 2CH 2-  proton region (for spectrum, see 
ref 9) was remarkably similar to the A A 'B B ' spectrum pre
viously seen for the product o f the creatine kinase catalyzed 
phosphorylation o f l.5 Thus, determination o f the Jpnch 
value for coupling o f phosphorus to one o f the ring methylene 
groups is not a reliable method o f  determining structure for 
this type o f com pound.

A potential route to the unequivocal synthesis o f 3, centered 
on the preparation o f 7, is outlined in Scheme I. The use o f 
N a/liquid N H 3, a successful procedure em ployed in similar 
syntheses, 10 was proposed for the ultimate removal o f  the 
AN benzyl blocking group. For the synthesis o f  7, 2-hydroxy- 
ethylaminoacetonitrile (8 ) was converted to ethyl-(V-(2 - 
chloroethyl)glycine hydrochloride (9), by modification o f the 
methods o f Jones and W ilson . 1 1  In our hands, the conditions 
reported by Jones and Wilson were too severe and resulted in 
intractable tars. W hen 9 was treated with benzylamine in re
fluxing ethanol, spontaneous cyclization to l-b en zy l-2 -keto- 
piperazine (10) occurred. Isolated as a viscous oil, 10 was 
characterized as its crystalline N -tosyl derivative II . When

Scheme II
O
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14

0
CH

15 +  H.N'

C E .S ^
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16
CH>iC
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N = C = N  — POIOQH-A

J
NH

CH,— C O .rN a+
18

1
H

C  > = N — PO(OC6H5)2

CH:,— CO.,-Na+ 
13

proceeds via the hypothetical carbodiimide 18. Despite several 
attempts,9 including catalytic hydrogenation under a variety 
o f  non-acidic conditions, efforts to remove the phenyl groups 
from 13 to generate 3 have so far been fruitless.

Com pound 1 was phosphorylated in aqueous base with 
POCI3 , using a slight m odification o f the procedure which 
Ennor and Stocken 14 used for the conversion o f  creatine to 
phosphocreatine. Surprisingly, only one phosphorylated 
product could be detected and isolated, and it was identical 
to the sole product o f  the creatine kinase-catalyzed phos
phorylation o f l .5 The natural abundance, proton-decoupled 
carbon-13 N M R  spectrum o f this product was examined. The 
chem ical shift assignments are shown below (relative to di- 
oxane):

either 1 0  or 1 1  were hydrolyzed, iV -(2 -benzylam inoethyl)- 
glycine dihydrochloride (12) was produced. In analogy to the 
synthesis o f  l ,5 intermediate 12 was then converted to 7 by 
treatment with cyanogen brom ide in aqueous solution. A va
riety o f  conditions, described elsewhere ,9 were used in un
successful attempts to phosphorylate 7.

Scheme II shows a successful route to  the unequivocal 
synthesis o f l-carboxym ethyl-2 -(diphenoxyphosphinylimino) 
imidazolidine (13), the diphenyl ester o f  3. The scheme was 
patterned after syntheses o f  other cyclic guanidines by Bosin 
et a l.12 T he use o f  the powerful methylating agent, methyl 
fluorosulfonate, 13 was found to be necessary for the conversion 
o f 14 to 15. Intermediate 17 was purified by the unusual pro
cedure o f chromatography over silica gel o f  its sodium salt, 
using methanol as eluent. The final ring-closure presumably

I:IC NMR o f  2

The spectrum was consistent with the structure o f  2, not 3. 
The carbons furthest removed from phosphorus (C -l, C-2, and 
C-5) appeared as singlets. Both C-3 and C-4, however, ap
peared as doublets with J  values o f  4 ±  1 Hz, consistent with
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Table I. 3,P NMR Data for Some l5N-Enriched 
Phosphoramidates

Registry JisN_ 3iP
Structure no. (Hz)
O

<C(H,0)2P— NH2 (21 )"■* 63784-03-2 45
' CHjC„Hs

I O
M |

[ N=N— P(OChH5)2 (20)‘ 63784-04-3 35
N
I

char
0
IIP(OC„H,).2
1 o

J i  „ II
[ H n— Ptoc.H,), ( 2 2 ) ' 6 3 7 8 4 - 0 5 - 4  ~50e, 0 /

IH
H
I O

|
1 >^N— P(OC6hs)2 <13)*-' 63784-06-5 11

CHj—cor. Na+ 
por

i*
f  >~4nhz <2)“  63784-07-6 0*

N
I

ch2— ca r

a Solvent = acetone-d6. 6 99% 15N enriched. c Solvent = 
CDC13. d 96% 1SN enriched. e Since this measurement was 
made using only 96% ' 5N-enriched material, the resolution 
of the doublet was not complete. The value given is an esti
mate based on the width at half-height. /  As expected, a 
second 31P peak was observed as a sharp singlet. S Solvent = 
D?0 . ^This 31P peak appeared 5.33 ppm downfield from 
trimethyl phosphate which was included in the sample at 
a concentration of 0.10 M.

JoipNi'ic coupling. Nevertheless, since very few similar cou 
pling constants have ever been determined, this evidence was 
considered insufficient for a definitive structural assign
ment.

M ore convincing evidence for the structural assignments 
given to 2 and 13 came from  measurement o f  t/3ip_i5N values 
for some selectively 15 N-enriched phosphoram idates using 
phosphorus-31 N M R . The data are shown in Table I. C om 
pound 2 0 , owing to appropriate substitution, unequivocally 
has phosphorus attached to  the 2-im ino nitrogen. As expect
ed , 15 the 31P N M R  spectra o f  both 20 and 21 showed large 
j 3ip_i6N values. Because its ring methylene groups are in d if
ferent magnetic environments as determined by proton 
N M R ,9 com pound 22 m ust have one phosphorus attached to 
a secondary nitrogen and one phosphorus attached to the
2-imino nitrogen. This latter example provides direct evidence 
that J n c n p  values must be relatively small in systems o f this 
type.

Within experimental error, selectively 15N-enriched 2 shows 
no evidence o f  coupling to phosphorus, whereas selectively 
enriched 13 does. This lack o f  observed coupling o f I5N to 
phosphorus provides evidence that the product o f  creatine 
kinase catalyzed phosphorylation o f  1 is 2, not 3 as previously 
proposed .5

Further evidence for the structure o f  2 is provided by a 
com parison o f  the rate o f  removal o f  phosphorus from  2  by 
hydrolysis to the rate o f  removal o f  phosphorus from  a phos- 
phoguanidine where the bond is between phosphorus and a 
primary nitrogen. The apparent first-order rate constant for

appearance o f inorganic phosphate when 2  undergoes hy
drolysis in acetate buffer (30.5 °C , pH  2.96, /r 0.2) was found 
to be 1.39 (±0.08) X 10- 3  m in-1 . Assuming that the apparent 
pK Y  values for 2  are similar to those for phosphocreatine , 16 

then the species here would be m onoprotonated on the 
phosphate m oiety and electronically comparable to the 
phosphocreatine species present in solution at pH 1-3 .5 . 17  

Under the conditions described above, the apparent first- 
order rate constant for the hydrolysis o f  this species o f  phos
phocreatine16 is 1.5-1.65 X 10- 2  m in-1 . This 11- to 12-fold 
difference in rates could be due to  a p K a' difference in the 
guanidines o f  about 1  unit (if the phosphorus were joined to 
a primary nitrogen in both cases) . 18 However, such a difference 
in pK a' is unlikely and a more plausible explanation o f the 
difference in rate constants is that the com pounds are o f  d if
ferent types. Benkovic and Sam pson 18 found that various 
phosphorylpyridinium  ions have a rate o f hydrolysis 50-fold 
lower than phosphoramidates form ed from  primary alkyl 
amines. A similar situation could be present here where the 
difference in rate constants may be due to the fact that 
phosphorus is bound to a primary nitrogen in one case and a 
secondary in the other.

A preliminary report19 o f  the x-ray crystal structure o f  the 
product from  the creatine kinase catalyzed phosphorylation 
o f 1 confirms the structural assignment made here. Moreover, 
there is evidence10 ’20 which indicates that 2  can substitute for 
phosphocreatine in the creatine kinase catalyzed reaction in 
the direction o f adenosine 5 '-triphosphate formation. Further 
studies on the biochem ical properties o f  2  will be reported at 
a later date.

Experimental Section21
Dilithium 1 -Carboxymethyl-3-phosphono-2-iminoimidazol- 

idine Dihydrate (2). A solution of 0.5 g (3.5 mmol) of 1-carboxy- 
methyl-2-iminoimidazolidine (1 )5 in 0.5 mL of 3.7 N LiOH and 5 mL 
of H2O was cooled in an ice-salt bath. While using vigorous me
chanical stirring, 1.6 mL (17.5 mmol) of freshly distilled POCI3 and 
32 mL of 3.7 N LiOH were added in 16 portions at appropriate time 
intervals over a period of 2 h. At the end of the 2-h addition period, 
the pH of the solution was carefully adjusted to 7.2 with 6 N HC1. 
Solids in the reaction mixture were removed by either centrifugation 
or filtration and washed with 30% methanol-water (v/v). The filtrate 
(or supernatant) and washings were combined, and an aliquot was 
analyzed by polyethylenimine (PEI) cellulose thin-layer chroma
tography, as previously described.22 Only one phosphorus-containing 
spot was in evidence, and its R f  value corresponded favorably to that 
of other phosphocreatine analogues.22 To complete the purification 
of the product, the solution was reduced in vacuo at room temperature 
to a volume of 5 mL. The resulting solution, slightly turbid due to a 
small amount of insoluble material, was filtered through a fine-grade 
sintered-glass funnel to give a clear filtrate. Absolute ethanol was 
added to this filtrate until it became slightly turbid. After standing 
overnight, crystals had formed. They were collected by filtration and 
recrystallized once more from H20-EtOH. This resulted in 400 mg 
of colorless crystals. Addition of more EtOH to the mother liquor until 
it turned turbid gave an additional 168 mg of product. The combined 
yield amounted to 568 mg (57%). Both the IR and 220-MHz NMR 
spectra were identical with those of the product obtained from the 
creatine kinase catalyzed phosphorylation of l .5 PEI-cellulose thin- 
layer chromatography and NMR analyses of the mother liquors at 
various stages of purification of 2 gave no evidence for the presence 
of a second isomer.

Anal. Calcd for C5H8N,A>PLi2-2H20 : N, 15.50; P, 11.43. Found:
N, 15.36; P, 11.56.

The hydrolysis of compound 2 in acetate buffer was followed by 
measuring inorganic phosphate using the method of Jencks and Gil
christ23 (developed for use with labile phosphoramidates). A 10 mM 
solution of 2 in sufficient acetate buffer to give an ionic strength of
O. 2 and a pH of 2.96 was heated at 30.5 °C (±0.2 °C) until no further 
hydrolysis occurred. The pH changed no more than ±0.02 unit. With 
the sample of 2 used here the initial concentration of inorganic 
phosphate was 0.3 mM and the final concentration (>6 half-lives) was
7.4 mM. Duplicate sets of data were plotted on graphs of In (P„ -  Pt) 
vs. time, and the slope and standard deviation were derived by the 
method of least squares.
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l-Diphenoxyphosphinyl-2-(benzyloxycarbonyIimino)imida- 
zolidine (4). To a stirred solution of 1.00 g (4.56 mmol) of 2-(benzy- 
loxycarbonylimino)imidazolidine (5)8 and 1.20 mL (8.72 mmol) of 
triethylamine in 80 mL of tetrahydrofuran (THP) under an atmo
sphere of N2 was added a solution of 2.32 g (8.72 mmol) of diphenyl- 
chlorophosphate (Aldrich) in 80 mL of THF. Addition was carried 
out over a period of 10 min. Following completion of addition, the 
mixture was evaporated to dryness. The resulting material was dis
solved in a minimal amount of 5% Et3N-CHCl3 (v/v) and applied to 
a silica gel column. The column was eluted with 5% Et3N-CHCl3 (v/v), 
and the fractions containing the component with an R f  value of 0.6 
on silica gel thin-layer plates were pooled and the solvent was re
moved. The white solid thus obtained was recrystallized from 
CHCl.j-ether. A total of 1.54 g of product was obtained (75% yield): 
mp 141-142 °C; IR (Nujol) 6.02, 6.26, 6.78, 7.78 Mm; NMR (CDC13) 
6 3.63 (m, 1), 5.22 (s, 2), 7.18 (s, 5), 8.40 (br s, 1).

Anal. Calcd for C23H22N3O5P: C, 61.23; H, 4.93; N, 9.33; P, 6.88. 
Found: C, 60.93; H, 4.80; N, 9.29; P, 6.72.

Ethyl-JV-(2-chloroethyl)glycine Hydrochloride (9). This 
compound was prepared by the method of Jones and Wilson,11 
modified as follows. While stirring in a water bath at room tempera
ture, 51.1 g (0.9 mol) of cyanohydrin24 was added dropwise to 54.7 g 
(0.90 mol) of ethanolamine over a period of 2 h. The mixture was 
stirred overnight. A distillation head was fitted to the flask, and the 
reaction system was evacuated to a pressure of ca. 8 mm while stirring 
and cooling. After 5-10 min of pumping, the material in the flask 
turned into a wet, white, crystalline mass. Pumping was continued 
for an additional 30-45 min. This intermediate, 2-hydroxyethylam- 
inoacetonitrile (8), was not purified further and was stored at 4 °C 
until used. A flask containing 200 g of absolute ethanol containing 65 
g of HC1 was stirred on an ice bath. To this was added cautiously 30.8 
g (0.308 mol) of 8. Stirring was continued for 30 min while still cooling 
in an ice bath. The mixture was then heated at reflux for ca. 2 h. Fol
lowing filtration of the reaction mixture, the filtrate was evaporated 
to remove all of the ethanol. The remaining residue was taken up in 
45 mL of CHCI3. This solution was cooled in ice while 100 g (0.84 mol) 
of S0C12 was added dropwise. Stirring at room temperature was 
continued for 14 h. The solvent was then removed. A large amount 
of ether was poured over the residue, and the crude product was col
lected by filtration. The product melted between 150 and 156 °C (lit.11 
152 °C).25 The material failed to recrystallize under the conditions 
reported by the original authors.11 No straightforward method of 
further purification could be found, but the material was used suc
cessfully in its somewhat impure form in subsequent reactions.

l-Benzyl-2-ketopiperazine (10). To a solution of 21 g (0.10 mol) 
of ethyl-iV-(2-chloroethyl)glycine hydrochloride (9) in 1400 mL of 
refluxing 95% ethanol was added dropwise a solution of 39.2 g (0.366 
mol) of benzylamine (Aldrich, 99%) in 350 mL of 95% ethanol. Heating 
at reflux was continued overnight. The ethanol was removed, and the 
residue which remained was triturated with CHCI3. Filtration re
moved the insoluble benzylammonium chloride. The excess benzyl- 
amine was removed by vacuum distillation. Once again CHCI3 was 
added to the residue, and a small amount of benzylammonium chlo
ride which remained was removed by filtration. Removal of solvent 
yielded a red, viscous oil which was further purified by one of the 
following two procedures:

(a) Purification by tosylation. The crude oil was dissolved in 60 mL 
of 3 N NaOH. While cooling in a water bath, 22.8 g (0.122 mol) of p- 
toluenesulfonyl chloride, dissolved in acetone, was added with stirring. 
After standing overnight, the crude, crystalline tosyl derivative, 1- 
benzyl-4-p-toluenesulfonyl-2-ketopiperazine (11), was collected by 
filtration. After recrystallization from 95% ethanol, 7.3 g (21%) of the 
pure derivative was obtained: mp 153-155 °C; IR (Nujol) 6.03, 8.61
Mm.

Anal. Calcd for Ci8H2oN203S: C, 62.70; H, 5.86; N, 8.13. Found: C, 
62.58; H, 5.76; N, 8.36.

(b) Purification by silica gel chromatography. The crude oil was 
chromatographed on silica gel by eluting with either 50% MeOH- 
EtOAc (v/v) or MeOH-CHCl3 (2:3, v/v). The pure, hygroscopic oil 
was obtained in a yield of 30-40%, and it had an R f  value of 0.4 on silica 
gel thin-layer plates when chromatographed with 50% MeOH-CHCl3 
(v/v). Due to its extremely hygroscopic nature, a satisfactory elemental 
analysis was not obtained for this product. Conversion of the chro- 
matographically pure oil to the tosyl derivative gave a crystalline 
material identical to the one described above.

N-(2-Benzylaminoethyl)glycine Dihydrochloride (12). This 
compound was obtained by hydrolysis of either l-benzyl-2-ketopi- 
perazine (10) itself (method 1) or its N-tosyl derivative 11 (method 
2).

Method 1. A solution of 0.6 g of (10) was heated at reflux in 14 mL

of 6 N HC1 for 30 h. After cooling to room temperature, a mass of 
colorless crystals had formed. They were collected by filtration and 
washed with 3 mL of cold water. A total of 0.60 g of product was ob
tained (72% yield): mp 215-216.5 °C; IR (Nujol) 3.55,5.74 Mm; NMR 
(D20 ) <5 3.50 (s, 4), 4.00 (s, 2), 4.25 (s, 2), 7.45 (s, 5).

Anal. Calcd for CnHigCLNaOj: C, 46.98; H, 6.47; N, 9.97; Cl, 25.22. 
Found: C, 47.14; H, 6.38; N, 10.16, Cl, 25.14.

Method 2. A solution of 5.9 g of (11) was heated at reflux for 72 h 
in 80 mL of 6 N HC1. The hydrolyzed product crystallized upon 
cooling of the solution. Collection of the product by fdtration, followed 
by further workup of the mother liquors, resulted in 3.3 g (69% yield) 
of product, identical to the material obtained by method 1.

l-Carboxymethyl-3-benzyl-2-iminoimidazolidine (7). To a 
solution of 2.3 g (8.2 mmol) of iV-(2-benzylaminoethyl)glycine dihy
drochloride (12) in 2.8 mL of 8.7 N NaOH was added dropwise with 
stirring a solution of 0.87 g (8.2 mmol) of BrCN in 1.2 mL of methanol. 
After 4.75 h of stirring at room temperature, the solvent was removed. 
The residue was triturated with warm absolute ethanol and filtered 
to remove the insoluble material. The ethanolic filtrate was reduced 
in volume and applied to a column of silica gel. It was washed onto the 
column with a small amount of CHCI3, followed by 50% MeOH CHCL 
(v/v). Elution was completed using absolute methanol. The product 
had an Rf value on silica gel thin-layer plates of 0.5 when eluted with 
methanol. The white product began to discolor at 180 °C and melted 
with decomposition between 262 and 265 °C; IR (Nujol) 6.2 Mm; NMR 
(D20) <5 3.25 (s, 4), 3.75 (s, 2), 4.40 (s, 2), 7.3 (s, 5).

Anal. Calcd for CisHisNsOo: C, 61.72; H, 6.53; N, 18.05. Found: C, 
61.68; H, 6.49; N, 17.89.

S,S-Dimethyl-iV-(diphenoxyphosphinylimino) Dithiocar- 
bonimidate (15). Methyl-N-idiphenoxyphosphinyl) dithiocarbamate 
(14)27 wag dissolved in the minimal amount of C H 2C12 necessary to 
bring it into solution at room temperature. While stirring the solution 
at room temperature, a fivefold molar excess of methyl fluorosulfonate 
(Aldrich, 97%) was added. Stirring at room temperature was continued 
for ca. 6 h. At the end of this period the initial yellow tint had disap
peared, and the solution was colorless. The solvent was removed, and 
the oil which remained was dissolved in CHCI3. The CHCI3 solution 
was washed with a portion of 5%  NaHCO.i solution followed by two 
portions of water. After drying the CHCI3 layer over MgSCL, it was 
filtered and the solvent was removed. The remaining oil was pure 
product. The oil was dried with mild heating over P2Os before sub
mitting for elemental analysis, and the product was analyzed as a 
monohydrate. The yield from this reaction was consistently in the 
range of 80-90%: IR (neat) 3.2, 6.29, 6.50, 6.84 Mm.

Anal. Calcd for CisH ^ N C L P S ^ O : C, 48.49; H, 4.89; N, 3.78; P, 
8.34; S, 17.27. Found: C, 48.34; H, 4.55; N, 4.02; P, 8.32; S, 17.06.

On one occasion a portion of the oil crystallized spontaneously. 
Ether was poured over the mixture of oil and crystals, and the crystals 
were collected by filtration, mp 75-77 °C. The crystals were dried over 
P205 and submitted for analysis; this time anhydrous product was 
obtained: NMR (CDCI3) 6 2.4 (s, 6), 7.1 (s, 10).

Anal. Calcd for Cl5H16N 0 3PS2: C, 50.97; H, 4.57; N, 3.97; P, 8.76; 
S, 18.18. Found: C, 51.28; H, 4.41; N, 4.19; P, 8.63; S, 18.40.

IV-[2-IV'(Methylmercapto-iV-diphenoxyphosphinylcarboni- 
midoyl)aminoethyl]glycine Sodium Salt Dihydrate (17). A flask 
containing 0.45 g (3.2 mmol) of JV-(2-aminoethyl)glycine (16), sodium 
salt, and 1.20 g (3.4 mmol) of S,S-dimethyl-iV-(diphenoxyphos- 
phinylimino) dithiocarbonimidate (15) in a total of 10 mL of absolute 
ethanol was stirred for 24 h at room temperature, and then the solvent 
was removed. The yellow oil which remained was dissolved in water, 
and the basic aqueous solution was carefully adjusted to pH 7.1 by 
the addition of 1 N HC1. The aqueous solution was then extracted with 
several portions of CHC13. The combined CHCI3 extracts were dried 
over MgSCL, the solution was filtered, and the solvent was removed. 
The crude oil which remained consisted of two components as could 
be observed on a silica gel thin-layer plate eluted with methanol. The 
two components had R j  values of 0.9 and 0.5, respectively. The crude 
oil was dissolved in CHC13 and applied to a column (2 X 80 cm) con
taining 70 g of silica gel. Elution of the column was carried out using, 
methanol. The fractions containing the component of Rf 0.5 were 
pooled and the solvent was removed. Carbon tetrachloride was re
peatedly poured over the oily material and removed. Following this 
treatment, 0.4 g (29% yield) of a white, glassy solid was obtained. After 
drying for several hours over P2O5, the product was submitted for 
analysis: IR (Nujol) broad peak at 6.3 Mm; NMR (CDCI3) b 2.1-3.4 (br 
m, 9), 7.15 (s, 10).

Anal. Calcd for C,8H21N.306PSNa-2H20 : C, 44.81; H, 5.24; N, 8.73; 
S, 6.65; P, 6.43. Found: C, 44.91; H, 4.88; N, 8.56; S, 6.42; P, 6.38.

l-Carboxymethyl-2-(diphenoxyphosphinylimino)imidazoli- 
dine Sodium Salt Hemihydrate (13). A solution of 0.39 g (0.81
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mmol) of A,-[2-./V-(methylmercapto-N-diphenoxyphosphinylcar- 
bonimidoyl)aminoethyljglycine sodium salt dihydrate (17) in 13 mL 
of CH3CN was cooled in an ice bath. While stirring, 0.43 mL (0.81 
mmol) of 1.88 N NaOH was added, followed by a solution of 0.137 g 
(0.81 mmol) of AgN03 in 1.1 mL of CH3CN. A precipitate of yellow 
silver mercaptide formed immediately upon addition of the AgN03 
solution. Stirring of the reaction mixture was continued for an addi
tional 2 h in an ice bath and for 1 h more at room temperature. The 
reaction mixture was then centrifuged. After spinning down the solid 
material, the supernatants were decanted and saved. A small amount 
of CH3CN was added to each tube, the solid was resuspended, and the 
tubes were once again centrifuged. The supernatants were decanted 
from the tubes. All the decanted supernatants were combined and the 
solvents were removed. The residue was dissolved in CHCI3 and fil
tered. The filtrate was evaporated. A glassy solid remained. A total 
of 0.26 g (79% yield) of product was obtained. After drying over P2O5 
it was submitted for analysis: IR (Nujol) 6.15, 6.50, 7.28 ;um; NMR 
(D20 ) A 3.5 (s, 4) 3.7 (s, 2), 7.3 (s, 10).

Anal. Calcd for Ci7Hi7N3O5PNa-0.5H2O: C, 50.21; H, 4.47; N, 10.35; 
P, 7.63. Found: C, 50.18; H, 4.82; N, 10.20; P, 7.62.

1.3- Dibenzyl-2-iminoimidazolidine Hydrobromide (19). To a 
solution of 11.0 g (46 mmol) of N^/V'-dibenzylethylenediamine (99%, 
Aldrich) in 9.0 mL of methanol was added dropwise a solution of 5 g 
(46 mmol) of BrCN (97%, Aldrich) in 7 mL of methanol while cooling 
in an ice bath. About halfway through the addition a white mass 
precipitated from solution. The reaction flask was removed from the 
ice bath and placed in a water bath at room temperature while addi
tion of the BrCN solution was completed. After stirring 1 h, the white 
crystalline material was collected by filtration, and the product was 
washed well with ether. A total of 15.1 g (94% yield) of crystalline 
hydrobromide was obtained. The analytically pure product melted 
between 253 and 258 °C: NMR |(CD3)2SO] A 3.4 (s, 4), 4.6 (s, 4), 7.4 
(s, 10), 8.6 (brs, 1).

Anal. Calcd for C17H20N3Br: C, 58.91; H, 5.89; N, 12.12; Br, 23.05. 
Found: C, 58.71; H, 5.56; N, 12.28; Br, 22.84.

1.3- Dibenzyl-2-(diphenoxyphosphinylimino)imidazolidine 
(20). The free base of l,3-dibenzyI-2-iminoimidazolidine was obtained 
by dissolving 1.5 g (4.4 mmol) of its hydrobromide salt (19) in 7.7 mL 
of 0.97 N  NaOH and extracting with several portions of ether. The 
combined ether extracts were dried over Na2S04, the solution was 
filtered, and the solvent was removed. The resultant clear oil was 
dissolved in 3.5 mL of dry THF. To the THF solution was added a 
solution of 0.56 g (2.0 mmol) of diphenyl chlorophosphate in 3.5 mL 
of dry THF. The mixture was stirred 12 h at room temperature. It was 
then filtered to remove precipitated salt, and the salt was washed with 
3 mL of THF. The filtrate was evaporated, and the resultant oil was 
further purified by silica gel chromatography. The oil was applied to 
a column of 25 g of silica gel packed in 1% Et3N-CHCl3 (v/v), and the 
elution was carried out using EtijN-MeOH-CHCL (1:5:94, v/v). The 
fractions containing the component with R/ 0.9 on a silica gel thin- 
layer plate eluted with 5% MeOH-CHCls (v/v) were pooled and the 
solvent was removed. This resulted in 0.44 g (44% yield) of a yellow 
oil. The oil was dried in vacuo over P2C>5 and required no further pu
rification: NMR (CDCI3) A 3.2 (s, 4), 4.5 (s, 4), 7.2 (s, 20); IR (neat) 6.15,
6.29, 6.74 /xm.

Anal. Calcd for C29H28N303P: C, 70.02; H, 5.68; N, 8.45; P, 6.22. 
Found: C, 70.07; H, 5.76; N, 8.49; P, 6.35.

l-Diphenoxyphosphinyl-2-(diphenoxyphosphinylimino)im- 
idazolidine (22). In a 100-mL three-neck flask, 2.4 g (14.5 mmol) of
2-iminoimidazolidine hydrobromide28 was dissolved in a mixture of 
15 mL of 0.97 N NaOH and 15 mL of THF. The flask was fitted with 
two dropping funnels, one of which contained 15 mL of 0.97 N NaOH 
and the other of which contained 3.9 g (14.5 mmol) o f diphenyl 
chlorophosphate diluted to 15 mL with THF. The contents of the two 
funnels were added simultaneously over a period of 15 min while 
cooling the flask in an ice bath. The mixture was transferred to a 
250-mL flask, and the THF was removed. The resulting aqueous so
lution was extracted with CHCI3. After drying the combined extracts 
over MgSOi, they were filtered and the solvent was removed. The 
resulting oil was applied to a column of 75 g of silica gel, and the col
umn was eluted with a mixture of CHCl3-CH 3OH-Et3N (94:5:1, v/v). 
The product had an R/ value of 0.6 on silica gel thin-layer plates using 
the same solvent system. The fractions containing this component 
were pooled and the solvent was removed. Ether was poured over the 
resulting oil, and after several hours of standing at room temperature 
crystals began to form. A total of 1.3 g of crystals was collected (16% 
yield): mp 83-86 °C; IR (Nujol) 2.95,6.07,6.26 Mm; NMR (CDC13) A
3.5 (m,4), 7.2 (s, 20).

Anal. Calcd for C27H26N30 6P2: C, 58.97; H, 4.60; N, 7.65; P, 11.27. 
Found: C, 58.97; H, 5.02; N, 7.61; P, 11.07.

I51V-Diphenyl Phosphoramidate (21). The synthesis was based 
on the method of Chambers and Khorana.29 A test tube containing 
1 equiv of diphenyl chlorophosphate and an ampule containing 2.2 
equiv of 99% enriched 15N-NH3 (Bio-Rad) were seated firmly against 
rubber seals on two closed stopcocks of a vacuum manifold. Both 
vessels were cooled in liquid No. After evacuation of the manifold, the 
system was closed. The stopcock to the ampule of ammonia was 
opened, and the liquid N2 coolant was removed. The stopcock to the 
test tube containing the diphenyl chlorophosphate was opened, and 
the ammonia was allowed to distill into it. Gentle heating of the 
manifold was used to force all of the ammonia into the cooled test 
tube. The stopcock to the test tube was closed, and the liquid N2 
coolant was replaced with a dry ice-acetone bath. The test tube was 
removed from its rubber seal, and it was filled with water while still 
cooled. The product precipitated as a white crystalline material and 
was collected immediately by filtration. It was dried in vacuo over 
P2Os. The melting point of the product was in agreement with the 
value reported by Chambers and Khorana (148-149 °C).29

,5IV-Cyanogen Bromide. The synthesis of enriched BrCN used 
99% enriched 15N-KCN (Bio-Rad) as starting material. The procedure 
of Hartman and Dreger30 was modified for this preparation. In a 
25-mL flask in a room-temperature water bath was placed 1.3 g (8.1 
mmol) of Br2 and one drop of water. A small dropping funnel con
taining a solution of 0.50 g (7.6 mmol) of 99% enriched 15N-KCN 
dissolved in 2.5 mL of water was connected to the flask. The KCN 
solution was added slowly to the stirred Br2 over a period of 10 min. 
Stirring was continued an additional 50 min. A short-path distillation 
head with a 10-mL receiving flask containing 1 mL of methanol was 
attached to the reaction flask in place of the dropping funnel, and the 
BrCN was distilled with heating on a steam bath. After distillation 
appeared complete, an additional 0.5 mL of methanol was added to 
the distillation pot, and the added methanol was distilled to chase the 
last traces of product into the receiving flask. The methanolic solution 
of 15N-BrCN was used immediately in reaction with the appropriate 
diamine to obtain the desired labeled guanidine. All reactions were 
carried out assuming the presence of 7.6 mmol of BrCN.

In order to determine the yield of BrCN obtained from this pro
cedure, several trial runs were made using unlabeled KCN as starting 
material. An excess of standard NaOH was added to the methanolic 
distillate, and the basic solution was back-titrated with standard HC1. 
The results of these determinations indicated a reliable yield of
99-100%.

i5jv-Potassium Thiocyanate. Using 99% enriched 15N-KCN 
(Bio-Rad) as starting material, the procedure was exactly the same 
as that used by Greenberg and Rothstein31 for the synthesis of the 
analogous 14C-labeled compound. The only change made in the pro
cedure was the use of a potassium instead of a sodium salt.
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Tetrakis(hydroxymethyl)phosphonium chloride (1) condenses with primary or secondary alky! carbamates, 
forming stable quaternary phosphonium salts having the structure (R0 2CNHCH2)4PC1 (3) or [Et02CN(R)- 
CH2]4PC1 (6). The alkyl carbamates are too feebly basic to cause the displacement of formaldehyde and HC1 that 
characterizes the reaction of 1 with primary or secondary amines. The quaternary phosphonium salt 3a (R = Me) 
undergoes halogen exchange, either by metathesis or by passage over an ion-exchange column, giving the corre
sponding iodide 9a or bromide 1 la. Acid hydrolysis of 3a unexpectedly regenerates 1—a rare case of alkyl-nitrogen 
fission in a carbamate. The reaction of 3a with sodium hydroxide is complicated by interaction of the product 
(R0 2CNHCH2)3P (13) with the by-product R0 2CN =C H 2 (16), resulting in a different tertiary phosphine 15, but 
this can be avoided by replacing the base by a reagent capable of reacting with the by-product, such as ammonium 
hydroxide, morpholine, or sodium sulfite. Oxide and sulfide derivatives o f 13 are described.

The development o f durable flame-retardant finishes for 
cotton based on the reaction of tetrakis (hydroxymethyl) - 
phosphonium chloride (1) with trimethylolmelamine and 
urea2 has led to the investigation of many other nitrogen 
compounds as resin-forming substrates.3 The alkyl carba
mates are particularly appealing in this respect, for they are 
the substrates of another important set of cotton finishes, the 
durable-press finishes.4 Some attempts have been made to 
combine these properties in a single finish, without notable 
success.5-7 In this paper, we report our investigation of the 
reaction of 1 with alkyl carbamates, leading to a series of novel 
nitrogen-containing quaternary phosphonium salts and their 
tertiary phosphine, phosphine oxide, and phosphine sulfide 
derivatives.

Quaternary Phosphonium Salts. Condensation of the 
phosphonium salt 1 with the alkyl carbamates 2a-e took place 
in refluxing toluene (bp 110 °C) with azeotropic removal of 
the water, giving tetrakis(iV-carbalkoxylaminomethyl)- 
phosphonium chlorides (3a-e) in moderate to good yield (eq
1 ) 8 , 9

(H0CH2)4PC1 + 4R02CNH2 — (R02CNHCH2)4PCJ
1 2 3

+ 4H20  (1)

a, R = Me d, R = rc-Bu
b, R = Et e, R = MeOCH2CH2-
c, R = i -Pr

The methyl (3a), ethyl (3b), and isopropyl (3c) esters 
crystallized and were purified by recrystallization, giving 
yields of 86,60, and 45%, respectively. The others were puri
fied by adsorption on a cation-exchange resin, followed by 
displacement with hydrogen chloride, adopting a procedure 
developed for the analysis of tetramethylphosphonium 
chloride.10,11 The 2-methoxyethyl ester 3e, which is water 
soluble, was isolated in 53% yield as a viscous colorless oil. The 
rc-butyl ester 3d, which is not water soluble, was isolated in 
38% yield as a viscous colorless oil, together with 21% of un
reacted carbamate (2d) and 14% of di-n-butyl AT.N'-methy- 
lenedicarbamate (4d).12
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The products 3a-e are air-stable, odorless compounds that, 
unlike 1, are only mildly acidic in aqueous solution. Their 
infrared spectra are dominated by intense absorption bands 
at 1715 ±  10 (C = 0 , amide I) and 1525 ±  15 (NH, amide II) 
cm-1, regions characteristic of secondary carbamates.13 In the 
solid phosphonium salts 3a-c, the amide I band appears as 
a sharp doublet in Nujol but as a singlet in solution. In KBr 
.disks, the amide I band appears as a doublet in strong spectra 
and a singlet in weak spectra. This concentration dependence 
is ascribed to self-association (NH—OC) in the solid phase. 
Deuteration of 3b with deuterium oxide shifts the free and 
hydrogen-bonded NH stretching bands and, to a lesser degree, 
the amide II band to lower frequencies in the expected man
ner.14

The *H NMR spectra of the phosphonium salts 3a-e show 
that the four phosphorus substituents in each product are 
identical. Owing to coupling with NH, the PCH2 protons ap
pear as a triplet, which, upon shaking with D2O, collapses to 
a doublet. The 31P NMR spectra of 3a,b,d,e all show a single 
peak at —30.5 ±  0.5 ppm, a region characteristic of phospho
nium salts.15 Molecular weight measurements on 3a in water 
by vapor-phase osmometry give values that are just over half 
of the calculated value. These data are all consistent with the 
formulation of the compounds as phosphonium salts.

The condensation of 1 with 2b also occurred in xylene (bp 
139 °C), but not in benzene (bp 80 °C). Upon further inves
tigation, it was found that removal of the water by azeotropic 
distillation was unnecessary. The phosphonium salt 3a was 
prepared in 41% yield by heating 1 with 2a in n-butyl alcohol 
(bp 117.5 °C), and in 80% yield by heating technical 80% 1 with 
2a to 110 °C in the absence of any solvent other than the water 
in the reagent.

Condensation of 1 with ethyl (V-methylcarbamate (5a), a 
secondary carbamate, also took place in refluxing toluene with 
azeotropic removal of the water, giving tetrakis(N-carbeth- 
oxy-iV-methylaminomethyl)phosphonium chloride (6a) in 
31% yield (eq 2).

1 + 4Et02CNHR (Et02CN[R]CH2)4PCl + 4H20  (2) 
5 6.

a, R = Me f, R ^  Ph

The product, a mobile liquid, showed an unchanging PCH2 
doublet in the XH NMR, and no NH stretching or amide II 
absorption bands in the IR. The C = 0 , amide I bond at 1690 
cm-1 was within the limits assigned to tertiary carbamates.13 
The 31P NMR spectrum showed a single peak at —31.0 ppm, 
in the same region as 3.

Ethyl carbanilate (5f) failed to react with 1, either in toluene 
or xylene.

Condensation of (hydroxymethyl)triphenylphosphonium 
chloride (7) with methyl carbamate (2a) took place under the 
same conditions as with 1, giving (IV-carbomethoxylamino- 
methyl)triphenylphosphonium chloride (8a) as a white, 
crystalline solid in 73.1% yield (eq 3).

[Ph3PCH2OH]Cl + 2a — [Ph3PCH2NHC02Me]Cl + H20

The XH NMR spectrum of 8a exhibits long-range coupling 
(2.0 Hz) between the NH and aromatic protons.16 Similar 
coupling (3.5 Hz) is observed between OH and aromatic pro
tons in 7, but not in urea derivatives which have no NH proton 
in this position.17

Efforts to characterize the phosphonium salts 3a, 3e, or 6a 
as the picrates18 yielded only uncrystallizable yellow oils. 
Metathesis of the phosphonium chloride 3a with sodium io
dide in ethanol, however, gave the corresponding iodide, te-

trakis(N-carbomethoxylaminomethyl)phosphonium iodide 
(9a), in 49.1% yield. Attempts to prepare 9a directly from te- 
trakis(hydroxymethyl)phosphonium iodide (10) and 2a were 
unsuccessful.

The corresponding bromide, tetrakis(iV-carbomethoxyla- 
minomethyl)phosphonium bromide (11a), was prepared from 
3a by adsorption on the ion-exchange column followed by 
displacement with hydrogen bromide instead of hydrogen 
chloride. The yield was 70.2%.

The foregoing experiments established beyond doubt that 
the products 3a-e, 6a, 8a, 9a, and 11a are all quaternary 
phosphonium salts. The alkyl carbamates are too feebly basic 
to cause the characteristic displacement of formaldehyde and 
HC1 that occurs when hydroxymethylphosphonium salts such 
as 1 or 7 react with primary, secondary, or tertiary 
amines.19

Acid Hydrolysis. Hydrolysis of the phosphonium salt 3a 
with 6 N HC1 at 110 °C gave, unexpectedly, a 68.0% yield of 
1, together with 92.0% of ammonium chloride (eq 4).

3a + 8HC1 + 4H20  — 1 + 4C02 + 4RC1 + 4NH4C1 (4)

Carbamates, like amides, decompose by acyl- rather than 
alkyl-nitrogen fission, except when the alkyl substituent 
possesses unusual carbonium ion stability, as, for example, 
t-Bu.20’21 We suggest that protonation of a nitrogen in 3a 
renders the methylene group, flanked by positive charges on 
both sides, highly electron deficient and susceptible to nu
cleophilic attack by water:

3a
HI R 0 2C—NH?—CH2P

h 2o J- r o 2c n h 2

-H +
+ h 2o —c h 2p — ?=± HOCH2P-

The alkyl carbamate displaced in this reaction is subse
quently hydrolyzed to RC1, C02, and ammonium chloride;21 
the other product, through successive reactions, ultimately 
yields l.22

The hydrolysis of 3a also yielded a small amount (7.3%) of 
bis(hydroxymethyl)methylphosphine oxide (12), a by-product 
of the acid degradation of l .23

Alkaline Hydrolysis. Hydrolysis of the phosphonium salt 
3a with aqueous sodium hydroxide was expected to give 
tris(/V-carbomethoxylaminomethyl)phosphine (13a), together 
with methyl (hydroxymethyl)carbamate (14a) (eq 5).

3 + NaOH — (R 02CNHCH2)3P + R 0 2CNHCH20H 
13 14

+ NaCl (5)

Some 13a separated from the reaction mixture as a white, 
crystalline solid, but the major product was a water-soluble 
tertiary phosphine 15a which could not be induced to yield 
any 13a after workup.24 The yield of 13a varied from 0 to 29%, 
depending on the reaction conditions. Barium hydroxide, the 
preferred catalyst for condensing carbamates with formal
dehyde,25’26 gave a 21% yield of 13a. Other moderately strong 
bases, such as sodium bicarbonate, disodium phosphate, tri
sodium phosphate, or triethylamine, gave yields in the 40 to 
60% range. Sodium hydroxide buffered with borax or phos
phate also gave yields in this range. Yields of 87 to 92%, ap
proaching the quantitative, were only attained with reagents 
that were capable of reacting with the by-product 14a, viz., 
ammonium hydroxide,19 morpholine, or sodium sulfite (Table 
I).27

The (hydroxymethyl)carbamate 14a, which is prone to 
undergo self-condensation25 or reaction with formaldehyde28 
in the presence of alkaline catalysts such as sodium hydroxide, 
did not react with 13a at room temperature but did upon
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Table I. Hydrolysis of 3a with Various Bases

13a
Base_______________Conditions_____ (% yield)

NaOH 100 °C, 15 min 29.1“
NaOH (borax) 100 °C, 15 min 42.7
NaOH (Na2H P 04) 100 °C, 15 min 43.7
NaOH (Na2H P 0 4) 60 °C, 90 minfc 45.0
Ba(OH)2c 100 °C, 1 h 21.0
N aH C03 100 °C, 1 h 60. l d
Na2H P 0 4 100 °C, 1 h 60.3
Na3P0 4c 100 °C, 30 min 48.2
Et3N 100 °C, 30 min 53.4
Et3N 25 °C, 3 h 54.1e
Morpholine 100 °C, 1 h 46.7
Morpholine 25 °C , 2 h 90.6'
NH4OH 25 °C, 2 h 87.0
Na2S 0 3 100 °C, 1 h 92.5

“ Yield raised to 51.3% by subsequent treatment with ammo
nium hydroxide. 6 Sodium hydroxide solution added dropwise 
to the buffered 3a solution during the first 45 min. c Mixture
yellowed when the amount of base was doubled. d Subsequent
treatment with 6 N HCl regenerated only 24.4% of the 3a. e Yield 
unaffected by subsequent treatment with ammonium hydroxide 
or sodium bisulfite, '  Together with 93.5% of morpholine hydro
chloride, mp 175-176 °C (lit.31 mp 175-176 °C).

heating to 100 °C, giving a colorless, neutral oil having the 
same properties (IR, solubility) as those of 15a.

We suggest that the reactive species in these reactions is not 
14a but its anhydro precursor, methyl N-methylenecarbamate 
(16a), which is form ed  from  3a by /^-elimination of 13a.

- 7 P— c h 2— n  
x  \

H r OH~

C02R

—  P +  CH,=NCO,R + H,0

13 16

The reactive intermediate, i f  not trapped, reacts with 13a 
in the presence o f  the alkaline catalyst giving an N-substituted 
tertiary phosphine 15a from  which no 13a can be recov
ered.29'30

The tertiary phosphine 13a is an air-sensitive white, crys
talline solid. It dissolves readily in 6 N HC1, and precipitates 
unchanged upon neutralization. Oxidation o f 13a with hy
drogen peroxide in acetone gave tris(N -carbom ethoxylam i- 
nomethyl)phosphine oxide (17a) in 81.0% yield, and reaction 
with sulfur in benzene gave tris((V-carbom ethoxylam ino- 
m ethyl)phosphine sulfide (18a) in 73.4% yield. Both deriva
tives were crystalline. Their structures were confirmed by IR, 
N M R , and elemental analysis.

None o f  the carbamate derivatives described in this paper 
exhibited the sensitivity to base that is characteristic o f  the 
hydroxym ethyl com pounds 1,32-34 tris (hydroxym ethyl)- 
phosphine,35-36 or tris(hydroxym ethyl)phosphine oxide.33'36 
N o hydrogen evolution was observed even when the carba
mate derivatives were heated to boiling with concentrated 
sodium hydroxide solution. This could be used to advantage 
to detect and destroy any HOCH2P-containing impurities that 
might be present in these substances.

Other Reactions. Several attempts were made to develop 
independent synthetic routes toward the carbamate deriva
tives 3,13, or 17. N o reaction occurred between methyl (hy

droxymethyl)carbamate (14a) and phosphine in the presence 
o f  hydrochloric acid37 (to give 3a), or cadm ium  chloride cat
alyst38 (to give 13a), nor between 14a or 14b and white phos
phorus39 (to give 17a or 17b).

Experimental Section40’41
Reagents. Tetrakis(hydroxymethyl)phosphonium chloride (1) was 

dried by azeotropic distillation with benzene and recrystallized from 
2-propanol, mp 149-149.5 °C. (Hydroxymethyl)triphenylphospho- 
nium chloride (7), mp 190-192 °C, was prepared from triphenyl- 
phosphine:42 XH NMR (Me2SO-d6) 5 5.76 (s, 2 H, CH2), 6.25 (s, ~1 H, 
OH), and 7.9 (m, 15 H, C6H5; doublet at & 7.95, J = 3.5 Hz collapsing 
with D20  to a singlet, 5 7.96). In CDCI3: <H NMR S 5.52 (lit.43 5 5.51),
6.62, and 7.8, respectively; same behavior in the aromatic region. Other 
reagents were used as obtained, except for 5a and triethylamine, which 
were redistilled.

Tetrakis(JV-carbomethoxylaminomethyl)phosphoniuni 
Chloride (3a). (A) From Crystalline 1. A mixture of 1 (47.64 g, 0.25 
mol), 2a (75.07 g, 1.00 mol), and toluene (200 mL) was heated to reflux 
in an apparatus fitted with a Dean-Stark trap for azeotropic removal 
of the water. The mixture was held at reflux until the evolution of 
water ceased; after 2.5 h, 18.5 mL (1.03 mol) had been collected. The 
product crystallized on standing to a hard mass and was broken up, 
triturated under ethyl acetate, filtered, and dried, giving 90.67 g 
(86.5%) of 3a, mp 177 °C (dec). Two recrystallizations from ethanol 
afforded pure 3a as a white, crystalline solid: mp 189 °C (dec); IR 
(Nujol) 1540 (vs; NH, amide II), 1700 and 1740 [s and vs; 0 = 0 ,  amide 
I; doublet in Nujol, but a singlet, 1730 (vs), in Me2SOj, 3220 (m; NH, 
bonded), and 3300 (m; NH, free) cm-1; 4H NMR (Me2SO-dg) 6 3.63 
(s, 12 H, CH3), 4.32 (t, 8 H, CH2, J = 5.0 Hz, collapsing with D20  to 
d, J = 4.0 Hz), and 8.05 (m, ~4 H, NH, vanishing with D20); 31P NMR 
(Me2SO), 6 -30.7.

Anal. Calcd for C12H24C1N408P: C, 34.41; H, 5.78; Cl, 8.47; N, 13.38; 
P, 7.40; mol wt, 419. Found: C, 34.64; H, 5.66; Cl, 8.71; N, 13.24; P, 7.53; 
mol wt (osmometric in H20), 249, 259.

The phosphonium salt 3a is partially soluble in water, Me2SO (7 
mL/g), and methanol, and insoluble in other common organic solvents. 
Its aqueous solution is mildly acidic (pH 4.5). It can be recrystallized 
from ethanol (20 mL/g) or 2-propanol (75 mL/g), and is air stable, 
nonhygroscopic, and odorless.

(B) From Technical 1. For large-scale preparation, it is more 
convenient to use the commercially available 80% aqueous 1 solution 
(THPC)44 and omit the azeotropic distillation. A large flask was 
charged with 80% THPC (1191 g, 5 mol) and half of the 2a (1501 g, 20 
mol) was heated briefly to 100 °C, allowed to cool to 65 °C, charged 
with the remainder of the 2a, and heated at gentle reflux (110 °C) for 
3 h. The next day the crystalline mass was broken up, triturated in 
portions with ethanol, filtered, and allowed to air-dry in evaporating 
dishes. The product 3a, 1472 g, was a white, crystalline solid, mp 189 
°C (dec) (70.3%). Workup of the mother liquor raised the yield to 
80.1%.

Tetrakis(JV-carbethoxylaminomethyl)phosphonium Chloride 
(3b). Reaction of 1 (47.64 g, 0.25 mol) with 2b [Caution: carcinogen
ic45) (89.10 g, 1.00 mol), following procedure A, gave 71.53 g (60.2%) 
of 3b as a white, crystalline solid, mp 112-13 °C, after two recrystal
lizations from ethyl acetate: IR (Nujol) 1515 and 1535 (vs and s, NH, 
amide II), 1680 and 1730 (both s, C = 0 , amide I; doublet in Nujol or 
concentrated KBr changing to singlet in CHCI3 or dilute KBr), 3230 
(m, NH bonded), and 3360 (w, NH free) cm-1; *H NMR (CDCI3) 5
1.26 (t, 12 H, CH3, J = 7.0 Hz), 4.17 (q, CH2C, J  = 7.0 Hz), 4.42 (m, 
PCH2, collapsing with D20  to d, 5 4.46, J = 3.0 Hz; total CH2, 16 H), 
and 7.43 (m, NH, vanishing with D20 ); 31P NMR (Me2SO) & —31.2.

Anal. Calcd for C16H32C1N40 sP: C, 40.46; H, 6.79; Cl, 7.47; N, 11.80; 
P, 6.52. Found: C, 40.49; H, 6.80; Cl, 7.59; N, 11.60; P, 6.61.

The phosphonium salt 3b is soluble in water, ethanol, chloroform, 
benzene, Me2SO (1.5 mL/g), and acetone, and insoluble in ether, 
carbon tetrachloride, and cyclohexane. Its aqueous solution is mildly 
acidic. It is readily recrystallized from ethyl acetate (5 mL/g), but 
tends to oil out from hot carbon tetrachloride or toluene.

Upon deuteration, the free and H-bonded NH bands in the IR 
spectrum of 3b were shifted from 3360 and 3230 cm-1 to 2500 and 
2370 cm-1, respectively, and the amide II doublet was shifted from 
1515 and 1535 cm-1 to (Nujol-masked) and 1425 cm-1. The hydrogens 
were exchanged by dissolving 3b in D20, stripping in a rotary evap
orator, and drying in a vacuum desiccator. This sequence was repeated 
twice.

Tetrakis( N-carbisopropoxylaminomethyl) phosphonium 
Chloride (3c). Reaction of 1 (9.53 g, 0.05 mol) with 2c (20.62 g, 0.20 
mol), following procedure A but using ether instead of ethyl acetate,
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gave 9.32 g (45.6%) of 3c as a white, crystalline solid, mp 140-41 °C, 
sifter two recrystallizations from water: IR (Nujol), 1510 (s, NH, amide
II), 1720 and 1730 (s and vs, C = 0 , amide I), 3220 (m, NH bonded), 
and 3320 (m, NH free) cm "1; ]H NMR (CDC13) b 1.27 (d, 24 H, CH3, 
J  = 6.0 Hz), 4.44 (br s, CH2, resolved with D20  to d, 6 4.46,«/ = 3.0 Hz),
4.94 (m, CH, J  = 6.0 Hz; combined CH2 and CH, 12 H), and 7.31 (m, 
4 H, NH, vanishing with D20).
. Anal. Calcd for CaiH^Cl^O»?: C, 45.24; H, 7.59; Cl, 6.68; N, 10.55; 
P, 5.83. Found: C, 45.11; H, 7.37; Cl, 6.63; N, 10.74; P, 5.94.

The phosphonium salt 3c is soluble in ethanol, chloroform, carbon 
tetrachloride, and benzene, and insoluble in ether. It can be recrys
tallized from ethyl acetate (10 mL/g) or water (3 mL/g).

Ion-Exchange Method. Fifty grams of the resin (Bio-Rad AG 
50W-X4), a high porosity nuclear sulfonic acid cation-exchange resin 
suitable for organic ions of mol wt 300-400 or over,46 was charged into 
a 19 X 600 mm chromatographic column with a sealed-in coarse- 
fritted disk, backwashed thoroughly with water, and rinsed with water 
until the effluent was neutral and chloride free.

A solution of 3a (4.19 g, 10.0 mmol) in warm water (30 mL) was 
transferred to the column and eluted with water, collecting the ef
fluent in 50-mL fractions at a flow rate of 30 drops/min. The top 2 in. 
of the resin lightened noticeably. Titration of the first five effluent 
fractions with 0.1 N NaOH gave 2.42,7.32,0.04,0.02 and 0.01 mmol 
of HC1 for a total of 9.82 mmol (98.2%). The resin was then eluted with 
6 N HC1 at the same flow rate, causing the resin to contract from 12 
to 8.5 in., and restoring its original color. The effluent, collected in 
50-mL fractions and stripped carefully in a rotary evaporator at 50 
°C/3 mm, yielded 0, 2.26, 1.31,0.57, and 0.31 g of crystalline 3a, to
taling 4.45 g (106.2%) with melting points decreasing progressively 
from 177.5 (dec) to 165 °C (dec). The four fractions, combined and 
recrystallized from ethanol, yielded 3.25 g (77.5%) of pure 3a, mp 189 
°C (dec).

Tetrakis(iV-carbo-n-butoxylaminomethyl)phosphonium 
Chloride (3d). Reaction of 1 (9.53 g, 0.05 mol) with 2d (29.29 g, 0.25 
mol), following procedure A, gave 37.67 g of a colorless oil that partly 
crystallized on standing. Attempts to separate the excess 2d from the 
product by extraction with hot ligroin,47 ether, or carbon tetrachloride 
were unsuccessful, for the two substances exhibit the same solubility 
behavior. Half of the mixture was therefore dissolved in ethanol (25 
mL) and percolated through the ion-exchange resin described above, 
using ethanol as the eluent. The neutral fractions yielded 17.6 mmol 
(70.4%) of HC1,3.10 g (21.2%) of 2d, and 2.24 g (14.6%) of di-n-butyl 
¡V.iV'-methylened¡carbamate (4d), mp 93-95 °C; the latter, a by
product of the original condensation, was identified by comparison 
of its IR, NMR, and mp with the authentic sample described below. 
The phosphonium salt fractions, eluted with ethanolic HC1, yielded
7.83 g of a viscous, colorless oil, n20D 1.4839, whose composition, de
termined by NMR and elemental analysis, comprised some unreacted 
1 (11.2%) in addition to the product 3d (38.4%). To remove the un
reacted 1, the oil was taken up in chloroform (50 mL), extracted twice 
with water, filtered, stripped, and dried, giving 4.71 g (30.1%) of 3d 
as a viscous, colorless oil: n20d 1.4951; IR (Nujol) 1515 (vs, NH, amide
II), 1710 (vs, C = 0 , amide I), and 3230 (s, NH) cm "1; *H NMR 
(CDCI3) b 0.94 (t, 12 H, CH3, J = 6.0 Hz), 1.1-2.0 (m, 16 H, CH2C), 4.13 
(t, 8 H, OCH2, J = 6.0 Hz), 4.43 (m, 8 H, PCH2), and 7.37 (m, ~4 H, 
NH, vanishing slowly with D20 ); :uP NMR (CHCI3) 6 —30.0.

The phosphonium salt 3d is soluble in all of the common organic 
solvents, including toluene and hot ligroin, and insoluble in water.

Di-n-butyl 7V,jV'-Methylenedicarbamate (4d). This compound 
has been described as a crystalline solid, mp 97-98 °C,48 and as a 
liquid.49 A mixture of 2d (5.86 g, 0.05 mol), paraformaldehyde (0.80 
g, 0.025 mol of CH20), and 2-propanol (15 mL) was heated to reflux 
in an oil bath. When the solids had all dissolved, the solution was 
treated with 3 drops of concentrated HC1, refluxed for 30 min, allowed 
to cool, and stripped under reduced pressure. The residue (7.01 g) was 
recrystallized twice from hexane, giving 2.85 g (46.3%) of 4d as a white, 
crystalline solid: mp 97-98 °C; IR (Nujol) 1530 (s, NH, amide II), 1690 
(vs, C = 0 , amide I), and 3350 (s, NH) cm“ 1; !H NMR (CDC13) b 0.93 
(t, 6 H, CH3, J  = 7.0 Hz), 1.1-1.8 (m, 8 H, CH2C), 4.10 (t, 4 H, OCH2, 
J  = 6.5 Hz), 4.52 (t, 2 H, NCH2, J = 6.5 Hz, collapsing with D20  to s), 
and 6.05 (br s, ~2 H, NH, vanishing very slowly with t)20).

Anal. Calcd for CnH22N20.j: C, 53.64; H, 9.00; N, 11.38. Found: C, 
53.33; H, 9.18; N, 11.10.

The dicarbamate 4d is soluble in ethanol, acetone, chloroform, 
carbon tetrachloride, ether, and benzene, and insoluble in water. It 
can be recrystallized from 2-propanol (6 mL/g, with water added to 
incipient turbidity) or from hexane (50 mL/g), in which it dissolves 
slowly and clumps out like cotton.

Tetrakis[jV-carbo(2-methoxyethoxyl)aminomethyl]phos- 
phonium Chloride (3e). Reaction of 1 (9.53 g, 0.05 mol) with 2e

(35.74 g, 0.30 mol), following procedure A, gave 40.71 g of a viscous, 
almost colorless oil that resisted efforts at crystallization or conversion 
to a crystalline oxalate or picrate. Half of the oil was therefore dis
solved in water (10 mL) and percolated through the ion-exchange 
resin described above, using water as the eluent. The neutral fractions 
yielded 16.9 mmol (67.6%) of HC1. The phosphonium salt fractions 
yielded 11.10 g of oil which was taken up in chloroform, filtered, 
stripped and dried [omitting the extraction with water, since the 
partition is unfavorable), giving 9.05 g (53.7%) of 3e as a viscous, col
orless oil: n20D 1.5094; IR (neat), 1515 (s, NH, amide II), 1720 (vs, 
C = 0 , amide I), and 3240 (m, NH) cm "1; *H NMR (CDC13) b 3.38 (s, 
12 H, CH3), 3.61 (m, 8 H, 2-CH2), 4.29 (m, 8 H, 1-CH2), 4.53 (m, 8 H, 
PCH2), and 7.42 (m, ~4 H, NH, vanishing slowly with D20); 31P NMR 
(CHC13) S -31.0.

The phosphonium salt 3e is soluble in water, ethanol, acetone, 
chloroform, ethyl acetate, and hot toluene.

Tetrakis[JV-carbethoxy-jV-methylaminomethyl]phosphoni- 
um Chloride (6a). Reaction of 1 (9.53 g, 0.05 mol) with 5a (20.62 g,
O. 20 mol), following procedure A, gave 29.86 g of a mobile, colorless 
oil that, unlike the products of the primary carbamates, was not at 
all viscous. The oil was dissolved in ethanol (25 mL) and percolated 
through the ion-exchange resin described above, using ethanol as the 
eluent. The neutral fractions yielded 35.1 mmol (70.2%) of HC1. The 
phosphonium salt fractions, eluted with ethanolic HC1, yielded 12.42 
g of a colorless oil, n2%  1.4985, which, from the elemental analysis and 
NMR, was calculated to contain some unreacted 1 (3.8%) in addition 
to the product 6a (31%); IR (neat), 1690 (vs, 0 = 0 ,  amide I), and 3000 
(m) cm“ 1; 4H NMR (Me2SO-<f6) b 1.42 (t, 12 H, CH3C, J  = 7.0 Hz),
3.22 (d, 12 H, NCH3, J  = 1.0 Hz), 4.33 (q, 8 H, CH2C, J  = 7.0 Hz), and
4.61 (d, 8 H, PCH2, J  = 4.0 Hz); 31P NMR (CHC13) b -31.3.

The phosphonium salt 6a is soluble in ethanol, acetone, chloroform, 
and hot toluene, and insoluble in water.

(IV-Carbomethoxylaminomethyl)triphenylphosphonium 
Chloride (8a). Reaction of 7 (3.29 g, 0.01 mol) with 2a (0.75 g, 0.01 
mol), following procedure A but using benzene instead of ethyl ace
tate, gave 2.82 g (73.1%) of 8a as a white, crystalline solid, mp
198.5-199 °C (dec), after recrystallization from 2-propanol: IR (Nujol) 
994 (w, P-C6H5), 1430 (s, P-C6H5), 1540 (m, NH, amide II), 1580 (w, 
C=C), 1720 (vs, C = 0 , amide I), and 3170 (m, sh, NH) cm-1; 'H NMR 
(Me2SO-de) b 2.36 (s, 3 H, CH3), 4.39 (d pair, 2 H, CH2, J  = 3.0 Hz, 
collapsing with D20  to d, 5 4.31, J p c h  = 3 0 Hz), 6.87 (m, 15 H, C6H5; 
doublet at b 6.92, J  = 2.0 Hz collapsing with D20  to s, <5 6.90), and 7.67 
(m, 1 H, NH, vanishing with D20); 31P NMR (CHC13) b -20.0.

Anal. Calcd for C2iH2iC1N02P: C, 65.37; H, 5.49; Cl, 9.19; N, 3.63;
P, 8.03. Found: C, 65.04; H, 5.67; Cl, 9.35; N, 3.47; P, 8.07.

The phosphonium salt 8a is soluble in water, ethanol, and chloro
form, and insoluble in ether, carbon tetrachloride, acetone, and ethyl 
acetate. It can be recrystallized from 2-propanol (5 mL/g).

Tetrakis(Af-carbomethoxylaminomethyl)phosphonium Iodide 
(9a). 3a (8.38 g, 0.02 mol) was added to a solution of sodium iodide 
(3.00 g, 0.02 mol) in ethanol (30 mL), heated at reflux for 1 h, cooled, 
and filtered, giving 3.23 g of granular solid consisting of sodium 
chloride and unreacted 3a. The latter was removed by stirring with 
dimethyl sulfoxide, leaving 0.67 g (57.3%) of sodium chloride. The 
ethanol filtrate was stripped, taken up in hot chloroform, filtered to 
remove unreacted sodium iodide (0.22 g, giving a positive test with 
acidified iodate), and stripped again. The residue (8.45 g) was re
crystallized from ethanol, giving 5.01 g (49.1%) of 9a as a white, 
crystalline solid: mp 142.5-143 °C; IR (Nujol) 1535 (vs, NH, amide
II), 1690 and 1730 (s and vs, C = 0 , amide I), 3230 (m, NH bonded), 
and 3300 (m, sh, NH free) cm-1; 4H NMR (Me2SO-de) b 3.67 (s, 12 
H, CH3), 4.33 (t, 8 H, CH2, J = 5.0 Hz, collapsing with D20  to d, J =
4.0 Hz), and 7.67 (m, 4 H, NH, vanishing with D20); 31P NMR 
(Me2SO) b -30.3.

Anal. Calcd for C12H24lN40 8P: I, 24.87; P, 6.07. Found: I, 24.50 
(gravimetric), 25.05 (by iodometric titration50); P, 6.12.

Tetrakis(JV-carbomethoxylaminomethyl)phosphonium 
Bromide (11a). A solution of 3a (8.38 g, 0.02 mol) in methanol (200 
mL) was percolated through the ion-exchange resin described above, 
giving 18.6 mmol (93.0%) of hydrogen chloride. It was necessary to 
wrap the column in heating tape and warm it to 40-50 °C to prevent 
the salts from crystallizing. The column was then eluted with hy
drogen bromide in methanol, yielding four liquid fractions (6.79 g) 
followed by eight solid fractions (19.19 g). The solids were combined, 
shaken with ethanol, and filtered, giving 6.50 g (70.2%) of 11a, mp 
180-184.5 °C (dec). One recrystallization from ethanol (75 mL/g) 
afforded pure 1 la as a white, crystalline solid: mp 185-186 °C (dec); 
IR (Nujol) 1550 (vs, NH, amide II), 1700 and 1730 (s and vs, C = 0 , 
amide I), 3220 (s, NH bonded), and 3320 (m, NH free) cm-1; 4H NMR 
(Me2SO-d6) b 3.65 (s, 12 H, CH3), 4.35 (t, 8 H, CH2, J  = 5.0 Hz, col
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lapsing with D2O to d, J = 4.0 Hz), and 7.75 (br t, 4 H, NH, vanishing 
with D20); 31P NMR (Me2S0) b -30.0.

Anal. Calcd for Ci2H2.<BrN.,0 «P: Br, 17.25; P, 6.69. Found; Br, 17.71; 
P, 6.93.

The product suffered no loss in weight when heated in a drying 
pistol for 2 h at 100 °C/0.5 mm.

Acid Hydrolysis of 3a. A solution of 3a (8.38 g, 0.02 mol) in 6 N 
HC1 (100 mL) was heated to reflux under argon in an oil bath, held 
at 110 °C for 17 h, and then stripped under vacuum. The residue (7.51 
g) was extracted with boiling ethanol, giving 3.94 g (92.0%) of am
monium chloride, identified by IR, by a positive Beilstein test, and 
by the liberation of ammonia upon treatment with 10% NaOH solu
tion. The ethanol extract yielded 3.23 g of a colorless oil, ri20n 1.5514, 
which was separated by passage over the ion-exchange resin into a 
neutral fraction (0.18 g, 7.3%), consisting solely of bis(hydroxymethyl)- 
methylphosphine oxide, 12, lH NMR (D20 ) 6 1.59 (d, 3 H, CH3, J -
13.0 Hz) and 4.08 (d, 4 H, CH2, J  = 3.5 Hz), and a phosphonium salt 
fraction containing 2.59 g (68.0%) of 1, 'H NMR (D20) 6 4.73 (d, 8 H, 
CH2, J = 1.5 Hz), together with other impurities. The phosphonium 
salt fraction showed residual amide I and If bands in the IR.

Alkaline Hydrolysis of 3a. A slurry of 3a (20.94 g, 0.05 mol) in 
water (50 mL) was treated dropwise under argon with a solution of 
sodium hydroxide (2.00 g, 0.05 mol) in water (25 mL).

During the addition, which took 15 min, the mixture cleared, turned 
milky, and then cleared again. After heating to 100 °C to complete 
the reaction, the solution, which had a pH of 8.4 and gave a strongly 
positive iodine test, abruptly crystallized, giving 4.30 g (29.1%) of the 
tertiary phosphine 13a, identical to the product of the ammonium 
hydroxide reaction (mp, IR). The filtrate was extracted with chloro
form, leaving an iodine-negative aqueous solution which, on workup, 
yielded 2.90 g (99.3%) of sodium chloride. The chloroform extract, 
which gave a strongly positive iodine test, was filtered under argon 
and concentrated, giving 16.49 g (65.7%) of the tertiary phosphine 15a 
as a colorless oil; n20n 1.5011; IR (neat) 750 (m, CHCI3), 1530 (vs, NH, 
amide II), 1710 (vs. C = 0 , amide I), and 3350 (m, br) cm-1. The 
phosphine 15a is soluble in acetone, chloroform, and water, and its 
aqueous solution is neutral.

The other alkaline hydrolyses listed in Table I were performed in 
the same manner, using 0.05 mol of 3a and 0.05 mol of the base for 
each experiment, except for the experiments with barium hydroxide 
(0.025 mol), triethylamine (0.10 mol), morpholine (0.10 mol), and 
ammonium hydroxide (excess, described in detail below). The buffer 
experiments were each performed with 0.05 mol of base and 0.01 mol 
of buffer.

Tris(N-carbomethoxylaminomethyl)phosphine (13a). Con
centrated ammonium hydroxide (10 mL) was added to a well-stirred 
slurry of 3a (20.94 g, 0.05 mol) in water (50 mL) in an apparatus pre
viously purged with argon. There was no exotherm nor gassing, but 
the mixture gradually thickened. After 30 min, more water (50 mL) 
was added to facilitate stirring. The mixture was then stirred for 2 h 
and filtered, and the fdter cake was washed with water and dried in 
a vacuum desiccator, giving 12.85 g (87.0%) of 13a as a white, crys
talline powder, mp 100-125 °C. All of these operations were performed 
under argon, for the product becomes hot and sticky when exposed 
to air. One recrystallization from 2-propanol raised the melting point 
(sealed tube) to 137-140 °C: IR (Nujol) 1535 (vs, br, NH, amide II), 
1700 and 1735 (vs and s, C = 0 , amide I), and 3350 (m, NH) cm-1.

The phosphine 13a is soluble in ethanol, chloroform, and acetone, 
and insoluble in water, ether, carbon tetrachloride, and benzene. It 
can be recrystallized from water (8 mL/g) or 2-propanol (7 mL/g).

Tris(lV-carbomethoxylaminomethyl)phosphine Oxide (17a). 
Thirty percent hydrogen peroxide (57.0 g, 0.5 mol) was added drop- 
wise to a vigorously stirred slurry of 13a (147.6 g, 0.5 mol) in 500 mL 
of acetone under an argon atmosphere. Ice-bath cooling was applied 
as necessary to counter the strongly exothermic reaction. The 13a 
gradually dissolved, and was all in solution when two-thirds of the 
peroxide had been added. About 10 min after the addition was com
pleted, the product started to crystallize. The next day the solid was 
collected on a filter, washed with acetone, and dried, giving 98.9 g 
(63.5%) of 17a, mp 179-180 °C. Workup of the filtrate raised the yield 
to 126.0 g (81.0%). Two recrystallizations from ethanol afforded pure 
17a as a white, crystalline solid: mp 189-190 °C; IR (Nujol) 1540 (s, 
NH, amide II), 1710 (vs, br, C = 0 , amide I), 3250 (w, NH bonded), 
and 3400 (w, NH free) cm-1; 'H NMR (Me2SO-c/6) 5 3.60 (s, CH3), 3.47 
(t, CH2, J = 9.0 Hz, blending into the CH3 peak with D20 ; combined 
CH3 and CH2, 15 H), and 7.34 (m, 3 H, NH, vanishing with D20).

Anal. Calcd for C9H,8N307P: C, 34.73; H, 5.83; N, 13.50; P, 9.95. 
Found: C, 34.69; H, 5.70; N, 13.48; P, 10.00.

The phosphine oxide 17a is soluble in chloroform and insoluble in 
water, acetone, and the common organic solvents. It can be recrys

tallized from ethanol (25 mL/g) or water. When heated above its 
melting point, 17a gasses without discoloration at 200 °C and froths 
to a tan-colored resin at 260 °C.

Tris(N-carbomethoxylaminomethyl) phosphine Sulfide (18a).
A mixture of 13a (2.95 g, 0.01 mol), sulfur (0.32 g, 0.01 g-atom), and 
benzene (25 mL) was heated to reflux under an argon atmosphere. 
After 1 h, most of the solids had dissolved. The mixture was cooled 
and stripped of benzene under reduced pressure. The residue was 
taken up in hot acetone, filtered hot to remove the unreacted sulfur 
(0.12 g), and stripped again under reduced pressure, leaving 2.40 g 
(73.4%) of 18a as a white, crystalline solid. Two recrystallizations from 
ethanol afforded pure 18a: mp 136.5-137 °C; IR (Nujol) 1520 (vs, br, 
NH, amide II), 1710 and 1740 (vs and s, C = 0 , amide I), and 3400 (s, 
NH) cm“ 1; ‘ H NMR (Me2SO-d6) b 3.61 (s, CH3), 3.72 (t, CH2, J = 3.0 
Hz, collapsing with D20  to d, J  = 3.0 Hz; combined CH3 and CH2, 15 
H), and 7.39 (m, 3 H, NH, vanishing with D20).

Anal. Calcd for C9Hi8N30 6PS: C, 33.03; H, 5.54; N, 12.84; P, 9.46; 
S, 9.80. Found: C, 33.08; H, 5.49; N, 12.82; P, 9.60; S, 9.80.

The phosphine sulfide 18a is soluble in chloroform, and insoluble 
in water or ethanol. It can be recrystallized from ethanol (6 mL/g), 
2-propanol, or water.

Reaction of 13a with 14a. A mixture of 13a (4.79 g,0.01 mol), 14a29 
(1.05 g, 0.01 mol), water (25 mL), and 50% sodium hydroxide (1 drop) 
was heated under argon for 15 min at 100 °C, cooled, and filtered, 
giving 1.55 g (32.4%) of recovered 13a. The filtrate, extracted with 
chloroform and worked up as described above, yielded 1.68 g (44%) 
of a colorless, neutral oil, n2,,n 1.4788, identified by IR as 15a. The 
presence of less chloroform in the product accounts for the lower re
fractive index.
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Diazo compounds 1 have been converted to intermediates 2 by two methods: reaction with aqueous /V-bromosuc- 
cinimide, and treatment with triphenylphosphine and nitrous acid. Reaction of 2 with Wittig reagents gives a series 
of Cg carbon analogues 6 and, after Curtius rearrangement, Cg penicillin homologues 8.

The Cg carbon analogue of penicillin V has been synthe
sized and found to have interesting antibiotic activities. 1 The 
synthetic method for such analogues-has therefore been im
proved and extended to make a series of carbon analogues 
available for further study.

The starting intermediates for these syntheses are the 6- 
dia2openicillanates 1 (Ri = CH2CCI3, CH2Ph) which were 
synthesized according to a known method.2 Compounds 1

react with jV-bromosuccinimide in aqueous solvents or Ph3P 
followed by nitrous acid3 to give keto compounds 2.4 Com
pounds 2  are relatively unstable and are not usually isolated, 
but used directly for further reactions.

For example, compound 2 (Ri = CH2CCI3), as a crude oil 
derived from the treatment of 1 with aqueous NBS, reacted 
with Ph3P=C H C 0 2CH2Ph to give the syn and anti isomers 
3 (Ri = CH2CC13; R2 = OCH2Ph). These isomers were isolated 
in 32 and 3% yield [based on diazo compound 1 (Rt = 
CH2CCI3)]. The major product was assigned the sterically less 
hindered anti structure. A major by-product of this series of 
reactions is the dibromide 4, isolated in yields ranging from 
13 to 32%. The triphenylphosphine-nitrous acid method of

synthesizing compound 2  followed by reaction with the same 
Wittig reagent gave compounds 3 (Ri = CH2CC13; R2 =

Br H

OCH2Ph) in 60% yield. Similarly, ketone 2 (Ri = CH2CC13) 
reacted with Ph3P=CHCOCH(Ph)NH-tert-Boc to give 3 (R y 
=  CH2CC13; R2 = CH(Ph)NH-ferf-Boc), mostly in the anti 
form. The yields, based on 1, were 9% for the NBS method and 
26% for the triphenylphosphine-nitrous acid method.

Addition of HCN to compound 2 (Rj = CH2Ph) gives a 
crystalline cyanohydrin 5 which can be used to regenerate the 
pure keto compound or react with other reagents.5 For in
stance, cyanohydrin 5 (R t = CH2Ph) reacts directly with an 
ylide such as Ph3P = C H C 0 2-feri-Bu or Ph3P =  
CHCOCH(Ph)NH-tert-Boc to give compounds 3 (Ri = 
CH2Ph; R2 = O -te r t-Bu or CH(Ph)NH-ieri-Boc) in 97 and
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80% yields, respectively. Both isomers are also observed 
spectroscopically but were not isolated separately. The con
densation of a Wittig reagent with a cyanohydrin can only 
proceed if enough of the ketone form is available. This seems 
to be the case with compound 4 (R , = CH2Ph).

Hydrogenation of 3 (Ri = CH2CCI3; R2 = OCH2Ph or 
CH(Ph)NH-tert-Boc, or Ri = CH2Ph; R2 = O-ieri-Bu) in the 
presence of rhodium on alumina gave only one isomer 6. The 
carboxyl-protecting group of R2 was removed by hydrogeno- 
lysis over Pd on charcoal (R2 = OCH2Ph) or trifluoroacetic 
acid treatment (R2 = O-fert-Bu) to give the half-esters. 
Compound 6 (Ri = CH2Ph; R2 = OH) was isolated as a solid 
material.

Half-esters 6 (Ri = CH2CC13 or CH2Ph; R2 = OH) were 
esterified and treated with amines to give a series of esters and 
amides. All reactions were done with diisopropylcarbodiimide 
with the exception of benzylamine which was coupled with 
carbonyldiimidazole. Removal of protecting groups gave 
penicillin C6 carbon analogues with the following Ro groups: 
PhCH(CH2NHCHO)0, PhCH20 , PhNH, PhCH2NH, 
PhCH(C02H)NH, HC1-H2NCH2CH2S and H3+NCH(Ph), 
C4H3SCH2 0 , naphthyl-O.

Compound 6 (Rj = CH2Ph; R2 = OH) was treated with 
sodium azide and rearranged to give 7. Treatment of 7 (Ri = 
CH2Ph) with tert-butyl alcohol gave the penicillin homologue 
8 (Ri = CH2Ph; R3 = COO-iert-Bu). Compound 8 (Ri =

7 8

CH2Ph; R3 = COO-terf-Bu) is easily deblocked at the C6 side 
chain to give the free amine, isolated as the trifluoroacetate 
salt.

Acylation of 8 (Ri = CH2Ph; R3 = H) and removal of the 
benzyl group gave the following penicillin Ce homologues: Rj 
= H; R3 = PhCH2CO, EtOCO, PhCH(NH2)CO, PhNHCO, 
CH3PhS02, PhCH2S 02. Reaction of 8 (Rj = R3 = H) with 
salicylaldéhyde gave the Schiff base 9.

We have consistently observed a low /3-lactam infrared 
frequency (1740-1750 cm-1) for the penicillin homologues 8

(Ri = CH2Ph). However, the NMR spectra were consistent 
with a /3-lactam structure. On deblocking the C3 carboxyl, the 
infrared frequency appeared again at 1775 cm-1. We have no 
explanation for this anomaly, although hydrogen bonding or 
solvation are the most likely explanations. Some of our com
pounds have coupling constants, Je,6, of 6 Hz. Such a high J 5,e 
value is not usually observed for penicillin compounds, al
though it is not unusual for /3-lactam structures6 in general.

All compounds were tested for biological activity. Cg carbon 
analogues derived from 6 showed some gram-positive activity. 
Homologues 8 and 9 were inactive against gram-positive or 
gram-negative organisms.

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 tetramethylsilane.

Synthesis of /J,d>/3-Trichloroethyl 6-Oxopenicillanate 2 (R| = 
CH2CCI3) and /SAd-Trichloroethyl 6,6-Dibromopenicillanate
(4). Method 1. IV-Bromosuccinimide (0.54 g, 2.8 mmol) was added 
all at once to an ice-cold solution of the diazo ester 1 (Ri = CHjCCL;
1.0 g, 2.8 mmol) and 1 mL of pyridine in 25 mL of acetone and 5 mL 
of H20. After the addition, there was an immediate evolution of ni
trogen. The solution was stirred at 0 °C for 1 h, diluted with CH2CI2, 
washed with H20  and ice-cold dilute HC1, and dried (MgS04), and 
the solvent was removed under reduced pressure. The residue was 
chromatographed on silicic acid initially using CH2C12 as an eluent. 
Isolation of the faster moving fraction gave 438 mg (32%) of /3,/3,/3- 
trichloroethyl 6,6-dibromopenicillinate (4) as an oil. Further purifi
cation by chromatography gave an analytically pure sample: IR (neat) 
1790 and 1755 cm“ 1; NMR (CDCD b 1.63 (s, 3 H), 1.73 (s, 3 H), 4.70 
(s, 1 H), 4.84 (s, 2 H), 5.84 (s, 1 H).

Anal. Calcd for C^HjoBrzCLNOaS: C, 24.49; H, 2.06; N, 2.86; Br. 
32.59; Cl, 21.69; S, 6.54. Found: C, 24.68; H, 2.11; N, 2.94; Br, 32.57; 
Cl, 21.82; S, 6.62.

The polarity of the eluting system was increased with ether. Iso
lation of the slower moving fraction gave /3,/3,/3-trichloroethyl 6 -o x o - 
penicillanate (2) (Ri = C H 2CCI3) as an impure oil, 0.48 g: IR (C H C L ) 
2960,1830, 1775,1750 cm -'; NMR (CDCI3) b 1.67 (s, 3 H), 1.70 (s, 3 
H), 4.84 (s, 2 H), 4.94 (s, 1 H), 5.80 (s, 1 H).

Synthesis o f  /?,/?,d-Trichloroethyl 6-OxopeniciIIanate 2 (R| = 
CH2CCI3). Method 2. Diazo ester 1 (Ri = CH2CCI3; 7.16 g, 0.02 mol) 
and triphenylphosphine (5.24 g, 0.02 mol) were dissolved in 550 mL 
of CH2CI2 at 0 °C. A solution of NaN02 (6.80 g, 0.10 mol) and F;tAcOH 
(8.90 g, 0.12 mol) in 250 mL of Me2SO at 0 °C was added to the above 
mixture and stirred at 0 °C for 1.75 h. The solution was washed ex
tensively with water, 5% sodium bicarbonate, and saturated salt so
lution. The organic layer was dried (MgS04) and evaporated to give
12.1 g of an oil containing the keto compound 2 (Rj = CH0CCI3) and 
triphenylphosphine oxide. Spectra were identical with those obtained 
from the NBS method except for the presence of Ph .PO, The keto 
compound was used directly wit hout further purification.

Synthesis of 3 (R, = CH2CCI.,; R2 = CH2Ph). In the same manner 
as described above, treatment of the diazo ester 1 (Rj = C H 2CCI3) 
with NBS in aqueous acetone containing pyridine gave a mixture of 
dibromo and keto esters. The mixture was dissolved in benzene. 
Benzyloxycarbonylmethylenetriphenylphosphorane (2-3 equiv) was 
added and the mixture refluxed for 30 h. After removal of the solvent 
under reduced pressure, the dark-brown residue was chromato
graphed on silicic acid using methylene chloride as an eluent. Isolation 
of the fastest moving fraction gave AAd-trichloroethyl 6,6-dibro
mopenicillinate (4) (13.7%) as an oil. Isolation of a slower moving 
fraction gave the anti unsaturated ester 3 (Ri = CH 2CCI3, R2 = 
O C H 2P h ) in 32% yield based on starting diazo ester. Further purifi
cation by chromatography gave an analytically pure sample: IR 
(C H C I3) 1780 and 1730 c m '1; NMR (CDCL) b 1.57 (s, 3 H), 1.63 (s, 
3 H), 4.67 (s, 1 H), 4.77 (s, 2 H), 5.20 (s, 2 H), 5.97 (d, 1 H ,J =  1.0 Hz), 
6.30 (d, 1 H, J = 1.0 Hz), 7.35 (s, 5 H).

Anal. Calcd for C^HigNOsCLS: C, 47.66; H, 3.79; N, 2.93; Cl, 22.22; 
S, 6.70. Found: C, 47.40; H, 3.77; N, 2.77; Cl, 22.40; S, 6.72.

Isolation of the slowest moving fraction gave 3% yield of the syn 
unsaturated ester 3 (Ri = CH2CCI3, R2 = CH2Ph) as an oil which 
crystallized on standing. Recrystallization from ether gave an ana
lytically pure sample: mp 108-109 °C; IR (CHCI3) 1780 and 1730 
cm -1; NMR (CDC13) b 1.63 (s, 3 H), 1.72 (s, 3 H), 4.75 (s, 1 H), 4.80 (s,
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2 H), 5.26 (s, 2 H), 5.76 (d, 1 H, J = 0.5 Hz), 6.04 (d, 1 H ,J  = 0.5 Hz),
7.38 (s, 5 H).

Anal. Calcd for C19H18N05C13S: C, 47.66; H, 3.79; N, 2.93; Cl, 22.22; 
S, 6.70. Found: C, 47.76; H, 3.43; N, 2.93; Cl, 22.41; S, 6.71.

Synthesis of 3 [R, = CH2CC13; R2 = CH(Ph)NH-tert-Boc]. Two 
grams of Ph3P=CHCOCH(Ph)NH-tert-Boc (3.9 mmol) and 3.4 g of 
crude 2 (derived from 4.0 g, 5.5 mmol 1 by the NBS method) (Ri = 
CH2CCI3) were dissolved in 80 mL of dry benzene. The mixture was 
stirred under N2 at room temperature for 22 h. The mixture was 
evaporated and rapidly chromatographed on silica gel with methylene 
chloride-ether (8:1). The oil obtained was crystallized from ether to 
give white crystals, 9%: mp 175-178 °C (dec); IR (CH2C12) 2975,1770, 
1705,1670,1485 cm "1; NMR (CDCI3) 6 1.40 (s, 9 H), 1.57 (s, 3 H), 1.62 
(s, 3 H), 4.65 (s, 1 H), 4.78 (s, 2 H), 5.50 (d, 1 H, J  = 6 Hz), 5.85 (d, 1 
H, J = 6 Hz), 6.03 (s, 1 H), 6.72 (s, 1 H), 7.40 (s, 5 H); R{ (methylene 
chloride-ether, 6:1) 0.7.

The same reaction was carried out with ketone 2 derived from the 
triphenylphosphine-nitrous acid method to give 0.83 g (26%) of 
light-yellow crystals. Spectra and physical constants were the same 
as described above.

tert-Butoxyearbonyl-a-amino-a-phenylacetylmethylenetri-
phenylphosphorane. The ylide was synthesized according to pub
lished methods78 to give 7.91 g (71% based on D-tert-butoxycar- 
bonylphenylglycine) of yellow crystals. Recrystallization from ether 
gave an analytical sample: mp 112.4-114 °C; IR (CH2C12) 3375,3050, 
2980,1700,1550-1560 cm -'; NMR (CDCI3) i  1.19 (s, 9 H), 5.12 (d, 1 
H, J  = 3.5 Hz), 6.19 (d, 1 H ,J  = 3.5 Hz), 7.2-7.7 (m, 21 H).

Anal. Calcd for C32H32N 03P (509.56): C, 75.42; H, 6.34; N, 2.75; P,
6.08. Found: C, 75.26; H. 6.50; N, 2.72; P, 5.85.

Synthesis of 3 (Ri = CH2Ph; R2 = O-tert-Bu). Cyanohydrin 55 
(Ri = CH2Ph) (8.0 g, 0.024 mol) was dissolved in 240 mL of benzene. 
tert-Butoxycarbonylmethylenetriphenylphosphine (10.8 g, 0.029 mol) 
in 300 mL of benzene was added and the solution stirred at 20 °C. for 
24 h. The solution was evaporated and the residue chromatographed 
on silica gel with methylene chloride-ethyl ether (50:1) to give 8.8 g 
(97%) of 3 (Ri = CH2Ph; Ri = O-tert-Bu) as an oil: IR (film) 2970, 
1775, 1725,1680 cm -'; NMR (CDC13) 5 1.40 and 1.45 (s, 15 H), 4.58 
(s, 1 H), 5.15 (s, 2 H), 5.95 (s, 1 H), 6.10 (s, 1 H), 7.33 (s, 5 H).

Compound 3 [Ri = CH2Ph; R2 = CH(Ph)NH-fert-Boc] was syn
thesized in the same manner from 2 mmol of cyanohydrin 5 and 2 
mmol of Ph3P=CHCOCH(Ph)NH-ierf-Boc to give 0.85 g (80%) of
3 as an oil: IR (CDC13) 2975,1770,1730-1760,1670,1485 cm -1; NMR 
(CDCI3) 6 1.42 (s, 12 H), 1.55 (s, 3 H), 4.56 (d, 1 H, J  = 2 Hz), 5.19 (s,
2 H), 5.42 (m, 1 H), 5.79 (m, 1 H), 5.99 (s, 1 H), 6.49 (s, 1 H), 7.38 (s, 
10 H).

Hydrogenation of 3. Compound 3 (Ri = CH2Ph; R2 = O-tert-Bu;
8.5 g, 0.020 mol) was dissolved in 400 mL of ethyl acetate. Rhodium 
on alumina (5%, 17.2 g) was added and the mixture was hydrogenated 
at atmospheric pressure for 10 h at 20 °C. The solution was filtered, 
evaporated, and chromatographed on silica gel with methylene 
chloride-ethyl ether (50:1) to give 6 (Rt = CH2Ph, R2 = O-tert-Bu) 
as a yellow oil, 6.0 g (70%); NMR (CDCI3) 5 1.50 and 1.65 (s, 15 H),
2.70-2.90 (m, 2 H), 3.75-4.10 (m, 1 H), 4.40 (s, 1 H), 5.10 (s, 2 H), 5.57 
(d, 1 H, J = 4 Hz), 7.35 (s, 5 H); IR (film) 2980, 1775, 1740, 1725 
cm-1.

Compound 3 (Rj = CH2CCl3j R2 = OCH2Ph) was hydrogenated 
in the same way. Chromatography gave 6 (Ri = CH2CC13, R2 = 
OCH2Ph) as an oil (42%) which could be crystallized from ether- 
petroleum ether: mp 42-50 °C; IR (CHCI3) 1775, 1740 cm "1; NMR 
(CDCI3) & 1.60 (s, 3 H), 1.74 (s, 3 H), 2.8-3.1 (m, 2 H), 3.8-4.3 (m, 1 H), 
4.50 (s, 1 H), 4.74 (s, 2 H), 5.10 (s, 2 H), 5.53 (d, 1 H, J  = 4.0 Hz), 7.26 
(s, 5 H).

Compound 3 (Ri = CH2CCI3; R2 = CH(Ph)NH-terf- Boc) was hy
drogenated in the same manner to give 50% 6 (Ri = CH2CC13, R2 = 
CH(Ph)NH-fert-Boc) as an oil: IR (CDC13) 2975, 2925, 1770, 1740, 
1700, 1475 cm "1; NMR (CDC13) 6 1.30 (s, 3 H), 1.40 (s, 9 H), 1.55 (s,
3 H), 2.80-3.02 (m, 2 H), 3.75-4.10 (m, 1 H), 4.35 (s, 1 H), 5.20 (s, 2 H),
5.35 (d, 1 H, J  = 4 Hz), 5.50 (d, 1 H, J  = 5 Hz), 5.82 (d, 1 H, J  = 5 Hz),
7.4 (s, 5 H).

Synthesis of 6 (R, = CH2CC13; R2 = OH). The ester 6 (Ri = 
CH2CC13; R2 = OCH2Ph; 303 mg, 0.63 mmol) was dissolved in EtOAc 
and hydrogenated in the presence of a 10% Pd-C catalyst for 2.5 h at 
room temperature and 1 atm of pressure. After removal of the catalyst 
by filtration through celite and washing of the surface with ether, the 
solvent was removed under reduced pressure using no heat. The re
sidual oil was dissolved in methylene chloride and extracted with 
aqueous NaHC03. After separation of the organic layer and acidifi
cation of the aqueous layer with ice-cold dilute HC1, the acid was 
isolated as an oil (246 mg, 62%) by extraction with methylene chloride, 
drying (MgSOi), and removal of the solvent under reduced pressure

using no heat: NMR (CDC13) S 1.63 (s, 3 H), 1.73 (s, 3 H), 2.8-3.2 (m, 
2 H), 3.8-4.3 (m, 1 H), 4.53 (s, 1 H), 4.79 (s, 2 H), 5.56 (d, 1 H, J  = 4.0 
Hz), 8.40 (s, 1 H).

Synthesis of 6 (Ri = CH2Ph; R2 = OH). The ester 6 (Ri = CH2Ph; 
R2 = O-terf-Bu) (1.9 g, 4.7 mmol) was dissolved in 60 mL of trifluo- 
roacetic acid at 0 °C and stirred for 0.5 h. F3AcOH was evaporated 
at 0 °C and the resultant oil freeze dried from benzene to give a 
quantitative yield of an oil: IR (film) 3000, 1775, 1725, 1670 cm-1; 
NMR (CDCI3) 5 1.42 and 1.57 (s, 6 H), 2.8-3.4 (m, 3 H), 4.65 (s, 1 H),
5.20 (s, 2 H), 5.72 (d, 1 H, J  = 6 Hz), 7.40 (s, 5 H). Crystallization of 
the oil from ether gave a white solid which is probably a hydrate ac
cording to spectra: IR (KBr) 3000, 1725, 1670 cm-1; NMR (CDCI3) 
same as above plus 5 7.57 (s, 2 H).

Synthesis o f 6 (R, = CH2Ph; R2 = NHCH2Ph). Acid 6 (Ri = 
CH2Ph; R2 = OH) (350 mg, 1.0 mmol) was dissolved in 5 mL of 
methylene chloride at 0 °C. 1,T-Carbonyldiimidazole (178 mg, 1.1 
mmol) was added and the solution stirred for 5 min. Benzylamine (107 
mg, 1.0 mm) in 5 mL of methylene chloride was added and the solution 
was allowed to stand at 5 °C for 12 h. The solution was washed with 
cold HC1 (0.05 N), saturated sodium bicarbonate solution, and water. 
After drying and evaporation, the oil obtained was chromatographed 
on silica gel with methylene chloride-ethyl ether (10:1) to give 88 mg 
(19%) of a yellow oil: IR (film) 3350,2900,1775,1730,1640 cm“ 1; NMR 
(CDCls) 8 1-35,1.50 (s, 6 H), 2.6-3.2 (m, 3 H), 4.40 (d, 2 H, J  = 5 Hz),
4.55 (s, 1 H) 5.15 (s, 2 H), 5.63 (d, 1 H, J = 6 Hz), 6.75 (m, 1 H), 7.25,
7.32 (s, 10 H).

Synthesis of 6 [R! = CH2Ph; R2 = NHCH(C02CHPh2)Ph]. Acid 
6 (Ri = CH2Ph; R2 = OH) (350 mg, 1 mmol) was dissolved in 20 mL 
of CH2C12 at 0 °C. Benzyhydryl phenylglycinate as the tosylate salt 
(982 mg, 2 mmol) was suspended in 20 mL of CH2C12 and pyridine 
(0.25 mL, 3 mmol) at 0 °C. The solutions were mixed and diisopro- 
pylcarbodiimide (0.31 mL, 2 mmol) was added. The mixture was 
stirred at 0 °C. for 1 h and at 20 °C for 24 h. The solution was washed 
with 0.05 N HC1, saturated bicarbonate solution, and water. After 
drying and evaporation, the residue was chromatographed on silica 
gel with methylene chloride-ethyl ether (10:1) to give 367 mg (55%) 
of oil: IR (film) 3300,3000,1745,1690 cm -1; NMR (CDC13) 5 1.30,1.45 
(s, 6 H), 2.55-3.25 (m, 3 H), 4.45 (s, 1 H), 5.02 (s, 2 H), 5.45 (d, 1 H, J 
= 6 Hz), 5.65 (s, 1 H), 6.70 (s, 1 H). 7.15 (s, 20 H).

Synthesis of 6 (Ri = CH2CC13; R2 = OCH2C4H3S). Compound 
6 (Ri = CH2CC13; R2 = OH) (105 mg, 0.36 mmol) was esterified with 
2-thiophenemethanol (57 mg, 0.50 mmol) in the presence of pyridine 
(35 mL, 0.43 mmol) and Ar,A"-diisopropylcarbodiimide (70 nL, 0.45 
mmol). The product was isolated as an oil (45 mg, 32%) after chro
matography on silica gel using 2% MeOH-CHCl3 as an eluent: IR 
(C H C I3) 2985,1770, and 1735 cm“ 1; NMR (CDC13) 5 1.63 (s, 3 H), 1.73 
(s, 3 H), 2.8-3.1 (m, 2 H), 3.9-4.3 (m, 1 H), 4.53 (s, 1 H), 4.77 (s, 2 H),
5.27 (s, 2 H), 5.55 (d, 1 H, J = 4.0 Hz), 6.7-7.5 (m, 3 H).

Synthesis of 6 (Ri = CH2CC13; R2 = CH2CC13; R2 = O-Naph- 
thyl). In the same manner as described above, the 2-naphthol ester 
was isolated as a crystalline material (72%) after chromatography on 
silicic acid using methylene chloride as an eluent. The product was 
recrystallized from CH2Cl2-petroleum ether: mp 119-120 °C; IR 
(CHCI3) 1780 (sh) and 1760 cm“ 1; NMR (CDCI3) 5 1.66 (s, 3 H), 1.80 
(s, 3 H), 3.1-3.4 (m, 2 H), 4.0-4.5 (m, 1 H), 4.64 (s, 1 H), 4.80 (s, 2 H),
5.70 (d, 1 H, J  = 4.0 Hz), 7.0-8.0 (m, 7 H).

Anal. Calcd for C^H^NOsSCls: C, 51.13; H, 3.90; N, 2.71; Cl, 20.58; 
S, 6.20. Found: C, 51.40; H, 4.00; N, 2.58; Cl, 20.79; S, 5.99.

Synthesis of 6 [R, = CH2CC13; R2 = PhCH(CH2NHCHO)0]. 
Prepared in the same manner as described above, the mixture of di- 
astereomeric esters was separated by chromatography on silicic acid 
using 5:1 methylene chloride-ether (v/v) as an eluent.

Less polar isomer: NMR (CDC13) 5 1.60 (s, 3 H), 1.73 (s, 3 H), 2.85 
(d, 2 H, J  = 8.0 Hz), 3.3-4.4 (m, 3 H), 4.57 (s, 1 H), 4.81 (d, 2 H, J  = 
1 Hz, CH2CC13),9 5.61 (d, 1 H, J  = 4.0 Hz), 5.7-6.3 (m, 1 H), 6.3-6.6 
(m, 1 H), 7.35 (s, 5 H), 8.16 (s, 1 H).

More polar isomer: NMR (CDC13) 6 1.60 (s, 3 H), 1.70 (s, 3 H), 2.87 
(d, 2 H , J  = 8.0 Hz), 3.2-4.4 (m, 3 H), 4.50 (s, 1 H), 4.79 (d, 2 H, J  = 
1 Hz, CH2CC13),9 5.48 (d, 1 H, J  = 4.0 Hz), 5.6-6.0 (m, 1 H), 6.3-6.8 
(m, 1 H), 7.23 (s, 5 H), 8.00 (s, 1 H).

Synthesis of 6 (Ri = CH2CC13; R2 = PhNH). In the same manner 
as described above, the amide was isolated as an oil (56%) after 
chromatography on silicic acid using 20:1 CH2Cl2-ether (v/v) as an 
eluent: IR (CHC13) 3405,3305,1775 (sh), 1755,1685, and 1600 cm“ 1; 
NMR (C D C I3) 5 1.63 (s, 3 H), 1.75 (s, 3 H), 2.90 (d, 2 H, J = 8.0 Hz),
3.8-4.4 (m, 1 H), 4.54 (s, 1 H), 4.70 (d, 1 H, J  = 12.0 Hz), 4.90 (d, 1 H, 
J  = 12.0 Hz), 5.60 (d, 1 H, J  = 4.0 Hz), 6.9-7.7 (m, 5 H), 8.32 (s, 1 
H).

Deblocking of Benzyl Esters. An ester 6 (Ri = CH2Ph) (0.20 
mmol) was dissolved in 10 mL of ethyl acetate. Palladium on carbon
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(10%), 0.5 g, was added and the mixture hydrogenated at 20 °C for 1 
h. After filtration, the solution was evaporated to 2 mL, and a solution 
of potassium 2-ethylhexanoate (0.10 g in 2 mL of ethyl acetate) was 
added if the free acid did not precipitate. Cooling usually gave a white 
solid in 40-50% yield. If an oil was obtained, the solution was con
centrated and petroleum ether was added. In the case of 6 [Ri = 
CH2Ph; R2 = CH(Ph)NH-ierf-Boc] the solution was evaporated after 
filtration and the oil obtained dissolved in trifluoroacetic acid. The 
solution was freeze-dried, glacial acetic acid was added, and the so
lution freeze-dried again. The free acids and salts all had infrared 
frequencies at 1770-1780 cm-1 (/3-lactam) and NMR spectra identical 
to the blocked ester minus a benzyl group.

Deblocking o f Trichloroethyl Esters. The ester (100-200 mg) 
was dissolved in 10 mL of 90% HOAc (1-2 mL of DMF was added if 
the ester did not dissolve) and the solution cooled to 0 °C before 1-1.5 
g of zinc dust was added. The mixture was stirred at 0 °C for 3-5 h. 
Removal of the zinc by filtration through Celite into a flask containing 
100 mL of ice water and washing of the zinc with methylene chloride 
yielded a two-phase system. Separation of the organic layer, extraction 
of the cold aqueous layer with several methylene chloride-zinc 
washings, drying (MgSCL), and removal of the solvent under reduced 
pressure (no heat) afforded the free acid.

Benzyl 6- tert-Butoxycarbonylaminomethylpenicillanate (8) 
(Ri = CH2Ph; R3 = C 0 2-tert-B u). Acid 6 (Rj = CH2Ph; R2 = OH) 
(1.80 g, 5.16 mmol in 120 mL of THF was cooled to —30 °C. Trieth- 
ylamine (0.73 mL, 1 equiv) was added followed by ethyl chloroformate 
(0.49 mL, 1 equiv). The mixture was stirred at —30 °C for 90 min. 
Sodium azide (335 mg, 5.16 mmol) in 50 mL of water was added and 
the solution stirred at 0 °C for 30 min. The solution was diluted with 
methylene chloride, washed with water and saturated salt solution, 
dried, and evaporated to give an oil. The oil was dissolved in 50 mL 
of benzene and refluxed for 90 min. tert-Butyl alcohol (50 mL) was 
added and refluxing continued for 2 h. The solvents were evaporated 
and the residue was chromatographed on silica gel with methylene 
chloride-ethyl ether (10:1). Elution with ether gave a yellow oil, 0.87 
g (40%): IR (film) 3400,3000,1750,1710 cm "1; NMR (CDCI3) b 1.37,
1.42,1.52 (s, 15 H), 2.5-2.9 (m, 2 H), 4.1-4.5 (m, 1 H), 4.63 (s, 1 H), 5.18 
(s, 2 H), 5.30 (d, J = 5 Hz, 1 H), 7.35 (s, 5 H).

Anal. Calcd for C2iH280 5N2S: C, 59.97; H, 6.71; N, 6.66; S, 7.62. 
Found: C, 59.37; H, 6.71; N, 6.43; S, 7.35.

Benzyl 6-Aminomethylpenicillanate 8 (Ri = CH2Ph; R3 = 
H2+CF3C 0 21 .  Compound 8 (Ri = CH2Ph; R3 = C 02-tert-Bu) (200 
mg, 0.48 mmol) was dissolved in 10 mL of trifluoracetic acid and 
stirred for 30 min at 0 °C. The solution was freeze-dried from benzene 
to give a quantitative yield of salt: IR (film) 3000,1775-1700 (br) cm-1; 
NMR (Me2SO-d6) b 1.15,1.55 (s, 6 H), 2.75-3.0 (m, 2 H), 3.8-4.05 (m, 
1 H), 4.3 (s, 1 H), 5.10 (s, 2 H), 5.20 (d, J  = 5 Hz, 1 H), 7.25 (s, 5 H).

Benzyl 6/3-(IV-Phenylacetyl)aminomethylpenicillanate 8 (Ri 
= CH2Ph; R3 = COCH2Ph). Triethylamine (138 mg, 2 equiv) in 5 
mL of CH2C12 was dropped into phenylacetyl chloride (159 mg, 1.5 
equiv) in 5 mL of CH2C12 at 0 °C. Compound 8 (Ri = CH2Ph; R2 = 
H2+CF3C 02_) (300 mg, 0.69 mmol) in 5 mL of CH2C12 was dropped 
into the cold mixture and stirring was continued for 3 h at 0 °C. The 
solution was washed with saturated bicarbonate and water, dried, and 
evaporated. The oil obtained was chromatographed on silica gel with 
methylene chloride-ether (1:1) to give an oil which can be crystallized 
from ethyl acetate-ether-petroleum ether: 60 mg (20%); mp 128-130 
°C; IR (film) 3280,1745,1710,1650 cm“ 1; NMR (CDC13) b 1.35 (s, 3 
H), 1.50 (s, 3 H), 2.68 (dd, J 1 = 6 Hz, J2 = 10 Hz), 3.50 (s, 2 H), 4.40 
(m, 1 H), 4.52 (s, 1 H), 5.10 (s, 2 H), 5.20 (d, 1 H, J  = 5 Hz). 6.61 (d, J 
= 6 H), 7.20 and 7.26 (s, 10 H).

Anal. Calcd for C24H260 4N2S (438.53): C, 65.74; H, 5.98; N, 6.39; 
S, 7.31. Found: C, 65.25; H, 5.98; N, 6.36; S, 7.30.

Benzyl 6-Ethoxycarbonylaminomethylpenicillante 8 (Ri = 
CH2Ph; R3 = COCH2CH3). Compound 8 (Ri = CH2Ph; R3 = 
H2+CF3C 02- )  (0.77 g, 1.77 mmol) was coupled with PhCH(NH- 
ieri-Boc)COOH using the mixed anhydride method. Chromatography 
on silica gel with CH2Cl2/ether (5:1) gave 0,41 g (35%) of compound 
8 (Ri = CH2Ph; R3 = C 02CH2CH3) instead of the expected product; 
IR (film) 3300, 2960, 1750-1680 cm -1; NMR (CDC13) 1.25 (t, 3 H), 
1.35,1.50 (s, 6 H), 2.5-2.9 (m, 2 H), 4.10 (q, 2 H), 4.35-4.60 (s on m, 2 
H), 5.15 (s, 2 H), 5.35 (d, J  = H Hz, 1 H), 6.15 (J  = 8 Hz, 1 H), 7.30 (s, 
5 H).

Compound 8 [R , = CH2Ph; R3 = C 0C H (N H C 02CH2Ph)Ph].
Compound 8 (Ri = CH2Ph; R3 = H2+CF3C 02_) (0.38 g, 0.87 mmol) 
in 10 mL of THF, p-nitrophenyl iV-carbobenzoxyphenylglycinate 
(0.32 g, 1 equiv) and triethylamine (0.25 mL, 2 equiv) were stirred at 
25 °C for 2.5 h. The solvent was evaporated and the oil obtained was 
chromatographed on silica gel with methylene chloride-ether (2:1). 
A foam was obtained which was rechromatographed with methylene

chloride-ether (5:1) to give a white foam, 43%: IR (film) 3280, 
1740-1675 (br) cm -'; NMR (CDC13) 1.25,1.40 (s, 6 H), 2.3-2.7 (dd,
2 H, J x = 8 Hz, J2 = 6 Hz), 4.0-4.4 (m, 1 H), 4.45 (s, 1 H), 4.9 (s, 2 H),
4.95 (s, 2 H), 5.10-5.20 (s on d, J = 6 Hz, 2 H), 6.10 (d, J = 8 Hz, 2 H),
7.1 (s, 15 H).

Benzyl 6 -Tosylamidomethylpenicillanate 8 (Ri = CH2Ph; R 2 
= S 0 2PhCH3). To compound 8 (Ri = CH2Ph; R = H2+CF3C 02_ ) 
(0.22 g, 0.51 mmol) in 5 mL of CH2C12 was added tosyl chloride (0.10 
g, 0.51 mmol) in 5 mL of CH2C12 and triethylamine (0.14 mL, 2 equiv). 
The solution was stirred at 25 °C for 16 h, washed with saturated bi
carbonate and water, and evaporated. The residue was chromato
graphed on silica gel with methylene chloride-ether (5:1). Elution with 
ether gave a white foam, 65 mg (27%): IR (film) 3250, 2975,1750,1700, 
1600 cm_1; NMR (CDC13) 1.38,1.50 (s, 6 H), 2.45-2.73 (s on m, 5 H),
3.7—4.2 (m, 1 H), 4.56 (s, 1 H), 5 15 (s, 2 H), 5.38 (d, J  = 6 Hz, 1 H), 6.25 
(d, J = 8 Hz, 1 H), 7.2-7.8 (m, 9 H).

Synthesis o f  9. Compound 8 (Ri = H; R3 = H2+CF3C 02_) (0.141 
g, 0.40 mmol) was dissolved in 10 mL of ethanol. Triethylamine was 
added to pH ~8.5, followed by o-hydroxybenzaldehyde (0.49 g, 10 
equiv). The solution was stirred at 25 °C for 45 h, acidified with dilute 
HC1 to pH ~6.5, and evaporated. After addition of ether, the mixture 
was filtered and evaporated. The yellow oil was dissolved in CH2C12 
and 1.6 equiv of potassium 2-ethylhexanoate was added. Addition of 
petroleum ether gave a yellow solid, 110 mg, 72%: IR (nujol) 3350, 
1775,1700 (br), 1765 cm -1; NMR (acetone-d6) b 1.40 (s, 6 H), 2.7-3.0 
(m, 2 H), 3.8-4.2 (s on m, 2 H), 5.55 (d, J  = 6 Hz, 1 H), 6.8-7.4 (m, 4 
H), 8.5 (s, 1H).
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isomer 1,63784-37-2; 6 (R, = CH2CC13; R2 = PhCH(CH,NHCH0)0) 
isomer 2, 63784-38-3; 6 (Rx = CH,CC1 ¡; R2 = PhNH), 6~3784-39-4; 8 
(Ri = CH2Ph; Ri = C 02-feri-Bu), 63784-40-7; 8 (Ri = CH,Ph; R3 = 
H2+CF3C 02-), 63784-42-9; 8 (R! = CH2Ph; R3 = COCH2Ph), 
63784-43-0; 8 (Ri = CH,Ph; R:, = CO,CH2CH ,), 63784-44-1; 8 [R, = 
CH2Ph; R:i = C0CH(NHC02CH2Ph)Ph], 63797-57-9; 8 (R, = CH2Ph; 
R3 = S 0 2PhCH 3), 63784-45-2; 9, 63784-46-3; Ph3P =
CHC02CH2Ph, 15097-38-8; Ph3P=CHCOCH(Ph)NH-iert-Boc, 
63784-47-4; Ph3P=CH C02Bu', 35000-38-5; PhCH(CH2NHCHO)- 
OH, 58644-57-8; PhCH(NH-tert-Boc)COOH, 3601,66-9; benzyl- 
amine, 100-46-9; benzhydrylphenylglycinate tosylate salt, 63784-48-5; 
2-thiophenemethanol, 636-72-6; 2-naphthol, 135-19-3; phenylamine, 
62-53-3; tert-butyl alcohol, 75-65-0; phenylacetyl chloride, 103-80-0; 
p-nitrophenyl-iV-carbobenzoxyphenyglycinate, 63784-49-6; tosyl 
chloride, 98-59-9; o-hydroxybenzaldehyde, 90-02-8.
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Nitration of 4-iodo-o-xylene with mixed acid affords mixtures of 4-nitro-o-xylene, 5-iodo-3-nitro-o-xylene, and
4-iodo-5-nitro-o-xylene. Under certain nitration conditions substantial amounts of 4,5-diiodo-o-xylene were also 
formed. Because of the inefficiency of the nitrodeiodination reaction and the faster rate of nitration of o-xylene rel
ative to 4-iodo-o-xylene, iodine cannot be used as a catalyst to effectively alter the substitution pattern for nitration 
of o-xylene. Nitration of 4-iodoxy-o-xylene was found to give an iodoxynitroxylene.

Introduction

There is considerable interest in methods of altering isomer 
distribution in products of electrophilic aromatic substitu
tions. Recent approaches have included clathration of the 
aromatic to induce additional steric influence on selectivity1 
and rearrangement of the undesired initial product of elec
trophilic attack on the aromatic to give the desired one.2 The 
nitration of o-xylene typifies the problems encountered in 
attempting to alter product isomer distribution. A wide variety 
of nitrating agents have been found to give a 4-nitro-o-xylene 
(4-NOX) to 3-nitro-o-xylene (3-NOX) product ratio which 
could not be made to exceed 3:1.2 Since 4-nitro-o-xylene is a 
useful reagent for further reactions, increasing this ratio 
without increasing the extent of side reactions would provide 
a higher yield of a less contaminated material.

As indicated by eq 1 and 2, another method by which se
lectivity in products of electrophilic substitution may be al
tered is through the intermediacy of another electrophilic 
reagent, Ei+, which exhibits a different, more desirable se
lectivity in substitution of the aromatic. Ipso (self-directed) 
substitution of Ei+ by the desired electrophile E2+ as in eq 2 
would give the product ArE2 with a more desirable isomer 
ratio than that obtained by direct attack of E2+ on ArH (eq
3). If the rates k \ and fe2 are fast relative to fe;), and if side re
actions do not interfere, the system can obviously be effec
tively catalytic in E j+.

E i+ +  ArH ——► A rEi +  H + g )

k2
E2+ +  A rE i — >■ A Æ 2 +  E i+ (2)

_  , *3
E2+ +  ArH — >■ A rE 2 +  H+ (3)

Exactly such a scheme has been achieved by thalliation of
o-xylene with thallium(III) trifluoroacetate followed by 
treatment of the thalliated product with nitrogen dioxide.3 
This process produced an 84% yield of 4-NOX together with 
4% 3-NOX. This type of scheme would have greater utility if 
it could be accomplished in a catalytic manner with a non- 
metallic electrophilic intermediate. Since iodine is known to 
be one of the better ipso leaving groups under electrophilic 
substitution conditions,4 our attention turned to its utiliza
tion.

It has been noted in the literature that iodination of o -  
xylene proceeds in high yield to give 4-iodo-o-xylene (4-IOX) 
and 3-iodo-o-xylene (3-IOX) in an 84:16 ratio.5 A particularly 
attractive feature of this reaction is that the reported exper
imental procedure employs iodine in the presence of mixed 
nitric and sulfuric acids. A number of instances are known 
where I+ is displaced from aromatics by such a nitrating 
mixture under somewhat more severe conditions. Iodo aro
matics for which such ipso displacements have been reported 
include 4-iodoanisole,6,7 2-iodomesitylene,8 and 2-iodo-

1,3,5-trineopentylbenzene.8 Nitrobenzene could not be de
tected, however, from nitration of iodobenzene with nitric acid 
in nitromethane,8 and while iodo appears to be one of the 
better ipso leaving groups,9 nitrodeiodination can also be 
complicated by the liberated I+ (or equivalent species) iodi- 
nating either the iodo- or nitro-substituted aromatics.6-8 
Recognizing the potential for such side reactions, we examined 
the nitration of 4-iodo-o-xylene with the view of determining 
if iodine could be used effectively as a catalyst in directing the 
selectivity of the nitration of o-xylene.

Results and Discussion

Iodination of o-xylene according to the literature procedure5 
afforded a 93% yield of distilled mixed monoiodo isomers 
which could not be separated by distillation or GLC. Analysis 
by NMR showed this mixture to contain 80% 4-IOX and 20%
3- IOX. Pure 4-IOX (I) was obtained by fractional crystalli
zation from hexane at —78 °C.5

Nitration of 4-IOX was run under several sets of conditions 
(Table I) and products were analyzed by GLC. The desired
4- NOX (2) was formed in each case in yields ranging from 6 
to 13%; however, ordinary nitration (nitrodeprotonation) to 
give 5-iodo-3-nitro-o-xylene (4) and 4-iodo-5-nitro-o-xylene10
(5) was found to be the predominant reaction, and under

certain conditions (cf. Table I) relatively large amounts of
4,5-diiodo-o-xylene (3) were formed as well.

The ipso product 4-NOX was identified by GLC and in
frared comparison with an authentic sample. Both 4-iodo-
5-nitro-o-xylene (5) and 4,5-diiodo-o-xylene (3) were isolated 
from the nitration experiments and were characterized by 
NMR, mass spectrometry, and infrared analysis. The diiodo 
compound 3 and 5-iodo-3-nitro-o-xylene (4) were indepen
dently synthesized by iodination of 4-IOX and 3-NOX, re
spectively. Attempted iodination of 4-NOX gave no reac
tion.
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Table I. N itration  o f  4 -Iod o-o -xy len e

Reagents
70% Conditions _______________ Products, mol %c_______________

Expt. 4-IOX, HNO3, Nitrating H 2SO4, H2SO4, Solvent, Temp, Time, 4,5-di- 5-1- 4-1-
no.______ mol mol agent, mol mol %______ mL °C h 4-IOX 4-NOX IP X  3-NOX 5-NOX ? d

1 0 . 0 2 0 0 .0 2 2 — 0 .0 2 0 96 5° 50 4 60% 8% 24% 3% 3% —
2 0 . 0 2 0 0.088 — 0.040 96 5° 60 8 0 13% 25% 17% 42% —
3 0 . 0 1 0 — N2O4

0.040
0.023 87 -— 25 2 8% 9% 19% 2 1 % 28% —

4 0.0050 — N 0 2BF4
0 .0 1 0

— — 5° 25 V2 0 8% 6% 23% 54% 9%

5 0 .0 1 0 0 .0 2 0 N aN 0 2
0 .0 0 1

0 .0 2 2 90 — 25 4 3% 7% 2 0 % 23% 47% —

6 0 .0 1 0 0.050 NaNOs
0 .0 0 2

— — 5“ 70 2 2 25% 6% 41% 4% 2 2 % —

7 0.0043 — NOBF4
0.0086

— — 5 b 60 6 0 1 0 % 42% 16% 23% 9%

8 0 .0 1 0 0.033 —. 0.044 90 — 30 1 0 7% 0 26% 59% 7%
9 0 .0 1 0 0.033 — 0.044 90 — 25 Hi 0 7% 0 28% 62% 3%

1 0 0 .0 1 0 0 .1 0 0
(90%)

— — — 1 0 b 25 2 0 12% 0 23% 59% 6%

a HOAc. é CH3NO2. c As determined by GLC. d Unidentified; % estimated by GLC.

From the results presented in Table I and the separate io- 
dination experiments, it is clear that nitrodeiodination ac
counts for only a small amount o f  the reaction products in the 
nitration o f 4-IO X . Although the origins o f  the various prod
ucts are not known with com plete certainty, it is likely that 
4 is formed entirely by nitrodeprotonation. Since 4-N O X  does 
not iodinate readily, 5 cannot form  via 4-N O X . It is most

probably form ed by nitrodeprotonation o f 4 -IO X , although 
to some extent it may also result from  nitrodeiodination o f  3. 
In a separate experiment it was found that nitration o f  the 
latter at 65-75 °C  for 12 h produced 5 in ca. 75% yield along 
with some 3,4,5-triiodo-o-xylene (7).

The origin o f  3 is less certain. Although the nitrodeiodina
tion reaction releases an equivalent am ount o f  I+, which is 
then available to iodinate 4-IOX, the yield o f  diiodo compound 
form ed was frequently much greater than that o f  4 -N O X . A 
possible source o f  this excess 3 is the Jacobsen reaction o f  4- 
IO X , in which 4-IO X , upon heating with sulfuric acid, pro
duces 3 . 1 1  The other product o f  the Jacobsen reaction is pre
sumably a sulfonic acid which would not be detected in our 
workup or GLC procedures. In a recent study o f  F riedel- 
Crafts acylations o f iodoaromatics, excesses o f diiodoaromatic 
over ipso substitution product were observed .12  Whatever the 
origin o f  3, its formation could be suppressed by m odification 
o f  the experimental conditions (Table I, experiments 8  and
9). Thus, in reactions o f  4 -IO X  with excess mixed acid at 25 
°C  for short periods o f  time, no 3 was detected, and the 
product distribution was 7% 4-N O X , 28% 4, 62% 5, and 3% 
unidentified (probably dinitrated) material.

Several variations o f  the nitration procedure were at
tempted in an effort to increase the yield o f  4-N O X  (cf. Table 
I). These included use o f  N 2O4, N O 2B F 4, and N O BF 4 as ni
trating agents, addition o f  N aN 0 2  to the nitric acid, and the 
use o f  nitromethane as a solvent. None o f  these conditions 
provided more than a 1 2 % yield o f  4-N O X. W e had originally 
hoped that reaction o f 4-IO X  with N O + followed by oxidation 
would increase the am ount o f  ipso substitution, based on the 
work o f Butler and Sanderson ,7 who reported that nitro-

deiodination o f 4-iodoanisole proceeded via nitrosation rather 
than nitration. M ore recently, O lsson 13  reported that added 
N aN 0 2  did not increase the am ount o f  nitrodeiodination o f 
2-iodo-l,3,5-trineopentylbenzene relative to  n itrodeproto
nation. As seen in Table I, however, neither N O BF 4 nor nitric 
acid containing added NaNC>2 was effective in increasing the
4 -N O X  yields. Thus, the data indicate that N O + and N 0 2 + 
produce comparable proportions o f  nitrodeiodination product 
from  4-IO X .

Competitive mixed acid nitration o f  an equimolar mixture 
o f  o -xylene and 4 -IO X  was studied in an effort to determine 
which was the more reactive substrate. At the end o f the re
action no o -x ylene could be detected but 44% o f  the original
4 -IO X  remained unreacted. Clearly, the relative rates are in 
the wrong order for iodine catalysis o f  nitration as discussed 
in the Introduction. Thus, even if the 4 -IO X  —  4 -N O X  con 
version could be made more efficient, the directive effects o f  
a catalytic am ount o f iodine would be minimal because most 
o f  the reaction would proceed by direct nitration o f  0 -xy
lene.

As a final empirical test o f  the iodine catalysis scheme, the 
mixed acid nitration o f o-xylene was carried out in the pres
ence o f  5 m ol % added iodine and the G LC analysis was com 
pared with that o f  a similar reaction run without added I2. In 
the presence o f I2 an 8 8% combined yield o f mononitro isomers 
was obtained with a 4 -N O X /3-N O X  ratio o f  46:54. In addition 
about 4% o f 4 -IO X  was detected. In the absence o f  I2 an 89% 
com bined yield o f  4 -N O X  and 3 -N O X  was obtained and the 
isomer ratio was 44:56. Thus, no significant effect on isomer 
distribution was observed.

T he possibility o f  converting 4 -IO X  to a derivative which 
might undergo electrophilic ipso substitution more readily 
than 4-IO X itself was also examined. Since oxidation o f 4-IO X 
to a polyvalent iodine compound would be expected to weaken 
the C -I  bon d , 14 and may thus increase susceptibility to  ipso 
substitution, 4 -IO X  was oxidized with peracetic acid to give
4-iodoxy-o-xylene (8 ). This new com pound was reacted with 
excess mixed acid (Caution: see Experimental Section) to give.
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a compound the elemental analysis and IR of which indicated 
a nitrodeprotonation product 9 in 53% yield, along with a small 
amount of 4-I-5-N O X. No 4-N O X was found. We have been 
unable to locate any reference to electrophilic substitution of 
iodoxy-substituted aromatics in the literature.

The position of the nitro group in the insoluble, explosive, 
new compound 9 could only be inferred from its infrared 
spectrum. Compound 8 shows bands at 882 cm-1 (lone H 
out-of-plane vibration) and 808 cm-1 (2 adjacent H out-of
plane vibrations), while 9 displays a band corresponding to 
the former (876 cm-1 ) but no band corresponding to the latter. 
The absence of adjacent hydrogens excludes 4-iodoxy-3- 
nitro-o-xylene as the correct structure. Of the two remaining 
possibilities, we favor assigning 5-iodoxy-3-nitro-o-xylene to 
compound 9 on mechanistic grounds since its Hammett a 
parameters suggest that the iodoxy substituent is meta di
recting15-16 and also the 3-position is the less hindered one.

In another experiment 4-IO X was treated with peracetic 
acid under conditions for making iodosodiacetates.17 Treat
ment of the crude product with excess mixed acid gave a 
complex mixture of products but 4-N O X  could not be de
tected by GLC.

Experimental Section

General. The NMR spectra were run in CDCI3 on a Varian HA-100 
spectrometer. GLC analyses were performed on a Hewlett-Packard 
Model 5750 instrument equipped with a flame ionization detector. 
The column was a 10  ft X % in. SS 20% QF-1 on 90/110 mesh Anakrom 
ABS and the temperature was programmed from 150 to 225 °C at 30 
°C/min followed by 1 0  min at 225 °C. The following retention times 
(in minutes) were observed under these conditions: 4-IOX (2.8),
4-NOX (4.6), 4,5-di-IOX (5.5), 5-I-3-NOX (6 .6 ), and 4-I-5-NOX (8.7). 
Quantitation was made from peak areas calibrated with known 
quantities of the compounds.

4- Iodo-o-xylene (1). To 500 mL of acetic acid was added slowly 
with stirring 140 mL of concentrated H2S 0 4 (2.60 mol) followed by 
376 g (3.54 mol) of o-xylene and 210 g of finely divided iodine. The 
stirred mixture was heated to 50 °C, the heating bath was removed, 
and 140 mL of 70% H N 03 (2.24 mol) was added dropwise at a rate to 
keep the temperature below 55 °C. After most of the iodine had 
reacted, an additional 210 g was added (total 420 g, 3.32 g-atoms) and 
addition of HNO3 was completed. Stirring at 50 °C was continued for 
40 min and the mixture was then cooled and poured over crushed ice. 
The organic layer was separated and the aqueous layer was extracted 
twice with methylene chloride. The combined organic material was 
washed twice with dilute NaOH and once with water, dried, and 
evaporated. Distillation of the resulting oil gave 719 g (93%) of iodo-
o-xylenes, bp 96-102 °C (7 mm), which was determined to consist of 
80% 4-iodo-o-xylene and 20% 3-iodo-o-xylene by NMR analysis.

Pure 4-iodo-o -xylene (1) was obtained by three crystallizations from 
hexane at —78 °C, decanting the mother liquor from the filter cake 
after each crystallization, and evaporating in vacuo to remove the 
residual hexane after the last crystallization. This procedure gave 440 
g (57%) of pure 4-iodo-o-xylene, the 'H NMR of which showed a 
singlet methyl at b 2.14, containing no detectable amount of the 3- 
isomer (doublet methyl centered at 6 2.33).

Nitration of 4-Iodo-o-xylene in Mixed Acid. Isolation of 4- 
Iodo-5-nitro-o-xylene (5). Mixed acid was prepared from 0.3 mL 
of water, 2.4 mL of 96% H2SO4 (0.044 mol) and 2.1 mL of 70% HNO3 
(0.033 mol). The acid solution was added dropwise with stirring to 2.3 
g (0.010 mol) o f 4-iodo-o-xylene cooled in an ice bath to keep the re
action temperature <25 °C. After stirring for 20 min at 25 °C the 
mixture was poured into ice water and extracted with methylene 
chloride. The extracts were washed with dilute NaOH and water, 
dried, and evaporated to give 2.5 g of orange oil. GLC analysis of the 
oil showed 7% 4-NOX, 28% 5-I-3-NOX, 62% 4-I-5-NOX, and 3% of 
an unknown product. The oil was partially crystallized from ethanol 
to give 0.55 g of 5, mp 62-66 °C. Successive recrystallization from 
ethanol and petroleum ether afforded yellow flakes, mp 65.5-67.5 
°C.

Anal. Calcd for C8H8N 0 2I: C, 34.61; H, 2.91; N, 5.06; mol wt, 277. 
Found: C, 34.47; H, 2 .8 8 ; N, 4.86; m /e 277. lH NMR 5 7.78 (s, ArH),
7.68 (s, ArH), 2.26 (s, CH3).

5- Iodo-3-nitro-o-xylene from Iodination of 3-Nitro-o-xylene.
A mixture of 1.8 mL of 96% H2S0 4 (0.032 mol), 6.0 g of 3-nitro-o- 
xylene (0.040 mol), 5.1 g of iodine (0.020 mol) and 1.8 mL of 70% HNO3

(0.028 mol) in 10 mL of acetic acid was stirred at 80-85 °C for 24 h. 
The reaction mixture was poured into ice water containing sodium 
thiosulfate and extracted three times with methylene chloride. The 
combined extracts were washed with dilute NaOH and water, then 
dried and evaporated. GLC analysis of this oil showed about 70% 
unreacted starting material and about 30% product. Chromatography 
over grade I neutral alumina gave a small amount of crystalline 
product, mp 56-60 °C, from petroleum ether, identified as 4 by 
analysis and NMR.

Anal. Calcd for C8H8N 0 2I: C, 34.61; H, 2.91; N, 5.06. Found: C, 
34.57; H, 2.88; N, 5.08. iH NMR b 7.90 (s, ArH), 7.69 (s, ArH), 2.31 (s, 
CH3).

4,5-Diiodo-o-xylene (3). A mixture of 4.65 g (0.020 mol) of 4- 
iodo-o-xylene, 2.55 g (0.010 mol) of iodine and 1.6 mL (0.030 mol) of 
96% H2SO4 in 5 mL of acetic acid was heated with stirring to 50 °C 
and 0.9 mL (0.014 mol) of 70% HN03 was added dropwise. Stirring 
was continued at 50-55 °C for 3 h and the mixture was poured into 
ice water and worked up as in the above example to give 5.9 g (82%) 
of crude 3, mp 70-85 °C. Three recrystailizations from ethanol gave 
faintly yellow prisms: mp 91-93 °C (lit.18 mp 93-94 °C); 'H NMR S
7.59 (s, ArH), 2.13 (s, CH3).

Nitration of 4,5-Diiodo-o-xylene. A stirred suspension of 1.8 g 
of 4,5-diiodo-o-xylene (0.0050 mol) in 10 mL of acetic acid was heated 
to 50 °C and a solution of 1 .0  g of 96% H2SO4 and 1.5 g of 70% H N 03 
was added. The reaction mixture was stirred at 65 °C for 6  h and then 
another 0.25 g of H2SO4 (total 0.0125 mol) and 0.4 g of H N 03 (total 
0.030 mol) were added and stirring was continued at 75 °C for another 
6  h. The cooled reaction mixture was poured into ice water and ex
tracted with methylene chloride. The extracts were washed with dilute 
NaOH and water, dried, and evaporated to give a yellow solid. GLC 
analysis showed this to be approximately 75% 5,5% unreacted 3, and 
20% of a new product. Fractional crystallization from ethanol gave 
a few milligrams of pale yellow crystals, mp 111-113 °C, identified 
as 3,4,5-triiodo-o-xylene (7) by analysis, IR, and NMR.

Anal. Calcd for C8H7I3: C, 19.86; H, 1.46. Found: C, 19.61; H, 1.46. 
'H  NMR S 7.73 (s, ArH), 2.55 (s, CH3), 2.24 (s, CH3).

4-Iodoxy-o-xylene (8). The general procedure of Sharefkin and 
Saltzman17 was used. To 23.2 g (0.100 mol) of 4-iodo-o-xylene stirred 
at 35 °C was added dropwise 65 mL of 40% aqueous peracetic acid 
(0.500 mol). After addition was complete, 80 mL of water was added 
and the bath temperature was raised to 100 °C. Considerable frothing 
occurred during heating. The mixture was stirred at 100 °C for 45 min 
and then cooled and filtered. The white solid was washed with water 
and dried in a vacuum desiccator to give 2 2 .1  g (84%) of 8 , mp 207 °C 
(explodes), impact sensitivity = 20  cm.

Nitration of 4-Iodoxy-o-xylene. Ten milliliters of mixed acid of 
composition 35% H N03, 63% H2S 04, and 2% H20  (from combining 
the proper quantities of 90% HN03, 96% H2S 04, and fuming H2SO4, 
20-23% S 03) was stirred in an ice bath while 0.5 g of finely divided 
solid 4-iodoxy-o-xylene (8) was added in small portions. (When a small 
lump was added a sudden violent reaction occurred.) After the ad
dition, the yellow solution was poured over ice and the white solid 
which formed was filtered and washed with acetone to give 0.31 g 
(53%) of 9, mp 204 °C (explodes).

Anal. Calcd for C8H8N 0 4I: C, 31.08; H, 2.61; N, 4.53; 1,41.06. Found: 
C, 31.32; H, 2.23; N, 4.75; 1,40.81. Insolubility precluded NMR anal
ysis and prevented establishment of the isomeric structure of this 
product.
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The p-toluenesulfonate and p-bromobenzenesulfonate of l-(o-chlorophenyl)-2,2-dichloro-l-propanol (1) react
ed at a conveniently measurable rate in 25 mL of CF3CO2H containing 1.127 g of 96% H2SO4. l-(o-Chlorophenyl)-
I-chloro-2-propanone and the trifluoroacetate of 1 were formed. The ketone, previously obtained from reaction of 
1 in H2SO4, appears to be formed via a chloronium ion intermediate. The absence of rate effects of substituents in 
the leaving group is connected with acid catalysis.

Recently it was found1 that the chlorine-containing alco
hol 1 was converted exclusively to the a-chloro ketone 2 upon 
reaction with concentrated (96%) sulfuric acid. The formation

1

HßS0 4

2

+ HCl

0 )
of 2, the apparent product of a 1,2-chlorine shift, was so facile 
that 1 formed no condensation product with chlorobenzene 
in the presence of H2S 0 4. Various alcohols related to 1 do 
undergo such condensation (e.g., that of eq 2) to give the

4

pesticide DDT or related compounds.2 Accordingly, we were 
prompted to further define the mechanism of the reaction of 
eq 1 and related processes. At the outset of our study, two 
main types of mechanism were considered. In one, mentioned 
previously,1 the reaction of eq 1 is initiated by breaking the 
C -0  bond, possibly with simultaneous chlorine participation 
to give a chloronium ion intermediate 5. Another mechanism

involves breaking of a C-Cl bond, presumably facilitated by 
electrophilic acid catalysis, with possible simultaneous hy
droxyl participation to form a chloro epoxide intermediate,
6. McDonald and co-workers have shown that chloro epoxides

may rearrange with chlorine shift, to chloro ketones, probably 
via ketocarbonium ion intermediates.3 The example38 of eq 
3 is particularly relevant (cf. eq 1). The McDonald reaction 
typically occurs in neat liquid. Lewis acid catalysis may occur, 
but protonic acids tend to favor alternative reaction paths.3b 
Although the reaction of this paper occurs in protonic solvents, 
it appears that the McDonald mechanism should not be ruled 
out of consideration. A third type of mechanism for formation

,3 ’

of 2 involves the intermediacy of chloride 7a, formed in an 
intermolecular reaction from HC1 evolved into the sulfuric 
acid solvent via side reactions or, after reaction has begun, via 
eq 1. Although reaction via 7 would involve no chlorine shift, 
hydrolysis of geminal halides is known to yield ketones. Fur
thermore, the reported isolation of 7b from an experiment in 
H2SO41 suggested that the sequence involving 7 must be 
considered!
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a, X = Cl
b, X  = H

Description and Results

For mechanistic studies it was highly desirable to find 
conditions suitable for rate determinations. Presuming that 
a path involving initial C -0  bond breaking was the most likely 
alternative, we elected to study the reactions of 8a, the tosylate 
of 1. Since trifluoroacetic acid was used by one of us as the

solvent in many previous studies of halogen participation in 
solvolysis,4 we decided to add as much trifluoroacetic acid as 
possible to the sulfuric acid reaction medium. Encouragingly, 
in CF3CO2H -H 2SO4 the tosylate 8a gave ketone 2 and the 
trifluoroacetate ester of 1 in an approximate 1:1 ratio. Reac
tion occurred at a measurable rate at 35 °C in CF3CO2H 
containing 96% H2SO4 (see footnote, Table I, for concentra
tions). Hydrogen NM R at 90 MHz proved to be a sensitive, 
convenient method for following the course of reaction. With 
conditions suitable for kinetic studies at hand, we prepared 
the p-bromobenzenesulfonate of 1 and determined the reac
tion rates of both the tosylate and brosylate. Remarkably, the 
rates were almost identical, whereas we had expected to ob
serve a substituent rate enhancement for the brosylate relative 
to the tosylate leaving group, ^ bsA ts =  ~ 2 .5 We obtained a 
similar result for the tosylate and brosylate of isopropyl al
cohol. The rate constants, to be discussed later, are given in 
Table I. It was noted that in the absence of H2SO4 the tosylate 
and brosylate solvolyzed in trifluoroacetic acid at a higher 
temperature (65 °C) with approximate half-lives of 180 and 
85 min, respectively. However, little ketone 2 was formed, and 
several unidentified NM R peaks appeared instead. Unpub
lished observations in the laboratory of one of the authors 
indicate that the addition of strong acids to CF3CO2H lowers 
its nucleophilicity. Evidently a low nucleophilicity is required 
to obtain the product whose formation was the object of the 
present study.

Since the alcohol 1 forms ketone 2 in 96% H 2SO4, it seemed 
likely that alcohol 1 would exhibit a similar reaction in the 
mixture of CF3CO2H and H 2SO4 used for tosylate solvolysis. 
Actually, a new compound, presumably the bisulfate of 1, 
formed rapidly (22% after 10 min), along with the trifluo
roacetate of 1 (5% after 10 min). After 5 h, the composition was 
trifluoroacetate (63%), bisulfate (8%), and ketone 2 (6%). The 
ketone may have been derived from trifluoroacetate, since 
mixtures of trifluoroacetate and ketone derived from tosylate 
solvolysis were gradually converted to ketone upon prolonged 
reaction at 65 °C (76% ketone after 7.5 h). One might suppose

Table I. Rates of Solvolysis in CF3CQ2H-H2SQ4a

Registry
no.

104 k, 
35 °C, s' 1

Concn, 
mol L_1

1-OTs 37610-59-6 1.9 0.125
1-OBs 63641-56-5 1.6 0.125

104 k, Concn,
20 °C ,s-1 mol L_1

¡-PrOTs 2307-69-9 6.2 0.19
i-PrOBs 24767-70-2 6.4 0.14

a 1.127 g of 96% H2SO4 in 25 mL of CF3CO2H; molarity of 
H2SO4 = 0.446.

Table II. Rates of Trifluoroacetolysis of Tosylates, 
Brosylates, and a p-Nitrobenzenesulfonate

______ Compound_________________ 105 k , 25 °C, s-1

Cyclohexyl brosylate 
Cyclohexyl tosylate 
Isopropyl nosylate 
Isopropyl brosylate 
Isopropyl tosylate

44.5°
25.2fc
2 2 c
5.55 (est)d 
2.49e

a J. E. Duddey and P. E. Peterson, unpublished work. b D. M. 
Chevli and P. E. Peterson, unpublished work. c P. E. Peterson 
and J. F. Coffey, J. Am. Chem. Soc., 93,5208 (1971). d Estimated 
using the Hammett equation, log kx/ky = pAan. The cr" value for 
P-NO2 was incremented by 0.18 (to 0.96) to allow for the hydro- 
gen-bonding effect of CF3CO2H. See P. E. Peterson, D. M. Chevli, 
and K. A. Sipp, J. Org. Chem., 33, 972 (1968) for further refer
ences. e P. E. Peterson, R. E. Kelley, and K. A. Sipp, J. Am. Chem. 
Soc., 87,5169 (1965).

that a bisulfate intermediate would give a ratio of ketone to 
trifluoroacetate comparable to that obtained from the tosyl
ate. That it did not may be due to the lower nucleophilicity 
of the solvent in the reaction of alcohol 1 owing to an acid-base 
reaction between the alcohol and sulfuric acid.

Discussion
The finding that the tosylate 8a and brosylate 8b yield 50% 

ketone 2 in CF3CO2H-H2SO4 and that reaction is faster than 
that of the presumed bisulfate or the alcohol provides further 
indication that neither the bisulfate or the epoxide 6 is an 
intermediate. The literature contains no indication that 
generation of a cationic center d to a tosyloxy group (e.g., in 
reactions of ditosylates) leads to epoxide intermediates. Under 
our conditions the chloride 7a is also not an intermediate, 
since it was not observed by NMR, and a control experiment 
using 2-chloropentane showed that chlorides are, as expected, 
less reactive than tosylates of similar structure. Accordingly, 
the formation of ketone 2 from sulfonates 8a and 8b does seem 
to be initiated by breaking of the benzylic C -0  bond. It may 
be argued that alcohol 1 may react in H2SO4 via an epoxide 
even if 8a and 8b in CF3CO2H-H2SO4 react by another 
mechanism. However, our study implies that a mechanism 
involving C -0  bond breaking in alcohol l or its bisulfate 
should be readily accessible.

Initially, we expected the brosylate 8b to react faster than 
the tosylate 8a, based on other solvolytic data in the literature 
which suggested that the better leaving group (brosylate) 
would give evidence of rate determining C -0  bond breaking 
by reacting faster.5 Data gathered in part from unpublished 
results (Table II) show that trifluoroacetolyses do show a 
brosylate/tosylate rate ratio of 1.8 (for cyclohexyl) or 2.2 (es
timated for isopropyl).

In sharp contrast, the results reported in Table I for the 
trifluoroacetolysis of isopropyl tosylate and brosylate (and for
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Scheme I
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8 a and 8 b) in CF 3CO 2H -H 2SO 4 show that the sulfuric acid  
p rom oted  trifluoroacetolyses o f  our study are in sen sitive  to 
su b stitu en ts  in th e leaving group. It seems likely that sub
stituted arylsulfonate is protonated in a rapid equilibrium 
prior to solvolysis (eq 1) (Scheme I). Opposing substituent 
effects in the two steps would explain the overall absence o f 
substantial effects. A similar situation could occur if the in
termediate is hydrogen bonded to H 2SO 4 instead o f p roton 
ated. The situation is reminiscent o f  that which is found in 
acid-catalyzed ester hydrolyses,6 in which substituent effects 
are small, presumably because o f a comparable compensation 
o f effects.

In retrospect, a decline in substituent effects as the solvent 
becomes more acidic (and presumably a stronger hydrogen
bonding solvent) is already evident from  available brosy- 
late/tosylate rate ratios. For the cyclohexyl com pounds, the 
ratios are: acetolysis,5 3.5; formolysis,5 2.7; trifluoroacetolysis 
(Table II), 1.8.

The acid-catalyzed solvolysis o f  tosylates in pure sulfuric 
acid has received some study, particularly in M yhre’s labo
ratory ,7 but the CF3CO2H -H 2SO4 system used here is a 
promising alternative system for future work. It readily d is
solves reactants, gives readily isolated trifluoroacetate or other 
products (ketone in the present instance), and is subject to 
control o f acidity without addition o f water through variation 
in the sulfuric acid concentration. A t the concentration level 
o f  H2SO4 used here, the isopropyl tosylate rate at 35 °C is 27 
times that found at 25 °C in the absence o f H 2SO4.

In the recent paper from M yhre’s laboratory7 it was found 
that the solvolysis o f CF3CH OTSCH 3 in H 2SO 4 occurs with 
probable cleavage at sulfur (and retention o f configuration at 
the C - 0  bond). Since the effect o f substituents in the leaving 
group is unknown for this new type o f reaction, the possibility 
that our unusual substituent effects arise from  this type of 
cleavage must be considered. However, in our system this 
cleavage should give alcohol 1 , which reacts on ly slow ly under 
the conditions used. T he alcohol 1  (or its bisulfate) was not 
observed in our tosylate or brosylate solvolyses. Accordingly, 
our reaction is not initiated by reaction at sulfur.

Based on the considerations mentioned above, a mechanism 
for chlorine shift (for 8  and possibly for 1 ) involving the 
chloronium ion intermediate 5 is in the best accord with our 
observations. However, chlorine participation could occur in 
the rate-determining step (path a, Scheme II) or in a prod-

Scheme II

Table III. Chemical Shifts of Alcohol 1, Ketone 2, and 
_____  _____  Related Compounds

Functional
group

Registry
no. Ô, CH° S, CH3°

OH (I) 35996-56-6 5.91 2.09
OTs 6.31 2.04, 2.33
OBs 6.28 2.08
OSO3H 63641-57-6 6.48 2.13
O2CCF3 63641-58-7 6.89 2 . 1 2
Ketone (2) 37610-57-4 6 .0 1 2.38

“ Relative to a capillary of tetramethylsilane.

uct-form ing step which follows the initial heterolysis (path 
b, Scheme II).

Neighboring group participation, including chlorine par
ticipation, has been detected by rate acceleration, com pared 
to the expected rate for carbonium ion form ation ,4 8 and by 
the net retention o f configuration .9 Accordingly, either path 
in Schem e II is com patible with our data, although we note 
that other halogen shifts in halotosylate solvolyses have in 
variably shown evidence for halogen participation in the 
rate-determining step .4 An investigation into the halogen 
participation and steric course o f  this reaction is presently 
underway in our laboratories . 10

T he initial product o f  halogen shift in our system is pre
sumably the chlorotrifluoroacetate. It is presumed that ion
ization o f  the chlorine on the potential ketone carbon occurs 
rapidly in CF3CO2H -H 2SO4. Further transformations would 
afford ketone and trifluoroacetic anhydride.

C on clu s ion

By the use o f  the solvent CF3CO2H -H 2SO4, the chlorine 
shift o f  alcohol 1  and its sulfonates has been brought under 
kinetic control. This solvent system has potential use for 
elucidation o f the effect o f  structural m odifications o f  struc
ture 1 , and for other studies o f neighboring group participa
tion . 10

Cl Cl

Experimental Section
Rate Determination. Products were identified by comparison of 

their 90-MHz NMR spectra with those of authentic materials pre
viously prepared,1 except for the presumed bisulfate of alcohol 1. The 
high signal to noise ratio of the Perkin-Elmer R-32 NMR instrument 
facilitated rate determinations based on relative peak heights or areas 
of the sharp singlets (Table III) of the side chain in 1 ,2, and related 
compounds. The quality of rate plots was comparable to that of earlier 
methods. Since rates may be a sensitive function of the water content 
of the solvent, all rates in Table I were determined using a single batch 
of CF3CO2H -H 2SO4. First-order rate constants were determined as 
the negative of the slope of plots of In (1  — Ap/A t) vs. time. Here ,4P 
and At are areas of NMR peaks of the product and the total area 
(products plus reactant), respectively. Areas of the CH3 singlets were 
used in the calculation. In the case o f isopropyl derivatives, peak 
heights of the best-separated peaks of the CH3 doublets were used 
instead of areas, since the heights were free from contributions of the 
tail of the adjacent peak.

l-(o-Chlorophenyl)-l-tosyloxy-2,2-dichloropropane. The
compound was prepared according to the procedure of Jensen and 
Counsell.1

l-(o-Chlorophenyl)-l-brosyloxy-2,2-dichloropropane. The
compound was prepared from l-(o-chlorophenyi)-2,2-dichloro-I- 
propanol (1 .2  g) by reaction with p-bromobenzenesulfonyl chloride 
(1.9 g) in pyridine (35 mL) at 45 °C for 3 days. The pyridine solution 
was quenched in cold 6 N hydrochloric acid and extracted with ether. 
The combined extracts were washed with dilute hydrochloric acid and 
water before drying over magnesium sulfate. Recrystallization from
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hexane afforded colorless crystals, mp 109-111 °C.
Anal. Calcd for Cm H^BrClAS: C, 39.28; H, 2.63. Found: C, 39.20; 

H, 2.80.
Isopropyl Tosylate. The compound was prepared as previously 

described.11
Isopropyl Brosylate. The compound was prepared by the usual 

method.12
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Rate and enthalpy measurements indicate that fluoride ion adds more easily to the C = 0  bond in H(CF2)eCOCF3 
than to the C = C  bond in H(CF2)7OCF=CF2, at near ambient temperatures in a polar aprotic solvent. When both 
are present, however, there can be rapid fluoride exchange from the kinetically more favored to the less favored 
anion; the initial composition thus has little importance. In fluoride-catalyzed dimerization of C=C , C = 0 , and 
C = N  compounds at 170-180 °C under equilibrium conditions, the final product will be the most thermodynami
cally stable one and can be predicted on the basis of relative acidities. The codimerization reaction is highly product 
specific.

Fluoride ion adds to highly fluorinated olefins and car
bonyl compounds to form respectively carbanions and alk- 
oxide ions which undergo many of the characteristic reactions 
of their nonfluorinated analogues.1

RfCF=CF2 + F - — RfC-FCF3 (1)

(Rf)2C = 0  + F - — (Rf)2CFO- (2)

In a mixed system containing olefin, carbonyl compound, 
and fluoride ion, two reaction possibilities exist: alkylation of 
the carbonyl compound or alkoxylation of the olefin

c r

F ~ (Rf )2C =  0 I
R f C F = C F 2 — *■ R f 'CF~ --------------- *- R f ’C F C (R f ) 2 (3 )

I I
CF, CF,

F" RfCF=CF2
(Rf)2C = 0  — ► (Rf)2CFO- — ►

(Rf)2CFOCF2C-FRf ' (4)

The first of these reactions has often been reported and the 
second never. Broadly speaking the question somewhat re
sembles the addition of an enolate ion to C = 0  in classical 
base-catalyzed carbonyl condensations, in which the new bond 
formed is C-C rather than C-O. The fluorinated carbanion 
and alkoxide ions are not ambident, as is the enolate ion, but

it has heretofore been assumed that they are in some way in
terconvertible. The present work shows that this intercon
vertibility is real, that the overall reaction is apt to be ther
modynamically rather than kinetically controlled, and that 
the product can be predicted in terms of relative acidities.

In order to study the C = 0 /C = C  system shown in eq 3 and 
4, two compounds of medium chain length, H(CF2)6COCF3
(1) and H(CF2)70CF=CF2 (2), were prepared. A vinyl ether 
rather than an a-olefin was chosen since a terminal F -olefin2 
undergoes very facile double-bond migration in the presence 
of fluoride ion and this reaction would have interfered with 
the kinetic studies. A schematic diagram of the two syntheses 
is shown in Scheme I. No unusual difficulties were encoun
tered. During identification of the vinyl iodide, an unexpected 
fragmentation pattern in the mass spectrum of the compound

Scheme I
H (CF 2)6CCF3 «—  H (CF 2)6C = C C F 3

o  c f 3i V
1 ^  H (CF2)6I

H (CF 2)6CH2OH —  H (CF2)6COOH

^ H ( C F 2)6COF

H (CF2)7O C F = C F 2 —  H (CF 2),O C FCO F*/
2  I

CF 3
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Table I. Variation of K eq with Tem perature for the 
Addition of Fluoride Ion to H ( C F 2)sC O C F 3 and 

______  H ( C F 2)7O C F = C F 2_________ ______

Substrate Temp, °C % anion Keq
H(CF2)6COCF3 30 77.3 3.4

10 56.8 1.4
-10 45.5 0.8

H(CF2)7OCF=CF2 30 50 1.0
25 38 0.6
5 25 0.3

-15 0

revealed a rearrangement rather similar to the McLafferty 
rearrangement. Details and supporting evidence for this 
phenomenon have been reported elsewhere.3

Preliminary tests of an infrared method for following the 
reaction of fluoride ion with substrate were carried out on a 
more easily accessible model compound, F-l-heptene, using 
potassium fluoride as fluoride source since cesium fluoride was 
found to react with ketones inconveniently rapidly for kinetic 
purposes. As followed by the disappearance of the terminal 
C =C  infrared absorption, the reaction between F-l-heptene 
and fluoride ion always went to completion, even when the 
fluoride:olefin ratio was less than 1:1. This can be ascribed to 
fluoride-catalyzed rearrangement of the olefin, since with 
compounds 1 and 2, which are incapable of rearranging, 
complete disappearance of the original IR band was not ob
served. Moreover, in the mass spectrum of the product re
covered from the treatment of F-l-heptene with KF, frag
ments were noted (m/e 181, 212) which indicated respectively 
a cleavage ¡3 to the third carbon in the chain and a loss of two 
CF3 groups, processes which would occur in F-2-heptene but 
not in the original F-l-heptene. It has been observed pre
viously that rearrangement is a very facile process when it can 
occur.1-4

Plots of concentration vs. time showed zero-order kinetics. 
This fact and the large surface area effect noted with excess 
KF indicated that the reaction occurs on the crystal surface 
rather than in solution. Graham found a similar rate acceler
ation in the case of tetrafluoroethylene with fluoride ion.5

The reactions of the two principal test compounds with 
fluoride ion are shown below.

H(CF2)6COCF3 + F - -  H(CF2)6CF(CF3) 0 -  (5)
1 3

H(CF2)7OCF=CF2 + F - -*  H(CF2)7OC-FCF3 (6) 
2 4

Kinetic studies on these systems were run in diglyme at 30 
°C with KF, using either IR or NMR to follow the reaction; 
the two methods gave fair agreement. In view of the hetero
geneity of the reactions, rate constants are no more than rel
ative, but since the same batch of KF was used throughout the 
average values should be significant for comparing the relative 
reaction velocities of the two compounds under those specific 
conditions. Average values for 11/2 and K eq respectively were 
0.53 h and 4.1 for the ketone and 1.1 h and 1.3 for the vinyl 
ether, when followed by IR. Equilibrium constants at various 
temperatures, as found by NMR, are shown in Table I.

By plotting In K eq vs. T_1, an approximate value for the 
enthalpy of anion formation was obtained. For the ketone AH  
= —5 kcal/mol and for the vinyl ether AH  = - 9  kcal/mol.

Competition for fluoride ion between vinyl ether and ketone 
was investigated by NMR for three cases: case I, preformed 
vinyl ether anion (carbanion) plus excess free ketone; case II, 
preformed ketone anion (alkoxide) plus excess free vinyl ether; 
case III, approximately equimolar quantities of ketone and 
vinyl ether, plus potassium fluoride in half this total molar

quantity. The anions were prepared in diglyme as usual, the 
other reactant and CFC13 as internal standard were added in 
vacuo at —180 °C, and the tubes were sealed and stored at —80 
°C until use. Each was then warmed rapidly to room tem
perature, spectra being taken immediately after warm-up and 
again after 1 and 2 h of mixing at room temperature. The two 
possible reactions of alkylation and alkoxylation are shown 
below.

R f C O C F 3 + R f C F 2O C F C F 3 

R f  = H ( C F 2)6

O -
I

R f C — C F O C F 2R f  (7)
I I

C F 3 c f 3 
5

R f C F 2O C F = C F 2 + R f C F ( C F 3)C>-

R f C F 2O C F C F 2O C F R f  (8)

6  C F > 
l - F'

R f C F 2O C F = C F O C F R f

C F ,

Although interpretation of the NMR spectra was difficult 
because of the possible presence of six different species and 
because differences in the chemical shift values of the various 
CF3 groups were within or very near to the limits of repro
ducibility from sample to sample, the following conclusions 
seemed clear. In case I, the preformed carbanion originally 
present was absent even in the earliest spectrum taken. Free 
vinyl ether appeared in this spectrum but diappeared rapidly 
and was completely gone in the final spectrum. In case II, 
carbanion was detected in the first spectrum taken and per
sisted thereafter since vinyl ether was in excess. Since the 
carbanion disappears in the presence of free ketone, as shown 
by case I, the ketone formed in case II must have been con
sumed by reaction with the carbanion. In case III, neither the 
ether nor its carbanion was detected at any time. The final 
spectrum was virtually identical with that of case I.

These results are in accord with the reaction pattern vinyl 
ether 2 + alkoxide 3 *=? carbanion 4 + ketone 1 —1► condensa
tion product 5. Initial conditions are of minimal importance; 
in any system composed of the ketone, the vinyl ether, fluoride 
ion, and the respective anions, whether any of these be po
tential or real, the only end result is the formation of the 
carbanion and its addition to the ketone. Transfer of fluoride 
ion from the alkoxide ion 3 to the vinyl ether 2 is rapid and 
quantitative; the carbanion is apparently formed more ef
fectively by this process than by simple addition of fluoride 
ion to the ether. In other words, the ketone acts as a very ef
ficient carrier of fluoride ion.

The reaction pattern can be rationalized in terms of the 
relative strengths of the conjugate acids and bases involved. 
The alkoxide 3 is a weaker base than the carbanion 4 (i.e., 
(Rf )2CFOH is a stronger acid than RfOCHFCF3), therefore 
the ketone reacts more easily than the vinyl ether with fluoride 
ion. The alkoxide does not attack the C =C  double bond as 
such an attack would lead to the more highly basic carbanion 
6, but the carbanion 4 can attack the C = 0  double bond to give 
5, the weakest base of all since it is the anion of a tertiary F- 
alkanol, with pKa =* 5.

Considerations of equilibrium, anion stability, and relative . 
acidity have similarly been found to be product determining 
in the fluoride-catalyzed codimerization of F-olefins and F- 
imines. When the three reactants CF3N =CF2, CF3CF=CF2, 
and (CF3)2C=CF2 are treated separately with cesium fluoride 
the first dimerizes at 50 °C or less, the second dimerizes at 150 
°C, and the third does not react. Presumably the lack of re
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action of (CF3)2C=CF2 is due to poor accommodation of this 
bulky molecule or the related (CF3)3C~ ion on the crystal 
surface, since the olefin can be dimerized by CsF at —20 °C 
even in diethyl ether.6

The dimerization or codimerization presumably occurs in 
three steps: (1) addition of fluoride ion to an olefin to form the 
anion, (2) addition of this anion to a second molecule of olefin 
to form a larger anion, and (3) expulsion of fluoride ion to form 
the most stable (i.e., most highly substituted) olefin.

CF3CF=CF2 + F" — (CF3)2CF- (9)

(CF3)2CF~ + CF3CF=CF2 -  (CF3)2CFCF2C-FCF3 (10) 

(CF3)2CFCF2C-FCF3 — (CF3)2CFCF=CFCF3 + F - (11)

In the presence of two different olefins, it would be expected 
that the more reactive of the pair should add fluoride ion to 
form an anion and that this anion would then attack a second 
molecule to give the codimer or the homodimer of the more 
reactive species. In short, the more reactive olefin should serve 
as addend and the less active (ignoring homodimerization) as 
receptor.

Given the aforementioned reactivities, crossed reactions 
of the three compounds should give the products predicted 
below, with possibly one homodimer in each case.

CF3N =C F2 + CF3CF=CF2 — (CF3)2NCF=CFCF3 (12)
8

CF3N = C F 2 +  (CF3)2C = C F 2 -  (CF3)2N C F =C (C F 3)2 (13)
9

(CF3)2C =C F2 + CF3CF=CF2 — (CF3)3CCF=CFCF3 (14)
1 0

The actual results were exactly the opposite of those pre
dicted. In every case, the less reactive species served as addend 
and the more reactive as receptor, to give high yields of the 
codimer and none of the homodimer. Results obtained are 
shown below.

CF3N =CF2 + CF3CF=CF2 -*  (CF3)2CFCF=NCF3 (15)
1 1

CF3N =C F 2 + (CF3)2C =C F2 -  (CF3)3CCF=NCF3 (16)
1 2

(CF3)2C =C F2+CF3CF=CF2—(CF3)2CFCF=C(CF3)2
13 (17)

Furthermore, the intervention of an equilibrium involving 
monomer, dimer, and anions was shown by heating the imine 
homodimer (CF3)2NCF=NCF3 with CF3CF=CF2 and fluo
ride ion. The codimer 11 was produced.

The results show that the reaction is subject to thermody
namic rather than kinetic control. They can be rationalized 
on the same basis (anion stability and conjugate acid strength) 
as the preceding results on C = 0  vs. C =C  activity. In the pair 
of reactions 12 and 15, the anionic intermediate is a conjugate 
base of either a C-H or an N-H acid. The latter is the stronger 
acid and therefore leads to the observed product.7

The same considerations hold for reactions 13 and 16. In 
the pair 14 and 17 the choice is between a secondary carbanion 
(CF3)3CCF2C_CFCF3 and a tertiary carbanion (CF3)2- 
CFCF2C- (CF3)2. Since a tertiary C-H bond in a hydrofluo
rocarbon is about 105 times as acidic as a secondary C-H,8 the 
tertiary carbanion is the one which leads to product. In this 
last case the reluctance of (CF3)2C =C F2 to add fluoride ion 
may also be a contributing factor, but it should be noted that 
the (CF3)3C_ does form in reaction 16, possibly by a fluoride 
transfer mechanism such as that observed previously with the 
vinyl ether/ketone pair.

Scheme II
/^ ( C F 3 )2NCF2CFCF3- / ~  8

C F 3N = C F 2 + C F 3C F = C F 2 "7
(CF 3 )2CFCF2NCF3 —  11

It is sometimes possible to change a regime of thermody
namic control to one of kinetic control by moderating the re
action conditions, as in the classic case of naphthalene sulfo- 
nation. In this regard, it is interesting to note that in the 
(CF3)2C=CF2/CF3CF=CF2 reaction, only the kinetic dimer 
is obtained when the reaction is run at room temperature in 
a polar aprotic solvent.9

Experimental Section
General. The compounds CF3(CF2)4CF=CF2, H(CF2)6CH2OH, 

(CF3)2C = 0 , CF3CF=CF2, and CF3C=CCF3 were obtained from 
PCR, Inc. and used as received; (CF3)2C =C F 2 was made by refor
mation of CF3CF=CF210 and CF3N =C F 2 by pyrolysis of (CF3)2- 
NCOF.11 Before use, the water content of the solvents glyme and di- 
glyme was checked at 10 ppm or below, and CsF and KF were dried 
in vacuo at 50 °C for 10-15 h. Mass spectra were recorded on an 
AEI-MS12 instrument using 8 kV, 100 fiA, source temperature 70 °C, 
inlet temperature 120 °C. NMR measurements were made using a 
Varian DP-60 at 56.4 MHz with CFC13 as internal standard.

Preparation of H (C F 2)6C O C F 3, 8-Hydryl-F-2-octanone, 
Compound 1. H(CF2)eCOOH was prepared by oxidation of 
H(CF2)6CH2OH. 13 Reaction of its sodium salt with iodine was best 
carried out at 180-200 °C in sulfolane to give a 65% yield of H(CF2)6-b 
bp 109 °C (630 mm); mass spectrum (m/e (rel intensity)] 428 (19), 301
(38), 231 (69), 177 (61), 131 (10 0 ). The iodide was added to hexaflu- 
orobut-2-yne by heating in a sealed Pyrex tube at 250 °C for 12-14 h 
to give H(CF2)6C(CF3)=CICF3, bp 72—73 °C (7.5 mm), in 66% 
conversion and >90% yield: IR (C=C) 1580 cm-1; mass spectrum 590 
(12), 325 (64), 213 (78), 212 (100), 193 (32), 143 (52), 131 (42), 127 (34), 
113 (36), 101 (26), 93 (64). The substituted vinyl iodide was oxidized 
with 2 .2  mol of KMnCh in 1 : 1  acetone-water at 30 °C, treated with 
S 02, separated, dried with P20 5 , and fractionated to give 70% 
H(CF2)6COCF3: bp 115 °C (630 mm); IR (C = 0 ) 1790 cm -1; mass 
spectrum 398 (2), 329 (12), 301 (24), 281 (24), 263 (28), 231 (52), 203 
(14), 181 (34), 169 (50), 163 (28), 151 (24), 131 (100), 119 (75), 113 (74), 
102 (62), 97 (35), 93 (46); NMR [0 * (splitting, area)] 139.2 (d, 2 F),
131.1 (s, 2 F), 124.5 (s, 2 F), 122.4 (s, 4 F), 119.2 (s, 2 F), 76.4 (s, 3 
F).

Preparation of H (C F2)7 0 C F = C F 2, 10-H.ydryl-F-3-oxadecene, 
Compound 2. H(CF2)gCOOH was refluxed with excess benzoyl 
chloride for 3 h and fractionated to give 88% H(CF2)sCOCl: bp 67 °C 
(70 mm); IR (C = 0 ) 1780 cm-1. The acid chloride was refluxed with 
NaF in diglyme and fractionated to give 78% H(CF2)gCOF, bp 91 °C 
(630 mm) (lit. 88-91 °C (760 mm)13). Hexafluoropropylene epoxide, 
0.020 mol, prepared by reaction of CF3CF=CF2 with alkaline hy
drogen peroxide,14 was added slowly to 0.017 mol of H(CF2)gCOF 
stirred with 0.01 mol of CsF in 25 mL of triglyme, followed by 5-6 h 
of reflux. Fractionation gave H(CF2)7OCF(CF3)COF, bp 69 °C (30 
mm), IR (C = 0 ) 1870 cm-1, in 22% average yield. The ether acid 
fluoride was converted to the sodium salt, which was pyrolyzed in 
vacuo at 250 °C over 3-5 h to give 81% yield H(CF2>7 0 CF—CF2: bp 
82 °C (88 mm); IR (C = 0 ) 1830 cm-1; mass spectrum 448 (3), 131 (48), 
119 (20), 101 (28), 100 (19), 97 (16), 78 (100); NMR 138 (d, 2 F), 127.6 
(s, 2 F), 123.5 (s, 2 F), 121.1 (s, 6 F), 84.1 (s, 2 F), 116 (m, 1F), 12 2 .8  (m,
1 F), 137.4 (m, 1 F). The <t>* values agreed well with those of a similar 
/•’-(vinyl ether) prepared by others.15 All liquid intermediates and final 
products showed >98% purity by GC.

Utilization of NM R. The 0 * values for CF3 in diglyme solution 
were surprisingly little affected by complex formation, CF3C (= 0 ) 
77, CF3CF(0_) 78, CF3C~FO 82; a similarly slight change of about
2 ppm was noted for CF3 in (CF3)2CO and (CF3)2CFO~. Spin-spin 
splitting was not observed except for that o f the CHF2 doublet and 
that among the vinyl fluorine atoms of the ether. The most reliable 
identification data were (1) distortion of the CHF2 doublet due to 
superposition of the vinyl fluorine a to oxygen, which identified the 
free ether, and (2) a new peak at 54 ppm which appeared on treatment 
of the vinyl ether with fluoride ion, presumably OC“ FCF3.

Codimizerations. Equimolar quantities (0.4-0.1 mol) each of the 
two reactants were heated in a steel bomb with 50 g of CsF for 6 days 
at 170-180 °C. After cooling, the bomb was evacuated for severed hours 
and the condensate (dry ice trap) was fractionated. Chromatographic 
purity of all products was at least 99%. (CF3)2CFCF=NCF3 (11),
4-(F-methyl)-F-2-aza-2-pentene: bp 28-31 °C (630 mm) (bp
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(CF3N =CF 2)2 34 °C (630 mm), bp (CF3CF=CF2)2 30 °C (630 mm)); 
conversion 79%; IR (C=N ) 1765 cm" 1 (C = N  in (CF3)2NCF=NCF3 
1760, C =C  in (CF3)2CFCF=CFCF3 1750); NMR (0 *, area) CF3C 
(74.5, 6 F), CF3N (59.9, 3 F), C F =N  (17.3, 1 F), CFC (191, 1 F). 
(CF3)3CCF=NCF3 ( 1 2 ), 4,4-di(F-methyl)-F-2-aza-2-pentene: bp
51-53 °C (630 mm); yield 95%; conversion 69%; mol wt 326 (calcd for 
C4F8: CF3N =C F 2 333); IR (C =N ) 1760 cm '1; NMR CF3C (62.1, 9 
F), CF3N (56.4, 3 F), CF=N  (5.6,1 F). (CF3)2CFCF=C(CF3)2 (13),
2,4-di(F-methyl)-F-2-pentene: bp 63-64 °C (630 mm); yield 95%; 
conversion 83%; IR (C=C) 1680 cm- 1  (C=C  in (CF3)2C=CFC 2F5 
1690, in cis-(CF3)2CFCF=CFCF3 1750); NMR CF30C (74.4, 6  F), 
CF3C =  (59.4, 3 F), CFC (55.3,1 F), CF=C (183,1 F).
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The kinetic measurements of a series of highly reactive anion reactions with primary and secondary halides were 
made and related to the stereochemistry of the products. There is evidence for a change of factors affecting the re
activity between the primary and secondary systems.

The stereochemistry of reactions of 9-alkyl-10-lithio-
9,10-dihydroanthracene and alkylanthracene has been studied 
extensively with interesting and sometimes inconsistent re
sults.2 The crux of these apparent inconsistencies involves the 
stereochemistry and mechanistic implications of the anion, 
I, as a flattened boat conformer with preferred axial orienta-

Ia,R  =  H
b, R =  Et
c, R =  z'-Pr
d, R =  i-Bu

tions of the alkyl substituent in the lithio derivative.26’0 This 
conformational preference is determined by two factors. First, 
the anion in the axial position permits maximum interaction 
with the it orbitals on the neighboring rings, thus stabilizing 
the charge by delocalization. Most of this delocalization is

unavailable when the anion is in an equatorial conformation. 
Second, the alkyl group in the axial position has minimum 
steric interaction with the peri hydrogens of the neighboring 
rings. That this conformer is of lower energy than the equa
torial is substantiated by NM R studies, which indicate for the 
series 9-alkyl-9,10-dihydroanthracenes that the orientation 
of the 9-ethyl, 9-isopropyl, and 9-tert-butyl groups is essen
tially 100% pseudoxial.3 If these were the only factors, then 
alkylation reactions should lead to products with cis stereo
chemistry. Interestingly, while there are many reactions that 
do give mainly cis products, there are many that give pre
dominately the trans isomer.23’4-6 Moreover, there does not 
appear to be a simple explanation based on steric factors. For 
example, ethyl bromide reacts with Ic to give product mixtures 
of 74% cis and 26% trans isomers.23 Similar results were ob
tained with methyl and isopropyl iodide.6 The wide range of 
stereoselectivity appears not to be confined to alkylation re
actions, as deuteration of the anion7’5 and reduction of alkyl 
anthracene8’9 can lead to widely varying ratios of cis to trans 
isomer by changing reaction conditions.

The variation in reaction parameters such as temperature, 
solvent, leaving group, and anion structure has in general led
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Table I. Second-Order Rate Constants for Reactions of Anions with Alkyl Halides a

R'X
Registry

no. Anion6
Registry

no. kh M- 1 s-lc % cis isomer d

HexCl 5 4 4 - 1 0 - 5 Ph2CH 8 8 1 - 4 2 - 5 1 .0  X  1 0 1
HAnth 1 7 2 2 8 - 1 3 - 6 1 .0  X  1 0 1

EtCl 7 9 - 0 0 - 3 EtAnth 1 7 2 2 8 - 1 2 - 5 6.0 9 2
i-PrAnth 3 5 1 5 0 - 6 1 - 9 4 .1 7 5

HexCl 2 .3
t -BuAnth 3 5 1 5 0 - 6 2 - 0 1.0

HexBr 1 1 1 - 2 5 - 1 Ph2CH 2 .7  X  1 0 3
HAnth 2 .7  X  1 0 3
EtAnth 1 .5  X  1 0 3 9 2
i-PrAnth 5 .9  X  1 0 2 7 4
t -BuAnth 3 .3  X  1 0 2

i-PrBr 7 5 - 2 6 - 3 Ph2CH 1 .9  X  1 0 2
HAnth 6 .2  X  1 0 1
EtAnth 4 .3  X  1 0 1 3 0
i-PrAnth 4 .0  X  1 0 1 1 5
t -BuAnth 4 .0  X  1 0 1 2«

i-Prl 7 5 - 3 0 - 9 PhaCH 4 .9  X  1 0 3
HAnth 3 .4  X  1 0 3
EtAnth 1 .7  X  1 0 3 3 0
i-PrAnth 1 .4  X  1 0 3 12

“ In THF at 20 °C. 6 Lithium counterion. c The average of at least three determinations at three different concentrations. The absolute 
values are within 10% variation. d See ref 7. e See ref 2c.

to changes in product yields and composition.2a’c We have 
sought further and definitive mechanistic information by 
bringing the powerful and quantitative techniques of kinetics 
to this study. We have now studied the effect of reaction 
variables upon the absolute reaction rates. We have used 
rapid-mixing stopped flow techniques for a systematic kinetic 
study of I with alkyl halides. Further, we have included in our 
study reactions of diphenylmethyllithium, II, which serves

as a model having maximum electronic interaction but none 
of the steric factors present in I. Thus by comparing the ab
solute reaction rates of these compounds we have attempted 
to assess directly the structural effects that result in product 
mixtures of cis and trans isomers.

Whereas product studies have indicated reaction differ
ences, kinetic studies can differentiate between the possibil
ities that the decrease in formation of the cis isomer is a con
sequence of a reaction being slowed or of another reaction 
being accelerated. Equally important, this study is novel in 
that heretofore absolute rates have not been reported for these 
highly reactive, air- and moisture-sensitive anions. We report 
the kinetic data for the substitution reactions of perhaps the 
most reactive nucleophiles that have been studied to date.

Results and Discussion
The kinetics were measured with a rapid-mixing stopped 

flow apparatus previously described10 by monitoring the decay 
of the highly colored anions at 500 nm. The reactions were 
overall second order, with first-order dependence on both the 
anion and the alkyl halide. This was demonstrated by ob
serving the first-order decay of the anions when reacted with 
an excess of the halide and by determining first-order behavior 
of the halide over a concentration range of 10-2 to 10_1 M. The 
second-order rate constants are summarized in Table I. In
spection of the table reveals that, for each halide reaction, 
there is a decrease in rate as the size of substituent increases, 
going from la to Ic. Also, there is a concomitant decrease in 
the amount of cis product. Of greater interest, the log of the

absolute rate constant is related to the energy of the reaction, 
and therefore a plot of these values vs. the degree of substi
tution in the anions indicates the relationship of the alkylation 
reaction to the steric requirements of the anions. As seen in 
Figure 1, there appear to be two different relationships op
erating that depend on the nature of the halide. When alkyl
ation involves a primary bromide or chloride, the rates Eure 
equal for II and la, and equally important there is a monotonic 
decrease in rate with increase in steric bulk of the anions. In 
contrast, when reaction involves a secondary bromide or io
dide, there is a large decrease in rate of reaction of II compared 
to la. Also, significantly the decrease in rate of Ib-d is not 
monotonic and in fact the differences are quite small in the 
case of the bromide.
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Figure 2. Figure 3.

Therefore it appears that there is a relationship between 
the rates of reaction of the anions with primary halides and 
the steric properties of the anion. That there is a similar and 
quantitative relationship between reaction rates and product 
stereochemistry is shown in Figure 2. The relationship of the 
free energies of activation relative to II to the differences in 
activation energies leading to cis and trans products for pri
mary halides is plotted in Figure 2. Inspection of the plot 
suggests that the factors producing the overall rate retardation 
and the decrease in amounts of cis compound are quantita
tively related over an extended range of reactivities. In con
trast, for secondary halides the absence of a relationship is 
indicated by the comparable plot for the same anions. In this 
case the factors producing the decrease in cis compound and 
overall rates do not appear to correlate as shown by Figure
3.

The emerging pattern is that the kinetic and product 
studies are related and fall into two distinct sets. For the first 
(with primary halides), the incursion of a steric effect is seen 
with substitution at the 9 position and increases as the size of 
the group increases. Importantly, this is confirmed by the 
pattern of rate decrease (Et >  t'-Pr >  t-Bu) with a greater ef
fect in going from i-Pr to i-Bu. This pattern is characteristic 
of a classical steric effect and is ascribed to the spherical 
symmetry of the tert-butyl group. In this regard the similarity 
of the rates of la and II signal an absence of important steric 
differences between these compounds.

In the second set (with secondary halides), a significant rate 
difference is seen before substitution at the 9 position and 
increases in the size of the group have a surprisingly small 
effect on the reaction rate with the bromide. The rate differ
ence of 3 to 1 between la and II signals an important difference 
between the two anions. Moreover the rate ratio of primary 
to secondary bromide for II is 14, typical of anion values, 
whereas the rate ratio for la is 44.

The possibility that a dominant elimination reaction with 
the secondary halides obscures the comparison with the pri
mary can be shown to be unimportant by the following con
siderations. First, while the reported yields of alkylated 
products vary considerably, yields of 90% or greater have been 
obtained in preparations of 9-isopropyl-9,10-dihydroan- 
thracene,20 9-isopropyl-10-ethyl-9,10-dihydroanthracene,2a 
and 9-isopropyl-10-ieri-butyl-9,10-dihydroanthracene2c using 
secondary halides. Second, in all cases comparisons are made 
between the rate of the dihydroanthracenyl anion and the 
diphenylmethyl anion with the same halide. In related systems 
there are data that show that the amount of elimination with 
the two types of anions is comparable.11 Finally, in reactions 
of related “naked anions” with 2-chloro- and 2-bromooctane,

the amount of elimination products was determined to be 3 
and 17%, respectively.12 Thus it is unlikely that the amount 
of elimination in the several systems is either substantial or 
that it differs significantly from that of the reference 
anion.13

Conclusion
For reaction with the primary halides, the results can be 

accommodated in a straightforward manner. The prepon
derant attack by anion'is in the preferred conformer of 
axial-axial orientation (I). This is true whatever the exact 
nature of the anion in the absence of halide, whether quasi- 
planar, pseudoaxial, rapidly equilibrating, or a complex 
mixture of ion-pair equilibria.20 There is little difference in 
the steric effect of the model compound and that with a hy
drogen in the 9 position. With increasing size of the substit
uent in the 9 position two effects are noted, the overall rate 
decreases and increasing amounts of the trans compound are 
formed. Thus the 9-alkyl group in an axial position hinders 
axial attack as would be expected.

Reaction with secondary halides, accompanied by both 
slower reaction rates and product compositions of mainly 
trans stereochemistry, can be explained by two different 
schemes. First, there is an increasing and dominant attack of 
anion in the conformer with the lithio derivative in the 
equatorial orientation. This allows the alkyl group to remain 
in the more favorable axial orientation but provides less charge 
delocalization. Or second, attack is by the conformer with 
increasing amounts of the alkyl group in the equatorial posi
tion, thus allowing the anion to maintain the favorable axial 
orientation. It is possible that both schemes contribute de
pending on the reactants. In the present study, the pattern 
of a rate difference between the model compound and the 
unsubstituted anion, together with a dampened steric effect, 
is more consistent with the scheme of quasiequatorial anion 
attack.14

Experimental Section
Materials. The alkyl halides were obtained from Eastman Organic 

Chemical, purified by trap-to-trap transfer through calcium hydride, 
and stored over calcium hydride. Chromoquality THF from Matheson 
Coleman and Bell was distilled from benzophenone sodium ketyl 
immediately before using. n-Butyllithium (1.6 M in hexane) was 
obtained from Aldrich Chemical Co., Inc. Diphenylmethane was ob
tained from Matheson Coleman and Bell and distilled before using 
(fraction bp 255-265 °C collected (lit.15 bp 262 °C)).

Kinetic Procedures. Kinetic measurements were determined as 
follows. THF (50 mL) was distilled from sodium benzophenone ketyl 
into a side-arm flask, fitted with a septum stopper and containing I 
or II (0.5 mmol) under an argon atmosphere. To the stirred solution 
an equimolar amount of n-butyllithium was added dropwise by sy



ringe through the septum to give the characteristic deep red color of 
the anion. THF (50 mL) was distilled into another side-arm flask 
containing a carefully weighed amount of halide ( 1 .0  to 10 .0  mmol) 
also under an argon atmosphere.

The rapid-mixing stopped flow apparatus, thermostated at 20 °C, 
was flushed with several aliquots of dry THF and then with the anion 
solution until the effluent in the stop syringe maintained the anion 
color. Solutions of anion and halide were transferred to the apparatus 
Hy gas-tight syringes in a manner that excluded air or moisture. After 
several flushes of the respective chambers by the anion and halide 
solutions, oscilloscope traces of multiple runs were photographed. 
Each photograph was analyzed by measuring the intensities at various 
times and obtaining the pseudo-first-order slope by computer anal
ysis.

9,10-Dihydroanthracene. To a solution of anthracene (36 g, 20 
mmol) in THF (300 mL) and an excess of sodium (20 g) was added 
methanol (75 mL) over a period of 3 h. The product was isolated and 
recrystallized twice from ethanol to give 27 g, mp 107-108 °C (lit.10b 
mp 108 °C).

Alkylation of 9-Alkyl-9,10-dihydroanthracene. All the reactions 
were conducted in the following way. To the 9-alkyl (5 mmol) dis
solved in 100 mL of THF and maintained under an atmosphere of 
argon at —40 °C was added over 30 min n -butyl lithium (5 mmol, 2.3 
M in hexane). The solution turned red immediately. After 30 min of 
stirring, the alkyl halide (2 mL in 40 mL of THF) was added drop by 
drop. After decolorization and extraction with ether, the reaction 
products were analyzed by gas chromatography (3 m, 10% silicon QF, 
on Varaport 100-120, at 130 °C). The products were separated by 
chromatography on an activated aluminum column. The isomers were 
first collected together and the purity was checked by mass spec
troscopy. A second chromatography using petroleum ether eluted first 
the trans isomer, next the cis isomer, and finally 9-alkyl-9,10-dihy
droanthracene.

Acknowledgments. The support of NATO Grant RG1069 
is gratefully acknowledged. We wish to thank Dr. M. Bonneau 
for technical assistance in adapting the stopped flow device 
for use at the University of Bordeaux. Additionally, we express 
appreciation for helpful discussions with Dr. R. Lapouyade.

Oxidative Cleavage of a-Ketols and Related Ketones J. Org. Chem., Vol. 42, No. 25, 1977 4061

Finally, the laboratory assistance of Mr. R. Sarrebeyroux and 
Miss J. Parrott are gratefully acknowledged.

Registry No.—9,10-Dihydroanthracene, 613-31-0; anthracene, 
120-12-7.

References and Notes

(1) (a) University of New York at Albany; (b) University of Bordeaux.
(2) (a) M. Daney, R. Lapouyade, M. Mary, and H. Bouas-Laurent, J. Organomet. 

Chem., 92, 267 (1975); (b) C. Fabre, M. H. A. Salem, J. P. Mazaleyrat, A. 
Tchapla, and Z. Welvart, ibid., 87, 9 (1975); (c) P. P. Fu, R. G. Harvey, J. 
W. Paschal, and P. W. Rabideau, J. Am. Chem. Soc., 97,1145 (1975); (d) 
H. E. Zieger and L. T. Gelbaum, J. Org. Chem., 37, 1012 (1972).

(3) A. E. Brinkmann, M. Gordon, R. G. Harvey, P. W. Rabideau, J. B. Stothers, 
and A. L. Ternay, Jr., J. Am. Chem. Soc., 92, 5912 (1970).

(4) R. G. Harvey and C. C. Davies, J. Org. Chem., 34, 3607 (1969).
(5) D. J. Schaeffer and H. E. Zieger, J. Org. Chem., 34, 3958 (1969).
(6 ) H. E. Zieger and L. T. Gelbaum, J. Org. Chem., 37, 1012 (1972).
(7) R. Lapouyade, M. Mary, H. Bouas-Laurent, and P. Labandibar, J. Organomet. 

Chem., 34, C25 (1972).
(8 ) R. Lapouyade, P. Labandibar, and H. Bouas-Laurent, Tetrahedron Lett., 979 

(1971).
(9) R. G. Harvey and H. Cho, J. Am. Chem. Soc., 96, 2434 (1974).

(10) (a) S. Bank and B. Bockrath, J. Am. Chem. Soc., 93, 430 (1971); (b) ibid., 
94, 6076 (1972); (c) S. Bank and D. Juckett, ibid., 97, 567 (1975).

(11) Substitution is always a principal reaction and while yields of substitution 
vary (as they do with dihydroanthracene anions) a yield of 93% has been 
obtained for the reaction of lithiodiphenylmethyl anion and the secondary 
halide n-phenylethyl chloride. (L. H. Sommer and W. D. Korte, J. Org. 
Chem., 35, 22 (1970).)

(12) F. L. Cook, C. W. Bowers, and C. L. Liotta, J. Org. Chem., 39, 3416
(1974).

(13) In control experiments under the conditions of the kinetic experiments we 
have shown that the major reaction between diphenylmethyllithium and
2-bromohexane is substitution. Additionally work in progress at Bordeaux 
indicates similar amounts of substitution products with the dihydroan- 
thracenyl anions under kinetic conditions compared to product conditions 
with primary and secondary halides.

(14) Referees suggest the possibility of an electron transfer mechanism for the 
secondary halides. Our experiments and discussion centers on the pref
erential stereochemistry of the anion attack and cannot distinguish between 
one- or two-electron transfer.

(15) L. F. Fieser, "Experiments in Organic Chemistry” , D. C. Heath and Co., 
Boston, Mass., 1975, p 157.
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The oxidative C-C cleavage of a-ketols R^XiCIOHIRTti (1) has been found to proceed smoothly with alkaline 
hydrogen peroxide in aqueous methanol affording high yields of ketones R2R:iC= 0  and carboxylic acids R 1C O 2H . 
The reaction obeys second-order kinetics: v = &2[R'OC)- ] [ketol], where R 'O O -  may be t-BuOO-  or PI1GO3-  in 
place of H O O - . The cleavage of aromatic ketones (R i  = Ph) is much faster than that of aliphatic ketones (Ri = Me). 
The relative rate with PhCO:j_ (a stronger oxidant) vs. H O O -  varies from 0.14 to 2.8 with changing ketols. These 
results are explained by the rate-determining concerted fragmentation of the C = 0  adduct 6 (Scheme I). Acyloins 
(1, R2 = H) were cleaved to carboxylic acids and aldehydes R 3C H O , which were further oxidized to acids. «-Amino 
ketones 3 were cleaved to ketimine or ketone. a-Methoxy-a,a-diphenylacetophenone (2) is also cleaved, the rate 
being only V2000 that of the corresponding a-ketol la (R i  = R 2 = R3 = Ph), to benzophenone dimethyl acetal and 
a-hydroperoxy-«-methoxyd¡phenyl methane, suggesting an intermediacy of a-alkoxy carbonium ion. Alkaline hy
drogen peroxide is advantageous in the selective cleavage of a-ketols in comparison with the other ordinary oxi-' 
dants.

Ordinary reagents for the oxidative cleavage of a-hydroxy 
ketones (a-ketols) are periodic acid in aqueous solution and 
lead tetraacetate in organic solvents.2 The other known re
agents are bromine,'’ peracids,4 and nickel peroxide.5 We wish 
to report here that alkaline hydrogen peroxide is a mild and 
effective oxidant for the cleavage of a-ketols and related ke
tones. This reagent is inactive to 1,2-glycols, contrary to the

case with periodic acid or lead tetraacetate, and hence may 
cleave a-ketols selectively even in the presence of a 1,2-dihy
droxy group.

Results and Discussion

Oxidative Cleavage of a-Phenylbenzoins. a-Phenyl- 
benzoin la (Ri = R2 = R3 =  Ph) can be easily oxidized by al-
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T able I. Rates o f  O xidative Cleavage o f a-Phenylbenzoin 
la  by Alkaline H ydrogen P eroxide in 80% Aqueous MeOH 

at 25.0 °C "

Initial concentrations, M 102 fc0bsd,c
í-ketol ] [h 2o 2i [NaOH]" HOO- , % b M - 1  s- 1

(A) Effect of [a-ketol] and [H20 2]
0.05 0 .1 0 0.30 19 6.65
0.05 0.05 0.30 79 6.71
0.05 0.025 0.30 79 6.31
0.07 0.04 0.30 79 6.89

(B) Effect o f [NaOH]
0.05 0.05 0.025 24 —1.53

0.05 39 2.38
0 .1 0 56 4.14
0 .2 0 72 6.05
0.30 79 6.71
0.50 86 7.20

(C) Oxidation with f-BuOOH in place o f H20 2
0.05 0.05 0 .1 1 0 d 0.49

0 .2 18d 1.03
0.4 31d 2 . 1 2

" [NaOH] indicates total alkali concentration added as aqueous 
NaOH containing 0.05 mol % EDTA based on (NaOH]. Since 
MeOH is more acidic than water, most of the added base exists 
as MeO-  rather than HO- . 6 Percent dissociation of R'OOH was 
obtained from the K 6 values of 12.7 and 1.13 M - 1  for R ' = H and 
i-Bu, respectively, in 80% MeOH at 25 °C. c Second-order plots 
vs. time were linear up to 80% conversion; probable error ±5%. 
d f-BuOO".

T ab le  II. O xidative Cleavage o f Substituted a- 
Phenylbenzoins by Alkaline H ydrogen P eroxid e"

Ketol
Registry

no.
Ri in R ^ —  (jTha 

6  OH 10* k oh!id, b M - ' s - '

lb 4338-69-6 p-M eOPh 1.16
lc 4625-47-2 p-M ePh 1.43
la 4237-46-1 Ph 4.14
Id 63704-18-7 p-CIPh 1 1 . 0
le 63704-19-8 m-CIPh 18.2

“ Reaction with [ketol] = [H2O2] = 0.05 M, [NaOH] = 0.10 M, 
and [EDTA] = 10- 4  M in 80% MeOH at 25.0 °C. Ph = C6H 5 or 
C6H4. Substituted phenylbenzoins afforded benzophenone in 
80-95% yields and the corresponding benzoic acids which were 
identified as methyl esters. b Average o f two or three determi
nations. Plot o f log fe0bsd vs. o gives p = 1.96 (r = 0.995).

benzil as shown in eq 3b .7 W hile the autoxidation o f benzoin 
is a slow reaction with base alone ,8 the present oxidation with 
alkaline H 2O 2 is com plete within several minutes under N 2 

and hence the oxidation may proceed also via the reaction of 
H 2O 2 with the enolate ion o f lh to afford benzil.

HOO

PhC— CHPh 
II I 
O OH

lh

PhCO.H + PhCHO ► PhC0 2H^

MeO , H20 2 or O,
r  PhC— CPh

II
L 0 0

HOO“ MeO

(3a)

(3b )

kaline hydrogen peroxide to give high yields o f  benzophenone 
and benzoic acid in aqueous M eOH at 25 °C  (eq 1). The re-

R .C  CR 2R ,
II I * +
O OH

H20 2
NaOH 

aq MeOH r ,c o 2h  + r 2r 3c = o ( 1 )

1

action is complete within 1  h with a 1 : 1  stoichiometry o f la  and 
H 2O 2. The rate was followed iodometrically and expressed as 
eq 2 as obvious from  Table 1(A).

 ̂ — ^obsd [H 20 2] [ketol] (2 )

The feobsd value increases with increasing [NaOH] and ap
proaches a constant at high base concentrations [Table 1(B)]. 
All the reactions were started by adding aqueous NaOH 
containing 0.05 m ol % E D T A  to avoid a possible redox reac
tion, although the presence or absence o f  EDTA was not es
sential under our conditions. The oxidation with alkaline t -  
BuOOH  is considerably slow at low base concentrations but 
has a com parable rate at high alkalinity [Table 1(C)]. The 
reaction does not occur in neutral solution or in the presence 
o f sodium acetate.

T he cleavage reaction o f substituted «-phenylbenzoins 
proceeds similarly to give benzophenone in 80-95% yields. The 
rates are faster for the ketols with electron-attracting groups, 
affording a Hammett’s p value o f 1.96 (vs. a) with a correlation 
coefficient r = 0.995 (Table II). The positive p value is com 
prehensible in view o f the substituent effect for a nucleophilic 
addition to C = 0 ,  which is o f the similar magnitude with other 
additions to C = 0  (i.e., p =  2 -3 ) .6

Cleavage of Other «-Ketols and Related Compounds. 
Various «-ketols are likewise cleaved by alkaline hydrogen 
peroxide to  give carboxylic acids and ketones or aldehydes 
(Table III). W hen R 2 = H ( l i , j ) ,  produced aldehydes are fur
ther oxidized to acids. T he base-catalyzed oxidation or aut
oxidation (eq 3 b) also occurs com petitively for the case o f 
benzoin lh, affording benzoic acid, benzaldehyde, and methyl 
benzoate. T h e form ation o f  the ester occurs probably via

P h C 02Me + P h C 02H
The rates o f  cleavage are much faster for the ketols with R ( 

= Ph than that with R i = M e (lg); when R 2 = H, the order of 
reactivities is lh > li »  lj. M andelic acid (lk) is also cleaved 
slowly with excess H 2O 2. This reaction is probably homolytic 
in view o f the low (<30% ) selectivity vs. consum ed H 2O 2, the 
poor reproducibility o f  the yield, and the tendency o f alkaline 
H 2O 2 to radical decom position .98 Presumably, the reaction 
proceeds via the abstraction o f «-hydrogen  by HO- or HOO- 
produced from the spontaneous decom position o f alkaline 
H 2O2. Similar oxidative cleavage was recently reported for 
ketols and «-h ydroxy  acids having «-hydrogen  using excess 
superoxide ion in nonaqueous solvents .9*1

Table IV lists the reactions o f  H O O -  with «-m ethoxy  and 
a-am ino ketones. The reaction o f  «-m eth ox y -« ,«-d ip h en - 
ylacetophenone 2  is 2 0 0 0  times slower than that o f la , and the 
major product is not benzophenone but its dimethyl acetal 4. 
Excess H 2O 2 gives a significant yield o f  « -h ydroperoxy -«- 
methyldiphenylm ethane (5) (Table IV).
PhC— CPh, H20 2, NaOH

O OMe 80% MeOH
Ph2C(O M e ) 2 + Ph2CC

,OMe

''OOH
2 4 5

+ Ph2C = 0  + P h C 02H (4 ) 
T h e cleavage o f  « -am in o ketones is also observed; the ox i

dation o f  3a (X  =  N H 2) is fast to give high yield o f  benzo- 
phenonim ine (P h 2C = N H ). T he reaction o f a-m ethylam ino 
ketone 3b (X  =  N H M e) is considerably slower (ca. 0.1), a f
fording benzophenone, a hydrolysis product o f  imide. The 
reaction o f a-dimethylamino ketone 3c (X  = N M e2) is too slow 
probably because o f the steric retardation by dimethyl group 
on the C = 0  addition.

T he oxidative cleavage with alkaline H 20 2 is thus shown 
to be effective for «-h ydroxy , «-m ethoxy, «-am ino, and « -  
methylam ino ketones. Since 1 ,2 -glycols are easily cleaved by 
periodate or lead tetraacetate2 and C = C  is attacked by bro
mine or peracid, this cleavage o f  « -ketols with H O O -  is an 
effective reagent especially when the substrates, «-ketols,
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Table III. Rates and Products from the Oxidative Cleavage of Various a-Ketols by Alkaline Hydrogen Peroxide in 80%
MeOH at 25 °C°

Registry
no.

R,COC(OH )R 2Ra 1 0 2 fcob9d, 6
M - 1  s- 1

Products (%)c
Ri r 2 r 3 R 1 CO2H R 2R 3O— O

la 7473-98-5 Ph Ph Ph 6.52 8 6 97
i f 3155-01-9 Ph Me Me 2.62 89 69*
ig 119-53-9 Me Me Ph 0.338 e 8 8
lh 513-86-0 Ph H Ph ~ 2 2 / 110-130/ 30-50/
li 4444-11-5 Me H Me ~4.47* e 18*.«
lj 90-64-2 n-CvHiö H n-C7Hi5 0.06 ~180 Trace
lk * 5457-37-4 HO H Ph* < 0 .0 1 P hC 0 2H, 10-48%*

° Reaction with 0.20 M  NaOH, 0.05 M a-ketol, 0.06 or 0.05 M H 2O2, and 0.1 mM EDTA. 6 Second-order rate constant with [H2O2] 
= 0.05 M. c Reaction with 0.06 M H 2O2 and reaction time o f 2 h for la , If, lh , li, and 30 h for the other substrates. Products were de
termined by GLC analysis, benzoic acid being down after methylation with diazomethane. d Determined as 2,4-dinitrophenylhydrazone. 
e Not determined. /  Base-catalyzed autoxidation of benzoin and benzaldehyde occurred simultaneously. Hence, fe0bsd value was not 
determined accurately. Approximately 20% o f methyl benzoate was also produced. e The rate constant was obtained from the initial 
reaction up to 40% conversion, since the consumption of H 2O2 increased gradually owing to the further reaction with acetaldehyde 
produced. * Mandelic acid with 0.10 M H 2O2 and 0.20 M NaOH afforded 10-49% of benzoic acid; 90-49% of the starting material was 
recovered. This oxidation is probably homolytic, since the consumption o f H2O2 was fast in the absence o f EDTA and the reproducibility 
o f  the conversion was low.

Table IV. Oxidative Cleavage of q-Methoxy and «-Amino Ketones with Alkaline Hz02°

Registry
no. Ri

R 1CO CXR 2R3 
X  r 2 Rs

102 feobsd,6
M - 1  s- 1 Products (%)c

la 5 4 5 7 -3 7 -4 Ph OH Ph Ph 6.52 (47.1) Ph2C = 0 ,  95%
2 Ph OMe Ph Ph* 0.0035 Ph2C(OMe)2, 43%; Ph2C = 0 ,  8%
2 Ph OMe Ph Phc Ph2C(OM e)2, 50%; Ph2C(OMe)OOH, 45%; Ph2C = 0 ,  3%
3a 56140-60-4 Ph n h 2 Ph Ph (26.2) Ph2C = N H , 93%

3b 63704-20-1 Ph NHMe Ph Ph 0.32 (3.0) Ph2C = 0 ,«  90%
3c 63704-21-2 Ph NM e2 Ph Ph

ÖV-cÖV

Ph2C = 0 ,  < 2 % h

a Reaction with [substrate] = [H2O2] = 0.025 M, [NaOH] = 0.20 M, and [EDTA] = 0.1 mM in 80% MeOH at 25 °C if not noted oth-
erwise. b The values in parentheses are those in 30% MeOH-20% H20-50% DMF (vol % ).c Reaction with 0.05 M H 2O2. Products were 
determined by GLC and/or NM R analysis. Benzoic acid was not determined. d Reaction with 0.10 M H 2O2 for 65 h; 45% of the starting 
ketone was recovered. e Reaction with 13 M  H 2O2 for 42 h resulted in 99% conversion. g Product was not an imine but benzophenone 
produced by its hydrolysis. h The reaction was very slow, while the presence of the amine accelerated considerably the base-catalyzed 
decomposition o f H 2O2.

contain such a group as gem -diol or C = C . T he solvents may 
be water, aqueous alcohol, or aqueous DM F.

Effect of Solvent. T he solvent effect was examined for 
a-ketol If in order to distinguish (a) rate « [R 'O O - ] from  (b) 
rate « [R 'O O H ] [H O - ]. The rate in 50% M eOH  is faster by a 
factor o f  2 than that in 80% M eO H  (Table V). This factor is 
always the same when 0.1 or 0.2 M  NaOH is used or when t -  
BuOOH is used in place o f  H 2O2. The same is true for the case 
o f  lg.

Table V  also lists the molar ratio o f  R '0 0 - :R '0 0 H  together 
with the K 6 value determined from UV absorbance at 280 nm. 
Apparently, Aobsd values are parallel with [R 'O O - ] and not 
with [R 'O O H ][H O - ]; the change from  80% M eO H  to 50% 
M eO H  decreases both [R 'OOH ] and [H O- ] and hence it is 
d ifficu lt to  explain the duplicate increase in fc0bsd by means 
o f  the relation: rate « [R 'O O H ] [H O- ].

Mechanism. A  similar type o f reaction is the base-catalyzed 
a-fission  o f  a -ketols : 10 r
PhC— CPh2 + H O -  -<• PhC— CPh2 -  P h C 02H + Ph2COH

O OH _ 0  OH
-  P h C 02H + Ph2CHOH (5 )

However, this reaction is only possible by heating above 60 °C. 
T he present oxidative cleavage proceeds sm oothly at room 
tem perature and may be written as Schem e I containing a 
rate-determining fragmentation o f C = 0  adduct 6  (eq 8 ). This 
schem e leads to  a rate equation

Scheme Ia

R'O OH  + R O - R 'O O - + ROH (6 )
OOR'

R .c— c r 2r 3 k , I
|| | + R'OO- 3=E  r ,c— c r 2r 3 (7)
O OH I I

, -O OH

6
6 ------ R ,C 0 2- + R 2R 3C = 0  + R 'O H  ( 8 )

a R ' = H, f-Bu, or PhCO; R = H or Me.

v =  k obsd [R 'OOH ] [ketol] =  ^ [R 'O O - ] [ketol] (9) 

=  fcgKrtR'OO- ] [ketol]

For the case o f  la  in 80% M eOH , the relation o f &0bsd vs. 
[NaOH] can well be reproduced by assuming k% = 0.079 M - 1  

s - 1  for H O O -  and 0.057 M - 1  s- 1  for t-B uO O -  (see Figure 1). 
T he positive p value o f  1.96 is consistent with Scheme I, re
flecting the substituent effect in the nucleophilic addition to 
C = 0 .6 T he rate equation (eq 9) satisfies the solvent effect in 
T able V.

R a te -D e te rm in in g  Step. The following consideration 
leads to a conclusion that the rate-determining step is not the 
addition to C = 0  (eq 7) but the fragmentation o f  the adduct 
6  (eq 8 ). (i) The reactivity order, la  >  I f  »  lg  (i.e., benzoyl 
»  acetyl), is abnormal since nucleophilic additions to acetyl 
are generally much faster than those to  benzoyl. 1 1  The o b 
served order is comprehensible only if the addition is not rate
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PhC —  CPh,
II I +  HOCT 
0  OMe

2

Scheme II

—  PhCO f +  HO-  + Ph,C+-0M e
11

10
MeOH

PhX -OMe- 
11

HA

Ph,C(OMe);
4

.OMe
Ph,C

0 0  H

H .O
Ph,C(0Me)0H P h jC = 0  +  MeOH

a phenyl group always accelerated the fragmentation by any 
substitution in R ]( R2, and R3. The cause of this difference is 
not obvious at present. A related case of peroxide reaction is 
the fragmentation of 9 to acetone, formaldehyde, and t-BuO- , 
the rate of which was assumed to be 0.5 s-1 (40% MeOH, 30 
°C ).17 The common driving force for the facile decomposition 
of 7, 8, and 9 is surely the concerted carbonyl-forming frag
mentation together with the pushing effect by the a-oxy anion. 
The latter effect is well known in other peroxide reactions18 
and in benzilic acid rearrangement.19

Mechanism of Cleavage of a-Methoxy Ketone (2). The 
reaction of HOO-  with «-methoxy ketone 2 gave acetal 4 and 
in the presence of excess H 20 2 hydroperoxide 5 (eq 4). The 
results are explicable by Scheme II. One of the driving forces 
for the concerted fragmentation of 10 is the high stability of 
the a-alkoxy carbonium ion 11. Cation 11 is then trapped by 
neutral solvents but not by anions. This is based on the fol
lowing examination between reactions of 2 with 0.1 and 13 M  
H20 2 in the presence of 0.20 M NaOH. There is no large dif
ference between the concentrations of anions; i.e., [HOO- ] =  
0.085 and 0.108 M, [MeO- ] =  0.094 and 0.075 M, and [HO- ] 
=  0.021 and 0.017 M for the reactions with 0.1 and 13 M H20 2, 
respectively.20 Thus, the only one large difference between the 
two conditions is the concentration of neutral H20 2, i.e., 
[H20 2] =  0.15 and 12.9 M, which should be reflected on the 
product distribution (see Table IV).

An analogous mechanism as Scheme II will be written for 
the reaction of a-amlno ketone 3, since amines are much less 
weak acids22 and have lower ionization potentials than alco
hols or ethers.2’1 The large difference of the acidity between 
N H 2 and OH makes it difficult to explain the observed com
parable rates between la and 3a by the same mechanism as 
Scheme I.

Experimental Section
Melting and boiling points were not corrected. IR and NMR spectra 

were recorded on a Perkin-Elmer 337 spectrophotometer and a Hi
tachi R-24B NMR spectrometer using Me4Si as an internal standard. 
The GLC analysis was performed with a Yanagimoto 550-F gas 
chromatograph.

Materials. a-Phenylbenzoin la was obtained by the reaction of 
benzil with PhMgBr,24 mp 87-88 °C (lit.24 87-88 °C). Substituted 
phenylbenzoins lb -e  were synthesized via the a-bromination of the 
corresponding «.«-diphenylacetophenones14 followed by its hydrol
ysis. Thus, «.«-diphenyl-p-methoxyacetophenone (2.0 g, 6.6  mmol) 
in 20 mL of dioxane was brominated with 0.5 mL (10 mmol) of bro
mine at 40 °C for 2 h. After the addition of 10 mL of water, the mixture 
was refluxed for 30 min, poured into water, and extracted with ben
zene (30 mL). After drying (Na2S0 4) and condensation, n-hexane was 
added to precipitate the crude a-ketol lb. Recrystallization from 
benzene-rc-hexane gave 1.5 g (71%) of «-phenyl-p-methoxybenzoin

lb: mp 132-133.5 °C; IR (Nujol) 3340 (OH), 1650 cm- 1  (C = 0). Anal. 
Calcd for C2iH i80 3: C, 79.22; H, 5.70. Found: C, 79.02; H, 5.79.

Other «-phenylbenzoins lc -e  were obtained by a similar method, 
as in the case of lb , and crystallized from n-hexane. a-Phenyl-p- 
methylbenzoin (lc) was synthesized in 76% yield; mp 57-59 °C (lit.26
57-59.5 °C). a-Phenyl-p-chlorobenzoin (Id) (92% yield): mp 87-88 
°C; IR (nujol) 3400 (OOH), 1650 cm - 1  (C = 0 ). Anal. Calcd for 
C20H 15O2CI; C, 74.42; H, 4.99. Found: C, 73.96; H, 4.85. a-Phenyl- 
m-chlorobenzoin (le): mp 58-60 °C; IR (nujol) 3450 (OH), 1670 cm- 1  
(C = 0 ). Anal. Calcd for C20H 15O2CI: C, 74.42; H, 4.99. Found: C, 73.88; 
H, 4.90.

a-Hydroxyisobutyrophenone (If) was prepared similarly from 
ketone. Thus, bromine (19.2 g, 0.12 mol) was added dropwise to iso- 
butyrophenone (14.8 g, 0.1 mol) in 40 mL of dioxane and stirred for 
1 h at room temperature. Ethanol (10 mL), water (50 mL), and NaOH 
(8 g, 0.2 mol) were then added and refluxed for 3 h. Extraction and 
distillation gave the ketol I f (80% yield): bp 118-120 °C (10 mmHg) 
(lit.26 bp 125 °C (12 mmHg)]; IR (film) 3450 (OH), 1670 cm- 1  (C =0); 
NMR (CC14) b 1.52 (s, 6 H, CH3), 3.80 (s, 1  H, OH), 7.2-7.5 (m, 3 H, 
m - and p-H), 7.8-8.0 (m, 2 H, o-H).

2-Phenylacetoin ( lg ) ,27 capryloin (1 j ) ,28 and «-methoxy-«,a-di- 
phenylacetophenone (2 ) 29 were prepared by the literature methods, 
lg: bp 108-110 °C (3 mmHg); IR (film) 3450 (OH), 1710 cm- 1  (C =0); 
NMR (CC14) b 1.66 (s, 3 H, a-CH3), 2.00 (s, 3 H, CH3C = 0 ), 4.12 (s,
1 H, OH), 7.1-7.4 (m, 5 H, ArH). 2: mp 91-92 °C (benzene-n-hexane); 
NMR (CCD b 3.03 (s, 3 H, OCH3), 7.0-7.5 (m, 13 H, ArH), 7.8-8.0 (m,
2 H, o-H). Acetoin (li) was commercial grade.

« -Amino-«,«-diphenylacetophenone (3a) was easily obtained by 
refluxing o-bromo ketone in dioxane-28% aqueous ammonia (2 :1 ) for
1 h. The reaction mixture was poured into water to precipitate the 
amino ketone; recrystallization from MeOH gave 53% of 3a: mp 
133-134 °C (lit.30 132 °C).

The same method with aqueous methylamine gave crude a-meth- 
ylamino-a,«-diphenylacetophenone (3b); the crude amino ketone was 
extracted with 1 N aqueous HC1 and then, after addition of excess 
NaOH, with CH2CI2. Evaporation of the solvent and 3 days’ standing 
led to crystallization of 3b, which was recrystallized from MeOH to 
give 40% yield of 3b: mp 90-92 °C; IR (film) 3350 (NH), 1675 cm- 1  
(C = 0 ); NMR (CC14) b ~2.0 (br s, 1 H, NH), 2.05 (s, 3 H, NCH3),
7.0- 7.6 (m, 15 H, ArH). Anal. Calcd for C2iH 19NO: C, 83.69; H, 6.35; 
N, 4.65. Found: C, 82.94; H, 6.50; N, 4.76.

«-Dimethylamino-«,a-diphenylacetophenone (3c) was obtained 
by the same method using aqueous dimethylamine. Prolonged 
standing of the neat sample led to crystallization of 3c: mp 82-84 °C; 
IR (film) 1670 cm - 1  (C = 0 ); NMR (CC14) b 2.08 [s, 6 H, N(CH3)2],
7.0- 7.3 (m, 13 H, ArH), 8.1-8.3 (m, 2 H, o-H). Anal. Calcd for 
C22H21NO: C, 83.77; H, 6.71; N, 4.44. Found: C, 80.86; H, 6,78; N,
4.67.

Rates. To a mixture of «-ketol 1 (5 mL of a 0.10 M solution in 
MeOH), H2O2 (1 mL of a 0.5 M solution in water), and MeOH (3 mL) 
was added 1 mL of 2.0 M aqueous MeOH containing 1 mL of EDTA 
at 25.0 °C. Aliquots (1 mL) were taken out at appropriate time in
tervals, and the remaining hydrogen peroxide was titrated iodome- 
trically using sodium molybdate catalyst in MeOH-H20-AcOH (2: 
1:1). The second-order rate constant, £0bsd, was calculated according 
to eq 2, and the reproducibility was within ±  5% for most runs.

Products. Products were identified and determined by GLC 
analysis, and by IR, NMR, and UV spectra in comparison with an 
authentic samples. GLC analyses were conducted at 80-250 °C using 
three different columns (1 m): PEG 20M, 2% on Chamelite CK; Sili
cone SE30,10% on Chromosorb; Apiezone grease L, 15% on Celite 545. 
Carboxylic acids were determined after methylation with diazo
methane.

For the case of ketols la -e, a simple extraction with CH2C12 from 
water afforded benzophenone (over 90% yield). In the oxidative 
cleavage of benzoin lh, yields of PhCHO ranged from 30 to 50%, which 
were not altered by the reaction under N2 or at 0 °C. The formation 
of methyl benzoate (~ 20%) indicates a competitive oxidation via 
benzil (eq 3b).

The oxidation of mandelic acid (lk ) did not occur with equimolar 
H2O2 and the results in Table III are those with 4 equiv of H2O2.

Reaction o f a-M ethoxy Ketone 2 with Excess H2O2. The reac
tion of 2 with 0.1 M H2O2 in the presence of 0.2 M NaOH gave pre
dominantly benzophenone dimethyl acetal 4, but the reaction with 
a large excess of (13 M) H2O2 resulted in a new hydroperoxide 5. Thus,
2 (88 mg) in 9 mL of MeOH was oxidized with 1 mL of 50% H20 2 and 
2 M NaOH at 25 °C for 25 h. The reaction mixture was poured into 
cold 5% aqueous NaOH and neutral products were extracted with 
CH2CI2 (10, 5, and 5 mL). Evaporation of the solvent yielded 25 mg 
(35%) of 4; GLC retention time and IR and NMR spectra were iden-
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The salt effect on the stereoselectivity of the ring opening of 1 -phenyl- (la) and l-(m-chlorophenyl)cyclohexene 
oxide (lb) in acid media has been examined. The syn stereoselectivity of the reactions increases markedly with in
creasing amounts of added salt. The salt parameters bc and fc, for the two parallel reactions leading to the cis and 
to the trans adduct have been calculated. The results show in all cases positive values both for 6 , and for bt, bc being 
always much higher than the corresponding bt. The bc values are strongly dependent on the solvent, but they ap
pear to be independent of the substituent on the phenyl group of 1. The relatively large bc and the corresponding 
small 6 , parameters observed are in accordance with the previously proposed mechanistic scheme.

A detailed knowledge o f  the mechanisms o f the ring open 
ing o f  aryloxiranes can be o f  some im portance 1 in under
standing the chem ical behavior o f  K-region arene oxides ,2 

which have been often proposed as the reactive metabolic 
intermediates responsible for the carcinogenic and mutagenic 
activity shown by some polycyclic arenes.3

Previous work carried out in these laboratories4“6 has shown 
that the stereoselectivity observed in the ring opening o f ar
yloxiranes depends to a large extent on several factors, such 
as the structure, configuration, and conform ation o f  the ep 
oxides, the nature o f  the aryl group, the solvent, the acid 
catalyst, the tem perature, etc . ,4 -6  with the reaction stereo
chem istry ranging from  com plete retention to com plete in
version o f  configuration. T h e results obtained were rational
ized through mechanism s4“6 involving species with a high 
degree o f  positive charge on the benzylic carbon. A recent 
reform ulation o f  these mechanism s7 (schematized for 1 -ar- 
ylcyclohexene oxides (1), see Scheme I) has been proposed, 
which can be strictly related to the “ ion -d ipole pair”  m echa
nisms,8 a close analogue o f  the classical W instein ion pair 
formulation o f nucleophilic substitutions and elimina- 
tions.9a’10>n  According to this interpretation the trans prod 
ucts (5, 7) arise by attack o f a nucleophile (RO H ) on the back 
side98’1 1  o f  an intramolecular intimate ion -d ipole  pair 3, 
originating from  the protonated oxirane (2 ), in which there 
is “ an extended benzylic C - 0  bond with considerable ionic 
character” . 12 The cis adducts (6 , 8 ), on the other hand, can be 
form ed by the collapse o f  a solvent-separated ion-dipole pair
4. T h is collapse should take place with retention o f configu
ration . 12 -13

In such a mechanistic scheme, any factor which increases 
the stability o f  the benzylic carbocationic center should sig

nificantly favor intermediate 4, and thus increase the syn/anti 
ratio .4“7 T he addition o f  inert salts produces a rate accelera
tion and this result has been quantitatively explained on the 
basis o f  an increase in polarity o f the medium ;9 14  the addition 
o f  a salt should stabilize ionic transition states more than the 
reactants, and therefore result in an increase o f  the rate con 
stant.9-14 Several semiquantitative interpretations o f such salt 
effects have been given ,9-15  but m ost o f  the theoretical treat
ments predict a linear relationship between log k and the 
concentration o f  the uni-univalent added salt.9 This relation 
has been, however, inadequately tested9-16 and the depen
dence o f  the rate constant on the salt concentration [S] can 
be better described by the empirical relationship :9-16

k =  A °(l +  b[S\) ( 1 )

where k and k °  are the rate constants in the presence and 
absence o f  salt, and b is the salt parameter representing the 
magnitude o f the normal salt effect. The b value varies with 
the nature and the polarity o f  solvent, substrate, added salt, 
and tem perature .9-16 Deviations from linearity occur at rela
tively high concentration o f salt when the observed rates in 
crease more rapidly than predicted .9 16  In some cases, however, 
the addition o f  small amounts o f  salt can induce an initial 
sharp acceleration followed by a normal linear acceleration 
(special salt e ffect) .9

T he present paper deals with the study o f the salt effect on 
the course and stereoselectivity o f  the acid-catalyzed ring 
opening o f aryloxiranes la and lb. As a text o f our mechanistic 
hypothesis it would be o f  significance to determine the salt 
parameters b c and b t for the two parallel reactions leading to 
the cis (6 , 8 ) and the trans compounds (5, 7) from the epoxides 
1. This inform ation can be obtained from a determination o f

Scheme I
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Figure 1. Dependence of the [C]/[T] ratio for the acid-catalyzed ethanolysis of la on the salt concentration [S], Experimental points and curve 
(O, broken line); curve calculated on the basis of eq 3 (solid line).

Table I. LiClOj Salt Effects upon the Acid-Catalyzed Solvolysis of Epoxides 1

la  in EtOH

[L ic l0 4] 8a 7a

Carbonyl
products,

%a
lb in EtOH la in H 2O lb in CHnCOOH

8b 7b 6a 5a 6b 5bft

0 31.6 68.4 4.1 10.3 89.7 62.6 37.4 64.0 36.0
0.05 34.2 65.8 5.6 11.7 88.3 63.7 36.3 72.2 27.8
0 .1 0 37.1 62.9 5.7 12.5 87.5 64.0 36.0 77.9 2 2 .1
0.15 38.7 61.3 7.0 13.5 86.5 65.2 34.8 82.1 17.9
0 .2 0 40.3 59.7 7.7 14.0 8 6 .0 6 6 .0 34.0 84.9 15.1
0.25 42.1 57.9 5.9 14.9 85.1 6 6 .0 34.0 87.4 1 2 .6
0.35 45.8 54.2 7.7 16.9 83.1 67.5 32.5 8 8 .0 1 2 .0
0.50 48.5 51.5 6.7 18.4 81.6 69.7 30.3 90.8 9.2
0.75 51.2 48.8 6.9 20.3 79.7 71.3 28.7 92.4 7.6
1 .0 0 55.6 44.4 9.1
1.25 58.7 41.3 7.4
1.50 60.3 39.7 13.9
2 .0 0 63.7 36.3 15.3
3.00 73.5 26.5 27.0

0 2-Phenylcyclohexanone and 1-phenylcyclopentane-l-carboxaldehyde in a ratio o f about 9:1; yields are expressed in moles. b After 
saponification of the monoacetates.

Table II. Correlation Coefficients r for Equation 4 and 
Salt Parameters bc and bt for Acid-Catalyzed Solvolysis 
______________________ of Epoxides 1___________ __________

la in EtOH lb in EtOH la in H20 lb in CH3COOH

bc 3.29 3.27 1.32 12.57
bt 0.62 0.72 0.49 0.63
r 0.9968 0.9924 0.9819 0.9886

the ratios o f  these products in the reaction mixtures. Thus, 
division o f  eq 1  for the cis products (subscript c) by the cor
responding equation for the trans products (subscript t) af
fords eq 2. Furthermore, k c/ k t can be equated to the concen
tration ratios IC]/IT] on the very likely assumption that the 
two parallel reactions follow  the same kinetic equation ,5 '6 '17  

yielding eq 3. Equation 3 can be further transformed into a 
linear relationship (eq 4) with respect to  1/|S], which allows 
one to  obtain the l /(b c — bt) and the h j(h c — bt) values, and 
from  these the parameters bc and bt.

kc _ k c° f (bc — bt)[S]I 
kt kt° [ 1 +  bt[S] I

M  = M  [, I ( b e - M S )
[T] [T°] 1 1 + b J S ]

________ 1  _  1  1  6 t
([C][T°]/[T][C°]) -  1 (bc — bx) [S] +  bc -  bt

(2 )

(3)

(4)

The effect o f  lithium perchlorate on the acid-catalyzed 
ethanolysis o f  epoxide la  was investigated over a wide range 
o f salt concentrations (up to 3 M ) (see Figure 1). In all cases 
the reaction yielded exclusively mixtures o f  the two hydroxy 
ethers c is -8a and tra n s-7 a 17 together with minor amounts o f 
carbonylic products (2 -phenylcyclohexanone and 1 -phenyl- 
cyclopentane-l-carboxaldehyde ) . 17 T he syn stereoselectivity 
o f  the reaction rises on increasing the am ount o f salt added, 
whereas the increase in rearrangement products becom es 
marked only at very high salt concentration (see Table I). The 
[C ]/[T ] variation could be described nicely by equations o f 
type 3, but at salt concentration higher than 0.75 M  the ratios 
observed increase much more rapidly than predicted. Strong
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Figure 2. Dependence of the |C]/[T] ratio for the acid-catalyzed 
ethanolysis of lb  on the salt concentration [S]. Experimental points 
(O); curve calculated on the basis of eq 3 (solid line).

deviations from the linear relationship (eq 1) have been pre
viously observed for high salt concentrations.163 By making 
use of eq 4 a fairly good linear correlation is obtained between 
1/([C][T°]/[T][C°] — 1) and 1/[S] for lithium perchlorate 
concentrations up to 0.75 M (the correlation coeficient was 
r =  0.9968). The points for 0.05 and 0.10 M lithium perchlorate 
concentrations have been excluded in the calculations due to 
the large relative error in the ratios 1/([C][T°]/[T][C°] -  1) at 
such low salt ratios. The b values obtained are reported in 
Table II. As anticipated the [C]/[T] ratio can be described by 
eq 3 using the b parameters obtained, apd the calculated curve 
superimposes satisfactorily on the experimental one up to 0.75 
M  lithium perchlorate concentrations (see Figure 1).

Similarly good results (see Tables I and II and Figures 2-4) 
have been obtained for the acid-catalyzed hydrolysis of la, 
for the acid-catalyzed ethanolysis of lb, and for the acetolysis 
of lb  in the presence of p-toluenesulfonic acid. These reac
tions have been carried out for salt concentrations up to 0.75 
M. The reaction mixtures consisted mainly of the known diols 
5a and 6a for the hydrolysis reactions of la, and of the hydroxy 
ethers 7b and 8b for the ethanolysis of lb  (see Table I). Within 
the salt concentration range used only small amounts (~5%) 
of side products (2-arylcyclohexanone and 1-arylcyclopen- 
tane-l-carboxaldehyde) were present in the crude reaction 
mixtures, and their variation with the salt added was practi
cally negligible. The structure and the configurations of 7b 
and 8b were shown by their oxidation to 2-(m-chlorophenyl)- 
2-ethoxycyclohexanone (9b), and by their *H NM R and IR 
spectra in the 3-pm range in dilute solution of C C I4 , which are 
in agreement with those of the corresponding hydroxy ethers 
unsubstituted on the phenyl 7a and 8a.17 In the case of the 
acetolysis of lb  the reaction mixtures were analyzed after 
hydrolysis of the monoacetates to the corresponding diols (5b 
and 6b). Also in these cases the points for 0.05 and 0.10 M  
lithium perchlorate concentrations have been excluded in the 
calculations of the parameters of eq 4 (see Table II and Figures 
2-4). The consistency of the results obtained argues for the 
validity of the approach.

The results show in all cases positive b values for the for
mation of both the cis and the trans products, the 6C values 
being always much higher than the corresponding bt ones. 
Furthermore the bc values are strongly dependent on the 
solvent, but they appear to be independent of the substituent

Figure 3. Dependence of the [C]/[T] ratio for the acid-catalyzed hy
drolysis of la  on the salt concentration [S]. Experimental points (O); 
curve calculated on the basis of eq 3 (solid line).

Figure 4. Dependence of the [C]/[T] ratio for the acetolysis of lb  on 
the salt concentration [S]. Experimental points (O); curve calculated 
on the basis of eq 3 (solid line).

on the phenyl group of the epoxide. The relatively large salt 
effects observed for the paths leading to the cis products (6 
and 8) and the corresponding small effects on the reaction 
leading to the trans compounds (5 and 7) are in good agree
ment with the mechanistic scheme suggested above; the ad
dition of the salt, leading to an increase in the polarity of the 
medium, should greatly stabilize the separated ion-dipole pair 
4, which is much more polar than the starting compound, as 
expected for an A -l type reaction.9’18 On the contrary, the salt 
added should have little effect on the intimate ion-dipole pair 
3, which resembles more an A-2 or borderline A -l type of 
structure in which the positive charge on the benzylic carbon 
is more distributed between carbon and oxygen.9’18 However, 
it may be pointed out that a certain degree of breaking must 
have occurred between the benzylic carbon and the epoxidic 
oxygen in structure 3; this can be shown on the basis of the 
same regiospecificity of the ring opening of 1 for both the cis 
(6, 8) and the trans products (5 ,7),17’19 and of a previous study 
on the dependence of the stereoselectivity of these reactions 
on the substituents on the phenyl.5 Furthermore, as required
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by the theory,9-18 the magnitude of the salt effect (expressed 
by the salt parameter b) for the reaction proceeding through 
the highly polar structure 4, markedly increases in the series 
of solvents (water, ethanol, acetic acid), i.e., when the polarity 
of the solvent is decreased.9-18 The salt effect for the formation 
of the trans adducts remains almost constant in the three 
solvents.

The marked increase in the yield of carbonyl products as 
the salt concentration becomes very high (this has been 
checked only in the ethanolysis of la) could be due either to 
the increase in the polarity of the medium, thus favoring paths 
leading to the rearranged products, and/or to a “drying” of the 
solvent by the salt. Large amounts of electrolyte will compete 
with the carbocationic structures of type 3 and 4 by attracting 
solvent molecules, thus making them less available as nu
cleophiles and making the rearrangement paths more com
petitive.18-20

Experimental Section
Melting points were determined on a Kofler apparatus. IR spectra 

were taken on a Perkin-Elmer Model 257 double beam grating 
spectrometer in dried (P2O5) CCI4, using the indene band at 3110 
cm""1 as a calibration standard; a quartz cell of 2 cm optical length was 
employed. The NMR spectrum of 7b has been determined with a Jeol 
C-60 HL spectrometer and that of 8b has been measured on a Bruker 
HXS 360 NMR spectrometer on ~10% CDC13 solutions using Me4Si 
as an internal standard. Preparative TLC was performed on 2-mm 
silica gel plates (Merck 254) containing a fluorescent indicator; spots 
were detected under UV light (245 nm). The relative percentages of 
compounds 5a and 6a, and 7 and 8a,b were determined on a Fractovap 
GV apparatus with a flame ionization detector, using a dual column 
system with glass columns. 5a and 6a (columns packed with 10% 
Carbowax 20M on 80-100 mesh silanized Chromosorb W, 2.5 mm X  
1  m): temperature of columns 185 °C, evaporator and detector 200 
°C; nitrogen flow 35 mL/min; order of increasing retention times, 6a 
< 5a. 7a and 8a (columns packed with 10% ethylene glycol succinate 
on 80-100 mesh silanized Chromosorb W, 2.5 mm X  1 m): temperature 
of columns 135 °C, evaporator and detector 200 °C; nitrogen flow 35 
mL/min; order of increasing retention times, 1-phenyleyclopen- 
tane-l-carbaldehyde < 2-phenylcyclohexanone < 7a < 8a. 7b and 8b 
(columns packed with 10% Carbowax 20M on 80-100 mesh silanized 
Chromosorb W, 2.5 mm X  1 m); temperature of columns 175 °C, 
evaporator and detector 220 °C; nitrogen flow 35 mL/min; order of 
increasing retention times, 7b < 8b. The relative percentages of 5b 
and 6b were determined on a Perkin-Elmer Model F -ll apparatus 
using a glass column (2.5 mm X  1 m) packed with 10% ethylene glycol 
succinate on 80-100 mesh silanized Chromosorb W, temperature of 
column 215 °C evaporator and detector 250 °C, nitrogen flow 45 
mL/min; order of increasing retention times, 6b < 5b.

The values given in Table I were the average of at least three mea
surements done on at least two different runs for each point. The 
accuracy is ± 1 %.

1 - Phenylcyclohexene oxide (la ),'21 l-(m-chlorophenyl)cyclohexene 
oxide (lb),22 l-phenyl-r-l-ci's-2 -cyclohexanediol (6a),21 1 -phenyl- 
r-l-trarcs-2-cyclohexanediol (5a),23 l-(m-chlorophenyl)-r-l-cis-2- 
cyclohexanediol (6b),22 l-(m-chlorophenyl)-r-l-trans-2 -cyclohexa- 
nediol (5b),22 2-phenyl-eis-2-ethoxy-r-l-cyclohexanol (8a),17 2- 
phenyl-trans-2-ethoxy-r-l-cyclohexanol (7a),17 2-phenylcyclohex- 
anone,24 and 1 -phenylcyclopentane-l-carboxaldehyde24 were pre
pared as previously described.

2- (m-Chlorophenyl)-trans-2-ethoxy-r-l-cyclohexanol (7b).
A solution o f lb (2.0 g) in 0.2 N H2SO4 in anhydrous ethanol was left 
at —25 °C for 4 days, then quenched with solid NaHOCL and saturated 
NaHCO.i, diluted with water, and extracted with ether. Evaporation 
of the washed (H2O) and dried (MgS04) ether extracts yielded an oily 
residue (2.05 g) consisting mostly of 7b, which was subjected to pre
parative TLC (eluent: 75/25 petroleum ether and ether mixture). 
Extraction of the main band yielded pure 7b (1.70 g), which crystal- 
lyzed from petroleum ether at -2 5  °C: mp 33-34 °C; IR «oh (CC14) 
3608 cm" 1 (O H -x); NMR « 3.76 (m, 1, lV1/2 = 7.0 Hz, CHO). Anal. 
Calcd for C14H i9C102: C, 66.01; H, 7.52. Found: C, 6 6 .2 1 ; H, 7.59.

2-(m-Chlorphenyl)-ers-2-ethoxy-r-l-eyclohexanol (8b). A 
solution of lb (2.0 g, 9.6 mmol) in anhydrous CH2C12 (200 mL) and 
anhydrous ethanol (3.35 mL, 57.4 mmol) was treated with p-tolu- 
enesulfonic acid (0.182 g, 0.9 mmol). The resulting solution was stirred 
for 24 h at room temperature, then treated with solid NaHCO.i and 
saturated aqueous NaHCO,-. Evaporation of the washed (H20 ) or

ganic solvent yielded an oily residue (1.96 g) consisting of a mixture 
of 7a and 8a together with carbonylic compounds [mainly 2-(m- 
chlorophenyl)cyclohexanone and l-(m-chlorophenyl)cyclopentane- 
1-carboxaldehyde], which was subjected to preparative TLC (a 75/25 
mixture of petroleum ether and ether was used as the eluent). Ex
traction of the band corresponding to the cis-hydroxy ether 8b (the 
trans isomer 7b has higher Rf) yielded 8b, impure with carbonylic 
compounds (0.95 g), as an oil from which pure 8b has been obtained 
by crystallization from petroleum ether at —25 °C: mp 47.5-48 °C; 
IR roH(CCl4) 3591 cm" 1 (OH-O); NMR 5 3.46 (dd, \,J  = 9.4,4.4 Hz, 
CHO). Anal. Calcd for C 14H 19C102: C, 66.01; H, 7.52. Found: C, 66.24; 
H, 7.72.

2-(m-Chlorophenyl)-2-ethoxycyclohexanone (9b). (A) A so
lution o f 7b (0.050 g, 0.196 mmol) in acetone (4 mL) was treated with 
Jones reagent25 (0.15 mL). After 15 min at room temperature the 
mixture was diluted with water and extracted with ether. Evaporation 
of the washed (H20, saturated aqueous NaHCO.i, and H20) and dried 
ether extracts gave an oily residue of 9b (0.045 g): IR X 5.80 pm (C =0);
2,4-dinitrophenylhydrazone,26 mp 51.5-52 °C (from ethanol). Anal. 
Calcd for C20H.,iC1N4O5: C, 55.50; H, 4.89; N, 12.94. Found: C, 55.80; 
H, 4.89; N, 12.66.

(B) 8b (0.050 g) was oxidized under the conditions used above to 
give 9b (0.044 g): 2,4-dinitrophenylhydrazone,26 mp 51.5-52 °C.

Acid-Catalyzed SolvoJyses of 1-Arylcyclohexene Oxides (1) 
in the Presence of LiC104. The reactions were carried out in the 
following way. A suspension (water) or a solution (other solvents) of 
I (100 mg) in a 0.2 N solution of the acid (H2SO4 for the reactions in 
water and monohydrate p-toluenesulfonic acid for the reactions in 
the other solvents) in the solvent (see Table I) containing anhydrous 
LiC104 in the concentrations shown in Table I ( 1 0  mL) was stirred 
at 25 °C for 0.5 h (2  h in the case of the reactions in water), then 
quenched with solid NaHCO.i and saturated acqueous NaHC03 (in 
the case of the reactions in acetic acid the mixtures were diluted with 
water) and thoroughly extracted with ether. Evaporation of the 
washed (H20 , saturated aqueous NaHCO;t, and H20 ) and dried 
(MgSOt) ether extracts yielded crudes consisting of the diols 5 and 
6 (reactions in water), or the hydroxy ethers 7 and 8 (reactions in 
ethanol), or monoacetates (reactions in acetic acid) accompained by 
minor amounts of 2 -arylcyclohexanone and 1 -phenylcyclopentane- 
1-carboxaldehyde, which were directly analyzed by GLC, except for 
the reactions carried out in acetic acid. The crudes obtained from the 
reactions in acetic acid were analyzed by GLC after hydrolysis of the 
monoacetates formed to the corresponding diols 5 and 6: the crude 
residues were dissolved in THF (5 mL), treated with 1  M KOH in 
ethanol (2 mL), and left for 5 h at room temperature. Dilution with 
water, extraction with ether and evaporation of the washed (H20) and 
dried (MgS04) ether extracts yielded residues consisting practically 
of 5 and 6.

The solvolysis addition products of epoxides 1 were completely 
stable under the reaction conditions used, and rearrangement prod
ucts (2 -arylcyclohexanones and 1 -arylcyclopentane-l-carboxal- 
dehyde) were shown to be not derived f ro m  a further transformation 
of the addition products of epoxides 1 .
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Isomeric quinhydrones, 2-phenylquinone/2-(4'-chIorophenyl)hydroquinone (1:1) (la) and 2-(4'-chlorophenyl)- 
quinone/2 -phenylhydroquinone (1 :1 ) (lb), have been prepared as crystalline solids and shown to resist interconver
sion by a redox (hydrogen exchange) process even at temperatures as high as 140 °C when kept in the solid state. 
It is suggested that these unsymmetrically substituted complexes are inert to oxidation-reduction interconversions 
because of a stabilizing combination of hydrogen bonding and charge-transfer forces. A semiquantitative survey 
of the rates in solution of the redox equilibration of a number of quinone-hydroquinone pairs has been studied by 
NMR spectroscopy as the basis for the rational selection of the pair of quinhydrones described above.

Molecular complexes (1:1) (quinhydrones) of benzoqui- 
nones and hydroquinones have long been known as stable 
solids which, however, in solution separate into their compo
nents.3 The possibility of preparing isomeric quinhydrones 
by virtue of the presence of different substituents on the 
quinone and hydroquinone ring has been recognized, and in
vestigations of deuterium- and carbon-14-labeled compounds 
have been carried out as a method of studying the redox in
terconversions in solution of such compounds.4 In other cases 
where preparation of isomeric pairs of substituted quinhy
drones has been attempted, the rapid redox interconversion 
in solution coupled with a lack of adequate methods of char
acterization has led to confusing results.5 Nevertheless crystals 
of unsymmetrically substituted complexes of this type as, for 
example, la  and lb, could be of great interest, because of their 
possible optical and electrical properties coupled with the fact 
that their interconversion requires only the transfer between 
oxygen atoms of hydrogen atoms (or hydride ions plus pro
tons). Furthermore, determinations of the crystal structures 
of the monoclinic6a and triclinic6b forms of the parent sym
metrical quinhydrone (1 with Arj = Ar2 = H) have shown that 
in each case the structures are composed of chains of alter
nating, well-defined, quinone and hydroquinone molecules 
hydrogen bonded in such a way that it might be hoped that la,

la , Ar, = 4-ClC6H4 ; A r 2 = C 6H S
b, Ar, = C„H S ; A r2 = 4-ClC6H4
c, Ar, = A r2 = C6H 5
d, Ar, = A r2 = 4-ClC6H4

hydrogen switching could be induced without seriously dis
rupting the structure.7 With the proper choice of substituents, 
spectral or other properties should differ sufficiently for the 
isomers analogous to la  and lb  to permit ready recognition 
of whether a crystal is in state la  or state lb.

This paper describes a study of the factors affecting the 
redox interconversion of hydroquinone-quinone pairs in so
lution and the synthesis of the crystalline redox isomers la  
and lb.

Experimental Section

Spectra and other supplementary experimental data are available 
in ref 1 .

Synthesis of Quinones and Hydroquinones. Hydroquinone-
2,3,5,6-di. To 40 mL of acetyl chloride was added, over 30-45 min, 
20 mL of D20  (90% D, Columbia Organic Chemicals) with regular 
stirring and such that the evolution of gas was not too vigorous. The 
hydrolyzed mixture was added to 2.1 g of hydroquinone (Mallinck- 
rodt, twice sublimed, mp 171 °C) and 4.0 g of amalgamated zinc and 
the resulting mixture was heated under reflux for 24 h.8 The reaction 
was arrested with about 150 mL of water and the reaction mixture was 
repeatedly extracted with ether. The combined ethereal extracts were 
washed with NaHCO.i solution until the washings remained alkaline. 
The organic layer was dried and the ether was removed to leave the 
crude deuterated hydroquinone which was sublimed at 70 °C and at 
0.04 Torr to give 1.75 g (82%) of product that showed approximately 
88% deuterium incorporation (by NMR and mass spectrometry). A 
final recrystallization from ethanol-benzene yielded 1.42 g (68%) of 
solid: mp 171-173 °C (lit. mp 175 °C);9 IR (KBr) 3270, 2234, and 12 1 0  
cm-1; mass spectrum (CH-5, 10 eV) M+ (base peak) (m /e) 114, 113 
(39%), 112(22%).

Anal. Calcd for C6D4(OH) 2 with 88% D: C, 63.44; H, 5.29. Found: 
C, 63.08; H, 5.53.

2,5-Dichlorohydroquinone-.?,8'-d2- 2,5-Dichloro-l,4-benzoqui- 
none was reduced to the hydroquinone with SnCI2 in virtually 
quantitative yield. 10 11 This hydroquinone (250 mg) was deuterated
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in the manner described above. After two exchanges the partially 
deuterated compound (185 mg) was sublimed at 70 °C and 0.04 Torr 
to yield 161 mg (64%) of 2,5-dichlorohydroquinone containing 80% 
D in the aromatic positions as shown by NMR (82% by mass spec
trometry): mp 171-172 °C (lit. mp 172 °C ) ;12 IR (KBr) 3390, 2286, 
1205, and 1190cm-1; mass spectrum (CH-5, lOeV) M + (m/e) 180,184, 
base peak 180, 179 (29%), 181 (29%), 182 (64%), 183 (7%), 184 
(11%).

Anal. Calcd for C6D2C12(0H )2 with 82% D: C, 39.95; H, 1.34; Cl, 
39.33. Found: C, 39.78, H, 1.56; Cl, 39.27.

2 ,5 -Di-tert-Butylhydroquinone-<?,6 -d2- The unlabeled hydro- 
quinone (0.5 g) was deuterated as above. Recrystallization from 1:1 
ethanol-water and sublimation at 1 00 °C and 0.04 Torr gave 0.30 g 
(60%) of the deuterated compound. The IR spectrum showed no O-D 
stretching vibrations and the intensity of the hydroxylic proton singlet 
was used as an internal reference in the [H NMR experiments to ob
tain the percent D in the aromatic positions since the methyl groups 
were also deuterated extensively: mp 213 °C (lit. mp 213 °C) ;13 IR 
(KBr) 3420, 2940, 2220, and 2140 cm-1; NMR (acetone-d6) 6 7.3 (s, 
2 H, hydroxyl), 6.7 (s, 2 H, aromatic shows 82% deuterium), 1.35 (s, 
18 H, aliphatic shows 73% D); mass spectrum (CH-5,10 eV) M+ at m/e 
242, base peak 240, 238 (71%), 239 (84%), 241 (91%), 244 (21%).

MethyIhydroquinone-J,.i,6'-dj. The unlabeled methylhydro- 
quinone (0.5 g) was deuterated as above. The crude material was 
sublimed at 60 °C and 0.04 Torr to yield 0.47 g (94%) of solid: mp
124-127 °C (lit. mp 127 °C ) ; 14 IR (KBr) 3350, 1400,1160, and 1040 
cm-1; lH NMR shows that deuterium incorporation is almost 
10 0%.

Anal. Calcd for C7D3H50 2: C, 66.14; H, 6.30. Found: C, 66.13; H,
6.50.

Purification of 1,4-Naphthoquinone. The crude black powder 
purchased from the Aldrich Chemical Co. was recrystallized from 
AcOH-water to yield a brown solid. Recrystallization from an etha- 
nolic solution containing animal charcoal followed by sublimation at 
50 °C and 0.04 Torr gave light yellow crystals, mp 126 °C.

2-PhenyI-l,4-benzoquinone was prepared by the method of 
Brassard and L’ Ecuyer.15 The diazonium salt of aniline was allowed 
to react with quinone (Eastman, twice sublimed). The reaction time 
was, however, increased to 36 h since insufficient product was obtained 
in the prescribed time.1’’ The crude solid was recrystailized from high 
boiling petroleum ether and sublimed at 90 °C and 0.05 Torr to give 
the pure compound in 51% total yield: mp 1 1 0 - 1 1 2  °C (lit. mp 112 
°C);lfi NMR (CDCI3) 5 7.6 (s, 5 H), 6.9 (s, 3 H).

2-(4'-Chlorophenyl)-l,4-benzoquinone was obtained from the 
diazonium salt o f p-chloroaniline by an analogous method. 15 Re
crystallization from 2 :1  EtOH-acetone followed by sublimation at 
100 °C and 0.05 Torr gave the compound in 71% total yield: mp
129-130 °C (lit. mp 129 °C ) ;16 NMR (acetone-d6) 5 7.5 (m, 4 H), 6.9 
(s, 3 H).

2-Phenyl- 1,4-dihydroxybenzene (2-Phenylhydroquinone).
Although the other quinones used in this study were readily reduced, 
even when crude, to hydroquinones which were easily isolated as 
crystalline solids, on treatment with acidic SnCl2,10,11 phenylquinone 
did not readily give a solid product on reduction. Reduction itself 
seemed to occur easily as the color of the solution changed from yellow 
to colorless. Yet no solid could be induced to crystallize from solution. 
When the reduction was repeated on a large quantity (20  g) of an
alytically pure quinone, the reaction mixture separated into two 
layers. On cooling the mixture to 0 °C and scratching the sides of the 
vessel the hydroquinone crystallized slowly. Phenylhydroquinone was 
obtained from phenylquinone in essentially quantitative yield: mp 
100 °C (lit. mp 97 °C) ;17 >H N M R  (DMSO-d6) S 8.6 (d, 2 H), 7.2-7.7 
(m, 5 H), 6.5-7.1 (m, 3 H).

2-(4'-ChIorophenyl)-1,4-dihydroxybenzene (2-(4'-ChIoro- 
phenyl)hydroquinone). Reduction of the 4-chlorophenylquinone 
(20 g) with SnCl2 in acidic EtOH-water gave 20.1 g (99.6%) of hy
droquinone. 18 In this and the previous reduction, quinone of a high 
purity seems to be required if the hydroquinone is to crystallize easily. 
Sublimation at 110 °C and 0.05 Torr gave a white solid: mp 118-120 
°C ; NMR (DMSO-d6) 5 8.8 (s, 2 H), 7.5 (q, 4 H), 6.7 (m, 3 H).

Anal. Calcd for Ci2H<j0 2C1: C, 65.31; H, 4.08; Cl, 16.10. Found: C, 
65.60; H, 4.17; Cl, 15.99.

Equilibration Experiments. The NMR studies were carried out 
by weighing out equivalent amounts of the analytically pure quinone 
and hydroquinone under study, adding a previously calculated volume 
of solvent (deuterated when necessary), and recording the NMR 
spectra immediately. Additional spectra were recorded at suitable 
time intervals, depending on the reaction rate. Spectra were measured 
at a probe temperature o f 44 °C. Integration of the N M R  peaks was 
performed with a Keuffel and Esser planimeter. Details of the pro

cedure and calculations employed are illustrated for one set of com
pounds.

Oxidation-Reduction Reaction between 1,4-Naphthoquinone 
and Tetramethyl-l,4-dihydroxybenzene. Naphthoquinone (19.8 
mg) and the tetramethylhydroquinone (20 .8  mg) were dissolved in
0. 5 mL of DMSO-dg. The methyl resonance of the tetramethylhy
droquinone (124 Hz) decreases in intensity and the methyl resonance 
of tetramethylquinone (116 Hz) increases in intensity as the reaction 
goes toward equilibrium. Integration of the relative intensities of these 
peaks gives a measure of the extent of equilibration.

The initial concentrations of the species are A 0, B0, C0, and D 0 and 
the concentrations of the species at time t are A,, Bt, Ct, and Dt. If 
C0 =  D 0 =  Oand A 0 = B0, then A , = A 0 -  x  and Bt = A 0 ~ x ,  and Ct 
= D t — x, where x is the number of moles/liter the starting materials 
lost or products gained at time t. Now for the above reaction

A + B ^  C + D, where K  = —  ^  1 
* -1  « - 1

r] Y
—  = M A 0 _  x)(A 0 -  x) -  k - i X 2 
at

On integration we obtain:
A 0( K , / 2 +  1) - x ( l  -  \ l / K) ) Kl/2_  2ak,t K 1/2 + 1 

n A0(K 1/2-  1) - x ( l  -  [1/K))K 1/2 K 1/2 n K 1/2 -  1
A0(K 1/2+ 1) -  jc(1 -  [l/K ])K 1/2_  2 akxt | b .K 1/2+ 1

° g A„(K 1/2 -  1) -  x(l  -  [1 /K\)K' /2 2.303K l/- ° g K ' n -  1

1. e., log Z  =  at +  c, where a and c are constants. In this example A (, 
= 0.25 and K  = 5.44. The value of K  was calculated from the position 
of equilibrium. A plot of log Z  vs. f gave a straight line with a positive 
slope and intercept. Eighteen points were included and the standard 
deviation in the slope was about 3%. Simple substitution in the rate 
equation gave a value for the time required for a 90% (or any other 
desired percentage) exchange.

Equilibration of Quinones and Their Hydroquinones Obtained 
by Reduction. Three quinones, p-benzoquinone, 2,5-dichloro-l,4- 
benzoquinone, and 2,5-di-ieri-butyl-l,4-benzoquinone, were studied. 
In each case the hydroquinone obtained from the quinone by reduc
tion was deuterated as described and equivalent amounts of the 
quinone and deuterated hydroquinones were used. In these cases K  
= 1 and the second-order rate expression simplifies to

(1 /p ) In [p(A0 -  x) + q] = kt + c

where

p = - ( A o  + B o ) ,  q = AqBo 

and k and c are constants.
A o , B 0, and t have the same meaning as before. Thirteen points were 

included for benzoquinone, fifteen for 2,5-dichlorobenzoquinone, and 
twenty for 2,5-di-tert-butylbenzoquinone. See Table I for the re
sults.

Equilibration of Quinones and Hydroquinones Bearing D if
ferent Substitution Patterns. The data were handled as in the case 
of the tetramethylhydroquinone-naphthoquinone equilibrium ex
periment. Benzoquinone and methylhydroquinone exchange too 
rapidly for the equilibrium to be followed by NMR. Chloranil and 
hydroquinone equilibrate at a convenient rate. Twenty spectra were 
included. It was possible to follow the equilibration of 2,5-diphenyl- 
quinone and 2,5-di-tert-butylhydroquinone in DMSO, but rapid 
precipitation of the 2,5-diphenylquinone-2,5-diphenylhydroquinone 
1:1 complex occurred in benzene (see Table I).

Unsymmetrical 2-Phenylquinone/2-(4'-Chlorophenyl)- 
hydroquinone 1:1 Complex, la. The quinone (0.5 g) and hydroqui
none (0.6 g) were saturated separately in 3:1 benzene/AcOH and the 
two solutions were mixed. There was an immediate black precipitate 
which was filtered off within 15 s of precipitation: mp 162-165 °C; IR 
(KBr) 1633, 1495, and 1455 cm-1.

Anal. Calcd for C24Hl70 4Cl: C, 71.20; H, 4.20; Cl, 8.78. Found: C, 
71.26; H, 4.20; Cl, 8.50.

Unsymmetrical 2-(4'-ChlorophenyI)quinone/2-phenyI- 
hydroquinone 1:1 Complex, lb. This was prepared from 0.6 g of the 
quinone and 0.5 g of the hydroquinone as described in the preparation 
of la. The blue-black precipitate was quickly filtered: mp 162-164  
°C; IR (KBr) 1629,1490, 1455, and 1432 cm-1.

Anal. Calcd for C24H170 4C1: C, 71.20; H, 4.20; Cl, 8.78. Found: C, 
70.98; H. 4.20; Cl, 9.02.

Characterization of the Unsymmetrical Complexes la and lb 
by NM R. The complexes were dissolved separately in DMSO-dg (30 
mg in 0.5 mL). NMR spectra were recorded after about 5 min. Addi-
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Table I. NMR Studies on the Equilibration of Quinone/Hydroquinone Pairs“-'

Q i + HQ2 - ^ - Q 2 + HQ2 K  =  k l/ k - 1
k~i

Starting
quinone

Qi

Starting
hydroquinone

HQ,
Registry

no.

Initial
concn 

o f each, 
mol/L Solvent

!H NMR feature obsd6 
Reactants Product 

signal signal 
(decreases) (increases)

% o f Q, Time 
( = HQ,) required Forma- 
at equil for 90% tion of 
(value reaction, complex 
o fK ) mincci (ref)

( 1 ) p-Benzoqui-
none

Hydroquinone-
2 ,‘3,5,6-d.i

63715-58-2 0.25 Acetone or 
DMSO

Q (4 H) HQ (4 H) 50(1) 1 2 Yes (e)

(2 ) 2,5-Dichloro-
p-benzo-
quinone

2,5-Dichloro-
hydroqui-
noneSfi-d'i

63715-60-6 0.25 DMSO Q (2  H) HQ (2 H) 50(1) 65 Yes (/)

(3) 2,5-Di-ferf - 
butyl-p- 
benzo- 
quinone

2,5-Di-ferf-butyl- 
hydroquinone-
3 ,6 -d i

63743-82-8 0.41 Acetone Q (2  H) HQ (2 H) 50(1) 35 Yes (g)

(4) p-Benzoqui-
none

Methylhydro-
quinone-
3,5,6-ds

63715-62-8 0.25 Acetone Q (4 H) HQ (4 H) 19(18.2) 0 ?

(5) 1,4-Naphtho
quinone

Tetramethylhy-
droquinone

63715-63-9 0.25 DMSO HQ (12 H) Q (12 H) 30 (5.4) 3060 No (g)

(6 ) Tetrachloro-
p-benzo-
quinone

Hydroquinone 63715-64-0 0.25 DMSO HQ (4 H) Q (4 H) 62 (0.38) 77 No (g)

(7) 2,5-DiphenyI-
p-benzo-
quinone

2,5-Di-ferf-butyl- 
hydroquinone

63715-65-1 0.03 DMSO
Benzene

HQ (18 H) 
HQ (18 H)

Q (18 H) 
Q (18 H)

5(361)
i

I2 h
3

N ote )

(8 ) 2-Phenyl-p-
benzoqui-
none

2-(4'-Chloro-
phenyDhydro-
quinone

63715-66-2 0 .1 0 DMSO m, 6 7.25-7.50 
Hz (9 H)

s, 7.55 Hz 
(4 H)

71 (.17) ca. 10 0 Yes (g)

(9) 2-(4'-Chloro-
phenyl)-p-
benzo-
quinone

2-Phenylhydro
quinone

63715-67-3 0.13 DMSO s, & 7.55 Hz 
(4 H)

m, <5 7.25-7.50 40 (2.25) ca. 10 0 Yes (g)

° For details o f a representative calculation, see Experimental Section. h Q = quinone, HQ = hydroquinone. c The maximum error 
in this value is ±18%. d This is the time required to reach 90% equilibrium concentration of products. e F. Wohler, Justus Liebigs 
Ann. Chem ., 51, 145 (1844). f A. R. Ling and J. L. Baker, J. Chem. Soc., 6 3 ,1314 (1893). * This study. h When the equilibration was 
carried out in benzene, a precipitate o f 2,5-diphenylquinhydrone was formed almost at once. The amount of precipitate obtained in 
3 min showed that at least 36% exchange had occurred in that time; in comparison 36% exchange occurs in DMSO in 12 min and 90% 
exchange in DMSO in 40 min. Precipitation o f the complex from DMSO does not occur under these conditions.' Precipitation of the 
complex occurs prior to equilibration. 1 NM R spectra o f quinone/hydroquinone mixtures in solution were recorded at a probe tem
perature of 44 °C. Acetone and DMSO used for the spectra were fully deuterated.

tional spectra after various intervals of time were observed to change. 
After about 8 to 10 h the spectra showed no further change. Appli
cation of the second-order rate equation permits a calculation of ex
tent of exchange at the time the "initial” NMR spectra (Figure 1) was 
run. The “ final” spectra from complexes laand lb give values of 71 
and 60% of phenylquinone and chlorophenylhydroquinone at equi
librium. An average value of 65.5% leads to a value of K  equal to 3.40. 
The kinetic parameters may be estimated from the observation that 
90% equilibration is achieved in 100 min when lb  is dissolved in 
DMSO-dfi. These parameters were used to calculate the amount of 
equilibration in 5 min.

1:1 Complex of 2-Phenylquinone and 2-Phenylhydroquinone,
lc. Solutions of the components saturated at 0 °C in 3:1 benzene/ 
AcOH were mixed to give an immediate black precipitate which was 
filtered rapidly and dried: mp 178-180 °C (lit. mp 176 °C ) ;17' 19 IR 
(KBr) 1629,1490, 1455, and 1437 c m '1. Single crystals were prepared 
by reaction of the components in a nonaqueous gel.211 Optical 
goniometry showed the prominent face to be (0 0 1 ), interfacial angles 
observed (calcd): (001):(012) 55° (52.8°), (001):(012) 52° (52.8°),
(001):(100)_77.7° (77.5°), (001):(100) 103.5° (102.5°), (012):(100) 82.7° 
(82.5°), (012):(100) 82.8° (82.5°).

Anal. Calcd for C24Hi804: C, 77.84; H, 4.86. Found: C, 78.04; H,
5.00.

1:1 Complex of 2-(4'-Chlorophenyl)quinone and 2-(4'-Chlo- 
rophenyl)hydroquinone, Id. This complex was prepared by mixing 
saturated solutions of the components. It is a black solid: mp 168 °C; 
IR (KBr) 1640, 1495, and 1458 c m '1.

Single crystals grown in a nonaqueous gel20 were shown by optical 
goniometry to have as the prominent face (0 0 1 ), interfacial angles

observed (calcd): (001):(100) 79.3°J79.7°), (001):(100) 100.5^(100.3°), 
(001):(012) 57° (56.2°), (001):(021) 105° (99.4°), (001):(021) 103.8° 
(99.4°), (100):(012) 85.8° (84.3°), (100):(021) 89.9° (91.7), (100):(012) 
93.4° (95.7°), (100):(021) 90.3° (88.3°).

Anal. Calcd for C24H 160 4C12: C, 65.60; H, 3.64; Cl, 16.17. Found: C, 
65.66; H, 3.59; Cl, 16.20.

Attempts to Prepare Single Crystals of the Unsymmetrical 
Complexes laand lb. Experiments using the constituent quinones 
and hydroquinones of these complexes in nonaqueous gels yielded 
only quinhydrone lc  which was presumably formed after an initial 
redox reaction.20

Powder X -R ay Crystallographic Studies. Powder photographs 
were taken of samples of la, lb, lc, and Id (Cu Ka radiation, 
Debye-Sherrer camera made by Charles Supper Co.) and powder 
diffractometer traces of all four samples were recorded by Dr. Ralph 
Pfeiffer and associates, Eli Lilly Co., Indianapolis, Ind. The values 
for the d spacings on the pictures from the symmetrical quinhydrones, 
lc  and Id, could be correlated21 with the known cell dimensions22 for 
these complexes. 1 The positions of the powder lines on the photo
graphs from la and lb  were identical, although the diffractometer 
traces did indicate some differences in intensities. Attempts to cor
relate the values for the observed d spacings for la and lb  with those 
obtained from the cell dimensions (a =  5.98, b = 7.52, c = 20.30 A, 0  
=  102.5°) for the symmetrical complex lc did not result in a good fit. 
A much better fit was found when the cell dimensions for Id (a = 5.98, 
b = 7.45, c = 22.92 A, 0  = 100.34°) or those obtained (a =  5.98, b =
7.48, c = 21.61 A, 0 = 101.42°) by averaging the cell dimensions for 
the symmetrical quinhydrones lc  and Id were used in the compari
son.
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Figure 1. Upper: NMR spectrum of complex lb about 5 min after it was dissolved in DMSO. Shifts in ppm downfield from Me4Si are shown 
at the bottom of the spectrum. Lower: NMR spectrum of complex la about 5 min after it was dissolved in DMSO. Shifts in ppm downfield 
from Me4Si are shown at the bottom of the spectrum.

Results and Discussion
The formation of a quinhydrone complex from a quinone 

and a hydroquinone bearing different substituents is com
plicated by the reversible redox reaction that the two com
ponents undergo in solution. If the composition of such a 
complex is to be unambiguous, the complementary hydro
quinone and quinone should be prevented from forming in 
appreciable amounts prior to complex precipitation; this 
condition is obtained when the rate of the redox reaction is 
relatively slow.

In Table I are summarized results of an NMR study of the 
exchange reactions of a number of quinone/hydroquinone pairs. 
Although no attempt was made to carry out detailed quanti
tative studies of the effect of substituents on this hydrogen 
exchange, there may be inferred certain tentative generali
zations which served as a guide in the search for an appro
priate set of compounds for study. An earlier study46 had 
suggested that an increase in acidity of the hydroquinone 
component of the starting mixture leads to faster exchange. 
A number of other factors seem to be of equal importance. 
Comparison of the exchanges (2) and (3) with (1) in Table I 
suggests that substitution of both the starting materials leads 
to retardation of the exchange rate. On the other hand ex
amples (5)—(7) show that too much substitution prevents the

formation of the desired complex. In this connection it is in
structive to note some of the factors governing the formation 
of symmetrically substituted quinhydrones. The donor ca
pability of the hydroquinone, the acceptor strength of the 
quinone, and steric factors all seem to be of some importance. 
For example, it may be noted that tetrachlorohydroquinone 
and chloranil do not form a quinhydrone partly because the 
former is not a sufficiently strong donor. Recently, the im
portance of the above factors in quinhydrone formation has 
been discussed23 and these factors would appear to be of ob
vious importance in the formation of unsymmetrically sub
stituted quinhydrones also. The comparison of DMSO with 
benzene as solvent suggests that the strong hydrogen-bond 
acceptor, DMSO, leads to slower exchange. Comparison of 
examples (4) and (1) suggests that a slow exchange rate is fa
vored by a close balance of redox potentials of the two com
ponent pairs.

These considerations based on exchanges (1)—(7) in Table 
I led to the synthesis of the components of the exchanges in 
lines (8) and (9). As is seen in Table I this is a compromise 
between an adequately slow exchange rate on the one hand 
and sufficient reactivity for complex formation on the 
other.

Complexes la  and lb  were formed rapidly (filtration in 30
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s) when saturated solutions of the components in DMSO were 
mixed. The quinone/hydroquinone stoichiometry was 1:1 even 
when the relative concentrations of the components were 
varied widely. The infrared spectra (KBr disk) showed 
marked differences between 1400 and 1500 cm-1 but do not 
differ sufficiently to make it easy to set upper limits for pos
sible small amounts of contamination of la by lb and vice 
versa. The NM R spectrum of la in DMSO (Figure 1) (mea
sured after the complex had been dissolved for about 5 min) 
approximated the sum of the spectra of phenylquinone and 
4'-chlorophenylhydroquinone. Similarly the spectrum of lb 
(Figure 1) was approximately the sum of the spectra of 4'- 
chlorophenylquinone and phenylhydroquinone. However, 
integration of spectral peaks indicated that the solution of la 
measured after 5 min contained 17% of 1 b and that the solu
tion of 1 b contained 15% of the components of la. Since when 
the complex was prepared quinone and hydroquinone were 
in solution together for only about 30 s before the complex 
precipitated as compared with a time of 5 min (300 s) after 
dissolution for the spectral measurement, it seems clear that 
most of the equilibration occurred in each case when the 
complex was redissolved for spectral determination.24

The unsymmetrically substituted quinhydrones la and lb 
in the crystalline state are stable indefinitely at ambient 
temperature; even when heated to 140 °C they do not undergo 
sufficient equilibration to be detected by infrared spectros
copy. The basis of this stability is suggested by the crystal 
structures of the monoclinic and triclinic forms of quinhyd- 
rone,6 as well as the structure of the complex between 1,4- 
hydroquinone and 1,4-naphthoquinone,25 and also the results1 
on the structures of the symmetrical compounds lc and Id. 
A common theme runs through all of these structures. Chains 
of alternating quinone and hydroquinine molecules held to
gether by hydrogen bonding are formed. In turn, the chains 
associate by overlap of the 7r-electron systems of the hydro
quinone and quinone rings in adjacent chains thus generating 
a two-dimensional layer of molecules. Any molecule in the 
layer is thus related to its neighbors by hydrogen bonding and 
by charge-transfer forces. Were the redox hydrogen exchange 
to occur, a whole layer would have to undergo the exchange 
simultanteously if the stabilizing effect of these highly specific 
interactions is not to be lost.

Experiments designed to obtain single crystals of the un
symmetrically substituted complexes la and 1 b by gel diffu
sion20 produced only single crystals of the unchlorinated 
quinhydrone le by a process which must have involved redox 
interaction of the reactants before crystallization occurred. 
Even attempts to bias the situation by allowing the phenyl
quinone to diffuse into a gel containing an excess of chloro- 
phenylhydroquinone produced only crystals of the unchlori
nated complex lc.

It is to be hoped that the foundation laid in the present

paper will lead to control o f the rates o f  the hydrogen exchange 
and crystallization processes so as to make possible the 
preparation o f single crystals o f  isomeric substituent-labeled 
quinhydrones.

R egistry  No.—lc, 41758-38-7; Id, 63715-68-4; hydroqui- 
none-2,3,5,6-d4, 25294-85-3; hydroquinone, 123-31-9; 2,5-dich- 
lorohydroquinone-3 ,6 -d 2, 63715-59-3; 2,5-dichloro-l,4-benzo- 
quinone, 615-93-0; 2,5-di-ieri-butylhydroquinone- 3 ,6 -d 2, 
63715-69-5; 2,5-di-ieri-butylhydroquinone, 86-58-4; methylhy- 
droquinone-3,5,6’-d3, 63715-61-7; methylhydroquinone, 95-71-6;
1,4-naphthoquinone, 130-15-4; 2-phenyl-l,4-benzoquinone, 
363-03-1; 2-(4,-chlorophenyl)-l,4-benzoquinone, 20307-43-1;
2-phenylhydroquinone, 1079-21-6; 2-(4 '-chlorophenyl)-l,4- 
dihydroxybenzene, 10551-37-8; 2,5-di-ieri-butylhydroquinone,
88-58-4; p-benzoquinone, 106-51-4; tetrachloro-p-benzoquinone, 
118-75-2; 2,5-diphenyl-p-benzoquinone, 844-51-9; tetrameth- 
ylhydroquinone, 527-18-4.
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The proton nuclear magnetic resonance spectra of solutions of oxaloacetic acid (OA) have been measured at a 
number of pH values between 1 and 7 at 4 °C, and the line widths of the signals due to the enol, hydrate (gem-diol), 
and keto forms determined. The line width o f the CH proton of the enol of OA is pH dependent, passing through 
a maximum at about pH 3. The pH dependence parallels that for the fraction of OA existing in the monoanion form. 
In contrast, the width of the signal due to the enol of 4-ethyl oxaloacetate exhibits only a monotonic change in the 
same pH region. The line broadening is attributed to keto-enol equilibration involving monofunctional general acid 
catalysis by the diacid of OA acting on the enol dianion. Involvement of one of the carboxyl groups of the enol in this 
catalytic process is possible.

Proton NM R spectra of solutions of oxaloacetic acid (OA) 
at pH 1-7 and 4 °C contain peaks assignable to enol, keto, and 
hydrate (gem-diol) forms. In the pH region 2 to 5, the line 
width for the signal due to the CH proton of the enol form 
passes through a maximum. Because of the small size of the 
enol peak and rapid decarboxylation, line width measure
ments are very difficult, but the enol line width is found to be 
proportional to the square of the monoanion concentration. 
This dependence along with the fact that the signal due to the 
enol of 4-ethyl oxaloocetate (the monoethyl ester group is /J 
to the ketone carbonyl group) exhibits only a monotonic 
change between pH 2 and 5 is interpreted in terms of a cata
lytic mechanism in which the diacid of OA acts as a mono
functional general acid catalyst for the ketonization of the 
dianion of the enol of OA. The evidence does not appear to 
support a mechanism in which the monoanion of OA acts as 
a bifunctional catalyst for the ketonization of the enol mo
noanion in a manner analogous to the mechanisms suggested 
for the termolecular terms found for the enolization of ace
tone2 and cyclohexanone3 and as suggested4 but disproven5 
for OA ketonization. But the results are consistent with in
tramolecular participation of a carboxylate group of the enol 
as in the case of catalysis of the enolization of 2- 
oxobicyclo[2.2.2]octane-l-carboxylic acid6 and as might be 
possible in the enzyme-catalyzed tautomerization.7

Experimental Section
Chemicals. Oxaloacetic acid was obtained from several sources: 

British Drug House (BDH), Nutritional Biochemicals, and Sigma 
Chemical Co. The material obtained from BDH was found to be 98.5% 
pure by means o f equivalent weight determinations. 4-Ethy! oxa
loacetate was obtained from Nutritional Biochemicals and was re
crystallized from benzene and/or chloroform, mp 96-97 °C. This 
compound was also prepared b y  two different procedures from sodium 
diethyl oxaloacetate, which was obtained from Eastman. The first 
method involved direct saponification of the diester8 and the second 
involved hydrolysis o f a copper complex of the diester. 10 In each case 
the material was recrystallized from chloroform to yield products with 
melting points of 98-104 and 89-94 °C, respectively. Formic acid 
(Baker Chemical Co.), acetic acid (Baker Chemical Co.), malic acid 
(Eastman Chemical), succinic acid (Sigma), ethylenediaminetetra- 
acetic acid EDTA (Sigma) and tert-butyl alcohol (Baker Chemical 
Co.) were used without further purification.

Solutions and NM R Spectra. To minimize the extent of decar
boxylation, which is especially rapid with the monoanion form of OA, 
samples were prepared at 4 °C immediately before NMR measure
ments. The pH, which was measured using a Radiometer PHM or PH 
26 meter, was adjusted by addition of either NaOH (for values above
1.2)orHCl. The ionic strength varied from 0.1 at pH 1.5 to 1.56 at pH
5.0 when only OA is present. When other carboxylic acids are also 
present the ionic strength is substantially higher.

All proton NMR spectra were measured at 4 ±  1 °C (determined 
using a thermometer and the chemical shift between the OH and the

CH3 proton resonance of methanol) to reduce bubbling, which results 
from the decarboxylation of OA. Most spectra were measured at 60 
MHz using a Varian A-60A spectrometer; however, a Varian HA-100 
spectrometer was used for the OA concentration study because of its 
better sensitivity. The A-60A, which uses an external lock, was more 
convenient to use than the HA 100 whose internal lock was affected 
by the build-up of bubbles. For each sample the line width at half
height of each signal was measured at least four times using a 10 0 -Hz 
sweepwidth, and each measurement was alternated with the line 
width measurement for the CH3 proton resonance of tert-butyl al
cohol. When the width of the tert-butyl alcohol signal varied by more 
than 0.1 Hz from one measurement to the next, the data were rejected. 
This procedure avoided occasional spurious line width values caused 
by bubbles on the wall of the sample tube. To minimize the accumu
lation of bubbles on the wall, the tubes were washed several times with 
Decon 75 detergent (Decon Laboratories Ltd.). All solutions were 
prepared with distilled water, but to assure that the line width effects 
were not due to traces of paramagnetic metal ions several runs were 
made with 0.04 M EDTA present and with doubly distilled water.

Results

Line width data for the keto, hydrate, and enol CH proton 
resonances at 4 °C are reported in Table I as A = Spqa ~ 
Avf—BuOH in which Av is the line width at half-height in hertz. 
Avi-BuOH, which refers to the line width of tert-butyl alcohol 
CH3 protons, is used to eliminate line width fluctuations 
caused by changes in the homogeneity of the magnetic field 
from one measurement to the next. In the pH range 2.0 to 4.0 
the evolution of CO2 due to decarboxylation of OA can cause 
additional line broadening, and Aiq-BuOH takes this effect into 
account also (see Experimental Section). The number of 
samples used at each pH is designated as n. For each sample, 
the line width for each signal is an average of four measure
ments, and the value given in the table along with its standard 
deviation is an average of all the samples. The signal intensi
ties were measured at the beginning and completion of the line 
width measurements, and it was found that the concentration 
of OA decreased about 20% during the time of the measure
ments (about 30 min) in this pH region. Below pH 4, the pH 
increases about 0.1 to 0.2 of a unit during the time of the 
measurement and the final value is listed in the table. For
4-ethyl oxaloacetate, A values were also measured under the 
same pH and temperature conditions, and the value for its 
enol CH proton resonance increases in a monotonic manner 
as the pH decreases (see Figure 1). We did not attempt mea
surements on 1-ethyl oxaloacetate because the anion decar - 
boxylates even more rapidly than the monoanion of oxalo
acetic acid.9 In addition A values for the CH proton of the enol 
o f  4-ethyl oxaloacetate were measured for a number of solu
tions containing 1 M concentrations of acids having pKa 
values close to pK a-2 of OA, which is 4.37 at 25 °C ,U-12 i.e., 
formic (pKa =  3.76)13 at pH 3.70, acetic (pKa = 4.75)!;!at pH
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Table I. NMR Line Width Data for Oxaloacetic Acid in 
Aqueous Solution as a Function of pH at 4 °C “

1.0

pH Aenol»̂  Hz Aketo,fc Hz AHvd. 6 Hz nc \
'

1.1 ± 0 .1 0.76 ±  0.24 0.24 ±  0.07 0.48 ±  0.06 3 \ A\
1.3 ±0 .1 0.41 ±  0.05 0.16 ±  0.02 0.49 ±  0.02 2 \
1.9 ±  0.1 0.27 ±  0.1 0.1 ±0 .1 0.27 ±  0.05 3 .6-
2.7 0.81 0.02 0.22 1 \
3.0 0.91 ±  0.15 0.16 ±  0.01 0.30 ±  0.1 3 \
3.7 ±  0.1 0.68 ±  0.25d 0.15 0.30 1 .4J \
3.7 ±  0.1 0.37 ±  0.01e 2 \
3.8 ±  0.1 0.63 ±  0.15f 4 N A

4.3 ±  0.1 0.19 ±0 .16 0.28 ±  0.23 0.21 ±  0.05 3 ~-2| • \ X
5.0 -0 .02 0.04 0.27 1 <3 X• N
6.0 -0.11 -0 .08 0.11 1 .0*7.1 -0.11 -0 .04 0.17 1 •

“ Concentration of OA is 0.85 M unless otherwise specified.
0 Enol CH, keto CH2, and hydrate CH2 proton resonances. Rel
ative to the line width of the CH3 proton resonance of tert-butyl 
alcohol; see text. c Number of samples. At least four measure
ments of each line width were made on each sample. d n = 4, 
measured using an A-60A and an HA-100 spectrometer. e [OA] 
= 0.40, measured using an HA-100 spectrometer. f [OA] = 1.0, 
measured using an HA-100 spectrometer.

. OA 

’ Ester

pH

Figure 1. pH dependence for the NMR signal width due to the CH 
proton of the enol of OA and the monoethyl ester of OA in H2O at 4 
°C. A = Aooa ~ "̂i-RuOH, in which Ai> is the line width at half-height 
and Ai't-BuOH refers to the line width of the CH3 proton of tert-butyl 
alcohol.

3.2, and malic acid (pK ai =  3.40 and pKa2 =  5.11)13 at pH 2.80 
and 3.65. In the pH range employed the 4-ethyl oxaloacetate 
(pKa =  2.74)14 is mainly in the anionic form,

O

Et02CCH=C

OH

and the added acids are mainly in their acidic forms. The A 
values obtained under these conditions are within experi
mental error of those found for the monoester in the absence 
of added acid (see Figure 1), ranging from —0.03 Hz for malic 
to —0.10 Hz for acetic and formic acids.

Discussion
For the enol CH proton resonance of OA, A is pH depen

dent, and the form of this dependence is illustrated in Figure 
1. As the pH is decreased from 7.1 to about 1.1, A passes 
through a maximum and a minimum, and this behavior is in 
contrast to that of the monotonic increase observed for the 
enol CH proton resonance of 4-ethyl oxaloacetate, which is 
illustrated in Figure 1, also, and was measured under identical 
conditions. Since effects due to fluctuation in field homoge
neity have been removed, the variation in A is due to a varia
tion in the proton exchange rate of a process involving the enol 
CH proton. We suggest that this process involves exchange 
between the enol CH proton and the keto and/or hydrate CH2 
protons. Proof for this exchange process involves detection 
of commensurate broadening of the CH2 proton resonance of 
the keto and/or hydrate. The enol makes up only about 6% of 
the total OA concentration, while in the pH region at which 
A passes through a maximum, the keto and hydrate have 
comparable concentrations. Therefore, the broadening of the 
keto and hydrate signals is expected to be too small to be de
tected because the ratio of the line widths is inversely pro
portional to the ratio of the proton fractions when the signals 
are resolved.15 That this is the case is indicated in Table I, 
which illustrates that the variation in A with pH is within the 
standard deviation for the keto and hydrate signal widths at 
pH values of 1.9 and above. Thus, while the broadening effects 
in this pH region are consistent with proton exchange between 
enol and keto and/or hydrate forms of OA (and similarly for

the monoester), more accurate measurement would be needed 
to distinguish between these two processes. But the exchange 
process can be tentatively identified as an enol —  keto tau- 
tomerization on the basis of experiments at 38 °C. At this 
temperature the enol signal for OA monoanion is too broad 
to be observed,16-17 and although the keto/hydrate ratio =* 2.4, 
the width at half-height for the keto peak is twice that for the 
hydrate (1.8 vs. 0.9 Hz).16

The variation in A in the pH region 2 to 5 parallels that for 
the fraction of OA present as monoanion. To treat the data 
quantitatively, we have drawn a smooth curve through the 
points at low and high pH’s and have calculated the difference 
(Adif) between the experimental points and the dashed 
curve.18 Values of Adif along with the ionic strength are tab
ulated in Table II for various pH values. Also listed in Table 
II is the fraction of OA that exists as the monoanion calculated 
for each pH using the expression,19

/  = ([H+]/Kai +  1 +  W t H 4] ) " 1

in which [H+] =  antilog [—pH]. The values for the macroscopic 
acid dissociation constants Kai and K a2 for OA at 4 °C at zero 
ionic strength were obtained by extrapolation of values given 
at 25 and 37 °C U and differ only slightly from those at 25 °C. 
Since the ionic strength is not zero and varies with pH, values 
for K ai and K a2 that are listed in Table II were calculated using 
the empirical expressions determined previously11-12 at 25 °C, 
assuming that the ionic strength dependence at 4 °C is iden
tical with that at 25 °C. The only modification of these 
equations involved substitution of the 4 °C values of K ai and 
K a2 at zero ionic strength for the 25 °C values. This approach 
must be considered approximate for two reasons: (1) the em
pirical equations were developed from potentiometric data 
for solutions having ionic strengths up to 0.3 (NaCl)11 whereas 
our solutions have substantially larger ionic strengths (see 
Table II); (2) the coefficients in these equations appear to be 
temperature dependent.12 Consequently the analysis given 
below must be considered semiquantitative at best.

As indicated in Table II, the pH dependence of /  parallels 
that for Adif when the concentration of OA is constant. With 
these two parameters, it is possible to deduce a rate expression 
for exchange involving the enol proton in the following man
ner. Since the CH proton resonances of the keto, hydrate, and 
enol forms of OA are resolved, the average lifetime r and rate 
for the enol CH proton can be calculated15 using the expres-
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Table II. K inetic and Equilibrium  Param eters for  OA at 4 °C

pH ua

-CO

P^a, P Kao /
Adif,
Hz

k2\
M -1 s-1

^2»
M ^ s “ 1

2.7 0.5 0.85 2.41 3.72 0.62 0.64 3.8C 6.2d
3.0 0.6 2.42 3.75 0.69 0.80 4.3 6.2
3.7 0.9 2.48 3.89 0.59 0.64 4.0 6.8
3.7 0.56 0.40 2.48 3.89 0.59 0.33 4.4 7.4
3.8 1.0 1.0 2.49 4.01 0.55 0.59 3.4 6.1
4.3 1.2 0.85 2.55 4.06 0.36 0.22 2.3 6.3
5.0 1.6 2.65 4.29 0.15 0.05 1.2 7.4

a Ionic strength, calculated assuming that OA2 is equivalent to two monoanions. b Total concentration including all tautomeric 
forms and all degrees of protonation. c k2 = (A,ijfx)/(/[OA],). d k2-  (Atiit-7r)/(/2[OA]t).

sions 1 It = irAdiff and 1/r  = rate/[enol]. Thus, rate =  
7rAdiff[enol], and the concentration dependence of the rate may 
be deduced from the pH and concentration data in Table II. 
A good fit is obtained using,

rate = /z^tenoljJOAjt (1)

in which [OA]t is the total concentration of OA, including all 
tautomeric forms and degrees of protonation, and [enol]t is 
the total enol concentration, including all degrees of proton
ation. The values of k2 calculated according to eq 1 are listed 
in Table II. For comparison, the data also were fitted to the 
expression,

rate = fe27[enol]t[OA]t (2)

and values of k2 are listed in Table II. The data appear to fit 
eq 1 better than eq 2, although the very good fit obtained with 
eq 1 may be somewhat fortuitous in view of the precision of 
the line width measurements (see Table I) and the semi- 
quantitative manner in which Ajif and the acid dissociation 
constants are determined. But eq 2 is unlikely to be correct. 
Let us consider eq 2 rewritten in two forms: rate = k2 - 
[EH- ][OA], and rate = &2'[enol]t[OAH~], in which EH-  is the 
monoanion of the enol and OAH~ is the monoanion of all 
tautomers of OA. The first form suggests that the catalytic 
power of an OA molecule is independent of its state of pro
tonation, and the second suggests that the reactivity of an enol 
molecule is independent of its state of protonotion. Neither 
of these possibilities seems reasonable.

Furthermore, the magnitude of the broadening is too large 
to be explained on the basis of uncatalyzed or proton-cata
lyzed pathways.20 The contribution from these pathways may 
be estimated from data of Banks4 at 1.5 °C that indicate that 
the enol monoanion is more reactive than the dianion and 
from data of Leussing21 at 25 °C which indicate that the enol 
monoanion is also more reactive than the diacid. Conse
quently, the pH rate profile for the enol would be bell shaped. 
However, the maximum contribution to the line width from 
this process is calculated to be only 0.35 Hz at 25 °C or 0.04 
Hz to 1.5 °C. Thus this process cannot account for the maxi
mum observed for A, which is 1.0 Hz larger at pH 3 than at pH 
7, the pH at which the exchange has a negligible effect on the 
line width.

Therefore, to account for the additional line broadening, 
we have considered possible mechanisms of keto-enol tau- 
tomerisim that are consistent with eq 1. Equation 1 can be 
rewritten in at least three kinetically equivalent forms: (a) rate 
= * 2[E H -][O A H -], (b) rate =  k2(KailK a2)[W -][OkYi2], and
(c) rate = k2(K&JKâ ^M^[Ok'l~]. Form b can be interpreted 
mechanistically in terms of general acid catalysis and form c 
in terms of general base catalysis. Form a is consistent with 
either type of catalysis and with concerted general acid plus 
general base catalysis. We would like to identify the form that 
is kinetically most significant and to determine if there are any 
special bifunctional catalytic effects operating.

One approach to the detection of bifunctional catalysis is 
the comparison of the catalytic activities of monofunctional 
and bifunctional molecules using the Brônsted relationship. 
Unfortunately, experimentally determined Brônsted coeffi
cients are not available, and it is necessary to estimate values 
for two of the possible five reaction pathways as discussed 
below.22

For a monofunctional acid such as acetic acid for which data 
are available, general acid catalysis of the reaction of the enol 
dianion (form b) and general base catalysis of the reaction of 
the enol monoanion (form a) are kinetically equivalent, and, 
therefore, if the Brônsted relations are obeyed, the coefficients 
are related by a +  0 =  1.0. Scheme I shows the usual mecha
nisms for general acid and base catalysis of keto-enol tau- 
tomerization. Because of the kinetic equivalence it is impos
sible to know a priori which of the two slow steps is actually 
the rate-determining step. That is, in the absence of experi
mental Brônsted coefficients, any extrapolation from the 
observed catalytic coefficient of one catalyst to a predicted 
coefficient for some other catalyst must be done using the 
probable Brônsted coefficients for each of the pathways in 
Scheme I.

Our estimates of Brônsted coefficients are based on an ob
servation by Bell23 that the 0 for carboxylate ion catalyzed 
ionization of ketones is a function of the acidity of the ketone. 
Thus, for a general base-catalyzed reaction (involving the slow 
step of the lower pathway of Scheme I) we estimate 0 = 0.52, 
the value for the carboxylate-ion-catalyzed enolization of 
benzoylacetone, which has nearly the same pK a as 4-ethyl 
oxaloacetate ion.24 To estimate the Brônsted coefficient for 
a general acid-catalyzed reaction (involving the upper path
way of Scheme I) we make use of the fact that a' = 1 — 0’ , in

Scheme I

General acid catalysis

OH +OH
I slow N

- o 2o ch= c — c o r  +  h a  .--------  _o 2c c h —  c — c o r
i

o
fast 11

+  A ' " 0 2CCH2— CCO,~ +  HA

General base catalysis

OH O

I fast I ,
h o 2c c h = c — c o r  +  A-  HO,CCH=C— CO-r

0

slow 11
+  HA ar=  a HO.CCH.CCOr +  A~ 

II
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which 0' is the Bronsted coefficient for the single step ~ 0 2C- 
CH2C (0 H + )C 0 2-  +  A -  —  - 0 2C C H = C (0 H )C 0 2-  +  HA. 0'
is expected to be smaller than 0 because the CH protons of the 
carbonyl-protonated oxaloacetate are much more acidic than 
those of carboxyl-protonated oxaloacetate. The difference, 
0 — 0', for the oxaloacetate system is estimated to be 0.43, 
which is obtained from the values (0.88 and 0.45)23’25 for the 
corresponding reactions for acetone. This approximation that 
0 — 0' is the same for both acetone and oxaloacetate systems 
seems justified because the difference in acidity between the 
CH2 protons in I and II is about the same as the corresponding 
difference between protonated acetone and acetone (Apiia 
= —11 and —14, respectively).26 Thus, 0' for oxaloacetate is 
the difference between 0.52 and 0.43, and a' is 1 — 0' or 
0.91.

With these values for a' and d, data for the catalysis of 
keto-enol tautomerization by acetic acid4 can be used to es
timate the effectiveness of other monofunctional catalysts. 
First consider kinetic form b, according to which OAH2 acts 
as a general acid toward E2 - . For this form, a value of k2K a J 
K a2 = 150 M -1 s-1 can be calculated using the average of the 
values of fe2 given in Table II and the values of K ai and K a2 at 
pH 3.7. This can be compared to a value of 140 M -1 s-1 ob
tained by extrapolation of Banks’4 value of 1.2 M -1 s-1 for 
acetic acid catalysis at 1.5 °C using the Bronsted relation and 
a' = 0.91. According to this comparison, the observed catalysis 
is no greater than expected for monofunctional general acid 
catalysis by OAH2.30'31

It is also possible to make the comparison in terms of the 
kinetically equivalent action of OAH-  or acetate ion on the 
(carboxyl protonated) enol monoanion. For form a, the aver
age of the values of fe2 given in Table II is 6 M -1 s-1 , which can 
be compared to a value of 0.8 M -1 s-1 . The latter value was 
obtained by a Bronsted extrapolation of the corresponding 
rate constant (12 M -1 ) that was calculated from the data of 
Banks4 for acetate catalysis on the enol monoanion using 0 =  
0.52. Thus, monofunctional general base catalysis according 
to form a cannot account for the observed exchange rate. Al
lowing that 4-ethyl oxaloacetate anion is a good model for the 
principal protonated form of OAH~, the line width for the 
ester in the presence of formic acid provides information that 
also appears to preclude this mechanism. Assuming that the 
exchange rate makes a negligible contribution to the line width 
for the ester enol CH proton resonance at pH 6.5, the excess 
line width at pH 3.72 in the presence of 1 M formic acid is 0.14 
rad/s. Thus, the upper limit for the rate constant is calculated 
to be 0.28 M -1 s-1 for formate ion catalysis of the ketonization 
of enol of the ester monoanion. Since the formate ion is a 
stronger base than OAH- , this value is an upper limit for 
monofunctional general base catalysis by OAH- . This limit 
is about 20 times smaller than k2 (Table II), indicating that 
monofunctional general base catalysis cannot account for the 
exchange broadening.

The ester results appear to rule out some of the other pos
sible mechanisms also. Acid catalysis by formic acid for ke
tonization of the enol of the ester anion should be similar to 
monofunctional general acid catalysis according to form a. 
Based on the data in the preceding paragraph, the upper limit 
for the rate constant for formic acid catalysis of ketonization 
of the ester monoanion is 0.28 M -1 s-1 . Since the pK a of formic 
acid is lower than pK a2 for OA, this value would be an upper 
limit for general acid catalysis by OAH-  according to form a. 
This value is more than a factor of 20 smaller than k2 in Table 
II; therefore, the contribution due general acid catalysis by 
OAH-  on EH -  appears to be negligible.

The relative importance of form c may also be ascertained 
by reference to the formic acid catalysis for the ester. Since 
the expression &[E- ][HA] is kinetically equivalent to 
&'-[EH][A- ], in which HA is formic acid, an upper limit to k'

can be obtained as feifa(EH)/^a(HA)» which has a value 2.8 M -1 
s-1 . Assuming that the Bronsted relation applies, this value 
may be converted to one for the rate constant for general base 
catalysis by OA2- according to form c. For this purpose, the 
difference between the pK a for formic acid and that for OAH-  
is assumed to be independent of ionic strength. Even if 0 were
1.0, the extrapolated value of the rate constant would be only 
11 M -1 s-1 , which is over a factor of 10 smaller than the value 
for the experimental rate constant in terms of form c, 150 M -1 
s-1 . Thus, the contribution to ketonization rate by form c 
appears small.

According to the discussion above then, general acid ca
talysis by OAH2 of the ketonization of enol dianion (upper 
path of Scheme I) is the only monofunctional process that 
would be expected to be fast enough to explain the bell-shaped 
dependence observed for A for the enol in the pH range 2 to
5. However, none of the discussion presented above precludes 
the possibility of bifunctional catalysis by OAH-  in a general 
acid-general base fashion using the carboxyl and carboxylate 
groups on the OAH-  molecules.32 If the monoanion of malic 
acid is used as a model for OAH-  then the line width data for 
the ester in the presence of 1 M malic acid indicate that this 
path is probably unimportant. At pH 3.65, the line width for 
the enol CH proton of the ester has the same value in the 
presence of either malic or formic acid. If the monoanion of 
malic acid were an effective bifunctional catalyst, its presence 
should result in a larger line width compared to formic acid. 
Thus general acid catalysis by OAH2 appears to be the pre
dominant pathway for the ketonization of the enol.

It is possible that this pathway is more complex than the 
process illustrated in Scheme I. The results for OA do not 
preclude the possibility of intramolecular assistance by one 
of the carboxylate groups. Bell suggests an intramolecular 
contribution in the enolization of 2-oxobicyclo[2.2.2]octane-
1- carboxylic acid catalyzed by acetate ions (or its kinetic 
equivalent, enolization of the carboxylate ion catalyzed by 
acetic acid)6 in the enolization of 2-oxocyclopentanecarboxylic 
acid6 and in the enolization of acetoacetic acid.33 These sug
gestions are based on comparison of the reactivity of a keto 
acid with its corresponding ester, and the intramolecular 
contribution is pictured as an H-bonding or electrostatic 
stabilization of the transition state by the carboxyl group. The 
case for such participation may be stronger than previously 
suggested. The formulation of general acid catalysis in a 
mechanism like that in Scheme I is based on the observation 
that the general acid catalysis of ketonization of an enol and 
hydrolysis of its enol ether proceed with similar rates.34 On 
the other hand, if protonation of the vinyl carbon is facilitated 
by intramolecular interaction between the OH of the enol and 
a carboxylate group, the enol should react considerably faster 
than the corresponding enol ether. In at least one case such 
a comparison is possible. Thus the “uncatalyzed” ketonization 
of the enol of cyclopentanone-2-carboxylic acid6 is at least ten 
thousand times faster than the uncatalyzed hydrolysis of the 
corresponding enol ether.35 For the purposes of this compar
ison, the rate constant for ketonization, &keto> of the enol of
2- oxocyclopentanecarboxylic acid can be calculated using k keto 
= kenoi/Kenoi, in which keno\ is the experimental value of the 
enolization rate constant6 and X enoi = [enol]/[keto]. Since the 
value of K eno\ seems to be unreported, we have used Kem,\ = 
0.064, which is the value for ethyl 2-oxocyclopentanecarbox- 
ylate in ethanol.36 The ketonization rate constant obtained 
in this manner is probably too small, since we have probably 
overestimated K eno\, i.e., for ethyl acetoacetate, K enoi is re
duced by a factor of about 30 when the solvent is changed from 
ethanol to water.37 When the mechanism of OA enolization 
includes intramolecular participation of one of the carboxyl 
groups the distinction between general acid and base catalysis 
may vanish.38 For example, if participation of the /3-carboxyl
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group is involved, then the mechanisms in Scheme I merge to 
one involving the transition state species III.

H

<5-  O' 0  &-

o - V C-
/  \

H H

CO,'

III

Registry No.—Oxaloacetic acid, 328-42-7; oxaloacetic acid enol, 
7619-04-7; oxaloacetic acid hydrate (gem-diol), 60047-52-1; 4-ethyl 
oxaloacetate, 2401-96-9; 4-ethyl oxaloacetate enol, 63797-61-5.
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[keto] is 0.08 (at 38 °C, ref 16), the CH2 protons of I are 12 times less acidic 
than the OH proton. Assuming that the latter is as acidic as the corre
sponding OH in protonated acetone (i.e., pKa =  —2.2, ref 27) the pKa for 
the CH2 protons is obtained as —2.2 +  log 12. A similar approach can be 
applied to acetone using Kenoi =  1.5 X  10-8 (ref 28), pKa of protonated 
acetone given above, and pKa = 20 for acetone (ref 29),
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(30) If the rate constant for OAH-  acting as a general acid toward E2 - is esti
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charged this may be an overestimate. A major contribution from this term 
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(31) A similar procedure has been used to assess possible bifunctional catalysis 
by monoanions of dicarboxylic acids of the enolization acetone: G. E. 
Lienhard and F. H. Anderson, J. Org. Chem., 32, 2229 (1967).

(32) The fact that the experimental rate constant k 2 is considerably larger than 
an estimate obtained via a Bronsted relationship for general base catalysis 
in this case does not necessarily require that OAH-  is an exceptionally 
effective catalyst. It is a consequence of the kinetic equivalence of the 
mechanisms in Scheme I and their respective Bronsted coefficients that 
if an extrapolation (of data for acetic acid catalysis) in terms of the general 
acid-catalyzed pathway gives a rate constant near the experimental value, 
then the extrapolation via the general base-catalyzed pathway must give 
an estimated rate constant that appears to be too small. Nevertheless, this 
argument does not seem sufficient to preclude a process in which OAH-  
acts as a bifunctional catalyst.

(33) R. P. Bell and P. de Maria, Trans. Faraday Soc., 66, 930 (1970),
(34) G. E. Lienhard and T. Wang, J. Am. Chem. Soc., 91, 1146 (1969).
(35) T. H. Fife, J. Am. Chem. Soc., 87, 1084 (1965).
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A series of aromatics was subjected to oxidation by cobalt(III) trifluoroacetate in the presence of a variety of nu
cleophiles. In this manner benzene was successfully halogenated with chloride, bromide, and iodide, and toluene, 
chlorobenzene, and benzotrifluoride were also chlorinated. Attempts to substitute fluoride, cyanide, and nitrate 
onto benzene were thwarted by solvent interference. Nitrite ion was oxidized to nitrogen dioxide and no substitu
tion products were formed. A mechanism involving aromatic radical cations is most consistent for the aromatic- 
chloride-cobalt(III) reactions. However, with many of the other nucleophiles an alternate reaction pathway involv
ing ligand oxidation by metal ion appears more likely.

An interesting type of nucleophilic aromatic substitution 
can be accomplished by reacting nucleophiles with aromatic 
radical cations produced by an appropriate oxidant (eq 1).
Both electrochemical oxidation2 and chemical oxidizing agents 
such as xenon difluoride,3’4 peroxydisulfate,5’6 manganese(III) 
acetate,7'8 and cobalt(III) acetate9 have been effectively used

in this manner. One of the limitations of these reactions, 
however, is the need to use aromatics of somewhat loweT 
ionization potential (i.e., more electron rich).8 Substitution 
of trifluoroacetate for acetate ligands on the cobalt complex 
was found to enhance its oxidative powers,9-11 thus allowing 
radical cations to be formed from benzene and deactivated
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Table I. Chlorination of Benzene

Reactant ratio 
C6H6-C o(T F A )3-LiC l

Products
%  C 6H 5C 1“______%  C e H g O T F “

12:0:3 0 0
1 2 :1 :0 0 39
1 2 :1 : 1 37 30
1 2 :1 : 2 67 6
12:1:3 6 6 0
12:1:5 70 0
12:1 b:3 < 1 0

“ Yield based on 0.5 mol o f product produced per 1 . 0  mol of 
cobalt(III) consumed; OTF = O2CCF3. b Cobalt(III) acetate in 
acetic acid solvent.

aromatics such as chlorobenzene and benzotrifluoride. T he 
radical cations o f  benzene and chlorobenzene underwent tri- 
fluoroacetoxylation with cobalt(III) trifluoroacetate . 10

[o] x -  / H  lo)
ArH — ► A rH + ------► Ar<_ — ► A rX  (1)

X  -H+
T h e purpose o f this study was to  utilize the potent oxidant 

cobalt(III) trifluoroacetate with a series o f  aromatics (anisole, 
toluene, benzene, chlorobenzene, and benzotrifluoride) in the 
presence o f a variety o f  nucleophiles (halides, cyanide, nitrate, 
and nitrite) in an effort to  determine whether the corre
sponding nucleophilic substitution products could be o b 
tained.

Results
Aromatic-Cobalt(III) Trifluoroacetate-Lithium  

Chloride. Initially, a control reaction in which benzene was 
treated with a solution o f  cobalt(III) trifluoroacetate10 ’1 1  was 
perform ed. Phenyl trifluoroacetate was the only product o b 
served (Table I), consistent with an earlier report .10 T he less 
than quantitative yield in the presence o f  excess benzene has 
been suggested to be due to polyphenylated materials arising 
from  side reaction with excess arom atic . 10

Inclusion o f chloride ion (1:1 molar ratio with the cobalt(III) 
salt) led to a 37% yield o f  chlorobenzene and a som ewhat re
duced amount o f  phenyl trifluoroacetate. Increasing the ratio 
o f  chloride ion to cobalt(III) led predominantly or exclusively 
to chlorobenzene (Table I). Since the optim um  reaction con 
dition for chlorination was a 3:1 ratio o f  nucleophile-con-

A number o f  control reactions demonstrated the importance 
o f  this particular cobalt(III) salt. Treatm ent o f  benzene with 
chloride or with chloride and cobalt(III) acetate in acetic acid 
gave no substitution products (Table I).

Reaction o f chlorobenzene using the same conditions as 
with benzene also resulted in chlorination (Table II). T he 
dichlorobenzenes consisted o f  19% ortho and 81% para iso
mers. Treatment o f  chlorobenzene with chlorine in this same 
solvent system both  with and without cobalt(III) trifluo
roacetate gave dichlorobenzenes with an isomer distribution 
o f  ortho/m eta/para =  28/0.3/72.

Though little substitution was observed with benzotri
fluoride under usual conditions, refluxing the mixture (65 °C) 
led to reduction o f  the cobalt(III) com plex and nuclear ch lo
rination products. The isomeric distribution was not deter
mined.

The reaction with toluene resulted in a com plex mixture o f 
products including chlorinated toluenes, dimers, and trimers. 
W ith air present, the major chlorotoluene found was the nu
clear substitution product (ortho/para = 41/59), while a small 
am ount o f  the side-chain product, benzyl chloride, was o b 
served. Under nitrogen, the major chlorinated product was 
benzyl chloride; chlorotoluenes were form ed only in small 
quantities. Control reactions showed that in this solvent 
mixture chlorine reacted with toluene to give an ortho/para 
mixture o f  65/35.

Unlike the other aromatics, the reaction o f anisole with 
chloride ion and cobalt(III) trifluoroacetate gave rise to no 
chlorination products. Instead, p-m ethoxyacetophenone was 
form ed in a very high yield and p ,p '-d im ethoxybiphenyl in 
yields o f  46% (no other isomers found). All the cobalt(III) 
species was reduced in the reaction. A control reaction in 
which the cobalt(III) complex was omitted and lithium acetate 
added instead led to the acetophenone product. This sug
gested that the acetate ligands present in the cobalt salt so 
lution were responsible for the major product observed . 12

Control reactions showed that molecular chlorine, if  
present, would chlorinate anisole (ortho/para = 37/63). 
However, when equimolar amounts o f  chlorine and cobalt(III) 
trifluoroacetate were allowed to compete for a limited amount 
o f  anisole, no chlorination was observed (Table II).

Benzene-Cobalt(III) Trifluoroacetate-Other Nu
cleophiles. When benzene was reacted with lithium bromide 
in the presence o f  cobalt(III) trifluoroacetate, a good yield

taining salt to cobalt(III), these conditions were adopted for (60%) o f brom obenzene was obtained, and no phenyl trifluo- 
most other reactions in the study. roacetate was noted (Table III). M olecular bromine itself in

Table II. Other Aromatics-Co(TFA)3-Chloridea

Aromatic
Registry

no. Reagent Products (% yield) 6

PhCl 108-90-7 Co(TFA)3-L iC lc C6H4C12 (43%, o /p  = 19/81)
PhCl Co(TFA)3-C l2d C6H4C12«' ( o / m/ p  = 27/0.3/73)
PhCl Cl2 C6H 4C12* (o/m /p = 29/0.2/71)
PhCF3 98-08-8 Co(TFA)3-L iC lc C1C6H4CF3 (39%K
PhCH3 108-88-3 Co(TFA)3-L iC lc C1C6H 4CH3 (^5% , o /p  = 41/59)

PhCH3 Cl2

C6H 5CH2C1 (<1%)
C i4H i4* (=5=5%) + C2 iH 2i* (=¿7%) 
ClCgHiCHg6 (o/p  = 65/35)

PhOCH3 100-66-3 Co(TFA)3-L iC P (p-CH 3OC6H4) 2 (46%)

PhOCHs1 Co(TFA)3-C l2d
CH3COC6H4OCH3 (^220% 6) 
(p-CH 3OC6H4)2e + CH3COC6H4OCH3<’

PhOCHa1 Co(TFA)3-C l2d (p-CH 3OC6H2)2<’ + CH3COC6H4OCH3«'

PhOCH3 Cl2
ClC6H4OCH3e (o/p  = 21/79) 
C1C6H 40C H 3* (o/p  = 37/63)

0 Reactions carried out in trifluoroacetic acid-trifluoroacetic anhydride (90/10) solvent with excess aromatic at 25 °C. b Based on 
0.5 mol of product produced per mol of cobalt(III) consumed. c In 1:3 molar ratio. d In 1:1 molar ratio. e Yield not determined.Isomers 
not determined. * Isomer mixtures; tentative identification based on similarity of GC retention times to authentics. h Yield based 
on available acetate is 73%. 1 Arom atic/Co(TFA )3 molar ratio = 1:2.1  Aromatic/Co(TFA )3 molar ratio = 1:1.
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Table III. Reaction of Other Nucleophiles with Benzene- 
________________________Co(TFA)3°________________________

C6H6 +  Co (TFA)3 - ^ , X  = % C 6H 5X b % C 6H502CCF3b

Br- 60 0
I- 38 0
F- 0 2 0
F -c 0 30
C N - 0 56
N 0 2-d 0 0

NO3- 0 2 0  c
I2 83« 0

V . 0 0
I- f 0 0

Br 2f 251« 0

a Mole ratio of benzene/cobalt(III)/nucleophile = 12:1:3. 
°  Yield based on 0.5 mol of product formed per mol of cobalt(III) 
consumed.c With added 15-crown-5. d Nitrogen dioxide fumes 
were observed. e In addition, nitrobenzene (>200%) was obtained; 
the limiting reagent in this process is the nitrate anion accounting 
for the high yield based on cobalt(III). f No Co(TFA)3 used. 
S These yields are based on cobalt(III) in comparable runs; based 
on the halogens, they are 14% for I2 and 42% for Br2.

the same solvent system but without the cobalt(III) salt ef
fectively produced bromobenzene (Table III).

The reaction of benzene with sodium iodide and cobalt(III) 
trifluoroacetate gave a moderate yield of iodobenzene (Table
III). Three control reactions were performed in this solvent 
mixture with various potential iodinating species. Without 
cobalt(III) trifluoroacetate neither sodium iodide nor mo
lecular iodine was able to cause iodination. However, iodo
benzene was formed when molecular iodine was used in con
junction with cobalt(III) trifluoroacetate.

An attempt to fluorinate benzene by employing lithium 
fluoride along with the cobalt(III) salt was made. Fluo- 
robenzene was not obtained; phenyl trifluoroacetate was the 
only substitution product observed (Table III). Even the use 
of the crown ether, 15-crown-5, with lithium fluoride in an 
effort to enhance the nucleophilic properties of the fluoride13 
did not promote fluorination.

None of the anticipated substitution product, benzonitrile, 
was detected when benzene was reacted with cyanide and the 
cobalt(III) salt. Instead, a 56% yield of phenyl trifluoroacetate 
was obtained (Table III).

Upon introduction of sodium nitrite into the cobalt(III) 
system, no substitution products of any type were formed. 
Instead, a brown gas (N 0 2) was observed above the reaction 
mixture immediately after mixing.

An attempt was made to substitute nitrate onto benzene 
to form an aryl nitrate. Instead phenyl trifluoroacetate and 
a large yield of nitrobenzene were the only aromatic products 
(Table III). Nitrobenzene was also obtained in a control ex
periment involving all reactants with the exception of the 
cobalt(III) salt. This suggested the formation of an active 
migrating agent such as trifluoroacetyl nitrate,14 1, from ni
trate and solvent (eq 2).

(CF3C 0 )20  +  N 0 3-  —  CF 3CO N O 3 +  CF3CO 2-  (2)
1

Discussion
A number of possible mechanisms exist for systems in which 

an aromatic and a nucleophile are subjected to a strong oxi
dant. Equation 1 shows one possibility, a radical cation 
mechanism, where the oxidant is cobalt(III) trifluoroacetate. 
A second pathway would involve the preferential oxidation 
of nucleophile by the cobalt(III) salt (eq 3) followed by sub
stitution (electrophilic or radical) of the resultant species onto

the aromatic (eq 4).16 Some controversy over which scheme 
is operative has appeared in the literature for a number of 
chlorination reactions.616

2C o(III)
2 X -  — ► X 2 (3)

-2 C o (H )

X 2 +  ArH -*  ArX +  H X  (4)

The mechanism felt to be most consistent with the results 
in the cobalt(III)-LiCl-aromatic reactions is the radical cation 
scheme (eq 1, [O] = Co(III), X -  = Cl- ). The net stoichiometry 
is shown in eq 5.

ArH +  2Co(02CCF3)3 +  LiX —  ArX
+  2Co(0 2CCF3)2 +  CF3C 0 2H +  L i0 2CCF3 (5)

Few reaction pathways are open to the radical cations 
formed from deactivated (electron poor) aromatics; thus 
chlorination by way of chloride ion attack (eq I) was the major 
reaction with benzene, chlorobenzene, and benzotrifluoride. 
Chloride ion, being a better nucleophile than trifluoroacetate, 
effectively competed at lower concentrations and dominated 
trapping of the radical cation at higher concentrations (Table 
I). The need to react benzotrifluoride at elevated temperatures 
was consistent with its hesitancy towards radical cation pro
duction as measured by its higher ionization potential.10

Toluene is even more readily oxidized to a radical cation 
than is benzene, yet poorer substitution yields were noted. 
This is due primarily to the tendency of toluene radical cation, 
2, to lose a proton-forming benzyl radical (eq 6). Evidence for 
this competing process was the identification of benzyl chlo
ride (eq 7a) and oligomeric toluenes (eq 7b) among the prod
ucts.10

C6H 5CH;)+ • -  C6H 5CH2 • (6)
2

c 6h 5c h 2

Cl-
C o(III)

-C o (I I ) c ,h 5ch3

—H*

C ,H 5CH 2C1

C ,4H 14

(7a)

(7b )

The isomer distributions of the chlorotoluenes and di
chlorobenzenes obtained from toluene and chlorobenzene, 
respectively, were different from those obtained from mo
lecular chlorine in the same solvent system (Table II). This 
would be expected if a radical cation mechanism were in
volved.

The failure to observe chloroanisoles from anisole-lithium 
chloride-cobalt(III) trifluoroacetate was somewhat perplex
ing. Apparently the anisole radical cation undergoes reaction 
with another anisole molecule leading to the observed dimer 
(eq 8) more readily than it undergoes attack by the chloride

H
CtH 5OCH3*- + C„H 5OCH 3 -+ CH 3OC6H ^ - ~ C 6H4OCH 3

+/
H

Co(III)
-Co(II)

■2T4 +
------ »  CH 3OCtH4C 4H4OCH 3 (8 )

nucleophile (eq 1). Kochi has reported such a reaction for 
radical cations o f electron-rich aromatics10 and others have 
also noted the occurrence of dimerization for methoxy-sub- 
stituted rings in radical cation systems.17 Eberhardt18 has 
observed the failure of the anisole radical cation to react with 
water as the nucleophile to yield the corresponding phenol, 
whereas with the radical cations of fluorobenzene and toluene • 
this process proceeded smoothly.

An additional probe for the involvement of molecular 
chlorine was an experiment in which cyclohexene, which reacts
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readily with molecular chlorine,19 was added to lithium 
chloride-cobalt(III) trifluoroacetate both with and without 
added benzene. In the former case no chlorinated cyclohexane 
products were found while in the latter cyclohexyl chloride 
was pinpointed among a complex product mixture. Appar
ently simple aromatics are oxidized in preference to chloride 
ion in this system.

With more readily oxidized ligands, the evidence for radical 
cation participation diminishes. Although bromination and 
iodination of benzene might involve the radical cation process 
(eq 1), the alternate scheme (eq 3 and 4) becomes more likely. 
In fact electrochemical iodinations occur by the latter mech
anism.20

Molecular iodine itself and also the iodide ion were shown 
to be ineffective iodinating agents in the trifluoroacetic 
acid-anhydride media (Table III). However, when molecular 
iodine was added directly to the cobalt(III)-benzene system 
in the same solvent, iodination did in fact occur. Other studies 
have shown that aromatic iodinations require relatively re
active iodinating agents. 19 The bromination control also 
demonstrates that either process (eq 1 or eq 3 and 4) could 
account for the observed bromobenzenes.

A definitive example of preferential interaction of the co- 
balt(III) complex with the nucleophile rather than with the 
aromatic occurred when nitrite was incorporated into the 
system. Oxidation to nitrogen dioxide (eq 9) took place as 
evidenced by the brown gas above the reaction mixture. No 
aromatic substitution products were formed, implying that 
all the cobalt(III) was reduced by nitrite.

C o (I I I )
N02-  — ► N02 (9)

—C o (I I )

The rationale for failure to substitute fluoride or cyanide 
ions under the influence of cobalt(III) trifluoroacetate is 
probably due to their protonation by the strongly acid solvent, 
thus greatly reducing their nucleophilicity. Solvent interfer
ence also prevented nitrate substitution by formation of tri- 
fluoroacetyl nitrate (eq 2 ), an eventual nitrating agent (vide 
supra). In all three cases only the trifluoroacetate ligand was 
left to react with the radical cation.

Experimental Section

The organic reagents, shown to be greater than 99% pure by GC, 
were used directly as were the reagent grade inorganic salts. Co
balt! Ill) acetate was prepared from the corresponding cobalt(II) salt 
by ozonolysis11 and was shown to be 84% pure by iodometric titra
tion.

Authentic aryl trifluoroacetates were prepared from the appropriate 
phenol (0.05 mol) and trifluoroacetic anhydride (0.071 mol) and pu
rified by direct distillation. In this manner, phenyl trifluoroacetate 
(bp 145-146 °C), o-methoxyphenyl trifluoroacetate (bp 191-193 °C), 
m-methoxyphenyl trifluoroacetate (bp 195-196 °C), and p- 
methoxyphenyl trifluoroacetate (bp 196-199 °C) were prepared. 
p-Methoxyacetophenone was prepared from p-hydroxyacetophenone 
and dimethyl sulfate.21 Most other compounds needed as authentics 
in this study were commercially available.

For all reactions run in this study, the cobalt(III) trifluoroacetate 
salt was formed “ in situ” by dissolving cobalt(III) acetate in a mixture 
of trifluoroacetic acid and trifluoroacetic anhydride.1011 Verification 
of ligand exchange to produce the desired species was obtained from 
visible spectra.

Reaction of Aromatics with Cobalt(III) Trifluoroacetate and 
a Nucleophile. General Procedure. The aromatic to be reacted 
(0.047-0.065 mol) was dissolved in a portion of trifluoroacetic acid 
(15-40 mL). Whenever a nucleophile was also to be reacted, it was 
added as the sodium or lithium salt (0.005-0.015 mol) to this same 
portion of solvent. The cobalt(III) acetate (0.005 mol) was dissolved 
in a second portion of solution (10-15 mL) consisting of a mixture of 
trifluoroacetic acid and trifluoroacetic anhydride (50% by volume). 
When dissolution of solids was complete, the two solutions were 
rapidly mixed and allowed to react to completion at a temperature 
of 25 °C. In general, the presence of oxygen did not affect the reaction. 
The only exception was the case with toluene as the reactant.

The completeness of reaction was judged by color change (the co- 
balt(II) complex is violet whereas the cobalt(III) complex is green) 
as well as by iodometric titration to determine cobalt(III) remain
ing.

The reaction vessel was heated to 65-70 °C whenever the reaction 
did not proceed readily at 25 °C.

In reactions in which crown ethers were used, the appropriate crown 
ether (15-crown-5) was added to the reaction in small amounts, while 
all other reaction conditions remained constant.

Control reactions involving only cobalt(III) trifluoroacetate, 
halogen, or the nucleophile with the aromatic were run under analo
gous conditions.

Identification of Organic Products. Comparison of GC retention 
times of products from the reaction mixtures directly or from base- 
washed ether extracts to those of the appropriate authentics consti
tuted one method of product analysis. A Hewlett-Packard Model 
5830A GC equipped with dual columns (1.67 ft X  0.125 in. stainless 
steel UCW-982/Chromosorb W and 6 ft X  0.125 in. stainless steel 
OV-225/Chromosorb W), hydrogen flame ionization detectors, and 
programmable console was used for this purpose.

In addition the ether extracts of most reaction mixtures (after base 
extraction) were subjected to GC-MS analysis (Finnegan Model 3000 
with quadrupole mass filter operated at 70 eV and coupled with a 3% 
OV-l/Chromosorb W GC column).

Where authentics were available, consistency between product mass 
spectra and authentic mass spectra confirmed identity. In this manner 
phenyl trifluoroacetate (molecular ion at m/e 190, base peak at m/e 
69), chlorobenzene (molecular ions at m/e 113-115, base peak at m/e 
51), bromobenzene (molecular ions at m/e 156-158, base peak at m/e 
77), iodobenzene (molecular ion at m/e 204, base peak at m/e 51), 
p-methoxyacetophenone (molecular ion at m/e 150, base peak at m/e 
65), and nitrobenzene (molecular ion at m/e 123, base peak at m/e 77) 
were identified. Due to relatively low yields of clorotoluenes and 
benzyl chloride from toluene and o- and p-dichlorobenzene from 
chlorobenzene no mass spectra were obtained. In these cases, iden
tification of these products was based only on comparison of retention 
times with authentics on two dissimilar GC columns.

No chlorobenzotrifluoride or p,p'-dimethoxybiphenyl authentics 
were available; thus mass spectra data alone were used to determine 
product identity. The chlorinated benzotrifluoride mass spectra 
(molecular ion at m/e 180-182, base peak at m/e 59, others in de
creasing intensity at m/e 77, 69, and 146) and the p,p'-dimethoxy- 
biphenyl mass spectra (molecular ion at m/e 214, base peak also at 
214, others in decreasing order at m/e 198,169, 126,137,154) were 
a basis for identification. The melting point for the biphenyl product 
(173 °C) matched that of the literature value.22

Whenever these two techniques left some doubt as to the identity 
of a product, a larger scale reaction was run and products were isolated 
by vacuum distillation. IR and NMR spectra of the products were 
taken and found to be consistent with the structures proposed.

Quantitative product analysis was performed on a measured aliquot 
of the original reaction mixtures by GC after adding an appropriate 
internal standard (chlorobenzene, bromobenzene, iodobenzene, or 
methyl benzoate). Yields were obtained by comparing the relative 
peak areas of the products to those of the internal standard and cor
recting by means of response factors, calculated from mixtures con
taining known concentrations of authentic products (where available) 
plus the marker. Each reaction mixture was marked twice and the 
average value was taken as the product yield. Percent yield was based 
on the stoichiometry of 0.5 mol of product per mol of cobalt(III), the 
limiting reagent (eq 5).

Registry No.—CeH6, 71-43-2; Co(TFA)3, 50517-80-1; phenol,
108-95-2; o-methoxyphenol, 90-05-1; m-methoxyphenol, 150-19-6; 
p-methoxyphenol, 150-76-5; trifluoroacetic anhydride, 407-25-0; 
phenyltrifluoroacetate, 500-73-2; o-methoxyphenyl trifluoroacetate, 
31083-15-5; m-methoxyphenyl trifluoroacetate, 31083-16-6; p- 
methoxyphenyl trifluoroacetate, 5672-87-7; bromobenzene, 108-86-1; 
iodobenzene, 591-50-4; p-methoxyacetophenone, 100-06-1; nitro
benzene, 98-95-3; chlorobenzotrifluoride, 52181-51-8; p,p'-dim- 
ethoxybiphenyl, 2132-80-1.
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Generation of the ylide of methyl 5-deoxy-2,3-0-isopropylidene-5-(triphenylphosphonio)-/J-D-ribofuranoside io
dide (2a) is described. Treatment of the ylide with aldehydes affords good yields of olefinic products of the a-L-lyxo 
configuration, resulting from epimerization of the ylide prior to reaction. Ketones do not react cleanly with the 
ylide. Addition of a proton source to the ylide under appropriate conditions allows the formation of good yields of 
a self-condensation product 14.

The Wittig reaction has been extensively utilized as a 
method of chain extension in the carbohydrate field. 1 Both 
aldehydo and keto sugars have proven amenable to the action 
of stabilized as well as unstabilized phosphorus ylides, and 
many unique and interesting chain-extended and branched- 
chain carbohydrates have been synthesized in this manner. 
The concept of reversing the roles of the two partners in the 
Wittig reaction, that is, the combination of a carbohydrate 
ylide and an aliphatic or aromatic carbonyl compound, has 
received only scant attention. Zhdanov2’3 has generated the 

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

CHX

la , X  = î>Ph3

CH3

as one other carbonyl-stabilized example. Both phosphoranes 
have very low reactivity, as would be expected, and only 
condense with a few activated aromatic aldehydes (p-nitro- 
and o-hydroxybenzaldehyde). Recently, an analogous stabi
lized carbohydrate sulfur ylide lb has been prepared and 
found to react with acrolein and acrylonitrile.4 To further

explore the potential of unstabilized carbohydrate ylides, we 
have examined the generation and reactivity of the ylide de
rived from methyl 5-deoxy-2,3-0-isopropylidene-5-(tri- 
phenylphosphonio)-/5-D-ribofuranoside iodide (2a). Though 
phosphorus-containing carbohydrates have been well stud
ied,5 the only examples of triphenylphosphonium salts appear 
to be those employed as leaving groups in studies on the syn
thesis of a-glycosides.6'7

The major obstacle in the use of an unstabilized carbohy
drate phosphorane is the presence of a leaving group 0  to the 
phosphorus in the vast m a j o r i t y  o f  c a r b o h y d r a t e s .  Generation 
of t h e  phosphorane m i g h t  then be rapidly f o l l o w e d  b y  elimi
nation to form a vinylphosphonium salt. In principle, this 
problem can be approached through experimental manipu
lations (solvents, temperature) as well as by decreasing the 
ability of the 0  substituent to leave. The selection of 2a, with

2a, X  = PPh3r  
2b, X  = I 
2c, X  = OH 
2d, X  = OTs

the 0  substituent additionally attached through the carbon 
chain, should provide a particularly favorable case, since in
tramolecular closure to regenerate the ylide should be possible.
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Precedent for this reversible 0  elimination is found in the ylide 
generated from tetrahydrofurfuryltriphenylphosphonium 
bromide (3), which will condense with carbonyl compounds 
to produce alkenyltetrahydrofurans.8

CH.PPh3
Br~

3

• The synthesis of 2a was accomplished in over 80% yield by 
treatment of methyl 5-deoxy-5-iodo-2,3-0-isopropylidene- 
/3-D-ribofuranoside (2b)9’10 with triphenylphosphine in sul
folane at 110 °C for several days. A number of other conditions 
were examined for this unexpectedly difficult transforma
tion,11 with only the above conditions providing 2a of ac
ceptable yield and purity. The NMR spectrum is somewhat 
unusual in that H-3 (or H-2), a doublet, is shifted downfield 
to 8 5.56, presumably residing in the deshielding region of an 
aromatic ring. Additionally, the chemical-shift difference 
between the isopropylidene methyls is only 0.10 ppm, quite 
narrow, and much different from any other compounds in this 
study. Phosphorus decoupling combined with proton decou
pling at 100 MHz allowed assignment of the resonances of 
2a.

Generation of the red-brown ylide of 2a was carried out in 
2:1 THF-HMPA at —50 °C under nitrogen by the addition 
of 1 equiv of n-butyllithium. As an initial look at the reactivity 
of the ylide, condensation with benzaldehyde at —50 °C pro
vided a 79% yield of two isomeric, olefinic products, readily 
separable by preparative TLC.12 These compounds proved 
to be not of the anticipated /3-D-ribo configuration, but were 
rather the cis and trans isomers 4a and 5a of the a - L - l y x o

4a, R = P h - 
4b, R = pCIPh—
4c, R = pCH 3OPh—

5a, R = P h - 
•5b, R = pCIPh—
5c, R = pCHjOPh—

configuration. Since in principle four configurational variants 
are possible { ( ¡ - D - r i b o ,  a - D - r i b o ,  0 - L - l y x o ,  a - L - l y x o ) ,  the as
signments were confirmed in several ways. The trans nature 
of H-l and H-2 was clear from the sharp H-l singlet for both 
4a and 5a. It was not possible to clearly distinguish 0 - D - r i b o  
and a - L - l y x o  spectroscopically, so we resorted to chemical 
methods to clarify the configuration at C-4. Catalytic reduc
tion (H2,Pd/C) of 4a and 5a both afforded the same com
pound, indicating that they both had the same configuration 
at C-4. Ozonolysis followed by reductive workup (LiAlH4) 13 
also gave the same alcohol 6a from both 4a and 5a. Compari-

6 a, X  = OH 
6 b, X  = OTs 
6 c ,  X  = ?Ph 31-

son of this alcohol with methyl 2,3-0-isopropylidene-/3-D- 
ribofuranoside (2c) by TLC, *H NMR, and 13C NMR clearly

showed it to be a different compound. Methyl 2,3-O-isopro- 
pylidene-a-L-lyxofuranoside (6a) was independently syn
thesized by a recent method14 and shown to be identical to the 
product of ozonolysis-reduction by spectral and TLC com
parison. As a final check, the mixture melting point of the 
p-toluenesulfonate derivative 6b from both routes was un
depressed (a mixture melting point of 2d with 6b derived from 
2a showed a marked depression). Compounds of other con
figurations were not detected in the Wittig reaction. The cis 
isomer 4a ( J 5,6 = 11 Hz) was isolated in 48% yield, with the 
trans isomer 5a (t/ 5,6 = 16 Hz) making up the other 31%. p -  
Chlorobenzaldehyde and p-methoxybenzaldehyde were found 
to react similarly to afford 79% yields, in both cases, of a 
mixture of the cis (4b, c) and trans (5b, c) isomers of the a -  

L - l y x o  configuration.15
Examination of several representative aliphatic aldehydes 

also demonstrated their ability to react with the ylide of 2a. 
Treatment of the ylide at —50 °C with 3-phenylpropional- 
dehyde, butanal, and pentanal, afforded the products 7a-c

7a, R = PhCH2CH2— 
7b, R = CH3CH2CH2 

7c, R = CH 3(CH 2)3-

in yields of 85, 66 , and 65%, respectively. In all three cases only 
a single isomer of the a - L - l y x o  configuration was produced.15 
The cis or trans nature of the double bond in these cases could 
not be unequivocally established.

That the a - L - l y x o  products are formed in all instances of 
condensation with aldehydes indicates that equilibration of 
the 0 - D - r i b o  ylide to the a - L - l y x o  ylide through an open-chain 
structure (8 j=s 9 «=► 10) must be occurring. This equilibration

+ -

must occur very rapidly, since the aldehyde is added shortly 
(within several minutes) after the n-BuLi is added. Inter
estingly, under the standard conditions of the reaction the 
open-chain compound 9 closes back to an ylide rather than 
lose methoxide to form the open-chain aldehyde 11. Isolation 
of the epimerized phosphonium salt 6c proved to be possible 
if the ylide was generated in pure THF and then quenched 
with an excess of Dowex 50 (H+) ion-exchange resin. After 1 
min or so, TLC studies showed no 2a, but only 6c. If the ylide 
is generated at —78 °C and a TLC taken immediately, some 
2a is still present, though epimerization is still very rapid at
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this temperature. A somewhat analogous epimerization 
through an open-chain structure also takes place between 
compounds 12 and 13.16 In this case, the equilibrium lies

12 Tr = trityl 13

unexpectedly far on the side of 13. That 10, with the config
urations at C-2, C-3, and C-4 all c i s ,  is the major epimer upon 
equilibration is also somewhat surprising.

The behavior of the ylide of 2a also was examined with re
spect to ketones. Employing conditions similar to those of the 
aldehyde cases, it was found for all compounds examined 
(acetone, 2 -butanone, 2-pentanone, ethylvinyl ketone, cy
clohexanone, and acetophenone) that a complex mixture of 
products was formed. The major product (20-25%) in all of 
these reactions was identified as 14, with the disubstituted 
double-bond configuration still in doubt. The proton NMR 
of 14 shows four distinct isopropylidene methyl resonances

Scheme I

------- X)I- »• 14 +  Ph,PO +  CH,I
2 ) H+

with ketones. The reactivity of the ylide is apparently lessened 
by steric constraints about C-5, seen not only in the difficulty 
of formation of 2a, but also in the scope of reactivity of the 
ylide. The intramolecular attachment of the /3-leaving group 
of 2a enables the opening and reclosure to the furanoside to 
occur readily, keeping the general structural features intact. 
Our results indicate that the generation of anionic centers on 
other carbohydrates may be feasible with appropriate design 
of the molecule.

Experimental Section

as well as only one methoxyl resonance. Catalytic hydroge
nation produced a compound with all the expected resonances 
for 15, including a newly formed methyl triplet at 5 0.98. In 
addition, ozonolysis-reduction of 14 afforded the a - L - l y x o  
alcohol 6a, confirming the configuration at C-4. Formation 
of 14 must be the result of condensation of the vinyl phos
phonium aldehyde 11 with the ylide 10 followed by loss of the 
phosphorus moiety. This self-condensation product can be 
formed in 64% yield if the ylide generated in 2:1 THF-HMPA 
is simply quenched with an excess of Dowex 50 (H+). The 
other isolated product (94%) is triphenylphosphine oxide. One 
possible mechanism is shown in Scheme I. After condensation 
to afford the salt 16, both methoxide (0.5 equiv) and iodide 
(1.0 equiv) are present. Attack by methoxide at phosphorus 
would give the pentavalent phosphorus intermediate 17. Io
dide attack on the methoxyl carbon would result in the for
mation, after protonation, of 14, triphenylphosphine oxide, 
and methyl iodide. Gas chromatographic analysis of the crude 
reaction mixture indicates the presence of methyl iodide.17 
Ample literature precedent exists for this type of attack on 
phosphorus in other systems,18 and a related cleavage of a 
vinyltriphenylphosphonium salt with methoxide has also been 
carried out.19

To summarize, it is possible to generate the ylide 10 and 
carry out high-yield condensations with aldehydes, but not

Melting points were determined on a Thomas-Hoover capillary 
melting-point apparatus and are corrected. Infrared spectra were 
recorded on a Perkin-Elmer 467 grating infrared spectrophotometer. 
'H NMR spectra were measured with Varian A-60A or EM-360 in
struments, and 13C NMR spectra with a Bruker WP 80; chemical 
shifts in CDCl:j are expressed in parts per million downfield from 
internal tetramethylsilane. Decoupling experiments on phosphonium 
salts 2a and 6c were carried out on a Varian HA-100 spectrometer. 
Ozone was generated with a Welsbach Ozonator T-408. Microanalysis 
was done by Galbraith Laboratories, Inc. The mass spectrum was 
recorded with an AEI-MS9 spectrometer at 70 eV.

Tetrahydrofuran (THF) was dried by distillation from sodium and 
benzophenone. Hexamethylphosphoric triamide (HMPA) was dried 
by distillation from calcium hydride. Tetramethylene sulfone was 
dried by distillation from KOH.

Methyl 5-Deoxy-2,3-0-isopropylidene-5-(triphenylphos- 
phonio)-/?-D-ribofuranoside Iodide (2a). A solution of 4.0 g (13
mmol) of methyl 5-deoxy-5-iodo-2,3-0-isopropylidene-d-D-ribofu- 
ranoside (2b)9’10 and 3.67 g (14 mmol) of triphenylphosphine in 4.5 
mL of tetramethylene sulfone was heated at 110 °C for 64 h. The 
yellow solution was diluted with 80 mL of chloroform followed by 
~700 mL of ether. The mixture was cooled to -7 8  °C to ensure com
plete precipitation of the salt, which was then filtered and washed with 
ether, affording 6.16 g (84%) of colorless crystals. Recrystallization 
from ethyl acetate-methanol provided analytically pure material: mp
177.5-179 °C; IR (KBr) 3050, 2990, 2930,2830, 2775,1589,1487,1441, 
1385,1108 cm“ 1; NMR (100 MHz) 5 7.61-8.09 (m, 15, ArH), 5.56 and
4.78 (2 d, 2, J  = 6 Hz, H,, H:1), 4.83 (s, 1, Hi), 4.45-5.0 (m, 2, H,„ Hs'), 
3.47-3.85 (m, 1, H4), 2.87 (s, 3, OCH:)), 1.27 and 1.37 [2.s, 6, C(CH;!)2]. 
Phosphorus decoupling simplified H4 (dd, J4,5 = 10 Hz, J 4-5- = 12 Hz), 
H5, and H5'. Irradiation of H2 collapsed Hs to a singlet, and vice - 
versa.

Anal. Calcd for C^HsoICHP: C, 56.25; H, 5.24. Found: C, 56.48; H,
4.99.

General Procedure for Generation of the Ylide and its Con
densation with Aldehydes. A solution of 360 mg (0.625 mmol) of 
phosphonium salt 2a in 3 mL of 2:1 THF-HMPA was cooled to —50 
°C, and n-BuLi (0.625 mmol) was added via syringe. After several 
minutes, a solution of the aldehyde (0.75 mmol) in 0.5 mL of THF was 
added to the red-brown ylide via syringe, and the solution was allowed 
to warm up to -1 0  °C over 45 min. Petroleum ether (38-56 °C) was
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added, followed by extraction with H2O, aqueous NaHS03, and H2O. 
Isolation of the products was accomplished by preparative TLC with 
an ether-petroleum ether eluant. These same relative amounts were 
used for larger scale runs as well.

Methyl (E )- and (Z)-5,6-Dideoxy-2,3-0-isopropylidene-6- 
phenyl-a-L-/yxo-hex-5-enofuranoside (4a and 5a). Condensation 
of 2a (2.16 g, 3.75 mmol) with benzaldehyde afforded 818 mg (79%) 
of a mixture of 4a and 5a, after separation by preparative TLC.

4a (48%): mp 58.5-60 °C; IR (KBr) 3085, 3045, 2995, 2945, 2925,
2845.1645.1600.1577.1497.1455.1380.1218.1105 cm“ 1; NMR b 7.33 
(s, 5, ArH), 6.84 (d, 1, J = 11.5 Hz, H6, A of ABX), 5.79-6.17 (m, 1, H6, 
B of ABX), 4.95 (s, 1, H,), 4.53-4.90 (m, 3, H2, H3, H4), 3.35 (s, 1, 
OCH3), 1.35 and 1.53 [2 s, 6, C(CH3)2],

Anal. Calcd for Ci6H2o04: C, 69.54; H, 7.29. Found: C, 69.60; H,
7.16.

5a (3196): mp 65.5-67 °C; IR (KBr) 3028, 2988, 2925, 2892, 2836,
1655.1598.1578.1494.1453.1382.1214.1105 cm“ 1; NMR 5 7.37 (m, 
5, ArH), 6.77 (d, 1, J  = 15.5 Hz, Hfi, A of ABX), 6.13-6.50 (m, 1, Hs, 
B of ABX), 4.95 (s, 1, H,), 4.47-4.82 (m, 3, H2, H3, H4), 3.38 (s, 1, 
OCH3), 1.33 and 1.51 [2 s, 6, C(CH3)2],

Anal. Calcd for C 1BH2„0 4: C, 69.54; H, 7.29. Found: C, 69.88, H,
7.23.

Methyl (E)- and (Z)-6-(p-ChIorophenyl)-5,6-dideoxy-2,3-
0-isopropylidene-a-I,-/yxo-hex-5-enofuranoside (4b and 5b).
Condensation of 2a (576 mg, 1.0 mmol) with p-chlorobenzaldehyde 
afforded a total of 245 mg (79%) of 4b and 5b after separation by 
preparative TLC.

4b (2996): mp 58-59.5 °C; IR (KBr) 3005, 2995, 2940, 2905, 2832, 
1654,1593,1490,1382, 1218,1100 cm“ 1; NMR 6 7.25 (s, 4, ArH), 6.71 
(d, 1, J  = 11 Hz, H(i, A of ABX), 5.73-6.1 (m, 1, H5, B of ABX), 4.91 
(s, 1, H,), 4.47-4.77 (m, 3, H2, H3, H4), 3.35 (s, 3, OCH3), 1.33 and 1.52 
[2 s, 6, C(CH3)2).

Anal. Calcd for C i6H19C104: C, 61.83; H, 6.16. Found: C, 62.01; H,
6.30.

5b (50%); mp 70.5-72 °C; IR (KBr) 3072, 3045, 3028, 2990, 2978, 
2960, 2930, 2895, 2835,1655,1592,1495,1375,1105 cm“ 1; NMR & 7.30 
(s, 4, ArH), 6.68 (d, 1, J  = 15.5 Hz, H6, A of ABX), 6.05-6.43 (m, 1, H5, 
B of ABX), 4.92 (s, 1, H,), 4.42-4.77 (m, 3, H2, H3, H4), 3.37 (s, 3, 
OCH3), 1.31 and 1.49 [2 s, 6, C(CH3)2],

Anal. Calcd for C i6H]9C104: C, 61.83; H, 6.16. Found: C, 62.11; H,
6.32.

Methyl (E)- and (Z)-5,6-Dideoxy-2,3-0-isopropylidene-6- 
(p-methoxyphenyl)-a-L-/yxo-hex-5-enofuranoside (4c and 5c). 
Condensation of 2a (1.728 g, 3.0 mmol) with p-methoxybenzaldehyde 
affords 727 mg (79%) of a 4c and 5c mixture (an oil), which is partially 
separable: IR (mixture, neat) 3040, 2990, 2935, 2840,1645 (br), 1608, 
1513,1387,1378,1260,1103 cm“ 1; NMR (4c) b 7.07 (m, 4, ArH), 6.78 
(d, 1, J  = 11.5 Hz, Hfi, A of ABX), 5.68-6.02 (m, 1, H5, B of ABX), 4.95 
(s, 1, HO, 4.53-4.92 (m, 3, H2, H3, H4), 3.83 (s, 3, ArOCH3), 3.38 (s, 3, 
OCH3), 1.35 and 1.53 [2 s, 6, C(CH3)2]; NMR (5c) b 7.07 (m, 4, ArH),
6.66 (d, 1 ,J  = 15.5 Hz, Hfi, A of ABX), 5.96-6.34 (m, 1, Hr„ B of ABX),
4.90 (s, 1, HO, 4.39-4.75 (m, 3, H2, H3, H4), 3.80 (s, 3, ArOCH3), 3.37 
(s, 3, OCH3), 1.32 and 1.50 [2 s, 6, C(CH3)3].

Anal, (mixture) Calcd for Ci7H220 5: C, 66.65; H, 7.23. Found: C, 
66.29; H, 7.16.

Methyl 5,6,7,8-Tetradeoxy-2,3-0-isopropylidene-8-phenyl- 
a-L-/yxo-hept-5-enofuranoside (7a). Condensation of 2a (360 mg, 
0.625 mmol) with 3-phenylpropionaldehyde affords 161 mg (85%) of 
one oily isomer: IR (neat) 3085, 3065, 3030, 2990, 2935, 2860, 2835, 
1686,1603,1498,1456,1383,1375,1100 cm“ 1; NMR b 7.18 (s, 5, ArH), 
5.42-5.98 (m, 2, Hs, Hfi), 4.83 (s, 1, Hi), 4.15-4.67 (m, 3, H2, H3, H4),
3.28 (s, 3, OCH3), 2.25-2.93 [m, 4, -(CH 2)2-], 1.28 and 1.44 [2 s, 6, 
C(CH3)2],

Anal. Calcd for Ci8H240 4: C, 71.02; H, 7.95. Found: C, 71.05; H,
8.00.

Methyl 5,6,7,8,9-Pentadeoxy-2,3-0-isopropylidene-a-L- 
iyxo-non-5-enofuranoside (7b). Condensation of 2a (1.077 g, 1.87 
mmol) with butyraldehyde affords 300 mg (66%) of one oily isomer: 
IR (neat) 3035, 2990, 2958, 2935, 2875, 2835,1660,1463,1387,1377, 
1216, 1109 cm“ 1; NMR b 5.47-6.02 (m, 2, H5, H6), 4.92 (s, 1, H4),
4.58-4.85 (m, 3, H2, H3, H4), 3.33 (s, 3, OCH3), 1.92-2.38 (m, 2, allylic 
CH2), ca. 1.48 (m, partially hidden, 2, CH2CH2CH3), 1.33 and 1.48 [2 
s, 6, C(CH3)2], 0.93 (t, 3, J  = 6 Hz, CH2CH3).

Anal. Calcd for C13H220 4: C, 64.43; H, 9.15. Found: C, 64.59; H,
9.19.

Methyl 5,6,7,8,9,10-Hexadeoxy-2,3-O-isopropylidene-a-L- 
fyxo-dec-5-enofuranoside (7c). Condensation of 2a (360 mg, 0.625 
mmol) with n-pentanal affords 104 mg (65%) of one oily isomer: IR 
(neat) 3040, 2990, 2955, 2935, 2878, 2865, 2835,1661,1471,1462,1387, 
1377,1216,1107 cm -1; NMR b 5.43-6.0 (m, 2, H6, H6), 4.90 (s, 1, Hi),

4.49-4.86 (m, 3, H2, H3, H4), 3.37 (s, 3, OCH3), 1.89-2.52 (m, 2, allylic 
CH2), 1.41 (m, partially hidden, 4, -CH 2CH2CH3), 1.33 and 1.48 [2, 
s, 6, C(CH3)2], 0.91 (t, 3, J  = 6 Hz, CH2CH3).

Anal. Calcd for Ci4H240 4: C, 65.59; H, 9.44. Found: C, 65.75; H,
9.55.

Epimerization of 2a. Formation of Methyl 5-Deoxy-2,3-0- 
isopropylidene-5-(triphenylphosphonio)-a-L-lyxofuranoside 
Iodide (6c). To a solution of 360 mg (0.625 mmol) of phosphonium 
salt 2a in 7 mL of THF at -4 0  °C was added 0.7 mmol of n-BuLi. 
After 3 min an excess of Dowex 50 (H+) was added with stirring. The 
resin was filtered off and washed with THF, and the filtrate was 
evaporated to dryness. Purification by preparative TLC (elution with 
95:5 CH2C12-CH 30H ) gave 184 mg (51%) of the colorless epimerized 
semisolid salt: IR (KBr) 3053,2990,2935,2868,2835,1587,1488,1450, 
1388,1098,1013 cm "1; NMR (100 MHz) b 7.44-8.06 (m, 15, ArH), 5.10 
(m, 1, H3), 4.75 (s, 1, Hr), 4.53 (d, 1, J = 6 Hz, H2), 4.44-4.93 (m, 2, 
partially hidden, H5, H5 ), 3.61-3.90 (m, 1, H4), 2.64 (s, 3, OCH3), 1.32 
and 1.51 [2, s, 6, C(CH3)2]. Phosphorus decoupling (100 MHz) sim
plified H3 (dd, J 2,y, = 6 Hz, J 3>4 = 3 Hz), H4, H5, and Hs-.

Self-condensation of Ylide 10. Production of Methyl
5,6,9,10-Tetradeoxy-2,3:7,8-di-O-isopropylidene-D-g7ycero- 
/J-D-gu/o-deca-5,9-dienofuranoside (14). To a solution of 360 mg 
(0.625 mmol) of phosphonium salt 2a in 3 mL of 2:1 THF-HMPA at 
-50  °C under nitrogen was added 0.726 mmol of n-BuLi. After 3 min, 
0.5 g of Dowex 50 (H+) was added, the solution gradually lightening 
to a pale yellow. The solution was warmed to —10 °C, benzene added, 
and the resin filtered off and washed. The organic layer was washed 
with H20, dried, and concentrated. Purification was accomplished 
by preparative TLC (elution with 3:1 petroleum ether-ether) to afford 
65 mg (64%) of a colorless oil: IR (neat) 3085, 3050, 2990, 2935,2835, 
1646,1607,1597,1457,1378 cm "1; :H NMR b 4.45-6.12 (m, 10, H2_9, 
H10, Hiod, 4.85 (s, 1, HO, 3.33 (s, 3, OCH3), 1.29,1.40,1.45,1.50 [4 s, 
12, 2 C(CH3)2]; 13C NMR (multiplicity in off resonance decoupling 
measurement) 5 25.0,25.6,26.2,28.1 [4 q, 2 C(CH3)2], 54.7 (q, OCH3),
74.9, 75.5, 79.9, 81.3 (4 d, C2, C3, C7, C8), 85.3 (d, C4), 107.4 (d, CO,
109.0,112.6 [2, s, 2 C(CH3)2], 117.9 (t, CH2=C H ), 127.2,130.9,134.3 
(3 d, 3 C H =).

Anal. Calcd for Ci7H260 6: C, 62.56; H, 8.03. Found: C, 62.79; H,
7.92.

Hydrogenation of 14. Formation of Methyl 5,6,9,10-Tetrade- 
oxy-2,3:7,8-di-0-isopropylidene-D-g7ycero-/S-D-gu/o-decofu- 
ranoside (15). A mixture of 80 mg of 14 (0.245 mmol) and 10 mg of 
10% Pd/C in 4 mL of ethanol was hydrogenated (Parr shaker) at 2 atm 
for several hours. The catalyst was filtered off and washed with eth
anol. Removal of solvent was followed by purification by preparative 
TLC (elution with 4:1 petroleum ether-ether) afforded 58 mg (72%) 
of oily 15: NMR b 4.83 (s, 1, HO, 4.45-4.69 (m, 2, H2, H3), 3.78-4.25 
(m, 3, H4, H7, Hg), 3.31 (s, 3, OCH3), 1.68 (m, partially hidden, 6, 3 
CH2), 1.30,1.33,1.46 [3 s, 12, 2C(CH3)2], 0.98 (t, 3, CH3CH2); mass 
spectrum calcd m/e 330.2042; found m/e 330.2048.

General Procedure for Ozonolysis-Reduction of 4a-4c, 5a-5c, 
7a-7c, and 14. Formation of Methyl 2,3-O-Isopropylidene-a- 
L-lvxofuranoside (6a). Ozone was passed through a hexane solution 
of the olefinic carbohydrate derivative for 5 min at 0 °C; nitrogen gas 
was then passed through, and an excess of an ethereal solution of 
LiAlH4 was added at -3 0  °C. The solution was warmed to RT, heated 
at reflux 1 h, and worked up by addition of H20  to quench the excess 
LiAlH4 followed by dilution with ether and extraction. The organic 
layer was dried and concentrated, and the alcohol 6a14 was separated 
by preparative TLC (elution with 1:2 petroleum ether-ether): 13C 
NMR b 24.7, 26.0 [C(CH3)2], 54.7 (OCH3), 61.0 (C6), 79.6, 80.3, 85.3 
(C2, C3, C4), 107.2 (Ci), 112.8 [C(CH3)2], For comparison purposes: 
13C NMR (2c) b 24.7,26.3 [C(CH3)2], 55.4 (0CH3), 64.0 (C5), 81.4,85.7,
88.3 (C2, C3, C4), 110.0 ( ¿ 1), 112.1 [C(CH3)2], Specific assignments 
for C2, C3, and C4 in both cases are not known.
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Treatment of trimethylene a-bromoalkylboronate esters in ether at —78 °C with a wide variety of organolithium 
and Grignard reagents results in an essentially quantitative replacement of the «-bromine substituent by the corre
sponding organic group. Simple distillation provides, in high yield and purity, many novel, highly substituted orga- 
noboronate esters not available via hydroboration.

Organoboronate esters, RB(OR')2, are becoming increas
ingly important as intermediates in organic synthesis. For 
example, their reaction with lithium aluminum hydride, 
LiAlH4, or aluminum hydride, AIH3, provides essentially 
quantitative yields of the corresponding monoalkylboranes, 
RBH2.2 Their reaction with Grignard reagents provides a 
route to mixed trialkylboranes.3 In addition, organoboronate 
esters can make more efficient use of the boron-bound alkyl 
groups in certain synthetic transformations involving orga
noboranes where the utilization of only one alkyl group is in
herent in the reaction. In these particular cases, only one-half 
of the alkyl groups, R, in dialkylborinates, R2BOR', and only 
one-third of the alkyl groups in trialkylboranes, R3B, would 
be utilized.4"6 This would seriously limit the synthetic utility 
of the reaction if the alkyl group was derived from a valuable 
intermediate. The promising synthetic potential of organo
boronate esters in such situations has recently been demon
strated by D. A. Evans.4 It was shown that in stereospecific 
olefin syntheses leading to prostaglandins the use of organo
boronate esters can overcome the inefficient utilization of the 
alkyl group in trialkylboranes.

Perhaps the most convenient route to organoboronate esters 
is via hydroboration of olefins and acetylenes with catechol- 
borane7 or dihaloboranes8 followed by esterification (eq 1).

X2BH + CH2=CHR — X 2BCH2CH2R (1)

Hydroboration of olefins followed by subsequent redistribu
tion of the trialkylboranes with boron halides9 or borate es
ters10 also provides a facile route to alkylboronate esters (eq 
2).

BH3 + 3CH=CHR —-*- B(CH2CH2R) 3

2 B X 3
— *■ 3X2BCH2CH2R (2)

However, certain organoboronate esters cannot be obtained 
directly by hydroboration due to the remarkable regioselec- 
tivity inherent in the hydroboration reaction.6 Hydroboration 
of terminal olefins places the boron predominantly at the 
terminal carbon. Hydroboration of 1-substituted cycloalkenes 
places the boron nearly exclusively at the 2 position. While this 
exceptional regioselectivity has important implications in 
organoborane chemistry, it precludes, with few exceptions,6’11, 
the synthesis of tertiary organoboranes by direct hydrobora
tion (eq 3 and 4).

Furthermore, certain groups, such as methyl, alkynyl, 
benzyl, propargyl, and many allyl, cannot be attached to boron 
through the hydroboration reaction.

A great deal of progress has been made in the synthesis of 
“ mixed” trialkylboranes possessing groups not available via 
simple hydroboration.12"15 However, the synthesis of orga- 
noborate esters of this class is quite limited.16
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Possible routes to these organoboronate esters have been 
suggested in the literature. We reported that treatment of 
B-a-bromoisopropyl-9-borabicyclo[3.3.1]nonane with methyl- 
lithium provides an essentially quantitative yield of B- tert-  
butyl-9-borabicyclo[3.3.1]nonane, unavailable via hydrobo- 
ration (eq 5) .12

Rathke reported that diisopropyl dichloromethylboronate 
reacts with organolithium and organomagnesium reagents to 
provide secondary organoboronate esters (eq 6 ).17

Cl2CHB(OR )2 +  2rc-C4H9Li —  (n-C4H9)2CHB(OR )2 (6 )
45%

Matteson observed that the «-bromine in dibutyl 1- 
bromo-3,3,3-trichloropropylboronate could be substituted in 
variable yields by ethyl and certain aryl Grignard reagents (eq 
7) .18

Cl3CCH2CHB(OBu>2 +  RMgX — * Cl;OCHX'HB(()Bu )2 (7)

Br R

Unfortunately, the full synthetic scope and generality of 
these potentially valuable reactions have not yet been exam
ined. This may have been due in part to the limited number 
of synthetic routes to the a-haloalkylboronate ester precur
sors.

We recently reported a convenient procedure for the syn
thesis of a wide variety of a-bromoalkylboronate esters in high 
yields (eq 8 ).19

P ~ \
(CH3)2C— B̂  H R M

I V )— '
Br

+ MBr

(9)

1 2

Results and Discussion
2-(l-Bromo-l-methylethyl)-l,3,2-dioxaborinane (1) (tri

methylene a-bromoisopropylboronate) was selected as a 
representative substrate for study. Treatment of 1 in ether at 
—78 °C with methyl lithium or primary alkyl lithium reagents 
such as n-butyllithium results in quantitative substitution of 
the a-bromine by the organometallic reagent. Simple distil
lation provides the highly substituted alkylboronates in high 
yield and purity (eq 10).

O
(CH3)2C— B

Br
0

+  CH3CH2CH2CH,Li

CH:)
0

CH,CH2CH,CH2C— B
I <

CH:)

( 10)

More reactive lithium reagents, such as isopropyllithium, 
give substantially lower yields of alkylated product. However, 
the corresponding Grignard reagent provides an essentially 
quantitative yield of the thexylboronate ester (eq 11).

1 +  (CH3),CHMgBr

CH3 ch3
I I P ~ \

CH— C— B >
I I w
CH, CH,

( 11)

Only with the exceptionally hindered reagents, tert-bu- 
tyllithium and teri-butylmagnesium chloride, does the re
action, at present, fail to provide high yields (eq 12).

1 +  (CH3)3CM

CH3 CH; 

CH3C— C—  

CH„ CH3
M =  MgCl, 11% 
M =  Li, 7%

( 12)

Perhaps, even these low yields might be considered ac
ceptable in view of the anticipated difficulties in making the 
exceptionally hindered triptylboronate ester by other meth
ods.

Aryl organometallics, such as phenylmagnesium bromide, 
react cleanly with 1 to provide high yields of organoboronate 
esters with a-aryl substitution (eq 13).

These easily obtainable a-bromoalkylboronate esters 
should permit a facile entry into previously unattainable or
ganoboranes. However, most of these compounds possess a 
tertiary a-bromine, a feature not present in previous reactions 
of organometallics with a-haloalkylboronate esters. Thus, 
investigation appeared desirable to determine if such tertiary 
a-bromoalkylboronate esters 1 could be converted into new, 
highly substituted organoboronate esters 2 by reaction with 
representative organometallics (eq 9).

1 +  ^  y — MgBr —  ^  ^ — C— B; ° 3  (13)

c h 3 °

Propargylboronate esters have been shown to undergo 1,2 
additions to aldehydes and ketones,20 but the synthesis of 
propargylboronate esters is generally difficult.21 Yet, alkynyl- 
lithium reagents, such as 1-hexynyllithium, readily react with 
1 to provide high yields of the corresponding propargylboro
nate ester (eq 14).

Alkenyllithium reagents react with 1 to provide tertiary 
allylboronate esters which cannot be obtained via hydrobo-
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Table I. Preparation of 2-Alkyl-l,3,2-dioxaborinanes by Reaction of Organolithium and Grignard Reagents with
2-(l-Bromoalkyl)-l,3,2-dioxaborinanes

2-(l-Bromo-
alkyb-1,3,2-

dioxaborinane
Registry

no.
Organolithium or 
Grignard reagent

Registry
no.

2-Alkyl-1,3,2- 
dioxaborinane 

B -alkyl
Yield,“ % 
(isolated)

Bp, °C 
(mm, Hg)

1 62930-29-4 RM 2
1 CH3Li 917-54-4 1,1 -Dimethylethyl 100 (90) 78-80 (72)
1 n-C4H9Li 109-72-8 1,1 -Dimethylpentyl 100
1 i-CsHyMgBr 75-26-3 1,1,2-Trimethylpropyl 97b (88) 74-75 (13)
1 f-C4H9MgCl 507-20-0 1,1,2,2-Tetramethyl- 11“

propyl
1 C6H5MgBr 108-86-1 1-Methyl-l-phenyl- 96d (92) 67-68 (0.05)

ethyl
1 n-C4H9C=CLi 17689-03-1 l,l-Dimethyl-2- 91

heptynyl
1 cis-(n- C6H13)- 56318-79-7 (Z)-l,l-Dimethyl-2- 85e (77) 79-80 (0.04)

CH=CH(Li) nonenyl
1 irons-(n-CeHi3)- 37730-25-9 (E)-l,l-Dimethyl-2-nonenyl 85f (73) 83-85 (0.05)

CH=CH(Li)
3 62930-31-8 4
3 CH3Li 1-Methylcyclopentyl 99 (89) 53-56 (3)
3 n-C4H9Li 1 -Butylcyclopentyl 99 (90) 85-87 (3)
3 C6H5MgBr 1 -Phenylcyclopentyl 94 (97) 64-67«

“ GLC yields for 2-mmol reactions. Isolated yields for 20-30-mmol reactions. 6 Isopropyllithium gave 17%. c ieri-Butyllithium gave 
7%. d Phenyllithium gave 71%. e Product is >95% Z isomer, f Product is >95% E isomer. « Melting point from petroleum ether.

ration or the reaction of the corresponding allylic organome- 
tallic reagents with boronate esters or boron halides. Signifi
cantly, (Z)- or (E )-l -octenyllithium reacts with complete re-

1 +  n-C4H9C=CLi

CH:,
I P ~ \

n-C4H9C = C — C— ) (14)
I 0 — '

CH,

tention of configuration. Such a development holds great 
promise for natural products and pharmaceutical chemistry 
(eq 15 and 16).

The alkylation reaction of lithium and Grignard reagents 
with trimethylene a-bromocyclopentylboronate also gives 
excellent results (eq 17). It should be applicable to other a-

Br q  R q__cHD+em ~~ h,)
3 4

bromoalkylboronate esters, thus providing a facile procedure 
for the synthesis of a wide variety of novel, highly substituted 
organoboronate esters not readily available by other methods. 
We have thus far explored the reaction from the standpoint 
of its synthetic applications. It appears the mechanism would

P ~ \
(CH3)2C— B̂  )

I 0 — '
Br

(18)

be the same as previously proposed by Matteson (eq 18).18 
The results of this study are summarized in Table I.

Summary

It is evident that the substitution of the a-bromine in a- 
bromoalkylboronate esters by reaction with organolithium 
and Grignard reagents provides a convenient procedure for 
the synthesis of many highly substituted organoboronate es
ters not readily available via hydroboration or other methods. 
Such novel organoboranes as tertiary alkyl-, benzyl-, and 
propargyl-, and stereospecific allylboronate esters are now 
available for the expanding scope of organoborane chemis
try.

As a synthetic tool, alkyl halides are among the most ver
satile class of organic compounds. Likewise, organoboranes 
are exceedingly useful intermediates for further synthetic 
transformations. The a-bromoboranes are a class of easily 
obtained compounds possessing both of these desirable 
functionalities. Undoubtedly, they hold great promise for 
future synthetic developments.

Experimental Section
General Comments. General procedures for the manipulation of 

air-sensitive materials have been described elsewhere.6 Trimethylene 
«-bromoalkylboronate esters were synthesized as described pre
viously.19 Methyl, n-butyl-, isopropyl-, and phenyllithium were 
commercially available (Alfa, Aldrich) and standardized by the 
Watson-Eastham method.22 The 1-hexynyllithium was prepared as 
a 0.5 M ether solution by a literature method.15 The (Z)- and (£)-
1-octenyllithium reagents were prepared as 0.5 M ether solutions from 
the pure (Z)- and (E)-l-iodooctenes23 by the method of Corey and 
Beames.24 The Grignard reagents were prepared by the usual proce
dures25 and standardized by the Watson-Eastham method. 'H NMR 
spectra were recorded on a Varian T-60 (60 MHz) in CDCI3 using 
(CH3)4Si (& 0 ppm) as an internal standard. Infrared spectra were
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Table II. Selected 'H NMR Spectral Data o f  RC(CH;i)2Bv

CH,
| O— CH2.

RCB^ CH2 3
| X )— CH 2^

c h 3

Obtained From Reaction o f  1 with RM

R Registry no 5
S C-l 

(s, 6 H)
5 C-2 

(t, 4 H)
5 C-3

(quin, 2 H)

c h 3- 63689-73-6 0.87 (s, 3 H) 0.87 3.97 1.88
(CH 3)2CH—, 63689-74-7 0.77 (d, 6 H) 

1.51 (m , ~1 h)
0.87 3.97 1.88

o -
63869-75-8 7 .0 -7 .4  (m , 5 H) 1.30 3.85 1.73

H 63689-76-9 0.88 (t, ~ 3  H) 0.93 3.97 1.95
1 .6 -  2.3 (m, ~ 2  H)
1.32 (br s, - 8  H)
5.54 (d ,J  = 15 Hz)
5.15 (pair o f  t, J = 15 and 5 Hz)

63689-77-0 0.97 (t, ~ 3  H)
1 .6 -  2.3 (m, ~ 2  H)
1.33 (br s, - 8  H)
5.32 (d, J =  11 Hz)
5.12 (pair o f  t, J = 11 and 5.5 Hz)

1.00 4.00 1.90

recorded on a Perkin-Elmer 137 spectrophotometer and GLC analyses 
were performed on a Hewlett-Packard 5750-B dual thermal-con
ductivity gas chromatograph using a clean 6 ft X  0.25 in. stainless steel 
column packed with 10% SE-30 on acid-washed, DMCS treated 
Chromosorb W for borane analyses and 10% DC 710 for alcohol 
analyses. Normal hydrocarbons (Phillips 99%) were used as internal 
standards. Correction factors were determined using isolated orga
noboranes or alcohols. Boiling points are uncorrected.

General Procedure. A dry flask equipped with magnetic stirrer, 
septum inlet, and pressure-equalized addition funnel was flushed with 
dry nitrogen and maintained under a positive pressure of nitrogen gas. 
The flask was charged with the appropriate trimethylene a-bro- 
moalkylboronate ester and enough absolute ethyl ether to make the 
solution ca. 0.5 M in borane. The flask was cooled in a dry ice/acetone 
cold bath and 1 equiv of the organolithium or Grignard reagent was 
added to the addition funnel and diluted to ca. 0.5 M with ether (for 
methyl- and phenyllithium and Grignard reagents) or pentane (for 
n -butyl-, isopropyl-, and tert-hutyllithium). Theorganometallicre
agent was then added dropwise over 10-15 min while maintaining the 
reaction mixture at -78  to -6 0  °C.26 After the organometallic reagent 
had been added, the addition funnel was washed out with a small 
portion of the appropriate solvent and added over 3-5 min. In the case 
of 1-hexynyllithium and the (Z)- and (E)-l-octenyllithium reagents, 
the reagents were prepared as 0.5 M ether solutions in a separate flask 
at —78 °C and transferred directly to the reaction mixture over 3-5 
min by a cold, double-ended needle. The reaction mixture was stirred 
at -7 8  °C for 10 min and warmed to room temperature where stirring 
was continued for 1.5-2 h. For reaction mixtures analyzed by GLC 
(2-mmol scale), an internal standard was added and the yield of bo
rane determined directly. Alternatively, the success of the reaction 
was determined by oxidation of the reaction mixture with alkaline 
hydrogen peroxide6 and analyzing for the corresponding alcohols by 
GLC analysis. In preparative reactions (20-30-mmol scale), the re
action mixture was freed of partially dissolved magnesium or lithium 
salts by removing volatile components by aspirator vacuum and taking 
up the residue in 30-40 mL of pentane, allowing the salts to settle, and 
transferring the supernatant to a nitrogen-flushed, simple distillation 
apparatus. In order to ensure quantitative transfer of the product, 
the salts were washed one or two times with pentane (20 mL) and the 
washings transferred to the distillation assembly.21 The pentane was 
removed by aspirator and the residual material vacuum distilled. 
Purities were >95% by GLC or ’ H NMR analysis.

Product Identification. Organoborane products were charac
terized spectroscopically by their 'H NMR (Table II) and infrared 
spectra. Further confirmation of the structures was obtained by al
kaline hydrogen peroxide oxidation to give the corresponding alcohols 
in quantitative yields.6 The alcohols were compared to authentic 
samples either commercially available or obtained through the re

action of the lithium or Grignard reagent with the appropriate ke
tone.28 The trimethylene 1,1,2-trimethylpropylboronate, prepared 
by the reaction of isopropylmagnesium bromide and 1, was identical 
to a sample prepared by the reaction of 1,3-propanediol with thex- 
ylborane.611 Stereochemistry of the trimethylene (E)- and (Z )-l,l- 
dimethyl-2-nonenylboronates was established by their 'H NMR and 
infrared spectra.29 The 1H NMR of the E isomer showed resonances 
at ô 5.15 (1 H, doublet of triplets, J -  15 and 5 Hz) and 5.54 (1 H, 
doublet, J = 15 Hz), and the infrared spectra showed medium ab
sorption at 10.2 urn. The *H NMR of the Z isomer showed resonances 
at ô 5.12 (1 H, doublet of triplets, J -  11 and 5.5 Hz) and 5.32 (1 H, 
doublet, J = 11 Hz), and the infrared spectrum showed medium ab
sorption at 13.4 fxm and none at 10.2 (an. The two isomers were 
stereochemically pure (>95%) by 1H NMR.

Registry No.—Isopropyllithium, 1888-75-1; tert-butyllithium, 
594-19-4; phenyllithium, 591-51-5.

References and Notes

(1) (a) Graduate research assistant on Grants MPS 73-05136 A01 and CHE- 
20846 from the National Science Foundation; (b) Kyoto University; (c) Osaka 
University.

(2) H. C. Brown and S. K. Gupta, J. Am. Chem. Soc., 93, 4062 (1971); E. Ne- 
gishi and H. C. Brown, Synthesis, 197 )1972).

(3) S. Cabiddu, A. Maccioni, and S. Mario, Gazz. Chim. Ital., 102, 555 
(1972).

(4) D. A. Evans, T. C. Crawford, R. C. Thomas, and J. A. Walker, J. Org. Chem., 
41,3947(1976).

(5) D. S. Matteson, Acc. Chem. Res., 3, 186 (1970).
(6 ) H. C. Brown, G. W. Kramer, A. B. Levy, and M. M. Midland, "Organic Syn

theses via Boranes", Wiley-lnterscience, New York, N.Y., 1975.
(7) H. C. Brown and S. K. Gupta, J. Am. Chem. Soc., 97, 5249 (1975).
(8 ) H. C. Brown and N. Ravindran, J. Am. Chem. Soc., 98, 1798 (1976).
(9) H. C. Brown and A. B. Levy, J. Organometat. Chem., 44, 233 (1970).

(10) H. C. Brown and S. K. Gupta, J. Am. Chem. Soc., 92, 6983 (1970).
(11) H. C. Brown and G. J. Klender, Inorg. Chem., 1, 204 (1962).
(12) H. C. Brown and N. R. De Lue, J. Am. Chem. Soc., 96, 311 (1974).
(13) H. C. Brown, A. B. Levy, and M. M. Midland, J. Am. Chem. Soc., 97, 5017

(1975) .
(14) G. W. Kramer and H. C. Brown, J. Organometat. Chem., 73, 1 (1974).
(15) H. C. Brown and J. A. Sinclair, J. Org. Chem., 41, 1078 (1976).
(16) The reaction of organometallics with borate esters and boron halides often 

gives low yields of organoborate esters: I. G. C. Coutts and O. C. Musgrave, J. Chem. Soc. C, 2225 (1970), and references cited therein.
(17) M. W. Rathke, E. Chao, and G. Wu, J. Organometat. Chem., 122, 145

(1976) .
(18) D. S. Matteson and R. W. H. Mah, J. Am. Chem. Soc., 85, 2599 (1963).
(19) H. C. Brown, N. R. De Lue, Y. Yamamoto, and K. Maruyama, J. Org. Chem., 

42, in press (1977).
(20) E. Favre and M. Gaudemar, C. R. Hebd. Seances Acad. Sci., Ser. C, 272, 

111 (1971).
(21) E. Favre and M. Gaudemar, Bull. Soc. Chim. Fr., 3724 (1968).



4092 J. Org. Chem., Vol. 42, No. 25, 1977 Plummer, Chihal, D ’Orsogna, and Blenkarn

(22) S. C. Watson and J. F. Eastham, J. Organometal. Chem., 9, 165 (1967).
(23) H. C. Brown, T. Hamaoka, and N. Ravindran, J. Am. Chem. Soc., 95, 5786 

(1973).
(24) E. J. Corey and D. J. Beames, J. Am. Chem. Soc., 94, 7210 (1972).
(25) M. S. Kharasch and O. Reinmuth, ‘ Grignard Reactions of Non-Metallic 

Substances” -, Prentice-Hall, Englewood Cliffs, N.J., 1954.
(26) Rapid addition of concentrated organometallics (~2 M) gave substantially 

lower yields (50-70% ).

(27) The washing procedure can be hastened by transferring the entire mixture 
through a large bore double-ended needle into dry, nitrogen-flushed, 50-mL 
centrifuge tubes capped with rubber septa. The solid can be removed from 
the wash liquid by centrifuging.

(28) J. D. Buhler, J. Org. Chem., 38, 904 (1973).
(29) R. M. Silverstein, G. C. Bassler, and T. C. Morill, "Spectrometric Identifi

cation of Organic Compounds ", 3rd ed, Wlley-lnterscience, New York, N. Y„ 
1974.

Synthesis and Reactions of
T j l O - M e t h a n o - T . S ^ l O . l l j l l - h e x a e h l o r o - y j l O - d i h y d r o f l u o r a n t h e n e 1

Benjamin F. Plummer,* David M. Chihal,2 Desiree D. D’Orsogna,3® and Bruce D. Blenkarn3b

Chemistry Department, Trinity University, San Antonio, Texas 78284 

Received June 6,1977

The synthesis of 7,10-methano-7,8,9,10,ll,ll-hexachloro-7,10-dihydrofluoranthene (3) is reported and its prop
erties are studied. The absorption spectrum of this orange substance shows an enhanced K band that may reflect 
an intramolecular charge-transfer process. When 3 is irradiated with 360-nm light, no quadricyclene is detected 
nor does 3 show any other photochemical reaction at 360 nm. The reaction of 3 with methoxide, ethoxide, and iso- 
propoxide nucleophiles occurs in a stereospecific manner to produce 7,10-methano-6b-alkoxy-7,8,9,10,ll,ll-hexa- 
chloro-6b,7,10,10a-tetrahydrofluoranthene.

We synthesized a quantity of 7,10-methano-7,8,9,10,-
11,11-hexachlorofluoranthene (3) as a compound for photo
chemical study. A molecule containing a norbornadiene 
moiety fused through the 1,2-bridge of acenaphthylene 
seemed a potentially rich source of photochemical intrigue.4 
It was hoped that such a substance would exhibit photo
chemistry similar to that of norbornadiene-l,2-dicarboxylic 
acid anhydride5 and thus be convertible to a quadricyclene 
derivative.6 The bright orange crystals of 3 have currently 
resisted a variety of photolytic ring-closing conditions. 
However, we have found some interesting ground-state 
chemistry associated with 3.

The study of the ground-state properties of 3 described 
herein has its genesis in our early attempts to synthesize 3. 
During these initial studies, by-products were isolated that 
suggested that alkoxy groups were incorporated into the 
structure. Thus, the recent report by Davies and Adams8 
concerning the reaction of nucleophiles with chlorine-sub
stituted norbornadienes stimulated us to explore in detail the 
similar reaction upon 3.

Results and Discussion
The synthesis of 3 involves the thermal [4 +  2] cycloaddition 

of hexachlorocyclopentadiene to acenaphthylene to form 
erado-7,10-methano-7,8,9,10,ll,ll-hexachloro-6b,7,10,10a- 
tetrahydrofluoranthene (l).9’10 This compound was treated 
with NBS in refluxing carbon tetrachloride to form the crude 
monobrominated derivative 2. Subsequent treatment of crude 
2 with warm potassium ferf-butoxide in tert-butyl alcohol 
produced 3 in good yield. The mass spectrometric examination 
of 3 showed the expected isotopic cluster for a six chlorine 
atom containing molecule at M+ of 420 through 426. The base 
peak at m/e 387 (M — 35) showed the isotopic clustering 
characteristic of five chlorine atoms.13 A minor M — 105 
grouping occurred at m/e 315, 317, and 319, suggesting a 
fragment with three chlorine atoms lost. The NMR spectrum 
of 3 showed only the typical aromatic resonances at 7.2-7.8 
ppm.

The UV-visible spectrum of a cyclohexane solution of 3 is 
shown in Figure 1 as compared to acenaphthylene dissolved 
in the same solvent. The feature of major interest is the

bathochromic shift and hyperchromie modification of the 
absorption band of acenaphthylene between 400 and 450 nm. 
This band has been classified as a K transition by Michl14 and 
theoretical CI-SCF-P-P-P calculations indicate that this 
transition involves substantial intramolecular charge transfer 
from the peri bridge to the naphthalene chromophore. The 
enhancement of the K band in 3 may represent additional 
charge transfer involving homoconjugation of the remote di- 
chloroethene ir system with the peri bridge of the acenaph
thylene unit. The recent synthesis and characterization of 
8//-cyclopent[a¡acenaphthylene as orange needles15 casts 
some doubt on the existence of this proposed homoconjugative 
interaction because the remote double bond at position 8 and 
9 is saturated in this molecule. We hope that studies now in 
progress will clarify the spectral interpretations.

The reaction of 3 with various alkoxides was pursued

R-,-CHj -CH2 CHj -CH-CHj 
CH,

analogous to the procedure in prior studies8 by refluxing an 
alcoholic mixture of 3 with the appropriate sodium alkoxide. 
We observed that there were qualitative rate differences and 
that the reaction of 3 with alkoxides occurred in the order
c h 3o -  >  c h 3c h 2o -  >  (CH3)2CHO- » >  (CH3)3CO-
Methoxide and ethoxide addition proceeded smoothly. The 
addition of isopropoxide proceeded with difficulty, and some
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____________Table I. Proton NM R Data, 6 Values______

Compd Registry no. Ha CH______ CH2________ CH3

1 63784-80-5 4.80
2 63784-81-6 5.05
4 63784-83-8 4.18 2.92 (s)
5 63784-84-9 4.18 3.00 (q) 1.15 (t)
6 63784-85-0 4.20 3.30 (m) 0.83, 0.95 (d)
8° 37053-27-3 4.48 3.16
9 fc 36964-07-5 4.71 3.51

0 Hx = 3.98. h Hn = 3.22.

decomposition was found. Within the limits of detection we 
could not find any addition of terf-butoxide to 3.

All reactions showed a high degree of stereospecificity with 
the major isomer being the only product that was isolated. 
GLC analysis of the crude product mixture verified that the 
total percentage of minor components was always less than 
10%. Of the minor components detected, about 30% seemed 
to be one isomer.

The selectivity of the reaction that produces the major 
stereoisomer is supported by several observations. The alkoxy 
adduct is a pure white crystalline substance indicating that 
the ethylene bridge common to acenaphthylene and norbor- 
nadiene is now saturated. The elemental analysis of the 
product is indicative of the retention of all six chlorine atoms. 
If alkoxide were to add at the dichloroethene bridge, 0  elimi
nation of HCI would be anticipated and this is not found. The 
addition of methoxide to 5-phenylhexachloronorbornadiene
(7) is also selective with the phenyl-substituted double bond 
being the site of reaction.8

Figure 1. The ultraviolet-visible absorption spectrum of acenaph
thylene and 7,10-methano-7,8,9,10,11,ll-hexachloro-7,10-dihydro- 
fluoranthene.

The factors that contribute to the selectivity of alkoxide 
addition to 3 are analogous to those that cause more exo 
product than is normally found when 7 is subjected to nu
cleophilic substitution. The transition states leading to the 
alkoxy derivatives of 3 are likely stabilized by significant 
resonance delocalization in the acenaphthylene group as 
suggested in 11. Since the ir system of acenaphthylene can

stabilize negative charge through resonance, the alternative 
addition of alkoxide to the dichloroethylene bridge of 3 is 
expected to have a greater activation energy because chlorine 
will not be as effective in stabilizing negative charge when 
compared to acenaphthylene. Thus, the selectivity is readily 
rationalized and supported by analogy to the transition state 
10 for reaction of 7.

Discrete rather than nonclassical carbanions have been 
proposed for the Birch reduction of benzonorbornadiene.16 
Therefore, it is probable that 3 may also form such interme
diates.

The endo or exo geometry adopted by the attacking nu
cleophile upon 3 is subject to both steric and electronic de
mands made in the transition state. Careful study of molecular 
models allows no clear decision as to which stereoisomer is 
produced during these reactions.17

We attempted to synthesize structures 4, 5, and 6 by an 
alternate route. We envisaged that a Diels-Alder reaction 
between 1-methoxyacenaphthylene and hexachlorocyclo- 
pentadiene would produce the desired compound whose 
stereochemistry would be predictable from the Alder Rule.11 
Unfortunately, the reactions studied to date have not satis
factorily produced the product we desire.

The 'H NMR spectra of the various compounds are re
corded in Table I. The chemical shifts for proton Ha are con
sistent for the compounds 4, 5, and 6, suggesting identical 
geometry for all the adducts. We have tried to find other 
model systems for a comparison of chemical shifts in the hope 
that NMR data would indicate a trend that would allow us to 
make stereochemical assignments. The Ha protons for 8 and 
9 resonate at lower field and differ substantially in their en
vironment from adducts 4,5, and 6. The [4 + 2] endo adduct 
derived from tetrachlorocyclopentadienone and acenaph
thylene shows a chemical shift for Ha of 4.35 ppm while the 
analogous exo adduct has a shift for Ha of 4.49 ppm.18 The 
endo and exo [4 + 2] products derived from the reaction of 
acenaphthylene and cyclopentadiene show chemical shifts of
4.04 and 3.52 for Ha, respectively.19 These bridge protons show 
nonsystematic behavior, and consequently are .not reliable 
indicators of endo or exo stereochemistry.

The chemical shifts and multiplicities of the various alkoxy 
compounds are those expected for these substituents. The 
NMR spectrum of isopropoxy adduct 6 shows clear evidence 
of the diastereotopic relationship of the two methyl groups. 
The quasitriplet at a field width of 500 Hz is resolved upon 
scale expansion into a set of close-lying doublets, J  = 4.8 Hz. 
We have also observed that scale expansion of the proton 
resonance for Ha in 4, 5, and 6 shows a perturbation of this 
signal. We surmise that some weak long-range coupling is 
occurring. Perhaps the closest ortho hydrogen to Ha undergoes 
a weak spin-spin interaction with Ha.
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We are currently studying reductive dehalogenation of the 
structures 3, 4, 5, and 6 and wish to report an initial experi
ment. We initiated these studies in the hope that the reduced 
products would lead to a prediction of the endo or exo geom
etry of the alkoxy substituent. The results are interesting but 
not definitive-.

When methoxy compound 4 is treated with hydrogen over 
Pd/C in the presence of triethylamine (TEA) and the hydro
genation interrupted early in the reaction, NMR analysis of 
the crude product shows the presence of one hydrogen atom 
at & 3.75. as well as Ha at <5 4.0. We suggest that the chlorine at 
the 11 position anti to the dichloroethene bond is first to be 
removed by virtue of homoconjugative assistance from the 8,9 
7r bond. Subsequent attack by hydrogen is then anti to the it 
bond. Further reduction occurs at the dichloroethene bond 
to form compound 12.

Dissolving metal reductions have been shown to selectively 
substitute the anti-chlorine with hydrogen in 1,2,3,4,7,7- 
hexachloro-5-endo-acetoxybicyclo[2.2.1]2-heptene.20 How
ever, when these same investigators used TEA and H2/Pd/C 
they found that chlorine removal from the geminal position 
did not occur in competition with saturation of the ethene 
bridge.

Our results are contrary to this observation but seem in
ternally consistent if the peri-fused naphthalene is endo to the
8,9 7r bond of 4. This endo position would add some steric in
terference to catalytic hydrogenation of the 8,9 r  bond of 4 
allowing the rate of hydrogenation of the 11-geminal chlorine 
group to become competitive as enhanced by homoconjugative 
assistance.

The NMR spectrum of 12 is complex with a series of over
lapping multiplets occurring in the range <5 2.0-3.05 and 
overlapping the methoxy protons at 5 2.92. Two perturbed 
singlets occur at 5 3.35 and 3.75. We tentatively conclude that 
the 5 3.75 signal is associated with the 11-bridge proton and 
that the perturbation of this singlet results from long-range 
W coupling with the endo protons now at positions 8 and 9. 
The perturbed singlet at & 3.35 is therefore assigned to bridge 
proton Ha whose chemical shift is affected by the loss of the 
unsaturation and chlorine atoms and whose perturbation 
results from weak W coupling21 with the exo bridge protons 
at positions 8 and 9 as well as with the ortho hydrogen on the 
aromatic ring.

We shall report in future publications the results of con
tinuing studies on the synthesis of complex strained-ring 
derivatives of 3 as well as their attendant chemistry.

Experimental Section22
Materials. Acenaphthylene (Tech) was repeatedly crystallized 

from methanol and treated with charcoal. Hexachlorocyclopentadiene 
(Aldrich) was vacuum distilled. N-Bromosuccinimide was recrys
tallized from water and dried. Fresh potassium ierh-butoxide was used 
directly from the bottle.

endo-7,10-Methano-6b-bromo-7,8,9,10,ll,ll-hexachloro- 
6b,7,10,10a-tetrahydrofluoranthene (2). A mixture of 8.5 g (0.02 
mol) of l ,9 150 mL of carbon tetrachloride, 0.10 g of azobis(isobuty- 
ronitrile) and 7.12 g (0.04 mol) of A'-bromosuccinimide was refluxed 
by the radiant energy from a 150-W sun lamp for 26 h. At 6-h intervals 
an additional 0.1 g of AIBN was added. The cooled, brown solution 
was suction filtered, the filtrate was treated with decolorizing carbon, 
and after a second filtration the filtrate was subjected to vacuum ro
tary evaporation. The resulting pale yellow solid was recrystallized 
from cyclohexane to produce 6.3 g (70%) of off-white crystals: mp

185-190 °C; IR (KBr) 3035, 2945, 1590 cm -'; NMR (CC14)6 7.3-7.8 
(ArH), 5.05 (ArCH) ppm.

7.10- Methano-7,8,9,10,11,1 l-hcxachloro-7,10-dihydrofluor- 
anthene (3). A solution of 40.5 g (0.08 mol) of 2 and 10.2 g (0.09 mol) 
of potassium ieri-butoxide in 750 mL of dried left-butyl alcohol was 
heated to 50 °C and magnetically stirred under a nitrogen atmosphere 
for 6 h. After cooling to room temperature, the excess alkoxide was 
destroyed by adding 20 mL of ice water. The solution was then made 
neutral by the addition of cold 6 N HC1 and the solids were collected 
by filtration. The filtrate was vacuum rotary evaporated yielding an 
orange solid. All collected solids were combined and suspended in 
boiling hexane which was filtered hot to remove inorganic salts. The 
filtrate upon cooling to -1 0  °C for 24 h produced orange crystals: mp
169.4-169.9 °C (90%); \ma*C6H‘2 nm (<, M“ 1 c m '1) 281 (5600), 340 
(14 000), 357 (7200), 363 (7200), 400 (300); IR (KBr) 3045,1580 cm "1; 
NMR b 7.3-7.95 (ArH); mass spectrum, 70 eV, m/e (relative intensity) 
426 (3), 425 (1), 424 (6), 423 (1), 422 (8), 421 (1), 420 (3), 391 (21), 390 
(13), 389 (70), 388 (20), 387 (100), 386 (13), 385 (64), 342 (2), 340 (6), 
338 (5), 319 (6), 318 (3), 317 (20), 3i6 (3), 315 (20).

Anal. Calcd for Ci7H6C16: C, 48.27; H, 1.43; Cl, 50.29. Found: C, 
48.37; H, 1.35; H, 1.35; Cl, 50.30.

Synthesis of 7,10-Methano-6b-alkoxy-7,8,9,10,l 1,11-hexa- 
chloro-6b,7,10,10a-tetrahydrofluoranthene. A mixture of 1.0 g 
(2.37 mM) of 3 and 50 mL of absolute alcohol solvent containing 0.5 
g (22 mM) of dissolved sodium was refluxed gently for 6 and 24 h, 
depending upon the alkoxide used. The bright orange diene slowly 
dissolved and the mixture became pale yellow to dark brown, de
pending upon the alcohol used. After reflux, the cooled mixture was 
carefully quenched with 100 mL of ice-cold 0.1 N HC1. This mixture 
was extracted with three 50-mL portions of dichloromethane, and the 
combined CH2CI2 extracts were treated with decolorizing carbon, 
dried over anhydrous MgS04, filtered, and vacuum rotary evaporated. 
The resulting off-white solid was dissolved in a minimum amount of 
hot methanol and allowed to crystallize at 0 °C for 24 h. The methoxy, 
ethoxy, and isopropoxy substituents were made in this manner.

Methoxy Substituent 4: mp 132-133 °C (90%); NMR <5 2.95 (3 H, 
CH3, s), 4.1 (1 H, ArCH, s), 7.35-7.9 (6 H, ArH); IR (KBr) 3045, 2940, 
2925, 2810, 1595, 1190, 1155, 1110, 1040, 975, 905, 780 c m '1. Anal. 
Calcd for Ci8H j0C16O: C, 47.51; H, 2.22; Cl, 46.53. Found: C, 47.66; H, 
2.19; Cl, 46.75.

Ethoxy Substituent 5: mp 111-112 °C (25%); NMR b 1.15 (3 H, 
CH3, t), 3.0 (2 H, CH2, q), 4.1 (1 H, s), 7.4-7.9 (6 H, ArH, m); IR (KBr) 
3045, 2960, 2920, 2880, 1595, 1240, 1200, 1170,1108, 1050, 910, 865, 
775 cm“ 1. Anal. Calcd for C19H,2C160 : C, 48.67; H, 2.56; Cl, 45.36. 
Found: C, 48.48; H, 2.77; Cl, 44.73.

Isopropoxy Substituent 6: mp 159-160 °C (10%); NMR 5 0.83 (3
H, CH3, d), 0.95 (3 H, CH3, d), 3.30 (1 H, (0)C (H )>, m), 4.1 (1 H, 
ArCH, s), 7.4-7.9 (6 H, ArH, m); IR (KBr) 3045,2960,2910,1595,1240, 
1205,1170,1125,1100,1060,1055,950, 845, 780 cm -1. Anal. Calcd for 
C20H14C160: C, 49.74; H, 2.90; Cl, 44.05. Found: C, 49.90; H, 2.90; Cl,
43.75.

7.10- Methano-6b-methoxy-7,10-l l,trichloro-6b,7,8,9,10,10a- 
hexahydrofluoranthene (12). A mixture of 15 mL of absolute 
methanol, 0.175 g (0.38 mM) of 4, 0.1 g (0.95 mM) of triethylamine, 
and 20 mg of 10% Pd/C catalyst was placed in a Parr medium-pressure 
hydrogenator. The system was pressurized to 50 psi with H2 and 
shaken. After 2 h of agitation, an additional 20 mg of catalyst was 
added, and the system was repressurized to 50 psi and shaken an 
additional 2.5 h. The mixture was filtered and the filtrate vacuum 
rotary evaporated to produce a pale yellow oil. This oil was mixed with 
50 mL of CCI4 and washed with three 25-mL portions of H2O, and the 
organic phase was dried over MgS04. Vacuum rotary evaporation of 
the dry CC14 solution produced an off-white crystalline substance that 
was vacuum dried at 1 mmHg. The solid was recrystallized from 
hexane to produce 0.072 g (53%) of 12: mp 119-120 °C; NMR b
I. 95-3.05 (4 H, CH2CH2, m) 2.95 (3 H, OCH3, s), 3.35 (1 H, s), 3.8 (1 
H, s), 7.2-7.8 (6 H, ArH); IR (KBr) 3045, 2995,2947,2820,1590,1295, 
1245,1230,1178,1090,1032,984,922,875,785, cm -1. Anal. Calcd for 
C18Hi5C130: C, 61.16; H, 4.24; Cl, 30.08. Found: 61.10; H, 4.18; Cl,
29.98.
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The Diels-Alder cycloaddition of vinyltriphenylphosphonium bromide (4) with a variety of 1,3-dienes generated 
the unsaturated cyclic phosphonium salts 3 in excellent yield. Wittig condensation of the ylides of 3 with aldehydes 
afforded the alkylidene derivatives. In addition, the known Diels-Alder adducts 13 were prepared from diethyl ke- 
tomalonate (12) and 1,3-dienes. These dihydropyrans could be transformed, via diacids.14, to (¡,7 -unsaturated val- 
erolactones 15 by either lead tetraacetate mediated oxidative decarboxylation or by the Curtius degradation.

The Diels-Alder reaction figures prominently in the arse
nal of organosynthetic reactions, and a wealth of knowledge 
exists concerning reactivity profiles, regioselectivity, and 
stereochemistry of the 4 + 2 cycloaddition reaction.2 In recent 
years the construction of synthetic equivalents for unreactive 
dienophiles such as ketene3 and allene4 has extended the scope 
of this cyclization reaction to the production of cyclohexene 
systems not normally generated by this thermal process. This 
report relates the development of two such Diels-Alder 
equivalents: an allene equivalent5 capable of introducing the 
-C H 2C(— CHR)- group in a Diels-Alder sense, and a carbon 
dioxide equivalent6 which places the -O C (= 0 ) -  group into 
the cycloadduct.

Results and Discussion

General Allene Equivalent. Two isomeric Diels-Alder 
products may be realized from the 4 +  2 cyclization between 
alkyl-substituted allenes and 1,3-dienes (eq l).7 It was felt that

1 2

an allene equivalent capable of producing the alkylidene 
moiety in 2 might be obtained from the intermediate 3 via a 
Wittig transformation (Scheme I). Cycloadduct 3 might then

Scheme I

S  ^ P « y U B r -

(4 + 2 ) L  +  I'
4

be obtained using the Diels-Alder transform, thus requiring 
a 1,3-diene and vinyltriphenylphosphonium bromide (4) as 
starting materials.

Indeed, vinyltriphenylphosphonium bromide8 underwent 
smooth Diels-Alder reaction with a number of dienes at ele
vated temperatures to afford the desired adducts in excellent 
yield as shown in Table I. Cycloadducts 3a-e were recovered 
as powders after recrystallization. These new phosphonium 
salts could be readily converted to the ylides by treatment with 
lithium diisopropylamide at —78 °C in tetrahydrofuran. Ad
dition of a slight excess of aldehyde at 0 °C followed by 
warming to room temperature afforded the alkylidene de
rivatives as shown in Table II. Formaldehyde, aliphatic and 
aromatic aldehydes, and a,)3-unsaturated aldehydes under
went condensation and the desired olefins were obtained in 
good yield although, in some cases, product volatility con-
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Table I. D iels-Alder Adducts o f  4 with 1,3-Dienes

Registry
no. Diene

Yield,“
Adduct %

106-99-0

78-79-5

513-81-5

542-92-7

592-57-4

1.3- Butadiene

Isoprene

2.3- D im ethyl-1 
butadiene

3a a .P(C„H;,>:£r
93 

90 b 

92

9 0 “

9 6 “

“ Yields are reported after recrystallization from  CHC13 -  
E t,0 . b The para isomer was found in greater than 90% ex 
cess over the meta isomer. See ref 14. “ Both ‘ H and 31P 
NMR methods failed to allow analysis o f  en do :exo  isomer 
ratio. 13C NMR spectrometry did reveal a ratio o f  approxi
mately 80 :20 ; however, exact structure assignment was not 
possible.

tributed to substantial decreases in the actual quantity iso
lated.

It is well docum ented that aliénés possessing electron- 
withdrawing groups undergo D iels-A lder reactions in gener
ally good yield across the a ,fi portion o f the allenic ir-bond 
system.7b Condensation o f the ylide o f the bicyclic ph osph o
nium salt 3d with glyoxal monodiethyl acetal9 led to isolation 
o f a mixture o f  Z  and E  isomers o f  the conjugated aldehyde 
6  (required for another study) following treatment o f  the crude 
acetal Wittig product with silica gel in pentane (eq 3). M ild

Table II. Wittig Condensations o f  3a-e with Aldehydes

R R
Registry

no.
Phosphonium

salt
Registry

no. Aldehyde P roduct“ Yield ,b %

63797-62-6 3a 100-52-7 C6H 5CHO 5a Q ^ CsH' 78

63797-63-7 3b c 6h 5c h o 5b X T ' “ 80

54222-64-9 3c c 6h 5c h o 5c X T ' “ 75

3d c 6h 5c h o 5d 81

H. .*0

3d 5344-23-0 (C 2H50 ) 2CHCH0 6

(£ )-6 0 %  < Z > - 40%

3e C6H5CHO 5e A
85

3e 50-00-0 CH20 (g )o r (C H 20 )„
7 V H-

50

3e 111-71-7 n-C6H 13CHO 8 63

3e 4170-30-3 CH3CH =CH C H O «  X S — - , 30

“ Am ounts o f  Z  and E isomers were not determined except in 6 . 6 Yields are reported after chromatographic purification.
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Scheme II

oxidation of this aldehyde using activated manganese dioxide 
and sodium cyanide10 afforded the methyl ester in excellent 
yield.

Furthermore, vinyltriphenylphosphonium bromide may 
also be considered as a ketene equivalent as demonstrated 
below using 3e (eq 4). By bubbling a stream of oxygen through

(4)

a solution of the ylide at room temperature,11 the bicyclic 
ketone 10 could be generated.

One particular limitation of the Wittig reaction is its failure 
to allow formation of tetrasubstituted olefins.12 For example,

P(C6H5)3 ) = o

------ H—

an attempt at the synthesis of the natural product terpino- 
lene13 11 by condensation of acetone with the ylide of 3b led 
to recovery of starting material after 24 h.

Carbon Dioxide Equivalent. To complete the triad of 
Diels-Alder equivalents for carbon and oxygen cumulated 
systems, a study was undertaken to develop a method for the 
introduction of the -0 C (= 0 )~  group into the 4 + 2 cycload
duct. Of the myriads of known carbonyl compounds, only a 
few have been shown to act as dienophiles in the Diels-Alder 
reaction.15 Diethyl ketomalonate8 (12) is one such species, and 
its Diels-Alder adducts with a variety of 1,3-dienes have been 
well characterized.16

As can be seen in Scheme II, we envisioned the conversion 
of the biscarboethoxy group of cycloadduct 13 to the lactone 
carbonyl of 15 to proceed by either lead tetraacetate mediated 
oxidative decarboxylation17 of diacid 14 or by the classical 
Curtius degradation18 of the same intermediate.

Although a number of syntheses of /?,7 -unsaturated valer- 
olactones are known,19 one in particular is capable of gener
ating only dialkyl-substituted species such as 15e in high yield

(eq 6). This method involves the addition of ketene to y- 
alkyl-a,d-unsaturated ketones.19®

Diels-Alder Adducts of Diethyl Ketomalonate (12). The
4 +  2 cycloaddition products were made by dissolving 12 and 
an excess of the 1,3-diene in acetonitrile and heating the so
lution at 130-135 °C for the designated period of time in a 
sealed tube (Table III). The diesters 13a-f were then hydro
lyzed to the biscarboxylic acids 14a-f in good overall yield 
based on diethyl ketomalonate.

Conspicuously absent from Table III is the cyclopentadiene 
adduct. Cycloaddition of this normally reactive diene had been 
reportedly unsuccessful.16® We also attempted the cyclization 
of monomeric cyclopentadiene with 12 at various tempera
tures ranging from —20 to 135 °C, but we were unable to iso
late the cycloadduct. Apparently, if the adduct is formed, 
thermodynamic instability results in facile cycloreversion. 
Anthracene also failed to form a product with the carbonyl 
substrate.

Lactone Carbonyl Release. Lead Tetraacetate Method.
Alkyl-substituted malonic acids undergo oxidative decar
boxylation to form aldehydes or ketones upon treatment with 
lead tetraacetate,20 LTA (eq 7). When similarly applied to

C0 2H

CO,H
+  2Pb(OAc>4

(1 ) P y r /C tH 6

(2 ) O H - (7)

diacid 14c (see Table IV), this procedure allowed isolation of 
the desired lactone in 20% yield after aqueous workup. Fol
lowing numerous attempts to improve the yield of valerolac- 
tone 15c, the best conditions were found to be a variation of 
a procedure developed by Cope and co-workers21 utilizing 
sodium acetate to facilitate carboxyl ligand transfer to PbIV, 
a prerequisite for successful oxidation.17 (Pyridine also 
functions in this manner.) However, due to limited success in 
generation of other valerolactones with lead tetraacetate, the 
Curtius degradation was explored.

Trimethylsilyl Azide Method. The essential feature of 
the Curtius degradation of carboxylic acids is the thermal 
rearrangement of an acyl azide to the isocyanate, and nu
merous approaches to the synthesis of acyl azides are known.22 
One procedure which has been developed recently is the 
one-pot conversion of an acid chloride to the isocyanate using 
trimethylsilyl azide (TMSA).23 (See Scheme III.)

Upon treatment of a warm cyclohexane solution24 of the 
bisacid chloride of 14c with an excess of TMSA, the bisacyl 
azide was rapidly formed as evidenced by infrared spectros
copy (Xmax 4.67 and 5.80 jim). On further warming, stepwise 
rearrangement to the bisisocyanate apparently occurred. 
Within 15 min strong isocyanate infrared absorptions (Xmax
4.40 and 4.46 ¿¿m) were seen which were equal in intensity to 
those of the acyl azide. After about 30 min of heating, no acyl 
azide remained. Removal of solvent, followed by mild hy
drolysis of a tetrahydrofuran solution of the bisisocyanate with 
either aqueous acetic acid or aqueous oxalic acid generated
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Table HI. Diels-Alder Adducts of 12 and 1,3-Dienes

Registry
no. Diene0 Diester (% )b>* Diacid (% )c Mp, °C

1.3-Butadiene 
(16 h)

Isoprene (4 h)

2,3-D im ethyl-l,3- 
butadiene (4 h)

504-60-9 Piperylene (4 h)

1118-58-7 2-M ethyl-l,3-
pentadiene 
(1 .5 h)

1,3-Cyclohexadiene 
(4 h)

P V o 2Et
V'" x X ) 2Et

(78 )

13«

13c

(80 )d

( 8 6 )

13f

14a

C0-H

14b

^  ^CO H
14c

0 .CO,H 
C0..H 

14d

C0,H
C02H

14 c

(63 )

(64 ) 

(70 )

( 6 6 )

(90 )

(74 )
C0,H
CO.H

14f

Oil

Oil

13 8 -1 40

12 4 -1 26

146-147

128 -1 30

“ Reaction time in parentheses. b Yields reported after distillation. “ Overall yield based on 12. d NMR analysis revealed 
1 1 : 1  ratio o f  para:meta isomers. “ NMR analysis revealed 95% ortho isomer, f No meta isomer detected by NMR analysis, 
tf Registry no.: 13c, 24588-60-1; 13d, 36749-08-3; 13e, 63797-64-8; 13f, 24588-62-3.

Scheme III

NCO i5c

valerolactone 15c in 55% yield after distillation. Similar 
treatment o f  diacid 14b produced 15b in only 30% yield.

Sodium Azide Method. Alternatively, excellent conversion 
o f the acid chloride to the acyl azide could be accomplished 
under mild conditions by stirring an acetonitrile solution of 
the acid chloride with an excess o f  activated sodium azide25 

at room  temperature (eq 8 ). W ithin 40 min substitution was

com plete and filtration o f  the reaction mixture to remove 
insoluble sodium salts, followed by thorough concentration

Table IV. LTA  Oxidation o f  Diacids 14a-c

Diacid M ethod Lactone (% )“

14c 2 equiv o f  Pyr, C4Ht, 80 °C , 3 \ib 15c (20 )
14c NaOAc, H OAc, C 6H6, 40 °C , 1  h “ 15c (63 )
14b NaOAc, H OAc, C6H „ 40 °C , 1 h “ 15b (40 )
14a NaOAc, H OAc, C4H „ 40 °C, 1 h “ 15a (0 )

“ Yields reported after distillation. h Tufariello and Kissel, 
ref 20. “ Cope, Park, and Scheiner, ref 21.

at room temperature, generated the viscous product (Amax 4.67 
itm).

W ithout further purification, careful addition o f cyclo
hexane to the potentially explosive acyl azide followed by 
rapid stirring at 80 °C  for 40 min resulted in formation o f the 
insoluble isocyanate. Hydrolysis o f  this material as before led 
to isolation o f  15c in 72% yield (Table V) based on diacid. 
Extension o f this method to other diacids resulted in improved 
yields o f  the desired valerolactones.

However, when the sodium azide method was applied to the 
bisacid chlorides o f 14d and 14e, the dienoic acids 16d and 16e 
were recovered along with the lactone in the case o f  the latter 
material. Perhaps stabilization o f an incipient cation by the 
allylic methyl group allows this rearrangement to take place 
during isocyanate hydrolysis (eq 9 and 10).
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Table V . Lactone Formation by the Sodium Azide Method 

R R

Registry
no.

Hydrolysis
Diacid m ethod“ Time, min Lactone (% )b Other products (%)

57668-92-5 14a A 40

57668-93-6 14b A 50

57668-94-7 14c A 60

828-50-2 14d B 60

63797-65-9 14e A 40

61779-36-0 14f C

“ M ethod A : aqueous oxalic acid /T H F /25 °C ; m ethod B: hydrolysis was run under a variety o f  conditions ranging from  
mildly acidic to  mildly basic (N aH C 03); m ethod C : 5%  aquous N aH C 03/T H F /25  °C /18  h follow ed by acidification to  pH 2. 
b Yields are reported after distillation and are based on diacid.

Synthetic Transformations of Lactone 15c. The syn
thetic versatility of these lactones is outlined in Scheme IV 
where lactone 15c was subjected to a variety of chemical ma
nipulations.

Production of 3,4-dimethyl-2(Z),4-pentadienoic acid (16c) 
was cleanly accomplished by treatment of the lactone with 1 
equiv of potassium hydride in THF at 0 °C.

Lithium aluminum hydride reduction of the lactone in THF 
at room temperature afforded diol 17 in excellent yield. This 
product could be transformed to the a,/I-unsaturated valer- 
olactone 18 upon selective oxidation of the allylic alcohol using 
activated manganese dioxide.26

Epoxylactone 19 was prepared by oxidation of 15c with 
m -chloroperbenzoic acid in dichloromethane at 0 °C. Treat
ment of the crystalline epoxide with diazabicyclo[5.4.0]- 
undec-5-ene (DBU) in THF generated the rearranged alcohol 
20 in good yield.27

Reduction of 15c to the cyclic hemiacetal 21 was achieved 
at —20 °C in ether using diisobutylaluminum hydride

Scheme IV

(DIBAH). Wittig condensation of the weakly basic stabilized 
ylide carboethoxyethylidene triphenylphosphorane with 21 
generated the 1,4-diene 22 in 61% yield. Attempted Wittig 
reaction of 21 with the unstabilized ylide methylene tri-
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Scheme V Table VI. Spectral and Analytical Data

phenylphosphorane led to recovery o f starting material (eq 
11). Diene 23 could be obtained by a different route starting

21 +  2(C6H5)3P = C H 2

(11)

with the diacid 14c. This com pound could be m onodecar - 
boxylated using pyridine and a few equivalents o f  piperidine 
at 100 °C  as shown in Scheme V. T he new carboxylic acid 24 
was then reduced to the alcohol 25 using L AH  in ether. C on
version to the p-toluenesulfonate 26 was accomplished using 
standard procedures, and displacem ent by lithium bromide 
in refluxing acetone then generated the primary bromide in 
70% overall yield from 25. Zinc-mediated fragmentation o f the 
brom ide was perform ed in refluxing methanol to afford the 
desired product.

E x p erim en ta l S ection

Reactions were carried out under a nitrogen atmosphere unless 
otherwise noted. Melting points were taken on a Fisher-Johns hot 
stage apparatus and are uncorrected. IR spectra were determined on 
a Perkin-Elmer 137 spectrophotometer. NMR spectra were taken on 
either Varian T-60 or A-60A spectrometers with tetramethylsilane 
as an internal standard. In describing NMR chemical shifts, peaks 
are reported by indicating the center of the pattern. The multiplicity 
of the peak is abbreviated as s = singlet, d = doublet, t = triplet, q = 
quartet, and m = multiplet. Mass spectra were obtained using a Hi
tachi Perkin-Elmer Model RMU-7E spectrometer. Elemental anal
yses were determined by Robertson Laboratory, Florham Park, N.J. 
Micro thin-layer chromatography was performed on Eastman 
Chromatogram Sheets No. 960 precoated with silica gel and fluo
rescent indicator. Preparative thick-layer chromatography was done 
on precoated Silica Gel G-200 plates with fluorescent indicator as 
supplied by Brinkman Instruments, Inc. Column chromatography 
was conducted with Grace silica gel, grade 923, 100-200 mesh.

All chemicals were commercial samples unless reference is given 
to their preparation. They were used as received unless otherwise 
noted. Anhydrous solvents were obtained by distillation from the 
specified substances: acetonitrile, chloroform, and dichloromethane 
from P2O5; benzene and methanol from calcium hydride; cyclohexane 
from sulfuric acid; ether and tetrahydrofuran (THF) from sodium 
benzophenone ketyl.

General Procedure for Cycloaddition of Vinyltriphenyl- 
phosphonium Bromide with 1,3-Dienes. A solution of an excess of 
freshly distilled 1,3-butadiene (precooled to —78 °C), vinyltri- 
phenylphsophonium bromide (2.50 g, 7 mmol), and a trace of hy- 
droquinone in 5 mL of acetonitrile was heated in a sealed tube at 145 
°C. After 20 h the tube was opened and the contents were removed 
with CH2CI2. Following concentration at reduced pressure, the 
gummy residue was dissolved in a minimal volume of CHCI3 and 
triturated with Et2Û to afford, after drying under vacuum, 2.90 g 
(93%) of cyclohex-3-enyltriphenylphosphonium bromide (3a): mp 
240-241 °C dec; NMR (CDC13) 5 5.70 (br s, 2 H), 5.00-5.50 (br m, 1 
H), 1.90-3.00 (complex m, 6 H). Anal. Calcd for C24H24BrP: C, 68.09; 
H, 5.71. Found: C, 67.66; H, 5.26.

In a similar fashion, the following phosphonium salts were pre
pared.

Com- Analysis,b
pound N M R (¿ )“ mol wt

5a 5.70-6.0 (m, 3 H)

5b 6.15 (br s, 1 H), 5.70 (br 
s, 1 H), 1.75 (br s, 3 H)

5c 6.20 (br s, 1 H), 1.70 (br 
s, 6 H)

5d 6.30 (br s, 1 H), 6.02 (ABq,
J = 2 Hz, 2 H)

5e 6.10-6.25 (m, 3 H), 3.09
(br s, 1 H),2.71 (brs, 1 H)

7 6.20-6.35 (m, J  = 3.5 Hz, 2 H),
4.55, 4.70 (2m, 2 H)

8 6.24 (m ,J  = 4 H z ,2 H ), 5.15 
(br t, 1 H)

9 6.25 (m, J  = 4 Hz, 2 H), 5.13-
6.05 (m, 3 H), 1.75 (d,
J =  6 Hz, 3 H)

10 6.40 (q, 2 H), 3.02 (br m,
2 H), 1.95 (d, J  = 3 Hz, 2 H), 
0.95-1.85 (complex m, 2 H)

Calcd: 170.2588 
Found:

170.2610 
Calcd: 183.2796 
Found:

183.2808 
Calcd: 198.1401 
Found:

198.1392 
Calcd: 182.1093 
Found:

182.1102 
Calcd: 196.1262 
Found:

196.1279 
Calcd: 120.1963 
Found:

120.1982 
Calcd: 204.3571 
Found:

204.3558 
Calcd: 160.2689 
Found:

160.2702 
Calcd: 122.0731 
Found: 

122.0720

a Spectra taken in CCI4. ? By mass spectral analysis.

4-Methylcyclohcx-3-enyltriphenylphosphonium bromide (3b):
mp 232-235 °C dec; NMR (CDC13) b 5.30-5.60 (br s, 1 H), 4.40-4.95 
(br m, 1 H), 2.00-3.00 (br m, 6 H), 1.65 (br s, 3 H). Anal. Calcd for 
CzsHzsBrP: C, 68.65; H, 5.99. Found: C, 68.04; H, 5.16.

3,4-Dimethylcyclohex-3-enyltriphenylphosphonium bromide 
(3c): mp 114-115 °C dec; NMR (CDCI3) b 6.23 (s, 1 H), 2.90 (br s, 2 
H), 1.90-2.56 (br m, 4 H), 1.55 (s, 6 H). anal. Calcd for C26H2sBrP: C, 
69.18; H, 6.25. Found: C, 70.04; H, 5.98.

Bicyclo[2.2.1 ]hept-5-enyl-2-triphenylphosphonium bromide 
(3d): mp 220-223 °C dec; NMR (CDCW b 5.10-5.95 (br m, 3 H). Anal. 
Calcd for C2SH24BrP: C, 68.97; H, 5.55. Found: C, 69.10; H, 5.93.

Bicyclo[2.2.2]oct-5-enyltriphenylphosphonium bromide (3e): 
mp 263-266 °C; NMR (CDCla) b 5.10-6.03 (br m, 3 H). Anal. Calcd 
for CzsHzfiBrP: C, 69.49; H, 5.83. Found: C, 70.05; H, 6.18.

General Procedure for Wittig Condensation. To a cooled so
lution (0 °C) of the phosphorane of 3e (0.442 g, 1 mmol) in 10 mL of 
THF (prepared by addition of 1.1 mmol of lithium diisopropylamide 
in THF to a suspension of phosphonium salt in the same solvent at 
—78 °C) was added 0.127 g (1.2 mmol) of benzaldehyde. After stirring 
overnight at 25 °C, the product was diluted with pentane and the 
organic layer was washed many times with water, dried with MgSCL, 
filtered, and concentrated under reduced pressure. The pure olefin 
was obtained by column chromatographic purification over silica gel 
using hexane as eluent. Thus, 2-benzyIidenebicyclo|2.2.2]oct-5-ene 
(5e) was obtained (0.166 g, 85%) as a colorless oil. Anal. Calcd for 
C15H16: mol wt, 196.1279. Found: mol wt (MS), 196.1262.

Table VI contains spectral and analytical data for Wittig products 
5a-d, 7, 8 , 9, and 10.

Bicyclo[2.2.2]oct-5-en-2-one (10). Phosphorane 3e (0.442 g, 1 
mmol) was prepared as above. Oxygen was bubbled into the stirring 
suspension until the characteristic deep red color of the ylide disap
peared. After 24 h, the resulting mixture was directly filtered through 
silica gel to afford 0.024 g (20%) of ketone 10: IR (hexane) 5.78, 6.2 
^m.

Bicyclic Aldehyde (6). To a cooled solution (0 °C) of the ylide of 
phosphonium salt 3d (1.254 g, 3 mmol) in 50 mL of THF was added 
glyoxal monodiethyl acetal9 (0.53 g, 4 mmol). After stirring overnight, 
the product was diluted with pentane and the organic layer was re
peatedly washed with water and dried over MgSCL. The crude diethyl 
acetal was obtained by removal of solvent by distillation at atmo
spheric pressure. The volatile product was redissolved in pentane and 
stirred overnight with 3 g of silica gel at room temperature. After fil
tration and concentration at atmospheric pressure, the crude aldehyde 
was purified by thick-layer chromatography using 4:1 hexane-ether
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as developing solvent and obtained as a colorless volatile liquid (0.14 
g, 35%, a mixture of Z and E isomers); IR (CH2CI2) 5.97,6.07, and 6.17 
Mm; NMR (CDCl;i) b 9.80 (d, J  = 8.5 Hz, CHO, Z isomer): 9.60 (d, J 
= 8.5 Hz, CHO, E isomer), 4.22 (m, doubly allylic methine Z isomer),
3.42 (m, doubly allylic methine E isomer); mp (semicarbazide) 
207-208 °C dec. Anal. Calcd for C10H13N3O: mol wt, 191.2258. Found: 
mol wt, 191.2284.

General Procedure for Cycloaddition of Diethyl Ketomalo- 
nate with 1,3-Dienes. Freshly distilled 1,3-butadiene (an excess) was 
condensed into a Carius tube containing a trace of hydroquinone, 
diethyl ketomalonate (1.82 mL, 12 mmol) and 4 mL of acetonitrile. 
The tube was sealed and after heating at 135 °C for 16 h, the product 
was isolated with CH2CI2. After concentration, approximately 50 mL 
of 95% EtOH was added to precipitate polymeric material and the 
resulting white suspension was vacuum-filtered through Celite and 
then concentrated. Evaporative distillation produced diethyl 3,6- 
dihydropyran-2,2-biscarboxylate (13a) (2.17 g, 78%) as a colorless 
liquid; bp 100 °C (0.8 mm); IR (neat) 5.71 Mm; NMR (CC14) b 5.79 (s, 
2 H), 4.23 (q and buried s, 6 H), 2.65 (m, 2 H) and 1.27 (t, 6 H). Anal. 
Calcd for C13H20O5: mol wt, 256.1317. Found: mol wt, 256.1320.

In a similar fashion the following known compounds were pre
pared.

Diethyl 4-Methyl-3,6-dihydropyran-2,2-biscarboxylate (13b).
Isoprene (2.7 mL, 27 mmol) and diethyl ketomalonate (1.82 mL, 12 
mmol) were treated as above. After 4 h of heating, identical workup 
afforded 13b as a colorless liquid after distillation (2.4 g, 80%). 
Para:meta isomer ratio was 11:1 as determined by NMR analysis: bp 
110 °C (1.0 mm); IR (neat) 5.70 mhi; NMR (CC14) b 5.38 (s, 1 H), 4.23 
(q and buried s, 6 H), 2.50 (s, 2 H), 1.76 (s, P-CH3), 1.65 (s, m- 
CH3).

Diethyl 4,5-Dimethyl-3,6-dihydropyran-2,2-biscarboxylate 
(13c). 2,3-Dimethyl-l,3-butadiene (2.7 mL, 25 mmol) and diethyl 
ketomalonate (1.82 mL, 12 mmol) were treated as above. After 4 h 
heating, similar workup afforded 13c (2.64 g, 86%): bp 120 °C (1.0 
mm); IR (neat) 5.72 Mm; NMR (CCI4) b 4:20 (q and buried s), 2.46 (s, 
2 H), 1.68 and 1.52 (2s, 6 H).

Diethyl 6-Methyl-3,6-dihydropyran-2,2-biscarboxylate (13d).
Piperylene (2.7 mL, 27 mmol) and diethyl ketomalonate (1.55 mL,
10.2 mmol) were treated as above to afford 13d (2.19 g, 85%): bp 105 
°C (1.5 mm); IR (neat) 5.73 Mm; NMR (CC14) b 5.62 (m, 2 H), 4.20 (q 
and buried m, 5 H), 2.58 (m, 2 H) and 1.30 (m, 9 H). No 3-methyl 
isomer was detected by NMR analysis.

Diethyl 4,6-Dimethyl-3,6-dihydropyran-2,2-biscarboxylate 
(13e). 2-Methyl-l,3-pentadiene (4 mL, 40 mmol) and diethyl keto
malonate (2.7 mL, 18 mmol) were treated as above to produce, after 
90 min heating, adduct 13e (4.50 g, 95%): bp 112 °C (1.0 mm); IR 
(neat) 5.73 Mm; NMR (CC14) b 5.38 (m, 1 H), 4.33 (q and buried m, 5 
H), 2.58 (m, 2 H), 1.78 (s, 3 H). No 4,6-dimethyl isomer was detected 
by NMR analysis.

2-Oxa-3,3-dicarboethoxybicyclo[2.2.2]oct-5-ene (13f). 1,3- 
Cyclohexadiene (2.7 mL, 27 mmol) and diethyl ketomalonate (1.82 
ml, 12 mmol) were treated as above. After 4 h heating, similar workup 
afforded 13f (2.86 g, 84%); bp 120 °C (0.8 mm); IR (neat) 5.72 Mm; 
NMR (CC14) b 6.43 (m, 2 H), 4.50 (br m, 1 H), 4.15 (m, 4 H), 3.30 (br 
m, 1 H), 1.6-2.5 (complex m, 4 H).

General Procedure for Hydrolysis of Diester 13 to Diacid 14. 
To a solution of diester 13a (0.821 g, 3.4 mmol) in 30 mL of THF was 
added 30 mL of 10 N KOH and the resulting mixture was stirred at 
room temperature for 30 h. Acidification to pH 1 with 2 N HC1 was 
followed by thorough extraction with Et20  and the combined organic 
extracts were dried over Na2S 04. Complete removal of solvent af
forded 3,6-dihydropyran-2,2-biscarboxylic acid (14a) as a golden 
viscous oil (0.50 g, 80%) (dry by NMR analysis) which resisted nu
merous crystallization attempts: IR (Et20 ) 5.78 Mm; NMR (CDCI3) 
b 5.78 (s, 2 H), 4.42 (s, 2 H) and 2.78 (s, 2 H).

4-Methyl-3,6-dihydropyran-2,2-biscarboxylic Acid (14b). 
Diester 13b (0.968 g, 4 mmol) was treated as above. The resulting 
diacid 14b was also obtained as a golden viscous oil (0.670 g, 85%): IR 
(neat) 5.75 Mm; NMR (CDCI3) b 5.57 (s, 1 H), 4.53 (s, 2 H), 2.78 (s, 2 
H), 1.90 (s,p-vinyl CH3) and 1.88 (m-vinyl CH3).

4,5-Dimethyl-3,6-dihydropyran-2,2-biscarboxylie Acid (14c). 
Diester 13c (2.640 g, 10.3 mmol) was treated as above. Diacid 14c was 
isolated as crystals and recrystallization from Et20-petroleum ether 
afforded 1.80 g (87%) of product: IR (CH2CI2) 5.75 Mm; NMR (CDCI3) 
b 4.25 (s, 2 H), 2.63 (s, 2 H) and 1.70,1.55 (2s, 6 H).

6-Methyl-3,6-dihydropyran-2,2-biscarboxylic Acid (14d). 
Diester 13d (2.187 g, 9.5 mmol) was treated as above. Diacid 14d was 
obtained as a powdery solid after recrystallization (1.38 g, 78%): NMR 
(CDCI3) b 5.75 (m, 2 H), 4.67 (br m, 1 H), 2.72 (ABq, JAB = 15 Hz, 2 
H) and 1.33 (d, J = 6 Hz, 3 H).

4,6-Dimethyl-3,6-dihydropyran-2,2-biscarboxylic Acid (14e).
Diester 13e (4.50 g, 16.9 mmol) was treated as above to afford diacid 
14e (3.24 g, 90%) as a powder: NMR (CDC13) b 5.35 (m, 1 H), 4.58 (br 
m, 1 H), 2.65 (ABq, J AB = 18 Hz, 2 H), 1.78 (s, 3 H) and 1.30 (d, J = 
6 Hz, 3 H).

2- Oxa-3,3-dicarboxybicyclo[2.2.2]oct-5-ene (14f). Diester 13f
(2.50 g, 8.8 mmol) was treated as above to generate diacid 14f (1.78 
g, 90%) as a powder: IR (CH2C12) 5.68 Mm; NMR (CDC13) b 6.10 
(complex m, 2 H), 5.17 (br m, 1 H), 2.7 (br m, 1 H).

Lactone Carbonyl Release— Representative Procedures.
3,4-Dimethyl-3,4-dehydrovalerolactone (15c). Lead Tetraacetate 
Oxidation. Lead tetraacetate (1.00 g, 2 mmol, 90% in acetic acid) was 
added to a flask containing a suspension of excess anhydrous NaOAc 
in 2 mL of dry benzene and 1 mL of glacial HOAc. The mixture was 
then heated to 65 °C. Diacid 14c (0.10 g, 0.5 mmol) was dissolved in 
2 mL of glacial HOAc and then introduced into the preheated mixture. 
Immediate CO2 evolution was observed and the oxidation was allowed 
to proceed for 1 h.

Upon cooling, the resulting white suspension was extracted with 
Et20  and washed with water, neutralized with aqueous NaHC03, 
washed with brine, and dried over MgS04. After concentration and 
Kugelrohr distillation of the residue, lactone 15c was recovered in 63% 
yield (0.040 g, yield based on diacid): bp 105 °C (1.0 mm); IR (neat)
5.75,5.98 Mm; NMR (CC14) b 4.60 (s, 2 H), 2.85 (s, 2 H) and 1.70 (s, 6 
H); rule 126,110,108,82,69,67,55, 54,53. Anal. Calcd for C7Hxo02: 
mol wt, 126.0681. Found: mol wt, 126.0667.

Trimethylsilyl Azide Method. To a stirring suspension of diacid 
14c (0.1 g, 0.5 mmol) in 25 mL of benzene containing a catalytic 
amount of pyridine was added 0.254 g (2 mmol) of oxalyl chloride. The 
reaction mixture was heated at reflux temperature until formation 
of acid chloride was complete, i.e., 2 h (IR, 5.59 Mm). After removal 
of solvent and traces of oxalyl chloride, the acid chloride was dissolved 
in cyclohexane and heated to reflux. A solution of trimethylsilyl azide 
(0.180 g, 1.5 mmol) in 5 mL of cyclohexane was then added. Isocyanate 
formation was accomplished in about 40-50 min (IR, 4.40 and 4.46 
Mm).

After the product was allowed to cool, 10 mL of a 2:1 HOAc-H20  
solution was added and the mixture was stirred for 1 h at 25 °C. Fol
lowing thorough Et20  extraction, the combined organic portions were 
washed with water, neutralized with aqueous NaHCCft, washed with 
brine, and dried over MgS04. Concentration afforded lactone 15c in 
57% yield (0.035 g, based on diacid).

Sodium Azide Method. (These bisacyl azides are potentially ex
plosive and should be handled behind a safety shield.) The bisacid 
chloride of diacid 14c (0.189 g, 0.95 mmol) was prepared as above using 
0.30 g (2.3 mmol) of oxalyl chloride. After isolation of the crude 
product, the resulting oil was redissolved in dry acetonitrile (25 mL) 
and activated sodium azide25 (0.25 g, 3.8 mmol) was added. The sus
pension was stirred at room temperature for 45 min (IR 4.67,5.81, and
5.85 Mm).

The reaction mixture was quickly filtered and then concentrated 
at room temperature under reduced pressure to afford a gummy 
golden residue of the bisacyl azide. (CAUTION! The bisacyl azide is 
shock sensitive. Cover with solvent before introduction of magnetic 
stirring bar.)

Curtius rearrangement was effected as before by vigorously stirring 
the insoluble residue in dry cyclohexane at reflux temperature. For
mation of the insoluble bisisocyanate normally required 45-50 min 
(IR 4.40 and 4.46 Mm). After concentration and redissolution in THF, 
hydrolysis was accomplished using 3 mL of 5% aqueous oxalic acid 
and stirring at 25 °C for 1 h.

Isolation of lactone 15c was performed according to the same pro
cedure as above generating 0.086 g (72%, based on diacid) of the de
sired compound.

3.4- Dehydrovalerolactone (15a). The sodium azide method was 
employed as above. Diacid 14a (0.5 g, 2.8 mmol) afforded 0.120 g (52%) 
of the desired lactone 15a. Hydrolysis time was shortened to 40 min: 
bp 97-100 °C (0.8 mm); IR (neat) 5.69 Mm; NMR (CC14) b 5.88 (s, 2 
H), 4.83 (m, 2 H), and 2.98 (m, 2 H); m/e 98,70,54,43,39. Anal. Calcd 
for C5H602: mol wt, 98.0368. Found: mol wt, 98.0404.

3- Methyl-3,4-dehydrovalerolactone (15b). The sodium azide 
method was employed as above. Diacid 14b (0.130 g, 0.7 mmol) gen
erated 0.042 g, (60%) of the desired lactone 15b. Hydrolysis time was 
50 min: bp 100-102 °C (1.0 mm); IR (neat) 5.76 ^m; NMR (CC14) b
5.60 (s, 1 H), 4.79 (s, 2 H), 2.91 (s, 2 H) and 1.80 (s, 3 H); m/e 112,84,
82,69,55,41. Anal. Calcd for CgHgCfe mol wt, 112.0524. Found: mol 
wt, 112.0518.

3.5- Dimethyl-3,4-dehydrovaleroIactone. (15e). The sodium 
azide method was employed as above. Diacid 14e (0.2 g, 1 mmol) af
forded 0.034 g (30%) of the desired lactone 15e. Hydrolysis time was
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45 min: bp 98-101 °C  (1.0 mm); IR (neat) 5.74 41m; NMR (CCI4) b 5.58 
(m, 1 H ), 5.10 (m, 1 H ), 2.98 (m, 2 H ), 1.80 (s, 3 H ) and 1.45 (d, 3 H ); 
m/e 126, 110, 98, 83, 67, 55, 43. Anal. Calcd for C 7H 10O 2: mol wt, 
126.0681. Found: mol wt, 126.0674.

3-Methylhexa-2,4-dienoic Acid (16e). Upon concentration of the 
crude parent lactone 15e during the isolation procedure above, a solid 
appeared. Following addition of 5 mL of Et20 , the supernatant con
taining the lactone was removed. Recrystallization of the solid from 
CHCl3-E t20  produced the dienoic acid 16e (0.036 g, 34%): mp 119-121 
°C; IR (CH2C12) 5.87 Mm; NMR (CDCI3) b 7.58 (m, 1 H),28 6.60-5.46 
(m, 3 H, vinyl H and OH) and 1.97 (m, 6 H). Anal. Calcd for C7H9O2: 
(M -  l)/e , 125.0602. Found: (M -  l)/e , 125.0586.

Hexa-2,4-dienoic Acid (16d). The sodium azide method was 
employed as above using diacid 14d (0.186 g, 1 mmol). Following hy
drolysis, extraction and isolation afforded the dienoic acid 16d, pre
sumably a mixture of isomers, after recrystallization from CHCI3-  
Et20  (0.061 g, 55%). No lactone precursor was found: mp 115-117 °C; 
NMR (CDCI3) b 7.43 (m, 1H),28 6.60-5.50 (complex m, 4 H, vinyl H 
and OH), and 1.82 (d, 3 H); m/e 112, 111, 92, 67, 41, 29. Anal. Calcd 
for C6H80 2: mol wt, 112.0524. Found: mol wt, 112.0514.

Bicyclic Lactone (15f). The sodium azide method was used as 
shown above. Diacid 14f (0.35 g, 1.7 mmol) afforded the bisacid 
chloride (5.58 41m) after 24 h at reflux, then the bisacyl azide (4.63 and
5.81 41m) and the bisisocyanate (4.39 and 4.4341m). Lactone carbonyl 
release was effected by dissolution of the bisisocyanate in 20 mL of 
THF followed by addition of 10 mL of 5% aqueous NaHCC>3. After 
stirring at 25 °C overnight, the biphasic mixture was acidified to pH 
2 and thoroughly extracted into Et20. Drying (Na2S04) and con
centration led to recovery of a golden oil. Evaporative distillation 
afforded the lactone 15f as a colorless liquid (0.015 g, 7% from diacid): 
IR (neat) 5.71, 6.20,11.48 41m; NMR (CC14) b 6.50 (m, 2 H), 5.10 (br 
m, 1 H), 3.40 (br m, 1 H) and 1.35-2.30 (complex m, 4 H); m/e 124,96, 
80, 79, 78, 77, 68. Anal. Calcd for C7H80 2: mol wt, 124.0524. Found: 
mol wt, 12.0558.

eis-2,3-Dimethylpent-2-ene-l,5-diol (17). To a suspension of 
lithium aluminum hydride (0.046 g, 1.2 mmol) in 40 mL of dry THF 
at 25 °C was slowly added a THF solution of lactone 15c (0.126 g, 1 
mmol). The reduction was allowed to proceed overnight. After addi
tion of 2 mL of 10% aqueous NaOH, followed by stirring for 10 min, 
the contents were repeatedly extracted into Et20. The organic layer 
was washed with brine, dried over Na2SC>4, and concentrated to afford 
diol 17 (0.114 g, 96%) as a colorless oil which needed no further puri
fication: IR (neat) 3.0 and 6.04 41m; NMR (CCI4) b 4.47 (s, 2 H), 3.93 
(s, 1 H), 3.57 (t, 2 H), 2.29 (t, 2 H), 1.76 and 1.70 (2s, 6 H); m/e 130,112,
97,84,82, 67, 55. Anal. Calcd for C7Hi402: mol wt, 130.0994. Found: 
mol wt, 130.0982.

2.3- Dimethyl-2,3-dehydrovalerolactone (18). A solution of diol 
17 (0.038 g, 0.29 mmol) in 6 mL of CH2C12 was stirred at room tem
perature. Excess activated manganese dioxide (0.35 g, 4 mmol) was 
slowly added and the mixture was stirred overnight. Isolation of lac
tone 18 was accomplished by dilution of the suspension with 10 mL 
of CH2C12 and then filtration through Celite. After removal of solvent, 
the product was obtained in 80% yield (0.029 g): IR (neat) 5.83 41m; 
NMR (CCU) 6 4.27 (t, 2 H), 2.38 (t, 2 H), 1.96 and 1.86 (2s, 6 H); m/e
126,96,81,68,67, 53,41. Anal. Calcd for C7H10O2: mol wt, 126.0681. 
Found: mol wt, 126.0678.

3.4- Dimethyl-2(Z),4-pentadienoic Acid (16c). Potassium hy
dride (0.03 g, 1 mmol, 24% in oil) was washed three times with petro
leum ether and then suspended in 10 mL of THF. A solution of lactone 
15c (0.063 g, 0.5 mmol) was added to the stirring mixture with im
mediate evolution of H2 accompanied by formation of a pale yellow 
solid. Following acidification with dilute HC1, the contents were ex
tracted with Et20  and the organic layer was washed with water and 
brine and then dried over Na2S04. After removal of solvent, feathery 
white crystals were isolated. Recrystallization from CHCl3-E t20  af
forded the cis-dienoic acid 16c in 98% yield (0.062 g): mp 54.5-56 °C; 
IR (CH2C12) 5.89, 6.05, and 6.08 41m; NMR (CDC13) b 5.68 (m, 1 H ),
4.88 (m, 1 H), 4.70 (m, 1 H), and 1.98 (m, 6 H ); m/e 126,125, 111, 79, 
55, 53. Anal. Calcd for C 7H io 0 2: mol wt, 126.0681. Found: mol wt, 
126.0677.

3.4- Dimethyl-3,4-epoxyvalerolactone (19). A solution of lactone
15c (0.126 g, 1 mmol) in 20 mL of CH2C12 was cooled to 0 °C; 100% 
m-chloroperbenzoic acid29 (0.344 g, 2 mmol) was then added as a so
lution in CH2C12. After 4 h, excess oxidizing agent was destroyed with 
10 mL of saturated NaHSC>3 solution. Isolation was accomplished with 
CH2C12 extraction. After neutralization of the organic extract with 
aqueous NaHCO:l and drying over MgS04, the solvent was removed 
to afford white needle crystals (0.120 g, 85%) of epoxide 19: mp 49-51 
°C; NMR (CCD b 4.28 (ABq, J ab = 12 Hz, 2 H), 2.76 (s, 2 H) and 1.22 
(s, 6 H); m/e 112, 99, 83, 69, 43. Anal. Calcd for C6H80 2 (M -  30):

112.0524. Found: 112.0532. Loss of CH20  produces the major frag
ment.

3.4- Dimethyl-4-hydroxy-2-dehydrovalerolactone (20). Epoxide 
19 (0.044 g, 0.35 mmol) was dissolved in 10 mL of THF. 1,5-Diazabi- 
cyclo[5.4.0]undec-5-ene (DBU) (0.053 g, 0.35 mmol) was introduced 
into the solution and the reaction was allowed to proceed at 25 °C for 
3 h. Dilute HC1 (5 mL) was added and the contents of the flask were 
extracted into CH2C12. After the organic layer was washed with water 
and dried over Na2S04, concentration led to recovery of 0.032 g (60%) 
of hydroxylactone 20 as a colorless liquid: IR (neat) 2.98 and 5.80 41m; 
NMR (CDCI3) b 5.74 (m, J Ax = 0.7 Hz, 1 H, vinyl H), 4.17 (s, 2 H), 2.74 
(br s, 1 H), 2.01 (d, J ax = 0.7 Hz, 3 H, vinyl CH3) and 1.37 (s, 3 H). 
Anal. Calcd for C7H10O3: mol wt, 142.1523. Found: mol wt, 
142.1514.

3.4- Dimethyl-3,4-dehydrovalerolactol (21). Lactone 15c (0.252 
g, 2 mmol) was dissolved in 10 mL of dry Et20  and cooled to —20 °C. 
Diisobutylaluminum hydride (4 mL, 5.2 mmol, 20% in hexane) was 
slowly added by syringe to the precooled solution and after 30 min, 
2 mL of MeOH was introduced. The mixture was stirred overnight 
and, after dilution with Et20 , the organic layer was washed with brine, 
dried over MgS04, and filtered through Celite. Concentration led to 
recovery of the crude product. Purification was accomplished by 
column chromatographic separation over silica gel. Lactol 21 was 
eluted with Et20  and obtained as a colorless liquid (0.18 g, 71%): IR 
(neat) 2.90 41m; NMR (CDCI3) b 5.01 (t, 1 H), 3.99 (br s, 2 H), 2.10 (br 
s, 2 H) and 1.58 (d, 6 H); m/e 110,95,82,77,64,51,41. Anal. Calcd for 
C7H10O: (M -  18), 110.0732. Found: 110.0737. Loss of H20  produces 
the major fragment.

Ethyl 5,6-Dimethyl-7-hydroxyhepta-2 (E),5(Z)-dienoate (22).
Lactol 21 (0.064 g, 0.5 mmol) was dissolved in 15 mL of benzene con
tained in a 25-mL two-neck flask fitted with a reflux condenser. A 
benzene solution of carboethoxyethylidene triphenylphosphorane 
was then added to the reaction flask and heated to reflux. After 20 h, 
the mixture was cooled and then diluted with H20. Following ex
traction with Et20  and drying over Na2S 0 4, the organic extract was 
concentrated to furnish the crude product. Preparative thick layer 
chromatography on silica gel afforded, after development with 1:1 
hexane-Et20 , diene 22 as a colorless liquid (0.058 g, 61%); IR (neat)
2.90,5.80 and 5.85 41m; NMR (CDCI3) 6 6.95 (d of t, J ab = 14 Hz, J Ac 
= 7 Hz, 1 H), 5.80 (d, 1 H), 3.0 (d, 2 H), 4.20 (m, 5 H), 1.75 (d, 6 H), 1.22 
(t, 3 H). Anal. Calcd for ¿nHisC^: mol wt. 198.2620. Found: mol wt, 
198.2603.

Production of Monocarboxylic Acid 24. A solution of diacid 14c 
(1.40 g, 7.0 mmol) in 40 mL of dry pyridine containing 1 mL of pi
peridine was heated at 100 °C for 5 h. After the reaction mixture was 
allowed to cool, it was diluted with Et20  and thoroughly extracted 
with dilute HC1 to remove traces of base. The remaining Et20  layer 
was washed with H20, then with brine, and dried over Na2S 04. Re
moval of solvent led to recovery of the monocarboxylic acid 24 as white 
crystals (0.940 g, 86%): mp 84.5-85 °C; IR (CH2C12) 5.72 41m; NMR 
(CDCI3) 5 4.27 (partially buried t, 1 H), 4.13 (br s, 2 H), 2.30 (br d, 2 
H), 1.68and 1.53 (2s, 6 H); m/e 156,138, 111, 110,109,96,95,83,67, 
55. Anal. Calcd for CgH^Os: mol wt, 156.0796. Found: mol wt, 
156.0812.

LAH Reduction of 24. LAH (0.5 g, 5 mmol) was suspended in Et20  
and the mixture was stirred at 0 °C for 20 min. An ethereal solution 
of carboxylic acid 24 (1.1 g, 5.5 mmol) was added dropwise to the hy
dride suspension and the mixture was then stirred for 2 h at 25 °C. 
Excess hydride was quenched by cautious addition of H20, followed 
by 10 mL of 0.1 N NaOH. After stirring for 30 min, the contents were 
extracted with Et20. The organic layer was washed with H20, then 
with brine, and dried over MgS04. Concentration and evaporative 
distillation led to recovery of 0.58 g (74%) of alcohol 25 as a colorless 
liquid: bp 105 °C (2 mm); IR (neat) 2.90 41m; NMR (CC14) b 3.94 (br 
s, 2 H), 3.48 (br s and buried m, 4 H), 1.8-1.96 (br m, 2 H), 1.54 and
1.65 (2s, 6 H). Anal. Calcd for CsHi40 2: mol wt, 142.0998. Found: mol 
wt, 142.1013.

Preparation of Tosylate 26 and Bromide 27. To a solution of 
alcohol 25 (0.46 g, 3.2 mmol) in 10 mL of pyridine cooled to 0 °C was 
added 1.25 g (6.5 mmol) of p-toluenesulfonyl chloride. After 8 h at 0 
°C, ice chips were added to destroy excess p-tosyl chloride, and the 
product was isolated with Et20. Yield of crude tosylate 26, 0.81 g 
(83%); IR (CH2C12) 8.39 and 8.47 Mm; NMR (CC14) b 7.23 and 7.67 
(centers of 2d of ABq, J ab = 8 Hz, 4 H), 2.40 (s, 3 H).

The crude tosylate (0.81 g, 2.74 mmol) was then dissolved in 30 mL 
of anhydrous acetone. Lithium bromide (0.952 g, 11 mmol) was added 
and the solution was heated at reflux for 20 h. The solution was al
lowed to cool and, after removal of acetone, the residue was extracted 
with Et20. After drying over Na2S 04, the organic extract was con
centrated to a brown liquid. Filtration through silica gel and Celite
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afforded bromide 27 (0.475 g, 85%): IR (CC14) 7.98 and 8.08 gm; NMR 
(CC14) 6 3.95 (br s, 2 H), 3.61 (m, 1 H), 3.20-3.30 (m, 2 H), 2.0 (br m, 
2 H), and 1.62 and 1.50 (2s, 6 H).

l-Hydroxy-2,3-dimethylhexa-2(Z),5-diene (23). Bromide 27 
(0.40 g, 1.94 mmol) was dissolved in 25 mL of dry methanol. Activated 
zinc (2.80 g, prepared by stirring zinc dust for 5 min in glacial HOAc 
and then washing with several portions of methanol) was then added 
to the solution and stirred at reflux temperature for 20 h. After the 
reaction mixture had cooled, it was filtered through Celite to remove 
the zinc. The product (0.160 g, 67%) was obtained after Et20 extrac
tion and distillation (bp 92 °C (2 mm)) using a Kugelrohr apparatus: 
IR (CH2C12) 2.89,6.00, and 6.10 jam; NMR (CC14) <5 5.37-6.03, 5.0, and
4.79 (3 m, 3 H), 3.96 (s, 2 H), 3.43 (s, 1 H), 2.80 (d, J = 6 Hz, 2 H) and
1.63 and 1.70 (2d, 6 H). Anal. Calcd for CgHuO: mol wt, 126.1045. 
Found: mol wt, 126.1034.
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(2) Ĉ CHO X T ' “  * X T ' “ '

(9L9>

(15) (a) J. Hamer and J. A. Turner, “ 1,4-Cycloaddition Reactions", J. Hamer, 
Ed., Academic Press, New York, N.Y., 1967, pp 205-215; (b) S. B. Nee- 
dleman and M. C. ChangKuo, Chem. Rev., 62, 405 (1962).

(16) (a) 0 . Achmatowicz and A. Zamojski, Rocz. Chim., 35, 125 (1961): (b) A. 
Zamojski and K. Jankowski, ibid., 38, 707 (1964).

(17) For a general review, see R. A. Sheldon and J. K. Kochi, Org. React., 19, 
279(1972).

(18) P. A. S. Smith, Org. React., 3, 337 (1946).
(19) (a) F. G. Young, J. Am. Chem. Soc., 71, 1346 (1949); (b) S. Sarel, Y. Shalon, 

and Y. Yanuka, Chem. Commun., 80 (1970); (c) J. Frosch, I. T. Harrison,
B. Lythgoe, and A. K. Saksena, J. Chem. Soc., Perkin Trans. 1, 2005 (1974);
(d) C. Henrick, W. Wally, J. Baum, T. Baer, B. Garcia, T. Mastre, and S. 
Chang, J. Org. Chem., 40, 1 (1975); (e) R. Aumann and H. Ring, Angew. 
Chem., 89, 47(1977).

(20) J. J. Tufariello and W. J. Kissel, Tetrahedron Lett., 6145 (1966).
(21) A. C. Cope, C. Park, and P. Scheiner, J. Am. Chem. Soc., 84, 4864 

(1962).
(22) Y. S. Klausner and M. Bodanszky, Synthesis, 8 , 549 (1974).
(23) S. S. Washburne and W. R. Peterson, Jr., Synth. Common., 2, 227 

(1972).
(24) Rearrangement of the bisacyl azide in benzene or other moderately polar 

solvents led to unidentified side products in varying amounts.
(25) J. Nelles, Ber., 65, 1345 (1932).
(26) J. A. Marshall and N. Cohen, J. Am. Chem. Soc., 87, 2773 (1965).
(27) Attempted transformation of 20 to the a-pyrone using POCI3  in pyridine 

resulted in a tarry product. However, direct oxidation of lactone 15c with 
dichlorodicyanoquinone (DDQ) in refluxing benzene containing p-tolu- 
ene-sulfonic acid (ref 19b) gave mixtures of the desired a-pyrone and the 
exocyclic olefin in varying amounts.

(28) W. Kirmse and H. Lechte, Justus Liebigs, Ann. Chem., 739, 235 (1970).
(29) L. F. Fieser and M. Fieser, “ Reagents for Organic Synthesis", Vol. 1, Wiley, 

New York, N.Y., 1967, p 135.



4104 J. Org. Chem., Vol. 42, No. 25, 1977 des Abbayes and Boudeville

Alkylation of Arylacetic Esters by Phase-Transfer Catalysis and 
Sodium Hydride: Activation and Stereochemical Effects of the 

Chromium Tricarbonyl Group

Hervé des Abbayes* and Marie-Alice Boudeville

Laboratoire de Chimie des Organométalliques, ERA CNRS No. 477, Université de Rennes,
35042 Rennes-Cedex, France

Received March 31, 1977

Methyl arylacetate-chromium tricarbonyl complexes and related compounds can be readily alkylated either by 
phase-transfer catalysis or by sodium hydride in !V,iV-dimethylformamide. The electron-withdrawing character 
of the Cr(CO);i group has a significant influence on the generation of the ester carbanion, and on its subsequent re
action with an alkyl halide. Alkylation of cyclic ester complexes is stereospecifically exo (with respect to the Cr- 
(CO)3 group), while acyclic analogues undergo alkylation with considerable stereoselectivity.

There has been considerable interest, particularly from 
a pharmacological viewpoint, in the alkylation of arylacetic 
esters (1) and related compounds.1’2 Alkylation is generally

Ar„

R ,"
-CH COOR2 

1

Ar\
r - ° - < o r 2

kx S ’
R— C— C 

R . / '  OR,

effected by generation of an enolate anion (2) from the ester, 
followed by reaction with an alkyl halide. Strong bases are 
required for enolate anion formation, including sodamide (in 
liquid ammonia)3 and lithium Ar-cyclohexyl-A'-isopropyla- 
mide (tetrahydrofuran, —78 °C).4 Due to the sensitivity of 
methyl esters (1, R2 = CH3) toward alkaline hydrolysis,5 only 
the tertiary butyl esters [1, R2 = C(CH3)3] can be alkylated 
by phase-transfer catalysis.5

We now report6 that these alkylation reactions can be 
greatly improved by the use of the chromium tricarbonyl 
[Cr(CO)3] moiety as a temporary complexing group of the 
aromatic ring.7 Complexation of arylacetic esters can be 
readily effected using Cr(CO)6, often giving high yields of 
arene chromium tricarbonyl complexes (see Experimental 
Section). Furthermore, liberation of the arene ligand from the 
complex is simple and quantitative, either by chemical78 or 
photochemical8-10 oxidation.

Both electronic and steric effects of the Cr(CO)3 group are 
useful in the alkylation reactions. The former enhances the 
acidity of the esters, allowing a facile alkylation of methyl 
esters, with different alkylating agents [either by phase- 
transfer catalysis or by sodium hydride in N,lV-dimethyl- 
formamide (DMF)]. Steric effects may induce stereospecific 
alkylations, some examples of which are given below.

Electronic Activation
Several studies have indicated the substantial electron- 

withdrawing influence of the Cr(CO)3 group when attached 
to a benzene ring.11 This effect is also significant in the 
phase-transfer-catalyzed methylation of some diarylacetic 
esters (Table I). Compounds 4-6 were each methylated by 
treatment with 50% sodium hydroxide, cetyltrimethylam- 
monium bromide (CTAB, 40% of the ester concentration) as 
the catalyst, a stoechiometric amount of methyl iodide, and 
stirring 45 min at room temperature.

Clearly, the kinetic acidity of arylacetic esters, which is 
important in phase-transfer catalysis, is greatly enhanced by 
complexation of one or both arene sites. Evidence for the op

eration of a phase-transfer system rather than a micellar ca
talysis in these reactions comes from a study of the effect of 
the catalyst concentration on the alkylation of 6 (Table II): 
as the ratio of CTAB/6 increases, the yield of alkylated ma
terial increases. Here the CTAB concentration covers a range 
of approximately 10_3-10~2 M, higher than its critical micellar 
concentration (~ 1 0 -3 M at 25 °C).12

Several other related ester complexes (7-9, R = H) were

R
ICQ,CfC,HjC-COOCH

CH,

7

subjected to phase-transfer-catalyzed alkylation, and the 
yields are listed in Table III. In all but one instance, alkylation 
of 7-9 is faster than hydrolysis. Further hydrolysis of the al
kylated compounds is negligible, due to the increased steric 
hindrance of the ester or lactone groups. None of the non- 
complexed analogues of 7-9 (R = H) could be alkylated by 
phase-transfer catalysis, since hydrolysis is more facile than 
alkylation.

As compared with the preceding method, alkylation of 
noncomplexed analogues of 7-9 (R = H) using NaH/DMF is 
a poor reaction. Complexes 7-9 (R = H) are very reactive 
toward NaH/DMF, rapidly affording stable enolates in 
quantitative yields at room temperature, and alkylation of 
these formed enolates with different halides (RX = CH3I, 
PhCH2Br, CH3=CH CH2Br, HC=CCH2Br, BrCH2COOCH.,) 
is also fast (<5 min) and quantitative at room temperature. 
The complexed enolate anions are, in fact, weaker nucleo
philes than the corresponding noncomplexed species. This 
point was demonstrated by competitive reaction of equal 
amounts of a complexed and noncomplexed anion with a 
limited amount of methyl iodide (Table IV). The uncom- 
plexed anion, in both instances, was alkylated to a greater 
extent than the complexed anion, the dicomplexed anion not 
undergoing any methylation. These results are principally due 
to the electron-attracting influence of the Cr(CO)3 group, 
rather than to the steric bulk of this group: as noted below the 
R of RX becomes attached to the enolate on the side opposite 
to that of the Cr(CO)3 group.

Using an appropriate substrate, the stereochemistry of the 
phase-transfer and NaH/DMF methods could be compared. 
Generation of the anion of 10 by phase-transfer catalysis and 
subsequent reaction with 1,4-dibromopentane gives 11 and 
12 in a ratio of 72:28 (total yield 45%). A 76:24 ratio of 11/12 
(total yield 100%) resulted with the use of NaH/DMF. These 
results are consistent with literature data13 indicating the 
similarity between phase-transfer catalysis and Sn2 reactions

(CO),CrC,H,

R

UC0)2' COOCH,
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Table I. M éthylation o f  Diarylacetic Esters

Yield
Reactant (%)

Ph2CHCOOCH2 (4 ) 2.5
(C O )3CrC6H5CHCOOCH3 (5 ) 60

Ph
[(C O )3CrC6Hs JjCHCOOCHj (6 ) 100

T able II. E ffect o f  C TA B C oncentration  
__________________on Alkylation o f  6__________________

C TA B /6,%  5 10 20 30 40
Méthylation % 25 30 60 80 100

T able III. A lkylation  o f  7-9

% Yield“
RX 7-9 , R = 7 8 9

CH.,1 CH3 70 (30) 40 (60) 100
PhCH2Br PhCH2 100 60 (40) 100
CH2= C H C - CH2= C H - 100 90 (10) 100

H2Br
H C =C C H 2Br

c h 2
h c = c c h 2 100 100 100

° Yields given using stoichiometric quantities o f RX. Yields in 
brackets are for hydrolysis of starting materials.

CH2COOC (CHj) j 

C.(CO),

B"

BrCH (CH,), Br 
CH,

^ ^ , C , H sO(CO),
L^T^COOCfCH ,),

H 11

. ^ y C . ^ c q c O ) ,
A c o o c (chJ,

CH.

conducted in a dipolar aprotic solvent; in both instances, few 
tight ion pairs exist between the carbanion and the counterion. 
Note that 10, without the Cr(CO)3 group, does not undergo 
cyclization with 1,4-dibromopentane by phase-transfer ca
talysis.

Stereochemical Effects
A. The Carbanionic Carbon Is Part of a Ring. In addi

tion to the electronic effects noted above, the Cr(CO)3 group 
may act as a stereodirecting unit when complexation of the 
arene site is diastereogenic. For example, complex 9 exists in 
two isomeric forms 9a and 9b, and alkylation should give two 
isomers 13. In fact, the reaction is stereospecifically exo,

H COOCH, R

< ^ \  -
C, COOCHj C, H Cr COOCH,

(CO), (CO), (CO),
9. 9b 13

whatever the alkylating agent or the process used to effect 
alkylation.

The configurations of 9a and 9b were previously determined 
by Jackson and co-workers.14 The spectral properties of 9a, 
9b, and 13 display some interesting trends. An infrared (IR) 
study of the ester carbonyl absorption showed the presence 
of two such bands for 9a and for 13 in CC14, a nonpolar solvent 
(Table V). Complex 9b, containing the ester function exo to 
the Cr(CO)3 group, shows only one absorption band in CC14. 
In the more polar solvent CHC13, only one broad ester car-

Table IV. Competitive Alkylation o f  Enolate Anions 
by  CH3I

Enolate pair % yield

Ph2CCOOCH3 38
Ph

^C C O O C H , 2

, (C O )3CrC6Hs _
( Ph2CCOOCH3 32
1 [(C O )3CrC6H5] 2CCOOCH3 0

Table V. IR  Ester Carbonyl Stretch ing Bands

1*0= 0 , cm 1
Compd_________________________CCU_________CHCI3

9a 1755,1739 1751
9b 1748 1741
13, R = CH3 1748, 1738 1738
13, R = PhCH2 1752,1737 1738
13, R = CH2C H = C H 2 1751,1737 1741
13, R = CH2C = C H 1751,1738 1738

Table VI. Mass Spectra Data fo r  9a, 9b, and 13 (R = CH3)

% Rei abundance

9b 9a 13
M-+ 22.29 13.25 12.21
(M -  CO)+- 0 2.41 3.49
(M -  2CO)+- 1.20 6.02 5.81
(M -  3CO)+- 100 100 100
(M -  COOCH3)+- 1.80 2.41 2.33

bonyl absorption was observed for 9a, 9b, or 13.15 The nuclear 
magnetic resonance (NMR) spectra of complexes 9a and 13 
gave a doublet signal for H7 in the region of 5 5.62-6.11, which 
is deshielded relative to H4, H5, and H6 (see Experimental 
Section). The relative abundances of the principal peaks in 
the mass spectra of 9a and 13 (R = CH3) are similar (Table
VI), but distinct from those of 9b.

B. The Carbanionic Carbon Is Part of a Chain. The 
readily available complex 14 was chosen for this study. Here,

NaH /  DM F

RX

n r w

C4CO),

l? l_5a , 15b

monoalkylation of 14 by phase-transfer catalysis proved te
dious. Efficient methylation of 14 by NaH/DMF and methyl 
iodide gave two diastereoisomers (15a, 15b, R = CH3) in a 
82:18 ratio. With PhCH2Br, only one of the two diastereo
isomers was produced. Only one stereoisomer, 16, was ob-

tained by treatment of either 15 (a or b, R = CH3) with 
NaH/DMF and PhCH.Br, or 15 (a or b, R = CH.Ph) with 
NaH/DMF and CH3I. These alkylation reactions are quite 
stereoselective. The stereochemical assignments were more 
difficult to establish for 15a,b than for 9a, 9b, or 13, but NMR 
provided useful structural information. When deuteriochlo- 
roform is used as the solvent for the NMR spectral determi
nations, the chemical shifts of the two methoxy groups (ester

CH,0

< m h-n
> I '  cc

CH,
COOCH,

Cr(CO»,
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Table VII. Chemical Shifts for Complexes 14-17

Ò Cr(CO)3ArOCH3 6 OCH3 ester
Compd CDC13 CeDg A CDCI3 c 6d 6 A

14 3.85 3.03 0.82 3.85 3.45 0.4
17 3.88 3.00 0.88
15a, R = CH3 3.95“ 3.18 0.77 3.96° 3.75 0.21
15b, R = CH3 3.83° 3.05 0.78 3.88“ 3.38 0.50
15a, R = CH2Ph 3.88 3.01 0.87 3.88 3.66 0.22
15b, R = CH2Ph 3.88 3.00 0.88 3.88 3.25 0.63
16 3.83 3.05 0.78 3.83 3.63 0.20

“ Signals too close to be ascertained.

and aromatic) o f  14-16 are very similar, if  not identical. D if
ferentiation o f  the two m ethoxy groups can be made by use 
o f  a strong anisotropic solvent such as benzene-de- Com plex 
17, the tert -butyl analogue o f 14, displays only one m ethoxy 
signal, but at quite different chem ical shifts in C6D 6 (5 3.00) 
and CDCI3 (Ô 3.88), i.e., A(CDC13 -  C6D 6) =  0 .88.

Similar pronounced solvent effects were observed for 14-16 
(Table VII). The solvent effect is not as great for the ester 
methoxy group, and in three cases (15a, R = CH :); 15a, CH 2Ph; 
16) A(CDCl3 — CeDg) was 0.22 or less. For 15b (R  = C H 3, 
CH 2Ph), A(CDC13 — C6De) was considerably larger (0.5-0.63). 
Therefore, it is proposed that 15a (R  = C H 3, C H 2Ph) and 16 
are o f one configuration, while 15b (R  = C H 3, C H 2Ph) are o f 
another. This assignment is consistent with exo attack o f R X  
on the enolate (previously dem onstrated with 9), the enolate 
being in a stable conformation. The most stable conform ation 
o f the enolate derived from 14 should be 18, where the ortho

IJ  l ja  R = CH, , CHjPh

effect is minimized by placing the smallest group attached to 
the carbanionic carbon near the aromatic m ethoxy group (H 
for 18, CH 3 for 19, COOCH 3 for 20). The m ost likely structure

!2 2fi IS

for 15b has the carbom ethoxy group on the “ to p ”  o f  the mol- 

CHjO ÇOOCHj

H ISb ; R = CH, , CH,Ph
Cr R 

(CO),

ecule, permitting closer contact with the anisotropic solvent 
than in 15a, and consequently a larger A (C D C l3 -  C6D 6).

Experimental Section
General. All melting points were determined on a Kofler bank and 

are uncorrected. NMR spectra were recorded on a Varian A60A 
spectrometer. Chemical shifts are given as 6 units, Me4Si being used 
as internal standard (s, singlet; d, doublet; t, triplet; q, quartet; m, 
multiplet). Precise IR data were determined with a Beckman IR 12 
spectrophotometer on diluted solutions. UV analyses were made with 
a Beckman DK2 apparatus. Mass spectra were recorded on a Varian 
MAT 311 spectrometer; the energy of the electronic beam was 70 
eV.

Starting materials were commercially available or prepared ac
cording to literature methods (2-phenylpropanoic acid,16 2-phenyl- 
butyrolactone,17 1-indancarboxylic acid18a c). Chromium hexacar- 
bonyl was purchased from Strem Inc. and used as received.

Complexes 5-10,14, and 17. The following procedure for (methyl 
1-indancarboxylate) chromium tricarbonyl is typical (previously 
prepared by a slightly different process).14 A mixture of methyl 1- 
indancarboxylate (2 g, 0.011 mol), Cr(CO)6 (3 g, 0.013 mol), heptane 
(70 mL), hexane (20 mL), and di-n-butyl ether (70 mL) was heated 
under N2 for 3 days at 127 °C in a Strohmeir19 type apparatus. After 
filtration of the solution and evaporation in vacuo, the crude product 
was chromatographed on silica gel. Elution with ether-petroleum 
ether (ratio 3:7) first gave 9a (1.46 g, 42%) followed by 9b (1.69 g, 49%). 
The complexes were recrystallized from ether-petroleum ether. Yields 
and physical and analytical data are in Table VIII.

Phase-Transfer Alkylation o f 5-10,11,12, and 14. Into a 25-mL 
Erlenmeyer flask (N2 atmosphere) was placed 50% aqueous NaOH 
(5 mL), benzene (5 mL) or CH2C12 for 8, complex (0.25 mmol), al
kylating agent RX (0.25 mmol), and CTAB (36 mg). The reaction

Table VIII. Complexed Starting Materials, Yields, and Analytical and Physical Data“

Registry
no. Compd

%
yield M p,°C NM R data, 6 (CDCI3)

63703- 5 416 80 3.8 (s, 3 H, OCH3), 4.7 (s, 1 H, CH),
98-0

63703- 6 176 201
5.1-6 (m, 5 H, PhCr(CO)3), 7.45 (s, 5 H, Ph) 

3.85 (s, 3 H, OCH3), 4.15 (s, 1 H, CH),
99-1

63704- 7 (R = H) 71 26
5.1-6 (m, 10 H, PhCr(CO)3)

1.5 (d, 3 H, CH3, J  = 7 Hz), 3.36, 3.46, 3.6, 3.73 (q, 1 H, CH),
00-7

63704- 8 (R = H) 54 121
5.6 (s, 5 H, PhCr(CO)3)

2.2-3.2 (m, 2 H), 4.3-4.8 (m, 2 H, CH2CH20),
01-8

12215- 9a 42 6 87
3.5-3.9 (q, 1 H, CH), 5.6 (s, 5 H, PhCr(CO)3)

2.1-2.75 (m, 4 H, CH2CH2), 3.6 (s, 3 H, OCH3), 3.7 (t, 1 H, CH),
81-5

12215- 9b 49b 70
4.75-5.70 (m, 4 H, C6H4Cr(CO)3)

2.15-2.45 and 2.6-2.95 (m, 4 H, CH2CH2), 3.5 (s, 3 H, OCH3),
80-4

63704- 10 66 63
3.5 (t, 1 H, CH), 4.9-5.45 (m, 4 H, PhCr(CO)3)

1.5 (s, 9 H, C(CH3)3), 3.38 (s, 2 H, CH2), 5.52 (s, 5 H, PhCr(CO)3)
02-9

63704- 14 73 69 2.7, 3.3, 3.62, 3.92 (q, 2 H, CH2), 3.03 (s, 3 H, ArOCH3),
03- 0 

63704-
04- 1

17 70 81
3.45 (s, 3 H, COOCHa), 4.3 (t), 4.83 (t), 5.18 (d, 4 H, PhCr(CO)3)c

a Satisfactory analytical data (±0.3% for C and H) for all compounds (except as noted) were submitted for review. Exception, com 
pound 10; calcd C, 54.90; H, 4.87; found C, 54.29; H, 4.78. b 5 and 6 were obtained from one starting material in the same experiment, 
and then separated by TLC as described above; the same for 9a and 9 b .c Solvent CgD*;.
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Table IX. Alkylated Products from 7, 8 (R = H), and 9: Analytical and Physical Data“

Registry
no. Com pd.R = Mp, °C NMR data, b (CDClg)

58482-52-3 7, CH:i 55 1.6 (s, 3 H, CH3), 3.8 (s, 3 H, OCH3), 5.2-6 (m, 5 H, PhCr(CO)3)
63704-05-2 7, CH2Ph 100 1.45 (s, 3 H, CH3), 2.95, 3.18, 3.45, 3.68 (q, 2 H, CH2), 3.9 (s, 3 H, 

OCH3), 5.2-6.2 (m, 5 H, PhCr(CO)3), 7-7.6 (m, 5 H, Ph)
63704-06-3 7, CH2C H = C H 2 61 1.55 (s, 3 H, CH3), 2.2-3.2 (m, 2 H, CH2), 3.9 (s, 3 H, OCH3), 4.8- 

6.1 (m, 8 H, C H = C H 2 and PhCr(CO)3)
63704-07-4 7, CH2C = C H 65 1.70 (s, 3 H, CH3), 2.10 (s, 1 H ^ C H ), 2.75-3.1 (m, 2 H, CH2), 3.9 

(s, 3 H, OCH3), 5.2-6 (m, 5 H, PhCr(CO)3)
63704-08-5 7, CH2COOCH:! 100 1.68 (s, 3 H, CH3), 2.58, 2.85, 3.13, 3.40 (q, 2 H, CH2), 3.7 (s, 3 H, 

OCH3), 3.8 (s, 3 H, OCH3), 5-5.9 (m, 5 H, PhCr(CO)3)
63704-09-6 8, CH.) 128 1.7 (s, 3 H, CH3), 2.2-3.1, 4.3-4.8 (m, 4 H, CH2CH20 ), 5.2-6.2 (m, 

5 H, PhCr(CO)3)
63703-90-2 8, CH ,Ph 206 Insoluble in usual solvents
63703-91-3 8, CH2C H = C H 2 106 2.3-2.9 (m, 4 H, 2CH2), 4.2-4.8 (m, 2 H, CHoO), 5.0-6.6 (m, 8 H, 

C H = C H 2 and PhCr(CO)3)
63703-92-4 8, CH2C = C H 152 2.0-3.0 (m, 5 H, 2CH2 and = C H ), 4.5-4.9 (m, 2 H, CH20 ), 5.3-6.5 

(m, 5 H, PhCr(CO)3)
63703-93-5 8, CH2COOCH3 142 2.85 (m), 4.7 (m, 4 H, CH2CH20 ), 3.1 (s, 2 H, CH2Ph), 3.85 (s, 3 

H, OCH3), 5.3-6.4 (m, 5 H, PhCr(CO)3)
57628-76-9 13, CH3 86 1.4 (s, 3 H, CH,), 1.6-2.75 (m, 4 H, CH2CH2), 3.6 (s, 3 H, OCH3), 

4.75-5.25 (m, 3 H), 5.65 (d, 1 H, J  = 6 Hz, C6H4Cr(CO)3))
61168-83-0 13, CH2Ph 98 2.0-3.4 (m, 6 H, PhCH, and CH2CH2), 3.87 (s, 3 H, OCH3), 5.1- 

5.8 (m, 3 H), 6.11 (d, 1 H, J  = 6 Hz, C6H4Cr(CO)3)), 7.0-7.6 (m, 
5 H, C6H5)

63730-30-3 13, CH2C H = C H 2 65 1.9-3.0 (m, 6 H, CH2 and CHoCH2), 3.8 (s, 3 H, OCH3), 4.85-5.85 
(m, 6 H), 5.95 (d, 1 H, J  = 6 Hz, C6H4Cr(CO)3 and C H = C H 2)

63730-31-4 13, CH2C = C H 112 1.9-3 (m, 5 H, = C H  and CH,CHo), 3.87 (s, 3 H, OCH:i), 5.00-5.60 
(m, 3 H), 5.90 (d, 1 H ,J  =  6 Hz, C6H4Cr(CO)3)

63730-32-5 13, CH2COOCH3 80 1.80-3.4 (m, 6 H, CH2 and CH2CH2), 3.8 (s, 3 H, OCH3), 4.0 (s, 
3 H, OCH3), 5.1-5.85 (m, 3 H), 6.10 (d, 1 H, J  = 6 Hz,
C6H4Cr(CO)3)

a Satisfactory analytical data (±0.4% for C and H) for all compounds were submitted for review.

Table X. Physical and Analytical Data for the Alkylated Complexes 11,12,15a, 15b (R = CH3 or CH2Ph), and 16d

Registry
no. Compd Mp, °C NMR data, 6 (CDC13 or C6D6)

63703-94-6 11 86 0.75 (d, 3 H, CH;,, J = 7 Hz), 1.58 (s, 9 H, C(CH3)3), 1.6-2.9 (m, 7 H, (CH2)3 
and = C H ), 5.3-5.95 (m, 5 H, PhCr(CO)3)a

63730-33-6 12 133 1.21 (d, 3 H, CH;,, J = 7 Hz), 1.45 (s, 9 H, C(CH3)3), 1.6-2.9 (m, 7 H, (CH2)3 
and CH), 5.25-5.85 (m, 5 H, PhCr(CO ),)“

63703-95-7 15a (R = CH3) 98 1.32 (d, 3 H, CH3, J  = 7 Hz), 3.18 (s, 3 H, OCH3), 3.75 (s, 3 H, OCH3), 3.80, 
3.92, 4.05, 4.17 (q, 1 H, CH), 4.2-4.5 (m), 5.08 (t), 5.9 (d, C6H4Cr(CO)3) b

15b (R = CH3) 77 1.4 (d, 3 H, CH;,, J  = 8 Hz), 3.05 (s, 3 H, OCH3), 3.38 (s, 3 H, OCH,), 3.9-4.45 
(m), 4.9 (t) and 5.51 (d, C6H4Cr(CO)3 and C H )b

63703-96-8 15a (R = CH2Ph) 127 2.7, 2.92, 3.1, 3.32 (q, 2 H, CH2), 3.01 (s, 3 H, OCH3), 3.66 (s, 3 H, OCH3), 
4.1-4.65 (m), 4.95 (t), 6.15 (d, C6H4Cr(CO)3), 7.25-7.60 (m, 5 H, P h )b

15b (R = CH2Ph) 110 3.00 (s, 3 H, OCH;,), 3.25 (s, 3 H, OCH3, CH2/  4.1-4.6 (m), 4.9 (t), 5.75, (d, 
C6H4Cr(CO)3 and CH), 7.1-7.75 (m, 5 H, Ph)

63703-97-9 16 175 1.42 (s, 3 H, CH3), 2.68, 3.0, 3.58, 3.8 (q, 2 H, CH2), 3.05 (s, 3 H, OCH.,), 3.63 
(s, 3 H, OCH3), 4.00-4.30 (m), 4.98 (t), 5.42 (d, C6H4Cr(CO):i), 7.48 (s, 5 H,
P h)b

a Solvent CDC13. b Solvent C(;DB. ' Quartet mixed with precedent signals. d Satisfactory analytical data (±0.3% for C and H) for 
all compounds were submitted for review.

mixture was stirred at room temperature and its progress was checked 
with TLC. After complete disappearance of starting material, a 
spectrophotometric titration at 407 nm on a diluted aliquot of organic 
layer was used to determine the yield of alkylated product (the 
spectrophotometer was previously standardized with a known solution 
of alkylated product). In those experiments alkylated products are 
easily isolated after drying and evaporation of the organic layer, and 
chromatographic purification on silica gel. In experiments given in 
Tables I and II, crude products were photochemically decomplexed 
according to ref 7e, and then analyzed by GC with an added internal 
standard [diphenylacetonitrile; column DECS (diethylene glycol 
succinate) 3 m ,T =  170 °C].

Alkylation of complex 10 with 1,4-dibromopentane needed 3 days 
of st irring, then giving 11 and 12. Separation by TLC (eluent ether- 
petroleum ether 1:9) yields 11 (higher Rf, 34%) and 12 (lower Rf, 11%).

The NMR spectra of the decomplexed ligands (according to ref 7e) 
were found consistent with those given in the literature for the cor
responding acids:20 ligand desired from 11, 5ch, 0.60 (d, J -  7 Hz); 
from 12, <5Ch3 1-18 (d, J  = 7 Hz).

Alkylation of Complexes 5-10,11,12,14,16 by NaH/DMF/RX  
System. The following procedure is typical. A mixture of anhydrous 
DMF (3 mL), complex 7 (R = H, 0.25 mmol), and an equivalent 
amount of NaH was stirred under N2 for 10 min at room temperature. 
The alkyl halide was then added and the mixture was stirred for 5 min. 
The mixture was poured on ice, extracted several times with benzene, 
and worked up as previously described. If desired, the crude product 
may be purified on thick-layer chromatograph using silica gel, fol
lowed by recrystallization from petroleum ether, ether-petroleum 
ether, or benzene-heptane. Usually, “ in situ” yields given by GC after 
decomplexation are quantitative. Due to the workup, yields of isolated
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products are slightly lower. Ratios of stereoisomers 11 and 12, 72:
28.

15a and 15b (R = CH:i) were obtained from complex 14, the alkyl
ating agent being CH;;I, and separated on TLC (eluent ether-petro
leum ether 1:7). The higher band gave pure 15a (63%). The lower band 
gave both 15b (14%) and 14 (23%). The best way to get 15b was found 
to epimerize pure 15a (NaH/DMF and further hydrolysis). Alkylation 
of 14 with benzyl bromide only gave one isomer 15a (R = CH2Ph). 15b 
(R = CH2Ph) was produced by epimerization of 15a as described 
above, and then was separated from 15a by TLC (eluent ether-pe
troleum ether 1:4). Ratio 15a/15b, 72:28.

Complex 16 was prepared starting from 15 (R = CH3; benzyl bro
mide) or 15 (R = CH2Ph; CH3I) and then purified from ether, yield 
70%.

Analytical and physical data are given in Tables IX and X.
Competitive Methylation of Enolates Shown in Table IV.

Equivalent amounts of methyl diphenylacetate enolate and mono- 
(or di-) complexed enolate (from 5 or 6) were prepared in the usual 
way with equivalent amounts of NaH (completion of the reaction after 
10 min can be checked in a side experiment by methylation with ex
cess CH3I). About 30-40% of the equivalent quantity of CH3I vs. one 
enolate is injected with a syringe. After stirring for 10 min and usual 
workup, the crude mixture was separated on a thick-layer plate of 
silica gel (eluent: ether-petroleum ether 20:80). Two bands were ob
served: one contained a mixture of noncomplexed alkylated and no- 
nalkylated products, while the other contained the same for com
plexed products. The later mixture was decomplexed according to 
literature methods.71* Every fraction was analyzed by GC after adding 
the same quantity of internal standard (diphenylacetonitrile) as de
scribed above.
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Double Favorskii rearrangement of (+)-3,6-dibromohomoadamantane-2,7-dione (6) eventually led to (+)- 
(lS,3/i,6R,8S)-twist-brendane (4), assigning the (lft,3S,6S,8ft) configuration to the (-F)-dibromodione 6. (-)-P ro- 
toadamantane (tricyclo[4.3.1.03,8]decane) 3 was obtained by the sequence of reactions involving single Favorskii 
rearrangement of the (-)-dibromodione 6, and this correlation gave the (\R,3S,6R,8R) configuration to (—)-pro- 
toadamantane. Temperature-dependent circular dichroism spectrum analyses of ( + )-homoadamantane-2,7-dione
(15) and (+)-homoadamantan-2-one (23) suggested the C2v untwisted conformation to the homoadamantane (tri- 
cyclo[4.3.1.13’8]undecane) (1) molecule.

On ring expansion of adamantane by one carbon atom, 
the high-symmetry T d inherent t o  this molecule permits ho
moadamantane (l)2 to emerge as a sole product. Although an 
inspection of the molecular model indicates a flexible struc
ture, for convenience of discussion homoadamantane (1) will 
be regarded as a rigid molecule with C2u symmetry until we

shortly return to discuss this conformational complexity (vide 
infra) (Chart I).

In the C 2U molecular model 1, we can discern two sets of 
homotopic methylene groups: C2=C7 and Cio=Cn. Since the 
molecule possesses two planes of symmetry which contain the 
C 2 axis and are mutually perpendicular, these four methylene
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Chart I Scheme I I
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Scheme I

7 (-t-)-Twist-brendane (4)

groups also form four sets of enantiotopic methylene groups: 
C2/C 1 1 , C7/C 10, C2/C 10, and C7/CH. Removal of one of these 
methylene groups destroys the C2V symmetry, furnishing 
asymmetric (C1 symmetry) protoadamantane3 2 or 3, and 
which methylene group in each of these sets of enantiotopic 
groups is removed determines the chiralities of the enan
tiomeric protoadamantane molecules. Removal of two 
homotopic methylene groups, on the other hand, conserves 
the original C2 axis of homoadamantane (1 ) to give twist- 
brendane4 4 or 5 with C2 symmetry.

This time again, the chiralities of the enantiomeric twist- 
brendane molecules are determined by the choice of the set 
of homotopic methylene groups to be removed, C2=C 7 or 
C io= C n .

Consideration on these molecular geometries permitted us 
to choose optically active 3,6-dibromohomoadamantane-
2,7-dione (6) as a go-between whose single and double Fa- 
vorskii rearrangements5 should correlate the absolute con
figurations of optically active protoadamantane 2 and twist - 
brendane 4, via the carboxylic acids 7 and 8 , respectively 
(Scheme I).

Our continuing interests4’6 on the syntheses and chiroptical 
properties of high-symmetry chiral (gyrochiral6b) cage-shaped 
molecules currently center on the microbiological reduction 
of carbonyl groups constrained in various chiral cage-shaped 
molecular frameworks, and during these experiments7 (+)- 
protoadamantan-4-one (9) [the enantiomer of (—)-9 in Scheme 
I] was isolated from a culture solution containing (±)-pro- 
toadamantan-4-one8 as the substrate. Information about the 
absolute configuration of this optically active protoadaman- 
tan-4-one (9) was required to formulate a rule which specifies 
stereoselectivity in phytochemical reduction, and in this paper 
we report the configurational relationship between optically 
active twist-brendane 4 and protoadamantane 2 following the 
sequence outlined in Scheme I, which eventually leads to the 
absolute configuration of protoadamantan-4-one (9); also 
reported is an examination of the conformational mobility of

(+ )-|0  R=C02H (-)-12  ( - ) - l  3 R=C02H (+)-9

( - ) -6  R=Br 14 R= Br
( - ) -  3 R= H

the homoadamantane framework by means of temperature- 
dependent circular dichroism (CD) measurements on (+)- 
homoadamantane-2,7-dione (15) and (+)-homoadamantan- 
2-one (23).

Results and Discussion
Configurational Correlation between (—)-Homoada- 

mantane-2,7-dione-3,6-dicarboxylic Acid (10) and (+ )- 
Twist-brendane 4. Optical resolution of (±)-homoadam- 
antane-2,7-dione-3,6-dicarboxylic acid (10)5b was accom
plished by working with cinchonidine as the resolving agent. 
Crystallization of the salt from ethanol followed by recrys
tallization of the separated dicarboxylic acids from acetone- 
ether resulted in fairly good resolution, as evidence by optical 
rotations of the resolved dicarboxylic acids, [<*]d +41.1° and
[a]n —43.7°, obtained respectively from the sparingly soluble 
and the soluble cinchonidine salts.

The silver salt, prepared from the (-)-dicarboxylic acid 10,
[a]o —43.7°, was treated with bromine in carbon tetrachloride 
to afford the (+)-dibromide 6, [o ] d  +34.0°, whose double 
Favorskii type ring contraction515 with ethanolic potassium 
hydroxide gave an 82% yield of (+)-twist-brendane-3,6-di- 
carboxylic acid (7). The second Hunsdiecker reaction carried 
out on the silver salt of (+)-twist-brendane-3,6-dicarboxylic 
acid (7) provided (+)-3,6-dibromo-twist-brendane (11) which 
was refluxed with sodium in teri-butyl alcohol to give (+)- 
twist-brendane 4: mp 163.5-164.5 °C; [o ] d  +280° (98% optical 
purity4“) (Scheme II).

Since our unambiguous synthesis starting from the pre
cursor with known absolute configuration has assigned the 
(1S,3R,6R,8S) configuration to (+)-twist-brendane 4, the 
configurational correlation in Scheme II indicates the 
{IR,3S,6S,8R) configuration to (—)-homoadamantane-2,7- 
dione-3,6-dicarboxylic acid (10).

Configurational Correlation between (-t-)-Homoada- 
mantane-2,7-dione-3,6-dicarboxylic Acid (10) and (—)- 
Protoadamantane (3). In operating a one carbon atom ring 
contraction on the homoadamantane framework, we started 
again from the optically active 2,7-dione-3,6-dicarboxylic acid
10. In contrast to Scheme II, however, the dextrorotatory di
carboxylic acid 10  was our starting material in this correlation 
experiment (Scheme III).

The Hunsdiecker reaction converted (+)-homoadaman- 
tane-2,7-dione-3,6-dicarboxylic acid (10), [«]d +30.0°, into 
the (—)-dibromide 6 which was, following Vogt’s procedure,5“ 
refluxed with 10 % sodium bicarbonate solution in ethanol to 
give a 71% yield of the (—)-monobromoketocarboxylic acid 12. 
Clemmensen reduction of (—)-12 furnished (—)-protoadam- 
antan-3-carboxylic acid (13) whose carboxyl group was re
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C2 C, C2

(+)-23a (+)-23b (+)-23c
Figure 1. Conformational equilibria in homoadamantane derivatives. 
(The moleculars are viewed from the C9 carbon atom in the direction 
of the C2 axis of homoadamantane.)
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moved by the Hunsdiecker reaction of the silver salt of the 
carboxylic acid 13 followed by reduction of the resulting 
monobromide 14 with sodium in tert-butyl alcohol. Optically 
active protoadamantane 3 obtained by this sequence of re
actions was levorotatory, [o]u —118°, and melted at 174-177 
°C.

These configurational correlations clearly indicate the 
(1R,3S,6/?,8R) configuration to ( - ) -protoadamantane (tri- 
cyclo[4.3.1.03’8]decane) 3, and the Wolff-Kishner reduction 
of (+)-protoadamantan-4-one (9) to ( - ) -protoadamantane 
3 assigns the (1S,3S,6R,8S) configuration to this ketone 9 
isolated from a culture solution containing the racemic ketone 
9 as the substrate.9

Preparation of (+)-Homoadamantane-2,7-dione (15) 
and (+)-Homoadamantan-2-one (23). Successful bisde- 
carboxylation of the racemic dionedicarboxylic acid 10 dem
onstrated by Vogtsb provided (+)-(lS,3R,6R,8S)-homoada- 
mantane-2,7-dione (15), mp 285-288 °C; [c*]d +49.4°, from 
the (—)-dionedicarboxylic acid 10, [ajo —35.7° (Scheme
IV).

One of two homotopic carbonyl groups of (-t-)-dione 15 was 
removed via the (+)-diol 17, prepared from the (+)-dione 15 
by lithium aluminum hydride reduction. A sharp single acetyl

Figure 2. Temperature-dependent CD spectra of (+)-homoadam- 
antan-2-one (23) (in methylcyclohexane-isopentane 75:15): (— ) at 
25 °C; (---) at — 68 °C.

peak (5 2.08) observed in the NMR spectrum of the acetate
18 indicated stereochemical equivalence of the two hydroxyl 
groups, suggesting C2 symmetry for the diol 17. This, together 
with a plausible assumption of hydride attack from the less 
hindered methano bridge sides, suggested endo-cis configu
ration to the diol 17, which was supported by the preparation 
of the endo alcohol 21 from the diol 17 (vide infra) (Scheme
V).

Acetylation of the (+)-diol 17 with an equimolar amount 
of acetic anhydride in pyridine furnished the (+)-monoacetate
19 whose Jones’ oxidation afforded the (+)-keto acetate 20. 
The (+)-monoalcohol 21 obtained by the Wolff-Kishner re
duction of the (-t-)-keto acetate 20 exhibited a double doublet 
for the methine proton at 5 3.88 in the NMR spectrum, and 
was found identical with the endo alcohol reported by Murray, 
Jr.,10 supporting the endo-cis configuration previously as
signed to the diol 17.

Final oxidation with Jones’ reagent completed the prepa
ration of (+)-homoadamantan-2-one (23), [a]p +32.8°, to 
which the configurational correlations illustrated in Schemes 
II, IV, and V assigned the (1S,3/?,6S,8S) configuration.

Conformational Mobility in the Homoadamantane 
Framework. In the introductory part, a brief mention was 
made on the drastic change of conformational mobility 
brought by the mere one carbon atom ring expansion from 
rigid adamantane to flexible homoadamantane. Although 
Dreiding models, which are apt to mislead by overemphasizing 
angle strain, give a pair of enantiomeric conformational iso
mers la and lc (C2 symmetry) (Figure 1), Schleyer has fa
vored the conformer lb with C2t, symmetry by his computor 
conformational analysis calculations11 and temperature- 
dependent NMR study of homoadamantane.12

Desymmetrization of the homoadamantane framework by 
introducing carbonyl groups in the 2 or 2,7 positions changes 
the original pair of enantiomeric conformers la ^  lc to the
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pair of diastereomeric conformers (+)-15a — (+)15c and 
(+)-23a ^  (+)-23c, respectively (Figure 1).

Numerous examples13 have confirmed the utility of the 
Cotton effect in detecting these subtle conformational 
changes, and we expected the temperature-dependent CD 
spectrum analysis of (+)-homoadamantan-2-one (23) and 
(+)-homoadamantane-2,7-dione (15) should furnish infor
mation on this homoadamantane conformational complexi
ty.

If the molecules are twisted and the barriers between these 
diastereomeric conformers are large enough, the CD spectra 
should be temperature dependent. No such temperature de
pendence for (+)-23 was observed in the range of +25 to —68 
°C (Figure 2).

Although the CD spectrum of (+)-15 (in EPA) showed a 
small bathochromic shift (5 mm) on going from —190 to 25 °C, 
almost no change of pattern and intensities was observed in 
this temperature range. These, together with the optical in
activity observed in a specimen of homoadamatane prepared 
from (+)-homoadamantane-2,7-dione via the (+)-bis(ethyl- 
ene) ketal 16 (Scheme IV), appear to support Schleyer’s view 
that the preferred conformation in homoadamantane (1) is 
essentially untwisted (lb in Figure 1) with C2u symmetry.

Experimental Section
IR data were obtained from a Hitachi EPI-S2 spectrophotometer. 

NMR spectra were obtained from a JNM-MH-100 spectrometer. UV 
spectra were recorded on a Beckman DB spectrometer. Optical 
rotations were measured with a JASCO DIP-SL automatic polarim- 
eter. Circular dichroism data were measured on a JASCO J-40 spec- 
tropolarimeter. Elemental analyses were determined on a Yanagimoto 
CHN-Corder Type II. All melting and boiling points are uncorrect
ed.

(+)-Homoadamantane-2,7-dione-3,6-dicarboxylic Acid (10).
Dimethyl bicyclo[3.3.1]nonane-2,6-dione-3,7-dicarboxylate14 (32.4 
g, 0.120 mol) was added slowly to a suspension of NaH (7.50 g, 0.312 
mol) in dry 1,2-dimethoxyethane (120 mL). The mixture was stirred 
for 15 min at room temperature and then the solvent was distilled 
away. Ethylene bromide (204 g, 1.09 mol) was added and the mixture 
was stirred for 20 h at 118-120 °C. The cooled reaction mixture was 
poured onto ice, acidified with HC1, and extracted with CHCI3, and 
the extract was washed with water and dried over MgSCL. The solvent 
was removed, and the residue was dissolved in 80 mL of ether-benzene 
(9:1, v/v). Chilling overnight deposited 14’7 g of dimethyl homoada- 
mantane-2,7-dione-3,6-dicarboxylate (41% yield). Recrystallization 
from benzene afforded an analytical sample, mp 196-197 °C (lit.6b 
mp 197-198 °C).

Anal. Calcd for Ci5H180 6: C, 61.21; H, 6.17. Found: C, 61.05; H,
6.09.

A solution of this ester (14.0 g, 47.3 mmol) in acetic acid (210 mL) 
and 12 N HC1 (150 mL) was refluxed for 3 h, poured into water (600 
mL), and extracted for 3 days with ether. The extract was dried over 
MgS04 and the solvent was evaporated to give 8.40 g of 10 (66% yield), 
which was recrystallized from acetone-ether to give a pure sample: 
mp 287 °C (with gas evolution) (lit.6b mp 288-290 °C); IR (KBr) 1710, 
1295,1275,1250,1225, 945, and 720 cm“ 1.

Anal. Calcd for C^H hC :̂ C, 58.64; H, 5.30. Found: C, 58.58; H,
5.33.

Optical Resolution of Homoadamantane-2,7-dione-3,6-di- 
carboxylic Acid (10). To a solution of 10 (43.8 g, 0.165 mol) in 1 L 
of EtOH was added cinchonidine (95.0 g, 0.323 mol), and the mixture 
was refluxed for 5 h. After standing overnight at room temperature, 
the solution deposited 96.0 g of the cinchonidine salt: [a]16o -77.0° 
(c 0.374, EtOH). The filtrate was reserved for isolation of the enan
tiomer (—)-10 (vide infra). Several times fractional recrystallization 
from EtOH afforded 56.5 g of the levorotatory salt: [a ]14D -74.5° (c 
0.430, EtOH), which was stirred for 6 h with 10% HC1 (700 mL). The 
acidic solution was extracted for 7 days with ether. The extract was 
dried over M gS04 and the solvent was evaporated to give 14.7 g of 
(+)-10, [or]15D +30.0° (c 1.20, acetone), a part of which was recrys
tallized several times from acetone-ether (3:1, v/v) to give an ana
lytical sample of (+ )-10: [a]l8p +41.1° (c 0.538, acetone); mp 266 °C 
(with gas evolution); IR (KBr) 1710,1292 (sh), 1275,1225 (sh), 945, 
and 710 c m '1.

Anal. Calcd for C13H14O6: C, 58.64; H, 5.30. Found: C, 58.43; H,
5.33.

The filtrate was concentrated to give 30.5 g of a viscous oily salt, 
which was treated with 10% HCI. The same workup described above 
afforded 6.40 g of (-)-10 , [ « ] 18d  -36.2° (c  0.414, acetone), which was 
recrystallized several times from acetone-ether to yield 2.90 g of 
(-)-10 , [a]18n -43.7° (c  0.529, acetone), mp 267 °C (with gas evolu
tion).

Anal. Calcd for Ci3H i40 6: C, 58.64; H, 5.30. Found: C, 58.50; H,
5.32.

(+)-Twist-brendane-3,6-dicarboxylic Acid (7). A solution of 
(—)-10 (2.66 g, 0.0100 mol), [o]18d -43.7°, in MeOH (20 mL) was 
neutralized with 1 N aqueous KOH and then made slightly acidic with 
diluted nitric acid. A solution of silver nitrate (3.40 g, 0.0200 mol) in 
MeOH (12 mL) and H2O (6 mL) was added dropwise. After stirring 
for 30 min, disilver dicarboxylate was collected on a filter, washed with 
water and MeOH, and dried over phosphorus pentoxide at 70 °C (5 
mm) for 5 days. When the disilver dicarboxylate (4.39 g, 9.14 mmol) 
was added to a solution of bromine (3.40 g, 21.5 mmol) in dry CCI4 (10 
mL), carbon dioxide evolved immediately. The mixture was stirred 
for 30 min at room temperature and then refluxed for 3 h. A solid was 
separated from the cooled reaction mixture and extracted with hot 
CHCI3 for 6 days. The extract was concentrated and the residue was 
stirred with 5% NaHCC>3 solution for 2 h at room temperature to re
move unreacted carboxylic acids. The insoluble dibromide 6 was 
collected to yield 1.70 g of 6 (50% yield), [o]17d +34.0° (c 0.356, 
CHC13), mp 288-290 °C, which was used for the following reaction 
without further purification.

A mixture of (+)-6 (1.58 g, 4.70 mmol), KOH (3.53 g), EtOH (7 mL), 
and water (7 mL) was refluxed for 4 h. The chilled reaction mixture 
was made acidic with HCI and then concentrated under reduced 
pressure. To the residual solid was added acetone and the mixture was 
refluxed for 5 h. The insoluble solid was filtered off and the filtrate 
was treated with Norit. After filtration, the solvent was evaporated 
to yield 686 mg of (+)-7 (82% yield): [«]20d +166° (c 0.634, MeOH); 
mp >300 °C; IR (KBr) 1690,1415,1305, and 1120 cm -1.

Anal. Calcd for C „H h 0 4: C, 62.84; H, 6.71. Found: C, 62.56; H,
6.62.

(+)-Twist-brendane 4. A solution of (+)-7 (630 mg, 3.00 mmol) 
in MeOH (6 mL) was neutralized with 1 N aqueous KOH solution and 
then made slightly acidic with diluted nitric acid. A solution of silver 
nitrate (1.02 g, 6.00 mmol) in MeOH (4 mL) and water (2 mL) was 
added, and the mixture was stirred for 30 min. Disilver dicarboxylate 
was collected on a filter, washed with Me0 H -H 20, and dried over 
phosphorus pentoxide at 70 °C (5 mm) for 3 days. To a solution of 
bromine (1.60 g, 6.65 mmol) in dry CC14 (4 mL) was added the disilver 
dicarboxylate (1.20 g, 2.84 mmol). The mixture was stirred for 3 h at 
room temperature and then refluxed for additional 3 h. The cooled 
reaction mixture was filtered and the filtrate was washed with sodium 
thiosulfate solution, saturated NaHC03 solution, and water, and dried 
over MgS04. The solvent was removed to give 620 mg of 11, [<*]20d 
+  163° (c 0.393, EtOH). The brom idell (570 mg) and dry tert-butyl 
alcohol (850 mg) were dissolved in dry THF (8.5 mL), and sodium (424 
mg) was added. After the mixture was stirred for 30 min at room 
temperature, additional tert-butyl alcohol (1.5 g) was added. The 
mixture was refluxed for a further 3 h. To the chilled reaction mixture 
was added few milliliters of MeOH to destroy the excess sodium. The 
mixture was poured onto ice and extracted with pentane. The extract 
was washed with water and dried over MgS04. Evaporation of the 
solvent gave 110 mg of twist-brendane (30% yield), which was sub
limed at 40 °C (20 mm) to afford a pure sample: [o]20d +280° (c 0.393, 
EtOH) (98% optical purity4“); mp 163.5-164.5 °C (in a sealed tube). 
This was identified as twist-brendane 4 by comparison with an au
thentic sample4“ (IR spectrum and VPC, TLC behaviors).

(-)-Protoadamantane-3-carboxylic Acid (13). The same pro
cedure described for the (—)-enantiomer converted (+)-10 (3.99 g, 15.0 
mmol), [o]25d +30.0°, into ( - ) -6  (1.81 g, 36% yield), [a]24D -24.0°. 
A mixture of (—)-6 (1.76 g, 5.24 mmol), 10% NaHCOj solution (16 mL), 
and EtOH (16 mL) was refluxed for 1 h. The reaction mixture was 
extracted with CHCI3 to remove neutral substances and then made 
acidic with HCI. The acidic solution was extracted with CHCI3, and 
the extract was washed with water and dried over MgS04. Evapora
tion of the solvent gave 1.01 g of 12 (71% yield), [a]26o —85.8° (c 0.410, 
CHCI3). A mixture of (—)-12 (930 mg, 3.41 mmol), zinc amalgam (4.0 
g), and 12 N HCI (6 mL) was refluxed for 5 h and extracted with ether. 
The extract was washed with water and dried over MgS04. Evapo
ration of the solvent gave a semisolid, which was triturated with 
pentane to afford 150 mg of 13 (24% yield): [o]22d —119° (c 0.299, 
acetone); mp 85-88 °C; IR (KBr) 3400, 2600,1690, and 1290 cm "1.

Anal. Calcd for Cu Hi60 2: C, 73.30; H, 8.95. Found: C, 73.18; H,
8.88.

(—)-Protoadamantane 3. (—)-Protoadamantane-3-carboxylic acid
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(13) (540 mg, 3.00 mmol) was converted into its silver carboxylate (715 
mg, 83% yield) by the same procedure described above. When the 
silver carboxylate (715 mg, 2.49 mmol) was added to a solution of 
bromine (520 mg, 3.24 mmol) in dry CC14 (4 mL), carbon dioxide 
evolved immediately. The mixture was stirred for 3 h at room tem
perature and then refluxed for 3 h. After cooling, an inorganic solid 
was filtered off, and the filtrate was washed with sodium thiosulfate 
solution, NaHCOa solution, and water, and dried over MgS04. 
Evaporation of the solvent gave 290 mg of bromide 14. Because of 
contamination with the corresponding chloride, a correct elemental 
analysis was not obtained.

To a mixture of the halide 14, tert-butyl alcohol (280 mg), and dry 
THF (3 mL) was added sodium (140 mg). After the mixture was 
stirred for 3 h at room temperature, an additional amount of tert- 
butyl alcohol (0.55 g) was added, and the mixture was refluxed for a 
further 3 h. After the addition of a few drops of MeOH to the chilled 
reaction mixture, the mixture was poured onto ice and extracted with 
pentane. The extract was washed with water and dried over MgS04. 
Evaporation of the solvent gave a solid, which was sublimed at 50 °C 
(20 mm) to yield 102 mg of3 (25% yield based on 13): [a]26p —118° (c 
0.177, EtOH); mp 212.5-214 °C (in a sealed tube) (lit.5a racemate, mp 
215-216 °C); IR (KBr) 2850,2790,1460,1350,1335,1320,1305,1100, 
1070, 1008, 985, and 812 cm "1.

Anal. Calcd for CiqH i6. C, 88.16; H, 11.84. Found: C, 87.85; H,
11.70.

(+)-Homoadamantane-2,7-dione (15). (—)-Dicarboxylic acid 10 
(6.18 g, 23.2 mmol), [«]15d —35.7°, was heated at 270-290 °C under 
reduced pressure (30 mm). A white solid was observed to condense 
on an inner wall of the condenser. After cooling, the solid was dissolved 
in ether, and the ethereal solution was washed with saturated 
NaHCC>3 solution and water and dried over MgS04. Evaporation of 
the solvent gave a solid, which was sublimed at 130-140 °C (5 mm) 
to yield 2.82 g of 15 (68% yield): [n]20D +49.4° (c 1.22, CHCI3); mp 
285-288 °C (in a sealed tube); IR (KBr) 1698,1460,1360,1120,1070, 
1008, and 950 cm“ 1; NMR (CDC13) 6 1.78-1.95 (m, 6 H), 2.08-2.35 (m, 
4 H), 2.60-3.10 (m, 4 H); CD c 1.95 X 10~2 (isooctane, at 25 °C) [0] 
(nm) 0 (244), +8.72 X 102 (sh, 285), +1.09 X 103 (292.7), +1.33 X 103
(302.2), +1.21 X 103 (312.7), +6.21 X 102 (324.8), 0 (345); c 1.53 X 10~3 
(EPA, at 25 °C) 0 ( 245), +8.52 X 102 (294), +1.04 X 103 (302), +9.67 
X 102 (311.5), +4.97 X 102 (320), 0 (340); c 1.53 X 10“ 3 (EPA, at -6 8  
°C) 0 (240), +9.31 X 102 (292), +1.12 X 103 ( 300.5), +1.06 X 103
(310.5), +5.23 X 102 (322), 0 (340); c 1.53 X 10~3 (EPA, at -190 °C) 
+89 (250), +1.14 X 103 (288.5), +1.28 X 103 (297), +1.15 X 103 (308), 
+5.50 X 102 (319), 0 (335).

Anal. Calcd for CnHu 0 2: C, 74.13; H, 7.92. Found: C, 74.02; H,
7.89.

(+)- and (±)-Homoadamantane-2,7-diol (17). A solution of 
(+)-15 (2.31 g, 13.0 mmol), [o]20d +49.4°, in dry ether (150 mL) was 
added to a suspension of LiAlH4 (494 mg, 13.0 mmol) in dry ether (50 
mL), and the mixture was refluxed for 4 h. Saturated NH4C1 solution 
was added to the chilled reaction mixture and an inorganic solid was 
filtered off. The filtrate was dried over MgS04 and the solvent was 
evaporated to yield 2.07 g of 17 (88% yield): [«]20d +18.8° (c 0.680, 
C H C I3); mp 326-328 °C (in a sealed tube); IR (KBr) 3350,1080,1048, 
1022, 930, and 875 cm“ 1.

Anal. Calcd for CiiH180 2: C, 72.49; H, 9.96. Found; C, 72.20; H,
9.97.

(±)-Homoadamantane-2,7-diol (17) was prepared from (±)-15 by 
the same procedure described above; mp >330 °C.

Anal. Calcd for Cu Hi80 2: C, 72.49; H, 9.96. Found: C, 72.31; H,
9.99.

(±)-2,7-Diacetoxyhomoadamantane (18). Acetic anhydride (1 
mL) was added to a cooled (0 °C) solution of (±)-17 (153 mg, 0.841 
mmol) in pyridine (5 mL). After standing overnight at room tem
perature, the reaction mixture was poured onto ice. A deposited solid 
was collected and washed with water and dried to give 181 mg of 18 
(81%yield): mp 99.5-100 °C; NMR (CDC13) 6 1.2-2.1 (m, 12 H), 2.08 
(s, 6 H), 2.2-2.5 (m, 2 H), 4.99 (dd, J = 6.6 and 6.3 Hz, 2 H); IR (KBr) 
1735,1365,1255, and 1030 c m '1.

Anal. Calcd for CisH220 4: C, 67.64; H, 8.33. Found: C, 67.65; H,
8.32.

(+)-2-Acetoxyhomoadamantan-7-oI (19). Acetic anhydride (1.11 
g, 10.9 mmol) was added to a cooled (0 °C) solution of (+)-17 (1.98 g,
10.9 mmol) in dry pyridine (5 mL). The mixture was stirred for 4 h 
with ice cooling and then kept overnight at room temperature. It was 
poured onto ice and extracted with ether. The extract was washed with 
10% HC1, saturated NaHCC>3 solution, and water, and dried over 
MgS04. After evaporation of the solvent, the residue (1.94 g) was 
chromatographed on silica gel. Fractions eluted with CHCI3 gave 720 
mg of impure (+)-18 (25% yield), whose structure was confirmed by

comparison with the racemic modification 18. Fractions eluted with 
ether afforded 995 mg of 19 (41% yield): [ a ] 27D +12.8° (c 0.665, 
CHCI3); mp 108-111 °C; IR (KBr) 3480, 1710, 1270, and 1030 
cm-1.

Anal. Calcd for CisH^Oa: C, 69.61; H, 8.99. Found: C, 69.90; H,
8.96.

Final fractions with ether-MeOH (9:1, v/v) gave 150 mg of the 
starting material (17).

(+)-2-Acetoxyhomoadamantan-7-one (20). To a cooled (0 °C) 
solution of (+)-19 (840 mg, 3.75 mmol) in acetone (5 mL) was added 
excess of Jones’ reagent. After stirring for tha t  this temperature, the 
reaction mixture was poured into ice water and extracted with ether. 
The extract was washed with saturated NaHC03 solution and water, 
dried (MgS04), and concentrated. The concentrated product on 
distillation gave 660 mg of 20 (79% yield), bp 130-140 °C (bath tem
perature) (5 mm), which solidified in the receiver: mp 69-72 °C; |«|27d 
+ 24.5° (c 0.868, CHCI3); IR (KBr) 1725, 1700, 1370, 1245, and 1035 
cm“ 1; NMR (CDC13) S 1.55-2.05 (m, 11 H), 2.09 (s, 3 H), 2.4-2.8 (m, 
3 H), 5.09 (dd, J = 6.6 and 6.2 Hz, 1 H).

Anal. Calcd for Ci3HIS0 3: C, 70.24; H, 8.16. Found: C, 69.97; H,
8.11.

(+)-Homoadamantan-2-ol (21). To a mixture of KOH (0.39 g), 
100% hydrazine hydrate (0.4 mL), and triethylene glycol (4 mL) was 
added (+)-20 (610 mg, 2.75 mmol). The mixture was heated for 1.5 
h at 160 °C and then for additional 3 h at 190-200 °C. After cooling, 
a white solid condensed on an inner wall of the condenser was dis
solved in ether. The chilled reaction mixture was diluted with water 
and extracted with ether. Combined ether solutions were washed with 
water and dried over MgS04. The solvent was evaporated to give a 
solid, which was sublimed at 100 °C (5 mm) to afford 380 mg of 21 
(83% yield): [a]25D +7.4° (c 0.653, CHC13); mp 276-278 °C (in a sealed 
tube) (lit.10 racemate, mp 283.5-285.5 °C); IR (KBr) 3300,1450,1065, 
and 1025 cm“ 1; NMR (CDC13) h 1.1-2.4 (m, 17 H), 3.88 (dd, J = 5.5 
and 5.0 Hz, 1 H).

Anal. Calcd for Cu HlgO: C, 79.46; H, 10.92. Found: C, 79.63; H, 
10.77.

(+)-2-Acetoxyhomoadamantane (22). To a solution of ( + )-21 
(75 mg, 0.452 mmol) in dry pyridine (5 mL) was added acetic anhy
dride (200 mg, 1.96 mmol), and the mixture was stirred for 5 h at 0-5 
°C. After standing overnight at room temperature, the mixture was 
poured onto ice and extracted with ether. The extract was washed with 
10% HC1, saturated NaHCOu solution, and water, and dried (M S04). 
After removal of the solvent, the residue was chromatographed on 
silica gel. Fractions eluted with pentane-ether (1:1, v/v) gave an oily 
product, which was distilled to give 64 mg of (+)-22 (68% yield): bp
110-120 °C (bath temperature) (5 mm); [a]21D +0.73° (c 0.480, 
CHCI3); IR (neat film) 1735,1250,1240,1040, and 1020 cm -'; NMR 
(CDCI3) <5 1.1- 2.1 (m, 15 H), 2.08 (s, 3 H), 2.2-2.5 (br s, 1 H), 5.02 (dd, 
J = 6.4 and 6.1 Hz, 1 H).

Anal. Calcd for C i3H20O2: C, 74.96; H, 9.68. Found: C, 74.70; H,
9.59.

(+)-Homoadamantan-2-one (23). To a solution of ( + )-21 (300 
mg, 1.81 mmol) in acetone (3 mL) was added excess of Jones’ reagent 
with ice cooling, and the mixture was stirred for 1 h at this tempera
ture. The reaction mixture was diluted with water and extracted with 
ether. The extract was washed with saturated NaHCOa solution and 
water and dried (MgS04). After removal of the solvent, a solid was 
sublimed at 100 °C (5 mm) to give 240 mg of 23 (80% yield): [«]25n 
+32.8° (c 0.629, CHCI3); mp 262-263 °C (in a sealed tube); IR (KBr) 
1698,1450,1113,1068,1000, and 960 cm“ 1; CD c 2.61 X 10~2 (isooc
tane, at 25 °C) [0] (nm) 0 (238), +84.3 (sh, 275), +1.09 X 102 (282.5), 
+ 1.34 X 102 (291.3), +1.78 X 102 (301.2), +2.32 X 102 (312.2), +1.76 
X 102 (324.5), 0 (340); c 4.81 X  10_ i [methylcyclohexane-isopentane 
(75:15), at 25 °C] 0 (250), +1.30 X 102 (292), +1.90 X 102 (302), +2.30 
X 102 (312.5), +1.80 X 102 (325), 0 (340); c 4.81 X lO' 3 [methylcyclo
hexane-isopentane (75:15), at -6 8  °C] 0 (250), +1.20 X 102 (284), 
+ 1.70 X 102 (291.5), +2.20 X 102 (301.5), +2.60 X 102 (312.5), +1.80 
X 102 (325), 0 (340).

Anal. Calcd for Cu H,60: C, 80.44; H, 9.83. Found: C, 80.23; H,
9.73.

Homoadamantane (1). A mixture of ( + )-15 (400 mg, 2.25 mmol, 
[a]20b +49.4°), ethanedithiol (2.00 g, 21.2 mmol), and borontrifluoride 
etherate (2 mL) was stirred for 60 h at room temperature. The reaction 
mixture was poured onto ice and neturalized with Na2C03. After 
extraction with CHCL, the extract was washed with water and dried 
(MgS04). The solvent was evaporated and the residue was triturated 
with pentane to give 500 mg of 16 (67% yield), [n|22n +25.7° (c 0.503, 
CHCI3). To a solution of (+)-16 (450 mg, 1.36 mmol) in EtOH (10 mL) 
was added Raney nickel (5 g), and the mixture was refluxed for 8 h. 
After Raney nickel was removed, the filtrate was concentrated to give
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a solid, which was sublimed at 90 °C (30 mm) to yield 120 mg of 1 (58% 
yield): 1 « ]24d  0° (c 2.81, CHC1.0; mp 256-258 °C (in a sealed tube) (lit.2 
mp 258-259 °C).

Anal. Calcd for CnH i8 C, 87.92; H, 12.08. Found: C, 87.67; H, 
12.04.
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28-5; ethylene bromide, 106-93-4; (±)-dimethyl homoadamantane- 
dione-3,6-dicarboxy!ate, 63833-61-4; cinchonidine, 485-71-2.
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The stereochemistry and total synthesis of the novel secoeudesmanolide ivangulin (3) is reported. The introduc
tion of the (¡-oriented C-15 methyl group involves acid-catalyzed opening of cyclopropyl ketal 4 and equilibration 
to the more stable d position (4 5). The establishment of the (¡-oriented y-lactone functionality is facilitated by
the presence of the angular «-methyl group in diene 6. Cleavage of ring A in compound 10 via a Baeyer-Villiger oxi
dation completes the construction of the side chain.

The isolation and structure eluciation of two novel highly 
oxygenated secoeudesmanolides, eriolangin (1) and eriolanin
(2), from the chloroform extracts of Eriophyllum lanatum

1. R =  CO

Herz and co-workers isolated, as a result of examining several 
collections of Iua angustifolia Natl, (section Linearbractea ) 
found in Texas and Oklahoma, the only other 1,10-seconeu- 
desmanolide, ivangulin (3), whose structure was based on IR, 
NMR, and chemical degradative data.3 However, no infor
mation regarding the stereochemistry at C-4 was provided.

In conjunction with our efforts to synthesize eriolangin and 
eriolanin, we have examined several model systems and report 
herein our preliminary findings which have resulted in the 
successful synthesis of 3 whose NM R and IR were identical 
with the spectra of natural ivangulin, thus establishing the 
stereochemistry at C-4.4

Of prime importance to any synthesis of ivangulin and its

3

Forbes (Compositae) has been reported by Kupchan.1 The 
significant in vivo tumor-inhibitory activity associated with 
both 1 and 2 can be attributed to the presence within each 
molecule of two «,/3-unsaturated carbonyl functions.2 In 1967,
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Chart I Chart II

a Zn—Cu/CH2I2/Et20 . * NaH/Me2SO/PhCH2Br. c MeOH/ 
H2S 0 4. dp-CH3C6H4S 0 2NHNH2/PhH/BF3 Et20 . e LDA/ 
THF/—78 -  0 °C. /C l2CHCOCl/Et3N/hexanes. g HOAc/Zn. 
h HOCH2CH2Oîf/PhH/TsOH. ' Li/NH3. /C r 0 3-2Py/CH2Cl2.

more highly oxygenated derivatives is the introduction of the 
C-4 methyl group with the proper stereochemical relationship 
to the «-methylene-7 -butyrolactone functionality. One of the 
key steps in our synthesis was the introduction of the /f-ori
ented methyl group on the acyclic side chain. As illustrated 
in eq 1, acid-catalyzed opening of cyclopropyl ketal 4 was ac
companied by equilibration to the more stable equatorial 
position (vide infra). This approach is dependent upon suc
cessful cleavage of the C -l, C-10 carbon-carbon bond at some 
point in the synthesis. The proper stereochemical relationship 
between the C-4 methyl group and the eventual 7 -lactone 
moiety was facilitated by the presence of the C-10 «-oriented 
methyl group in diene G which directed the addition of di- 
chloroketene from the /1-face of the molecule (eq 2). Prepa
ration of cyclopropyl ketal 4 along with its conversion to the 
tricyclic keto ketal 10 is detailed in Chart I.

The known ketal olefin 85 was efficiently cyclopropanated 
in high yield employing the LeGoff modification6 of the 
Simmon-Smith reaction7 in which the zinc-copper couple is 
readily prepared by treating zinc dust with a hot acetic acid 
solution of cupric acetate monohydrate. It is of interest to note 
that in the absence of the a-oriented hydroxyl function at C -l 
no cyclopropanation occurred. For example, we were unable 
to cyclopropanate olefin I employing several procedures. The

above results were not completely unexpected in view of 
Winstein’s observation some years ago that the hydroxyl 
group of 3-cyclopenten-l-ol controls methylene transfer.8

Prior to cyclopropane ring opening and equilibration, the 
free hydroxyl was protected as its benzyl ether. Exposure of 
ketal 4 to concentrated sulfuric acid in methanol at 80-85 °C  
for 30 min led to opening of the cyclopropane ring with 
equilibration to the ¡3 position. The major product, albeit in 
only overall yields of between 40 and 50%, was clearly an 
«,/3-unsaturated ketone as evidenced by infrared bands at 
1680 and 1614 cm-1 and a one-proton doublet (J = 1.8 Hz) in 
the NM R spectrum located at <5 5.62. In addition, a three- 
proton doublet (J = 7 Hz) Centered at 5 1.07 for the C-4 methyl 
group was evident. The initial stereochemical assignment at 
C-4 in compound 5 was based on an observation reported some 
years ago that in 6-substituted A4-3-keto steroids the stereo
chemistry at C-6 can be deduced from the multiplicity of the 
olefinic proton at C-4 which appears as a singlet (W h = 1.5-1.8 
Hz) in the C-6 ^-substituted series and as a doublet (J =
1.6-1.8 Hz) in the C-6 «-substituted series.9 Attempts to open 
the cyclopropane ring via treatment of cyclopropyl ketone II 
with base (e.g., potassium ferf-butoxide, 1,5-diazabi- 
cyclo[5.4.0]undec-5-ene) gave discouragingly low yields 
(<10%) of desired enone 5.

Unequivocal confirmation of the structure assigned to 
compound 5 was arrived at by the synthetic route outlined in 
Chart II. Reaction of dienol ether 13 with carbon tetrabromide 
in pyridine provided the dibromomethylene compound 14 
(~50%) which when subjected to hydrogenation using Pd/ 
SrCOs and equilibration provided the known enedione 15 
(38%).10 Reduction of the unconjugated carbonyl with sodium 
borohydride in absolute ethanol (0 °C) generated the desired 
alcohol which was converted to its sodium alkoxide in tetra- 
hydrofuran and treated with benzyl bromide in the presence 
of tetrabutylammonium iodide.11 The benzyl ether generated 
by this procedure was identical in all respects with the sample 
of compound 5 prepared above.

Introduction of the 1,3-conjugated diene system was carried 
out on the tosylhydrazone of enone 5 employing a modification 
of the original procedure of Dauben and Shapiro.12’13 Use of 
excess lithium diisopropylamide in tetrahydrofuran gave 
reproducibly in >90% yield the sensitive diene 6. The in situ 
cycloaddition of dichloroketene generated from dichloroacetyl 
chloride and triethylamine in hexane14 to diene 6 gave pre
dominantly adduct 7 resulting from (1 attack.15 Approximately
10-15% of the «  adduct could be detected. Dechlorination of 
7 with zinc in glacial acetic acid followed by ketalization gave 
the crystalline tricyclic ketal 11, mp 96-97 °C, in an overall 
yield ranging from 50 to 70%. Debenzylation (lithium, liquid 
ammonia, tetrahydrofuran, tert-butyl alcohol) and oxidation 
with Collins reagent provided in 90% overall yield the tricyclic 
ketone 10.

With compound 10 in hand, we turned our attention to the 
cleavage of ring A. Treatment of ketone 10 with 1 equiv of 
m-chloroperbenzoic acid methylene chloride containing so-
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dium bicarbonate gave rapid epoxidation of the double bond 
with no evidence of Baeyer-Villiger product. Under a variety 
of conditions, formation of compound 20 was faster than

20

lactone formation. Use of 2.0 equiv of m-chloroperbenzoic acid 
followed by treatment with potassium carbonate in methanol 
gave the hydroxy ester 16 as a crystalline compound, mp

65.5-66.5 °C, in 84% overall yield. Mesylation of alcohol 16 
with methanesulfonyl chloride in methylene chloride in the 
presence of triethylamine at —5 °C gave not the expected 
mesylate but the sensitive epoxy olefin 17 in 70% yield after 
purification on florisil. The NM R and infrared spectra of 
compound 17 were in accord with the assigned structure of the 
purified compound. The NM R spectrum of compound 17 
revealed two new singlets (1 H each) located at 5 5.08 and 5.16, 
and the infrared spectrum displayed new absorptions at 3100 
and 1644 cm“ 1. It is of interest to note that compound 17 
represents a potential intermediate for the synthesis of erio- 
langin and eriolanin. During an attempted purification on 
silica gel, compound 17 underwent a smooth high-yield 
transformation to the undesired «,/t-unsaturated enone 21.

Once again, the NM R and IR spectra allowed ready assign
ment of the unwanted product. The NMR spectrum exhibited 
a new three-proton singlet attributed to the olefinic methyl 
group, and the infrared spectrum showed new bands at 1650 
and 1620 cm-1 .

Treatment of the sensitive epoxy olefin 17 with lithium in 
liquid ammonia-tetrahydrofuran containing tert-butyl al-

Chart III

a THF/10% aq HC1/25 °C. * DHP/CH2C12/TsOH. cf- 
BuOOH/10% aq NaOH/THF/0 °C. d LDA/THF/—25 °C/ 
HCHO. e MsCl/Py/CH2Cl2. /MeOH/TsOH. £ Jones/0 °C. 
fl CH2N2/Et20 . ' DBU/PhH/rt.

cohol gave after chromatographic separation two products, 
A (35%) and B (46%), which were identified as the monoal
cohol 18 and the diol 19, respectively. Conversion of diol 19 
to its diacetate 22 (94%), mp 59-60 °C, with acetic anhydride 
and triethylamine in ether containing p-dimethylaminopyr- 
idine16 followed by reduction with lithium in ethylamine gave 
a 91% yield of pure alcohol 18. In the absence of p-dimethy- 
laminopyridine, the conversion of 19 to 22 required approxi
mately 5 days.

19 R =  H 
22 R =  Ac

Li/EtNH2 

16 °C/10 min

18
Transformation of compound 18 to ivangulin was carried 

out as indicated in Chart III. Hydrolysis of ketal 18 with 10% 
hydrochloric acid followed by tetrahydropyranylation in 
methylene chloride containing p-toluenesulfonic acid gave 
in near quantitative yield cyclobutanone 23. Baeyer-Villiger
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oxidation of 23 with m-chloroper benzoic acid led only to 
disappointingly low yields of lactone 24. Similarly, use of basic 
hydrogen peroxide in tetrahydrofuran led to only a 32% yield 
of lactone 24.17 However, utilization of terl -butyl hydroper
oxide in tetrahydrofuran containing 10% aqueous sodium 
hydroxide gave a 76% yield of the desired y -lactone. Substi
tution of triton B for sodium hydroxide in the tert -butyl hy
droperoxide reaction gave a 54% yield of 24.

Hydroxyméthylation18 of the lactone enolate prepared from 
lactone 24 with, lithium diisopropylamide in tetrahydrofuran 
at —78 °C proceeded smoothly in 92% yield. Mesylation of the 
resulting adduct in methylene chloride containing pyridine 
generated the corresponding mesylate 25 in high yield. 
Cleavage of the tetrahydropyranyl ether, Jones oxidation of 
the resulting alcohol, and esterification of the corresponding 
carboxylic acid function all proceeded in near quantitative 
yield despite the presence of the potentially sensitive fi-mes- 
yloxy lactone moiety. Conversion of 26 to ivangulin was ac
complished in 97% yield with l,5-diazabicyclo[5.4.0]undec-
5-ene in benzene at room temperature. Crystalline ivangulin, 
mp 66.0-66.5 °C, was identical with natural ivangulin by 
comparison of spectral properties (NMR, IR), thus estab
lishing the stereochemistry at C-4.4

Experimental Section
Melting points were determined on a Fisher-Johns hot-stage 

melting-point apparatus. All melting and boiling points are uncor
rected. infrared (IR) spectra were determined on a Perkin-Elmer 247 
grating infrared spectrometer, and nuclear magnetic resonance 
(NMR) spectra were recorded at either 60 (Varian A-60A or T-60 
spectrometer) or at 250 MHz as indicated. Chemical shifts are re
ported in parts per million (6) relative to MeiSi (ÔMejs, = 0.0 ppm) as 
an internal standard. Low-resolution mass spectra were recorded on 
an LKB-9000 spectrometer. High-resolution spectra were recorded 
on a Varian MAT CH-5DF instrument. Microanalyses were per
formed by Galbraith Laboratories, Inc., Knoxville, Tenn.

Reactions were run under an atmosphere of nitrogen. “ Dry” sol
vents were dried immediately before use. Tetrahydrofuran and dl- 
methoxyethane were distilled from lithium aluminum hydride; di- 
methylformamide (DMF), hexamethylphosphoramide (HMPA), 
dimethyl sulfoxide (Me2SO), and pyridine were distilled from calcium 
hydride. Diethyl ether and dioxane were distilled from sodium. 
Methylene chloride was passed through a column of alumina prior 
to use.

ois-1 Oa-Methy 1-7,7-ethylenedioxy-4a,5a-methano-la-decalol
(9). To a solution of 128.6 g of diiodomethane in 500 mL of anhydrous 
ether was added 62 g of zinc-copper couple (freshly prepared via the 
LeGoff modification6). The heterogeneous mixture was refluxed under 
nitrogen. After 30 min, 15.9 g (71 mmol) of octalol 8 in 300 mL of an
hydrous ether was added dropwise over 30 min with the aid of a 
dropping funnel. The reaction was refluxed for 2 h. The cooled reac
tion mixture was filtered and the filtrate was poured into 200 mL of 
cold saturated aqueous ammonium chloride solution. The organic 
layer was separated, washed with saturated sodium bicarbonate so
lution and saturated brine solution, and dried over anhydrous sodium 
sulfate. Removal of the solvent in vacuo provided 39 g of crude 
product. Chromatography on 800 g of silica gel employing ether- 
hexanes, 1:2, gave 12.8 g (76%) of pure 9 as an oil: IR (CHCI3) 3620, 
3475,3065,3000,2960,2935,2880,1465,1455,1431,1385,1363,1355, 
1320,1280,1234,1178,1123,1100,1076,1046,1030,971,950,915,900, 
881,868,830 cm -1; NMR (CDCI3) 6 3.91 (s, 4 H), 3.42 (m, 1 H), 1.2-1.3 
(m, 10 H), 1.12 (s, 3 H), 0.1-1.0 (m, 3 H). An analytical sample was 
prepared by distillation [85 °C (bath temperature)/0.8 mmHg],

Anal. Calcd for C14H22O3: C, 70.56; H, 9.30. Found: C, 70.71; H,
9.46.

c/s-10a-Methyl-7,7-ethylenedioxy-4«,5ff-methano- la-benz- 
yloxydecalin (4). To a suspension of 5.28 g (109 mmol) of sodium 
hydride (50% oil dispersion) in 160 mL of dry benzene was added 18.6 
g (78 mmol) of decalol 9 in 8 mL of dry dimethyl sulfoxide. After the 
mixture was refluxed for 1 h, 13.1 mL (110 mmol) of benzyl bromide 
was added over 10 min. After an hour at reflux, an additional 3.74 g 
(78 mmol) of sodium hydride was added followed by 0.27 mL (78 
mmol) of benzyl bromide after 30 min. After 50 min, TLC analysis 
indicated the presence of starting material. An additional 2.62 g (54.6 
mmol) of sodium hydride and 6.48 g (54.6 mmol) of benzyl bromide

were added. After 40 min, TLC analysis (hexanes-ether, 2:1) indicated 
no starting alcohol present. The product was isolated by extraction 
with ether.19 There was obtained 51 g of crude product which was 
chromatographed on 800 g of silica gel. Elution with hexanes-ether, 
6:1, afforded 23.9 g (93%) of pure benzyl ether 4 as an oil: IR (CCI4) 
3070,3035, 2960,2940,2880,1500,1465,1455,1431,1383,1370,1360, 
1349,1325,1304,1280,1260,1246,1220,1195,1134,1118,1100,1078, 
1060,1035,1015,967,951,918,905 cm-1; NMR (CC14) i  7.20 (s, 5 H),
4.33 (AB q, 2 H ,J = 12 Hz, ArAB = 16 Hz), 3.78 (s, 4 H), 2.96 (m, 1 H),
1.13 (s, 3 H), 0.3-1.0 (m, 3 H). An analytical sample was prepared by 
distillation [110 °C (bath temperature)/1.5 mmHg].

Anal. Calcd for C2iH2803: C, 76.79; H, 8.59. Found: C, 77.08; H,
8.77.

la-Benzyloxy-4/J-m ethyl- 10a-m ethyl-A5<6,-octaI-7-one (5). 
To a solution of 11.95 g (36.4 mmol) of cyclopropyl ketal 4 in 237 mL 
of methanol cooled to 0 °C was added dropwise over 10 min 91 mL of 
concentrated sulfuric acid. The mixture was heated to ca. 85 °C for 
30 min. The reaction was quenched by pouring onto ice. Isolation of 
the product by extraction with benzene19 gave 19 g of crude material. 
Chromatography on 800 g of silica gel [elution with hexanes-ether, 
7:1] gave 4.5 g of crystalline product. Recrystallization from hexanes 
gave 4.2 g (40%) of pure crystalline octalone (5): mp 74-75 °C; IR 
(CHCI3) 3090, 3055, 3040, 2975, 2940, 2910, 2855, 1680, 1615, 1500, 
1462,1457,1420,1375,1360,1348,1331,1295,1272,1238,1218,1205, 
1178, 1145, 1100, 1075, 1031, 1017, 959, 937, 914, 880 cm "1; NMR 
(CC14) 5 7.30 (s, 5 H), 5.62 (d, J = 1.8 Hz, 1 H), 4.51 (AB q ,2 H ,J  = 
12 Hz, Acab = 13.4 Hz), 3.10 (m, 1 H), 1.4-2.6 (m, 9 H), 1.21 (s, 3 H),
1.07 (d, 3 H, J = 6.5 Hz).

Anal. Calcd for C19H24O2: C, 80.24; H, 8.51. Found: C, 80.50; H,
8.49.

Preparation of Conjugated Diene 6. To a suspension of 8.0 g (28 
mmol) of octalone 5 and 5.8 g (31 (mmol) of p-toluenesulfonylhy- 
drazide in 80 mL of anhydrous benzene was added 16 drops of boron 
trifluoride etherate. The mixture gradually became homogeneous. 
After 40 min, the solvent was removed on a rotary evaporator under 
reduced pressure. The residue' was redissolved in 50 mL of benzene 
and evaporated to dryness to remove traces of moisture. This process 
was repeated again. The resulting tosylhydrazone was dried at 0.1 
mmHg for 1 h.

The above tosylhydrazone in 70 mL of anhydrous tetrahydrofuran 
cooled to —78 °C was treated dropwise with a precooled (—78 °C) 
solution of lithium diisopropylamide [prepared from 19.7 ml, (141 
mmol) of diisopropylamine and 88.1 mL of 1.6 M n-butyllithium (in 
hexane) in 180 ml, o f dry tetrahydrofuran at -7 8  °C]. The mixture 
was warmed to 0 °C where stirring was continued for 2 h. After 2 h at 
room temperature, the reaction was quenched at 0 °C with water. The 
solvent was removed under reduced pressure. The product was iso
lated by extraction with hexanes.19 There was obtained 7.43 g (98% 
overall) of pure sensitive diene 6 as an oil: IR (CCI4) 3100,3050,2980, 
2945,2880,2870,1610,1590,1501,1458,1446,1432,1398,1375,1365,
1346,1325,1310,1261,1247,1220,1210,1171,1148,1110,1100,1075, 
1035,1005, 996, 926,909,881 cm "1; NMR (CC14) 5 7.26 (s, 5 H), 5.64 
(m, 3 H), 4.53 (AB q, 2 H,</ = 12 Hz, ArAB = 16 Hz), 3.22 (dd, 1 H ,J 
= 4 and 11 Hz), 1.2-2.7 (m, 7 H), 1.05 (d, 3 H, J = 7 Hz), 1.00 (s, 3 
H).

Preparation of Tricyclic  Ketal 11. To a solution of 7.43 g (27.7 
mmol) of diene 6 in 100 mL of hexanes was added simultaneously over 
a period of 1.5 h via two syringe pumps 7.18 mL (74.8 mmol) of dich- 
loroacetyl chloride in 40 mL of hexanes and 10.7 mL (77.6 mmol) of 
triethylamine in 40 mL of hexanes. Approximately 30 min after ad
dition was complete, the precipitate was removed by filtration and 
the solvent was removed under reduced pressure. The crude dichlo- 
rocyclobutanone [IR (CCI4) 1810 cm-1] was dissolved in 100 mL of 
glacial acetic acid and treated cautiously with 10.9 g of zinc dust. 
Cooling is necessary during the addition. After all the zinc was added, 
the heterogeneous reaction mixture was heated at 55 °C for 1.5 h. The 
reaction mixture was filtered and the solvent was removed under re
duced pressure on a rotary evaporator. The residue was diluted with 
a 1:1 mixture of ether and benezene. The organic solution was washed 
several times with saturated sodium bicarbonate solution and brine 
and dried over anhydrous magnesium sulfate. Filtration followed by 
removal of the solvent in vacuo gave 9.98 g of crude cyclobutanone 
[IR (CC14) 1770 cm -1] which was directly dissolved in 150 mL of 
benzene containing 34.4 g (55.4 mmol) of ethylene glycol and 80 mg 
of p-toluenesulfonic acid. The reaction mixture was refluxed with 
azeotropic removal of water using a Dean-Stark apparatus. The 
benzene solution of the crude product was washed with saturated 
sodium bicarbonate solution and brine and was dried over anhydrous 
sodium sulfate. Filtration and removal o f the solvent under reduced 
pressure left 11.2 g of crude ketal 11. Chromatography on 500 g of silica



gel using hexanes-ether, 10:1, provided 4.8 g (50% overall) of pure 
crystalline ketal 8: mp 91.5-92.5 °C; IR (CC14) 3098,3075,3045,2975, 
2945,2880,1501,1460,1430,1400,1380,1360,1315,1295,1220,1205, 
1185, 1100,1079, 1030,1020, 970,955,920 cm“ 1; NMR (CC14) b 7.20 

(s, 5 H), 5.31 (br s, 1 H), 4.50 (AB q, 2 H, J = 12 Hz, Akab = 9 Hz), 3.80 
(m, 4 H), 2.98 (dd, 1 H, J = 4 and 10 Hz), 0.99 (s, 3 H), 0.98 (d, 3 H, J 
= 6.5 Hz).

Anal. Calcd for C23H30O3: C, 77.93; H, 8.53. Found: C, 78.11; H,
8.62.

Debenzylation of Benzyl Ether 11. To a refluxing solution of 1.2 
g of lithium metal in 700 mL of anhydrous liquid ammonia was added 
dropwise 2.82 g (7.96 mmol) of benzyl ether 11 in 15 mL of anhydrous 
tetrahydrofuran. After 2 h at —33 °C, the excess lithium was destroyed 
by the addition of ammonium chloride. Evaporation of the ammonia 
followed by isolation of the product by ether extraction19 gave 2.2 g 
of crude alcohol 12. Purification on 100 g of silica gel using hexanes- 
ether, 2:1, afforded 1.99 g of crystalline product. Recrystallization from 
ether-hexanes provided pure 12: mp 97-98 °C; IR (CC14) 3610, 3475, 
3015,2950, 2910, 2850,2840,1450,1435,1415,1365,1339,1300,1280, 
1190,1160,1124,1110,1090,1060,1020,1010,985,953,938,905,890 
cm "1; NMR (CC14) b 5.40 (br s, 1 H), 3.81 (br s, 4 H), 3.25 (m, 1H), 0.98 
(d, 3 H, J = 6.5 Hz), 0.92 (s, 3 H).

Anal. Calcd for C 16H 240 :j: C, 72.69; H, 9.15. Found: C= 72/3[: H,
9.03.

Preparation of Octalone 10. Chromium trioxide (4.2 g, 42 mmol) 
was carefully added to 6.8 mL of dry pyridine in 100 mL of methylene 
chloride. After approximately 30 min, 1.85 g (7 mmol) of alcohol 12 
in 7 mL of methylene chloride was added in one portion. After 15 min, 
the reaction mixture was filtered through Celite. The pad of Celite 
was washed thoroughly with ether. The filtrate and combined wash
ings were evaporated under reduced pressure. The residue was dis
solved in ether and once again passed through Celite. Removal of the 
solvent afforded 1.66 g (90%) of pure ketone 10 as an oil: IR (CC14) 
3040,2970, 2940, 2880,1710,1658,1458,1425,1380,1370,1357,1340, 
1333,1320,1310,1288,1258,1240,1218,1170,1118,1085,1068,1041, 
1020,945,908 c m '1; NMR (CC14) b 5.42 (br s, 1 H), 3.80 (s, 4 H), 1.12 
(d, 3 H, J = 6.5 Hz), 1.10 (s, 3 H).

Anal. Calcd for C16H22O3: m/e 262.1568. Found: m/e 262.1566.
Baeyer-Villiger Oxidation of Octalone 10. To 1.66 g (6.33 mmol) 

of octalone 10 in 50 mL of methylene chloride containing 1.33 g (15.8 
mmol) of suspended sodium bicarbonate at 0 °C was added 3.21 g of 
m-chloroperbenzoic acid. After approximately 30 h at 25 °C, the re
action was cooled and filtered. The filtrate was evaporated in vacuo 
and the residue was dissolved in 70 mL of methanol. Potassium car
bonate (1.8 g) was added and the reaction was stirred for 25 min at 
room temperature. After the addition of 70 mL of benzene, the solid 
material in the flask was filtered. The solvent was removed under 
reduced pressure and the product was isolated by extraction with 
ether-benzene, 1:1.19 There was obtained 2.30 g of crude product 
which was chromatographed on 140 g ’of silica gel. Elution with 
ether-hexanes, 1:1, gave 1.65 g (80%) of pure crystalline hydroxy ester 
16: mp 65.5-66.5 °C; IR (CC14) 3610, 3500, 2990, 2950, 2885, 1741, 
1460,1450,1440,1390,1365,1345,1340,1291,1220,1190,1175,1135,
1118,1100,1065,1025,946,930 c m '1; NMR (CC14) <5 3.81 (br s, 4 H),
3.63 (s, 3 H), 3.03 (d, 1H ,J  = 2.4 Hz), 1.18 (s, 3 H), 0.95 (d, 3 H, J =
7 Hz).

Anal. Calcd for C17H26O6: C, 62.56; H, 8.03. Found: C, 62.43; H,
7.98.

Preparation of Epoxy Olefin 17. To a solution of 1.25 g (3.83 
mmol) of 16 in 6 mL of methylene chloride at —10 °C was added 2.13 
mL (15.3 mmol) of triethylamine in 9 mL of methylene chloride and 
1.19 mL (15.3 mmol) of methanesulfonyl chloride in 5 mL of meth
ylene chloride simultaneously over 15 min. After approximately 2 h 
at —5 °C, the product was isolated by ether extraction.19 Purification 
of the crude product (1.58 g) on 50 g of Florisil using hexanes-ether, 
2:1, gave 826 mg (70%) of pure sensitive epoxy olefin 17: IR (CC14) 
3100,2975, 2950, 2880,1740,1641,1460,1440,1385,1360,1280,1180, 
1021, 905 c m '1; NMR b (CC14) 5.15 (s, 1 H), 5.07 (s, 1 H), 3.77 (br s,
4 H), 3.62 (s, 3 H), 3.08 (d, 1 H, J = 2 Hz), 0.93 (d, 3 H, J = 7 Hz).

Metal-Ammonia Reduction of Epoxy Olefin 17. A solution of 
99 mg (0.32 mmol) of epoxide 17 in 1.5 mL of dry tetrahydrofuran 
containing 1.5 mL of feri-butyl alcohol was added to a solution of 
lithium metal (66 mg) in 12 mL of liquid ammonia cooled to —78 °C. 
After approximately 10 min, the blue color disappeared and the am
monia was evaporated. The product was isolated by ether extraction.19 
Purification of the crude product (87 mg) on silica gel gave upon 
elution with ether-benzene, 1:2, 30 mg (35%) of alcohol 18: IR (CCLj) 
3640, 3480,2935, 2870,1455,1415,1375,1341,1305,1266,1225,1060, 
1021,950 cm "1; NMR (CCD b 3.77 (s, 4 H), 3.50 (t, 2 H, J = 6 Hz), 1.73 
(s, 3 H), 0.90 (d, 3 H, J = 7 Hz).
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Anal. Calcd for C16H26O3: C, 72.14; H, 9.84. Found: C, 72.01; H,
9.79.

Continued elution with ethyl acetate provided 42 mg (46%) of pure
19 as an oil: IR (CC14) 3380,2945,2860,1660,1455,1415,1379,1355, 
1309,1270,1230,1190,1140,1091,1058,1019,966,946,930,890 cm -1; 
NMR (CCD b 4.22 (m, 1 H), 3.82 (s, 4 H), 3.0-3.7 (m, 4 H), 1.73 (s, 3 
H), 0.92 (d, 3 H, J = 7 Hz).

Diacetate 22. To a solution of 108 mg (0.382 mmol) of diol 19 in 
200 pL of absolute ether containing 4 mg of p-dimethylaminopyridine 
was added 160 pL (1.15 mmol) of triethylamine and 152 pL (1.60 
mmol) of acetic anhydride. After 2 h at room temperature, the product 
was isolated by ether extraction.19 Chromatography of the crude 
product (140 mg) on 4.0 g of silica gel (ether-benzene, 1:1) gave 131 
mg (94%) of crystalline 22: IR (CC14) 2952, 2875, 1735, 1651, 1450, 
1370,1305,1240,1190,1160,1135,1105,1050,1020,965,945,932,905 
cm“ 1; NMR b 5.52 (d, 1 H, J = 5 Hz), 3.6-4.2 (m, 2 H), 2.80 (s, 4 H),
2.00 (s, 3 H), 1.98 (s, 3 H), 1.80 (s, 3 H), 0.95 (d, 3 H, J  = 7 Hz). An 
analytical sample was prepared by recrystallization from hexanes, 
mp 55-56 °C.

Anal. Calcd for C20H30O6: C, 65.55; H, 8.25. Found: C, 65.46; H,
8.26.

Conversion of Diacetate 22 to Alcohol 18. To a solution of 30 mg 
(0.08 mmol) of diacetate 22 in 2.0 mL of anhydrous ethylamine cooled 
to 0 °C was added 18 mg of lithium metal. After ca. 10 min, excess 
lithium was destroyed by addition of ammonium chloride. Isolation 
of the product by ether extraction19 left 23 mg of crude product. Pu
rification on 12 g of silica gel (elution with ether-benzene, 1:1) gave
20 mg (91%) of pure alcohol 18 which was identical by TLC, IR, and 
NMR with a sample prepared above.

Preparation of Cyclobutanone 23. A solution of ketal alcohol 18 
(50 mg, 0.19 mmol) in a mixture of 2 mL of tetrahydrofuran and 0.5 
mL of 10% aqueous hydrochloric acid was stirred for 3 h at room 
temperature. The product was isolated by extraction with benzene.19 
The crude product (44 mg) [IR (CC14) 3640, 3450,1782 cm-1; NMR 
(CC14) b 1.71 (s, 3 H), 0.95 (d, 3 H, J = 7 Hz)] was dissolved in 1.5 mL 
of a precooled (0 °C) methylene chloride solution containing 1.5 mL 
of dihydropyran and 6.0 mg of p-toluenesulfonic acid. Stirring was 
continued for 2 h at 0 °C. After standard workup, the crude product 
was purified on 6.0 g of silica gel. Elution with hexanes-ether, 4:1, gave 
58 mg (99%) of 23 as a colorless oil: IR (CC14) 2960,2945, 2930, 2880, 
1782,1455,1445,1390,1370,1355,1345,1325,1308,1290,1278,1262, 
1208,1189,1141,1121,1080,1052,986 cm“ 1; NMR (CC14) b 4.53 ( br 
s, 1 H), 1.74 (s, 3 H), 0.95 (d, 3 H, J  = 7 Hz).

Anal. Calcd for C19H30O3: C, 74.47; H, 9.87; Found: C, 74.28; H,
9.79.

Baeyer-Villiger Oxidation of Ketone 23. A mixture of 66 mg 
(0.22 mmol) of ketone 23,65 pL (0.66 mmol) of iert-butyl hydroper
oxide, and 103 pL (0.26 mmol) of 10% aqueous sodium hydroxide in
2.3 mL of tetrahydrofuran cooled to 0 °C was stirred for 30 min. The 
reaction mixture was taken up in 50 mL of benzene-ether (1:1) and 
was washed with 2 mL of water and two 2-mL portions of brine. The 
organic layer was dried over magnesium sulfate and the solvent was 
evaporated in vacuo leaving 60 mg of crude y-lactone. Purification 
of 5 g of silica gel (elution with ether-benzene, 2:3) afforded 53 mg 
(76%) of pure lactone 24 as an oil: IR (CC14) 2955, 2945, 2880,1784, 
1555,1455,1445,1422,1390,1359,1350,1330,1290,1255,1220,1210, 
1190,1145,1124,1085,1039,998,990,940,915,868 cm“ 1; NMR (CCD 
b 4.68 (m, 1 H), 4.53 (br s, 1 H), 1.78 (s, 3 H), 0.95 (d, 3 H, J  = 7 
Hz).

Anal. Calcd for Ci9H30O4: C, 70.77; H, 9.38. Found: C, 70.70; H,
9.35.

Hydroxyméthylation of Lactone 24. To a solution of diisopro
pylamine (26 pL, 0.18 mmol) in 1.6 mL of dry tetrahydrofuran cooled 
to —78 °C was added 116 pL of a 1.6 M solution of n-butyllithium in 
hexane. After 15 min, a solution of 30 mg (0.09 mmol) of lactone 24 
in 1.6 mL of dry tetrahydrofuran was added dropwise over a period 
of 1 min. After 30 min at —78 °C, the reaction was warmed to —25 °C 
and formaldehyde, generated from 30 mg of paraformaldehyde at 150 
°C, was passed into the reaction mixture with the aid of a stream of 
nitrogen. After complete depolymerization, the reaction mixture was 
stirred for an additional 30 min at -2 5  °C. The reaction was quenched 
by the addition of a saturated ammonium chloride solution. The 
product was purified on 12 g of silica gel. Elution with ether-benzene, 
1:1, gave 30 mg (92%) of pure hydroxymethylated lactone: IR (CHC13) 
3600, 3450,1755 cm -1; NMR (CCD à 4.4-4.8 (m, 2 H), 1.73 (s, 3 H), 
0.95 (d, 3 H, J  = 7 Hz). A solution of the above alcohol (29 mg) in 3.0 
mL of methylene chloride containing 20 pL of methanesulfonyl 
chloride and 20 pL of pyridine was allowed to stir for 4 h at room 
temperature. Purification of the reaction mixture on 12 g of SilicAR 
CC-7 (Mallinckrodt) using ether-benzene, 1:2, gave 30 mg (85%) of
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mesylate 25: IR (CHC13) 1770 cm“ 1; NMR (CDC13) 6 3.07 (s, 3 H), 0.96 
(d, 3 H, J = 7 Hz).

Preparation of Intermediate 26. A solution of the above te- 
trahydropyranyi ether 25 (30 mg, 0.07 mmol) in 2.0 mL of absolute 
methanol containing 7 mg of p-toluenesulfonic acid was allowed to 
stir for 30 min at 0 °C. After an additional 45 min at room tempera
ture, the solvent was evaporated under reduced pressure. The crude 
alcohol was purified on 12 g of SilicAR CC-7 using ether-benzene, 2:1. 
There was obtained 27 mg (99%) of alcohol [IR (CHCI3) 3530, 2765 
cm -1; NMR (CDC13) 6 4.86 (m, 1 H), 4.45 (d ,. 2 H, J = 4 Hz), 3.62 (br 
s, 2 H), 3.05 (s, 3 H), 1.75 (s, 3 H), 0.95 (d, 3 H, J  = 7 Hz)] which was 
used directly in the next reaction.

A mixture of the above alcohol (18 mg, 0.05 mmol) and 222 ph of 
0.7 M Jones reagent in 1.2 mL of acetone was allowed to stir at 0 °C 
for 1.5 h. The reaction was quenched by the addition of 2-propanol. 
After evaporation of the solvent in vacuo, the residue was taken up 
in ethyl acetate.19 The resulting crude carboxylic acid was esterified 
with an ethereal solution of diazomethane. Chromatography of the 
crude ester on SilicAR CC-7 using ether-benzene, 1:2, provided 20 
mg (100%) of pure 26: IR (CC14) 1740,1778 cm“ 1; NMR (CC14) b 4.68 
(m, 1 H), 4.38 (d, 2 H, J = 4 Hz), 3.62 (s, 3 H), 2.98 (s, 3 H), 1.74 (s, 3 
H), 0.97 (d, 3 H, J = 7 Hz).

(±)-Ivangulin (3). A solution of 17 mg (0.04 mmol) of mesylate 
26 in 1.0 mL of dry benzene containing 20 pL of 1,5-diazabicyclo-
[5.4.0]undec-5-ene was allowed to stir at room temperature for 30 min. 
The reaction mixture was purified directly on 6.0 g of silica gel. Elution 
with ether-hexanes (1:2) gave 12.5 mg (99%) of crystalline (±)-ivan- 
gulin, mp 66-66.5 °C [IR(CHC13) 3020,2960,2925,2875,2845,1738, 
1730,1660,1620,1460,1438,1405,1382,1368,1355,1328,1272,1175, 
1145,1110,1080,1038,1005,989,970,948,905,865,815 cm "1; NMR 
(CDCI3) b 6.27 (d, 1 H, J = 3 Hz), 5.68 (d, 1 H, J = 3 Hz), 4.87 (q, 1 H, 
J  = 5 Hz), 3.64 (s, 3 H), 3.25 (m, 1 H), 1.70 (s, 3 H), 0.94 (d, 3 H, J = 
7 Hz)] whose NMR and IR spectra were in complete accord with 
spectra provided by Professor W. Herz.
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The isolation and elucidation of the structure of dibromophakellin and monobromophakellin are reported. Al
though these molecules contain a guanidine moiety in their skeleton, they do not exhibit the high basicity expected 
from the presence of this functionality. A theoretically plausible explanation for the anomaly in the base strength 
of these compounds is discussed.

A few years ago we isolated two guanidine derivatives, 
dibromophakellin and monobromophakellin, from the marine 
sponge Phakellia flabellata.'2 These compounds showed p/va 
values of <8  which were rather low when compared with the 
pKa values of >13.4 reported for other guanidines. This paper 
describes in detail the isolation and characterization of bro- 
mophakellins and discusses the factors which make these 
compounds behave as weak bases.3

Dibromophakellin and monobromophakellin occur as hy
drochlorides in the sponge P. flabellata. The hydrochlorides 
exhibit a very mild antibacterial action against B. subtilis and 
E. coli. The strong antibacterial activity of the methanol ex
tract of the sponge is due to the presence of some other sub- 
stance(s) which could not be isolated in pure form.

The sponge showed considerable seasonal variations in the 
production of monobromophakellin, dibromophakellin, and
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the antibacterial substance. The material collected during the 
summer showed very weak antibacterial activity, and sys
tematic fractionation of these specimens gave only mono- 
bromophakellin hydrochloride. In contrast, the specimens 
collected during the winter were found to be very rich in nat
ural products, and from this material dibromophakellin hy
drochloride, a fraction containing a strong antibacterial sub
stance, and several other compounds were isolated.4 Some 
specimens collected during the winter were found to contain 
both dibromophakellin hydrochloride and monobromo- 

■ phakellin hydrochloride.
Addition of concentrated ammonia to the aqueous solutions 

of dibromophakellin hydrochloride (CuHnNsOB^-HCl, 
[«]25d —203) and monobromophakellin hydrochloride 
(CnH^N.sOBr-HCl, [«]25d —123) gave the corresponding free 
bases 1 and 2. Catalytic hydrogenation of 1 and 2 gave phak
ellin 3 (C11H 13N 5O). The UV spectra of the three phakellins 
showed absorbtion maxima around 233 and 281 nm which 
were suggestive of the presence of a pyrrole ring having a 
carbonyl function at the 2 position.5 The infrared spectra of
1,2, and 3 revealed the presence of amino groups, methylenes, 
an amide function, and a C = N  unit, and provided further 
support for the presence of a pyrrole ring.

The ’ H NM R spectrum of 3 revealed the presence of a 
-C H 2CH2CH2N C O - unit, a highly deshielded methine proton 
Hg, a 1,2-disubstituted pyrrole ring, and three D20-ex- 
changeable protons in the structural framework of phakellins. 
A comparison of the NM R spectra of 1 and 3 suggested that 
the two bromine atoms in 1 are present at the 4 and 5 positions 
of the pyrrole ring. The single bromine atom in 2 was placed 
at the 4 position because in the NM R spectrum of this com
pound the two heteroaromatic protons showed doublets (J 
= 1.8 Hz).6

Although both dibromophakellin and monobromophakellin 
are levorotatory, their molecular rotations differed by more 
than 400 units and their long-wavelength UV bands showed 
Cotton effects of the opposite sign. These compounds were 
shown to possess the same configuration at the asymmetric 
centers by reacting monobromophakellin with 1 mol equiv of 
bromine and establishing the identity of the resulting product 
with dibromophakellin. Since addition of substituents to the 
pyrrole ring produces vast changes in chiroptic properties of

Scheme I

phakellins, it was concluded that this ring is directly linked 
to one of the two chiral centers of these molecules.

The mass spectra of 1,2, and 3 were notable for the presence 
of fragment ion peaks produced by the expulsion of NH3, 
HCNH, CH2= C H 2, N H 2CN, and the pyrrole ring from M +. 
The mechanisms of some of the fragmentation processes are 
proposed in Scheme I. The peaks at m/e 138 and 110 (doublet) 
shift cleanly to m/e 141, 113, and 112 in the spectrum of 
phakellin-d.3.7 The elemental composition of all ions indicated 
in Scheme I were established by high-resolution mass mea
surements. The main significance of mass spectral data is that 
it provides strong evidence for the presence of a guanidine 
moiety and structural unit 7 in phakellins.

Partial structures 5 and 7 account for all the atoms of 
phakellins. These structural units were combined to form a 
tetracyclic skeleton, and dibromophakellin, monobromo
phakellin, and phakellin were considered to possess structures 
1, 2, and 3, respectively. In these structures, the guanidine 
double bond was placed at the endocyclic 8,9 position to ex
plain the deshielding of the pyrrolidine proton Ha upon con
version of phakellins to their hydrochlorides. With the double 
bond at this position, 1, 2, and 3 will protonate at N(9). The 
deshielding of Ha in phakellin hydrochlorides may then be 
attributed to the reduction in the long-range shielding effect 
of the lone pair associated with N(9).

The 13C NMR spectrum of monobromophakellin hydro
chloride, determined in Me2SO-d6, was consistent with the 
general structure proposed for phakellins. The spectrum 
showed peaks at 5 156.21 [C(15)], 154.5 [C(8)]> 123.81 [C(4)]>
122.31 [C(3)]> 113.51 [C(5)]> 98.29 [C(2)], 82.19 [C(10)], 68.23 
[C(6)j, 45.24 [C( 13)], 37.73 [C (ll)], and 19.51 [C(12)j. The 
chemical shift of C(6) is consistent with the view that this 
carbon atom is directly linked to two electron-withdrawing 
groups, the guanidine moiety and the pyrrole nitrogen.

Confirmatory evidence for the tetracyclic skeleton of 
phakellins was provided by the single crystal x-ray analysis 
of monoacetyldibromophakellin 4.8 The structure was solved 
by conventional heavy-atom methods. The ORTEP diagram 
of one molecule of 4 as viewed along the y  axis is shown in 
Figure 1. The coordinates and temperature factors of all atoms 
found in the electron-density maps, together with their esti
mated standard deviations (except for the temperature factors 
in hydrogens), are listed in Table I (Supplementary Material). 
The bond distances and bond angles derived from this study 
are compiled in Table II (Supplementary Material). The 
distances have an esd of the order of 0.01 A, and the angles of 
about 0.5°. The equations for the least-squares planes of im
portant structural moieties are given in Table III (Supple
mentary Material).

The skeleton of phakellins as revealed by the x-ray analysis 
of 4 is in complete accord with the one proposed on the basis 
of spectroscopic data and chemical studies. The crystallo
graphic data indicate that the atoms defining the pyrrole ring
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phakellin. The thermal vibration ellipsoids are shown on a 50% 
probability scale. All hydrogens except H(7) were omitted. The in
clusion of H(7) illustrates the hydrogen bonding resulting in the 
formation of ring E.

of phakellins are coplanar with maximum deviation from the 
least-squares plane of 0.008 A. The six-membered ring B is 
markedly nonplanar as is the pyrrolidine ring C (Table III, 
Supplementary Material). In general, bond distances and 
bond angles of these rings agree very well with the accepted 
values.

The acetylaminoimidazoline ring D has a twisted confor
mation. An appreciation of the extent of twist can be obtained 
by examining the displacements of the five atoms of the ring 
from the least-squares plane. Whereas atoms N(7) and C(10) 
are located at a distance of 0.140 and 0.152 A below the ring 
plane, the atoms C(6), C(8) and N(9) lie above the average 
plane and are displaced from it by 0.175, 0.037, and 0.079 A, 
respectively. The guanidine moiety of ring D is planar; only 
the central carbon atom of the CN3 skeleton deviates slightly 
(0.018 A) from the least-squares plane (Table III, Supple
mentary Material). The bonds linking the guanidine moiety 
to ring B make a dihedral angle of about 29° with each 
other.

The C(8)-N(9) bond distance of the imidazoline ring is 
1.287 A, which is in close agreement with C = N  distance of
1.27 A reported in the literature.9 The C (8)-N(7) and C(8) -  
N(16) bond lengths of 1.368 and 1.39 A are within the range 
expected for a carbon-nitrogen single bond adjacent to a 
double bond.9 These parameters suggest that in 4 the guani
dine double bond is present at the 8,9 position. It is significant 
to note that phakellins are the only cyclic guanidines which 
have a double bond at the endocyclic position and which, upon 
treatment with acetic anhydride, give derivatives of the en
docyclic acetylamino type. All other cyclic guanidines have 
been found to retain the double bond at the exocyclic position 
and their acetyl derivatives exist in the exocyclic acetylamino 
form.10

In the acetamide group (CH3COHN) of 4 the N(16)-C(17) 
and C (17)-0  bond lengths are 1.38 and 1.21 A. These values 
are similar to those found in acetamide and /V-methylaceta- 
mide.9 It seems, therefore, that in the acetylaminoguanidine 
system of 4 the normal amide resonance which imparts a 
considerable amount of double-bond character to CN bonds 
and a single-bond character to CO bonds is not suppressed by 
the opposite mesomeric effect in the imine group.11

The crystal structure of 4 revealed the presence of only two 
hydrogen bonds, one intramolecular and the other intermo- 
lecular. The intramolecular hydrogen bond is between the 
oxygen atom of the acetyl carbonyl and the NH at position 7 
(Figure 1; see also structure 4). Because of this internal H 
bond, the hydrogen atom H(7) finds itself a member of the 
planar six-membered ring E. The intermolecular hydrogen 
bond is between the carbonyl oxygen of ring B and N (16)-H . 
The atoms participating in the intermolecular hydrogen bond 
are 2.6-A apart and the N (16 )-H .. .0 angle is 160°. Apart from 
this, there are no other short contacts in the crystal structure 
of 4.

With the availability of a complete x-ray analysis of 4, the 
structures assigned to phakellins may be considered to have 
been fully established. However, an explanation for the low 
basicity of the guanidine group of these molecules is need
ed.

In order to explain the anomaly in the base strength of 
phakellins, it is essential to first consider the reason for the 
high basicity of guanidines. Guanidines are strong bases be
cause they protonate at the imine nitrogen to give cations 
which have a resonance-stabilized structure 6.12 The extra 
resonance stabilization of the ions has been estimated to be 
of the magnitude of 6 -8  kcal/mol which would increase the 
base strength of guanidines very greatly. Resonance in the 
guanidinium ion has been confirmed by IR spectroscopy, 
Raman spectroscopy, and x-ray crystallography.12

The evidence presented below suggests that phakellins also 
protonate at the imine nitrogen [N(9>] of the guanidine moi
ety, but resonance in the resulting cations (hereafter called 
phakellinium cations) is inhibited. The inhibition of resonance 
will reduce the tendency of the imine nitrogen of the guanidine 
groups of 1, 2, and 3 to add a proton and in consequence these 
compounds would behave as weak bases.

Information on the site of protonation of phakellins was 
obtained by analyzing the NM R spectra of phakellinium 
cations produced by dissolving 1, 2, and 3 in trifluoroacetic 
acid. In these spectra the guanidinium protons exhibit three 
singlets in the 7-8.7-ppm region. From low to high field the 
singlets integrate for 1 H, 1 H and 2 H, respectively. This 
spectral data is consistent with the protonation of phakellins 
at N(9) to give cation 8. The lowest field singlet is assigned to 
N (7)-H  because this resonance is shielded by the anisotropy 
of the bromine atom present at the 5 position of 4,5-dibro- 
mophakellinium cation. It is noteworthy that the vicinal 
protons of the system H -N (7)-C (6)-H g  do not exhibit spin- 
spin interactions which is consistent with the dihedral angle 
of ~ 9 0 ° between N (7)-H  and C(6)-H g bonds. If protonation 
of phakellins had taken place at N(7), then the dihedral angle 
between C(6)-H g and N (7)-H ' [H' is the second proton on 
N(7)] would be about 10°. In this case, the resonances of Hg 
and N (7)-H ' should appear as doublets. Since none of the 
resonances assigned to the guanidinium protons and Hg 
showed this feature, phakellins were considered not to pro
tonate at N(7). The degree of charge delocalization in the 
guanidinium system of phakellinium cations was determined 
by comparing the IR spectra of guanidine hydrochlorides with 
those of phakellin hydrochlorides and by studying the ex
change of the guanidinium protons in phakellin hydrochlo
rides with D2O.

The IR spectra of several guanidine hydrochlorides have 
been reported in the literature.14 The data reveal that when 
a guanidino group protonates the characteristic C = N  ab- 
sorbtion vanishes (due to resonance) and is replaced by two 
bands in the 1700-1580 cm“ 1 region, which correspond to the 
antisymmetrical vibrations of the carbon-nitrogen bonds 
within the guanidinium group. The positive charge on the 
nitrogen atoms of a resonance-stabilized guanidinium cation 
is appreciably smaller than in ammonium ions. Consequently,
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the NH-stretching modes in the IR spectra of guanidine hy
drochlorides occur above 3200 cm-1 (i.e. in the region of free 
amines) rather than below 3200 cm-1 where typical amine 
hydrochlorides normally absorb.

The IR spectra of phakellin hydrochlorides displayed a 
.broad band stretching from 3500 to 2900 cm-1 (Figure 2), 
indicating that in cations the positive charge is not evenly 
distributed over all the atoms of the CN3 skeleton. The 
1700-1580-cm-1 region of the spectra showed one band 
around 1650 cm-1 and a second around 1695 cm-1 . The former 
band is due to the absorption by the amide carbonyl. Since 
there is no absorption around 1595 cm“ 1, the band at 1695 
cm-1 is assigned to the absorption by the C = N  group which 
apparently does not vanish when phakellins are protonated. 
In the IR spectra of phakellins, the C = N  absorption occurs 
around 1670 cm-1 . The increase in C = N  stretching frequency 
upon passing from phakelline to phakellin hydrochlorides 
suggests that in cations most of the positive charge resides on 
the ¡mine nitrogen.

In the NM R spectrum of dibromophakellin hydrochloride, 
the guanidinium protons give two broad bands centered at <5
9.8 [2 H, C = N H  and N (7)-H ] and 8.2 (2 H, C -N H 2). When 
the spectrum was recorded immediately after the addition of 
1 equiv of D20 , the 9.8-ppm band was found to have broad
ened considerably and partially merged with the 8.2-ppm 
band. The combined intensity of the two bands corresponded 
to three protons. Addition of 2 equiv of D20  made the 9.8-ppm 
band disappear completely within 10 min. The 8.2-ppm band 
did not start broadening and diminishing in intensity until 
a total of 6 equiv of D20  had been added. In fact, 10 equiv of 
D20  was needed to make this band disappear completely in 
20 min. Assuming exchange rates of protons reflect charge 
distribution in the CN3 skeleton, then the N H 2 group of the 
cations may be considered to bear little, if any, positive charge. 
This conclusion appears to be valid when it is realized that the 
in the phakellinium skeleton the NH2 group is least hindered, 
but its protons exchange last upon titration with D20 .

Although the acetyl carbonyl of 4 can conjugate strongly 
with an exocyclic double bond, this compound could not be 
converted to the acetylimino form by reacting with an acid or 
a base. This observation also suggests that the guanidino 
group of phakellins has very little tendency to develop a 
C = N + character at the 8,16 position.

The evidence for the presence of some positive charge on 
N(7) of cations is provided by the large downfield shift (0.5-0.6 
ppm) of Hg upon protonation of 1, 2, and 3. If during pro
tonation the guanidinium double had entirely shifted to the
7.8 position, then the resonance of Hg would have been de- 
shielded by 1.5—1.8 ppm (1-1.3 ppm for the double bond plus 
0.5 ppm for the positive charge). Based on this assumption, 
a downfield shift of 0.5 ppm in the resonance of Hg should 
correspond to about 35% imminium character at the 7,8 po
sition of phakellinium cations.

The data presented above suggests that the phakellinium 
cations should be represented by a structure to which the three 
canonical forms 8a, 8b, and 8c make contributions in the 
following order: 8a >  8b »  8c. Hence, resonance in phakelli
nium cations is inhibited. Since the guanidine moiety of 
phakellins is planar, the inhibition of resonance in cations will 
have to be attributed to some other structural features of the 
phakellinium skeleton.

It was pointed out earlier that the imidazoline ring (ring D) 
of phakellins has a twisted conformation, because it is fused 
to the chair-shaped ring B via two bonds which are skew (see 
structure 9). Inspection of the molecular models indicated that 
ring D cannot be made planar without introducing severe 
conformational strains in ring B. It may then be argued that 
perhaps it is the twisted shape of the imidazoline ring which 
inhibits resonance in phakellinium cations. The mechanism

Figure 2. The 4000-1200-cm 1 region of the IR spectrum of dibro
mophakellin hydrochloride determined in KBr.

by which the resonance could have been inhibited may be 
visualized by considering the formation of the guanidinium 
cation in terms of molecular orbital description. Protonation 
of the imine nitrogen of a guanidino group first gives a cation 
which has a positive charge localized on the carbon atom, and 
the three nitrogen atoms exhibit pyramidal arrangement of 
valencies.13 In this species,13*14 the axis of the p-type lone pairs 
on the nitrogen atoms would be oriented in a direction not 
parallel to the vacant orbital of the carbon atom considered 
as C+. For resonance to take place, each nitrogen atom of this 
ion will have to change from pyramidal arrangement of 
valencies to the planar ones. In the case of phakellinium cat
ions, a simultaneous change in the hybridization of all three 
nitrogen atoms followed by equal interaction of the three lone 
pairs of electrons with the vacant p orbital of the central car
bon atom may require the imidazoline ring to be planar. Since 
this ring cannot become planar, the sequence of events leading 
to resonance will be suppressed and the imine nitrogen of 
phakellins will exhibit reduced tendency to add a proton. One 
way to test this hypothesis would be to convert the tetracyclic 
skeleton of phakellins into a structure in which the imidazoline 
ring is planar. If the explanation offered for the inhibition of 
resonance in phakellinium cations is correct, then the guani
dine moiety of the transformation product should be highly 
basic, and upon protonation this functionality should give a 
resonance-stabilized cation.

Oxidation of dibromophakellin with dilute nitric acid gave 
a compound (CiiHi2N 503Br-HN0 3-H20 ) to which structure 
10 was assigned on the basis of spectroscopic data and single 
crystal x-ray analysis.18 Molecular models revealed that in 10 
the six-membered ring is a boat with a planar imidazoline ring 
strainlessly fused to the eclipsed bonds at the side of the boat. 
Thus, structure 10 has all the features needed for verifying the 
explanation offered for the inhibition of resonance in phak
ellinium cations.

In the IR spectrum of 10 the NH-stretching frequencies 
occurred above 3200 cm-1 , and the 1700-1580-cm_1 region 
contained two bonds (1695 and 1600 cm-1 ) due to the an
tisymmetric vibrations of the CN bonds of a resonance-sta
bilized disubstituted guanidium cation. Thus, unlike the 
guanidinium group of phakellinium cations, the guanidinium 
group of 10 has a resonance-stabilized structure.

Potentiometric titrations of 10 revealed that this compound 
is a monoacidic base of pKa 7.9. If this pKa is due to the de
protonation of a guanidinium group, then upon treatment of 
10 with sodium hydroxide the corresponding free base should 
be liberated. When 0.01 N NaOH was added to the aqueous 
suspension of 10, a clear solution was obtained. Lyophilization 
of the solution gave a product which was crystallized from a 
90% methanol-water mixture. The results of several com
bustion analyses indicated that the crystallized material is a
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free base (C nH i2Ns03Br-2- 3H 20) which retains variable 
amounts of moisture very tenaciously. The 1740-1630-cm-1 
region of the IR spectrum of the free base showed a broad 
band with shoulders at 1720, 1690, 1665, and 1640 cm-1 . In 
addition, the spectrum showed peaks at 1600 and 1570 cm-1 . 
The most significant point which emerges from this data is 
that those bands in the IR spectrum of 10 which must be as
sociated with the guanidinium system appear unchanged in 
the free base. This observation suggests that the deprotona
tion of 10 upon treatment with a base takes place at a site 
other than the guanidinium group. It is proposed that the pKa 
value of 10 as determined by potentiometric titrations rep
resents the deprotonation of the hydroxyl group and forma
tion of ionic species shown in Scheme II.

Reactions of 10 or 12 with dimethyl sulfate or methyl iodide 
failed to give the corresponding O-methyl derivative. Con
sequently, the normal basic function of 10 could not be 
masked to determine the exact pKa value of the guanidinium 
group. Nevertheless, the indirect evidence presented above 
clearly suggests that the guanidinium group of 10 is highly 
basic and this group upon protonation gives a resonance- 
stabilized cation. From this the conclusion would follow that 
once the imidazoline ring of phakellins is made planar then 
the guanidine moiety of this ring behaves like normal guani
dine derivatives. The explanation offered for the low basicities 
of phakellins, therefore, appears to be correct.

Reaction of dibromophakellin with dilute HC1 (10-20%) at 
100 °C for 1 h gave a mixture which could not be resolved into 
its components by chromatography over Sephadex G-10. 
Repeated crystallization of the mixture from water gave a 
product which showed a single spot on silica gel plates in a 
variety of solvent systems. Microanalysis and mass spec
trometry (M + at 387, 389, and 391; C uH nN sO B^) indicated 
that this compound is a hydrochloride of an organic base 
isomeric with dibromophakellin. Structure 11 is assigned to 
this compound on the basis of IR, UV, and NM R spectral 
data. The reaction of dibromophakellin with hydrochloric 
acid proceeds in the direction of 11 because cleavage of the 
N(9)-C(10) bond removes conformational strains in the 
phakellinium cation.

Dihydrooroidin 13 and phakellins appear to be biogeneti- 
cally related.21 Perhaps it is because of the biosynthesis of 
phakellins from 13 that the double bond in 1, 2, and 3 is lo

cated at the 8,9 position. Once the tetracyclic skeleton has 
been formed then migration of the double bond to the exo- 
cyclic position will involve a transition state which requires 
the imidazoline ring to be planar. Since this ring cannot be
come planar, the guanidine double bond in phakellins and 
their derivatives is forever locked at the 8,9 position.

In conclusion, it may be stated that the low basicities of 
phakellins are explainable in terms of I-strain concepts.15 
Theoretically, the basicity of a cyclic guanidine derivative will 
fall off rapidly as the four atoms of the CN3 skeleton depart 
from planarity and/or as the conformational strains in the ring

inhibit the nitrogen atoms of the CN3 skeleton to change from 
the pyramidal configuration of valencies to planar ones. Since 
in phakellins the CN3 skeleton is planar, the lowering of the 
pKa value of the guanidine group of these molecules by as 
much as 6 pKa units may be solely due to the twisted confor
mation of the imidazoline ring. A rigorous test of the adequacy 
of this view would require synthesis of the O-methyl derivative 
of 10 and determination of the exact pKa of the guanidinium 
group. Until this is accomplished, the explanation offered for 
the low basicities of phakellins may be considered to be only 
partially substantiated. This is especially so when it is realized 
that a certain amount of hindrance to the protonation of 
phakellins may also come from the unfavorable interaction 
between the hydrogen atom C (ll) -H f and the proton to be 
attached to N(9). If the pKa of the guanidinium group of 10 
turns out to be greater than that of phakellins but less than 
that of other guanidine derivatives, then the repulsion term 
arising from the nonbonded interaction between the hydrogen 
atoms identified above may also have to be considered.22

Experimental Section
Melting points are corrected. Elemental analyses were done by 

Alfred Bernhardt Microanalytical Laboratories, West Germany. The 
UV spectra were recorded with a Beckman Model DK-2A ratio re
cording spectrophotometer. The IR spectra were recorded on a Per- 
kin-Elmer 337 spectrometer. The NMR spectra were recorded on a 
Varian HR 220-MHz NMR spectrometer.

Dibromophakellin Hydrochloride. The wet sponge (1 kg) and 
methanol (3 L) were homogenized in a blender to give a fine slurry. 
After keeping for 48 h at room temperature, the slurry was filtered 
and the residue extracted twice more with methanol. The methanol 
from the combined extracts was removed under reduced pressure and 
the residue was stirred with 400 mL of water for 1 h. The suspension 
was filtered and the aqueous filtrate was first extracted with three 
200-mL portions of ethyl acetate and then four times with water- 
saturated n-hutanol, using 200 mL of the solvent each time. The 
butanol extracts were combined and concentrated under reduced 
pressure to yield a yellow residue (~12 g). A portion (1.0 g) of this 
residue was dissolved in a minimum amount of water, and the clear 
solution (filtered if necessary) was chromatographed on 100 g of Se
phadex G-10, packed in a 1 in. i.d. column. By eluting the column with 
water, 20 25-mL fractions were collected. The fractions (12-15) having 
an absorbtion maxima at 270-280 and 230-240 nm were combined 
and lyophilized. The lyophilized material (100 mg) was rechromato
graphed on 100 g of Sephadex G-10. Elution with water gave fractions 
which showed UV maxima at 278 and 233 nm. These fractions were 
combined and freeze-dried to give 85 mg of dibromophakellin hy
drochloride. Crystallization from methanol or water gave needles: mp 
220-221 °C; (o]25D -205 (e 2.875, MeOH); IR (KBr) 3400-3100, 
3100-2600, 1693, 1650, 1553, 1438, 1375, 970 and 740 cm "1; UV 
(MeOH) 282 (t 9138) and 234 (e 9333). The CD curve showed maxima 
at 283 (Af -3.61) and 2 nm (At —8.03) and the onset of a third much 
stronger negative cotton effect with maxima below 210 nm (A« at 210 
nm = 16.06): NMR (Me2SO-d6) 6 9.9 (2 H, br, NH and C =N H +), 8.37 
(2 H, br, NH2), 7.0 (1 H, s, H-3), 6.34 (1 H, s, Hg), 3.65 (1 H, q, Ha, J 
= 18 and 9.5 Hz), 3.43 (1 H, q, Hb, J = 18 and 9.5 Hz), 2.13-2.47 (2 H, 
m, H c and Ha), 2.06 (2 H, br, H„ and Hf). In F3AcOH, the guanidinium 
protons gave three singlets at 5 8.29 (1 H, NH), 8.18 (1 H, C = NH+) 
and 7.11 (2H ,N H 2).

Anal. Calcd for CnH u N5OBr2.HCl: C, 31.02; H, 2.82; N, 16.45; Br, 
37.60; Cl, 8.34. Found: C, 31.05; H, 2.84; N, 16.24; Br, 37.40; Cl,
8.28.

Dibromophakellin (1). Addition of concentrated ammonia to the 
aqueous solution of dibromophakellin hydrochloride gave a white 
precipitate which was crystallized from methanol to give pure di
bromophakellin as a methanol solvate (CnHuNsOBr^CHsOH): mp 
237-245 °C (dec); pKa 7.7; IR (KBr) 3400 (br), 2875,2950,1675,1635, 
1587,1550,1490,1437, 972 and 741 cm "1; UV (MeOH) 281 (e 8813) 
and 233 nm (e 8877); mass spectrum M+ m/e 387, 389, and 391, and 
fragmentation patterns shown in Scheme I. The CD spectrum dis
played maxima at 285 (At -4.58) and 239 nm (A< -12.43) and the 
onset of another negative cotton effect with maxima below 210 nm 
(Ae at 210 nm = 26.18): NMR (Me2SO-de) 6 6.81 (1 H, s, H-3), 5.76 
(1 H, s, Hg), 4.2 (3 H, br, NH and NH2), 3.5 (2 H, br, 13-CH2), 1.85-
2.27 (4 H, br m, 11-CH2 and 12-CH2).

Anal. Calcd for CiiHiiN50Br2-CH 30 H: C, 34.43; H, 3.2; N, 16.55;



Natural Products of Marine Sponges J. Org. Chem., Voi. 42, No. 25,1977 4123

Br, 40.54. Found: C, 34.29; H, 3.23; N, 16.68; Br, 40.40.
Monobromophakellin Hydrochloride. Monobromophakellin 

hydrochloride (350 mg) was isolated from the specimens of P. fla- 
bellata (1 kg) collected during the summer. The isolation procedure 
was the same as described for dibromophakellin hydrochloride. 
Monobromophakellin hydrochloride was crystallized from water to 
give white needles having mp 215-220 °C; [a]26p —123 (c 3.015, 
MeOH); IR (KBr) 3100 (br), 1695,1550,1475,930, and 740 cm“ 1; UV 
(MeOH) 277 nm (e 5535) and 227 nm (t 7135); CD (MeOH) 275 nm 
(Ae +2.25), 236 nm (Ae —10.58) and the onset of another negative 
Cotton effect with maxima below 210 nm (Ae at 210 nm 16.87); NMR 
(Me2SO-d6) b 9.87 (2 H, br, NH and C =N H +), 8.52 (2 H, br, NH2),
7.46 (1 H, d, H-5, J5,3 = 1.8 Hz), 6.8 (1 H, d, H-3, J3,s = 1-8 Hz), 6.08 
(1 H, s, Hg), 6.35 (1 H, m, Ha, J = 18 and 9.5 Hz), 3.5 (1 H, m, Hb, J = 
18 and 9.5 Hz), 2.13-2.5 (2 H, m, Hc and Ha) 2.06 (2 H, br m, He and 
H f) .  In TFA the guanidinium protons give three singlets at b 8.63 (1 
H, NH), 7.97 (1 H, C=NH+) and 7.12 (2 H, NH2).

Anal. Calcd for C „H I2N5OBr-HCl: C, 38.09; H, 3.46; N, 20.20; Br, 
23.08; Cl, 10.24. Found: C, 38.23; H, 3.48; N, 19.89; Br, 23.51; Cl,
9.95.

Monobromophakellin (2). Monobromophakellin was obtained 
by treating the aqueous solution of the hydrochloride with concen
trated ammonia. The base was crystallized from methanol to give 2 
having mp 260-270 °C (dec): pKa 7.6; UV (MeOH) 275 (e 6111) and 
228 nm (e 7777); IR (KBr) 3300 (br), 1650,1620,1590,1550,1480,1420,
1117,932,830,750 and 618 cm-1; mass spectrum showed M+ at mle 
309 and 311 and fragmentation patterns shown in Scheme I; NMR 
(Me2SO-d6) b 7.01 (1 H, d, H-5, J6 3 = 1-8 Hz), 6.8 (3 H, br, NH and 
NH2), 6.6 (1 H, d, H-3, J 3>6 = 1.8 Hz), 5.52 (1 H, s, Hg), 3.49 (2 H, br 
t, 13-CH2), 1.8-2.13 (4 H, br m, 11-CH2 and 12-CH2).

Bromination of 2. A solution of monobromophakellin hydro
chloride (172 mg) and sodium acetate (82 mg) in glacial acetic acid 
(5 mL) was reacted at room temperature with 0.5 M bromine solution 
(1.0 mL) prepared in the same solvent. After stirring for 0.5 h, the 
solvent was removed under reduced pressure and the residue was 
dissolved in 2 mL of water. Addition of concentrated ammonia to the 
solution gave a white precipitate (200 mg) which was identical with 
1 in all respects.

Phakellin (3). A solution of diboromophakellin hydrochloride (150 
mg) and sodium acetate (100 mg) in methanol was hydrogenated at 
room temperature and atmospheric pressure over 10% Pd-C catalyst. 
After the consumption of hydrogen had ceased (1 h), the catalyst was 
removed by filtration and the filtrate was evaporated under nitrogen 
to give a white solid. This solid was dissolved in a minimum amount 
of water and chromatographed over a Rexyn 203 (weak base organic 
anion exchanger) column in the OH form. Phakellin was eluted by 
washing the column with water. The water was freeze-dried, and the 
lyophilized material (57 mg) was crystallized from water to give pure 
3: mp 280 °C (dec); UV (MeOH) 275 and 225 nm; pKa 8; IR (KBr), 
3440, 1650, 1610, 1590, and 1550 cm-1; mass spectrum M+ at m/c 
231.11264 calculated for Cn H13ON6 231.11199; NMR (Me2SO-d6) 
6 7.01 (1 H, dd, H-5, J5,4 = 3, Jb,3 = 1.8 Hz), 6.56 (1 H, dd, H-3, J34 = 
4 Hz, J3 6 = 1.8 Hz), 6.19 (1 H, dd, H-4, J4 3 = 4, J4 5 = 3 Hz), 5.56 (1 
H, s, Hg), 4.1 (3 H, br, NH and NH2), 3.5 (2 H, br t', 13-CH2), 1.96 (4 
H, m, H-CH2 and 12-CH2). The NMR spectrum of phakellin hy
drochloride in Me2SO-d6 showed bands at b 8.62 (2 H, br, NH and 
C =N H +), 8.03 (2 H, br, NH2), 7.38 (H-5), 6.38 (H-4), 6.77 (H-3), 6.12 
(1 H, s, Hg), 3.70 (1 H, q, Ha, J = 18 and 8 Hz), 3.51 (1 H, q, Hb, J = 
18 and 8 Hz), 2.5-2.15 (2 H, m, Hc and Hd), 2.1 (2 H, br q, He and H f) . 

In F3AcOH the guanidinium protons showed three singlets at b 8.65 
(1 NH), 8.13 (1, C=NH+) and 7.18 (2 NH2).

Monoacetyldibromophakellin (4). The compound was prepared 
by reacting 1 in pyridine with 1-3 mol of acetic anhydride for 3 h at 
room temperature. Normal workup followed by crystallization from 
methanol gave 4: mp 245 °C (dec); [o]27d —221 (c, 3.15, methylcello- 
solve); UV (MeOH)20 282 (e8328) and 231 nm (e 18 072); CD (MeOH) 
285 (Ae -4.18), 240 (Ae -12.97), and 210 nm (Ae -11.72); IR (KBr) 
3360,3225,2975,1710,1640 (br), 1590 and 1550 cm -1; mass spectrum 
m/c at 429,431, and 433 M+; NMR (Me2SO-ds) b 6.86 (1 H, s, H-3),
5.96 (1 H, s, Hg), 4-6 (2 H, br, NH and CH3CONH), 3.56 (2 H, br,
13-CH2), 2.02 (7 H, 11-CH2,12-CH2, and CH3CO). Hydrochloride of 
4 in MeOH-cL showed bands at b 7.37 (1 H, s, H-3), 6.47 (1 H, s, Hg),
4.0 (1 H, m, Ha), 3.72 (1 H, m, Hb), 2.6 (2 H, m, Hc and Hd), 2.25 (5 H, 
He, Hf and CH3CO-).

Anal. Calcd for Ci3Hi3N50 2Br2: C, 36.13; H, 3.01; N, 16.20; Br,
37.04. Found: C, 36.33; H, 3.09, Br, 37.26.

Transformation of 1 to 10. Dilute nitric acid was prepared by 
adding 5 mL of water to 2 mL of 70% nitric acid. A solution of 50.0 mg 
of dibromophakellin in 1.5 mL of dilute nitric acid was heated at 70-75 
°C for 5-10 min when evolution of N 02 started and a white product

crystallized out of solution. The white product was collected by suc
tion and crystallized from water to give pure 10 as white needles (25 
mg): mp above 300 °C; UV (H20 ) no well defined maxima above 210 
nm, t values at 220 and 235 nm are 16 513 and 7339, respectively; IR 
(KBr) 3250,1740,1700,1648,1600, and 1564 cm -1; NMR (Me2SO-d6) 
b 9.42 (br, 2 H, D20  exchangeable), 8.0 (br, 3 H, D20  exchangeable),
7.66 (s, 1 H, C(3)-H) 5.80 [s, 1 H, C(6)-H] 3.52-3.09 (two closely 
spaced multiplets, 2 H, 13-CH2), 2.1 (br, 2 H, 11- or 12-CH2) and 1.9 
(br, 2 H, 11- or 12-CH2). In some NMR spectra the five D20-ex- 
changeable protons of 10 were found to give four singlets at b 9.62 [1 
H, N(7)-H], 9.3 [1 H, N(9)-H], 8.98 [2 H, C(8)-N H 2], and 7.88 [1 H, 
OH],

Anal. Calcd for CnH 12N50 3Br-HN03H20: C, 31.20; H, 3.54; N, 
19.90; Br, 18.91. Found: C, 31.23; H, 3.21; N, 20.00; Br, 19.0.

Transformation of 1 to 11. Eight milliliters of water was added 
to 2 mL of concentrated HC1 to prepare dilute hydrochloric acid. 
Dibromophakellin, 100 mg, was dissolved in 5 mL of dilute HC1. The 
solution was heated on a boiling water bath until in the UV spectrum 
of an aliquot the ratio of the intensities of the 237- and 285-nm bands 
was 3.5 (1 h). Concentration of the reaction mixture under reduced 
pressure gave a solid which showed four spots on silica gel plates using 
methanol/acetone/diethylamine (5:5:1) as solvent. Repeated crys
tallization of this solid from water gave 11 as an amorphous material 
(16 mg): mp 155-175 °C (dec); R/-0.21; IR (KBr) 3500-3300 (three 
bands), 2970,1700,1640 and 1590 cm-1; UV (MeOH) 285 (e 3872) and 
237 nm (e 16 266); the CD spectrum showed no maxima above 210 nm; 
NMR (60 MHz) 2.2 (br, 2 H), 2.9 (br q, 2 H), 4.05 (m, 2 H), 7.4 (s, 1H) 
and 7.9 (br, 4 H, D20  exchangeable); mass spectrum m/e at 387, 389, 
and 391 (weak, M+), 370,372, and 374 (M -  NH3), 345,347, and 349 
(M -  NH2CN), 308 and 310 (M -  Br), and 266 and 268 (loss of 
NH2CH from M -  Br).

Anal. Calcd for CnHn N5OBr2-HCl: C, 31.02; H, 2.82, N, 16.45; Br, 
37.60; Cl, 8.34. Found: C, 30.82; H, 2.56; N, 16.38; Br, 37.52; Cl,
8.12.

Potentiometric Titrations. Analytically pure phakellins (~5 mg) 
were dissolved in 1.0 mL of carbon dioxide free 40% methylcello- 
solve-water mixture. The pKa values were determined by titrating 
the magnetically stirred solutions at room temperature with 0.01 N 
HC1 using a Copenhagen pH meter (SDR type made in Denmark) 
equipped with a glass electrode, a calomel electrode, and a buret ca
pable of delivering 0.025 mL of the titrant accurately. Dibromo
phakellin gave approximately the same pKa value in 80,60, and 40% 
methylcellosolve-water mixtures. The pKa of 10 was determined in 
water by titrating with 0.011 N NaOH using a Mettler Automatic 
Titrator.19

X -R a y  Crystallography of 4. The precession and Weissenberg 
photographs showed that the crystals of 4 are orthorhombic and 
belong to the space group P 2i2i2i as indicated by the systematic 
absence of reflections hOO with h odd, OkO with k odd, and 00/ with 
l odd. A crystal with dimensions 0.26 X 0.35 X 0.30 mm was mounted 
on a Picker four-circle automatic diffractometer with the b axis par
allel to the 8 axis of the diffractometer. The 28 values for a number 
of reflections were measured; the unit cell parameters obtained from 
least-squares analysis of these measurements are: a = 15.336, b = 
12.728, and e = 7.767 A. The density calculated by assuming that there 
are four molecules of monoacetyldibromophakellin in the unit cell 
is 1.872 g cm-3; the density measured by flotation in 1.885 g cm-3.

The three-dimensional intensity data were collected with nickel- 
filtered Cu radiation using a 8 —28 scanning technique. Measurements 
were made for 1339 independent reflections in the range 4° < 28 < 
100°. Two standard reflections were measured after every 50 reflec
tions to check the stability of the instrument and the stability of the 
crystal. The fluctuations in the intensity of standard reflections were 
less than 1%. Background counts of 20 s were taken at each end of the 
scan. The intensities were corrected for Lorenz and polarization 
factors and were placed on an approximate absolute scale by a con
stant obtained from a Wilson plot. All reflections were used including 
unobservable ones.16 Corrections for absorption effects were applied 
because the magnitude of the linear absorption coefficient (m = 68.18 
cm-1) was high.

A three-dimensional E 2 -  1 Patterson synthesis was computed to 
locate the two bromine atoms. The map showed seven peaks of suf
ficient densities to be Br-Br vectors. The peaks at 0.0 and V2 (intra
molecular Br-Br vectors) and 0.276,0.375, and 0.0 [vectors between 
Br(4) and Br(5) of molecules related by screw axis operations along 
z ] suggested that the two heavy atoms have the same x , y coordinates 
and that these atoms are separated by V2 along z axis. This interpre
tation was consistent with the presence of remaining Br-Br vector 
peaks in the Patterson map.

The x and y coordinates of Br(4) and Br(5) were deduced from the
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peak located at w = V2- The four peaks in the planes p = Va and v = 
V2  gave two values for the z coordinates of Br(4). A choice between 
these values could not be made at this stage of the analysis because 
it was not possible to decide which two of the four peaks represent 
vectors between symmetry-related bromine atoms. The second bro
mine atom, Br(5), was assigned the 2 coordinate of V2 + the 2 value 
of Br(4), The two sets of coordinates thus obtained for Br(4) and Br(5) 
are listed as follows; set I: Br(4) 0.1160,0.1875, —0.1625; Br(5) 0.1160, 
0.1875, 0.3375; set II: Br(4) 0.1160, 0.1875, -0.090; Br(5) 0.1160, 
0.1875, 0.410.

Although calculation of structure factors with the atomic positions 
listed in sets I and II gave the same value (0.50) for the residual index 
(R = £||Fo| -  |Fc||/Xl|Fo|), the electron-density maps computed 
from these sets of coordinates were quite different. Only the elec
tron-density map derived from the atomic coordinates listed in set 
I showed features of a chemically meaningful structure. In this first 
three-dimensional Fourier map, the six-membered ring B, the five- 
membered ring D, and the four atoms of the pyrrole ring A of structure 
4 were clearly discernible. Eight of the best-defined atoms were chosen 
as the basis of second Fourier in which all 22 nonhydrogen atoms 
belonging to 4 appeared distinctly. A third Fourier based on all 22 
atoms gave a structure in which all atoms were well defined and no 
false peaks were present. The atomic coordinates were now refined 
and used as a basis for fourth Fourier which gave R = 0.30. The R was 
reduced to 0.13 through least-squares refinement on isotropic thermal 
parameters and coordinates. In these refinements the nitrogens were 
treated as carbons because the identity of these atoms could not be 
inferred from the electron-density maps. The oxygen and bromine 
atoms were clearly distinguishable from F0 synthesis.

The nitrogen atoms were identified as follows: All atoms, except 
oxygens and bromines, were assigned an atomic scattering factor of 
carbon and temperature factor of B = 3.0 A.2 Least-squares refine
ment on temperature factors showed five atoms had a value of B c- 
V2 of that of other atoms (Table IV, Supplementary Material). This 
suggests that the number of electrons assigned to these atoms are 
insufficient. Consequently, these five atoms were considered to be 
nitrogens. A second least-squares refinement on isotropic temperature 
factors and positional parameters, using the correct structure factors 
for C, N, O, and Br atoms, gave reasonable values of B for all atoms 
(Table IV) and a residual index of 0.09. changing isotropic to  aniso
tropic temperature factors lowered the residual index to 0.056.

A difference electron-density map revealed the positions of 11 of 
the 13 hydrogen atoms. The H(11B) and H(12B) were not observed. 
Placement of 11 hydrogens and inclusion of anomalous scattering 
factor contributions for two bromine atoms followed by still further 
least-squares refinements lowered the reliability index to the current 
value of 0.040 for the structure. The residual index for the mirror 
image was 0.048. This statistically significant difference suggests17 
that the structure and not its mirror image is the correct absolute 
configuration. The structure of monoacetyldibromophakellin as 
presented in Figure 1 was now considered to be correct, and it may 
well be presumed that the parent alkaloid, dibromophakellin, has 
structure 1.
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The product of the disproportionation of tetrakis(anilinomethyl)phosphonium chloride (1) or tris(anili- 
nomethyllphosphine (3) in ethanol has been identified as l,T-diphenyl-l,T-diaza-3,3'-biphosphetidine (2). The 
proton NMR spectrum of 2 exhibits an ABX2 splitting pattern with some unusual features.

The reactions of tetrakis(hydroxymethyl)phosphonium 
chloride (Thpc) with primary or secondary amines are of in
terest because they provide an insight into the chemistry of 
flame-retardant cotton finishes prepared from Thpc and 
polyfunctional nitrogen compounds such as ammonia, urea, 
or melamine.2 The title compound (1), a product of the reac
tion of Thpc and aniline,’’ is a white, crystalline solid, mp 
129-130 °C. With care, it can be recrystallized from organic 
solvents such as methanol, acetic acid, tetrahydrofuran, or 
chloroform, but upon attempted recrystallization from eth
anol the product that separates is a high-melting white, 
crystalline solid (2), mp 170-171 °C. Recrystallization from 
methanol, if not performed rapidly, also yields 2 instead of 1. 
The isolation and characterization of 2 is the subject of this 
paper.

Elemental analysis of 2 establishes its empirical formula 
as C8H9NP. The IR spectrum shows aromatic C = C  absorp
tion but no NH. The proton NM R spectrum shows a well- 
separated pair of multiplets in the Ph and CH2 regions in a 
ratio of 5 to 4. Together, these data suggest the composition 
PhN(CH2)2P.

The mass spectrum of 2 shows the fragmentation pattern 
characteristic of methyleneaniline derivatives,4’5 with m/e 91 
(PhN+), 93 (PhNH2-+), 104 (P h N =C H +), and 105 
(P h N =C H 2 +) as abundant ions. In addition, strong lines 
appear at 119 [PhN(CH2)2+], 120 [PhNH(CH2)2+], and 300 
|[PhN(CH2)2P]2'+|. The strong parent ion at 300, coupled with 
a correct (P +  1)/P ratio,6 establishes the compound to be a 
dimer of molecular formula CieH18NoP2 and probable com
position [PhN(CH2)2P]2.

The methylene multiplet in the 60-MHz NM R spectrum 
of 2 has the appearance of a singlet superimposed on an ABX  
octet (Figure 1). The singlet, however, shifts upfield toward 
the center of the multiplet when the field strength is increased 
from 60 to 100 MHz and is consequently not independent of 
the octet. By inspection, the separation of the singlet from the 
downfield AB quartet is found to be identical with the sepa
ration of the two AB quartets (7.25 Hz). The ratio of the in
tensities of the three subspectra approaches 1:2:1. These 
spacings and relative intensities are characteristic of A B X 2 
spectra7 and, in fact, analysis of the data using the appropriate 
equations for the A B X 2 system,8 treating the singlet as an AB 
quartet of 0:2:2:0 intensity, provides a line spectrum that 
shows a good fit to the observed spectrum (Figure 1).

For confirmation, the NMR spectrum of 2 was examined 
at 100 MHz. This is a deceptively simple spectrum of five or 
possibly six lines (Figures 2 and 3). Calculation of the transi
tion energies and relative intensities, using the 60-MHz data, 
provides a theoretical line spectrum that shows a good fit to 
the observed spectrum. The chemical shifts derived from this 
analysis are ¿a = 3.74 and ¿h = 3.53 ppm, and the coupling 
constants are Jah = 12.5, J ax = 0.8, and J rx = 13.7 Hz. De
tails of the analysis are given in the supplementary section of 
this paper.

There are three possible structures that satisfy the com

position [PhN(CH2)2P]2. The first is 1,: diphenyl-1,1'- 
diaza-3,3'-biphosphetidine, consisting of two iOur-membered 
rings linked through the phosphorus atoms.

PhN P— P NPh

Tetramethylbiphosphine, a related acyclic compound, ex
hibits an A3X X ' spectrum whose parameters are 2Jpn =  2.90, 
‘V ph = 11.25, and Jpp = —179.7 Hz.9 l,l'-Biphospholane is 
known10 but not its NMR parameters. Assuming rapid ni
trogen inversion and ring puckering but slow phosphorus in
version (assumptions valid for related six-membered ring 
systems),3’11 the ring structure of the biphosphetidine imposes 
a constraint on the molecule such that the four outer-face 
hydrogen atoms are shielded constantly by the lone-pair 
electrons of the adjacent phosphorus atom. The four inner- 
face hydrogen atoms, owing to free rotation about the P -P  
bond, are shielded intermittently by the lone-pair electrons 
of the other phosphorus atom. The four outer-face hydrogen 
atoms (and, likewise, the four inner-face hydrogen atoms) are 
magnetically equivalent, since each has a counterpart in the 
other ring that is either identical to it or is a mirror image that 
is indistinguishable from it by NMR. A priori, the spectrum 
should exhibit an A B X X ' splitting pattern, where A and B are 
the outer- and inner-face hydrogen atoms, respectively, and 
X  and X ' are the phosphorus atoms. The phosphorus atoms, 
though chemically equivalent, are not magnetically equivalent 
unless they are equally coupled to A and B.

The other two possible structures are the cis and trans 
isomers of 2,5-diphenyl-2,5-diaza-3a,6a-diphosphabi- 
cyclo[3.3.0]octane, consisting of two five-membered rings 
fused either cis or trans through the phosphorus atoms.

/ X X ,
PhN | NPh

V pv /

Very few ring systems of this type are known. Bicyclo[3.3.0] - 
octane itself exists in both cis and trans forms, the latter 
showing evidence of substantial strain.12 Models of the two 
phosphorus compounds show severe distortion owing to the 
unequal P -P , P-C , and C -N  bond lengths. It seems unlikely 
that either would possess sufficient symmetry to exhibit a 
simple A B X X ' splitting pattern.

This leaves the biphosphetidine structure as the only op
tion. The criteria for obtaining A B X 2 spectra from compounds 
that contain nonequivalent X  groups have been discussed by 
Riggs.13 If the X  groups have the same chemical shift as in the 
A B X X ' case, they need not be equally coupled to A and B 
provided that the sums of the coupling constants are identi
cal.14 In our case, this means that 2J pha and 2J phb are n°t  
necessarily equal to V pha and V phb, respectively, provided 
that the sums are related as follows:

2</pha +  2̂ phb = 3̂ pha +  3̂ phb = 14.50 Hz
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Figure 1. Methylene segment of the 60-MHz proton-NMR spectrum 
of 2 in CDC13. Scale: 1 cm = 10 Hz (h) or 0.80 H (v). Inset: Predicted 
sip.NMR spectrum.

Figure 2. Methylene segment of the 100-MHz proton-NMR spectrum 
of 2 in CDCI3. Scale: 1 cm = 30 Hz (h) or 0.46 H (v). Inset: Predicted 
3IP-NMR spectrum.

The biphosphetidine structure is therefore compatible with 
the NM R spectrum of 2, even though the phosphorus atoms 
do not appear to be magnetically equivalent.

The biphosphetidine 2 can also be prepared from tris- 
(anilinomethyl)phosphine (3) but not from its methylene- 
bridged derivative, 5-anilinomethyl-l,3-diphenyl-l,3,5-dia- 
zaphosphorinane (4). Forcing conditions are required for 3, 
and the yields are lower. Attempts to prepare oxide or sulfide 
derivatives of 2 were unsuccessful.

The disproportionation of 1 and 3 to substances richer and 
poorer in NH seems to be related to the disproportionation 
of N.N'-diphenylmethanediamine to aniline and hexahy-

Figure 3. Methylene segment of Figure 2 expanded tenfold. Scale: 
1 cm = 3 Hz (h) or 0.46 H (v).

dro-l,3,5-triphenyl-s-triazine,15. though obviously more 
deep-seated changes are involved. Equations 1 and 2, which 
satisfy the stoichiometry of the disproportionation, suggest 
that N-methylaniline and the triazine precursor, N-methy- 
leneaniline, are formed in addition to 2 and aniline.

2(PhNHCH2)4PCl —  [PhN(CH2)2P]2 
1 2

+  3P h N =C H 2 +  PhNHCHs +  2PhNH2-HCl (1) 

2(PhNHCH2)3P —  [PhN(CH2)2P]2 
3 '2

+  P h N =C H 2 +  PhNHCHs +  2PhNH2 (2)

These by-products could be formed as follows:

NHPh
Further investigation is needed to identify the by-products 
and to determine to what extent, if any, the solvent partici
pates in the disproportionation.

Experimental Section
Melting points are corrected. Analyses were performed by Galbraith 

Laboratories, Inc., Knoxville, Tenn.16 Infrared spectra (IR) were taken 
on a Perkin-Elmer 137B spectrophotometer with NaCl optics. Nuclear 
magnetic resonance spectra (J H NMR) were taken on a Varian A-60 
spectrometer at 60 MHz or a JEOLCO MH-100 spectrometer at 100 
MHz, with tetramethylsilane as an internal standard. Mass spectra 
were taken on a CEC 21 -110B spectrometer at 70 eV by direct probe 
insertion.

l,l'-Diphenyl-l,l'-diaza-3,3'-biphosphetidine (2). A. From 1.
The phosphonium salt l3 (2.00 g, 4.07 mmol) was slurried in ethanol 
(20 mL) and heated at reflux until it dissolved. The solution was al
lowed to cool and was filtered, giving 0.25 g (41.0 %) of 2, mp 167-168 
°C. After stripping, the filtrate yielded 1.35 g of pale yellow oil: n20n 
1.6618; IR (neat) 3400 (vs, NH) cm-1. One recrystallization of the solid 
from ethanol afforded pure 2: mp 170-171 °C; IR (Nujol) 682 (s, Ph), 
719 (w), 740 (m, sh), 749 (vs, Ph), 777 (w), 857 (m), 913 (w), 956 (w), 
989 (w), 1030 (w), 1130 (w), 1165 (w), 1195 (s), 1250 (m, CNarom), 1300 
(vs, CNarom), 1435 (vs), 1495 (vs, C = C aroro), 1560 (w), 1600 (vs, 
C==Cax0m) cm -1; ‘H NMR (CDC1.0 6 3.1-3.8 (m, 4 H, CH2) and 6.7-7.3 
(m, 5 H, Ph); mass spectrum m/e (% rel abundance, ion fragment) 301 
(10, P + 1), 300 (55, P), 223 (3), 208 (5), 207 (7), 195 (8, P -  
PhN=CH2), 194 (9), 181 (3), 180 (4), 179 (3), 162 (8), 150 (5), 133 (7), 
132 (16), 125 (4), 121 (10), 120 (83, PhNH(CH2)2+), 119 (55, 
PhN(CH2)2+), 118 (7), 107 (7), 106 (20, PhNH =CH 2+), 105 (39, 
PhN=CH2+), 104 (31, PhN =CH +),94 (4),93 (56, PhNH2+) ,92 (13, 
PhNH+), 91 (100, PhN+), 78 (7), 77 (37, Ph+), 66 (13, C5H6+), 65 (12, 
C5H5+), 51 (15, C4H3+). Anal. Calcd for C8H9NP: C, 64.00; H, 6.04; 
N, 9.33; P, 20.63; mol wt, 300 (dimer). Found: C, 63.99; H, 5.85; N, 9.02; 
P, 20.50; mol wt (osmometric, in CHCI3), 346.

The biphosphetidine 2 is soluble in chloroform and acetone and 
insoluble in water. It dissolves in carbon disulfide without giving the
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red color characteristic of tertiary phosphines17 but decolorizes iodine 
instantly18.

If the solvent for recrystallization is methanol, the outcome depends 
on the severity of the treatment. When the phosphonium salt 1 (10.00 
g) was gently warmed with methanol (50 mL) until the solid just 
dissolved and the solution was cooled rapidly and filtered, part of 1 
(3.20 g, 32.0%) was recovered unchanged (mp, IR). The filtrate, con
centrated to half its volume, yielded 0.16 g (5.2%) of 2. When 1 (3.00 
g) was recrystallized from hot methanol (25 mL) as described above 
for ethanol, the first product to separate was 2 (0.15 g, 16.4%), none 
of 1 being recovered. When a solution of 1 in methanol was heated for 
30 min at reflux prior to workup, neither substance could be isolated 
from the gummy mass that resulted.

B. From 3. The tertiary phosphine 3 (2.000 g, 5.15 mmol)3 was 
heated in ethanol (50 mL) at reflux for 4 h under nitrogen. At first the 
3 dissolved, but within 30 min white solids started to separate and 
were removed from time to time as the reaction proceeded, giving 
fractions of mp 95-97 °C dec (0.200 g), 128-148 °C (0.114 g), and 
160-163 °C (0.058 g). The third fraction was identified (IR, NMR) 
as 2 (7.5%). The residue was a pale yellow oil: 1.260 g; n20o 1.6387; IR 
(neat) 3400 (vs, NH) cm-1.

Pure 2, free of solid by-products, was obtained in 2.1% yield by 
stirring a slurry of 3 (0.500 g, 1.29 mmol) in ethanol (20 mL) in a 
stoppered flask for 16 h at 25 °C. The yield of 2 was improved to 17.2% 
when the reaction was carried out in the presence of 0.039 g (1.29 
mmol) of dissolved paraformaldehyde in an abortive attempt to 
prepare the methylene-bridged derivative 4.
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Irradiation of cytosine and its 1-methyl, 4-methyl, 1,4-dimethyl, 4,4-dimethyl, and 1,4,4-trimethyl derivatives in 
acetone or acetone-water solutions with 313-nm light produces the corresponding derivatives of cyclobutyldicyto- 
sine (cytosine dimer, C ytO C yt) with yields ranging from 14 to 86%. Under mild acid conditions, C ytO C yt 
derivatives can be converted to the corresponding isomers of uracil dimer (U raO U ra) by deamination. This allows 
the stereoconfigurations of various C y tO C y t to be determined by comparing with the corresponding isomers of 
U raO U ra and Me’ U ra O M e ’ Ura. Except for Cyt, which forms (t,a) C y tO C y t in addition to the (t,s) isomer, 
the others yield only the (t,s) isomer. In F3CCOOH, (t,a) C y tO C y t is decomposed to Cyt, while syn dimers are sta
ble. These C y tO C y t derivatives display the AB or AA'BB' patterns in the NMR spectra, determined in F3CCOOD 
at —2 °C. The mass spectra of these dimers resemble those of the corresponding monomer. N4-unsubstituted di
mers (U), C y tO C y t and M e'C ytO M e'C yt, have \max ~245 nm and <max ~10 000; N4-monosubstituted dimers 
(M), Me4C y tO M e 4Cyt and Me21,4C y tO M e 21,4Cyt, have Xmax ~250 nm and cmax ~15 000, and N4-disubstituted 
dimers (D), Me24'4C y tO M e 24'4Cyt and Me31'4'4C y tO M e 31’4i4Cyt, have Xmax ~260 nm and emax ~20 000. These 
batho- and hyperchromie shifts indicate that the amino form is predominant in D and the imino form in U. In M 
both forms may be more evenly distributed. This assumption is further verified by the spectral characteristics of 
Me21,3C y tO M e 2l,3Cyt, which was synthesized because it could exist only in the imino form. IR and deuterated 
IR spectra were also studied ( knhA n d  = 1.33) in order to gather additional evidence for a possible amino-imino 
tautomerization for these C y tO C y t derivatives in polar and nonpolar solvents. This information should be of im
portance to the photochemistry and photobiology of nucleic acids.

There is evidence to show that cyclobutane dipyrimidines 
containing cytosine [such as cytosine dimer (C y tO C y t) or 
cytosine-thymine dimer (C y tO T h y)] are produced as pho
toproducts in DNA or polynucleotides by 280-nm irradiation1

or possibly by photosensitized dimerization.2 These Cyt- 
containing hetero- and homodimers were found1 to be 
monomerized by shorter wavelength irradiation more easily 
than their corresponding Ura and Thy dimers and DNA
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Table I. Preparation and Properties of N-Methylated C y tO C y t

Acetone- Irrad ___________ Derivative of C ytO C yt
Cyt

derivative
Registry

no.
water,

%
Temp,

°C
period,

h
Yield,

%
mp,
°C a - i b - c

Cyt 71-30-7 67-33 3 50 18 >280 0.00 0.02 0.07
1-Me 1122-47-0 85-15 3 168 20 >280 0.02 0.06 0.21
N4-Me 6220-47-9 85-15 3 96 42 >280 0.02 0.03 0.23
1,N4-Me2 6220-49-1 100-0 20 65 36 >280 0.03 0.15 0.23
N4’4-Me2 6220-48-0 95-5 3 168 86 275-278 0.07 0.44 0.50
1,N4’4-Me3 2228-27-5 100-0 20 72 14 260-268 0.13 0.55 0.46

° Silica gel with eluent B. b Cellulose with eluent B. c Cellulose with eluent A.

photolyase in the presence of visible light (photoreactivation), 
to inhibit in vitro nuclease activity and affect DNA synthesis 
like T h y O T h y , and to be excised from the DNA of radia
tion-resistant bacteria at the same rate as T h y O T h y . Despite 
the biological implications of these C y tO C y t derivatives, 
their nature has not been fully characterized due to the fact 
that these compounds are exceedingly labile under general 
experimental conditions.3-5 In order to clarify the detailed 
nature of various C y tO C yt derivatives and this dimerization 
process, studies have been carried out with iV-methylcytosine 
derivatives6 and the cytosine nucleosides.7 Due to the ap
parent stability of these ¿V-methyl C y tO C y t, it is possible 
to gain insight into the chemical characteristics of these di
mers, and such knowledge can serve as a basis for a better 
understanding of Cyt dimers of nucleic acid components (in 
preparation).

Experimental Section
Syntheses of JV-Methylcytosine Derivatives. Preparation of

4-Thiouracil (Sra). The compound was prepared according to the 
procedure of Ueda and Fox.8

S-Methyl-4-Thiouracil (Me4Sra) and AT1,S-Dimethyl-4- 
Thiouracil (Me2I,4Sra). These compounds were prepared according 
to the methods of Wheeler and Johnson.9

Preparations of Various JV4-Methylcytosine Derivatives. 
Me4Cyt, Me21,4Cyt, Me24,4Cyt, and Me;i1'4’4Cyt were prepared ac
cording to the methods reported in references 10-13, respectively.

Preparation of 1-Methylcytosine. Me’ Cyt was prepared ac
cording to the method of Fox and Shugar.14

Preparations of TW-Methylcytosine Derivatives. Me3Cyt was 
prepared according to the method of Brooks and Lawley.15

Irradiation of AT-Methyl Derivatives of Cytosine. Irradiation 
Apparatus. These irradiators have been described previously16 and 
are equipped with a bank of seven Sylvania fluorescent lamps 
F15T8/BL.

Irradiation Experiments. In Table I, the specific conditions are 
presented. The following is the general procedure. The compound was 
dissolved in acetone or acetone-water to give a 20 mM solution. This 
solution was transferred to quartz tubes and was flushed with argon 
for 30 min before irradiation. The tubes were sealed with paraffin 
films, and the irradiation was carried out either at ambient or cold 
room temperature. The dimer formed was deposited during the ir
radiation. It was collected by filtration and washed with acetone. The 
filtrate and acetone washes were combined. After concentration at 
reduced pressure, the residue was applied on preparative TLC plates 
(silica gel, 60F-254, Merck or 13254 cellulose, 6065, Eastman) and the 
eluents were (A) n-PrOH-water (10:3) and (B) chloroform-metha
nol-water (4:2:1) + 5% of methanol to the organic phase. The Rf values 
are listed in Table I.

Determination of Stereochemistry of Dimers. Deamination 
of JV-Methylated Cytosine Dimers. Acid-catalyzed deamination 
of dimers was carried out with 5 mg of the dimers dissolved in 1 mL 
of 0.1 N HC1. The resulting solution was allowed to stand at room 
temperature for 48 h. The deposited crystals were collected. Its 
identification was established by spectral comparison with known 
stereoisomers of derivatives of UraOUra.

C and N Méthylation of M e 'U raO M e’ Ura to Form 
Me21,3T h yO M e21,3Thy. This synthesis was accomplished with a 
novel procedure reported by Taguchi and Wang.17

Spectral Determinations. Ultraviolet and infrared (KBr pellets) 
absorption spectra were recorded on a Beckman Model DK-1 and a

Perkin-Elmer Model 21 recording spectrophotometer, respectively. 
Nuclear magnetic resonance spectra were obtained on a Varian 
220-MHz spectrometer. (CDsUSO was used as solvent at 22 °C; 
however, at —2 °C, CF3COOD was used instead. (CHahSi was the 
internal standard. Mass spectra were obtained on a CEC-21-110 mass 
spectrometer at 70 eV ionizing voltage and a source temperature of 
250 °C.

Results and Discussion

It is well known that facile deamination occurs with dihy
drocytosine (hCyt) derivatives.18 Because of the instability, 
studies involving hCyt compounds are, in general, perplexing. 
In photochemical studies, photohydration of Cyt derivatives 
has proved to be problematic in the isolation of the product, 
a ho6hCyt derivative.19 This predicament again has impeded 
the progress in the studies of photodimerization of Cyt de
rivatives. In order to gain a satisfactory understanding of the 
nature of Cyt dimers (C y tO C y t), acetone-sensitized pho
todimerization studies of iV-methyl-substituted Cyt deriva
tives have been carried out. The advantage of selecting these 
derivatives is twofold. First, A11 -methyl derivatives are an
alogues of biologically active compounds, Cyd, dCyd, or CMP; 
and, second, N 4-methyl derivatives may afford information 
concerning an important issue, i.e., the nature of amino-imino 
tautomerism of the C4-N H 2 moiety in the C y tO C y t  and 
possibly hCyt derivatives in general.

Photosensitized dimerization of the Cyt derivatives in 
the presence of acetone with mainly 313-nm light gave cy
clobutyl dicytosines (cytosine dimers, C ytO C yt) as expected. 
Unexpectedly, we often found that crystals of a pure stereo
isomer deposited directly from reaction solutions. This is in
deed an added advantage in using these MeCyt derivatives 
as model compounds and has facilitated our study. The 
product yields of these various dimers and their respective R f  

values are given in Table I.
Determinations of the stereoconfigurations of these 

Cyt dimers required an approach that is outlined below. This

HN

O ^ N '

CH,

[Me’Ura]

H
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Table II. Acid-Catalyzed Deamination and Splitting of Various CytO Cyt and Related Dimers

Dimer Product Stereoconfiguration
Yield, %

In 0.1 N HC1 In F3CCOOH

C ytO C yt U raOUra (t,s),(t,a) 33, 53° 31 (45% Cyt)b
M e'C ytO M e'C yt M e^ ra O M e'U ra (t,s) 57
Me4Cyt< > Me4Cyt UraOUra (t,s) 70 70
Me2l’4Cyt<>Meo1'4Cyt M e'U raO M e’ Ura (t,s) 75 60
Me24'4Cvt<>M ed’4Cyt UraOUra (t,s) 62
Me31’4-4Cyt<>Me:t1'4’4Cyt M e 'U raO M e^ra (t,s) 72 82
M e'UraOM e'Ura No change All four
UraOUra No change All four

° Estimated from IR spectral data. b Anti dimers decompose in strong acid media to the monomer.

Table III. Chemical Shifts of N-Methylated CytO Cyt

Chemical shifts (6, ppm from Me4Si)
Dimer N'CH3 (s) N4CH3 (s) C6H (d) [J|6 C6H (d) [J]

C ytO C yt 4.57 (dd)‘ 5.12 (dd)r
4.76 [7] 4.85 [7]

M e'C ytO M e'C yt
Me4C y tO M e 4Cyt 3.44 4.73 [7] 4.88 [7]
Me21,4Cy t O  Me21,4Cyt 3.30 3.42 4.64 [7] 4.86 [7]
Me24'4Cyt<> Me24’4Cyt 3.65, 3.69 4.50 [6] 5.32 [6]
Me3' '4’4Cyt<> Me3' •4’4Cyt 3.29 3.60, 3.64 4.50 [6] 5.36 [6]

3.00° 2.83° 3.74 [6]° 4.03 [6]°

° These values were estimated at 22 °C in (CD3)2SO and the other values were determined at —2 °C in F3CCOOH. b Coupling constants 
are given in brackets and in Hz. r These chemical shifts are for the (t,a) isomer, but all the others are for the (t,s) isomer.

approach necessitated the study of Me'Ura photodimerization 
(Taguchi and Wang, in preparation) and the development of 
a new method of C-alkylation of P y rO P y r .17 Alternatively, 
structural elucidation by means of x-ray diffraction analysis 
of a single crystal can be used.20 In pursuing this chemical 
approach, several interesting findings were also noted and are 
being reported elsewhere. Apparently, under the mild con- 
dititions for deamination (Table II), C y tO C y t  were con
verted to the corresponding U raO U ra  in fair yields and, at 
the same time, we found that all four isomers of U raO U ra  
and of M e 'U ra O M e'U ra  were not affected. On the other 
hand, with trifluoroacetic acid similar results were obtained 
for the syn isomers of C y tO C y t, but anti isomers were split 
quantitatively to the corresponding monomers. Except Cyt
O C y t ,  only the (t,s) isomer was obtained for all five N- 
methylated C ytO C yt. This finding agrees with that observed 
in photosensitized dimerization of Me6Ura.21 Such (t,s) isomer 
formation was shown not to be influenced by the solvent di
pole moments. Therefore, the possibility that a 37t*,7t complex 
or a collision complex having a head to head or syn arrange
ment precedes the formation of the dimers and determines 
their configurations should be considered. This suggestion was 
made22 for cyclic enones; however, it seems not only applicable 
to Me6Ura but also for Cyt derivatives having a somewhat 
different ground-state electronic configuration.

The NMR spectra of these dimers are given in Table III. 
These dimeric molecules have at least one symmetry axis; 
therefore, the AB or AA'BB' patterns displayed are those 
expected. Because of the low solubility of the dimers in 
(CH3)2SO, F3CCOOD had to be used for NM R determina
tions. In order to avoid acid-catalyzed splitting of these dimers 
at room temperature, —2 °C was maintained during the study. 
However, (t,s) isomers were proved to be the only photo
product in these reactions and this precaution was, in effect, 
not imperative. As expected, there was considerable upfield 
shift for these signals in neutral solvent as seen in Me- 
31’4.4C y tO M e 31’4'4Cyt which has sufficient solubility in 
(CH3)2SO.

The mass spectra of these dimers resembled those of the 
corresponding monomers. Apparently, cleavage across the 
cyclobutane ring of the dimers generates abundant ions, and 
subsequent fragmentation of which are equivalent to the re
spective ionized monomers.23

The UV spectral data of these dimers are listed in Table
IV. Both the solvent and pH effects have been studied. Two 
features are apparent: one is the ~5-nm  bathochromic or red 
shift of Amax for each N 4CH3 group and the other is the ~5000 
hyperchromic effect of tmax also for each N4CH3 substituent. 
Therefore, these dimers were divided into three categories: 
N 4 unsubstituted (U), N4 monosubstituted (M), and N4 di- 
substituted (D) for our consideration. The reported values of 
Amax and cmax of hCyt (239 nm, 11.3 X 103) and M e!hCyt (243 
nm, 10.5 X 103)24 may serve as the basis. Because U can be 
considered as derivatives of hCyt with substituents on C5 and 
C6, one would expect slight bathochromic shifts as have been 
observed. However, the molar extinction coefficient (tmax) for 
U should double that of the monomeric hCyt because each 
dimeric molecule contains two identical chromophores. Yet, 
the imax values estimated were only ~10 000 for U rather than 
~ 20  000 as expected. For M, Amax are shifted as anticipated 
and tmax at ~15 000 are again lower than those expected. 
Distinctively, in the cases of D, both cmax and Amax observed 
are as anticipated. This suggests that only D may possess the 
same chromophore as the monomeric hCyt and Me1 hCyt. One 
obvious possibility is the amino-imino tautomeric equilibri
um, as shown, which could occur with U and M but not with

NHR NHR NR NR

Vs'N  nonpolar H N ^
X

NH

0 ^ 0 — Pol ar solvent O ^ N ^ ^ N ^ O
H H H H

amino form imino form
D. This possibility was considered in the cases of hCyt and 
Me4hCyt monomers.24 From the pK a value of M e^C yt in 
aqueous solution, these authors estimated the amino-imino
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Table IV. UV Spectra of N-Methylated CytO Cyt

Dimer
Registry

no. Concn (mM) ^max (nm) fmax X 10 Solvent [pH]

N4 unsubstituted (U)
C ytO C yt 64161-45-1 0.073 243“ 1 0 . 4 H20  [9.01]

243 1 0 . 3 H20  [7.02]
(219)b (8.65) H20  [2.03]

CH,OH
M e ^ y tO M e ^ y t 64103-42-0 0.064 246 9.56 H20  [9.031

246 8.85 H20  [7.05]
(219) (8.42) H20  [2.02]
end absorption CH3OH

N4 monosubstituted (M)
Me4Cyt<>Me4Cyt 64082-05-9 0.069 248 15.1 H20  [9.04]

235 13.4
0.033 248 14.1 CH3OH

234 15.0
Me21'4Cyt<>Me2I’4Cyt 64082-06-0 0.088 253 14.8 H20  [9.01]

236 12.5
0.076 252 14.4 CH3OH

234 14.6
0.038 249 9.67 c h 3c n

233 14.1

N4 disubstituted (D)
Me24'4Cyt<>Me24’4Cyt 64082-08-2 0.052 258 19.1 H20  [9.00]

0.039 257 20.0 c h 3o h
0.054 253 19.5 c h 3c n

Me31'4'4Cyt<>Me31'4'4Cyt 64082-07-1 0.031 263 18.8 H20  [9.01]
0.045 261 19.8 c h 3o h
0.030 255 19.8 c h 3c n

° Amax in italics indicates a shoulder in the spectra. 6 The values given in parentheses are approximate because acid-catalyzed 
deamination is likely to occur.

tautomeric constants to be approximately 25, greatly in favor 
of the amino form.

Consequently, one may conclude that hCyt moieties in di
mers are likely to have Amax >240 nm with rmax ~20 000, if they 
should exist in the amino form. On the other hand, if both are 
present in the imino form these dimers should have Amax <230 
nm with tmax ~10 000. Thus, in aqueous media, it is probable 
that the amino form is predominant in D and the imino form 
exists largely in U. In M, both forms may be more evenly dis
tributed.

In less polar solvents, CH3OH and CH3CN, an hypochromic 
effect in the 250-nm region for U and M is apparent. The effect 
results in the appearance of only end absorption or a decrease 
in «max- On the contrary, little change in fmax’s was observed 
for D, although there is certain blue or hypsochromic shift. 
This shift is a trend expected for a inr* band in less polar 
solvents.25 Any decrease in e in the 250-nm region with a 
concomitant increase in the <230-nm region may be inter
preted as evidence of a shift of equilibrium from an amino to 
an imino form. Thus, we may assume that the contribution 
of the imino form in the dimers would increase with decreasing 
polarity of the media.

For verification of this assumption, photosensitized di
merization of Me21,3Cyt was carried out. With the N3-C H 3 
group, this monomeric compound could exist only in the imino 
form, as shown. Although Me21,3Cyt in an ethanolic solution

NH NH NH

CHAT |ir >» G H .r f S —
I

—-p ^ N C H ,
J*. acetone

c r  N T! c r ' i j r - ~ ^ N ^ OJ
c h 3 CH, CH,

gives rise to a UV spectrum with \max at 223 and 273 nm and 
(max of 10 000 and 8500, respectively, its reduced product
Me21'3hCyt in an aqueous solution has \max 227 nm with tmax

12 000. As expected, Me21,3C yt<>M e21,3Cyt, which could exist 
only in the imino form, has an tmax of 9000 at 228 nm in water. 
In both CH3OH and CH3CN, this dimer shows only end ab
sorption. This observation corroborates our interpretation of 
UV spectra of these dimers.

A study of the infrared spectra of these dimers was also 
undertaken to gather additional evidence for this amino- 
imino tautomerization. In principle, on deuteration of an 
imino-NH band, it would shift to a lower frequency with an 
isotopic ratio, n̂h/^nd» of 1.375.26 This method has been used 
for the study of such a tautomerization in heterocyclic sys
tems.27 For Cyt derivatives, the isotopic ratios of this shift 
were found to be in the range of 1.30-1.36.26 For Me3Cyt- 
< > M e 3Cyt, a shift with a ratio of 1.33 was observed for the 
= N 4H stretching band (2976 cm-1 in CDC13; 2960 cm-1 in a 
KBr pellet) and the corresponding = N 4D band (2242; 2222 
cm-1 ). Similar shifts are evident in the spectra of C y tO C y t  
(3021 to 2255 cm-1 ) and of M e ^ y t O M e 'C y t  (2976 to 2252 
cm-1 in Nujol).

In summary, a number of rather “stable” C y tO C y t  de
rivatives have been prepared, thus permitting the study of 
their UV absorption spectra. Interestingly, the observation 
that solvent polarity changes cause a change in the tautomeric 
equilibrium is unusual, as is the finding that an imino form 
in heterocyclic compounds is capable of a tautomeric shift to 
an amino form.28 However, since the tautomeric constant for
5,6-saturated Cyt derivatives is relatively small,28 the observed 
shift can be appreciated. In addition, IR, mass, and NM R  
spectra have also been examined. Such knowledge was not 
available previously with C y tO C y t  derivatives and affords 
further information concerning the characteristics of these 
compounds. Specifically, the possible amino-imino tautom
erization of these dimers is of interest not only to chemical 
studies but also to biological considerations. If such a tau
tomerization should take place in the biological microenvi
ronment, it could result in miscoding or in facile deamination
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causing the conversion of Cyt to Ura even after enzymatic 
repair. Furthermore, the configuration of these dimers was 
determined to be trans with the trans-syn isomer as the only 
or the predominant product. If a cis-syn isomer should form 
as reported,4’5 in the study of Cyd and dCyd, its acid-catalyzed 
deamination product, cis-syn U raO U ra, should be extremely 
stable and easily identifiable. The information concerning the 
stereoconfiguration of these dimers is of particular importance 
when related to the photochemistry of nucleic acids.29“33
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Diterpenoid Total Synthesis, an A —► B —* C Approach. 12. Aromatic 
C Rings without Alkyl Substituents. Model Systems for Podocarpic Acid
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Examination of the general sequence 2 -*  7 for addition of a 13-unsubstituted phenolic C ring2 to decalones 2a-e 
is described. Condensation of the decalones with HCC^Et is uniformly efficient, but the rates and yields for conver
sion of the 8-hydroxymethylene derivatives to 8-formyl-A8-7-octalones by reaction with DDQ vary remarkably. Ad
dition of the sodium enolate of MeCOCtGCC^-f-Bu to «-formyl enones 4a-d and acid-catalyzed cyclization of the 
adducts 5a-c to tricyclic enediones 6a-c proceed normally and in high yield. Aromatization of 6a-c by pyHBr3 af
fords not only 7-keto-12-phenols (7), the sole products from their 13-alkyl analogues, but also 13-bromo-7-keto-12- 
phenols and, at least in the case of Ga, 13-bromo-A13-7,12-enediones (9). Dehydrohalogenation of 9a by collidine 
produces 7a, a podocarpic acid model. Hydrogenolysis of the 12-(2'-benzoxazolyloxy) derivative of 7b provides te
tracyclic amide 19, which has been formally converted to several diterpenoid alkaloids.15

Total syntheses of several C-aromatic perhydrophenan- 
threne diterpenoids have demonstrated the efficiency of the 
general sequence 2 —► 7 (Scheme I) for constructing a substi
tuted aromatic ring at carbons 8 and 9 of a trans-7-deca- 
lone.la’2~4 A C-13 alkyl substituent (R4) has been an important 
component of all the natural products we have previously 
prepared by this route, and we consider that one of the sig
nificant advantages of this synthetic procedure is its ability 
to include introduction of that group as an integral part of the 
annulation process. However, certain diterpenoids such as 
podocarpic acid (1) are devoid of such C-ring substitution, and 
this might also be true of other structures for which use of this 
ring elaboration plan would be desirable. Investigations re
ported here show that the synthesis is equally applicable to 
structures in which R4 = H, but that modifications of the se
quence may be necessary. They also reveal some unexpected 
effects of structure on the reaction of an a-hydroxymethylene 
ketone with DDQ (3 —► 4). These conclusions result primarily

OH

1

from research into the synthesis of model compounds in the 
podocarpic acid and diterpenoid alkaloid series.

The decalones which were used in this work, 2a-e, have 
been reported earlier,5’6 and their condensation with ethyl 
formate is unexceptional. However, dehydrogenation of these 
hydroxymethylene ketones by DDQ under conditions which 
have given 75-95% yields of a-formyl enones 4 in other
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Scheme I
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series18,3'4 is not uniformly successful. The 4/3-carbethoxy- 
10-cyano and N-acetylimino derivatives 3a and 3b react 
normally to afford the corresponding aldehydes 4a and 4b in 
75-85% yield after 5 min at room temperature in dioxane 
containing acetic acid.4 The 10-cyano-4,4-dimethyl compound 
3d also reacts rapidly under these conditions, but aldehyde 
4d is obtained in only 28% yield and is unaccompanied by re
sidual 3d. The remainder of the material from the latter re
action has not been isolated or identified, but it seems to be 
lost during bicarbonate treatment of the crude product to 
remove dichlorodicyanohydroquinone and this suggests the 
possible formation of a substance such as 11. Analogous 
species have occasionally been encountered in other reactions 
of DDQ,7 although conjugate addition of the hydroquinone 
to an «-formyl enone has not been a problem during oxidation 
of the other hydroxymethylene decalones we have examined. 
Reasons for this peculiar behavior of 3d are not clear. How
ever, we hesitate to ascribe it solely to an influence of the an
gular cyano group in view of the fact that 3a and the A5,6 an
alogue of 3d5 react normally, and they both contain a similarly 
proximate nitrile.

Hydroxymethylene ketones 3c and 3e are dehydrogenated 
by DDQ in dioxane far more slowly than are their counterparts

ci

11

3a, 3b, etc. In fact, these reactions are so slow that 50% or more 
of the hydroxymethylene ketone remains after up to 18 h even 
in the presence of excess DDQ. The sulfonamido compound 
3c can be converted to its formyl enone 4c in excellent yield 
(89%) by treatment with DDQ for 18 h in refluxing benzene,8 
but even these conditions do not substantially improve mat
ters with 3e. These differences in the rates of dehydrogenation 
of hydroxymethylene ketones by DDQ are particularly per
plexing when they are brought about by structural changes 
as slight as the nature of a remote substituent on nitrogen (3b 
vs. 3c) or the configuration at a remote center (3a vs. 3e). The 
main comment we can presently make regarding the synthetic 
utility of this reaction is that it is surprisingly sensitive to 
subtle structural effects, and if the usual procedure is not ef
fective with a particular compound a search for alternate re
action conditions may be fruitful.9

Addition of the sodium enolate of tert-butyl acetoacetate 
to «-formyl enones 4a-d proceeds normally.3-5,10 Acid-cata
lyzed conversion of the adducts to irans-syrc-cis-A13,14-ene- 
diones 6a-c10 also occurs without incident,11,12 but these 
enediones are more sensitive than are their 13-alkyl coun
terparts. In most cases the crude products appear to be sub
stantially free of contaminants ('H  NM R), but attempted 
purification leads to considerable losses. Nonetheless, the 
crude materials suffice for further use, so the general sequence 
2 —  6 is quite acceptable for synthesis of these compounds in 
overall yields of 50-60% from the decalones.

Reaction of enediones 6a-c with pyridine hydrobromide 
perbromide3 is significantly different from that of their 13- 
alkyl analogues. The latter substances are converted to 7- 
keto-12-phenols 7 (R4 = alkyl) in high yield,18,3,4 the only 
complication arising from competitive 6«-bromination in the 
dehydroabietic acid series.18 Under comparable conditions 
ketophenol 7a is produced in substantially lower yield from 
6a, and it is accompanied by a considerable amount of bro- 
moenedione 9a (IR and 'H  NM R identification) and a small 
amount of the corresponding 13-bromophenol 10a. The bro- 
moenedione becomes the major product and the amount of 
bromophenol is minimized when pyridine hydrobromide 
perbromide is added slowly, rather than rapidly, to 6a. How
ever, the bromoenedione is converted to ketophenol 7a by 
collidine, so this two-step process represents a technique for 
aromatization of 13-unsubstituted enediones which is nearly 
as efficient (80% from 6a) as is use of the brominating agent 
alone with the 13-alkyl compounds.13

These results are consistent with a course of events such as 
that shown in Scheme II for reaction of an enedione like 6 (R4 
= H or alkyl) with pyridine hydrobromide perbromide.3,14 An 
alkyl group at C-13 blocks further enolization in the C -7-C -
8-C-14-C-13-C-12 system of an initial 13-bromoenedione like 
13, and 1,4-dehydrohalogenation (or its equivalent) to keto
phenol 7 (R4 =  H) is normally the favored process.18,3 How
ever, in the absence of that alkyl group reenolization can 
compete with dehydrohalogenation, and an enol like 1614 can 
either ketonize (9) or brominate (15 or an 8,13 dibromo iso
mer), with the latter event leading to bromophenol 10.
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Scheme II

15 16

Ketophenols 7b and 7c bear an obvious structural rela
tionship to many diterpenoid alkaloids of the aconite-garrya 
family. Although it is not our plan to use these particular 
compounds as intermediates for elaboration of such struc
tures, experimental relation of them to the natural products 
is desirable in order to confirm the structures of the keto
phenols. For this purpose the phenolic and ketonic oxygens 
of the N-acetyl derivative 7b were removed by the sequence 
7b —► 17 —► 19.la The reactions were conducted without ex

tensive purification of intermediates or optimization of con
ditions, and are undoubtedly capable of improvement should 
that be desirable for other purposes. Nonetheless, the IR 
spectrum of amide 19 from this degradation is identical with 
that of an authentic sample.16 This substantiates the struc
tures which have been assigned to our compounds, particularly 
the trans A /B  ring fusion in 2b and 2c and all of their proge
ny.6 In addition, Tahara and Hirao have reported conversion 
of their enantiomer of 19 to intermediates which, in racemic 
form, have been transformed to (±)-atisine, (±)-veatchine, 
and (±)-garryine,16 so this work also constitutes another total 
synthesis of these diterpenoid alkaloids, albeit only in the 
strictly formal sense.

Experimental Section
General procedures and techniques were the same as described 

earlier. 3  Unless otherwise specified, HC1, NaOH, KOH, NH 4 OH, and 
NaHCO.T solutions were aqueous and HOAc was glacial. Brine refers 
to saturated aqueous NaCl. General procedures for isolation of re
action products are abbreviated as follows: (A) the specified organic 
solution was washed with the indicated sequence of aqueous solutions 
followed by water or brine and dried (M gS0 4 or Na2S 0 4), and solvent 
was removed either in vacuo or by evaporation on the steam bath in 
a stream of dry N2; (B) the indicated aqueous mixture was thoroughly 
extracted with the specified organic solvent followed by the steps in 
procedure A; (C) the reaction mixture was added to water or brine 
followed sequentially by the steps in procedures B and A. When no 
temperature is specified, operations were conducted at room tem
perature, ca. 23 °C. Mass spectral data is expressed in the form: m/e 
(percent base peak intensity). 'H  NMR spectra are reported for CDCI3

solutions and IR spectra for CHCI3  solutions unless otherwise indi
cated. Melting points (open capillary tubes) are corrected for stem 
exposure.

4d-Carbethoxy-10-cyano-8-hydroxymethylene-4a-methyl- 
5a-decal-7-one (3a). A solution o f 500 mg (1.90 mmol) o f 2a, mp
68-75 °C , 6  in 30 mL of dry i-BuOH containing K O -i-Bu from prior 
dissolution of 500 mg (12.8 mg-atoms) of K was stirred for 15 min at 
45 °C (N 2  atmosphere), treated dropwise during 30 min with 3 mL 
(37 mmol) o f H C 02Et in 15 mL o f t -BuOH , 4 stirred at 45-50 °C for 
9 h, treated with 1 mL of H C 0 2 Et, stirred at 50 °C for 5 h, and acidi
fied to pH 6  with HOAc. The mixture was poured into brine and ex
tracted with Et2 0  and CHCI3 , which was extracted with 1% NaOH. 
Rapid acidification with 4 N HC1 and isolation B (CHCI3 ; 5% NaHCOi 
wash) afforded 455 mg (82%) of crude 3a as tan crystals which re
crystallized from hexane as colorless needles: mp 91-92 °C; UV max 
(95% EtOH) 270 nm (t 9000); IR 2225,1718,1645,1585 cm“ 1; 4H NM R 
r 1.42 (s, 1 H), 5.80 (q, J = 7 Hz, 2 H), 8.70 (t, J  = 7 Hz, 3 H), 8.75 (s, 
3 H); mass spectrum 291 (42), 218 )43), 217 (100), 190 (17), 148 (16), 
41 (15).

Anal. Calcd for CI6 H 2 iN 0 4: C, 65.95; H, 7.27; N, 4.81. Found: C, 
66.03; H, 7.21; N, 4.73.

4d,10-Acetyliminobismethyl-8-hydroxymethylene-4a-meth- 
yl-5a-decal-7-one (3b). Reaction of 800 mg (3.21 mmol) o f once- 
distilled 2b, bp 190-200 °C (0.25 mm ) , 6  with 2.2 mL of H C 0 2Et and 
the K O -i-B u from 800 mg (20.5 mg-atoms) of K  in a total of 85 mL 
o f t -BuOH was conducted as described for preparation of 3a, but at 
ca. 23 °C throughout (H C 02Et added in two portions: 1 mL in 10 mL 
of f-BuOH during 2 h, and after 6  h 1.2 mL in 10 mL of t-BuOH 
during 1 h). Isolation as described for 3a afforded 795 mg (89%) of 
crude 3b as a yellowish gum: UV max (95% EtOH) 281 (c 7100); (base) 
313 nm (e 14 000); IR 1620 cm - 1  (broad); 'H  NM R r 1.26 (s) and 1.34 
(s) (total 1 H), 5.88 and 7.32 (AB, J  = 14 Hz) and 5.97 and 7.32 (AB, 
J  = 14 Hz) (total 2 H), ~6.75 (br s, 2 H), 7.92 (s) and 7.94 (s) (total 3 
H), 9 .12 (s) and 9.14 (s) (total 3 H ) . 17 On some occasions the crude 3b 
crystallized (mp 80-89 °C), but a suitable recrystallization technique 
was not found, and because many analogous compounds decompose 
extensively during attempted chromatography, sublimation, or dis
tillation, crude 3b was used directly.

8-Hydroxymethylene-4/8,10-methanesulfonyliminobismeth- 
yl-4a-methyl-5a-decal-7-one (3e). Reaction of 500 mg (1.75 mmol) 
o f crude 2c, mp 182-185 °C ,6  with 2.85 g (38.5 mmol) o f H C 02Et and 
the KO-f-Bu from 546 mg (14.0 mg-atoms) of K in a total o f 75 mL 
of f-BuOH was conducted as described for the preparation of 3b, 
except that 30 min was allowed prior to addition o f H C 0 2Et (which 
was all added during 1 h) and reaction was continued for 1 2  h after 
addition of H C 0 2 Et. Acidification with HOAc4 "18 was followed by 
isolation C (CHCI3 ; 5% NaHCCH wash) to provide 524 mg (96%) of 
crude 3c as a yellowish solid: mp 177-184 °C. Sublimation [150-156 
°C  (1.0-0.25 mm); extensive material loss from decomposition] af
forded an analytical sample: mp 185-187 °C dec; UV max (95% EtOH) 
276 (i 7500); (base) 316 nm U 12 500); IR 1640,1580,1340,1150 cm "1; 
‘ H N M R r 1.41 (s, 1 H), 6.63 and 7.22 (AB, J = 12 Hz, 2 H), 6.69 and
7.24 (AB, J  = 12 Hz, 2 H), 7.29 (s, 3 H), 9.13 (s, 3 H); mass spectrum 
313 (34), 234 (100), 206 (63), 107 (33), 91 (34), 79 (34), 44 (62), 42 (57), 
41 (59).

Anal. Calcd for C 1 5 H2 3 NO4 S: C, 57.51; H, 7.35; N, 4.47; S, 10.22. 
Found: C, 57.60; H, 7.44; N, 4.48; S, 10.09.

10-Cyano-4,4-dimethyl-8-hydroxymethylene-5a-decal-7- 
one (3d). Reaction of 500 mg (2.44 mmol) o f 2d, mp 59-62 °C , 5  with 
720 mg (9.73 mmol) o f H C 02Et and 174 mg (7.25 mmol) o f NaH (as 
300 mg of a 58% dispersion in mineral oil) in 20 mL of PhH was con
ducted as described for the 4,4,10-trimethyl analogue3  to afford 480 
mg (84%) of 3d as pale yellow prisms, mp 104-114 °C, sublimation of 
which [110 °C (1 mm)[ provided pure 3d as colorless prisms: mp
113-116 °C; UV max (95% EtOH) 307 (e 12 000); (base) 309 nm (e 
18 300); IR 2230,1650, 1587 cm “ 1; 'H  NM R r -4 .2 8  (br s, 1 H), 1.41 
(s, 1 H), 8.90 (s, 3 H), 9.05 (s, 3 H); mass spectrum 233 (6 6 ), 218 (17), 
136 (100), 98 (36), 70 (23), 41 (26).

Anal. Calcd for C 1 4 H 1 9N 0 2: C, 72.07; H, 8.21; N, 6.00. Found: C, 
71.99; H, 8.30; N, 6.20.

4«-Carbcthoxy-10-cyano-8-hydroxymethylene-4|8-methyl- 
5a-decal-7-one (3e). Reaction of 318 mg (1.21 mmol) o f 2e, mp 
84-85.5 °C , 6  with 1.7 g (23 mmol) o f H C 0 2Etand the K O -i-Bu from 
356 mg (9.13 mg-atoms) of K in a total o f 40 mL o f f-BuOH was con
ducted at ~23 °C for 23 h as described for the preparation o f 3c to 
produce 307 mg (87%) o f 3e as a yellowish oil which crystallized. Re
crystallization from CHCfo-hexanes and trituration with hexanes 
afforded pure 3e as colorless needles: mp 121.5-122 °C; UV max (95% 
EtOH) 275 (t 11 400); (base) 310 nm (e 20 800); IR 2220,1718,1650, 
1590 cm “ 1; *H NM R r 1.42 (s, 1 H), 5.86 (q, J  = 7 Hz, 2 H), 8.58 (s, 3



4134 J. Org. Chem., Vol. 42, No. 25, 1977 Meyer et al.

H), 8.75 (t, J = 7 Hz, 3 H); mass spectrum 291 (8 8 ), 218 (100), 217 (77), 
190 (21), 98 (32), 83 (36), 55 (32), 41 (75).

Anal. Calcd for Ci6 H 2 1 N 0 4: C, 65.96; H, 7.27; N, 4.81. Pound: C, 
65.77; H, 7.22; N, 4.92.

4)?-Carbethoxy-10-cyano-8-formyl-4a-methyI-5a-A8-octal-
7-one (4a). A solution of 860 mg (2.96 mmol) of crude 3a and 6  drops 
o f HOAc in 17 mL of dioxane was treated with 762 mg (3.36 mmol) 
o f 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), mp 214-215 °C, 
stirred until homogeneous (5 min; N 2  atmosphere), and evaporated 
to dryness at 2 mm and ~23 °C (10 min required ) . 4  A CHCI3  sus
pension o f the residue was filtered and subjected to isolation A (5% 
NaHC0 3  wash; CHCI3  back-wash19) to yield 683 mg (80%) o f crude 
4a as a brown oil which could not be purified by crystallization or 
distillation; spectra showed no significant absorption from contami
nants (~5% or less): IR 2220,1720,1700,1690,1615 cm "1; !H  NM R 
r -0 .13  (s, 1 H), 2.78 (s, 1  H), 5.76 (q, J  = 7 Hz, 2 H), 8 . 6 8  (t, J  = 7 Hz, 
3 H), 8.71 (s, 3 H).

4/S,10-Acetyliminobismethyl-8-formyl-4a-methyl-5a-A8-  
octal-7-one (4b). Reaction o f 470 mg (1.70 mmol) o f crude 3b with 
405 mg (1.78 mmol) o f DDQ and 4 drops o f HOAc in 12 mL o f dioxane 
was conducted as described for the preparation of 4a19 to produce 400 
mg (8 6 %) of crude 4b as a yellowish semisolid which recrystallized 
from EtOAc-cyclohexane as colorless prisms: mp 125-131 °C; IR 1700, 
1685,1635,1608 cm“ 1; >H NM R r -0 .07  (s) and -0 .06  (s) (total 1 H),
2.67 (s, 1 H), 7.88 (s, 3 H), 9.07 (s) and 9.10 (s) (total 3 H ) ; 17 mass 
spectrum 275 (13), 190 (11), 148 (100), 43 (19). Further recrystalli
zation afforded an analytical sample of mp 152-153 °C.

Anal. Calcd for C 1 6 H 2 1 N 0 3: C, 69.79; H, 7.69. Found: C, 69.37; H,
7.54.

8-Formyl-4/3,10-methanesulfonyliminobismethyl-4a-meth- 
yI-5a-A 8-octal-7-one (4c). A solution o f 100 mg (0.319 mmol) of 
crude 3c, mp 176-182 °C dec, and 2 drops o f HOAc in 2 mL o f dry 
PhH was mixed with a solution o f 79.0 mg (0.348 mmol) o f DDQ, mp
211-213 °C , in 8  mL of hot PhH and the orange solution was boiled 
under reflux for 17 h (N 2  atmosphere), concentrated to 2 mL in a N 2  

stream, diluted to 10 mL with CHC13, refluxed for 5 min, and filtered. 
The collected DDQH 2  was washed by suspension for 1 0  min in 1 0  mL 
of refluxing CHCI3  and filtration. Combined filtrates were processed 
by isolation A (5% N aH C03  wash; CHC13  back-wash19) to provide 8 8  

mg (89%) o f crude 4c as a yellowish solid, mp 213-224 °C dec, which 
recrystallized from CH2 Cl2-pentane as colorless prisms: mp 218-220 
°C dec; UV max (95% EtOH) 225 (e 5900); (base) 318 nm (e 15 200); 
IR 1705,1682,1612,1344,1155 c m '1; 'H  NM R r -0 .0 2  (s, 1  H), 2.76 
(s, 1 H), 7.25 (s, 3 H), 9.08 (s, 3 H); mass spectrum 311 (18), 232 (44), 
148 (29), 122 (37), 91 (45), 79 (29), 77 (40), 55 (28), 44 (92), 42 
(100).

Anal. Calcd for C 1 5 H 2 1 NO4 S: C, 57.86; H, 6.80; N, 4.50; S, 10.30. 
Found: C, 57.71; H, 6.65; N, 4.45; S, 10.08.

10-Cyano-4,4-dimethyl-8-formyl-5a-As-octal-7-one (4d). Re
action o f 500 mg (2.15 mmol) o f 3d, mp 102-111 °C, with 500 mg (2.20 
mmol) o f DDQ and 5 drops o f HOAc in 5 mL of dioxane was con
ducted as described for the preparation o f 4a. The residue from the 
evaporation of dioxane was extracted five times with 6:1 Et20-CHC13, 
which was diluted with Et20  and subjected to isolation A (brine and 
5% NaHCOs wash) to afford 140 mg (28%) o f  4d as a yellow oil which 
appeared by 'H  NM R to be free of significant contamination: IR 
(CC14) 2216,1700,1690,1610 cm "1; 'H  NM R r -0.11 (s, 1  H), 2.67 (s, 
1 H), 8.84 (s, 3 H), 9.03 (s, 3 H). Attempted purification by crystalli
zation or chromatography failed.

4a-Carbethoxy-10-cyano-8-formyl-4|9-methyl-5a-A8-octal-
7-one (4e). A stirred solution o f 118 mg (0.405 mmol) o f  3e, mp
122.5-124 °C, and 0.1 mL o f HOAc in 15 mL of dry dioxane was 
treated with 138 mg (0.608 mmol) o f DDQ (N 2  atmosphere), heated 
under reflux for 5 h, diluted with CHCI3 , and evaporated to dryness 
in vacuo. A suspension of the residue in CHC13  was heated to boiling, 
filtered (hot CHC13  wash of residue), and processed by isolation A (1%  
NaHCO .3 wash; CHC13  back-wash) to provide 117 mg (100%) o f  a ca. 
1:1 mixture ('H  NMR assay) of 3e and 4e as a pale yellow oil: 'H  NMR 
r -0 .08  (s, 1  H), 2.70 (s, 1 H), 5.85 (q, J  = 7 Hz, 2 H), 8.52 (s, 3 H), 8.73 
(t, J  = 7 Hz, 3 H), plus resonances o f 3e. No successful method for 
purifying 4e was found.

Ethyl 10-Cyano-7,12-dioxo-5a,8(1,9(3,17-norpodocarp-13-en-
16-oate (6a). A mixture of 535 mg (3.39 mmol) o f CH 3 C 0C H 2 C 0 2- 
t-Bu, bp 95-100 °C (20-25 mm ) , 2 0  and 81 mg (3.4 mmol) o f NaH (as 
140 mg o f  a 58% dispersion in mineral oil) in 20 mL o f dry PhH was 
stirred for 15 min (N 2  atmosphere), treated with 635 mg (2.20 mmol) 
o f crude 4a in 15 mL of PhH, stirred for 2 h, and acidified with HOAc 
(pH 6 ) . 4  Isolation C (CHCls; 5% N aH C0 3  wash) left 920 mg o f a 
mixture of 5a ( 1H NM R shows only one diastereomer10) and 
CH 3 C 0C H 2 C 0 2 -t-Bu as a tan oil (estimated ~75% 5a by : H NM R):

'H  N M R r 1.40 (s, 1 H), 5.82 (q, J  = 7 Hz, 2 H), 7.77 (s, 3 H), 8.55 (s,
9 H), 8.62 (s, 3 H), 8.71 (t, J  = 7 Hz, 3 H) plus resonances of CH 3 CO- 
CH2 C 0 2 -i-Bu at t  6.67 (s, 2 H), 7.77 (s, 3 H), 8.55 (s, 9 H). Purification 
was not attempted.

A solution of 920 mg of this crude 5a and 100 mg of TsOH in 40 mL 
o f  HOAc was boiled under reflux for 2 h (N 2  atmosphere), 0.5 g of 
NaOAc was added, and most of the HOAc was removed in vacuo.4  The 
residue was partitioned between CHCI3 and water, which was 
subjected to isolation B (CHC13; 5% N aH C0 3  wash) to afford 520 mg 
(72% from 4a) o f crude 6a as a brown semisolid, the spectra of which 
indicated only minimal contamination. Chromatography over Florisil 
(2 X 20 cm; Et20  elution) provided 210 mg (29%) o f  6a as a colorless 
solid (mp 197-200 °C) which recrystallized from EtOAc as colorless 
needles: mp 200-202 °C; UV max (95% EtOH) 211 nm (« 2100) ; 1 0  IR 
2233,1720,1685 c m '1; 'H  NM R r 2.95 (d, J  = 10 Hz, 1 H), 3.82 (dd, 
J  = 8 and 10 Hz, 1 H), 5.79 (d, J =  7 Hz, 2  H), 6.07 (br t, J  = ~ 6  Hz, 
1 H), 8 . 6 8  (t, J  = 7 Hz, 3 H), 8.77 (s, 3 H); mass spectrum 329 (37), 256
(27), 235 (97), 207 (33), 161 (75), 133 (100), 128 (52), 120 (53), 95 (50), 
6 6  (36).

Anal. Calcd for C 1 9 H 2 3 N 0 4: C, 69.28; H, 7.04; N, 4.25. Found: C, 
69.19; H, 7.13; N, 4.39.

16.17- Acetylimino-5a,8(3,9/3-podocarp-13-ene-7,12-dione (6b).
Reaction o f 515 mg (1.87 mmol) o f crude 4b with the enolate from 450 
mg (2.85 mmol) o f CH 3 C 0C H 2 C 0 2 -f-Bu and 120 mg o f a 58% N aH - 
mineral oil dispersion (2.90 mmol) in a total o f 60 mL o f PhH was 
conducted as described for the preparation o f 5a, affording 850 mg 
of a mixture o f 5b ( 'H  N M R shows two diastereomers, ca. 1 : 1  

ratio10’17) and excess keto ester as a brown oil: 'H  NM R r 1.58 (s) and
1.63 (s) (total 1 H), 7.78 (s, 3 H), 7.93 (s) and 7.97 (s) (total 3 H), 8.55 
(s, 9 H), 9.12 (br s, 3 H) plus resonances of CH 3 C 0C H 2 C 0 2 -i-Bu.

Reaction of 850 mg of this crude 5b with 120 mg of TsOH in 30 mL 
o f HOAc for 2.5 h was conducted as described for the preparation o f 
6a to afford 600 mg of brown gum, which was washed with hexane to 
leave 470 mg (80% from 4b) of crude 6b as a tan solid: mp 138-155 °C; 
IR 1715,1680,1630 cm“ 1; 'H  NM R r 3.05 (d, J  = 10 Hz, 1 H), 3.87 (dd, 
J  = 6  and 10 Hz, 1  H), 7.87 (s) and 7.92 (s) (total 3 H ) , 17 8.74 (s, im
purity), 9.12 (br s, 3 H ) . 17 Enedione 6b decomposed during attempted 
chromatography or recrystallization, and thus was not purified fur
ther.

16.17- Methanesulfonylimino-5a,8|8,9|8-Podocarp-13-ene-
7,12-dione (6c). A mixture o f 120 mg (5.00 mmol) o f NaH (obtained 
by repeatedly washing a 58% NaH-mineral oil dispersion with hex
anes) and 270 mg (1.71 mmol) o f CH 3 C 0C H 2 C 0 2 -t-Bu in 9 mL of 
freshly distilled Me2SO was stirred for 30 min, treated with 177 mg 
(0.569 mmol) o f 4c, mp 210-217 °C dec, stirred for 6  min (N 2  atmo
sphere), and acidified with HOAc . 10 Isolation C (CH 2 C12) left 235 mg 
(8 8 %) o f crude 5c as a yellowish glass ( 'H  NM R shows predominantly 
or only one isomer10-21). Trituration with hexanes and washing with 
Et20  afforded 5c as a colorless amorphous powder: mp 173-176 °C  
dec; IR 1720,1700,1622,1570,1330,1145 cm “ 1; 'H  NM R t  -4 .55  (br 
s, 1 H), 1.57 (s, 1 H), 6.25 (d, J  = 5 Hz, 1 H), 6.58 (d, «7=12.5 Hz, 2 H),
6.73 (d, J  = 5 Hz, 1 H), 7.26 (d, J  = 12.5 Hz, 2 H), 7.29 (s, 3 H), 7.77 
(s, 3 H), 8.61 (s, 9 H), 9.12 (s, 3 H ) . 21

Anal. Calcd for C 2 3 H 3 5 N 0 7 S: C, 58.83; H, 7.51; N, 2.89; S, 6.83. 
Found: C, 58.91; H, 7.68; N, 3.08; S, 6.77.

Reaction of 125 mg (0.267 mmol) o f crude 5c, mp 160-169 °C dec, 
with 51 mg (0.29 mmol) o f Ts0H -H 20  in 15 mL of HOAc for 0.75 h 
was conducted as described for the preparation o f 6 a to provide 116 
mg o f crude 6 c as a tan oil. Trituration and repeated washing with 
Et20  afforded 94 mg (100%) o f yellowish solid mixture containing 
~70% o f 6 c and 30% o f an unknown contaminant ( ‘ H NM R assay): 
mp 150-159 °C; IR 1710,1680,1602,1332,1150 cm “ 1; ‘ H N M R 7  3.05 
(d, J  =  10 Hz, 1 H), 3.86 (dd, J  = 6  and 10 Hz, 1 H), 7.17 (s, 3 H), 9.13 
(s, 3 H), and resonance from the 30% contaminant at t  2.65 (dd, J  =

10 and 2 Hz, 1 H), 3.97 (dd, J = 10 and 2 Hz, 1 H), 7.25 (s, 3 H), 9.10 
(s, 3 H ) . 2 2  Attempted purification by recrystallization, sublimation, 
or chromatography led to decomposition, so this material was aro
matized directly.

9a-( l'-Carbo- tert-butoxy-2'-oxopropyl)- 10-cyano-4,4-di- 
methyl-8-hydroxymethylene-5a-decal-7-one (5d). Reaction o f 
the enolate from 115 mg (0.728 mmol) o f CH 3 C 0C H 2 C 0 2 -i-B u  and 
16 mg (0.67 mmol) of NaH (as a 58% dispersion from which mineral
011 was not removed) in 8  mL o f Me2SO (15 min for enolate formation) 
with 120 mg (0.519 mmol) o f crude 4d was conducted as described for 
the preparation of 5c to afford 160 mg (79%) o f crude 5d. Washing 
with pentane left 5d as a yellow powder UH NM R shows only one 
diastereomer10): mp 130-140 °C ; XH NMR x —4.33 (br s, 1 H), 1.43 
(s, 1 H), 6.22 (d, J  = 4 Hz, 1 H), 6.55 (d, J  = 4 Hz, 1 H), 7.82 (s, 3 H),
8 . 6 8  (s, 9 H), 8.90 (s, 3 H), 9.04 (s, 3 H); mass spectrum 389 (11), 333
(35), 306 (50), 290 (56), 272 (97), 232 (52), 136 (93), 57 (100), 55 (40),
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43 (791,41 (62).
Ethyl 10-Cyano-12-methoxy-7-oxo-5a,17-norpodocarpa- 

8,1 l,13-trien-16-oate (8a). A solution of 48 mg (0.15 mmol) of 6a, 
mp 197-200 °C, in 5 mL of HOAc was treated dropwise during 2 h 
with 47 mg (0.15 mmol) of pyridine hydrobromide perbromide 
(pyHBr3; mp 132-135 °C)23 in 5 mL of HOAc (N2 atmosphere) and 
stirred for 6 h. Isolation C (CHCL; 5% NaHC03 wash) left 50 mg of 
a yellowish gum which appeared to consist predominantly of 9a OH 
NMR). This could be crystallized from EtOAc: IR 2230, 1718,1692 
cm -1; >H NMR r 2.53 (d, J  = 6 Hz, 1 H), 5.75 (q, J = 7 Hz, 2 H), 8.67 
(t, J = 7  Hz, 3 H), 8.74 (s, 3 H). Normally the crude product was dis
solved in 5 mL of sym-collidine, heated at ~90 °C for 3 h (N2 atmo
sphere),24 and processed by isolation C (CHCL; 2 N HC1 and NaHCOj 
wash) to provide 50 mg (105%) of crude 7a as a colorless solid: mp
190-230 °C; IR (KBr) 3320 (br), 1710, 1650, 1570 cm -1; 'H  NMR 
(Me2CO-d6) r 2.05 (d, J = 8.5 Hz, 1 H), 2.88 (d, J = 2 Hz, 1 H), 3.03 
(dd,J = 2 and 8.5 Hz, 1 H), 5.81 (q, J = 7 Hz, 2 H), 8.68 (s, 3 H), 8.71 
(t, J = 7 Hz, 3 H). TLC and ]H NMR indicated the presence of a 
contaminant believed to be 10a [—20%; r 1.78 (s, 1 H), 2.58 (s, 1 H),
8.74 (s, 3 H)] which was very difficult to remove by recrystallization, 
sublimation, or chromatography, so the phenol was etherified for final 
characterization. A mixture of 50 mg of crude 7a, mp 190-220 °C,
0.125 mL of Me2S 04, 2 g of anhydrous K2C 03, and 10 mL of dry 
Me2CO was stirred at reflux for 9 h (N2 atmosphere) and filtered,4 
Me2CO was distilled in vacuo, and the residue was dissolved in CHCI3. 
Isolation A (NH4OH wash) left 54 mg of crude 8a, mp 187-193 °C, 
which was fractionally sublimed to afford 40 mg (80% based on 6a) 
of pure 8a as colorless prisms, mp 197-200 °C. The analytical sample 
was resublimed: mp 197-200 °C; UV max (95% EtOH) 270 nm (« 
10 000); IR (KBr) 2215,1720,1670,1590 cm“ 1; !H NMR r -1.93, 2.99, 
and 3.07 (ABC, J ,314 = 8.5, J „  !3 = 2.5, J „  14 = 0 Hz, 3 H), 5.78 (q, 
J = 1 Hz, 2 H), 6.13 (s, 3 H), 8.68 (t, J = 7 Hz, 3 H), 8.68 (s, 3 H).

Anal. Calcd for C2oH23N 04: C, 70.36; H, 6.79; N, 4.00. Found: C, 
69.99; H, 6.86; N, 3.89.

16.17- Acetylimino-5a-podocarpa-8,ll,13-triene (19). A solution 
of 470 mg (1.49 mmol) of crude 6b, mp 138-155 °C, in 30 mL of HOAc 
was treated with 330 mg (1.08 mmol) of pyHBr,3, mp 132-135 °C, in 
one portion (rapid precipitate formation25) and stirred for 45 min (N2 
atmosphere).3 Isolation C (CHC13; 5% NaHC03 wash) provided 500 
mg of a multicomponent mixture (TLC), which was taken up in CHCI3 
and extracted with 2% NaOH26 which was immediately acidified with 
2 N HC1 and processed by isolation B (CHCL; 5% NaHC03 wash) to 
afford 130 mg (38%) of crude 7b as a brown solid. Recrystallization 
from Me2CO-MeOH afforded 7b contaminated with a second com
pound (TLC), presumably 10b, as tan prisms: mp 210-214 °C; IR 
1675,1625,1580cm "1; 'H NMR (80 °C)17 r 2.07 (d, J = 8.5 Hz, 1 H),
2.83-3.28 (m, 2 H), 7.88 (s, 3 H), 9.07 (s, 3 H), plus 1.83 (s) and 2.69 (s) 
presumably from 10b. Phenol 7b was not easily separated from the 
contaminant by recrystallization, chromatography (A120 3), or frac
tional sublimation, so this mixture was used directly.

A mixture of 77 mg (0.25 mmol) of the crystalline 7b, mp 210-214 
°C, 60 mg (0.39 mmol) of 2-chlorobenzoxazole, and 200 mg of anhy
drous K2C 03 in 20 mL of dry Me2CO was stirred and boiled under 
reflux for 24 h,la taken to dryness in vacuo, and partitioned between 
CHCL and water which was processed by isolation B (CHCL)- The 
residual 110 mg of crude oily 17 was chromatographed over 6 g of 
Florisil (5 X 10 cm; hexane, hexane-PhH, PhH, PhH-Et20 , Et20, 
CHCL, and CHCL-MeOH elution). Excess chlorobenzoxazole was 
eluted with 50:50 hexane-PhH, and the 98:2 CHCL-MeOH fraction 
afforded 60 mg (57%) of 17 as a colorless amorphous solid: IR 1670, 
1625, 1560 cm’ 1; >H NMR r 1.80 (d, J  = 8.5 Hz, 1 H), 2.17-2.83 (m, 
6 H), 5.38 (d, J  = 14 Hz) and 5.63 (d, J = 14 Hz) (total 1 H), 6.48 (d, 
J = 14 Hz) and 6.56 (d, J =  14 Hz) (total 1 H), 7.27 (d, J  = 14 Hz, 2 
H), 7.90 (s, 3 H), 9.05 (s, 3 H).

A solution of 60 mg (0.14 mmol) of the chromatographed 17 in 10 
mL of 95% EtOH was hydrogenated at 1 atm over 30 mg of 30% Pd/C 
for 18 h.la The residue after filtration of Pd/C and evaporation was 
taken up in Et20 , which was processed by isolation A (5 N KOH wash) 
to leave 25 mg of an oil which appeared to contain a small amount of 
18 (IR) in addition to 19: IR 3420 (w, 18?), 1720 (w), 1625 cm-1; 4H 
NMR (CC14; 60 °C17) r 2.67-3.17 (m, 4 H), 8.02 (s, 3 H), 9.07 (s, 3 H). 
Chromatography over 0.5 g of neutral A120 3 (activity I; PhH, 
PhH-Et20 , Et20, Et20-E t0A c, EtOAc elution) afforded in the 
PhH-Et20  fraction 7 mg (18%) of 19 as an oil which slowly crystal
lized: mp 95-108 °C; IR (CC14) 1635 cm-1, identical from 4000 to 800 
cm-1 with a spectrum of authentic 19 provided by Professor A. Ta- 
hara.15

16.17- Methanesulfonylimino-12-hydroxy-7-oxo-5a-podo- 
carpa-8,11,13-triene (7c). A solution of 94 mg (0.27 mmol) of crude 
6c, mp 150-159 °C, and 85 mg (0.28 mmol) of pyHBr3 in 7 mL of

HOAc was stirred for 0.5 h (N2 atmosphere)3 and added to 100 mL 
of 2% NaOH which was basified to pH —10 with solid NaOH, diluted 
with 100 mL of 2% NaOH, washed with CHCL, and acidified with 
concentrated HC1. Isolation B (CHCL) left 51 mg (54%) of crude 7c 
as a colorless powder, mp 255-268 °C dec. This was washed with 
CHCL and recrystallized from MeOH (dry ice-Me2CO bath) to afford 
7c as a colorless amorphous solid: mp 269-271 °C dec; UV max (95% 
EtOH) 220 (e 10 000), 277 (13 000); (base) 242 (t 5600), 332 nm 
(23 600); IR (KBr) 3280,1650,1575,1330,1288,1154 cm“ 1; 'H NMR 
(Me2CO-d6) r 2.02 (s, 1 H), 2.12 (d, J = 8.5 Hz, 1 H), 2.97 (d, J = 2.5 
Hz, 1 H), 3.18 (dd, J = 8.5 and 2.5 Hz, 1 H), 7.20 (s, 3 H), 9.04 (s, 3 
H).

Anal. Calcd for C18H23N 04S: C, 61.86; H, 6.65; N, 4.00; S, 9.17. 
Found: C, 61.75; H. 6.65; N, 4.02; S, 9.17.

Registry No.—2a, 16981-46-7; 2b, 62461-28-3; 2c, 62461-29-4; 2d, 
56666-22-9; 2e, 16981-47-8; 3a, 63784-50-9; 3b, 63784-51-0; 3c,
63784-52-1; 3d, 63784-53-2; 3e, 63784-54-3; 4a, 63784-55-4; 4b,
63784-56-5; 4c, 63784-57-6; 4d, 63784-58-7; 4e, 63784-70-3; 5a,
63784-59-8; 5b isomer 1, 63784-60-1; 5b isomer 2, 63814-61-9; 5c, 
63784-61-2; 5d, 63784-62-3; 6a, 62461-84-1; 6b, 62461-85-2; 6c,
62461-86-3; 7a, 63784-63-4; 7b, 63797-56-8; 7c, 63784-64-5; 8a,
63784-65-6; 9a, 63784-66-7; 10a, 63784-67-8; 10b, 63784-68-9; 17, 
63784-69-0; 19, 38750-33-3; CH3C0CH2C 02-t-Bu, 1694-31-1; 2- 
chlorobenzoxazole, 615-18-9.
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Synthesis of 6ii,12H-indazolo[2,l>a]-6,12-diiminoindazoles and
3-Imino-2-phenylindazolines from Azo Compounds and Isocyanides 

in the Presence of Octacarbonyldicobalt1
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The reactions of azobenzenes and isocyanides in the presence of Co2(CO)g gave 6H,12//-indazolo[2,l,a]-6,12-di- 
iminoindazoies (1) and 3-imino-2-phenylindazolines (2). Orthometalation by a cobalt atom, which is considered 
as a first step in these reactions, occurs nucleophilically. The reaction mechanism is discussed.

Reactions of aromatic azo compounds with carbon mon
oxide are catalyzed by Co2(CO)8 to produce 3-oxo-2-phenyl- 
indazolines and 2,4-dioxo-l,2,3,4-tetrahydroquinazolines.2 
Similar reactions in the presence of Ni(CO)4 give &H,\2H- 
indazolo[2,l,a]-6,12-dioxoindazoles.3 We recently showed that 
reaction of cyclopalladation complexes of azobenzene with 
isocyanides gave 3-imino-2-phenylindazolines stoichiomet- 
rically (eq l ).6 In attempts to examine the catalytic scope of

these reactions, the reactions of azobenzene derivatives with 
isocyanides were carried out in the presence of Co2(CO)8. We 
found that the aforementioned reactions produced 
6H,12//-indazolo[2,l,a]-6,12-diiminoindazoles and 3- 
imino-2-phenylindazolines, depending on the substituent of 
RNC.

A mixture of azobenzene, 2,6-xylyl isocyanide, and 
Co2(CO)s was heated in toluene at 120-125 °C. Chromatog
raphy of the mixture on alumina gave a yellow crystalline 
compound la  with the empirical formula C30H26N 4, M + 442 
(442.54). The NM R spectrum showed one singlet due to the 
methyl groups at 5 2.16 ppm, suggesting a symmetrical mo
lecular structure. The UV absorption pattern is similar to that 
of 6/i,12//-indazolo[2,l,a]-6,12-dioxoindazole (3). The reac
tion of 2,6 -xylyl isocyanide with a nickel azobenzene complex
(4)7 gave la (eq 3).

A similar reaction with carbon monoxide produced 3 (eq 3). 
These results showed that la is 6//,12//-indazolo[2,l,a]-
6,12-[dixylyI]iminoindazoIe. Similar compounds were ob
tained when p-chloro- and p-methylazobenzene or 4-
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Table I. Reactions of RNC with p-XCsH4N = NC6H4X-p°

R
Registry

no. X Product
Registry

no.
Product (mol) 

C 0 2(C 0 )8 (mol)

2,6-(CH3)2C6H3 2769-71-3 H la 63866-01-3 2.4
2,6-(CH3)2-4-BrC6H2 24139-49-9 H lb 63866-00-2 2.9
2,6-(CH3)2C6H3 c h 3 lc 63865-99-6 3.9
2,6-(CH3)2C6H3 Cl Id 63865-98-5 2.0
2-(CH3)C6H4 10468-64-1 c h 3 le 63866-08-0 0.6
2-(CH3)C6H4 c h 3 2e 63866-10-4 1.5
(CHslsC 7188-38-7 H 2a 62247-94-3 4.2
c6h „ 931-53-3 H 2b 62247-95-4 3.1
Ph 931-54-4 H 2c 63866-09-1 3.5

a Reaction temperature, 120--125 °C; time, 4 h; Co2(CO)8, ca. 0.20 g (0.58 mmol); azo compound, ca. 6.6 mmol; isocyanide, ca. 12
mmol.

bromo-2,6-dimethyphenyl isocyanide were used. However, 
the reactions of azobenzene with phenyl, tert-butyl or cyclo
hexyl isocyanide in the presence of Co2(CO)g produced the 
corresponding 3-imino-2-phenylindazoline (2) without af
fording any compound of type 1 (eq 2). When o-tolyl isocy
anide was used, the reaction gave a mixture of le  and 2e in a 
1:3 molar ratio. The results are summarized in Table I.

In an attempt to convert 2e to le  the reaction of 2e with
o-tolyl isocyanide was carried out, but compound 2e was re
covered, suggesting that 2e is not a precursor of le.

Several attempts to examine the scope of catalysis with 
Fe(CO)s, Fe2(CO)9, Ni(CO)4, and Mo(CO)6 led only to for
mation of metal isocyanide complexes such as Fe(CO)4- 
(C9H9N), Ni(C9H9N)4, and Mo(CO)4(C9H 9N )2.

Treatment of la  with aqueous HC1 in CH3OCH2CH2OH 
at reflux gave 5 and 2,6-xylylamine, but 6//,12H-indazo- 
lo[2,l,a]-6,12-dioxoindazole was not obtained. Similar treat
ment of Id on alcoholic KOH gave 6.

Compounds 1 and 2 are probably formed via initial ortho- 
metalation on the aromatic ring by a cobalt isocyanide com
plex8 formed by the reaction of Co2(CO)8 with isocyanide, as 
well as the mechanism9'10 proposed for the transition metal- 
catalyzed carbonylation of azobenzene, as shown in Scheme 
I.

An isocyanide insertion into 7, forming 8, and a rearrange
ment of a cobalt moiety to a nitrogen atom followed by cycli- 
zation of the azo function would give 9. This species could be 
reduced with HCoL4 to give 2. The cobalt-isocyanide complex 
reformed in this reaction would again metalate the azobenzene 
and the catalytic cycle would be complete.

Before an isocyanide insertion into 7, double metalation 
occurred to give a binuclear complex 10 in which both nitro
gens are used for coordination to two metal atoms which bond 
to the two aromatic rings. The reaction would be completed 
by isocyanide insertion and cyclization of the azo function to 
produce 1. A steric hindrance of bulky isocyanide would make 
the double metallation more favorable than an isocyanide 
insertion into a single metalated intermediate 7.

Bruce and co-workers have shown that two different 
mechanisms (electrophilic and nucleophilic attack of metal 
on the aromatic ring) are operative in orthometalation of 
azobenzene derivatives based on a study of substituent ef
fect.11

Scheme I. Formation of 3-Imino-2-phenylindazolines and 
6H ,12H -In dazolo[2,l,a]-6,12-[dixylyl]im inoin dazok>n es

azobenzene + R N C

1

We have examined the reaction of m-fluoroazobenzene with 
tert-butyl isocyanide for the purpose of obtaining mechanistic 
information. Distribution of three isomers was determined 
by the proton NM R spectra. The results are summarized in 
Table II together with the results11 of the metallation obtained 
by Bruce et al.

3-ieri-Butylimino-2-phenyI-5-fIuoroindazoIine (12c) 
substituted at the ortho position to fluorine is ca. 70% of the 
resulting mixture. Although the process of an isocyanide in-
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Table II. Isomers Formed in the Reactions of m- 
FC6H4N=NC6H5 with Co2(CO)8Bu *NC, CH3Mn(CO)5, 

and PdCl2

C o m p d a________ a_________6 _________c_________________R e f

12 30
13 20
14 8 0  20

7 0  T h is  p a p e r
8 0  11  

11

°  R 1 =  F , R 2 =  R 3 =  H . b R 2 =  F , R 1 =  R 2 =  H . c R 3 =  F , R 1 
R 2 =  H .

sertion into a cobalt-metal a bond was included in addition 
to that of metalation in the reaction in question, this result 
appears to be consistent with nucleophilic attack of cobalt 
atom on a carbon atom greatly activated by the inductive ef
fect of fluorine, compared with that of orthometalation of 
m-fluoroazobenzene by CH3Mn(CO)5 to give 13c as the main 
product.

Experimental Section
General Considerations. A ll reaction s w ere carried  o u t  u n d er an 

a tm o sp h e re  o f  n itrogen . M e ltin g  p o in ts  w ere tak en  on  a L a b o ra to ry  
D ev ices M e l-T e m p  apparatus and  are u n corrected . T h e  N M R  spectra  
w ere record ed  on  J E O L  C 6 0 H L  an d  V arian  H A -1 0 0 B  sp ectrom eters , 
using  tetra m eth y ls ila n e  as a re feren ce . T h e  m ass sp e c tra  w ere  m e a 
su red  on  a N ip p o n d e n sh i T y p e  J P S -1 S  m ass sp e c tro m e te r  w ith  a 
d ire c t -in le t  system . T h e  U V  sp ectra  w ere  re co rd e d  o n  C a ry  14 s p e c 
trom eter . D ic o b a lt  o c ta ca rb o n y l w as p re p a re d  fro m  c o b a lt (I I )  a c e 
ta te . 12 V a r iou s  iso cy a n id e s13 an d  d i-p -m e th y l-  an d  d i-p -c h lo r o a z o -  
b e n ze n e 14 w ere p re p a re d  b y  p ro ce d u re s  d e scr ib e d  in  the  literature . 
m -F lu o ro a zo b e n z e n e  w as p re p a re d  fro m  n itro so b e n ze n e  an d  m -flu - 
o ro a n ilin e  in a ce tic  a n h y d rid e . T h e  n ick e l7 an d  ir -cy c lo p e n ta d ie n y l 
p a lla d iu m 11 c o m p le x e s  o f  a zo b e n ze n e  w ere p rep a red  b y  p ro ce d u re s  
d e scr ib e d  in  th e  literature .

Preparation of Gff,12lf-indazolo[2,l,a]-6,12-diiminoindazoles.
A  rep resen ta tiv e  rea ction  is d e scr ib e d  in d eta il. A  m ix tu re  o f  a z o 
ben zen e (1.1 g, 6.5 m m o l), 2 ,6 -xy ly l isocyan id e  (1 .5 g, 1.15 m m o l), and  
C o 2 (C O )8  (0 .20  g, 0 .58  m m o l) in  to lu en e  (15  m L ) w as h ea ted  at 
1 2 0 -1 2 5  ° C  fo r  4 h. T h e  m ixtu re  w as ch ro m a to g ra p h e d  on  a lu m in a . 
T w o  b a n d s  (oran ge  an d  y e llow ) w ere ob se rv e d . E lu tin g  w ith  h exa n e  
gave u n rea cted  a zo b e n ze n e  an d  isocy a n id e . E lu tin g  w ith  h e x a n e -  
b e n ze n e  (1 :2 ) gave a y e llo w  so lu tion . T h e  so lv e n t was e v a p o ra te d  a l 
m o st  t o  d ryn ess u n d er  re d u ce d  pressu re , a n d  cry sta lliza tion  o f  the  
residu e  fro m  b e n z e n e -h e x a n e  gave 6 H ,1 2 H -in d a z o lo [2 , l , a ] - 6 ,1 2 - 
[d i-2 ,6 -x y ly l]im in o in d a z o le : m p  268 °C  (0 .61  g, 22% ); N M R  (C D C I3)
2.16 (s, C H 3) 6 .5 -8 .3  (c, arom atic  p ro ton s ); U V  (in ben zen e) 406 (e 2.16 
X 104), 288 (e 9.6 X 103), 279 (t 9.0 X 103), 245 (e 4.2 X 104), a n d  288 
(f 3.5  X  104) nm .

A n a l. C a lcd  fo r  C 30H 26N 4: C , 81 .42 ; H , 5 .92; N , 12.66. F o u n d : C , 
81 .36; H , 5 .94; N , 12.63.

S im ila r  co m p o u n d s  w ere  p re p a re d  a cco rd in g  to  p ro ce d u re s  a n a l
o g ou s  to  th ose  d e scrib e d  a b ove , lb: m p  2 9 3 -2 9 4  °C ; N M R  (C D C 13) 
5 2.16 (s, C H 3) an d  6 .6 -8 .4  (c , a rom atic  p ro to n s ) p p m . A nal. C a lcd  for  
C 3oH 24N 4B r 2: C , 60 .02; H , 4 .03; N , 9 .33. F ou n d : C , 60 .21 ; H , 4 .05; N , 
9 .38. lc: m p  2 7 4 -2 7 5  °C ; N M R  (C D C 13) 5 2.16 (s, 2  C H 3), 2 .18  (s, 4 
C H 3), an d  6 .2 -8 .1  (c , a rom a tic  p ro to n s ) p p m . A nal. C a lcd  fo r  
C 32H 30N 4: C , 81 .67 ; H , 6 .43 ; N , 11.91. F o u n d : C , 81 .67; H , 6 .55 ; N ,
11.74. Id: m p  2 5 3 -2 5 5  °C ; N M R  (C D C 13) 5 2.13 (s, C H 3) an d  6 .8 -8 .2  
(c , a rom atic  p ro ton s ) p pm . A nal. C a lcd  fo r  C 3oH 24N 4C l2: C , 70.45; H, 
4.73; N , 10.95. F ound: C , 70.43; H , 4.83; N , 10.99. le: m p  269 °C ; N M R  
(C D C I3) 6 2.13 (s, 2 C H 3), 2.23 (s, 2  C H 3), an d  6 .4 -8 .2  (c , a ro m a tic  
p ro to n s ) p p m . A na l. C a lcd  fo r  C 3oH 26N 4: C , 81 .42 ; H , 5 .92; N , 12.66. 
F ou n d : C , 81 .00; H , 5 .94; N , 12.70.

Preparation of 3-Imino-2-phenylindazolines. A  represen ta tive  
rea ction  is d e sc r ib e d  in d e ta il. A  m ixtu re  o f  a z o b e n ze n e  (1.1 g, 6.5

m m o l), fe r t -b u ty l  iso cy a n id e  (1 .7  g, 2 .0  m m o l), a n d  C o 2 (C O )s  (0 .2  g,
0 .58  m m o l) in  to lu e n e  (1 5  m L ) w as h ea ted  a t  125 ° C  fo r  4 h. C h r o 
m a tog ra p h y  o f  th e  m ixtu re  on  a lu m in a  sh ow ed  tw o  band s. T h e y  w ere 
e lu te d  w ith  h e x a n e -b e n z e n e  ( 1 0 :1 ) a n d  ben zen e , g iv in g  ora n ge  and  
p a le -y e llo w  e lua tes, re sp e ctiv e ly . T h e  p ro d u c t  fr o m  th e  first  e lu a te  
w as u n rea cted  a z o b e n ze n e  a n d  tert- b u ty l isocy a n id e . T h e  p ro d u c t  
from  th e  se co n d  o n e  w as id e n t ifie d  as i e r i - b u ty la m in o -2 -p h e n y l- 
indazoline (2a), m p  8 3 .5 -8 4  °C  (lit .6 m p  84 °C ), by  the  m ixture  m elting  
p o in t  w ith  a n d  in fra red  sp e c tru m  o f  an  a u th e n t ic  sa m p le  o f  tert- 
b u ty lim in o -2 -p h e n y lin d a z o lin e . A na l. C a lcd  fo r  C i 7H i9N 3: C , 76 .95 ; 
H , 7 .22 ; N , 15.84. F o u n d : C , 76 .89 ; H , 7 .23 ; N , 15.93.

2b: m p  2 0 4 -20 5  °C  (lit .6 m p  2 0 4 -2 0 5  °C ). A nal. C alcd  fo r  C ig H 2 iN 3: 
C , 78 .31 ; H , 7 .26: N , 14.42. F o u n d : C , 78 .49 ; H , 7 .25 ; N , 14.55. 2c: m p  
1 3 5 -1 3 5 .5  °C . A n a l. C a lcd  fo r  C i 9H 15N 3: C , 79 .97 ; H , 5 .30 ; N , 14.73. 
F oun d: C , 79.75; H , 5.44; N , 14.82. 2e: m p  104 -10 5  °C  (lit .6 m p  103-104  
° C ) .  A na l. C a lcd  fo r  C 22H 2 i N 3: C , 80 .70 ; H , 6 .47 ; N , 12.84. F o u n d : C , 
80 .56 ; H .6 .4 4 ; N , 12.81.

Reaction of a Binuclear Nickel-Azobenzene Complex 4 with 
2,6-Xylyl Isocyanide. A  m ix tu re  o f  4 (0 .6  g, 1.4 m m o l) a n d  2 ,6 -x y ly l 
isocy a n id e  (0 .52  g, 4 .0  m m o l) in to lu en e  (15 m L ) w as h ea ted  at 1 0 0  °C  
fo r  10 h. T h e  m ix tu re  w as ch ro m a to g ra p h e d  on  a lu m in a ; tw o  b a n d s  
(y e llo w  a n d  b lu e ) w ere  o b se rv e d . E a ch  w as e lu te d  w ith  b e n ze n e  and  
b e n z e n e -C H 2C l2 (1 :4 ). E lu tin g  w ith  b e n ze n e  gave la  (0 .18  g, 29% ). 
T h e  p ro d u c t  fro m  th e  se co n d  e lua te  was an u n reacted  n ick el co m p le x  
(ca . 0 .1  g).

Reaction of 4 with Carbon Monoxide. A  m ixtu re  o f  4 (0 .3  g, 0.7 
m m o l) a n d  ca rb o n  m o n o x id e  (6 0  k g /c m 2) in  to lu e n e  (1 5  m L ) in  a 
2 0 0 -m L  sta in less  steel a u to c la v e  w as k e p t at 110 ° C  fo r  5 h. T h e  
m ixture  w as ch rom a tograp h ed  on  a lum ina, using C H 2C12 as an eluant. 
T h e  y e llo w  b a n d  w as o b se rv e d . R e m o v a l o f  th e  so lv e n t  gave c ru d e  3 
(0.11 g, 66.5% ) as yellow  crystals. C rystallization  from  C H 2C l2-h e x a n e  
gave pure 3 (0 .10 g ), id en tified  b y  an infrared  sp ectru m  o f  an auth entic  
sa m p le  o f  6 R , 1 2 R -in d a z o lo [2 .1 ,a ] -6 , 1 2 -d io x o in d a z o le .

The Reaction of Azobenzene with 2,6-Xylyl Isocyanide in the 
Presence of Metal Carbonyls. A  m ix tu re  o f  a z o b e n ze n e  (0 .9  g, 5.0 
m m o l), 2 .6 -xy ly l isocy a n id e  (1 .3 g, 10 m m o l), an d  N i(C O ) 4 (0 .17  g, 1.0 
m m o l) in to lu en e  w as h e a te d  at 120 °C  fo r  4 h. T h e  m ix tu re  w as 
ch ro m a to g ra p h e d  on  a lu m in a , u s in g  b e n ze n e  as an e lua nt. R e m o v a l 
o f  th e  so lven t and  crysta lliza tion  o f  th e  residu e fro m  b e n ze n e -h e x a n e  
gave tetrak is(2 ,6 -xyly l isocyan id e)n ick e l (0 .42 g, 72% ) as yellow -oran ge 
crystals: m p  150 -15 2  °C  (d ec ); N M R  (P h C l) 6 2.35 (s, C H 3) p pm . Anal. 
C a lcd  fo r  C 36H 36N 4N i: C , 74 .11 ; H , 6 .22 ; N , 9 .60 . F o u n d : C , 73 .99 ; H , 
6 .20; N , 9.81.

S im ila r  rea ction s  w ere  carried  o u t  in th e  p resen ce  o f  F e (C O )s , 
F e 2 (C O )9, an d  M o (C O )6 - T h e  rea ction s  gave F e (C O )4 (C 9H 9 N ) an d  
M o (C O )4 (C 9H 9N ) 2.

F e ( C O ) 4 (C 9H 9N ) :  y e llo w  cry sta ls , m p  7 8 -8 0  ° C  (d e c ). T h e  m o 
lecu lar  w eigh t b y  m ass s p e c tr o s c o p y  w as 299 (ca lcd  29 9 .07 ). A nal. 
C a lcd  fo r  C i3H 9N 0 4Fe: C , 52 .21; H , 3 .03; N , 4.68. F ou n d : C , 51.97; H , 
3 .15 ; N , 4.64.

M o ( C O ) 4 (C 9H 9N ) 2: y e llo w  crysta ls , m p  1 4 8 -1 5 1  °C  (d e c ). T h e  
m olecu lar  w eight b y  m ass s p e c tro s co p y  was 470 (ca lcd  470.34). A nal. 
C a lcd  fo r  C 22H i8N 20 4M o : C , 56 .18; H , 3 .86; N , 5.96. F ou n d : C , 58.22;
H , 3 .67; N , 6 .00.

Reaction of a Mixture of 14a and 14b with tert-Butyl Isocy
anide. A  m ixtu re  o f  14 (0 .3  g ) an d  ie r i -b u t y l  iso cy a n id e  (1 .2  m L ) in 
T H F  (15 m L ) w as h ea ted  at 120 ° C  fo r  5 h. T h e  m ixtu re  w as c h r o 
m a to g ra p h e d  on  a lu m in a , u s in g  b e n ze n e  as an e lu a n t. B en zen e  was 
re m o v e d  t o  d ryn ess . T h e  N M R  sp e c tru m  o f  th e  res id u e  sh ow ed  the 
p resen ce  o f  tw o  isom ers , w h ich  w ere  id en tified  as 12a an d  12b in a ca. 
85 :15  in te n s ity  ratio : N M R  (C D C 13) 12a 1.03 (s, B u 1) p p m  a n d  12b
I .  48 (s, B u ( ) p p m .

Reaction of m-Fluoroazobenzene with tert-Butyl Isocyanide 
in the Presence of Co2(CO)8. A  m ixtu re  o f  m -flu o ro a zo b e n ze n e  (0 .9  
g, 5.2 m m o l), ie r i -b u t y l  iso cy a n id e  (0 .83  g, 10 m m o l), a n d  C o 2 (C O ) 8 
(0.2 g, 0.58 m m ol) in to luene (15 m L ) was heated  at 125 °C  for  4 h. T h e  
m ixtu re  was ch rom a tog ra p h ed  on  alum ina. B en zen e  e lu ted  a m ixtu re  
o f  tw o  isom ers  (0 .57  g ). T h e  N M R  sp e c tru m  sh o w e d  tw o  sin glets  at 
b 1.03 a n d  0.97  p p m , co n s is t in g  o f  a re la tive  in te n s ity  o f  69 :31. T h e  
fo rm e r  signa l w as id e n t ifie d  as 12a an d  th e  la tter  as 12c. T h e  m o le c 
ular w eigh t o f  th e  m ixtu re  b y  m ass s p e c tr o s c o p y  w as 283 (ca lcd  
283.35).

Registry No.—3 ,1 8 4 2 8 -8 9 -2 ; 4 ,6 3 8 6 6 -7 1 -7 ; 12a, 63 866 -05 -7 ; 12b 
6 3 8 6 6 -0 3 -5 ; 12c, 6 3 8 6 6 -0 2 -4 ; a z o b e n z e n e , 1 0 3 -3 3 -3 ; C o 2 (C O ) 8 
1 0 2 1 0 -6 8 - 1 ; c a rb o n  m o n o x id e , 6 3 0 -0 8 -0 ; N i (C O )4, 1 3 463 -39 -3 ; te tra  
k is (2 ,6 -x y ly l is o cy a n id e )n ick e l, 6 3 8 6 6 -7 0 -6 ; F e (C 0 )s ,  13463 -40 -6  
F e 2 (C O )9, '  1 5 3 2 1 -5 1 -4 ; M o (C O )6, 1 3 9 3 9 0 6 -5 ; F e (C O )4 (C 9 H 9 N ) 
63 8 6 6 -7 3 -9 ; M o (C O )4 (C 9H 9N ) 2, 6 3 8 6 6 -7 2 -8 ; m -flu o ro a z o b e n z e n e
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331-19-1; p-chloroazobenzene, 1602-00-2; p-methylazobenzene, 
501-60-0.
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Dialkoxy disulfides (1) readily reacted with mercaptans or secondary amines to give alkoxyalkyl trisulfides (4) or 
alkoxyamino disulfides (5) with elimination of alcohol. These alkoxy sulfides (4 or 5) further reacted with mercap
tans or secondary amines to give unsymmetrical dialkyl tetrasulfides (6), alkylamino trisulfides (7), and unsymme- 
trical diamino disulfide (8). However, reaction of 1 with N.Al-dimethyl-p-phenylenediamine gave p-dimethyl- 
amino-lV-thiosulfinylaniline (10). Reaction of 1 and benzylamine or furfurylamine afforded dibenzylideneamino 
tetrasulfide (11a) or difurfurylideneamino tetrasulfide (lib), whereas 1 and /3-phenylethylamme or DL-tv-phen- 
ylethylamine gave thioamides, P hC (=0)C (=S)N H R  (13). Treatment of 1 with thiobenzamide afforded benzoni- 
trile, sulfur, and alcohol.

Dialkoxy disulfides (1) were initially prepared by the re
action of sodium alcoholates with sulfur monochloride1 with 
two structures, 1 and 2, proposed for the products. Raman 
spectra2 and dipole-moment data'1 favored the structure 1, but 
2 could not be rigorously excluded. In recent years, Thompson 
et al. reported an excellent method for the preparation of I by 
the reaction of alcohols and sulfur monochloride in the pres
ence of triethylamine (eq 1) and proved that these compounds 
have the disulfide structure 1 by NM R and x-ray analysis.4 
Little attention has been paid to reactions of 1. Previous in
vestigations were not extended beyond investigation of re
actions with sodium alcohólate,lc-s alkyllithium,4 and /3-di- 
ketone.4 It is seen that the products in these reactions are 
formed by attack of nucleophiles such as OR- , R- , RCO- 
“ CHCOR on sulfur with cleavage of the sulfur-sulfur or sul
fur-oxygen bond. Recently, we have also found that6 equi
molar thiocarboxylic acids readily displace an alcohol moiety 
and afford acylalkoxy trisulfides (3). We have now studied 
reactions of 1 with other nucleophiles.

ROSSOR ROSOR

2

2ROH +  SCl2 +  2Et3N — ► 1 +  2Et3NHCl (1) 

1 +  R'CSH — » ROSSSCR' +  ROH (2)
If II
0  0

3

Results and Discussion
Dialkoxy disulfides ( 1) react readily with equimolar 

amounts of mercaptan in carbon tetrachloride. The alcohol

is eliminated gradually, and monosubstituted products, 
alkoxyalkyl trisulfides (4), are obtained in 20-50% yields along 
with ¿¡substituted products, symmetrical dialkyl tetrasulfides. 
Elimination of alcohol was confirmed by infrared spectra and 
gas chromatography. Results are shown in Table I. The IR 
spectra of 4 showed absorptions similar to those of 1 in -S O -  
(660-725 cm1) and > C O - (880-1020 cm-1 ) stretching bands 
(Table III, Supplementary Material). The NM R spectra of 
4 showed simple absorptions in its protons of methylene ad
jacent to an oxygen atom, RCH2O - (Table III, Supplementary 
Material), with no apparent magnetic nonequivalence.7

Secondary amines were less reactive than mercaptans and 
their reaction with 1 required refluxing in CCI4 for 4 -8  h. Al
koxyamino disulfides (5) (Scheme I) were obtained in 19-74%

Scheme I
R'SH K"SH

ROSSOR ---------*- ROSSSR' ---------► R'S4R"

1 4 6

R"2NH 

R"
ROSSN

R'SH

\
R'SSSN.

R"2NH

^ R "

R"

R\.NH

R' ,R"
'N SSN r 

RT R "
8
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Table I. Monosubstituted Products of Dialkoxy 
Disulfides a

ROSSOR + XH — ROSSX + ROH

Table II. Disubstituted Products of Dialkoxy Disulfides'
_________ XSSOR + YH -> XSSY + ROH (R = ethyl)

Compd X Bp, °C (mm) Yield, %
Compd R X Bp, “O (mm) Yield, %

6a C2H5S n-C3H7S 79 (0.19) 60
4a c 2h 5 c 2h 5s 72.5 (3.2) 45 6b c 2h 5s ¡-C 3H7S 75 (0.07) 63
4b C2H5 n-C3H7S 66 (0.9) 43 7a CoH5S (C2H5)2N 72 (0.08) 60
4c c 2h 5 i-C3H7S 72 (1.4) 50 7a (C2H5)2N c 2h 5s 67
4d C2H5 t-C4H9S 53 (0.6) 40 7b i-C3H7S (C2Hs)2N 80 (0.12) 73
4e c h 3 i-C4H9S 51 (1.0) 22 7c C2HsS (CH2)4N 56 (0.23) 56
5a c 2h 5 (C2H5)2N 58(2.1) 74 8a (C2Hs)2N (CH2)4N 86 (0.07) 37
5b C2H5 (CH2)5N 85 (1.0) 41
5c c h 3 (C2Hs)2N 63 (7) 54 a See footnote a, Table I.
5d c h 3 (CH2)4N 53(1.1) 19
5e c h 3 (i-C3H7)2N 53 (0.5) 22 PhCETih2 !* .„> [PhCH,N = S = S ]  — r  PhC —  N

° Satisfactory analytical data (±0.2% for C, H, S, and N) were 
reported for all compounds in the table. L H "]
yields as shown in Table I and Table III (Supplementary 
Material). The remaining alkoxy group in 4 and 5 could be 
further displaced with mercaptans or secondary amines to give 
unsymmetrical dialkyl tetrasulfides (6) and alkylamino tri- 
sulfides (7)8 in good yields (Scheme I). These results are shown 
in Table II and Table IV (Supplementary Material). Un
symmetrical diamino disulfide (8) was obtained by the reac
tion of 5 with the other secondary amine, but the yield was 
lower than those of the other disubstituted products, 6 or 7. 
Displacement of alkoxy groups as outlined in Scheme I by -SR  
or -N R 2 groups gives unsymmetrical polysulfides not readily 
prepared directly from sulfur halides.

Reactions of 1 with primary amines9 gave a variety of 
products as follows. When N,N-dimethyl-p-phenylenedi- 
amine and equimolar amounts of diethoxy disulfide (la) were 
refluxed in benzene, the color of the solution gradually turned 
to deep violet with elimination of ethanol. p-Dimethyl- 
amino-N-thiosulfinylaniline (10)10 was obtained by column 
chromatography of the reaction mixture. Presumably 10 is 
generated by elimination of ethanol from the intermediate 
ethoxyamino disulfide (9) (eq 3 and 4). 
p-Me2NC6H4NR, +  EtOSSOEt

la

[p-Me2NC6H4NHSSOEt] +  EtOH (3) 
9

9 — ► p-Me2NC6H4N = S = S  +  EtOH (4)

10
Benzylamine and la in benzene afforded dibenzyli- 

deneamino tetrasulfide (11a),11 sulfur, and ethanol (eq 5). 
Considering the formation of 10 from la and Me2NPhNH2, 
it seems reasonable to assume that this tetrasulfide (11a) 
would be formed also via the thiosulfinyl compound in the 
following way. Namely, benzylamine and la initially afford 
the thiosulfinyl compound which isomerizes to benzyli- 
deneamino hydrogen disulfide (12) with proton transfer. Two 
molecules of 12 then attack la to form the hexasulfide which 
decomposes to give 11a with loss of sulfur (eq 6 and 7). Ac
cording to this assumption, 2 mol of benzylamine should react 
with 3 mol of la. This was indirectly supported by the fact that 
the yield of 1 la increased from 40 to 60% by varying the molar 
ratio of la to benzylamine from 1 to 1.5. Similarly, furfur- 
ylamine reacted with la to give difurfurylideneamino tetra
sulfide (lib) (eq 8).

2Ph CH2NH2 +  3EtOSSOEt 
la

—  p h C =N S 4N = C P h  +  6EtOH +  2S (5) 

H H

2 [12] +  la
-2EtOH Ph(j=NSs N =C P h

H H

12
(6)

11a +  2S

(7)

2 C l  +31—
0  c h 2n h 2

lib

+ 6 EtOH +  2S (8)

The reaction of la with /J-phenylethylamine or d l -« - 
phenylethylamine differed from that observed with aniline 
or benzylamine. Although a thioamide (13) was separated by 
column chromatography on silica gel, the IR spectra of the 
crude products before being chromatographed showed no cnh 
or i'c=o bands. This suggests that 13 is formed by the de
composition of unidentified intermediates during the chro
matography. The exact mechanism of the reaction is still not 
elucidated. The structure of thioamides (13) was confirmed 
by NMR, IR, and mass spectra as described in the Experi
mental Section.

RNH2
EtOSSOEt (!«)_ 

-E tO IH ,-S

O S H
13

(R =  PhCH.CH,-, PhCH-)

13a CH:1
13b

(9;

Diethoxy disulfide (la) did not react with benzamide, but 
it did so with thiobenzamide to give benzonitrile, sulfur, and 
ethanol (eq 10). The reaction probably proceeded again via 
thiobenzoyl-iV-thiosulfinylamine followed by elimination of 
sulfur (eq 11).

PhCNH,

PhCNH2 +  EtOSSOEt — P h O ^ N  +  3S +  2EtOH (10) 

S

la

la

- EtOH
r  PhC— NSSOEtl r Phc— n ==s  1

li 1
S H

-EtOH
K  A
s  * s _

Ph— C = N  
S S 

N s /  J
PhC=sN (11)

11a



Nucleophilic Substitution on Dialkoxy Disulfides J. Org. Chem., Vol. 42, No. 25,1977 4141

Experimental Section
IR spectra were measured with a Hitachi EPI-G2 spectrometer. 

NMR spectra were determined in CCI4 or CDCI3 solution with a 
Varian A-60 or JEOL JNM-PMX-60 (60 MHz) spectrometer. Mass 
spectra were obtained on Hitachi double-focusing mass spectrometer 
RMU-7M at 70 eV. Dialkoxy disulfides were prepared by the method 
of the literature.4 All other reagents were obtained commercially.

Alkoxyalkyl Trisulfides (4). A solution of 4.34 g (0.07 mol) of 
ethyl mercaptan in 20 mL of CCI4 was added to a stirred solution of
10.74 g (0.07 mol) of diethoxy disulfide (la) in 30 mL of CC14 at room 
temperature, and then the temperature of the mixture was gradually 
raised to 50 °C and the stirring was continued for an additional 3 h. 
The reaction mixture was evaporated and EtOH was removed as its 
CCI4 azeotrope. The residual liquid was distilled under reduced 
pressure to give 5.40 g of ethoxyethyl trisulfide (4a), bp 72.5 °C (3.2 
mm). The other compounds (4b-e) were obtained in a similar way.

Alkoxyamino Disulfides (5). A solution of 9.42 g (0.06 mol) of la 
and 4.38 g (0.06 mol) o f diethylamine in 75 mL of CCI4 was refluxed 
for 4 h. The solvent and EtOH were removed by evaporation, and the 
residue was distilled to give 8.04 g of ethoxydiethylamino disulfide 
(5a), bp 58 °C (2.1 mm). The other compounds (5b-e) were obtained 
in a similar way.

Unsymmetrical Dialkyl Tetrasulfides (6 ). A solution of 3.80 g 
(0.05 mol) of n-propylmercaptan in 20 mL of CCI4 was added to a 
stirred solution of 8.50 g (0.05 mol) of 4a in 30 mL of CC14 at room 
temperature, and the stirring was continued for an additional 1.5 h. 
Finally, the reaction mixture was refluxed for 2 h. Ethanol and CCI4 
were removed by evaporation and the residue was distilled to give 6.03 
g of ethyl-n-propyl tetrasulfide (6 a), bp 79 °C (0.19 mm). Ethyliso- 
propyl tetrasulfide (6 b) was obtained in a similar way.

Alkylamino Trisulfides (7). A solution of 6.80 g (0.04 mol) of 4a 
and 2.92 g (0.04 mol) of diethylamine in 50 mL of CCI4 was refluxed 
for 7 h. Ethanol and CCI4 were removed, and the residue was distilled 
to give 4.73 g of ethyldiethylamino trisulfide (7a), bp 72 °C (0.08 mm). 
The other compounds, 7b and 7c, were obtained in a similar way. 
Ethyldiethylamino trisulfide (7a) was also obtained by refluxing 5a 
and ethyl mercaptan in CCI4 for 7 h.

Unsymmetrical Diamino Disulfide (8). A solution of 11.0 g (0.061 
mol) of 5a and 4.31 g (0.061 mol) of pyrrolidine in 60 mL of CCI4 was 
refluxed for 5 h, CCI4 and EtOH were removed, and the residue was 
distilled to give 4.64 g of diethylaminopyrrolidyl disulfide (8 a), bp 86 
°C (0.07 mm).

Reaction of la with JV.lV-Dimethyl-p-phenylenediamine. A
solution of ,V,jV-dimethyl-p-phenylenediamine (4.08 g, 0.03 mol) and 
la  (4.62 g, 0.03 mol) in 50 mL of benzene was refluxed for 6 h, the 
solvent was removed, and the residue was chromatographed on silica 
gel using dry benzene to give p-dimethylamino-lV-thiosulfinylaniline
(10). Recrystallization from n-hexane gave 0.2 g of deep violet needles, 
identified by melting point and IR spectra:10 mp 112-113 °C dec (lit. 
113-115 °C); IR (KBr) 1605, 1535, 1315, 1290, 1180, 830, and 680 
cm-1.

Reaction of la with Benzylamine or Furfurylamine. A solution 
of 4.62 g (0.03 mol) of la and 2.14 g (0.02 mol) of benzylamine in 75 
mL of benzene was refluxed for 16 h. Then EtOH was removed as its 
benzene azeotrope by evaporation. The residue was chromatographed 
on silica gel using n -hexane as eluent to give 0.81 g of sulfur and 2.01 
g (60%) of dibenzylideneamino tetrasulfide (11a). Recrystallization 
from dry MeOH gave yellow needles, identified by elementary anal
ysis, melting point, and spectral data in the literature:11 mp 100-101 
°C (lit. 100.5-102 °C); NMR (CC14) 5 7.88 (s, 2 H), 7.04-7.47 (phenyl, 
10 H); IR (KBr) rc—n 1600 cm-1. Anal. Calcd for C14H12N2S4: N, 8.32; 
S, 38.11. Found: N, 8.28; S, 37.98. Difurfurylideneamino tetrasulfide 
(l ib)  was obtained from la and furfurylamine in a similar way, yield 
55%, as yellow needles from a mixture of rc-hexane and benzene (4:1): 
mp 95-95.5 °C; NMR (CDCI3) b 7.96 (s, 2 H), 7.44 (d, 2 H), 6.88 (d, 2 
H), 6.40 (q, 2 H); IR (KBr) re—n 1600 cm-1. Anal. Calcd for 
C10H8N2O2S4: C, 37.96; H, 2.55; N, 8.85; S, 40.53. Found: C, 37.87; H, 
2.58; N, 8.68; S, 40.60.

Reaction o f la with /3-Phenylethylamine or DL-a-Phen- 
ylethylamine. A solution of 4.62 g (0.03 mol) of la and 3.63 g (0.03 
mol) of /3-phenylethylamine in 75 mL of benzene was refluxed for 24 
h, and the color of the solution turned to dark red. Benzene and EtOH 
were removed by evaporation, and the residue was chromatographed

on silica gel. Sulfur (1.45 g) was first separated by elution with n- 
hexane. Further elution with benzene gave 1.23 g of benzoyl-N-(2- 
phenylethyl)thioformamide (13a), mp 86-90 °C, which was recrys
tallized from n-hexane to give light yellow needles, mp 91-92 °C; IR 
(KBr) re—o 1675 cm-1, cnh 3180 cm-1; NMR (CDCI3) b 8.56-8.10 (br, 
1 H), 8.04-7.24 (phenyl, 10 H), 4.08 (q, 2 H), 3.08 (t, 2 H). Anal. Calcd 
for CieHisNOS: C, 71.34; H, 5.61; N, 5.20; S, 11.90. Found: C, 71.35; 
H, 5.62; N, 5.19; S, 11.86. The mass spectrum exhibited peaks at m/e 
269 (M+), 178 (M+ -  PhCH2), 169 (M+ -  PhC2H4), 149 (M+ -  
PhC2H4NH), 120 (M+ -  PhCOCS), 105 (PhCO+), 104, 103, 91. 
Similarly, DL-a-phenylethylamine (3.63 g) reacted with la (4.62 g) 
to give sulfur (0.9 g) and benzoyl-AM l-phenylethyl)thioformamide 
(13b) (1.62 g) as a reddish-orange liquid by chromatography using 
benzene-hexane (1:2) as eluent: IR of 13b re—o 1660 cm-1, i>nh 3250 
cm“ 1; NMR b (CC14) 9.16 (br d, 1 H) 8.07-6.93 (phenyl, 10 H) 5.72 (m, 
1 H) 1.57 (d, 3 H). Anal. Calcd for Ci6H15NOS: C, 71.34; H, 5.61; N, 
5.20; S, 11.90. Found: C, 71.42; H, 5.68; N, 5.00; S, 11.83. Mass spec
trum m/e 269 (M+), 236,164,149,120,105,104,103.

Reaction of la with Thiobenzamide. Thiobenzamide (2.74 g, 0.02 
mol) suspended in 30 mL of CCI4 and la (3.08 g, 0.02 mol) was refluxed 
for 2 h. Thiobenzamide gradually dissolved and sulfur began to pre
cipitate. After the reaction was over, EtOH and CCI4 were removed 
by evaporation, the sulfur was filtered, and the filtrate was distilled 
to give 1.6 g (78%) of benzonitrile, bp 90.5 °C (33 mm) [lit. 69 °C (10 
mm)], which was identified by the IR spectrum.

Registry No.—la, 28752-22-9; lb, 28752-21-8; 4a, 63833-15-8; 4b,
63833-16-9; 4c, 63833-17-0; 4d, 63833-18-1; 4e, 63833-19-2; 5a,
63833-20-5; 5b, 63833-21-6; 5c, 63833-22-7; 5d, 63833-23-8; 5e,
63833-24-9; 6a, 63833-25-0; 6b, 63833-26-1; 7a, 63833-27-2; 7b,
63833-28-3; 7c, 63833-29-4; 8a, 63833-30-7; 10, 53692-08-3; 11a, 
25829-04-3; lib, 63833-31-8; 13a, 63833-32-9; 13b, 63833-33-0; 
C3H7SH, 107-03-9; ¿-C3H7SH ,75-33-2; i-C4H9SH,75-66-l;(CH2)6- 
NH, 110-89-4; (CH2)4NH, 123-75-1; (¡'-C3H7)2NH, 108-18-9; ethyl 
mercaptan, 75-08-1; diethylamine, 109-89-7; (V,N-dimethyl-p-phe- 
nylenediamine, 99-98-9; benzylamine, 100-46-9; furfurylamine,
617- 89-0; /l-phenylethylamine, 64-04-0; DL-a-phenylethylamine,
618- 36-0.

Supplementary Material Available: Table III containing IR and 
NMR spectral data of 1, 4, and 5 and Table IV containing NMR 
spectral data of 6, 7, and 8 (2 pages). Ordering information is given 
on any current masthead page.
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We have previously reported on the competing [1,3] and
[3,3] rearrangements of the unstable dimer 2 formed by the 
action of triethylamine on appropriately substituted ben- 
zothiazolium salts l .2 A significant rate enhancement in the 
rearrangement of the p-nitrobenzyl derivative 2a relative to 
the benzyl derivative 2b was cited as being consistent with a

a CH2C6H4 (p-N O j) h Br
b I * c h 2c 6h 5 h Br

i n c h 2c 6h 5 h OTs
c c d 2c 6h 5 H OTs
d c h 2c 6h 5 c h 3 Br

radical process. We now present evidence which demonstrates 
that a radical mechanism is responsible for the [1,3] rear
rangement pathway.

If a concerted process were responsible for the [1,3] rear
rangement,3 then a mixture of 2b and 2c would rearrange to 
give only 3b and 3c, respectively. In fact, when this experiment 
was performed, a significant amount of the dideuterio stable 
dimer 4 was formed. The product ratios were determined by 
analysis of the molecular ions. The crossover product repre
sented 28 ±  2% of the total. Although a statistically random 
intermolecular migration would provide for a 50% yield of 
dimer 4, the lower yield is rationalized by a cage effect in a 
radical dissociation-recombination reaction. The observed 
product mixture is in accord with a dissociative mechanism 
having 57 ±  4% rearrangement within the cage.4 A control 
experiment showed a mixture of 3b and 3c to be stable under 
the reaction conditions.

One possibility remained. The intermolecular crossover 
might be occurring prior to the [l,3]-benzyl shift; i.e., the 
formation of 2 might be reversible. Though there was much 
evidence against a dissociation to “nucleophilic carbenes”,6 
the following experiment was devised to conclusively rule out 
this possibility. A mixture of 2b and 2d, allowed to rearrange 
under the standard conditions, gave a mixture of 3b and 3d. 
The monomethyl stable dimer 5 was undectable to the limits 
of the mass spectrometer.

The radical character of the [1,3]-benzyl shift was further 
confirmed by the gas chromatographic identification of bi
benzyl in the crude product 3b.

Knabe, Dyke, et al.7 have studied a similar [l,3]-benzyl shift 
occurring when a l-benzyl-l,2-dihydroisoquinoline is treated 
with aqueous acid. They have proposed a bimolecular dou
ble-exchange mechanism8 to account for the intermolecular 
component which they too have found.70’10 The conversion 
of the bisfbenzothiazolium salt) 6 to the stable dimer 7, with 
no evidence for the formation of a tetramer, clearly rules out 
such a mechanism in the bibenzothiazoline series.

In conclusion, we have presented evidence that argues for 
a radical mechanism in this rearrangement. While it is 
somewhat unusual that a dissociative process should occur 
under such mild conditions, it is not without precedent. A 
number of [1,2] migrations are known to occur under mild 
conditions via a radical pathway.11 Resonance stabilization 
of the bibenzothiazoline radical is surely responsible for the 
facility of this [1,3]-benzyl migration.

Experimental Section

General Procedures. Melting points were taken on a Thomas- 
Hoover capillary melting point apparatus and are uncorrected. In
frared spectra were recorded on a Perkin-Elmer Model 700. Nuclear 
magnetic resonance spectra were recorded at either 60 MHz on a 
Varian Associates T-60 or at 90 MHz on a Perkin-Elmer R-22. Low- 
resolution mass spectra were determined at 70 eV on a Hitachi Per
kin-Elmer RMU-6.

Analytical gas chromatography was performed on a Varian Aero
graph Series 1200 with the appropriate column. Preparative TLC 
separations were carried out on Merck Silica Gel GF-254, No. 7730; 
column chromatography utilized Merck Silica Gel 60, No. 7734.

The microanalysis was performed by Midwest Microlab, Inc., In
dianapolis, Indiana, and the high-resolution mass spectrum was ob
tained through the courtesy of Dr. Catherine E. Costello of this de
partment.

3-Benzylbenzothiazolium Bromide [lb (i)]. Ten grams of ben- 
zothiazole (74.0 mmol) and 12.7 g of benzyl bromide (74.0 mmol) were 
heated in dry DMF (10 mL) for 6 h at 95 °C. On cooling, ether (150 
m l) was added. The crude salt was collected by filtration and re
crystallized from ethanol as pale-yellow needles, 14.7 g (65%): mp 
184-186 °C (lit.12 mp 184-186 °C); NMR (Me2SO-d6) <5 6.25 (s, 2 H),
7.3-8.0 (m, 7 H), 8.3-8.8 (m, 2 H), and 10.93 (s, 1 H).

Benzyl-a,a-d2 Alcohol. A solution of 7.00 g of methyl benzoate
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(51.4 mmol) in anhydrous ether (100 mL) was added dropwise (1.5 
h) to a stirred suspension of 3.23 g of lithium aluminum deuteride 
(77.0 mmol) in anhydrous ether (200 mL). After stirring at reflux for 
3 h, the reaction was carefully quenched with 5.60 mL of water (311 
mmol). Filtration removed the solid residue which was washed with 
ether (four 50-ml portions). Removal of the solvent from the combined 
ether layers was followed by distillation. The isolated yield was 4.15 
g (7396): bp 82-83 °C (3.2 mm) [lit.13 86-86.5 °C (9 mm)]; NMR 
(CDCI3) 6 1.77 (s, 1 H) and 7.33 (s, 5 H); IR (film) 3350 cm“ 1 (br).

Benzyl Tosylate. Prepared by the method of Kochi and Ham
mond14 from the sodium alkoxide and tosyl chloride. Recrystallization 
from hexane gave white needles, but yields were low due to a variable 
amount of decomposition which occurred during heating. The crude 
white product, isolable in nearly quantitative yield by removal of ether 
from the final solution at 0 °C, was sufficiently pure for further re
action: NMR (CDCI3) 6 2.43 (s, 3 H), 5.03 (s, 2 H), 7.27 (s, 5 H), and
7.52 [(AB q)2, J ab = 8 Hz, Apab = 0.482 ppm, 4 Hj.

Benzyl-a,a-d3 Tosylate. 15 Prepared as above from the sodium salt 
of benzyl-«,«-d2 alcohol and tosyl chloride.

3-Benzylbenzothiazolium Tosylate [lb (ii)]. Benzothiazole (4.67 
g, 34.5 mmol) and freshly prepared benzyl tosylate (8.67 g, 34.5 mmol) 
were heated in dry DMF (10 mL) for 2 h at 55 °C. On cooling, acetone 
(75 mL) was added. The white powdery precipitate was collected by 
filtration and washed with acetone (50 mL). The crude product was 
sufficiently pure for further use, although recrystallyzation from 
chloroform was possible: mp (crude) 134.5-135.5 °C; NMR (CDC13) 
d 2.28 (s, 3 H), 6.20 (s, 2 H), 6.9-8.3 (m, 13 H), and 11.58 (s, 1 H).

3 -Benzyl-a,a-«f2-benzothiazolium Tosylate (lc ) . Prepared as 
above from benzothiazole and benzyl-«,«-d2 tosylate.

2- Mercapto-6-methylbenzothiazole. Prepared by the method 
of Sebrell and Boord16 from p-toluidine, carbon disulfide, and sulfur. 
Recrystallized from benzene: mp 177-180 °C (lit.16 181 °C, lit.17
175.5-178.5 °C[; NMR (CDC13) « 2.42 (s, 3 H) and 7.1-7.3 (m, 3 H).

6 -Methylbenzothiazole. Prepared by the method of Blomquist 
and Diuguid17 by reduction of 2-mercapto-6-methylbenzothiazole. 
Purification was accomplished by preparative TLC on silica gel with 
benzene/ether (1:1) as eluent: NMR (CDCI3) 6 2.53 (s, 3 H), 7.27 (d 
of d, J a b  = 2 Hz, JBC = 8 Hz, 1 H), 7.70 (d, J a b  = 2 Hz, 1 H), 8.05 (d, 
J b c  = 8 Hz, 1 H), and 8.92 (s, 1 H).

3- BenzyI-6-methylbenzothiazolium Bromide (Id). Prepared 
from 6 -methylbenzothiazole and benzyl bromide by the procedure 
used for lb(i). The light pink crude product was recrystallized from 
ethanol as colorless prisms (4896): mp 210-214 °C; NMR (Me2SO-d6) 
5 6.23 (s, 2 H), 7.2-8.5 (m, 8 H), and 10.88 (s, 1 H).

3,3'-(a^r'-o-Xylyl)bis(benzothiazolium bromide) (6 ). Five grams 
of benzothiazole (37.0 mmol) and 4.88 g of a,a'-dibromo-o-xylene (18.5 
mmol) were heated in dry DMF (5 mL) for 2 h at 75 °C. The precipi
tate which formed was collected by filtration, washed with ether, and 
then dried in vacuo to give 6.94 g (70%). Recrystallization from ethanol 
gave a slightly yellow powder: charred ~ i 80-200 °C, mp 216-219 °C; 
NMR (Me2SO-d6) & 6.53 (s, 4 H), 7.0-8.8 (m, 12 H), and 10.63 (s, 2 
H).

3,3'-Dibenzyl-A2>2'-bibenzothiazoline (2b). To 1.00 gof lb(i) (3.28 
mmol) in DMF (15 mL) was added at 0 °C under nitrogen 2.00 mL 
of triethylamine (14.3 mmol). After 30 min of stirring, the mixture 
was poured into ice-water (100 mL) and quickly extracted with ether 
(four 50-mL portions). The combined extracts were washed with cold 
water (three 50-mL portions), dried (MgSCL), and concentrated in 
vacuo to give 0.66 g (90%) of a light-yellow solid: NMR (CDCI3) 6 4.68 
(s, 4 H), 6.4-7.2 (m, 8 H), and 7.23 (s, 10 H).

This procedure for the preparation of 2b could also be carried out 
starting instead with lb(ii).

3,3'-Di(benzyl-a,a-d2)-A2'2’-bibenzothiazoline (2c). Prepared 
from lc  as described above.

S.S'-Dibenzyl-A^-bHB-methylbenzothiazoline) (2d). Prepared 
from Id as described above.

2-(2-Benzothiazolyl)-2,3-dibenzylbenzothiazoline (3b). To 10.0 
g of lb(i) (32.8 mmol) in DMF (150 mL) was added with stirring under 
nitrogen 20.0 mL of triethylamine (143 mmol). The mixture was 
heated to 90 °C for 2 h, cooled to ambient temperature, and poured 
into water (800 mL). Extraction with ether (four 400-mL portions) 
followed by washing the combined extracts with water (four 400-mL 
portions) gave, after drying (M gSOj, and removal of the solvent in 
vacuo, 7.0-7.1 g of crude product. Recrystallization from ethanol-ethyl 
acetate gave 6.15 g (84%) of colorless prisms: mp 144-147 °C; NMR 
(CDCI3) 5 4.05 (AB q, JAB = 13 Hz, Ai>Ab = 0.595 ppm, 2 H), 4.70 (AB 
q, J ab = 17 Hz, A^ab = 0.548 ppm, 2 H), and 5.9-8.2 (m, 18 H); MS 
(70 eV) m/e 450 (M +).

This procedure for the preparation of 3b could also be carried out 
starting instead with lb(ii).

Anal. Calcd for C28H22N2S2: C, 74.63; H, 4.92. Found: C, 74.63; H,
5.06.

2-(2-Benzothiazolyl)-2,3-di(benzyl-a,a-<i2)benzothiazoline 
(3c). Prepared from lc  as described above: mp 144.5-146.0 °C; MS 
(70 EV) m/e 454 (M+).

2-[2-(6-Methylbenzothiazolyl)]-2,3-dibenzyl-6-methylbenzo- 
thiazoline (3d). Prepared from Id as described above. Recrystallized 
from ethanol-ethyl acetate as light-yellow prisms (78%): mp 151-152.5 
°C; NMR (CDCI3) 5 2.18 (s, 3 H), 2.45 (s, 3 H), 4.04 (AB q, JAB = 13 
Hz, Ai*aB = 0.630 ppm, 2 H), 4.65 (AB q, J AB = 17 Hz, Avab = 0.548 
ppm, 2 H), and 5.8-8.1 (m, 16 H); MS (70 eV) m/e 478 (M+).

10a-(2-Benzothiazolyl)-10,10a-dihydro-5/T-l l-thia-4b-aza- 
benzo[ft]fluorene (7). Prepared from 6 described above. The product 
was isolated in 16% yield by column chromatography on silica gel with 
hexane-benzene gradient elution and then recrystallized from etha
nol-chloroform as white needles (1296): mp 171-174 °C; NMR (CDCI3)
6 4.08 (AB q, JAB = 14.5 Hz, Acab = 0.279 ppm, 2 H), 4.61 (AB q, J AB 
= 16 Hz, Acab = 0.112 ppm, 2 H) and 6.6-8.0 (m, 12 H); MS (70 eV) 
m/e 372 (M+).

Anal. Calcd for C22Hi6N2S2: mol wt, 372.07550. Found: mol wt 
372.07902. There was no peak at m/e 744, indicating the absence of 
any tetramer.

Gas Chromatographic Identification of Bibenzyl as a By
product in the Formation of Stable Dimer 3b. The crude dimer, 
prepared as described above, was dried and then triturated with 
pentane. The pentane-soluble fraction contained bibenzyl. Its identity 
was established by coinjection with an authentic sample on two dif
ferent columns (5% SE-30 on Chrom G and 5% Carbowax 20M on 
Chrom G). An upper limit of 0.1% can be placed on the yield of bi
benzyl.18

Crossover Experiment Demonstrating Intermolecularity in 
the [1,3]-Benzyl Shift. Twenty-eight milligrams of each of freshly 
prepared 2b (do) and 2c (d,i), the unstable dimers, was dissolved in 
dry DMF (2.5 mL) under nitrogen and heated for 2 h at 90 °C. 
Workup was as usual. After eliminating the contribution of P + 2 and 
P — 2 ions, the mass spectrum showed approximately 28% formation 
of 4 (either of two d2 isomers) with m/e 452 (M+). This corresponds 
to 57 ±  4% rearrangement within a radical cage (and 43 ±  4% inter- 
molecular rearrangement by escape from the radical cage).

Control Experiment Demonstrating the Stability of Dimers 
3 under the Reaction Conditions. A mixture of 20 mg each of 3b and 
3c, the stable dimers, was dissolved in DMF and subjected to the 
standard reaction conditions necessary to effect rearrangement. No 
dideuterio dimer 4 was detectable by mass spectral analysis (upper 
limit = 5%).

Control Experiment Demonstrating Irreversible Formation 
of Unstable Dimers. Forty-nine milligrams of 2b (0.109 mmol) and 
52 mg of 2d (0.109 mmol) were allowed to rearrange under the stan
dard conditions. Workup as usual.19 The crossover product 5 (either 
of two monomethyl isomers) was undetectable by mass spectral 
analysis (upper limit = 3%).

Registry No.— lb(i), 4614-22-6; lb(ii), 63703-01-5; lc, 63703-11-7; 
Id, 63703-02-6; 2b, 37128-00-0; 2c, 63703-03-7; 3b, 51479-81-3; 3c, 
63703-04-8; 3d, 63703-05-9; 4 isomer 1, 63703-06-0; 4 isomer 2, 
63703-07-1; 6, 63703-08-2; 7, 63703-09-3; benzothiazole, 95-16-9; 
benzyl bromide, 100-39-0; benzyl-«,«-d2 alcohol, 21175-64-4; methyl 
benzoate, 93-58-3; benzyl tosylate, 1024-41-5; 2-mercapto-6- 
methylbenzothiazole, 2268-79-3; 6-methylbenzothiazole, 2942-15-6; 
a,«'-dibromo-o-xylene, 91-13-4.
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Fluorene Derivatives: Friedel-Crafts Reaction of 
2-Fluorenyl Basic Ethers

valuable intermediates since simple chemical manipulations 
could lead to bis-basic fluorene and fluorenone derivatives 
having dissimilar substituents, e.g., 10. The preparation and 
characterization of 2,7 disubstituted 1 compounds in which 
R and R' comprise different functional types are described in 
this paper.

Treatment of 2-acetylfluorene (2) with oxalyl chloride led 
to the corresponding acid derivative 3. Compound 3 was es- 
terified to ester 4 and then converted to the base 5 (Scheme 
I). The ether analogues were prepared as shown in Scheme II. 
Baeyer-Villiger oxidation of 2 followed by hydrolysis of the 
intermediate acetate afforded 6. Alkylation of 6 with the ap
propriate iu-halodialkylamine gave 7a and 7b. Although initial 
attempts to prepare compounds 8a-c with RF,rEt20  used as 
the catalyst were unsuccessful, they were successfully pre
pared in good yield by acylation of 7 in methylene chloride 
with aluminum chloride used as the catalyst. Compounds of 
formula 8 were isolated as their hydrochloride salts by treat
ment of the reaction mixture with an aqueous hydrochloric
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Fluorene 1 (R = R' = H) has been reported to undergo 
bis-electrophilic substitution in the 2 and 7 positions.1’2 While 
a great deal of synthetic effort has been concentrated on the 
preparation of symmetrically 2,7-disubstituted compounds, 
very little work has been done on derivatives of 1 in which R 
and R' comprise different functional types.3,4

In connection with the synthesis of certain bis-basic de
rivatives of fluorene having antiviral activity, we were inter
ested in devising synthetic routes to such disymmetric fluo- 
renes. In particular we were interested in synthetic methods 
to compounds such as 4,8, and 9. These compounds would be
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Figure 1. ’ H NMR spectrum (60 MHz) of 8c in CDCI3.

acid-sodium chloride solution. This procedure was convenient 
since it eliminated possible isolation problems resulting from 
intractable Lewis acid complexes and probable side reactions 
of 8a or 8b arising from treatment with strong base.5’6 A survey 
of the literature revealed very few reports of Friedel-Crafts 
acylations of basic substrates.7 None of these authors isolated 
the products directly as the hydrochloride salts. This reaction 
and the accompanying workup should be general for aromatic 
nuclei, the solubility characteristics for which allow them to 
be salted out of water.

The 2,7 substitution patterns of 8a, 8b, and 8c were deter
mined by XH NMR. These compounds all exhibited a complex 
signal (2 H) at b 7.1 to 7.0 and the A portion of an ABC mul- 
tiplet (1 H) at b 8.1 to 8.0. For example, in the XH NMR spec
trum of 8c (Figure 1) the signals due to aromatic protons 
showed a broad singlet ( 1  H) with fine structure at b 8.1 and 
absorption for the A portion of an ABC multiplet (1 H) at 5
7.1 superimposed on a doublet of doublets (1  H) centered at 
b 7.0 (J ab = 9.0 Hz, J Ac = 2.0 Hz). The absorptions at b 7.0 
and 7.1 were assigned to H3 and Hi, respectively. The complex 
absorptions between 6 7.5 and 7.9 (3 H) along with the de- 
shielded peak at b 8.1 were tentatively assigned to H4, H5, He, 
and H8- This XH NMR pattern along with the well-docu
mented regioselectivity exhibited by the Baeyer-Villiger ox
idation8' 10 definitively established that the basic ether was 
located in the 2 position of the fluorene nucleus. Moreover, 
the two proton signals at <5 7.0 and 7.1 and their splitting 
patterns required that the acetyl group be situated on a dif
ferent aromatic ring than the basic ether. The XH NMR of 8c 
did not establish the position of the acetyl group since the 
spectrum in Figure 1 was consistent with either a 2,7- or a
2,6-disubstitution pattern. The signal at b 8.1 was inconsistent 
with an acetyl function at either H5 or Hs since the exhibited 
J values were incorrect for these substitutions (see Experi
mental Section). The problem of the position of the acetyl 
group was resolved by oxidation of 8c to the fluorenone 9. This 
oxidation was carried out in 41% yield with a modification of

500 <00 300
I250I

Figure 2. 'H  NMR spectrum (60 MHz) of 9 in CDCI3.

the procedure of Gokel and Durst.11 Fortuitously, a consid
eration of all of the signals due to the aromatic hydrogens of 
9 permitted a structural assignment to be made (Figure 2). 
The doublet centered at b 7.5 (J = 9.0 Hz, 2 H) was assigned 
to H4 and H5. Careful consideration of the theoretical pattern 
of 2,6 disubstitution vs. 2,7 disubstitution showed that only 
the latter was consistent with the observed doublet. In the
2,6-disubstituted fluorenone H4 and Hg would be expected 
to be part of ABC systems; however, one would not expect the 
chemical shifts of H4 and H8 to be equivalent with no further 
splitting. Additional support for 2,7 disubstitution was the 
expected downfield shift in the ABC multiplets that appeared 
at b 8.1 (Hs) and 7.1 (Ht) in 8c (Figure 1) to b 8.2 and 7.3, re
spectively, in 9 (Figure 2). The doublet of doublets centered 
at b 7.0 (J = 9.0, 2.0 Hz) was assigned to H3 while the doublet 
of doublets superimposed on H3 and centered at 5 8.1 (J = 9.0,
2.0 Hz) was assigned to H6 (Figure 2). The two doublet of 
doublets added further support for the structural assignment 
since J h3h4 =  J h6h6 = 9.0 Hz. The assignment of the 2,7-di- 
substitution pattern to 8c also necessitated the assignment 
of this pattern to all of the compounds of formula 8.

Compounds 8a and 8b were especially valuable interme
diates since they could be readily aminated to yield the desired 
bis-basic fluorene derivatives. For example, amination of 8a 
with diethylamine in refluxing butanone gave 1 0 .

Experimental Section
Melting points were determined in open capillaries with a 

Thomas-Hoover apparatus and are uncorrected. The infrared and 
ultraviolet spectra were obtained on Perkin-Elmer 521 and Perkin- 
Elmer 350 recording spectrometers, respectively. Nuclear magnetic 
resonance spectra were obtained on a Varian A 60A'spectrometer. 
Where analyses are indicated by symbols of the elements, results were 
within ±0.4% of the theoretical value.

7-Acetylfluorene-2-carboxylic Acid (3). To a stirred mixture 
of 2 (50.0 g, 0.24 mol) and A1C13 (101.0 g, 0.75 mol) in CH2CI2 (1500 
mL) chilled in a dry ice-acetone bath was added oxalyl chloride (64.0 
g, 0.50 mol) dropwise over 45 min. The mixture was allowed to warm 
to room temperature, stirred for 3 days, and then heated at reflux for 
5 h. The reaction mixture was hydrolyzed with cold aqueous HC1 and 
the resulting emulsion was concentrated to remove CH2CI2. Chilling 
and filtration gave a tan solid, 31.0 g (51%), mp 290-295 °C. Recrys
tallization of a small quantity of the acid from EtOH gave the ana
lytical sample of 3, mp 291-294 °C. Anal. C, H.

7-Acetylfluorene-2-carboxylic Acid Ethyl Ester (4). Com
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pound 3 was stirred and heated with absolute EtOH (400 mL) and 
H2SO4 (14.0 mL) for 2 days. After filtration of the hot dark-brown 
solution, the ester began to crystallize immediately and gave 25.6 g 
(78%) of a tan solid. Recrystallization (EtOH) gave tan needles of 4: 
mp 141-143 °C; IR (KBr) 1695 (ester C = 0 ), 1665 (unsaturated 
0 = 0 ) ,  and 1600 cm-1 (aromatic CH); NMR (CDCI3) d 8.2-7.7 (m, 6 
H), 4.4 (q, 2 H ,J  = 7.0 Hz), 3.8 (s, 2 H), 2.6 (s, 3 H), 1.4 (t, 3H, J  = 7.0 
Hz); UVmax 322 nm (e 37 200). Anal. C, H.

7-[(3-Dimethylamino)propionyl)]7-fluorene-2-carboxylic 
Acid Ethyl Ester (5). Acetic acid (50 mL) was added to a mixture 
of 4 (11.3 g, 0.04 mol), paraformaldehyde (1.20 g, 0.04 mol), and di- 
methylamine hydrochloride (3.30 g, 0.04 mol). The mixture was stirred 
and heated on the steam bath for 3 h. Concentration in vacuo gave a 
solid that when recrystallized (CH2Cl2-EtOAc) gave 9.95 g (66%), mp 
195-207 °C. A second recrystallization (CH2Cl2-butanone) gave the 
analytical sample of 5: mp 206-207 °C; NMR (CDCI3/TFA) t> 8.2-7.8 
(m, 6 H), 4.5 (q, 2 H, J  = 7.0 Hz), 3.9 (m, 2 H), 3.7 (m, 4 H), 3.1 (s, 3 H),
3.0 (s, 3 H), 1.4 (t, 3 H, J = 7.0 Hz); IR (KBr), 1712 (ester C = 0 ) and 
1670 cm-1 (broad unsaturated C = 0 ). Anal. C, H, N.

2- Hydroxyfluorene (6). To a stirred solution of 2 (50.0 g, 0.24 mol) 
in hydrocarbon stabilized CHCI3 (1 L) in a blackened flask (2 L)14 was 
added m-chloroperbenzoic acid (30.3 g (82%), 0.24 mol) at 5 °C in 
divided portions. The reaction mixture was allowed to warm to room 
temperature and was then stirred at ambient temperature for 3 days. 
The resulting brown solution was extracted with saturated NaHCO), 
H20 , and brine and then dried (MgS04), filtered, and concentrated 
to give a tan solid. The solid was hydrolyzed with a KOH (100.0 g), 
H20  (2 L), EtOH (300 mL) mixture. Filtration and acidification (pH 
2)*gave 23.8 g (64%) of 6, mp 169-170 °C (lit.12 mp 171 °C).

3 - (2-Fluorenyloxy)-jV,jV-diethylpropylamine Hydrochloride 
(7b). To a stirred solution of 6 (23.8 g, 0.13 mol) dissolved in 17% 
NaOH (300 ml) was added 3-diethylaminopropyl chloride (20.0 g, 0.13 
mol) and toluene (300 mL). The two-phase reaction mixture was 
stirred and heated under reflux for 24 h. The organic layer was sepa
rated, washed with H20, and dried (MgS04). Filtration followed by 
acidification with gaseous HC1 gave a tan precipitate. Recrystalliza
tion (MeOH-EtOAc) gave: 33.1 g (79%); mp 170-172 °C; IR (KBr) 
2940, 2650, 2490, 1610, 1590, and 1450 cm“ 1; NMR (CDCI3) 5 7.7-7.1 
(m, 5 H), 7.10 (m, 1 H), 6.8 (dd, 1 H, J = 8.0 Hz), 4.15 (t, 2 H, J  = 7.0 
Hz), 3.85 (s, 2 H), 3.4-2.9 (m, 6 H), 2.6-2.0 (m, 2 H), 1.4 (t, 6 H, J =
7.0 Hz); UVmax (EtOH) 272 nm (e 20 700). Anal. C, H, N.

2 - (2-Fluorenyloxy)-JV,N-diethylaminoethane Hydrochloride 
(7a). This compound was prepared from 6 and 3-diethylaminoethyl 
chloride in the same way as 7b. The product was used in the next re
action without purification.

3- Chloropropyl-7-[2-(diethylamino)ethoxy]fluoren-2-yl 
Ketone Hydrochloride (8a). To a stirred solution of 7a (50.0 g, 0.16 
mol) and 4-chlorobutyryl chloride (45.6 g, 0.32 rnol) in CH2C12 (2 L) 
cooled in a dry ice-acetone bath was added A1C13 (47.0 g, 0.35 mol) 
in divided portions over 20 min. The solution was allowed to slowly 
warm to room temperature and stirred for 3 days. The reaction mix
ture was poured onto cracked ice (1 L) and concentrated HC1 (200 
mL). The two-phase mixture was then stirred for 45 min. The CH2C12 
layer was separated and washed with brine (2 L). The aqueous layer 
was extracted with CH2C12 (2 L) and the organic layers were combined 
and dried (MgS04). The resulting dark-brown solution was filtered 
and concentrated in vacuo to a dark oil. Crystallization of the oil gave
44.0 g (63%) of a solid mp 149-151 °C. Recrystallization (3.1 g charcoal 
MeOH-EtOAc) gave 19.7 g of 8a, mp 168.5-170.5 °C. Anal. C, H,
N.

3-Chloropropyl 7-[3-(Diethylamino)propoxy]fluorcn-2-yl) 
Ketone Hydrochloride (8b). To a stirred solution of 7b (18.9 g, 0.057 
mol) and 4-chlorobutyryl chloride (16.0 g, 0.1 mol) in CH2C12 (1500 
mL) chilled in a dry ice-acetone bath was added AICI3 (13.3 g, 0.1 
mol). The reaction was then treated as above to give after recrystal
lization (MeOH-EtOAc): 15.8 g (63%) of 8b; mp 175-177 °C; NMR 
(CDCI3) S 8.2 (m, 1 H), 1.9-1.7 (m, 3 H), 7.1 (m, 1 H), 7.0 (1 H, J  = 9.0,
2.0 Hz), 4.7-4.5 (m, 2 H), 3.9-3.1 (m, 12 H), 2.3-2.1 (m, 2 H), 1.5 (t, 6 
H, J  = 7.0 Hz); IR (KBr) 2910,2900,2450,1660,1612, and 1550 c u r 1; 
UVmax (EtOH) 324 nm (« 30 200). Anal. C, H, N.

Methyl 7-[3-(Diethylamino)propoxy]fluoren-2-yl Ketone 
Hydrochloride (8c). To a stirred solution of 7b (7.07 g, 0.21 mol) and 
acetyl chloride (23.2 g, 0.30 mol) in CH2C12 2 L) chilled in a dry ice- 
acetone bath was added AICI3 (46.7 g, 0.35 mol) in divided portions 
over 30 min. The suspension was treated as in 8a.13 Recrystallization 
(MeOH-EtOAc) gave 52.0 g (65%) of 8c; mp 173-175 °C; IR (KBr) 
1670 cm-1 (unsaturated CO): UVmax (EtOH) 326 nm (< 31 100); NMR 
(CDCI3, free base) 5 8.1 (m, 1 H), 7.9-7.6 (m, 3 H), 7.1 (m, 1 H), 7.0 (m,
1 H), 4.1 (t, 2H ,t/ = 6.0 Hz), 3.9 (s, 2 H), 2.8-2.4 (m, 9 H), 2.1-1.8 (m,
2 H), 1.0 (t, 6 H, J  = 7.0 Hz). Anal. C, H, N.

2- Acetyl-7-[3-(diethylamino)propoxy]-9H-fluoren-9-one (9).
To a stirred mixture of 8c free base (8.10 g, 0.024 mol) and dibenzo- 
18-crown-6 (420 mg, 0.0012 mol) in benzene (30.0 ml) was added KOH 
pellets (2.0 g, 0.036 mol) and the stirring rate was increased to the most 
rapid rate consistent with the solution remaining in the flask (125-mL 
Erlenmeyer). The suspension became dark red and then turned brown 
within 15 min. It was stirred open to the atmosphere for an additional 
30 min and then poured into H20  (200 mL)-CH2Cl2 (100 mL). The 
two-phase suspension was filtered and an orange solid was collected. 
The solid was acidified with dilute HC1 and the resulting suspension 
was filtered. Recrystallization of the precipitate (MeOH-EtOAc) gave
3.8 g (41%) of 9 as an orange powder: mp 248-249 °C; IR (KBr) 2600, 
2400 (amine hydrochloride), 1710 (9 carbonyl), 1655 cm-1 (acetyl 
carbonyl); NMR (CDCI3 free base) f> 8.2 (m, 1 H, -7(m) = 2.0 Hz, J(P) 
< 1.0 Hz), 8.1 (dd, 1 H, J („) = 9.0 Hz, J(m) = 2.0 Hz), 7.5 (d, 2 H, J<0) 
= 9.0 Hz), 7.3 (m, 1 H, J(m) = 2.0 Hz, J (p> < 1.0 Hz), 7.0 (dd, 1 H,t/(0) 
= 9.0 Hz, J (m) = 2.0 Hz), 4.1 (t, 2 H, J = 6.0 Hz), 2.7-2.3 (m, 9 H),
2.1-1.8 (m, 2 H), 1.1 (t, 6 H, J = 7.0 Hz). Anal. C, H, N.

3 - Diethylaminopropyl 7-[2-(Diethylamino)ethoxy]fluoren- 
2-yl) Ketone Hydrochloride (10). To a stirred mixture of 8a (21.2 
g, 0.05 mol), KI (8.3 g, 0.05 mol), and K2C 03 (6.0 g, 0.043 mol) in bu- 
tanone (300 mL) was added diethylamine (50.0 mL). The mixture was 
then heated and stirred at reflux for 24 h. An additional 50 mL of di
ethylamine was added and the burgundy colored solution was heated 
for an additional 4 h. The solution was allowed to cool, then filtered 
and concentrated in vacuo to a purple semisolid residue which was 
dissolved in dilute HC1, filtered, and made basic with NaOH in a 
two-phase Et20 -H 20  mixture, '['he Et20  layer was separated, washed 
with brine, separated, dried (MgS04), and filtered. Partial concen
tration of the filtrate gave a small amount of a yellow solid, which was 
filtered. The filtrate was further concentrated to a purple oil. The 
purple oil was dissolved in benzene (500 mL) and then concentrated 
in vacuo and the residue was dissolved in anhydrous Et20 , which was 
then acidified with ethereal HC1. The resulting precipitate was washed 
with fresh Et^O and then recrysftallized (MeOH -butanone-charcoal) 
to give 9.0 g (36%) of 10 as a tan solid, mp 260-262 °C. Anal. Calcd for 
C27H38N20 2-2HC1-33H20 : C, 64.66; H, 8.17; N, 5.59; Cl, 14,14. Found: 
C, 64.91, H, 7.97; N, 5.24; Cl, 13.76; NE = 253.8.
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We have been interested in adapting the chemistry of ti
tanium-aluminum based Ziegler-Natta catalyzed olefin po
lymerization to effect the alkylation of isolated unsaturated 
carbon-carbon bonds in a manner useful for ordinary (i.e., 
nonmacromolecular) organic synthesis.1'2 Ziegler-Natta 
catalyst systems are potent alkylating agents toward olefinic 
and acetylenic linkages as evidenced from their widespread 
use in synthesizing linear stereospecific polyhydrocarbons.3 
However, single nonrepetitive alkylations of isolated car
bon-carbon multiple bonds useful for extending the carbon 
framework in organic systems are not common. The paucity 
of research reported in this area is somewhat surprising if one 
accepts the idea that organic synthesis can be divided into the 
broad areas of (1) formation of carbon skeletons and (2) in
troduction, modification, and/or removal of functionality4 and 
that within these areas the first is generally the more difficult.5 
Recently, we have had some success in utilizing organoalum- 
inum-titanium systems capable of polymerizing ethylene to 
alkylate alkynols to give olefinic alcohols.1,2 Specifically, an 
alkynol such as 3-butyn-l-ol was incorporated into the com
plex (3-butyn-l-oxy)chlorobis(2,4-pentanedionato)titani- 
um(IV), [Ti(OR)Cl(acac)2], and allowed to react with dieth- 
ylaluminum chloride at —78 °C. After hydrolysis a ~50% yield 
of the terminally alkylated cis-addition product tra n s -3- 
hexen-l-ol was obtained. Several additional alkynols were 
alkylated, and in all cases the alkyl group added to the carbon 
furthest from the hydroxyl functionality and gave the cis- 
addition product.

In this paper we wish to report a new alkylation system 
which gives significant improvements in yields and synthetic 
convenience and also demonstrates the potential for control 
of regiospecificity through variation of ligand environments. 
In previous work it was necessary to first synthesize and isolate 
a titanium-alkynoxy complex, [Ti(OR)Cl(acac)2], by the re

action of [TiCl2(acac)2], alkynol, and pyridine. The pyridinium 
chloride was filtered from the reaction mixture, and the 
complex was then isolated from the filtrate. A much simpler 
procedure would be the addition of an alkynol to a solution 
of the organoaluminum reagent liberating an alkane and 
generating an [Al2(OR)RxCl5-x] species which subsequently 
could be added to a solution of [TiCl2(acac)2]. Through ligand 
exchange this system might become equivalent to the initial 
one and thus eliminate the inconvenience of preparing the 
titanium-alkynoxy complexes. Attempts to effect alkylation 
by this latter route were unsuccessful. However, upon re
placing [TiCl2(acac)2] with titanocene dichloride, Cp2TiCl2, 
in the 3-butyn-l-ol-diethylaluminum chloride system a 55% 
yield of the ethylated products frarcs-3-hexen-l-ol (I) and
3-ethyl-3-buten-l-ol (II) (ca. 50:50) was obtained as repre
sented in reactions 1 and 2. On lowering the quantity of 
Cp2TiCl2 relative to 3-butyn-l-ol yields improved significantly 
(see Table I). Using 10 mol % of Cp2TiCl2, 80-90% yields of 
ethylated products were obtained with the ratio of terminal 
to internal addition products varying from ca. 50:50 to 60:40, 
respectively. Thus the titanium species in the cyclopentadi- 
enyl system functions catalytically with an average turnover 
number of 8-9. Cp2TiCl2 at 5 and 1 mol % gave decreasing 
yields again. Hydrolysis with D2O gave greater than 95% 
deuterium incorporation at the olefinic carbon atoms. Addi
tional alkylation data are presented in Table I.

2.5A1(C2H 5)2C1 +  H C = C C H 2C H 2OH
CH2CI2

A l2.5(OCH2C H 2C =C H )(C 2H 5)4Cl2.5] +  C 2H6 (1) 
(HI)

(1)CH2C12,0 °C,6h
Cp2TiCl2 + III — ► I + II

(2) H2O
(2)

Reference to Table I shows that methyl-group substitution 
at the hydroxy end (4-pentyn-2-ol) and at the acetylenic po
sition (3-pentyn-l-ol) reduces the yield of alkylated products 
somewhat. With 3-pentyn-l-ol addition was observed only at 
the 4-carbon whereas 4-pentyn-2-ol gave a mixture of termi
nally and internally ethylated products similar to 3-butyn-
l-ol. 4-Pentyn-l-ol also gave a mixture of two products. In all 
alkylation reactions a significant portion of Cp2TiCl2 is re
covered in the workup procedure.

In summary, the mild conditions, the catalytic possibilities

Table I. Alkynol Alkylations0_______________________________

Total %
Registry Temp, Mol % Registry yield of Reaction

Alkynol no. °C CpaTiCV Products no. Products time, h

3-Butyn-l-ol 927-74-2 0 50 trarcs-3-Hexen-l-ol (I) and 928-97-2 85c 6

-22 50
3-ethyl-3-buten-l-ol (II) 

I and II
1170-98 1

80 6
-78 50 None 6

d 0 100 I and II 55 6
0 25 I and II 78 6
0 10 I and II 88 6
0 10 I and II 80 6

3-Pentyn-l-ol 10229-10-4 0 50 4-Methyl-3-hexen-l-ol 63714-11-4 46«' 4
4-Pentyn-2-ol 2117-11-5 0 50 4-Ethyl-4-penten-2-ol and 63714-12-5 66/ 4

tra ns-4-hepten-2-ol 58927-81-4
4-Pentyn-l-ol 5390-04-5 0 50 trcms-4-Hepten-l-ol and 24469-79-2 72« 4

4-ethyl-4-penten-l-ol 59518-08-0
0 All reactions are of the type *Cp2TiCl2 + |A12.5(0R)(C2H5)4C12.5], OR = alkynoxy. Solvent is methylene chloride. 5 Relative to 

OR in [Al2.5(OR)(C2H5)4Cl2.5]. c For all 3-butyn-l-ol ethylations the ratio of I to II ranged between 50:50 and 60:40, respectively, with 
no systematic variation apparent. d Solvent is benzene. e The E  configuration is suggested by the absence of observable methyl group 
splitting by the proton attached to the double bond This configuration, which arises from cis addition of a metal-alkyl group, is also 
consistent with the fact that terminal ethylation ol the terminal alkynols reported herein gives products arising from cis addition. 
! Product ratio ca. 55:45 internal to terminal addition « Product ratio ca. 50:50.
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with titanium, the availability of organoaluminum reagents, 
and the possible control of regioselectivity through a variety 
of available titanium compounds indicate that titanium- 
organoaluminum systems offer synthetic promise for the al
kylation of 7  and 8 alkynols. Furthermore, the deuterium in
corporation mentioned indicates the possibility of additional 
functional conversions of the reaction intermediates.

Experimental Section
Materials. All alkynols were purchased from Farchan Division, 

Story Chemical Corp., and were dried over 3-A Molecular Sieves. 
Methylene chloride was distilled from P2O5 under nitrogen. Liquid 
materials were transferred under N2 or argon using syringe tech
niques. CP2TÍCI2 was purchased from Strem Chemicals, Inc., and used 
without further purification.

Alkylation Procedure. Reactions were carried out in glassware 
which had been dried at 110 °C, assembled while hot, and flushed with 
argon while cooling. In a typical reaction 50 mmol of 2 M A1(C2H5)2C1 
solution in methylene chloride was transferred to a 250-mL three
necked round-bottom flask equipped with a gas inlet, magnetic stirrer, 
and 50-mL dropping funnel. Additional solvent was added to dilute 
the organoaluminum reagent to 0.75 M. The alkynol (20 mmol) was 
added to the dropping funnel with a syringe (weighed before and after) 
along with 25 mL of methylene chloride. The A1(C2H5)2C1 solution 
was cooled to 0 °C, and the alkynol was added dropwise to form the 
mixed ethylchloroalkynoxyaluminum system (solution I).

A second 250-mL flask equipped as described above was charged 
with the appropriate amount of CP2TÍCI2 followed by 50 mL of 
methylene chloride and cooled to the desired temperature. Solution 
I was transferred to the dropping funnel with a syringe and added 
dropwise. The reactions were terminated by addition of 8 mL of 
methanol followed by 50 mL of a 5% H2SO4 solution saturated with 
sodium chloride. The resulting mixture was stirred over an oxygen 
atmosphere for 1 h, filtered, and then extracted with 5 50-mL portions 
of diethyl ether. The ether extract was dried over MgSCL and filtered. 
The product solutions were then reduced in volume, filtered, and 
analyzed by GLC.

Gas Chromatographic Analyses. All yields were determined by 
GLC (Hewlett-Packard 5750) using an 8 ft X  Vs in. XE-60 column and 
are corrected for response factors. Samples were isolated for spectral 
investigations by preparative GLC using 0.25 in. Carbowax 20M and 
SE-30 columns.

Spectra. NMR spectra were run on a Perkin-Elmer R-20 B spec
trometer. IR spectra were taken with a Perkin-Elmer 457 spectro
photometer.
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In recent years there have been reported a number of ex
amples of selective reduction of carbonyl groups in poly
functional molecules by borane-tetrahydrofuran (BH3-

THF) .1”4 We describe here some results that we obtained 
while investigating the reduction products of peptide deriv
atives as compounds of possible biological interest.

The AT-formyl dipeptide esters 3a-c, prepared by the 
EEDQ coupling method,r> were reduced for 1.5 h at reflux 
temperature in tetrahydrofuran with limited amounts of bo- 
rane. To avoid the drastic workup conditions (refluxing 
methanolic HC1) recommended by Kornet et al. 1 for borane 
reductions of acylamino esters, we tried HBr in acetic acid for 
this purpose. When reduction of the amide 1 was followed by 
addition of HBr-HOAc to the reaction mixture, a 90% yield 
of analytically pure TV-ethyl-4-benzyloxyaniline (2-HBr) was

NHCOCR, NlICHjCH,
1 2

obtained directly. We therefore adopted this procedure for 
all of our reductions and have found it useful whenever a mild 
or nonaqueous workup is desirable.6

Reduction of N-formyl-O-benzyl-L-tyrosyl-L-leucine 
methyl ester (3a) with different amounts of BH3-THF gave 
as principal isolated products (by crystallization) the N -  
methyl dipeptide ester 4a and the (N-methylaminoacyl)amino 
alcohol 5a; these and subsequent N - methylated products were 
easily recognized by the NMR singlet at 8 2.5-3.1. The results 
(Table I) show that the N - formyl group in 3a is reduced more 
easily than the peptide or ester functions (runs 1 and 2). An 
increase in the hydride ion-substrate ratio leads to larger 
amounts of direduction product 5a at the expense of mono-

HCONHCHCONHCHCOOCH;, — <►CHjNHCHCONHCHCOOCH,

3a, R. = 4-PhCH2OC„H4CH 2; 4a -c
R , = (CH 3)2CHCH2 +

3b, R, = 4-PhCH2OC„H4CH2 ; Ri R,
r 2 = H i r

3c, R, = H; R 2 = (CH 3)2CHCH2 CH iNHCHCONH CH CILOH 

5a~c

4 - PhCH ,OC6H4CH¿ CH2CH(CH;j)2

CH:lNHCHCH,NHCHCH,OH

6
reduction product 4a (run 3); however, with further increases 
in hydride, separation of products by crystallization becomes 
more difficult, and interpretation of the results is corre
spondingly less certain. Possibly under these conditions some

Table I. B H 3 Reduction of Form yl Dipeptide Ester 3a

Run

Mequiv of 
hydride ion 

mmol of 
substrate

Products,“ % yield
4a-HBr* 5a-HBrcd 6-2HBr<-

1 4 40 6
2 5 53 9
3 6 20 27
4 7 1 15 9
5 11 34

0 Satisfactory analytical data (±0.3% for C, H, N, Br) were re
ported for all new compounds listed in the table. b Mp 166-176 
°C (M eOH -Et20 ); [« )26D -3 0 °  ( c  1, DMF). c Mp 218-222 °C 
(MeOH-Et20); [o]26d -2 7 °  ( c  1, DMF). d Microanalysis obtained 
on free base: mp 128-129 °C (EtOAc); [ « ] 23d  —60° ( c  0.8, CHCI3). 
* Mp 166-170 °C (M eO H -Et20 ); [a]D +29° (e 0.5, CHC13).
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Table II. BH3 Reduction" of Formyl Dipeptide Esters
__________________________ 3a-c__________________________

Sub-
Run strate8______________ Products h (% yield)_______________

1" 3ad 4a-HBr (53), 5a-HBr (9)
2 3be 4b-HBr/ (52), 5b-HBr* (1)
3 3 c '1 4 c 1 (28, 38),i 5 c h (28, 4 0 ) / 7-2HBr' (19, 16)>’m

“ 5 mequiv o f hydride per mmol of dipeptide. b Satisfactory 
analytical data (±0.2% for C, H, N, Br) were reported for all new 
compounds listed in the table except as noted.c Data from Table 
I, run 2. d Mp 110-112 °C (C6H6-E t20 ); [«]26D +13° (c 1, C6H6). 
f Mp 120-120.5 °C (EtOAc); [a]26D +11° (c 1,CHC13). > See Ex
perimental Section. * Mp 152-157 °C (CHC13-E t20 ); [o]23d — 3° 
(c 0.5, DMF). h Mp 78.5-80.5 °C (EtOAc); [«]23D + 8° (c 1, 
CHC13). 1 Estimated and microanalyzed as neutralization product 
8; see text and Experimental Section. 1 Second figure estimated 
from NM R spectrum of crude neutralization product (see Ex
perimental Section). k Microanalysis on bis(p-bromophenyl 
carbamate). ' Mp 148-153 °C (M eOH -Et20 ); [o]23D +16° (c 0.6, 
MeOH). m Includes product isolated as 7-2HBr and that esti
mated as 9 (see text and Experimental Section).

racemization occurred, complicating the isolation of products. 
At the highest hydride-substrate ratios, fully reduced diamino 
alcohol 6 could be isolated (runs 4 and 5).

Since the use of 5 mequiv of hydride per mol of peptide gave 
the highest yield of monoreduction product 4a, the same ratio 
was used to reduce peptide esters 3b and 3c (Table II). As only 
a small amount of a single crystalline product (identified as 
diamino ester 7-2HBr) was obtained on reduction and workup 
of 3c, the products and yields were determined indirectly. 
Neutralization of the noncrystalline portion of the reaction 
product from run 3 gave JV-sarcosylleucinol (5c), diketopip- 
erazine 8, and ketopiperazine 9. That 8 and 9 arose by cycli-

zation of reduction products 4c and 7, respectively, was in
dicated by disappearance of the strong methyl ester IR (1740 
cm-1) and NMR (5 3.77) peaks upon neutralization. Moreover, 
the roughly 2:3 ratio of ester to N - methyl peaks in the NMR 
spectrum before neutralization accounted for all of the re
duction product subsequently estimated as 8 and 9; thus 9 
probably was not formed by reduction of 8. Yields for run 3 
(Table II) were also estimated from the NMR spectrum of the 
crude neutralization product and showed the same trend as 
the isolated yields.

When N-methyl dipeptide ester 4a was subjected to the 
standard reduction conditions and workup, 69% of unchanged 
starting material was recovered as well as about 1% of 5a. 
Chromatography of the mother liquor gave, in addition to 
small amounts of unidentified materials, a substance whose 
IR spectrum showed only ester carbonyl absorption and which 
was probably N-(2-methylamino-3-(4-benzyloxyphenyl)- 
propyl)leucine methyl ester dihydrobromide (8%). As in the 
previous examples, the amount of material unaccounted for 
does not permit conclusions on the extent of racemization. 
However, exposure of 4a to BH.yTHF at room temperature 
for 1.5 h followed by HBr-HOAc workup gave a 95% recovery 
of crystalline 4a of unchanged optical rotation; thus little if 
any racemization is due to the workup procedure.

Discussion
Tyrosylglycine derivative 3b (run 2, Table II) showed the 

same preference for reduction at the formyl group as did the 
tyrosylleucine derivative 3a. However, reduction of the gly- 
cylleucine derivative 3c was much less selective; substantial 
reduction of ester and peptide carbonyl groups occurred. A 
similar loss of selectivity was noted by Roeske et al. in a report4 
that appeared during the preparation of this manuscript. 
These workers found that reduction of Boc-Gly-Leu-OMe and 
Cbz-Gly-Leu-OMe with BH3-THF at —20 °C gave 26-30% of 
the peptide bond reduction products and 40-42% recovered 
starting materials, while reduction of Cbz-Leu-Leu-OMe gave 
7% of the peptide bond reduction product and 79% recovered 
starting material. Although no comment was made on the 
difference in reducibility a strong steric influence is consistent 
with our results and with those of Brown and Heim.7

We conclude that BH3-THF reduction of formamide groups 
in structures containing both ester and secondary amide 
functions can be selective and preparatively useful. However, 
with peptide substrates, racemization may be extensive 
enough to preclude the use of this reaction to modify the 
structures of larger peptides and proteins.8-10

Experimental Section
Borane in tetrahydrofuran (1 M) was obtained from Ventrón Corp. 

Melting points (Kofler hot stage) are uncorrected. Satisfactory IR and 
NMR spectra were obtained for all compounds. Microanalyses were 
performed by Galbraith Laboratories. Optical rotations were deter
mined on a Perkin-Elmer Model 141 polarimeter.

Borane Reductions. General Procedure. The procedure for 
reduction of /V-formy 1-0-benzyl-I.-tyrosylglycine methyl ester (3b) 
is typical. To 10.0 mL (30 mequiv) of 1 M BH.rTHF, stirred mag
netically at 0 °C under N2, was added over 5-10 min a solution-sus
pension of 22.2 g (6.00 mmol) of 3b in 20 mL of dry THF. The clear 
solution was then heated at reflux for 1.5 h and allowed to cool. Sat
urated HBr in HOAc (6 mL, 30 mequiv) was added, dropwise at first 
(H2!), and stirring was continued for about 1.5 h. The resulting solu
tion was partially concentrated in vacuo and reconcentrated with 
toluene to remove some of the acetic acid. The colorless residue was 
treated with THF-CHCI3 to provide a crystalline white solid (1.66 
g); an additional 0.15 g was obtained on evaporation of the mother 
liquor and treatment with CHC13-E t20. Total crude 4b-HBr: 1.83 g 
(70%); |«]28d +4° (c 1, DMF). Recrystallization of 4b-HBr from 
MeOH-Et20  gave three crops totaling 1.36 g (52%); all three crops 
had identical spectra and optical rotations: [a]27n +46° (c 1, MeOH); 
mp 195-198 °C.

In the case of 3a and 3c, the residue from concentration of the re
action mixture was diluted with a large volume of ether and the re
sulting semisolid was triturated with several portions of ether before 
attempting recrystallization from MeOH-Et20.

Reduction of 4-Benzyloxyacetanilide (1). A 2.41-g sample (10.0 
mmol) of 1 was reduced as above using 30 mequiv of BH3. After ad
dition of HBr-HOAc (7 mL) and stirring for 30 min, addition of seed 
crystals (obtained by diluting a drop of the reaction mixture with 
ether) induced crystallization. The slurry was stirred for 1 h, then 
filtered quickly and washed immediately with THF and with ether 
to give 2.12 g of 2-HBr (69%); mp 142-144 °C  with resolidification; 
remelts 160-162 °C .

Anal. Caled for Ci.^HnNO-HBr: C, 58.45; H, 5.88; Br, 25.92; N, 4.54. 
Found: C, 58.31; H, 5.83; Br, 25.94; N, 4.49.

A second crop, 0.45 g (15%), obtained by dilution of the filtrate with 
ether, had mp 142-144 °C and remelts 159-161 °C.

Anal. Found: C, 58.28; H, 5.92; Br, 26.08; N, 4.46.
A third crop (0.18g, 6%) had mp 142-144 °C and remelts 161.5-162.5 

°C. Total yield, 2.75 g (90%).
Estimation of Products from Reduction of 3c. The ether-trit

urated product from reduction of 6.00 mmol of 3c failed to crystallize 
from M e0H-Et20. Crystallization from CHC13-E t20  gave white 
crystals of 7-2HBr; physical data appear in footnotes to Table II.

The filtrate of 7-2HBr failed to yield other crystalline products. 
After evaporation the residue in 3 mL of MeOH was treated with 11 
mmol of 85% aqueous hydrazine for 23 h at 40 °C. Evaporation and 
treatment with 2-PrOH gave a crystalline precipitate of hydrazine 
hydrobromide. Filtration, evaporation of the filtrate, and extraction 
of the residue with CHCI3 left a small additional amount of the salt.



4150 J. Org. Chem., Vol. 42, No. 25,1977 Notes

The IR spectrum of the CHCl3-soluble fraction showed complete 
absence of ester carbonyl.

Evaporation of the CHCI3 solution and repeated treatment with 
Et20 gave a soluble fraction which on reduction in volume and 
standing at room temperature gave colorless prisms of diketopip- 
erazine 8; this plus additional material from the mother liquor and 
from later fractions (see below) amounted to 0.31 g (28% from 3c). An 
analytical sample recrystallized from benzene had mp 139.5-141 °C 
(sublimes about 130 °C) and | « ] 23d  —10° (e 0.5, CHCI3).

Anal. Calcd for C9H16N20 2: C, 58.67; H, 8.75; N, 15.21. Found: C, 
58.79; H, 8.68; N, 15.22.

The ether-insoluble material was further fractionated by extraction 
with cyclohexane and with water (from CHCI3 solution). The cyclo
hexane fractions contained slightly impure compound 9 as an oil, 
characterized by IR and NMR spectra and by conversion to a p- 
bromophenyl carbamate, the latter being purified by preparative- 
layer chromatography on Si02 (EtOAc, two passes) for analysis 
(glass).

Anal. Calcd for Ci6H22BrN30 2: C, 52.18; H, 6.02; Br, 21.70; N, 11.41. 
Found: C, 52.27; H, 6.11; Br, 21.58; N, 11.30.

A sample of 7-2HBr on neutralization with aqueous hydrazine cy- 
clized to an oil that was spectrally (IR, NMR) identical with 9 ob
tained in the solvent fractionation.

The water-soluble fraction contained 5c plus a small amount of 8 
(by NMR); integration of the NMR spectrum gave the yield of 5c. The 
bis(p-bromophenyl carbamate) of 5c had: mp 122 °C, 136-152 °C 
(dimorphic) (EtOAc); [u ] 24d  —14° (c  1, MeOH).

Anal. Calcd for C23H28Br2N404: C, 47.27; H, 4.83; Br, 27.35; N, 9.59. 
Found: C, 47.28; H, 4.88; Br, 27.29; N, 9.49.

A small additional amount of 8 was recovered from the insoluble 
material remaining from the cyclohexane and water extractions.
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Several examples have been reported for successful asym
metric syntheses effected through the use of chiral media.1 In 
these cases, the enantiomeric enrichment ordinarily has not

been large and this is particularly true for additions and re
ductions employing Grignard reagents (values range as high 
as 18% but are generally less than 5%). For these reactions, 
chiral dialkyl ethers and amines commonly have been used. 
It  has been recognized that the asymmetric bias should in
crease the more intimate the involvement of the solvent in the 
reaction transition state. Thus, the omission of the use of 
chiral derivatives of tetrahydrofuran is notable in view of the 
known greater ability of Grignard reagents to associate more 
effectively with tetrahydrofuran than to noncyclic ethers.2 We 
wish to report our examination of the use of optically active 
2-methyltetrahydrofuran (2-MeTHF) as a chiral solvent for 
a number of reactions involving Grignard reagents.

Experimental Section

Analytical gas chromatography was obtained using an F and M 
Model 720 instrument with twin 5 ft columns (10% DEGS on Dia- 
toport S). Preparative chromatography was performed on an Aero
graph Autoprep Model 700 using a 20 ft X %  in. column (20% DEGS 
on Chromosorb W). NMR spectra were recorded using a Varian Model 
A-60 spectrometer. Optical rotations were measured using a Rudolph 
Model 62 polarimeter with a sodium lamp source. Fractional distil
lation employed a 20 X 300 mm column having approximately 30 
theoretical plates and packed with stainless steel Helipak.

Optically Active 2-Methyltetrahydrofuran (2-MeTHF). Fol
lowing reported procedures, optically active 2-MeTHF was prepared 
from racemic tetrahydrofurfuryl alcohol. The alcohol was resolved 
via the phthalate half-ester using brucine.3 The recovered optically 
active alcohol was converted to the tosyl ester and reduced to 2- 
MeTHF with lithium aluminum hydride.4 All conversions were
88-95% and the physical properties of the intermediates corresponded 
to literature values. The initially prepared 2-MeTHF, as well as that 
later recovered from reactions, was collected in an ethyl ether extract 
which was concentrated and fractionally distilled (bp 78-80 °C). The 
lower and and higher boiling fractions yielded additional product by 
preparative GC. Repeated isolation of the optically active solvent in 
this manner caused no racemization and routinely provided enan
tiomer samples for the several experiments having specific rotations 
of M o 20 +27.01° and [«]D20 -27.47° (neat).5

All reactions described below were first run in racemic solvent to 
develop procedures before using the optically active solvent. Since 
the 2-MeTHF forms peroxides readily, it was always distilled from 
lithium aluminum hydride and in a nitrogen atmosphere immediately 
prior to use. A nitrogen atmosphere was employed in all reactions.

After a reaction was completed, in each case the product was hy
drolyzed by the careful addition of 10 mL of 5% sulfuric acid solution. 
The organic layer was isolated and washed with 5% sodium bisulfite 
and 5% sodium bicarbonate solutions. After it was dried with anhy
drous magnesium sulfate, it was distilled to recover the reaction sol
vent and then the product was isolated by either vacuum distillation 
or preparative gas chromatography. The aqueous layer and all sub
sequent aqueous washings were extracted continuously for 24 h with 
ethyl ether to recover additional solvent as described above.

Formation of (+)-l-Phenylethanol. Phenylmagnesium bromide 
was prepared from 0.610 g (0.0251 mol) of magnesium with 3.93 g 
(0.025 mol) of bromobenzene in 17.1 g (20mL) of (+)2-MeTHF ((« Id 20 
+27.01°). To this solution maintained at —10 °C there was added in 
30 min 1.50 g (0.034 mol) of freshly distilled acetaldehyde dissolved 
in 10 mL of pentane. After hydrolysis a 49% yield (preparative GC) 
of 1-phenylethanol was obtained: |« ]d 20 +0.93° (neat, 1-1); optical 
purity 2.15%. The retention time was identical with that for authentic
1-phenylethanol. Downer and Kenyon6 report a specific rotation 
[« ]d 17 —43.3 (neat) for the pure levo enantiomer. Also, this optically 
active alcohol was obtained from racemic 1-phenylethanol by reso
lution according to the method of Downer and Kenyon.6 When this 
sample was subjected to the same preparative GC conditions, no loss 
in activity was noted. Repetition of this experiment without the use 
of pentane where pure acetaldehyde was added directly to the Gri
gnard reagent during 30 min provided 1-phenylethanol having 1.6% 
optical purity.

Formation of (+)-iert-Butylphenylcarbinol. a. In 2-MeTHF.
Phenylmagnesium bromide was prepared from 0.489 g (0.0201 mol) 
of magnesium and 3.14 g (0.02 mol) of bromobenzene in 8.55 g (10 mL) 
of (+)2-MeTHF. A solution containing 2.58 g (0.03 mol) of freshly 
distilled pivaldehyde in 10 mL of pentane was added with stirring in 
90 min with the reaction temperature maintained at —10 °C. The 
reaction mixture was hydrolyzed at once and yielded (by distillation)
1.8 g (57%) of the carbinol: bp 68-75 °C (1 mm); mp 53-54 °C; M d20
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+2.82° (c 10.87, benzene), optical purity 11% (lit.7 mp 54-54.5 °C, 
[«)d22 +25.9° (c 2.24, benzene)). The carbinol was both recrystallized 
from ether-pentane and sublimed under reduced pressure, but neither 
process resulted in a product of higher rotation. The structure of the 
product was confirmed by NMR spectra (four singlet signals). This 
preparation of tert-butylphenylcarbinol was repeated with levo 2- 
MeTHF ([«] —22.40, optical purity 81.5%) and using the same 
amounts of reactants indicated above. In this case, pure pivaldehyde 
was added to refluxing (85 °C) Grignard reagent mixture. A 78% yield 
of levo product distilled at 70-72 °C (1.4 mm). The specific rotation 
was [a]n20 —1.52° (c 25, benzene). This corresponds to an optical 
purity of 5.87% and stereoselectivity of 7.2%.

b. In Ethyl Eth er-2 -M eT H F (1:1). Phenylmagnesium bromide 
was prepared from 0.510 g (0.021 mol) of magnesium and 3.14 g (0.02 
mol) of bromobenzene in 3.75 g (0.05 mol) of ethyl ether. After the 
reaction was complete, 4.31 g (0.05 mol) of (+)2-MeTHF was added 
and the mixture was stirred for 30 min to equilibrate the solvated
2-MeTHF. Pivaldehyde (2.15 g, 0.025 mol) was added as in part a. 
After hydrolysis and isolation as above, 1.9 g (58%) of tert-butyl
phenylcarbinol was obtained. This product was racemic and provided 
an NMR spectrum identical with that of the authentic carbinol.

c. In Ethyl Eth er-2 -M eT H F with Excess 2-M eTH F (Solvent 
Exchange). Phenylmagnesium bromide was prepared as in part b 
except using 7 g (0.1 mol) of ethyl ether. When the Grignard reagent 
formation was complete, the solvent was removed at reflux with a 
stream of dry nitrogen. Finally the reagent was pumped at 1 mm to 
leave a viscous residue. After 7.0 g of 2-MeTHF was added, the mix
ture was stirred 30 min to attain solvent equilibration. Pivaldehyde 
(2.15 g, 0.025 mol) was added and the reaction and product isolation 
were completed as above. The tert-butylphenylcarbinol (2.1 g, 64%) 
was optically active: [o]d19 +0.15°, optical purity 0.6%.

Asymmetric Reduction of Isobutyrophenone. Isobutylmag- 
nesium chloride was prepared by the reaction of magnesium (0.0563 
g, 0.024 mol) with isobutyl chloride (1.85 g, 0.02 mol) in 8.55 g (10 mL) 
of (+)2-MeTHF at reflux. The reaction was difficult to start and was 
assisted by the addition of a trace of bromobenzene. The isobutylm- 
agnesium chloride solution was cooled to 20 °C and a solution of 2.52 
g (0.017 mol) of isobutyrophenone in 10 mL of pentane was added 
during 2 h. The reaction mixture was hydrolyzed immediately and 
after the usual workup 2.20 g (86%) of 2-methyl-1-phenylpropanol 
was isolated by distillation: bp 57-62 °C (0.5 mm); [ « ] d 22 +1.59° (c
10.09, ether); optical purity 3.3%. Levene and Mikeska8 report [o]d20 
+47.7° (c 6.997, ether) for a pure enantiomer. The reaction mixture 
was shown by GC to contain no unreacted ketone and the NMR 
spectra of the product was consistent with the indicated structure. 
The reaction was repeated with the temperature maintained at —10 
°C during the addition of the isobutyrophenone. In this case the op
tical purity of the product was 2.1%.

Kinetic Resolution of 2-Bromo-l-phenylpropane. Magnesium 
(0.365 g, 0.015 mol) and 2-bromo-l-phenylpropane (5.97 g, 0.03 mol) 
were reacted in 5.4 g of (+)2-MeTHF and 5 mL of pentane. After the 
reaction started the reaction flask was cooled in an ice-water bath. 
During 2 h most of the magnesium dissolved. The reaction mixture 
was hydrolyzed and the unreacted 2-bromo-l-phenylpropane was 
isolated and purified by preparative GC and finally vacuum distilled: 
bp 47-50 °C (0.3 mm); [«Jo20 —0.5 °C (c 8.01, ethanol), optical purity 
2.1% (lit.9 M d20 -22.96° (c 4.964, ethanol)).

Discussion and Results

Each type of reaction examined produced optically active 
products when active 2-MeTHF was used as solvent (2.1 to 
11% optical purity). Each example was chosen so that steric 
factors would be as significant as possible in the developing 
diasteromeric reaction transition states leading to chiral 
products. Nevertheless, the extent of enantiomeric enrich
ment was not superior to that reported earlier with Grignard 
reagents in chiral ethers. For example, the reaction of phen
ylmagnesium bromide with pivaldehyde in (+)2-MeTHF 
provided tert-butylphenylcarbinol in 11% optical purity. For 
a comparison, the reaction of the same Grignard with 2-bu- 
tanone (which has a carbonyl group with less difference in 
steric requirement for it’s attached groups than that in piv
aldehyde) in (+)-2,3-dimethoxybutane gave methylethyl- 
phenylcarbinol in about 18% optical purity.10

Optically active fert-butylphenylcarbinol was prepared by 
addition of pivaldehyde to phenylmagnesium bromide at —10 
and 85 °C with the greater stereoselectivity at the lower

temperature. A t the concentration used with this Grignard 
reagent a viscous unstirrable mixture developed at —30 °C and 
precluded lower temperature experiments.

The attem pts to achieve asymmetric synthesis from the 
Grignard reagent first prepared in ethyl ether and followed 
by an equal molar amount o f  (+)-2-m ethyltetrahydrofuran 
added before reaction with pivaldehyde or solvent exchange 
with (+ )2-M eT H F  effected before reaction with the aldehyde, 
resulted in lower enantiom eric enrichment in the carbinol 
product. This suggests that the 2-methyltetrahydrofuran may 
be less com petitive in solvating the Grignard reagent than 
expected. A therm odynam ic measure o f the basicity o f  2- 
methyltetrahydrofuran compared to tetrahydrofuran relative 
to an acid having steric requirements com parable to the 
magnesium atom site in the Grignard reagent would be de
sirable.

Other reactions in 2-M eTH F including Grignard reduction 
and kinetic resolution also gave products having observable 
but low enantiomeric enrichment.

Registry No.— (+)2-MeTHF, 63798-12-9; (-)2-M eTH F,
63798-13-0; acetaldehyde, 75-07-0; (+)-l-phenylethanol, 15157-69-7; 
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pivaldehyde, 630-19-3; (—)-terf-butylphenylcarbinol, 24867-90-1; 
( ± ) - fe r f -butylphenylcarbinol, 57377-60-3; isobutyl chloride, 513-36-0; 
isobutyophenone, 611-70-1; ( + )-2-methyl-l-phenylpropanol,
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The cycloaddition reactions of the potent electron-deficient 
diene, 2,5-dimethyl-3,4-diphenycyclopentadienone (1) to a 
remarkable variety of alkenes have been reported. These ad
ducts have been used in the synthesis of novel substances,2 
and the structures of the Diels-Alder adducts have given some 
insight into the origins of cycloaddition stereoselectivity.3-4 
We wish to report facile and remarkably stereoselective cy
cloadditions of 1 to cyclooctenes and cyclooctadienes and to 
show that attempted cycloadditions to cyclooctatetraene give 
mainly cycloadducts of 1 to a cyclooctatetraene dimer.

Heating the dimer of 1 with cyclooctene at 90 °C for 1 day 
gave a product which appeared, by NMR, to be a 96:4 mixture 
of 1:1 adducts. The bridged carbonyl at 5.69 pm established 
the Diels-Alder nature of the adduct. Recrystallization from 
methanol gave a pure adduct 3a, mp 171-172 °C, which had 
a methyl singlet at 1.25 ppm in the NMR spectrum (CDCI3).
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1 2 3 4

o: cyclooctene 

b: 1 ,5 -cyc looctad iene 

C: 1 ,3 - cyc looctad iene

The crude product mixture displayed, in addition to the in
tense methyl resonance due to 3a, a small singlet at 1.14 ppm 
whose area was about 4% that of the 1.25-ppm resonance. The 
endo stereochemistry, 3a, is tentatively assigned to the major 
adduct on the basis of the similarity of the chemical shift of 
the methyl resonances in 3a (1.25 ppm) to those of the endo 
adducts of cyclohexene and 1 (1.25 ppm),4c or of cyclopentene 
and 1 (1.32 ppm).4b The minor adduct from cyclooctene has 
a methyl resonance (1.14 ppm), similar in location to those in 
the exo adducts of cyclohexene and 1 (1 . 1 0  ppm)4c or of cy- 
clopentene and 1 (1.15 ppm).4b The minor adduct is, therefore, 
assigned the exo structure, 4a.

A solution of 1 in 1,5-cyclooctadiene was heated at 97 °C for 
1 day. After evaporation of excess 1,5-cyclooctadiene, the 
NMR spectrum of the crude product had an intense singlet 
at 1.24 ppm and a singlet at 1.10 ppm whose area was less than 
5% of the 1.24-ppm singlet. Recrystallization gave the major 
adduct, mp 124-126 °C, 3b, with a bridged carbonyl at 5.69 
/im in the IR. The chemical shifts of the methyl resonances 
indicate that the major adduct is the endo adduct. Catalytic 
hydrogenation of 3b (5% Pd/C, EtOAc) resulted in the uptake 
of 1  mol of hydrogen to give a product identical in all respects 
to 3a.

The reaction of 1 with 1,3-cyclooctadiene gave a single ad
duct, 3c, mp 144 °C, in 84% yield, with methyl resonances at
1.08 and 1.27 ppm. Catalytic hydrogenation again resulted in 
the formation of a dihydro adduct identical to 3a. A rigorous 
proof of the endo n a tu re  of adducts 3a, 3b, and 3c could not 
be accomplished, since 3c did not undergo photochemical 
cyclization (decarbonylation is observed), and no Cope rear
rangement occurs upon heating. The endo adducts of 1 with 
cyclopentadiene and with 1,3-cyclohexadiene undergo Cope 
rearrangements at 90 °C with half-lives of 30 min and 159 h, 
respectively.4b>c Thus, the failure of 3c to undergo Cope re
arrangement after heating at 120-125 °C for 5 days is not 
unlikely even if the adduct has the endo structure.

The difficulty of the Cope rearrangement in the eight- 
membered adduct is undoubtedly the result of the difficulty 
with which the requisite boat-like transition state can be at
tained. The similarity (but not identity) of a secondary orbital 
interaction-stabilized transition state for the Diels-Alder 
reaction leading to 3c and the hypothetical Cope rearrange
ment transition state of 3c indicates that secondary orbital 
interactions cannot be of much importance in the transition 
state leading to 3c. The similar adduct mixtures from 2a,b,c, 
only the last of which can have attractive secondary orbital 
interactions in the endo transition state, also suggests that the 
origin of the endo preference in the reactions of cyclooctene,
1,5-cyclooctadiene, and 1,3-cyclooctadiene with 1 probably 
arises from minimization of steric effects in the endo transition 
states.4

Whereas we found that 1 gives approximately equal 
amounts of endo and exo adducts with cyclopentadiene,4b and 
a 2:1 mixture of endo and exo adducts with 1,3-cyclohexadi- 
ene,4c Jones found that the analogous cyclopentadienone 
having a phenanthrene moiety in the place of the stilbene unit 
in 1 gives mainly the endo adduct with cyclopentene.4d This 
was attributed to the absence of repulsion between the out- 
of-plane phenyls in 1 and the cyclopentene hydrogens. Why

then do the cyclooctenes appear to give mainly the endo ad
ducts with 1? We speculate that this could well be due to the 
preferred tub conformations of cyclooctenes, which may place 
most of the bulk of the cyclooctane rings away from the out- 
of-plane phenyl hydrogens. We are then left with the difficulty 
of explaining predominant endo addition. Perhaps Furukawa 
et al.’s attractive interactions between saturated and unsat
urated centers,5 a hypothesis we have heretofore argued 
against,1® must be invoked.

Cyclooctatetraene dimerizes more rapidly than it undergoes 
cycloaddition to 1. Thus, heating 1 in freshly distilled cy
clooctatetraene at 40 °C for 2 weeks gave a 2:1 adduct, 5, mp
168-169 °C, of cyclooctatetraene and l .6 The 2:1 nature was 
shown by mass spectrometry and elemental analysis, while 
the bridged carbonyl at 5.70 fim (CHC13) in the IR indicated 
that a Diels-Alder adduct had been formed. Confirmation of 
the adduct structure was achieved by independent reaction 
of the cyclooctatetraene 76 °C melting dimer,7 with 1. Reac
tion of equimolar amounts of the 76 °C dimer of COT and 1 
at 60 °C in acetone for 12 h gave a 79% yield of 5. Both 5 and 
6 (see below) show temperature-dependent NMR spectra

6 M«
similar to the 76 °C dimer and to other adducts of the dimer 
retaining the dihydrobullvalene moiety.8-10 Thus, at —80 °C 
coalescence occurred in the spectra of both 5 and 6, while 
sharpening of the resonances occurred at -100 °C.

When the reaction of 1 and cyclooctatetraene was carried 
out at higher temperatures, or upon heating of 5 at 120 °C for 
2 h, a rearranged 2 :1  adduct, 6, mp 233-234 °C, IR 5.99 ¿im 
(C = 0 , CHCI3), was formed. The relatively rapid Cope rear
rangement is most likely due to the increased rigidity of the 
cyclohexene ring compared to that in the 1,3-cyclohexadiene 
adduct.4c This rigidity facilitates achievement of the Cope 
rearrangement transition state.

The reaction of the 1,3-cyclohexadiene moiety of the 76 °C 
dimer of cyclooctatetraene with the dienophile, vinylene 
carbonate, has been reported earlier.9 Cyclopentadiene was 
believed to add the 76 °C dimer, in the same fashion,10 but 
Fray and co-workers recently showed that the adduct actually 
has a structure analogous to the Cope rearrangement product
6.11 The 76 °C dimer itself dimerizes to a tetramer, in which 
the 1,3-cyclohexadiene moiety of dimer acts as both diene and 
dienophile.12 By contrast to our results with 1 ,1,3-dipoles add 
readily to monomeric cyclooctatetraene. 13

Cyclooctenes react faster than cyclopentenes, which, in 
turn, react faster than cyclohexenes with cyclopentadienones. 
Thus, the times and temperatures required for complete 
conversion to adducts using alkenes as solvents are 3 days at 
115 °C, 1 day at 90 °C, and 8 days at 90 °C for cyclopentene,4b 
cyclooctene, and cyclohexene,4c respectively. This relatively 
high reactivity of the eight-membered ring has also been noted 
in hexachlorocyclopentadiene cycloadditions and dieth- 
ylaluminum additions to cycloalkenes. 14 The sterically un
encumbered nature of the cyclooctene double bond in addi
tions seems to be verifed by these results.

Experimental Section
Preparation of 3a. A solution of 1.30 g (2.5 mmol) of the dimer of 

1 in 10 mL of cyclooctene was heated under nitrogen at 90 °C for 17
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h. Excess cyclooctene was removed in vacuo and the solid residue was 
recrystallized from methanol to give colorless 3a: mp 171-172 °C; 1.70 
g (92%); IR 5.69 ßm (CHCI3); NMR (CDCI3) 6 1.24 (6 H), 1.2-2.2 (14 
H), 6.9-7.3 (10 H). Anal. Calcd for C27H30O: C, 87.52; H, 8.16,0 , 4.32. 
Found: C, 87.27; H, 8.24.

Preparation of 3b. A solution of 0.26 g (0.5 mmol) of the dimer of 
1 in 10 mL of 1,5-cyclooctadiene containing 50 mg of hydroquinone 
was heated under nitrogen at 97 °C for 23 h. Excess diene was removed 
in vacuo and the residue was purified by TLC (silica gel, 5% ethyl 
acetate-petroleum ether), followed by three recrystallizations from 
methanol, to give colorless prisms, 3b: mp 124-126 °C; 0.35 g (94%); 
IR 5.69 tim (CHCI3); NMR (CDCI3) <5 1.24 (6 H), 1.5-2.6 (10 H), 5.7-6.0 
(2 H), 6.9-7.3 (10 H). Anal. Calcd for C27H28O: C, 88.00; H, 7.66; 0, 
4.34. Found: C, 88.20; H, 7.68.

Preparation of 3c. A solution of 0.26 g (0.5 mmol) of the dimer of 
1 in 8 mL of 1,3-cyclooctadiene containing 50 mg of hydroquinone was 
heated under nitrogen at 100 °C for 72 h. Column chromatography 
(silica gel, benzene) and recrystallization from methanol gave colorless 
plates, 5: mp 144 °C; 0.31 g (84%); IR 5.69 fim (CHCI3); NMR (CDCI3) 
6 1.08 (3 H), 1.27 (3 H), 1.3-2.4 (9 H), 3.2 (br d, 1 H), 5.3 (dd, 1 H), 
5.4-4.9 (1 H), 6.8-7.2 (10 H). Anal. Calcd for C27H280 : C, 88.00; H, 
7.66; 0 , 4.34. Found: C, 87.71, H, 7.81.

Hydrogenation of 3b and 3c. Hydrogenations were carried out 
in ethyl acetate using 5% Pd/C as a catalyst. Quantitative yields of 3a 
were obtained in both cases.

Preparation of 5. A solution of 0.26 g (0.5 mmol) of the dimer of 
1 in 9 mL of cyclooctatetraene containing 50 mg of hydroquinone was 
heated under nitrogen at 40 °C for 2 weeks (similar results were ob
tained by heating at 65 °C for 3 days). Evaporation of excess tetraene 
in vacuo followed by preparative TLC (2% ethyl acetate-petroleum 
ether, three elution) and recrystallization from acetone-methanol gave 
5: mp 168-169 °C; 210 mg (45%); IR 5.69 /um (CHCI3). The mass 
spectrum of 5 had intense peaks at 468 (parent), 338, and 260 (1) in 
the high-mass region. Anal. Calcd for C35H32O: C, 89.70; H, 6.88; 0, 
3.41. Found: C, 89.69; H, 7.10.

The same adduct was made from the 76 °C dimer6 of cyclooctate
traene by heating 2.5-mmol amounts of 1 (as the dimer) and the 76 
°C dimer in 10 mL of acetone under nitrogen at 61 °C for 18 h. 
Evaporation of solvent and recrystallization from acetone-methanol 
gave 5: mp 168-169 °C; 0.92 g (79%).

Cope Rearrangement of 5. A solution of 100 mg of 5 was heated 
in acetone under nitrogen for 2 h at 12Ö °C. Evaporation of solvent 
and recrystallization from acetone-methanol gave 6: mp 233-234 °C; 
85 mg (85%); IR 5.99 /im (CHCI3). The mass spectrum had intense 
peaks at m/e 468 (parent), 338, and 260 (1), in the high-mass region. 
Anal. Calcd for C35H32O: C, 89.70; H, 6.88; 0 , 3.41. Found: C, 89.70; 
H, 7.01.
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For the total synthesis of betanin (l) ,1 the red-violet pig
ment of the beet (B e ta  vu lgaris), and the corresponding ag- 
lycone betanidin (2)1-2 an efficient synthesis of cyclodopa (3) 
(5,6-dihydroxy-2,3-dihydroindole-2-carboxylic acid) was re
quired. The methyl ester of this acid was prepared previously 
by oxidation of dopa methyl ester (7) with potassium ferri- 
cyanide followed by reduction of the intermediate methyl 
6-hydroxy-5-oxo-2,3-dihydroindole-2-carboxylate (dopa-

HO.

HO'
X

COOH

1, R =  glucose
2, R =  H

0 .

HO' COOCH,

4

HO.

HO
■ f Y

^ X O O R 0 ,

n h 2 HO"
6,R = H
7,R = CH,
8,R = C2H5

I
9. R =  CH,

10, R =  C,H,

COOR

chrome methyl ester) (4) with sodium dithionite.3 This 
method serves poorly on a preparative scale because accept
able yields of product are obtained only when the oxidations 
are performed in less than 0.05 M solutions. The irreversible 
isomerization of dopachrome methyl ester (4) to methyl 
5,6-dihydroxyindole-2-carboxylate in the basic oxidation 
medium creates further problems. In later work that led to a 
preparatively useful cyclodopa synthesis, the isomerization 
of dopachrome ester was avoided by performing the oxidation 
on dopa (6) itself rather than its esters.4 A further improve
ment resulted when it was noticed that solutions of cyclodopa 
(3) could be stabilized by complexation with borate.4

While the latter study was in progress we reinvestigated 
some older work of Bu’Lock and Harley-Mason.5 They found 
that oxidation of dopa ethyl ester hydrochloride (8) with po-
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tassium iodate in aqueous 1-butanol yielded a red, crystalline 
iodoquinone which was formulated as 5.

In this laboratory their procedure gave approximately 25% 
of this iodoquinone, but superior yields were obtained by 
performing the oxidation in a two-phase system employing 
chloroform as the organic phase. The infrared spectrum in 
Nujol of the iodoquinone exhibited bands at 3100,1740,1673, 
and 1625 cm-1 in general agreement with structure 5, but the 
NMR spectrum of the compound measured immediately after 
dissolution in DMSO-ds indicated the presence of at least 
three species and within 2 h anything resembling an iodo
quinone had vanished. To avoid manipulation of this sensitive 
compound the crude iodoquinone was immediately reduced 
with sodium dithionite and the reduction product was stabi
lized further by acetylation. If the previously postulated 
structure 5 of the iodoquinone were correct, an 0 ,0 ,N - t r i 
aceta te  should have resulted. In contradiction to this proposal, 
a mass spectrum of the product showed it to be a diacetate. 
Furthermore, the spectrum lacked both M — 1 and M — HI 
peaks, in better agreement with the presence of an aromatic 
rather than a benzylic iodide. Indeed, an NMR spectrum of 
this iodide exhibited a triplet (J  =  1 Hz) caused by a single 
aromatic proton. The magnitude of the coupling constant 
suggests o- rather than m -benzylic coupling,6 and the iodo- 
quinones 9 and 10 and their reduction products 11 and 12 thus 
all are 7-iodo derivatives. Catalytic reduction of the iodides 
11 and 12 over a palladium catalyst in ethanol containing
AcO

AcO
I

11, R =  CH,

COOR

12.R =  C,H5

A c C T ^ N ' Sri COOR

13, R =  CH
14. R =  C,H,

triethylamine afforded the racemic 0,0-diacetylcyclodopa 
esters 13 and 14 in 40% overall yield based on dopa methyl 
ester, characterized further by crystalline hydrochlorides. 
Their NMR spectra show singlets and triplets (J  =  1 Hz) 
corresponding to one aromatic proton each. The newly formed 
protons show no long-range coupling, while the second signals 
again display o -benzylic coupling, thus providing confirmation 
for the location of the iodine atom in the iodinated interme
diates. The ability of potassium iodate to cause iodinations 
was recognized earlier5 but whether iodination in the present 
case occurs before or after formation of the dihydroindole 
remains unknown. Treatment of cyclodopa methyl ester with 
potassium iodate followed by reduction with dithionite and 
acetylation gave iodide 11, identical with that prepared from 
dopa methyl ester (7) using the same sequence of reactions. 
Earlier investigators have developed efficient methods for the 
hydrolysis of cyclodopa esters to cyclodopa.3’4

Experimental Section

Methyl 5,6-Diacetoxy-7-iodo-2,3-dihydroindole-2-carboxylate
(11). To a stirred mixture of 2.5 g of racemic 3,4-dihydroxyphenyla- 
lanine (dopa) methyl ester hydrochloride (7), 40 mL of water, and 400 
mL of chloroform was added a solution of 8.56 g of potassium iodate 
in 100 mL of water. After stirring for 12 min, the aqueous phase was 
separated and extracted twice with chloroform. The combined ex
tracts were washed with brine and evaporated to dryness under re
duced pressure at 50 °C. The residue was dissolved in 200 mL of 40% 
aqueous ethanol and sodium dithionite (Na2S204> was added until 
the red color disappeared. The mixture was filtered and the filtrate 
was extracted three times with ether. The ether extract was washed 
with brine, dried (Na2S04), and concentrated under reduced pressure. 
Treatment of the residue with 50 mL of acetic anhydride and 10 mL 
of pyridine for 4 h at room temperature, followed by the standard 
workup afforded a crude acetate (2.06 g) which was purified by 
chromatography over 60 g of silicic acid. Elution with CH2Cl2-acetone 
(97:3) gave the crystalline iodoacetate 11 (2.03 g). Recrystallization 
from methanol gave prisms: mp 126-127 °C; positive Beilstein test;

UVmal (C2H5OH) 218 (e 31 400), 245 (shoulder, e 7710), and 307 nm 
(< 4690); IR (Nujol) 3350, 3250,1760, 1730,1690,1215,935, and 883 
cm“ 1; NMR (CDC13) 6 2.17 (s, 3), 2.27 (s, 3), 3.42 (d of d, 2, J = 1,8 Hz),
3.69 (s, 3), 4.44 (t, 1, J  = 8 Hz), 4.70 (d, 1, exchangeable with D20), and
6.82 ppm (t, 1, J  = 1 Hz). Anal. Calcd for C14H14O6NI: C, 40.11; H, 
3.37; N, 3.34; I, 30.28. Found: C, 40.22; H, 3.43; N, 3.39; I, 30.09.

Methyl 5,6-Diacetoxy-2,3-dihydroindole-2-carboxylate (13). 
The iodoacetate 11 (1.827 g), 360 mg of 10% palladium-on-carbon, 
and 0.73 mL of triethylamine in 110 mL of ethanol were stirred under 
hydrogen (1 atm). After reduction was complete (hydrogen uptake, 
118 mL; calcd, 102 mL), the catalyst was filtered and washed with 
ethanol, and the filtrate was evaporated under reduced pressure. The 
residue was dissolved in dichloromethane, washed with aqueous so
dium thiosulfate and brine, and dried (Na2S04>. Removal of solvent 
gave 1.2 g of a gum which was chromatographed on 36 g of silicic acid. 
Elution with CH2Cl2-acetone (95:5) gave pure (i)-di-O-acetylcyc- 
lodopa methyl ester as a gum (1.165 g, 40% from dopa methyl ester 
hydrochloride): NMR (CDC13) b 2.25 (s,6), 3.31 (d, 2, J = 8 Hz), 3.76 
(s, 3), 4.43 (t, 1, J = 8 Hz), 4.36 (broad s, 1, exchangeable with D20),
6.55 (s, 1), and 6.95 (t, 1, J  = 1 Hz).

Methyl 5,6-Diacetoxy-2,3-dihydroindole-2-carboxylate H y
drochloride. Di-O-acetylcyclodopa methyl ester, 13 (100 mg), was 
dissolved in absolute ether and the solution was saturated with dry 
hydrogen chloride under ice cooling to give a white precipitate. Fil
tration and recrystallization from methanol-ether afforded colorless 
prisms (81 mg): mp 117-121 °C; UVmax (C2H5OH) 244 (« 6840) and 
304 nm U 3810); IR (Nujol) 3060,3040,2500-2400,1758,1770,1753, 
910,883, and 860 cm "1; NMR (DMSO-de) 6 2.22 (s, 6), 3.27 (AB part 
of ABX, 2), 3.70 (s, 3), 4.66 (X part of ABX, 1), 6.69 (s, 1), and 7.03 
(broad s, 1). Anal. Calcd for Ci4Hi6C1N06: C, 50.99; H, 4.89; Cl, 10.76; 
N, 4.25. Found: C, 51.05; H, 4.96; Cl, 10.65; N, 4.18.

(± )-E th y l 5,6-Diacetoxy-2,3-dihydroindole-2-carboxylate. 
Di-O-acetylcyclodopa ethyl ester was prepared using the same method 
described for the methyl ester.

7-Iodo-5,6-di-0-acetylcyclodopa ethyl ester (12): mp 141-142 °C 
(from CH3OH); IR (Nujol) 3380,1770,1745,1730,1600,1580,938,900, 
and 875 cm "1; NMR (CDC13) b 1.28, (t, 3), 2.22 (s, 3), 2.30 (s, 3), 3.44 
(d of d, 2, J  = 1,8  Hz), 4.17 (q, 2), 4.39 (t, 1, J = 8 Hz), 6.75 (t, 1, J = 
1 Hz); mass spectrum m/e (rel intensity) 433 (27.7), 391 (42.6), 349 
(100), 276 (66.8), and 149 (40.0). Anal. Calcd for Ci5H16IN0 6: C, 41.60; 
H, 3.72; I, 29.30; N, 3.27. Found: C, 41.67; H, 3.74; I, 29.37; N, 3.23.

Di-O-acetylcyclodopa ethyl ester (14): IR (CHCI3) 3360,1760,1730, 
1668,1620,910, and 895 cm“ 1; NMR (CDCI3) b 1.27 (t, 3), 2.20 (s, 6),
3.26 (d, 2, J = 8 Hz), 4.13 (q, 2), 4.32 (t, 1), 6.35 (s, 1), and 6.75 (t, 1, 
J = 1 Hz).

Di-O-acetylcyclodopa ethyl ester hydrochloride: mp 121-123 °C 
(from CHjOH-ether): IR (Nujol) 3040, 2500-2300, 1775,1740, 910, 
880, and 855 cm -1. Anal. Calcd for Ci5HigClN06: C, 52.43; H, 5.28; 
Cl, 10.31; N, 4.08. Found: C, 52.64; H, 5.39; Cl, 10.19; N, 3.99.

Methyl 6-Hydroxy-5-oxo-2,3-dihydroindole-2-carboxylate  
(9). The crude o-quinone was dissolved in acetone, filtered, and 
concentrated without heating until crystals had separated. These were 
collected and washed with ether to afford red needles: mp 118-20 °C 
dec and remelt at 193-194 °C; IR (Nujol) 3100,1740,1673,1625,1567, 
and 885 cm "1; NMR (DMSO-d6) b 3.44 (AB part of ABX), 3.77 (s), 
(3.87 (s), 4.82 (X part of ABX), 6.44 (t, J = 3 Hz), 7.03 (s), 7.20 (d), and
10.48 (broad s). After 2 h, the peaks at b 3.44, 3.77, and 6.44 had dis
appeared and were replaced by a very broad peak centered at 6.27 
ppm.
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New, abbreviated syntheses of and a-sorigenin methyl 
ethers (la  and lb) have been accomplished using our recently 
reported synthetic strategy and reaction sequence for the 
regioselective construction of linear polynuclear aromatic
systems.1

The first examples of natural products with a naphthalene 
nucleus, two primosides, a - and /3-sorinin and their aglycones, 
/3-sorigenin (lc) and a-sorigenin (Id), were isolated by Nikuni

la , R , = H; R , = R 3 = CH 3 2a, R = H
b, R, = OCH3; R 2 = R 3 = CH 3 b, R = OCH3
c, R, = R 2 = R 3 = H
d, R, = OCH3; R 2 = R 3 = H

in 1938 from the bark of R h a m u s ja p ó n ica .2'3 Initially, 
structures 2a and 2b were proposed for the sorigenins, but 
these were later revised to lc  and Id by Haber, Nikuni, et al.4 
Lengthy syntheses of the sorigenin methyl ethers by Horii et 
al.5’6 followed, but these preparations, performed through 
anhydrides 3a and 3b, failed to establish the disposition of the

3a, R = H 
b , R = OCH,

lactone moiety. Finally, Nikuni et al.7 and Horii et al.6 inde
pendently published unequivocal but protracted syntheses 
of the sorigenin methyl ethers.

Scheme I shows our parallel reaction sequences followed 
to transform 2-methoxy-6-methylbenzoic acid9 (4a) and di- 
methylorsellinic acid10 (4b) to (1- and a-sorigenin methyl 
ethers (la  and lb), respectively. A high-yield, one-pot trans
formation of benzoic acid 4a to homophthalic acid 5a was 
described by us earlier.11 Under identical conditions, di- 
methylorsellinic acid10 (4b) was efficiently transformed to 
homophthalic acid 5b in 76% yield.12 Preparations of iso- 
coumarins 6a18 and 6b13’16 from homophthalic acids 5a and 
5b have been described. The best yields (65-70%) were ob
tained using the three-step sequence outlined by Wendler et 
al.13

Substantially improved yields over those reported for 
transformation of isocoumarins to ethyl l-hydroxy-2-na- 
phthoates by Reformatsky reaction were achieved by dropwise 
addition of the precursor ethyl bromoacetate rather than 
batch addition.19 Employing the modified conditions, na- 
phthoates 7a and 7b were obtained in 72 and 34% yield re
spectively from isocoumarins 6a and 6b.20 Naphthoates 7a 
and 7b were converted in quantitative yield to their corre
sponding methyl ethers 7c and 7d employing potassium car
bonate and dimethyl sulfate.

Final conversion of naphthalene 7c to /S-sorigenin methyl 
ether was accomplished by initial bromination of the 3-methyl 
group of 7c with /V-bromosuccinimide (NBS) to give bro- 
momethyl compound 8a. Treatment of 8a with sodium hy-

Scheme I

4a, R , = H 
b, R, = OCH3

o c h 3 o r 2
a, R , = R 2 = R 3 = H
b, R , = OCH3; R 2 = R , = H
c, R , = R 3 = H; R 2 = CH3
d, R , = OCH3; R 2 = CH3; R 3
e, R , = OCH3; R 2 = CH3; R 3

l

o c h 3
5a, R , = H 

b, R , = OCH3

I

6a, R, = H 
b , R, = OCH3

H
Br

8a, R, = R 2 = H 
b , R, = OCH3; R , = Br

la.b

droxide resulted in initial bromide displacement followed by 
anchimerically assisted hydrolysis of the ortho ester func
tionality furnishing /3-sorigenin methyl ether in 85% yield.

A more circuitous route was necessary to convert naph
thalene 7d to a-sorigenin methyl ether (la). Treatment of 
naphthalene 7d with an equivalent of NBS resulted in nearly 
exclusive formation of ring-brominated product 7e. Successful 
bromination of the 3-methyl group of 7e to bromomethyl 
compound 8b was accomplished with a second equivalent of 
NBS. Treatment of 8b with sodium hydroxide followed by 
catalytic reduction with palladium on charcoal to cleave the 
arylbromine gave a-sorigenin methyl ether lb. The overall 
yield of lb  from 7d was 53% after purification.

These syntheses demonstrate that the synthetic strategy 
and reaction sequence described earlier by us1 have general 
applicability and can be used to regiospecifically construct 
highly functionalized naphthalenes. Further studies on the 
preparation of more complex polynuclear aromatic systems 
are in progress.

Experimental Section
Melting points were taken on a Kofler hot-stage microscope and 

are uncorrected. Infrared spectra were measured with a Perkin-Elmer 
337 spectrophotometer. Ultraviolet spectra were run on a Perkin- 
Elmer 202 ultraviolet-visible spectrophotometer. Nuclear magnetic 
resonance spectra were recorded on a Varian Model HA-100, using 
tetramethylsilane (TMS) as an internal standard. Chemical shifts are 
expressed in 5 units. TLC analyses were performed on silica gel using 
5% ethyl acetate-chloroform as the eluent.

2-Carboxy-3,5-dim ethoxybenzeneacetic Acid (5b). Ben- 
zeneacetic acid 5b was prepared in a manner analogous to that de
scribed for 5a.11 From orsellinic acid (4b) (10 g, 50 mmol), there was 
obtained, after recrystallization (acetone-hexane), 9.3 g (76%) of pure 
5b with mp 171-173 °C (lit.13 mp 171-173 °C).

8-M cthoxy-3-methyl-1 ff-2-benzopyran-1 -one (6a) and 6,8- 
Dimethoxy-3-methyl-lJi-2-benzopyran-l-one (6b). Pyridine (2.5 
mL) was added to a magnetically stirred mixture of benzeneacetic acid
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5a (5.0 g, 23.8 mmol) in acetic anhydride (13 mL) under nitrogen. The 
solids instantly dissolved to give a greenish orange solution and within 
10 min crystals began to separate. Dry ether (75 mL) was added to 
facilitate stirring, which was continued overnight. The reaction was 
diluted with additional dry ether (100 mL) and filtered and the cake 
of acetylated chromandione was washed repeatedly with ether to re
move traces of acetic anhydride and pyridine.

The dried cake was suspended in water (40 mL) and the solution 
was magnetically stirred and heated on the steam bath. A sodium 
hydroxide solution (10%) was added dropwise so that the carbon 
dioxide effervescence did not create excessive foaming. When the 
foaming ceased, additional sodium hydroxide solution was added to 
a final pH 9-10. Stirring and heating of the reaction was continued 
for another hour at which time the solution was acidified to pH 1 with 
hydrochloric acid. The reaction was extracted with ethyl acetate (2 
X 100 mL). The organic extract was dried (MgSCL) and filtered.

To the magnetically stirred ethyl acetate extract was added acetic 
anhydride (10 mL) and perchloric acid (3-5 drops); the solution 
darkened immediately on addition of the acid. The reaction was 
stirred for 1 to 2 h before a saturated bicarbonate solution (50 mL) 
was added. When the foaming ceased, the organic layer was separated, 
dried (MgSCL), and evaporated at reduced pressure. Residual acetic 
anhydride was removed by taking the residue up in ethyl acetate (200 
mL) and adding small portions of bicarbonate solution until no further 
carbon dioxide evolution was observed. The organic layer was again 
separated, dried, and evaporated to give a brown oil which slowly 
crystallized. Final purification was effected by chromatography (100 
g, silica gel, 3% EtOAc-CH2Cl2) and gave 3.08 g (68%) of pure 6a with 
mp 109 °C (lit. mp 109.5-110.5 °C).

Using the above procedure, benzeneacetic acid 5b was converted 
to benzopyran 6b in 70% yield, mp 151-152 °C (lit.13 mp 151-152 
°C).

Ethyl 1 -Hydroxy-8-methoxy-3-methyl-2-naphthalenecar- 
boxylate (7a) and Ethyl 6,8-Dimethoxy-l-hydroxy-3-methyl- 
2-naphthalenecarboxylate (7b). A solution of ethyl bromoacetate 
(14.8 g, 88.4 mmol) in benzene (225 mL) was added dropwise (drop/
7-10 s) to a magnetically stirred refluxing mixture of dry, acid washed 
zinc (14.5 g, 221 mmol, 20 mesh) and benzopyran 6a (4.2 g, 22.1 mmol) 
in benzene (20 mL). Approximately 30 min after the addition was 
started, yellow crystals began forming in the reaction. After the ad
dition was completed, the solution was refluxed for 1 h, cooled, diluted 
with ethyl acetate (200 mL), and acidified with hydrochloric acid. The 
organic layer was separated and washed with water (2 X 100 mL), 
sodium bicarbonate solution (200 mL), water (100 mL), and brine (100 
mL). The solution was dried (MgS04), filtered, and evaporated to give 
a brown oil which slowly crystallized.

Final purification was accomplished by chromatography (100 g, 
silica gel, benzene to 3% EtOAc-benzene) and gave 4.1 g (72%) of pure 
7a with mp 59 °C: NMR (CDC13) 51.40 (t, J  = 6 Hz, 3, CH2CH3), 2.42 
(s, 3, ArCH3), 3.96 (s, 3, OCH3), 4.4 (q, J  = 6 Hz, 2, OCH2CH3), 6.68 
(d, J = 4 Hz, 1, ArH), 6.72 (d, J  = 4 Hz, 1, ArH), 7.05 (s, 1, ArH), 7.30 
(t, J = 4 Hz, 1, ArH), 10.30 (s, 1, OH). Anal. Calcd for Ci5H i60 4: C, 
69.21; H, 6.20. Found: C, 69.17; H, 6.26.

An identical reaction performed on benzopyran 6b gave a 34% yield 
of naphthoate 7b with mp 68-70 °C: NMR (CCI4) 5 1.40 (t, J  = 6 Hz, 
3, CH2CH3), 2.40 (s, 3, ArCH3), 3.80 (s, 3, OCH3), 3.90 (s, 3, OCH3),
4.35 (q, J  = 6 Hz, 2, OCH2CH3), 6.23 (d, J = 4 Hz, 1, ArH), 6.38 (d, 
J = 4 Hz, 1, ArH), 6.74 (s, 1, ArH). Anal. Calcd for CisHisOr,: C, 66.19; 
H, 6.25. Found: C, 66.26; H, 6.27.

Ethyl l,8-Dimethoxy-3-methyl-2-naphthalenecarboxylate 
(7c) and Ethyl 3-Methyl-l,6,8-trimethoxy-2-naphthalenecar- 
boxylate (7d). A magnetically stirred mixture of naphthoate 7a (4.8 
g, 18.5 mmol), dimethyl sulfate (3.50 g, 27.8 mmol), and anhydrous 
potassium carbonate (5.10 g, 37 mmol) in acetone (125 mL) was re
fluxed until TLC analysis indicated that the naphthoate was com
pletely converted to methyl ether product 7c (5-7 h). The solution 
was cooled, filtered, and evaporated to give an oil. Excess dimethyl 
sulfate was removed by dissolving the oil in ether (200 mL), adding 
triethylamine (5 mL), and allowing the turbid solution which formed 
to stand for 1 h. The ether solution was washed with water (2 X 50 
mL), hydrochloric acid (50 mL), and brine (50 mL) and finally dried 
(MgSCL). Evaporation of the solvent gave 5.04 g (100%) of pure 7c as 
an oil: NMR (CC14) S 1.36 (t, J  = 7 Hz, 3, CH2CH3), 2.33 (s, 3, ArCH3),
3.79 (s, 3, OCH3), 3.84 (s, 3, OCH3), 4.36 (q, J = 7 Hz, 2, OCH3), 6.62 
(d, J = 5 Hz, 1, ArH), 6.67 (d, J  = 5 Hz, 1, ArH), 7.16 (s, 1, ArH), 7.0 
(t, J  = 5 Hz, ArH).

A similar preparation was performed on 7b to give 7d (100%): NMR 
(CCI4) 5 1.34 (t, J = 7 Hz, 3, CH2CH3), 2.29 (s, 3, ArCH3), 3.73 (s, 3, 
OCH3), 3.75 (s, 3, OCH3), 3.85 (s, 3, OCH3), 4.33 (q, J  = 7 Hz, 2, 
CH2CH3), 6.31 (d, J  = 5 Hz, 1, ArH), 6.46 (d, J = 5 Hz, 1, ArH), 7.07 
(s, 1, ArH).

8.9- Dimethoxynaphtho[2,3-c]furan-l(3flr)-one (la). Na
phthoate 7c (700 mg, 2.6 mmol), N-bromosuccinimide (480 mg, 2.6 
mmol), and a catalytic amount (~5 mg) of benzoyl peroxide in carbon 
tetrachloride (50 mL) were refluxed while irradiating with a sunlamp 
until the iV-bromosuccinimide had been consumed. The solution was 
cooled and then filtered to remove succinimide. An *H NMR spectrum 
of the crude product showed that approximately 87% reaction had 
occurred and that a new singlet at S 4.56 ppm (ArCH2Br) was present. 
Evaporation of the solvent gave 1.1 g of bromo product 8a which was 
dissolved in dioxane (20 mL) without further purification. Sodium 
hydroxide (500 mg) in water (20 mL) was added and the solution was 
refluxed under nitrogen for 2 h; TLC analysis indicated that all of the 
bromo compound had reacted. The dioxane was removed at reduced 
pressure and the remaining aqueous solution was acidified with 
concentrated hydrochloric acid. The aqueous solution of hydroxy acid 
was then heated on the steam bath to effect lactonization. While hot, 
the aqueous layer was extracted with ethyl acetate (2 X 100 mL), 
which was then washed with water (50 mL) and brine and finally dried 
(MgSCL). The semisolid which remained after evaporation of the ethyl 
acetate was further purified by thick-layer chromatography (silica 
gel; 5% EtOAc-CH2Cl2) to give 529 mg (85%) of pure la as a powder. 
A sample recrystallized from acetone-hexane had: mp 174.5-176 °C 
(lit.8 mp 176-177.5 °C); NMR (acetone-d6) & 4.01 (s, 3, OCH3), 4.03 
(s, 3, OCH3), 5.37 (s, 2, ArCH20), 7.0 (d, J = 6 Hz, 1, ArH), 7.03 (d, 
f  = 6 Hz, 1, ArH), 7.70 (s, 1, ArH), 7.53 (t, J = 3 Hz, 1 ArH).

6.8.9- Trimethoxynaphtho[2,3-c]furan-l(3H)-one (lb). Na
phthoate 7b (1.4 g, 4.6 mmol) was brominated with N-bromosucci- 
nimide (910 mg, 5.1 mmol) and then isolated in the same manner that 
was described for naphthoate 8a. The 'H NMR spectrum of the 
product (7e) showed that exclusive nuclear bromination had occurred: 
NMR (CC14) <5 1.37 (t, J  = 7 Hz, 3, CH2CH3), 2.39 (s, 3, ArCH3), 3.70 
(s, 3, OCH3), 3.82 (s, 3, OCH3), 3.84 (s, 3, OCH3), 4.45 (q, J  = 7 Hz, 2, 
OCH2CH3), 6.41 (s, 1, ArH), 7.71 (s, 1, ArH).

A second equivalent of N-bromosuccinimide (910 mg, 5.1 mmol) 
was added, and the bromination and workup were performed as 
previously described to give 3.8 g of crude dibromo product 8b: NMR 
(CC14) 5 1.42 (t ,J  = 7 Hz, 3, CH2CH3), 3.71 (s, 3, OCH3), 3.80 (s, 3, 
OCH3), 3.84 (s, 3, OCH3), 4.40 (q, J = 7 Hz, 2, OCH2CH3), 4.62 (s, 2, 
ArCH2Br), 6.39 (s, 1, ArH), 7.86 (s, 1, ArH).

Dibromoproduct 8b was hydrolyzed without purification according 
to the procedure described for the preparation of d-sorigenin methyl 
ether (la). This gave 1.17 g (81%) of lactone as a fine powder. A sample 
recrystallized from ethanol had: mp 240-242 °C; NMR (acetone-de) 
<5 4.05 (s, 3, OCH3), 4.10 (s, 6, OCH3), 5.42 (s, 2, ArCH20), 7.02 (s, 1, 
ArH), 8.04 (s, 1, ArH).

The bromo lactone (0.72 g, 2.5 mmol) was suspended in warm ethyl 
acetate-ethanol (50 mL, 1:1) with triethylamine (2 mL) and palladium 
on charcoal (150 mg, 10%) and hydrogenated (30 psi) until reduction 
ceased. The catalyst was removed by filtration through a celite bed 
and the solvent was evaporated to give crude lactone lb . Final puri
fication was effected by thick-layer chromatography (silica gel; 5% 
EtOAc-CH2Cl2) and gave 510 mg (73%) of pure lb  as a powder. Re
crystallization from acetone-hexane gave colorless needles: mp 
184-186 °C (lit.7’8 mp 185 °C); NMR (acetone-d6) 5 3.92 (s, 3, OCH3),
3.98 (s, 3, OCH3), 4.00 (s, 3, OCH3), 5.31 (s, 2, ArCH20), 6.60 (d, J = 
3 Hz, 1, ArH), 6.92 (d, J = 3 Hz, 1, ArH), 7.55 (s, 1, ArH).
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Sirenin (1) and sesquicarene (2) are novel sesquiterpenes 
with a carbon Skeleton that can be considered an isoprenoid 
homologue of 2-carene. These compounds have been the 
object of numerous synthetic studies2 since the initial reports 
of their isolation and structure.3 The major consideration in 
devising a synthesis of sirenin (1) and sesquicarene (2) is the 
introduction of the proper stereochemistry at C-7 in the bi- 
cyclo[4.1.0]heptane skeleton. We have utilized the stereo
specific ring contraction of chlorocyclobutanone 4 to ester 5 
for the total synthesis of demethylsesquicarene (3), an ana
logue of the natural products.

Cyclobutanone ring contractions related to the conversion 
of 4 -► 5 have been well documented.4 However, at the time 
of our research, the only examples of this rearrangement with 
cyclobutanones fused to a six-membered ring had involved 
cine substitution prior to the ring contraction.40 Chlorocy
clobutanone 45 was obtained in 47% yield by cycloaddition of 
methylchloroketene to 1,3-cyclohexadiene followed by column

chromatography to remove the e x o -methyl isomer formed in 
10% yield. Our initial attempts to ring contract cyclobutanone 
4 following established procedures for ketone 6 were unsuc
cessful. The facile rearrangement of chloro alcohol 74 led us 
to investigate this procedure for ring contraction. Reduction 
of chloro ketone 6 has been effected readily by a number of 
reducing agents.4K,h Chloro ketone 4 could not be reduced 
cleanly with lithium aluminum hydride, sodium borohydride, 
lithium tri-tert-butoxyaluminum hydride, or sodium dieth- 
ylaluminum hydride. However, treatment of 4 with aluminum 
hydride or diisobutylaluminum hydride produced a single 
alcohol in modest yield (40-50%). Rearrangement of this al
cohol using sodium hydroxide in aqueous methanol4gih or 
sodium nitrate in ethanol7 gave a cyclobutanone product 
rather than the desired aldehyde 8. This result as well as 
spectral evidence suggests that reduction of ketone 4 gives the 
exo alcohol 10 rather than the endo alcohol 9 necessary for ring 
contraction.

The observation that reduction of ketone 4 with charged 
nucleophiles was unsuccessful but reduction could be effected 
with the Lewis acids, aluminum hydride, and diisobutyl alu
minum hydride led to attempts to rearrange ketone 4 under 
nonbasic conditions. We found that chlorocyclobutanone 4 
could be converted cleanly to ester 5 by refluxing in metha- 
nolic silver nitrate for 24 h.6 There was no evidence that a 
second isomer was formed in the reaction. The use of the 
lanthanide shift reagent Eu(fod)37 confirmed the exo nature 
of the carbomethoxy group. Creary has recently reported8 that 
this ring contraction can be effected with lithium hydroxide 
to give the acid corresponding to 5.

Ester 5 was reduced with lithium aluminum hydride to form 
alcohol 11 in 97% yield. Alcohol 11 appeared to be stable and 
could be stored under nitrogen at 0 °C for several weeks. 
Treatment with carbon tetrachloride and hexamethylphos- 
phorus triamide in ether resulted in formation of chloride 12.9 
This compound was quite unstable and underwent decom
position upon silica gel chromatography.10 It generally was 
not purified but was used directly in the next reaction. Sodium

8 15 I«
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(or potassium) cyanide in dimethyl sulfoxide at room tem
perature converted 12 to nitrile 13 in a 30% yield. Although 
the yield in this step is only modest it did allow formation of 
a carbon-carbon bond at the C-8 carbon.

Attempts to react isobutenyllithium with nitrile 12 gave a 
complex mixture of products. Therefore, this nitrile was re
duced with diisobutylaluminum hydride and hydrolyzed to 
give aldehyde 14 in 74% yield.11 This aldehyde readily formed 
ally lie alcohol 15 in 89% yield upon treatment with isobuten- 
yllithium. Acetylation with acetic anhydride in pyridine 
formed acetate 16. Then treatment of 16 with lithium in eth- 
ylamine formed demethylsesquicarene (3) in 97% yield.12 It 
is interesting to note that the vinylcyclopropane portion of the 
molecule was unaffected by this reduction. The spectral 
properties of 3 were quite similar to those of sesquicarene. The 
synthesis of demethylsesquicarene confirms the validity of 
chloroketene adducts as synthetic intermediates for stereo
selective synthesis of the basic sesquicarene skeleton although 
considerable modification of this scheme may be necessary 
for application to synthesis of the natural products.

Experimental Section
All compounds prepared in this section are racemic; the prefix “dl” 

is omitted. Infrared spectra were recorded on a Perkin-Elmer Model 
237B or Beckmann Instruments Model IR8 spectrophotometer. 
High-resolution mass spectra were obtained on a CEC Model 21-110 
spectrometer under the supervision of Dr. R. Grigsby.

The NMR spectra were obtained in CCI4 solution on a Varian 
Associates T-60 spectrometer. The 13C NMR spectra were obtained 
in CDCI3 solution in the Fourier transform mode on a JEOL PFT-100 
spectrometer system operating at 25.034 MHz (proton resonance 
frequency 99.539 MHz) and equipped with a Nicolet 1085 data sys
tem. All chemical shifts (1H and 13C) are reported on the 6 scale as 
parts per million downfield from tetramethylsilane (TMS) as internal 
reference.

Evaporation distillation refers to bulb-to-bulb (Kugelrohr) 
short-path distillation. The temperatures cited for these distillations 
are the maximum temperature of the oven during the distillation. 
“ Acid” refers to 10% hydrochloric acid. “ Bicarbonate” refers to a 
saturated aqueous solution of sodium bicarbonate. “ Brine” refers to 
a saturated aqueous solution of sodium chloride. “ Concentration” of 
solvent refers to solvent removal by rotary evaporation at ca. 80 mm. 
Tetrahydrofuran was distilled from lithium aluminum hydride or the 
sodium-benzophenone dianion just before use. Anhydrous ether was 
stored over calcium hydride. Triethylamine was distilled from barium 
oxide before use. All reactions were performed under a nitrogen at
mosphere.

8-exo-Chloro-8-endo-methyl-cis-bicyclo[4.2.0]oct-2-en-7-one
(4) . The procedure of Brady and Roe6 was used. A solution of 25.4 g 
(0.2 mol) of 2-chloropropionyl chloride in 50 mL of pentane was added 
over a 30-min period to a magnetically stirred solution of 40.0 g (0.5 
mol) of 1,3-cyclohexadiene, 20.0 g (0.2 mol) of triethylamine, and 250 
mL of pentane. The mixture was stirred for an additional 3 h and then 
filtered to remove the triethylammonium chloride. After the pentane 
and remaining cyclohexadiene were removed by rotary evaporation, 
the cyclohexadiene could be recovered for re-use by fractional dis
tillation. The crude product was chromatographed on 300 g of silica 
gel (2% ether in hexane). The desired endo-methyl isomer was eluted 
first. Evaporative distillation (100 °C (0.1 mm)) yielded 16.0 g (47%) 
of adduct 4: IR (film) 1780 cm-1; 7H d 1.5 (s, CH3), 1.7-2.3 (m, 4 H),
3.2 (dd, C-l methine), 4.2 (m, C-6 methine), and 6.0 (bs, olefinic 
protons); 13C NMR 5 205.5 (C-7), 131.6 and 124.2 (C-2 and C-3), 77.1 
(C-8), 54.6 (C-6), 40.3 (C-l), 21.3 (C-4 or C-5), 19.3 (C-9), and 18.7 (C-4 
or C-5). The exo-methyl isomer was obtained in 10% yield (3.5 g) after 
evaporative distillation: IR (film) 1780 cm-1; *H NMR 6 1.9 (s, CH3),
1.7-2.3 (m, 4 H), 3.0 (dd, C-l methine), 3.8 (m, C-6 methine), and 5.9 
(bs, olefinic protons); 13C NMR 6 206.2 (C-7), 130.0 and 124.7 (C-2 and 
C-3), 76.1 (C-8), 52.3 (C-6), 37.9 (C-l), 26.3 (C-9), and 21.0 and 19.0 
(C-4 and C-5).

7- endo-Methyl-7- exo-car bomethoxy bicyclo[4.1.0]hept-2-ene
(5) .7 Silver nitrate (7.5 g, 44.1 mmol) was added to 6.0 g (35.2 mmol) 
of ketone 4 in 150 mL of methanol, and the solution was refluxed for 
24 h. Brine was added, and the mixture was filtered to remove the 
silver chloride. The oily residue obtained after concentration was 
dissolved in ether and washed with bicarbonate and brine. The

aqueous extracts were washed with ether (2X), and the combined 
ether solutions were dried (MgS04), filtered, and concentrated. The 
residue was chromatographed on 150 g of silica gel (2% ether in hex
ane) to give, after evaporative distillation (110 °C (0.2 mm)), 4.0 g 
(68%) of ester 5: IR (film) 1710 cm -'; ‘ H NMR <5 1.1 (s, CH3), 1.3-2.2 
(m, 6 H), 3.6 (s, OCH3), and 5.8 (bs, olefinic protons); 13C NMR 6 175.6 
(C-9), 128.9 (C-3), 122.7 (C-2), 51.8 (C-10), 30.8 (C-7), 23.9 and 23.4 
(C-l and C-6), 21.6 (C-4), 15.6 (C-5), and 9.1 (C-8); MS m/e (rel in
tensity) 166 (M \ 60), 138 (20), 135 (25), 134 (37), 107 (60), 106 (60), 
105 (84), 91 (100), 80 (21), 79 (90), 78 (29), 77 (52), 67 (20), 65 (25), 53
(29), 51 (29), 41 (36), 39 (53). Anal.13 Calcd for Ci0Hl4O2: 166.099370. 
Found: 166.100152 (MS); 4.7 ppm error.

7-Hydroxy-8-exo-chloro-8-en«fo-methyl-cis-bicyclo[4.2.0]~ 
hept-2-ene (10). To 5 mL of a 25% solution (7.5 mmol) of diiso
butylaluminum hydride in 10 mL of toluene was added 1.0 g (5.87 
mmol) of ketone 4. The mixture was stirred under nitrogen at room 
temperature for 15 min, poured into ether, and washed with acid, 
water, and brine. The ether solution was dried (MgS04), filtered, and 
concentrated. The crude reaction product was chromatographed 
(silica gel, 2-50% ether in hexane) to give, after evaporative distillation 
(105 °C (0.1 mm)), 470 mg (46%) of alcohol: IR (film) 3350 cm-1; JH 
NMR 6 1.6 (s, CH3), 1.0-2.4 (m, 4 H), 2.5-3.0 (m, 2 methine protons 
and OH), 3.6 (d ,J  = 7 Hz, CHOH), and 5.8 (bs, olefinic protons). Ir
radiating the methine region (6 2.8) caused the doublet to collapse to 
a singlet. The addition of Eu(fod)3 caused the two methine protons 
to separate into a doublet for the allylic proton and a lower field 
multiplet. Irradiation of the proton on the carbon bearing the OH did 
not affect the doublet but did cause the multiplet to appear as a poor 
doublet. Irradiation of the multiplet caused both the methine and the 
-CH O - doublets to collapse into singlets.

7-en<io-Methyl-7-exo-(hydroxymethyl)bicyclo[4.1.0]hept- 
2-ene (11). To 4.0 g of ester 5 (24 mmol) in 150 mL of tetrahydrofuran 
was added an excess of lithium aluminum hydride. After 2 h, excess 
hydride was destroyed by the addition of ethanol. The mixture was 
poured into ether and washed with saturated ammonium chloride 
solution until the aluminum salts were removed, and then the ether 
solution was washed with bicarbonate and brine. The aqueous solu
tions were washed with ether (2X). The combined ether solutions were 
dried (MgS04), filtered, and concentrated. Evaporative distillation 
(110 °C (0.2 mm)) yielded 3.2 g (97%) of alcohol 11: IR (film) 3300 
cm-1; XH NMR b 1.0 (s, CH3), 0.9-1.3 (m, 2 methine protons), 1.4-2.2 
(m, 4 H), 3.0 (s, OH), 3.3 (s, CH2OH), and 5.7 (bs, olefinic protons); 
I3C NMR b 126.8 (C-3), 124.8 (C-2), 72.6 (C-9), 30.9 (C-7), 22.3 (C-4),
19.3 and 18.6 (C-l and C-6), 16.5 (C-5), and 10.9 (C-8).

7-endo-MethyI-7-exo-(chloromethyl)bicyclo[4.1.0]hept-2-ene
(12) .10 A solution of 8.1 g (50 mmol) of hexamethylphosphorus tri
amide in 50 mL of ether was added over a 30-min period to 3.1 g (22.5 
mmol) of alcohol 11 in 100 mL of ether and 10 mL of carbon tetra
chloride at 0 °C. The solution was stirred overnight and then washed 
with water (4X) and brine. The ether solution was dried (MgS04), 
filtered, and concentrated. This material was used immediately in the 
next reaction: IR (film) no OH; 3H NMR <5 3.4 (s, CH2C1).

7- efldo-Methyl-7-exo- (cyanomethyl) bicyclo[4.1.0]hept-2-ene
(13) . Crude chloride 12 from the previous reaction was added to a 
solution of 5 g of sodium cyanide in 100 mL of dimet hyl sulfoxide. This 
solution was stirred for 10 h, poured into ether, and washed with water 
(3X) and brine. The aqueous extracts were washed with ether (3X), 
and the combined ether extracts were dried (M gS04), filtered, and 
concentrated. The crude material was chromatographed (silica gel, 
ether/hexane) and evaporatively distilled (100 °C (0.15 mm)) to yield
1.0 g (30% from 11) of nitrile 13: IR (film) 2230 cm-1; *H NMR b 1.1 
(s, CH3), 1.0-1.3 (m, 2 methine protons), 1.4-2.3 (m, 4 H), 2.3 (s, 
CH2CN), and 5.8 (bs, olefinic protons); 13C NMR b 127.6 (C-3), 123.8 
(C-2), 118.4 (C-10), 29.8 (C-9), 24.5 (C-7), 21.8 (C-4), 21.1 and 20.4 (C-l 
and C-6), 16.1 (C-5), and 13.1 (C-8); MS m/e (rel intensity) 147 (M+,
4), 146 (8), 132 (17), 107 (67), 106 (26), 105 (33), 91 (70), 79 (100), 78
(22), 77 (45), 53 (26), 51 (33), 41 (39), 39 (67). Anal.13 Calcd for 
C10H12N (M+ — 1, peak at 147 too weak for measurement): 
146.096799. Found: 146.09670 (MS); 3.2 ppm error.

7-endo-Methyl-7-exo-(formylmethyl)[4.1,0]hept-2-ene (14).11 
Diisobutylaluminum hydride (12 mL of a 20% solution in hexane) was 
added to 1.0 g (6.8 mmol) of nitrile 13 in 50 mL of hexane at -7 8  °C. 
This mixture was stirred for 0.5 h, poured into ether, and washed with 
dilute sulfuric acid until the aluminum salts were removed. The ether 
was washed with bicarbonate and brine, dried (MgS04), filtered, and 
concentrated. The resultant oil was evaporatively distilled (110 °C 
(0.2 mm)) to yield 750 mg (74%) of aldehyde 14: IR (film) 2700 and 
1720 cm-1; 3H NMR 6 1.0 (s, CH3), 0.9-1.3 (m, 2 methine protons),
1.3-2.2 (m, 4 H), 2.2 (d, J = 4 Hz, CH2CHO), 5.9 (bs, olefinic protons), 
and 9.7 (t, J = 4 Hz, CHO); 13C NMR 6 202.6 (C-10), 127.1 (C-3), 124.4
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(C-2), 55.9 (C-9), 23.8 (C-7), 22.0 (C-4), 21.0 and 20.3 (C-l and C-6),
16.4 (C-5), and 13.4 (C-8).

7-endo-Methyl-7-exo-(2-hydroxy-4-methyl-3-pentenyl)bi- 
cyclo[4.1.0]hept-2-ene (15). An ether solution of isobutenyllithium 
(ca. 20 mmol, prepared from isobutenyl bromide and lithium wire) 
was added to 750 mg (5.0 mmol) of aldehyde 14 in 10 ml of ether at 
0 °C. This mixture was stirred for 6 h and then poured into ether. The 
ether solution was washed with saturated ammonium chloride solu
tion, bicarbonate, and brine. The ether was dried (MgS04), filtered, 
and concentrated. The resulting oil was chromatographed on a short 
silica gel column (ether/hexane) to yield 920 mg (89%) of alcohol 15: 
IR (film) 3350 cm-1; 1H NMR 6 1.6 (bs, 2 olefinic methyls), 4.5 (m, 
CHOH), 5.1 (broad doublet, J = 9 Hz, C-l vinyl proton), and 5.8 (bs, 
ring olefinic protons); 13C NMR 6 133.8 (C-12), 128.6 (C-3), 126.3 
(C -ll), 125.2 (C-2), 67.5 (C-10), 50.1 (C-9), 25.9 (C-7 and C-13), 22.2 
(C-4), 21.6 and 20.8 (C-l and C-6), 18.2 (C-14), 16.5 (C-5), and 12.9 
(C-8).

7-endo-Methyl-7-exo-(2-acetoxy-4-methyl-3-pentenyl)bi- 
cyclo[4.1.0]hept-2-ene (16). A solution of 540 mg (2.62 mmol) of 
alcohol 15, 2 mL of pyridine, and 10 mL of acetic anhydride was re
fluxed for 3 h. This solution was poured into ether and washed several 
times with water, bicarbonate, and brine. The aqueous extracts were 
washed with ether and the combined ether extracts were dried 
(MgS04), filtered, and concentrated. The residue was evaporatively 
distilled (120 °C (0.1 mm)) to yield 550 mg (85%) of acetate 16: IR 
(film) 1725 cm“ 1, no OH; 'H  NMR <5 2.0 (s, 0 2CCH3).

Demethylsesquicarene (3).12 Acetate 16 (540 mg, 2.18 mmol) was 
added to 25 mL of ethylamine (distilled from a small piece of sodium) 
and 60 mg (8.6 mg-atoms) of lithium. This solution was stirred until 
the lithium had completely reacted and then ammonium chloride was 
added. The solution was poured into ether and washed with water 
(3X), acid (2X), bicarbonate, and brine. The ether solution was dried 
(MgS04), filtered, and concentrated. The residual oil was evapora
tively distilled to yield 400 mg (97%) of product: IR (film) 3040,1640, 
1450, and 1375 cm "1; >H NMR 6 0.9 (s, CH3), 0.7-2.2 (m), 1.60 and 1.65 
(s, two olefinic methyls), 5.1 (t, <7 = 7 Hz, 1 H), and 5.7 ppm (bs, ole
finic protons on ring); I3C NMR 5 130.9 (C-12), 127.1 (C-3), 125.8 
(C -ll), 124.8 (C-2), 43.1 (C-9), 25.7,22.3,22.121.3,21.0,17.6,16.9,16.6, 
and 12.6; MS m/e (rel intensity) 190 (M +, 7), 121 (19), 107 (55), 105 
(50), 93 (33), 91 (38), 82 (21), 81 (21), 80 (19), 79 (67), 77 (26), 69 (60), 
67 (29), 55 (43), 53 (24), 41 (100), 39 (33). Anal.13 Calcd for C14H22: 
190.172150. Found: 190.171598 (MS); 2.9 ppm error.

Acknowledgements. We thank the Robert A. Welch 
Foundation for generous financial support of this research. 
The JEOL PFT-100 NMR spectrometer was purchased with 
grant support from the National Science Foundation (GP- 
32912).

Registry No.—3, 63764-90-9; 4, 63813-94-5; 5, 63813-95-6; 10, 
63764-91-0; 11, 63764-92-1; 12, 63764-93-2; 13, 63764-94-3; 14, 
63764-95-4; 15, 63764-96-5; 16, 63764-97-6; 8-chIoro-8-exo-methyl- 
cis-bicyclo[4.2.0]oct-2-ene-7-one, 63813-96-7; isobutenyllithium, 
29917-94-0.

References and Notes
(1) Taken from the Ph.D. Dissertation of John W. Trotter, Texas A&M University,

1975. A preliminary account of this work was presented at the 168th Na
tional Meeting of the American Chemical Society, Atlantic City, N.J., 
September, 1974, Abstracts ORGN-88.

(2) (a) E. J. Corey and K. Achiwa, Tetrahedron Lett., 1837 (1969); (b) P. S. 
Grieco, J. Am . Chem . Soc., 91, 5660 (1969); (c) J. J. Plattner, V. T. Bhal- 
erao, and H. Rapoport, ibid., 91, 4933 (1969); (d) V. T. Bhalerao, J. J. 
Plattner, and H. Rapoport, ibid., 9 2 ,3429 (1970); (e) K. Mori and M. Matsui, 
Tetrahedron Lett., 4435 (1969); (f) J. J. Plattner and H. Rapoport, J. Am. 
Chem . Soc., 93, 1758 (1971); (g)E. J. Corey and K. Achiwa, Tetrahedron  
Lett., 2245 (1970); (h) R. M. Coates and R. M. Freidinger, Tetrahedron, 26, 
3487 (1970); (i) E. J. Corey and K. Achiwa, Tetrahedron Lett., 3257 (1969); 
(j) R. M. Coates and R. M. Freidinger, Chem . Com mun., 871 (1969); (k) E.
J. Corey, K. Achiwa, and J. A. Katzenellenbogen, J. Am . Chem . Soc., 91, 
4318 (1969); (I) K. Mori and M. Matsui, Tetrahedron Lett., 2729 (1969); (m)
K. Mori and M. Matsui, Tetrahedron, 26, 2801 (1970); (n) Y. Nakatani and
T. Yamanishi, Agric. Biol. Chem ., 33, 1805 (1969); (o) K. Mori and M. 
Matsui, Tetrahedron, 25, 5013 (1969); (p) K. Kitatani, T. Hiyama, and H. 
Nozaki, J. Am. Chem. Soc., 98, 2362 (1976); (q) C. F. Garbers, J. A. 
Steenkamp, and H. E. Visagie, Tetrahedron Lett., 3753 (1975).

(3) (a) L. Machlis, Physiol. Plant., 11, 181 (1958); (b) ibid., 845 (1958); (c) L. 
Machlis, Nature (London), 181, 1790 (1958); (d) L. Machlis, W. H. Nutting, 
and H. Rapoport, J. Am. Chem. Soc., 90, 1674 (1968); (e) W. H. Nutting, 
H. Rapoport, and L. Machlis, ibid., 90, 6434 (1968); (f) L. Machlis, W. H. 
Nutting, M. W. Williams, and H. Rapoport, Biochemistry, 5, 2147 (1966);
(g) Y. Ohta and Y. Hirose, Tetrahedron Lett., 1251 (1968).

(4) (a) J. M. Conia and J. R. Salaun, A cc. Chem . Res., 5, 33 (1972); (b) J. M. 
Conia and M. J. Robson, Angew. Chem., Int. Ed. Engl., 14, 473, (1975); (c)

V. R. Fletcher and A. Hassner, Tetrahedron Lett., 1071 (1970); (d) J. R. 
Salaun and J. M. Conia, Chem. Commun., 1358 (1970); (e) W. T. Brady and 
J. P. Hieble, J. Org. Chem., 36, 2033 (1971); (f) D. L. Garin and K. L. 
Cammack, Chem. Commun., 333 (1972); (g) P. R. Brook and A. J. Duke, 
ibid., 652 (1970); (h) P. R. Brook, ibid., 565 (1968).

(5) W. T. Brady and R. Roe, J r„ J. Am. Chem. Soc., 93, 1662 (1971).
(6) (a) C. Rappe and L. Knutsson, A cta Chem . Scand., 21, 163 (1967); (b) J. 

M. Conia and J. L. Ripoll, Bull. Soc. Chim. Fr., 755 (1963); (c) ibid., 763
(1963); (d) ibid., 773(1963).

(7) R. E. Rondeau and R. E. Sievers, J. Am. Chem. Soc., 93, 1522 (1971).
(8) Since completion of this work, the successful lithium hydroxide rear

rangement of chloro ketone 4 has been reported: X. Creary, J. Org. Chem., 
41,3734(1976).

(9) I. M. Downie, J. B. Lee, and M. F. S. Matough, Chem. Commun., 1350
(1968).

(10) The cyclopropylcarbinyl nature of these intermediates limits the reaction 
types available for further conversion. Cf. J. D. Roberts and R. H. Mazur,
J. Am . Chem. Soc., 73, 2509 (1951); R. Breslow, ‘‘Molecular Rearrange
ments” , Vol. 1, P. de Mayo, Ed., Interscience, New York, N.Y., 1963, pp 
281 and 293.

(11) J. A. Marshall, N. H. Andersen, and J. W. Schlicher, J. Org. Chem., 35, 858
(1970).

(12) A. S. Hallsworth, H. B. Henbest, and T. I. Wrigley, J. Chem. Soc., 1969 
(1957).

(13) The purity of compounds analyzed by high-resolution mass spectrometry 
was confirmed by gas chromatography and, most authoritatively, by ,3C 
NMR spectroscopy.

Pyridopyrimidines. 8. A Novel Ring Opening during 
the Acylation of 6-Amino-l,3-dimethyluracil

Gary L. Anderson and Arthur D. Broom*

Department of Biopharmaceutical Sciences, College of 
Pharmacy, University of Utah, Salt Lake City, Utah 84112

Received May 26,1977

The use of dimethyl acetylenedicarboxylate (DMAD) in 
the synthesis of pyrido[2,3-d]pyrimidines has been the subject 
of several recent papers.1“ 4 During the course of these inves
tigations, it was found that the reaction of l-alkyl-6-ami- 
nouracil derivatives with DMAD under aprotic conditions 
gave rise to 5-(3-carbomethoxy-2-propynoyl)uracils (l).4 
When the same reaction was carried out in a protic solvent 
(water, methanol), on the other hand, the pyridopyrimidine
(2) was formed.1“3

a, R =  R' =  CH,
b, R =  CH3; R' -  H

In an attempt to gain additional insight into the mechanism 
of the formation of ketones having the general structure 1, the 
reaction of l,3-dimethyl-6-aminouracil (3) with DMAD was 
followed by XH NMR spectroscopy using (CD3)2SO as solvent. 
Spectra were obtained at various time intervals and revealed 
the disappearance of 3 and the ultimate formation of la. 
However, a number of additional peaks appeared in the 
spectrum such that, about 1 h after the initiation of the reac
tion, the spectrum was a composite of all the peaks (and only 
the peaks) seen in Figure la-c. After 6 h the spectrum (Figure
lc) corresponded to that of the propynoyl adduct la.

The most striking feature of the composite spectrum was 
the disappearance of one iV-methyl resonance at 5 3.27 and 
its replacement by a doublet at 5 2.60. Addition of a small 
amount of D2O to the solution caused an immediate collapse 
of the 5 2.60 doublet to a singlet with the concomitant disap-
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Figure 1. 'H NMR spectra in (CDa^SO with DSS as internal refer
ence (multiplet at 5 2.5 due to solvent was eliminated for the sake of 
clarity): (a) 6-amino-l,3-dimethyluracil; (b) reaction mixture; (c) 
5-(3-carbomethoxypropynoyl)-l,3-dimethyl-6-aminouracil.

pearance of a broad doublet at 5 9.03 attributable to a single 
N-H proton.

The reaction was repeated on a larger scale in (CHs^SO. 
Addition of methanol to the reaction mixture after 1 h led to 
the precipitation of a pale yellow solid which was recovered 
in 57% yield. The 1H NMR spectrum of this solid (Figure lb) 
showed very clearly the presence of the 5 2.60 doublet. In ad
dition there were seen two low-field signals (5 9.03 and 8.55) 
which disappeared rapidly upon addition of D2O and which 
corresponded to one and two protons, respectively. These data 
are consistent only with an NHCH3 moiety which must have 
resulted from opening the pyrimidine ring. The ring-opened 
intermediate was unstable and was converted to the intensely 
orange propynoyl derivative la simply by gentle warming or 
allowing the solution to stand at room temperature in either 
protic or aprotic solvents. Even at —10 °C the pure solid in
termediate was converted to la within a few months.

The intermediate gave an elemental analysis consistent with 
a simple adduct of 3 and DMAD, but electron impact or 
chemical ionization mass spectrometry gave only the molec
ular ion (m/e 265) of the cyclized final product la. Although 
this result was not surprising in view of the marked instability 
of the intermediate, it was clearly desirable to demonstrate 
that the true molecular ion did contain the additional ele
ments of methanol (m/e 297). A freshly prepared sample of 
the intermediate was subjected to field desorption mass 
spectrometry which did lead to the demonstration of a 
prominent molecular ion at m/e 297.

To account for these observations, two ring-opened inter
mediates could be proposed. Cleavage of the N3-C4 bond, a 
reaction well-documented in the 5,6-dihydrouracil series,5’6 
would lead to ester 4. Cleavage of the N 1 -C 6 bond, on the 
other hand, would lead to the ketene acetal-type structure 5. 
In order to determine which mode of ring opening was oper
ative, the same reaction was followed hy *H NMR using 6 - 
amino-l-methyluracil (lb). Again the A’ -methyl signal (in this 
case the only such signal) moved to higher field as a doublet. 
This observation is consistent o n ly  with ring opening at the 
N 1 -C 6 bond.

4

Based upon the above data, a logical mechanism for the 
formation of intermediate 5 is presented (Scheme I). The first 
step is presumed to involve addition of DMAD across the 5,6 
double bond giving intermediate 6. The subsequent elimina
tion reaction should proceed with rupture of the bond leading 
to the greatest stabilization of negative charge (the least basic 
anion). The only anion subject to resonance stabilization is 
that resulting from cleavage of the 1,6  bond; such a cleavage 
leads to intermediate 5. Upon recyclization, again the least 
basic anion is eliminated (in this case methoxide) to give la 
as the final product. The cyclization is very similar to that 
recently reported by Shealy and O’Dell7 whereby uracil de
rivatives were readily prepared by the cyclization of 3- 
methoxyacryloylureas.

Scheme I
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2) Borane-methyl sulfide (B1MS) is a highly concentrated

BMS
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solvents.4 This reagent is an active hydroboration 
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reducing agent.5
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9-BBN
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