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Synthetic
Methods

W. Theilheim er of Organic Chemistry

Announcing
the fourth volume of the sixth series Voi. 29 Yearbook 1975 approx. 600 pages, $199.00

Volume 29 of this well-known reference source of organic reactions again contains almost
1.000 new abstracts. This brings the total material in the 29 volumes to
26,324 selected and coordinated key abstracts 

kept up-to-date by more than

26.000 supplementary references.

This comprehensive reaction documentation in handy book form allows the searcher to browse 
and look up references in quick succession. The specially designed subject index,
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Copper compounds, organo-
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Phase transfer catalysis

Protection (of functional groups) 
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Sodium tetracarbonylferrate(II) 
Stereospecific reactions 
Sulfonium ylids

From the reviews A seven-page essay on "Trends in Synthetic Organic Chemistry 1973" is useful orienting
of Vol. 27 reading; it highlights particularly unusual or useful innovations.—It should not be

overlooked that a work of this kind requires an unusually large amount of work to produce 
but, in turn, can easily save the user more than its cost in a relatively short time.

J. Am. Chem. Soc. 95, 8214 (1973)

of Vol. 28 . . .  there is a magnificently complete index, which is cumulative for Volumes 26, 27, and 28.
The information in the ''Theilheimer" is thus eminently retrievable. It also constitutes a tool 
by which to maintain current awareness, and the abundance of equations with clear structural 
formulas encourages browsing.

J. Am. Chem. Soc. 96, 8119 (1974)
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Taught by Professor Edward C. 
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Synthetic Organic Chemistry, this 
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(which is complete by itself) of a 
comprehensive four-part introduc
tion to the immense field of organic 
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of twelve audiotape cassettes 
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cussions of their solutions, are 
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familiar with basic organic 
chemistry.

Dr. Taylor, A. Barton Hepburn 
Professor of Organic Chemistry 
and Chairman of the Chemistry 
Department of Princeton University, 
is one of the world's leading 
authorities on the subject of 
heterocyclic chemistry. Professor 
Taylor serves as a consultant to 
several firms; is a member of the 
editorial boards of four journals; 
has published several books and 
over 250 articles; and is editor of 
the series Advances in Organic 
Chemistry and co-editor of the 
series, The Chemistry of Hetero
cyclic Compounds and General 
Heterocyclic Chemistry.
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ADVANCES IN HETEROCYCLIC CHEMISTRY, Volume 18
edited by ALAN R. KATRITZKY and A . J. BOULTON
Contents: J. S. Kwiatkowski and B. Pullman, Isatins. S. W. Schneller, Thiochromanones. L- 
Pyrimidine Tautomerism. T. S. Griffin, et al, Merlini, Chrom-3-enes. P. Cagniant and D. Cag- 
Thioureas in Heterocyclic Synthesis. F. D. Popp, niant, Benzo [b] furans. 1975, in preparation

ORGANOBORANE CHEMISTRY
by THOMAS ONAK
A  Volume in the Organometallic Chemistry Series 
This book provides a comprehensive treat- synthetic 
ment of the structure, physical properties, 
synthesis, and reactions of compounds 
containing carbon-boron bonds. The book 
summarizes the existing literature, brings 
it further up-to-date, and bridges the gap 
between traditional organic and inorganic 
approaches to this area of organometallic 
chemistry. The work emphasizes general

and reaction pathways, with 
extensive use of tables for the chemist 
needing quick reference to specific organo
boron compounds. Its viewpoint is syn
thetic chemistry at a descriptive level; 
however, correlations of chemical behavior 
with theory are made where possible.

1975, 360 pp., $38.00/$,18.25

NATURAL PRODUCTS CHEMISTRY, Volume 1
edited by KOJI NAKANISHI, TOSHIO G O T O , SHO ITO, SHINSAKU NATORI, and 
SHIGEO NOZOE

Natural products chemistry is becoming 
increasingly diversified and complicated, 
and the literature is scattered widely in 
numerous monographs, reviews, and 
papers. This volume fills the gap between 
the organic textbooks and the compre
hensive treatises on a particular aspect or 
group of natural products. The natural 
products are described and discussed ac
cording to type classifications, with de
tailed coverage of the various aspects of 
each particular group— introductory sur

vey, history, structure, synthesis, reac
tions, and biosynthesis. Emphasis is on 
rapid visual retrieval of information—  
almost as in a "picture book"— by the free 
inclusion of structural formulae and simple 
abbreviations.
CONTENTS: S. Natori, Classification of Natural 
Products. K. Nakanishi, Physico-Chemical Data for 
Structural Studies. S. Nozoe, Mono- and Sesqui- 
Terpenoids. K. Nakanishi, Diterpenoids. S. Ito, 
Sester-, Tri- and Higher Terpenoids. K. Nakanishi, 
Steroids.
1974, 550 pp., $32.50/$15.60

(Please note that in the November 1974 issue of the Journa l of Organic Chemistry, this book was advertised w ith  an incorrect price.
The correct price is as c ited above)

CREATIVITY IN ORGANIC SYNTHESIS
by JASJIT S. BINDRA and RANJNA BINDRA 
"The creative possibilities of synthesis are 
manifold and embrace not only conceptual 
and strategic information but also method
ological discovery in the form of new 
chemistry and new techniques of experi
mental execution.
All these considerations give force to the 
conviction that the systemization of syn
thetic chemistry and its literature are of 
enormous importance. The unparalleled 
effectiveness of the organic chemist's 
graphical language looms especially large

in this connection, enabling what is seen 
to be a remarkable case of communication 
as compared to other intellectual disci
plines . . . .  The pages which follow abound 
with important information for the syn
thetic chemist, presented in crystal clear, 
concise, flow-chart form, taking full ad
vantage of superb attributes of chemical 
graphics."— From the foreword b y  E. J. 
Corey, Harvard University

1975, 340 pp., $11.50/£ 5 .50

CATALYSIS IN MICELLAR AND MÄCROMOLECULAR 
SYSTEMS

V

by JANOS H. FENDLER and ELEANOR J. FENDLER
This book is perhaps the first compre
hensive treatment of both micellar and 
macrom olecular catalysts. It gives the 
necessary background on the preparation 
and physical-chemical properties of mi
celle-forming surfactants and provides ex
haustive coverage of micellar and macro-

molecular effects on reactions. Extensive 
data tabulations allow intercomparisons of 
aqueous and nonaqueous micellar, liquid 
crystalline, polymeric, crown ether, cyclo- 
amylose, and phase transfer systems.

1975, 552 pp., $44.00/£21.10
Prices subject to change without notice.
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Hydrogenation of isoquinoline and quinoline over Pt02 at atmospheric pressure in methanolic hydrochloric 
acid led predominantly to reduction of the benzene ring, whereas reaction of 5,6,7,8-tetrahydroisoquinoline with 
sodium-ethanol gave chiefly 1,2,3,4,5,6,7,8-octahydroisoquinoline. The experimental conditions established for 
the above reactions may be used in the synthesis of precursors of apomorphine and morphinan analogs from the 
readily synthesized derivatives of 1-benzylisoquinoline.

Apomorphine (1) has potentiated the therapeutic effects 
of levodopa (L-dopa, 3,4-dihydroxyphenylalanine) while di
minishing some of its side effects in the treatment of Park
insonism.1 To separate synergistic from antagonistic effects 
we have been synthesizing analogs of l . 2 We report here 
findings obtained in exploring synthetic routes to new ana
logs.

In the hydrogenation of l-(3',4'-dimethoxybenzyl)-2- 
methyl- (2a) and 1- (3' ,4' -dimethoxy benzyl) -2 -rc -propy 1 - 
isoquinolinium iodide (2b) over PtC>2 at atmospheric pres
sure and room temperature, the pyridine ring was invari
ably reduced to piperidine to give 3a and 3b in yields of 
>90% (Scheme I). In contrast, under the same conditions, 
the hydrochloride of 4 yielded two products, 43-46% of 1- 
(3',4'-dimethoxybenzyl)-l,2,3,4-tetrahydroisoquinoline (5) 
and 54-57% of l- '̂A'-dimethoxybenzyR-b^^S-tetrahy- 
droisoquinoline (6) as the hydrochloride salts.

Until recently,3 reports of hydrogenation of isoquinoline
(7) and quinoline (10) derivatives always indicated a pref
erential, if not exclusive, reduction of the pyridine ring4 de
pending on the experimental conditions used and the de
gree of ring substitution.5 Therefore, 5,6,7,8-tetrahydroiso
quinoline (9) and 5,6,7,8-tetrahydroquinoline (12) com
pounds have always been synthesized by multistep or indi
rect methods.4*1’6 It was also show,n that 12 can be reduced 
with sodium-ethanol to the corresponding t r a n s -decahy- 
droquinoline.3

These observations suggested to us that the scope of syn-
* This work was supported by the National Institutes of Health (Grant 

NS 11131) and the U. S. Atomic Energy Commission.

Scheme I

6

2a, R = CH3; X = I 3a, R = |CH3; Xj = pi
2b, R = CH2CH2CH3; X = I 3b, R = CH2CH2pH3; X = iCl 
4, 5, 6, R = H; X = Cl

thesis of apomorphine analogs might be expanded to in
clude derivatives of 1-benzyl-trans-decahydroisoquinoline- 
s obtained from their precursors, 1-benzyl-5,6,7,8-tetrahy- 
droisoquinolines (13). These in turn may be reduced to
l-benzyl-l,2,3,4,5,6,7,8-octahydroisoquinolines, potential 
precursors in the synthesis of morphinans7a’b and apomor
phine analogs.7b

To determine optimum mild hydrogenation conditions 
that may lead to the synthesis of derivatives of 13 in high 
yields, we chose to study the reduction of 7 and 10 in meth
anol, an effective solvent for precursors such as 4 with 
varying concentrations of HC1 at room temperature and at
mospheric pressure.

Results and Discussion
The structure of the two compounds, 5 and 6, proposed 

is consistent with the elemental analysis, 1H NMR spectra,
1191
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Table I
Catalytic (PtOa) Hydrogenation of Isoquinoline and 

Quinoline in Methanol-HCl
MeOH-HCl

% products0 MeOH 1 .0  N 4 .0  N

Su bstrate: Isoquinoline-H Cl

8 87 30 13
9 13 70 87

R eaction tim e , m in 60 140 160

Substrate: Quinoline*HCl

11 54 43 39
12 34 37 52

Decahydro- and
octahydroquinoline 7 11 T race

Reaction tim e , min 345 445 450
a Hydrogenation was carried 

atmospheric pressure.
out at room temperature

and TLC. In each case, TLC showed in more than one
vent system only one spot, which upon treatment with nin- 
hydrin gave a yellow color for 5 (secondary amine)8 and a 
negative reaction for 6. The percent composition of 5 and 6 
was determined in their crude yield by integration of their 
’ H NMR spectra after proton bands were identified and 
assigned following separation and purification of 5 and 6 by 
successive crystallizations from absolute ethanol.

The two one-proton doublets at 5 7.60, 7.70 and 8.43, 8.53 
(AB pattern, J  = 5 Hz)9a’b were assigned respectively to 
H-4 and H-3 of 6. A similar pattern was observed in the XH 
NMR spectrum of 9 (see Experimental Section). In both 
spectra, the doublet at the lower field was assigned to H- 
l .9a A multiplet at 6 6.90-7.25 in the spectrum of 5 repre
sented the seven aromatic protons in this compound while 
the multiplet at 8 6.97-7.13 of 6 was due only to the three 
protons of the catechol.

To determine the percent composition of 5 and 6, the 
two doublets assigned to H-3 and H-4 of 6 were integrated 
and the relative area for one proton was determined. From 
this, the relative area for three protons for 6 was derived 
and subtracted from the integrated area of the overlapping 
multiplets, 8 6.90-7.25. The difference obtained corre
sponded to the seven aromatic protons of 5, from which the 
relative area for one proton was derived. Thus the ratio of 
the estimated areas associated with each proton of 5 and 6 
permitted an approximate determination of the percent 
composition of each compound.

The two products of the hydrogenation of the hydrochlo
ride of 7 ,1,2,3,4-tetrahydroisoquinoline (8) and 9 (Table I),

7 8 9

were identified by their ]H NMR spectra, TLC, and melt
ing points of their picrate and hydrochloride salts. The nar
row band at 5 7.28 in the XH NMR spectrum of 8 was as
signed to its aromatic protons while the AB quartet in the 
spectrum of 9 was assigned to H-3 and H-4. The band due 
to H -l appeared coincidentally at 8 8.72. The clear separa
tion of the aromatic band of 8 from that of 9 allowed a fac
ile estimation of the percent composition of the two com
pounds by integration of their spectra.

In all the hydrogenations of the hydrochlorides of 10, two 
major compounds were isolated: 1,2,3,4-tetrahydroquino- 
line (11) and 12. Both these compounds were identified by

Table II
Reduction of Isoquinoline in Sodium-Ethanol

Compd

% com

position

Retention 
time, min Ninhydrin Uv

14 2 2 .4 14 .2 Y ellow N egative
15 10.5 16.4 Purple N egative
16 1.9 20.0 N egative P ositive
17 65 .2 2 1 .4 Y ellow N egative

the melting points of their picrate salts and their XH NMR 
spectra, and 11 also by the melting point of its hydrochlo
ride salt. The XH NMR spectrum of 11 was shown to be 
identical with that of commercially available 11. The two 
one-proton doublets of 10, 8 8.78, 8.82 and 8.85, 8.88, were 
assigned to H-29b and the multiplet at 8 7.14-8.01 to the re
maining aromatic protons. The two two-proton multiplets, 
8 6.88-7.03 and 6.28-6.57, were assigned to the aromatic 
protons of l l . 10 In the spectrum of 12 the aromatic proton 
bands showed an ABX pattern almost identical with that 
of 2,3-lutidine11 with analogous band assignments (see Ex
perimental Section). The two doublets, 5 8.27, 8.30 and 
8.35, 8.37, were assigned to H-2. Thus the nonoverlapping 
bands of H-2 of 10 and 12 and the multiplet at 8 6.28-6.66 
of 11 were used to determine the composition of these three 
compounds as free bases in the hydrogenation mixtures. In 
addition to compounds 11 and 12, TLC showed the pres
ence in small amounts of two compounds which both failed 
to absorb in the uv but reacted positively with ninhydrin. 
The XH NMR spectra of the ether-extracted free bases 
from the hydrogenation mixtures showed a broad multiplet 
that began at 8 1.08 and overlapped with those of 11 and 12

10 11 1)2
above the aromatic region. Integration of the combined 
multiplets followed by subtraction of the areas ascribed to 
protons of 11 and 12, derived from the integration of the 
bands discussed above, yielded the approximate percent 
composition of the two unknown compounds as decahydro- 
quinoline.

After prolonged hydrogenation of 12 in 4 IV HCl-metha- 
nol solution until only a trace of 12 remained, TLC re
vealed the same aforementioned two unknown compounds. 
One of the compounds was shown to be identical with a 
commercially available irons-decahydroquinoline. The ir 
spectrum of the above mixture showed a weak band at 1660 
cm-1, indicating the presence of a -C = C -  stretching. Be
cause the XH NMR spectrum of this mixture showed no 
olefinic proton band, such a double bond could exist only at 
the 9,10 position of the octahydroquinoline, since a positive 
reaction with ninhydrin ruled out the alternative 1,9 posi
tion.

Reduction of 9 with sodium-ethanol yielded four com
pounds as shown by TLC and preparative GC. Compounds

14 17
14 and 17 (Table II) were obtained in sufficient amount for 
extensive characterization. The spectra, physical proper
ties, and the picrate and hydrochloride salts of 14 identi
fied it as trans-decahydroisoquinoline (Table II).

The XH NMR spectrum of the major compound 17, 65% 
of the total reaction mixture, showed no aromatic or olefin
ic protons and differed from that for trans- or cis-decahy-



droisocuinoline.12 The ratio of the respective integrated 
areas under the broad multiplet, 8 1.33-2.00 and 2.60-3.47, 
was found to be 2.8. It showed a strong and sharp ir band at 
1590 cm-1. These findings along with the elemental analy
sis of its hydrochloride salt and comparison with known de
rivatives led us to postulate its structure as 1,2,3,4,5,6,7,8- 
octahydroisoquinoline. Because of inadequate amounts, 16 
was characterized only by TLC. 15 was found by TLC to be 
unreacted 9.

Conclusions
The results (Table I) are in general agreement with those 

of others3 and show in addition that under the same experi
mental conditions (1) the ratios of 8 to 9 and of 11 to 12, as 
well as the reaction times, increase with increasing HC1 
concentration; (2) satisfactory yields of 8 and 12 can be ob
tained at atmospheric pressure and in a relatively short 
time so that side reactions are minimized when sensitive 
functional groups are present.

Whereas others have shown that the predominant, if not 
exclusive, product of the sodium-ethanol reduction of 10 is 
trans-decahydroisoquinoline,3 we have shown that under 
similar reaction conditions 9 yields predominantly 17 with 
14 as a minor product. This is in accord with the finding 
that l-(p-hydroxybenzyl)-5,6,7,8-tetrahydroisoquinoline 
and its methyl ether yield the corresponding octahydro 
compound when treated with sodium-isoamyl alcohol.13 
Further reduction of 17 to the trans-decahydroisoquino- 
line is possible under more strenuous hydrogenation condi
tions.13

In conclusion, the above results indicate that ring-substi
tuted compounds of the type 16, precursors to morphinan 
and apomorphine analogs,7b’13 can be prepared directly 
from readily synthesized 1-benzylisoquinoline derivatives.

Experimental Section
Uncorrected melting points were determined on a capillary 

melting point apparatus. 1H NMR spectra were obtained on a Var- 
ian T-60 NMR spectrometer at room temperature in CDCI3 or 
DMSO-de with Me,iSi used as an internal standard. Eastman 
Chromagram sheets (6060 silica gel with fluorescent indicator) 
were used for TLC. The following TLC solvent systems were used: 
1-butanol-acetic acid-water, 4:1:1 (A), 9:1:2.5 (B); chloroform- 
MeOH-acetic acid, 17:2:1 (C); benzene-ethyl acetate, 4:1 (D); cy
clohexane-ethyl acetate, 1:4 (E); benzene-MeOH, 4:1 (F). A pre
parative gas chromatograph, Perkin-Elmer F-21, with a flame ion
ization detector and a 15 ft X 8.0 mm column (20% Carbowax 20M 
+ 4% KOH on Chromosorb W) was used for determining the per
cent composition and separating and identifying the products ob
tained from the sodium-EtOH reduction of 9. Infrared spectra 
were obtained on a Perkin-Elmer 337 grating spectrometer. Ele
mental analyses were determined by Galbraith Laboratories, Inc., 
and Schwarzkopf Microanalytical Laboratories.

Materials. 3,4-Dimethoxybenzyl alcohol was obtained from In
ternational Chemical and Nuclear Corp.; K & K Laboratories; 3,4- 
dimethoxyphenylacetic acid, isoquinoline, 1,2,3,4-tetrahydroiso- 
quinoline, and 1,2,3,4-tetrahydroquinoline were obtained from Al
drich Chemical Co.; trans-decahydroquinoline, 1-iodopropane, 
and Mel were obtained from Eastman Organic; picric acid was ob
tained from J. T. Baker Chemical Co.; Pt02 (83.4%) was obtained 
from Engelhard Industries.

3,4-Dimethoxybenzyl Chloride (18). The method of synthesiz
ing 18 was adapted from an early method.14 HC1 was bubbled 
through a solution of 3,4-dimethoxybenzyl alcohol (25.0 g, 0.149 
mol) in absolute ether (80 ml) under anhydrous conditions and at 
ice-water temperature. After 35 min, the color of the ether solu
tion changed to deep red. The ether solution was washed succes
sively with water, saturated NaHCO.a solution, and water to a pH 
of about 6.0. The ether layer was dried over anhydrous MgSCL and 
then filtered, and the ether was removed under reduced pressure. 
The residue, a colorless, viscous oil, slowly crystallized on standing, 
yielding 25.0 g (90%), mp 48-51° (lit. mp 50-50.5°,15 48°14).

l-Cyano-2-benzoyl-l,2-dihydroisoquinoline (Reissert’s

Precursors to Apomorphine and Morphinan Analogs

Compound). This compound was prepared as described in the lit
erature.16

l-(3',4'-Dimethoxybenzyl)isoquinoline Hydrochloride (4).
The method of preparing 4 was essentially as reported elsewhere,17 
with the following modifications. After hydrolysis in CH3OH- 
KOH and isolation of the crude free base, the base was extracted 
with ether (2 X 70 ml) and the extract was dried over anhydrous 
Na2SC>4, filtered, and reduced in volume to 40 ml; then HCl-satu- 
rated ether was added. The precipitated HC1 salt was filtered, 
triturated with ether repeatedly, and dried, 11.5 g (94%). This was 
recrystallized from EtOH-ethyl acetate, yielding 9.4 g (75%): mp 
188-189.5°; JH NMR (DMSO-dg) 8 3.63 (s, 3, -OCH3), 3.73 (s, 3, 
-OCH 3), 4.92 (broad s, 2, -C H 2-), 6.69-8.30 [m, 3, (MeO)2C6H3-], 
7.64-8.75 (m, 6, isoquinoline H).

Anal. Calcd for CI8Hi8C1N02: C, 68.46; H, 5.74; N, 4.44; Cl, 
11.23. Found: C, 68.52; H, 5.74; N, 4.43; Cl, 11.33.

l-(3',4'-Dimethoxybenzyl)-l,2,3,4-tetrahydroisoquinoIine 
Hydrochloride (5). 4 (3.86 g, 12.3 mmol) was hydrogenated at at
mospheric pressure in MeOH (100 ml) over P t02 (0.60 g, 2.2 
mmol). The reaction was completed 80 min later after the theoreti
cal amount of H2 (2 equiv) was absorbed. TLC (A, C) revealed two 
spots on visualization with uv, of which one yielded a yellow color 
when exposed to ninhydrin and the other reacted negatively. After 
removal of the catalyst, the solvent was evaporated under reduced 
pressure, yielding 3.7 g (94%) of a white, amorphous solid. Recrys
tallization from boiling EtOH (22 ml) yielded 3.1 g of colorless 
crystals, mp 194-197°. TLC again revealed the two spots upon vi
sualization with uv and ninhydrin. Recrystallization was repeated 
in EtOH (30 ml) and allowed to proceed slowly overnight after 
seeding with crystals of 5 obtained previously. Colorless, heavy 
crystals were filtered off and washed with cold EtOH followed by 
ether, 0.97 g, mp 227-228°. TLC showed a single spot on visualiza
tion with uv and I2 and yielded a yellow color when exposed to nin
hydrin; JH NMR (DMSO-d6) 8 2.97-3.50 [broad m, 6, 
(MeO)2PhCH2-, H-3, H-4], 3.77 [s, 6, (-OCH3)2], 4.60 (broad t, J  = 
5 Hz, H -l), 6.90-7.07 [broad, overlap, 3, (MeO)2C6H3-], 7.25 
(broad s, 4, H-4, H-5, H-6, H-7).

Anal. Calcd for Ci8H22C1N02: C, 67.59; H, 6.93; N, 4.38; Cl,
11.09. Found: C, 67.60; H, 6.88; N, 4.41; Cl, 11.06.

l-(3',4'-Dimethoxybenzyl)-5,6,7,8-tetrahydr,oisoquinoline
Hydrochloride (6). The mother liquor obtained after filtering off 
5 was concentrated under reduced pressure to 20 ml and allowed to 
stand at room temperature. Colorless crystals were filtered off and 
washed with cold EtOH followed by ether, 1.30 g, mp 209-212°. 
Recrystallization from EtOH yielded 0.98 g: mp 211-212°; TLC (A, 
C) one spot (uv, I2), negative to ninhydrin; lH NMR (DMSO-de) 8 
1.53-2.0 (broad m, 4, H-6, H-7), 2.45-3.13 (broad m, 4, H-5, H-8), 
3.72, 3.75 (2 s, 6, -OCH3), 4.42 [s, 2, (MeO)2PhCH2-], 6.97-7.13 
[broad m, 3, (MeO)2C6H3-[, 7.60, 7.70 (d, J = 5 Hz, 1, H-4), 8.43, 
8.53 {d ,J  = 5 Hz, 1, H-3).

Anal. Calcd for Ci8H22N 0 2C1: C, 67.59; H, 6.93; N, 4.38; Cl,
11.09. Found: C, 67.60; H, 6.79; N, 4.28; Cl, 11.14.

l-(3',4'-Dimethoxybenzyl)-2-methylisoquinolinium Iodide
(2a). The free base of 2a (6.88 g, 24.2 mmol) was dissolved in 
M eN02 (50 ml) and Mel (3.44 g, 242 mmol) was added. After 5 hr 
at room temperature copious long, yellow needles appeared. After 
18 hr, only a trace of the starting material was evident by TLC (F). 
The addition of ethyl acetate (100 ml) completed the precipitation. 
The product was filtered off and recrystallized from absolute 
EtOH: 9.9 g (97%); mp 202-203° (lit.17 mp 139-140°); XH NMR 
(DMSO-d6) 8 3.72. 3.78 (s, 6, -OCH3), 4.50 (s, 3, NCH3), 5.15 [s, 2, 
(MeO)2C6H3CH2- ; ,  6.31-7.17 [m, 3, (MeO)2C6H3-], 7.96-9.0 (m, 6, 
isoquinoline H’s).

Anal. Calcd for Ci9H20INO2: C, 54.16; H, 4.79; I, 30.12; N, 3.33. 
Found: C, 54.19; H, 4.81; I, 30.05; N, 3.31.

l-(3',4'-Dimethoxybenzyl)-2-methyl-1,2,3,4-tetrahydroiso- 
quinoline Hydrochloride (3a). 2a (4.6 g, 98.6 mmol) was hydro
genated at atmospheric pressure in MeOH (120 ml) over P t02 
(0.60 g, 22 mmol). After 0.5 hr, the theoretical amount of H2 (2 
equiv) was absorbed with a concomitant clumping of the catalyst 
signaling the end of the reaction. After removal of the catalyst by 
filtration and of the solvent under reduced pressure, the solid resi
due was dissolved in water (90 ml) and treated with excess 
NaHC03. The free base was extracted with ethyl acetate (2 X 50 
ml), and the combined extracts were washed with water (30 ml), 
dried over anhydrous Na2SO,t, and then filtered. The solvent was 
removed under reduced pressure, and the residue, a viscous oil, 
was dissolved in 43 ml of absolute ether to which another 40 ml of 
HCl-saturated ether was added. The HC1 salt precipitate was iso
lated and washed with ether, 2.94 g (91%). The crude product was
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recrystallized from absolute EtOH (45 ml), yielding colorless, 
stick-shaped crystals: 2.65 g (80%); mp 233-235° dec (lit.17 mp 
227-230°); 7H NMR (CDC13) 8 2.92 (broad s, 3, NCH3), 2.77^.17 
[broad m, H-3, H-4, and (MeO)2Cf;H3CH2-], 4.23-4.60 (m, 1, H -l), 
3.77 (s, 3, -OCH3), 3.87 (s, 3, -OCH3), 6.4-6.8 (m, 4, H-5, H-6, H-7, 
H-8), 6.87-7.33 [m, 3, (MeO)2C6H3-].

Anal. Calcd for C19H24C1N02: C, 68.35; H, 7.24; Cl, 10.62; N,
4.20. Found: C, 67.94; H, 7.25; Cl, 11.01; N, 4.25.

l-(3',4'-Dimethoxybenzyl)-2-n-propylisoquinolinium Iodide 
(2b). The free base of 4 (0.93 g, 3.33 mmol) was treated at 90° with 
iodopropane (11.6 g, 70 mmol) in M eN02 (15 ml). Reaction was 
completed after 4-5 hr as shown by TLC (F). The product was pre
cipitated by the addition of ether and allowed to stand overnight 
at 4°. The product was filtered and washed with ether, 1.45 g 
(91%), mp 205-206°. Recrystallization from absolute EtOH (35 ml) 
yielded 1.33 g (89%) of yellow, needle-shaped crystals: mp 211- 
212° dec; ]H NMR (CDC13) 8 1.03 (t, 3, J = 7 Hz, CCH3), 1.92 (m, 
2, J  = 7 Hz, -C H 2Me), 3.82 (s, 3, -OCH3), 3.88 (s, 3, -OCH3), 4.97 
(t, 2, J  = 7 Hz, -CH 2CH2CH3), 5.25 [s, 2, (MeOkPhCHa-j, 6.7- 
7.39 [m, 3, (MeO)2C6H8-], 7.82-8.72 (m, 4, H-5, H-6, H-7, H-8), 
8.47 (d, 1, J  = 7 Hz, H-4), 9.23 (d, 1, J  = 7 Hz, H-3).

Anal. Calcd for QuH jJN O * C, 56.13; H, 5.38; I, 28.25; N, 3.12. 
Found: C, 56.21; H, 5.31; I, 28.38; N, 3.07.

l-(3',4'-DimethoxybenzyI)-2-n-propyl-l,2,3,4-tetrahydro- 
isoquinoline Hydrochloride (3b). 2b (1.23 g, 2.74 mmol) was hy
drogenated at atmospheric pressure in MeOH (35 ml) over P t02 
(0.20 g, 0.73 mmol). In less than 0.5 hr, the theoretical amount of 
H2 (2 equiv) was absorbed and clumping of the catalyst occurred. 
TLC (A) showed the presence of only one compound. The catalyst 
was removed by filtration and the solvent under reduced pressure. 
The yellow, amorphous solid residue was dissolved in MeOH (15 
ml) and basified with 5% aqueous NaOH (45 ml). The free base 
was extracted with ether (3 X 40 ml), washed with water to a neu
tral pH, and then dried over anhydrous Na2SC>4. The solution was 
filtered, and the light amber-colored oil remaining upon removal of 
the ether was converted to the HC1 salt as described above, 0.77 g 
(77%), mp 201-203.5°. Recrystallization from a solution of MeOH 
(12 ml) and ether (20 ml) yielded a crystalline product: 0.60 g; mp 
203-204°; 7H NMR (CDC13) 5 0.95 (t, J = 7 Hz, CCH3), 1.93-2.27 
(m, J  = 6 Hz, 2, -C H 2Me), 2.75-4.05 (m, 9), 3.75 (s, 3, -OCH3), 
3.87 (s, 3, -OCH3), 4.30 [t, J  = 7 Hz, 2, (CH30 )2PhCH2-]t 6.37- 
7.38 (m, 7, aromatic H ’s).

Anal. Calcd for C2iH28C1N02: C, 69.69; H, 7.80; Cl, 9.80; N, 3.87. 
Found: C, 69.67; H, 7.78; Cl, 9.82; N, 3.89.

Hydrogenation of Isoquinoline and Quinoline Hydrochlo
rides. General Procedure. The hydrogenation was carried out in 
absolute MeOH solution or MeOH solution of gaseous HC1 with 
0.25 M  of substrate and a 10:1 ratio of substrate to Pt02 at atmo
spheric pressure and room temperature with maximum agitation 
(magnetic stirrer) in a baffled hydrogenation flask. Reaction was 
discontinued when approximately 2 equiv of H2 was absorbed. 
After removal o f the catalyst by filtration, the solvent was removed 
under reduced pressure, and the residue salt was dried under high 
vacuum. The approximate percent composition of the crude prod
ucts (as HC1 salts of reduced 7 and free bases of 10) was deter
mined by integration of their 7H NMR spectra. Free base compo
nents of these mixtures obtained by extraction with ether from 
basic aqueous solutions were separated by successive fractionation 
under reduced pressure followed by a final purification step in 
which the free bases were converted to picrate salts, recrystallized 
from absolute EtOH, and characterized by comparing their melt
ing points with those in the literature (Table I). The picrates were 
then decomposed with aqueous 4 N  HC1, and, after removal of the 
picric acid by ether extraction, the purified free bases were ob
tained by ether extraction from their basic solutions and converted 
to their hydrochloride salts. 7H NMR spectra of these and of com
mercially available 8, trans-, and a mixture of cis- and trans-He 
cahydroquinolines were used for the assignment of bands in the 
spectra of their crude mixture. TLC (A, B, C, D, E) served to iden
tify them further and to certify their purity. Melting points of pi- 
crates, °C (lit.): 8, 199-201 (197- 198,18a 20218b); 9, 144-145 (142- 
14419); 11, 142-143 (14320); 12, 158-160 (157,21 158-159®°). Melting 
points of HC1 salts, °C (lit.): 8, 198-199 (195-19718a); 9, 196-198 
(196-19718a); 11,179-181 (179-18020).

'H NMR Spectra (DMSO-rL), & 8, 2.82-3.55 (symmetrical m, 
4, H-3, H-4), 4.20 (s, 2, H -l), 7.28 (s, 4, aromatic H’s); 9, 1.66-1.90 
(m, 4, H-6, H-7), 2.92-3.00 (two overlap broad s, 4, H-5, H-8), 7.84 
(d, 1, J = 6 Hz, H-4), 8.68 (d, 1, J  = 6 Hz, H-3), 8.72 (s, 1, H-l).

‘H NMR Spectra (CDC13), «: 11, 1.89 (m, 2, H-3), 2.73 (t, 3, J 
= 6 Hz, H-2), 3.25 (t, 2, J  = 6 Hz, H-4), 3.77 (broad s, 1, NH),

6.28-7.03 (m, 4, H-5, H-6, H-7, H-8); 12,1.70-1.93 (m, 4, H-6, H-7), 
2.84 (m, 4, H-5, H-8), 6.85-7.07 (m, 1, H-3), 7.23-7.38 (m, 1, H-4), 
8.32 (m, 1, H-2).

5,6,7,8-Tetrahydroisoquinoline (9). 7 (9.04 g, 0.07 mol) was 
hydrogenated over P t02 (1.99 g, 8.76 mmol) in 4 IV HCl-MeOH 
(200 ml) at atmospheric pressure and room temperature. Reaction 
was discontinued after 2 equiv of H2 was absorbed; the catalyst 
was filtered off and the solvent was removed under reduced pres
sure. The solid residue was dissolved in water (70 ml), basified 
with NaHC03, and extracted with ether (4 X 40 ml). The com
bined ether extracts were washed with water, dried over anhydrous 
MgSC>4, and then filtered. The solvent was removed under reduced 
pressure, and the oil residue was dried under vacuum to a constant 
weight, 7.2 g: TLC (A), one major spot (uv positive, ninhydrin neg
ative), one trace spot (uv negative, ninhydrin yellow); ir 1600 cm-1 
(_C = N -); 7H NMR (CDC13) 5 1.45-2.05 (m, 4, H-6, H-7), 2.31- 
3.05 (m, 4, H-5, H-8), 6.93 (d, 1, J = 5 Hz, H-4), 8.24 (d, 1, J  = 5 
Hz, H-3), 8.20 (s, 1, H -l). 9 (7.0 g) was dissolved in absolute EtOH 
(15 ml) and picric acid-EtOH solution (300 ml, 4.4 g/100 ml) was 
added. The picrate salt, small yellow crystals, was filtered off and 
dried, 17.5 g (92%), mp 144-145°. The picrate salt was decomposed 
with aqueous 6 N  HC1 (100 ml), and the picric acid was removed 
by ether extraction. The aqueous layer was basified with excess 
NaHC03, and the free base 9 was extracted with ether, 6.3 g. TLC 
(A): one spot (uv positive, ninhydrin negative).

Reduction of 9 with Na-EtOH. 9 (3.0 g, 22.5 mmol) was dis
solved in absolute EtOH (40 ml) and treated under anhydrous con
ditions while stirring with small pieces of freshly cut Na metal in
troduced over a period of about 1 hr. For the last 0.5 hr the reac
tion solution was heated to maintain a satisfactory rate of reaction. 
At the end of 1 hr, more EtOH (25 ml) was added, and the solution 
was refluxed for 0.5 hr to effect complete reaction of the metal. 
The solvent was removed under reduced pressure, and the white 
residue was dissolved in 200 ml of water and acidified with 6 N  
HC1 to a pH of ca. 1.0; it was then extracted with ether (2 X 50 ml), 
which was discarded. The aqueous solution was basified with 50% 
aqueous NaOH to a pH of ca. 11, and the free amine was extracted 
with ether (4 X 40 ml). The ether extracts were combined and 
washed with water, and then the solvent was removed under re
duced pressure after drying over MgSCL. The colorless, oily resi
due was dried to a constant weight, 2.91 g (93%). TLC (A, C, E, F) 
revealed the presence of at least four compounds, two of which, in
cluding the major product, reacted with ninhydrin to yield a yellow 
color (secondary amine). One spot, a trace, reacted negatively to 
ninhydrin and, in contrast to the other three products, could be 
visualized under uv. The fourth spot, more than a trace, yielded a 
purple color with ninhydrin (primary amine). A preparative GC 
separation of the crude mixture yielded four peaks, well resolved 
and fairly symmetrical. The relative composition was estimated by 
dividing the area under each peak by the sum of the areas of all 
peaks. The area under each peak was estimated by multiplying the 
maximum height of the peak by the width at half the height. Two 
of the compounds, 14 and 17, were collected in sufficient amount 
to permit the preparation of picrate and hydrochloride salts for 
melting points and, in the case of 17, for 7H NMR, ir, Bayers test, 
and elemental analysis. All isolated compounds were subjected to 
TLC analysis (A, C) and exposed to ninhydrin. In each case only 
one spot was shown.

Compound 14: mp of picrate 176-177° (lit.12 mp 175-176°); mp 
of HC1 salt 224-226° (lit.22 mp 222-223°).

Compound 17: mp of picrate 176-178° (lit.7a mp 172°); mp of 
HC1 salt 152-153° (lit.7a mp 150°); 7H NMR (CDC13) 5 1.33-2.0 
(m, 11, H-2, H-4, H-5, H-6, H-7, H-8), 2.60-3.47 (m, 4, H -l, H-3); ir 
1590 cm-1 (s).

Anal. Calcd for C9Hi6C1N: C, 62.23; H, 9.29; Cl, 20.42; N, 8.07. 
Found: C, 62.28; H, 9.27; Cl, 20.49; N, 8.02.

Registry No.—2a, 50370-93-9; 2a free base, 21965-92-4; 2b, 
54446-54-7; 3a, 50370-94-0; 3b, 54384-20-2; 4, 51866-10-5; 5, 3972- 
77-8; 6, 54384-21-3; 7 HC1, 49563-76-0; 8, 91-21-4; 9, 36556-06-6; 10 
HC1, 530-64-3; 11, 635-46-1; 12, 10500-57-9; 14, 2744-09-4; 17, 
2721-62-2; 18, 7306-46-9; 3,4-dimethoxybenzyl alcohol, 93-03-8; io
dopropane, 107-08-4.
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The reactivity of the 2,3-dimethylisoquinolinium nucleus (1) toward 1,4 cycloaddition with alkenes is greatly 
enhanced by the introduction of a nitro group at position 5, making possible r.ew synthetic applications. The reac
tivity of the 2-methylisoquinolinium ion (15) is also enhanced by introduction of a nitro group into position 5, and 
the product (18) with cyclopentadiene is the first simple 1,4 adduct obtained from an isoquinolinium salt with no 
substituent at position 3.

The discovery that 2,3-disubstituted isoquinolinium 
salts (la) would undergo cycloaddition reactions with alkyl 
vinyl ethers2-4 and cyclopentadiene4’5 offered the promise 
of easy access to a host of benzisoquinuclidine derivatives.

EtO

a, R =  H
b, R = iN02
c, R =,NHCOMe

Unfortunately, the sluggishness of the cycloaddition at 
room temperature and the easy reversibility at higher tem
peratures have greatly limited the usefulness of the reac
tion. For example, 2,3-dimethyl-l,3-butadiene, which 
stands next below cyclopentadiene in reactivity toward the 
acridizinium ion,6 does not react noticeably with la in 3 
months at room temperature.

In earlier work7 it was shown that the introduction of the 
electron-withdrawing nitro group at position 9 of the acrid- 
'.zhvhi’m nucleus resulted in a 21-fold increase in the rate of 
cycloaddition toward styrene. This led us to examine the 
reactivity of 5-nitro-2,3-dimethylisoquinolinium ion (lb) 
toward activated alkenes. As measured by its reactivity 
with ethyl vinyl ether, the nitro derivative (lb) reacted ap
proximately 120 times faster than the parent compound
(la). The magnitude of this rate enhancement raised the 
question whether the enhancement was entirely electronic 
in its origin or whether steric acceleration of cycloaddition8 
must play some part. A group at position 5 would tend to

crowd the adjacent peri hydrogen, which is constrained fur
ther by the flanking methyl at position 3. Much of the re
sulting steric strain should be relieved during the cycload
dition, since the peri hydrogen moves out of plane. That 
some steric contribution is involved is suggested by the ob
servation that the analog (lc) having an electron-releasing 
acetylamino group at position 5 is still twice as reactive as 
the parent compound (la).

The 5-nitro-2,3-dimethylisoquinolinium ion (lb) reacts 
in good to excellent yield with a variety of the less reactive 
alkenes, including styrene, vinyl acetate, /3-pinene, and nor- 
bornene (Table I). For none of the adducts was there any 
indication in the NMR spectrum of the presence of 
mixtures of regioisomers (always one set, rather than two, 
of bridgehead hydrogens). This is in conformity with all re
ported cycloadditions of unsymmetrical alkenes with qua
ternary aromatic salts.9 Assignment of structure of the ad
ducts has been made by analogy to the addition of unsym
metrical addends to the 2,3-dimethylisoquinolinium ion 
(la) and to the acridizinium ion.6 Direct assignment of the 
regiochemistry of the adducts on the basis of NMR evi
dence, following the method of Fields et al.,6 was not possi
ble. As usual, the quaternary nitrogen caused a characteris
tic deshielding of the adjacent bridgehead proton attached 
to C-l, but the nitro group at position 5 had a similar effect 
on the other bridgehead hydrogen at position 4, making the 
usual distinction between the bridgehead hydrogens on the 
basis of differences in chemical shift impossible.

At least four of the addends appeared to afford only a 
single geometrical isomer. Three of these, the ethyl vinyl 
ether (2b), the cyclopentadiene (8), and the norbornene
(12) adducts, can definitely be assigned as syn (with re
spect to the phenylene ring). The first two of these (2b and 
8) had NMR spectra similar to those of the unnitrated pro
totype (e.g., 2a) and in both of these cases, the structure of
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Table I
Reaction of Some Alkenes with 5-Nitro-2,3-dimethylisoquinolinium 

Hexafluorophosphate (lb) in Acetonitrile at Room Temperature

Addend

Styrene  
/> -M eth oxy- 

styrene  
Ethyl vinyl 

ether 
V inyl 

acetate
2 .3 -  D im eth yl- 

butadiene
/3-Pinene
C yclop en ta-

diene
1 .3 -  C y c lo -  

hexadiene
1 -M e th o x y -

cyclohexene
Indene
N orbornene

Adduct Conçu, m m ol/1.
Tim e,

days

Yield,

% Mp,°C

NMR chem ical shifts, 6 (multiplicity)

Compd Formula0 lb Addend Solvent H -l H-4 CH3C c c h 3n c

3 c )9h 19f 6n 2o 2p 0 .14 1 .24 35 97 2226 c d 3c n 5 .9 0  (q) 5 .63  (d) 2 .7 0 3 .7 0

4 C2oH2iF6N 20 3P 0.33 1.23 2 94 2 6 1 -2 6 3 .5 C F 3C 0 2H 5 .92  (q) 5 .85  (d) 2 .89 3 .92

2b C i 5H19F 6N 20 3P 0.20 1.20 0 .04 95 1 676 CDgCN 5.73  (q) 6 .13  (d) 2 .64 3 .67

5 c 15h 17f 6n 2o 4p 0 .50 14 .50 60 63 2 5 3 6 C D 3CN 5.79  (q) 5 .96  (d) 2 .62 3 .62

6 c 17h 21f 6n 2o 2p 0 .50 2 .38 25 51 171" c f 3c o 2h 5.81 (q) 5 .97  (d) 2.91 3 .92

7 c 21h 27f 6n 2o 2p 0 .25 1.23 34 74 1 95 & c f 3c o 2h 5 .68  (q) 6 .07  (d) 2 .67 3 .8 0

8 C i6H 17F 6N 20 2P 0.94 4 .04 2 82 2006 C D jCN 5 .8 0  (d) 5 .67  (d) 2 .87 3 .98

9 c 17h 19f 6n 2o 2p 0 .38 1 .67 12 81 192 " c f 3c o 2h 6.02 (d) 5 .63  (d) 2 .82 3 .8 8

10 0 .28 2 6 .8 0 24 98 1 91 " c d 3c n 5 .6 0  (d) 6 .05  (s) 2 .65 3 .77

11 C 2oHi9F6N20 2P 0.25 2 .33 0 .2 9 " 56 2 2 3 -2 2 4 c f 3c o 2h 6 .42  (d) 5 .72  (d) 2 .94 3 .94

12 c 18h 21f 6n 2o 2p 0 .17 1 .24 33 68 2 2 4 -2 2 5 (c d 3)2c o 6.03  (d) 5 .83  (d) 2 .83 3 .9 0

° Satisfactory analyses were submitted for all compounds listed in this table. Ed. 6 Decomposes. c All resonances in this column appeared 
as singlets.d This cycloaddition was carried out at 65°.

the prototype had been proved by single-crystal X-ray 
crystallography.3'5

5 MeCOO H
6 CH2̂ P M e  CH3
7 -CH,CH2CHC(Me)2!CH-

\  /
c h 2

MeO

The structure of the norbornene adduct (12) follows 
from the very strong shielding of one of the methylene pro
tons (5 —0.77) arising from its exposure to the diamagnetic 
ring current of the phenylene group. Despite the possibility 
that some of the stereoisomeric anti isomer might have 
been formed in the cycloaddition but lost in the recrystalli
zation, the isolation of a 68% yield of the syn form indicates 
that the reaction is more stereoselective than the addition 
of norbornene to the acridizinium ion, which shows only a 
60:40 preference for the syn configuration.10

The remaining case of stereoselectivity, that of the 1- 
methoxycyclohexene adduct (10), has been assigned the 
anti configuration (with the cyclohexane ring turned away

from the phenylene ring on the basis of the coulombic re
pulsion rule).5 Unfortunately, the NMR signal for the 
methine proton at C-10 is lost in the envelope arising from 
the methylene protons; hence there is no evidence whether 
it is directed toward or away from the quaternary nitrogen 
atom.

Earlier4 it was shown that the initial attack of the cya
nide ion on the unnitrated ethyl vinyl ether adduct (2a) is 
from the endo side, but when equilibrium is ultimately 
reached, the concentration of the endo and exo cyano com
pounds is essentially equal. Similar behavior has been ob
served with the nitro adduct (2b), affording at first mostly 
13a which isomerized to 13b. When the cycloaddition of lb

EtO EtO R
no2 nJ NO, N

(q £ T «
q P - O ^ 'M e

1 '"''M e ^ M e
13a, R =R l!3b, R = H

14, R =M e

was carried out with 2-ethoxypropene, the adduct could 
not be crystallized but was converted directly to the nitrile 
by action of cyanide. Interestingly, a single geometrical iso
mer was obtained, but in a yield of only 20%. On the basis 
of the expected polarization, the charge repulsion rule,5 
and the NMR spectrum, as well as spin-decoupling experi
ments, the most likely structure appears to be 14.

Although some of our initial experiments were directed 
toward the cycloaddition of alkenes with isoquinolinium 
salts having no substituent at position 3, these were frus
trated almost certainly by the great reactivity of the cy
cloadduct first obtained, resulting in complicating nucleo
philic attacks by the solvent or excess alkene. An illustra
tion is the reaction of 2-methylisoquinolinium bromide 
with cyclopentadiene, which gave, in 80% yield, a poorly 
defined product, probably 17, corresponding to the addi
tion of 1 mol of cyclopentadiene plus 1 mol of water. When
5-nitro-2-methylisoquinolinium hexafluorophosphate (16)
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was allowed to react with cyclopentadiene at room temper
ature, the simple adduct 18 was obtained in 69% yield. The

iminium hydrogen of the adduct appeared as a multiplet 
centered at 5 8.94. This is the first example of the simple 
cycloaddition of an isoquinolinium salt having no substitu
ent at position 3. Simple cycloaddition is not always char
acteristic of the 5-nitro-2-methylisoquinolinium salt (16), 
for addition to an excess of 1-methoxycyclohexene afforded 
an adduct which, from elemental analysis and NMR, clear
ly had 2 mol of the alkene incorporated. From mechanistic 
considerations and NMR evidence, it appears that the 
structure can best be represented as 19.

Experimental Section
The elemental analyses were carried out by M-H-W Laborato

ries, Garden City, Mich. Melting points were determined in capil
lary tubes with a Thomas-Hoover melting point apparatus and are 
uncorrected. Infrared spectra were determinded on a Perkin- 
Elmer Model 137 or Model 237 using KBr disks. Proton magnetic 
resonance spectra were obtained at 60 MHz on Varian A-60 and 
T-60 spectrometers.

2.3- Dimethyl-5-nitroiso(iuinolinium Methosulfate. Reflux
ing 15 g of 3-methyl-5-nitroisoquinolinen and 10 g of dimethyl sul
fate for 24 hr in 100 ml of acetonitrile followed by concentration 
under reduced pressure and addition of ethyl acetate afforded the 
salt as a yellow solid, 22.6 g (90%). It crystallized from methanol as 
light yellow needles, mp 178°.

Anal. Calcd for Ci2Hi4N20 6S: C, 45.86; H, 4.49; N, 8.91. Found: 
C, 45.78; H, 4.42; N, 8.83.

The hexafluorophosphate (lb) was prepared (76%) by addi
tion of hexafluorophosphoric acid to an aqueous solution of the 
methosulfate salt. Recrystallization from methanol afforded color
less needles, mp 195-196°.

Anal. Calcd for CuHnFeNsC^P: C, 37.94; H, 3.18; N, 8.04. 
Found: C, 37.72; H, 3.01; N, 7.81.

2.3- Dimethyl-5-acetylaminoisoquinoline Hexafluorophos
phate (lc). 3-Methyl-5-aminoisoquinoline (10 g) was dissolved in 
50 ml of acetic anhydride and the mixture was allowed to stand at 
room temperature for 2 hr. The semisolid mixture was poured into 
ice-water and made basic by addition of sodium bicarbonate. The 
solid (9 g) was collected and treated with 15 g of methyl iodide to 
afford 13.5 g of the salt. This was dissolved in hot methanol and 
treated with 8 g of hexafluorophosphoric acid to yield 9.2 g (40%) 
of crude product, mp 254-257. The analytical sample, mp 259- 
261°, was crystallized from methanol-acetonitrile.

Anal. Calcd for CisHrgNaOPFe: C, 43.33; H, 4.17; N, 7.78. 
Found: C, 43.07; H, 4.29; N, 7.56.

General Procedure for Preparation of Cycloadducts. To a 
solution of the isoquinolinium salt 1 in acetonitrile, a large excess 
of the alkene plus a small quantity of hydroquinone were added.

Except as noted, the solution was allowed to stand at room tem
perature until the uv or NMR spectrum showed that the isoquinol
inium ring system was no longer present. The solution was then 
concentrated to a small residue to which ether was added. The re
sulting precipitate was collected and washed with ether. All ad
ducts were crystallized from methanol containing a small quantity 
of acetonitrile.

5-Acetamino-2,3-dimethyl-9-ethoxy- 1,4-dihydro- 1,4-etha- 
noisoquinolinium Hexafluorophosphate (2c). This was pre
pared in 63% yield from lc : mp 258-259°; NMR12 (CD3CN) 5 2.62 
(s, C-3 CH3), 3.58 (s, NCH3), 5.14 (d, H-4), 5.54 ppm (q, H-l).

Anal. Calcd for Ci7H23F6N202P: C, 47.22; H, 5.32; N, 6.48. 
Found: C, 47.37; H, 5.45; N, 6.34.

Reaction Rates for Cycloaddition of la-c. The comparison of 
reaction rates was carried out at 34.6 ±  0.5° in an acetonitrile solu
tion that was 0.1 M  in salt and 3.5 M  in ethyl vinyl ether. Disap
pearance of the salt was measured by observing the disappearance 
of the long-wavelength absorption in the ultraviolet.

9-Ethoxy-1,2,3,4-tetrahydro-2,3-dimethyl-3-cyano-5-nitro- 
1,4-ethanoisoquinoline (13). To a solution of 1.5 g (4.6 mmol) of 
2b in a mixture containing 11 ml of acetonitrile and 4 ml of water, 
a solution of 0.25 g (1.5 mmol) of potassium cyanide in 1 ml of 
water was added dropwise. The solution was concentrated under 
reduced pressure and the crystalline residue was collected and 
washed with water. The crude product, 1.05 g (98%), mp 109-111°, 
was recrystallized from methanol-water as yellow microcrystals, 
mp 113°. The NMR suggested a mixture of geometrical isomers 
with the major isomer having the resonance at H-9 appearing at 5
4.12 (with methyl groups as singlets at 6 2.39 and 1.72). The H-9 
resonance for the minor isomer appeared at 6 4.48 (with methyl 
groups as singlets at <5 2.55 and 1.28). Assignment of the major iso
mer as the endo cyano compound (13a) was based upon the long- 
range shielding effects4’13 of the nitrile group on the H-9 reso
nance. In the endo isomer (13a) H-9 is approximately in the direc
tion of the principal axis of the cyano group; hence it should be 
shielded. In the exo isomer (13b), H-9 is almost at right angles to 
the axis of the nitrile group; hence it should be deshielded. In a few 
days, the solution (DCC13) appeared to reach an equilibrium in 
which 13a and 13b were present in equal amounts: 13a NMR 
(CDCI3) 5 1.03 (t, 3. CH3CH2), 1.20 (m, 1, 10-H, syn), 1.72 (s, 3, 3- 
Me), 2.39 (s, 3, 2-Me), 2.62 (o, 1, 10-H, anti), 3.62 '(m, 2, CH3CH2), 
3.72 (q, 1, 1-H), 4.12 (m, 1, 9-H), 4.75 (d, 1, H-4), 7.30-8.30 (m, 3, 
aromatic).

Anal. Calcd for Ci6H19N30 3: C, 63.73; H, 6.36; N, 13.94. Found: 
C, 63.58,; H, 6.16; N, 13.65.

3-Cyano-9-ethoxyl-l,2,3,4-tetrahydro-2,3,9-trimethyl-5-ni- 
troisoquinoline (14). The reaction for 1 day at room temperature 
of 5 g (14 mmol) of lb  with 8 g (93 mmol) of 2-ethoxypropene14 in 
25 ml of acetonitrile, followed by removal of volatiles under re
duced pressure, left a mixture of solid and oil. The solid, which was 
mainly starting material, was removed by dissolving the oil in cold 
methanol and filtering the solution. The solution was concentrated 
under reduced pressure and the oily residue was taken up in a mix
ture of 20 ml of acetonitrile and 4 ml of deionized water. To this 
solution, 1.2 g of potassium cyanide in 2 ml of water was added. 
The solvents were removed under reduced pressure, water was 
added to the residue, and the mixture was extracted with ether. 
The ether solution was dried (K2C 03) and concentrated and the 
solid product was twice recrystallized from ether, affording 1 g 
(20%) of colorless needles: mp 140-143°; NMR (CDC13) 5 0.98 (s, 3,
9-Me), 1.23 (t, 3, CH3CH2), 1.53 (d of d, 1, Jgem = 13, Jvic = 3 Hz, 
10a), 1.93 (s, 3, 3-Me), 2.39 (s, 3+, MeN, 10b), 2.50 (d, Jvic = 3 Hz, 
0.5, 10b), 3.56 (q, 2, CH3CH2), 3.79 (t, 1,1 H), 4.51 (s, 1, 4 H), 7.53 
(s, 1, aromatic), 7.58 (s, 1, aromatic), 8.14 (t, 1, 8 H).

Anal. Calcd for Ci7H21N30 3: C, 64.74; H, 6.71; N, 13.32. Found: 
C, 64.93; H, 6.51; N, 13.25.

2- Methyl-5-nitroisoquinolinium Hexafluorophosphate (16).
A solution containing 17.8 g of 5-nitroisoqu.inoline,15 13 g of di
methyl sulfate, and 100 ml of acetonitrile was allowed to stand for 
3 days at room temperature. Upon addition of ether, the methyl 
methosulfate salt separated as an oil. The oil was dissolved in 50 
ml of methanol and added to 20 g of hexafluorophosphoric acid in 
a polypropylene beaker. The precipitate was collected and washed 
with methanol. The crude product, 21.2 g (62%), crystallized from 
hot methanol, afforded yellow microcrystals, mp 150°.

Anal. Calcd for C10H9F6N2O2P: C, 35.94; H, 2.71; N, 8.38. 
Found: C, 35.82; H, 2.47; N, 8.18.

3- Hydroxy-2-methyl-l,4-A12-cyclopenteno)-l,2,3,4-tetrahy- 
droisoquinolinium Bromide (17). To a solution of 2.52 g of 2- 
methylisoquinolinium bromide16 in 250 ml of acetonitrile, 9 ml of
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freshly cracked cyclopentadiene was added and after 3 weeks at 
room temperature, another 9 ml. After a total of 65 weeks, the so
lution was concentrated at room temperature under reduced pres
sure. Addition of ether precipitated a crude brown solid, mp 200- 
208° dec. Recrystallization from acetonitrile-ethyl acetate yielded 
a brown, microcrystalline solid, mp 212° dec. NMR [(CDs^SO] 
was complex and poorly defined, but there was no indication of 
resonance in the <5 9 region (iminium hydrogen).

Anal. Calcd for CisHisBrNO: C, 58.45; H, 5.89; N, 4.54. Found: 
C, 58.43; H, 5.92; N, 4.59.

syn-2-Methyl-5-nitro-l,4-(A12-cyclopenteno)-l,4-dihydro- 
isoquinolinium Hexafluorophosphate (18). Freshly cracked cy
clopentadiene (20 ml) was added to a solution of 5 g of 2-methyl-
5-nitroisoquinolinium hexafluorophosphate (16) in 20 ml of anhy
drous acetonitrile. After 17 hr was allowed for reaction at room 
temperature, the solution was concentrated under reduced pres
sure. On addition of ether to the residue, the salt precipitated as 
an oil which was washed with ether followed by removal under vac
uum of all volatile materials. The solid residue remaining, 4.1 g 
(69%), was twice recrystallized from acetone-ethyl ether: mp 140° 
dec; NMR (CD3CN) S 1.47-2.87 (m, 2, C -ll), 2.87-3.70 (m, 2, C-9, 
C-10), 3.82 (s, 3, Me), 5.33 (m, 2, C-12, C-13), 5.67 (d, 1, C-l), 5.85 
(q, 1, C-4), 7.37-8.27 (m 3, aromatic), 8.94 ppm (m, 1, C-3 imi
nium). Spin decoupling experiments confirmed the assignment of 
the multiplet at <5 8.94 to the proton at position 3.

Anal. Calcd for CisHisFe^C^P: C, 45.91; H, 3.78; N, 7.00. 
Found: C, 45.02; H, 3.70; N, 6.90.

Addition Product (19) from Reaction of 2 Mol of 1-Methox- 
ycyclohexene with 1 Mol of 16. To a solution of 4 g (12 mmol) of
2-methyl-5-nitroisoquinolinium hexafluorophosphate (16), 12 g 
(107 mmol) of 1-methoxycyclohexene was added and the mixture 
was allowed to stand for 30 days at room temperature. The sol
vents and excess methoxycyclohexene were romoved under re
duced pressure. The product was precipitated by addition of ethyl 
ether and was collected and washed with ether, yield 5.8 g (87%). 
Twice recrystallized from acetonitrile-ethyl alcohol, it afforded 
colorless plates: mp >185° dec; NMR (CD3CN, spectrum complex 
and not all resonances identified) S 3.31 (s, 3, O-Me), 3.49 (s, 3, O- 
Me), 7.58-8.37 ppm (m, 3, aromatic).

Anal. Calcd for C24H33F6N2O4P: C, 51.61; H, 5.96; N. 5.02. 
Found: C, 51.64; H, 6.07; N, 5.07.

Registry No.— lb, 54409-89-1; lb methosulfate analog, 54409-
90-4; lc, 54409-92-6; lc iodide analog, 54409-93-7; 2b, 54409-95-9; 
2c, 54446-45-6; 3, 54409-97-1; 4, 54409-99-3; 5, 54410-01-4; 6 , 
54410-03-6; 7, 54446-47-8; 8, 54446-49-0; 9, 54410-05-8; 10, 54410- 
07-0; 11, 54410-09-2; 12, 54446-51-4; 13a, 54410-39-8; 13b, 54482- 
30-3; 14, 54446-53-6; 16, 54410-10-5; 16 methosulfate analog, 
54410-11-6; 17, 54410-12-7; 18, 54410-14-9; 19, 54410-16-1; styrene, 
100-42-5; p-methoxystyrene, 637-69-4; ethyl vinyl ether, 109-92-2; 
vinyl acetate, 108-05-4; 2,3-dimethylbutadiene, 513-81-5; /?-pinene, 
127-91-3; cyclopentadiene, 542-92-7; 1,3-cyclohexadiene, 592-57-4;
1-methoxycyclohexene, 931-57-7; indene, 95-13-6; norbornene, 
498-66-8; 3-methyl-5-nitroisoquinoline, 18222-17-8; dimethyl sul
fate, 77-78-1; hexafluorophosphorie acid, 16940-81-1; 3-methyl-5- 
aminoisoquinoline, 54410-17-2; acetic anhydride, 108-24-7; 2- 
ethoxypropene, 926-66-9; 5-nitroisoquinoline, 607-32-9 ; 2-methyl- 
isoquinolinium bromide, 54410-18-3.
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In the presence of a suitable base, certain aromatic or iminium quaternary salts having a nucleophilic group at 
an appropriate place of the N+-R  chain undergo nucleophilic cyclization. This cyclization has been applied to 
phenanthridinium, isoquinolinium, and 1,4-bridged 1,4-dihydroisoquinolinium salts using nucleophilic anions de
rived from the 4,4-dicarbethoxybutyl (e.g.,"4 —► 5), the 2-mercaptoethyl (e.g., 10 —» 12), and 2-hydroxyethyl (17 —» 
21) groups.

In 1962, Krohnke and Zecher2 showed that the quater
nary salt formed by the reaction of phenacyl bromide and 
isoquinoline would condense with hydroxylamine hydro
chloride and cyclize to yield a [2,l-a]imidazoisoquinoline 
derivative.3 Later work4“6 showed that the use of hydrazine 
on quaternary salts of the same general type led to triazino 
derivatives.

It was suggested5 that there must exist several types of 
cyclization involving a nucleophilic attack on an electron- 
deficient carbon atom of an aromatic quaternary salt. A 
more general statement of this reaction may be seen in 
Scheme I, in which the quaternary salt might be either an 
iminium or a quaternary aromatic salt. The ZH group of 1 
must be sufficiently more acidic than the a methylene 
group of the salt to prevent nonproductive ylide formation,

Scheme I

and the base used should be of low nucleophilicity. The 
tendency of the anion to undergo cyclization (2 —► 3) is a 
function of the size of the ring being formed, the nucleophi
licity of Z, and the proportion of the total resonance energy 
lost in the transformation 1 —► 3.

One possibility was the use of a carbanion as a nucleo
phile. The quaternary salt 4, produced by the action of 
ethyl y-bromopropyl malonate7 on phenanthridine, was al-
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lowed to react for 2 hr at room temperature with triethyl- 
amine. affording, in 64% yield, a compound having the 
properties expected for the nucleophilic cyclization product
(5). The new product (5) had not only a new benzylic hy

^  j g j ) „ ‘f f ) ] 3

[ O l O I t A  t 2h 5)3n  
----------* “( D i x

H5C2OOC CH ^ ROOC-^v J-
1 CH2 - : 8

COOC2H5 COOR

4 5 , R =  C2H5
6, R = CH3

drogen clearly identifiable by NMR but also two sets of sig
nals corresponding to ethyl groups in different environ
ments, a clear indication that cyclization had occurred as 
indicated. The cyclization product (5), when refluxed for 24 
hr in methanol containing methoxide ion, underwent ester 
exchange, and the new product (6) clearly showed two 
methyl signals separated by 8 0.63. Attempts to aromatize 5 
by the action of picric acid, ferric chloride, iodine, or trityl 
tetrafluoroborate all resulted in ring opening affording the 
appropriate salt of 4. Ring opening was also effected by an
hydrous or aqueous acids.

Isoquinolinium salts corresponding to 4 likewise under
went cyclization in the presence of triethylamine to yield 
products (7, 8) which were less stable than those from 
phenanthridine but could be purified for analysis. The di
methyl ester (9) showed only a 8 0.25 difference in the posi
tion of the two OMe signals in the NMR.

7, R = H; R' = C,H5
8 , R = CH:l; R' = CUT
9, R = H; R' = CH;S

Another example of nucleophilic cyclization is afforded 
by the 5-(d-mercaptoethyl)phenanthridinium system (10). 
This cannot be prepared directly but is easily available 
through hydrolysis of the acetate ester 11. Cyclization of 
the thiol 10 in the presence of triethylamine afforded 2,3- 
dihydro-12bfi-thiazolo[3,2-/]phenanthridine (12) in 47%

7

yield. The product was notable for giving NMR evidence of 
the lack of symmetry in the environment of the methylene 
protons at C-3.

The isoquinolinium analog of 10 apparently underwent a 
similar type of cyclization, for thp crude product gave an 
NMR spectrum compatible with 13, but an attempted re
crystallization appeared to undergo disproportionation af
fording the dihydro derivative (14).

A severe limitation of the application of this general type 
of nucleophilic cyclization to the quaternary salts of aro
matic bases is the tendency of the cyclization products to

H
N

13

v U N i
lflbT |3

jS ---------1*

14

undergo ring opening with resonance energy of the restored 
aromatic system providing the driving force. An ideal sys
tem for the application of the nucleophilic cyclization 
would be a nonaromatic iminium system which would be 
more reactive and would lead to more stable products.

Recently it has been shown that quaternary isoquinoli
nium salts undergo cycloaddition (e.g., 15 —► 18) with the

creation of iminium salts,8“10 and that these can be made to 
undergo addition reactions10,11 with a nucleophile. Present 
evidence indicates that iminium salts (e.g., 19) derived 
from isoquinolinium salts (16) having no substituent at po
sition 3 may be more reactive than those having such a sub
stituent (e.g., 18). Simple adducts of type 19 have proven 
elusive.11

Isoquinoline was quaternized with /3-hydroxyethyl bro
mide, and the resulting salt (17, X  = Br) was converted to 
the hexafluorophosphate (X = PF4), which was allowed to 
react with cyclopentadiene. The adduct (presumably 20) 
was allowed to react for several hours with aqueous potassi
um carbonate, affording a 60% yield of a base (21) which, 
on the basis of NMR evidence, is clearly a single geometri
cal isomer. Assuming only that the orientation of the cyclo
pentadiene during the cycloaddition is the same as that for 
the 2,3-dimethylisoquinolinium cation (15),12 the product 
must have the endo (21a) or exo (21b) configuration. The

endo configuration (21a) seems more attractive mechanist
ically, since cyclization to the exo isomer should be imped
ed by the cyclopenteno bridge. It is of interest that the ad
dition of cyanide ion to an isoquinolinium adduct10 has 
been found to occur most rapidly from the endo side.

Experimental Section
The elemental analyses were carried out by M-H-W Laborato

ries, Garden City, Mich. Melting points were determined in capil
lary tubes with a Thomas-Hoover apparatus and are uncorrected. 
Except as noted, proton magnetic resonance spectra were obtained 
at 60 MHz on Varian A-60 and T-60 spectrometers.

5-(4,4-Dicarboxybutyl)phenanthridinium Bromide Diethyl 
Ester (4, X = Br). A mixture of 7.2 g (0.04 mol) of phenanthri
dine13 and 14 g (0.05 mol) of ethyl 3-bromopropyimalonate7 was 
heated for 24 hr at 100°. The crude product which had solidified 
was crystallized from ethanol-hexane, yielding 15.2 g (83%) of col
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orless crystals, mp 136-142°. The analytical sample had mp 147- 
148° (from hot ethanol); NMR (CDCI3) b 1.20 (t, 6, J = 7 Hz, 2 
CH3), 2.35 (br s, 4, 2 CH2), 3.57 (br t, 1, CH), 4.15 (q, 4, J  = 7 Hz, 2 
CH20), 5.67 (br t, 2, NCH2), 8.62 (m, 8, aromatic), 11.53 ppm (s, 1, 
aromatic); ir (KBr) 1690,1670 cm-1 (carbonyl).

Anal. Calcd for C23H26BrN04: C, 60.01; H, 5.69; N, 3.04. Found: 
C, 59.82; H, 5.55; N, 2.96.

Diethyl 7,8-Dihydro-6ii-pyrido[l,2-/]phenanthridine- 
9,9(9aH)-dicarboxylate (5). To a solution of 2.3 g (5 mmol) of 5- 
(4,4-dicarboxybutyl)phenanthridinium bromide diethyl ester (4) 
in 500 ml of chloroform, 1.01 g (10 mmol) of triethylamine was 
added and the mixture was allowed to remain for 2 hr at room 
temperature. The chloroform and excess triethylamine were re
moved under reduced pressure, then 50 ml of water was added and 
the mixture was extracted three times with ether. The combined 
ether extracts were dried (Na2S04) and concentrated and the resi
due was crystallized from hot hexane, affording 1.25 g (64%) of col
orless prisms: mp 88-89°; NMR (CDCI3) b 0.66 (t, 3, J  = 7 Hz, 
CH3), 1.05 (t, 3, J  = 7 Hz, CHS), 2.17 (m, 3) 3.33 (m, 3), 4.12 (2 q, 4, 
J  = 7 Hz, 2 CH20), 5.28 (s, 1, C-9a H), 7.22 (m, 8, aromatic).

Anal. Calcd for C23H25N0 4: C, 72.80; H, 6.64; N, 3.69. Found: C, 
73.05; H, 6.58; N, 3.65.

The dimethyl ester (6) was obtained by suspending 1 g (2.6 
mmol) of the diethyl ester 5 in 30 ml of methanol and adding a so
lution of sodium methoxide formed by dissolving 0.1 g (0.0043 g- 
atom) of sodium metal in 30 ml of methanol. The flask was pro
tected from external moisture and refluxed for 24 hr. The metha
nol was evaporated and the residue was distributed between ether 
and water. The ethereal layer was dried (Na2S04) and concentrat
ed and the residue was crystallized from methanol: mp 64-65°; 
NMR (CDC13) b 2.75 (m, 6, CH2 at C-6, C-7, C-8), 2.88 (s, 3, CH3), 
3.52 (s, 3, CH3), 5.22 (s, 1, C-9a H), 7.15 ppm (m, 8, aromatic).

Anal. Calcd for C2iH21N 04: C, 71.67; H, 6.16; N, 3.98. Found: C, 
71.58; H, 6.10; N, 3.92.

Reactions of the Diethyl Ester (5). An attempt to dehydroge
nate 5 by the action of trityl tetrafluoroborate in anhydrous aceto
nitrile at room temperature afforded the tetrafluoroborate of the 
open-chain product (4, X  = BF4), mp 170-171.5 (from ethanol).14

Other attempted dehydrogenations included the use of anhy
drous ferric chloride for 1 hr at room temperature (in chloroform), 
iodine for 24 hr at room temperature (in anhydrous tetrahydrofur- 
an), and picric acid, heating on a steam bath for 10 min (in 95% 
ethanol). With the exception of the last experiment, in which the 
product was isolated as the picrate,14 mp 114—115°, all products 
were identified by conversion to the tetrafluoroborate (4, X  = 
BF4).

An attempt to isolate the hydrobromide of 5 by passing anhy
drous hydrogen bromide into an ether solution of 5 afforded the 
ring-opened product (4, X  = Br).

2-(4,4-Dicarboxybutyl)isoquinolinium Bromide Diethyl 
Ester. This was prepared by the action of ethyl 3-bromopropyl- 
malonate on isoquinoline essentially as in the preparation of 4 (X 
= Br) except that the heating period was 3 days and a sample of 
the oily crude bromide (90% yield) was converted to the perchlo
rate by treating a methanol solution with a methanol-water solu
tion of sodium perchlorate. Recrystallization from ethanol afford
ed colorless crystals of the perchlorate: mp 91-92°; NMR (CDCI3) 
b 1.20 (t, 6, J  = 7 Hz, 2 CH3), 2.13 (br s, 4, 2 CH2), 3.50 (t, 1, J  = 7 
Hz, CH), 4.15 (q, 4, J  = 7 Hz, 2 CH20), 4.88 (br t, 2, NCH2), 8.27 
(m, 6, aromatic), 9.95 ppm (s, 1, aromatic).

Anal. Calcd for C19H24C1N08: C, 53.09; H, 5.63; N, 3.26. Found: 
C, 53.21; H, 5.52; N, 3.11.

2-(4,4-Dicarboxybutyl)-3-methylisoquinoIinium Bromide 
Diethyl Ester. This was made essentially as in the case of the 
lower homolog except that the bromide crystallized on addition of 
ether, affording 95% yield of bromide: mp 65-66°; ir (KBr pellet) 
1717 cm-1 (carbonyl).

The perchlorate was prepared for analysis: white plates, mp 
98-99.5°; uv max (CHC13) 349, 342, 279, 268, and 244 nm; NMR 
(CDCU S 1.20 (t, 6, J  = 7 Hz, 2 CH3), 2.10 (br s, 4, 2 CH2), 2.90 (s, 
3, CH3), 3.47 (br t, 1, CH), 4.18 (q, 4, J  = 7 Hz, 2 CH20), 4.80 (br t,
2, NCH2), 8.15 (m, 5, aromatic), 9.83 ppm (s, 1, aromatic).

Anal. Calcd for C2(,H26C1N08: C, 54.12; H, 5.90; N, 3.15. Found: 
C, 54.17; H, 5.93; N, 3.16.

Diethyl 3,4-Dihydro-2jff-benzo[a]quinoIizine-l,l(llbH)- 
dicarboxylate (7). This was prepared essentially as was 5 except 
that 2-(4,4-dicarboxybutyl)isoquinolinium bromide diethyl ester 
was used, affording 1.19 g (36%) of yellow crystals: mp 95-96.5° 
(96.5-97° pure); NMR (CDC13) b 0.82 (t, 3, J = 7 Hz, CH3), 1.13 (t,
3, J  = 7 Hz, CH3), 1.86 (m, 4, 2 CH2), 3.45 (m, 2, CH2), 4.03 (2 q, 4,

J = 7 Hz, 2 OCH2), 5.03 (d, 1, J  = 7 Hz, C-7 H), 5.28 (s, 1, C -llb  
H), 5.92 (d, 1, J = 7 Hz, C-6 H), 6.87 ppm (m, 4, aromatic).

Anal. Calcd for C19H23N 04: C, 69.28; H, 7.04; N, 4.25. Found: C, 
69.32; H, 7.16; N, 4.25.

Diethyl 3,4-Dihydro-6-methyl-2Ff-benzo[a]quinolizme- 
l,l(llbiI)-dicarboxylate (8). This was prepared in 45% yield (mp 
91-94°) essentially as was the lower homolog (7). The analytical 
sample was crystallized from hot methanol: mp 93.5-95°; NMR 
(CDC13) b 0.88 (t, 3, J = 7 Hz, CH3), 1.13 (t, 3, J = 7 Hz, CH3), 1.90 
(s, 3, CH3), 2.58 (m, 6, CH2, C-2, C-3, C-4), 4.13 (2 q, 4, J  = 7 Hz, 2 
OCH2), 5.08 (s, 1, C-7 H), 5.37 (s, 1, C -llb  H), 6.80 ppm (m, 4, aro
matic); uv max (CHC13) 334, 246 nm.

Anal. Calcd for C20H25NO4: C, 69.94; H, 7.33; N, 4.07. Found: C, 
69.73; H, 7.39; N, 4.18.

Dimethyl 3,l-Dihydro-2H-benzo[a]quinolizine-l,l(l lbH)- 
dicarboxylate (9). Ester interchange of the diethyl ester 7 was 
carried out in methanol as in the case of 5 —► 6. Recrystallization 
from methanol afforded a 55% yield of colorless prisms: mp 89- 
91.5°; NMR (CDC13) 6 1.22-3.80 (m, 6, 3 CH2), 3.40 (s, 3, CH3), 
3.67 (s, 3, CH3), 5.27 (d, 1, J  = 7 Hz, C-7 H), 5.45 (s, 1, C -llb  H), 
6.10 (d, 1, J = 7 Hz, C-6 H), 7.10 ppm (m, 4, aromatic).

Anal. Calcd for Ci7H19N 04: C, 67.76; H, 6.36; N, 4.65. Found: C, 
67.60; H, 6.56; N, 4.52.

5-(2-Mercaptoethyl)phenanthridinium Bromide Acetate 
(11, X = Br). Heating 15 g (82 mmol) of S-(2-bromoethyl)thiol- 
acetate16 at 110° for 24 hr with 14.3 g (80 mmol) of phenanthridine 
resulted in the solidification of the melt. The crude product was 
suspended in ethyl acetate and collected. Recrystallization from 
methanol-ethyl acetate yielded 20 g (70%) of small, yellow plates: 
mp 206-208° (pure 210°); NMR [(CD3)2S 0 -D 20] b 1.93 (s, 3, 
CH3), 3.23 (t, 2, J  = 7 Hz, SCH2), 4.93 (t, 2 ,J  = 7 Hz, CCH2), 8.05 
(m, 8, aromatic), 9.50 ppm (s, 1, aromatic).

Anal. Calcd for Ci7H16BrNOS: C, 56.36; H, 4.45; N, 3.86. Found: 
C, 56.26; H, 4.35; N, 3.76.

The perchlorate,14 mp 205.5-206.5°, was crystallized from meth
anol.

5-(2-Mercaptoethyl)phenanthridinium Chloride (10, X  = 
Cl). Refluxing 15 g of the bromide acetate (11, X  = Br) overnight 
with 125 ml of 6 N  hydrochloric acid followed by concentration of 
the mixture under reduced pressure afforded an oil which solidi
fied on standing. The crude product (11.5 g, 100%, mp 98-103°) 
was used directly in the cyclization, but a small sample of the hex- 
afluorophosphate (10, X  = PF6) was prepared for analysis: mp 
216-217°; NMR [(CD3)2S 0 -D 20] b 3.60 (s, 2, SCH2), 5.43 (s, 2, 
CH2), 8.65 (m, 8, aromatic), 10.08 ppm (s, 1, aromatic).

Anal. Calcd for C16Hi4F6NPS: C, 46.76; H, 3.66; N, 3.63. Found: 
C, 46.60; H, 3.39; N, 3.42.

2,3-Dihydro-l 2bi/-thiazolo[3,2-f]phenanthridine (12). To a
suspension of 11 g (40 mmol) of 5-(2-mercaptoethyl)phenanthridi- 
nium chloride (10, X  = Cl) in 500 ml of reagent-grade chloroform, 
the minimum quantity of methanol necessary to effect complete 
solution was added. The solution was stirred at room temperature 
while 8 g (80 mmol) of triethylamine was added dropwise, after 
which it was allowed to stand for 12 hr. The mixture was concen
trated under vacuum to a volume of about 100 ml. The solution 
was extracted twice with water, the chloroform layer was dried 
(Na2S 04), the chloroform and excess triethylamine were removed, 
and the product was further purified by chromatography on neu
tral alumina, using ether as a solvent, yielding 4.6 g (47.5%) of col
orless crystals: mp 127-128°; NMR (CDC13) S 2.92 (m, 3, CH2 and 
C-3 H), 4.50 (m, 1, C-3 H), 6.00 (s, 1, C-12b H), 7.35 ppm (m, 8, ar
omatic).

Anal. Calcd for Ci5H13NS: C, 75.26; H, 5.49; N, 5.85. Found: C, 
75.04; H, 5.48; N, 5.75.

2-(2-Mercaptoethyl)isoquinolinium Bromide Acetate. This 
was prepared essentially as in the case of the analog (11, X  = Br), 
except that the quaternization of isoquinoline by S-(2-bromoeth- 
yl)thiolacetate was carried out for 48 hr in the dark at room tem
perature. Recrystallization of the crude solid from ethanol-ethyl 
acetate afforded a 95% yield of colorless, hygroscopic crystals: mp 
133-135°; NMR (CDC13) b 2.20 (s, 3, CH3), 3.72 (t, 2, J = 7 Hz, 
SCH2), 5.41 (t, 2, J — 7 Hz, CCH2), 8.57 (m, 6, aromatic), 11.1 ppm 
(s, 1, aromatic).

The perchlorate was crystallized from methanol: mp 117-118°; 
uv max (CHC13) 342, 335, 330, 285, 280, 278, 252 nm.

Anal. Calcd for Ci311;4C1 \Of,S: C, 47.06; H, 4.25; N, 4.20. Found: 
C, 46.86; H, 4.15; N, 4.14.

2-(2-Mercaptoethyl)isoquinolinium Bromide. Hydrolysis of 
16 g (50 mmol) of 2-(2-mercaptoethyl)isoquinolinium bromide ace
tate was carried out by refluxing it overnight in 100 ml of 48% hy
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drobromic acid. The excess acid was removed by evaporation 
under reduced pressure followed by heating for 12 hr under vacu
um at 100°. The product consisted of light yellow, hygroscopic 
crystals (13.5 g, 100%): NMR [(CD3)2SO] b 3.37 (t, 2, J  = 7 Hz, 
SCH2), 3.97 (s, 1, SH), 5.01 (t, 2, J = 7 Hz, CCH2), 8.57 (m, 6, aro
matic), 10.53 ppm (s, 1, aromatic).

Anal. Calcd for CnH^BrNS: C, 48.90; H, 4.48; N, 5.18. Found: 
C, 48.68; H, 4.36; N, 4.99.

2,3,6,10b-Tetrahydro-5H-thiazolo[2,3-a]isoquinoline (14).
The cyclization of 2-(2-mercaptoethyl)isoquinolinium bromide (10 
g, 37 mmol) was carried out under a nitrogen atmosphere essen
tially as in the cyclization of 10 (X  = Cl). Worked up as usual, the 
residue remaining after removal of the chloroform solvent and ex
cess triethylamine consisted of oily crystals (4.9 g, 70%), which de
composed on standing at room temperature. This substance was 
not analyzed, but, on spectroscopic evidence, appeared to be large
ly 13: uv max (CHCI3) 314, 248 nm; NMR (CDCI3) 8 2.66 (t, 2, J  = 
6 Hz, SCH2), 3.33 (t, 2, J  = 6 Hz, CH2), 5.55 (d, l ,J  = 1 Hz, C-6 
H), 5.80 (d, 1, J = 7 Hz, C-5 H), 6.00 (s, 1, C-lOb H), 7.20 ppm (m, 
4, aromatic).

The entire crude product (4.9 g) was placed in 50 ml of absolute 
ethanol, in which it rapidly dissolved, but after 1 min a crystalline 
substance began to precipitate from solution. The flask was 
warmed for 10 min and cooled and the product was collected, 
yielding 1.91 g (27% overall from mercaptan), mp 178-179°. The 
analytical sample was crystallized from chloroform-hexane: mp 
179-180°; NMR (CDC13) & 2.90 (br m, 8, aliphatic), 5.07 (s, 1, 
C-lOb H), 7.20 ppm (m, 4, aromatic).

Anal. Calcd for Cu H i3NS: C, 69.06; H, 6.85; N, 7.32. Found: C, 
69.26; H, 6.65; N, 7.33.

2-(d-Hydroxyethyl)isoquinolinium Bromide (17, X = Br). A
solution containing 20 g of isoquinoline, 20 g of 2-bromoethanol, 
and 200 ml of acetonitrile was refluxed for 24 hr. On cooling, 26.8 g 
(68%) of colorless, hygroscopic plates was collected. Recrystalliza
tion from methanol-acetonitrile yielded the analytical sample, mp 
154-155.5°.

Anal. Calcd for CnH i2BrNO: C, 51.99; H, 4.74; N, 5.51. Found: 
C, 51.82: H, 4.81; N, 5.44.

The hexafluorophosphate (17, X = PFg), mp 154-155.5°, pre
pared by addition of hexafluorophosphoric acid to an aqueous so
lution of the bromide salt (17, X  = Br) was crystallized from meth
anol-ethyl acetate.14

syn-2,3,10,10a, 12,13-Hexahydro-llH,5,10-[l',2']cyclopenta- 
5JH-oxazolo[3,2-b]isoquinoline (21a). To a solution of 5 g of 2-
(/5-hydroxyethyl)isoquinolinium hexafluorophosphate (17, X = 
PFg) in 25 ml of acetonitrile, 25 ml of freshly cracked cyclopenta- 
diene was added and the mixture was allowed to stand for 24 days. 
The solution was then concentrated under reduced pressure. The 
addition of cyclohexane caused the precipitation of 6 g of oil. To 2 
g of the oil, a solution of 6 g of potassium carbonate in 20 ml of 
deionized water was added, and the mixture was stirred for a few 
hours at room temperature. The suspension was extracted with

ether and the dried (potassium carbonate) solution was concen
trated. The residue (1 g) was recrystallized from ethyl ether, af
fording 0.75 g (60%) of light pink prisms: mp 109-110°; NMR 
(CDC13) 5 7.14 (m, 4, aromatic H), 5.23 (s, 2, vinyl H), 4.96 (d, 1, J 
= 2.5 Hz, H-lOa), 3.77 (d, 1, J  = 3 Hz, H-5), 3.64—1.0 ppm (over
lapping m, 9, aliphatic).

Anal. Calcd for Ci6H i6NO: C, 80.64; H, 6.77; N, 5.88. Found: C, 
80.84; H, 6.95; N, 5.75.

Registry No.— 4 (X = Br), 54423-78-8; 4 (X = BF4), 54424-04- 
3; 4 (X  = picrate), 54423-80-2; 5, 54423-85-7; 6, 54423-86-8; 7,
54423- 87-9; 8, 54423-88-0; 9, 54423-89-1; 10 (X  = Cl), 54423-81-3; 
10 (X = PF6), 54424-06-5; 11 (X  = Br), 54423-82-4; 11 (X  = per
chlorate), 54423-84-6; 12, 54424-03-2; 13, 52131-57-4; 14, 14692- 
38-7; 17 (X = Br), 54423-94-8; 17 (X = PF6), 54423-96-0; 21a, 
54460-93-4; phenanthridine, 229-87-8; ethyl 3-bromopropylmalo- 
nate, 10149-21-0; 2-(4,4-dicarboxybutyl)isoquinolinium bromide 
diethyl ester, 54423-97-1; 2-(4,4-dicarboxybutyl)isoquinolinium 
perchlorate diethyl ester, 54423-99-3; 2-(4,4-dicarboxybutyl)-3- 
methylisoquinolinium bromide diethyl ester, 54424-00-9; 2-(4,4- 
dicarboxybutyl)-3-methylisoquinolinium perchlorate diethyl ester,
54424- 02-1; S-(2-bromoethyl)thiolacetate, 927-70-8; isoquinoline, 
119-65-3; 2-(2-mercaptoethyl)isoquinolinium bromide acetate, 
54423-90-4; 2-(2-mercaptoethyl)isoquinolinium perchlorate ace
tate, 54423-92-6; 2-(2-mercaptoethyl)isoquinolinium bromide, 
54423-93-7; 2-bromoethanol, 540-51-2; cyclopentadiene, 542-92-7.
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The cycloaddition reactions of 6,6-dimethylfulvene, 6,6-diphenylfulvene, and 6-dimethylaminofulvene with 
tetrazine, diazacyclopentadienone, and azodicarboxylate are investigated. The periselectivity observed with the 
tetrazine is explained using the frontier orbital model where the fulvene HOMO-olefin LUMO interaction pre
dominates. Thus, a novel 5,6-diazaazulene was prepared by the reaction of 6-dimethylaminofulvene with the 
tetrazine.

Previously we reported that 6,6-diphenylfulvene reacted 
with trcpone to afford only a [4 + 2] adduct instead of an 
expected [6 + 4] adduct.2 By contrast, the reaction of 6,6- 
dimethylfulvene with tropone resulted in the formation of 
a 2:1 [6 + 4] adduct.3 The different behavior'of these ful
venes indicates sensitivity to steric and electronic require

ments of substitutents at the C-6 position of the fulvene. 
Recently, reactivity, regioselectivity, and periselectivity in 
cyloaddition reactions have been explained by employing 
quantitative perturbation molecular orbital theory.4 These 
considerations led us to further investigation of the cy
cloaddition reaction of substituted fulvenes.

mKjasjfi r m i i m i f u t i r *
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Scheme I

4a, R3 =  Ph 
b, R3= 2-pyridyl

In this paper, we report the reaction of fulvenes with 
electron-deficient heterodienes such as tetrazine and diaza- 
cyclopentadienone, and the heterodienophile azodicarbox- 
ylate.

Results
Reaction of 6-dimethylaminofulvene (la) with 3,6-di- 

phenyltetrazine (2a) in benzene at room temperature for 5 
days gave a fluorescent yellow compound (3), C20H14N2, in 
40% yield. The uv spectrum showed a conjugated system, 
and resembled that of 6-dimethylamino-5,7-diazaazulene5 
as shown in Figure 1. These data indicated that the prod
uct was 4,7-diphenyl-5,6-diazaazulene, the formation of 
which can be rationalized via the initial [6 + 4] addition 
followed by loss of nitrogen and dimethylamine as shown in 
Scheme I.

On the other hand, reaction of 6,6-diphenylfulvene (lb) 
with 3,6-diphenyltetrazine (2a) in benzene at 80° for 1 day 
gave compound 4a in 60% yield. The NMR spectrum of 4a 
showed doublets for two olefinic protons at <5 6.62 and 6.65 
(J = 8.4 Hz). Presumably the formation of 4a might pro
ceed via the initially produced [4 + 2] adduct followed by 
loss of nitrogen and hydrogen as shown in Scheme I. Simi
lar reaction of lb and 2b in chloroform at room tempera
ture for 14 hr gave 4b in 83% yield. However, 6,6-dimethyl- 
fulvene (lc) reacted with 2a or 2b in chloroform at room 
temperature with evolution of nitrogen to give a mixture of 
several products, which decomposed during attempted sep
aration.

Reaction of lb with 3,4-diaza-2,5-diphenylcyclopentad- 
ienone (6),6 derived from l,3-bisdiazo-l,3-diphenyl-2-pro-

panone (5), in benzene at room temperature for 8 hr gave 
4a in 68% yield. Presumably compound 4a was formed by 
initial [4 -I- 2] addition followed by loss of carbon monoxide 
and hydrogen.

Similar reaction of la with 6 under the same conditions 
gave the 1:1 adduct (7) as yellow crystals in a quantitative 
yield. The ir spectrum of 7 showed an amino group at 3250 
cm-1  and a ketoimino group at 1662 cm-1  (broad band). 
The NMR spectrum of 7 exhibited four olefinic protons at 
8 6.85 (s, 1 H, Ha), 6.57 (dd, 1 H, Hb), 6.32 (dd, 1 H, Hc), 
6.31 (t, 1 H, Hd) with coupling constants of Jbc = 4.4, J ca =
2.5, and Jbd =  2.5 Hz, two N- methyl groups at <5 2.97 (s, 6 
H), and aromatic and amino protons in the regions of 8
7.17-8.22 (1 H, exchangeable by D2O). Particularly, the 
chemical shift of Ha (exocyclic olefin) for 7 was similar to 
that of la (6 6.58). These data were in accord with the pro
posed structure (7a) as depicted in Scheme II, and alterna
tive structures such as 7b, [4 + 2] and [6 + 4] cycloadducts 
could be ruled out.

Treatment of la  and diethyl azodicarboxylate (8) in ben
zene at room temperature for 1 day gave a mixture of 9 and 
10 in 14 and 7% yields. The elemental analyses indicated 
that 9 and 10 consisted of 1:1 and 1:2 adducts of la  and 8, 
respectively. The NMR spectrum of 9 showed four olefinic 
protons and one amino proton. Interestingly, the Ha proton 
suffered a downfield shift (8 7.78) compared to those of 6- 
dimethylaminofulvene (5 6.58) and compound 7 (8 6.85). 
This indicated that Ha and the nitrogen of the azodicarbox
ylate group interacted strongly as depicted in Scheme III. 
The NMR spectrum of 10 showed one olefinic proton at 8 
7.79 as a broad singlet, two olefinic protons at 8 6.05 as a
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sharp singlet, and two amino protons at h 6.80 as a singlet. 
These data were compatible with structures 9 and 10, and 
no [4 + 2] cycloadduct was detected. By contrast, the reac
tion of diethyl azodicarboxylate (8) with 6,6-dimethylful- 
vene (lc ) or 6,6-diphenylfulvene (lb) gave the correspond
ing [4 + 2] adduct 11 or 12.7

Discussion
Houk et al. have recently shown that consideration of 

frontier orbital interactions can provide a good rationaliza
tion of reactivity, regioselectivity, and periselectivity in a 
variety of cycloaddition reactions,4 and also estimated 
frontier orbital energies and coefficients of fulvenes8 as 
shown in Figure 2.

On the other hand, it is known that ethyl azodicarboxy
late (8). and the tetrazine 29 were all electron-poor olefins. 
Generally, the electron-poor olefin has relatively lower 
LUMO (lowest unoccupied molecular orbital) and HOMO 
(highest occupied molecular orbital) energy levels.4 More
over, it is pointed out that the fulvene HOMO interaction 
is much more important than the fulvene LUMO interac
tion in the reaction of the fulvene with cyclopentadienone, 
cyclopentadiene, a-pyrone, and cycloheptadienone.10 
Therefore, the fulvene HOMO-heterodiene or heterodieno- 
phile LUMO interaction is expected to be more predomi
nant than the inverse interaction of the fulvene LUMO- 
heterodiene or heterodienophile HOMO in the reactions of 
the fulvenes with the tetrazine 2, diazacyclopentadienone
(6), and azodicarboxylate 8.

Since the HOMOs of 6,6-dimethylfulvene (lc) and 6,6- 
diphenylfulvene (lb ) and the LUMO of ethyl azodicarbox
ylate (8) are also antisymmetric, the [4 +  2] cycloaddition 
reaction of the fulvene (4x) with ethyl azodicarboxylate 
(27t) is favored to give the usual Diels-Alder adduct. How
ever, the LUMOs of the tetrazine and diazacyclopenta
dienone are symmetric, if considered like butadiene, and 
the [4 + 2] addition of the fulvene (2-ir) and the heterodiene 
(4tr) should be favored.

On the other hand, the HOMO'energy and coefficients of 
la  are very different from those of lc  or lb  (see Figure 2). 
Large coefficients at the C-6 position of the HOMO of 6- 
dimethylaminofulvene (la) suggest that la  can act as a 6ir 
component. Thus, the [6 + 4] cycloaddition of la to 2a 
should be favored and resulted in the formation of the 5,6-

200 300 400 nm
Figure 1. Uv spectra of 3 (EtOH) and 6-dimethylamino-5,7-diaza- 
azulene (rc-hexane).

Figure 2.

diazaazulene (3). Furthermore, the relatively higher 
HOMO energy of 6-dimethylaminofulvene than that of
6,6-dimethyl- and 6,6-diphenylfulvene indicates it to be a 
strong electron donor, while electron-poor olefins can be
come a strong electron acceptor. In this connection, Yosh- 
ida et al. reported the reaction of 6-phosphafulvene with a 
dienophile such as tetracyanoethylene to be a Michael-type
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substitution at the C-2 position as outlined in Scheme IV.11 
Dipole moments of 6-phosphafulvene, 6-dimethylaminoful- 
vene (la), 6,6-diphenylfulvene (lb), and 6,6-dimethylful- 
vene (lc) are 7.0, 4.48,1.40, and 1.44 D, respectively.12

From these data, 6-dimethylaminofulvene (la) might be 
predominant in the resonance contribution (dipolar struc
ture) at the ground state as shown in Scheme IV. Accord
ingly, the reactions of 6-dimethylaminofulvene (la) with 
electron-deficient diazacyclopentadienone (6), tetrazine 2, 
and azodicarboxylate 8 might proceed via the dipolar inter
mediates by either the stepwise [6 + 4] cycloaddition or the 
electronphilic substitution as indicated in Scheme V.

From these results, it is concluded that the interactions 
between the fulvene HOMO and the heterodiene or hetero- 
dienophile LUMO are stronger than the inverse interac
tions between the fulvene LUMO and the olefin HOMO, 
and the reaction of the diene or dienophile with 6,6-di- 
methyl- or 6,6-diphenylfulvene might proceed in a concert
ed fashion. By contrast, the reaction with the strongly elec
tron-rich 6-dimethylaminofulvene gives way to a stepwise 
fashion involving the zwitterionic intermediates as shown 
in Scheme V. However, the HOMO of dimethylaminoful- 
vene shown in Figure 2 does not rationalize the site of reac
tion with electrophiles. The N HOMO is also important, 
and the fulvenes invariably undergo attack by electrophiles 
at the C-l position. Probably charge and frontier orbital in
teractions are important.8

Experimental Section
Melting points are uncorrected. Microanalyses were performed 

with a Perkin-Elmer 240 elemental analyzer. Uv spectra were de
termined with a Jasco ORD/UV-5 spectrometer. NMR spectra 
were taken with a Jeol C-60-XL spectrometer and with a Varian 
A-60 recording spectrometer, with tetramethylsilane as internal 
standard. Ir spectra were taken with a Jasco Ir-S spectrophotome
ter. Mass spectra were obtained with a Hitachi RMU-D double- 
focusing spectrometer operating at an ionization potential of 70 
eV. The solid samples were ionized by electron bombardment after 
sublimation directly into the electron beam at 100-150°.

Reaction of 6-Dimethylaminofulvene (la) with 3,6-Diphen- 
yltetrazine (2a). A solution of la (0.15 g) and 2a (0.29 g) in ben
zene (20 ml) was stirred at room temperature under argon in the 
dark for 5 days. Then the solvent was removed under reduced 
pressure and the residue was purified by silica gel chromatography 
using chloroform to give 3 (0.14 g, 40%): mp 289-292° (from chlo
roform); uv (EtOH) \mex 235 nm (log e 4.49), 256 (4.39), 292 (4.27), 
340 (4.14), 395 (3.88), and 450 (3.06); mass spectrum m/e 282 
(M+); the NMR spectrum could not be obtained because of low 
solubility.

Anal. Calcd for C2oHi4N2: C, 85.08; H, 5.00; N, 9.92. Found: C, 
84.96; H, 5.16; N, 9.87.

Reaction of 6,6-Diphenylfulvene (lb) with 3,6-Diphenyl-

tetrazine (2a). A solution of lb (0.62 g) and 2a (0.75 g) in benzene 
(30 ml) was heated in a sealed tube at 80° for 1 day. Then the sol
vent was removed under reduced pressure and the residue was pu
rified by column chromatography (silica gel) using chloroform as 
an eluent to give 4a (0.7 g, 60%): mp 174-176° (from MeOH); 
NMR (CDCla) S 6.62 (d, J  = 8.4 Hz, 1 H, Hd or He), 6.65 (d, J  =
8.4 Hz, Hd or He), 6.38-8.10 (complex m, 20 H, aromatic H); mass 
spectrum m/e 434 (M+).

Anal. Calcd for C32H22N2: C, 88.45; H, 5.10; N, 6.45. Found: C, 
88.23; H, 5.35; N, 6.41.

Reaction of 6,6-Diphenylfulvene (lb) with 3,fi-Di(2-pyri- 
dyl)tetrazine (2b). A solution of lb (0.3 g) and 2b (0.3 g) in chlo
roform (20 ml) was stirred at room temperature for 14 hr. Then the 
solvent was removed under reduced pressure and the residue was 
purified by silica gel chromatography using chloroform to give 4b 
(0.47 g, 83%): mp 198-200° (from MeOH); NMR (CDC13) 5 6.61 (d, 
J = 8.0 Hz, 1 H, Hd or He), 6.65 (d, J  = 8.0 Hz, 1 H, Hd or He), 
6.80-8.82 (complex m, 18 H, aromatic H).

Anal. Calcd for C 30H 20N 4: C, 82.54; H, 4.62; N, 12.84. Found: C, 
82.45; H, 4.86; N, 12.68.

Reaction of 6,6-Diphenylfulvene (lb) with 3,4-Bisdiazo- 
2,5-diphenylcyclopentadienone (6). To a solution of lb (0.2 g) in 
benzene (15 ml) was added powdered l,3'-bisdiazo-l,3-diphenyl-2- 
propanone (5, 0.5 g), and the mixture was stirred at room tempera
ture for 10 hr. Then the solvent was evaporated under reduced 
pressure and the residue was purified by silica gel chromatography 
using chlroform to give 4a (0.21 g, 68%).

Reaction of 6-Dimethylaminofulvene (la) with 3,4-Bis- 
diazo-2,5-diphenylcyclopentadienone (6). To a solution of la 
(0.4 g) in benzene (30 ml) was added powdered compound 5 (0.5 g). 
The mixture was stirred at room temperature under argon in the 
dark for 8 hr. Then the solvent was removed under reduced pres
sure and the residue was purified by silica gel chromatography 
using benzene to give yellow crystals of 7 (0.58 g): mp 186-188° 
(from benzene); ir (KBr) 3250 (NH), 1662 cmT1 (N = C -C = 0 ); 
NMR (CDCI3) a 2.97 (s, 6 H, NCH3), 6.31 (t, 1 H, Hd), 6.32 (dd, 1 
H, Hc), 6.57 (dd, 1 H, Hb), 6.85 (s, 1 H, Ha), 7.17-8.22 (complex m, 
10 H, aromatic H); J\,c = 4.4, Jcd = 2.5, Jbd = 2.5 Hz.

Anal. Calcd for C 23H 21N 3O : C, 77.72; H, 5.96; N, 11.82. Found: 
C, 77.81; H, 5,85; N, 11.87.

Reaction of 6-Dimethylaminofulvene (la) with Diethyl 
Azodicarboxylate (8). A solution of 6-dimethylaminofulvene (la, 
0.7 g) and 8 (1.0 g) in benzene (50 ml) was stirred at room tempera
ture under argon in the dark for 1 day. Then the mixture was fil
tered to give 10 (0.12 g). The filtrate was evaporated under re
duced pressure and the residue was purified by silica gel chroma
tography using benzene as an eluent to give 9 (0.24 g).

9: mp 172-173° (from EtOH); ir (KBr) 3276 (NH), 1745, 1680 
cm" 1 (C = 0 ); NMR (CDCI3) 6 1.20 (t, J  = 8.0 Hz, 3 H, CH3), 1.23 
(t, J = 8.0 Hz, 3 H, CH3), 3.21 (s, 6 H, NCH3), 4,13 (q, J  = 8.0 Hz, 
2 H, CH2), 4.17 (q, J = 8.0 Hz, 2 H, CH2), 6.16 (dd, 1 H, Hd), 6.36 
(t, 1 H, Hc), 6.45 (dd, 1 H, He), 7.03 (s, 1 H, NH), 7.78 (broad s, 1 
H, Ha); Jcd = 2.6, tide = 4.5, Jce = 2.6 Hz.

Anal. Calcd for C14H2iN30 4: C, 56.93; H, 7.17; N, 14.23. Found: 
C, 56.91; H, 6.99; N, 14.12.

10: mp 193-195° (from MeOH); ir (KBr) 3272 (NH), 1740, 1682 
cm-1 (C = 0 ); NMR (CDCI3) i  1.21 (t, J  = 8.0 Hz, 3 H, CH3), 1.24
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(t, J  = 8.0 Hz, 3 H, CH3), 3.15 (s, 6 H, NCH3), 4.09 (q, J  = 8.0 Hz, 
2 H, CH2), 4.13 (q, J  = 8.0 Hz, 2 H, CH2), 6.05 (s, 2 H, Hc and Hd), 
6.80 (s, 2 H, NH), 7.79 (broad s, 1 H, Ha).

Anal. Calcd for C2oH3iNsOg: C, 51.16; H, 6.66; N, 14.92. Found: 
C, 51.30; H, 6.57; N, 14.88.

Registry No.— la, 696-68-4; lb , 2175-90-8; 2a, 6830-78-0; 2b, 
1671-87-0; 3, 54384-98-4; 4a, 54384-99-5; 4b, 54385-00-1; 6, 32683- 
51-5; 7a, 54385-01-2; 8,1972-28-7; 9, 54385-02-3; 10, 54385-03-4.
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Base-induced condensation of oxaazadiols with 3,3-bis(chloromethyl)oxetane gives macrocyclic aza polyethers 
bearing one or two spirooxetane rings. Thermolysis of appropriately constituted oxaaza macrocycles is shown to 
give novel polycyclic structures, as does condensation with bis(acid chloride). Ring closure of a ,«-diamines with
3,3-bis(chloromethyl)oxetane leads to polyoxaaza macrocycles in low yield.

The previous paper1 in this series described the one-step 
synthesis of macrocyclic polyethers and polysulfides bear
ing one or two spirooxetane substituents. This paper pre
sents syntheses of a number of related polyoxaaza macroc
ycles and some chemistry of the imine group in such rings.

Synthesis from a,«-Diamines. Alkylation of a,«-di
amines with dihalides does not usually lead to good yields 
of diaza macrocycles,2 and reaction of 3,3-bis(chlorometh- 
yl)oxetane (1) with primary a,«-diamines has been found

cleophilicity of the amine centers. The condensations were 
therefore carried out with the dipotassium salts of the diols 
containing unmasked imine groups. Alkylation on nitrogen 
appeared to be a minor side reaction, and the results are 
roughly comparable to those obtained with the polyethyl
ene glycols.1

In the presence of 2 equiv of potassium fert-butoxide 
and in tert-butyl alcohol as solvent, diethanolamine con
densed with 1 to give dispiro macrocycle 7 in 17% yield

to give several types of products. Ethylenediamine with 1 
gave volatile products resulting from monoalkylation of 
both nitrogen atoms (i.e., 2) and from dialkylation (i.e., 3 
and 4) along with low polymers. A similar result was ob
served starting from 1 and 3,6,9-trioxaundecane-l,11-di
amine, since both macrocycle 5 and azetidine 6 were 
formed. The distillation cut which contained 5 and 6 in 
roughly equal amounts was separated by taking advantage 
of the superior ability of 5 to form complexes. The crystal
line complex, 5 • NaSCN, was precipitated while 6 re
mained in solution.

Synthesis from a,«-Diols. Three a,«-diols having aza 
nitrogen were condensed with 1 or with 3,3-bis(bromo- 
methyl)oxetane. Attempts to selectively benzoylate the 
amine function in these diols under mild conditions gave 
little derivatization, a result indicative of rather low nu-

along with 1% of N-alkylated product (8). The effect of ni
trogen in the macrocyclic polyether on complex formation 
is indicated by the fact that 7 readily displaced water from 
cupric acetate hydrate to form 7 • Cu(OAc)2.

3,9-Dioxa-6-azaundecane-l,ll-diol (9) was obtained by 
the following sequence of reactions. Interestingly, the 
three-stranded compound 10 was the only acyclic poly ether 
encountered in this study which gave a crystalline complex, 
namely 10 • NaSCN.
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SOC1, N H ,
HCKCH,CH20)2H -----CI(CH2CH20),H — ♦

H2N(CH2CH20)2H + HN(CH2CH2OCH2CH2OH)2 +
11 9

N(CH2CH2OCH2CH2OH)3
10

Condensation of the dipotassium salt of 9 with 1 gave 
macrocycle 12 in 67% yield. A 1:1 complex of 12 with 
NaSCN was easily prepared. The presence of a secondary 
amine function in 12 which can be derivatized was shown 
by its reaction with excess ethylene oxide to form 13.

Finally, the dipotassium salt of 6,9-dioxa-3,12-diaza- 
tetradecane-l,14-diol2 was condensed with 1 to form ma
crocycle 14 in 71% crude yield. Purification of 14 was best 
effected by crystallization as the 1:1 complex with sodium 
thiocyanate or sodium iodide. Attempted fractional distil
lation of crude 14 necessitated temperatures near 200°, 
high enough for intramolecular attack of nitrogen on the 
oxetane ring to occur.3 As a result, the distillate proved to 
be largely the bicyclic compound 15. This product formed a 
relatively insoluble 1:1 complex with sodium thiocyanate, 
and mixtures of 14 • NaSCN with 15 • NaSCN could be sep
arated by fractional crystallization from acetone.

oc
14

)

Further Reactions of the Oxetane and the Amine 
Functions. Since both amine groups in 7 are in position to 
close a seven-membered ring by intramolecular attack on 
an oxetane ring, thermolysis of neat 7 was undertaken. Lit
tle reaction occurred at 210°, but at 230° the rearrange
ment proceeded to give two isomers of 16, presumably 
those represented below. Although no complexes of 16 have 
yet been prepared, the unusual cavity with both bridge
head carbon and nitrogen atoms is expected to yield inter
esting results.4

Thermolysis of 12 at 230° led mainly to recovered start
ing material, a result ascribable to steric crowding associ
ated with closure of a ten-membered ring. Thus, although 7 
underwent intramolecular ring closure to 16 even in the 
presence o f  a large excess o f  ammonia, 12 reacted with am
monia to form 17.

17

By means of the general technique used on related com
pounds by Simmons and Park5 and Lehn and Montavan,6 
the diamines 7 and 14 were bridged with diglycolyl dichlo
ride to give 18 and 19, the first examples of cage polyethers 
bearing the oxetane function. Presumably the amide 
groups could be reduced to amine with diborane to provide 
strongly complexing ligands.

19

Diglycolyl dichloride was also treated with 17 to form the 
diamide 20, in this case a cage polyether with one carbon 
and one nitrogen as bridgehead atoms.

Experimental Section7
2-Oxa-6,9-diazaspiro[3.6]decane (2 ), Ar-(2 -Aminoethyl)-2 - 

oxa-6 -aza- spiro[3.3]heptane (3), and l,2-Bis[lV-(2-oxa-6-aza- 
spiro[3.3]heptyl)]ethane (4). A mixture of 15.5 g (0.10 mol) of 
3,3-bis(chloromethyl)oxetane, 6.0 g (0.10 mol) of ethylenediamine, 
300 ml of 1-propanol, and 31.8 g (0.30 mol) of anhydrous sodium 
carbonate was refluxed under nitrogen for 2 weeks. The mixture 
was then filtered and distilled to give 1.5 g (10%) of 3, bp 45-47° 
(0.1 mm), and 0.7 g (5%) of 2, bp 60° (0.1 mm).



The Oxetane Function Spiro to Polyoxaaza Macroheterocycles J. Org. Chem., Vol. 40, No. 9,1975 1207

For 3: ir 2.97, 3.03, and 6.25 (NH2), 3.40, 3.48, and 3.56 (saturat
ed CH), 10.30, and 10.60 n (oxetane); 1H NMR (acetone-rig) 4.60 
(s, 2 H, oxetane), 3.30 (s, 2 H, azetidine), 1.83 ppm (broad, NH 
shifted by addition of D20), with rough triplets of AA'BB' at 197 
(hidden), 190,183, and 160,153,146 Hz (1 H each); mass spectrum 
m/e 142 (M+), 112.0779 (M+ -  CH2NH2 and not M+ -  CH20), 82 
(M+ -  CH2NH2 -  CH20).

AnaL Calcd for C7H14N20: C, 59.13; H, 9.92; N, 19.70. Found: C, 
59.25; H, 9.94; N, 19.82.

Compound 2 crystallized and was triturated with a small 
amount of ether, then ether-petroleum ether to give 0.2 g of deli
quescent and somewhat impure 2: mp 54-55°; ir (Nujol) 3.08 
(NH), 10.47 fi (oxetane); !H NMR (acetone-rig) & 4.27 (s, 2 H, oxe
tane), 3.12 (s, 2 H, CCH2N), 2.76 (s, 2 H, NCH2CH2N), 2.63 ppm 
(s, 1 H, NH shifted downfield with D20); mass spectrum m/e 142 
(M+), 141 (M+ -  H), 112.1008 (M+ -  CH20  and not M+ -  
CH2NH2). Trimethylsilylation gave m/e 286 [M+ for addition of 
two (CH3)3Si groups], 273 (M+ -  CH3), 256 (M+ -  CH20).

Anal. Calcd for C7HuN20: C, 59.13; H, 9.92; N, 19.70. Found: C, 
59.76; H, 10.34; N, 18.92.

Sublimation of 4 from the distillation residue at 100° (0.3 mm) 
gave 0.9 g, mp 90-95°. Resublimation at 75° (0.03 mm) gave 0.64 g 
(6%) of 4: mp 95-99°; ir (Nujol) 10.36 and 10.65 a (oxetane); XH 
NMR (acetone-rig) 4.60 (s, 2 H, oxetane), 3.25 (s, 2 H, azetidine),
2.26 ppm (s, 1 H, NCH2CH2N); mass spectrum m/e 224 (M+), 194 
(M+ -  CH20), 172,126,112, 82.

Anal. Calcd for Ci2H20N2O2: C, 64.25; H, 8.99; N, 12.49. Found: 
C, 63.83; H, 9.01; N, 12.41.

2,9,12,15-Tetraoxa-6,18-diazaspiro[3.15]nonadecane (5) and 
AT-(ll-Ajnino-3,6,9-trioxa-l-undecyl)-2-oxa-6-azaspiro[3.3]- 
heptane (6 ). A mixture of 15.5 g (0.10 mol) of 3,3-bis(chlorometh- 
yl)oxetane, 19.2 g (0.10 mol) of 3,6 ,9-trioxaundecane-l,11-diamine,
38.7 g (0.30 mol) of diisopropylethylamine, and 500 ml of 1-propa- 
nol was refluxed under nitrogen for 3 days. The mixture was 
cooled, treated with 2 1 .2  g (0.20 mol) of anhydrous sodium carbon
ate, and refluxed for an additional 5 hr. The reaction mixture was 
then filtered and distilled in a molecular still to give 4.6 g (17%) of 
an approximately equimolar mixture of isomers 5 and 6 : bp 108- 
110° (0.1 n); ir 2.98 (sh) and 3.02 (NH), 6.26 (NH2, relatively 
weak), 8.9 (broad, COC), 10.28, and 10.61 a (oxetane ring); NMR 
indicated a mixture of oxetanes for which assignments could be 
made as described below.

Anal. Calcd for CisH^NaOi: C, 56.91; H, 9.55; N, 10.21; mol wt,
274. Found: C, 56.88; H, 9.23; N, 9.93; mol wt, 274 (field ionization 
mass spectrum).

The mixture of 5 and 6 was separated by formation of the crys
talline complex of 5 with NaSCN. A solution of 1.2 g (0.0044 mol) 
of the mixture and 0.32 g (0.004 mol) of NaSCN in 10 ml of ace
tone was evaporated to ca. 5 ml, 5 ml of ether was added, and the 
mixture was allowed to stand overnight. The supernatant liquid 
was decanted and the solid was recrystallized from acetone-ether, 
then from acetone to give the 1 :1  complex as large, colorless cubes: 
mp 154.5-155.5°; ir (Nujol) 3.08 (NH), 4.85 (SCN), 8.8-9.5 (COC),
10.21, and 10.60 n (oxetane); *H NMR (acetone-rig) 4.43 (s, 2 H, 
oxetane CH2), 3.67 (s, 4 H, OCH2CH20), 3.12 (s, 2 H, CCH2N), 
and 2.43 ppm (broad, 1 H, NH) with rough triplets of an AA'BB' 
pattern at 225, 220.5 (hidden), 216 (2 H, NCH2CH20) and 177, 
172.5,168 Hz (2 H, NCH2CH20).

Anal. Calcd for Ci4H26N3Na0 4S: C, 47.31; H, 7.37; N, 11.82; Na,
6.47. Found: C, 47.49; H, 7.21; N, 11.62; Na, 7.33.

The mother liquor from complex formation was evaporated to a 
viscous residue and the residue was extracted with 50 ml of ben
zene. Evaporation of the benzene gave a residue which was extract
ed with 50 ml of petroleum ether. Evaporation of the petroleum 
ether gave an oil, nearly pure 6 : :H NMR (acetone-dg) 4.60 (s, 2 H, 
oxetane), 3.57 and 3.54 (both s, combined area 6  H, NCH2CH20- 
CH2CH2OCH2CH2), and 3.31 ppm (s, 2 H, azetidine) with rough 
triplets of an AA'BB' pattern hidden near 200 Hz and at 155.5, 
150, and 144 Hz; NH2 resonance uncertain owing to impurity 
peaks.

Subtraction of the above spectrum from that of the original mix
ture leaves for uncomplexed 5 'H  NMR 4.30 (s, 2 H, oxetane), 3.55 
(s, 4 H, 0CH2CH20), and 2.93 ppm (s, 2 H, CCH2N) with AA'BB' 
triplets hidden near 210 and at 169,164, and 159 Hz.

2,6,12,16,19,25-Hexaoxa-9,22-dirizadispiro[3.9.3.9]hexacos- 
ane (7) and N-(2-Hydroxyethyl)-2,6-dioxa-9-azaspiro[3.6]de- 
cane (8). A solution of 105.0 g (1.0 mol) of diethanolamine, 155.0 g 
(1.0 mol) of 3 ,3 -bis(chloromethyl)oxetane, and 233 g (2.08 mol) of 
potassium fert-butoxide in 2.5 1. of tert-butyl alcohol was refluxed 
and stirred under N2 for 2 days. The addition of oxetane, glycol,

and butoxide was repeated, and reaction was continued for 4 days. 
Filtration and evaporation of the filtrate to 60° (0.5 mm) gave a 
semisolid residue which was kept at 90° and extracted continuous
ly with heptane far 3 days. Removal of heptane from the extract 
and recrystallization from ether gave 63.6 g (17%) of 7, mp 118.5- 
119°. An analytical sample was recrystallized from tetrahydrofur- 
an: mp 118.5-119°; ir (Nujol) 3.04 (NH), 8.6-9.5 (COC), 10.07,
10.29,10.52, and 10.75 M (oxetane); NMR [(CD3)2CO] 4.36 (s, 1, ox
etane CH2), 3.68 (s, 2, along with underlying OCH2CH2N, 
CCH20), 2.30 ppm (very broad NH) with AA'BB' branches at 221 
(hidden), 216.5, and 2 1 1  (OCH2CH2N) and 172, 166.5, and 162 Hz 
(OCH2CH2N).

Anal. Calcd for CigH^N^g: C, 57.73; H, 9.15; N, 7.48; mol wt,
374.5. Found: C, 57.62; H, 8 .8 6 ; N, 7.61; mol wt, 398 (ebullioscopic, 
PhH).

Distillation of the ether filtrate afforded, in addition to consid
erable viscous residue, 4.9 g (1.3%) of 8 : bp 108-114° (0.25 mm); ir
2.92 (OH), 3.42 and 3.49 (saturate CH), 8.5-9.5 (COC, COH), and
10.4 n (oxetane); NMR [(CD3)2CO] 4.37 (s, 4, oxetane CH2), 3.97 
(s, 2, CCH20), 3.07 (s, 2, CCH2N), with multiplets at 3.7-3.4 (5, 
OCH2CH2N +  OH) and 2.8-2.55 ppm (4, OCH2CH2N).

Anal. Calcd for C9H17N0 3: C, 57.73; H, 9.15; N, 7.48. Found: C, 
57.42; H, 9.27; N, 7.38.

The 1:1 complex of 7 with cupric acetate was obtained as fol
lows. Solutions of 0.20 g (0.001 mol) of Cu(OAc)2 • H20  in 15 ml of 
warm absolute ethanol and 0.36 g (0.001 mol) of diamine 7 in 10 ml 
of ethanol were mixed to give deepening of blue color, but no pre
cipitate. Most of the solvent was removed and 25 ml of ether was 
added. The precipitate was triturated thoroughly and filtered to 
give 0.52 g (93%) of violet 1:1 complex, mp 156-158° dec, recrystal
lized from tetrahydrofuran-ether for analysis: mp 159-160.5° dec; 
ir (Nujol) 3.08 and 3.16 (NH), 6 .2 1  and 6.29 (C02- ), broad 8.6-9.5 
(COC), and 10.24, 10.77 n (oxetane); 1H NMR signals greatly 
broadened by paramagnetic Cu2+.

Anal. Calcd for C22H4oCuN2Oi0: C, 47.51; H, 7.25; N, 5.04; Cu,
11.43. Found: C, 47.64; H, 7.59; N, 4.95; Cu, 11.51.

5-Chloro-3-oxapentan-l-ol and Its Reaction with Ammonia. 
A mixture of 1696 g (16.0 mol) of diethylene glycol and 632 g (8.0 
mol) of pyridine was cooled at 0° and stirred while 952 g (8.0 mol) 
of thionyl chloride was added at a rate sufficient to maintain the 
temperature near 20°. When all the thionyl chloride had been 
added (3.5 hr), the temperature was raised to about 80°, at which 
point noticeable S02 evolution occurred. After 3 hr at 80°, the 
mixture stood over the weekend. It was then heated slowly to 125° 
and held at 125° until gas evolution had nearly ceased (3 hr). The 
mixture was distilled and the fraction of bp 60-110° (5 mm) was 
redistilled through a spinning band column to afford 453 g (45%) 
of 5-chloro-3-oxapentan-l-ol: bp 75-76° (5 mm); n22D 1.4519;8 ir
2.92 (OH), 8.8-9.5 (COC), 13.4 M (CC1).

A mixture of 110 g (0.88 mol) of the chloropentanol, 100 g of 
NH3, and 500 ml of absolute alcohol was heated at 120° for 15 hr 
under autogenous pressure. The reaction mixture was refluxed 
with 150 g of anhydrous sodium carbonate for 4 hr and filtered, 
and the filtrate was distilled. There was thus obtained 40.6 g (44%) 
of 11, bp 98-99° (5 mm), n24D 1.4588, and 21.6 g (25%) of 9, bp 
128° (20 m) ,  n21 D  1.4717.

For 11: ir 2.99 and 3.05 (NH2), 3.1 (broad sh, H-bonded OH, 
NH2), 6.25 (NH2), and 8.92 and 9.33 n (C-O); *H NMR 4.17 (s, 
partial exchange with acetone-rie, OH), 3.56 (s atop broad multi- 
plet, 0CH2CH20), 3.2-3.8 (multiplet, OCH2CH2N), 1.90 ppm 
(broad s, partial exchange with acetone-rie, NH2).

Anal. Calcd for C4HnN 02: C, 45.69; H, 10.55; N, 13.33. Found: 
C, 45.75,45.35; H, 10.05,10.24; N, 12.41.

For 9: ir 3.0-3.05 (broad, NH, H-bonded OH), 8.95 and 9.38 a 
(C-O); 1H NMR 3.93 (s, 3 H, OH + NH), 3.4-3.7 ppm (multiplet, 
12 H, OCH2CH2OCH2), with one branch of an AA'BB' pattern at 
172, 167, and 162 Hz (4 H, CH2N), addition of D20  changed only 
the 5 3.93 peak to 4.C7.

Anal. Calcd for C8H19N 04: C, 49.72; H, 9.91; N, 7.25. Found: C, 
49.96; H, 9.62; N, 7.60.

Scale-up of the synthesis gave an improved yield of 9. A mixture 
of 450 g (3.6 mol) of 5-chloro-3-oxapentan-l-ol, 400 g of ammonia, 
and 2 1. of absolute ethanol was heated at 125° for 15 hr under au
togenous pressure in a 3-gal autoclave. The dark reaction mixture 
was refluxed for 4 hr with 600 g of anhydrous Na2C03, filtered, and 
distilled to give 164.3 g (43%) of 11, bp 60—65° (0.2 mm), and 145.3 
g (42%) of 9, bp 140-145° (15 m).

Diol 9 was also obtained by alkylation of by-product 11 as fol
lows. A solution of 52.5 g (0.50 mol) of 11 and 74.7 g (0.60 mol) of
5 -chloro-3 -oxapentan-l-ol in 200 ml of 1 -butanol was heated at
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100° for 4 days. The mixture was then refluxed for 1.5 hr with 100 
g of anhydrous Na2C03, filtered, and distilled to give 39.3 g (41%) 
of 9, n22 SD 1.4743, and 15.4 g (11%) of 10, bp 174-176° (4 M), 
n22 5D 1.4820. For 10, ir and NMR fit the assigned structure.

Anal. Calcd for Ci2H27N0 6: C, 51.23; H, 9.67; N, 4.98. Found: C, 
51.26; H, 9.13; N, 5.37.

A stable, crystalline complex was obtained from the acyclic com
pound 10 and NaSCN. Reaction of 0.50 g (0.0062 mol) of NaSCN 
and 1.74 g (0.0062 mol) of 10 in acetone led to 2.14 g (95%) of the 
1 :1  complex. Recrystallization from acetone gave an analytical 
sample: mp 104-105°; ir (Nujol) 2.93 (OH), 3.15 (NH), 4.79 (SCN),
8.5-9.5 n (COC, COH). The *H NMR spectrum was similar to that 
of the uncomplexed amine.

Anal. Calcd for Ci3H27N2Na06S: C, 43.08; H, 7.51; N, 7.73; Na, 
6.34. Found: C, 43.62; H, 7.28; N, 7.74; Na, 5.7.

2,6,9,15,18-Pentaoxa-12-azaspiro[3.15]nonadecane (12). An 
attempt to N-benzoylate 9 with benzoic acid-dicyclohexylcarbodi- 
imide in glyme led instead to 73% of /V-benzoyl-iV, N'-dieyclohex- 
ylurea. Similarly, the mixed anhydride PhCOOCOO-i-Bu with 9 
did not give the jV-benzoyl derivative. In view of the rather low re
activity of the N atom in 9 as a nucleophile, condensation with bis- 
(chloromethyl)oxetane was attempted directly.

A solution of 62.0 g (0.40 mol) of bis(chloromethyl)oxetane, 94.0 
g (0.84 mol) of potassium tert-butoxide, and 77.2 g (0.40 mol) of 9 
in 1 1. of tert-butyl alcohol was refluxed and stirred under N2 for 6 
days. Filtration and evaporation of the reaction mixture to 50° (0.5 
mm) gave a residue which crystallized on cooling. The crude 12 
was kept molten at ~90° and extracted continuously with heptane 
for 1 day. The cooled extract was filtered, and the solid so isolated 
was recrystallized from ether to give 74.2 g (67%) of 12, mp 79-81°. 
An analytical sample, mp 80-81°, was recrystallized from ether: ir 
(Nujol) 3.01 (NH), 8.6-9.1 (COC), 10.22, and 10.74 ^ (oxetane); 
NMR [(CD3)2CO] 4.32 (s, 4, oxetane CH2), 3.65 (s, 4, CCH20), 3.57 
(s, 12 with underlying OCH2CH2N, OCH2CH2), and 2.32 ppm 
(broad s, 1, NH) with OCH2CH2N appearing as AA'BB' at 214 
(hidden), 209, and 204 (OCH2) and 162, 157, and 152 Hz (4, 
CH2N). Addition of D20  moved the NH resonance downfield.

Anal. Calcd for C13H25NO5: C, 56.71; H, 9.15; N, 5.09; mol wt,
275. Found: C, 56.61; H, 8 .88; N, 5.04; mol wt, 272 (cryoscopic, 
PhH).

A 1:1 complex of 12 with NaSCN was prepared in acetone, crys
tallized by concentration and addition of a small amount of ether, 
and isolated in 93% yield, mp 113-114°. A recrystallized sample 
had mp 113-114°; ir (Nujol) 3.03 (NH), 4.86 (SCN), 8.7-9.5 (COC), 
10.36,10.57, and 10.75 M (oxetane); NMR [(CD3)2CO] 4.43 (s, 4, ox
etane CH2), 3.98 (s, 4, CCH20), and 3.73 ppm (s, 12 with nearby 
OCH2CH2N, 0CH2CH20), with OCH2CH2N appearing as AA'BB' 
at 221, 216.5, and 211.5 (OCH2) and 174.5, 169.5, and 165 Hz (4, 
CH2N).

Anal. Calcd for Ci4H26N2Na05S: C, 47.18; H, 7.07; N, 7.86; Na, 
6.45. Found: C, 47.41; H, 7.14; N, 8.16; Na, 6.06.

Reaction of 12 with Ethylene Oxide. A mixture of 27.5 g (0.10 
mol) of 12, 10 g (0.23 mol) of ethylene oxide, and 200 ml of metha
nol was heated in a bomb tube at 10 0 ° for 6 hr autogenous pres
sure. Solvent was evaporated, and the product was volatilized in a 
very short-path still at about 190° (~20 m), giving 27.6 g (87%) of 
N-(2-hydroxyethyl)-2,6,9,15,18-pentaoxa-12-azaspiro[3.15]nona- 
decane (13) as a nearly colorless oil: ir (2.90 (OH), 8.7-9.5 (COC, 
COH), 10.23, and 10.80 M (oxetane); NMR [(CD3)2CO] 4.29 (s, 4, 
oxetane CH2), 3.74 (s, 4, CCH20), 3.6-3.3 (m, 15, 0CH2CH20  + 
OH + OCH2CH2N), 2.85-2.5 ppm (m, 6 , CH2N).

Anal. Calcd for Ci5H29N0 6: C, 56.41; H, 9.15; N, 4.39. Found: C, 
56.43; H, 8.80; N, 4.54.

The complex of 13 with NaSCN could not be induced to crystal
lize.

2,6,12,15,21-Pentaoxa-9,18-diazaspiro[3.18]docosane (14) 
and 15-Hydroxymethyl-4,7,13,17-tetraoxa-l,10-diazabicyclo- 
[13.4.1 jeicosane (15). A solution of 202 g (0.855 mol) of 6,9-dioxa-
3,12-diazatetradecane-l,14-diol, 132.8 g (0.855 mol) of 3,3-bis(chlo- 
romethyl)oxetane, and 191.5 g (1.71 mol) of potassium tert-butox
ide in 2.35 I. of tert-butyl alcohol was stirred and refluxed under 
N2 for 5 days, cooled, and filtered. The filtrate was concentrated to 
50° (0.5 mm) and the residual oil was extracted continuously with 
pentane for 4 days. Concentration of the extracts gave 198.4 g 
(71%) of crude 14 as a thick yellow oil. This product could not be 
purified by distillation (see below), but NMR and ir indicated it to 
be 14. The structure was confirmed by isolation of the 1:1 complex 
of 14 with NaSCN in high yield as follows.

A solution in acetone (15 ml) of 3.18 g (0.01 mol) of crude 14 and

0.81 g (0.01 mol) of NaSCN was evaporated to a volume of 10 ml 
and 5 ml of ether was added. The cloudy solution was seeded with 
previously prepared complex and on standing gave 3.20 g (80%) of 
1:1 complex, mp 147-150°. Recrystallization from a small amount 
of acetone gave 2.63 g of complex, mp 151-153.5°, shown by mix
ture melting point to be the same as authentic complex. An analyt
ical sample of similarly prepared complex had mp 151-153°; ir 
(Nujol) 2.97 and 3.04 (NH), 4.82 (SCN), 8.5-9.5 (COC), 10.03, 
10.48, and 10.53 p (oxetane); NMR [(CD3)2CO] 4.36 (s, 2, oxetane 
CH2), 3.90 (s, 2, CCH20), 3.75-3.5 with major singlet at 3.64 for 
0CH2CH20  (m, 6 , OCH2), and 2.23 ppm (broad, 1, NH), with one 
branch of A2B2 at 173.5,168, and 164 Hz (4, NCH2).

Anal. Calcd for C16H30N3NaO5S: C, 48.11; H, 7.57; N, 10.52; Na,
5.75. Found: C, 47.76; H, 7.57; N, 10.60; Na, 5.65.

A 1 :1  complex of 14 with Nal was similarly obtained as hygro
scopic crystals: mp 143-145°; ir (Nujol) 3.09 (NH), 8.5-9.5 (COC), 
10.07, and 10.57 n (oxetane); NMR [(CD3)2CO] 4.38 (s, 2, oxetane 
CH2), 3.95 (s, 2, CCH20), 3.7-3.55 with major singlet at 3.67 (m, 6 , 
OCH2), 3.0-2.7 (m, 2, NCH2), and 1.83 ppm (s shifted downfield by 
D20 , 1, NH).

Anal. Calcd for C15H30N2NaO.il: C, 38.47; H, 6.46; N, 5.98; I,
27.10. Found: C, 38.36; H, 6.37; N, 5.77; I, 26.90.

Another preparation of 14 gave a similar yield of crude product, 
which was distilled through a Vigreux column. Fractions taken at 
~  160 (0.3 m) to 180° (1.0 n) were 65.7 g (21%) of mixtures of 14 and 
15. Product distilled at 180-185° (1.0 ix) was 85.1 g (27%) of the ex
ceptionally viscous 15, formed by intramolecular attack of NH on 
the oxetane ring: ir 2.92, 3.00, and 3.12 (OH, NH), 3.37 (sh), and 
3.46 (saturate CH), 8.5-9.5 n (COC, COH); NMR [(CD3)2CO] 3.8- 
3.1 (m, 2, OCH2 +  OH + NH) and 2.8-2.5 ppm (m, 1, NCH2).

Anal. Calcd for C15H3oN20 5: C, 56.58; H, 9.50; N, 8.80. Found: C, 
56.75; H, 9.74; N, 8.57.

The 1:1 complex was prepared in acetone from 3.18 g (0.01 mol) 
of 15 and 0.81 g (0.01 mol) of NaSCN, 3.57 g (90%), mp 163-164°. 
An analytical sample was obtained from acetone-ether: mp 164- 
165°; ir (Nujol) 2.95 (OH), 3.02 (NH), 4.83 and 4.92 (SCN), 8.6-9.6 
M (COC, COH); NMR [(CD3)2CO] 3.7-3.15 (m, 19, OCH2 + OH) 
and 2.7-2.3 ppm (m, 11, NCH2 +  NH).

Anal. Calcd for Ci6H3oN3Na06S: C, 48.11; H, 7.57; N, 10.52; Na,
5.75. Found: C, 47.84; H, 7.67; N, 10.38; Na, 5.68.

Isomers of 6,16-Bis(hydroxymethyl)-4,8,14,18-tetraoxa-
l,ll-diazatricyclo[14.4.1.16"n ]docosane (16). Thermolysis of 
neat 7 at 205-210° under nitrogen for 8 hr gave recovered 7. At 
225-230° for 24 hr, 4.0 g (0.0107 mol) of 7 formed a viscous prod
uct which gave 2.7 g of isomers of 16, mp ~155-170°, when tritur
ated with 30 ml of benzene. Two recrystallizations from benzene 
gave 1.3 g of needles, isomer A, mp 177.5-177°. A second crop, 0.2 
g, mp 173-176°, raised the yield to 1.5 g (38%). An analytical sam
ple was obtained from acetone: mp 177.5-178.5°; ir (Nujol) 2.90 
(OH), 8.5-9.6 n (COC, COH); NMR [(CD3)2SO] 4.2-1.6 ppm (com
plex multiplet). A broad band at 4.2 ppm (OH) was shifted upfield 
by addition of D20, leaving none in the region for oxetane ring. 
Mass spectrum m/e for silylation product 518 (disilylated M+), 
503 (disilylated M+ — CH3). Mass measurement on parent gave 
m/e 518.3190 for C24H5o0 6N2Si2 (calcd, 518.3204).

Anal. Calcd for CigH34N206: C, 57.73; H, 9.15; N, 7.48. Found: C, 
58.00; H, 9.02; N, 7.44.

The filtrate from isomer A contained some lower melting isomer 
B, which could not be isolated by crystallization from ether or ben
zene.

An attempt to obtain intermolecular addition to the oxetane 
rings with ammonia was carried out below 2 1 0 °, but in water solu
tion. In the polar solvent, reaction proceeded at only 200° to give 
the two isomers of 16 rather than ammonia adducts. In this case, 
isomer B was isolated as follows.

A mixture of 8.2 g (0.022 mol) of 7 and 100 ml of concentrated 
NH4OH was heated at 200° for 17 hr under autogenous pressure. 
The clear reaction mixture was evaporated to a solid residue, 
which was heated with 25 ml of acetone and cooled to give 2.75 g of 
isomer A, mp 173-177°. A second crop, 1.68 g, mp 125-135°, was 
mainly isomer B. A third crop, 0.34 g, mp 171-176°”, raised the 
yield of isomer A to 3.09 g (38%). The second crop was recrystal
lized from methanol-acetone to give 1.21 g (15%) of isomer B, mp 
126-128°. An analytical sample was obtained from acetone with a 
little methanol added, as large cubes: mp 127.5-129°; ir (Nujol) 
2.91 (OH) and 8.5-9.5 m (COC, COH) with no isomer A detectable; 
NMR [(CD3)2SO] 4.3-2.1 ppm (complex multiplet different from 
that for isomer A). A broad band at 4.3 ppm (OH) was shifted up
field by D20 , leaving none in the region for oxetane ring. Mass
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spectrum m/e for silylated derivative 518 (disilylated M+); the 
spectrum is nearly identical with that of isomer A.

Anal. Calcd for Ci8H34N20 6: C, 57.73; H, 9.15; N, 7.48. Found: C, 
57.50; H, 8.80; N, 7.76.

15-Aminomethyl-15-hydroxy methyl-1,4,10,13-tetraoxa-7- 
azacyclohexadecane (17). After neat 12 was heated under nitro
gen at 220-230° for 20 hr, 81% of the starting material was recov
ered. Ammonia can therefore attack 12 to form an adduct.

A mixture of 27.5 g (0.01 mol) of 12 and 200 ml of concentrated 
NH4OH was heated at 200° for 20 hr under autogenous pressure. 
Evaporation of the reaction mixture gave 28.8 g of viscous residue. 
Attempts to crystallize 1.4 g of the crude product failed, so the re
mainder was distilled in a molecular still to give 15.2 g (52%) of 17: 
bp 105° (1  /i); mp 52-56°; ir (neat) 2.95 (sh), 3.03 and 3.14 (OH, 
NH, NH2), 3.50 (saturated CH), 6.24 (NH2), and broad 8.6-9.6 m 
(COC, COH); NMR [(CD3)2CO] 3.7-3.5 (m, 18, OCH2), 3.18 (broad 
s, 3, with partial exchange into (CD3)2CO, OH, and NH2), 2.65-2.9 
(m, 6 , NCH2), and 1.30 ppm (broad s, 1 , NH). D20  shifted the 3.18 
ppm peak downfield. Mass spectrum m/e for silylated derivative 
508 (trisilylated M+), 493 (trisilylated M+ — CH3), 436 (disilylated 
M+), and 421 (disilylated M+ — CH3). Mass measurement of trisil
ylated parent gave m/e 508.3181 (calcd for C22H520 5 N2Si3, 
508.318H.

Anal. Calcd for Ci3H28N20 5: C, 53.40; H, 9.65; N, 9.58. Found: C, 
53.73; H, 10.04; N, 9.95.

Dispiro[oxetane-3,6'-21',25'-diketo-4',8',14',18',23'-pentaoxa- 
l',ll'-diazabicyclo[9.9.5]pentacosane-16',3"-oxetane] (18). So
lutions of 37.5 g (0.10 mol) of 7 in 200 ml of purified CH2C12 and
17.1 g (0.10 mol) of diglycolyl dichloride in 200 ml of dry benzene 
were added simultaneously and with vigorous stirring to a mixture 
of 50 ml of triethylamine and 1 1. of dry benzene. After the addi
tion was completed (4 hr), the mixture was filtered and the filtrate 
was evaporated to give 32.3 g of solid. Extraction of the filter cake 
with hot benzene gave another 1 g of solid. Recrystallization of the 
crude product from acetone gave 20.5 g (43%) of 18, mp 188-191°. 
An analytical sample, mp 190-192°, was obtained from acetone: ir 
(Nujol) 5.97 and 6.02 (amide CO), 8.6-9.4 (COC), 10.15, 10.33, and 
10.51 m (oxetane); lH NMR [(CD3)2SO] 4.5-4.0 (m, 4) and 3.8-3.2 
ppm (m, o).

Anal. Calcd for C22H3eN 20 9: C, 55.92; H, 7.68; N, 5.93; mol wt, 
473. Found: C, 55.82; H, 7.74; N, 6.16; mol wt, 467 (ebullioseopic, 
PhH).

Spiro[20,24-diketo-4,8,14,17,22-pentaoxa-l,ll-diazabicyelo- 
[9.8.5]tetracosane-6,3'-oxetane] (19). Solutions of 31.8 g (~0.10 
mol) of crude 14 in 200 ml of dry benzene and 17.1 g (0.10 mol) of 
diglycolyl dichloride in 2 10  ml of dry benzene were added dropwise 
and simultaneously to a vigorously stirred mixture of 50 ml of tri
ethylamine and 1 1. of dry benzene. After addition was completed 
(3.5 hr), stirring was continued for an additional 15 min, the mix
ture was filtered, and the filtrate was evaporated to give 26.3 g of 
viscous residue. Crystallization from acetone gave 12.3 g (30%) of 
19, mp 178-181°. An analytical sample was obtained from acetone: 
mp 180.5-182°; ir (Nujol) 6.03 (0 = 0 ), 8.6-9.6 (COC), 10.27, and 
10.78 m (oxetane); ]H NMR [(CD3)2SO] 4.3-4.0 (m, 1) and 3.7-3.2 
(m, 2 ).

Anal. Calcd for Ci9H32N20 8: C, 54.79; H, 7.75; N, 6.73; mol wt, 
416. Found: C, 54.88; H, 7.92; N, 6.50; mol wt, 417 (ebullioseopic, 
PhH).

2,6-Diketo-9-hydroxymethyI-4,ll,14,19,22-pentaoxa-l,7-dia- 
zabicyclo[7.7.7]tricosane (20). A  solution of 12.4 g (0.0425 mol) 
of diamine 17 diluted to 150 ml with purified methylene chloride 
and a solution of 7.3 g (0.0425 mol) of diglycolyl dichloride diluted 
to 150 ml with dry benzene were added simultaneously to a vigor
ously stirred mixture of 2 1. of dry benzene and 25 ml of triethyl
amine. Addition required 2.75 hr. The mixture was stirred for an
other 0.5 hr and filtered, and the solid was rinsed with benzene. 
Evaporation of the filtrate and rinsings gave a solid residue which 
was extracted with 2 X  500 ml of hot acetone. Evaporation of ace
tone gave 8.7 g of crude 20. Another 0.9 g of crude 20 was obtained 
by extraction of the benzene-insoluble solid with cold acetone. Re
crystallization of the crude product from 1:1 methanol-acetone 
gave 5.8 g (35%) of 20, mp 182-185°. An analytical sample was re
crystallized from methanol, then from methanol-acetone: mp 
186-187.5°; ir (Nujol) 2.94 and 3.02 (OH and N H ), 5.99 and 6.07 
( C = 0 ) ,  6.52 (amide II), and broad 8 .7-9.4  n (COC, COH); mass 
spectrum m/e (silylated derivative) 462 (monosilylated M +). Mass 
measured at m/e 462.2415 corresponds to C2oH380 8N 2Si (calcd, 
462.2395) with no higher mass peaks observed. A model of this 
compound is very compact and suggests that silylation at the 
amide group may be hindered.

Anal. Calcd for Ci7H 3oN20 8: C, 52.30; H , 7.74; N , 7.18. Found: C, 
52.48; H , 7.98; N , 7.13.

Registry No.—1, 78-71-7; 2, 54384-39-3; 3, 54384-40-6; 4, 
54384-41-7; 5, 54384-42-8; 5 NaSCN, 54384-43-9; 6 , 54384-44-0; 7, 
54384-45-1; 7 C u(0Ac)2, 54484-53-6; 8 , 54384-46-2; 9, 54384-47-3; 
10, 54384-48-4; 10 NaSCN, 54384-49-5; 11, 929-06-6; 12, 54384-50- 
8; 12 NaSCN, 54384-51-9; 13, 54384-52-0; 14, 54384-53-1; 14 
NaSCN, 54384-54-2; 14 N al, 54384-55-3; 15, 54384-56-4; 15 
NaSCN, 54384-57-5; 16 isomer A -B , 54384-62-2; 16 isomer B-A, 
54423-05-1; 17, 54384-58-6; 18, 54384-59-7; 19, 54384-60-0; 20, 
54384-61-1; ethylenediamine, 107-15-3; 3,6,9-trioxaundeeane-
1,11-diamine, 929-75-9; diethanolamine, 111-42-2; 5-chloro-3-oxa- 
pentan-l-ol, 628-89-7; diethylene glycol, 111-46-6; ethylene oxide,
75-21-8; 6,9-dioxa-3,12-diazatetradecane-l,14-diol, 50977-92-9; di
glycolyl dichloride, 21062-20-4.
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The synthesis of the aromatic 2-azacycl[3.2.2]azine is described. The results of CNDO/2 calculations point to 
the conclusion that the C3-C 4 bond in this molecule seems to be only minimally involved in bond delocalizaiion 
with the remainder of the periphery.

Som e years ago, B oekelheide and coworkers1 prepared  
and studied the 10-ir periphery arom atic cycl[3.2.2]azine  

( 1 ).

6

1
In view o f the fact th at resonance theory, as w ell as vari

ous L C A O  approxim ations, place a substantial negative  
charge at positions 1 and 4  in  the ground state o f this m ole 
cule, we prepared the l,4 -d iazacycl[3 .2 .2]azin e (2) in order

2

to  exam ine its chem istry. T o  our surprise, we found this 
m olecule to  be readily hydrolyzed under rather m ild  acidic 
condition s .2

T h is  result leads us to  prepare 2-azacycl[3 .2.2]azine (8) 
in an attem p t to exam ine the effect th at an sp2 nitrogen  
has w hen it is in the 2 position o f the cycl[3 .2 .2]azine (1) 
ring system  rather than in the 1 position, as is the case in 
the l,4 -d iazacycl[3 .2 .2]azin e (2).

Since attem pts at a cycloaddition o f various dienophiles  
to  im id azo[l,5 -a ]p yrid in e  failed to produce the desired ring 
system , it was necessary to  develop an alternate synthesis 
o f  2-azacycl[3 .2.2]azine (8). T h e  sequence em ployed, and  
found useful, is delineated in Schem e I. T h e  identities o f  
the new com pounds (6, 7, and 8) were established by m eans 
o f  elem ental analyses, 1H  N M R  and ir spectral identifica
tions, as well as m ass spectroscopy.

C om pound 6 could be, in principle, either the 3 - or 4 - 
substituted com pound (9 or 6). T h is substance can be envi
sioned to  be form ed b y  cyclization o f the possible interm e
diate 13 or b y  form ylation o f  the prim ary product (8) ex-

C:,H7
0
II

12. R =  CH,CCH=CH

HC

O
13

S c h e m e  I

3

1. n h 2o h
2. H 2 ,P d /C
3. H C O ,H

8
DMF dimethylformamide.

pected from  the reaction o f 5 -m e th y lim id a zo [l,5 -a ]p y ri- 
dine (5) w ith d im ethylform am ide in the presence o f  butyl- 
lithium .

In order to  establish the structure o f this form yl deriva
tive (6 or 9 ), the 1H  N M R  spectrum  o f  the com pound was 
com pared with those o f com pounds 11 and 12.

I f  the substituents in these com pounds were at position  
3, we would n ot expect any changes in the chem ical sh ift o f  
H -5 . H ow ever, if  the substituents are at C 4, the chem ical 
shifts o f  H -5  in the three com pounds w ould differ. A s  the  
tabulation o f  the spectral param eters (see T ab le  I) shows, 
H -5  differs significantly in the form yl derivative from  the  
chem ical shifts o f H -5  in the derivatives 11  and 12. T h u s, 
we are dealing w ith the 4 -form yl derivative 6.

T h is inform ation is o f  great help in identifying the ch em 
ical sh ift o f  H -5  in the parent com pound, since we can o b 
tain J 5,6 in the form yl derivative (8 .0  H z) and thus, antici
pating no change in this coupling constant in going from  6 
to  8, we can analyze the 2H  N M R  spectrum  o f  the parent
(8) keeping this in m ind.
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T a b le  I
3H  N M R  P M R  S p e ctra l P a ra m e te rs  o f  

S om e C y c l[3 .2 .2 ]a z in e sa

r - T “ ï

Z

1 , X =  Y  :=  C ; Z =  H
2, X =  C ; Y  = N; Z =  H
8, X =  N ; Y  = C ; Z =  H
6. X =  N ; Y  = C ; Z =  CHO

11 , X =  N; Y  = C; Z =  C H = d ( C H 2)2CH:
12 , X =  N ; Y  = C; Z =  h c = c h (c o c h 3)

C h e m i c a l  sh ifts , p p m

Compd Hl h 2 h 3 h 4 h 3 h6 H 7

1 2.81 2.50 2.50 2.81 2.14 2.14 2.14
2 1.30 1.30 1.88 1.88 1.88
8 1.55 2.35 2.70 2.04 2.49 2.18
6 1.28 1.86 1.45 2.02 1.74

11 1.38 2.04 1.78 2.13 1.78
12 1.40 2.11 1.72 2.13 1.76

C o u p lin g  co n s ta n ts , hz

1 ^5,6 = 8.0, Jj 2 =  4.2
2 d.s,e = 8.0
8 = 7.8, J  =  7.0, J St,4 =  4.7, 'h,4 =  1 .0
6 'C s  = 8.0 , J e, T = 7 . 5

11 C , c = 8.0, Jgj7 =  7.5
12 ■ h , B - 8 .0 , < V =  7.5

0 Dilute solutions in CDCI3 -

U nfortunately, the ] H N M R  spectrum  o f the parent 2- 
azacycl[3.2.2]azine 8 cannot be analyzed by first-order 
principles. Consequently, it was necessary to com pute a 
m atching theoretical spectrum . T h e  chem ical shifts and  
coupling constants so obtained are listed in T ab le  I, while 
Figure 1 shows the experim ental, as well as theoretical, 
spectrum  of the com pound.

T h e *K  N M R  param eters o f 2-azacycl[3.2.2]azine (8), in  
com parison with those o f  cycl[3.2.2]azine (1) and o f  the
1,4-diaza analog 2, allow som e intriguing speculations.

I f  it is assum ed that the ring current contribution in 
these three com pounds is very similar, we can suggest that 
any differences in the chemical shifts of H 5, H e, and H 7 b e 
tween these com pounds will, by and large, be a reflection o f  
differences in the electron densities of C 5, C 6, and C 7.

A  com parison o f  the : H  N M R  spectra o f  cycl[3.2.2]azine
( 1 ) -with those of th e  2 -aza analog reveals their great sim i
larity except for the expected greater deshielding o f H - l  
( M  1 .26) observed in the aza derivative 8, a value w hich is 
typical for the anisotropic contribution of sp2 nitrogens to  
the chem ical shift o f protons on adjacent carbon atom s. 
T h e  other difference is the chem ical shift o f H 3 in com 
pound 8 as com pared to H 3 (H 2) in cycl[3.2.2]azine (1 ). 
T h is proton is m ore deshielded by 0 .15  ppm  in the aza d e
rivative 8. T h is is, o f course due to the anisotropic effect o f 
the lone pair o f  electrons on N 2 in com pound 8 upon the 
peri-situated H -3 . T h is peri effect has been previously d e
scribed tc be of this m agnitude. It is of interest that H 5, Hg, 
and H 7 in l,4 -d iazacycl[3 .2 .2 ]h zin e  (2) are all more de
shielded, im plying a lower electron density at C 5, C 6, and  
C7, than the sim ilar protons in com pounds 1 and 8. Thus, 
the presence of the tw o nitrogen atom s at positions 1 and 4 
accom m odate the negative charges more effectively than  
the corresponding carbon atom s in com pounds 1 and 8.

"ioo--------------- fa----------------fa------- ‘--------fa------- --------- it----------------fa~

Figure 1. !H NMR spectra of 2-azacycl[3.2.2]azine: a, experimen
tal spectrum, dilute solution in CDCI3; b, computer-simulated 
spectrum without H-l.

T h e  XH  N M R  spectrum  o f 2-azacycl[3 .2.2]azine (8) in 
deuteriotrifluoroacetic acid (D T F A A ) is instructive in d e
term ining the site o f protonation to be N 2 rather than C3 as 
is the case in the related pyrrocoline ( 10), since, upon basif- 
ication o f  the D T F A A  solution with sodium  carbonate, the 
]H  N M R  spectrum  in C D C I3 o f the recovered 2-azacy- 
cl[3.2 .2]azine (8) is unchanged from  the original spectrum .

T h u s, the protonated species o f com pound 8 is probably  
b est represented b y  a resonance hybrid of 8a and 8b.

8a 8b

C N D O /2  C a lc u la tio n s , It is instructive to com pare the 
results o f C N D O /2 calculations on the three cyclazines, 1, 
2, and 8, in an attem pt to exam ine the effects that the vari
ous nitrogen atom s in the periphery have upon the electron  
densities and other properties.3

T h e  total electron densities at the various position for 
these com pounds are indicated in the following structures.
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In none of these com pounds is there an electron w ith
drawal from  the central nitrogen atom , thus resonance-con
tributing structures such as

need n ot be considered for ground-state argum ents. Quite  
to the contrary, there is a slight electron drift toward the 
central nitrogen atom , w ith the least pronounced one being  
in com pound 8 and the m ost pronounced one in com pound  
2.

A s expected, the peripheral nitrogens in com pounds 2  
and 8 have a substantial excess electron density. T h is ex
cess density clearly derives largely from  electron depletion  
from  the carbon atom s adjacent to the periphery nitrogens.

T h e  electron densities at the rem aining carbon atom s 
are, n ot surprisingly, the sam e for the three cyclazines (1 , 2, 
and 8). T h e  great sim ilarity o f these ground-state electron  
densities precludes any possible predictions in term s o f the  
expected patterns o f electrophilic substitution, other than  
to  suggest that position 1 m ight well be the m ost suscepti
ble one toward this type of reaction.

2-A zacycl[3 .2 .2]azine (8), in contrast to com pounds 1 and  
2, has tw o different resonance-contributing structures, 8a  
and 8b.

u.:m

D.ti'.tT
CNDO / 2 Bond orders are given

8b

A n  exam ination o f the C N D O /2  bond orders given on  
structure 8b reveals that the size o f the C 3- C 4 values is 
“ unusually” large (indicating a “ strong”  double bond), and  
th at the bond orders o f the bonds em anating from  the cen
tral nitrogen are rather sm all. T h is clearly displaces any  
thought that these bonds have any double-bond  character.

Som e experim ental verification for the existence of a 
rather localized double bond is found in the size o f Jst4 (4.7 
H z), a value which suggest a ir-bond order of O.8.5’6 C onse
quently , it appears that the com pound should probably be 
written as follows (the dotted lines indicate tt- tt overlap o f  
significant extent).

T h u s, in term s o f  resonance theory, structure 8a is the  
m ore appropriate representation for this new cycl[3 .2 .2]- 
azine.

Experimental Section4
2-Formaldoximo-6-methylpyridine. To 6-methyl-2-pyridine 

carboxaldehyde (6.05 g, 0.05 mol) dissolved in 10 ml of water was 
added a solution of hydroxylamine hydrochloride (7.0 g, 0.1 mol) 
in 20 ml of water. The solution was made basic with K 2CO3  and 
heated gently for 3 hr. After cooling, the brown solid was separated 
by filtration, washed with water, and recrystallized from EtOH- 
H2O to afford 6.10 g (90%) of the pure formaldoxime: mp 170- 
171°; NMR (DMSO) 5 8.32 (s, 1 H), 7.92-7.7 (m, 2 H), 7.40 (d, 1 H, 
J  =  6 Hz), 2.72 (s, 3 H, CH3); mass spectrum m/e 136 (M+), 118 
(M+ -  18), 106 (M+ -  30), 92 (M+ -  44).

Anal. Calcd for C7H8N20: C, 61.76; H, 5.89; N, 20.06. Found: C, 
61.37; H, 5.86; N, 20.49.

6-Methyl-2-aminomethylpyridine. 2-Formaldoximo-6-meth- 
ylpridine (6.8 g, 0.05 mol) was dissolved in 200 ml of abso
lute methanol and 10% Pd/C (0.7 g) was added to the solution. The 
mixture was hydrogenated in a Parr hydrogenation apparatus at 
room temperature and at 40 psi for 3 hr. Most of the hydrogen was 
taken up after 1 hr. The mixture was filtered and the filtrate was 
evaporated under reduced pressure in order to remove the solvent. 
The remaining liquid was distilled under vacuum to afford a color
less liquid boiling at 55-57° (0.1 mm) (5.7 g, 94%) which rapidly 
turns yellow: NMR (D20 ) 5 7.71 (t, 1 H, J  = 8 Hz), 7.26 (d, 1 H, J 
= 8 Hz), 7.07 (d, 1 H, J = 8 Hz), 3.91 (s, 2 H, -CH2-), 2.54 (s, 3 H, 
CH3), 5.13 (s, 2 H, -NH2); mass spectrum (70 eV) m/e 122 (M+), 
121 (M+ -  1), 107 (M+ -  15), 93 (M+ -  29).

6-Methyl-2-formamidomethy]pyridine (4). To 6-methyl-2- 
aminomethylpyridine (6.8 g, 0.0557 mol) was added slowly with 
stirring 12 ml of 88% formic acid. The mixture was refluxed for 12 
hr. Removal of the excess formic acid and fractional distillation in 
vacuo of the remaining liquid gave a yellow oil boiling at 118° (0.1 
mm), which solidifies upon standing (7.0 g, 89.6%): ]H NMR 
(CDCI3), S 8.26 (s, 1 H, -CHO), 7.50 (t, 1 H, J = 8 Hz), 7.02 (d, 2 H, 
J = 8 Hz), 4.51 (d, 2 H, J  = 5 Hz), 2.47 (s, 1 H); mass spectrum (70 
eV) m/e 150 (M+), 120 (M+ -  30), 106 (M+ -  44).

Anal. Calcd for C8H10N2O: C, 64.00; H, 6.68; N, 18.64. Found: C, 
64.12; H, 6.78; N, 18.65

5-MethyIimidazo[l,5-a]pyridine (5). To a stirred solution of
6-methyl-2-formamidomethylpyridine (4, 35.0 g, 0.233 mol) in 200 
ml of dried benzene (distilled from sodium) was added dropwise 
freshly distilled phosphorus oxychloride (72 ml). The mixture was 
refluxed for 7 hr, and the excess POCI3 and solvent were removed 
by distillation under reduced pressure. The remaining liquid was 
hydrolyzed at 0° with ice-water followed by basification with con
centrated ammonium hydroxide. The solid which is formed was 
solubilized by addition of water (25 ml). The oily layer was sepa
rated by decantation and the aqueous layer was extracted with 
chloroform (2 X 150 ml). The two fractions (oil and extract) were 
combined, dried over anhydrous sodium carbonate, and distilled in 
vacuo. The product (5) is thus obtained as a pale yellow liquid 
boiling at 95-98° (0.1 mm) (23.87 g, 78%): 4H NMR (CDCI3) 5 7.90 
(s, 1 H), 7.40 (s, 1 H), 7.20 (d, 1 H, J = 9 Hz), 6.46 (dd, 1 H, J = 9, 
7 Hz), 6.13 (d, 1 H, J  = 7 Hz); mass spectrum (70 eV) m/e 132 
(M+), 131 (M+ -  1), 104 (M+ -  28), 92 (M+ -  40).

Anal. Calcd for C8H8N2: C, 72.72; H, 6.06; N, 21.21. Found: C, 
72.78; H, 6.11, N, 21.07.

4-Formyl-2-azacycl[3.2.2]azine (6). To a stirred solution of 45 
ml of 2 M BuLi (0.0908 mol) in 20 ml of sodium-dried tetrahydro- 
furan (THF) was added tetramethylethylenediamine (TMEDA, 
10.53 g, 0.0908 mol) under a N2 atmosphere and at —15°. Then 5- 
methylimidazo[l,5-a]pyridine (5 g, 0.0379 mol) in 20 ml of dried 
THF was added to the solution. After 1 min, a solution of dried di- 
methylformamide (DMF, 5.52 g, 0.0758 mol) in 20 ml of THF was 
added at once. The resulting dark blue solution was warmed to 
room temperature and stirred for an additional 15 min. Water (100 
ml) was then added and the mixture was extracted with chloro
form (3 X 150 ml). The combined extracts were dried over anhy
drous Na2C03 and filtered and the solvent was removed under re
duced pressure. The resulting brown solid was chromatographed 
over AI2O3 (grade III) and eluted with a 25:75 mixture of n -hex
ane-benzene. The third fraction gave a yellow solid (0.950 g, 
14.6%); mp 156-157°; 4H NMR, see Table I; mass spectrum (70 
eV) m/e 170 (M+), 169 (M+ -  1),141 (M+ -  29), 115 (M+ -  55); ir 
(Nujol) 1660 cm“ 1 (C = 0 ).

Anal. Calcd for C10H6N2O: C, 70.58; H, 3.52; N, 16.47. Found: C, 
70.52; H, 3.42; N, 16.39.

2-Azacycl[3.2.2]azine-4-carboxylic Acid (7). To 4-formyl-4- 
azacycl[3.2.2]azine (0.1 g, 0.588 mmol) dissolved in 10 ml of pure 
acetone (distilled over KMnCh) was added 5 ml of water. Solid 
KMnQt (220 mg, 1.4 mmol) was then added in five approximately 
equal portions with stirring until the purple color remained. The 
mixture was the treated with a small amount of solid sodium bisul
fite to eliminate the excess KMnCh. The mixture was filtered by 
suction through a pad of Celite and the brown cake was washed 
with several portions of acetone and hot water. The reddish solu
tion was decolorized with activated charcoal and concentrated to a 
small volume. Aqueous HC1 (5%) was then added carefully until no 
more yellow solid precipitated (pH ~5). The yellow solid was sepa
rated by filtration and washed with a small amount of saturated 
aqueous NaCl solution. Recrystallizations from D M S0-H 20  gave 
a yellow solid (80 mg, 73%) which decomposes at its melting point
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(274-275°): mass spectrum (70 eV) m/e 186 (M+), 169 (M+ -  17), 
141 (M - -  45), 114 (M+ -  72); ir (KBr) 2530 (OH), 1685 cm“ 1 
(C = 0 ).

Anal. Calcd for Ci0H6N2O2: C, 64.51; H, 3.23; N, 15.05. Found: 
C, 64.32: H, 3.25; N, 14.98.

2-Azacycl[3.2.2]azine (Imidazo[2,l,5-eif|indolizine, 8). In a
25-ml distillation flask, fitted with a short-path condenser, was 
placed a mixture of 2-azacycl[3.2.2]azine-4-carboxylic acid (520 
mg, 2.79 mmol) and copper powder (600 mg). The flask with its 
content was cautiously heated with a flame; a reddish liquid was 
collected on the walls of the flask and the condenser. This liquid 
was recovered by dissolving it in anhydrous ethyl ether. The liquid 
was chromatographed over alumina (grade III) and eluted with pe
troleum ether to give a fluorescing yellow liquid (340 mg, 85.5%), 
bp 116-118° (0.2 Torr), which darkens eventually: XH NMR, see 
Table I; mass spectrum (70 eV) m/e 142 (M+), 115 (M+ — 27).

Anal. Calcd for CgHeN2: C, 76.05; H, 4.22; N, 19.73. Found: C, 
74.91; H. 4.58; N, 19.24.

Preparation o f Compound 12.8 To a stirred solution of 4-for- 
myl-2-azacycl[3.2.2]azine (0.102 g, 0.72 mmol) in 20 ml of pure ace
tone was added a basic solution of Ag20  (prepared from 270 mg of 
AgNOs in 4 ml of water and 127 mg of NaOH in 4 ml of water). 
The mixture was stirred at room temperature for 1.5 hr, and the 
filtrate was concentrated under reduced pressure. Acidification 
with 5% HC1 to pH 5 and evaporation of the solution to dryness 
gave a dark red solid, which was further purified by sublimation to 
afford a fluorescing red-brick solid (110 mg, 88%): mp 159-161°; 
XH NMR, see Table I; mass spectrum (70 eV) m/e 210 (M+), 195 
(M+ -  15), 167 (M+ -  43), 140 (M+ -  70); ir (Nujol) 1650 [M "1 
(> C = 0 )], 1605 cm-1 (> C = C < ), enhanced absorption.

Anal. Calcd for Ci3HioN20:C, 74.29; H, 4.76; N, 13.33. Found: C, 
74.15; H, 4.80; N, 13.37.

Preparation o f Compound l l .7 To a stirred solution of 20.7 ml 
of 2 M  BuLi (in hexane) and 20 ml of anhydrous ethyl ether was 
added imidazo[l,5-a]pyridine (1.085 g, 8.22 mmol) in 20 ml of 
THF and under a N2 atmosphere at 0°. Then DMF (2.4 g, 32.9 
mmol) in ether was added at once and the mixture was stirred for

an additional 15 min. The reaction mixture was treated with 10 ml 
of water, acidified with 5% HC1, and washed with ethyl ether. The 
aqueous layer was made basic with anhydrous Na2C0 3  and ex
tracted with chloroform. Evaporation of the solvent under reduced 
pressure gave a dark solid which was chromatographed (neutral 
A120 3 grade III) and eluted with a 27:75 mixture of hexane-ben
zene. The second fraction afforded a highly fluorescing reddish 
solid (55 mg, 3.596): mp 162-163°; XH NMR, see Table I; mass 
spectrum (70 eV) rr./e 238 (M+), 239 (M+ -  1 ), 209 (M+ -  29), 181 
(M+ -  57), 155 (M+ -  83), 142 (M+ -  96); ir (Nujol) 1655 
(> C = 0), 1605 cm- 1 (>C=C<).

Anal. Calcd for Ci5Hi4N20: C, 75.60; H, 5.88; N, 11.75. Found: 
C, 75.56; H, 6.11; N, 11.47.

Registry No.— 1 , 209-81-4; 2, 10558-77-7; 3,1122-72-1; 3 oxime, 
1195-40-0; 4, 54384 88-2; 5,6558-64-1; 6,54446-41-2; 7, 54384-89-3; 
8 , 54384-90-6; 11, 54384-91-7; 12, 54384-92-8; hydroxylamine hy
drochloride, 5470-11-1; 6-methyl-2-aminomethylpyridine, 6627- 
60-7.

References and Notes
(1) A. Galbraith, T. Small, R. A. Barnes, and V. Boekelhekte, J. Am. Chem. 

S oc ., 83, 452 (1961), and earlier papers in this series.
(2) W. W. Paudler, R. A. VanDahm, and Y. N. Park, J. Heterocyd. Chem., 9, 

81 (1972).
(3) The CNDO/2 calculations were done on the University of Alabama Unl- 

vac 1110. The bond lengths used were those determined for 1,4-dL 
bromocyd[3.2.2]azine: A. W. Hanson, Acta Crystallogr., 14, 124(1961).

(4) The 1HNMR spectra were obtained with a Varían HA-100 spectrometer. 
Elemental analyses were done by the Analytical Services Laboratory of 
the University of Alabama chemistry department.

(5) We wish to thank a referee for bringing this to our attention.
(6) W. B. Smith, W. H. Watson, and S. Chirangeevi, J. Am. Chem. Soc., 89, 

1438(1967).
(7) Compound 11 was obtained during the course of our investigation on the 

reaction of 5-methylimidazo[1,5-a]pyrldine with BuLi and DMF, It was 
found that by using a 1:5:1 ratio of the reactants the main product was 
compound 11. No attempt.was made to improve the yield.

(8) Compound 12 was obtained during one attempt to oxidize the 4-formyl 
derivative (6) with basic silver oxide when acetone was used as solvent.

Hydrazinolysis of 1-Phenylethane Diazotate. A New Synthesis of 
1 -Phenylethylhydrazine (Mebanazine)1

Robert A. Moss*2 and Clois E. Powell

Wright and Rieman Laboratories, School of Chemistry,
Rutgers University, The State University of New Jersey, New Brunswick, New Jersey 08903

Received November 12,1974

Conversion of 1-phenylethylamine to 1-phenylethane diazotate, followed by treatment of the diazotate with hy- 
drazinium sulfate in anhydrous hydrazine, afforded 40% 1-phenylethylhydrazine (isolated as the oxalate), 35% 
styrene, and 15% l-phenylet,hanol. Starting with optically active 1-phenylethylamine, optically active 1-phenyl
ethylhydrazine was obtained with 54% net inversion of configuration and optically active 1-phenylethanol was ob
tained with 66% net retention of configuration. In peripheral experiments, optically active 1-phenylethylhydraz- 
ine and 1-phenylethylamine were catalytically reduced to optically active 1-cyclohexylethylamine.

A lthough the synthesis o f m onoalkylhydrazines is prob
lem atical,3 a num ber o f practical m ethods exist. T h ese in
clude the direct alkylation o f hydrazine or hydrazine h y
drate ,4 reaction o f azines w ith Grignard reagents,5 conver
sion o f  alkylam ines to  sydnones and thence to alkylhydraz- 
ines ,6 am ination o f  alkylam ines with chloram ine7 or h y- 
droxylam ine-O -su lfonic acid ,8 and syntheses o f AT-alkyldia- 
ziridines (which m ay be cleaved to m onoalkylhydraz
ines).9’10

For another project, we required substantial quantities 
of (optically active) 1 -phenylethylhydrazine ( l ).11 Racemic

c 6h 5(j:h n h n h 2 CgH5CHN==NO'K" C6H5<j:HNH2

c h 3 c h 3 c h 3
1 2 3

1 has been prepared from  7V -l-ph en yleth y l-A r,iV, -d icarb o- 
ethoxyhydrazine ,12 and also by the direct alkylation o f h y 
drazine or its hydrate with 1 -phenylethyl halides,13 by the  
catalytic reduction o f acetophenone azine ,14 and by reac
tion o f  acetaldehyde azine with phenylm agnesium  brom ide, 
follow ed by hydrolysis o f the resulting acetaldehyde 1 - 
phenylethylhydrazone .5 H owever, the only reported prepa
ration o f optically active 1 appears to be that o f K op eck y  
and G illan, who prepared ( S ) - ( —)-l from  ( S ) - ( —)-l -p h e n -  
ylethylam ine in 8%  yield via am ination with hydroxyl- 
am in e-O -su lfon ic acid .15

T h e  poor yield afforded b y  this procedure led us to  d e
velop an alternative synthesis. Because am m onolysis o f op 
tically active 1 -phenylethane diazotate (2) affords 1 -p h en - 
ylethylam ine (3) with 46%  net inversion ,16 we anticipated
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th at hydrazinolysis o f 2 , derived17 from  optically active 3, 
w ould afford the desired hydrazine, 1 , in reasonable yield  
and w ith substantial optical activity. W e  report here the  
successful outcom e o f this sequence, and com m ent briefly  
on m echanistic aspects o f the results.

1 -P henylethylam in e (3) was converted to the corre
sponding urethane and nitrosated with N 204-e th e r , and  
the resulting iV -n itroso -N - 1 -phenylethylurethane was 
cleaved17 to  diazotate 2 with K O -£ -B u  in ether. A  hydra
zine solution o f 2 was treated with 2 equiv o f hydrazinium  
sulfate in hydrazine at 0 -5 ° .  T h e  addition required 2 hr, 
during which 95%  of the theoretical nitrogen content o f  2 
was evolved.

From  the reaction m ixture, we isolated 40%  o f the d e 
sired 1-phenylethylhydrazine (1) as its oxalate salt; 35%  
styrene and 15%  1 -phenylethanol were also present. P rod
uct identities were established by com parison w ith authen
tic sam ples.

T w o repetitions o f  this experim ent w ith 2 derived from  
C R )-(+ ) -3 , a 22D +  3 .6 3 8 ° (neat, 0 .1 d m ),18a 95 .0%  optically  
p ure,18b each gave optically active 1 and 1 -phenylethanol. 
T h e  alcohol sam ples, purified b y  G C , had a 25D +  2 .7 4 3 °  
and a 25D +  2 .7 4 7 ° , each corresponding to an optical purity  
o f 6 2 .7 % .19 T h e  stereochem ical course o f the (R)-2  -*■ (R)- 
( + ) - 1 -phenylethanol conversion was therefore 66.0%  net 
retention.20

T h e  stereochem istry o f the (R)-2  —  1 transform ation  
was determ ined by three m ethods.

(1) T w o hydrazinolyses o f (R)-2  gave sam ples o f optically  
active 1 which were com pletely converted to the oxalate  
salts. H ydrogenation of the salts over PtC>2 afforded two  
sam ples o f 1-cyclohexylethylam ine (4), w hich, after G C  p u 
rification, had « 25D + 0 .1 5 0 °  and a 25D + 0 .1 5 4 °  (a 15D 
+ 0 .1 7 0 ° ) .

L eith e21 reported [a]15D + 3 .2 ° ,  a 15D + 2 .8 °  (neat, 1 dm ) 
for optically pure ( S ) - ( + ) -4  prepared by catalytic reduction  
o f  ( S ) - ( —)-3 . In our hands, reduction o f 95%  optically pure 
C R )-(+ )-l-p h en yleth y la m in e  gave ( i? ) -(—)-l-e y c lo h ex y -  
lethylam ine, a 15D —0 .3 1 7 ° . T h is affords an apparent value 
o f  c*15D —3 .3 4 ° (neat, 1 dm ) for optically pure 4.

U sing the latter value, and the observation (above) that 
9 5%  optically pure (R)-2  gave, via hydrazinolysis follow ed  
b y reduction, ( S ) - ( + ) -4 ,  a 15D + 1 .7 0 °  (neat, 1 d m ), the 
stereochem ical course o f the 2 —► 1 conversion m u st have  
been 53 .6%  net inversion. T h e  stereochem ical relationships 
are sum m arized in Schem e I.

C6H5

CH:r / ~ N = N - ° ‘
H

(R)-2

CUT

c h , ) c “ n h -
H

S c h e m e  I
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(i?)-( +  + 3

H, PtO,

/ c6H5

H
(S)-(-)-l

V

H,N— C

H
(£>)-(+  )-4

\ ' c n 3
H

(S)-(-)-3

Q H n

— NH, 

H

( R ) - ( -H

(2) D espite L eith e ’s report,21 we were concerned about 
the possibility o f racem ization during the catalytic reduc
tion o f 1 or 3 to 4 .22 Therefore, authentic ( S ) - ( —) - l  was 
prepared from  ( S ) - ( —)-3  using the chloram ine m eth od .7 
From  ( S ) - ( - ) - 3 ,  a 22D - 3 .6 3 6 ° ,  95%  optically pure,18b we 
obtained 10%  o f 1 oxalate. W ith ou t recrystallization, this  
m aterial had H a s s 31"5 - 1 0 .5 °  (c 0 .40 , w ater).238 F rom  h y 
drazinolysis o f 95%  optically pure (i? )-2 , we obtained a 
sam ple o f 1 oxalate which had [<x]36531'6 —5 .8 °  (c 0 .60 , w at
er).231’ A ssum ing that the form er value represents optically  
pure 1 oxalate, com parison o f the two experim ents gives 
5 .8 /1 0 .5  =  55%  net inversion for the 2 —» 1 hydrazinolysis, 
w hich com pares well with the 53 .6%  n et inversion deter
m ined b y  m ethod 1.

(3) Finally, the ( S ) - ( —) - l  form ed by hydrazinolysis of  
9 5%  optically pure (R)-2  was purified by G C  on a P enw alt 
colum n at 1 6 0 °. T h is sam ple o f hydrazine 1 had [a]25D 
—1 6 .5 7 ° (c 2.902 , benzene).24 Com parison w ith [a]25D 
—3 0 .3 °  (c 0 .784 , benzene), which m ay be calculated for o p 
tically pure ( S ) - ( —) - l , 25 determ ines the stereochem ical 
course o f the 2 —* 1 hydrazinolysis as 54 .7%  net inversion, 
which agrees very well with the previous determ inations.

H ydrazinolysis o f optically active 1 -phenylethane diazo
tate does indeed give 1-phenylethylhydrazine in reasonable  
yield and with substantial optical activity. B ecause the d ia
zotate is easily obtained from  1 -phenylethylam ine,17 the  
entire sequence constitutes a useful preparative m ethod.

T h e  form ation o f inverted 1 and retained 1 -p h en yleth an 
ol in the hydrazinolysis of 2 is m echanistically analyzed in 
Schem e II.

S c h e m e  II
N = N

r cr
+  H,N— NIL H = N

H N ---H

NH., —ih.mnh.

H,NNHR ■

RNHNH2

1
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N = N
r+ cr

H,N— Y\

"I
NH,

ROH
cation rotation

HOR

J  HjNNH.

R =  C6H,CHCH,

1 arises m ainly by inverting hydrazinolysis o f  nitrogen- 
separated ion pair 5 , although front-side participation of  
hydrazine (hydrogen bonded to the hydroxide counterion) 
com petitively affords retained 1 (“ exchange”  pathw ay), 
and precludes com plete solvolytic inversion. T h e  retained  
1 -phenylethyl alcohol form s largely b y  hydroxide return  
within 5 . Failure to obtain com plete retention suggests the  
occurrence o f cation rotation -collapse .26

Analogous diazotate solvolyses have been discussed in 
detail.27 H ere, we wish only to com pare the hydrazinolysis 
stereochem ical results with those obtained in the ammono- 
lysis o f  2 .16 T h e  overall stereochem istry o f the return p ro
cess (2 - *  1 -phenylethanol) is 80%  retention in am m on ol- 
ysis,16 and 83%  retention in hydrazinolysis. T h e  sim ilar 
values support our conclusion that the extent o f retention  
in deam inative return reactions depends m ainly on cation 
identity, and less strongly on the nature o f the solvent or 
the counterion .278

T h e  overall stereochem istry o f the solvolysis pathw ays  
(2 —► 3 or 2 —* 1) is 73%  inversion in am m onolysis16 and
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77%  inversion in hydrazinolysis. L ittle  increase in inversion  
is noted when am m onia is replaced by the m ore nucleophil
ic hydrazine. N o r  is there any stereochem ical abnorm ality  
attributable to  an “ a  e ffect”  in the latter case .28 T h is is 
perhaps n ot surprising, because the effect is not believed to  
operate at tetrahedral carbon ,29 and because hydrazine is 
probably present at fron t and rear sides o f both  5 and its 
covalent precursor; see Schem e II.

H ow ever, one could  have speculated  a  priori th a t an a 
nucleophile could preferentially react from  the front side at 
tetrahedral carbon, i.e ., w ith retention. Such an arrange
m ent, i, m ight allow energetically favorable overlap o f  the  
(antisym m etric) H O M O  o f  hydrazine and the a* (L U M O )  
o f  the substrate C - N  bond, w hich could be preferable to  
(inverting) back-side attack, ii.30-31 It is clear, however, 
that this possibility is not realized in the hydrazinolysis o f 1 - 
phenylethane diazotate, which proceeds w ith high inver
sion .32

HoN— NH2

l  A
H2 \

( ± > n o  ^ c o g > n < 3 z : n -

g > n < 2 )
ii

Experimental Section
l-Phenylethylurethane. 1-Phenylethylamine, distilled from 

Na (bp 59-60°, 6 Torr), was converted to 1-phenylethylurethane 
by treatment with ethyl chloroformate and K2CO3 in water and 
benzene, according to the method of Bortnick.33 From 35 g of 
amine, we obtained 50 g (89%) of the urethane: bp 93-95° (0.25 
Torr) [lit. bp 173° (23 Torr)];34 infrared (film) 1715 cm-1 (C = 0 ); 
NMR35 (CCU) 5 7.20 (m, 5 H, phenyl), 5.67 (broad, 1 H, NH), 4.76 
(quintet, <7 = 7 Hz, 1 H, benzylic), 4.00 (q, J  = 7 Hz, 2 H, OCH2), 
1.38 (d, J  = 7 Hz, 3 H, CHCH3), and 1.12 (t, J  = 7 Hz, 3 H, 
CH2CH3).

(+)-l-Phenylethylurethane (« 24-5D +8.487°)18a was similarly de
rived from Aldrich (+)-l-phenylethylamine (a22D +3.638°, 95.0% 
optically pure,188 distilled from Na).

1-Phenylethane Diazotate (2). The 1-phenylethylurethane 
was nitrosated with N2O4 in ether, as described by Moss.17 The 
NMR of the crude IV-1-phenylethyl-TV-nitrosoure thane (CCI4) 
showed, inter alia, 8 5.98 (q, ./ = 7 Hz, 1 H, benzylic) and 4.35 (q, J 
= 7 Hz, 2 H, OCH2). The deshielding of these protons (AS = 1.22 
and 0.35, respectively) is characteristic for the urethane —► Al-ni- 
trosoure-hane conversion.36

The diazotate 2 was prepared by treating 5.0 g (22 mmol) of the 
nitrosourethane with 5.0 g (43 mmol) o f potassium tert- butoxide 
in anhydrous ether at -3 0 °, according to the general procedure of 
Moss.17

1-Phenylethylhydrazine (1). Ether was stripped from the solid 
diazotate 2, and 25 ml of anhydrous hydrazine37 was added. The 
resulting hydrazine solution of 2 was cooled to 0-5° and stirred 
magnetically, while a solution of 5.59 g (43 mmol) of hydrazinium 
sulfate in 25 ml of anhydrous hydrazine was slowly added from an 
addition funnel. Nitrogen evolution occurred during the addition 
and amounted to 468 ml (95%).

After the addition step was completed, the reaction mixture was 
stirred at 25° for 10 hr. Hydrazine was distilled away under re
duced pressure in a nitrogen atmosphere (20 Torr). The residue 
was extracted with 3 X 25 ml of ether; the ether was stripped, and 
the residual crude 1 was distilled to afford 1.21 g (8.9 mmol, 40%) 
of pure 1-phenylethylhydrazine, bp 83° (1.3 Torr) [lit.6 bp 75° (1.1 
Torr)].

A solution of 1.1 g (8.8 mmol) o f oxalic acid in 8 ml of absolute 
ethanol was added to the product 1. The resulting white, solid 1 
oxalate was filtered, washed with ether, and dried,38 mp 169-170° 
(lit.5 mp 170-171°).

The NMR spectrum of 1 (CCI4) showed S 7.23 (“ s” , 5 H, phenyl), 
3.63 (q, J  = 7 Hz, 1 H, benzylic), 2.97 (broad s, 3 H, NH), and 1.25 
(d, J  = 7 Hz, 3 H, CH3).

Authentic 1 and 1 oxalate were prepared by “ method B” of Ov- 
erberger and DiGiulio;6 the 1 oxalate had mp 169-170°. Both com
pounds were identical with the corresponding hydrazinolysis prod
ucts (melting point or NMR).

Authentic 1 and l oxalate were also prepared from 1-phenyleth- 
ylamine and chloramine, according to the procedure of Audrieth.7 
The 1 oxalate thus obtained had mp 169-170°. All 1 oxalate sam
ples were dried at 78° (1 Torr) for 12 hr.

Anal. Caled for CioHmCb^ (oxalate): C, 53.09; H, 6.23; N, 
12.38. Found: C, 52.83; H, 6.24; N, 12.32 (by the synthesis of ref 5); 
C, 52.87; H, 6.18; N, 12.34 (by the procedure of ref 7).39

Repetition o f the hydrazinolysis experiment with 95.0% optically 
pure diazotate 2 afforded optically active 1 and 1 oxalate. Rota
tions and optical purities are discussed in the text.

Other Hydrazinolysis Products. Hydrazinolysis of 2, as above, 
afforded a reaction mixture which was diluted with 50 ml o f water. 
The mixture was extracted with 3 X 20 ml o f ether. The combined 
ethereal extract was washed with 25 ml of 6 N  HC1 and with dis
tilled water (3 X 50 ml). The ethereal solution was dried (MgSOi) 
and stripped at 0° to afford a residue which contained styrene and 
1-phenylethanol (GC on a 12 ft X 0.25 in., 5% Carbowax 20M on 
90/100 ABS column at 160°). Absolute yields (styrene, 35%; 1-phen
ylethanol, 15%) were determined by GC, relative to a dodecane in
ternal standard. 1-Phenylethanol did not dehydrate under these 
conditions. From 95.0% optically pure 2, optically active 1-phen
ylethanol was obtained (see text).

Reduction of 1. 1-Phenylethylhydrazine oxalate (2.0 g, 6 
mmol), in 50 ml of water, and 0.2 g of P t02 were contained in pres
sure vessel and attached to a Paar hydrogenation apparatus. After 
48 hr, under 46 psig of hydrogen, the reaction solution was filtered, 
brought to pH >12 with NaOH pellets, and extracted with 4 X 25 
ml of ether. The ethereal extract was dried (BaO) and stripped at 
0°. Purification of the residual oil on a 10 ft X 0.25 in., 28% Pen- 
wait 223, 4% KOH on 80/100 Gas Chrom R column at 178° gave 1- 
cyclohexylethylamine (4). The NMR spectrum (CCI4) showed S
2.61 (m, 1 H, H2NCH), 1.71 and 1.06 (m, cyclohexyl and NH2), and 
1.00 (d, J  = 7 Hz, CH3). The remainder of the protons had an inte
gral weight of 16, relative to the 5 2.61 proton.

Optically active 1-phenylethylamine (3) was similarly reduced to 
4, and purified on the Penwalt column. Rotational and optical pu
rity data for this reduction and for the reduction of optically active 
1 oxalate are described in the text.

Control Experiments. Styrene (5.0 g, 4.8 mmol) was stirred 
with 10 ml of hydrazine and 1 g of hydrazine sulfate for 14 hr at 
25°. The resulting mixture was diluted with 100 ml of 10% aqueous 
NaOH solution and the whole was extracted with 3 X 30 ml of 
ether. The ethereal extract was dried (Na2C0 3) and stripped to af
ford a residue which was examined by GC on the Penwalt column 
(see above) at 170°. No 1-phenylethylhydrazine was detected. 
Under comparable GC and concentration conditions, 1% of 1- 
phenylethylhydrazine could be detected. Hence, under our hydraz
inolysis conditions, N2H4 does not add to product styrene to give 
(racemic) 1.

(+)-l-Phenylethanol, a27D +0.648° 18a (1.0 g, 8.1 mmol), was 
stirred overnight with 10 ml of hydrazine and 1 g of hydrazine sul
fate. The reaction solution was extracted with 3 X 25 ml of ether. 
The ether extract was washed with water and added to 3 g of oxalic 
acid in 15 ml of ethanol. The white precipitate was filtered and ex
amined by NMR. It did not contain 1 oxalate. The filtrate was 
stripped and the residue was purified by GC on the Carbowax col
umn to afford 1-phenylethanol of unchanged optical activity, a27I> 
+0.650°.
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Synthetic methods were developed for 1-, 2-, 3-, or 4-phenyl-substituted 1-aminotetraline derivatives. 1-Phe- 
nyl-l-aminotetraime was obtained by hydrazoic acid addition to l-pheny!-3,4-dihydronaphthaIene, followed by 
lithium aluminum hydride reduction. The cis isomers of 2- or 3-phenyl-substituted IV-methyl-l-ammotetraline 
resulted from sodium borohydride reduction of the methylimines derived from the corresponding ketones. Sodi
um borohydride treatment of the methylimine derived from 4-phenyl-l-tetralone gave a 1:1 mixture of cis- and 
frans-4-phenyl-l-aminotetraline, but stereoselective conversions were achieved by catalytic hydrogenation over 
palladium/carbon (cis isomer) and by zinc-acetic acid reduction (trans isomer). These reactions were extended to 
the synthesis of the corresponding 5-methoxy-8-chloro substituted analogs and to the preparation of a series of
4-phenyl-l-aminotetralines with modified nitrogen substituents. In addition, two useful reactions were discov
ered: the oxidation of 1-phenyltetraline to 4-phenyl-l-tetralone with potassium permanganate and the conversion 
of lV-methyl-4-phenyl-l-aminotetraline to the corresponding ketone by aqueous potassium permanganate.

T h e interesting pharm acological activity exhibited by  
certain 1 -am inotetralines ,1 especially the 5 -m eth o xy -8 - 
halogen derivatives, prom pted us to  investigate the synthe
sis o f 1 -am inotetralines substituted with phenyl groups in  
the alicyclic ring. Initially, we explored the synthesis o f the  
sim ple 1-, 2 -, 3 -, or 4-ph en yl-su bstitu ted  1-am inotetralines  
bearing no substituents in the arom atic ring. T h e  synthesis 
o f  1 -p h en yl-l-am in otetra lin e  was approached in three  
ways. A ddition  o f phenylm agnesium  brom ide or phenylli- 
thium  to the m ethylim ine ( 1) derived from  1 -tetralone (4) 
failed to give, even in the presence o f polarizing agents such  
as B F 3, the desired 1-p h en yl-l-am in otetralin e  derivative 2

(Schem e I), although this type o f reaction had been su c
cessful in the preparation o f  the corresponding 1 -m eth yl 
derivatives.1 W h ile  this failure m a y  be due to steric factors, 
this explanation is n ot entirely satisfactory, since the reac
tion o f  phenylm agnesium  brom ide w ith 1-tetralone (4) it
se lf proceeded in good yield in accordance w ith published  
results2,3 to the alcohol 5. C om pound 5 was dehydrated to
3 ,4 -d ih yd ro -l-p h en yltetra lin e  (6),2 w hich proved to  be  
inert in the R itter reaction4 (acetonitrile, sulfuric acid). 
T h e  m odified  conditions of Chow  et a l.5 (acetonitrile, m er
curic nitrate) led, presum ably via 7, to the m ercurated o le 
fin  10. T h e  addition o f hydrazoic acid to  6 in the presence
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Scheme I

o f  trichloroacetic acid6 gave sm all yields o f  the azide 9, 
which was in turn reduced to  the desired 1 -p h e n y l-l-a m i-  
notetraline (8) with lithium  alum inum  hydride or z in c -  
hydrochloric acid. T h e  yield of 9  could n ot be  increased by  
using different solvents, different acid catalysts, or m oder
ately elevated tem perature, although we confirm ed that 
this reaction sequence leads to good yields o f 1 ,1 -d iphen- 
ylethylam ine from  the closely related “ ring open”  1 ,1 -d i- 
phenylethylene 6

T h e  synthesis o f  2-p h en yl-l-am in otetra lin e  was straight
forward. 2 -P h en y l-l-te tra lon e  (1 1)3*7*8 was converted to the  
m ethylim ine 12 w ith the aid o f titanium  tetrachloride;1,9 
reduction o f 12 w ith sodium  borohydride1,10 yielded exclu
sively c is -N -m e th y l-2-p h en yl-l-am in otetra lin e  (13), pre
sum ably as a consequence o f  the steric influence o f the  
phenyl group. Sim ilarly, 3 -p h en y l-l-te tra lon e  (14)3,7 was 
converted to  the m ethylim ine derivative 15, sodium  bor
ohydride reduction o f  which led to c is -N -m e th y l-3 -p h e n y l-
1 -am inotetraline (16). T h e  apparently exclusive form ation  
o f  the cis isom er is som ew hat surprising in this instance, 
since no particular steric hindrance to  the approach o f  the 
reducing species from  either side w ould be anticipated  
from  m olecular m odels. Sodium  borohydride reduction o f  
the m ethylim ine (18) derived from  4 -p h en y l-l-te tra lo n e 11 
(17) gave the expected 1:1 m ixture o f  cis- and trans-N - 
m eth y l-4 -p h en y l-l-am in o tetralin e  (19 and 20), w hich were 
easily separated by fractional crystallization.

T h e  intriguing “ antidepressant”  pharm acological activi
ty  exhibited by the trans isom er 2012 prom pted us to inves
tigate the stereochem ical control o f  the reduction o f  18 
m ore thoroughly, and to develop a stereoselective synthesis 
o f  20. A s expected, catalytic hydrogenation o f 18 over palla- 
diu m /carb on  in ethanol gave exclusively the cis derivative
19. A ttem p ts to convert 19 to 20  were only partially suc
cessful: 19 proved to be stable to  treatm ent with m eth yl- 
am ine, and quaternization o f  19 to 2 1 , follow ed by reaction  
with m ethylam ine, favored elim ination to 22 (70%  yield) 
over displacem ent to 20  (30%  yield).

A ll efforts to  increase the trans to  cis ratio by m odifying  
the sodium  boronydride reduction conditions o f  18 (pH , 
solvent, tem perature) or by using different hydrides (B H 3, 
L iA lH 4, L iB H 4, R edal) failed. Conceivably, the use o f re
ducing conditions which result in the form ation o f radical 
anions, such as dissolving m etal reductions, would lead to 
the presum ably therm odynam ically favored trans isom er
20, if  the reaction interm ediate has an appreciable half-life. 
H ow ever, treatm ent of 18 with sodium  in ethanol resulted  
in only a 50%  yield o f the trans isom er 20. On the other 
hand, reduction o f 18 w ith zinc in acetic acid produced  
m ainly the desired trans isom er 20. T h is difference b e 
tw een sodium  and zinc m ay be a consequence o f the size 
an d /o r the com plexing properties o f zinc.

Since the pharm acological profile o f  sim ple 1 -am in ote- 
tralines is highly configuration specific,1 20 was resolved
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T a b le  I
R

No. R
Con

figuration

23 N M e2 T ran s
24 N M e, C is
25 N H , T ra n s
26 n h 2 C is
27 NHEt T ra n s
28 NHEt C is
29 N H -i -P r T ra n s
30 N H -j -P r C is

31 N H - < T ra n s

32 N H - < ] C is

33 ■G T ran s

34 G C is

35 N ~ N -M e T ra n s

36 l O - M e C is

into its enantiom ers using D -m andelic acid and A '-acetyl- 
L-tyrosine. O n the basis o f previous experience ,1 the isomer 
which precipitated with IV-acetyl-L-tyrosine was assigned  
the IS , 4ft configuration, and this assignm ent was con
firm ed by an X -r a y  analysis o f its hydrobrom ide .12

T h e  “ antidepressant” activity resides exclusively in the  
lft , 4 S  isom er12 o f 20. A n  econom ical synthesis o f this iso
m er would require a recycling o f the unwanted isomer. 
Consequently, we exam ined various conditions for the oxi
dation o f  secondary am ines to the corresponding ketones, 
using the oxidation o f 19 to  17 as a m odel system . W hereas  
literature m eth ods13 proved to be inadequate on a prepara
tive scale, treatm ent o f  19 with potassium  perm anganate in 
50%  aqueous acetone at room  tem perature for 1 hr gave a 
clean conversion to the ketone in acceptable yields.

For pharm acological com parison ,12 several analogs o f 19 
and 20 with m odified  nitrogen substituents were prepared, 
and these are listed in T ab le I. T h e  dim ethyl derivatives 23  
and 24  were prepared by m ethylation o f 20  and 19, respec
tively, since treatm ent o f the enam ine obtained from  di- 
m ethylam ine and the tetralone 17 with form ic acid resulted  
in hydrolysis to 17. Conversion o f  17 to  the oxim e, followed  
b y  catalytic hydrogenation over palladium /carbon in eth a
nol, gave a 1:2 m ixture o f  the trans and cis prim ary am ines, 
25 and 26. T h e  trans isom er 23 was also obtained in m oder
ate yield by zin c-acetic acid reduction1 o f  the phenylhydra- 
zone o f  17. T h e  /V -ethyl, N -  isopropyl, and N -  cyclopropyl 
derivatives 2 7 -3 2  were obtained as m ixtures o f  cis and  
trans isom ers by sodium  borohydride reduction o f the cor
responding ketim ines; in all these cases catalytic hydroge
nation over palladium /carbon gave predom inantly the cis 
isom ers. T h e  pyrrolidine derivatives 33 and 34 were ob 
tained by reaction o f 25 or 26 with 1 ,4-dibrom obu tan e .1 
C om pounds 35 and 36 resulted from  reduction o f the corre
sponding enam ine with lithium  borohydride in the pres
ence o f  form ic acid ,1 and the cis isom er 35 was form ed ex
clusively by catalytic hydrogenation o f  the enam ine. R e 
cently , com pounds 19, 20, 23, 24, 25 , and 26 have been d e 
scribed .30

W e  then turned our attention to the synthesis o f phenyl-

substituted 5-m eth oxy -8-ch loro-l-am in otetralin es. C h lo 
rination o f 5-m eth oxy -8-ch lo ro -l-te tra lon e1,14 (37) in acetic 
acid ,15 follow ed by treatm ent with phenylm agnesium  b ro
m id e ,15’16 gave 2-p h en yl-l-tetra lo n e  (39) (Schem e II). T h is  
com pound was converted to  the m ethylim ine and reduced  
with sodium  borohydride to give again exclusively the cis 
isom er 40. A ddition  o f 5 -ch loro-2-m eth oxyb en zylm ag- 
nesium  brom ide to the sec-b u tyl ester17 o f  cinnam ic acid in 
the presence o f cuprous chloride, follow ed b y  saponifica
tion o f the resulting ester 43 (R  =  sec-b u ty l) to  the acid (R  
=  H ) and cyclization w ith polyphosphoric acid ,1 gave the
3-ben zyl-su bstitu ted  1-indanone 41 instead o f  the desired
3-ph en yl-su bstitu ted  tetralone 44. H ow ever, after rem oval 
o f the deactivating chlorine function in 43 b y  catalytic h y 
drogenation, the resulting acid 46  was cyclized to  give the  
desired tetralone 47 , indicating that form ation o f  the six - 
m em bered ring is favored despite the presence o f the deac
tivating m -m eth ox y  group. Conversion o f  47  to the m e th 
ylim ine, follow ed by reduction w ith sodium  borohydride, 
resulted in m ixtures o f cis and trans isom ers w hich could  
n ot be separated. Catalytic hydrogenation o f  the m eth y lim 
ine gave exclusively the cis isom er 48 , w hich was converted  
by chlorination in acetic acid1 to  the desired derivative 45.

T h e  synthesis of 4 -p h en yl-su bstitu ted  chlorom ethoxy  
derivatives was initially approached from  the sym m etrical
5 ,5 , -d ich loro-2,2 '-d im eth oxyben zop h en on e18 (49 ). H o w 
ever, both  the Stobbe condensation product 50 and the d i
acid 51 obtained by base hydrolysis o f  50  proved to be re
sistant to the standard hydrolysis and decarboxylation con 
ditions (H B r-a ce tic  acid),19 as lactone 53 was form ed in
stead o f the expected acid 52. O ther attem p ts to  decarbox- 
ylate 51 , such as heating either neat or in the presence o f  
thioglycolic acid, thiophenol, copp er-q u in olin e ,20 to lu en e- 
sulfonic acid, or toluenesulfonic acid -su lfo lan e , led either 
to no reaction, partial form ation o f  lactone 53  or an intrac
table m ixture o f products. A n  alternate route, reduction o f  
the double bond o f 51 follow ed by ring closure to the tetral
one and decarboxylation under nonselective conditions, 
was considered. H ow ever, reduction o f  50  or 51 over palla
diu m /carb on , rh odium /carbon, or with sodium  borohydride  
failed, presum ably owing to the inaccessibility o f  the te - 
trasubstituted double bond.

A  second approach involving cyclization o f an olefin con 
taining a protected ketone group was also explored. C o n 
version o f  3-m ethoxybenzaldehyde (54) to  the 1 ,3-dithian e  
derivative 5 5 , follow ed b y  alkylation o f the anion o f 56 21 
with cinnam yl brom ide, gave an excellent yield o f  56  
(Schem e III). Cyclization o f  56 with B F 3 in m ethylene chlo
ride proceeded in m oderate yield, b u t to  the undesired iso
m er 57. In order to guide the cyclization into the proper d i
rection we planned to block the position para to  the m e- 
thoxy group with chlorine. Conversion o f  2 -ch loro -5 -m eth - 
oxybenzaldehyde22’23 (58) to the dithiane derivative 59  was 
uneventful, b u t generation o f  the anion o f 59 proved to  be 
difficult. E ven the best conditions found, m eth yllith iu m  in 
tetrahydrofuran at 0° ,  resulted only in poor yields o f  the a l
kylated product 60. T h e  presence o f  the chlorine atom  in 59  
apparently interfered with form ation o f the anion and led  
to side reactions involving the arom atic ring, as suggested  
by N M R  data. Furtherm ore, attem pts to  cyclize 60  were fu 
tile, presum ably owing to the deactivating effects o f  the  
chlorine atom .

A  successful synthesis was ultim ately developed starting  
with 5 -ch loro -8 -m eth ox y -l-tetra lo n e  (62 ).24 T etralon e 62  
was converted in three steps to the phenyltetraline deriva
tive 65. A lthough the literature25 claim s th at V 2O 5- H 2O 2 
gives good yields o f 4 -p h en y l-l-te tra lo n e  from  the tetraline, 
this oxidation procedure, as well as those em ploying SeC>2 
or chrom ic acid, failed with 65. H ow ever, treatm en t o f  65
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Scheme IIIB

with potassium  perm anganate gave a clean conversion to  
the ketone 66. Since this reaction proceeded rather slowly, 
we decided to investigate whether 69, the dechloro analog  
o f  65, would react faster in the absence o f the bulky chlo
rine atom . Indeed, 69 was oxidized m ore readily to give the  
ketone 70. Surprisingly, conversion o f either 66 or 70 to the  
m ethylim ine, follow ed by reduction with sodium  borohy- 
dride, gave predom inantly the cis 1 -am inotetralines, 67 and  
71, respectively. T h is result m ust be attributed to the pres
ence o f the 5 -m eth oxy  group. H ow ever, reduction o f  the  
m ethylim ine derived from  70  with zin c-acetic acid again, as 
in the unsubstituted com pound, gave predom inantly the  
therm odynam ically more stable trans isom er 72. C o m 
pounds 71 and 72 were then converted by chlorination in 
acetic acid1 to com pounds 67 and 68, respectively.

Experimental Section
Melting points were determined with a Thomas-Hoover appara

tus and are uncorrected. Elemental analyses were performed by 
the Analytical Department of Pfizer Central Research. Mass spec
tra were obtained on a Hitachi Perkin-Elmer R M U -60 spectrome
ter. N M R  spectra were obtained on Varian T -60 and A-60 instru
ments.

1 -P h en yl-1,2,3,4-tetrahydro-l-naphthylam ine (8). A solution 
of 10.4 g (0.064 mol) of trichloroacetic acid and 2.75 g (0.0134 mol) 
of l-phenyl-3,4-dihydronaphthalene2 in 100 ml of benzene con
taining 2.58 g (0.06 mol) of hydrazoic acid26 was kept at room tem
perature for 15 hr. The mixture was washed with H 2O, dried over 
M gS 04, and filtered, and the filtrate was evaporated. The residue 
was dissolved in 50 ml of Et20 and added dropwise to a suspension 
of 510 mg (0.0134 mol) of lithium aluminum hydride in 150 ml of 
Et20. After refluxing overnight, the mixture was quenched with 
H 2O, filtered, and treated with 12 N  HC1 until a pH of 2 was 
reached. After three extractions with Et20, 2.62 g (95.5%) of start
ing material was recovered from the combined organic layers. Basi- 
fication of the aqueous phase with 4 N  NaOH, followed by three 
extractions with Et20 and evaporation of the combined organic 
layers, afforded 104 mg of basic material. After treatment with 
HC1 in Et20 and two recrystallizations of the resulting solids from 
EtOH~Et20 there was obtained 40 mg (1%) of 8 as the hydrochlo
ride: mp 237-238°; mass spectrum m/e 223 (M +), 206 (base peak), 
194,178 ,146 ,123 .

Anal. Calcd for Ci6H 17N  • HC1: C, 73.97; H, 6.99; N , 5.39. Found: 
C, 73.83; H, 6.81; N , 5.17.

2-Chlorom ercuri-l-phenyl-3,4-dihydronaphthalene (10). To
a suspension of 3.24 g (0.01 mol) of mercuric nitrate in 20 ml of ac
etonitrile (distilled from P2O5) was added 0.05 ml of concentrated 
nitric acid and then dropwise a solution of 2.06 g (0.01 mol) of 1 - 
phenyl-3,4-dihydronaphthalene (6) in 5 ml of acetonitrile; the re
sulting clear solution was kept at room temperature for 14 hr. The 
mixture was poured into 50 ml of H 2O, treated with 5 ml of 5 N  
aqueous NaCl, stirred for 5 min, and extracted three times with 50 
ml of CHCI3. The exracts were dried and evaporated, and the resi
due was crystallized from CH2Cl2-hexane to give 1.5 g (34%) of 10: 
mp 159-160°; N M R  (CDCI3) 6 2.3-3.2 (m, 4 H), 6.6-7.3 (m, 4 H),
7.35 (s, 5 H).

Anal. Calcd. for C16H 13ClHg: C, 43.55; H , 2.98. Found: C, 43.40;
H, 2.95.

c is -A T -M e th y l-2 -p h e n y l-l ,2 ,3 ,4 -te tr a h y d r o -l-n a p h th y l-  
amine (13). A solution of 2.22 g (0.01 mol) of 2-phenyl-3,4-dihy- 
dro-l(2ii)-naphthalenone (11) and 1.85 g (0,06 mol) of methyl- 
amine in 50 ml of benzene was cooled to 0° and treated dropwise 
with 0.55 ml (0.005 mol) of TiCLj, keeping the temperature below 
10°. The mixture was kept at room temperature overnight and 
then heated to reflux for 24 hr. After cooling and filtration, the fil
trate was evaporated in vacuo, and the residue was dissolved in 50 
ml of MeOH and treated with 0.54 g (0.02 mol) of NaBHi. After 
stirring at room temperature for 30 min, the mixture was evapo
rated, and the residue was treated with 2 N  NaOH and extracted 
with three 50-ml portions of CH2CI2. The combined organic ex
tracts were dried and evaporated, and the residue was dissolved in 
Et20 and treated with HC1 gas to give 1.7 g of crude 13 as the hy
drochloride. After recrystallization from C ^ C l^ h ex a n e  there was 
obtained 1.6 g (59%): mp 257-258°; N M R  (free base in CDC13) 6
I . 2 (d, 2 H, J  =  5 Hz), 2.15 (s, 3 H), 2.2-3.4 (m, 3 H ), 3.7 (d, 1 H ,J  
= 3.5 Hz), 7.2, 7.3 (2 s, 9 H).

Anal. Calcd for C i7H 19N  • HC1: C, 74.56; H, 7.36; N , 5.11. Found: 
C, 74.53; H, 7.38; N, 5.00.

c is - lV -M e th y l-3 -p h e n y l-l ,2 ,3 ,4 -te tr a h y d r o -l -n a p h th y l-  
amine (16). 3-Phenyl-3,4-dihydro-l(2ii)-naphthalenone (2.2 g,
0.01 mol) was treated with methylamine-TiCU and subsequently 
with NaBH .4 as described above to give after conversion to the hy
drochloride 2.0 g of crude 16. After recrystallization from E tO H - 
hexane there was obtained 1.73 g (63%) of 16 as the hydrochloride: 
mp 177-179°; N M R  (free base in CDC13) 6 1.55 (m, 2 H), 2.4 (m, 1 
H), 2.45 (s, 3 H), 2.95 (m, 3 H), 4.0 (d of d, 1 H, J  =  5, 10 Hz), 6 .9 -
7.7 (m, 9 H).

Anal. Calcd for C i7H 19N • HC1: C, 74.56; H, 7.36; N , 5.11. Found: 
C, 74.48; H, 7.27; N, 4.92.

c is -IV -M ethy 1 -4 -p h e n y l-1 ,2 ,3 ,4 -te tr a h y d r o -l-n a p h th y l
amine (19) and Its Trans Isomer (20). A solution of 11.2 g (0.05 
mol) of 4-phenyl-3,4-dihydro-l(2H)-naphthalenone (17) in 250 ml 
of benzene was treated with 9.3 g of methylamine and 2.75 ml of 
TiCLj as described above, but the mixture was kept at room tem
perature overnight. After filtration and evaporation the residue 
was crystallized from hexane to give 11 g (93%) of the methylimine 
derivative 18, mp 69-70°. A solution of 5 g (0.021 mol) of 18 in 150 
ml of MeOH was treated with 2 g of NaBHj and the mixture was 
kept at room temperature for 30 min. After the, usual work-up and 
conversion to the hydrochlorides, the cis isomer 19 was separated 
by fractional crystallization of the crude mixture from water. After 
two recrystallizations from M e0 H -E t20 there was obtained 2.3 g 
(40%) of 19 as the hydrochloride: mp 241-242°; N M R  (CD3OD) &
1.9-2.3 (m, 4 H), 2.8 (s, 3 H), 4.1 (br t, 1 H), 4.5 (br s, 1 H), 4.9 
(DOH), 6.7-7.7 (m, 9 H, sharp s at 7.23).

Anal. Calcd for Ci7H ]9N  • HC1: C, 74.56; H, 7.36; N , 5.11. Found: 
C, 74.44; H, 7.46; N , 5.11.

From the aqueous mother liquor of 19 there was obtained after 
two recrystallizations from acetone-M eO H-Et20  1.9 g (33%) of the 
trans isomer 20 as the hydrochloride: mp 224-225°; N M R  
(CD3OD) & 1.7-2.5 (m, 4 H), 2.75 (s, 3 H), 4.25 (br t, 1 H ), 4.6 (br t, 
1 H), 4.9 (DOH), 6 .7-7.7  (m, 9 H).

Anal. Calcd for Ci7H 19N • HC1: C, 74.56; H, 7.36; N , 5.11. Found: 
C, 74.42; H, 7.30; N , 4.99.

Alternatively, 19 was obtained in 92% yield by hydrogenation of
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18 in ethanol over 10% P d/C  at atmospheric pressure. Only trace 
amounts of the trans isomer 20 were found under these conditions 
according to VPC analysis (3% SE-30 on Varaport 30, 100/120 
mesh, 3 ft X 0.125 in. column). On the other hand, treatment of 
235 mg (0.001 mol) of 18 in 10 ml of glacial acetic acid with 0.5 g of 
activated zinc dust at 65° for 2 hr, followed by stirring at room 
temperature overnight, resulted after the usual work-up in the iso
lation of 180 mg (86%) of the trans isomer of 20 as the hydrochlo
ride. VPC analysis of the crude reaction mixture indicated an 
80:20 ratio of trans to cis isomer.

Resolution of the Trans Isom er 20. A mixture of 34 g (0.143 
mol) of the cis and trans amines 19 and 20, obtained by NaBHU re
duction of 18, and 15.9 g (0.0715 mol) of A'-acetyl-L-tyrosine were 
dissolved in 300 ml of hot MeOH. After the addition of 700 ml of 
Et20, the mixture was kept at room temperature for 1 hr and at 0° 
for 30 min. The solids which had separated (13.6 g, mp 222-226°) 
were filtered and recrystallized from M eO H -E t20  (1:2) to give
11.72 g of the A/-acetyl-L-tyrosine salt of the 1 .S', 4R isomer of 20, 
mp 230-231°. After conversion to the hydrochloride and recrystal
lization from MeOH-Et^O there was obtained 6.06 g (15%) of the 
hydrochloride of the IS,4R isomer of 20, mp 230-231°, [a]24D 
—41.4° (c 1, MeOH). This sample was identical with a sample ob
tained by resolution of a specimen of pure 20.

Anal. Calcd for C17H 19N  • HC1: C, 74.56; H, 7.36; N , 5.11. Found: 
C, 74.34; H , 7.31; N , 4.99.

The original mother liquor of the Af-acetyl-L-tyrosine salt was 
evaporated, treated with 200 ml of 1 N  NaOH, and extracted with 
three 200-ml portions of Et^O. The combined organic extracts 
were dried and evaporated, and the residue (27 g) was dissolved in 
300 ml of hot MeOH and treated with 8.7 g of D-(—)-mandelic acid. 
After ccoling and the addition of 11. of Et20, the mixture was kept 
in the refrigerator overnight. The solids which had separated were 
filtered off and recrystallized twice from M e0 H -E t20 (1:2) to give
11.8 g of the D-mandelate of the lfi,4S  isomer of 20, mp 130-131°. 
After conversion to the hydrochloride and two recrystallizations 
from CHCl3-E t20 (1:3) there was obtained 6.3 g (16%) of the 
lfl,4.S isomer of 20 as the hydrochloride, mp 230-231°, [<*]24d  
41.2° (c 1, MeOH). Again, this compound was identical with a 
sample obtained previously by direct resolution of pure 20.

Anal. Calcd for Ci7H 19N  • HC1: C, 74.56; H , 7.36; N , 5.11. Found: 
C, 74.73; H, 7.36; N , 5.09.

cJS-4-Phenyl-.iV,A7,.lV-trimethyl-l,2,3,4-tetrahydro-l-naph- 
thylammonium Iodide (21). A  mixture of 165 mg (0.65 mmol) of 
24 and 184 mg (1.3 mmol) of methyl iodide in 7 ml of MeOH was 
heated to 50° for 24 hr. After the addition of 50 ml of Et20, the 
precipitated solids were filtered and recrystallized from M eO H - 
Et20  to give 155 mg (61%) of 21, mp 174-175° dec.

Anal. Calcd for C19H 24IN: C, 58.01; H, 6.16; N , 3.56. Found: C, 
57.54; H , 6.12; N , 3.42.

A mixture of 10 mg of 21 and 1 ml of anhydrous methylamine in 
10 ml o: dimethylformamide was heated in a steel bomb to 98° for 
30 min. VPC analysis of this mixture indicated the formation of 
~30%  trans amine 20, in addition to 70% elimination product 22.27

Oxidation of 19 with Aqueous Permanganate. To a solution 
of 23.7 g (0.1 mol) of 19 (free base) in 750 ml of acetone was added 
a solution of 23.7 g (0.15 mol) of K M n 0 4 in 750 ml of H2O over a 
period of 15 min, causing the temperature to rise to 42°. After stir
ring at room temperature for 1 hr, the mixture was filtered, and 
the filter cake was washed well with 500 ml of acetone. The com
bined filtrates were concentrated in vacuo to approximately 500 
ml, and the mixture was extracted with CH2CI2. After the usual 
work-up there was obtained 7.7 g (28%) of unreacted 19 as the hy
drochloride, and 13.25 g (60%) of 4-phenyltetralone (17), mp 7 3 -  
74°. In a similar run, using 0.3 mol of K M n 0 4, the yield of 17 was 
61%.

trans-lV,IV-Dimethy 1-4-phenyl-1,2,3,4-tetrahydro-1 -naph- 
thylamine (23). A mixture of 390 mg (1.64 mmol) of 20 (free base), 
5 ml of 37% formaldehyde, and 5 ml of 98% formic acid was heated 
on a steam bath for 1 hr. After evaporation and the usual work-up 
there was obtained after crystallization from M eO H -E t20 402 mg 
(85%) of 23 as the hydrochloride, mp 228-230° dec. Similarly was 
obtained the cis isomer 24 in 85% yield, mp 192-194° after crystal
lization from acetone-Et20.

Anal Calcd for Ci8H 2xN  • HC1: C, 75.12; H , 7.71; N , 4.86. Found
(23): C, 74.87; H, 7.80; N , 4.71. Found (24): C, 75.18; H, 7.66; N,
4.74.

4-P henyl-3,4-dihydro-l(2Ii)-naphthalenone Oxime. To a
stirred solution of 4.9 g (0.022 mol) of 17 in 18 ml of EtOH was 
added 16 ml of H 20 ,  1.72 g (0.025 mol) of hydroxylamine hydro
chloride, and then 4.4 g of powdered NaOH. After 10 min, a clear

solution had formed, which was then heated on the steam bath for 
45 min. After cooling and evaporation, the residue was dissolved in 
CHCI3 and washed with 1 N  HC1. The organic layer was evapo
rated and the residue was crystallized from CHCl3-hexane to give
3.58 g (69%) of the oxime, mp 114-115°.

Anal. Calcd for C i6H i5NO: C, 80.98; H, 6.37; N , 5.90. Found: C, 
80.74; H, 6.48; N, 5.90.

4-Phenyl-3,4-dihydro- 1 (2H)-naphthalenone Phenylhydraz- 
one. To a solution of 11.1 g (0.05 mol) of 17 in 200 ml of EtOH was 
added 10.8 g (0.1 mol) of phenylhydrazine and 40 ml of glacial ace
tic acid. The solution was heated on a steam bath for 30 min. After 
cooling, the crystals which had separated were collected and re
crystallized from EtOH to give 13.4 g (86%) of the phenylhydraz- 
one, mp 124-126°.

Anal. Calcd for C22H 2oN2: C, 84.58; H , 6.45; N, 8.97. Found: C, 
84.26; H, 6.48; N , 8.97.

4-Phenyl-l,2,3,4-tetruhydro-l-naphthylamine (25 and 26).
Hydrogenation of 2 g (8.4 mmol) of the oxime of 17 in 100 ml of 
EtOH over 1 g of 10% Pd/C at 50 psi for 2 hr gave after the usual 
work-up and fractional crystallization from M eO H -E t20  0.71 g 
(32%) of the trans isomer 25 as the hydrochloride, mp 301-302°, 
and 1.4 g (64%) of the cis isomer 26 as the hydrochloride, mp 279- 
281°. The stereochemical assignments are based on the conversion 
of 25 to 23 with formic acid-formaldehyde.

The trans isomer 25 was also obtained in 18% yield by suspend
ing 10 g of the phenylhydrazone of 17 in 400 ml of acetic acid and 
treating the mixture with 26 g of activated zinc dust at 60° over
night, followed by the usual work-up.

Anal. Calcd for Ci6H i7N • HC1: C, 73.97; H , 6.99; N , 5.39. Found
(25): C, 73.82; H, 6.85; N , 5.31. Found (26): C, 73.96; H, 7.03; N,
5.37. >-

A7-Ethyl-4-phenyl-l,2,3,4-tetrahydro-l-naphthylamine (27 
and 28). A solution of 6.66 g (0.03 mol) of 17 in 100 ml of benzene 
was treated with 8.1 g of ethylamine and 1.65 ml of TiCU as de
scribed above to give, after crystallization of hexane, 5.4 g of the 
ethylimine derivative, mp 89-90°. Reduction of 4.9 g of this imine 
with 1 g of NaBH4 in 75 ml of MeOH as described above gave, 
after fractional crystallization from M eO H -E t20 ,  490 mg (9%) of 
the trans isomer 27 as the hydrochloride, mp 224-225°, and 1.85 g 
(34%) of the cis isomer 28 as the hydrochloride, mp 261-262°. Cat
alytic hydrogenation of 1.5 g of the ketimine in 50 ml of EtOH over 
200 mg of 10% Pd/C at 50 psi gave exclusively the cis isomer 28 ac
cording to VPC analysis.

Anal. Calcd for C i8H 2iN  • HC1: C, 75.12; H, 7.71; N , 4.86. Found
(27): C, 75.00; H, T78; N , 5.11. Found (28): C, 74.88; H, 7.63; N,
4.85.

AT-Isopropyl-4-phenyl-1,2,3,4-tetrahydro-1 -naph thy lamine 
(29 and 30). When 6.66 g of 17 was treated with 10.6 g of isopro
pylamine as described above, there was obtained, after crystalliza
tion from hexane, 5.7 g of the ketimine, mp 74-75°. A  5.2-g sample 
was reduced with NaBH4 to give, after multiple fractional crystal
lizations from M e 0 H -E t20 ,  2.59 g (44%) of the trans isomer 29 as 
the hydrochloride [mp 283-284°; N M R  (CDCI3 +  NaOD) 6 1.1 (d, 
3 H , J = 7  Hz), 1.14 (d, 3 H, J  =  7 Hz), 1.3-2.4 (m, 4 H), 3.1 (m, J  
=  7 Hz), 3 .7-4.3 (m, 2 H ), 6 .7 -7 .6 (m, 9 H)] and 0.65 g (11%) of the 
cis isomer 30 as the hydrochloride [mp 228-229°; N M R  (CDCI3 +  
NaOD) & 1.25 (d, 6 H, J  =  7 Hz), 1.9-2.2 (m, 4 H), 3.3 (m, J  =  7 
Hz), 3 .8-4.6 (m, 2 H), 6 ,7 -7 .8 (m, 9 H; sharp s at 7.23)]. Catalytic 
hydrogenation of the ketimine gave again exclusively the cis iso
mer 30.

Anal. Calcd for Ci9H 23N • HC1: C, 75.61; H, 8.01; N , 4.64. Found
(29): C, 75.39; H, 7.96; N, 4.53. Found (30): C, 75.43; H, 7.97; N,
4.64.

lV-Cyelopropyl-4-phenyl-1,2,3,4-tetrahydro-l -naphthyl- 
amine (31 and 32). When 6.66 g of 17 was converted to the keti
mine with 10.05 g of cyclopropylamine, followed by reduction with 
NaBH4 and multiple fractional crystallizations of the hydrochlo
ride salts, there was ultimately obtained 1.15 g (13%) of the trans 
isomer 31 as the hydrochloride, mp 218-220°, and 0.4 g (4%) of the 
cis isomer 32 as yhe hydrochloride, mp 223-224°, N M R  of 32 
(CDCI3 +  NaOH) i  0 .3-0.6 (m, 4 H), 1.8-2.5 (m, 5 H), 3.8-4.2 (m, 2 
H), 6.7 -7 .4  (m, 9 H).

Catalytic hydrogenation of the ketimine gave again predomi
nantly the cis isomer 32.

Anal. Calcd for C19H 2iN - HC1: C, 76.10; H, 7.39; N , 4.67. Found
(31): C, 75.84; H. 7.31; N , 4.67. Found (32): C, 75.85; H, 7.36; N,
4.68.

lV-(4-Phenyl-l,2,3,4-tetrahydro-l-naphthyl) pyrrolidine (33
and 34). A  mixture of 380 mg (1.7 mmol) of 25 as the free base, 360 
mg (1.7 mmol) of 1,4-dibromobutane, 25 ml of xylene, and 286 mg
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of NaHCOs was refluxed for 62 hr. After the usual work-up there 
was obtained 190 mg (36%) of the trans isomer 33 as the hydro
chloride, mp 258-259°. Similarly, 26 was converted to 34, mp of 
the hydrochloride 256-257°.

Anal. Calcd for C20H23N . HC1: C, 76.53; H, 7.70; N, 4.46. Found 
(33): C, 76.44; H, 7.70; N, 4.30. Found (34): C, 76.11; H, 7.89; N,
4.32.

l-(4-Phenyl-l,2,3,4-tetrahydro-l-naphthyl)-4-inethylpip- 
erazine (35 and 36). A solution o f 2.2 g (0.01 mol) of 17 in 50 ml of 
benzene was treated with 6 g of 1-methylpiperazine and 0.55 ml of 
TiCb as described above, but the mixture was kept at room tem
perature for 20 hr. After filtration and evaporation, the resulting 
enamine was dissolved in 75 ml of tetrahydrofuran and treated 
with 2 g of LiBH4 and then dropwise with 5 ml of 98% formic acid. 
The mixture was refluxed for 15 min and then worked up in the 
usual manner to give after multiple fractional crystallizations of 
the hydrochlorides from MeOH-Et^O 300 mg (9%) of 35 as the hy
groscopic hydrochloride, mp 254-255°, and 560 mg (16%) of 36 as 
the hydrochloride, mp 249-250°. The stereochemical assignments 
are based on the result of a catalytic hydrogenation of a sample of 
the enamine which gave exclusively 36.

Anal. Calcd for CaiHzsNa • HC1: C, 73.56; H, 7.93; N, 8.17. Calcd 
for C21H26N2 • HC1 • y4H20: C, 72.60; H, 7.94; N, 8.07. Found (35): 
C, 72.87; H, 8.07; N, 8.25. Found (36): C, 73.45; H, 7.92; N, 8.23.

2,8-Dichloro-5-methoxy-3,4-dihydro-l(2JT)-naphthalenone
(38). A solution of 21 g (0.1 mol) of 8-chloro-5-methoxy-3,4-dihy- 
dro-l(2H)-naphthalenone1'14 (37) in 500 ml of glacial acetic acid 
was cooled to 5° and 7.1 g of chlorine gas was introduced. After 
stirring for 2 hr at room temperature, the mixture was evaporated 
and the residue was suspended in 250 ml of 1 AT HC1. Extraction 
with chloroform, evaporation of the organic solvents, and two re
crystallizations of the residue from CHCl3-hexane yielded 17.3 g 
(71%) of 38: mp 112-113°; NMR (CDCI3) <5 2.25-2.65 (m, 2 H),
2.85-3.2 (m, 2 H), 3.83 (s, 3 H), 4.55 (d of d, 1 H, J  = 4.5, 6.5 Hz), 
6.9 (d, 1 H, J  = 9 Hz), 7.3 (d, 1 H, J  = 9 Hz).

Anal. Calcd for Cn HioCl20 2: C, 53.91; H, 4.11. Found: C, 53.72; 
H, 4.41.

8-Chloro-5-methoxy-2-phenyl-3,4-dihydro-1(2 if)  -naph- 
thalenone (39). To a solution of 17 g (0.0695 mol) o f 38 in 150 ml 
of benzene was added to a solution of phenylmagnesium bromide 
(obtained from 11 g of bromobenzene and 1.7 g of magnesium 
shavings in Et20) over a period of 15 min, causing a temperature 
rise. The mixture was kept for 2 days at room temperature and 
then refluxed for 1 hr. After addition of 200 ml of H20  and 200 ml 
of 1 N  HC1, the organic layer was separated and evaporated, and 
the residue (20 g) was crystallized from EtOAc-hexane to give 4.77 
g (24%) of 39: mp 126-128°; NMR (CDCI3) <5 2.25-2.7 (m, 2 H),
2.8-4.2 (m, 3 H), 3.83 (s, 3 H), 6.85 (d, 1 H, J  = 9 Hz), 7.0-7.8 (m, 6 
H).

Anal. Calcd for Ci7HiBC102: C, 71.21; H, 5.27. Found: C, 71.50; 
H, 5.36.

cis-8-Chloro-5-methoxy-jV-methyl-2-phenyl-l,2,3,4-tet- 
rahydro-l-naphthylamine (40). A solution of 4.3 g (0.015 mol) of 
39 in benzene was converted to the ketimine with methylamine 
and TiCLt as described above, refluxing the reaction mixture for 19 
hr. After reduction with NaBH4 and the usual work-up there was 
obtained 0.99 g (20%) of 40 as the hydrochloride, mp 238-239° 
(from CHCl3-E t20 ), which was indistinguishable from a sample 
obtained by catalytic hydrogenation o f the ketimine.

Anal. Calcd for Ci8H20C1NO • HC1: C, 63.91; H, 6.26; N, 4.14. 
Found: C, 64.19; H, 6.40; N, 4.19.

4-(2-M ethoxy-5-chlorophenyl)-3-phenylbutyric Acid (43, R 
= H). A solution of 20.4 g (1 mol) of the sec-butyl ester of cinnam
ic acid17 in 300 ml of Et20  was added dropwise at 0° to a solution 
of 5-chloro-2-methoxybenzylmagnesium chloride [prepared from
47.8 g (0.25 mol) of 5-chloro-2-methoxybenzyl chloride28 and 36 g 
of magnesium shavings] and 150 mg of cuprous chloride in 300 ml 
of Et20. After standing at room temperature overnight, the mix
ture was poured onto ice and 100 ml of concentrated HC1. The or
ganic layer was collected, dried, and evaporated. The residue (51 g) 
was distilled and the fraction (21 g, 58%) boiling at 180-182° (0.15 
mm) was collected. A 15-g (0.0415 mol) portion of this fraction was 
saponified with 37.5 g of 87% KOH, 150 ml of EtOH, and 37.5 ml of 
H20  at reflux temperature for 3 hr to give, after a crystallization of 
the acidic product from hexane, 8.6 g (68%) of 43 (R = H): mp 99- 
100°; NMR (CDCI3) a 2.5-3.0 (m, 4 H), 3.1-3.7 (m, 1 H), 3.7 (s, 3 
H), 6.67 ( d , l H , l  = 9 Hz), 6.95 (d of d, J  = 3, 9 Hz), 7.2 (br s, 6 
H), 11.5 (br s, 1 H).

Anal. Calcd for Ci7H17C103: C, 67.01; H, 5.62. Found: C, 67.18; 
H, 5.87.

3- (5-Chloro-2-m ethoxybenzyl)-l-indanone (41). A mixture 
of 7.6 g (0.025 mol) of 43 and 200 g of polyphosphoric acid was 
heated to 110° for 45 min and then poured onto ice. After extrac
tion with EtOAc and washing with 10% aqueous Na2C 03, the or
ganic layer was dried and evaporated and the residue was crystal
lized from ETOH-hexane to give 3.19 g (44%) of 41: mp 73-74°; 
NMR (CDCI3) a 2.15-3.8 (m, 5 H), 3.8 (s, 3 H), 6.78 (d, 1 H, J  = 9 
Hz), 7.0-7.85 (m, 6 H).

Anal. Calcd for C17Hi5C102: C, 71.21; H, 5.27. Found: C, 71.13; 
H, 5.57.

4- (2-M ethoxyphenyl)-3-phenylbutyric Acid (46). A solution 
of 10.8 g (0.035 mol) of 43 in 400 ml of MeOH and 14.2 ml of NEt3 
was hydrogenated in the presence of 2 g of 10% Pd/C at 50 psi and 
ambient temperature for 40 min. After the usual work-up the acid
ic product was crystallized from EtOAc-hexane (1:10) to give 8.55 
g (89%) of 46: mp 98-99°; NMR (CDC13) a 2.6 (d, 2 H, J  = 7.5 Hz),
2.85 (d, 2 H, J  = 7.5 Hz), 3.5 (m, 1 H), 3.7 (s, 3 H), 6.6-7.1 (m, 4 H),
7.2 (s, 5 H), 10.9 (s, 1 H).

Anal. Calcd for Ci7Hi80 3: C, 75.53; H, 6.71. Found: C, 75.45; H,
6.65.

5- Methoxy-3-phenyl-3,4-dihydro-l(2H)-naphthalenone 
(47). This compound was obtained from 46 according to the meth
od of Johnson and Glenn7 in 24% yield after chromatography over 
a S i02 column with benzene. After crystallization from EtOAc- 
hexane (1:5), 47 had mp 158-160°; NMR (CDCI3) a 2.6-3.7 (m, 5 
H), 3.85 (s, 3 H), 7.05 (d of d, 1 H, J = 9 Hz), 7.2-7.45 (m, 1 H), 7.3 
(s, 5 H), 7.7 (d of d, 1 H, J = 7.5, 2 Hz).

Anal. Calcd for Ci7Hi60 2: C, 80.92; H, 6.39. Found: C, 80.92; H,
6.57.

cis-5-Methoxy-JV-methyl-3-phenyl-l,2,3,4-tetrahydro-l- 
naphthylamine (48). A solution of i  g (3.95 mmol) of 47 in 50 ml 
of benzene was converted with 1.0 g of methylamine and 0.25 ml 
TiCl4 at room temperature to the ketimine. Hydrogenation of the 
ketimine in EtOH in the presence of 500 mg o f 10% Pd/C at 50 psi 
gave, after conversion to the hydrochloride and recrystallization 
from MeOH~Et20  (1:1), 850 mg (70%) of 48: mp 270-271°; NMR 
(free base in CDCla) a 2.5-4.1 (m, 7 H), 2.45 (s, 3 H), 3.75 (s, 3 H),
6.4-7.4 (m, 3 H), 7.3 (s, 5 H).

Anal. Calcd for Ci8H21NO • HC1: C, 71.15; H, 7.30; N, 4.61. 
Found: C, 70.89; H, 7.37; N, 4.58.

cis-8-Chloro-5-methoxy-N-m ethy]-3-phenyl-1,2,3,4-tet- 
rahydro-l-naphthylamine (45). A solution of 304 mg (1 mmol) of 
48 hydrochloride in 10 ml of AcOH was treated at room tempera
ture with a solution of 71 mg of Cl2 in 2 ml of AcOH1 for 30 min to 
give, after evaporation and two recrystallizations of the residue 
from MeOH-Et20  (1:10), 190 mg (56%) of 45 hydrochloride: mp 
246-247° dec; NMR (CD3OD) a 2.0-3.3 (m, 5 H), 2.75 (s, 3 H), 3.85 
(s, 3 H), 4.85 (s, DOH), 5.05 (t, 1 H, J = 9 Hz), 7.05 (d, 1 H, J  = 9 
Hz), 7.1-7.5 (m, 6 H).

Anal. Calcd for Ci8H20C1NO • HC1: C, 63.91; H, 6.26; N, 4.14. 
Found: C, 63.88; H, 6.23; N, 4.02.

4.4- Di(5-chloro-2-methoxyphenyl)-3-ethoxycarbonyl-3- 
butenoic Acid (50). 5,5'-Dichloro-2,2'-dimethoxybenzophenone18 
was converted to the title compound in 35% yield using the condi
tions of Johnson et al.19 The product melted at 98-100° after re- 
crystallization from EtOAc-hexane: NMR (CDCI3) a 0.9 (t, 3 H, J  
= 7 Hz), 3.3 (br s, 2 H), 3.7 (s, 3 H), 3.73 (s, 3 H), 4.0 (q, 2 H, J  = 7 
Hz), 6.77 (d, 1 H, J = 9 Hz), 6.82 (d, 1 H, J  = 9 Hz), 7.0-7.4 (m, 4 
H), 10.3 (br s, 1 H).

Anal. Calcd for C2iH2oCl20 8: C, 57.42; H, 4.56. Found: C, 58.01; 
H, 5.00.

4.4- Di(5-chloro-2-methoxyphenyl)-3-carboxy-3-butenoic 
Acid (51). This compound was prepared in 72% yield by treating a 
solution of 4 g of 50 in 30 ml of EtOH with 60 ml of 4 N  NaOH at 
room temperature overnight. After a crystallization from EtOH- 
hexane, 51 melted at 238-239°. This compound was also obtained 
as a by-product in various attempts to hydrolyze and decarboxy- 
late 50 under acidic conditions.

Anal. Calcd for Ci9HxeCl20 8: C, 55.49; H, 3.89. Found: C, 55.45; 
H, 4.19.

3-Car boxymethyl-6-chloro-4- (5-chloro-2-methoxyphenyl) - 
coumarin (53). This compound was isolated in up to 24% yield 
during attempts to hydrolyze and decarboxylate 50.19 53 melted at 
228-229° after recrystallization from EtOAc: NMR (DMSO-de) S
3.2 (br s, 2 H), 3.73 (s, 3 H), 6.8-7.8 (m, 6 H).

Anal. Calcd for Ci8H12C120 5: C, 57.00; H, 3.17; Cl, 18.71. Found: 
C, 57.21; H, 3.16; Cl, 18.64.

2-(3-Methoxyphenyl)-l,3-dithiane (55). A mixture of 80.5 g 
(0.592 mol) of m-anisaldehyde and 60 ml (0.592 mol) o f 1,3-pro- 
panedithiol in 450 ml of CHC13 was saturated with HC1 gas,29
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keeping the temperature at 30-40° with external cooling. The solu
tion was stirred at room temperature for 30 min, washed with H2O 
(2 X 200 ml), 1 N  KOH (3 X 250 ml), and H2O, dried, and evapo
rated. The residue was crystallized from 200 ml of MeOH to give 
123 g (92%) of 55: mp 62-63°; NMR (CDCI3) S 1.7-2.2 (m, 2 H),
2.S-3.2 (m, 4 H), 3.77 (s, 3 H), 5.13 (s, 1 H), 6.7-7.4 (m, 4 H).

Anal. Calcd for CnH14OS2: C, 58.40; H, 6.24. Found: C, 58.60; H, 
6.31.

2-Cinnamyl-2-(3-methoxyphenyl)-l,3-dithiane (56). A solu
tion of 6.8  g (0.03 mol) of 55 in 50 ml of tetrahydrofuran was cooled 
to —40°, and 20 ml of a 1.6 M  solution of butyllithium (0.032 mol) 
was added dropwise with stirring, keeping the temperature below 
—30° during the addition. The mixture was then allowed to stand 
at room temperature for 1 hr (at that time NMR analysis of an ali
quot quenched-with D20  indicated complete conversion to the 
litbio derivative) and cooled again to —40° while 5.8 g (0.03 mol) of 
cinnamyl bromide in 10  ml of tetrahydrofuran was added drop- 
wise. After standing at room temperature overnight, the mixture 
was diluted with 50 ml of H20, concentrated in vacuo, and extract
ed with three 50-ml portions of CHCI3. The organic layers were 
combined, dried, and evaporated. The residue afforded, after crys
tallization from MeOH, 9.5 g (93%) of 56: mp 84-85°; NMR 
(CDCI3) 5 1.7-2.2 (m, 2 H), 2.45-2.9 (m, 6 H), 3.8 (s, 3 H), 5.9 (d of 
d, 1 H, J  = 6.5,16 Hz), 6.35 (d, 1 H, J  = 16 Hz), 6.6-7.7 (m, 9 H).

Anal. Calcd for C20H22OS2: C, 70.16; H, 6.48. Found: C, 70.47; H,
6.63.

Spiro[l,3-dithiane-2,l'-(7'-methoxy-4'-phenyI-l',2',3',4'-tet- 
rahydronaphthalene)] (57). Boron trifluoride gas was introduced 
for 3.5 min into a solution of 680 mg (0.002 mol) of 56 in 50 ml of 
CH2C12. The orange mixture was kept at room temperature over
night, diluted with H20, and extracted twice with 50 ml of CH2C12. 
The organic layers afforded, after evaporation and crystallization 
of the residue from CH2Cl2-Et20 , 310 mg (36%) of 57 as the HBF4 
adduct: mp 163-164°; NMR (DMSO-d6) & 1.8-4.5 (m, 1 0 + H), 3.83 
(s, 3 H), 6.7-6.9 (m, 2 H), 7.0-7.5 (m, 7 H).

Anal. Calcd for C20H22OS2 ■ HBF„: C, 55.82; H, 5.39. Found: C, 
55.82; H, 5.47.

2-(2-Chloro-5-methoxyphenyl)-l,3-dithiane (59). This com
pound was prepared in 67% yield from 22.5 g of 2-chloro-5-meth- 
oxybenzaldehyde23 as described above for 55. After crystallization 
from MeOH, 59 melted at 66- 6 8 °; NMR (CDCI3) S 1 .8- 2.2  (m, 2 
H), 2.8-3.2 (m, 4 H), 3.77 (s, 3 H), 5.57 (s, 1 H), 6.75 (d of d, 1 H, J 
= 3, 9 Hz), 7.20 (d, 1 H, J  = 3 Hz), 7.23 (d, 1 H, J = 9 Hz).

Anal. Calcd for CUH13C10S2: C, 50.66; H, 5.02. Found: C, 50.70; 
H, 5.08.

2-(2-Chloro-5-methoxyphenyl)-2-cinnamyl-l,3-dithiane 
(60). A solution of 1.8 g (0.0069 mol) of 59 in 12 ml of tetrahydro
furan was cooled to 0° and treated dropwise with 3.4 ml of a 2.1 M  
solution of MeLi in Et20. After stirring at 0° for 1 hr, NMR analy
sis of an aliquot quenched with D20  indicated only a 50% conver
sion. Therefore, another 3.5 ml of the MeLi solution was added 
and the mixture was kept for another hour at 0°. At that time, 
NMR analysis indicated complete conversion to the lithio deriva
tive, and 1.3 g (0.0069 mol) of cinnamyl bromide was added and 
the mixture was kept at room temperature overnight. The work-up 
procedure was identical with that described above for 56, and af
forded 0.7 g (27%) of 60: mp 106-108° after two crystallizations 
from isopropyl alcohol; NMR (CDCI3 ) 6 1.8-2.2 (m, 2 H), 2.6-2.9 
(m, 4 Hi, 3.38 (d, 2 H, J  = 7 Hz), 3.86 (s, 3 H), 5.85 (d of d, 1 H, J 
= 7,16 Hz), 6.43 (d, 2 H, J  = 16 Hz), 6.73 (d of d, 1 H, J  = 3, 9 Hz),
7.19 (s, 5 H), 7.32 (d, 1 H, J  = 9 Hz), 7.73 (d, 1 H, J  = 3 Hz).

Anal. Calcd for C2oH2iC10S2: C, 63.73; H, 5.61. Found: C, 63.57; 
H, 5.70.

5-Chloro-8-methoxy-1 -phenyl-1,2,3,4-tetrahydro-1 -naph- 
thol (63). A solution of 2.1 g (0.01 mol) of 5-chloro-8-methoxy-3,4- 
dihydro-l(2H)naphthalenone24 (62) in 20 ml of Et20  was added 
dropwise to a boiling solution of phenylmagnesium bromide, pre
pared from 0.486 g of magnesium shavings and 3.14 g of bromoben- 
zene in 40 ml of Et20. After refluxing for 2 hr, the mixture was 
treated with 10 ml of H20  and washed with 100 ml of 10% aqueous 
NHjCl and 200 ml of H20. The organic layer afforded ultimately, 
after crvstallization from hexane, 2.2 g (76%) of 63, mp 91-92°.

Anal.’ Calcd for C17Hi7C102: C, 70.70; H, 5.93. Found: C, 70.66; 
H, 6.09.

5-Chloro-8-methoxy-1 -phenyl-3,4-dihydronaphthalene 
(64). A solution of 2.2 g of 63 in 60 ml of benzene was heated to re
flux in the presence of 10 mg of p-toluenesulfonic acid in a Dean- 
Stark apparatus for 1.5 hr. After evaporation and crystallization 
from hexane and from EtOH, 2.02 g (98%) of 64, mp 106-107°, was 
obtained.

Anal. Calcd for Ci7H16C10: C, 75.43; H, 5.58. Found: C, 75.62; H,
5.28.

5-Chloro-8-methoxy-l-phenyl-l,2,3,4-tetrahydronaphthal-
ene (65). This compound was prepared in 84% yield by hydrogena
tion of 1.8 g of 64 at atmospheric pressure in 55 ml of EtOH con
taining a few drops of concentrated HC1 in the presence of 500 mg 
of 10% Pd/C until the theoretical amount of hydrogen had been 
taken up (2 hr). After crystallization from MeOH, 65 melted at
91-92°.

Anal. Calcd for Ci7Hi7C10: C, 74.85; H, 6.28. Found: C, 74.66; H,
6.48.

8-Chloro-5-methoxy-4-phenyl-3,4-dihydro-l(2fl)-naph- 
thalenone (6 6 ). A solution of 1 g of KMn04 in 50 ml of H20  was 
added to a solution of 820 mg (3 mmol) of 65 in 120 ml of acetone. 
After stirring at room temperature for 2 days, an analysis of an ali
quot of the purple mixture indicated only partial conversion to the 
ketone. The reaction mixture was then heated to reflux while 3 g of 
KMn04 in 50 ml of H20  was added at such a rate that the color of 
the mixture remained purple (45 min). After filtration, the filtrate 
was concentrated to 50 ml in vacuo and the mixture was extracted 
twice with Et20 ; the combined organic layers were washed, dried, 
and evaporated to an oil (756 mg) which was separated by column 
chromatography (25 g of silica gel, 70-325 mesh, 1.5 X 50 cm col
umn), using benzene as the solvent. From the early fractions was 
recovered, after a crystallization from MeOH, 447 mg (54%) of 
starting material, and from the later fractions, after crystalliza
tions from MeOH, 250 mg (29%) of 66 : mp 123-124°; NMR 
(CDCI3) b 2.1-2.6 (m, 4 H), 3.65 (s, 3 H), 4.7 (br s, 1 H), 6.9 (d, 1 H, 
j  = 9 Hz), 6.9-7.3 (m, 5 H), 7.38 (d, 1 H, J  = 9 Hz); mass spectrum 
m/e 286 (M+, base peak), 271, 258, 251, 243,199.

8 -Methoxy-1 -phenyl-1,2,3,4-tetrahydronaphthalene (69).
This compound was obtained in 79% yield by hydrogenation of
2.06 g of 65 over 1 g of 10% Pd/C in 50 ml of EtOH, containing 2 ml 
of triethylamine, at atmospheric pressure (2 hr). 69 had mp 101- 
103° after recrystallization from EtOH.

Anal. Calcd for Ci7Hi80: C, 85.67; H, 7.61. Found: C, 85.39; H,
7.76.

5-Methoxy-4-phenyl-3,4-dihydro-1 (2H)-naphthalenone
(70). A solution of 1.02 g of 60 in 100 ml of acetone was treated 
with 10 ml of H20  and 10 g of KMn04. The mixture was heated on 
the steam bath until the purple color had disappeared (4 hr). An
other 10 g of KMn04 was added and the mixture was refluxed for 3 
hr. The mixture was then filtered, and the filtrate was treated with 
100 ml of acetone, 10 ml of H20, and 10 g of KMn04 and refluxed 
for another 3 hr. Upon work-up (concentration in vacuo, extraction 
with CHCI3, drying, and evaporation) there was obtained, after 
crystallization on CHCH-hexane, 655 mg (61%) of 70: mp 117— 
118°; NMR (CDCI3) 5 2.1-2.7 (m, 4 H), 3.68 (s, 3 H), 4.65 (m, 1 H),
6.9- 7.85 (m, 8 H).

Anal. Calcd for Ci7Hi60 2: C, 80.92; H, 6.39. Found: C, 80.90; H,
6.64.

eix-5-Methoxy-./V-methyl-4-phenyl-1,2,3,4-tetrahydro-l- 
naphthylamine (71) and Its Trans Isomer 72. Reduction of the 
methylimine, obtained from 70 and methylamine in the usual 
manner, with NaBH4 gave 71 in 72% yield as the hydrochloride, 
mp 285-286°.

Anal. Calcd for Ci8H2iNO • HC1 • V4H20: C, 70.11; H, 7.35; N,
4.54. Found: C, 70.55; H, 7.26; N, 4.37.

On the other hand, reduction of the methylimine derivative with 
zinc-acetic acid (see above for the preparation of 20) gave a 42% 
yield of the trans isomer 72; mp of the hydrochloride 240-242°.

Anal. Calcd for Ci8H2iNO • HC1 • V4H20 : C, 70.11; H, 7.35; N,
4.54. Found: C, 69.88; H, 7.10; N, 4.15.

cis-8-Chloro-A"-methyl-5-methoxy-4-phenyl-l,2,3,4-tet-
rahydro-l-naphthylamine (67) and Its Trans Isomer (6 8 ). 
Conversion of 66 to the methylimine in the usual manner, followed 
by reduction with NaBH4 in MeOH, gave the cis isomer 67 in 85% 
yield. Only traces of the trans isomer 68 were detected by TLC 
analysis. This isomer was identical with the one obtained by cata
lytic hydrogenation of the ketimine or by chlorination of 71 in ace
tic acid. 1 The melting point of 67 as the hydrochloride was 255- 
257° (from CHC13-Et20); NMR (CD3OD) 5 2.0-2.25 (m, 4 H), 2.86 
(s, 3 H), 3.47 (s, 3 H), 4.3 (m, 1 H), 4.8 (m, 1 H), 4.85 (CD3OH),
6.9- 7.3 (m, 6 H), 7.5 (d. 1 H, J = 9 Hz).

Anal. Calcd for Ci8H20ClNO • HC1 • %H20: C, 62.25; H, 6.39; N,
4.03. Found: C, 62.26; H, 6.17; N, 3.87.

The trans isomer 68 was obtained in 40% yield by chlorination of 
72 in acetic acid;1 the melting point of 68 as the hydrochloride was 
250-252°; mass spectrum m/e 301 (M+), 286, 270 (base peak), 266, 
235,193,179.
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Registry No.—6, 7469-40-1; 8 HC1, 54308-10-0; 10, 54308-11-1; 
11, 7498-87-5; 13 HC1, 54308-12-2; 14, 14944-26-4; 16 HC1, 54308-
13-3; 17, 14578-68-8; 17 oxime, 50845-35-7; 17 phenylhydrazone, 
54308-14-4; 18, 52789-19-2; 19, 54308-15-5; 19 HC1, 52371-38-7; 20, 
54308-16-6; 20 HC1, 52371-37-6; (lS,4ft)-20 N-acetyl-L-tyrosine 
salt, 52795-05-8; (lS,4R)-20 HC1, 52760-48-2; (lR,4S)-20 D - ( - ) -  
mandelate, 52795-03-6; (lR,4S)-20 HC1, 52760-47-1; 21, 54308-17- 
7; 23 HC1, 52371-39-8; 24, 52371-40-1; 24 HC1, 54308-18-8; 25 HC1, 
52371-31-0; 26 HC1, 52371-32-1; 27 HC1, 54308-19-9; 28 HC1,
54308-20-2; 29 HC1, 54308-21-3; 30 HC1, 54308-22-4; 31 HC1,
54308-23-5; 32 HCI, 54308-24-6; 33 HC1, 54308-25-7; 34 HC1,
54308-26-8; 35 HC1, 54308-27-9; 36 HC1, 54308-28-0; 37, 34910-81-
1; 38, 54308-29-1; 39, 54308-30-4; 40 HC1, 54308-31-5; 41, 54308- 
32-6; 43 (R = H), 54308-33-7; 45 HC1, 54308-34-8; 46, 54308-35-9; 
47, 54308-37-1; 48, 54308-36-0; 48 HC1, 54308-38-2; 49, 54308-39-3; 
50, 54308-40-6; 51, 54308-41-7; 53, 54308-42-8; 54, 591-31-1; 55, 
54308-43-9; 56, 54308-44-0; 57 HBF4 adduct, 54308-46-2; 58, 
13719-61-4; 59, 54308-47-3; 60, 54308-48-4; 62, 54308-49-5; 63, 
54308-50-8; 64, 54308-51-9; 65, 54308-52-0; 66, 54308-53-1; 67 HC1, 
54308-54-2; 68 HC1, 54308-55-3; 69, 54308-56-4; 70, 54308-57-5; 71 
HCi, 54308-58-6; 72 HC1, 54308-59-7; mercuric nitrate, 10045-94-0; 
methyl iodide, 74-88-4; hydroxylamine hydrochloride, 5470-11-1; 
phenylhydrazine, 100-63-0; isopropylamine, 75-31-0; 4-phenyl-
3,4-dihydro-l(2H)-naphthalenone isopropyl ketimine, 54308-60-0;
1-methylpiperazine, 109-01-3; sec -butyl cinnamate, 7726-62-7; 5- 
chloro-2-methoxybenzyl chloride, 7035-11-2; 1,3-propanedithiol,
109-80-8; boron trifluoride, 7637-07-2; N-acetyl-L-tyrosine, 537-
55-3; ethylamir.e, 75-04-7; cyclopropylamine, 765-30-0; 1,4-dibro- 
mobutane, 110-52-1; bromobenzene, 108-86-1; D -(—)-mandelic 
acid, 611-71-2.
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Novel Synthesis of Aminoethanethiols1
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The reaction of «.of-dithiodrisobutyraldehyde (1) with primary aromatic or aliphatic amines afforded novel 
Schiff bases (2-8). The reduction of these Schiff bases with sodium borohydride furnished a novel synthesis of
1,1-dimethyl 2-substituted aminoethanethiols (9-15). Two of the aminoethanethiols (13 and 14) were further 
characterized by the reaction with carbon disulfide to give the corresponding 3-substituted 5,5-dimethyl-2-thiazo- 
lidinethione (16 and 17).

A m inoethanethiols are am ong the m ost effective radia
tion-protective com pounds know n .2'3 2-A m inoethanethiols  
have been synthesized by the addition o f  arom atic or ali
phatic am ines to episulfides or episulfide precursors.4 H ow 
ever, this m ethod  requires high tem peratures in sealed  
tubes and gives low yields because o f further m ercaptoeth- 
ylation on sulfur or nitrogen to give bis products or p oly
m ers. T h e  addition o f  excess am ine has been successfully  
used to repress these side reactions4,58 bu t also requires 
separation o f  the excess amine from  the  product. R ecently, 
L uhow y and M eneghin i6 reported th at the m ercaptoethyla- 
tion o f prim ary aliphatic amines can be  carried out at room  
tem perature with equim olar am ounts o f episulfide and

am ine in aqueous m edia containing am in e-silver ion com 
plex.

W e  wish to report a novel synthesis for 1 ,1 -d im eth yl 2 - 
substituted am inoethanethiols. T h e  key interm ediate, a,ct- 
dithiodiisobutyraldehyde7 ( 1 ), was prepared b y  the reac
tion o f  isobutyraldéhyde with sulfur m onochloride. T h e  
reaction o f 1 with prim ary arom atic or aliphatic am ines in 
refluxing heptane containing a catalytic am ount o f  p -to lu -  
enesulfonic acid or in m ethyl alcohol at 2 5 -3 0 °  gave the  
S ch iff bases 2 -8  in yields o f  8 2 -9 9 % . R eduction o f  these  
products w ith sodium  borohydride in refluxing ethanol fur
nished the am inoethanethiols (9 -1 5 )  in good yields. T h e  
structures o f the S ch iff bases and am inoethanethiols were
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Scheme I

,0 CH, ,0
/  /  I /

2(CH3)2CHC— H +  S 2C12 — ► I — S— C— C— H

\  CH,

1

2RNH2 +  1

c h 3

— S— C— C H = N R  

CH:i
R =  CH3 and as shown 

in Table I

NaBH,

c h 3
HC1

HSC— CH,NHR — ► HC1 salts
I

c h 3

consistent with their N M R  and m ass spectra. T w o  o f the  
am inoethanethiols, 13 and 14, were further characterized  
b y  the reaction with carbon disulfide to give the corre
sponding 3 -substituted  5 ,5-d im ethyl-2-thiazolid inethione  
(16  and 17) (Schem e I).

It is w orthy to note that we obtained the sam e product, 
l ,l -d im e th y l-2-m ethylam inoethanethiol hydrochloride  
(15a), which was previously reported by L uhow y and  
M en egh in i.6 A  m ixture m elting point o f the tw o sam ples8 
was n ot depressed and the N M R  spectra of the tw o were 
identical.

T h e  advantages afforded by this novel m ethod are (1) it 
elim inates the synthesis o f episulfides, which are difficult 
to  prepare and in som e cases unstable when stored under 
ordinary conditions,51* and (2) a sim ple, efficient m ethod  is 
now  available for the synthesis o f  1 ,1 -d im eth yl- (and possi
b ly  higher 1 , 1 -d ia lkyl-) 2-am inoethanethiols.

P roposed m ass spectral fragm entation routes for 2 , 9 , 
and 16 are depicted in Schem es I I - I V , respectively .9

R =  as shown in Table II

jcs2

SH

H,C------- C(CH;|)2 —H g H2C------C — (CH3)2
I I - — —  I (

R—  N ^ s  R - N U S r H

16, R =

s
j r \

IIs
N(CH;l), 17, R =  — f  N)— NHCfiH5

Experimental Section
NMR spectra were obtained with a Varian A-60 NMR spec

trometer. The chemical shifts are reported in 8, using tetramethyl- 
silane as reference. All melting points were taken upon a Pisher- 
Johns block and are uncorrected. The mass spectra of 2, 7, 9, 16, 
and 17 were determined with a Varian MAT CH-7 mass spectrom
eter operating at an ionizing potential of 70 eV using the direct in
sertion probe technique with a source temperature of 250°.

a,a'-Dithiodiisobutyraldehyde (1). A modified procedure re
ported by Niederhauser7 was employed. To a stirred solution con
taining 578 g (8.0 mol) of isobutyraldehyde in 920 g of carbon tet
rachloride, 540 g (4 0 mol) of 98% sulfur monochloride was added 
dropwise at 40-50° in 4 hr. Hydrogen chloride was copiously liber
ated and occasional cooling was necessary during the addition pe
riod. The stirred solution was held at 30-40° for an additional pe-

Table I
N,AP-[l,T-Dithiobis(l, 1-dimethyl-l-ethanyl-2-ylidene)]bis(methylamine) or (Substituted Anilines)e

Compd Method R Mp, C % yield (crude) N m i,6 , ppm, CDClg—TMS Empirical formula

2f i ^ 6h 5 108—109° 95 1.5 I s, 12, 2-C (C H 3)2]
6 .9 -7 .5  (m, 10, 2-A rH )
7.6 (s, 2, 2 -C H = N )

c 20h 24n 2s 2

3 i - O 1

ct „

90—91° 99 1.4 [s , 12. 2-C (CH 3)2|6 
6 .8 -7 .5  (in, 8, 2-A rH ) 
7.6 (s, 2, 2 -C H = N )

C 20H22C 1.2N2S2

4 i
- Q -

TÎ

r f

109-111° 96 1.5 [s , 12, 2-C (CH 3)2] 
2.2 (s, 6, 2-A rC H j) 
6.8 (s, 2, 2 -C H = N )
7.5 (d, 4. 2 -A rH )

C22H24Dr2C 12N2 S;

5 i
- < 5

c 95 1.5 [s , 12, 2-C (CH 3),l 
6 .7 -7 .2  (m, 8, 2-A rH )
7.6 (s, 2, 2 -C H = N )

C 22H22FeN2S2

6 n 133-134° 88 1.5 Is, 12, 2-SC(CH 3)2) 
3.0 [s, 12, 2-N (CH 3)2] 
6 .6 -7 .4 (m, 8, 2-A rH ) 
7.7 (s, 2, 2 -C H = N )

c 24h 34n 4s 2

r ii 97—98° 97 1.5 [s, 12, 2-C (CH 3)2]
5.7 (br, s, 2, 2-NH)
6.9—7.5 (m, 18, 2-2ArH )
7.7 (s, 2, 2 -C H = N )

c 32h 34n 4s2

a Recrystallization from isopropyl alcohol. b Solvent DMSO-de- c Dark amber, viscous liquid, decomposes on distillation in vacuo (0.30 
mm). " Recrystallization from ethyl alcohol. e Satisfactory analytical data (±0.4% for C, H, N, and S) were reported for all compounds 
(2-7). Ed. > Mass spectrum m/e (rel intensity) (probe temperature 60°) 147 (63.3), 146 (81.1), 145 (20.3), 144 (34.7), 132 (22.5), 131 (25.2), 
130 (33.0;, 104 (43.2), 77 (100), 51 (39.0). * Mass spectrum m/e (rel intensity) (probe temperature 240°) 238 (100), 237 (20.4), 236 (87.1), 235 
(53.8), 221 (20.4), 195 (53.5), 168 (42.0), 167 (77.1), 144 (32.6), 77 (25.2).
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T a b le  II
1,1-Dimethyl 2-Substituted Aminoethanethiols and Hydrochloride Salts''

ç h 3

RNHCH2C— SH

CH3

Compd R Mp or bp, C % yield (crude) Nmr,ß, ppm (CDClg—TMS) Empirical formula

9 s - C eH 5 w25 d 1 .6 0 4 7 " 81 1 .3  [s, 7, C (C H 3)2 +  SH]
3 .1  (s , 2 , CH 2)
3 .7  (br s , 1 , NH) 
6 .4 —7.3  (m , 5 , A rH )

9a 1 5 3 -1 5 5 " 89 c 10h 15n s - h c i

10 - O 1

CH,

n K  d 1 .6 0 5 9 “ 89 1 .3  [ s ,  7 , C (C H 3)2 +  SH] 
3 .0  (s , 2 , CH2)
3 .8  (br s , 1, NH)
6 .3 -7 .2  (m , 4 , A rH )

c ,„h 14c i n s

10a 133—1 3 5 b 85 C 10H 14C 1N S ’ HC1

1 1
- t >

Cl

a 87 1.4 [s ,  7 , C(CH3)2 +  SH]
2 .1  (s , 3, A rC H 3)
3 .1  (s , 2 , CH 2)
3 .9  (br s ,  1, NH)
6 . 5 - 6 .8 (m , 1 , A rH )
7 .2  (s, 1, A rH )

C jiH jgB rC lN S

11a 1 6 8 -1 7 0 50 C ,iH 15B rC lN S *H C l

12 a 82 1.3  [ s ,  7 , C (C H 3V +  SH]
3 .1  (s, 2, CH 2)
4 .1  (br s , 1, NH)
6 .5 —7 .4  (m , 4 , A rH )

C ,iH 14F 3NS

12a 1 0 4 -1 0 5 " 81 C u H 14F 3N S -H C 1

13 8 2 -8 3 ° 98 1 .4  [ s ,  7 , C (C H 3)2 +  SH] 
2.8 [s , 6, N (C H 3)2]
3 .1  (s, 2, CH 2)
3 .5  (br s, 1, NH)
6 .7  (s, 4, A rH )

c 12h 20n 2s

14 O '  \ r n c A a 90 1 .4  [s, 7, C (C H 3)2 +  SH] C16H20N2S
3.1 (s, 2, CH2)
3.8 (br s, 1, NHCH2)

15 - c h 3 bp 113-114 /(0 .75  mm) 88
6 .4 -7 .4  (m, 9, 2 -ArH ) 
1.1 (br s, 1, SH) c 5h 13n s

15a

h 26 d  1.5142 

222-224“ 90

1.3 [s , 6, C(CH3)2]
2.5 (s, 3, NCH3)
2.6 (s, 2, CH2)
1.4 (s ,  7, C(CH3)2 + SH]
2.7 (s, 3, NCH3)
3.1 (s, 2, CH2)

C 5Hj3NS • HC1

a Amber viscous liquid, decomposes on distillation in vacuo (0.25 mm). 6 Recrystallization from ethyl alcohol-diethyl ether. c Recrystal
lization from heptane. d Recrystallization from methyl alcohol. e Satisfactory analytical data (±0.4% for C, H, N, and S) were reported for 
all compounds except 9a and 11a (only N and S reported), t Mass spectrum ro/e (rel intensity) (probe temperature 25°) 181 (6.5), 106 (100), 
93 (23.4), 79 (8.6), 77 (22.3), 66 (12.7), 65 (9.3), 51 (11.4), 41 (10.6), 39 (13.5).

riod of 48 hr while a current of nitrogen was passed through it in 
order to remove the hydrogen chloride. The solution was distilled 
and an 80% yield of product, by 100-110° (1 mm), was obtained: 
NMR (CDCls) S 1.40 [s, 12, 2-C(CH3)2], 9.09 (s, 2, 2-CHO).

Ar,Ar,-( 1,1'-Dithiobis( 1,1-dimethyl-l-ethanyl-2 -ylidene)] Bis 
Substituted Anilines. Method I (2-5). A stirred mixture contain
ing 51.6 g (0.25 moi) o f I, 1 g of p-toluenesulfonic acid, 200 ml of 
heptane, and 0.5 mol of the appropriate primary aromatic amine 
was heated at reflux (82-105°) for 1.5 hr. During this period, by 
means of a Dean-Stark condenser, 9 ml of water and 100 ml of hep
tane were removed. For 2-4, the stirred mixture was cooled to 0° 
and held at 0-5° for 1 hr. The solids were collected by filtration, 
washed with water until the washings were neutral to litmus, and 
air dried at 25-30°. For 5, the reaction mixture was filtered to re
move the catalyst and the heptane was removed in vacuo at a max
imum temperature of 80-90° (1-2 mm). The data are summarized 
in Table I.

Method II (6 and 7). To a stirred solution containing 0.2 mol of

iV,7V-dimethyI-p-phenylenediamine or iV-phenyl-p-phenylenedi- 
amine in 75 ml of methyl alcohol, 20.6 g (0.1 mol) of 1 was added in 
one portion. An exothermic reaction set in, causing a temperature 
rise of approximately 10°. The reaction mixture was stirred at 
25-30° for 24 hr. The solids were collected by filtration and air 
dried at 25-30°. The data are summarized in Table I.

A7,jV'-[l,l'-Dithio bis( 1,1-dimethyl-l-ethanyl-2-ylidene)]- 
bis(methylamine) (8). To a stirred solution containing 101 g (1.3 
mol) of 40% aqueous methylamine in 200 ml of methyl alcohol,
82.4 g (0.4 mol) of 1 was added dropwise at 25-35° in 0.5 hr. The 
reaction mixture was stirred at 25-30° for 4 days. After the addi
tion of 300 ml of water and 500 ml of ethyl ether, stirring was con
tinued for 0.5 hr. The separated ether layer was washed with water 
until the washings were neutral to litmus and dried over sodium 
sulfate. The ether was removed in vacuo at a maximum tempera
ture of 70° (1-2 mm). The crude product, n25D 1.5225, was ob
tained in 82% yield. The crude product was distilled and a 60% 
yield of 8, bp 86-87° (0.15 mm), n25D 1.5220, was obtained: NMR
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(CDCI3I 5 1.3 [a, 12, 2-SC(CH3)2j, 3.2 (s, 6, 2-NCH3), 7.4 (s, 2, 2- 
CH =N).

Anal. Calcd for C10H2oN2S2: C, 51.68; H, 8.67; N, 12.05; S, 27.59; 
mol wt, 232.4. Found: C, 51.76; H, 8.86; N, 11.73; S, 27.69; mol wt, 
232 (CHCI3).

1,1-Dimethyl 2-Substituted Aminoethanethiols (9-15). To a
stirred solution containing 0.2 mol of 2, 3, 4, 5, 6, 7, or 8 in 500 ml 
of ethanol at 60°, a solution containing 23.4 g (0.6 mol) of sodium 
borohydride in 600 ml of ethanol was added slowly at 65-70° over 
a 1 -tw period. The stirred reaction mixture was heated at reflux for 
1 hr and then allowed to cool to 30°. The reaction mixture was 
added to 2000 g of ice water and stirred at 0-10° for 1 hr. For 13, 
the precipitate was collected by filtration, washed with water until 
the washings were neutral to litmus, and air dried at 25-30°. For 
the remainder, the viscous liquids were extracted by the addition 
of 1 1. of ethyl ether and filtered to remove any impurities. The 
separated ether layer was washed with water until the washings 
were neutral to litmus and dried over sodium sulfate. The ether 
was removed in vacuo at maximum temperature at 80-90° (1-2 
mm). The data are summarized in Table II.

Hydrochloride Salts (9a-12a and 15a). To a stirred solution 
containing 9-12 or 15 in 300 ml of ethyl ether, hydrogen chloride 
gas was bubbled through the solution at 0-10° over a 0.5-hr period. 
The precipitate was collected by filtration, washed with 200 ml of 
ethyl ether, and ah dried at 50°. The data are summarized in 
Table II.

3-[p-(Dimethylamino)phenyl]-5,5-dimethyl-2-thiazolidine- 
thione (16) and 3-(p-Anilinophenyl)-5,5-dimethyl-2-thiazo- 
lidinethione (17). A stirred slurry containing 0.15 mol of 13 or 14,
9.8 g (0.15 mol) of 85% potassium hydroxide, 22.8 g (0.3 mol) of 
carbon disulfide, and 50 ml of ethanol was heated at reflux for 24 
hr. After the stirred reaction mixture was cooled to 0°, the precipi
tate was collected by filtration, washed successively with 25 ml of 
ethanol and 300 ml of water, and air dried at 25-30°. The crude 16, 
mp 142-146°, and 17, mp 165-166°, were obtained in yields of 75 
and 99%, respectively. After recrystallization from ethyl acetate 
and toluene, respectively, 16 and 17 melted at 157-158 and 166- 
167°, respectively: NMR (CDCb) of 16, <51.60 [s, 6, -C(CH3)2], 2.92 
[s, 6, -N (CH 3)2], 4.08 (s, 2, NCH2C), 6.50-7.30 (m, 4, ArH), and 17, 
5 1.60 Is, 6 , -C(CH3) 2], 4.10 (s, 2, NCH2C), 5.90 (hr s, 1, -NH ),
6.90-7.50 (m, 9, 2 ArH);'mass spectrum m/e (rel intensity) of 16, 
probe temperature 125°, 266 (86.8), 190 (39.1), 178 (16.7), 152
(26.8), 147 (100), 145 (31.5), 135 (22.4), 120 (21.7), 77 (22.5), and 42
(32.6), and 17, probe temperature 200°, 314 (100), 238 (32.8), 226
(17.3), 200 (14.3) 195 (52.1), 183 (12.5), 168 (26.9), 167 (44.9), 77 
(17.5), and 65 (10.1).
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Anal. Calcd for Ci3H18N2S2 (16): C, 58.61; H, 6.81; N, 10.51; S, 
24.07; mol wt, 266 4. Found: C, 58.82; H, 6.79; N, 10.46; S, 24.16; 
mol wt, 265 (CHCI3). Calcd for Ci7H18N2S2 (17): C, 64.93; H, 5.77; 
N, 8.91; S, 20.39. Found: C, 64.80; H, 5.66; N, 8.83; S, 20.60.

Registry No.—1, 15581-80-3; 2, 54410-19-4; 3, 54410-20-7; 4, 
54410-21-8; 5, 54410-22-9; 6, 54410-23-0; 7, 54410-24-1; 8, 54410- 
25-2; 9, 54410-26-3; 9a, 54410:27-4; 10, 54410-28-5; 10a, 54410-29- 
6; 11, 54410-30-9; 11a, 54410-31-0; 12, 54446-52-5; 12a, 54410-32-1; 
13, 54410-33-2; 14, 54410-34-3; 15, 54410-35-4; 15a, 39981-47-0; 16, 
54410-36-5; 17, 54410-37-6; isobutyraldéhyde, 78-84-2; sulfur chlo
ride, 10025-67-9; iV,jV-dimethyl-p-phenylenediamine, 99-98-9; N- 
phenyl-p-phenylenediamine, 101-54-2; methylamine, 74-89-5; m- 
trifluoromethylaniline, 98-16-8; aniline, 62-53-3; p-chloroaniline, 
106-47-8; 4-bromo-5-chloro-2-methylaniline, 30273-47-3.

Supplementary Material Available. Mass spectral fragmenta
tion routes for 2, 9, and 16 will appear following these pages in the 
microfilm edition of this volume of the journal. Photocopies of the 
supplementary material from this paper only or microfiche (105 X 
148 mm, 24X reduction, negatives) containing all of the supple
mentary material for the papers in this issue may be obtained from 
the Journals Department, American Chemical Society, 1155 16th 
St., N.W., Washington, D.C. 20036. Remit check or money order 
for $4.00 for photocopy or $2.50 for microfiche, referring to code 
number JOC-75-1224.
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Preparation of Protected Peptide Intermediates for a Synthesis of 
the Ovine Pituitary Growth Hormone Sequence 96-135
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The preparation of seven protected peptides (tri- to dodecapeptides) which span the sequence of the “ active 
core” region 96-135 of ovine pituitary growth hormone is described. These peptides were synthesized through 
modified solid-phase techniques, i.e., use of p-alkoxybenzyl alcohol resin and hydroxymethyl resin or successive 
applications of both solid-phase and conventional procedures. The purity cf all peptides was carefully ascer
tained.

T h e biochem ical studies o f  Li and others1-6 have led to 
the conclusion that an intact m olecule o f pituitary growth  
horm one is n ot essential for the m anifestation of its biolog
ical activities. Indeed, an “ active core”  was isolated from  
tryptic digest o f bovine growth horm one by Sonenberg et 
al.4 and its am ino acid sequence delineated .7 T h e  com 
pound was reported to possess 2 0 -3 0 %  of the activity4,8 of 
the intact horm one both by the tibia test9 and the body  
w eight gain te st .10 M oreover, the species specificity ap 

peared to becom e less stringent. T h e  bovine core peptide  
exhibited activity in m an whereas the intact bovine growth  
horm one did not. Com parison of the core fragm ent with  
the am ino acid sequence of bovine growth horm one11' 13 re
vealed its identity with the sequence region 9 6 -1 3 3  (Chart
I). In a recent com m unication Li et a l.14 have described a 
solid -phase synthesis o f the corresponding region o f hum an  
growth horm one (i.e., sequence 9 5 -1 3 6 )  and showed that 
the product stim ulated the growth o f rat tibia. L i and Y a m -
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Chart I
Amino Acid Sequence in the Region of Residues 96-135 for Ovine Growth Hormone (OGH), Bovine Growth 

Hormone (BGH), Human Growth Hormone (HGH), and Porcine Growth Hormone (PGH)
96 100 105

OGH: -V a l -P h e -T h r -A s p -S e r -L e u -V a l -P h e -G ly -T h r -S e r -A s p -  A r g -V a l -
BGH: -V a l -P h e -T h r -A s n -S e r -L e u -V a l -P h e -G ly -T h r -S e r -A s p -  A r g -V a l -
HGH: -V a l -P h e -A la -A s n -S e r -L e u -V a l -T y r -G ly -A la -S e r -A s n -S e r -A s p -V a l -

110 115 120
T y r -G lu -L y s -L e u -L y s -A s p -L e u -G lu -G lu -G ly -I le -L e u -A la -L e u -M e t -  
T y r -G lu -L y s -L e u -L y s -A s p -L e u -G lu -G lu -G ly  -I le -L e u -A la -L e u -M e t -  
T y r -A s p -L e u -L e u -L y s -A s p 'L e u -G lu -G lu -G ly -I le -G ln -T h r -L e u -M e t -  

-A s p -L e u -G lu -G lu -G ly -I le -G ln -A la -L e u -M e t -

125 130 135
OGH: -A r g -G lu -L e u -G lu -A s p -V a l -T h r -P r o -A r g -A la -G ly -  
BGH: -A r g -G lu -L e u -G lu -A s p -G ly -T h r -P r o -A r g -A la -G ly -  
HGH : -G ly  -  A r g -L e u -G lu  -A s p  -G ly  -S e r  -P r o -A r g -T h r  -G ly -  
PGH: -A r g  -G lu - Leu -G lu  -  A sp  -G ly  -S e r  -P r o  -A r g  -A la -G ly  -

OGH: -  
BGH: -  
HGH: -  
PGH:

ashiro15 have also reported the synthesis of hum an growth 
horm one-like protein by the standard solid-phase m eth - 
0(ji6 -i9  })ased on a partly incorrect am ino acid sequence .20 
C onventional synthesis o f protected peptide com ponents  
with sequences corresponding to residues 1 -2 7 ,21 2 8 -5 2 ,22 
5 3 -6 7 ,23 and 1 6 6 -1 8 8 22 were also com m unicated b y  L i and  
his coworkers. Syntheses o f other partial sequences of  
hum an growth horm one in attem pts to locate active sites 
have also been reported by several authors.24-26

In a previous com m unication27 we have described the  
synthesis o f the C O O H -term in al nonapeptide sequence H -  
A rg -G lu -L e u -G lu -A sp -G ly -T h r-P ro -A rg -O H  o f the active 
core o f  the bovine horm one. T h is nonapeptide possessed  
significant rat tibia growth prom oting activity at dose lev
els o f 5 -1 5  gg /rat per day. H ow ever, in the rat body weight 
gain test, the peptide was inactive up to the doses o f  50  
Hg /rat per day, which m ight be due to m etabolic instability  
o f  the com pound or, alternatively, m ight indicate that the  
tibia test could give m isleading results with sm all p ep 
tid es .28 W e  concluded that it was desirable to synthesize  
and investigate a series o f increasingly longer peptides. In 
this report, the synthesis o f protected peptides nepded for a 
total synthesis o f the core peptide 9 6 -1 3 5  o f ovine growth  
horm one is described. T h ese peptides were prepared  
through a m odified solid-phase technique29 or a com bina
tion  o f  solid -phase16-29 and conventional procedures.30’31 
T h e  protected interm ediates will serve to synthesize the te - 
tracontapeptide active core by conventional fragm ent con
densation m ethods.

Results and Discussion
T h e protected peptides which have been prepared to 

date as interm ediates for a total synthesis of the ovine 
grow th horm one fragm ent 9 6 -1 3 5  are listed in T ab le  I with  
som e o f their physicochem ical characteristics. A  thin layer 
chrom atogram  of these peptide interm ediates is shown in 
Figure 1 . Z -V a l-P h e -T h r(B z l)-O H  (I)32 was synthesized by  
a m odified  solid-phase technique .27’29 B p o c -T h r(B z l)-O H  
was esterified to p -alkoxyben zyl alcohol resin with the aid 
o f D C C 33’34 using 4 -dim ethylam inopyridine35 as catalyst.27 
T h e  ensuing B p o c -T h r(B z l)-0 C H 2C 6H 40C H 2C 6H 4-R esin  
was benzoylated29 to block unreacted hydroxym ethyl 
groups. Follow ing cleavage of the B poc group by 0 .5%  T F A  
in C H 2CI2 and neutralization with 10%  T E A , B p oc-P h e- 
O H  was coupled to the am inoacyl resin using D C C  as d e
scribed previously, follow ed by another cycle in which Z - 
V a l-O H  was coupled to the peptide resin. T h e  protected  
tripeptide I was cleaved from  the solid support by treat-

»

Figure 1. Thin layer chromatogram of the synthetic protected 
peptide intermediates. Solvent system: methanol-chloroform-ace
tic acid (51:6:3). Color developed by chlorine-tolidine.

m en t with 50%  T F A  in C H 2CI2 (2 5 ° , 30 m in) and isolated  
as an analytically pure, crystalline solid in 75%  overall 
yield. Sim ilarly prepared on the p -alk oxyben zyl alcohol 
resin were the interm ediates H -S e r(B z l)-L e u -V a l-P h e -G ly -  
O H  (II), H -L y s(Z )-A sp (O B z l)-L e u -G lu (O B z l)-O H  (III), 
H -G ly -I le -L e u -A la -L e u -O H  (IV ), H -A r g (T o s)-G lu (O B z l)-  
L e u -G lu (O B z l)-A sp (O B zl)- V a l-O H  (V ), and H -T h r (B z l) -  
P ro -A r g (T o s)-A la -G ly -O H  (V I). W ith  the exception o f  
com pound V I , which required chrom atographic purifica
tion on a Sephadex L H -2 0  colum n, all o f these side chain 
protected  peptides crystallized directly after cleavage from  
the resin, giving pure products with overall yields o f 3 0 -  
9 0%  based on the respective am ino acid contents o f  the  
starting am inoacyl resins.

C om pound II, H -S e r (B z l)-L e u -V a l-P h e -G ly -O H , p re
pared by the solid-phase m ethod as described above, was 
further treated with B o c-A sn -O S u  to  form  the protected  
hexapeptide B o c -A sn -S e r (B z l)-L e u -V a l-P h e -G ly -O H  (V II)  
as an analytically pure solid. R eactions o f H -L y s (Z )-  
A sp (O B zl) -L eu -G lu (O B zl) -O H  (III) w ith B o c -L e u -O S c36 
sim ilarly gave the protected crystalline pentapeptide B o c- 
L e u -L y s(Z )-A sp (O B z l)-L e u -G lu (O B z l)-O H  (V III). In the  
sam e fashion the protected hexapeptide B o c -G lu (O B z l)-  
G ly -Ile -L e u -A la -L e u -O H  (IX )  was prepared by coupling  
B o c -G lu (O B zl)-O S u  with H -G ly -I le -L e u -A la -L e u -O H  (IV )  
and the protected heptapeptide B p o c -M e t-A r g (T o s)-  
G lu (O B zl)-L e u -G lu (O B zl)-A sp (O B zl) V a l-O H  (X )  b y  cou-
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Table I
Peptide Intermediates for the Synthesis of Ovine Growth Hormone Fragment 96 135

Elemental analysis, % h

Compd Mp,*C [ « ]  D, deg C H

96 98
Z  -V  a \ -P h e -T h r  (B z l)-O H 2 0 9 -2 1 1 - 3 . 5 0 C jjH jjNsO t (589 .69)

(I) cry st (c 0 .7 , M eOH) 6 7 .2 2  6 .67 7 .13

99

B o c -A s n -S e r (B z l) -L e u -V a l -P h e -

66 .8 3  6 .73 7 .13

Am orphous - 3 1 .9 2 C4,H59N ,O u  (825 .96)
10*

G ly-O H
(VII) (c 1, DMF)

59.62 7.20 
59.32 7.28

11.87
11.78

105
B o c -T h r(B z l)~ S e r(B z l)-A sp (O B zI) 1 1 3 -1 1 6 +  6 .90 C37H45N 3O 10 (691 .75)
OH cry st ( c l ,  DMSO) 6 4 .2 4  6 .5 6 6 .07

(XIX) 6 4 .3 9  6 .98 6 .37
108

B o c -A r g (T o s ) -V a l-T y r (C l2B z l) - 1 3 8 -1 4 1 - 7 . 4 9 C 65H81N < A 5C12S (1331.35)
112

G lu (O B z l)-L y s(Z )-O H
(XIV)

cry st (c 1, DMF) 58.64 6.13 
58.31 6.20

9 .47
9 .49

113
B o c -L e u -L y s (Z ) -A s p (O B z l) -L e u - 1 5 5 -1 5 7 - 2 5 .5 0 C 54Hî 4N 60 14 (1031 .18)
G lu (O B zl)-O H cryst (c 1, DMF) 62 .9 0  7 .23 8.15

111 6 2 .7 7  7 .14 8 .07
(VIII)

118
B o c -G lu (O B z l) -G ly -I le -L e u -A la - 1 8 2 -1 8 4 - 2 8 .5 9 0 4oH64N6Of1 (804.96)

123 cry st (c 1, DMF) 59 .6 8  8 .01 10 .4 4
L eu -O H 5 9 .5 6  8.24 10.42

(K )
124

H CI. H -M e t-A r g (T o s )-G lu (O B z l) - 2 3 8 -2 4 1 - 21.01 C98H133N190 23S3-HC1 (2077.87)
L e u -G lu (O B z l)-A s p (O B z l) -V a l- cry st (c 1, DMF) 5 6 .6 5  6 .50 12 .81

135 5 6 .02  6 .65 12.66
T h r (B z l) -P r o -A r g (T 0s ) -A la -G ly -
NH2

(xxn)
a The numbers above the sequence refer to the position in ovine growth hormone. 6 Calculated over found. Molecular weights are given in 

parentheses.

pling B p o c -M e t-O N p  with H -A r g (T o s)-G lu (O B z l)-L e u -  
G lu (O B z l)-A sp (O B z l)-V a l-O H  (V ). A ll active ester cou
plings proceeded sm oothly . Slight excess o f the correspond
ing active esters were used.

T h e  synthesis o f B o c -T h r(B zl)-P ro -A rg (T o s)-A la -G ly - 
N H 2 (X I )  on hydroxym ethyl resin37 followed closely the 
original m ethodology of M errifie ld ,16-19 i.e ., B oc-am in o  
acids were used in the repetitive synthetic cycles and the  
peptide chain was released from  the resin by am m onolytic  
cleavage o f  the benzyl-ester-like anchoring bond. T h e  pro
tected peptapeptide am ide was obtained as an am orphous  
solid in 60%  overall yield. T h e  am ino protecting group was 
then rem oved by treatm ent with 3 .4  N  H C1 in tetrahydro- 
furan to  afford H C I • H -T h r (B zl)-P ro -A r g (T o s)-A la -G ly -  
N H 2 (X Ia ).

For the synthesis of B o c -A rg (T o s) -V a l-T y  r (CI2B7.I) - 
G lu (O B z l)-L y s(Z )-O H  (X I V ) , a com bination of solid-phase  
and conventional procedures was em ployed (see Schem e I). 
B o c-T y r(C l2B z l)-O H 38 was esterified to the hydroxymethyl 
resin and the solid -phase synthesis continued b y  incorpora
tion o f  B o c -V a l-O H  and B o c -A rg (T o s)-O H  into the resin to 
form  the tripeptide resin. H ydrazinolysis afforded the crys
talline B o c -A rg (T o s)-V a l-T y r(C l2B z l) -H N N H 2 (X I I )  in 
63%  overall yield. C oupling o f this tripeptide with the d i

peptide H -G lu (O B z l) -L y s (Z )-O H  • H C I by the azide m eth 
od39 resulted in the form ation o f the crystalline pentapep- 
tide X I V  in 53%  yield.

B o c -G lu (O B z l)-G ly -I le -L e u -A la -L e u -O H  (IX )  was also 
prepared by conventional m ethods as illustrated in Schem e  
II. C oupling o f  B o c-Ile -O S u  with Leu gave Z -I le -L e u -O H
( X V )  , w hich on hydrogenolysis follow ed by coupling with  
B o c -G ly -O S u  yielded the tripeptide B o c -G ly -I le -L e u -O H
( X V I )  . T h is tripeptide was then coupled to  H -A la -L e u -  
O B u -f ■ H C I derived from  hydrogenolytic cleavage of the Z 
group from  Z -A la -L e u -O B u -f (X V II )  using the H O B T -a s -  
sisted40 D C C  reaction41 to give the protected pentapeptide  
B o c -G ly -I le -L e u -A la -L e u -O B u -t (X V I I I ) . T reatm en t with  
T F A  afforded the pentapeptide H -G ly -I le -L e u -A la -L e u -  
O H  (IV ), which was also prepared by the above-m entioned  
solid -phase technique. R eaction of IV  w ith B o c -G lu (O B z l)- 
O S u  led sm oothly to  the desired product I X ,  a crystalline  
solid , in 78%  yield.

Boc-Ser(B zl)-A sp(O Bzl)-O H  was prepared from  H -  
A sp (O B z l)-O H  and B o c -S e r (B z l)-O S u .42 D eprotection of  
B oc group by treatm ent with H C I in T H F  gave the crystal
line dipeptide salt H -S e r (B z l)-A s p (O B z l) -O H  • H CI. On  
reaction o f  this com pound with B o c -T h r (B z l)-O S u  the d e
sired protected tripeptide B o c -T h r (B z l)-S e r (B z l)-A s -
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Scheme I
Synthesis of Boc-Arg(Tos)-Val-Tyr(Cl2Bzl)-Glu(OBzl)- 

Lys(Z)-OH

CLBzl

Boc-Tvr-OCHo,■— — Resin

solid-phase synthesis 
with Boc-L-Val, 
Boc-L-Arg(Tos)-OH

Tos CLBzl 

Boc-Arg-Val-Tyr-OCH2— ^ —  Resin

Tos

H,NNH,-MeOH

CLBzl

Boc-Arg-Val-Tyr-HNNH

(XII)

(XIII)

HC1-THF

OBzl Z

I I
HCl -H-Glu-Lys-OH

azide method

Boc-Arg(Tos)-Val-Tyr(CLBzl)-Glu(OBzl)-Lys(Z)-OH

(xrv)

Scheme II
Synthesis of Boc-Glu(OBzl)-Gly-Ile-Leu-Ala-Leu-OH
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Scheme III
Example of Solid-Phase Fragment Approach
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p (OBzl)-OH (XIX) was obtained. A similar derivative, 
Bpoc-Thr(Bzl)-Ser(Bzl)-Asp(OBzl)-OH, was prepared in 
an analogous manner from Bpoc-Thr(Bzl)-OSu and the di
peptide salt H-Ser(Bzl)-Asp(OBzl)-OH • HCl. The HCl salt

of H-Thr(Bzl)-Ser(Bzl)-Asp(OBzl)-OH (XX) was obtained 
by treatment of either Boc-Thr(Bzl)-Ser(Bzl)-Asp(OBzl)- 
OH or Bpoc-Thr(Bzl)-Ser(Bzl)-Asp(OBzl)-OH with HCl in 
THF.



Condensation of Bpoc-Met-Arg(Tos)-Glu(OBZL(-Leu- 
Glu(OBzl)-Asp(OBzl)-Val-OH (X) with the HC1 salt of H- 
Thr(Bzl)-Pro-Arg(Tos)-Ala-Gly-NH2 (XIa) by the HOBT- 
assisted DCC method40 resulted in the formation of the 
crystalline protected dodecapeptide Bpoc-Met-Arg(Tos)- 
Glu(OBzl)-Leu-Glu(OBzl)-Asp(OBzl)-Val-Thr(Bzl)-Pro- 
Arg(Tos)-Ala-Gly-NH2 (XXI) in 59% yield. The a:-amino 
protecting group was subsequently removed with 0.5 N 
HC1 in tetrahydrofuran to give the crystalline hydrochlo
ride sab HCI - H-Met-Arg(Tos)-Glu(OBzl)-Leu-Glu(OBzl)- 
Asp(OBzl)-Val-Thr(Bzl)-Pro-Arg(Tos)-Ala-Gly-NH2 
(XXII).

Several preparations described here represent further 
examples of combined use of solid phase and classical 
methods in peptide synthesis29'46-49 (cf. Scheme III).

Experimental Section
Melting points are uncorrected. Amino acids analyses were per

formed on a Beckman Model 121 analyzer according to the proce
dure of Spackman et al.43 Thin layer chromatography was carried 
out on precoated silica gel plates (Merck, F-254) using solvent sys
tems described before.27’37 Elementary analyses, optical rotation 
data, ir, uv, and NMR spectra were provided by the Physical 
Chemistry Department. Bpoc-amino acids were prepared as de
scribed in the literature44'45 and were of L configuration. Other 
amino acid derivatives were purchased from Bachem Inc., Marina 
Del Rey, Calif., or from Chemical Dynamics Corp., South Plain- 
field, N.J. p-Alkoxybenzyl alcohol resin was prepared as reported 
previously.29 Bpoc-amino acid CHA or DCHA salts were converted 
into free acids prior to use.45 For hydrogenolysis, 5% Pd on BaS04 
was used as catalyst.

Bpoc-Met-ONp. A suspension of Bpoc-Met-OH • DCHA (11.11 
g, 19.6 mmol) in a mixture of water and ether at 0° was treated 
with 1 M  citric acid until the solid dissolved. The ether layer was 
washed with water, dried (Na2SO.j), and evaporated at 30° to yield 
Bpoc-Met-OH as an oil which was treated with 3.3 g of p-nitrophe- 
nol (23.5 mmol) and 4.85 g of DCC (23.5 mmol) in 200 ml of THF 
(0°, 2 hr; 25°, 2 hr). The insoluble by-product was filtered off and 
the filtrate evaporated to a syrup which was crystallized from i- 
PrOH by the addition of a small amount of petroleum ether: yield
6.8 g (68%); mp 90-92°; [o]25d  -71.1° (c 1, MeOH).

Anal. Calcd for C27H28N2OsS (508.59): C, 63.76; H, 5.55; N, 5.51. 
Found: C, 63.60; H, 5.48; N, 5.44.

Bpoc-Thr(Bzl)-OSu. Bpoc-Thr(Bzl)-OH (1 g, 2.2 mmol) was 
stirred in 5 ml of THF with HOSu (0.27 g, 2.33 mmol) and DCC 
(0.49 g, 2.37 mmol). Work-up as above gave an oily material which 
was precipitated from ethyl acetate with petroleum ether: yield
1.19 g (97%); homogeneous on TLC; NMR spectral data agreed 
with expected values.

Anal. Calcd for C31H32N20 7 (544.59): C, 68.37; H, 5.92; N, 5.19. 
Found: C, 68.41; H, 6.01; N, 5.21.

Boc-Glu(OBzl)-OSu. Boc-Glu(OBzl)-OH (9.0 g, 26.7 mmol) in 
200 ml of THF was treated with HOSu (3.25 g, 28.2 mmol) and 
DCC (5.95 g, 28.9 mmol) (0°, 1 hr; 25°, 3 hr). It was filtered and 
evaporated to a semisolid mass which was crystallized from i- 
PrOH: yield 9.5 g (81%); mp 103-104°; [a]25D +23.67° (c 1, THF).

Anal. Calcd for C2iH26N20 8 (434.44): C, 58.06; H, 6.03; N, 6.45. 
Found: C, 58.20; H, 6.15; N, 6.40.

Z-Val-Tyr(Bzl)-OCH3. H-Tyr-OCH3 • HC1 (4.43 g, 13.8 mmol) 
in 100 ml of CH2CI2 was treated with TEA (1.94 ml, 13.8 mmol), 
Z-Val-OH (3.48 g, 13.8 mmol), and DCC (3.27 g, 15.9 mmol) (0°, 1 
hr; 25°, 3 hr). It was filtered and washed with water, dried 
(Na2S04), and evaporated to a solid mass, crystallized from EtOH: 
yield 6.5 g (91%); mp 163-165°.

Anal. Calcd for C30H34N2O6 (518.58): C, 69.48; H, 6.61; N, 5.40. 
Found: C, 69.48; H, 6.58; N, 5.43.

H-Val-Tyr-OCH3 • HCI. The above compound (5.45 g, 10.6 
mmol) in a mixture of THF (100 ml), MeOH (80 ml), and water (20 
ml) was hydrogenated at 46 psi overnight in a Parr hydrogenator 
in the presence of 1.76 ml of concentrated HC1 and 2.5 g of cata
lyst. It was filtered and evaporated at 35° to give an oil which was 
crystallized from methanol-ether: yield 3.1 g (81%); mp 121-124°; 
[«]2Sd +30.53° (c 1, MeOH).

Anal. Calcd for C15H22N2O4 • HC1 • CH3OH (362.85): C, 52.96; 
H, 7.50; N, 7.72; Cl, 9.77. Found: C, 52.69; H, 7.34; N, 7.68; Cl, 9.71.

Aoc-Arg(Tos)-Val-Tyr-OCH3. The HC1 salt of H-Val-Tyr- 
OCH3 (1.0 g, 2.76 mmol) in 30 ml of CH2C12 was stirred with 0.39
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ml of TEA, 1.02 g of Aoc-Arg(Tos)-OH (2.76 mmol), and 0.66 g of 
DCC (3.2 mmol) (0°, 1 hr; 25°, 3 hr). The reaction mixture was fil
tered and diluted with 100 ml of ethyl acetate, washed (H20), 
dried (Na2S04), and evaporated to an oil which on treatment with 
ether solidified immediately. It was reprecipitated from ethyl ace
tate with ether: yield 0.92 g (46.5%); homogeneous on tic; NMR 
spectral data agreed with the structure; [a]25D —1.66° (c 5, 
MeOH).

Anal. Calcd for C ^ jN s O g S  (718.66): C, 56.81; H, 7.01; N, 
11.69; S, 4.46. Found: C, 56.22; H, 6.99; N, 11.46; S, 4.51.

Z-Ile-Leu-OH (XV). Leucine (3.64 g, 27.6 mmol) was dissolved 
in 13 ml of Triton B (40% methanolic solution of trimethylben- 
zylammonium hydroxide), evaporated to dryness at 35°, twice re- 
evaporated each with 20-ml portions of DMF, and then treated with 
lO g of Z-Leu-OSu (27.6 mmol) in 50 ml of DMF (0°, 2 hr; 25°, 24 
hr). The reaction mixture was partitioned between ether and 2% 
citric acid (500 ml each) and the organic layer was washed several 
times with water, dried (Na2S04), and evaporated to a solid mass. 
It was crystallized from ethyl acetate and petroleum ether: yield
7.86 g (75.5%); mp 139-140°; [a]25D -28.76° (c 1, MeOH).

Anal. Calcd for C2oH3oN205 (378.47): C, 63.47; H, 7.99; N, 7.40. 
Found: C, 63.48; H, 7.90; N, 7.37.

H-Ile-Leu-OH • HCI. The above compound (5.7 g, 15.1 mmol) 
was hydrogenated at 50 psi in a mixture of MeOH (100 ml), H20  
(33 ml), and 1 N HCI (16.6 ml) overnight in the presence of 1.5 g of 
catalyst. It was filtered and evaporated to an oil, and crystallized 
from EtOH and ether: 3.79 g (89%); mp 222-224°.

Anal. Calcd for Ci2H24N20 3 - HCI (280.79): C, 51.33; H, 8.95; N,
9.99. Found: C, 51.07; H, 8.82; N, 9.89.

Boc-Gly-Ile-Leu-OH (XVI). Boc-Gly-OSu (3.6 g, 13.2 mmol)36 
in DMF (50 ml) was stirred with 3.79 g of H-Ile-Leu-OH - HCI 
(13.2 mmol) and 1.91 ml of TEA (0°, 2 hr; 25°, 17 hr). A few drops 
of TEA were added occasionally during this time in order to main
tain the reaction slightly basic. The mixture was diluted with 650 
ml of ethyl acetate, washed with 460 ml of 0.1 JV HCI followed by 
water (three times), dried (Na2S04), and evaporated to a small vol
ume. Upon addition of petroleum ether, crystallization began. The 
crude product was recrystallized from ethyl acetate and petroleum 
ether: yield 4.82 g (91%); mp 144-146°; [«]25D —30.92° (c 1, 
MeOH).

Anal. Calcd for Ci9H3SN30 6 (401.49): C, 56.84; H, 8.79; N, 10.47. 
Found: C, 57.02; H, 9.03; N, 10.28.

Z-Ala-Leu-OBu-i (XVII). H-Leu-OBu-i ■ HCI (5 g, 22.4 mmol) 
in 100 ml of CH2C12 was stirred with 5 g of Z-Ala-OH (22.4 mmol), 
3.16 ml of TEA, and 5.36 g of DCC (26 mmol) (0°, 1 hr; 25°, 2 hr). 
It was filtered, washed (H20 ), dried (Na2S04), and evaporated to 
give an oil, which was crystallized from ether and petroleum ether: 
yield 6.9 g (78%); mp 97-98°.

Anal. Calcd for C2iH32N20 6 (392.49): C, 64.26; H, 8.22; N, 7.14. 
Found: C, 64.54; H. 8.06; N, 7.17.

Boc-GIy-Ile-Leu-Ala-Leu-OBu-1 (XVIII). Z-Ala-Leu-OBu-i 
(4.9 g, 12.5 mmol) was hydrogenated in a mixture of MeOH (75 
ml), H20  (25 ml), and 1 N  HCI (12.5 ml) overnight at 50 psi in the 
presence of 2 g of catalyst and worked up as usual to give 3.53 g of 
amorphous H-Ala-Leu-OBu-t - HCI. This was treated with Boc- 
Gly-Ile-Leu-OH (4.82 g, 12 mmol), 1.5 ml of NMM, HOBT (3.24 g, 
22 mmol), and DCC (2.9 g, 14 mmol) in 100 ml of DMF (—10°, 4 
hr; 25°, 72 hr). It was filtered and evaporated to a syrup which on 
treatment with ethyl acetate solidified immediately. It was taken 
up in CH2C12, washed (H20), dried (Na2S04), evaporated to an oil, 
and crystallized from ethyl acetate: yield 5.45 g (72%); mp 227- 
228°; [o]25D -64.94° (c 1, MeOH).

Anal. Calcd for C32H69N60 8 (641.85): C, 59.88; H, 9.27; N. 10.91. 
Found: C, 59.75; H, 9.46; N, 11.01.

H-Ser(Bzl)-Asp(OBzl)-OH • HCI. H-Asp(OBzl)-OH (15 g,
67.2 mmol) in 500 ml of DMF was stirred with 9.45 ml of TEA 
(67.2 mmol) and Boc-Ser(Bzl)-OSu (26.3 g, 67.2 mmol) in an anal
ogous manner as ir. the preparation of XVI and worked up as usual 
to give an oil which resisted attempts at crystallization. It was thus 
treated with 400 ml of freshly prepared 3.1 N HCI in THF for 30 
min to remove the Boc group. Evaporation at 35° gave an oil which 
was crystallized from ¿-PrOH and ether: yield 19.0 g (65%); mp 
160-162°; [a]2SD +12.73° (c 1, MeOH).

Anal. Calcd for C2iH24N20 6 ■ HCI (436.89): C, 57.73; H, 5.77; N, 
6.41; Cl, 8.11. Found: C, 57.56; H, 5.60; N, 6.38; Cl, 8.26.

Boc-Thr(Bzl)-Ser(Bzl)-Asp(OBzl)-OH (XIX). Part of the 
above compound (13.5 g, 30.9 mmol) was stirred in 250 ml of DMF 
with 8.7 ml of TEA (61.8 mmol) and Boc-Thr(Bzl)-OSu (12.6 g,
30.9 mmol) (0°, 2 hr; 25°, 24 hr) and treated in an analogous man
ner as in the preparation of XVI. The product started to crystallize
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when the ethyl acetate solution was concentrated to a small vol
ume. It was recrystallized from ethyl acetate: yield 11.1 g (52%); 
mp 113-116°; [a]26D +6.90° (c 1, DMSO); NMR spectral data 
agreed with expected values.

Anal. Calcd for C37H45N3O10 (691.75): C, 64.24; H, 6.56; N, 6.07. 
Found: C, 64.39; H, 6.68; N, 6.37.

H-Thr(Bzl)-Ser(Bzl)-Asp(OBzl)-OH • HCl(XX).H-Ser(Bzl)- 
Asp(OBzl)-OH (0.1 g, 0.23 mmol) in 3 ml of DMF was treated with 
Bpoc-Thr(Bzl)-OSu (0.125 g, 0.23 mmol) and 65 mg of TEA (0° 90 
min, 25° 24 h). The rction mixture was poured into a small volume 
of water and acidified to pH 3 with 1 M  citric acid. The product 
was extracted into ethyl acetate and washed with H2O, dried 
(Na2S(>4), and evaporated to dryness. The oily residue was dis
solved in 7 ml of freshly prepared 0.3 N  HC1 in THF and evapo
rated to dryness after 10 min standing. The compound was crystal
lized from THF and ether: yield 0.075 g (52%); mp 160-162°;
[a]26D +9.85° (c 0.5, MeOH).

Anal. Calcd for C32H37N3O8 • HC1 (628.11): C, 61.19; H, 6.10; N, 
6.69; Cl, 5.64. Found: C, 61.37; H, 6.20; N, 6.80; Cl, 5.63..

The same compound was also prepared from Boc-Thr(Bzl)- 
Ser(Bzl)-Asp(OBzl)-OH (XIX) by a 30-min treatment with 3 N  
HC1 in THF and similar work-up: yield 71%; mp 160-162°.

Boc-Glu(OBzl)-Lys(Z)-OH (XIII). Boc-Glu(OBzl)-OSu (12.98 
g, 30 mmol) and H-Lys(Z)-OH (8.42 g, 29.8 mmol) in DMF (260 
ml) were allowed to react in the presence of 4.2 ml of TEA (30 
mmol) in a manner similar to that for the preparation of XVI and 
worked up. The oily product crystallized on addition of ether. It 
was recrystallized from ether: yield 14.9 g (83%); mp 115-118°;
[a]2BD -2.77° (c 1, MeOH).

Anal. Calcd for C31H41N3O9 (599.66): C, 62.09; H, 6.89; N, 7.01 
Found: C, 62.06; H, 7.16; N, 7.02.

Treatment of this compound with 100 ml of 4.7 N  HC1 in THF 
for 60 min and work-up as usual gave an amorphous H-Glu(OBzl)- 
Lys(Z)-OH • HC1 (13.4 g), homogeneous on TLC. Without further 
purification, part of the product was used as described below.

Boc-Arg(Tos)-Val-Tyr(Cl2Bzl)-HNNH2 (XII). Boc-Tyr- 
(Cl2Bzl)-OCH2C6H4-Resin37 (13.9 g, 8.64 mmol) was deprotected 
(50% TFA, 30 min) and neutralized (10% TEA, 10 min) and the 
standard solid-phase synthesis17’18 .conducted by sequential incor
poration of Boc-Val-OH (4.7 g, 21.6 mmol) and Boc-Arg(Tos)-OH 
(7.6 g, 21.6 mmol) into the resin to give Boc-Arg(Tos)-Val- 
Tyr(Cl2Bzl)-OCH2CeH4-Resin (18.9 g). It was hyrazinolyzed in 700 
ml of MeOH containing 70 ml H2NNH2 for 72 hr (25°) and worked 
up to produce an oil which was crystallized from ¿-PrOH: yield
4.66 g (62.5%); mp 189-191°; [<*]25D -6.19° (c 0.5, DMSO).

Anal. Calcd for C39H52N80 8SC12 (863.86): C, 54.23; H, 6.07; N, 
12.97; S, 3.71; Cl, 8.21. Found: C, 53.87; H, 6.50; N, 12.92; S, 3.70; 
Cl, 8.00.

B oc-A rg(Tos)-V al-T yr(C l2Bzl)-G Iu(O Bzl)-Lvs(Z)-O H
(XIV). Boc-Arg(Tos)-Val-Tyr(Cl2Bzl)-HNNH2 (5.63 g, 6.5 mmol) 
was dissolved in 65 ml of DMF, cooled to —20°, and treated with
10.6 ml of 3.68 N  HC1 in THF followed by 12.5 ml of*10% isoamyl 
nitrite in DMF. After stirring for 30 min at —20° the temperature 
was lowered to —30°, when 6.27 ml of TEA was added followed by
3.75 g of the HC1 salt of H-Glu(OBzl)-Lys(Z)-OH (7.0 mmol). The 
mixture was stirred at —20° for 30 min and then at 0° for 48 hr. 
Small amounts of TEA were added periodically in order to main
tain the reaction medium slightly basic. The insoluble by-products 
were filtered off and the filtrate evaporated to 40° to an oil. The 
material was taken up in 150 ml of ethyl acetate, washed (3% acetic 
acid and then water), and evaporated several times with benzene 
to give a solid mass, recrystallized from i-PrOH: yield 4.74 g (53%); 
mp 138-141°; [«]25D -7.49° (c 1, DMF); NMR spectral data 
agreed with the expected values.

Anal. Calcd for C65H81N9O15CI2S (1331.35): C, 58.64; H, 6.13; N, 
9.47; Cl, 5.32. Found: C, 58.31; H, 6.20; N, 9.49; Cl, 5.42.

Amino Acid Anal. Glu, 1.00; Val, 0.95; Tyr, 0.89; Lys, 1.07; Arg, 
1. 10.

H-Gly-Ile-Leu-Ala-Leu-OH (IV). Boc-Gly-Ile-Leu-Ala-Leu- 
OBu-f (XVIII) (5.45 g, 8.5 mmol) was stirred in 140 ml of TFA for 
150 min. The product was precipitated with ether and dried over 
NaOH in vacuo to give 4.24 g of white powder. The solid was tritu
rated in hot MeOH: yield, 4.1 g (89%); mp > 300°; homogeneous on 
TLC; NMR spectral data agreed with expected values.

Anal. Calcd for C23H43N5O6 • %CF3COOH (542.62): C, 53.29; H, 
8.08; N, 12.90; F, 5.27. Found: C, 53.19; H, 8.10; N, 12.94: F, 5.12.

The same peptide was also prepared by the solid-phase method. 
p-Alkoxybenzyl alcohol resin29 (10 g) was stirred in 100 ml of 
CH2C12 with pyridine (2.18 ml), Bpoc-Leu-OH (9.75 g, 26.5 mmol),

and DCC (5.56 g, 26.9 mmol) for 2 hr. The protected aminoacyl 
resin thus obtained (10.25 g, 0.41% N, 0.29 mmol/g) was treated 
with benzoyl chloride,29 giving rise to 10.3 g of Bpoc-Leu-OCH2- 
C6H40CH2C6H4-Resin. Solid-phase synthesis was then conducted 
with Bpoc-Ala-OH (3.04 g), Bpoc-Leu-OH (3.42 g), Bpoc-Ile-OH 
(3.42 g), and Boc-Gly-OH (1.62 g) using DCC (2.01 g) as coupling 
agent in each cycle.60,61 The protected pentapeptide resin was then 
stirred with 300 ml of 50% TFA in CH2C12 for 30 min. The liberat
ed pentapeptide was separated from the resin by filtration and 
concentrated to a syrup, again evaporated several times with fresh 
CH2C12, and treated with ether. The solid obtained was washed 
with CH3CN, H20, and DMF: yield 0.44 g (30.2%); mp >  320°; ho
mogeneous on TLC; NMR spectrum agreed with the structure.

Anal. Calcd for C ^ s N s O e  • H20  (503.63): C, 54.95; H, 9.01; N,
13.98. Found: C, 54.80; H, 8.89; N, 13.75.

Amino Acid Anal. Gly, 0.95; Ala, 1.01; lie, 0.99; Leu, 2.03.
Boc-Glu(OB7 l)-Gly-Ile-Leu-Ala-Leu-OH (IX). H-Gly-Ile- 

Leu-Ala-Leu-OH (3.9 g, 7.18 mmol) suspended in 130 ml of DMF 
was allowed to react with Boc-Glu(OBzl)-OSu (4.7 g, 10.7 mmol) in 
the presence of 2.5 ml of TEA (17.8 mmol) for 24 hr. The reaction 
mixture was then diluted with 1500 ml of ethyl acetate and shaken 
with 1200 ml of 3% citric acid. The product in the organic layer was 
washed with water, during which time crystallization began. The 
suspension was mixed with 20 ml of DMF to dissolve the solid and 
evaporated to a syrup which on evaporation with fresh DMF gave 
a solid mass. It was crystallized from DMF (80 ml) with ether (240 
ml): yield 4.55 g (78.7%); mp 182-184°; [a]26D -28.59° (c 1, DMF); 
NMR spectral data agreed with the structure.

Anal. Calcd for C4oH64N6On (804.96): C, 59.68; H, 8.01; N,
10.44. Found: C, 59.56; H, 8.24; N, 10.42.

Amino Acid Anal. Glu, 1.03; Gly, 1.00; Ala, 0.99; He, 0.98; Leu,
2.06.

Z-Val-Phe-Thr(Bzl)-OH (I). p-Alkoxybenzyl alcohol resin (10 
g, 18.5 mmol) was stirred in 100 ml of CH2C12 with 3,3 g of 4-di- 
methylaminopyridine (26.9 mmol), Bpoc-Thr(Bzl)-OH (11.86 g,
26.5 mmol), and DCC (5.56 g, 26.9 mmol) for 2 hr. The esterified 
resin was treated with benzoyl chloride (3.75 ml) and pyridine (3.2 
ml)29 to give Bpoc-Thr(Bzl)-OCH2C6H4OCH2C6H4-Resin (11.35 g,
0.55% N, 0.39 mmol/g). Ten grams of this material (3.9 mmol) was 
used for the solid-phase synthesis with Bpoc-Phe-OH (4.24 g, 11.9 
mmol) and Z-Val-OH (2.96 g, 11.9 mmol) successively coupled to 
the amino group on the resin under the conditions described pre
viously.60,51 The tripeptide resin was then stirred in 300 ml of 50% 
TFA in CH2C12 for 30 min and worked up as usual to give a gel 
which on treatment with benzene began to crystallize (1.9 g, mp 
211-213°). It was recrystallized from ethyl acetate with petroleum 
ether: yield 1.75 g (75.6%); mp 209-211°; [a]25D -3.50° (c 0.6, 
MeOH); NMR spectral data agreed with the expected values.

Anal. Calcd for C33H39N3O7 (589.69): C, 67.22; H, 6.67; N, 7.13. 
Found: C, 66.63; H, 6.73; N, 7.13.

Amino Acid Anal. Thr, 1.04; Val, 0.96; Phe, 1.00.
H-Ser(Bzl)-Leu-Val-Phe-Gly-OH (II). Bpoc-Gly-OCH2C6- 

H4OCH2C6H4-Resin (10 g, 4.0 mmol) was used for solid-phase syn
thesis in which 12 mmol each of Bpoc-Phe-OH (4.84 g), Bpoc-Val- 
OH (4.26 g), Bpoc-Leu-OH (4.44 g), and Bpoc-Ser(Bzl)-OH • CHA 
(6.4 g) were successively incorporated into the growing peptide 
chain on the resin50,51 to produce the pentapeptide resin (13.8 g). 
Cleavage with 50% TFA in CH2C12 (30 min) was followed by the 
usual work-up. A white solid (1.75 g) obtained was crystallized 
from a small volume of MeOH: yield 0.81 g (33%); mp 247° dec; 
[« j25D —29.20° (c 0.7, HOAc); NMR spectral data agreed with the 
structure.

Anal. Calcd for C^HisNsOy (611.74): C, 62.83; H, 7.41; N, 11.45. 
Found: C, 62.76; H, 7.58; N, 11.34.

Amino Acid Anal. Ser, 0.99; Gly, 1.03; Leu, 1.01; Val, 0.91; Phe,
I. 07.

Boc-Asn-Ser(Bzl)-Leu-Val-Phe-Gly-OH (VII). Boc-Asn- 
OSu (0.83 g, 2.5 mmol) was treated with H-Ser(Bzl)-Leu-Val-Phe- 
Gly-OH (1.02 g, 1.66 mmol) in 85 ml of DMF which contained 0.35 
ml of TEA under the conditions analogous to that for preparation 
of XVI for 24 hr. The reaction was evaporated to about \  of the 
volume and mixed with 100 ml of 5% citric acid and the solid 
formed was washed with water and ethyl acetate to give a white 
powder. It was dissolved in 100 ml DMF, evaporated to dryness, 
and precipitated from a small volume of DMF with ethyl acetate: 
amorphous solid; yield 1.21 g (88%); [a]26D -31.92° (c 1, DMF); 
homogeneous on TLC; NMR data agreed with expected values.

Anal. Calcd for C41H59N7O11 (825.96): C, 59.62; H, 7.20; N,
II. 87. Found: C, 59.32; H, 7.28; N, 11.78.
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Amino Acid Anal. Asp, 1.00; Ser, 0.92; Gly, 0.93; Leu, 1.06; Val, 
1.03; Phe, 1.00.

H-Lys(Z)-Asp(OBzl)-Leu-Glu(OBzl)-OH (III). Solid-phase 
synthesis was conducted51 with Bpoc-Glu(OBzl)-OCH2C6H4- 
OCH2CgH4-Resin (10 g, 3.15 mmol) using 9.45 mmol each of Bpoc- 
Leu-OH (3.49 g), Bpoc-Asp(OBzl)-OH (4.36 g), and Bpoc-Lys(Z)- 
OH (4.9 g) sequentially incorporated into the growing peptide 
chain to give tetrapeptide resin (13.9 g). Treatment with 50% TFA 
in CH2CI2 (300 ml) for 30 min and work-up yielded a solid mass 
(2.83 g, mp 183-186°) which on recrystallization from EtOH af
forded soft needles: yield 1.89 g (69.3%): mp 187-188°; [o ]25d 
—12.20° (c 0.8, DMF); NMR spectrum agreed with the structure.

Anal. Calcd for C43H5sN5On • C2H6OH (863.98): C, 62.56; H, 
7.08; N, 3.12. Found: C, 62.50; H, 6.72; N, 8.36.

Amino Acid Anal. Asp, 0.97; Glu, 1.01; Leu, 1.04; Lys, 0.96.
Boc-Leu-Lys(Z)-Asp(OBzl)-Leu-Glu(OBzl)-OH (VIII). 

Boc-Leu-OSu (0.99 g, 3.02 mmol) in 100 ml of DMF was stirred 
with H-Lys(Z)-Asp(OBzI)-Leu-Glu(OBzl)-OH (1.74 g, 2.01 mmol) 
and 0.5 ml of TEA for 24 hr. The solvent was evaporated off and 
the residue was taken up in a mixture of ethyl acetate and 5% citric 
acid. The organic layer was washed (H20), dried, and concentrated 
to a small volume when crystallization began (2.0 g, mp 152-155°). 
It was recrystallized from ethyl acetate: yield 1.69 g (82%); mp 
155-157°; [a]25D —25.50° (c 1, DMF); NMR spectrum agreed with 
the structure.

Anal. Calcd for C54H74N6Oi4 (1031.18): C, 62.90; H, 7.23; N,
8.15. Found: C, 62.77; H, 7.14; N, 8.07.

Amino Acid Anal. Asp, 0.97; Glu, 1.00; Leu, 1.92; Lys, 1.05.
H-Arg(Tos)-Glu(OBzl)-Leu-GIu(OBzI)-Asp(OBzI)-Val-OH 

(V). Solid-phase synthesis was carried out51 with Bpoc-Val- 
0 CH2C6H40CH2C6H4-Resin (9.08 g, 3.54 mmol) by successive in
corporation of 11.1 mmol each of Bpoc-Asp(OBzl)-OH (4.9 g), 
Bpoc-Glu(OBzl)-OH • CHA (6.1 g), Bpoc-Leu-OH (3.9 g), Bpoc- 
Glu(OBzl)-OH • CHA (6.1 g), and Bpoc-Arg(Tos)-OH (6.0 g) into 
the resin. The protected hexapeptide resin (12.7 g) was treated 
with 300 ml of 50% TFA in CH2C12 for 30 min. Work-up as usual 
produced an oil which became a white powder when treated with 
ethyl acetate. It was crystallized from DMF and ethyl acetate: 
yield 3.8 g (90.5%); mp 207-209°; [o]25d  -11.84° (c 0.5, HOAc); 
NMR spectral data agreed with the expected values.

Anal. Calcd for C59H77N9015S • H20  (1202.39): C, 58.89; H, 6.63; 
N, 10.51. Found: C, 58.59; H, 6.55; N, 10.42.

Amino Acid Anal. Asp, 0.95; Glu, 2.00; Leu, 1.08; Val, 0.91; Arg,
1.06.

Bpoc-Met-Arg(Tos)-Glu(OBzl)-Leu-Glu(OBzl)-Asp- 
(OBzl)-Val-OH (X). Bpoc-Met-ONp (0.84 g, 1.65 mmol) in DMF 
(80 ml) that had been deaerated by purging with argon gas for 45 
min was allowed to react with H-Arg(Tos)-Glu(OBzl)-Leu- 
GIu(OBzl)-Asp(OBzl)-Val-OH (1.32 g, 1.1 mmol) and TEA (0.25 
ml) (0°, 1 hr; 25°, 24 hr) under argon. A few more drops of TEA 
were added occasionally to maintain the reaction slightly basic. 
The reaction mixture was neutralized, evaporated to dryness at 
35°, and triturated with ethyl acetate. The solid powder (1.3 g, mp 
196-199°) was dissolved in DMF and evaporated to near dryness, 
when i-PrOH was added. A crystalline product appeared when 
stored in the refrigerator overnight: yield 1.05 g (62%); mp 196- 
199°; [a]25D —18.85° (c 1, MEOH); NMR spectral data agreed with
f l i p  A Y r i i ' i ' t p n  U 9 I 1 1 P Q

Anal. Calcd for CgoHmoN^OigSj (1553.86): C, 61.84; H, 6.49; N,
9.01. Found: C, 61.30; H, 6.51; N, 9.01.

Amino Acid Anal. Asp, 1.00; Glu, 2.06; Val, 0.92; Met, 0.89; Leu, 
1.01; Arg, 0.97.

H-Thr(Bzl)-Pro-Arg(Tos)-Ala-Gly-OH (VI). Bpoc-Gly- 
OCH2CeH40CH2C6H4-Resin (10 g, 4.0 mmol) was used for solid- 
phase synthesis in which 12 mmol each of Bpoc-Ala-OH (3.93 g), 
Bpoc-Arg(Tos)-OH (6.8 g), Bpoc-Pro-OH (4.25 g), ’and Bpoc- 
Thr(Bzl)-OH (5.37 g) were successively incorporated into the 
growing peptide chain on the resin under the conditions detailed 
before51-'51 to produce 14.1 g of the protected pentapeptide resin. 
The peptide was released from the solid support by a 30-min treat
ment with 300 ml of 50% TFA in CH2CI2. Evaporation of the sol
vent left a syrup which on treatment with ether solidified immedi
ately. The product was taken up in ¿-PrOH and precipitated with 
ether, yielding 3.15 g of an amorphous solid. Reprecipitation from 
hot CH3CN gave 1.45 g of material melting at 150-151°. TLC re
vealed the presence of two minor impurities. Chromatography on a 
Sephadex LH-20 column (2.5 X 85 cm) using ¿-PrOH-H20  (7:3) as 
an eluent eliminated the contaminants: yield 0.94 g (30%); NMR 
spectrum agreed with the structure.
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Anal. Calcd for C^^aNgOaS • 2H20  (780.92): C, 52.21; H, 6.71; 
N, 14.33. Found: C, 51.99; H, 6.54; N, 13.95.

Amino Acid Anal. Thr, 0.93; Pro, 1.02; Gly, 0.96; Ala, 0.96; Arg,
1.11.

H-Thr(Bzl)-Pro-Arg(Tos)-Ala-Gly-NH2 • HC1 (XIa). Boc- 
Gly-OCH2C6H4-Resin37 (9.23 g, 5.55 mmol) was used in a synthesis 
following the standard Merrifield technique52 with 13.8 mmol each 
of Boc-Ala-OH (2.61 g), Boc-Arg(Tos)-OH (4.9 g), Boc-Pro-OH 
(2.98 g), and Boc-Thr(Bzl)-OH (4.27 g) sequentially coupled to the 
resin to afford 12.3 g of pentapeptide resin. Ammonolysis in 500 ml 
of MeOH saturated with dry NH3 gas for 4 days (25°) and work-up 
as usual50 gave a syrup which on treatment with ether solidified 
immediately. The product was taken up in ethyl acetate, washed 
with H20 , 5% NH3, 5% citric acid, and H2O, dried (Na2S 04), and 
concentrated to a clear oil. It was dissolved in ¿-PrOH and precipi
tated as a colorless, amorphous solid (XI) by slow addition of 
ether: yield 2.8 g (60.3%); [n]25D -36.95° (c 1, MeOH); NMR spec
trum agreed with the structure. TLC indicated that the product 
was contaminated with a minor fast-moving component. Without 
further purification at this stage, the product was converted into 
the HC1 salt as described below.

Anal. Calcd for C39H59N9O10S ■ H20  (862.00): C, 54.38; H, 6.88;
N, 14.66. Found: C, 54.72; H, 6.95; N, 14.65.

The above compound (XI, 4.43 g, 5.13 mmol) was treated with
3.4 N HC1 in THF ,130 ml) for 45 min. Evaporation of the solvent 
gave an oil which was reevaporated three times with fresh THF, 
leaving a glassy solid (4.03 g). The product was dissolved in hot i- 
PrOH and an amorphous solid accumulated on standing. Repreci
pitation from the same solvent gave 2.2 g (55%) of the desired ma
terial: homogeneous on TLC; NMR spectrum agreed with the 
structure; [a]25D —25.57° (c 1, MeOH).

Anal. Calcd for C34H49N9O8S • HC1 • H20  (798.35): C, 51.15; H, 
6.67; N, 15.78. Found: C, 51.28; H, 6.68; N, 15.56.

Bpoc-Met-Arg(Tos)-Glu(OBzl)-Leu-Glu(OBzl)-Asp- 
(OBzl)-Val-Thr(Bzl)-Pro-Arg(Tos)-Ala-Gly-NH2 (XXI). 
Compound XIa (0.47 g, 0.6 mmol) was dissolved in 20 ml of DMF 
that had been flushed with argon gas for 45 min. The solution was 
cooled (0°) and treated with 0.07 ml of NMM (0.6 mmol), 0.93 g of 
compound X  (0.6 mmol), 0.161 g of HOBT (1.19 mmol), and 0.15 g 
of DCC (0.72 mmol). A few more drops of NMN were added to 
render the reaction mixture slightly basic. The reaction mixture 
was stirred at 0° for 1 hr and then at 25° for 42 hr. A few drops of 
HOAc were added to neutralize the mixture. It was filtered and 
evaporated (38°) to leave a yellow oil which on trituration with 
MeOH gave a colorless solid (1.06 g, mp 198-201°). The product 
was crystallized from DMF and MeOH: yield 0.80 g (58.7%); mp 
195-199°; [or]25D  —23.79° (c 1, DMF); NMR spectrum agreed with 
the structure.

Anal. Calcd for C m H ,47N190 25S3 (2279.68): C, 60.06; H, 6.56; N,
11.57. Found: C, 59.33; H, 6.61; N, 11.51.

Amino Acid Anal. Asp, 1.02; Thr, 0.89; Glu, 2.00; Pro, 1.01; Gly,
O. 99; Ala, 0.95; Val, 1.03; Met, 0.92; Leu, 0.98; Arg, 2.11.

H-Met-Arg(Tos)-Glu(OBzl)-Leu-Glu(OBzl)-Asp(OBzl)-
Val-Thr(Bzl)-Pro-Arg-(Tos)-Ala-Gly-NH2 • HC1 (XXII). 
Compound X X I (0.75 g, 0.33 mmol) was dissolved in 6 ml of argon- 
treated DMF and mixed with 100 ml of freshly prepared 0.5 N  HC1 
in THF (argon treated). A white, crystalline solid started to appear 
immediately. After standing at 25° for 10 min, the mixture was di
luted with more THF (220 ml) and left at 4° overnight. The solid 
was collected and recrystallized from DMF and THF: yield 0.46 g 
(67%); mp 238-241°; [n]2SD -21.01° (c 1, DMF); NMR spectrum 
agreed with the structure.

Anal. Calcd for CgsH^N^OsaSs • HC1 (2077.87): C, 56.65; H, 
6.50; N, 12.81. Found: C, 56.02; H, 6.65; N, 12.66.

Amino Acid Anal. Asp, 1.06; Thr, 1.04; Glu, 2.10; Pro, 0.98; Gly, 
0.99; Ala, 0.99; Val, 1.00; Met, 0.96; Leu, 0.92; Arg, 2.00; NH3, 1.22.
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Convenient procedures for the preparation of hydroxymethyl resin (III) and 3-(p-benzyloxyphenyl)-l,l-di- 
methylpropyloxycarbonylhydrazide resin (VIII) [H2NNHC0 0 C(CH3)2CH2CH2C6H40CH2C6H4 resin] were de
veloped. Reaction of potassium acetate with Merrifield resin gave acetoxymethyl resin, which on reduction or hy- 
drazinolysis produced III. For the preparation of VIII, Merrifield resin was treated with 4-(p-hydroxyphenyl)-2- 
butanone to give the ketone resin, which was treated with CH3MgBr giving rise to tertiary alcohol resin. On reac
tion with phenyl chloroformate, followed by hydrazinolysis, VIII was obtained. Resin III was applied to the syn
thesis of Aoc-Arg(Tos)-Val-Tyr(Cl2Bzl)-HNNH2 and Boc-Gly-Phe-Phe-Tyr(Bzl)-Thr(Bzl)-HNNH2 (IX) by hy
drazinolysis of peptide to resin ester bond. Using the synthesis of IX as a model system, a comparative study was 
made of the following coupling methods: oxidation-reduction condensation, lV-ethoxycarbonyl-2-ethoxy-l,2-dih- 
ydroquinoline method; dicyclohexylcarbodiimide; dicyclohexylcarbodiimide plus Ai-hydroxybenzotriazole; and 
diphenylphosphoryl azide. Resin VIII was applied to the synthesis of Fmoc-Gly-Phe-Phe-Tyr(Bzl)-Thr(Bzl)- 
HNNH2, Fmoc-Gly-Ala-Val-Leu-HNNH2, and Z(2-N02)-Gly-Val-Ala-Leu-HNNH2. These peptide hydrazides 
were obtained by cleavage of the anchoring bond with 50% TFA in CH2C12.

Solid -phase syntheses o f  protected peptide hydrazides 
either by hydrazinolysis o f  peptide chains attached to M e r
rifield resin1-7 or by the application o f “ hydrazide res
ins”  8-10 has been described in the literature. T h ese proce
dures can provide convenient interm ediates for polypep
tide synthesis via fragm ent condensation, allowing the 
com bination o f solid-phase techniques11-16 and classical 
procedures16-18 and retaining the best features o f each 
m ethod. In this report, the synthesis o f  protected peptide  
hydrazides by the use o f the hydroxym ethyl resin13’19 and  
3-(p -b en zy lo xy p h en y l)-l,l-d im eth y lp rop ylox yca rb on ylh y - 
drazide resin is described.

T h e  hydroxym ethyl resin (III) was prepared from  M erri
field resin (I) (chlorom ethylated copolystyren e-1%  divinyl- 
benzene, 2 .6%  Cl) by stirring in dim ethylacetam ide with  
slight excess o f potassium  acetate to form  acetoxym ethyl 
resin II, which on reduction with L iA ltU  or hydrazinolysis 
yielded the desired hydroxym ethyl resin III. T h ese reac
tions were conveniently m onitored either by ir spectropho
tom etry or m icroanalysis and were found to proceed  
sm oothly. T h e  hydroxym ethyl resin (III) was then esteri- 
fied with iert-butyloxycarbonylam ino acids by the dicyclo
hexylcarbodiim ide m eth od 20 utilizing pyridine10'21 or 4 - 
dim ethylam inopyridine22’23 as catalysts. T h e  B oc-am in o- 
acyl resins24 thus prepared have the degree o f substitution  
generally in the range o f 0 .5 -0 .6  m m o l/g . In order to p re
vent unreacted excess hydroxym ethyl groups present on 
the resin from  interfering with subsequent reactions, B oc- 
am inoacyl resins were benzoylated as reported previous
ly .10 T h is procedure for the preparation and use o f the h y 
droxym ethyl resin is m ore reproducible and adaptable to 
larger scale preparation than those described in the litera
ture .13,25’26 T h e  advantages o f using hydroxym ethyl resin 
rather than chlorom ethyl resin have already been dis
cussed .12’25,26

T h e synthesis o f 3 -(p -b e n z y lo x y p h e n y l)-l,l-d im e th y l-  
propyloxycarbonylhydrazide resin (VIII) is depicted in 
Schem e I. T h e  starting m aterial I (0 .73  m m o l/g ) was treat
ed with 4 -(p -h yd ro xyp h en yl)-2 -b u tan on e in the presence  
o f an equivalent am ount o f  N a O C H s. T h e  resulting “ ke
tone” resin (V ) absorbed strongly at 1710 cm -1  and con
tained less than 0 .058%  C l (0 .016  m m o l/g ). T reatm en t o f V  
w ith freshly prepared C H 3M gB r follow ed by hydrolysis of  
the ensuing product afforded the “ tertiary alcohol resin”

Scheme I
Preparation of 3-(p-BenzyloxyphenyI)-l,l-dimethyl- 

propyloxycarbonylhydrazide Resin

C1CH2—^  jÿ— Resin(2.6% Cl)

I

CHjCOCH.,CH;- / ~ ^ —  OH, NaOCH,

0
II

ch ,cch,ch2- OCH, Resin ( <0.058% Cl )

CH,
I

HO— C— CH.2CH.
I

CH3

I a. CH.MgBr 
jb . H,0

■A.iij— A — OCH2— Ji— Resin

VI

»— 0 — C— Cl, pyridine

o 0  CH3
Il I

O— C— O— C— CH2CH2
I

CH:)

-OCH2—^  — Resin

VII

j  HjNNH.,

O CR)
Il I / = \

h2n n h — c — 0 — c — CH2CH2— och2 Resin

CH:i
v n i

(V I) . A s is evident from  the ir spectrum , the carbonyl fu n c
tion  had disappeared com pletely while the alkyl aryl ether 
band at 1230 cm -1  rem ained practically unchanged. T h e  
tertiary alcohol group of V I was then converted into a 
m ixed carbonate (V II) which on hydrazinolysis gave rise to
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T a b le  I
S y n th esis  o f  B o c -G ly -P h e -P h e -T y r (B z l) -T h r (B z l) -H N N H 2 U s in g  D ifferen t C o u p lin g  M eth o d s

A n a l . ,  %

a
Coupling agents M p,°C

25
[<*] D, deg

Caled

Y ie ld , %

67.30
c

6.63
H

10.56
N

DCC6 227-229 -2 .6 4 61.5 67.00 6.68 10.43
DCC + HOBTc 228-230 -1 .1 8 57.5 66.72 6.65 10.54
EEDQC 229-230 -1 .2 9 55.8 66.73 6.53 10.56
T P P  + DPDS4 229-230 -1 .9 1 57.7 67.53 6.80 10.50

“ DCC, dicyclohlxylcarbodiimide; HOBT, 7V-hydroxybezotriazole; EEDQ, iV-ethoxycarbonyl-2-ethoxy-l,2-dihydroquinoline; TPP, tri- 
phenylphosphine; DPDS, 2,2'-dipyridyl disulfide.6 Coupling time, 2 hr (reaction progress with time not monitored). c Coupling time, 22 hr. 
d Coupling time, 3 hr.

th e  desired product V III  containing 2 .0%  o f nitrogen (0.71  
m m o l/g  o f  H 2N N H 2). T h e  ir spectrum  showed the expected  
changes in the w avelength o f the carbonyl absorption. A ll  
reactions appeared to have proceeded com pletely.

T h e  hydroxym ethyl resin III was used as solid support 
for the synthesis o f B o c -G ly -P h e-P h e -T y r(B zl)-T h r(B zl)~  
H N N H 2 (IX ) . B o c -T h r (B z l)-O C H 2-C 6H 4-R esin  was depro- 
tected  (50%  T F A )  and neutralized (10%  T E A ) and the  
solid -phase synthesis was continued w ith sequential incor
poration o f  B o c -T y r (B zl)-O H , B o c -P h e -O H , B o c -P h e-O H , 
and B o c -G ly -O H  into the growing peptide chain on the  
resin according to the general M errifield  technique.11-14 
D uring the synthesis a 2 .6 -fo ld  excess o f both  B oc-am in o  
acid and D C C 20 was used in each o f the coupling reactions. 
T h e  product B o c -G ly -P h e -P h e -T y r (B zl)-T h r (B z l)-O C H 2- 
CeH ij-Resin thus obtained was treated with hydrazine in 
D M F  to give analytically pure crystalline I X  in 61 .5%  over
all yield. T h e  synthesis o f I X  was repeated under exactly  
the sam e conditions except that different coupling proce
dures20,27-32 were used for evaluation in solid-phase syn
thesis. T h e  results are sum m arized in T ab le  I. In agree
m en t w ith recent reports by M ukaiyam a et al.,29,30 it was 
evident th at the oxidation-reduction  procedure is well su it
ed for solid -phase peptide synthesis. T h e  m ethod, m ore
over, has been claim ed to  be free o f com plications when ap 
plied  to  the synthesis o f asparagine or glutam ine contain
ing peptides. T h is aspect o f the oxidation-reduction  proce
dure was further studied by the synthesis o f p G lu -G ln -A la - 
N H 2, and indeed the synthesis was found to proceed satis
factorily. T h e  tripeptide am ide identical with that pre
pared previously33 with the TV-ethoxycarbonyl-2 -ethoxy-
1,2-dihydroquinoline procedure31 was obtained in 79%  
overall yield. T here were no indications o f  nitrile form ation  
during the synthesis as judged by ir and N M R  spectropho
tom etry.

T h e  hydroxym ethyl resin III was also utilized for the  
synthesis o f L -pyroglutam yl-L -serylglycinam ide (X ) . B oc- 
G ly -O C H 2-C 6H 4-R esin  was deprotected and neutralized as 
usual11,13 and the solid -phase synthesis was carried out by  
coupling B o c -S er (B zl)-O H  to the resin follow ed by pyro- 
glutam ic acid. T h e  tripeptide resin thus obtained was then  
stirred with am m on ia-satu rated  m ethanol, giving the crys
talline O -protected  tripeptide am ide p G lu -S er(B zl)-G ly - 
N H 2 in 38%  overall yield. T h is com pound gave X  upon h y 
drogenation. A  peptide isolated from  hypothalam ic ex
tracts has been reported to possess this structure and to ex
hibit p ituitary growth horm one releasing activity.34 H ow 
ever, synthetic p G lu -S e r -G ly -N H 2 (X )  prepared in several 
laboratories, including our own,36,36 did not elicit such ac
tiv ity in several system s thus far tested.

A noth er protected peptide hydrazide, A o c -A rg (T o s)- 
V a l-T y r (C l2B z l) -H N N H 2 (X I ) , was also prepared on the  
h yd roxym ethyl resin III in an analogous m anner. T h e  tri
peptide resin was hydrazinolyzed in m ethanolic hydrazine

UJo<><
UJ

100
50% TFA

4 0  -

20

O CHj Il I
c o - hnnh- c - o - c - ch2

Bpoc - HN-C-H

-CH2 oc h2

0.5% TFA

zUJu

HOURS

Figure 1. The rate of cleavage of the anchoring bond on Bpoc-Ala 
derivatives of 3- (p- benzyloxyphenyl) -1,1-dimethylpropyloxycarbo- 
nylhydrazide resin (A), and p-alkoxybenzyl alcohol resin (B) in 
various concentrations of trifluoroacetic acid in CH2CI2. Data 
shown in these figures were derived from the nitrogen analyses on 
the corresponding aminoacyl resins.

solution and the pure crystalline product X I  was obtained  
in 64%  overall yield.

P eptide hydrazides prepared with the use o f hydroxy
m ethyl resin crystallized more readily than the products 
obtained by hydrazinolysis o f standard chlorom ethyl group  
containing peptide resins, which are contam inated w ith h y 
drazine hydrochloride.

T h e  3 - (p - benzyloxyphenyl) -1 ,1  -dim ethylpropyloxycar- 
bonylhydrazide resin V III  was utilized to  prepare Z (2 - 
N 0 2)-G ly -V a l-A la -L e u -H N N H 2 (X II ) . T h e  photosensitive  
Z ( 2 - N 0 2) group37,38 was used for am ino term inal protec
tion. T h e  product was obtained in 4 4 .4 %  overall yield as 
calculated from  the hydrazide content o f resin V III . T h e  
solid -phase synthesis was conducted using 2 .5 -fo ld  excesses



each o f  the respective am ino acid derivatives and D C C  for 
coupling in each cycle under previously detailed condi
tions.8-10 T h e  B p oc-am in o protecting group was rem oved  
by 10-m in  treatm ent w ith 0 .5%  T F A  in C H 2C12.8 T w o pro
tected peptide hydrazides containing the base-labile F m oc  
am ine protecting group39 were also prepared. F m o c -G ly -  
P h e -P h e -T y r (B z l) -T h r (B z l) -H N N H 2 (X II I )  was obtained  
in 36%  and F m o c -G ly -A la -V a l-L e u -H N N H 2 (X I V )  in 49%  
overall yield. T h e  com bined use o f resin V II I  with B p oc- 
am ino acids together w ith am ino term inal Z ( 2 -N 0 2) or 
F m oc protection provides a potential for ready preparation  
o f a large variety o f  peptide interm ediates which contain  
protecting groups suitable for polypeptide synthesis via the  
fragm ent condensation strategy. A  ferf-alkoxycarbon ylh y- 
drazide resin support8’9 th at can be used interchangeably  
with V III  has been described previously b u t its preparation  
required the use o f  the hazardous liquid H F . T h e  proce
dure described in this report for the preparation o f  V III  ap 
pears to be sim pler and m ore practical.

T h e  relative stabilities o f  the anchoring bonds on am i- 
noacyl resin V III  in different concentrations o f T F A  were 
studied. B p o c -A la -H N N H -C O O -C (C H 3)2C H 2C H 2C 6H 60 -  
d ^ C g H i -R e s in  was stirred with 20  volum es o f  0 .5  or 50%  
T F A  in C H 2C12. A t  various tim e intervals, sam ples were 
withdrawn and the resin was collected, w ashed, and exam 
ined by ir spectrophotom etry as well as b y  nitrogen analy
sis. A s the anchoring bond was cleaved, both the intense  
broad b en d  at 1 6 8 0 -1 7 0 0  cm -1  in the ir spectrum  and the  
nitrogen content o f the resin decreased progressively (F ig
ure 1A ). For com parison, a  sim ilar set o f experim ents was 
perform ed on B p o c -A la -O C H 2C 6H 40C H 2C 6H 4-R esin 10 
(Figure IB ) . A s  expected, the anchoring bonds on both  res
ins were stable to the conditions o f  B p oc deprotection  
(0 .5%  trifluoroacetic acid, 10 m in) bu t were rapidly cleaved  
by 50%  trifluoroacetic acid w ithin a few  m inutes.

Experimental Section
Melting points are uncorrected. The infrared spectra were taken 

on a Perkin-Elmer Model 137 spectrophotometer using KBr pel
lets. Thin layer chromatography was carried out on precoated sili
ca gel plates (Merck, F-254) with the following solvent systems: 1- 
butanol-acetic acid-water (4:1:1), 1-butanol-pyridine-acetic acid- 
water (15:10:3:12); 1-butanol-ethyl acetate-acetic acid-water (1:1: 
1:1); 1-propanol-water (7:3). Microanalyses and other physico
chemical measurements were carried out by the Physical Chemis
try Department.

Merrifield resin (chloromethylated copolystyrene-1% divinyl- 
benzene, 200-400 mesh, 2.6% Cl) used in these experiments was 
purchased from Bio-Rad Laboratories. Amino acid derivatives 
were obtained from Bachem, Inc., Marina Del Ray, Calif., or 
Chemical Dynamics Corp., South Plainfield, N.J. All Bpoc-, Z(2- 
N 02)-, and Fmoc-amino acid derivatives were prepared in this lab
oratory according to literature procedures.38"42 All optically active 
amino acids used were of the L configuration.

Hydroxymethyl Polystyrene-1 % Divinylbenzene Resin 
(HI). Merrifield resin (I, 71 g, 52 mmol) was suspended in dimeth- 
ylacetamide (600 ml) and stirred gently with potassium acetate 
(6.26 g, 64 mmol) at 85° for 24 hr. The acetoxymethyl resin (II) 
thus formed was washed with DMF, dioxane, and methanol to 
yield 77.4 g of buff-colored material: ir (KBr) 1720 cm-1; Cl 
<0.12% (0.034 mmol/g). II was suspended in anhydrous ether (1.8
1.) and treated with LiAlH4 (7.0 g) added in small portions during 
20 min. After 4 hr of additional stirring, the resin was transferred 
to a glass filter and washed with ethyl acetate, dioxane, and meth
anol. The slightly grayish color was removed by stirring in a 1:2 
mixture cf 1 N  HsSCh-dioxane (4.5 1.) for 24 hr. This operation 
was repeated once more and the snow-white hydroxymethyl resin 
thus obtained weighed 72.2 g. The carbonyl band in the ir spec
trum disappeared completely.

Conversion of II (23.5 g) into III (23.0 g) was also accomplished 
by stirring in 250 ml of DMF containing 25 ml of anhydrous 
H2NNH2 for 76 hr. The ir spectrum of the product III was identi
cal with that of the hydroxymethyl resin prepared by the LiAlH4 
procedure described above.

Synthesis of Protected Peptide Hydrazides

Esterification o f Hydroxymethyl Resin III with Boc-Amino 
Acids. Ill (5 g, 3.65 mmol) was suspended in CH2Cl2 (50 ml) and 
treated with pyridine (1.5 ml), Boc-AIa-OH (3 g, 16 mmol), and 
DCC (3.5 g, 17 mmol) for 120 min. The product was washed with 
CH2CI2, DMF, and methanol to yield colorless Boc-Ala-OCH2- 
C6H4-Resin (5.33 g): ir 1720 and 1735 cm-1; N, 0.88% (0,63 mmol/ 
g); alanine, 0.62 mmol/g. The resin was further treated with pyri
dine (1.65 ml) and benzoyl chloride (1.95 ml) in CH2C12 (50 ml) at 
0° for 15 min. The ensuing product (5.35 g) showed a slight in
crease in ir absorption at 1720 cm-1.

For certain Boc-amino acids, esterification to III requires a more 
powerful catalyst. Thus, III was suspended in CH2Cl2-DMF mix
ture (20 g/200 ml) and stirred with 4-dimethylaminopyridine (3.66 
g, 30 mmol), Boc-GIy-OH (5.25 g, 30 mmol), and DCC (6.6 g, 32 
mmol) fox 120 min. The esterified resin (20.5 g) absorbed strongly 
at 1720 and 1730 cm-1, N, 0.90% (0.64 mmol/g). The resin was ben- 
zoylated in an analogous manner as above to give the desired Boc- 
Gly-OCH2-CeH4-Resin (20.6 g).

Similarly prepared were resin III esters of Boc-Phe-OH, Boc- 
Tyr(Cl2Bzl)-OH, Boc-Thr(Bzl)-OH, Boc-Pro-OH, Boc-0-Ala-OH,
and Z-Lys(BOC)-OH.

3-(p-Benzyloxyphenyl)-l,l-dim ethylpropyloxycarbonylhy- 
drazide Resin (VIH). Merrifield resin (10 g, 7.3 mmol) was sus
pended in DMF (70 ml) and treated with 4-(p-hydroxyphenyl)-2-
butanone (1.64 g, 10 mmol) in the presence of NaOCIL (0.54 g, 10 
mmol) at 85° for 24 hr. The dark brownish reaction mixture was 
filtered and the resin was washed with DMF, CH2C12, and MeOH 
to give 10.9 g of light buff colored material: ir 1730 cm-1; Cl, 
0.058%. The resin was then suspended in benzene (200 ml) and 
treated with a Grignard reagent (CHaMgBr) freshly prepared from 
0.54 g of Mg turnings in ether (300 ml) bubbled with dry CHgBr. 
After 60 min of additional stirring, the resin was washed (benzene, 
dioxane) and stirred in a mixture of 1 A  H2S04-dioxane (1:2) for 
120 min. The tertiary alcohol resin (VI) thus formed was collected 
and washed with H20-dioxane (1:1), dioxane, DMF, and CH2CI2 
and then treated with pyridine (7.9 ml) and phenyl chloroformate 
(9.8 ml) in 120 ml of CH2C12 at 0° for 16 hr. The reaction mixture 
was poured into ice-water (100 ml) and filtered to collect the resin. 
The mixed carbonate resin (VII) thus obtained was washed with 
more ice-water, dioxane, and DMF. It was then stirred with 120 ml 
pf DMF containing 10 ml of anhydrous H2NNH2 for 6 hr to give 
the desired product VIII: N, 2.00% (0.71 mmol/g).

2-Nitrobenzyl-p-nitrophenyl Carbonate. 2-Nitrobenzyl alco
hol (25 g, 163 mmol) was dissolved in CH2C12 (300 ml) and allowed 
to react with pyridine (21.5 ml) and p-nitrophenyl chloroformate 
(34.2 g, 170 mmol) overnight at 0°. The mixture was mixed with 
ice-water (500 ml) and diluted with CH2CI2 (300 ml) in a separato
ry funnel. The organic layer was then washed with 0.02 N  HC1 fol
lowed by water. After drying over Na2S04, the solvent was re
moved by evaporation at 35° and the remaining solid was recrys
tallized from 200 ml ethyl acetate: yield 41.8 g (91%); mp 133-136°.

Anal. Calcd for C14H10N2O7 (318.24): C, 52.84; H, 3.17; N, 8.80. 
Found: C, 53.12; H, 3.40; H, 8.78.

2-Nitrobenzyloxycarbonylglycine. Glycine (1.5 g, 2 mmol) 
was mixed with 9.5 ml of Triton. B (40% methanolic solution of 
benzyltrimethylammonium hydroxide) and evaporated to dryness 
at 35°. The residue was evaporated twice with 18 ml each of DMF 
and stirred with 7.0 g of 2-nitrobenzyl-p-nitrophenyl carbonate 
(2.2 mmol) at 40° for 120 min. The reaction mixture was parti
tioned between ethyl acetate and water (300 ml each) and the 
aqueous layer was washed twice with ethyl acetate and acidified to 
pH 2.5 with 1 M  citric acid. The resulting oily product was extract
ed into ethyl acetate, washed with water, dried over Na2S0 4, and 
evaporated at 35°, leaving a heavy syrup. It was taken up in a 
small volume of ethyl acetate and treated with petroleum ether. 
The ensuing crystalline solid was recrystallized from the same sol
vents: yield 3.35 g (66%); mp 121-123°.

Anal. Calcd for CioH i0N 20 6 (254.2): C, 47.25; H, 3.97; N, 11.02. 
Found: C, 47.17; H, 4.18; N, 10.99.

This compound has been listed in a communication by Patchor- 
nik et al.38 (mp 120- 122°) without details of the synthesis.

Boc-G ly-Phe-Phe-Tyr(Bzl)-Thr(Bzl)-H N N H 2 (IX). Boc- 
Thr(Bzl)-OCH2-C6H4-Resin (1.4 g, 0.77 mmol) was placed in a 
reaction vessel43 on a shaker and the solid-phase peptide synthesis 
conducted by sequential incorporation of Boc-Tyr(Bzl)-OH (0.62 
g, 2.0 mmol), Boc-Phe-OH (0.53 g, 2.0 mmol), Boc-Phe-OH (0.53 g,
2.0 mmol), and Boc-Gly-OH (0.35 g, 2.0 mmol) according to the 
general principles of the Merrifield technique.11 The protected 
pentapeptide resin (1.8 g) thus obtained was suspended in DMF 
(20 ml) and stirred gently with anhydrous hydrazine (2 ml) for 66
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hr. The peptide hydrazide was separated from the resin by filtra
tion and evaporated at 35° to a syrup which upon treatment with 
ether solidified immediately. The solid was then triturated in hot 
methanol (0.54 g, mp 224-227°) and crystallized from DMF (15 
ml) by slow addition of ethanol (30 ml): yield 0.44 g (61.5%); mp 
227-229°; [a]25D -2.64° (c 1, DMF); NMR spectral data agreed 
with the expected values.

Anal. Calcd for C52HeiN70 9  (928.07): C, 67.30; H, 6.63; N, 10.56. 
Found: C, 67.00; H, 6 .68 ; N, 10.43.

The synthesis of IX was repeated under exactly the same condi
tions except that different coupling methods were employed in 
each experiment. The results of these experiments are summarized 
in Table I. Thus, 1 equiv of DCC and 2 equiv of iV-hydroxybenzo- 
triazole relative to Boc-amino acid were employed with reaction 
time of 22 hr. The experiment using jV-ethoxycarbonyl-2-ethoxy-
1 ,2 -dihydroquinoline was conducted with equivalent amounts of 
coupling agent and Boc-amino acid with a reaction time of 22 hr. 
For the experiment using the oxidation-reduction method, equiva
lent amounts of 2 ,2 '-dipyridyl disulfide, triphenylphosphine, and 
Boc-amino acid were used and the coupling time was 3 hr. As in 
the experiment using DCC as coupling agent, a 2.6-fold excess of 
Boc-amino acid derivatives relative to amino groups on the pep
tide resin was used throughout all of these experiments. Experi
ments with diphenylphosphoryl azide32 in solid-phase synthesis 
(22 hr coupling time) under similar conditions were unsuccessful.

Aoc-Arg(Tos)-Val-Tyr(Cl2Bzl)-HNNH2 (XI). Hydroxymeth
yl resin (III, 9.4 g, 6.9 mmol) was stirred in CH2CI2 (95 ml) with 4- 
dimethylaminopyridine (1.72 g, 14 mmol), Boc-Tyr(Cl2Bzl)-OH 
(6.2 g, 14 mmol),44 and DCC (3.3 g, 16 mmol) for 45 min and the 
esterified resin (1 1 .8  g) was collected and benzoylated as described 
above to give 11.4 g of Boc-Tyr(Cl2Bzl)-OCH2-CsH4-Resin: N, 
0.88% (0.63 mmol); Cl, 4.23% (0.6 mmol amino acid/g). Part of this 
material (6 g, 3.72 mmol) was used in the subsequent solid-phase 
synthesis using Boc-Val-OH (2.02 g, 9.3 mmol) and Aoc-Arg(Tos)- 
OH (3.41 g, 9.3 mmol) in each cycle. The tripeptide resin Aoc-Arg- 
(Tos)-Val-Tyr(Cl2Bzl)-OCH2-CeH4-Resin (7.8 g) was hydrazino- 
lyzed in 300 ml of MeOH containing 30 ml of anhydrous H2NNH2 
for 72 hr (25°). The resin was filtered off and the filtrate was evap
orated to a glassy solid (3.2 g). It was crystallized from ¿-PrOH and 
then recrystallized from EtOH: yield 2.1 g (64%); mp 189-191°;
[ a ]2BD  —13.66° ( c  1, DMSO); NMR spectral data agreed with the 
structure.

Anal. Calcd for C40H54N8O8SCI2 (877.89): C, 54.73; H, 6.20; N, 
12.76; S, 3.65; Cl, 8.08. Found: C, 54.47; H, 6.39; N, 12.60; S, 3.70; 
Cl, 8.20.

pGlu-Ser(Bzl)-Gly-NH2. Boc-Gly-OCH2-CeH4-Resin (9.0 g,
5.76 mmol) was placed in a 200-ml peptide synthesis flask43 and 
the solid-phase synthesis carried out as described above with Boc- 
Ser(Bzl)-OH (5.1 g, 17.3 mmol) and pyroglutamic acid (2.24 g, 17.3 
mmol) sequenally incorporated into the resin using DCC (3.57 g,
17.4 mmol) as coupling agent in each cycle. The tripeptide resin 
(10.2 g) was suspended in dry methanol (500 ml), bubbled with dry 
NH3 at 0° until nearly saturated, and stirred for 66 hr. The tripep
tide amide liberated from the resin was worked up as usual, giving 
rise to a syrup which upon treatment with ethyl acetate solidified 
immediately. The crude material was dissolved in methanol (50 
ml) and crystallized by slow addition of ether: yield 1.21 g (58%); 
mp 143-145° ; ' [ a ] 26D  +5.25° (c 0.9, MeOH); NMR spectral data 
agreed with the expected values.

Anal. Calcd for C17H22N4O5 (362.38): C, 56.35; H, 6.12; N, 15.46. 
Found: C, 56.26; H, 6.16; N, 15.56.

The same compound was synthesized again using the oxidation- 
reduction method29’30 with a 2 .0 -fold excess each of amino acid de
rivative, 2 ,2 '-dipyridyl disulfide, and triphenylphosphine, and a
3-hr coupling time. From 6.63 g of Boc-Gly-OCH2C6H4-Resin (4.2 
mmol) the desired product pGlu-Ser(Bzl)-Gly-NH2 (0.85 g) was 
obtained in 56% overall yield: mp 143-145°; [ a ]25D  +6.37° ( c  1, 
MeOH).

Anal. Found: C, 56.57; H, 6.10; N, 15.47.
pGlu-Ser-Gly-NH2 (X). The above compound (0.5 g, 1.38 

mmol) was dissolved in a solvent mixture (50 ml of methanol, 15 
ml of water, 0.5 ml of acetic acid) and hydrogenated at 55 psi in a 
Parr hydrogenator overnight in the presence of 0.2 g of catalyst 
(5% Pd on BaS0 4 ). The catalyst was filtered off and the filtrate 
was evaporated to an oil which was taken up in 35 ml of water and 
lyophilized to give a hygroscopic white powder (0.53 g). It was dis
solved in 15 ml of methanol, filtered to remove small insolubles, 
and treated with a 2 :1 mixture of ether and tetrahydrofuran until 
turbid. The product crystallized slowly when stored in the refriger
ator: yield 0.228 g (59.7%); mp 168-172°; [o]26D -10.76° (c 0.7,

MeOH); NMR spectral data agreed with the expected values.
Anal. Calcd for CwHiĝ O s • V4H2O (276.76): C, 43.33; H, 5.98; 

N, 20.17. Found: C, 43.36; H, 5.91; N, 20.22.
pGlu-Gln-Ala-NH2. The solid-phase synthesis was carried out 

as usual on Boc-Ala-OCH2-C6H4-Resin (1.42 g, 0.88 mmol) using a
2.2-fold excess each of Boc-Gln-OH (0.845 g), 2,2'-dipyridyl disul
fide (0.49 g), and triphenylphosphine (0.58 g) in the first cycle and 
pyroglutamic acid (0.284 g) with the same amount of coupling 
agents in the second cycle. The reaction time was set at 3 hr. The 
tripeptide resin (1 .6  g) obtained was ammonolyzed and worked up 
as usual to give 0.227 g (79%) of pGlu-Gln-Ala-NH2 identical with 
the same compound prepared33 by the IV-ethoxycarbonyl-2 -eth- 
oxy-l,2-dihydroquinoline method: mp 260-262°; ir spectrum and 
NMR spectrum identical with the reference spectra.

Z(2-N02)-Gly-Val-Ala-Leu-HNNH2 (XII). The hydrazide 
resin VIII (1.4 g, 0.98 mmol) was placed in a reaction vessel43 and 
the solid-phase synthesis carried out by incorporating Bpoc-Leu- 
OH (0.94 g, 2.55 mmol), Bpoc-Ala-OH (0.84 g, 2.55 mmol), Bpoc- 
Val-OH (0.91 g, 2.55 mmol), and Z(2-N02)-Gly-0H (0.64 g, 2.55 
mmol) successively into the resin according to the procedure de
scribed previously.8-10 The tetrapeptide hydrazide resin thus ob
tained (1.8 6  g) was stirred in CH2C12 (18 ml) for a few minutes and 
an equal volume of TFA was added. After 30 min the resin was fil
tered off and the filtrate evaporated at 30° to a syrup. It was evap
orated twice more with fresh CH2C12 and treated with ethyl ace
tate (100 ml). The white solid obtained was triturated in hot meth
anol (10 ml) and crystallized from DMF by the addition of ether: 
yield 0.24 g  (44.4%); mp 224-228°; [ o ] 26D  -16.20° (c 1, DMF); 
NMR spectral data agreed with the expected values.

Anal. Calcd for CmHstNtOs (551.6): C, 52.26; H, 6.76; N, 17.78. 
Found: C, 52.30; H, 6.84; N, 17.63.

Fmoc-Gly-Phe-Phe-Tyr(Bzl)-Thr(Bzl)-HNNH2 (XIII). The 
hydrazide resin VIII (1.4 g, 1.0 mmol) was placed in the peptide 
synthesis flask and the synthesis conducted as usual8-10 with 
Bpoc-Thr(Bzl)-OH (1.12 g, 2.5 mmol), Bpoc-Tyr(Bzl)-OH (1.27 g,
2.5 mmol), Bpoc-Phe-OH (1.01 g, 2.5 mmol), Bpoc-Phe-OH (1.01 
g), and Fmoc-Gly-OH (0.744 g, 2.5 mmol) sequentially incorporat
ed into the growing peptide chain. The resultant pentapeptide hy
drazide resin (2.23 g) was then stirred with 44 ml of 50% TFA in 
CH2C12 for 30 min and the liberated pentapeptide hydrazide was 
worked up in a similar manner as described above. The glassy solid 
obtained was crystallized from DMF by slow addition of methanol: 
yield 0.38 g (36%); mp 196-198°; [o ] 26d  -0.40° ( c  1, DMF); NMR 
spectral data agreed with the expected values.

Anal. Calcd for C62H63N70 9  • H20  (1068.20): C, 69.62; H, 6.13; 
N, 9.16. Found: C, 69.52; H, 6.00; N, 8.95.

Fmoc-Gly-Ala-Val-Leu-HNNH2 (XIV). Solid-phase synthe
sis8-10 with hydrazide resin VIII (1.07 g, 0.74 mmol) using a 2.5- 
fold excess of Bpoc-Leu-OH (0.683 g), Bpoc-Val-OH (0.657 g), 
Bpoc-Ala-OH (0.606 g), and Fmoc-Gly-OH (0.55 g) in each of the 
respective synthetic cycles gave rise to 1.45 g of tetrapeptide hy
drazide resin. It was stirred in 30 ml of 50% TFA in CH2C12 for 30 
min and worked up as usual. The gelatinous white solid obtained 
was crystallized from DMF (15 ml) by slow addition of ethanol (30 
ml): yield 0.22 g (49%); mp 220-225° dec; [a]25D —24.25° (c 1, 
DMF); NMR spectral data agreed with the expected value.

Anal. Calcd for CaiH^NeOe • %H20  (604.7): C, 61.73; H, 7.29; N,
13.89. Found: C, 61.99; H, 7.23; N, 13.90.

Rate of Cleavage of Aminoacyl Resin Anchoring Bonds by 
Different Concentrations of Trifluoroacetic Acid. The hydra
zide resin VIII (1.0 g, 0.71 mmol) was allowed to react with Bpoc- 
Ala-OH (0.66 g, 2.0 mmol) and DCC (0.412 g, 20 mmol) in CH2C12 
(10  ml) for 12 0  min. The ensuing Bpoc-Ala-HNNH-COO- 
C(CH3)2CH2CH2C6H4 0 CH2C6H4-Resin (1.24 g) contained 0.56 
mmol/g aminoacyl hydrazide (Anal. N, 2.32). Part of the sample 
(0.5 g) was stirred in 5 ml of CH2C12 for a few minutes and then 
mixed with 5 ml of 1% trifluoroacetic acid in CH2C12 or 5 ml of tri
fluoroacetic acid. At various time intervals, aliquots were with
drawn and the resin in each sample washed immediately with 
CH2C12, DMF, and methanol. Each individual resin sample was 
then examined by ir spectrophotometry and also by nitrogen anal
ysis. The rate of disappearance of the carbonyl band relative to the 
polystyrene band at 1600 cm- 1  was taken as the rate of cleavage of 
the anchoring bond. The rate of decrease in nitrogen content of the 
resin was another indication for the rate of cleavage of the same 
anchoring bond. Both the results of ir and nitrogen analysis agreed 
with each other rather well. The nitrogen analysis data are plotted 
in Figure 1 A. The anchoring bond is quite stable in 0.5% trifluo
roacetic acid but rapidly cleaved by 50% trifluoroacetic acid. Simi
lar experiments were conducted with Bpoc-Ala-OCH2C6H.t-
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OCKfeCgHi-Resin (0.53 mmol/g)10 with the results shown in Fig
ure IB. The stabilities of the anchoring bonds in these resins are 
similar.
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In acyclic N- nitrosoamines, the barrier to rotation about the N-N bond, revealed by nuclear magnetic reso
nance spectra, gives rise to diastereomeric structures. We have prepared a series of bi- and tricyclic N-nitrosoam- 
ines with a nitrogen in one of the bridges and adjacent to a bridgehead (compounds 3-7) and investigated their 
structures by NMR techniques, including the use of europium shift reagent. IV-Nitrosoamines 3 and 4 were ob
tained as single compounds, with the nitroso oxygen anti to the vicinal bridgehead, and 5-7 were obtained as 
mixtures of nonequilibrating diastereomers. The size of the heterocyclic ring influences the geometry between the 
bridgehead hydrogen (or methyl) and the NNO group sufficiently to account for these differences.

N -N itroso am in es are interesting as a class of com pounds  
because they are strongly carcinogenic and because their 
structures are poorly represented by conventional, u n 
charged valence-bond form ulas. T h is paper is concerned  
w ith  a structural study o f som e bi- and tricyclic com pounds  
in which the N -n itrosoam in e  (N N O ) group is a m em ber o f  
a ring bridge and is adjacent to a bridgehead position. T h e  
geom etries o f these com pounds are considerably m ore rigid 
than the acyclic2 and m onocyclic3 N -  nitrosoam ines which

have been studied earlier, and they illustrate substantial
1,5 nonbonded O - H  interactions that strongly influence d i
astereom er ratios.

T h e  nuclear m agnetic resonance (N M R ) spectrum  o f N -  
nitrosodim ethylam ine reveals that the two m ethyl groups 
are m agnetically nonequivalent up to  about 1 5 6 ° .4 T h e  
substantial energy barrier to rotation about the N - N  
bond4’5 gives rise in unsym m etrical N -nitrosoam ines to d i
astereom eric structures [e.g., (E ) - 1 and (Z )-1] which are
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form ed together b u t give distinguishable N M R  spectra.2 
T h e  dow nfield chem ical shifts o f protons in the N -  alkyl 
groups are com parable to those in structurally related car
bocations.6 T h ese data virtually require the use o f a zw it- 
terionic form ulation [(E )-l  and ( Z ) - 1] rather than a con
ventional uncharged one (2 ).7

CTLCH.[2 ch3 
\ + /N

ch3ch2 ch3

'N r
CHsCH2 I

1O

II

0

1

\
(£)-1 (Z)-l 2

CH;1

0

W e  have prepared several bi- and tricyclic iV -nitrosoam - 
ines (3 -7 )  and investigated their structures by N M R  tech
niques, including the use o f europium  shift reagent.3’8’9 
C om pounds 3 and 4 each were obtained as a single configu
ration, bu t 5 , 6 , and 7 each was obtained as a nonequilibrat
ing m ixture o f isom ers. T h e  ring size o f  the heterocyclic 
ring affects the geom etrical relationship betw een the brid 
gehead hydrogen and the N N O  m oiety enough to  account 
for these differences.

3 5

the plane of the C - l  (C -3 ) N N O  group and in  the  
shielding cone o f that group.10 T h e  exo M e -3  lies in the  
shielding cone o f  the carbonyl group and is therefore m ore  
shielded than the endo M e -3 . Therefore, the M e -1  is as
signed to  the absorption at 8 1 .61 , the endo M e -3  to  the one  
at 5 1 .40 , and the exo M e -3  to  the one at 8 1.24.

T h e  tw o diastereotopic hydrogens at position 6 (H -6 )  
have different splitting patterns and chem ical shifts. A  
D reiding m olecular m odel shows the appropriate geom etry  
for W  coupling11 betw een the H -6  syn to  N N O  (syn H -6 )  
and endo H -7 , bu t such long-range coupling seem s unlikely  
for anti H -6 . Therefore, syn H -6  is assigned to  the dd  ( J gem 
=  18 .5 , J w =  1.8 H z) centered at 8 2 .46 , whereas anti H -6  is 
assigned to  the doublet (J gem =  18.5  H z) centered at 8 2 .24 .

A  europium  shift reagent [Eu(fod)s] study3 ’9 confirm ed  
the N M R  assignm ents above and established th at a  single  
diastereom er was present. P lots o f the chem ical shifts o f  
different hydrogens vs. the shift reagent/nitrosoam ine m ole  
ratios are linear and have the follow ing slopes:12 exo M e -3 , 
5 .99 ; endo M e -3 , 5 .40 ; M e -1 , 3 .20 ; syn H -6 , 5 .07 ; and  anti 
H -6 , 4 .64 . T h e  slopes for the three m eth yl groups are con
sistent w ith a single configuration, illustrated b y  form ula  
3a . W ere  rapid equilibration betw een diastereom ers 3 a  and  
3b  occurring, we would expect the difference in slopes for 
the M e -1  and end M e -3  to  be m uch sm aller. T h e  larger 
slopes for the two M e -3  than for the M e -1 , even though  
th ey lie in the shielding cone o f the N N O  group, are com 
pelling evidence fo ; the spatial relationships betw een each  
M e  and the E u  com plex required by form ula 3a .

6

T h ese IV-nitrosoam ines were prepared by treatm ent o f  
the corresponding am ines (or am m onium  chlorides) with  
aqueous nitrous acid. T h e  product which separated from  
the aqueous solution was extracted into an organic solvent 
or collected directly on a filter. It was used for the N M R  
studies w ithout any fractionation attem pts.

C o m p o u n d  3 . T h e  first m em ber o f the series, N -  nitroso-
l,3 ,3 -trim eth yl-2 -a za b icy clo[2 .2 .2 ]octan -5-o n e  (3), contains 
a carbonyl group and has the positions vicinal to  N N O  su b
stituted  by m ethyl groups. I t  was selected because o f the  
m oderate ease w ith which it can be synthesized from  a 
com m ercially available cyclohexenone. T h e  m ost striking  
feature in the N M R  spectrum  o f 3 is the presence o f  only  
three m ethyl singlets (5 1 .24, 1 .40 , and 1 .61). T h is feature  
suggests th at only one configurational isom er is present. I f  
both  diatereom ers o f the N -n itrosoam in e were present, 
there should be tw o sets o f three singlets for the m ethyl 
groups, unless rapid equilibration were occurring. T h e  
spectrum  also includes a doublet o f doublets (dd, 8 2.46) 
and a doublet (8 2 .24 ), which are assigned to the m ethylene  
hydrogens adjacent to the carbonyl group.

T h e  bridgehead m ethyl group (M e -1 ) is expected to  be  
deshielded w ith respect to  the other m ethyls, because it lies 
in the deshielding zone o f the planar N N O  group.10 T h e  
gem inai m ethyls at position 3 (M e -3 ) lie above and below

3a 3b

Configuration 3a is in accord with previously studied ex
am ples, for which the m ajor N -n itrosoam in e diastereom er 
in a m ixture was found to have the nitroso oxygen anti to  
the m ore bulky substituent on nitrogen.2-3 It differs from  
th em , however, in that the m ethyl groups in 3 are essential
ly locked in place with respect to  the plane o f the N N O  
group. T h e  steric interaction betw een N N O  and M e -1  in 
configuration 3b , unrelieved by partial rotation as is possi
ble in acyclic IV-nitrosoam ines, is apparently too large to  
p erm it N M R -d etec ta b le  am ounts o f  3 b  to  exist along with  
3 a . W o u ld  a hydrogen rather than a m ethyl at position 1 
affect the diastereom er ratio sim ilarly? T o  answer that 
question, we prepared and investigated the parent bicyclic 
N -  nitrosoam ine, 4.

C o m p o u n d  4 . T h e  N M R  spectrum  o f  lV -n itroso -2-azab i- 
cyclo[2.2.2]octane (4) includes only one set o f  signals for 
the hydrogens at position 1 ( H - l )  and at position 3 (H -3 ) , 
and it does n ot undergo change when the solution is cooled  
to  —4 0 ° . T h ese data indicate that, as w ith 3 , on ly  one con 
figuration was present. T h e  effect o f E u  shift reagent on  
the chem ical shift o f H - l  is substantially less than the ef
fect for H -3 . Linear plots o f chem ical shifts vs. the Eu: 
N N O  m ole ratios have slopes12 o f 4 .33  for H - l  and 9 .39  for 
H -3 . Therefore H - l  m ust be anti to  the E u  com plexing site, 
and the configuration is represented by form u la 4 a . E ven  a 
bridgehead hydrogen is sufficient to  preclude the appear
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ance of NMR-detectable amounts of the diastereomer of 4a 
(4b).

4a 4b

The nonbonded 0 -H  interaction which so effectively 
disfavors the isomers of 3 and 4 with the nitroso oxygen syn 
to the bridgehead is quite similar to that which has been 
named pseudoallylic A1’3 strain in other systems13 (R = H 
in our system).

allylic A ’ strain pseudo allylic A ' strain
Compound 5. The substitution pattern in the vicinity of 

the NNO group in 5 (jV-nitroso-4-azahomoadamantane, 
JV-nitroso-4-azatricyclo[4.3.1.13>8]undecane) is the same as 
in 4, but the NNO group is now in a more flexible seven- 
membered ring. The NMR spectrum of 5 includes two dou
blets (3J  = 3.9 Hz), one at 8 3.65 and one at 5 4.43, with rel
ative intensities of 87:13 and combined relative intensity 
equivalent to two hydrogens. These signals must be as
signed to the NCH2 (position 5, H-5) in two configurations 
(relative abundance 87:13) of 5 (5a and 5b).14 In accord

with the relative chemical shifts demonstrated for other 
N- nitrosoamines,2 we would assign the syn H-5 (5a) to the 
8 3.65 signal, and the anti H-5 (5b) to the 8 4.43 one. This 
assignment is confirmed by the Eu shift reagent data. The 
effect of the Eu reagent on the 8 3.65 signal is much larger 
(slope12 = 8.02) than on the 8 4.43 signal (slope12 = 3.85). 
Corresponding slopes12 are obtained for the bridgehead hy
drogen vicinal to NO (H-3): 10.1 for syn H-3, 3.85 for anti 
H-3.15

Why do we find both diastereomers of 5 but only one of 3 
and 4? The close approach of O and H-3 in a symmetrical 
Dreiding model of 5b is substantially relieved by twisting 
along the two-atom bridge. Permitted twisting in the model 
of 5b is more extensive (35-40° for the dihedral angle be
tween the bridgehead hydrogen and the plane of the NNO 
group) than in the model for 4b (dihedral angle of 10-15°). 
Twisting in the actual compounds is probably less than 
these angles, because it introduces other strains, but it is 
probably enough to account for the appearance of the 
minor diastereomer, 5b, along with the major one, 5a.

Compound 6. While maintaining a bridgehead and a

methylene position bound to nitrogen as in 4 and 5, N -ni- 
troso-7-azabicyclo[4.2.2]decane (6) incorporates the NNO 
group into an eight-membered ring. The NMR spectrum of 
6 is complex, but we have been able to make peak assign
ments by use of Eu shift reagent and decoupling experi
ments. The deciphered spectrum reveals the coexistence of 
four diastereomers: two configurations of the NNO group 
and two conformations of the eight-membered ring. For
mulas 6a-d  represent these four diastereomers.

6c 6d

The NMR absorptions are described in succession from 
those most downfield to those most upfield. Two broad 
multiplets appear at 8 5.04 and 4.56. The slopes12 for the 
Eu shift reagent study are 8.5 and 10.2, respectively. There
fore the 8 5.04 multiplet is assigned to the anti H-6 of 6a 
and 6c, and the 8 4.56 one to the syn H-6 of 6b and 6d.16 A 
dd pattern is partly obscured by the 8 4.56 multiplet, but it 
clearly emerges when Eu shift reagent is added to the solu
tion. It (8 4.46) and a second dd (8 4.09) with identical cou
pling constants (Jgem — 13.8, Jv\c = 4.0 Hz) are affected 
moderately and equally by the addition of Eu shift reagent 
(slopes12 of 6.3). One of these absorptions is assigned to the 
diastereotopic anti H-8 of 6b or 6d, and the other absorp
tion to the anti H-8 of 6d or 6b.

A multiplet centered at 8 3.86 and a dd centered at 8 3.18 
show the same Jgem = 16.0 Hz and are both shifted strongly 
by Eu shift reagent (slopes12 11.9 and 10.1, respectively). 
These two absorptions are assigned to the diastereotopic 
syn H-8 of 6b and 6d, one to the one and one to the other. 
A decoupling experiment showed that all of the H-8 as
signed above are coupled to the same hydrogen, presum
ably the bridgehead H -l, whose absorption is included in 
the broad envelope at 8 2.70-1.00.

We have estimated the isomer ratios by use of the ratios 
of integrated intensities of some absorptions in the NMR 
spectrum. The intensity ratio for the syn H-8 signals (8 3.86 
and 3.18) is 1:1 and that for the 8 3.18:5 4.09 (syn H-8:anti 
H-8) absorptions is 58:42 (1.38:1). The ratio of the anti H- 
6:syn H-6 absorptions in the Eu-shifted spectra (to resolve 
the syn H-6 and an anti H-8 absorption) is also about 58: 
42. Therefore it appears that the two different ring confor
m ed are about equally abundant in the mixture (but not 
rapidly equilibrating), and the two configurations of the 
NNO group are present in a ratio of about 58:42. The syn 
H-6 configuration is the less abundant one, but the geome
try14 which forces H-6 well below the plane of the NNO
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group also substantially relieves the nonbonded O-H inter
action, which was much more effective in compounds 3-5.

Compound 7. (V-Nitroso-ll-azabicyclo[4.4.1]undec-
1-ene (7) was prepared from the parent amine, which was 
available in our laboratory from an earlier, unrelated 
study.17 Two features distinguish it from the other N- ni- 
trosoamines in this series: the ring nitrogen is attached to 
two bridgehead carbons, and one of them is unsaturated. 
The NMR spectrum of 7 consists of two broadened triplets, 
5 5.88 and 5.73, both with 3J  = 6.0 Hz; a broad multiplet 
centered near 5 5.05; and a large, broad absorption at 5
2.90-1.00. The combined area of the two triplets is equiva
lent to the area of the middle multiplet, and each area is 
equivalent to one hydrogen. The triplet absorptions are as
signed to C—CH (H-2) in two configurations. The addition 
of Eu shift reagent resolved the middle broad multiplet 
into two absorptions, which appeared in a 40:60 ratio. The 
downfield portion, which was the lesser portion and which 
appeared to be centered originally at about 5 5.15, was 
shifted more extensively than the upfield portion, centered 
originally at about 5 5.02 (slopes12 14.4 and 5.5, respective
ly). The more extensively shifted absorption is assigned to 
syn H-6, and the other to anti H-6.18 The major isomer 
again has the bridgehead H anti to the nitroso O. Even 
though H-6 lies essentially in the plane of the NNO group 
(a Dreiding model makes substantial twisting appear im
probable), it is not so close to the syn-0  as is the vicinal 
bridgehead H in 3-5.

The spectrum for 7 does not suggest that nonequilibrat
ing ring conformations coexist, as does the spectrum for 6.

. 0

7a 7b̂
Experimental Section

Boiling and melting points are uncorrected; melting points were 
obtained with a Thomas-Hoover capillary melting point appara
tus. Nuclear magnetic resonance (NMR) spectra were obtained on 
Varian Model A-60A and HA-100 spectrometers; tetramethylsil- 
ane was used as internal standard; Mr. David LaTour of these lab
oratories assisted with the 100-MHz spectra. Element microana
lyses were obtained by Mr. Ralph Seab of these laboratories and 
by Galbraith Laboratories, Inc.

IV-Nitroso-l,3,3-trimetfayl-2-azabicyclo[2.2.2]octan-5-one
(3). A mixture prepared by adding piperitenone19 (1.40 g, 9.1 
mmol) to chilled aqueous ammonia (27 ml of 28.7% solution) was 
stirred at 2-4° for 120 hr,20 saturated with sodium chloride, and 
extracted with ethyl ether. The ether solution was extracted with 
15 ml of 6 M  hydrochloric acid. The aqueous solution was made 
basic (pH 11-12) and extracted with two 20-ml portions of ethyl 
ether. This ether extract was dried and distilled. 1,3,3-Trimethyl-
2- azabicycl[2.2.2]octan-5-one,20 bp 80—83° (0.3 mm), was obtained 
in 26% yield (394 mg). A portion (258 mg, 1.55 mmol) of the amine 
was dissolved in 12 M  hydrochloric acid (0.17 ml). This solution 
was added by drops from a syringe to a stirred, ice-cold solution of 
sodium nitrite (140 mg, 2.0 mmol) in water (2 ml). The mixture 
was stirred for 0.5 hr at 0°, allowed to warm to room temperature, 
heated at 45-50° for 2 hr, allowed to cool, and extracted with two
3- ml portions of carbon tetrachloride. When the carbon tetrachlo
ride was removed in vacuo, the iV-nitrosoamine (3) was obtained in 
38% yield (114 mg): mp 125.5-126.5°; NMR (CCR) 5 2.46 (dd, 1, 
Jgem — 18.5, J „ = 1.8 Hz, syn H-6 ), 2.24 (d, 1, Jgem — 18.5 Hz, anti

H-6 ), 2.13-1.65 (m, 4, H-7 + H-8), 1.61 (s, 3, CHa-l), 1.40 (s, 3, 
endo CH3-3), and 1.24 (s, 3, exo CH3-3).

Anal. Calcd for C10H16N2O2: C, 61.2; H, 8.2; N, 14.3. Found: C, 
60.9; H, 8.3; N, 14.5.

jV-Nitroso-2-azabicyclo[2.2.2]octane (4). A mixture prepared 
by adding by drops a solution of sodium nitrite (1.79 g, 2.6 mmol) 
in water (3 ml) to a solution of 2-azabicyclo[2.2.2]octane21 (2.42 g,
2.2 mmol) in 8 M  hydrochloric acid (2.7 ml) was stirred at 75-80° 
for 3 hr, allowed to cool to room temperature, and filtered. The 
collected solid (4) was air dried; the yield was 62% (1.78 g); mp
138.5-141.5° (lit.22 mp 140-142°); NMR (C C I4 ) <$ 4.82 (br m, 1, 
H-l), 3.45 (d, 2, 3J = 3.0 Hz, H-3), 2.34-1.50 (br m, 9).

JV-Nitroso-4-azatricyclo[4.3.1.13'8]undecane (5). 4-Azatricy- 
clo[4.3.1.13,8]undecane23 was synthesized by rearrangement of 2- 
adamantanone oxime (mp 164.5-165.5°) in polyphosphate ester24 
and reduction of the lactam with lithium aluminum hydride.23 The 
ammonium chloride (mp >300°) was isolated in 34% overall yield 
from oxime. Nitresation was accomplished by adding a solution of 
the ammonium chloride (400 mg, 2.14 mmol) in water (2 ml, con
taining 5 drops of 6  M  hydrochloric acid) to a stirred solution of 
sodium nitrite (167 mg, 2.41 mmol) in water (1 ml) and heating the 
mixture at 50-60° for 1 hr. The fluffy white solid which separated 
was collected by filtration and dried over phosphoric anhydride in 
vacuo. The nitrosoamine (5) was obtained in 65% yield (250 mg): 
mp 214-214.5°; NMR (CDC13) S 5.32 (m, H-3), 4.43 (d, 3J = 3.8 Hz, 
anti H-5), 3.65 (d, 3J = 3.5 Hz, syn H-5), 2.60-1.35 (br m, remain
der of H) .26

JV-Nitroso-7-azabicyclo[4.2.2]decane (6 ). Chlorosulfonyl iso
cyanate (5.7 g, 4.0 mmol) was added in 45 min to stirred cycloocta- 
tetraene (5.2 g, 5.0 mmol) heated at 50° in a 100-ml, three-neck 
flask. The mixture was stirred at 50° for 7 hr. Upon cooling to 
room temperature, the dark mixture solidified and was dissolved 
in acetone (20 ml). That solution and a 4 M  sodium hydroxide so
lution were added dropwise concurrently to aqueous (20 ml) ace
tone (10 ml). The pH was maintained at 7 and was monitored 
closely with a pH meter. From the resulting solution, by extraction 
with dichloromethane, 8-azabicyclo[4.2.2] deca-2,4,9-trien-7-one, 
mp 137-138° (lit.26 mp 139-140°), was isolated in 49% yield (3.61 
g)-

The unsaturated lactam in methanol solution was reduced in a 
Paar apparatus with hydrogen and palladium on charcoal catalyst 
to the saturated lactam (8-azabicyclo[4.2.2]decan-7-one), mp 70- 
71° (lit.27 mp 73°). The lactam (1.02 g, 6.79 mmol) was converted 
to the amine by reduction with lithium aluminum hydride in te- 
trahydrofuran solution. An ether solution of the amine was treated 
with hydrogen chloride; the hygroscopic ammonium chloride (444 
mg, 38%) which precipitated was dried in vacuo over phosphoric 
anhydride.

Anal. Calcd for CgHigCIN: C, 61.5; H, 10.4. Found: C, 61.5; H,
10.3.

A mixture of the 7-azabicyclo[4.2.2]decane hydrochloride (100 
mg), water (1.0 ml), and sodium nitrite (82.0 mg, 1.19 mmol) was 
heated at 50-60° for 1 hr, stirred overnight at room temperature, 
and filtered. The white solid N- nitrosoamine, 6 , was dried in vacuo 
over phosphoric anhydride: yield 68% (74.5 mg); mp 168-170°; 
NMR (CCI4) 5 5.40 (m, anti H-6 ), 4.56 (m, syn H-6 ), 4.46 (dd, Jgem 
= 13.8, 3J  = 4.0 Hz, anti H-8), 4.09 (dd, Jgem = 13.8, V  = 4.0 Hz, 
anti H-8 ), 3.86 (br d, Jgem = 16.0 Hz, syn H-8), 3.18 (dd, Jgem = 
16.0, 3J  = 6.0 Hz, syn H-8 ), 2.70-1.00 (br m, remainder of H) .25

Anal. Calcd for CgHjgNgO: C, 64.2; H, 9.6; N, 16.7. Found: C, 
64.5; H, 9.6; N, 16.5.

JV-Nitroso-ll-azabicyclo[4.4.1]undec-l-ene (7). To a stirred, 
ice-chilled sample of freshly distilled ll-azabicyclo[4.4.1]undec-l- 
ene17 [bp 79-80° (3 mm), 421 mg (2.13 mmol)] was added 12 M  hy
drochloric acid (0.2 ml). After 5 min, a solution of sodium nitrite 
(167 mg, 242 mmol) in water (2 ml) was added to the ice-chilled, 
stirred ammonium chloride solution by drops. A brown solid im
mediately precipitated from the solution and, after the mixture 
had warmed to room temperature, was collected by filtration (233 
mg, 61%). The crude nitrosoamine (7) was purified by preparative 
layer chromatography on silica gel with 2 :1 cyclohexane-ethyl ace
tate: mp 65-67°; NMR (CCU) S 5.88 (t, SJ = 6.0 Hz, anti C=CH), 
5.73 (t, 3J = 6.0 Hz, syn C=CH), 5.14 (shoulder, syn H-6 ), 5.02 (br 
m anti H-6 ), and 2.90-1.00 (br m, remaining H) .25

Eu Shift Reagent Studies. Europium(III) tris(l,l,l,2,2,3,3- ' 
heptafluoro-7,7-dimethyl-4,6-octanedione) [Eu(fod)3] was dried 
for at least 24 hr in vacuo over phosphoric anhydride before use. In 
a typical study, separate solutions of accurately weighed amounts 
of N -nitrosoamine and Eu(fod>3 in the same solvent (CCI4 or
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DCCI3) were prepared. The /V-nitrosoamine solution (0.2-1 M) 
was transferred to a clean, dry NMR tube, and the spectrum was 
recorded. A measured amount of the Eu(fod)3 solution (approxi
mately 0.6 M) was added to the NMR tube from a microliter sy
ringe, the mixture was thoroughly mixed by shaking, and the spec
trum was again recorded. Further additions (6-15) and recordings 
were mace in like manner. The ranges of Eu:NNO mole ratios for 
the different N -nitrosoamines follow (X 10~2): 3, 1.68-42.1; 4, 
2.41-20.8; 5, 2.1-23.5; 6 , 0.76-91.3; and 7,0.74-11.7. All of the plots 
of change in chemical shift vs. Eu:NNO mole ratio are linear. The 
data were treated by a least-squares computer program by Mr. J.
H. Streiffer of these laboratories, and the calculated lines have an 
average correlation coefficient of 0.995 (range 0.983-0.9998). The 
calculated slopes12 are reported in the discussion section.
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A'study of boron trifluoride complexes with stigmasterol (1), androstanolone (2), androsterone (3), testosterone
(4), nortestosterone (5), androstenedione (6 ), and progesterone (7) has been carried out by direct, low-tempera
ture 1H, 13C, and 19F nuclear magnetic resonance methods. A consideration of the XH and 19F NMR spectra of the 
complexes led to an identification of the primary interaction site in each steroid. The steroid functional group 
basicities decrease in the order OH > C = 0  (a,0 unsaturated) > C = 0  (saturated). In five of the systems, complex 
formation occurs at one site in the ligand, whereas competitive complexation was evident in solutions of 4 and 5. 
The 13C NMR spectrum of BF3 -6  was interpreted in terms of possible electron density changes occurring in the 
molecule.

Solutions of a variety of organic bases with boron trihal
ides have been investigated by calorimetric3"7 and spectro
scopic8-18 techniques to evaluate the heats of formation of 
the complexes and their structural features. The more re
cent measurements of these acid-base systems have uti
lized direct, low-temperature nuclear magnetic resonance 
(NMR) methods.19-27 In the presence of excess base and at 
temperatures low enough to reduce the rate of exchange, it 
is possible to observe separate resonance signals for bulk 
and coordinated ligand. This observation leads to an accu
rate measure of the 1H, UB, 13C, and 19F NMR chemical 
shift changes produced by complex formation and the stoi
chiometry of the complex, a qualitative estimate of steric 
factors, an evaluation of the ligand preference of a boron 
trihalide in a mixture of bases, and a determination of the 
most active site in complicated molecules. These features 
have been evaluated for amines and phosphines,19 oxygen- 
containing bases,20'21 pyridines22’23 and other nitrogen het
erocycles,24 esters,25 cyclic ketones,26'28,29 several ethers,27 
and three steroids.30 Steroids are of interest from the view
points of their physiological importance, and their struc
tural features, particularly, the multiple potential sites for 
interaction with Lewis acids. Since it has been demon
strated that this low-temperature NMR technique is par
ticularly well suited for identifying principal interaction 
sites in molecules,25'30 this approach was used here. The 
steroids chosen were stigmasterol and several androgens, 
namely, androstanolone, androstenedione, androsterone, 
19-nortestosterone, progesterone, and testosterone (see 
structures).

Experimental Section
Methods. The boron trifluoride was CP grade (J. T. Baker) and 

99.5% pure. The dichloromethane solvent and 2-cyclohexeu-l-one 
were reagent grade and they were dried over CaSCh before use. 
The steroids were purchased from Steraloids, Inc., and they were 
used as received. The purity of the steroids was verified by the ab
sence of extraneous carbon-13 (13C NMR) signals and the dryness 
of each sample was checked by the absence of a 19F NMR signal 
for the BF3-H 2O adduct. The BF3 was fractionated twice at —100° 
and condensed in vacuo in the NMR sample tube (Wilmad Glass 
Co., 504PP). The tube was sealed, warmed in an acetone-Dry Ice 
mixture to dissolve the components, and stored in liquid nitrogen 
until the spectrum could be recorded. With these precautions, 
sample decomposition was negligible as determined by XH, 13C, 
and 19F NMR spectra.

The XH and 19F NMR chemical shift and area measurements 
were made on a Varian A-60 and a Varian HA-100 spectrometer, 
the latter operating at 94.1 MHz for the study of 19F nuclei. The

5«-Androstan-I7p  - o l - 3 - o n e  S <x-Androstan-3«-ol-l7-one

TESTOSTERONE (4)
A 4 -Androsten - I7p -o l-3 -o n e

ANDROSTENEDIONE (6) 
A 4- Androsten- 3,17- dione

19 - NOR -  TESTOSTERONE 15)
19- Nor- 4 -  ondrosten-!7(3-ol-3-one

PROGESTERONE (jp  
A 4 - Préviens - 3 ,2 0 -dione

13C NMR spectra were recorded at 22.6 MHz with a Bruker HX- 
90-E instrument equipped with a Bruker-Nicolet Data System, 
Model B-NC-12. Pulse widths of about 3 Msec (7 nsec produces a 
90° tip angle) were applied at 1-sec intervals. Hydrogen nuclei 
were noise decoupled at 90 MHz and 2000 Hz bandwidth. At the 
steroid concentration used, 5000 pulses were sufficient for a rea
sonable signal to noise ratio. Measurements over the temperature 
range of -150 to 200° are possible with the three instruments.

The procedure for carrying out the NMR measurement is de
scribed in more detail elsewhere20-26 and it involves cooling the 
sample in the spectrometer probe to reduce the rate of ligand ex
change. When separate XH or 13C NMR signals are observed for 
bulk and coordinated ligand molecules, or multiple 19F NMR sig
nals for BF3 when this molecule is bound at more than one site, the 
temperature is adjusted to maximize spectral resolution. The com
plete spectrum is recorded at this point for chemical shift data, 
and area integrations are measured electronically. Area data were 
obtained only from the 19F NMR spectra, since spectral complexi-
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Table I
XH and 19F Chemical Shift Data 

for BF3-Steroid Complexes

6 ,'p pm b, c

M o le  r a t io s '2 T e m p ,
‘h

Base BF3 :b a s e :C H 2 C l 2 C Bd’ e c 19f

1 1.00:2.90:850 0 10.2
2 1.00:2.30:275 5 18 0.75

19 1.25
0.83 10.0

3 1.00:3.10:325 -5 18 0.88 
19 0.88

10.8

4 1.00:2.70:250 5 18 0.80 0.88 10.1 (0.59):
19 1.22 13.4 (0.28) 

11.0 (0.13)
5 1.00:2.60:270 5 18 0.79 0.86 10.1 (0.59)J 

13.4 (0.31) 
10.9 (0.10)

6 1.00:3.10:325 -15 18 0.92
19 1.20 1.36

13.3

7 1.00:3.50:340 -5 18 0.66 
19 1.20 1.26

13.3

“ The accuracy of the mole ratios is 1-2%. 6 The 1H chemical 
shifts (parts per million) are relative to internal tetramethylsilane 
(MeiSi). c The 19F chemical shifts are relative to internal hexa- 
fluorohenzene, which appeared at higher field in all cases. “ The 
numbers 18 and 19 refer to the steroid methyl group carbon 
atoms. e The letters B and C refer to the signals of bulk and co
ordinated steroid molecules, respectively. 1 The relative signal 
areas are given in parentheses.

Table II
Fluorine-19 Chemical Shift and Area 

Data for BF3-Steroid Mixtures

Base

m ix tu r e

(A :B )

M o le  ra t io s  a 
(BF3 :A :B :C H 2 C 12 )

T  e ra p , 

°C 5 , p p m & A s s ig n m e n t0

2:6 1.00:0.90:0.80:55 -10 13.4 (O .llf 6
11.0 (0.07) 2 or 6
10.0 (0.82) 2

2:7 1.00:0.70:0.90:75 -10 10.0 2
3:6 1.00:0.60:0.60:120 -15 13.3 (0.32) 6

10.7 (0.68) 3
3:7 1.00:1.90:2.00:130 0 10.9 3
4:6 1.00:1.30:1.30:85 -10 13.4 (0.19) 4 or 6

10.6 (0.16) 4
9.2 (0.65) 4

4:7 1.00:0.70:0.70:85 0 10.0 4
5:6 1.00:0.90:0.90:170 -10 13.4 (0.16) 5 or 6

10.5 (0.09) 5
10.0 (0.75) 5

5:7 1.00:0.80:0.80:50 0 13.4 (0.36) 5 or 7
10.0 (0.64) 5

“ The mole ratios are accurate to 1-2%. b The chemical shifts 
were measured with respect to internal CgF6, which appeared at 
higher field in all cases. c The steroid molecules giving rise to the 
signals in the preceding column are listed. “ The relative signal 
areas are given in parentheses.

ty CH) and the nature of the Fourier transform pulse experiments 
prevented reliable intensity measurements with the other nuclei.

Results
The ]H and 19F NMR chemical shift and area results for 

the BFc complexes are given in Table I, and representative 
spectra for these nuclei are shown in Figures 1 and 2, re
spectively. The NMR data for each steroid were obtained

ANDROSTENEDIONE
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Figure 1. A portion of the 'H NMR spectrum of a solution of BF3 
and androstenedione in methylene chloride, recorded on a Varian 
A-60 spectrometer, is shown. The signals arising from the 18- and 
I9 -CH3 groups of bulk (B) and coordinated (C) steroid are shown. 
Concentrations are in mole ratios.

Figure 2. The I9F NMR spectrum of a solution of BF3 and testos
terone in methylene chloride, recorded on a Varian HA-100 at 94.1 
MHz, is shown. The linkage giving rise to each signal is identified 
(carbonyl and hydroxyl), although the origin of one peak (BF3-X )  
is not clear (see text). Concentrations are in mole ratios.

with at least two samples, and each spectrum was recorded 
in triplicate. Although the composition of the BF3-steroid 
complexes was not determined from the XH NMR signal 
areas, a 1:1 mole ratio was assumed for the adducts. This 
assumption is reasonable in view of the numerous studies 
of BF3 complexes,20-26 including those with steroids,30 
which have invariably indicated 1:1 complex formation. 
Since the 18-C and 19-C methyl group 1H NMR signals 
were readily observed and assigned by a comparison to 
published spectra,31 they were used to identify the steroid 
interaction site. An assignment was precluded by signal 
overlap only in solutions of 3. In all cases the formation of 
BF3 complexes produced low-field displacements of the 
methyl group 1H NMR signals. The 19F NMR chemical 
shift data also were used to identify the steroid interaction 
sites, and in solutions of 4 and 5, in which BF3 was bound 
at more than one functional group, signal areas provided a 
quantitative measure of this competition.

In Table II, 19F NMR chemical shift and area data for
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solutions of BF3 and pairs of steroids are listed. The only 
mixtures given are those in which at least one 19F NMR 
signal could be identified unambiguously. By reference to 
the chemical shift data of Table I, 19F NMR signal assign
ments were made readily in the first four base mixtures 
listed. Signal overlap prevented a completely quantitative 
consideration of the remaining four mixtures.

Discussion
The condition of slow intermolecular exchange on the 

NMR time scale, sufficient to produce sets of resonance 
signals for bulk and coordinated ligand molecules, general
ly requires lifetimes of the order of approximately 0.1 sec. 
With the bases previously studied, exchange rates were in
versely proportional to the ligand basicity and, consequent
ly, the strength of the complex.20-27 Since these experi
ments with alcohols and ketones require temperatures in 
the range of —100°, it is somewhat surprising that the slow 
exchange condition can be achieved here in the 0° range. 
The slower exchange in these solutions can be attributed to 
the larger size of the steroid molecules.

The identification of the principal interaction site in ste
roids 2-7 was accomplished primarily by a correlation of 
the proton and 19F NMR chemical shift data, and in one 
case the results were supplemented by 13C NMR measure
ments. With the exception of the complex of 3, the observa
tion of a separate XH NMR signal for the 18- or I9-CH3 
group of the coordinated steroid was possible. Since a 
change in diamagnetic shielding is the most significant fac
tor causing 1H NMR signal displacements in these com
plexes, it is safe to assume that the effect would be atten
uated with distance from the interaction site. Thus, the sig
nal of the methyl group closer to the site of BF3 complexa- 
tion would undergo the greater shift change. For example, 
in base 2, the A-ring carbonyl and the D-ring hydroxyl are 
the two possible sites for complex formation with BF3. The 
observation of a separate resonance signal for only the 18- 
CH3 group, displaced approximately 0.1 ppm downfield 
from the signal of unbound steroid, indicates that binding 
is occurring primarily at the hydroxyl group oxygen atom. 
The structures of 4 and 5 differ by only one methyl group, 
and they are similar in that each contains an a,/3-unsatu- 
rated keto group in the A ring and a D-ring hydroxyl. 
Again, a separate XH NMR signal was observed for the 18- 
CH3 group of complexed steroid in both cases, implying a 
dominant interaction at the D-ring hydroxyl. In bases 6 
and 7, which contain two carbonyl groups as possible inter
action sites, the principal interaction site is the A-ring car
bonyl, as reflected by the appearance of a signal for the 19- 
CH3 of coordinated steroid.

The strong dependence of the 19F NMR signal position 
of the BF3 complex on the nature of the ligand functional 
group24-26 was used to interpret the spectral data for this 
nucleus in Table I. Base 1 was chosen to provide a refer
ence 19F NMR signal, in this case +10.2 ppm from CgFe, for 
the BF3-OH linkage. Since 6 and 7 have only carbonyl 
groups as potential interaction sites, the 19F NMR signal at 
+ 13.3 ppm is indicative of complexation at this functional 
group. Moreover, the similarity of the 19F NMR chemical 
shifts for the solutions of 6 and 7 identifies the A-ring car
bonyl as the principal site. This conclusion also is consis
tent with the 1H NMR data of Table I /o r  these molecules. 
From these reference 19F NMR data, and again, taking into 
account the 1H NMR results previously discussed, interac
tion at the D-ring hydroxyl group of 2 and the A-ring hy
droxyl of 3 can be inferred from the 19F NMR spectra of 
these complexes. Competitive complexing at more than one 
steroid site is indicated by the three 19F NMR signals pro-
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Figure 3. The low-field portion of the 13C NMR spectrum of a so
lution of BF3 and androstenedione in methylene chloride is shown. 
The spectrum is the accumulation of 5000 pulses, and it was re
corded at 22.6 MHz on a Bruker HX-90-E Fourier transform spec
trometer. The signals arising from carbon atoms of bulk (B) and 
coordinated (C) steroid are identified.

duced by complexes of 4 and 5. The signals at +10.1 and 
+13.4 ppm, respectively, can be assigned to the D-ring hy
droxyl group and A-ring carbonyl of these molecules. The 
signal at about + 11  ppm in both cases may correspond to 
the BF3 complex of the enol form (HO-C3= C 4-C 5= C ) of 
these bases, or perhaps the complex which remains after 
proton dissociation of the D-ring hydroxyl group (BF3- -  
OC). This latter process may account for the somewhat 
higher resonance observed for the BF3-3 complex, but, if 
so, it is not clear why it does not occur with the complexes 
of 1 and 2. The relative areas of the 19F NMR signals for 
the BF3 complexes of 4 and 5 show that the D-ring hydrox
yl group is the primary interaction site, with significant 
competition from the a,/3-unsaturated keto group of the A 
ring. Low signal intensity is probably responsible for the 
lack of an observable I9-CH3 1H peak for the BF3-4 ad
duct. In those cases where competitive complex formation 
occurs, it was not possible to determine whether sites in the 
same or different molecules were utilized.

These results show that an unambiguous assignment of 
the principal steroid sites for interaction with Lewis acids 
can be deduced by a consideration of the 'H and 19F NMR 
spectra of their BF3 complexes. In some cases, the avail
ability of 13C data can be a valuable supplement. For exam
ple, although the choice of the A-ring carbonyl as the inter
action site in base 6 is reasonable based on the XH and 19F 
NMR results, this was verified conclusively by the 13C 
NMR spectrum of its BF3 complex, the pertinent portion 
of which is shown in Figure 3. The steroid 13C chemical 
shift assignments were made by a comparison to published 
spectra.32 This spectrum clearly demonstrates a distinct 
advantage of 13C NMR spectroscopy; that is, even nonpro- 
tonated functional groups, in this case the two carbonyl 
groups, can be studied. As seen in Figure 3, two sets of ste
roid 13C NMR signals, arising from bulk and coordinated 
molecules, are evident. Two sets of high-field signals also 
were observed, but the complexity of the spectrum pre
vented an unambiguous assignment. From spectra such as 
that in Figure 3, chemical shift differences, ¿complex — ¿bulk, 
of +8.4, —2.2, +24.9, and —0.6 ppm were measured for the
3-, 4-, 5-, and 17-C signals, respectively, of the coordinated 
and bulk steroid molecules. The larger chemical shift dis
placement of the 3-C signal (+8.4 ppm), and the deshield
ing which the positive sign represents, confirm the A-ring 
carbonyl as the interaction site. It is surprising that com-
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Figure 4. The low-field portion of the 13C NMR spectrum of a so
lution of BF3 and 2 -cyclohexen-l-one in methylene chloride is 
shown. The spectrum is the accumulation of 5000 pulses, and it 
was recorded at 22.6 MHz on a Bruker HX-90-E Fourier transform 
spectrometer. The signals arising from carbon atoms of bulk (B) 
and coordinated (C) ligand are identified.

plexation at this site causes an observable shift at the 17-C 
position, ten bonds removed. A through-space interaction 
mechanism can be ruled out by the inflexibility of this ste
roid structure, leaving the transmission of the electronic 
changes through the molecular framework as the likely 
cause of this small shift. Also, the extremely large chemical 
shift displacement, +24.9 ppm, of the 5-C signal upon com
plex formation must reflect extensive charge withdrawal at 
this site. Interaction of the carbonyl oxygen and BF3 would 
increase the contribution of the resonance form, ~0 -  
C3= C 4-C 5+, and thus deshield the 5-C atom. This could 
account for the low-field shift. These features also were evi
dent in the 13C NMR spectrum of a mixture of BF3 and 2- 
cyclohexene-l-one, which comprises the A ring of 6. Only 
the low-field portion of the spectrum is shown in Figure 4, 
although bulk and complexed base signals were also evi
dent in the high-field region. From such spectra, chemical 
shift differences of +12.5, —2.7, and +21.2 ppm were mea
sured for the 1 -, 2-, and 3-C signals, respectively, between 
the BF3 complex and the free base. The magnitudes and 
signs of these shift differences compare well with those of 
Figure 3, and they again confirm complex formation at the 
A ring of steroid 6. The appearance of doublets for all the 
13C NMR signals of complexed base is probably the result 
of slow cis-trans isomerization of BF3 at the oxygen atom. 
This feature will be discussed in more detail in a subse
quent paper dealing with a series of cyclic ketones.33

Although a good estimate of the relative base strengths 
of the steroids toward BF3 can be made from the single 
base data for Table I, direct competition of 19F NMR ex
periments with pairs of bases was carried out to establish 
this trend conclusively. Only those combinations for which 
at least one unambiguous signal assignment could be made 
are included in Table II. As mentioned previously, the sig
nals at +10 and .+13 ppm are attributed to the hydroxyl 
and carbonyl group adducts, respectively, and, with the 
possible exception of the entries for 3, the peaks at +10.5 to 
+11 ppm in Table II are assigned to an enol or CO-  linkage 
with BF3. The spectra for the first four combinations of 
Table II were interpreted readily. For example, 2 and 3 
clearly dominate the BF3 interactions in mixtures with 7, 
since the one peak observed in both cases corresponds 
closely to that listed in Table I for these ligands. In the 2-6

and 3-6 mixtures, some competition is noted but 2 and 3 
complex the much larger fraction of BF3. Thus, from the 
first four entries, the steroid complexing abilities decrease 
in the order 2, 3 > 6 > 7. In the spectra of the remaining 
mixtures, because of some ambiguity in signal assignment, 
one can only state that the binding abilities of 4 and 5 with 
BF3 also are greater than those of 6 and 7. Although no ex
planation can be offered, it should be noted that in the 4-7 
combination, BF3 binding occurs exclusively at the D-ring 
hydroxyl of 4, in contrast to the single base study of this 
molecule, wherein a competition from the A-ring carbonyl 
was observed.

The assignment of binding abilities to the specific ste
roid functional groups can proceed directly from a consid
eration of the data of Tables I and II. The functional group 
basicities toward BF3 decrease in the order OH (six-mem- 
bered ring), OH (five-membered ring) > C = 0  («,/3-unsatu- 
rated keto) > C = 0  (saturated keto). Where a comparison 
can be made, this trend agrees with the order of proton 
basicities for the steroid components containing these 
functional groups.34 For example, cyclohexanol is more 
basic than 2-cyclohexen-l-one, which in turn is more basic 
than cyclopentanone and cyclohexanone. These results also 
show that the steric hindrance introduced by the proximity 
of a methyl group (18-CH3) is not sufficient to overcome 
the intrinsic basic strength of a nearby hydroxyl group. 
These results also may have some bearing on the physiolog
ical behavior of the steroids. For example, the requirement 
of a 17-/3 hydroxyl group for binding to human serum glob
ulins has been demonstrated for several steroids, including 
2, 4, and 5, and the biological activity of 7 is attributed to 
the presence of the A-ring carbonyl of this base.35 The re
sults presented here also show the strong binding abilities 
of these functional groups.

This study has demonstrated the utility of the direct, 
low-temperature NMR method for identifying the primary 
interaction sites in complicated ligands such as steroids. 
The availability of 13C spectral data for acid-base com
plexes provides an insight into the electron density changes 
which occur upon complexation. Although solubility prob
lems restricted the experiments to the steroids described 
here, the use of 19F Fourier transform NMR techniques in 
future work should expand the scope of this area of study.
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The oxidation kinetics of glucose, considered as a model compound for reducing sugars, with vanadium(V) in 
sulfuric and perchloric acid solutions has indicated a rate-limiting bimolecular reaction between vanadium(V) 
and the reducing sugars leading to the formation of a free radical. There is a linear correlation between the ob
served rate constant k\ and [sugar], [H+]2, and [HSO4- ]. The oxidation is faster in sulfuric acid, and various cor
relations between the rate and acidity have been tested. The mutarotation equilibrium is immediately attained 
and therefore the rate of oxidation is independent of the rate of mutarotation. The linear correlation between the 
rates of oxidation of sugars and their concentrations present in the solution as free aldehyde helps to explain the 
observed reactivity of different sugars, which is in the order xylose > arabinose > galactose > mannose > glucose.

The oxidation kinetics of reducing sugars with quadri
valent cerium in the presence of 0.5 M  sulfuric acid has 
been discussed in a previous communication.1 It is, there
fore, of interest to us to investigate how the oxidation 
mechanism of reducing sugars is affected by a change in 
the one equivalent oxidant. The choice of quinquevalent 
vanadium ion is motivated by our additional interest in 
studying the correlation between the acid-catalyzed oxida
tion rate and various acidity scales.

The mechanism of the oxidation of various organic com
pounds by quinquevalent vanadium has been reviewed.2 
The kinetics of vanadium(V) oxidation of glucose and xy
lose in sulfuric, perchloric, and hydrochloric acid solutions 
was reported3 after the review2 was published. However, 
this study is not conclusive and needs a reinvestigation, as 
no attempt was made by the authors3 to measure the rates 
of oxidation of other hexoses as well as to consider the ef
fect of mutarotation equilibrium on the rate of oxidation of 
reducing sugars.

Experimental Section
Ammonium metavanadate was dissolved in sulfuric or perchlo

ric acid solutions as required. The acid concentration of the stock 
vanadium(V) solution was taken as the difference between the 
amount initially added and the amount consumed by reaction X.

n h 4v o 3 +  2H* — ► n h t  +  vcy +  h 2o  (1 )

The vanadium(V) solutions are quite stable. The sugar solutions 
were freshly prepared by direct weighing of the samples. The vana- 
dium(V) solution was standardized against a freshly prepared 
standard solution of ferrous ammonium sulfate to a barium diphe- 
nylamine sulfonate end point in the presence of phosphoric acid.

The reaction has been studied in the presence of an excess of 
sugars and at 50° unless stated otherwise. The other experimental 
details for following the progress of the reaction from time to time 
and calculation of the observed rate constant k\ with respect to 
vanadium(V) are similar to one described elsewhere.4

* T o  w hom  correspondence shou ld  be addressed at the U niversity o f  J o d h 
pur.

Stoichiometry and Product Analysis. The reaction mixtures 
had an excess of glucose or mannose to ensure that there was no 
appreciable reduction of vanadium(V) by the more reactive oxida
tion products. Arabinose and formic acid were confirmed as the 
oxidation products in the glucose oxidation by paper chromatogra
phy using pure samples as reference.

In another set of experiments, the completely oxidized reaction 
mixtures were treated with barium carbonate to remove most of 
the sulfuric acid. The absence of formaldehyde, gluconic acid, and 
glucuronic acid in the reaction mixtures was established with color 
reactions of chromotropic acid5“ and 0,(?'-dinaphthol,5b respective
ly. The filtrate and washings were subjected to fractional distilla
tion in an all-glass apparatus fitted with standard joints. The dis
tillate collected at 101-102° was made to a known volume and ti
trated against a standard alkali to a phenolphthalein end point. 
The distillate was confirmed to be formic acid by using chromotro
pic acid5c and paper chromatography.

The results of few quantitative estimations for the formic acid 
indicated that 2 equiv of vanadium(V) are used per mole of formic 
acid produced. The reaction is therefore expressed as in eq 2.
C6H120 6 + 2V(V) + H20  — »-

C5H10O5 + HCOOH + 2V(IV) + 2H* (2) 

Results and Discussion
The first-order dependence both in vanadium(V) and re

ducing sugars at any given acid concentration was estab
lished by effecting a tenfold variation in the respective con
centrations at the constant concentration of the other. The 
rate increased with the increase in the ionic strength; lithi
um perchlorate was used for the purpose. (These data are 
available as supplementary material; see paragraph at end 
of paper.) There is no deviation from the first-order depen
dence in glucose even at 4 M  sulfuric or perchloric acid as 
had been noted in the oxidation of butane-1 ,3-diol,6 qui- 
nol,7 and glycerol.8 The linear plot (Figure 1) between the 
observed rate constant k\ and [sugar] passes through the 
origin, thus confirming a first-order dependence in the re
ducing sugars.

The values of the second-order rate constant k,2 (Table I)
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Table I
The Second-Order Rate Constant k2 for Various Sugars in Sulfuric And Perchloric Acid"

104* 2 ± 0.1

R e g is t r y  n o . S u g ar

S u l fu r ic  a c id  

( 4 0 “ )

S u l fu r ic  a c id  

(S O “ )

P e r c h lo r i c  a c id  

(5 0 ° )

50-99-7 D (+[-Glucose 1.3 3.7 3 .3

3458-28-4 E(+)-Mannose 5.0 5 .8

59-23-4 D(+)-Galactose 3.6 8.4 6 . 5

58-86-6 D(+)-Xylose 7.2 17.4 2 2 . 7

5328-37-0 L(+)-Arabinose 16.8 18.4
3615-41-6 L(+)-Rhamnose 4.8

154-17-6 2-Deoxy-n(+)-glucose 8.5

ak2 = (-d[V(V)]/dt)/[V(V)][sugar[; [vanadium(V)] = 0.02M; [acid] = 2 M.

Table II
The Observed First-Order Rate Constant ky at Different Concentrations of Sulfuric 

and Perchloric Acid When the Ionic Strength Is Not Kept Constant at 50°a

A , [Sulfuric acid], M 2.0 3.0 4.0 5.0 6.0
104 ku sec"1 (glucose) 1.1 2.6 5.4 13.2 33.6
104 fej, sec"1 (mannose) 1.3 3.2 7.6 16.3 36.3
104 ku  sec"1 (galactose) 3.1 7.3 14.9 32.8

B. [Perchloric acid], M 2.0 3.0 4.0 5.0 6.0
104 &t, sec’ 1 (glucose) 1.0 1.8 3.8 8.3 21.4
104 ki, sec’ 1 (mannose) 0.7 1.5 3.0 8.7 28.3
104 ki7 sec’ 1 (galactose) 2.4 4.1 8.1 16.8 39.8

a [VanadiuTn(V)] = 0.02 M; [glucose] = 0.3 M; [mannose] =  0.25M; [galactose] = 0.375 M.

Figure 1. The linear dependence between the observed rate con
stant k\ and'[sugar]: [vanadium(V)] = 0.02 M; [sulfuric acid] = 2 
M ; T =  50°.

are the average values from the slopes of the linear plots 
between rate ki and respective [sugars]. The reaction is 
catalyzed by mineral acids and the Tate is faster in sulfuric 
acid. The effect of sulfuric or perchloric acid of varying 
ionic strength on the reaction rate is reported in Table II. 
The effect of hydrogen ion at constant ionic strength is also 
given in Table III. The ionic strength was adjusted with so
dium perchlorate or sodium hydrogen sulfate depending on 
the acid used. The linear plot (Figure 2) between the ob
served hi and [H+]2 with intercept on the rate axis indi

Figure 2. The linear plot between observed rate constant k\ and 
[H+]2 at constant ionic strength at 50°: ([H2SO4] + [NaHSOJ) = 5 
M; [vanadium(V)] = 0.02 M; [glucosej = 0.3 M; [mannose] = 0.3 
M; [galactose] = 0.375 M; T = 50°.

cates that at least one term in the rate law is independent 
of hydrogen ion. The rate also increased with the increase 
in bisulfate ion at constant concentration of the hydrogen 
ion. The linear plot (Figure 3) between ki and HSO4-  
(Table IV) is similarly interpreted. The effect of sulfate ion 
(Table V) was so investigated that the sum total concentra
tions of sodium sulfate and sodium hydrogen sulfate re
mained constant. The rate decreased with increasing sul
fate ion, indicating that sulfate complexes of vanadium(V) 
are unreactive. The mechanism of the oxidation of sugars 
as effected by the various vanadium(V) species, viz., VO24", 
V 0 2 • HS04, and V 03+ in sulfuric acid, and the rate law 
consistent with the effects of hydrogen and hydrogen sul-
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Table III
The Dependence of the Observed Rate Constant fei on [H+ ] at Constant Ionic Strength

A . [Vanadium(V)] =  0.02 M;  [HS04 ] =  5 M; [G1ucose] =  [Mannose] = 0.3 M; [Galactose] =  0 .375 M; ¡1 CJ1 O 0

Lh +], M  1.5 2.0 3.0 4.0 4.5 5.0
104 fej, sec "1 (glucose) 2.1 3.0 5.4 8.8 10.8 13.2
104 fe), se c "1 (mannose) 3.8 5.0 8.0 12.7 15.4 19.5
104 k it se c "1 (galactose) 7.2 9.2 14.7 22 .6- 27.4 32.8

B. [Vanadium (V)] =  0 .02 M;  [C104 ] =  6 M;  [Glucose]| =  0.26 M ; [Mannose | =  0.3 M ;  [Galactose] — 0.3 M

[H*], M  1.0 2.0 3.0 4.0 5.0
104 k x, se c "1 (glucose) 2.3 3.8 5.7 8.9 13.2
104 kit se c "1 (mannose) 2.2 3.9 6.2 10.2 18.2
104 fej, se c "1 (galactose) 6.1 8.8 13.3 19.6 28.2

Table IV
The Dependence of the Observed Rate Constant ki on [HS04 ] at Constant Acidity0

![HS04'] ,  m 1.0 2.0 3.0 4.0 5.0
104 ku  se c "1 (glucose) 8.9 10.0 11.0 12.1 13.2
104 ku  se c "1 (mannose) 11.1 13.2 15.2 17.2 19.5
104 se c "1 (galactose) 21.8 24.6 27.4 30.0 32.8

[Vanadium(V)] = 0.02 M ; [glucose] = 0.3 M ; [galactose] = 0.375 M ; [mannose] = 0.3 M ; [H+] = 5 M ; T =  50°.a

Table V
The Dependence of the Observed Rate Constant k , on 

[Sodium Sulfate] When the Sum Total Concentrations of 
Sodium Sulfate and Sodium Hydrogen 

Sulfate Are Constant“

[Na2S04], M 0.0 0.25 0.5 0.75 1.0 1.35
104 klt sec"1 1.9 1.7 1.6 1.5 1.4 1.2

“ [Vanadium(V)l^= 0.02 M; [NaHS04] + [Na2S04] = 1.35 M; 
[sulfuric acid] = 2 M; [glucose] = 0.3 M; T  = 50°.

fate ions on the rate is available as supplementary material 
(see paragraph at end of paper).

Rate of Mutarotation. The rate of mutarotation is 
known to be catalyzed by an acid or a base. The rate of mu
tarotation, km (min-1), of glucose in the presence of an acid 
at 25° can be calculated9 from eq 3. The value so calculated 
in 2 M  acid is 0.00876 sec-1.

km =  0.0096 + 0.258[H+] (3)

Assuming that the equilibrium constant K  for the mu
tarotation equilibrium, shown in eq 4, has a value of 1.77 at

k'
a-glucose =;=-*= /3-glucose (4)

k"

l°g f  -  log If = ^  -  jr(5 )

25°, the value of k' calculated from the known value of km 
(k’ + k") in 2 M  sulfuric acid is 0.005605 sec-1. Its value,
0.1055 sec-1, at 50° is calculated from eq 5, as the activa
tion energy for the mutarotation of glucose10 is 23 kcal 
mol-1.

Here k1 and k2 are the rate constants at absolute tem
peratures T i and T2, respectively.

Oxidation Rate with Respect to Glucose. Since the 
reaction has a first-order dependence in vanadium(V) and 
glucose, the rate of disappearance of vanadium(V) is ex
pressed by eq 6, where k2 is the second-order rate constant.

• ,d^ =  ^[V(V)][glucose] (6)

Since 1 mol of glucose reduces 2 mol of vanadium(V), one 
can write the relation shown in eq 7.

— d[V(V)] q —dfglucosel
dt 1 At

Table VI
The Percentage Concentrations of Free Aldehyde 
Sugars“ and a and ¡5 Sugars* in Aqueous Solution

S u g ar
t a -P y r a n o s e  

su g a r 3, %
i-3-Pyranose 

su g a r! ,  %
L F re e  a ldeh yd<  

s u g a r ] ,  %

d (+)-G lucose 36 64 0.024
n(+)-M annose 64 36 0.064
d (+)-G alactose 35 65 0.082
n (-f)-X ylose 29 71 0.17
d (+)-Arabinose 63 37 0.28

a Reference 11. * Reference 12

The value of the first-order rate constant with respect to 
glucose, kg, at a given [vanadium(V)] can be calculated by 
proper substitutions in eq 8, which is derived from eq 6 and 

,. &i[vanadium(V)l 
*■ = ~~2[iIucose] (8)

7. The values of kg thus calculated are 0.376 X 10-5 and
0.32 X 10~5 sec-1  in solutions of 2 M  sulfuric and perchlo
ric acid, respectively.

Attainment of Mutarotation Equilibrium. Since in 2 
M  sulfuric acid solution the rate of mutarotation k' (0.1055 
sec-1) is about 28,000 times faster than the rate of oxida
tion of glucose with respect to glucose, kg = 3.76 X 10-fi 
sec-1, it is clear that the mutarotation equilibrium is imme
diately attained. The rate of oxidation of glucose is there
fore not affected by the mutarotation of glucose. Thus the 
observed rate k\ is the sum total of the rates contributed 
by each of the a and fi anomers together with the contribu
tion from the very small concentration of the sugar present 
as free aldehyde in the aqueous solution. The intermediate 
existence of the aldehyde sugar is well established in the 
mutarotation and its concentration has been determined 
on a percentage scale.11 Therefore any experimental sepa
ration of the rates contributed by individual anomers is dif
ficult, especially if the reaction is to be studied in a mini
mum 2 M  acid solution and at 50° to have a measurable 
speed.

Correlation of Second-Order Rate k2 and [Aldehyde 
Sugar], It is interesting to note (Figure 4) that the plot of 
the second-order rate constant h2, defined as —d[V(V)]/ 
(dt [sugar] [vanadium(V)]) against [aldehyde sugar] is lin
ear with an intercept on the rate axis. This plot is consis
tent with eq 9, which is based on the consideration of reac-
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Figure 3. The linear plot between observed rate constant ki and 
[HSOi- ] at constant [H+]: [vanadium(V)] = 0.02 M; [glucose] =
0. 3 M; [mannose] = 0.3 M; [galactose] = 0.375 M; T = 50°.

k2 = 2(fe10[G] + aldehyde sugar]) (9 )
*10

vanadium (V) + G ....*■ free radical + V(IV) + H* (10)
sa

vanadium(V) + aldehyde sugar ....►

free radical + V(IV) + H* (11)
fast

vanadium(V) + free radical...... *-

products + VttV) + H* (12)

tions 10- 12, where G represents the sugar concentration 
present in pyranose form. It is to be further noted that no 
experimental support for vanadium(V)-glucose complex in 
2 M  sulfuric acid solution could be adduced from the spec
trométrie measurements. The spectrometric measurements 
were recorded on a Beckman DU spectrophotometer with 
cells of unit path length. There is a very small but definite 
increase in the optical density of vanadium(V)-glucose so
lution, but surprisingly enough, the optical density is not 
much affected by the increase in sugar concentration.

The oxidation products are formic acid and arabinose 
and the formation of a free radical during the reaction is 
confirmed by the induced polymerization of acrylonitrile, 
whereas neither vanadium (V) nor sugar solution alone in
duced the polymerization.

The ratio of the rates of oxidation of the free aldehyde 
sugar and pyranose sugar as calculated from the ratio of 
slope and intercept of the linear plot in Figure 4 is nearly 
2900 in 2 M perchloric acid and 7900 in 2 M sulfuric acid at 
50°. This would mean that most of the sugar is oxidized as 
aldehyde sugar.

This linear correlation helps to explain the observed re
activity of the different sugars (Table I), which is in the 
order xylose > arabinose > galactose > mannose > glucose. 
On the other hand, if sugars are oxidized in their pyranose 
form only, then the rates of oxidation of these sugars are 
expected to be of the same magnitude because of the al
most identical percentage of the a and fl forms (Table VI) 
of these sugars present at equilibrium,12 which is not the 
case as is evident from the rate constants reported in Table
1.

Acid Catalysis. The reaction has shown a dependence 
on the second power of hydrogen ion. The dependence of

Figure 4. The linear plot between the second-order rate constant 
((—d[V(V)]/dt)/[V(V)][sugar]) and [aldehyde sugar]: 1, glucose; 

2, mannose, 3, galactose; 4, xylose; 5, arabinose; •, sulfuric acid, 
40°; □, sulfuric acid, 50°; O, perchloric acid, 50°.

the rate on acidity has been further examined in accor
dance with the suggestions of Hammett and Bunnett. The 
plot between log k\ and —Hq, the Hammett acidity func
tion,13 is linear but the slope values for glucose, mannose, 
and galactose are 0.5, 0.7, and 0.5, respectively, which are 
much less than the expected ideal slope of unity in the 
presence of perchloric acid of constant ionic strength. How
ever, the slope values are much nearer to unity for the reac
tion in the presence of sulfuric or perchloric acid of varying 
ionic strength. These values are 0.8, 0.6, and 0.74 in sulfuric 
acid and 0.66, 0.75, and 0.6 in perchloric acid for glucose, 
mannose, and galactose, respectively. The Ho values are 
those due to Paul and Long.14

The plot of (log ki + Ho) against log aH2o> suggested by 
Bunnett,15 is linear with “ w ”  values equal to 0.66, 2.4, and
1.0 in sulfuric acid and 2.7, 3.6, and 2.2 in perchloric acid 
for glucose, mannose, and galactose, respectively. It is felt 
desirable6 not to attach any mechanistic significance to the 
“ w "  value as has been discussed by Bunnett15 except that a 
water molecule participates in the mechanism.
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A convenient and efficient technique for resolving alcohol mixtures by preferential complexation by calcium 
chloride or manganese chloride with one alcohol of the mixture is reported. Isolation of the complex formed and 
regeneration of the alcohol allows purification of certain alcohols. Catalytic amounts of ethanol enhance the com- 
plexing ability of the metal halides. The separation of commercial mixtures of cis- and trans-4-tert-butylcyclo- 
hexanol, technical geraniol, and contrived mixtures of cyclododecanol-cyclododecanone were investigated and op
timum conditions for these systems were determined.

Often the most difficult and time-consuming aspect of a 
synthetic procedure is the process of separating the desired 
compound from a crude product mixture containing similar 
compounds. The rapid pace at which modern synthetic 
chemistry is advancing is in large measure due to the devel
opment of powerful chromatographic methods for resolving 
mixtures. However, chromatographic procedures work best 
on a small scale and become exceedingly difficult to per
form as the quantity of materials to be separated increases.

By contrast, the classical chemical methods for separa
tion are not as limited by scale; these methods usually in
volve making a derivative of a functional group which can 
be separated from impurities by nonchromatographic 
means (e.g., recrystallization). Derivative formation re
quires an extra step and once purified the derivative is 
often difficult to decompose.

We have for several years been purifying mixtures of or
ganic alcohols by complex formation with calcium chloride 
and other anhydrous metal halides. The literature contains 
only isolated reports on the use of such complexes to purify 
mixtures.1 The original procedure of Jones and Woods for 
purification of commercial geraniol exemplifies the sim
plicity of the general method.

The geraniol-citronellol2 mixture (~60:40) is dissolved in 
hexane and stirred with finely ground anhydrous calcium 
chloride. Although calcium chloride is completely insoluble 
in hexane, it is quickly digested by the alcohol to form a 
solid complex. The complex is filtered, washed with hex
ane, and dissolved in water, whereupon essentially pure ge
raniol is liberated. The whole procedure is easily carried 
out in several hours on a kilogram scale if necessary. Al
though only 35% of the geraniol is recovered in this way, it 
is difficult to imagine a more convenient means of isolating 
it from this mixture.

We have now established that this separation technique 
is applicable to many alcohol mixtures. A large number of 
mixtures containing other coordinating functional groups 
(e.g., amines, amides, esters, epoxide, ketones, aldehydes, 
acids, and nitriles) were also examined. However, for un
known reasons, the various metal complexing agents were 
generally less effective in separating mixtures containing 
functional groups other than alcohols. Before elaborating

Chart I

Salt Alcohol Alcohol/ salt

CaCl2 Geraniol 1.9
CaCl2 a-Phenethyl 1.3

alcohol
CaBr2 Menthol 2.2
MnCl2 Menthol 1.0
MnClo a-Phenethyl 1.4

alcohol
on specific applications, it will be helpful to discuss the 
properties of the complexes which are formed with alco
hols.

Nature of Alcoholates. The formation of alcoholates of 
anhydrous metal halides is well precedented and the stoi
chiometry M X 2(ROH)2 is common for divalent metal ions 
(e.g., Mn, Ni, Ca, Zn, and Mg).3 Since these complexes were 
of only small alcohols (i.e., MeOH, EtOH), we prepared 
and analyzed several larger complexes. As shown in Chart 
I, the stoichiometry of the complexes varies between one 
and two alcohols. These complexes were formed in the 
presence of a large excess of the alcohol.

An early clue about the course of complex formation and 
the reason for its specificity was provided by the observa
tion that the hexane filtrate obtained during isolation of 
the solid complexes contained dissolved calcium chloride. 
In fact, alcohols such as oleoyl alcohol and citronellol, 
which did not form solid complexes with CaCl2, dissolved 
large quantities of the salt in hexane. Similarly, complex 
mixtures of alcohols which, when pure, formed solid com
plexes in the standard procedure (i.e., stirred in hexane 
with the anhydrous salt) resulted in complete dissolution of 
the anhydrous salt in the hexane. Thus, although most al
cohols form complexes, some crystallize more readily than 
others from the nonpolar solvents employed.

Another important aspect of complex formation is that 
the alcohols in the solid complexes stirring in hexane ex
change rapidly with the alcohols in solution. This exchange 
process was demonstrated by isolating the CaCl2 complex 
of 1 -decanol and then stirring it in a hexane solution con
taining cyclohexanol (ca. 1.5 equiv). After stirring for 0.5 hr
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TableI
Competitions between Pairs of Alcohols for Complex Formation with MnCU in Hexane“

1 lb 1 1 1,5 1 1 1 1
2 2 ,36 4,2 5 6

3 4 ,c 3 5 6
4 4,5 4 9

5 |__________  5
6

9
0 Each of the competitions was carried out by stirring overnight an equimolar mixture of the two alcohols dissolved in hexane with 1.5 

molar equiv (based on total alcohol) of finely ground anhydrous MnCl2. A catalytic amount of ethanol (0.05 equiv) was added in each case. 
The complexes were isolated by filtration and the alcohols were released by addition of water. The ratio of alcohols in the complex was then 
determined by GLC. This work was done several years ago and recently we have found that the above conditions are not optimum. 6 A single 
entry means ~  100% selection of that alcohol. A double entry means about equal selection. r Alcohol was favored but not selected 100%.

the solid complex contained only cyclohexanol. Whatever 
the cause of this facile exchange of ligands, in what appears 
to be a heterogeneous system, it is obviously of paramount 
importance to selective complex formation. The system 
simply equilibrates until it has optimized whatever ther
modynamic factors favor solid complex formation. These 
features probably explain why this purification technique 
is capable of some of the subtle discriminations described 
later.

Some alcohols, especially large and/or hindered ones, 
when stirred with anhydrous CaCl2 in hexane formed com
plexes very slowly. This was not surprising considering the 
heterogeneous nature of the process. Having already noted 
that ar_ alcohol in solution could rapidly displace a weaker 
complexing alcohol from the solid complex (see above), it 
seemed likely that a small alcohol might catalyze complex 
formation in slower cases by aiding in digestion of the 
CaCl2- In support of this concept we have found that cata
lytic quantities (1- 10%) of n- aliphatic alcohols dramatical
ly accelerate the rate of complex formations, especially in 
difficult cases. Although we now use anhydrous ethanol as 
the catalyst, propanol and butanol work equally well. In 
addition to reducing the time required for complex forma
tion, this effect enables one to form complexes of many al
cohols which fail to form any complex at all in the absence 
of the catalyst. For example, ¿-menthol readily formed a 
solid complex with anhydrous manganous chloride when 
5% ethanol was present; in the absence of ethanol, under 
otherwise identical conditions, no complex was formed. In
terestingly, ¿-menthol failed to form a complex with calci
um chloride even when ethanol catalysis was employed. As 
will be seen later, the amount of ethanol catalyst is best 
kept to about 1- 2% or less, since in certain sensitive separa
tions the selectivity falls off as the amount of ethanol in
creases.

Factors Which Affect the Selectivity of Complex 
Formation. Our current understanding of the factors 
which determine selectivity is very limited. In general one 
must simply try this purification technique on the alcohol 
mixture in question to learn what the outcome will be. The 
empirical nature of this method should diminish as its use 
increases. In any case, we have observed certain effects 
which are worth pointing out. While discussing these fac
tors individually, it is important to realize that although

trends can be discerned for isolated factors, the actual ef
fect on the selectivity is a complex function of all the fac
tors. Thus, most of the following statements should be pre
faced by the phrase “ other things being equal” .

The highest melting ligand is preferentially selected, as 
revealed in Table I, for various pairs of alcohols competing 
for complexation with manganous chloride (MnC^). How
ever, exceptions are easy to find. Cyclohexanol was superior 
to all contenders, and phenols formed poorer complexes, 
probably because they are weaker bases, than alcohols of 
comparable melting point.

In competitions between two alcohols, both of which 
form solid complexes, the major component has the advan
tage. However, when one alcohol forms much better com
plexes than the other it tends to be selected even when it is 
the minor component. In these and other respects this pu
rification procedure resembles fractional crystallization.

For a given carbon skeleton one generally finds that com
plexing ability decreases in the order primary > secondary 
> tertiary alcohol. Thus, 1-decanol is vastly superior to its 
2, 3, 4, and 5 isomers.5

Actual Applications and Optimization of Variables.
In addition to the separation of the contrived mixtures out
lined in Table I, we have found that these purification 
techniques were successful in separating a variety of 
mixtures which arose during the course of other research 
problems (see Table II). Most all of the examples in Table 
II were carried out in a very crude manner; an undeter
mined amount (usually a large excess, 2+ molar equiv) of 
anhydrous calcium chloride was used and a “ squirt” of an
hydrous ethanol was added as catalyst. It is to the credit of 
this method of separation that even this qualitative ap
proach was usually successful on the first try. In Table III 
are listed some of the mixtures for which no or only partial 
purification was observed. In general we have found this 
method to be effective on better than 50% of the alcohol- 
containing mixtures to which it has been applied.

More recently we have sought to establish an optimum 
set of reaction conditions to be tried first on any new mix
ture. The factors to be optimized are, of course, selectivity6 
and recovery—the product of these two determines the 
yield of the desired component isolated from the mixture. 
Unfortunately, this has not been easy, since each mixture 
seems to respond differently to the controllable variables.
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Table II
Isolation of Alcohols from Mixtures by 

Means of Metal Complexes“

Component which Component(s) which
complexed did not complex

1 -D od eca n o l 1 -D eca n ol

O H

CO™
a These separations were carried out under variable conditions. 

Generally, an undetermined amount (usually a large excess, 2+ 
molar equiv) of anhydrous calcium chloride was used, along with a 
variable but small amount of ethanol as catalyst. Hexane was used 
as solvent.

In approximate order of decreasing importance these vari
ables are (1 ) mole ratio of anhydrous salt to alcohol; (2) 
percent of anhydrous ethanol catalyst; (3) anhydrous salt 
(CaCl2, CaBr2, MnCl2, CoCl2, etc.); (4) length of time 
stirred at room temperature; (5) solvent (hexane, CH2C12). 
The first two variables are the most important and we have 
studied in detail the effect of these variables on three cases 
(a, b, and c) from Table II. As can be seen from examina
tion of the data presented in Table IV, these three

Table III
Alcohol Mixtures Not Successfully 

Purified by CaCl2 Complexation

C o m m e rc ia l o le y l  a lco h o l

mixtures (a, b, and c) respond differently to variables 1 and
2. Case a (frans-4-ferf-butylcyclohexanol-cis-4-ierf-butyl- 
cyclohexanol) is quite sensitive to both the mole ratio of 
anhydrous salt to alcohol and to the amount of ethanol cat
alyst used, whereas case b (geraniol-citronellol) is quite in
sensitive to these same two variables. Fortunately, most of 
the alcohol mixtures we have studied resemble case b more 
than case a. Case c (cyclodcdecanol-cyclododecanone) is 
even less sensitive to the above-mentioned variables than is 
case b. In fact, we have found this type of separation (of an 
alcohol from a nonalcohol) to be one of the most reliable 
applications of this purification procedure.

The results in Table IV reveal that only case a is very 
sensitive to the CaCl2/alcohol ratio and to the amount of 
ethanol catalyst. The optimum selectivity6 is obtained 
when 0.5 mol of CaCl2 is used per mole of trans-4-tert- 
butylcyclohexanol in the starting mixture and when only 
1% of ethanol catalyst is present. The use of 10% ethanol 
catalyst increases the recovery and rate of complex forma
tion but at great expense to the selectivity. When no etha
nol is present the selectivity is very high but the yields are 
low. Fortunately, most alcohol mixtures we have encoun
tered resemble the geraniol purification (case b) in sensitiv
ity to conditions. However, since the best procedure for 
case a also gives reasonable yields for case b, we recom
mend that it be adopted as the optimum procedure: use 0.5 
mol of finely ground anhydrous CaCh per mole of alcohol 
to be complexed in the starting mixture and 1 % (based on 
total moles of mixture) of absolute ethanol catalyst; these 
ingredients are then vigorously stirred in hexane or 
CH2CI2 solution (~0.6 M based on moles of mixture) for
4-12 hr.

In the case of more hindered alcohols, where the ratio of 
metal salt to alcohol in the complex approaches 1 (see 
Chart I), it may be better to employ up to 1 mol of CaCl2 
per mole of alcohol to be complexed. As already pointed 
out, in most cases this concern over the CaCl2/alcohol ratio 
is unnecessary and in much of our earlier work we used a 
large excess of CaCl2 and still obtained good results. Of 
course, as the amount of CaCl2 employed approaches the 
stoichiometric value it becomes necessary to ensure strictly 
anhydrous conditions. Thus, it may be desirable to use ex
cess CaClg when possible to avoid these difficulties.

On the other hand, when one is dealing with mixtures of 
an alcohol and other components containing weaker lig
ands (e.g., ketones, esters, epoxides) such as in case c of
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Table IV“
Case a (4-ferf-Butylcyelohexanols)

M o la r  e q u iv 6 S e le c t iv i t y  ,d Y ie ld ,®

C a C l2 E th a n o l,c % % trans is o m e r  % trans is o m e r T i m e ,  hr

0.35 1 >99 84 10
0.5 1 91 84 10
0.7 1 88 85 10
0.35 0 >99 15 10
0.35 1 >99 84 10
0.35 2 97 90 7
0.35 10 90 81 10

C a se  b (G eraniol +  Im pu rities)

M o la r  e q u iv  * S e le c t iv i t y Y i e l d , “

C a C l? E th a n o l,c % % g e r a n io l % g e r a n io l T i m e ,  hr

0.35 1 97 48 9 .5
1.0 1 96 59 10.5
2.0 1 96 56 10
0.35 10 96 48 10.5
0.7 10 93 51 11

C a se  c (C yclododecanol + C yclodecanone)

M o la r  e q u iv  & S e le c t iv i t y Y i e l d , e

C a C l^ E th a n o l,^  % % a l c o h o l % a l c o h o l T i m e ,  hr

0 .25 1 >99 34 5
0.5 1 >99 51 5
1.0 1 >99 64 5
2 .0 1 >  99 71 5
4 .0 1 > 9 9 69 5
0.5 1 > 9 9 51 5
0.5 10 > 9 9 54 5

0 All reactions were performed with vigorous magnetic stirring 
in hexane as solvent (60 ml) on 5 g of the mixtures. The 4-tert- 
butylcyclohexanol (case a) used was 70% trans and 30% cis; the 
technical grade geraniol (case b) contained 65% geraniol, 30% citro- 
nellol, and 5% of other impurities; the cyclododecanol-cyclodo- 
decanone (case c) consisted of an equimolar mixture of the alcohol 
and the ketone. * This figure is based on total alcohol available and 
thus the first entry of 0.35 means that there was enough CaCU 
available to complex with all the irans-4-tert-butylcyclohexanol 
in the mixture (70%) if two molecules of the trans alcohol are bound 
to each calcium ion. In case c this figure is based on total alcohol 
and ketone available. c' Based on total alcohol. d See ref 6 . e See 
ref 8 . 1 Based on total alcohol and ketone.

Table IV, it appears that the yield can be increased by 
going to high CaCL/alcohol ratios with little loss in selec
tivity. It also appears that the rate of complex formation 
can be increased in these instances (case c) by using more 
(5-10%) of ethanol catalyst without a deleterious effect on 
selectivity.

At this point it is worth discussing briefly the other three 
variables (3, 4, and 5) mentioned above. We have explored 
a variety of anhydrous alkaline earth and transition metal 
halides, but CaCl2 seems to be the best general reagent and 
also the least expensive.

The length of time required for complex formation varies 
dramatically depending on the alcohol involved, the effi
ciency of stirring (since the reactions are heterogeneous), 
and the amount of ethanol catalyst employed (the more 
ethanol the faster the complex formation). The only sol
vents we have used are hexane and CH2CI2. For a given 
mixture both solvents afford similar selectivities but hex
ane seems to result in better recoveries; the calcium chlo

ride alcoholates are probably more soluble in CH2CI2 than 
in hexane.

As an example of the preparative utility of these purifi
cation procedures 100 g of commercial 4-terf-butylcyclo- 
hexanol (67% trans, 33% cis) afforded 56.1 g (83% yield 
based on trans alcohol available) of 99% pure trans-4-tert- 
butylcyclohexanol. The literature procedure4 for purifying 
the same quantity of a sample of this alcohol slightly richer 
in the trans isomer (~75% trans, 25% cis) involves forma
tion and two recrystallizations of the acid phthalate fol
lowed by saponification to give 29.8 g (—40%) of the pure 
trans alcohol. Thus the CaCl2 method proceeds in one step, 
requires no time-consuming recrystallizations, and affords 
twice the yield of the classical derivatization approach.

As already mentioned, the purification of the epimeric
4-teri-butyleyelohexanols by this procedure is more sensi
tive to conditions than any other mixture in our experience. 
Although yields of 75-85% were reproducible on a small 
scale (5 g of crude alcohol), the yields on the larger scale 
(100 g) varied between 65 and 85%. The responsible vari
able was found to be the stirring. Surprisingly, too vigorous 
stirring in this case was deleterious. Thus, stirring in a 
Morton flask for 20 hr gave only 84% selectivity6 for the 
trans epimer but the yield remained high at 81%. The opti
mum conditions for this case appeared to be stirring for 10 
hr in a normal flask. Stirring for shorter periods gave lower 
yields although the selectivity remained high, whereas with 
longer stirring the selectivity began to fall off rapidly. This 
dependence of selectivity on time was noticed only in the
4-teri-butylcyclohexanol system.

Since we have recently found that MnCl2 also works 
quite well for this purification, it would be interesting to 
see if its selectivity also exhibited this time dependence. If 
it did not, then MnCl2 would clearly be preferred over 
CaCl2 in this instance.

In conclusion, it should be emphasized that although we 
feel we have established reasonable guidelines for the puri
fication of alcohol mixtures by formation of metal com
plexes, the technique is clearly still highly empirical. Each 
new mixture will probably require optimization of the vari
ables, especially if one is concerned about yields and not 
just rapid access to a pure component. This method of pur
ifying alcohol mixtures by formation of metal complexes 
has already served us well in many research problems. We 
feel that through wider use many new applications will be 
discovered.

One would hope that this concept could be extended to 
purification of mixtures containing other functional groups 
capable of coordination as Lewis bases. We have had some 
success in separating mixtures of ketones and esters using 
stronger Lewis acids (e.g., ZrCL and FeCl.3) in CCI4.5 We 
were surprised to find that even CaCL forms complexes 
with esters, aldehydes, and ketones as evidenced by the 
shifts in the carbonyl absorption of the derived complexes 
shown in Table V ;5 unfortunately, in the presence of

Table Vfl
Shift of Carbonyl Absorption upon 

Complexing with CaCl2

L iq a n d M e t a l  h a lid e lr  sh ift  c m

M ethyl nonyl ketone C a C l2 -9 5
Cyclohexanone C a C l2 - 9 0
M ethyl laurate C a C l2 - 1 1 5
Lauraldéhyde C a C l2 -1 1 0
1 vans- D e c a lin -1 ,5 - dione C aC l2 - 9 5

“ The complexes were obtained by stirring anhydrous CaCl2 
with the appropriate carbonyl compound in hexane. Ir spectra of 
the solid complexes were obtained as Nujol mulls.
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mixtures of such carbonyl compounds the CaCl2 complexes 
which form are also mixtures and show little selectivity in 
choice of ligand. Other functional groups which CaCU com- 
plexed with but failed to purify mixtures containing such 
moieties include amides, acids, nitriles, epoxides, and 
amines. Thus, among the numerous mixtures containing 
polar functional groups, alcohol mixtures appear to be 
unique in their tendency to form selective complexes with 
CaCl2 and related Lewis acids. This is perhaps due to a fa
vorable balance between the stability of such alcoholates 
and their rates of exchange with free alcohols in solution. 
Understanding of this useful purification phenomenon 
might be facilitated if structures of the complexes could be 
determined. In this regard it is interesting that when com
petitions for CaCU complexation were performed® between 
various pairs of straight-chain alcohols ranging from 1 -bu
tanol to 1 -eicosanol the alcohol with the longer chain was 
clearly favored, and the degree of selection increased as the 
difference in the length of the competing alcohols in
creased. Thus these complexes have no trouble incorporat
ing large hydrocarbon residues and it would probably be 
very informative to learn why this is so.

Experimental Section
General. Commercial samples of all reagents were employed.

4-teri-Butylcyclohexanol, cyclododecanol, cyclododecanone, and 
1-dodecanol were obtained from Aldrich Chemical Co. Technical 
grade geraniol and 1-decanol were obtained from Eastman Organic 
Chemicals. The anhydrous calcium chloride (8 mesh) used was ob
tained from Mallinckrodt Chemical Works, anhydrous calcium 
bromide (powder) was obtained from Merck and Co., Inc., and an
hydrous manganese(II) chloride was obtained from Ventron Corp., 
Alfa products. The technical grade geraniol was found to contain 
approximately 65% geraniol, 30% citronellol, and 5% other impuri
ties.

The commercial 4-tert-butylcyclohexanol consisted of a mixture 
of isomers, with the trans isomer generally ranging from 67 to 80% 
of the total mixture. Pure samples of the cis and trans isomers, for 
comparison purposes, were obtained by column chromatography of
1.5 g of the commercial sample on 140 g of silica gel packed in a 3.2 
cm diameter column. The axial (cis) isomer was eluted with 10% 
EtOAc in hexane and the equatorial (trans) isomer was eluted with 
20% EtOAc in hexane.

All GLC analyses were performed on a Perkin-Elmer 990 instru
ment using either 3% PFAP on Gas-Chrom Q (80/100 mesh) 
packed in a 6 ft X  0.125 in. glass column, or 3% OV-17 on Gas- 
Chrom Q (80/100 mesh) packed in a 6 ft X  0.125 in. glass column. 
On 3% FFAP, retention times were as follows: cis-4-tert-butylcy- 
clohexanol, 4.5 min (105°); irans-4-fert-butylcyclohexanol, 5.6 
min (105°); 4-teri-butylcyclohexanone, 3.4 min (105°); cyclodode
canol, 5.6 min (145°); cyclododecanone, 2.8 min (145°). On 3% OV- 
17, retention times were as follows: geraniol, 5.8 min (115°); citro
nellol, 4.6 min (115°); 1-dodecanol, 7.5 min (130°); 1-decanol, 2.7 
min (130°).

All organic solutions were dried with anhydrous magnesium sul
fate unless otherwise indicated.

I. Separation of t r a n s -4 -iert-Butylcyclohexanol from the 
C om m ercia l Alcohol. A. Large Scale (Optimum Conditions).
Commercial 4-tert-butylcyclohexanol (100 g, 640 mmol) (67% 
trans, 33% cis), ethanol (0.29 g, 0.37 ml, 6.4 mmol), and 1 1. of hex
ane were placed in a 2-1. three-necked flask fitted with a mechani
cal stirrer and a gas inlet tube. A stream of nitrogen was slowly 
passed through the apparatus. The freshly powdered anhydrous 
calcium chloride (23.8 g, 214 mmol) was added to the stirred solu
tion all at once, and vigorous stirring was continued at 25° for 10 
hr. The heterogeneous reaction mixture was filtered and the resi
due was washed with pentane (3 X  200 ml). The complex was then 
added to a separatory funnel containing 400 ml of ice-cold water 
and 400 ml of ether, and shaken vigorously until it dissolved. Some 
heat was evolved during this process. The ether layer was sepa
rated and the aqueous layer was washed with 200 ml of ether. The 
combined ether extracts were washed with 300 ml of water and 
then dried and concentrated to give 56.1 g (83%)8 of alcohol. Anal
ysis by GLC showed the regenerated alcohol to contain 99% of 
trans- and 1% of cis-4-feri-butylcyclohexanol.

B. Small Scale (Optimum Conditions). To a solution of 4-tert-

butylcyclohexanol (5.0 g, 32 mmol) (70% trans, 30% cis) and a cata
lytic amount of ethanol (14.7 mg, 18.6 n 1, 0.32 mmol) in 50 ml of 
hexane was added anhydrous calcium chloride (1.25 g, 11.2 mmol) 
which was freshly powdered in a mortar and pestle. After the re
sulting mixture had been stirred at 25° for 10 hr, the solvent was 
filtered off and the solid complex was washed with pentane (2 X  15 
ml). The white complex was shaken in a separatory funnel contain
ing 70 ml of water and 70 ml of ether until it dissolved. The ether 
layer was separated and the aqueous layer was washed once with 
70 ml of ether. The combined ether extracts were dried and con
centrated to give 2.91 g (84%)8 of alcohol. This alcohol was shown 
by GLC to contain 99.5% trans- and 0.5% cis-4-terf-butylcyclo- 
hexanol.

C. Methylene Chloride as Solvent. Procedure B with 50 ml of 
methylene chloride instead of hexane afforded 1.70 g (42%)8 of al
cohol. Analysis by GLC showed the alcohol to contain 99.5% trans- 
and 0.5% cis-4-terf-butylcyclohexanol.

D. Calcium Bromide as Complexing Agent. Procedure B with 
anhydrous calcium bromide (2.24 g, 11.2 mmol) powder instead of 
calcium chloride afforded 3.83 g (67%)8 of alcohol. The alcohol was 
shown by GLC to contain 87% trans- and 13% cis-4-tert-butylcy- 
clohexanol.

E. Manganous Chloride as Complexing Agent. Procedure B
with anhydrous manganous chloride (1.61 g, 12.8 mmol) instead of 
calcium chloride afforded 3.18 g (80%)8 of alcohol. The alcohol was 
shown by GLC to contain greater than 99% trans-4-tert-butylcy
clohexanol.

II. Separation of tr a n s -i - tert-Butylcyclohexanol from 4- 
terf-Butylcyclohexanone. To a solution of trans-4-iert-butylcy- 
clohexanol (2.34 g, 15 mmol), 4-tert-butylcycIohexanone (2.33 g, 15 
mmol), and a catalytic amount of ethanol (13.8 mg, 17.5 mL 0.3 
mmol) in 50 ml of hexane was added anhydrous calcium chloride 
(1.67 g, 15 mmol) which was freshly powdered in a mortar and pes
tle. After stirring at 25° for 10 hr, the solvent was filtered off and 
the white complex was washed with pentane (3 X 15 ml). The com
plex was then added to a separatory funnel containing 70 ml of 
water and 70 ml of ether, and it was shaken until the complex dis
solved. The ether layer was separated and the aqueous layer was 
washed with 70 ml of ether. The combined ether extracts were 
dried and concentrated to yield 2.09 g (89%)8 of a white solid. The 
solid was shown by GLC analysis to contain 99.2% alcohol and 
0.8% ketone.

III. Purification of Technical Geraniol. A. Via CaCb Com
plex. To a solution of technical geraniol (3.08 g, 20 mmol) and a 
catalytic amount of ethanol (9.2 mg, 11.6 ¡il, 0.2 mmol) in 70 ml of 
hexane was added calcium chloride (3.33 g, 30 mmol) which was 
freshly powdered in a mortar and pestle. After the heterogeneous 
mixture was stirred at 25° for 10 hr, the solvent was filtered off 
and the white complex was washed with pentane (2 X  25 ml). The 
complex was then added to a separatory funnel containing 70 ml of 
water and 70 ml of ether and it was shaken until the solid dis
solved. The ether layer was separated and the aqueous layer was 
washed once with 70 ml of ether. The combined ether extracts 
were dried and concentrated to give 1.21 g (60%)8 of colorless oil. 
The oil was shown by GLC to contain 96% geraniol and 4% citro
nellol.

B. Via MnCh Complex. Procedure A with anhydrous manga
nous chloride (2.52 g, 20 mmol) instead of calcium chloride afford
ed 1.32 g (58%) of colorless oil. The oil was shown by GLC to con
tain 90% geraniol and 10% citronellol.

IV. Separation of Cyclododecanol from Cyclododecanone. 
To a solution of cyclododecanol (2.76 g, 15 mmol), cyclododeca
none (2.74 g, 15 mmol), and a catalytic amount of ethanol (13.8 mg,
17.5 nl, 0.3 mmol) in 70 ml of hexane was added freshly powdered 
anhydrous calcium chloride (6.68 g, 60 mmol). After stirring at 25° 
for 5 hr, the solvent was filtered off and the white complex was 
washed with pentane (3 X  25 ml). The complexed alcohol was re
generated by shaking the complex in a separatory funnel contain
ing 70 ml of water and 70 ml of ether. The ether layer was sepa
rated and the aqueous layer was washed once with 70 ml of ether. 
The combined ether extracts were dried and concentrated to give 
1.95 g (71%)8 of white solid. This solid was shown by GLC to con
tain 99.8% alcohol and 0.2% ketone.

V. Separation of 1-Dodecanol from a 70:30 Mixture of 1- 
Dodecanol and 1 -Decanol. To a solution of 1-dodecanol (3.92 g, 
21 mmol), 1-decanol (1.43 g, 9 mmol), and a catalytic amount of 
ethanol (13.8 mg, 17.5 ptl, 0.3 mmol) in 100 ml of hexane was added 
freshly powdered anhydrous calcium chloride (3.34 g, 30 mmol). 
After stirring at 25° for 13 hr, the solvent was filtered off and the 
white complex was washed with pentane (3 X  30 ml). The complex
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was then shaken in a separatory funnel containing 70 ml of water 
and 70 ml of ether until it dissolved. The ether layer was separated 
and the aqueous layer was washed once with 70 ml of ether. The 
combined ether extracts were dried and concentrated to yield 3.34 
g (80%)8 of colorless oil. Analysis by GLC showed the oil to contain 
94% 1-dodecanol and 6% 1-decanol.
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Attempted reduction of AT-formyl-3-methylindole (la ) and 2,3-dimethyl-lV-formylindole (lb ) with complex 
metal hydrides leads to skatole and 2,3-dimethylindole, respectively. Diborane reduction of indole derivatives has 
furnished interesting results.1’2 Further studies with this reagent are now reported. Diborane reduction of la  gives
1,3-dimethylindole (4a, 49.4%) and l,3-dimethyl-3-(3'-methylindolyl-l'-methyl)indoline (6a, 35.8%). Similarly, re
duction of lb  with diorane affords 1,2,3-trimethylindole (4b, 52.4%) and two diastereoisomeric l,2,3-trimethyl-3- 
(2',3,-dimethylindolyl-l'-methyl)indolines (6b, 36.7%, and 6c, 6.8%). This appears to be the first report on the 
successful reduction of an IV-acylindole to the corresponding (V-alkyl derivative. The formation of the indolyl- 
methylindolines (6) in the diborane reduction of N-formylindoles (1) implies -hat electrophilic substitution takes 
place primarily at the 3 position of 3-substituted indoles. These results are discussed in the light of the mecha
nisms of diborane reduction and electrophilic substitution in 3-substituted indoles.

Indoles,3 oxindoles,3d’4’5 isatins,5 indole-2-, and indole-
3-carbonyl derivatives33’11’6-10 including indole-3-glyoxam- 
ides,3a D9’11 and their /V-met.hyl analogs have been reduced 
with diborane. However, to our knowledge, there is no re
port in the literature on the reduction of IV-acylindoles 
with any reducing agent.12 In the present communication a 
simple method is presented for the reduction of /V-formyl- 
indoles with diborane, partly from an interest in its syn
thetic implications and partly to compare the reducing 
properties of diborane with those of lithium aluminum hy
dride (LiAlHi).

Jackson and his coworkers demonstrated that electro
philic substitution takes place primarily at the 3 position of
3-substituted indoles.10’13 However, recently Wolinsky and 
Sundeen14 and Casnati, Dossena, and Pochini15 claimed to 
have obtained evidence in favor of direct electrophilic sub
stitution at the 2 position of 3-alkylindoles. The work re
ported in the present communication was undertaken also 
with a view to throwing further light on this subject.

It has been observed that complex metal hydrides are 
unsuitable for the reduction of AT-acylindoles,12 presum
ably because of the tendency of the acyl groups of the latter 
to undergo cleavage under basic conditions.12®’11’16 However, 
Al-acylindoles are generally more stable in acidic than in 
basic media (cf. preparations of 1 by Vilsmeier-Haack 
method17). These facts and the pronounced aldehydic char
acter of the iV-formy] groups of l 17 led us to assume that

diborane would be the reagent of choice for their reduction, 
particularly because the danger of hydrolytic cleavage 
would be minimum, since the reaction medium would be 
acidic because of the Lewis acid character of both diborane 
and boron trifluoride (BF3).18

While attempted reduction of the N-formylindoles (1) 
with L iA lH 4 or potassium borohydride (K B H 4) under a va
riety of conditions always resulted in the formation of ska
tole and 2,3-dimethylindole, respectively,12® reduction of 
la  with diborane afforded 1,3-dimethylindole (4a) and 
l^-dimethyl-S-iB'-methylindolyl-l'-methyLindoline (6a) 
(Scheme I). Similarly, diborane reduction of l b  gave 1,2,3- 
trimethylindole (4b) together with two diastereoisomeric
l,2,3-trimethyl-3-(2,,3'-dimethylindolyl-l,-methyl)indol- 
ines (6b and 6c). In this connection, it may be pointed out 
that this appears to be the first report on the successful re
duction of an IV-acylindole.12

The origin of both the mono- and dimeric products in 
the diborane reduction of 1 may be rationalized by assum
ing that the intermediate (3) may undergo further reduc
tion with excess diborane to give 4 (Scheme I). 3 may also 
undergo nucleophilic attack by the initially formed indoles
(4) to afford the indoleninium cation (5), which is then re
duced by excess diborane to the dimers (6).

The major dimeric product was assigned the trans con
figuration (6b) on the assumption that reduction of 5 by 
the addition of a hydride ion at the 2 position takes place
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Scheme I
Me

CHO
la, R = H 
b, R = Me

Scheme II
Mass Spectral Fragmentation Pattern of the Dimeric 
Products (6) Obtained in the Diborane Reduction of 

IV-Formylindoles (1)

CH,

H
8a, R =  H; m/e 130 

b, R =  Me; m/e 144

t
"6a, m/e 290
6b, m/e 318 or 

_6c, m/e 318

7a, R =  H; m/e 131 
b, R =  Me; m/e 145

Me

9a, R1 =  R2 =  H; m/e 146
b, R1 =  Me; R2 =  H; m/e 160
c, R> =  H; R2 =  Me; m/e 160

Me

Me

10a, R3 =  H; m/e 145
b, R3 =  Me; m/e 159

lia, R3 =  H; m/e 144 
b, R3 =  Me; m/e 158

6a, R =  R1 =  R2 =  H
b, R =  R1 =  Me; R2 =  H
c, R =  R2 =  Me; R1 =  H

predominantly trans to the bulky 3-indolylmethyl substitu
ent.19 Confirmation of these stereochemical assignments 
was obtained by examining their Dreiding models and 
NMR spectra. The methyl protons at the 2' position of the 
cis isomer (6c) resonate at 8 2.00 whereas those of the trans 
isomer (6b) resonate at an unusually high field (6 1.44). 
Owing to greater interaction between the two methyl 
groups at the 2 and 2' positions, the trans isomer (6b) may 
preferentially exist on the average in a spatial arrangement 
in which the methyl protons at its 2' position experience 
the shielding effect of the benzene ring of the indoline moi
ety, resulting in the observed upfield shift (8 1.44). The 
methyl protons at the 2 position of 6b resonate at a lower 
field (5 1.44) than those of 6c (8 0.92). From Dreiding mod
els it appears that the methyl protons at the 2 position of 
only 6b can exist in the plane of the ring current of its in
dole moiety, and experience a deshielding effect, thus re
sulting in the observed downfield shift. On the other hand, 
the same protons of 6c are shielded by the indole moiety 
and resonate at a higher field (5 0.92). The methine proton 
at the 2 position of 6c resonates at 8 3.52, whereas the cor
responding proton of 6b resonates at 8 3.01. Further, it ap
peared from the models that the methine proton at the 2 
position of only 6c lies close to the plane of the ring current

of its indole moiety. It thus experiences a deshielding effect 
and resonates at a lower field.

The uv spectral data and broad mass spectral fragmenta
tion pattern of the dimeric products (6), which confirm 
their structures, are presented in the Experimental Section 
and Scheme II, respectively.

In this connection, it may be pointed out that, although 
indole,3a-d N-unsubstituted alkylindoles,3d>e oxindole,3d’4 
Af-methyloxindole,4 and N-unsubstituted and IV-methylin- 
dole-3-glyoxamides3f were reported to give indolines on re
duction with diborane, we failed to observe any indolines, 
either in our present work or in our earlier studies with in- 
dole-3- and indole-2-carbonyl derivatives.33,6’8-11

The electrophilic attack at the 3 position of the 3-substi
tuted indoles (4) by 3 and trapping of the 3,3-disubstituted 
indolenines (5) by diborane reduction follow essentially the 
same mechanism as is involved in the formation of the in- 
dolylmethylindolines (12) in the diborane reduction of in-

R3 =  H or OH
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dole-3-carboxaldehydes19 and indole-3-carboxylic acid,3f 
and the spirocyclic indoline (13) in the diborane reduction 
of 3-(o-carboxybenzyl)indole.10 Thus, our present results, 
though limited and not sufficient to make any firm conclu
sion, tend to provide support to the theory of Jackson and 
his coworkers.13 Jackson’s more recent observations20 and 
those of others3e'21’22 also support this theory.13

Experimental Section
Light petroleum refers to the fraction boiling between 60 and 

80°, if not indicated otherwise. Melting points are uncorrected. 
NMR spectra were recorded in CDCI3, if not otherwise mentioned, 
chemical shifts are given in 5 values relative to Me,(Si, and s, d, q, 
and m indicate singlet, doublet, quartet, and multiplet, respective
ly. Mass spectra were recorded on an AEI MS-9 spectrometer. Te- 
trahydrofuran (THF), BF3OEt2, and diglyme were dried and redis
tilled before use.

Attempted Reduction of IV-Formylindoles (1) with Com
plex Metal Hydrides. A solution of la23 (223 mg, 0.0014 mol) in 
dry THF (2 ml) was added dropwise to a suspension of LiAlH4 
(210 mg, 0.0055 mol) in dry THF (4 ml), and the mixture was re
fluxed for 4 hr and then left at 25° overnight. After usual work-up 
and crystallization of the product from light petroleum, skatole 
(180 mg), mp 96-97°, was obtained. Its identity was confirmed by 
mixture melting point determination and TLC comparison with an 
authentic sample. Attempted reduction of la with KBH4 in boiling 
absolute EtOH and of lb23 with LiAlH4 or KBH4 also resulted 
only in the formation of skatole and 2,3-dimethylindole, respec
tively.12

Hydrolysis of JV-Formylindoles (1). la23 (160 mg) was treated 
with alcoholic NaOH (42 mg in 1 ml) for 45 min at 25°. After re
moval of EtOH, the residue was extracted with ether to give ska
tole (105 mg). The ether-insoluble fraction afforded sodium for
mate as colorless, shining needles, mp 252-253° (lit.24 mp 253°) 
from absolute EtOH. Similar treatment of lb gave 2,3-dimethylin
dole and sodium formate.25

1,3-Dimethylindole (4a) and l,3-Dimethyl-3-(3'-methylin- 
dolyl-l'-methyl)indoline (6 a). Diborane (0.015 mol), generated 
externally by the dropwise addition of a solution of NaBH4 (0.85 g, 
0.0225 mol) in dry diglyme (20 ml) to a magnetically stirred solu
tion of BF3-OEt2 (4.47 g, 0.0312 mol) in dry diglyme (13 ml) over 
35 min, was passed into a solution of la (0.95 g, 0.006 mol) in dry 
THF (50 ml) at 0° in a slow stream of dry nitrogen. The apparatus 
was initially flushed with dry nitrogen, and after completion of the 
addition, the generator flask was heated at 60-65° for 2 hr for driv
ing out the residual diborane into the reaction vessel. The reaction 
mixture, which formed a white, gelatinous precipitate within 30 
min, was left overnight at 25°, and excess diborane was destroyed 
carefully with MeOH. After addition of a further 25 ml of MeOH, 
the mixture was refluxed for 2 hr, the solvents were removed, and 
the residue was taken up in CHCI3 (50 ml). The solution was 
washed successively with aqueous NaHC03 (5%) and H2O and 
dried (MgSOd, and the solvent was distilled off under reduced 
pressure to give an almost colorless oil (0.94 g). TLC examination 
of the oil revealed it to be a mixture of two components, which 
were separated by chromatography on a silica gel column. Elution 
with light petroleum afforded 1,3-dimethylindole (4a, 0.43 g, 
49.4%) as a colorless liquid. The picrate was obtained as pink nee
dles (from EtOH), mp 143-144° (lit.26 mp 142.5-143.5°). The
1,3,5-trinitrobenzene charge-transfer complex was obtained as or
ange-red needles (from absolute EtOH): mp 169-170° (lit.27 mp 
169°); NMR (60 MHz) S 7.30 (m, 1, 7-H), 6.90-7.20 (m, 3, 4-, 5-,
6 - H), 6.70 (s, 1, 2-H), 3.64 (s, 3, NCHS), 2.20 (d, 3, 3-CH3, J  = 1.2  
Hz), 9.03 (s, 3, ArH).

Further elution of the column with a mixture of light petroleum 
and ether (17:3 v/v) gave the dimer 6 a as a soft, colorless mass 
(0.31 g, 35.8%): ir (Nujol mull) 3000 (m), 2888 (s), 2813 (s), 2788 
(s), 1610 (s, C=C), 1480 (s), 1120 (m, 1020 (m), 765 (s), 750 cm“ 1 
(s); uv XmM (EtOH) 223, 230, 258, 289, and 295 nm (log e 4.30, 4.31, 
3.80, 3.70, and 3.71); Xmal (concentrated H2SO4) 238, 243, and 294 
nm (log c 3.64, 3.63, and 3.70); NMR (Varian A-60) <5 7.60 (m, 1,
7- H), 6.66-6.90 (m, 3, 4-, 5-, 6 -H), 2.81 (d, 1 , 2-HA, J a b  = 9 Hz), 
3.39 (d, 1 , 2-Hb, J a b  = 9 Hz), 2.75 (s, 3, NCH3), 1.38 (s, 3, 3-CH3),
7.10-7.35 (m, 4, 4'-, 5'-, 6 '-, 7'-H), 6.53 (s, 1, 2'-H), 2.32 (d, 3, 3'- 
CH3, J = 1.2 Hz), 4.12 (s, 2, N'CIU); mass spectrum (70 eV) m/e 
(rel intensity) 290 (54, M •+), 147 (59), 146 (beyond chart), 145 
(beyond chart), 144 (79), 131 (100), 130 (59); mass measurement by 
high-resolution mass spectrometry m /e 290.17947 (calcd for

Table I
Mass Measurement of the Dimer 6c by 

High-Resolution Mass Spectroscopy

R e l  in -
F ra g m e n t F o u n d , m/e C a lc d ,  m/e F or te n s ity

6 c M‘+ 318.21241 318.20959 C2 2 ^ * 2 6 ^ 2 4.36
9c 160.1123 160.1123 C HH14N 10 0

1 0 b 159.1046 159.1048 C ttH,3N 15.60
lib 158.0969 158.0969 CllHisN 10.71

157.0885 157.0891 2.03
156.0820 156.0813 1.25

7b 145.0884 145.0891 C ioH„N 12.70
8b 144.0802 144.0813 C ioH10N 10.91

143.0730 143.0735 2.76
142.0642 142.0656 1.18
130.0654 130.0656 1.41

C20H22N2, m /e 290.17829); also see Scheme II. The 1,3,5-trinitro
benzene charge-transfer complex was obtained as pink needles 
with a metallic lustre (from MeOH), mp 133-134°.

Anal. Calcd for C 20H 22N 2 ■ S C gH g N gO f;: C ,  53.65; H, 3.93; N,
15.64. Found: C, 53.40; H, 3.65; N, 15.56.

1,2,3-Trimethylindole (4b) and Diastereoisomeric 1,2,3-Tri- 
methyl-3-(2',3'-dimethylindolyl-l'-methyI)indolines (6 b and 
6 c). lb 23 (1.038 g, 0.006 mol) was reduced for 4 hr with externally 
generated diborane (0.015 mol) following the foregoing procedure. 
The colorless, oily product, which indicated the presence of three 
components on TLC examination, was chromatographed on a col
umn of silica gel (60-120 mesh, Chemo Synthetics). Elution with a 
mixture of light petroleum and benzene (17:3 v/v) afforded 1,2,3- 
trimethylindole (4b, 0.5 g, 52.4%) as a colorless oil. The picrate was 
obtained as dark-red needles (from benzene), mp 148-149° (lit.28 
mp 150°). The 1,3,5-trinitrobenzene charge-transfer complex was 
obtained as blood-red needles (from absolute EtOH): mp 170- 
171°; NMR (HA 100 MHz, C C I4  + CDC13) 5 2.04 (s, 3, 3-CH3), 2.22 
(s, 3, 2-CH3), 3.48 (s, 3, NCH3), 6.75-7.06 (m, 4, 4-, 5-, 6 -, 7-H), 
8.80 (s, 3, ArH).

Further elution of the column with more polar solvents gave 
only a mixture of two components, which was rechromatographed 
on a column of silica gel (60-100 mesh, Gouri Chemicals) in light 
petroleum. The first 12  fractions contained a mixture of two com
ponents (0.30 g), while the subsequent 24 fractions gave a pure 
compound (175 mg), which on crystallization first from light petro
leum and finally from MeOH, afforded the trans dimer (6 b) as col
orless prisms: mp 123°; uv Xmax (EtOH) 224, 232, 260, 288, and 293 
nm (log t 4.36, 4.36, 3.86, 3.78, and 3.77); XmaI (concentrated 
H2SO4) 238, 242, and 287 nm (log e 3.74, 3.71, and 3.80); NMR 
(Varian HA-100) 6 7.43 (m, 1, 7-H), 6.40-6.60 (m, 3, 4-, 5-, 6 -H),
3.01 (q, 1, 2-H, J = 8 Hz), 2.75 (s, 3, NCH3), 1.40 (s, 3, 3-CH3), 1.44 
(d, 3, 2 -CH3, J = 8 Hz), 6.95-7.10 (m, 4, 4'-, 5'-, 6 '-, 7'-H), 1.44 (s, 3, 
2'-CH3), 2.12 (s, 3, 3'-CH3), 3.99 (d, 1 , N'CHA, JAB = 14 Hz), 4.22 
(d, 1 , N'CHb, Jab = 14 Hz); mass spectrum (70 eV) m/e (rel inten
sity) 318 (28, M •+), 161 (45), 160 (beyond chart), 159 (100), 158 
(84), 145 (68), 144 (73); see also Scheme II.

Anal. Calcd for C22H26N2: C, 82.94; H, 8.23; N, 8.80. Found: C, 
83.16; H; 8.15; N, 8.78.

The residue (0.3 g) of the first 12 fractions was rechromato
graphed on a column of silica gel (60-100 mesh, Gouri Chemicals) 
in light petroleum, bp 40-60°. The first seven fractions furnished 
the cis dimer (6 c) as a colorless, thick liquid (40 mg): uv Xmax 
(EtOH) 223, 231, 260, 288, and 294 nm (log £ 4.35, 4.37, 3.86, 3.78, 
and 3.78); Xmax (concentrated H 2 S O 4 ) 238, 242, and 286 nm (log t
3.74, 3.72, and 3.79); NMR (Varian HA-100) 7.48 (m, 1, 7-H), 
6.43-6.80 (m, 3, 4-, 5-, 6-H), 3.52 (q, 1, 2-H, J  = 8 Hz), 2.79 (s, 3, 
NCH3), 1.32 (s, 3, 3 -CH3), 0.92 (d, 3, 2-CH3, J = 8 Hz), 7.06-7.36 
(m, 4, 4'-, 5'-, 6'-, T -H ) ,  2.00 (s, 3, 2'-CH3), 2.23 (s, 3, 3'-CHs), 4.15 
(d, 1 ,  N'CH a , J ab = 15 Hz), 4.32 (d, 1 , N'CHe, J AB =  15 Hz); mass 
spectral data are recorded in Table I; see also Scheme II.

Continued elution of the column wih the same solvent gave 
mainly 6b (150 mg), mp 123°, together with an approximately 1:1 
mixture (50 mg) of 6b and 6c. Yield: 6b, 36.7%; 6c, 6 .8% (approxi
mate).
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The amino acids, proline and pipecolinic acid, have been converted into the 4-keto-4,5,6,7-tetrahydroindoles,
5a and 5b, respectively, in three steps. This sequence involved the preparation of the corresponding N- (4-carbo- 
methoxybutyroyl)amino acids and their subsequent reaction with acetic anhydride and dimethyl acetylenedicar- 
boxylate, thereby yielding the pyrrole triesters, 4a and 4b. This latter transformation employed a 1,3-dipolar cy
cloaddition reaction of bicyclic munchnone derivatives generated in situ. The final step in this sequence involved 
a Dieckmann condensation of 4a and 4b using sodium hydride. The application of the sequence to acyclic amino 
acids was also investigated and with phenylglycine and sarcosine, the tetrahydroindoles, 15 and 16, respectively, 
were obtained.

Treatment of these amino acids with methyl (4-chloro- 
formyl)butyrate in refluxing pyridine afforded the N- acyl 
amino acids, 2a and 2b, respectively. Attempts to carry out 
this acylation reaction under Schotten-Baumann condi
tions failed to give the desired N- (4-carbomethoxybuty- 
royl)amino acids. When pipecolinic acid was treated with 
methyl 4-(chloroformyl)butyrate in dilute sodium hydrox
ide solution, a low yield of the N -acyl diacid, 2c, was ob
tained. 2a and 2b were isolated as viscous oils and were 
used in the next step without extensive purification, al
though 2b was converted into a crystalline dicyclohexylam- 
ine salt for the purposes of characterization.

Reaction of 2a and 2b with acetic anhydride and dimeth
yl acetylenedicarboxylate furnished the tetrahydropyrroliz- 
ine 4a and tetrahydroindolizine 4b, respectively, as oils. 
The formation of these products involve the intermediacy

Munchnones (mesoionic oxazolium 5-oxides) have been 
successfully used in the preparation of pyrroles bearing 
simple alkyl, aryl, and/or carboalkoxy substituents.2-3 This 
paper will describe the synthesis of pyrrole derivatives pos
sessing a functionalized alkyl side chain capable of under
going further reaction to yield 4-keto-4,5,6,7-tetrahydro- 
indoles. In particular, this involves the reactions of N -(4- 
carbomethoxybutyroyl)amino acids with acetic anhydride 
and dimethyl acetylenedicarboxylate. The concept of util
izing functionalized 1,3-dipoles has recently been described 
by Lown and Landberg.4

Results and Discussion
Initially, the amino acids, proline and pipecolinic acid, 

were used in this study, and the reactions involving these 
compounds are listed in Scheme I.
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of bicyclic munchnone derivatives (3a and 3b), possessing a 
functionalized substituent at C-2. Surprisingly, the bicyclic 
munchnone (3b) appears to be formed more readily than 
munchnones derived from acyclic, IV-acyl secondary amino 
acids (vide infra), since carbon dioxide evolution, an indi
cation that the 1,3-dipolar cycloaddition of the munchnone 
to the acetylenic dipolarophile has occurred, was observed 
in this case on simply mixing the reactants at room temper
ature. Reactions involving the acyclic, IV-acyl amino acids 
required the use of elevated temperatures (45-60°).

Both the tetrahydropyrrolizine 4a and the tetrahydroin- 
dolizine 4b possess the requisite spectral characteristics to 
substantiate their structural assignments. In particular, the 
ultraviolet spectra of 4a and 4b are in good agreement with 
the reported uv spectrum (\max (CH3OH) 268 m/r (log e 
3.97) of the homologous tetrahydroindolizine 6, prepared 
by Acheson and Taylor.5

Conversion of 4a and 4b into the corresponding 4-keto- 
4,5,6,7-tetrahydroindoles, 5a and 5b, respectively, was ac
complished by a Dieckmann condensation using sodium 
hydride in tetrahydrofuran containing a trace of methanol. 
In this manner, compound 5a, a heterocycle which possess
es three of the four rings contained in the mitomycin skele
ton, was readily made.

Since it appeared that munchnones bearing a functional
ized side chain at C-2 could be used in the preparation of 
complex pyrroles, a study of this reaction with acyclic IV- 
acyl amino acids was then made in order to establish the 
synthetic scope of this approach. An example of such a 
reaction, somewhat related to the present study, has been 
recently reported. McDermott and Benoiton have found 
that treatment of Z-Ala-MeLeu with dicyclohexylcarbodi- 
imide in THF followed by addition of methyl propiolate re
sulted in the formation of the crystalline pyrrole 7 in 85% 
yield.6 The formation of this particular product involves 
the intermediacy of a mesoionic oxazolium 5-oxide which

possesses a functionalized alkyl side chain (aminoalkyl 
group) at C-2.

(CH3)2CHCR

c h ;!

6
-c o 2c h 3

—  CH—  NH— C— OCR

CH,

7

In the present study, four amino acids, glycine, alanine, 
phenylglycine, and sarcosine (IV-methylglycine), 8a-d, re
spectively, were converted into their N- (4-earbomethoxy- 
butyroyl) derivatives Ila-d, by first preparing the benzyl 
ester, then acylating the benzyl ester with methyl (4-chlor- 
oformyl)butyrate in the presence of triethylamine, and fi
nally removing the benzyl ester by hydrogenolysis (Scheme 
II). Once formed, the N- (4-carbomethoxybutyroyl) amino

R— CH— CO,H 

NH 

R'

Scheme II
Q H jC H jO H

p-toluenesulfonic
acid

8a. R =  R' =  H
b. R =  CH 3; R' =  H
c. R =  C,H5; R '= H
d. R =  H; R' =  CH,

R— CH— CO,CH2C6Hs

I
NH
I
R'

S03H

$
c h 3

0
II

CH302C(CH,)̂ CC1

(CH:(CH2):jN

R— CH— C02CH2C6H5

/ N\  J L
R' C— CH2CH2CH2C02CH3 Pd/c

0
10

R— CH— CO,H
I

R' c—c h ,c h 2c h 2c o 2c h 3

0
11

acids, lla-d, were dissolved in acetic anhydride containing 
dimethyl acetylenedicarboxylate and the reaction mixture 
was heated until carbon dioxide evolution was observed to 
occur (system vented through a barium hydroxide trap).

The results o: the reactions studied here are consistent 
with earlier findings by Huisgen,7 namely, reactions involv
ing IV-acyl amino acids which are derived from amino acids 
possessing a primary amine group usually fail to give the 
desired pyrrole products. In our case, reaction of IV-(4-car - 
bomethoxybutyroyl)glycine (11a) with acetic anhydride 
yielded the corresponding azlactone, which does not appear
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to exist in any appreciable equilibrium with the requisite 
mesoionic munchnone. No carbon dioxide evolution was 
observed even up to the reflux temperature of acetic anhy
dride, and only a small amount of monomethyl glutarate 
was obtained from the reaction mixture, indicating that hy
drolysis of the azlactone had occurred on work-up. Reac
tion of lib , the amide derived from alanine, did furnish a 
small amount of the pyrrole 12. This is also consistent with

C H A C — ¡j--------a—  C 0 2C H 3

CH3- 1 . nJ - Ch2ch2CH2C02PH3

ch3o,c ' ^ ^ h

C O jC H ,

12

Huisgen’s finding that dimethyl 2,5-dialkylpyrrole-3,4-di- 
carboxylates react with dimethyl acetylenedicarboxylate in 
a Michael addition fashion.7

The pyrrole 13 obtained from 11c, however, does not 
possess the dimethyl maleate substituent on the pyrrole

ring nitrogen. Apparently, the presence of the aromatic 
phenyl substituent at one of the a positions of the pyrrole 
ring inhibits this further reaction of 1 -unsubstituted pyr
roles with dimethyl acetylenedicarboxylate. In this particu
lar example, carbon dioxide evolution was observed to 
occur when the temperature of the reaction mixture 
reached 45°. This is due to the charge stabilization of the 
phenyl substituent at C-4 of the munchnone, thereby facili
tating the formation of this highly reactive 1,3-dipole.

The use of an iV-aryl secondary amino acid such as 12d 
was uneventful and afforded the desired pyrrole, 14, in 57%

C H 30 2C — n-------¡i—  C O A T

h  — C H 2C H 2C H 2C 0 2C H :!

c h 3

14

yield. Both 13 and 14 were subsequently converted into the 
corresponding 4-keto-4,5,6,7-tetrahydroindoles, 15 and 16, 
by means of a Dieckmann condensation using conditions 
just described.

0

R '

15, R =  C6H5; R' = H
16, R = H ;  R' =  CH3

Experimental Section
Melting points were taken on a Thomas-Hoover Unimelt capil

lary apparatus which was calibrated against known standards. Ul
traviolet spectra were recorded in CH3OH solutions on a Beckman 
DK-2A spectrometer; infrared spectra were determined in CHCI3 
solutions on a Beckman IR-12 spectrometer; 1H NMR spectra 
were obtained on a Varian Associates A-60 or T-60 spectrometer

from CDCI3 solutions using tetramethylsilane as an internal stan
dard; mass spectra were run on an AEI MS-30. Microanalyses were 
performed by the Searle Laboratories Microanalytical Depart
ment. Mallinckrodt silica gel (CC7) was used in the column chro
matographic work-ups.

7V-(4-Carbomethoxybutyroyl) proline (2a). A solution of L- 
proline (23.0 g, 0.2 mol) in anhydrous pyridine (300 ml) was treat
ed with methyl (4-chloroformyl)butyrate (32.9 g, 0.2 mol) and the 
mixture was heated to reflux for 3 hr. The reaction mixture was 
cooled and poured into a slurry of concentrated hydrochloric acid 
(400 ml) and ice (400 ml). The resultant aqueous acidic mixture 
was extracted with chloroform (3 X 250 ml); the combined chloro
form extract was washed with water (250 ml), then dried (NaaSCU), 
and the solvent was removed in vacuo. A thick, orange oil (42.75 g) 
was isolated: /¿oh 3300-3000, nc=o 1735 and 1645 cm-1. This prod
uct, 2 a, was used without further purification in the next step 
(synthesis of 4a).

JV-(4-Carbomethoxybutyroyl)pipecolinic Acid (2b). Using 
the procedure just described, a reaction of pipecolinic acid (25.8 g, 
0.2 mol) and methyl (4-chloroformyl)butyrate (32.9 g, 0.2 mol) in 
anhydrous pyridine (300 ml) furnished 2b as a brown viscous oil 
(37.10 g): m o h  3300-3000, mc- 0  1735, 1720 (shoulder), and 1645 
cm-1. In addition to using this material for the preparation of 4b, a 
small portion (1 .2  g) of this oil was dissolved in anhydrous ether 
(50 ml) and a solution of dicyclohexylamine (1.0 g) in ether (10 ml) 
was added. A colorless, crystalline solid was obtained (0.9 g), mp 
139-141°.

Anal. Calcd for C24H42N2O5: C, 65.72; H, 9.65; N, 6.39. Found: C, 
65.95; H, 9.99; N, 6.36.

Dimethyl 2,3-Dihydro-5-(3-carbomethoxypropyl)-l if-pyr- 
rolizine-6 ,7-dicarboxylate (4a). A mixture consisting of 2a 
(42.75 g, assumed to be 0.176 mol), dimethyl acetylenedicarboxyl
ate (28.4 g, 0.2 mol), and acetic anhydride (250 ml) was stirred and 
heated to 65°. At this temperature an exothermic reaction ensued, 
and the temperature quickly rose to 115°. This temperature was 
maintained for 18 hr by means of a heating bath. After the black
ened reaction mixture was cooled, the solvents were removed in 
vacuo, and the black tarry residue that remained was dissolved in 
methylene chloride (250 ml). This solution was washed with brine 
(6 X 150 ml), dried (Na2S0 4 ), and the solvent removed in vacuo. 
The black tar that remained was chromatographed on a silica gel 
column (1800 g). Elution of the column with 1% ethanol-99% chlo
roform furnished 4a as a brown oil (25.42 g): Xmax 266 m/x (log e 
3.77); mc—o 1735 cm-1. Bulb-t.o-bulb distillation of a small sample 
of this material afforded a light orange, viscous oil.

Anal. Calcd for C16H21NO6: C, 59.43; H, 6.55; N, 4.33. Found: 
59.08; H, 6.50; N, 4.01.

Dimethyl 3-(3-Carbomethoxypropyl)-5,6,7,8-tetrahydroin- 
dolizine-l,2-dicarboxylate (4b). A solution of 2b (23.5 g, as
sumed to be 0.09 mol), dimethyl acetylenedicarboxylate (21.3 g, 
0.15 mol), and acetic anhydride (400 ml) was stirred at room tem
perature overnight. The reaction mixture was evaporated to dry
ness in vacuo and the residue obtained was dissolved in ether (300 
ml). The ether solution was filtered, washed with water (200 ml), 
10% K2CO3 solution (200 ml), and water (200 ml), then dried 
(MgSCD and evaporated to dryness. The brown oil that was ob
tained (28.60 g) was divided into two equal portions and each por
tion was chromatographed on a silica gel column (1000 g). Elution 
of these columns with 10% ethyl acetate-90% benzene afforded 4b 
as a light brown oil (1 2 .1 2  g). Distillation of a small sample of the 
brown oil furnished a light yellow, viscous oil: bp 223-224° (0.9 
mmHg); Xmax 267 m/i (log e 3.82); mc= o 1730 cm '1.

Anal. Calcd for Ci7H23N0 6: C, 60.52; H, 6.87; N, 4.15. Found: C, 
60.74; H, 7.07; N, 3.86.

Dimethyl 2,3,5,6,7,8-Hexahydro-8-oxo-l H-pyrrolo[l ,2 -a]- 
indole-7,9-dicarboxylate (5a). Sodium hydride dispersion in 
mineral oil (57%, 8.2 g, 0.2 mol) was washed twice with pentane, 
the pentane washings were carefully decanted, and distilled THF 
(250 ml) containing 1 ml of methanol was added. A solution of 4a 
(25 g, 0.077 mol) in distilled THF (100 ml) was added in dropwise 
portions over a 1-hr period to this NaH suspension under a nitro
gen atmosphere with stirring at reflux. Heating of the reaction 
mixture at reflux was continued for an additional 90 min; then it 
was cooled and cautiously acidified by adding concentrated hydro
chloric acid (20 ml). The acidified mixture was then dissolved in 
water (300 ml) and the resultant solution was extracted with chlo
roform (2 X 250 ml). After the combined chloroform extract was 
washed with brine (500 ml), the organic solution was dried 
(Na2S0 4 ) and the solvent was removed in vacuo. Trituration of the 
residue with ether afforded a brown solid (17.4 g) which was re-
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crystallized from ethyl acetate to give a light-tan, powdery solid 
(5.25 g, 23%): mp 139-141°; Xmal 283 (log e 4.02), 263 (3.94), 225
(3.90); mc—o 1740 and 1680 cm-1; in addition to 8 3.73 and 3.81 (s, 
OCH3) and 3.90 (t, CH, J  =  7 Hz), a series of multiplets are pres
ent between 8 2.00 and 3.60, integrating for ten protons.

Anal. Calcd for C15H17NO5: C, 61.85; H, 5.88; N, 4.81. Pound: C, 
61.73; H, 5.95; N, 4.83.

Dimethyl l,2,3,4,6,7,8,9-Octahydro-l-oxopyrido[l,2-a]in- 
dole-2,10-dicarboxylate (5b). Using the procedure described for 
the synthesis of 5a, reaction of 4b (16.08 g, 0.047 mol) with sodium 
hydride dispersion (57%, 4.20 g, 0.10 mol) in distilled THF (200 
ml) containing 1 ml of methanol afforded a light brown solid (11.55 
g, 81%), mp 142-146°. A slightly modified work-up was employed 
here and involved the use of acetic acid in place of concentrated 
hydrochloric acid during the acidification. Recrystallization of the 
brown solid from water and decolorization using Darco furnished 
5b as colorless plates: mp 153-157°; 285 m u  (log e 3.92), 265
(3.85), 229 (3.93); mc—O 1735 and 1680 cm“ 1; a series of multiplets 
between 8 1.70 and 3.95 with two singlets at 8 3.75 and 3.81 (OCH3 

protons).
Anal. Calcd for C16H19NO5: C, 62.94; H, 6.27; N, 4.59. Pound: C, 

63.10; H, 6.42; N, 4.43.
Preparation of Amino Acid Benzyl Ester p-Toluenesulfon- 

ates (9). The synthesis of sarcosine benzyl ester p-toluenesulfon- 
ate (9d) will serve as an example of the synthetic method used in 
this reaction. A mixture consisting of sarcosine (22.3 g, 0.25 mol), 
p-toluenesulfonic acid monohydrate (48.5 g, 0.255 mol), benzyl al
cohol (100 ml), and anhydrous benzene (50 ml) was heated to re
flux overnight beneath a Dean-Stark trap. After 19 hr had elapsed,
10.5 ml of water had collected in the trap. The reaction mixture 
was cooled, ether (300 ml) was added, and the resultant mixture 
was refrigerated for several days. A colorless solid (58.6 g) was ob
tained and addition of ether (150 ml) to the mother liquor provid
ed a second crop of solid (76.3 g). The solids were combined and 
recrystallized from acetone, yielding a colorless solid (63.85 g, 
73%), mp 99-102°.

Anal. Calcd for C17H21NO5S: C, 58.10; H, 6.02; N, 3.99. Found: 
C, 57.75; H, 6.09; N, 3.78.

In a similar manner, alanine benzyl ester p-toluenesulfonate 
(9b) was prepared in 65% yield, mp 112-114° (lit.8 mp 113-114°), 
and phenylglycine benzyl ester p-toluenesulfonate (9c) was syn
thesized in 80% yield, mp 192-194.5° (CH3CN).

Anal. Calcd for C22H23NO5S: C, 63.91; H, 5.61; N, 3.39. Found: 
C, 63.87; H, 5.75; N, 3.12.

Preparation of JV-(4-Carbomethoxybutyroyl)amino Acid 
Benzyl Esters (10). The synthesis of 10a will serve as an example 
of the experimental procedures used for this reaction. A mixture of 
glycine benzyl ester p-toluenesulfonate9 (9a, 16.85 g, 0.05 mol) in 
chloroform (300 ml) was cooled to 5° and triethylamine (10.0 g, 0.1 
mol) was added. After stirring for a few minutes, a solution of 
methyl (4-chloroformyl)butyrate (8.25 g, 0.05 mol) in chloroform 
(25 ml) was added in dropwise portions over a 45-min period. The 
reaction mixture was allowed to stand overnight at room tempera
ture, and was then washed with dilute hydrochloric acid (2 X 200 
ml) and water (300 ml) and dried (Na2SO.i). Removal of the sol
vent in vacuo and purification by bulb-to-bulb distillation provid
ed 10a as a light yellow oil (13.15 g, 90%): mnh 3440 cm-1, mc—-o 
1740 and 1680 cm-1; 8 1.80-2.70 (m, six protons), 3.63 (s, OCH3),
4.06 (d, CH2, J  = 5.5 Hz), 5.16 (s, OCH2), 6.25 (broad s, NH), 7.33 
(s, phenyl protons).

Anal. Calcd for C15H19NOs • %H20: C, 59.58; H, 6 .6 8 ; N, 4.63. 
Found: C, 59.39; H, 6.72; N, 4.76.

The following N-(4-carbomethoxybutyroyl)amino acid benzyl 
esters were prepared in an analogous manner.

JV-(4-Carbomethoxybutyroyl)alanine benzyl ester (10b) was 
a colorless oil obtained in 85% yield; mnh 3440, mc=o 1735 and 1680 
cm“ 1; 8 1.40 (d, CH3, J  =  7 Hz), 1.80-2.60 (m, six protons), 3.65 (s, 
OCH3), 4.71 (q, CH, J  =  7 Hz), 5.16 (s, OCH2), 6.25 (broad s, NH), 
7.33 (s, phenyl protons).

Anal. Calcd for CieHziNOs: C, 62.52; H, 6.89; N, 4.56. Found: C, 
62.23; H, 6.89; N, 4.58.

Ar-(4-Carbomethoxybutyroyl)phenylglycine benzyl ester
(10c) was a colorless solid, mp 68-72° (benzene-hexane), obtained 
in 90% yield: mnh 3440, mc=o 1735 and 1680 cm“ 1; 8 1.80—2.60 (m, 
six protons), 3.56 (s, OCH3), 5.16 (s, OCH2), 5.63 (d, CH, J  = 7 
Hz), 6 .6 6  (broad d, NH), 7.10-7.40 (m, phenyl protons).

Anal. Calcd for C21H23NO5: C, 68.28; H, 6.28; N, 3.79. Found: C, 
68.58; H, 6.25; N, 3.81.

JV-(4 -Carbomethoxybutyroyl)sarcosine benzyl ester (lOd)
was a colorless oil isolated in quantitative yield: mc=o 1730 and

1650 cm '; 8 1.80-2.60 (m, six protons), 3.06 (s, CH3N), 3.61 (s, 
OCH3), 4.18 (s, CH2), 5.16 (s, OCH2), 7.40 (s, phenyl protons).

Anal. Calcd for Ci6H2iN0 5: C, 62.52; H, 6.89; N, 4.56. Found: C, 
62.37; H, 6.93; N, 4.49.

Preparation of /V-(4-Carbomethoxybutyroyl)amino Acids
(11). The following description of the experimental procedures 
used in preparing 1 1 a is representative of the method used in this 
debenzylation reaction. A solution of 10a (12.3 g, 0.041 mol) in 
ethyl acetate (200 ml) was treated with 5% palladium on carbon 
(1.2 g) and the mixture was hydrogenated using a Parr Shaker ap
paratus at room temperature and atmospheric pressure. Once the 
theoretical amount of hydrogen had been taken up (this usually 
occurred within 3 hr), the mixture was filtered and the filtrate was 
evaporated to dryness in vacuo. 1 1 a was isolated as a light yellow 
oil (7.75 g, 93%), which crystallized on standing at room tempera
ture: mp 62-66°; mnh 3440, moh 3300-3000. mo- o 1730 and 1675 
cm“ 1; 8 1.80-2.65 (m, six protons), 3.65 (s, OCH3), 4.03 (d, CH2, J  
= 6  Hz), 6.85 (t, NH, J  = 6  Hz), 9.30 (s, C02H).

Anal. Calcd for C8H13NO5: C, 47.28; H, 6.45; N, 6.89. Found: C, 
46.95; H, 6.55; N, 7.00.

The following Af-(4-carbomethoxybutyroyl)amino acids were 
prepared in an analogous manner.

A/-(4-carbomethoxybutyroyl (alanine (lib ) was obtained as a 
light yellow oil in 89% yield, which crystallized into a colorless 
solid: mp 137-140° (EtAc-hexane); moh 3690 and 3300-3000, mnh 
3440, mc=o 1740 and 1680 cm“ 1; 8 1.43 (d, CH3, J  =  8 Hz), 1.80- 
2.60 (m, six protons), 3.65 (s, OCH3), 4.66 (d of q, CH, J  =  8 Hz), 
6.80 (d, NH, J  = 8 Hz), 8.33 (s, C02H).

Anal. Calcd for C9H15NO5: C, 49.76; H, 6.96; N, 6.45. Found: C, 
49.72; H, 6 .6 6 ; N, 6.83.

7V-(4-Carbomethoxybutyroyl(phenylglycine (11c) was iso
lated as colorless needles, mp 102-105° (benzene), in 88% yield: 
moh 3690 and 3300-3000, mnh 3440, mc=o 1735 and 1680 cm” 1; 8 
1.70-2.60 (m, six protons), 3.60 (s, OCH3), 5.57 (d, CH, J  = 7 Hz),
7.06 (d, NH, J  = 7 Hz), 7.33 (s, phenyl protons), 9.68 (s, C02H).

Anal. Calcd for C14H17NO5: C, 60.20; H, 6.14; N, 5.02. Found: C, 
60.16; H, 6.14; N, 5.01.

N-(4-Carbomethoxybutyroyl(sarcosine (lid ) was obtained 
as a colorless oil in quantitative yield: moh 3690 and 3300-3000, 
MOO 1730 and 1650 cm-1; 8 1.80-2.80 (m, six protons), 3.00 and
3.08 (s, CH3N) ,10 3.70 (s, OCH3), 4.10 and 4.16 (s, CH2N) ,10 9.16 (s, 
C02H).

Anal. Calcd for C 9 H 1 5 N O 5 : C, 49.76; H, 6.96; N, 6.45. Found: C, 
49.94; H, 6.63; N, 6.50.

Reaction of lib  with Acetic Anhydride and Dimethyl 
Acetylenedicarboxylate. l ib  (7.2 g, 0.033 mol) was dissolved in 
acetic anhydride (125 ml) containing dimethyl acetylenedicarbox
ylate (5.7 g, 0.04 mol), and the solution was heated to 120° for 24 
hr. After the solution was cooled and the acetic anhydride was re
moved in vacuo, the residue was dissolved in ether (200 ml), fil
tered, and washed with dilute hydrochloric acid (2 X 100 ml), then 
water (2 X 100 ml). The ether solution was dried (MgS04) and 
evaporated to dryness, leaving a brown oil (10.05 g). This oil was 
chromatographed on a silica gel column (12 0 0  g) and elution with 
5% ethyl acetate-95% benzene afforded 12 as a light brown oil (2.2 
g, 15%): Xmax 258 mM (log t 3.90); mc—o 1735 and 1710 (shoulder), 
Mc— c 1660 cm“ 1; 8 2.18 (s, CH3), 1.55-2.90 (m, six protons), 3.65,
3.70, 3.83,3.86 (s, five OCH3), 7.36 (s, vinyl proton).

Dimethyl 2-Phenyl-5-(3-carbomethoxypropyl)pyrrole-3,4- 
dicarboxylate (13). A solution comprised of 11c (5.6 g, 0.02 mol), 
dimethyl acetylenedicarboxylate (4.25 g, 0.03 mol), and acetic an
hydride (150 ml) was warmed to 45-55° for 6 hr, then cooled and 
evaporated to dryness in vacuo. The residue was dissolved in ether 
(100 ml) and the ether solution was washed with dilute (5%) acetic 
acid (100 ml), 2% NaHC03 solution (100 ml), and water (100 ml). 
After drying (MgSCU), the solution was evaporated to dryness and 
the residue was triturated with hexane. 13 was obtained as a vis
cous orange oil (6.85 g) and this material was used without further 
purification in preparing 15. A small sample of 13 was purified by 
bulb-to-bulb distillation and afforded a light yellow oil which had 
the following spectral characteristics: mnh 3470 and 3340, mc—o 
1735 cm“ 1; 8 1.70-2.50 (m, four protons), 2.93 (t, CH2, J  = 7 Hz), 
3.66; 3.80, 3.83 (s, three OCH3), 7.20-7.57 (m, phenyl protons), 9.50 
(broad s, NH).

Anal. Calcd for Ci9H2iN0 6: C, 63.50; H, 5.89; N, 3.90. Found: C, 
63.11; H, 5.81; N, 3.46.

Dimethyl l-Methyl-5-(3-carbomethoxypropyl)pyrrole-3,4- 
dicarboxylate (14). Using the procedures described for the syn
thesis of 13, reaction of lid  (15.55 g, 0.072 mol), dimethyl acetyl
enedicarboxylate (12.8 g, 0.09 mol), and acetic anhydride (200 ml)
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furnished 14 as a yellow oil: bp 196-198° (0.6 mmHg) (12.25 g, 
57%); A,„„ 258 mji (log e 3.90); uc o 1735 cm-1; 6 1.70-3.10 (m, six 
protons), 3.61 (s, CH3N), 3.66, 3.78, 3.83 (s, three OCH3), 7.08 (s, 
pyrrole ring proton).

Anal. Calcd for C14H19NO6: C, 56.56; H, 6.44; N, 4.71. Found: C, 
56.52; H, 6.24; N, 4.42.

Dimethyl 2-Phenyl-4-oxo-4,5,6,7-tetrahydroindole-3,5-di- 
carboxylate (15). To a suspension of sodium hydride (57% disper
sion in mineral oil, 2.1 g, 0.05 mol, washed with pentane to remove 
the mineral oil) in distilled THF (50 ml) containing 0.2 ml of 
methanol, a solution of 13 (6.85 g, 0.019 mol) in distilled THF (25 
ml) was added in dropwise portions over a 30-min period. The 
reaction mixture throughout this addition was kept under a nitro
gen atmosphere and was stirred while the mixture was heated to 
reflux. Upon completion of the addition of 13, the mixture was re
fluxed for an additional 3 hr, then cooled to 5° and acidified with 
acetic acid (20 ml) and water (200 ml). The aqueous mixture was 
extracted with chloroform (2 X 100 ml), and the combined organic 
extract was washed with brine (200 ml), dried (Na2SO.(), and evap
orated to dryness in vacuo. The brown tarry residue (6.05 g) was 
then chromatographed on a silica gel column (100 0  g) and elution 
with 20% ethyl aeetate-80% benzene furnished a brown semisolid 
(2.23 g) which was recrystallized from benzene-ether to give 15 as 
a colorless powder (0.93 g, 15%): mp 121-123°; mnh 3440 and 3300, 
uc—o 1735 and 1680 cm-1; S 2.10-3.10 (m, four protons), 3.45 (t, 
CH, J  = 6  Hz), 3.65 and 3.68 (s, two OCH3), 7.30-7.50 (m, phenyl 
protons), 10.13 (broad s, NH).

Anal. Calcd for Ci8Hi7N 05: C, 66.05; H, 5.24; N, 4.28. Found: C, 
66.11; H, 5.15; N, 4.25.

Dimethyl l-Methyl-4-oxo-4,5,6,7-tetrahydroindole-3,5-di- 
carboxylate (16). Following the procedure described for the syn
thesis of 15, reaction of 14 (4.5 g, 0.015 mol) with sodium hydride 
(57% dispersion, 2.1 g, 0.05 mol) in distilled THF (50 ml) contain
ing 0.2 ml of methanol furnished a dark orange oil (5.20 g) which 
was chromatographed on a silica gel column (500 g). Elution of the 
column with 5% ethanol-95% benzene afforded 16 as a tan solid 
(1.85 g, 46%): mp 95-100°; mc= 0 1735 and 1680 cm-1; S 2.30-3.00 
(m, four protons), 3.50 (t, CH, J — 7.5 Hz), 3.56 (s, CH3N), 3.71 
and 3.78 (s, two OCH3), 7.23 (s, indole ring proton).

Anal. Calcd for C13H16N 05: C, 58.86; H, 5.70; N, 5.28. Found: C, 
58.95; H, 5.85; N, 4.88.
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The oxidative rearrangement of a-ketoacyl derivatives to malonates has been extended to include a synthesis of 
/3-lactams by oxidative (periodate) ring contraction of a-keto-7 -lactams. The rearrangement introduces a carbox
yl group at the a carbon of the /3-lactam and is capable of converting /3-substituted a-keto-y-lactams to the a,a- 
disubstituted ring-contracted derivatives. The application of the reaction to several simple mono- and bicyclic 
lactams is presented.

The fortuitous observation that periodate treatment of 
the 5-lactam l-methyl-3-hydroxy-3-hydroxymethyl-2-pi- 
peridinone led to the formation of 7 -lactam 2 was followed 
by the determination that the actual precursor of 2 was the 
a-keto-5-lactam l .1 The possibility that related acyclic de
rivatives might undergo a similar rearrangement was real
ized with the demonstration that a-keto esters and amides 
can be rearranged to malonates.1 Rearrangement of the 5- 
lactam 1 to the ring-contracted derivative 2 also suggested

HO,C

0 CH3

2

the possibility of extending the reaction to provide a syn
thesis of /3-lactams. Formation of /3-lactams by this ring- 
contraction reaction represents a potential synthesis of /3- 
lactams containing either mono- or difunctionality at the a 
carbon, and the rearrangement conditions of periodate at 
room temperature and neutral pH suggested compatibility 
of the approach with the presence of a variety of substitu
ents.

Examination of the numerous methods currently avail
able for /3-lactam synthesis2 reveals that nearly all ap
proaches require ring closure directly to the four-mem- 
bered ring. Of the few methods utilizing ring expansion or 
ring contraction,3 only the photolytic Wolff rearrangement 
of 3-diazo-2,4-pyrrolidinediones appears to have received 
more than passing attention.3d'e The potential advantages 
of /3-lactam formation by ring contraction under mild and
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selective conditions prompted the synthesis of several 
model compounds, and we now report application of the 
oxidative rearrangement to the monocyclic a-keto-y-lac- 
tam 4 and to the bicyclic derivatives 14,15, and 16.4

Results and Discussion
The first 7 -lactam examined was l-methyl-2,3-pyrroli- 

dinedione (4), which is the 7 -lactam most analogous to the 
5-lactam 1. An unsuccessful attempt has been reported5*1 to 
obtain 4 from the 4-ethoxycarbonyl derivative 3 by chloro
form extraction after hydrolysis in hydrochloric acid, and 
subsequently the isolation of 4 as its 4-benzylidine deriva
tive was reported.10 Using the reaction conditions em
ployed previously but with isolation by continuous extrac
tion followed by sublimation, we have obtained 4 in 63% 
yield.

HO,C

-N
< r  \

CHa

The oxidation of 4 with sodium periodate in an aqueous 
buffer at pH 7.0 was carried out in the manner used for oxi
dation of the 5-lactam 1. The resulting carboxy-/3-lactam 5 
was obtained in 30% yield, without any attempt at optimi
zation. We then turned from this monocyclic example to 
examine bicyclic models which would be analogous with 
the /3-lactam antibiotics.

Preparation of Azabicyclo[4.3.0]nonane-8,9-diones.
The required precursor of a /3-lactam which can lead to a 
simple bicyclic analog of the cephalosporin antibiotics is 
the a-keto-7 -lactam 14. In turn, 14 could be obtained from 
the bicyclic ester 7 in the same manner used for the conver
sion of 3 to 4. Two approaches have been applied success
fully to the synthesis of bicyclic esters such as 7. One ap
proach, an extension of the method used to synthesize the 
monocycle, is illustrated by the synthesis of 7 from the /3- 
amino ester 6 and diethyl oxalate.11 The other approach is

an extension of the imine-addition method,6® illustrated by 
the synthesis of 10 from 1 -pyrroline (9) and diethyl oxala- 
cetate (8).12 Although 10 has also been obtained by conden-

sation of ethyl 2-pyrrolidinylacetate with diethyl oxalate,11 
the synthesis of 7 from 2,3,4,5-tetrahydropyridine (12) has 
not been reported.

Initially 7 was obtained according to the published pro
cedure.11 We then planned to make 7-substituted deriva
tives, e.g., 13, by alkylation of 7 with methyl iodide, but al
kylation under a variety of conditions (sodium hydride in 
tetrahydrofuran or dimethylformamide, thallous ethoxide 
in benzene) gave exclusively the O-alkylated product. Simi
lar resistance to C-alkylation was apparently encountered 
and circumvented by condensation of substituted pyruvic 
acids or oxalacetates with an imine.8

Application of the imine-addition approach to the syn
thesis of 13 required use of imine 12 (A1-piperideine), 
which is an elusive species. No attempt was made to isolate 
it as the monomer. Instead, a solution of 12 in ethanol- 
ether was prepared by dehydrohalogenation of /V-chloropi- 
peridine according to the method used for the preparation 
of 1 -pyrroline,13 which in turn is based on the procedure for 
the preparation of a trimer of 12, a-tripiperideine. 14 The 
preparation of N-chloropiperidine by treatment of piperi
dine acetate with hypochlorite was replaced by the more 
convenient procedure employing direct formation from pi
peridine with IV-chlorosuccinimide.15

Before attempting the condensation reaction with a sub
stituted ester, we carried out the condensation of 12 with 
diethyl oxalacetate. Refluxing the ethanol-ether solution of 
12 with a benzene solution of diethyl oxalacetate produced 
the desired ester 7 in 48% yield, thus providing 7 more con
veniently than by the published procedure.11 The analo
gous condensation of 12 with the substituted ester 11 re
quired a longer reaction time and produced 13 in 30% yield.

CO-AHs

co2c2h5
n

Acid-catalyzed hydrolysis and decarboxylation of ethyl 
ester 7 was carried out in refluxing 10% hydrochloric acid, 
resulting in a 60% yield of 14. A similar procedure applied 
to 13 gave 15 in 74% yield. The bromo analog 16 was ob-

14 15 16
tained in 80% yield from 14 by bromination at room tem
perature either in a heterogeneous mixture with copper(II) 
bromide in methylene chloride or by homogeneous bromi
nation with copper(II) bromide in methanol.

The properties of these bicyclic analogs of 2,3-pyrroli- 
dinediones parallel the properties of the monocyclic com
pounds. The infrared spectra of 4, 13, and 14 all show ke
tone absorptions between 1767 and 1783 cm-1  and amide 
absorptions between 1700 and 1720 cm-1. In contrast, 15 
exhibits a broad band at 1662 cm-1  and 16 gives a similar 
band at 1680 c m '1. Neither 4 nor 14 give a positive test 
with ferric chloride, whereas the ethyl ester 7 and the enols 
15 and 16 display deep colors of burgundy or indigo.

The similarity of 14 with its monocyclic analogs is fur
ther illustrated by its self-condensation to 17, a conversion

sufficiently facile to preclude chromatography on silica gel 
or storage (even at 0°) for more than several days. Infrared 
and ultraviolet absorption data are consistent with an enol- 
ized structure, and the NMR spectrum confirms the indi
cated structure by exhibiting a vinyl doublet at 5 6.6 and 
two sharp singlets for the enolic proton at 5 12.9. The simi-
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lar aldol condensation products from monocyclic lactams5® 
are reported to produce a green to green-blue color with 
ferric chloride; 17 gives a green color.

2,3-Pyrrolidinediones with no substituents at C-4 invari
ably appear to be obtained from 4-aIkoxycarbonyl precur
sors,5 and the conversion of these precursors to the C-4 un
substituted derivatives is usually quite troublesome. Our 
own experience with the conversion of the ethyl ester 7 to 
the C-7 unsubstituted derivative 14 has indicated that the 
time required for complete conversion is also sufficient to 
allow for significant side reactions. Numerous variations in 
the procedure resulted in no improvement in yield. Basic 
hydrolysis to an acid such as 20, generally expected to be 
easy, has repeatedly proved to be impossible,8’16,17 as was 
the case with 7. However, if the acid could be obtained by a 
nonhydrolytic procedure, then decarboxylation could per
haps be achieved under conditions milder than those re
quired for hydrolysis of the ester.

Accordingly, we prepared such 7-carboxyl derivatives 
from their terf-butyl esters, and these acids were found to 
decarboxylate readily at room temperature in the presence 
of kieselgel or powdered glass. Application of these obser
vations to an improved synthesis of 14 required the acid 20, 
which was obtained conveniently and quantitatively from 
the tert-butyl ester 19 by treatment with acetic acid satu
rated with HBr. The tert-butyl ester 19 was obtained from 
12 in the same manner used for the synthesis of ethyl ester 
7. Condensation of the ester 1818 with 12 gave 19 in 60% 
yield.

C02C4H9-i

served during the oxidation of the bicyclic analogs 15 and
16. Phosphate buffers with sodium as the cation were used 
initially, but the heterogeneous reaction mixtures which 
frequently resulted frustrated attempts to follow the oxida
tion. Buffering solutions prepared by titrating phosphoric 
acid with lithium hydroxide proved satisfactory, but are 
limited by extensive precipitation above pH ~7.7.

Oxidation of 14 proceeded smoothly to give 2119 in 70% 
yield. Neither the 60- nor the 100-MHz NMR spectra of 21,

H H

14

The acid 20 decarboxylated with such ease that only 
spectral characterization was possible. A dilute aqueous 
sample of 20 prepared for ultraviolet characterization de
carboxylated rapidly at room temperature, giving a uv ab
sorbance corresponding exactly with the absorbance of 14.

Preparative decarboxylation of 20 can be carried out 
under a variety of conditions. Shaking 20 as a solution in 
methanol-acetone and a small amount of acetic acid in the 
presence of powdered Pyrex leads to decarboxylation at 
room temperature within ~2 hr. Decarboxylation in reflux
ing methanol-acetone is complete after about 1 hr, whereas 
the same conditions in the presence of powdered Pyrex 
lead to total decarboxylation in less than 7 min. Progress of 
the conversion can be followed in the uv, and the uv spectra 
of these solutions indicate the complete absence of 17, the 
product of self-condensation. The conversion of 19 to 14 
thus is quantitative, and sublimation results in a 90% yield 
of 14, the residue being a mixture of 14 and 17 as seen from 
its infrared spectrum.

Periodate Oxidation o f Bicyclic a-Ketolactams 14,
15, and 16. The rate of oxidation of 14 was determined con
veniently by monitoring the uv absorbance of periodate at 
223 nm. A constant value corresponding to uptake of ap
proximately 100 mol % of periodate was obtained within
15-20 min. Comparable rates of periodate uptake were ob

RO,C-

14 y - N .
O

21, R = H
22, R = CH3

or its methyl ester 22, in deuteriochloroform revealed H-7 
resolved from other downfield absorptions. However, use of 
pyridine instead of chloroform gave rise to substantial dif
ferential effects on the chemical shifts of the downfield 
protons, and a 220-MHz spectrum completely resolved H-7 
from the other two absorptions. The 1.8-Hz coupling con
stant establishes the C-6 and C-7 protons as trans;20 no ab
sorption corresponding to the cis isomer was observed. 
Samples of ester 22 were obtained from both crude and re
crystallized 21 and subjected to gas chromatographic con
ditions which successfully resolved esters 27 and 28.21 Both 
samples gave a single symmetrical peak, indicating the ab
sence of the cis isomer.

Methyl analog 15 was chosen as a simple example for de
termining the effect on ring contraction of an alkyl substit
uent at the /? carbon of an a-keto-y-lactam. Oxidation of 15 
produced in 50% yield only one of the two possible /3-lac
tam isomers, 23, which was subsequently shown by X-ray

H3C H
R02C

23, R = H
24, R = C.H3

crystallography22 to have the carboxyl group located trans 
to the fused ring. The crude oxidation product was esteri- 
fied and chromatographed21 in the same manner as the un
substituted /3-lactam 21 . No peak corresponding to the 
other isomer was observed.

The bromo analog 16 was viewed as a potential interme
diate for the synthesis of other a-keto-y-lactams and as a 
compound which could give a /3-lactam amenable to a vari
ety of synthetic manipulations. Oxidation of 16 led to a 40% 
yield of /3-lactam, subsequently shown to be a mixture of 
the stereoisomers 25 and 26. Gas chromatography21 of the

16

27,
25,

R = H 
R = CH,

26, R = H 
28, R = CH:l

product obtained by esterification with diazomethane gave 
two peaks which corresponded in molecular formula with 
the desired methyl ester. The ratio of peak areas was ap
proximately 9:1. Complete separation of the isomers was 
then achieved by column chromatography on kieselgel, and 
the isomer ratio determined from gas chromatography was 
confirmed.

The separated isomers were hydrolyzed in nearly quanti
tative yield to the acids 25 and 26 with 1 equiv of potassi
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um hydroxide in 50% aqueous dioxane. X-Ray crystallo
graphic studies22 of these acids indicated that the carboxyl 
group of the major isomer, 25, is located in the same man
ner as the carboxyl group of 21 and 23, that is, trans to the 
fused ring.

Neither the NMR spectrum nor TLC of the original 9:1 
mixture of esters 27 and 28 indicated the presence of other 
materials, but gas chromatography of the mixture led to 
several peaks in addition to those corresponding to 27 and 
28. The minor ester 28 initially was isolated by gas chroma
tography of mixtures enriched in this isomer, and these en
riched mixtures gave relatively much greater amounts of 
the other materials. It was then found that stepwise lower
ing of the injection port temperature increased the peak 
area due to 28 at the expense of the combined peak areas 
due to the other materials; peak area due to 27 always re
mained the same. Injection of pure 27 gave a single peak; 
injection of pure 28 gave the peak corresponding to 28 plus 
previously observed peaks, thus indicating that these con
taminating materials are due to decomposition of 28, but 
not 27, in the metal injection port of the gas chromato
graph. The decomposition products were collected and 
gave Rf values on TLC distinctly different from the values 
for either 27 or 28, confirming that they were not present 
initially but were formed during gas chromatography. The 
structures of the two major decomposition products were 
established as 22 and the a,ff-dibromo-/3-lactam 29. The ir 
spectrum of 29 revealed a single carbonyl absorption at

Br

29
1782 cm-1 , and the NMR spectrum retained all of the ab
sorptions characteristic of these bicyclic /3-lactams.

Further studies of the scope of the oxidative ring con
traction reaction of a-keto-7 -lactams are continuing and 
will be the subject of a subsequent report.

Experimental Section23
1-Methyl-2,3-pyrrolidinedione (4) . 24 4-Ethoxycarbonyl-3- 

hydroxy-1 -methyl-2-oxo-3-pyrroline (3, 10.0 g, 0.054 mol)6a was 
heated for 50 min in refluxing 2.9 M  HC1 (500 ml). Continuous ex
traction with CH2C12 for 48 hr gave, after evaporation of solvent, a 
brown solid which was purified by sublimation at 90° (10 n) to give 
3.88 g (63%) of off-white solid: ir (film) 1767, 1701 cm-1; NMR b 
2.75 (2 H, t, J  = 5.5 Hz), 3.13 (3 H, s), 3.74 (2 H, t, J  = 5.5 Hz). Al
ternatively, the crude solid was xecTystallized from ether, giving 4 
with spectral properties (ir, NMR) identical with the above, mp 
89-91°.

Anal. Calcd for C5H7NO2: C, 53.1; H, 6.2; N, 12.4. Found: C, 
52.8; H, 6.0; N, 12.3.

7-Ethoxycarbonyl-8-hydroxy-9-oxo-l-azabicyclo[4.3.0]non-
7-ene (7) from 2,3,4,5-Tetrahydropyridine (12). Ethyl sodi- 
oethoxalylacetate (52.5 g, 0.25 mol) was stirred with a mixture of 
water (125 ml), benzene (250 ml), and 6 N  H2SG4 (42 ml). The 
benzene layer was separated, washed with water (2 X 150 ml), and 
dried (Na2S0 4 ). An ether-ethanol solution of 12  was prepared 
from piperidine (21.5 g, 0.25 mol)13 and the solutions of 12 and di
ethyl oxalacetate were combined and refluxed for 3 hr, then 
washed with brine (2 X 50 ml), dried (Na2S0 4 ), and evaporated. 
The remaining dark oil was dissolved in 30 ml of ether. On stand
ing, crystals weTe formed in 48% yield. Spectral (ir and NMR) 
properties and the melting point (115-116°) were identical with 
those of an authentic sample.11

7-Ethoxycarbonyl-7-methyl-8 ,9-dioxo-1 -azabicyclo[4.3.0]- 
nonane (13). Diethyl methyloxalacetate (11, 12.8 g, 0.063 mol)25 
was dissolved in benzene (125 ml) and refluxed for 18 hr with a so
lution of 12 prepared from piperidine (0.125 mol) as described pre
viously. The solution was washed with brine (2 X 50 ml) and dried 
(Na2SO,t) and the solvents were evaporated. The remaining dark 
oil was dissolved in ether )~ 2 0  ml) and allowed to stand overnight, 
giving crystals in 30% yield. Recrystallization from hexane-CHCb

gave colorless prisms: mp 92-93°; ir 1777, 1727 cm 1 (br); NMR b 
0.9-2.2 (6 H, m), 1.23 (3 H, t, J  =  7 Hz), 1.4 and 1.5 (3 H, two sin
glets), 2.93 (1 H, m), 3.3-4.6 (2 H, m), 4.17 (2 H, q, «7 = 7 Hz); mass 
spectrum m /e (rel intensity) 239 (M+, 11), 211 (Í0), 166 (100).

Anal. Calcd for C12H17NO4: C, 60.2; H, 7.2; N, 5.9. Found: C, 
60.1; H, 7.0; N, 6.0.

7 -fert-B utoxycarbonyl-8-hydroxy-9-oxo-l-azabicyclo- 
[4.3.0]non-7-ene (19). A mixture of piperidine (2.72 g, 0.032 mol), 
N -chlorosuccinimide (7.45 g, 0.56 mol), and ether (165 ml) was 
stirred at room temperature for 0.5 hr and filtered, and the precip
itate was rinsed with ether (10 ml). The filtrate was washed with 
water (4 X 100 ml) and brine (50 ml) and then dried (Mg.8 0 4 ). Just 
before use in the next step the extract was filtered and concentrat
ed to about 20 ml.

The ether solution of N -  chloropiperidine was added over a peri
od of 7 min to a stirred solution of absolute ethanol (16 ml) con
taining 85% KOH (2.11 g, 0.032 mol of KOH). The internal tem
perature of the ethanol solution was kept between 5 and 10° dur
ing addition. After addition was complete the cooling bath was re
placed with a large water bath at room temperature and the etha
nol-ether mixture was stirred in this bath for 2 hr. After filtration 
of the mixture and rinsing of the precipitate with absolute ethanol, 
a filtrate with a volume of 32 ml was obtained.

To 30 ml of the above solution was added freshly distilled ethyl
3-tert-butoxycarbonyl-2-oxopropionate18 (3.24 g, 0.015 mol) in 
benzene (15 ml). The resulting solution was refluxed for 3.5 hr, 
then allowed to stand overnight at room temperature. With the in
ternal temperature of the reaction mixture <25°, 2.9 M  HC1 was 
added until the aqueous layer gave pH ~1. The mixture was then 
diluted with water (50 ml) and extracted with benzene (2 X 100 
ml). The combined extracts were washed with brine (30 ml), dried 
(MgS0 4 ), filtered, and evaporated to give a yellow solid which was 
chromatographed on silica gel (40 g) with CHCI3. Recrystallization 
from CHCL-hexane gave after collection of three crops 2.28 g 
(60%) of colorless crystals: mp 142-146°; ir 1701 (s), 1675 (s), 1631 
cm“ 1 (m); NMR b 0.7-2.2 (5 H, m), 1.58 (9 H, s), 2.2-3.2 (2 H, m),
3.92 (1 H, dd, J  =  11, 4 Hz), 4.35 (1 H, br dd, J a,kb mgr = 13 Hz),
9.2 (1  H, broad hump); uv (95% EtOH) Xmax 245 nm (e 8820), 304 
(5500); uv (H20, pH 4.6) 247 (9500), 304 (4250); uv (H20, pH 6 .0) 
240 (6850), 304 (10,300); mass spectrum m/e (rel intensity) 253 
(M+, 1), 197 (3), 180 (7), 153 (18), 152 (14), 124 (6 ), 123 (5), 59 
( 100) .

Anal. Calcd for C13H19NO4: C, 61.6; H, 7.6; N, 5.5. Found: C, 
61.8; H, 7.6; N, 5.9.

8,9-Dioxo-l-azabicyclo[4.3.0]nonane (14). Ester 7 (300 mg, 
1.33 mmol) was heated for 2.5 hr in refluxing 2.9 M  HC1 (15 ml). 
Continuous extraction with CH2C12 gave, after drying (MgS0 4 ) 
and evaporation of solvent, a crude solid which was purified by 
sublimation at 57° (20 fi) to give 124 mg (60%) of solid: mp 62-66°; 
ir 1783, 1708 cm“ 1; nmr b 1.1-2.3 (6 H, m) 2.4-3.2 (2 H, m), 2.92 (1 
H, m), 3.80 (1 H, m), 4.35 ( 1  H, br dd, J a,9 = 13 Hz); uv (water, aci
dic or neutral) Xmax 256 nm (c 4000); mass spectrum m/e (rel inten
sity) 153 (M+, 85), 125 (6 6 ), 41 (100).

Anal. Calcd for C8HnN02: C, 62.7; H, 7.2; N, 9.1. Found: C, 62.7; 
H, 7.1; N, 9.3.

7-Carboxy-8-hydroxy-9-oxo-l-azabicyclo[4.3.0]non-7-ene 
(20). To the terf-butyl ester 19 (146 mg, 0.58 mmol) in acetic acid 
(0.7 ml) was added acetic acid saturated with HBr (11.5 ml). After 
being stirred at room temperature for 10  min the solution was 
evaporated at room temperature, resulting in a solid which was re
dissolved without heating in methanol. Evaporation of this solu
tion gave 113 mg (100%) of solid: mp 142-144° dec; ir (Nujol mull) 
1661 cm" 1 (broad); NMR (DMSO-d6) b 0.7-2.0 (5 H, m), 2.2-3.2 (2 
H, m), 3.7-4.3 (2 H, m); uv (H20, pH 6.3) Xmal 245 nm (c 7700), 
shoulder at ~295 (3200); mass spectrum m/e (rel intensity) no ob
servable M+, 153 (M+ -  44, 72), 125 (26), 124 (40), 41 (100).

Decarboxylation o f Acid 2 0 . Powdered Pyrex was prepared by 
taking granular Pyrex of minimum 80 mesh and grinding it with 
mortar and pestle. The amount of glass initially used was arbi
trary, but relative amounts were always the same and taken from 
the same batch.

A. Decarboxylation at Room Temperature. The acid 20 (13 
mg, 0.07 mmol) was dissolved in methanol (1.6 ml) and acetone 
(1.6 ml). After addition of 2 drops of acetic acid and 0.22 g of pow
dered Pyrex the mixture was shaken on a mechanical shaker at 
room temperature. Aliquots were periodically removed and their 
uv spectra indicated the presence only of 14 within 1.5-3.5 hr.

B. Decarboxylation at Reflux and Isolation of 14 by Subli
mation. The tert- butyl ester 19 (166 mg, 0.65 mmol) was convert
ed to the acid 20 as described previously. After 20 was dissolved at
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room temperature in methanol (16 ml) and acetone (16 ml), pow
dered Pyrex (2.15 g) was added and the stirred mixture was re
fluxed for 7 min. Examination of the uv spectrum of an aliquot in
dicated the presence only of 14. The mixture was cooled to room 
temperature, filtered through Celite, and evaporated at room tem
perature to give a residue which was immediately taken up in 
CH2CI2 (50 ml) and dried (MgS04) for ca. 15 min. After filtration 
through Celite and evaporation of solvent, the residue was trans
ferred with CH2CI2 to a sublimer, evaporated, and sublimed at a 
bath temperature of 57° (10 ¿1), yielding 89 mg (90%) of 14 identi
cal with authentic material by ir and melting point comparison. An 
ir spectrum of the residue after sublimation (7 mg) indicated an 
approximately 1:1 mixture of 14 and 17.

Aldol Condensation Product from 14 (17). A sample of crude 
14 was allowed to stand overnight at room temperature and closed 
to the atmosphere. Warming the solid to 70° did not result in 
melting. Recrystallization from hexane-CHCl3 gave a cream-col
ored, amorphous solid: mp 219-224° dec; ir 1690, 1649, 1580 cm-1; 
NMR 5 0.9-2.5 (12 H, m), 2.90 (2 H, m), 3.7-4.5 (4 H, m), 6.59 (1 H, 
d, J = 2 Hz), 12.80 (0.2 H, s), 12.93 (0.8 H, s); uv (95% C2H5OH) 
249 nm (< 12,300), 297 (14,200); mass spectrum m/e (rel intensity) 
288 (M+, 77), 270 (89), 242 (25), 214 (11), 41 (100).

Anal. Calcd for C16H20N2O3: C, 6 6 .6 ; H, 7.0; N, 9.7. Found: C, 
6 6 .6 ; H, 6.9; N, 9.7.

7-Methyl-8-hydroxy-9-oxo-l-azabicyclo[4.3.0]non-7-ene
(15) . Ester 13 (1 g, 4.2 mmol) was heated for 1.5 hr in refluxing 2.9 
M  HC1 (47 ml). Continuous extraction with CH2CI2 gave, after 
drying (MgSO,*) and evaporation of solvent, a yellow solid which 
was recrystallized from benzene as prisms (520 mg, 74%): mp 191- 
193°; ir 3548 (shoulder), 3207 (br), 1662 cm“ 1 (br); NMR 5 0.7-2.4 
(6 H, m), 1.85 (3 H, s), 2.82 (1 H, m), 3.50 (1 H, dd, J = 11, 4 Hz), 
4.23 (1 H, br dd, JaA9 = 13 Hz), 8.5 (1 H, broad s); mass spectrum 
m/e (rel intensity) 167 (M+, 100), 152 (94).

Anal. Calcd for C9H13NO2: C, 64.6; H, 7.8; N, 8.4. Found: C, 64.6; 
H, 7.9; N, 8.5.

7-Bromo-8-hydroxy-9-oxo-l-azabicyclo[4.3.0]non-7-ene
(16) . Ketone 14 (1.2 g, 7.8 mmol) copper(II) bromide (3.50 g, 15.7 
mmol, pulverized) and CH2CI2 (109 ml) were mechanically stirred 
in the dark for 22 hr. After filtration through Celite and evapora
tion of solvent the residue was chromatographed on silica gel (20 g) 
with CHC13, giving 1.46 g (80%) of solid which was recrystallized 
from hexane-CHCl3: mp 1 2 1 - 1 2 2 ° dec: ir 3451 (shoulder), 3078 
(br), 1680 cm"1; NMR 5 0.9-2.5 (6 H, m), 2.87 (1 H, m), 3.78 (1 H, 
dd, J = 11, 4 Hz), 4.29 (1 H, br dd, J = 13 Hz), 9.25 (1 H, s); mass 
spectrum m/e (rel intensity) 233, 231 (M+, 33), 152 (100), 124 (37).

Anal. Calcd for CsHioBrNC^: C, 41.4; H, 4.3; N, 6.0. Found: C, 
41.6; H, 4.3; N, 6.1.

3-Carboxy-l-methyl-2-azetidinone (5).24 A mixture of the 
pyrrolidinedione 4 (452 mg, 4.0 mmol), sodium periodate (5.14 g,
24.0 mmol), and a sodium-phosphate buffer (0.2 M, 150 ml) of pH
7.0 (before addition of periodate) was stirred in the dark for 24 hr. 
With ice-bath cooling, the periodate was destroyed by slow addi
tion of aqueous NaHS03 (2 M, 60 ml) while keeping the pH near 7 
by addition of saturated K2CO3 solution. The resulting pH 7 solu
tion was reduced to ca. half volume by lyophilization, adjusted to 
pH 4 with phosphoric acid, and continuously extracted with 
CH2CI2 for 7 days. The resulting light amber oil (220  mg) was 
chromatographed on silica gel (15 g) with CHCI3-CH 3OH-HCO2H 
(10:1:0.05), yielding 153 mg (30%) of colorless oil: ir (neat) 1745 
cm“ 1 (br); NMR 6 2.86 (3 H, s), 3.50 (2 H, m), 4.10 (1 H, m), 9.2 (1 
H, s); mass spectrum m/e (rel intensity) 129 (M+, 15), 101 (100), 84
(10), 73 (30), 72 (21), 58 (37), 55 (80).

Anal. Calcd for C5H7NO3: C, 46.5; H, 5.5; N, 10.9. Found: C, 
46.3; H, 5.6; N, 10.9.

Oxidation with Sodium Periodate. General Procedure. A 0.2
M  buffer was prepared by titrating phosphoric acid with aqueous 
LiOH. A volume of buffer was chosen such that the concentration 
of starting material was 0.02 M, sodium periodate was added, and 
the pH was adjusted to the desired value. Depending on its rate of 
solution in water, starting material was added all at once as a fine 
powder, or was added with vigorous stirring over a period of sever
al minutes as a solution (volume ~5% of volume of buffer) in 
CH3OH or tetrahydrofuran (THF). Aliquots were removed period
ically and examined in the uv. Periodate and iodate were de
stroyed by addition of an approximately stoichiometric amount of 
NaHS03 dissolved in a minimum of water while keeping the pH 
near 7 by the addition of 2 M  NaOH. Following extraction of the 
neutral solution with CH2CI2, the pH was adjusted to 2.0 with 
phosphoric acid and the solution was continuously extracted with 
CH2CI2. The extracts were dried (MgSO,i) and evaporated.

7-Carboxy-8-oxo-l-azabicyclo[4.2.0]octane (21). The ketone 
14 (3.34 g, 0.022 mol) was oxidized with NaIC>4 (0.044 mol) at pH
6.3 as described above to give 21 in 70% yield. The product was re
crystallized from hexane-acetone: mp 145-146° dec; ir 1753, 1722 
cm” 1; NMR 5 1.2-2.3 (6 H, m), 2.81 (1 H, m), 3.5-4.1 (2 H, m), 3.75 
(1 H, d, J  = 1.8 Hz), 9.2 (1 H, s); mass spectrum m/e (rel intensity) 
169 (M+, 12), 141 (100), 125 (11), 124 (32), 123 (31), 97 (42).

Anal. Calcd for C8H11NO3: C, 56.8; H, 6 .6 ; N, 8.3. Found: C, 56.9; 
H, 6 .8 ; N, 8.3.

7-Methoxyearbonyl-8-oxo-l-azabicyclo[4.2.0]octane (22).
The acid 21 in ether-methanol (5:1, v/v) was treated with excess 
CH2N2 in ether. After destruction of the excess with acetic acid, 
evaporation of solvents left 15 as an oil; ir 1760, 1730 cm-1; NMR 
(CC14) a 1.1-2.3 (6 H, m), 2.75 (1 H, m), 3.4-4.0 (2 H, m), 3.55 (1  H, 
d, J = 1.8 Hz), 3.70 (3 H, s); mass spectrum m/e (rel intensity) 184 
(M+ + 1, 92), 183 (M+, 31), 156 (100), 155 (82), 124 (89), 97 (55), 96 
(47). An analytical sample was prepared by preparative GC.

Anal. Calcd for C9H13N 03: C, 59.0; H, 7.1; N, 7.6. Found: C, 59.0; 
H, 7.1; N, 7.6.

7-Carboxy-7-methyl-8-oxo-1 -azabicyclo[4.2.0]octane (23).
The methyl analog 15 (500 mg, 3.0 mmol) was oxidized with sodi
um periodate (2.60 g, 12.1 mmol) at pH 6.3 as described above. 
The resulting solid was recrystallized from hexane-acetone, yield
ing 285 mg (53%) of colorless prisms: mp 179-181°; ir 1743, 1713 
cm“1; NMR h 1.2-2.1 (6 H, m), 1.52 (3 H, s), 2.76 (1 H, m), 3.6-4.0 
(m, 2 H), 10.6 (1 H, s); mass spectrum m/e (rel intensity) 183 (M+, 
4), 155 (68), 41 (100).

Anal. Calcd for C9H13N 03: C, 59.0; H, 7.1; N, 7.6. Found: C, 59.0; 
H, 6 .8 ; N, 7.6.

7-Methoxycarbonyl-7-methyl-8-oxo-l-azabicyclo[4.2.0]oc- 
tane (24). A solution of the acid 23 (50 mg) in THF (15 ml) was 
treated with excess CH2N2 in ether. The solution was stirred for 18 
hr and the solvents were evaporated to yield 17 as an oil: ir 1756, 
1725 cm“ 1; NMR h 1.0-2.0 (6 H, m), 1.45 (3 H, s), 2.85 (1 H, m),
3.6-4.0 (2 H, m), 3.72 (3 H, s); mass spectrum m/e (rel intensity) 
197 (M+, 6 ), 169 (69), 166 (32), 138 (6 6 ), 137 (6 6 ), 41 (100). An ana
lytical sample was prepared by preparative GC.

Anal. Calcd for Ci0Hi5NO3: C, 60.9; H, 7.7; N, 7.1. Found: C, 
60.9; H, 7.6; N, 7.2.

7-Bromo-7-methyoxycarboeyl-8-oxo-l-azabicyclo[4.2.0]oc- 
tane (27 and 28). The bromo analog 16 (500 mg, 2.15 mmol) was 
oxidized with NaIC>4 (920 mg, 4.3 mmol) as described above to 
yield 215 mg (40%) of 19 and 20 as a light yellow oil. A solution of 
this oil in ether was treated with excess CH2N2 in ether. After de
struction of the excess with acetic acid and evaporation of solvent, 
the residue was chromatographed on silica gel (10  g) to give the es
ters 27 and 28 as a colorless oil. A portion of this oil (166 mg) was 
chromatographed on kieselgel (23 g) with ether-petroleum ether 
(bp 30-60°) (3:1 v/v). The major isomer (27) was eluted first, and 
mixed portions containing 1 1  mg were recycled.

27: 139 mg; ir 1776, 1738 cm"1; NMR (CCI4) & 1.2-2.1 (6 H, m), 
2.85 (1 H, m), 3.5-4.0 (2 H, m), 3.82 (3 H, s); mass spectrum m/e 
(rel intensity) 263, 261 (M+, 2), 235, 233 (20), 182 (100), 154 (14).

28: 15 mg; ir 1776, 1749 cm“ 1; NMR (CC14) S 1.1-2.2 (6 H, m), 
2.82 (1 H, m), 3.5-4.0 (2 H, m), 3.82 (3 H, s); mass spectrum m/e 
(rel intensity) 263, 162 (M+, 0.07), 235, 233 (1), 203, 201 (0.5), 182 
(7), 154 (1.5), 43 (100).

7-Bromo-7-carboxy-8-oxo-l-azabicyclo[4.2.0]octane (25 
and 26). Potassium hydroxide in 50% aqueous dioxane (0.10 M, 
4.24 ml) was added to a solution of 28 (111 mg, 0.42 mmol) in 50% 
aqueous dioxane (2.4 ml). After standing for 12 hr, the solution 
was added to ice water (20 ml) and extracted with CH2CI2 (3 X 15 
ml). The combined extracts were dried (MgS04) and evaporated to 
yield 6 mg of unreacted 28 (by TLC comparison).

The aqueous solution was buffered to pH 2.0 with Na^PCU • 
H2O (450 mg) and 3.0 M  H3P04. Continuous extraction with 
CH2CI2 gave 26 (94 mg, 95%) as a solid which was recrystallized 
from hexane-CHCl3 as colorless needles: mp 180-182° dec; ir 1777, 
1719 cm-1; NMR (CDC13, CD3OD) S 1.1-2.3 (6 H, m), 2.84 (1  H, 
m), 3.6-4.1 (2 H, m); mass spectrum m/e (rel intensity) 249, 247 
(M+, 14), 231, 229 (23), 221, 219 (80), 205, 203 (70), 177, 175 (79), 
168 (88), 82 (100).

Anal. Calcd for C8Hi0BrNO3: C, 38.7; H, 4.1; N, 5.7. Found: C, 
39.0; H, 4.1; N, 5.7.

The major isomer, 25, was obtained similarly and it crystallized 
both as a hydrate, mp 97° and 119-120°, and as the anhydrous 
compound: mp 124-126°; ir 1772, 1724 cm-1; NMR (CDC13, 
CD3OD) 6 1.2-2.2 (6 H, m), 2.87 (1 H, m), 3.6-4.1 (2 H, m); mass 
spectrum m/e (rel intensity) 231, 229 (M+ -  18, 4), 221, 219 (3), 
168 (14), 41 (100).
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Anal. Calcd for C8H10BrN0 3 : C, 38.7; H, 4.1; N, 5.7. Found: C, 
38.8; H, 4.2; N, 5.6.

7,7-D ibrom o-8-oxo-l-azabicyclo[4.2.0]octane (29). A mixture 
of decomposition products (94 mg) collected by preparative GC of 
the esters 27 and 28 was chromatographed on kieselgel (11 g) with 
ether-petroleum ether (3:1 v/v), giving 29 (25 mg), intermediate 
fractions (16 mg) shown by GC to contain 22 to the extent of 
~30%, then 22 (35 mg), identical with an authentic sample by ir, 
NMR comparison, and GC coinjection. 29 was recrystallized from 
hexane-CHCl3: mp 73-74°; ir 1782 cm“ 1; NMR (CCU) 5 1.2-2.3 (6 
H, m), 2.82 (1 H, m), 3.5-4.0 (2 H, m); mass spectrum m/e (rel in
tensity) 285 (M+, 1.7), 283 (M+, 3.2), 291 (M+, 1.7), 257 (<1), 255
(1), 253 (<1), 212 (46), 210 (80), 208 (50), 204, 202 (93), 176, 174 
(86), 123 (82), 95 (27), 44 (100).

Anal. Calcd for C7H9Br2NO: C, 29.7; H, 3.2; N, 4.9. Found: C, 
30.0; H, 3.3; N, 4.9.

Registry N o.— 3, 4450-97-9; 4, 42599-26-8; 5, 42599-27-9; 7, 
54409-76-6; 11, 759-65-9; 12, 505-18-0; 13, 42599-33-7; 14, 35620- 
54-3; 15, 54409-78-8; 16, 54409-79-9; 17, 42599-30-4; 19, 54409-80- 
2; 20, 54409-81-3; 21, 42599-31-5; 22, 53618-26-1; 23, 40876-98-0; 
24, 54409-85-7; 25, 54409-86-8; 26, 54409-87-9; 27, 42599-40-6; 28, 
42599-41-7; 29, 42599-42-8; ethyl sodioethoxalylacetate, 54409-82- 
4; piperidine, 110-89-4; Al-chlorosuccinimide, 128-09-6; ethyl 3- 
tert- butoxycarbonyl-2-oxopTopionate, 54409-83-5.
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The exo-cis Diels-AIder adduct of 2-methylfuran and maleic acid in water slowly reverts to maleic acid, 2- 
methylfuran, endo-cis adduct, and fumaric acid. Fumaric acid formation in this system has previously been cited 
to support a nonconcerted [2 + 4] cycloaddition. Present kinetic measurements, however, show that fumaric acid 
is formed in a very minor side reaction. The sum of the rates of cycloaddition between maleic acid and 2-methyl
furan and cycloreversion of exo-cis and endo-cis [2 + 4] adducts is at least 1000 times as fast as fumaric acid for
mation and suggests that the main reaction proceeds by a concerted path. Possible mechanisms of direct isomer
ization of the maleic acid in equilibrium with adduct have been tested. Other possible mechanisms leading to fu
maric acid are discussed.

The retrodiene reaction,2 exhibited by the exo-cis adduct
(I) from maleic acid and 2-methylfuran, has been asserted 
to be a nonconcerted reaction.3 Gagnaire et al.3 reported 
that in aqueous solution adduct I undergoes cycloreversion 
to yield fumaric acid along with maleic acid and 2-methyl- 
furan (eq 1). Fumaric acid, along with exo- and endo-cis

adducts, were also reported to form if maleic acid and 2- 
methylfuran were mixed in aqueous solution. If, however, 
furan or 2,5-dimethylfuran was used instead of 2-methylfu
ran, no fumaric acid was observed to form from the maleic 
acid initially present under similar conditions. On this 
basis the authors concluded that reversion of I to its ad-



1270 J. Org. Chem., Voi. 40, No. 9,1975 Shih, Lau, and Seltzer

HOURS
Figure 1. Concentration of products found in the aqueous layer as a function of time from decomposition of I in D2O. Circles, use right or
dinate; squares, use left ordinate. Reactants and product are designated as follows: I, open circles; maleic acid, half circles; endo-cis adduct, 
solid circles; 2-methylfuran, open squares; fumarie acid, solid squares. The aqueous solution becomes supersaturated in 2-methylfuran 
which, after a period of time, forms a second layer.

maleic acid + fumarie acid +  2-methylfuran (1[)

dends involved rupture of the two bonds in separate steps. 
Cis-trans isomerization was presumed to occur in an inter
mediate such as II.

This conclusion, concerning the timing of bond rupture, 
appears to contradict that derived from earlier studies on 
adduct III; III is the anhydride of I. The results of exten
sive studies utilizing secondary deuterium isotope effects in 
III are in accord with a concerted and equal rupture of the

a, W = X  = Y  = Z = H
b, W = D ;X  = Y = Z = H
c, W = Z = H; X  = Y = D
d, W = X =  Y = H; Z = D

^  (W = X  = Z = H; Y = D)
e/f, ----------------------------------------  (1 : 1 )

III (W = Y = Z = H; X  = D) 1

two bonds during retrodiene reaction.4 Since the mecha
nism for two such similar compounds undergoing reverse 
cycloaddition appears not to be the same, the usefulness of 
the methods used to investigate these reactions is weak
ened. Consequently we have repeated the experiments of 
Gagnaire et al. and examined them in greater detail.

In this report we show that fumarie acid is a very minor 
product and consequently the products of decomposition of 
I are consistent with a concerted two-bond rupture. Fur
ther experiments aimed toward the determination of the

genesis of fumaric acid have been carried out and described 
below.

Results and Discussion
The NMR spectrum of a relatively concentrated aqueous 

solution of I initially exhibits resonances attributed to the 
protons of I but shortly after mixing there appear peaks 
that can be assigned to maleic acid, 2-methylfuran, and the 
corresponding endo-cis adduct formed from the diene and 
dieneophile generated from decomposition of I. After 
standing at ambient temperature for 100 hr, however, a 
new vinyl singlet, due to fumaric acid, begins to appear. At 
further extended reaction times fumaric acid precipitates 
from solution. A typical plot of the percent composition of 
the aqueous phase vs. time is shown in Figure 1. With an 
initial exo-adduct concentration (~0.5 M)  suitable for 
NMR measurements, a pseudo-steady state is reached after 
about 150 hr. At this concentration the bulk of the 2-meth
ylfuran formed is immiscible with water and forms a sec
ond phase. The amount of diene in the aqueous phase 
reaches a plateau of 0.02 M  after about 70 hr. It is readily 
apparent that maleic acid appears long before and in great
er quantity than fumaric acid. The question arises: Does 
fumaric acid form solely from free maleic acid or is it gener
ated as a direct consequence of the formation and decom
position of cycloadducts?

Since a pseudo-steady state is reached at about the time 
that fumaric acid is first detected, it was of interest to de
termine the rate constant for decomposition of the exo-cis 
adduct in aqueous solution. 2-Methylfuran and maleic acid 
both absorb strongly at 215 nm while the adduct absorbs 
only weakly. The kinetics of formation of addends were 
thus followed. The results of such a run are shown in Fig
ure 2. The average rate constant for decomposition at 22° is
4.84 X 10~5 sec-1 (i 1/2 = 3.9 hr). The apparent slow rate of 
exo-adduct disappearance shown in Figure 1 is thus due to 
the reversibility of the reaction, which becomes important 
at the high concentrations used by Gagnaire and Payo- 
Subiza to observe continuous wave NMR spectra. Under 
these conditions a true equilibrium between exo adduct, 
maleic acid, and 2-methylfuran is never reached because 
fumaric acid is continually being formed at the expense of 
maleic acid but this latter reaction is slow enough that an
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Figure 2. Kinetics of decomposition of I in ethanol-water (5:95) 
followed at 215 nm. |1]0 = 5 X lO-5 M.

approximate dissociation equilibrium constant (K'eq) can 
be calculated at i = 250 hr: K'eq (aqueous phase) = [maleic 
acid][2-methylfuran]/[exo adduct] = 0.028 M. From the ap
proximate equilibrium constant, the relatively constant 
concentration of diene in the aqueous phase, and the rate 
constant for exo-adduct decomposition, a pseudo-first- 
order rate constant for exo-adduct formation in the aque
ous phase can be determined. This turns out to be 3.7 X 
10'“5 sec"'1.

Each time the adduct decomposes to addends or the ad
dends combine to yield adduct, an intermediate and/or 
transition state is formed. It is interesting to compare the 
number of passes which yield maleic to the number which 
yield fumaric acid. Using the rate constants obtained above 
for the forward and backward reaction it can be calculated 
that only 2.8 per 1000 yield fumaric acid. This is a maxi
mum value, since the number of passes over the energy sur
face leading to the formation and decomposition of the 
endo adduct has not also been included. Similar kinetic 
studies on decomposition of the endo adduct are precluded 
because of its greater instability with respect to I. NMR ex
periments at ambient temperature, however, show that 
starting with maleic acid and 2-methylfuran, endo adduct 
forms about twice as fast as the exo adduct. Moreover, if I 
is allowed to decompose in aqueous medium the endo to 
exo concentration ratio steadily climbs, reaching the value 
of about 2 after about 150 hr. Consequently, the rate of 
endo decomposition is about the same but formation is 
about twice as fast as the exo adduct. Thus a fumaric acid 
molecule is really formed about once per 1000 passes 
through the transition states leading to either formation or 
decomposition of Diels Alder adducts.

Further proof that fumaric acid is only a minor product

Figure 3. Fumaric acid formed from different initial concentra
tions of I in D2O after 187 hr.

during apparent exo-adduct decomposition comes from di
rect examination of the product under conditions where 
the reaction is not reversible. Decomposition of I in aque
ous solution at high dilution (4 X 1 O'"5 M) followed by 
freeze drying yields maleic acid as product with no detecta
ble fumaric acid as determined by averaging 200 NMR 
scans. In a control experiment, 2 1. of an aqueous solution, 
containing maleic and fumaric acids in a ratio of about 10:1 
and a total concentration of 2.5 X 10~3 M, was subjected to 
the same isolation procedure. Fumaric acid was easily visi
ble in an NMR' spectrum of the residue in D2O. Thus if fu
maric acid were formed in the high-dilution experiment it 
would have been detected.

When decomposition of I is carried out in acetone-de or 
dimethyl sulfoxide-dg at NMR concentrations, no fumaric 
acid is observed. In these solvents the equilibrium between 
adduct and addends lies completely to the side of addends. 
The first-order rate constant for disappearance of adduct 
in acetone-dg was found by NMR to be 4.8 X 10~5 sec-1 
(22°), essentially the same as in dilute aqueous solutions. 
Thus the decomposition rate is about the same but the cy
cloaddition rate is substantially reduced in these solvents 
as compared to water.

The rate of appearance of fumaric acid was also exam
ined as a function of initial exo-diacid concentration. In 
several parallel runs where the initial adduct concentration 
varied between 0.45 and 1.3 M, the concentrations of fu
maric acid generated at various reaction times were mea
sured by NMR. Data obtained well after the system 
reached pseudoequilibrium (f = 187 hr) are shown in Fig
ure 3 and demonstrate that the rate of formation of fumar
ic acid is first order in exo-diacid concentration.

These results suggest two broad ways in which fumaric 
acid can be generated. (1) At NMR concentrations and for 
the period of observation (i.e., t >  100 hr) the ongoing re
versible [2 + 4] cycloaddition reactions provide numerous 
passes through an intermediate and/or transition state. If 
[2 + 4] cycloaddition can be accomplished by either of two 
paths, one requiring a higher energy them the other, then 
the very large number of traverses across the lower energy 
path will be accompanied by a few across the higher energy 
path. The higher energy path could be identified with a 
two-step cycloaddition reaction (to be discussed below). 
The lower energy path is the concerted cycloaddition 
mechanism. (2) Alternatively, the rate of fumaric acid for
mation could be dependent on the product of the concen
trations of free 2-methylfuran and maleic acid or in some 
other way on the concentration of a species, other than cy
cloadduct, derived from reaction of these addends. The 
concentration of 2-methylfuran in either phase is relatively
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constant and the kinetic pattern exhibited by reactions in 
categories 1 and 2 would be similar, and therefore other cri
teria must be used to establish the genesis of fumaric acid. 
In the latter category reasonable mechanisms can be sug
gested to account for the generation of fumaric acid. These 
have been tested and are discussed below.

Possible Reversible Enolization. If a 0.5 M  solution of 
I and its reaction products were sufficiently acidic to pro- 
tonate a substantial fraction of carbonyl oxygens a revers
ible enolization of the adduct with concomitant isomeriza
tion could take place (eq 2).5 Fumaric acid, obtained from

+H

(2)

decomposition of the adduct in D2O and then recrystallized 
from water, contained no excess deuterium as indicated by 
NMR and mass spectrometry. Thus isomerization by eq 2 
is ruled out.

Catalyzed Isomerization o f Maleic Acid by Revers
ible Radical Addition Has Been Known for Some
Time.® This is an important path to consider, since 
Schenck7 had reported previously that 2-methylfuran 
forms a peroxide in the presence of oxygen. Indeed, freshly 
distilled 2-methylfuran exposed to air quickly develops a 
yellow color which fails to form in the absence of oxygen. 
The peroxide decomposes rapidly at 70-80° and could pos
sibly supply oxy radicals which might be effective in cata
lyzing cis trans isomerization. Several experiments carried 
out to see if oxy radical formation is important on the time 
scale of fumaric acid appearance indicate that it is not. 
Neither the presence of iV.iV.iV7, A"-tetramethylphenyl- 
enediamine in the aqueous phase nor 2,4,6-tri-iert-butyl- 
phenol in the 2-methylfuran phase had any effect on the 
ability of the reaction mixture to generate fumaric acid. 
Moreover, bubbling oxygen into a dimethyl sulfoxide-d6 
solution of I, allowing cycloreversion of the aqueous solution 
to take place in the dark, or degassing an aqueous solution 
of adduct prior to decomposition neither increased nor re
tarded the rate of fumaric acid formation. These results sug
gest that radicals are not responsible for the isomerization. 
Neither does the isomerization appear to take place in the 2- 
methylfuran phase.

Possible Reversible Ene Reaction. The reversible ene 
reaction8 was investigated as a possible path for formation 
of fumaric acid. Maleic acid-2,3-d2 was mixed with an ex
cess of 2-methylfuran in D2O. As shown for an exo arrange
ment of ene and eneophile in eq 3, vinyl-proton exchange 
would be expected for such a pathway. The fumaric acid 
collected after an extended reaction time was crystallized 
from a 250-fold excess of water. The dried fumaric acid, ex
amined by NMR, showed no evidence of vinyl-protium in
corporation.

Possible Nucleophilic Catalysis. Cis-trans isomeriza
tion of carbonyl-conjugated olefins by nucleophiles is well 
known.9 To see whether the small quantity of carboxylate 
anion in equilibrium with I might possibly be catalyzing 
cis-trans isomerization of maleic acid,5 5,6-dihydro-I was 
prepared and added to an aqueous solution of maleic acid.

Use of 5,6-dihydro-I instead of I allows inspection of this 
type of pathway without the possibility of isomerization via 
reverse cycloaddition taking place. No fumaric acid could 
be detected by NMR, however, after a D2O solution of ma
leic acid (0.38 M) and 5,6-dihydro-I was kept at ambient 
temperature for 7 days.

Conclusions
Fumaric acid formation is a minor side reaction during 

reversible cycloaddition of 2-methylfuran and maleic acid. 
For every 1000 journeys along the normal path leading to 
formation or decomposition of adduct, about one molecule 
of fumaric acid is formed. Several possible mechanisms for 
its formation have been tested. The results suggest that it 
is unlikely that carboxylate anions present, nor oxy radicals 
that may be formed from the expected presence of 2-meth- 
ylfuran peroxide, cause maleic acid to isomerize. Neither a 
reversible ene reaction (eq 3) nor a reversible enolization 
(eq 2) appear to be responsible for the isomerization.

Fumaric acid appears to be generated in aqueous solu
tion only when there is a substantial steady-state concen
tration of exo and/or endo adduct present at ambient tem
perature over periods of days. Adduct decomposition, of 
course, is a first-order reaction while cycloaddition is sec
ond order. When the initial exo-adduct concentration is 
low enough the cycloaddition rate is substantially reduced 
without affecting the cycloreversion rate; fumaric acid can
not be detected under these conditions although the reac
tion is carried out in water. Fumaric acid does not form in 
either acetone or dimethyl sulfoxide solution even when 
the initial concentration of exo adduct in these solvents 
would have been sufficient to generate fumaric acid in 
aqueous medium. In acetone or dimethyl sulfoxide, the ad
duct at these concentrations reverts completely to maleic 
acid and 2-methylfuran in a clean first-order reaction; the 
cycloaddition rate here is much reduced. Conditions which 
allow continuous forward and backward reactions provide 
an amplification of an irreversible side reaction. Several 
possible mechanisms have been tested and discarded. Rea
sonable mechanisms which remain to be considered are re
versible nonconcerted [2 +  2] and [2 +  4] cycloaddition.

One striking observation is that fumaric acid only ap
pears to be generated in those systems capable of support
ing a substantial steady-state concentration of endo and 
exo [2 +  4] cycloadducts. It seems reasonable, therefore, to 
attribute the fumaric acid to an uncommon stepwise [X2S + 
,4 j  cycloaddition reaction. The stepwise path would be ex
pected to require a higher activation energy than the sym
metry-allowed concerted reaction. The intermediate would 
have a strong driving force for internal rotation provided 
by the steric crowding resulting from the proximity of the 
two carboxyls. An indication of the magnitude of this driv
ing force is provided by the relative stabilities of cis and
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trans pairs. In aqueous solution, maleic is 5 keal/mol less 
stable than fumaric acid.10

The conclusions derived from the studies of Williamson 
et al.11 also suggest that cis-5,6-dicarboxyl groups in a bicy- 
clo[2.2.1]-2-heptene skeleton suffer from steric crowding. 
Williamson and coworkers treated 1,2,3,4,5-pentachlorocy- 
clopentadiene with dimethyl maleate and observed the for
mation of approximately equal quantities of IV, V, and VI,

the relative amounts presumably determined by kinetic 
control. The reaction of the same diene with dimethyl fu- 
marate, however, gives a single adduct, VII. No adduct hav

ing both chlorine in the 7-anti position and an exo carbo- 
methoxy group was detected. It is most noteworthy that 
when each of the four adducts was treated with sodium 
methoxide in methanol, VI and VII were unchanged but 
both IV and V yielded a product containing only VII and 
devoid of adduct reactant. These studies clearly demon
strate the strong driving force for the relief of steric crowd
ing experienced by the endo-cis (IV) and exo-cis (V) 5,6- 
dicarbomethoxy groups.

NMR spectra taken of an aqueous solution of I at succes
sive reaction times indicates the appearance of one and 
only one additional adduct. The new adduct has been as
signed the endo-cis configuration.3 The spectrum which it 
exhibits is in agreement with coupling constants measured 
in similar bicyclo[2.2.1]-2-heptene systems.12 The assign
ment also agrees with the ability of this compound to yield 
maleic acid. Therefore, for this stepwise path to be impor
tant, predominant reversion of the intermediate to fumaric 
acid and diene must result in spite of the expectation that 
formation of the second bond would result in a trans [2 + 4] 
adduct of greater stability than that of the cis-exo or cis- 
endo compound.11 If it is assumed that the fate of every in
termediate formed from stepwise addition results in inter
nal rotation and reversion, then AAG1 between concerted 
and stepwise [2 + 4] reaction is about 4 kcal/mol.13

Bartlett and coworkers14 have shown that in the cycload
dition reactions of l,l-dichloro-2,2-difluoroethylene to ei
ther 2,4-hexadienes or 1,4-dichloro-l,3-butadiene, recov
ered diene is isomerized to the extent of 3-7%. The concert

ed [T28 + „2S] reaction is symmetry forbidden and thus the 
diradical intermediate which is initially formed in the step
wise reaction can undergo internal rotation. Internal rota
tion competes with formation of the second bond as shown 
by substantial amounts of isomerized adduct along with 
nonisomerized product. However, another reaction com
petes with formation of the second bond and that is the 
rupture of the first bond to give recovered diene of retained 
and isomerized structures. In these systems formation of 
the second bond is three to four times faster than cleavage 
of the first.

If 2-methylfuran and maleic acid were able to enter into 
the path of [2 -f 2] cycloaddition, internal rotation would 
be expected to compete strongly with any subsequent reac
tion. No [2 + 2] adduct is observed to form, however, in any 
of the solvents used in this study. Consequently the diradi
cal would have to undergo bond rupture many times faster 
than second bond formation in order to satisfy the present 
observations.

Several examples of parallel [2 + 2] and [2 + 4] cycload
dition reactions progressing under one set of conditions are 
known.15 In two of the systems amenable to stereochemical 
analysis, the results suggest that the [2 + 4] cycloadducts 
are formed by a concerted mechanism while the parallel [2 
+ 2] addition is a stepwise reaction150’1 and a common in
termediate is ruled out.16

In the absence of cycloaddition products having a trans 
diacid structure, it is at present impossible to choose be
tween a reversible [2 + 2] and a reversible stepwise [2 + 4] 
cycloaddition as the reaction responsible for generating fu
maric acid.

Experimental Section
Preparation of 4-Methyl-7-oxabicyclo[2.2.1]-2-heptene- 

exo-e/s-5,6-dicarboxylic Acid (I). The anhydride of the title 
compound was prepared as described previously.4 Finely divided 
anhydride (10 g) was stirred in 50 ml of water for 2.5 hr at ambient 
temperature. Water was removed from the solution on a rotary 
evaporator at ambient temperature and the wet diacid was dried in 
vacuo; yield 10 g; mp 136-138° dec; NMR (D20 , external TMS) S 
1.65 (s, 3 H), 3.06 Is, 2 H), 5.34 (d, J  = 1.5 Hz, 1 H), 6.34, 6.60 (split 
AB quartet, J  = 1.5, 5.6 Hz, 2 H).

Preparation of 4-Methyl-7-oxabicyclo[2.2.1]heptane-exo- 
eis-2,3-dicarboxylic Acid (5,6-Dihydro-I). 4-Methyl-7-oxabicy- 
clo[2.2.1]-2-heptene-exo-cts-5,6-dicarboxyIic acid anhydride4 (1.74 
g) in 30 ml of ethyl acetate was hydrogenated at atmospheric pres
sure and ambient temperature using 490 mg of 5% palladium on 
charcoal catalyst. Reduction was complete in about 20 min, there
by avoiding extensive reversion. The catalyst was removed by fil
tration whereupon the product began to precipitate out. The solu
tion was cooled and the product was removed by filtration: NMR 
(CDCI3) S 1.67, 1.77 (s, m, respectively, 7 H), 3.07, 3.30 (AB quar
tet, J  = 7.5 Hz, 2 H), 4.92 (d, J  = 4.5 Hz, 1 H). The anhydride (1.1 
g) was stirred with 15 ml of water at 35-50° for 1.5 hr, whereupon 
all the solid dissolved. The solution was concentrated in vacuo and 
dried in a vacuum desiccator: mp 153.6-155°; NMR (D20 ) 0 1.72 
(s, 3 H), 1.97 (m, 4 H), 3.47 (s, 2 H), 5.17 (m, 1 H), 4.93 (internal 
HDO).

Kinetics of Decomposition of I and Formation of Fumaric 
Acid. Most of the kinetic studies were followed by proton NMR 
with a Varian A-60 instrument. Generally 1 ml of solution ranging 
in concentration from about 0.4 to 1.5 M  in I were prepared and 
stored in NMR tubes. Studies were carried out in room light and in 
darkness, at ambient and elevated temperatures. Spectra and inte
grated peak areas were obtained at various times. The identifica
tions of products (2-methylfuran, maleic and fumaric acids) peaks 
were made by adding authentic samples to parallel runs. Endo-cis 
adduct (4-methyl-7-oxabicyclo[2.2.1]-2-heptene-ercdo-cis-5,6-di- 
carboxylic acid) was identified by the similarity of its NMR spec
trum to that of I: NMR (D20 ) 5 1.71 (s, CH3), 3.50, 3.74 (AB quar
tet, H-5 and H-6, J = 10 Hz, lower half split into doublet of dou
blets, J = 4.6 and ~2 Hz), 5.21 (dd, J  = 1.5, 4.5 Hz, H -l), ~6.35 
and 6.60 (AB quartet, J = 5.5 Hz, H-2 and H-3, further splitting 
was obscured because of the presence of maleic acid).
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Kinetics of decomposition of I were measured in a Beckman DU 
spectrophotometer. Solutions of I in 5% alcohol-water, ranging in 
concentration between 4.4 X 10-5 and 2.2 X 10-4 M, were prepared 
and the reaction was followed by measuring the optical density at 
215 nm due to the appearance of maleic acid and 2-methylfuran at 
various times until no further increase was observed. The cell com
partment was at ambient temperature (22°).

The effect of N,IV,./V,,AP-tetrainethyl-p-phenylenediamine on 
the rate of appearance of fumaric acid from I was measured. A so
lution of I (1.0 M ) in D2O was prepared and the kinetics of fumaric 
acid formation at ambient temperature were followed by NMR 
and compared to the observed rate when the solution also con
tained Ai,N,Ai',Al'-tetramethyl-p-phenylenediamine dihydrochlo
ride.

In another run 1.0 ml of a 1.0 M  solution of I in D2O was placed 
in an NMR tube together with a 1.0 M  solution of 2,4,6-tri-fert- 
butylphenol (recrystallized twice from ethanol) in 1.0 ml of CDCI3. 
A control contained 1.0 ml of CDCI3 and 1.0 ml of a 1.0 M  solution 
of I. After 6 days the layers were separated and the quantity of fu
maric acid was measured in each D2O phase.

The relative rates of endo- and exo-adduct formation from 2- 
methylfuran and maleic acid were measured by NMR. To 1 ml of a
1.5 M  solution of maleic acid in D2O, 0.5 ml of 2-methylfuran was 
added. NMR spectra were recorded periodically. The relative 
quantities of endo and exo adducts were measured by comparison 
of their methyl peak heights at S 1.71 and 1.65.

Effect o f 5,6-Dihydro-I on Maleic Acid. Maleic acid (30.8 mg) 
and 49.8 mg of 5,6-dihydro-I were mixed and dissolved in 0.7 ml of 
D2O. The solution was added to an NMR tube and the tube was 
sealed. Spectra were recorded periodically for 7 days from the time 
of mixing and stored at room temperature during that time.

Product Studies with Deuterated Reactions. Maleic acid- 
2, 3-d-2 was prepared as previously described.18 Maleic acid-2,3-^2 
(1.0354 g, 96.4% vinyl deuteration by NMR) was dissolved in 3.0 
ml of D2O in an ampoule. To this was added 1.50 ml of freshly dis
tilled 2-methylfuran. The ampoule was cooled, flushed with nitro
gen, and sealed at atmospheric pressure. The ampoule was main
tained at 56° for 16 hr. Fumaric acid crystallized upon cooling. It 
was dried in vacuo at 100°, yield 0.264 g (~25% conversion). The 
fumaric acid was recrystallized from 10 ml of boiling water and 
dried in vacuo at 100°. A solution of known concentration of the 
product fumaric acid in DMSO-dr, was prepared and its NMR 
spectrum compared to that for a solution of natural fumaric acid of 
the same concentration. The integrals for the vinyl and carboxyl 
protons were compared internally and between the two solutions.

In another study 2.93 g of I was dissolved in 10 ml of D2O in an 
ampoule. The system was flushed with nitrogen and sealed at at
mospheric pressure. The contents were heated at 56° for 5.5 hr. 
Upon cooling, fumaric acid precipitated and was collected. It was 
recrystallized and dried as described above. The recovered fumaric 
acid (50.81 mg) was mixed with 43.04 mg of maleic anhydride and 
dissolved in 0.4 ml of DMSO-d6- The ratio of vinyl proton peak in
tensities (maleic anhydride/fumaric acid) for the two compounds

was found to be 1.02 as compared to 1.003 for 0% exchange.
The fumaric acid product was examined by mass spectroscopy.

Registry No.—I, 54384-22-4; 5,6-dihydro-I, 54384-23-5; 4-
methyl-7-oxabicyclo[2.2.1]-2-heptene-exo-cis-5,6-dicarboxylic acid
anhydride, 54422-97-8; 2-methylfuran, 534-22-5; maleic acid, 110-
16-7; fumaric acid, 110-17-8; 4-methyl-7-oxabicyclo[2.2.1]-2-hep-
tene-endo-«'s-5,6-dicarboxylic acid, 54384-24-6.
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4(5)-X-2-Chlorothiazoles react with sodium methoxide in a normal aza-activated nucleophilic substitution 
reaction. The reactivity is influenced by substituents in positions 4 and 5. When X  is 5-NO2, the 2-methyl ether is 
obtained in good yields only when the amount of methoxide ion is less than that of the halo derivative; moreover, 
the 5-nitro-2-methoxythiazole reacts with sodium methoxide to give a mixture of two «-anionic complexes. These 
Meisenheimer-like adducts rapidly decompose to a mixture of derivatives, among which the 5-nitro-2-hydroxythi- 
azole was identified. The structural variations in comparison with those observed in thiophenoxy dehalogenation 
are discussed.

-The reactivity of position 2 in the thiazole ring toward 
nucleophiles has been investigated2’3 and the results indi
cate that the concept of “ aza activation” can be extended 
to these pentatomic heterocyclic compounds, even if their 
peculiar structural characteristics, such as ring geometry, 
heterocyclic sulfur, and pronounced aza-group basicity, 
make their behavior different from that of the six-mem- 
bered aza-activated derivatives. In fact, the reactivity of 
halogenothiazoles toward nucleophiles is observed also 
when the halogen is linked to the 4 or 5 position of the 
ring.4

With the purpose of obtaining further information on 
the quantitative aspects of the reactivity of chlorothiazoles, 
we have studied the reaction between 2-chloro-4(5)-X-sub- 
stituted thiazoles (X = H, 4-CH3, 4-C1, 4-C6H5, 5-C1, 5- 
CH3, 5-NO2) and methoxide ion in methanol at 50°.

Results and Discussion
2-Halogeno-4(5)-X-thiazoles react with sodium methox

ide, quantitatively yielding the corresponding 2-methyl 
ethers. The stoichiometry of the reaction follows the 
scheme below.

+  Hal“

In cases of 2,4-dichloro- or 2,5-diehlorothiazole, using 
more than 1 equiv of methoxide ion, halogen in position 4 
or 5 can also be partially displaced. The displacement of 
the halogen atom in position 4 or 5 is also proved by inde
pendent experiments carried out on 4- and 5-halogenothia- 
zoles;4 nevertheless, using equimolar concentrations of thi
azole and methoxide, the only product obtained is the 
4(5)-chloro-2-methoxythiazole, as shown by TLC, GLC, 
and NMR analysis of the reaction mixture checked until
70-80% conversion: the titrimetric determinations of the 
halide ion coincide with appearance of 4-chloro-2-methoxy- 
thiazole (or 5-chloro-2-methoxythiazole) revealed by GLC 
analysis.

All reactions follow a second-order kinetic law, first 
order with respect to each reactant; the results are summa
rized in Table I.

The 5-nitro-2-methoxythiazole has been obtained (by 
reaction between 5-nitro-2-chlorothiazole and methoxide 
ion in large excess) in a poor yield (30%) as reported by 
Metzger,6 who suggests preparing it by nitration of 2- 
methoxythiazole. However, it is possible to obtain 5-nitro-
2-methoxythiazole in higher yields (85%) using the thiazole

T a b le  I
R eaction  b etw een  2 -C h lo r o -4 (5 ) -X -th ia z o le s  

an d  M e O ~  in  M e O H  a t  50°

Registry no. X 1 0 s ky sec~l m ol'* 1.

H 0 .8 T
3 3 3 4 2 -6 5 -3 5-CHg 0 .18
2 6 8 4 7 -0 1 -8 4-C H 3 0 .24

1 8 2 6 -2 3 -9 4 -C 6H5 1.3
1 6 6 2 9 -1 4 -4 5 -C l 61

4 1 7 5 -7 6 -2 4 -C l 104
3 0 3 4 -4 7 -7 5 -N 0 2 2 ,9 6 0 ,0 0 0

0 From ref3.

T a b le  II
R eaction  rate  o f  the 5 -N itro -2 -c h lo ro th ia z o le

in  M e O H  w ith  M e O

ft, sec"* AS*,
Temp, C mol- * 1. kcal mol- * eu

- 21.0 0 .031
0.0 0 .33

10.4 1.0
50 2 9 .6a 1 5 .7  -5 .5 0

2 -Chlorothiazole6 
50 0 .81  x  1 0 '5 18 .5  -2 7 .1

a Extrapolated value. 6 From ref 3.

derivative and the sodium methoxide in equimolecular 
quantities.

The kinetic data of Table II are obtained under these 
conditions. If 5-nitro-2-methoxythiazole in methanol is 
mixed with an equimolecular quantity (or slightly less) of 
sodium methoxide and the solvent is evaporated, a mixture 
of crystalline products, very soluble in water, but only 
slightly soluble in the usual organic solvents, can be ob
tained. By means of NMR analysis we have demonstrated 
the presence in this reaction mixture of two <r-like anionic 
complexes. These adducts are unstable and decompose into 
unidentified products. If the methoxydechlorination of 2- 
chloro-5-nitrothiazole is carried out with excess of methox
ide, the 2-methoxy-5-nitrothiazole initially produced reacts 
with a second equivalent of methoxide ion to give com
plexes I and II (see Scheme I), which decompose. Also, the 
uv and visible spectrophotometric analysis (in the range of 
X 600-250 nm) show that the first step is the methoxydeha- 
logenation.
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Scheme I

MeO
II

The NMR analysis (in DMSO-d6, internal reference 
Me4Si) of the mixture of I and II has been carried out and 
from the chemical shifts it was possible to assign structures
I and II reported in Scheme I.

In both adducts the nuclear protons signals are shifted 
upfield with respect to 5-nitro-2-methoxythiazole [t h 4 1-48 
(1 H), TC2OCH3 5.80 (3 H)]; the lower field signal (r 1.92) is 
assigned to the ring proton of adduct I, and that at higher 
field (r 4.19) is attributed to the H4 of adduct II; this larger 
shift is consistent with the sp2 to sp3 change in the hybrid
ization of the carbon atom6 at position 4 of the thiazole de
rivative, subsequent to attack of methoxide ion on this po
sition. Moreover, while for adduct I a singlet at r 6.84 is 
found, corresponding to six equivalent methoxy protons, 
two peaks of three equivalent protons each are observed at 
r 6.13 and 6.76, respectively, and assigned to the two non
equivalent methoxy groups of adduct II.

Adduct II has been independently observed by Illumina
ti and Stegel (VI Symposium of Organic Chemistry, Taor
mina, Italy, May 1972). In the reactions of 5-nitro-2-chlo- 
rothiazole with aliphatic amines, Ilvespaa7 found, in addi
tion to the normal substitution products, some acyclic com
pounds shown by the NMR spectra in which the H-4 peak 
is sharply shifted downfield (r 1.3-1.1). Such products are 
derived, as reported by the above-mentioned author, from 
a preliminary attack of the base on position 4, followed by 
release of halide from position 2 and by the concerted ring 
opening.

When NMR spectra are recorded in the presence of in
creasing quantities of methanol in addition to the DMSO- 
de,, a slight increase of the amount of I can be observed (the 
intensity of the peak at r 1.92 is increased if compared with 
a known quantity of benzene added as inert reference), 
while the amount of isomer II rapidly decreases to a value 
lower than that of I.

It must be emphasized that appearance of I does not 
quantitatively follow disappearance of II: when the DMSO/ 
MeOH ratio is 1:1, I reaches 50%. Moreover, under these 
conditions the NMR spectrum is complicated by the pres
ence of several unidentified signals, probably due to de
composition products; nevertheless it is possible to recog
nize a peak at r 1.41, which has been assigned to the ring 
proton of 5-nitro-2-hydroxythiazole by comparison with a 
sample of 5-nitro-2-hydroxythiazole obtained by the meth
od of von Babo and Prjis.8 All attempts to isolate com
plexes I and II failed. The presence in methanol of isomer
II to a larger extent (80%) with respect to isomer I (20%) 
may be justified by a kinetic control on the methoxide ion 
attack (more relevant steric hindrance being offered by the 
already alkoxy-bearing position). On the other hand, the 
impossibility of using resonance structures in which the 
negative charge is localized on the heterocyclic nitrogen

Figure 1. Dashed line, calculated by least-squares analysis for all 
substituted derivatives; full line, calculated only for 4-substituted 
derivatives.

seems to indicate that the thermodynamic stability of iso
mer II is due to the charge delocalization afforded by the 
heterocyclic sulfur atom.9 However, the reactivity scheme 
of 5-nitro-2-chlorothiazole can be represented as in Scheme
I.

Formation of 5-nitro-2-hydroxythiazole and instability 
of adducts I and II (which probably leads to the presence in 
the reaction medium of ring-opening products not yet iden
tified) must be taken into account to explain the low yield 
in methoxydechlorination of the 5-nitro-2-chlorothiazole 
(at least for reactions carried out with an excess of sodium 
methoxide), and the incomplete conversion of adduct II to 
I.

The kinetic effects produced by structural variations on 
the methoxydechlorination of 2-chloro-X-thiazoles are very 
large, as the 5-nitro-2-chlorothiazole is more reactive than 
the 5-methyl-2-chlorothiazole by a factor of 1.6 X 107. The 
observed log k  values of the reactions are roughly correlat
ed with the analogous data obtained for benzenethiolate 
dehalogenation of the same substrates,2 as shown in Figure
1.

The correlation coefficient is unsatisfactory (0.990). A 
more careful examination of the plots in Figure 1 reveals 
that the groups in position 4 correlate well (r  = 0.998) while 
the groups in position 5 deviate from linearity.

Position 4 in thiazole can be thought of as “meta”-like 
and position 5 as “para”-like with respect to position 2. In 
fact, the reaction requires delocalization of negative charge 
in the transition state and appropriate groups in position 5 
can provide strong resonance stabilization. This assump
tion seems reasonable, while it is not in fully agreement 
with the observed reactivities of 4- or 5-halogenothiazoles4 
and recent data of Noyce and Fike10 for conjugation phe
nomena between position 2 and 4 in thiazole systems.

In the series of l-halogeno-2-nitro-X-benzenes, Brieux11 
and coworkers have pointed out that the resonance contri
bution depends on the type of nucleophile and on the kind 
of substituents. Experimental a  values for substituents in



Reaction of 2-Halogeno-4(5)-X-thiazoles with Methoxide Ion J. Org. C h em ., Vol. 40, N o . 9 ,1 9 7 5  1277

position 5 can be obtained by p values calculated from ki
netic data of 4-X-2-chlorothiazoles. If ^experimental) = <ti 
+  oti. <tr can be evaluated, as reported in Table III.

Table III
Hammett-Taft Parameter Calculated for Nucleophilic 
Substitution Reactions of Some 2-Chloro-X-thiazolesa

( OR )exp

Reaction "4 r s - c h 3 5-Cl 5-N02

Methoxy
substitution

5.88 0.998 -0.06 -0.15 +0.49

Thiophenoxy
substitution

5.14 0.995 - 0.11 -0.19 +0.98

0 See text.

Values of or experimentally determined here for thio- 
phenoxy or methoxy substitution do not substantially dif
fer from the normal or values for the donor groups CH3 
and Cl (respectively —0.12 and —0.24), in agreement with 
the normal application of Hammett-type correlation. Anal
ogous values are also reported by Brieux for a homocyclic 
aromatic system.11

The case of the 5-nitro derivative is peculiar; in fact we 
found for the benzenethiolate substitution a or ~1, while 
in the methoxy substitution, for which one can expect an 
analogous strong activation, the observed or value is only
0.49, not different from that observed in reactions of six- 
membered homocyclic aromatic derivatives.11 Therefore 
the exceptional nitro activation in the thiazole derivatives 
previously reported2 is a specific fact of the thiophenoxy 
substitution. It is interesting to observe that only for 5- 
nitro-2-chlorothiazole is benzenethiolate more reactive 
than methoxide ion, while for all other substituents we ob
serve the opposite trend. This fact can be interpreted con
sidering that also in homocyclic aromatic systems the ben
zenethiolate ion is more reactive than methoxide in the 
strongly activated systems such as l-halogeno-2,4-dinitro- 
benzenes, while with poorly activated systems, such as p- 
fluoronitrobenzene, methoxide and thiophenoxide ions 
react with comparable rates. We previously observed12 that 
in the case of 2-halogenobenzothiazoles the benzenethiol
ate ion is less reactive than methoxide while the 2-halo- 
geno-6-nitrobenzothiazoles show the opposite trend.17

An interesting remark can be made about the reactivity 
of the dichloro derivatives; previously4 it was pointed out 
that the halogen at position 5 is more reactive than that at 
position 2. For reactions with sodium methoxide the se
quence 5 > 2 > 4 was observed, so that the halogen in posi
tion 5 would be expected to be more reactive than that in 
position 2, at least for reaction of 2,5-dichlorothiazole. On 
the contrary, the experimental data show that (under our 
reaction conditions) the 2-methoxy dehalogenation is al
ways favored.

This fact can be related to the different activation due to 
the substituent effect, less important from position 2 to 5 
than from position 5 to 2.

Similarly we have observed other cases of different sensi
tivity to substituent effects, for example, measuring the 
acidity constants of 2-carboxy-6-X-benzothiazoles13 (p 1.4) 
and 6-carboxy-2-X-benzothiazoles14 (p 0.9).

Experimental Section
Physical Measurements. The NMR spectra were recorded 

with a Varían 100-MHz instrument, using tetramethylsilane 
(TMS) as internal standard. The chemical shifts are expressed in r 
values and are approximated to ±0.02 ppm.

The uv spectra were recorded with a Zeiss DMR 21 spectropho
tometer.

Materials. Methanol, sodium methoxide, and thiazole sub
strates were prepared and/or purified by methods previously de
scribed.2 DMSO-dj was used without further purification (mini
mum deuteration 99%).

Kinetic measurements were made by usual procedures. Kinetic 
experiments on 2,4-dichlorothiazole and 2,5-dichlorothiazole were 
performed by following both the appearance of the chloride ion 
(Volhard) and the formation of 4(5)-chloro-2-methoxythiazole by 
GLC using a Hewlett-Packard instrument (6-ft column SE-30). 
The rate constants determined by the two analyses were within ex
perimental error (5%).

Procedures of preparation and characterization of 2-methoxy- 
4(5)-chlorothiazoles and 2-methoxy-5-nitrothiazole are reported. 
The melting points and boiling points are uncorrected.

5-Chloro-2-methoxythiazole and 4-Chloro-2-methoxythia- 
zole. A 20-ml portion of sodium methoxide solution in methanol (1
N )  was added to a methanolic solution of 1.53 g of 2,5-dichlorothi
azole, and the mixture was kept at 50°. After about 3 hr the titri- 
metrical chloride ion analysis revealed that the reaction had oc
curred at 74%. The mixture was poured onto ice, neutralized with 
HC1 (1:1), and extracted with diethyl ether. The oil obtained after 
evaporation of the solvent was analyzed by GLC, TLC, and NMR 
and was found to be a mixture of two products, one of which was 
the starting substrate. Separation was made by silica gel column 
chromatography (petroleum ether-diethyl ether, 5:2). 2,5-Dichlo- 
rothiazole eluted first and then 0.91 g of an oil, bp 166-167° (760 
mmHg), was obtained in 83% yield and identified by NMR analy
sis as 5-chloro-2-methoxythiazole.

Anal. Calcd for C4H4CINSO: Cl, 23.71. Found: Cl, 23.4.
In a similar way 4-chloro-2-methoxythiazole was obtained in 

86% yield as an oil, bp 185-188° (760 mmHg).
Anal. Calcd for C4H4CINSO: Cl, 23.71. Found: Cl, 23.6.
Table IV reports NMR data.

Table IV
Chemical Shifts for the Reaction Product of 

2,4(5)-Dichlorothiazoles and MeO Na+ in MeOH at 50OQ
Substrate T H4 t h 5 T Me Registry no.

2,5-Dichloro- 2.69
thiazole (s)

2-Methoxy-5- 3.16 5.99 54166-43-7
chlorothiazole (1 H) (3 H)

2,4-Dichloro- 3.13
thiazole (s)

2-Methoxy-4- 3.68 5.94 54166-44-8
chlorothiazole (1 H) (3 H)

0 In t values in CCI4, internal referenceMe4Si.

5-Nitro-2-methoxythiazole. A 17.5-ml (2.0 X 10̂ 2 mol) por
tion of sodium me'hoxide solution (1.15 N )  was added dropwise 
under cooling to a solution of 3.5 g (2.1 X 10~2 mol) of 5-nitro-2- 
chlorothiazole in the minimum amount of anhydrous methanol. 
After a few minutes the reaction was practically complete. The sol
vent was partially removed under vacuum from the yellow solution 
and the crude residue was chromatographed on silica gel (hexane- 
diethyl ether, 4:1). After some unreacted material, a pale yellow 
solid, mp 56-59°, was obtained in 86% yield. After recrystallization 
from hexane this compound melted at 58-59°, and was identical 
with an authentic sample of 5-nitro-2-methoxythiazole obtained 
by nitration of 2-methoxythiazole with 86% nitric acid in sulfuric 
acid at 0°.15

Anal. Calcd for C4H4N2O3S: S, 20.02. Found: S, 19.7.
The yield of 5-nitro-2-methoxythiazole is decreased to 30% when 

the reaction is carried out in the presence of an excess of sodium 
methoxide.

Isolation and Characterization of the Adducts I and II. The
reaction was carried out in a manner similar to that described by 
Illuminati16 for isolation of the adduct of 2-methoxy-3,5-dini- 
trothiophene.

2-Methoxy-5-nitrothiazole (70 mg) was dissolved in the mini
mum amount of methanol; 0.42 ml (1 equiv) of methanolic sodium 
methoxide solution (1.07 N )  was slowly added. The yellow solution 
immediately turned deep red. The solvent was removed under vac
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uum. The residue, a red, crystalline solid, was collected and 
washed with anhydrous benzene and dried at 0.1 mmHg (oil 
pump).

The adducts were characterized by their NMR spectra (Table 
III) as reported in the Results and Discussion. Small amounts of 
some other unidentified products are present. This fact and the in
stability of I and II give a discrepancy in the elemental analysis of 
the mixture.
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Chlorination of (± )- and meso-bis(phenylsulfinyl)methane (la  and lb) with sulfuryl chloride under a variety of 
conditions gives a-chloro sulfoxides 2a and 2b + 2c, respectively, in high yield with no change in stereochemistry 
at the sulfur centers. With excess sulfuryl chloride, la  is dichlorinated to (±)-bis(phenylsulfinyl)dichloromethane 
(3a), which can be reduced, in succession, to a-chloro sulfoxide 2a and then to la with either chromous ion or tri- 
n-butylphosphine. The role of base (pyridine or sodium bicarbonate) in the chlorination of sulfoxides la, lb , and 
2a and phenylsulfinylphenylsulfonylmethane (4) is fundamentally different from the role played by pyridine in 
the halogenation of bis(phenylsulfonyl)methane.

Recently, a-halo sulfoxides have generated a good deal of 
interest from both synthesis and mechanism viewpoints.1 
Earlier, we2 reported on the syntheses and reductions of 
a,a-dichloro sulfoxides. We2 as well as others3 have com
mented on the problems associated with chlorination of 
sulfoxides where the intermediate chlorosulfoxium ion is 
likely to cleave and yield a relatively stable carbenium ion 
(eq 1). In view of this, a study has been made on the a-chlo-

O O  O

Ph|cH2R — * PhS—CH2R — ► PhSCl + CH2R (1)
¿1

rination of sulfoxides bearing the electron-withdrawing 
(and carbenium ion destabilizing) sulfinyl and sulfonyl 
groups. Not only should cleavage (eq 1) be precluded in 
such systems, but with two sulfinyl groups present, the 
stereochemistry of the reaction at the chiral sulfur could be 
ascertained, since potentially one diastereomer series could 
be epimerized over to the other diastereomer series during 
the chlorination (vide infra).

Results and Discussion
Bis(phenylsulfinyl)methane was synthesized by oxida

tion of bis(phenylthio)methane with 2 equiv of m-chloro- 
peroxybenzoic acid (MCPBA). The two diastereomers were 
separated by fractional crystallization and characterized by 
their known melting points and 4H NMR spectra.4

Several halogenating agents were studied, but IV-chlo- 
rosuccinimide (NCS), TV-bromosuccinimide (NBS), and

molecular bromine all proved unreactive toward l.5 Chlo
rination with iodobenzene dichloride6 produced a-chloro 
derivatives only in low yields, whereas chlorination with 
sulfuryl chloride took place readily and in good yields. 
Therefore, only the reactions of this chlorinating agent 
were examined in detail.

The reaction of la with sulfuryl chloride in dichloro- 
methane in the presence of either pyridine or powdered so
dium bicarbonate yielded the single monochloride 2a1. Re
duction of 2a with either chromous ion2 or tri-n-butylphos- 
phine2 gave only la (eq 2). Chlorination of m e s o -  lb gave a

O
II

(±)-(PhS)2CH2
la

0
II

meso '(PhS)2CH2 
lb

■\ > °  ° x  /■
SO aCV-Py-CH jCb /  \
5 = = t  Ph N c /  Ph (2)

Cr2* or n-BujP /
H Cl

2a
S02Cl2-P y  

Cr2+ or n-Bu,P

O', />■ 0, À -

/ s \  / s \  +
Ph Ph

H Cl
2b

° \  > '  / '  

P h ^  N\ c / / S 'x Ph

2c

(3)

50:50 mixture of 2b and 2c. Reduction of this mixture or 
reduction of the separated diastereomers with chromous 
ion or tri-n-butylphosphine gave only lb (eq 3). If excess
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sulfuryl chloride was used, la  gave the dichloride 3a, which 
upon reduction (Cr2+ or n-BusP) gave 2a (eq 4).

S 0 2C l 2- P y - C H 2C l 2 jj*

2a < - ■ -  —  (±)-(PhS)2C C l2 (4)
Cr̂ + or n̂ BuoP

3 3a

All these chlorination reactions proceeded in high yields, 
and little if any cleavage products were observed. This sup
ports the earlier suggestion2’3 that chlorination of sulfox
ides will lead to C-S bond cleavage if a stabilized carbén
ium ion is formed (eq 1). The presence of a second sulfinyl 
group (R = PhSO) would be clearly a destabilizing factor 
for the incipient carbénium ion and thus preclude its for
mation.

Other workers6’7 have shown that halogénation a to the 
sulfinyl group in optically active sulfoxides followed a par
ticular pattern depending upon the specific sulfoxide stud
ied. They observed that during halogénation the sulfur and 
«-carbon atoms underwent stereospecifically one of the fol
lowing combinations: inversion-inversion, retention-reten
tion, retention-inversion, or inversion-retention. The par
ticular mode observed depended upon the sulfoxide and 
the conditions of halogénation; e.g., the presence of silver 
ion encouraged the double inversion process.6b We observe 
no change in the stereochemistry at the sulfur centers in 1 
resulting from chlorination with sulfuryl chloride or iodo- 
benzene dichloride. Chlorination of 1 with sulfuryl chloride 
in acetonitrile in the presence or absence of silver nitrate6 
still led to chlorination with no change in stereochemistry 
at the sulfur centers.

The chlorination of phenylsulfinylphenylsulfonylmeth- 
ane (4) with sulfuryl chloride proceeds smoothly in the 
presence or absence of pyridine. Under the same condi
tions, molecular bromine gave no reaction. However, treat
ment of bis(phenylsulfonyl)methane (7) with sulfuryl chlo
ride or bromine in dichloromethane in the absence of base 
gave no reaction, but in the presence of pyridine, 7 reacted 
with excess sulfuryl chloride and excess bromine to give the 
dihalides 8 and 9, respectively.8 The function of pyridine in 
this latter reaction is to first remove the a proton to gener
ate an or-sulfonyl carbanion, which is subsequently halo- 
genated.9 In the reactions of sulfoxides with sulfuryl chlo
ride, the base (pyridine or bicarbonate ion) either reacts 
with the intermediate chlorosulfoxium ion and/or simply 
reacts with the hydrogen chloride generated to prevent acid 
decomposition of the sulfoxides.10

O
11 so2c i,

PhSCH,S02Ph ----------— -
P y - C H 2C I ,

o
|| so2c i 2

PhSCHClS02Ph -------------- »
Py-CH.c i

5a + 5b

Ï
PhSCCljSOjPh

6
SOCl2

(PhSQ2) 2CH:

P y - C H , C 1 ,

(PhS02) 2CCl2

8
(PhS02) 2C B r2

9

(5)

( 6)

Experimental Section
Melting points were taken on a Fisher-Johns apparatus and are 

uncorrected. The 'H NMR spectra were recorded on a Hitachi 
Perkin-Elmer R-20 spectrometer at ambient temperature. The 
spectra were taken in deuteriochloroform with tetramethylsilane (5 
0.00) as an internal standard. Ir spectra were taken in chlorQform

on a Beckman IR-8 instrument. Elemental analyses were per
formed by Dr. Franz Easier of the Department of Chemistry, Uni
versity of Maryland.

Bis(phenylsulfinyl)methane (la and lb). Bis(phenylthio)- 
methane (2.32 g, 0.01 mol) was dissolved in 20 ml of anhydrous 
ether. To this solution was added 3.46 g (0.02 mol) of 85% MCPBA 
in 15 ml of anhydrous ether. After 1 hr, 80 ml of dichloromethane 
was added to dissolve the precipitate, and the solution was washed 
three times with 10% aqueous sodium carbonate. The organic layer 
was dried (MgS04) and removed by rotary evaporation. A 'H 
NMR spectrum of the crude reaction mixture showed it to consist 
mainly of la and lb (50:50) with a small amount of unreacted 
starting material and sulfone 5 present. Crystallization from di- 
chloromethane-hexane gave la, mp 188-190° (lit.4 mp 182-183°), 
in 40% yield. Repeated fractional crystallizations gave lb, mp 
118-119° (lit.4 mp 118-120°), in ca. 10% yieid.

Chlorination of 1. To a solution of 1.0 g (3.8 mmol) of la dis
solved in 18 ml of dry dichloromethane and 2 ml of pyridine was 
added dropwise 0.55 g (4.1 mmol) of sulfuryl chloride in 3 ml of di
chloromethane at room temperature. The course of the reaction 
could be followed conveniently by TLC (10% ethyl acetate in ether, 
silica gel) and more sulfuryl chloride added if needed. After 30 
min, the solution was washed with 5% hydrochloric acid and dried 
(MgSOi) and the solvent was removed by rotary evaporation. A lH 
NMR spectrum of the crude reaction mixture showed the presence 
of 2a (ca. 90%) and unreacted la (ca. 10%). Crystallization from di
chloromethane gave 850 mg (75%) of 2a: mp 137-138°; ir ¡>s=o 
1092 cm-1; JH NMR 5 4.93 (s, 1 H) and 7.3-7.9 (m, 10 H).

Anal. Calcd for Ci3H „C102S2: C, 52.25; H, 3.71. Found: C, 52.42; 
H, 3.63.

In the same manner, lb gave a 50:50 mixture of 2b and 2c as 
shown by 4H NMR spectroscopy. Fractional crystallization from 
dichloromethane-pentane gave one diastereomer: mp 148-150°; ir 
i>s=o 1085 cm“ 1; LH NMR 5 5.58 (s, 1 H) and 7.3-7.8 (m, 10 H).

Anal. Calcd for Ci3Hu C102S2: C, 52.25; H, 3.71. Found: C, 52.19; 
H, 3.58.

The second diastereomer isolated exhibited the following physi
cal characteristics: mp 125-126°; ir ks= o 1090 cm-1; 'H NMR S 
5.32 (s, 1 H) and 7.S-7.9 (m, 10 H).

Anal. Calcd for CisHnClOsS* C, 52.25; H, 3.71. Found: C, 52.38; 
H, 3.78.

When these reactions were run without pyridine but in the pres
ence of anhydrous sodium bicarbonate (heterogeneous reactions), 
essentially the same results were observed.

In acetonitrile containing 5 ml of pyridine and 1.29 g (7.6 mmol) 
of silver nitrate, la (1.0 g, 3.8 mmol) reacted with 0.785 g (5.7 
mmol) of sulfuryl chloride in 2 ml of acetonitrile for 1 hr at room 
temperature to give ca. a 20% yield of 2a and ca. 0.5 g (50%) of re
covered la (separated by thick layer chromatography, 10% ethyl 
acetate-ether, silica gel). The yield of 2a was greatly improved in 
the absence of silver nitrate.

(±)-Bis(phenylsulfinyl)dichloromethane (3a). To a solution 
of 0.60 g (2.0 mmol) of 2 a dissolved in 10 ml of dichloromethane 
and 1 ml of pyridine was added dropwise 340 mg (2.5 mmol) of sul
furyl chloride in 2 ml of dichloromethane. The usual work-up and 
crystallization from dichloromethane-ethanol gave 510 mg (76%) 
of 3a: mp 174-176° dec; ir ng.—o 1092 cm-1; 1H NMR n 7.3-8.2 (m).

Anal. Calcd for Ci3H10Cl2O2S2: C, 46.71; H, 3.02. Found: C, 
46.68; H, 2.86.

Reductions of the Chloro Sulfoxides. A. Chromous Ion. To a
solution of 0.20 g (0.60 mmol) of dichloro sulfoxide 3a dissolved in 
10 ml of acetone and 2 ml of water (deoxygenated by bubbling ni
trogen through the solution) was added via syringe 1 ml of ca. 1 M  
chromous chloride solution (Fischer Scientific). The solution was 
stirred under nitrogen for 2 hr and then poured into 50 ml of 
water. This solution was extracted with 2 X 30 ml of dichlorometh
ane. The organic extracts were combined, dried (MgSOJ, and re
moved by rotary evaporation. A TLC (20% ethyl acetate in ether 
on silica gel) showed a trace of 3a and la and a major spot which 
corresponded to monochloro sulfoxide 2a. Crystallization from di- 
chloromethane-hexane gave 130 mg (72%) of 2a, mp 135-137°, un
depressed with authentic 2 a.

In the same manner, (±)-monochloro sulfoxide 2a (0.20 g, 0.67 
mmol) in a deoxygenated solution of 8 ml of acetone and 2 ml of 
water was allowed to react with 2 ml of ca. 1 M  chromous chloride 
solution under nitrogen. The reaction was followed by TLC and 
was essentially complete after 24 hr. The solution was poured into 
50 ml of water and extracted with 2 X 30 ml of dichloromethane. 
The extracts were combined, dried (MgSCR), and removed by rota
ry evaporation. Crystallization from dichloromethane-hexane gave
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170 mg (96%) of (i)-disulfoxide la, mp 185-189°, undepressed 
with authentic la.

Treatment of 0.65 mg of a 2:1 mixture of meso:(±)-disulfoxides 
(lb  and la, respectively) under the above reaction conditions gave 
no discernible change in the distribution of diastereomers.

B. Tri-n-butylphosphine. A solution of 0.20 g (0.60 mmol) of 
dichloro sulfoxide 3a and 0.13 g (0.60 mmol) of tri-n-butylphos
phine in 8 ml of methanol (under nitrogen) stood at room tempera
ture for 30 min. Work-up (water-dichloromethane extraction) gave 
0.125 (68%) of 2a, mp 134-136°.

A solution of 0.20 g (0.67 mmol) of 2a and 140 mg (0.67 mmol) of 
tri-n-butylphosphine in 5 ml of methanol (under nitrogen) stood 
at room temperature for 2 hr. The crystals that formed were fil
tered and washed with cold ether (3 ml) to give 115 mg of (±)-la, 
mp 191-193°. The mother liquor yielded an addition 0.04 g of la, 
total yield 0.165 g (90%).

Treatment of meso disulfoxide lb  with dilute HC1 in methanol 
in the presence or absence of tri-n-butylphosphine or tri-n-butyl- 
phosphine oxide gave no sign of epimerization to diastereomer la.

Chlorination o f Phenylsulfinylphenylsulfonylmethane (4). 
To a solution of 0.50 g (1.8 mmol) of 4U and 0.50 g of sodium bicar
bonate in 12 ml of diehloromethane was added dropwise 0.26 g (1.9 
mmol) of sulfuryl chloride in 2 ml of diehloromethane. The reac
tion mixture was treated as in the analogous case of the chlorina
tion of (±)-la. An NMR spectrum of the crude reaction mixture 
showed a trace of unreacted 4 and two singlets (4:1 ratio) at S 5.2 
and 5.4, respectively. Crystallization from dichloromethane-hex- 
ane gave 310 mg (58%) of the major isomer (5a): mp 115-116°; ir 
rSo2 1333 and 1142, i/s=o 1095 cm“ 1; lH NMR « 5.25 (s, 1 H) and
7.3-8 (m, 10 H).

Anal. Calcd for CjaHnClOaS* C, 49.59; H, 3.52. Found: C, 49.57; 
H, 3.47.

Further crystallization yielded 50 mg (9%) of the other diast
ereomer 5b: mp 124-126°; ir eso2 1340 and 1135, ks -O 1092 cm-1; 
'H  NMR 5 5.43 (s, 1 H) and 7.3-8 (m, 10 H).

Anal. Calcd for C13H 11CIO3S2: C, 49.59; H, 3.52. Found: C, 49.44; 
H, 3.60.

A similar result to the above was obtained when chlorination 
was run in the presence of pyridine instead of sodium bicarbonate.

Phenylsulfinylphenylsulfonyldichloromethane (6 ). To a so
lution of 0.300 g (1.07 mmol) of 4 in 12 ml of diehloromethane and 
1 ml of pyridine was added 0.40 g of sulfuryl chloride in 2 ml of di- 
chloromethane at room temperature. The solution stood for 1 hr 
and was worked up as usual. Crystallization from dichlorometh- 
ane-hexane gave 0.315 g (90%) of 6: mp 135-136° (from dichloro- 
methane-ethanol); ir i'so  ̂ 1152 and 1350, i's o  1100 cm-1; 1H 
NMR 5 7.3-8.2 (m).

Anal. Calcd for C13H10CI2O3S2: C, 44.58; H, 2.88. Found: C, 
44.49; H, 2.82.

Halogénation of Bis(PhenylsulfonyI)methane (7). To a solu

tion of 0.90 g (3.0 mmol) of 7 in 10 ml of diehloromethane and 3 ml 
of pyridine was added 0.80 g of sulfuryl chloride in 2 ml of dichlo- 
romethane. After 1 hr, the mixture was diluted with 50 ml of di- 
chloromethane, washed with 5% sodium bicarbonate (100 ml), and 
dried (MgSCh) and the solvent was removed by rotary evapora
tion. Crystallization of the resulting oil gave 1.0 g (85%) of bis- 
(phenylsulfonyl)dichlorom .‘thane (8), mp 157-159° (lit.12 mp 
159°).

In a similar manner, 7 treated with excess bromine gave an 80% 
yield of bis(phenylsulfonyl)dibromomethane (9), mp 156-158° 
(lit.12 mp 159°). This dibromide was converted back to 7 quantita
tively by sodium thiosulfate in aqueous acetone.

Registry No.—la, 27995-61-5; lb, 27995-60-4; 2a, 54384-32-6; 
2b, 54423-03-9; 2c, 54423-04-0; 3a, 54384-33-7; 4, 54384-18-8; 5a, 
54384-34-8; 5b, 54384-35-9; 6 , 54384-19-9; 7, 3406-02-8; sulfuryl 
chloride, 7791-25-5; bis(phenyithio)methane, 3561-67-9.
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The photochemistry of 5-carbomethoxy- (lb), 5-cyano- (lg), 5-methyl- (le), and 5-vinyl- (If) 1,2-benzotropil- 
idenes has been studied. Two major processes arise from the singlet excited state of these molecules: (1) produc
tion of benzonorcaradienes via a formal 1,7-hydrogen shift followed by tautomerization, and (2) electrocyclic ring 
closure to produce 6-substituted 2,3-benzobicyclo[3.2.0]hepta-2,6-dienes. While the overall quantum efficiency 
for the compounds is high (4> = 0.53-0.85), the relative importance of the two processes is markedly substituent 
and modestly solvent dependent. The 5-cyano- and 5-carbomethoxy-l,2-benzotropilidenes give major amounts of 
electrocyclic ring closure while the remaining compounds give primarily hydrogen migration. The increased effi
ciency of the hydrogen shift process in going from cyclohexane to acetonitrile suggests a polar character in the 
transition state for this reaction.

The photochemistry of cycloheptatrienes has been [3.2.0]hepta-2,6-dienes was apparently noted first,2® later
subject to extensive study over the past 10 years.2 While work established that photochemical 1,7-hydrogen shift oc-
electrocyclic ring closure of cycloheptatrienes to bicyclo- curs some 500 times faster than cyclobutene formation.2*1
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la, R1 =  R2 =  R3= H
b, R, = R> = H; R3 =  C02Me
c, Ri = C1;R2 = R3 = H
d, R[ = Rg =H; Rg = CN

Since the characterization of this process, further examples 
of hydrogen shifts2 as well as cases for alkyl3’4 and phenyl 
migrations6 have been reported. More recently the effect of 
substituents in directing the course of 1,7 shifts7 and elec- 
trocyclic ring closure of substituted cycloheptatrienes has 
been reported.8

In contrast to the extensive investigations in cyclohepta- 
triene photochemistry, only little work has been performed 
on the photochemistry of its 1,2-benzo derivatives, 1,2-ben- 
zotropilidenes. For this system three basic processes have 
been noted: (1) 1,3-hydrogen shift in lc,9 (2) 1,7-hydrogen 
shift in la10 and lb,11 and (3) electrocyclic ring closure in 
la,10 lb,11 and Id.12 Interestingly, the ratio of 1,7 shift to 
electrocyclic ring closure is markedly substituent depen
dent. For la the 1,7 shift is virtually the exclusive process, 
while for lb the ring-closure reaction is highly favored. In 
our study of substituent effects on benzonorcaradiene pho
tochemistry, it became important to know the basic photo
chemical reactions of substituted 1,2-benzotropilidenes. In 
this connection we have studied the photochemistry of sev
eral 5-substituted 1,2-benzotropilidenes. Since we have 
completed our work in this area and the photochemistry of 
the compounds is of interest in its own right, we report here 
details of the ancillary investigation.

Synthesis of 5-Substituted 1,2-Benzotropilidenes. 
The synthesis of pure 1,2-benzotropilidenes was based on 
the higher thermodynamic stability of the 1,2 isomer vs.

2a. R = H 
e, R = CH.i

KO-t-Bu
i-BuOH
>90%

the readily available 3,4-benzotropilidenes.13 For the un
substituted and 5-methyl compounds, base-catalyzed isom
erization of the 3,4 isomers afforded the corresponding 1,2 
isomers in >90% yield. The more substituted systems were 
prepared from the 7-carbomethoxy-3,4-benzotropilidene as 
outlined in Scheme I.

Preparative Irradiation of 1,2-Benzotropilidene. The
products and mechanism of 1,2-benzotropilidene irradia
tion were extensively studied by Pomerantz and Gruber,10 
who established by deuterium labeling that a formal 1,7 
shift occurred, producing benzonorcaradiene as a primary 
product. Since the approximate quantum yield they re-

Scheme I
Synthesis of 5-Substituted 1,2-Benzotropilidenes

ported seemed low relative to the values we had measured 
for similar systems (vide infra), we briefly investigated the 
products of the irradiation and redetermined the quantum 
efficiency for the process. Our reinvestigation was essen
tially in agreement with the results reported except that 
the quantum efficiency for benzonorcaradiene formation 
was found to be substantially higher (<t> = 0.79) than the ca.
0.1 previously reported.

In contrast to the parent hydrocarbon, irradiation of the
5-carbomethoxy compound, lb, afforded only minor 
amounts of benzonorcaradiene, the major process being 
electrocyclic ring closure. The structures of the products 
were established by NMR and ir comparison with the 
known compounds.13® In view of the large alteration in 
product ratio between la and lb, a modest number of sys
tems were examined to establish the nature of substituent 
as it affected the product ratio. Irradiation of the 5-cyano 
compound, lg, produced a mixture of two products in 
yields of 37 and 63%, the structures 4g and 5g being as-
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lb, X = C02CH3 
g, X = CN

4b, 13% 
g, 37%

5b, 87% 
g, 63%

signed to these products on the basis of their spectroscopic 
properties. Thus, in the NMR 4g showed the aromatic hy
drogens as a multiplet at t 2.94 and the vinyl hydrogens as 
a clean AB quartet [t 3.80 (d, J = 10 Hz, 1 H), 4.03 (d, J  = 
10 Hz, 1 H)]. The benzylic cyclopropyl [r 7.08 (J  = 11, 7 
Hz)], the exo cyclopropyl [r 8.09 (J  = 11, 4 Hz)], and the 
endo cyclopropyl [r 9.79 (J = 7, 4 Hz)] appeared as clean 
doublets of doublets. The NMR spectrum o f 5g was equally 
informative, showing 1-vinyl hydrogen as a singlet at t 3.21, 
one bridgehead as a multiplet at t 5.75-5.85, a second 
bridgehead as a multiplet centered at r 6.29, and the meth
ylene group as a doublet at r 7.03 (J = 6 Hz). The 5-cyano 
group then, while showing an altered ratio from the parent 
system, is less selective than the 5-carbomethoxy group.

While it was originally felt that alkyl substitution at the 
5 position would have virtually no effect on product distri
bution, the availability of the 5-methyl compound dictated 
an examination of its photochemistry. Irradiation of le  at 
350 nm led to a time-invariant mixture of two products in 
an 80:20 ratio. The major product was established as 4e by 
spectroscopic comparison with the known compound.13b 
Spectroscopic data suggested 5e as the structure of the 
minor product but did not rigorously exclude an alternate 
structure, 7-methyl-2,3-benzobicyclo[3.2.0]hepta-2,6-diene. 
However, the minor product was rigorously established as 
5e by relating it to the known compound, 5b, as shown.

The increased amount Of cyclobutene in the cases of lb, 
lg, and le prompted us to examine a compound having a 
substituent which would stabilize the double bond in the 
cyclobutene product, yet one with much less electron-with- 
drawing character than a nitrile or carbomethoxy moiety. 
Irradiation of If at 300 nm through Pyrex afforded up to 
70% conversion of a single product. Preparative VPC of the 
reaction mixture afforded a 68% isolated yield of a com
pound assigned as 4f on the basis of its spectroscopic prop-

T ablel
Quantum Yields for Irradiation of Substituted

1,2-Benzotropilidenes in Cyclohexane

Compd ® disappearance ® cyclobutene ® norcara diene

la  parent 0.85 a 0.79
lb 5-carbomethoxy 0.62 0.61 0.088
le  5-methyl 0.65 0.11 0.42
If 5-isopropenyl 0.53 a 0.54
lg 5-cyano 
a Product not detected.

0.59 0.37 0.21

CO-
If 0' od

4f

\

erties. Thus, the NMR showed the aromatic protons as a 
broad multiplet at r 3.0, the conjugated vinyl protons as a 
clean AB [r 3.72 and 3.93 (J = 10 Hz)], the vinyl methylene 
as a multiplet at r 5.2, the methyl group as a multiplet at r 
8.25, and the benzylic cyclopropyl, exo cyclopropyl, and 
endo cyclopropyl as doublets of doublets centered at t 7.63 
(J = 10, 5.5 Hz), 8.38 (J = 10, 3.5 Hz), and 10.02 (J = 5.5,
3.5 Hz).

Quantum Yields o f 1,2-Benzotropilidene Systems. To
establish the effect of the substituent on the overall effi
ciency of the 1,2-benzotropilidene system, quantum yield 
determinations were made. As is evidenced by the data of 
Table I, the quantum yields for reaction in the substituted 
systems all fall in the range 0.53-0.65, with the parent sys
tem undergoing the most efficient reaction (4> = 0.85). 
Thus, the substituents are not dramatically promoting 
some nonreactive decay process in the excited state, but 
simply altering the rates of the two photochemical pro
cesses.

Quantum Yields as a Function o f Solvent. In the
course of these studies a modest solvent effect on the ratio 
of the products formed from the 1,2-benzotropilidene irra
diations was noted. Thus, the quantum efficiencies for the 
irradiation of lb, le, and lg were examined in nonpolar 
media (cyclohexane) and polar media (acetonitrile). As evi
denced by the data of Table II, the efficiency of the benzo- 
norcaradiene formation increases by a factor of 1.6-2.0 
while that of ring closure behaves less regularly. The over
all effect is that the efficiency of the reaction increases in 
the polar acetonitrile relative to cyclohexane, and this in
crease is primarily due to a higher efficiency for the benzo- 
norcaradiene formation.

Multiplicity Studies. The change in product ratio as a 
function of substituent and solvent might be due to excited 
states of different multiplicity being responsible for the 
two different photochemical processes. The idea of a triplet 
state being responsible for cyclobutene formation did not 
appear unreasonable, since cis-trans isomerization of a
1.2- benzotropilidene would produce a highly strained iso
mer which might easily undergo thermal electrocyclic ring 
closure to afford the cyclobutene product. Sensitization 
studies were only performed on the 5-methyl- and 5-cyano-
1.2- benzotropilidenes, since these systems showed appre
ciable amounts of both types of products; thus a change in 
product ratio upon sensitization could be readily discerned.

The triplet energies of the 5-substituted 1,2-benzotropil- 
idenes are unknown to our knowledge. However, a reason
able upper limit for their triplet energy would be /3-methyl- 
styrene, 59.8 kcal mol-1 .14a’b One would expect the triplet 
energy for the 1,2-benzotropilidene system to be in fact



Hydrogen Migration in 1,2-Benzotropilidenes J. Org. C h em ., Vol. 40, N o . 9 ,1 9 7 5  1283

Table II
Quantum Yields for Irradiation of the 5-Carbomethoxy-, 5-Methyl-, and

5-Cyano-l,2-Benzotropilidene in Cyclohexane and Acetonitrile

® c y c l o b u t e n e /

C o m p d  S o lv e n t  ^  c y c l o b u t e n e  ^ n o r e a r a d ie n e  ^ n o r c a r a d ie n e

lb 5-carbomethoxy Cyclohexane 0.61 0.088 0.70 6.9
Acetonitrile 0.64 0.17 0.81 3.7

le 5-methyl Cyclohexane 0.11 0.42 0.53 0.26
Acetonitrile 0.006 0.81 0.82 0.007

lg 5-cyano Cyclohexane 0.37 0.21 0.58 1.7
Acetonitrile 0.28 0.44 0.72 0.64

much lower owing to the additional conjugation of a second 
double bond. Sensitization experiments in these systems 
encountered difficulties. Thus, we initially hoped to use 
benzophenone as a sensitizer, since energy transfer to the
1.2- benzotropilidene could be readily established by the 
quenching of its photoreduction to benzpinacol.15 However, 
attempted sensitization of the reaction by benzophenone 
(Er = 68.5 kcal mol-1) led to disappearance of the starting 
compounds but no appearance of products. Since the prod
ucts le and lg were not stable under the sensitization con
ditions, thioxanten-9-one, Michler’s ketone, and 2-aceto- 
naphthone were tried as sensitizers. Only in the case of 2- 
acetonaphthone (Et = 59 kcal mol-1) were the products 
sufficiently stable under the sensitization conditions to 
make the reaction meaningful. For 2-acetonaphthone a di
rect irradiation of le was made simultaneously with a sen
sitized run at 350 nm and the reaction progress followed by 
VPC. In the time that 60% coversion had been reached in 
the direct irradiation, less than 2% of products were formed 
in the sensitized reaction. A similar series of experiments 
were performed with lg, again affording no evidence for a 
triplet reactant being responsible for products in this sys
tem.

Discussion
The results presented here establish that the relative im

portance of the two major photochemical processes ob
served for 5-substituted 1,2-benzotropilidenes, namely 
electrocyclic ring closure or hydrogen shift to eventually 
produce a benzonorcaradiene, may be strongly altered by 
the nature of the 5 substituent. We have not detected the
1.3- hydrogen shift in our studies; thus, this process would 
appear to be of only minimal importance. The inability to 
sensitize the production of cyclobutene or benzonorcara
diene formation strongly suggests that these processes are 
originating from an excited singlet state and is in agree
ment with multiplicity studies on the parent 1,2-benzotro- 
pilidene.10

An explanation of the manner in which the substituents 
alter the product ratio in this system is of some interest. Of 
course, one might argue that the carbomethoxy and cyano 
groups so alter the electronic character of the 1,2-benzotro
pilidene excited state that a consistent interpretation for 
the entire group of substituents would not be expected. On 
the other hand, several generalizations can be noted. First, 
the electron-withdrawing conjugating carbomethoxy and 
nitrile groups favor the cyclobutene formation, while all the 
other substituents give major amounts of benzonorcara- 
dienes. It is obvious that the increased amount of cyclobu
tene formation is not simply due to the substituent stabiliz
ing the double bond in the product.16 Had this been the 
case, then the methyl group should have been as effective 
as carbomethoxy, and the 5-vinyl system should certainly 
have given rise to appreciable amounts of electrocyclic ring 
closure. The increased efficiency of the benzonorcaradiene

formation with increasing solvent polarity suggests that 
some stabilization for this transition state operates in the 
more polar medium. With these observations in mind, a 
possible rationale for the substituent effects should be 
noted. The increased efficiency of the benzonorcaradiene 
formation with increasing solvent polarity could be accom
modated by either a proton-like migration in a “ benzotro- 
pilium anion-like” ir system, 10, or a hydride-like migration 
in a “ benzotropilium cation-like” ir system, 11.17 A transi-

H4*

j■
10 11

tion state of the latter type would readily accommodate the 
low efficiency of the 1,7-hydrogen migration in the 5-carbo- 
methoxy and 5-cyano systems, since a positively charged tt 
system would be destabilized by these moieties.18 Thus, for 
this limited number of substituents, invoking a transition 
state such as 11 would rationalize both the substituent and 
solvent effect data. Obviously much additional work re
mains to be done before a clear interpretation of the sub
stituent effect is at hand.

Experimental Section
Melting points were taken in a Thomas-Hoover Unimelt appara

tus and are corrected. Infrared spectra were taken as neat films or 
KBr pellets with a Perkin-Elmer Model 137 spectrophotometer. 
Nuclear magnetic resonance spectra were recorded on a Varian 
A-60A or a JeoJcc MH-100 instrument in chloroform-d or carbon 
tetrachloride and are reported in t  units using tetramethylsilane as 
internal standard. Mass spectra were obtained with an AEI-MS-9 
instrument with an ionizing potential of 70 eV. Preparative irra
diations were performed with a Rayonet photochemical reactor 
equipped with 16 RPR-3000 A lamps or 16 RPR-3500 A lamps. 
Gas chromatographic analyses were performed on a Varian Aero
graph Model 1200 or 1400 flame ionization instrument using the 
following columns: column A, 25 ft X 0.125 in., 5% SE-30 on 
DMCS-treated 6C/80 Chromosorb G; column B, 12 ft X 0.125 in., 
5% PDEAS on 6C/80 Chromosorb W; column C, 10 ft X  0.25 in., 
10% PDEAS on 60/—] Chromosorb W; column D, 5 ft X  0.125 in., 
3% SE-30 on 100/120 Varaport 30; column E, 25 ft X 0.375 in., 5% 
SE-30 on DMCS-treated 60/80 Chromosorb G; column F, 10 ft X 
0.25 in., 5% SE-30 on 60/80 Chromosorb; column G, 13 ft X 0.125 
in., 5% SE-30 on DMCS-treated 60/80 Chromosorb G. Elemental 
analyses were performed by Scandinavian Microanalytical Labora
tory, Herlev, Denmark. NMR spectra were obtained at 60 MHz 
unless otherwise noted.

1,2-Benzotropilidene (la ). A solution of 0.6 M potassium tert- 
butoxide in tert-butyl alcohol (20 ml) was added to 200 mg of 5a13a 
in 5 ml of tert-butyl alcohol and refluxed for 3 hr on a steam bath. 
The cooled solution was diluted with water and extracted with 
ether. Removal o: the ether yielded an orange oil which was chro
matographed on neutral Woelm alumina (2 X 10 cm column, slurry 
packed with hexane). One fraction was collected, 150 ml, 180 mg 
(90%) of la  which was greater than 99% pure by VPC analysis (col
umn A).20
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5-Methyl-l,2-benzotropilidene (le). To an ethereal solution 
containing 0.298 g of 2e13a was added 25 ml of 0.6 M  potassium 
ieri-butoxide in feri-butyl alcohol. The mixture was refluxed in a 
steam bath for 1.5 hr under nitrogen; the cooled reaction mixture 
was diluted with water and extracted with ether. The organic layer 
was washed with water, then with saturated sodium chloride solu
tion, dried over calcium sulfate, and concentrated, yielding 0.290 g 
of an orange oil. The oil was chromatographed on Alcoa alumina 
(0.25 X 10 in., 2% ether-hexane). One fraction was collected (50 
ml), yielding 0.267. g (90%) of le greater than 99% pure by VPC 
(column A): ir (neat) 3.27 (m), 3.36 (s), 6.75 (m), 6.90 (s), 7.05 (m), 
11.88 (m), 12.71 (s), 13.34 (s), 13.64 (m), and 13.85 /x (m); NMR 
(CCU) r 2.93 (s with shoulder at 2.99, 4 H), 3.13 (d, J  = 11 Hz, 1 
H), 3.78 (d, J = 11 Hz, 1 H), 4.60 (t, broad, J  = 7 Hz, 1 H), and
7.12 (d, J  = 7 Hz, 2 H).

Anal. Calcd for C12H12: C, 92.31; H, 7.69. Found: C, 92.45; H, 
7.73.

5-Carbomethoxy-l,2-benzotropilidene (lb). A solution of 
0.473 g of 613b in 2 ml of 4% ether-hexane was passed through a 
column of Woelm activity III basic alumina (2 X 23 cm column, 
slurry packed with 4% ether-hexane). Elution proceeded as fol
lows: 4% ether-hexane, 100 ml, nil; 4% ether-hexane, 150 ml, 0.424 
g (89%) of lb as a colorless oil homogeneous by NMR and VPC 
(column B) analysis: ir (neat) 3.43 (w), 5.80 (s), 6.13 (m), 6.26 (m), 
6.98 (s), 7.95 (s), 9.28 (s), 12.41 (s), 13.36 (s), and 13.93 m (s); NMR 
(CC14) r 2.61-3.28 (m, 7 H), 6.30 (s, 3 H). and 6.98 (d, J = 7 Hz, 2 
H).

Anal. Calcd for C13H12O2: C, 78.00; H, 6.00. Found: C, 78.24; H,
6.16.

1.2- Benzotropilidene-5-carboxylic Acid (7). A potassium hy
droxide-methanol solution (6.0 g of potassium hydroxide, 24 ml of 
methanol, and 40 ml of water) was added to a solution of 4.2 g 
(0.021 mol) of 6 in 20 ml of ether at room temperature. The solu
tion immediately turned blood red and gradually faded to a pale 
yellow. The ether layer was distilled and the remaining mixture re
fluxed at 90° for 4 hr. The cooled hydrolysis solution was extracted 
with 30 ml of ether. The aqueous layer was decolorized with Norit, 
acidified to a pH of 2 with concentrated hydrochloric acid, and ex
tracted with a hot benzene-methylene chloride solution. The or
ganic layer was washed with saturated brine solution, dried over 
calcium sulfate, and concentrated in vacuo, yielding 3.77 g (96%) of 
7, mp 196-198.5°. Two recrystallizations from ethyl acetate-hex
ane yielded the analytical sample: mp 203.8-204.8°; NMR 
(Me2SO-d6) t 2.75 (broad s, 4 H), 2.90-3.35 (five-line multiplet, 3 
H), and 6.98 (d, J  = 7 Hz, 2 H); ir (KBr) 3.2-3.5 (m), 3.7-3.9 (m),
5.9 (s), 7.0 (m), 7.55 (m), 7.85 (s), 11.1 (m), 12.42 (s), 12.87 (s), 
13.13 (s), 13.40 (m), and 13.9 m (s).

Anal. Calcd for Ci2H io0 2: C, 77.41; H, 5.38. Found: C, 77.20; H, 
5.40.

1.2- Benzotropilidene-5-carboxamide (lh). A three-molar ex
cess of thionyl chloride was added to a refluxing mixture of 3.38 g 
(0.0182 mol) of 7 in 20 ml of dry benzene. When the acid complete
ly dissolved, ir analysis showed that there was complete conversion 
to the acid chloride. The solvent and excess thionyl chloride were 
removed in vacuo, yielding a brown oil which was taken up in 100 
ml of anhydrous ether. Dry ammonia was bubbled through the so
lution until the mixture showed pH 10. The mixture was diluted 
with water and extracted with methylene chloride; the organic 
layer was washed with saturated sodium chloride, dried over calci
um sulfate, and concentrated in vacuo, yielding 2.53 g (77.5%) of 
the amide, mp 155-165°. Two recrystallizations from ethanol- 
water yielded the analytical sample: mp 161-162°; ir (KBr) 2.94
(m), 3.10 (m), 6.01 (s), 6.18 (s), 6.30 (m), 7.00 (m), 7.11 (m), 8.95 
(m), 9.06 (m), 12.36 (m), and 13.35 M (s).

Anal. Calcd for Ci2Hn NO: C, 77.84; H, 5.95; N, 7.57. Found: C, 
77.37; H, 6.00; N, 7.57.

5-Cyano-l,2-benzotropilidene (lg ). Thionyl chloride, 4.05 ml 
(0.0563 mol), dissolved in approximately 1 ml of N,N-dimethyl- 
formamide was added dropwise over 1 min to a stirred solution of
2.61 g (0.0141 mol) of the amide in 10 ml of (V,7V-dimethylformam- 
ide maintained at 0° in the dark under a nitrogen atmosphere. The 
solution was allowed to warm to room temperature and stirred for 
48 hr. The solvent was distilled from the reaction mixture and the 
remaining oil was diluted with water and extracted with 50% 
ether-benzene. The organic layer was washed with water (2 X 30 
ml) and saturated sodium chloride, dried over calcium sulfate, and 
concentrated, yielding 2.5 g of a brown oil. The oil was chromato
graphed on silica gel (2.3 X 60 cm column, slurry packed in 5% 
ether-hexane). Elution proceeded as follows: 5% ether-hexane, 250

ml, nil; 5% ether-hexane, 525 ml, 1.52 g (64.5%) of lg, mp 64-65°. 
Two recrystallizations from ether-hexane yielded the analytical 
sample: mp 65.9-66.8°; ir (KBr) 4.50 (m), 6.35 (m), 6.77 (m), 11.15 
(m), 11.35 (m), 12.30 (w), 12.60 (s), 13.16 (s), 13.4 (m), and 13.84 ix 
(m); NMR (CCI4) r 2.81 (broad singlet with shoulder at 2.9, 5 H),
3.5-3.8 (three lines, broad, 2 H), and 6.90 (d, J = 7.5 Hz, 2 H).

Anal. Calcd for C12H9N: C, 86.22; H, 5.39; N, 8.38. Found: C, 
85.90; H, 5.46; N, 8.38.

5-Isopropenyl-l,2-benzocycloheptatriene (If). An ethereal 
diazomethane solution was added dropwise to a partial solution of 
0.4 g (0.215 mol) of 7 in 2 ml of dry ether. When the acid had dis
solved the solution was concentrated, dissolved in 25 ml of dry te- 
trahydrofuran, and cooled to —78° by an acetone-Dry Ice bath. To 
this solution was added 2.35 ml (0.514 mmol) of a 2.2 M  methylli- 
thium solution over a 10-min period and the reaction mixture was 
stirred for 1 hr. The reaction mixture was then quenched with 75 
ml of water and extracted with ether. The organic layer was 
washed with water (2 X 20 ml) and saturated sodium chloride, 
dried over calcium sulfate, and concentrated. The ir of the oil indi
cated incomplete conversion; so the reaction was executed a second 
time with the same amount of reagents. After another hour of reac
tion time, the reaction was worked up as before. The crude alcohol, 
a clear oil, was dissolved in 50 ml of dry benzene to which was 
added 15 mg of p-toluenesulfonic acid and the mixture was heated 
at 50° for 2 hr. The reaction mixture was concentrated to an oil 
which was dissolved in ether and washed with water (2 X 20 ml) 
and saturated sodium chloride, dried over calcium sulfate, and 
concentrated, yielding 385 mg of a dark oil. The oil was chromato
graphed on Alcoa alumina (1 X 30 cm column, hexane). One frac
tion of 500 ml was taken, yielding 250 mg (64%) of If, mp 65-70°. 
Two recrystallizations from ethanol-hexane yielded the analytical 
sample: mp 77.5-78.5°; ir (KBr) 6.22 (m), a series of three medium 
bands between 6.71 and 7.3 with a fourth strong band at 6.9, 11.25 
(s), 11.40 (m), 11.6 (m), 12.5 (s), 13.3 (s), 13.6 (m), and 14.4 n (m); 
NMR (CCU) r 2.91 (m, 5 H), 3.35 (d, J = 12 Hz, 1H), 4.2 (broad t, 
J  = 7.5 Hz, 1 H), 5.09 (broad d, J  = 6 Hz, 2 H), 7.0 (d, J  = 7.5 Hz, 
2 H), and 8.12 (d, J  = 1 Hz, 3 H).

Anal. Calcd for CUH14: C, 92.26; H, 7.74. Found: C, 91.93; H, 
7.56.

Irradiation of 5-Carbomethoxy-l,2-benzotropilidene (lb). A
solution of 252 mg of lb in 70 ml of cyclohexane was degassed for 
15 min with purified nitrogen, then irradiated in a stoppered 
quartz test tube for 57 min with a bank of 16 RPR-3500 A lamps in 
a merry-go-round apparatus. By VPC two products were pro
duced, one major and one minor. The irradiation mixture was sep
arated by preparative VPC (column C at 130°). The major product 
had ir and NMR spectra identical with those of 6-carbomethoxy-
2,3-benzobicyclo[3.2.0]hepta-2,6-diene. The minor product had ir 
and NMR spectra identical with those of 6-carbomethoxy-2,3-ben- 
zonorcaradiene.

In a similar experiment, a solution of 168.0 mg of 5-carbome- 
thoxy-l,2-benzotropilidene and 24.5 mg of eicosane in 45 ml of cy
clohexane was prepared. The solution was degassed for 30 min 
with purified nitrogen, and 20 ml of it was irradiated in a Pyrex 
test tube with a bank of 16 RPR-3500 A lamps in a merry-go- 
round apparatus for 65 min. By VPC analysis the total product 
yield was quantitative: 6-carbomethoxy-2,3-benzobicyclo[3.2.-
0]hepta-2,6-diene, 85.7%; 6-carbomethoxy-2,3-benzonorcara-
diene, 14.3%.

Irradiation of 5-Cyano-l,2-benzotropilidene (lg). A solution 
containing 0.7 g of lg in 150 ml of purified cyclohexane was irra
diated in the Rayonet with 350-nm light. Periodic analysis of the 
reaction by VPC (column D at 150°) showed that two products 
were formed at a constant ratio of 60:40. After 148 min of irradia
tion, VPC analysis indicated complete consumption of starting 
material. The reaction mixture was concentrated to afford a light 
yellow solid which was chromatographed on silica gel (1.7 X 88 cm 
column, slurry packed, 3% ether-hexane). Elution proceeded as 
follows: 3% ether-hexane, 250 ml, nil; 5% ether-hexane, 190 ml, nil; 
5% ether-hexane, 330 ml, 0.309 g (44%) of 5g, mp 69-71°.

Recrystallization of this material from ether-hexane yielded the 
analytical sample: mp 71.5-72.5°; NMR (CC14) t 2.95 (s, 4 H), 3.21 
(s, 1 H), 5.75-5.85 (broad s, 1 H), 6.29 (five-line multiplet, 1 H), 
and 7.03 (d, J = 6.0 Hz, 2 H); ir (KBr) 3.39 (m), 4.5 (s), 6.35 (m), 
6.8 (s), 7.02 (m), 8.15 (s), 10.2 (m), 10.45 (m), 11.1 (m), 11.4 (m), 
11.65 (m), 12.15 (m), 12.69(m), and 13.35 (s).

Anal. Calcd for Ci2H9N: C, 86.20; H, 5.43; N, 8.38. Found: C, 
86.65; H, 5.42; N, 8.23.

Continued elution with 325 ml of 7% ether-hexane yielded 0.183
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g (26%) of 4g. Recrystallization of this material from 10% ether- 
hexane yielded the analytical sample: mp 59-60°, NMR (CC14) r 
2.94 (m, 4 H), 3.8 (d, J  = 10 Hz, 1 H), 4.03 (d, J = 10 Hz, 1 H), 7.08 
(d of d, J  = 11, 7 Hz, 1 H), 8.09 (d of d, J  = 11,4  Hz, 1 H), and 9.79 
(d of d, J  =  7, 4 Hz, 1 H); ir (KBr) 4.5 (s), 6.79 (m), 6.93 (m), 9.51 
(s), 12.31 (s), 12.71 (s), 13.0 (s), 13.50 (m), and 13.95 m (m).

Anal. Calcd for C12H9N: C, 86.20; H, 5.43; N, 8.38. Found: C, 
86.49; H, 5.34; N, 8.12.

Preparative Irradiation of 5-Methyl-l,2-benzotropiIidene
fie ) . A solution of 0.179 g of le  in 20 ml of purified cyclohexane 
was degassed for 10 min with nitrogen and irradiated for 2 hr in a 
Pyrex test tube with a 400-W Hanovia lamp. The solvent was re
moved in vacuo and the resulting oil was purified by preparative 
vpc (column E at 160°). Peak 1, 5e (28%): ir (neat) 6.12 (m), 6.75 
(s), 6.95 (s), 8.0 (s), 10.25 (m), 12.5 (s), and 13.40 M (s); NMR (CCL,) 
r 3.00 (s, 4 H), 4.07 (m, 1 H), 6.0 (m, 1 H), 6.60 (m, 1 H), 7.15 
(broad d , J =  6.0 Hz, 2 H), and 8.31 (m, 3 H).

Anal. Calcd for Ci2H i2: C, 92.31; H, 7.69. Found: C, 92.00; H, 
7.97.

The second peak, isolated in 53% yield, was identified as 4e by ir 
and NMR comparison with the known compound.13b

6-enrfo-Carbomethoxy-2,3-benzobicyclo[3.2.0]hept-2-ene
(9). A solution of 5-carbomethoxy-l,2-benzotropilidene (lb) in 200 
ml of purified cyclohexane in a Pyrex vessel was inrradiated for 3 
hi with a bank of 16 RPR-3500 K lamps. After removal of the cy
clohexane in vacuo the residue was dissolved in 100 ml of ethyl ac
etate, 20 mg of 5% Pd/C was added, and the mixture was hydroge
nated for 2 hr on a Parr hydrogenation apparatus. The residue 
from the hydrogenation was chromatographed on 120 g of silica gel 
(2.3 X 36 cm column slurry packed in 2% ether-hexane). Elution 
proceeded as follows: 0.2 1., 2% ether-hexane, nil; 0.1 1., 5% ether- 
hexane, nil; 0.5 1., 5% ether-hexane, 0.48 g (48%) of 9 as a clear oil: 
ir (neat) 3.40 (m), 5.76 (s), 6.76 (m), 6.86 (m), 6.97 (m), 7.40 (m), 
8.33 (br), 8.49 (br), and 13.30 m (s); NMR (CCI4) r 2.72 (s, 4 H), 
6.0-6.75 (m, 3 H), 6.38 (s, 3 H), 6.75-7.00 (m, 2 H), and 7.2-7.7 (m, 
2 H). The material was hydrolyzed to its carboxylic acid: mp
101.5-104°; ir (KBr) 2.7-4.3 (br, s), 5.83 (s), 7,03 (m), 7.43 (m), 8.08 
(s), 8.13 (s), 10.60 (m), 13.22 (s), and 13.50 M (m).

Anal. Calcd for C12H120 2: C, 76.57; H, 6.43. Found: C, 76.43; H, 
6.30.

6-endo-Hydroxymethyl-2,3-benzobicyclo[3.2.0]hept-2-ene.
A solution of 9 (0.566 g, 2.78 mmol) in 15 ml of anhydrous ether 
was added dropwise over 0.5 hr to a slurry of 0.200 g (5.27 mmol) of 
lithium aluminum hydride in 15 ml of anhydrous ether. Following 
addition, the mixture was refluxed for 10 hr. Subsequently the ex
cess hydride and reduction complex were decomposed by cautious 
addition of water (2.4 ml). The organic portion was decanted and 
the alumina salt was dissolved in 5% HC1 (20 ml). The aqueous 
acid solution was extracted with ether (2 X 20 ml), and the com
bined organic layers were washed with saturated sodium chloride 
solution (30 ml) and dried over anhydrous calcium sulfate. After 
removal of the ether by distillation, the remaining light yellow oil 
was chromatographed on deactivated silica gel (2.0 X 28 cm col
umn slurry packed with 30% ether-hexane). Elution with 30% 
ether-hexane proceeded as follows: 50 ml, 0.0V10 g of mixture of an

unidentified oil and a small amount of unreacted ester; 100 ml, 
0.432 g (89%) of 6-endo-hydroxymethyI-2,3-benzobicyclo[3.2.0]- 
hept-2-ene: ir (neat) 2.93 (s), 3.38 (s), 3.46 (m), 6.80 (m), 9.47 (m),
9.66 (m), 9.83 (mi, 10.03 (m), and 13.39 m (s); NMR (CDCI3) r 2.88 
(s, 4 H), 6.0-7.1 (series of overlapping m, 6 H), 7.1-7.7 (m, 1 H), 
and 8.2-8.7 (m, 2 H).

Anal. Calcd for Ci2H140: C, 82.72; H, 8.10. Found: C, 82.69; H,
8.20.

6-efldo-Methyl-2,3-benzobicyclo[3.2.0]hept-2-ene (8 ). To an
ice-cooled solution of 0.306 g (1.76 mmol) of 6-endo-hydroxy- 
methyl-2,3-benzobicyclo[3.2.0]hept-2-ene in 10 ml of dry, freshly 
distilled pyridine, 0.5 ml of freshly distilled methanesulfonyl chlo
ride was added dropwise over 0.25 hr. After stirring for 5 hr, the 
reaction mixture was poured onto 30 g of ice in 30 ml of water and 
extracted with ether (2 X 50 ml). The organic layer was washed 
with 5% hydrochloric acid (3 X 30 ml) and saturated sodium chlo
ride solution (30 ml), and dried over anhydrous calcium sulfate. 
The ether was removed in vacuo to give ca. 450 mg (100%) of the 
mesylate. Infrared spectroscopic analysis showed that no alcohol 
remained. The mesylate was then dissolved in anhydrous ether (10 
ml) and added slowly to an ice-cooled slurry of 0.200 g of lithium 
aluminum hydride in 10 ml of ether. Following addition, the ice 
bath was removed and the mixture was refluxed for 14 hr. After 
cooling to room temperature, the excess hydride was decomposed 
by cautious addition of water. The organic portion was removed by 
filtration and the alumina salt was dissolved in 5% hydrochloric 
acid (20 ml). The aqueous acid solution was extracted with ether (2 
X 20 ml) and the combined organic layers were washed with satu
rated sodium chloride solution (30 ml) and dried over anhydrous 
calcium sulfate. After removal of ether by distillation, there re
mained 247 mg of liquid. Vapor phase chromatography (column F 
at 110°) gave pure 6-enrfo-methyI-2,3-benzobicycIo[3 2.0]hept-2- 
ene: ir (CS2) 3.26 (m), 3.38 (s), 7.34 (m), 7.63 (m), 8.10 (m), 8.36 
(m), 8.70 (m), 9.36 (m), 9.82 (m), 10.26 (m), 10.35 (m), 13.55 (s), 
and 14.16 a (m); NMR (CCI4) t 2.98 (s, 4 H), 6.0-7.5 (aliphatic ab
sorption with broadened s at t 6.98, 6 H), 8.52 (m, 1 H), and 9.04 
(d, J = 6.5 Hz, 3 H); mass spectrum m/e (rel intensity) 158 (M, 6), 
115 (20), 116 (B, 100), 117 (10), 128 (8), and 129 (9).

Anal. Calcd for Ci2H14: C, 91.08; H, 8.92. Found: C, 90.67; H,
8.83.

Hydrogenation of 6-Methyl-2,3-benzobicyclo[3.2.0]hepta-
2,6 -diene (5e). An 8-mg sample of 5e was dissolved in 10 ml of 
ethyl acetate containing 2 mg of 5% Pd/C and the mixture was hy
drogenated for 8 hr at atmospheric pressure. After filtration 
through Celite, the ethyl acetate was removed by distillation and 
the hydrogenation product was isolated by preparative VPC (col
umn F at 130°). The purified material showed a VPC retention 
time and ir spectra (CC14 and CS2) identical with those of the syn
thesized authentic sample.

2-Acetonaphthone Sensitized Irradiation of 5-Methyl-l,2- 
benzotropilidene (le). Stock solutions of 0.2 M  2-acetonaph- 
thone in benzene and 0.02 M  le in benzene were prepared. For a 
typical run 1.5 ml of 0.2 M  2-acetonaphthone and 0.2 ml of 0.0016 
M  le were placed in a Pyrex test tube and diluted to 2 ml with 
benzene. In a matching test tube was placed 0.2 ml of 0.02 M le

Table III
Quantum Yield Data for 1,2-Benzotropilidenes

Compd

Light absorbed, 

mE

Concn,
M x 10^ % conversion ^disappearance ^cyclobutene ^norcaradiene

la c 0.139 10.2
la c 0.126 10.2
lb° 0.214 18.4
lb° 0.287 18.4
lb° 0.266 18.4
lb° 0.263 18.4
lg 0.0873 15.7
lg 0.0434 15.7
le 0.0117 16.5
le 0.0041 16.5
If 0.0298 16.5
If 0.0368 16.5

0 Product was not detected. 6 Value was not determined. c This

15 0.80 a 0.73
16 0.90 a 0.85
12 b 0.62 0.09
15 0.60 0.57 0.08
17 0.61 0.68 0.09
17 0.65 0.64 0.08
25 0.57 0.36 0.21
13.5 0.61 0.37 0.22
13.5 0.64 0.12 0.45
4.3 0.59 0.10 0.38

10.0 0.58 a 0.59
10.0 0.47 a 0.49

was measured in a 65-ml actinometer cell. All other numbers deter-
mined in a 12-ml cell.
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and the volume was made up to 2 ml with benzene. At these con
centrations the uv absorptions of the sensitizer and substrate are 
such that the tropilidene can capture <0.5% of the incident light. 
Both solutions were degassed for 10 min with a stream of nitrogen 
and then irradiated simultaneously in the Rayonet with 350-nm 
light. The reaction was followed by VPC (column G at 125°) with 
the following results. In the time that the unsensitized reaction 
had reached 60% conversion to products the sensitized run showed 
~2% products and ca. 50% loss of le .21 To the direct run was added 
0.051 g of 2-acetonaphthone to bring the solution to 0.15 M  sensi
tizer and the solution was irradiated again. VPC analysis showed 
that the products were essentially stable to the sensitizer.

2-Acetonaphthone Sensitized Irradiation of 5-Cyano-l,2- 
benzotropilidene (lg). The same procedure and concentrations 
were used as described for le. This irradiation was monitored with 
column D at 145°, giving the following results. At a time in which 
the direct irradiation had gone to 94% conversion, the sensitized 
reaction gave <2% products. Sensitizer (0.051 g) of 2-acetonaphth
one was then added to the direct reaction and irradiated again. 
VPC analysis showed that both photoproducts were stable to the 
sensitizer.

Benzophenone Sensitization of 5-Methyl-1,2-benzotropil- 
idene (le). Into three matched test tubes were placed the fol
lowing solutions: (1) 0.15 M  benzophenone and 0.15 M  benzhydrol 
in 2 ml of benzene; (2) 0.15 M  benzophenone, 0.15 M  benzhydrol, 
and 1.7 X 10-3 M  of le in 2 ml of benzene; and (3) 1.73 X 10-3 M  
le in benzene. The concentrations in tube 2 ensured that benzo
phenone was capturing greater than 99% of the light. Irradiation 
for 30 min at 3500 A followed by VPC analysis showed that in tube 
3 there was 70% conversion to products while in tube 2 no product 
was formed yet starting material had essentially disappeared. Uv 
analysis for remaining benzophenone in tube 2 using tube 1 as a 
standard indicated that the disappearance of benzophenone in 
tube 2 had been quenched by ~70%. Thus, energy transfer had oc
curred from benzophenone to le. Unfortunately, when a reaction 
mixture consisting of 70% 4e and 30% le  was irradiated in the 
presence of 0.15 M  benzophenone and 0.15 M  benzhydrol, VPC 
analysis indicated that both 4e and le disappeared with no pro
duction of volatile products.

Preparative Irradiation of 5-Isopropenyl-l,2-benzocyclo- 
heptatriene (If). A degassed solution of 0.200 g of If in 100 ml of 
spectral grade cyclohexane was irradiated for 4 hr in the Rayonet 
with 300-nm light. Periodic analysis of the reaction by VPC (col
umn D at 150°) showed formation of one major product. When the 
reaction reached 60% completion the solution was concentrated 
and the resultant oil was purified by preparative VPC (column F 
at 145°). The recovered starting material was identical with the 
authentic material by NMR, while the photoproduct (68% yield in 
an extended irradiation) had the following spectral data: NMR 
(CC14) r 3.0 (broad m, 4 H), 3.72 (d, J = 10 Hz), 3.93 (d, J  = 10 Hz, 
2 H), 5.2 (m, 2 H), 7.63 (d of d, J  = 10, 5.5 Hz, 1 H), 8.25 (m, 3 H), 
8.38 (d, J  = 3.5 Hz, 1 H, the other portion of the doublet lies under 
the methyl absorption), 10.02 (d of d, J = 6, 3.5 Hz, 1 H); ir (neat)
6.1 (m), 6.71 (m), 6.90 (m), 11.0 (m), 12.8 (s), 13.1 (m), and 13.5 n 
(s). Exact mass analysis: calcd m/e 182.10954440; found m/e 
182.10978794; difference, 0.00024.

Quantum Yield Determinations. These were made as pre
viously described1311 using either a 12-ml or 65-ml actinometer cell. 
The pertinent data from these determinations are presented in 
Table III.

Registry No.—la, 264-08-4; lb, 35393-09-0; le, 54276-79-8; If, 
54276-80-1; lg, 54276-81-2; lh, 54276-82-3; 4f, 54276-83-4; 4g, 
54276-84-5; 5a, 18511-42-7; 5e, 54276-85-6; 5g, 54276-86-7; 6 , 
31399-17-4; 7, 54276-87-8; 8, 54276-88-9; 9, 54276-89-0; 9 free acid, 
54276-90-3; 9 OH analog, 54276-91-4.
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Chlorination of olefinic TV-monoalkylamide lithium derivatives with N-chlorosuccinimide provided Af-chlo- 
roamides. Irradiation of these in benzene solution with a 450-W high pressure mercury arc through a Corex filter 
led to bridged and unbridged C-chloro-iV-acylpyrrolidines and C-chloro-y-lactams. No six-membered-ring for
mation was found but selectivity was shown for double bonds with increased substitution.

Intramolecular addition of amino radicals (R2N •) and 
aminiurn radicals (R2HN •+) to double bonds is well estab
lished and has been shown to lead only to the formation of 
five-membered rings.1-9 In these studies nitrogen radicals 
were generated by decomposition of tetrazenes, or from N- 
nitroso- or IV-chloroamines in neutral or acidic solutions, 
by irradiation or by treatment with titanium trichloride. 
Since the analogous cyclization of olefinic carbon radicals 
can be diverted from a kinetically favored five-membered- 
ring formation to generation of six-membered rings by 
placing strong radical-stabilizing substituents on the acy
clic carbon radical,10-17 or by steric constraints in the cyclo
pentane formation,18'19 it was of interest to see if amide 
radicals would show divergence from the cyclization of 
amine radicals. As no cyclizations of olefinic amide radicals 
were known until the latter part of our investigation, their 
demonstration as a new method for formation of lactams or 
N-heterocyclic amides was of particular interest as a model 
study for alkaloid syntheses.20

An electron spin resonance study has shown that the 
amide radical is best described with location of the radical 
centered on nitrogen in a 2p orbital21 and intramolecular 
hydrogen abstraction22-26 seems to take place preferential
ly with transfer of hydrogen to nitrogen rather than oxy
gen.24 The photolysis of saturated /V-chloroamides thus 
leads to y- and 5-chloroamides, which usually cyclize to y- 
and 5-iminolactones.22,23 N-Alkylation has, however, been 
found in the generation of some bicyclic lactams, wheie the 
usual O-alkylation would require bridgehead iminolac- 
tones.26

Attempted intermolecular photochemical reactions of 
W-alkyl-AAchloroamides with a variety of olefins had 
failed23 when our intramolecular reaction studies were 
started but such reactions have now been described for N- 
chloroacetamide and chlorinated AI-chloroacetamides.20a

The following examples demonstrate the formation of 
five-membered lactams or N-heterocyclic amides as main 
products in the photochemical reactions of olefinic Al
ai kyl-AI- chloroam ides and limitations of this new reaction. 
The product yields which are shown were often obtained 
from very small scale reactions with high percentage losses 
in purifications. Higher preparative yields may be possible 
and the isolation of minor products remains for further in
vestigation.

Two general types of N-chloroamides were used in this 
study. The compounds were either acetamides of olefinic 
amines or N- methylamides of olefinic acids. The Af-chloro 
derivatives were obtained in 40-70% yields from reactions 
of these amides with n-butyllithium and Al-chlorosuccini- 
mide.

Irradiation of IV-chloro-Ar-(4-n-penten-l-yl)acetamide 
(la) in benzene solution with a 450-W high-pressure mer
cury arc, filtered through Corex, gave the A7-acetyl-2-chlo- 
romethylpyrrolidine 2. This product was particularly char
acterized by its mass spectrum, which showed a fragment 
at m/e 70 arising from an initial loss of CH2CI to give an

m/e 112 ion and subsequent loss of CH2CO, as seen from a 
metastable peak (m/e 43.8) corresponding to the m/e 112 
to 70 fragmentation.

In contrast to this cyclization, the next higher homolog, 
iV-ehloro-AM5-n-hexen-l-yl)acetamide (lb), yielded a 
mixture of at least seven components containing primarily 
the parent N-H amide when irradiated in benzene and 
only that major compound when irradiated in cyclohexane.

Cl CH2C1

f  I
/  N— COCH3

lab

tu>----------------------- >
a, /i =  1; 35%

b, n = 2 ; no cyclization

A nN— COCH3

^ N — COCH3 — ►

m/e 112 m/e 70

When N- chloro-AA methyl-3- (cyclohex-1 -en-1 -yl) pro-
pionamide (3) was subjected to photolysis, only the spiro- 
lactam 4 with characteristic ir absorption at 1690 cm-1 and 
an NMR multiplet at ù 4.0 for the proton adjacent to chlo
rine could be isolated and no perhydroquinolone was ob
tained.

Irradiation of N -chloro-N - [(3-cyclohexen-l-yl)methyl]- 
acetamide (5) gave bicyclic product 6 to which a [3.2.1] 
bridged structure could be assigned on the basis of the re
markable overlap of its mass spectrum with that of authen
tic 6-acetyl-6-azabicyclo[3.2.1]octane, prepared by reduc
tion of m-aminobenzoic acid27 and acetylation.28 On the 
other hand, no monomeric cyclization product was ob
tained from irradiation of N-chloro-A7- [2-(l-cyclohexen-l- 
yl)ethyl]acetamide (7), where only the parent amide was 
isolated.
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These findings are consistent with the usual preference 
for five-membered-ring formation and steric facilitation of 
olefinic radical cyclizations when the double bond and rad
ical centers are separated by three atoms.

Bridged [3.2.1] bicyclic products (9a and 10a) were also 
obtained from irradiation of N- chloro-TV- methylcyclohex-
3-enecarboxamide (8a). The product mixture, containing 
about equal amounts of epimeric chlorolactams, could be 
separated by absorption chromatography, yielding the less 
polar axial chloro compound 9a with an iV-methyl NMR 
signal at 5 2.96 and the more polar equatorial chloro epimer 
10a with the iV-methyl signal at 8 3.16. Reduction of these 
compounds with tri-n-butylstannane gave the lactam 11, 
which could be compared with the methylation product of
6-azabicyclo[3.2.1]octan-7-one.27

The presence of methyl substituents at either end of the 
double bond (8b,c) did not divert the cyclization reaction 
from formation of bridged 7 -lactams (9b,c, 10b,c). Thus 
the 4-methyl chloroamide 8b yielded a separable 1:1 mix
ture of chloro epimers 9b and 10b, which showed analogous 
NMR differences and equivalent mass spectra. Since the
3-methyl chloroamide 8c could not be completely freed 
from the 4-methyl isomer 8b,30 a mixture of four products 
was obtained from that reaction. Chromatographic separa
tion into the two sets of axial and equatorial chlorolactams 
and subtraction of the NMR spectra of pure isomers 9b 
and 10b gave spectra of the isomers 9c and 10c, showing 
protons on carbon bearing chlorine at 8 4.08 and 3.95, re
spectively.

Cl

8a-c
Oa-c ^  10a—c

a, R! =  Ro =  H
b, R, =  CH3; R, =  II
c, R3 =  H; R2 =  CH3

11
The occurrence of the perhydroindole skeleton in several 

alkaloid classes prompted an examination of the photo
chemical cyclization of N-chloro-jV-methyl-2-cyclohexen-
1-yl acetamide (12). The resultant product could be as
signed a l-methyl-2-oxooctahydroindole structure 13 with

exclusion of the alternative bicyclic lactam 14 by its NMR 
spectrum. The ring juncture proton next to nitrogen was

seen as a triplet at 8 3.42, which collapsed to a doublet (J  =
7.5 Hz) by decoupling from the proton next to chlorine at 8 
3.90.

The analogous N- 3,4-dimethoxybenzyl chloroamide did 
not yield any cyclization product on irradiation but gave 
instead the N-acylimine by loss of a hydrogen from the 
benzylic substituent. Since cyclization would have provided 
facile synthetic access to alkaloids with the lycorane skele
ton, the alternative dimethoxyphenylacetic acid amide of
2-(cyclohex-2-en-l-yl)ethylamine was prepared, but it 
could not be converted to the required N- chloroamide.

a, R, = CH3, R, = H
b, Rj = R2 = H
c, R, = R2 = CH3

R,
m/e (100%) 
17a, 138

b, 138
c, 166

The above examples show that olefinic chloroamides un
dergo intramolecular reactions with double bonds at vari
ous levels of substitution. In order to learn if there is any 
selectivity associated with the degree of substitution, the 
allyl-3,3-dimethylallyl chloroamide 15a was irradiated. 
Only the cyclization product 16a, derived from reaction of 
the more substituted double bond, could be detected. A 
characteristic vinyl multiplet in the NMR spectrum and a 
mass spectral base peak 17a at m/e 138 due to loss of the 
chloropropenyl group (with no m/e 166 peak from loss of 
chloromethylene) could be compared and contrasted with 
corresponding spectra derived from cyclization of the sym
metric diene chloroamides 15b and 15c. Since the unsubsti
tuted double bond did not react at all in the mixed diene 
15a but reacted in the diallyl compound 15b and since 
highest yields were found from the fully substituted diene 
15c, selectivity for more substituted double bonds is indi
cated in this reaction. While this selectivity implies some 
stability for amide radicals, one does not, however, find for
mation of N-acylpiperidine rather than TV-acyl pyrrolidine 
products corresponding to cyclizations of stabilized olefinic 
carbon radicals. The difference may be due to a smaller 
compression barrier and less ring strain in formation of the 
intermediate TV-acylpyrrolidine radical.

Experimental Section
Preparation of Amides. !V-(4-n-Penten-l-yl)acetamide. To

1.1 g (0.029 mol) of lithium aluminum hydride in 125 ml of ether, 
2.45 g (0.029 mol) of 4-pentenonitrile was added dropwise in an 
equal volume of ether so as to maintain a steady reflux. The mix
ture was refluxed overnight, then 0.28 ml of water followed by 0.28 
ml of 15% sodium hydroxide followed by 0.84 ml of water was 
added. The ether layer was filtered and cooled, and 2.94 g (0.0288 
mol) of acetic anhydride was added dropwise with stirring. The so
lution was stirred for 1.5 hr, then 20 ml of 15% sodium hydroxide 
was added and the mixture was stirred overnight. The ether layer 
was separated, dried over magnesium sulfate, filtered, and concen
trated to yield a colorless liquid which was distilled to give 2.5 g 
(68%) of a colorless oil: bp 70-71° (0.02 mm); ir 1650, 1550 cm-1 ; 
NMR 8 1.65 (q, 2 H), 1.98 (s, 3 H), 2.10 (m, 2 H), 3.25 (q, 2 H),
4.85-6.00 (m, 3 H), 6.65 (m, 1 H).

Anal. Calcd for C7H13NO: C, 66.1; H, 10.3; N, 11.0. Found: C, 
66.3; H, 10.5; N, 11.1.

N -(5-n-Hexen-1 -yl(acetamide was prepared similarly from 5- 
hexenonitrile,32 giving 74% of colorless liquid: bp 84-85° (0.07 
mm); ir 1550, 1650 cm“ 1; NMR 8 1.95 (s, 3 H), 3.25 (q, 2 H), 4.8,
5.1, 5.8 (3 m, 4 H).
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Anal. Calcd for CgHl5NO: C, 68.0; H, 10.7; N, 9.9. Found: C, 
68.0; H, 10.9; N, 10.1.

A7-[(S-Cyclohexen-l-yl)methyl]acetamide. To a slurry of
3.58 g (0.094 mol) of lithium aluminum hydride in 200 ml of ether 
was added 10 g (0.094 mol) of 3-cyclohexenecarbonitrile in an 
equal volume of dry ether. The mixture was refluxed for 24 hr and 
cooled, and 0.94 mol of water was added slowly, followed by 0.94 
ml of 10% sodium hydroxide solution and 3 ml of water. The re
sulting white precipitate was removed by filtration. The ether so
lution was cooled to 0° and 7.8 g (0.076 mol) of acetic anhydride 
dissolved in an equal volume of ether was added dropwise. The re
sulting solution was slurried for 3 hr at room temperature; 10 ml of 
10% sodium hydroxide was added and the solution was stirred for 
an additional 45 min. The aqueous layer was separated and the 
ether layer was dried over potassium carbonate, filtered, and con
centrated to a colorless oil. Distillation yielded 10.7 g (75%): bp 
88-95° ¡0.07 mm); ir 1650 cm“ 1; NMR 6 1.9 (s, 3 H), 3.1 (t, 2 H),
5.6 (s, 2 H), 7.8 (br, 1 H).

Anal. Calcd for C9H15NO: C, 70.6; H, 9.9; N, 9.1. Found: C, 70.6; 
H, 10.0; N, 9.0.

lV-Methyl-3-cyclohexenylcarboxamide. A solution of 5.0 g 
(0.039 mol) of 3-cyclohexencarboxylic acid in 125 ml of dry ben
zene was cooled to 0°, and 7.0 g (0.059 mol) of oxalyl chloride was 
added slowly with stirring. After 3 hr at room temperature the 
benzene and excess oxalyl chloride were evaporated, 150 ml of dry 
benzene was added to the residue, and excess anhydrous methyl- 
amine was bubbled through the solution. Evaporation of the sol
vent, solution in ether, washing with 10% hydrochloric acid, and 
concentration and crystallization from pentane gave 4.8 g (89%) of 
white solid: mp 89-90°; ir 1660 cm-1; NMR <5 2.2 (m, 6 H), 2.8 (d, 3 
H), 5.7 (s, 2 H), 6.1 (br, 1 H).

Anal. Calcd for C8H13NO: C, 69.0; H, 9.4; N, 10.1. Found: C, 
69.2; H, 9.5; N, 9.8.

3- and 4-Methyl-3-cyclohexenecarboxylic Acid. A sealed 
glass tube containing 11.3 g (0.166 mol) of isoprene and 12.0 g 
(0.166 mol) of acrylic acid was heated to 120° for 8 hr. Then the 
tube was cooled and the semisolid contents were washed with cold 
hexane to give 10.8 g (46%) of white solid: mp 88-92°,30 97-99°; ir 
1700 cm,-1; NMR 5 1.64 (s, 3 H), 2.1 (m, 7 H), 5.30 (s, 1 H), 11.19 (s, 
1 H). Dehydrogenation over palladium on charcoal at 215° gave 
p-toluic acid, indicating the solid acid to be the 4-methyl isomer.

The liquid portion was distilled to give 8.2 g (35%) of colorless 
liquid: bp 60-62° (0.01 mm); ir 1700 cm-1; NMR <5 1.64 (s, 3 H), 2.1 
(m, 7 H), 5.30 (s, 1 H), 11.2 (s, 1 H). This was taken to be the 3- 
methvl isomer.

4- and 3-Methyl-Af-methyl-3-cyclohexenecarboxamide. In
analogy to the above preparation of the cyclohexenecarboxamide, 
the 4-methyl-substituted compound was prepared in 93% yield: 
mp 111-112°, crystallized from hexane; ir 1650 cm-1; NMR 5 1.60 
(s, 3 H) 2.68 (d, 3 H), 5.04 (s, 1 H), 5.84 (br, 1 H).

Anal. Calcd for C9Hi6NO: C, 70.6; H, 9.9; N, 9.1. Found: C, 70.7; 
H, 10.0; N, 9.0.

From 2.5 g (0.017 mol) of 3-methyl-3-cyclohexenecarboxylic acid 
was prepared 2.3 g (86%) of Af-methylamide, crystallized from hex
ane-benzene: mp 51-56°; ir 1650 cm-1; NMR 5 1.56 (s, 3 H), 2.64 
(d, 3 H), 5.08 (s, 1 H), 5.64 (br, 1 H).

Anal. Calcd for C9H15NO: C, 70.6; H, 9.9; N, 9.1. Found: C, 70.8; 
H, 10.0; N, 8.9.

\-M ethyl-2-(2-cyclohexen-l-yl)acetam ide. To 50 g (0.036 
mol) of 2-(2-cyclohexen-l-yl)acetic acid33 in 12.5 ml of benzene, 
0.45 g (0.035 mol) of oxalyl chloride was added at 0°. The mixture 
was stirred overnight at room temperature, benzene and excess ox
alyl chloride were evaporated, and the crude acid chloride was 
added dropwise to 125 ml of benzene, saturated at 0° with methyl- 
amine. The solution was stirred for 1 hr; then water was added and 
the organic layer was separated, washed with 10% hydrochloric 
acid, and dried over magnesium sulfate. The solvent was evapo
rated and the residue was crystallized from pentane to give 4.5 g 
(80%) cf white needles: mp 58-58.5°; ir 1650 cm-1; NMR 5 2.72 (d, 
3 H). 5.50 (m, 2 H), 6.10 (m, 1 H).

Anal Calcd for C9H15NO: C, 70.5; H, 9.9; N, 9.1. Found: C, 70.4; 
H, 9.8; N, 9.3.

2-Allyl- V,5-dimethyl-4-hexcnamide. To 125 ml of dry ethyl 
ether and 0.129 mol of sodium hydride (6.2 g, 50% dispersion in 
mineral oil, from which the oil was removed by washing with pen
tane) was added dropwise 17 g (0.086 mol) of ethyl 2-acetyl-5- 
methyl-4-hexenoate.33 The slurry was stirred for 15 min; then 10.4 
g (0.086 mol) of allyl bromide dissolved in an equal volume of dry 
ether was added dropwise. This mixture was refluxed overnight, 
then filtered, washed with water, and dried over magnesium sul

fate. The ether solvent was evaporated to give 14.6 g (71%) of ethyl 
2-acetyl-2-allyl-5-methyl-4-hexenoate: bp 67-72° (0.02 mm); ir 
1650, 1720, 1750 c m '1; NMR 5 1.28 (t, 3 H), 1.64 (s, 3 H), 1.72 (s, 3 
H), 2.16 (s, 3 H), 2.62 (d, 4 H), 4.24 (q, 2 H), 4.78-6.00 (m, 4 H).

To a solution of 2.0 g (0.087 mol) of sodium in 150 ml of metha
nol, 14.6 g (0.061 mol) of ethyl 2-acetyl-2-allyl-5-methyl-4-hexe- 
noate was added, and the solution was refluxed overnight. Half of 
the methanol was evaporated, water was added, and the mixture 
was quickly extracted with ethyl ether. The ether solution was 
dried over magnesium sulfate, concentrated, and the residual oil 
distilled to yield 7.6 g (69%) of methyl 2-allyl-5-methyl-4-hexeno- 
ate: bp 104-106° (26 mm); ir 1650,1750 cm-1; NMR 5 1.64 (s, 3 H),
1.72 (s, 3 H), 2.32 (m, 5 H), 3.76 (s, 3 H), 5.0-6.2 (m, 4 H).

Anal. Calcd for CnHi80 2: C, 72.5; H, 10.0. Found: C, 72.7; H,
10. 1.

Hydrolysis of 9.2 g (0.039 mol) of methyl 2-allyl-5-methyl-4-hex- 
enoate in 150 ml of methanol and 20 ml of water with 3.5 g (0.087 
mol) of sodium hydroxide at room temperature (2 hr) was followed 
by removal of half of the solvent, addition of more water, and ex
traction with ether. To the aqueous layer 10% hydrochloric acid 
was added until the pH was about 4, and this solution was extract
ed with ether. The acidic ether extracts were dried over magne
sium sulfate, concentrated, and the residual liquid distilled to give
3.66 g (58%) of colorless oil: bp 73-76° (0.05 mm); ir 1720 cm-1; 
NMR 5 1.68 (s, 3 H), 1.72 (s, 3 H), 2.41 (m, 5 H), 5.09-6.16 (m, 4 
H), 12.0 (s, 1 H).

To 125 ml of dry benzene and 3.7 g (0.023 mol) of 2-allyl-5- 
methyl-4-hexenoic acid, cooled in an ice bath, 4.3 g (0.034 mol) of 
oxalyl chloride was added dropwise. The solution was stirred over
night at room temperature. Benzene and excess oxalyl chloride 
were evaporated, and the crude acid chloride was added dropwise 
to 125 ml of dry benzene saturated with methylamine. The solu
tion was stirred for 1 hr, water was added, and the benzene layer 
was separated and dried over magnesium sulfate. Concentration 
and distillation gave 3.6 g (82%) of colorless oil: bp 84-86° (0.02 
mm); ir 1650 cm“ 1; NMR 5 1.64 (s, 3 H), 1.72 (s, 3 H), 2.26 (m, 5 
H), 2.86 (d, 3 H), 5.00-6.20 (m, 5 H).

Anal. Calcd for Cu H19NO: C, 72.9; H, 10.6; N, 7.7. Found: C, 
73.1; H, 10.8; N, 7.7.

2-Allyl-N-methyl-4-pentenamide. Following the above proce
dure, 19.5 g of ethyl 2-acetyl-2-allyl-4-pentenoate34 was converted 
to 11.3 g (78%) of methyl 2-allyl-4-pentenoate: bp 64-66° (15 mm); 
ir 1630, 1730 cm“ 1; NMR & 2.32 (m, 5 H), 3.60 (s, 3 H), 4.80-5.88 
(m, 6 H). Analogous subsequent reactions gave the N-methyl- 
amide in 69% yield: mp 54-55°; ir 1640 cm-1; NMR 5 2.20 (m, 5 H),
2.72 (d, 3 H), 4.60-5.90 (m, 7 H).

Anal. Calcd for C9H15NO: C, 70.5; H, 9.9; N, 9.1. Found: C, 70.4; 
H, 10.0; N, 8.9.

Af,5-Dimethyl-2-(3-methyl-2-buten-l-yl)-4-hexenamide.
Similarly, 7.74 g (0.0395 mol) of 2-(3-methyl-2-buten-l-yl)-5- 
methyl-4-hexenoic acid35 was converted to 6.2 g (75%) of the N- 
methylamide: bp 95-99° (0.01 mm); ir 1670 cm-1; NMR <5 1.58 (s, 6 
H), 1.66 (s, 6 H), 2.20 (m, 5 H), 3.26 (s, 3 H), 4.92 (t, 2 H).

Anal. Calcd for C13H23NO: C, 74.6; H, 11.1; N, 6.7. Found: C, 
74.8; H, 11.2; N, 6.6.

Preparation of IV-Chloroamides Using Ethyl Ether as Sol
vent. The procedure for preparation of Af-chloro-./V-methyl-3-cy- 
clohexenecarboxamide (8a) is representative. To 50 ml of dry ethyl 
ether and 1.0 g (0.3072 mol) of TV-methyl-3-oyclohexenylcarboxa- 
mide, 4.5 ml (0.0072 mol) of 1.6 M  n-butyllithium in hexane was 
added. A jelly-like precipitate formed rapidly and the mixture was 
stirred for 1 hr. To this mixture 1.44 g (0.0108 mol) of N-chlo- 
rosuccinimide was added all at once and the mixture was refluxed 
overnight. Water was added, and the ether layer was separated, 
washed with water, dried over magnesium sulfate, and concentrat
ed. The residual oil was chromatographed on silica gel and eluted 
with ether. The first fraction gave a light yellow oil which was dis
tilled to yield 0.96 g (76%) of a colorless oil: bp 44-47° (0.1 mm); ir 
1675 cm“ 1; uv \max (C2H5OH) 206 nm (log £ 3.66); NMR 5 2.0 (m, 6 
H), 3.3 (s, 3 H), 5.78 (s, 2 H).

Anal. Calcd for C8HI2N0C1: C, 55.3; H, 7.0; N, 8.1; Cl, 20.4. 
Found: C, 55.5; H, 7.1; N, 7.9; Cl, 20.4.

AT-Chloro-AT-[2-( 1-cyclohexen-1 -yl)ethyl]acetamide (7).
From 2.0 g (0.00912 mol) of iV-[2-(l-cyclohexen-l-yl)ethyl]acetam- 
ide36 in 100 ml of ethyl ether was prepared 1.34 g (55%) of N- 
chloro-lV-(2-(l-cyclohexen-l-yl)ethyl)acetamide: bp 50-55° (0.08 
mm); ir 1675 cm-1; NMR 5 1.6 (m, 5 H), 2.0 (m, 5 H), 2.2 (s, 3 H), 
3.8 (t, 2 H), 5.5 (br, 1 H).

Anal. Calcd for Cn>HlsNOCl: C, 59.6; H, 8.0; N, 6.9; Cl, 17.6. 
Found: C, 59.3; H, 8.2; N, 6.9; Cl, 17.5.
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Preparation of JV-Chloro-JV-(5-n-hexen-l-yl)acetamide 
(lb). From 1.0 g (0.0071 mol) of A-(5-rc-hexen-l-yl)acetamide in 
50 ml of ethyl ether was prepared 0.60 g (48%) of chloroamide: bp 
60-70° (0.07 mm); ir 1675 cm-1; NMR 8 1.55 (m, 6 H), 2.14 (s, 3 
H), 3.72 (t, 2 H), 4.85-6.15 (m, 3 H).

Anal. Calcd for C8HI4N0C1: C, 54.7; H. 8.0; N, 8.0; Cl, 20.2. 
Found: C, 55.0; H, 8.1; N, 7.9; Cl, 20.2.

lV-Chloro-JV-(4-n-penten-l-yl)acetamide (la). From 1.0 g 
(0.0079 mol) of A-(4-n-penten-l-yI)acetamide in 50 ml of ether 
was prepared 0.54 g (42%) of N -chloroamide: bp 42—43° (0.03 mm); 
ir 1675 cm“ 1; NMR 6 1.98 (m, 4 H), 2.27 (s, 3 H), 3.78 (t, 2 H), 
4.89-6.00 (m, 3 H).

Anal. Calcd for C7H12NOCI: C, 52.0; H, 7.5; N, 8.7; Cl, 21.9. 
Found: C, 52.0; H, 7.6; N, 8.5; Cl, 22.0.

JV-Chloro-lV,5-dimethyl-2-allyI-4-hexenamide (15a). From 
0.967 g (0.00535 mol) of A-methyl-2-allyl-4-hexenamide in 50 ml 
of ethyl ether was prepared 0.523 g (45%) of N- chloroamide: ir 
1650 cm "1; NMR 8 1.68 (s, 3 H), 1.76 (s, 3 H), 2.38 (m, 5 H), 3.48 (s, 
3 H), 5.04-6.24 (m, 4 H).

Preparation of A-Chloroamides using 1,2-dimethoxyethane 
as a Solvent. The procedure for preparation of A-chloro-A-[(3- 
cyclohexen-l-yl)methyl]acetamide (5) is representative. To 1.07 g 
(7.04 mmol) of iV-[(3-cyclohexen-l-yl)methyl]acetamide and 50 ml 
of dry 1,2-dimethoxyethane under nitrogen, 4 mi (~8.0 mmol) o f 
n-butyllithium in hexane was added. After stirring for 1.5 hr, 1.02 
g (8.2 mmol) of A-chlorosuccinimide dissolved in 50 ml of dry 1,2- 
dimethoxyethane was added dropwise and the mixture was stirred 
for 3 hr at room temperature. Water was added, followed by di- 
chloromethane. The organic layer was separated, washed with sat
urated sodium chloride, and dried over magnesium sulfate. Con
centration and chromatography of the residual yellow oil on silica 
gel, eluting with ethyl ether, gave 0.48 g (36%) of A- chloroamide: ir 
1665 cm“ 1; NMR 8 2.22 (2, 3 H), 3.60 (d. 2 H), 5.62 (s, 2 H).

Anal. Calcd for C9H14N0C1: C, 57.6; H, 7.5; N, 7.5; Cl, 18.9. 
Found: C, 57.4; H, 7.6; N, 7.6; Cl, 18.6.

JV-Chloro-JV-methyl-2-(2-cyciohexen-l-yl)acetamide (12). 
From 1.0 g (0.0065 mol) of JV-methyl-2-(2-cyclohexen-l-yl)acetam- 
ide was prepared 0.80 g of N- chloroamide: ir 1670 cm-1; NMR 8 
1.60 (m, 6 H), 2.50 (m, 3 H), 3.28 (s, 3 H), 5.50 (m, 2 H).

JV-Chloro-jV-methyl-3-(l-cyclohexen-l-yl)propionamide
(3). From 0.319 g (1.90 mmol) of A-methyl-3-(l-cyclohexen-l- 
yl)propionamide was prepared 0.162 g (42%) of N -chloroamide: ir 
1670 cm "1; NMR 8 0.76 (m, 12 H), 3.36 (s, 3 H), 5.44 (s, 1 H).

A-Chloro-A,5-dimethyl-2-(3-methyl-2-buten-l-yl)-4-hex- 
enamide (15c). From 1.11 g (0.0053 mol) of A,5-dimethyl-2-(3- 
methyl-2-buten-l-y])-4-bexenamide was prepared 0.76 g (57%) of 
N -chloroamide: ir 1670 cm-1; NMR 8 1.58 (s, 6 H), 1.66 (s, 6 H),
2.20 (m, 5 H), 3.26 (s, 3 H), 4.42 (t, 2 H).

Preparation of A-Chloro-A-methyI-2-allyl-4-pentenamide 
(15b). From 1.0 g (0.0062 mol) of A-methyl-2-allyl-4-pentenamide 
was prepared 0.55 g (47%) of A-chloroamide: ir 1660 cm-1; NMR 8 
2.24 (m, 5 H), 3.24 (s, 3 H), 4.72-5.80 (m, 6 H).

A-Chloro-A,3-dimethyl- and 7V,4-dimethyl-3-cyclohexene- 
carboxamide (8c and 8 b). From 1.0 g (0.0065 mol) o f A ,3- and -
4-dimethyl-3-cyclohexenecarboxamide was prepared 0.71 g (58%) 
of N -chloroamide: ir 1660 cm "1; NMR 0 1.64 (s, 3 H), 2.0 (m, 6 H),
3.28 (s, 3 H), 5.24 (s, 1 H).

A-Chloro-A,4-dimethyl-3-cyclohexenecarboxamide (8 b).
From 1.0 g (0.0065 mol) of A,4-dimethyl-3-cyclohexenecarboxam- 
ide was prepared 0.80 g (65%) of A7-chloroamide: ir 1660 cm-1; 
NMR 8 1.64 (s, 3 H), 2.0 (m, 6 H), 3.29 (s, 3 H), 5.23 (s, 1 H).

Photolysis of A-Chloroamides. A-Chloroamides were irra
diated in benzene under a nitrogen atmosphere using a Hanovia 
450-W high-pressure mercury arc with a Corex filter, unless other
wise stated. The photolysis apparatus consisted of a Pyrex cylinder 
(55 mm. i.d. and 298 mm long) with a 60/50 ground joint on top, 
into which a water-jacketed quartz lamp housing was fitted. A no. 
2 stopcock 70 mm from the top of the ground joint was connected 
to a mercury seal gas trap during the irradiations.

Photolysis of A-Chloro-A-methyl-3-cyclohexenecarbox- 
amide (8a). The following procedure for the photolysis of A- 
chloro-A7-methyl-3-cyclohexenecarboxamide is representative. To 
190 ml of dry benzene in the photolysis apparatus was added 0.55 g 
of A-chloroamide. Nitrogen was bubbled through the solution for 
5 min, and the solution was then irradiated for 15 min. Benzene 
was evaporated and ether was added to the light brown oil to give a 
brown precipitate and colorless solution. The ether solution was 
separated and concentrated to yield 0.50 g of light brown oil. The 
oil was distilled to yield 0.38 g (69%) of colorless oil: bp 60-62° 
(0.01 mm); ir 1700 cm-1; NMR 8 2.0 (m, 7 H), 2.92 (s, 1.5 H), 3.16

(s, 1.5 H), 3.76 (t, 0.5 H), 3.92 (d, 0.5 H), 4.16 (m, 0.5 H), 4.40 (s, 0.5 
H); a mixture of isomers 9a and 10a.

Anal. Calcd for C8H12N0C1: C, 55.3; H, 7.0; N, 8.1; Cl, 20.4. 
Found: C, 55.1; H, 7.2; N, 7.9; Cl, 20.1.

The isomers were separated as follows. Onto a chromatographic 
column containing 100 g of silica gel was placed 0.168 g of the mix
ture and this was eluted with ethyl ether. A solvent gradient, start
ing with 1% ethanol and 2.5% increments using 200 ml each, was 
brought to 10% ethanol, when fractions were obtained.

Fraction 1 was distilled to yield 0.070 g: bp 60-61° (0.01 mm); ir 
1700 c m '1; NMR S 2.0 (m, 7 H), 2.96 (s, 3 H), 3.76 (t, 1 H), 4.40 (s, 
1 H ) .

Fraction 2 was distilled to yield 0.053 g: bp 60-61° (0.01 mm); ir 
1700 cm” 1; NMR S 2.0 (m, 7 H), 3.16 (s, 3 H), 3.88 (d, 1 H), 4.10 
(m, 1 H).

The mass spectra of the isomers were identical: m/e 173 (34), 
138 (48), 110 (100), 96 (57), 42 (61).

Fraction 1 was assigned as 6-methy)-4-exo-chloro-6-azabicyclo- 
(3.2.1]octan-7-one (10a), and fraction 2 was assigned as 6-methyl-4- 
endo-chloro-6-azabicyclo[3.2.1]octan-7-one (9a) on the basis of the 
position of the methyl singlet (NMR) and polarity.

Photolysis of A-Chloro-A-[(3-cyclohexen-l-yl)methyl]ace- 
tamide (5). Irradiation of 0.476 g (2.55 mmol) of A-chloro-A-[(3- 
cycIohexen-l-yl)methyl]acetamide in 190 ml of dry benzene for 20 
min gave 0.405 g of a light brown oil, distilled to yield 0.268 g (55%) 
of colorless liquid (6): bp 80-90° (0.01 mm); ir 1620 cm-1; NMR 8
2.20 (s, 3 H), 3.52 (m, 2 H), 4.05 (m, 1 H), 4.32 (m, 1 H); mass spec
trum m/e (rel intensity) 187 (M+, 28), 152 (7), 145 (9), 110 (75), 68 
( 100) .

Anal. Calcd for C9H14N0C1: C, 57.6; H, 7.5; N, 7.5; Cl, 18.9. 
Found: C, 57.8; H, 7.7; N, 7.5; Cl, 18.8.

Photolysis of A-Chloro-A-[2-(l-cyclohexen-l-yl)ethyl]ace- 
tamide (7). A solution of 1.3 g (0.0065 mol) of chloroamide in 150 
ml of dry benzene was irradiated until the solution did not darken 
a potassium iodide solution in aqueous acetic acid (1.25 hr). The 
mixture was worked up as described above to yield 0.11 g of a light 
yellow oil which was found to be identical with A-[2-(l-cyclo- 
hexen-l-yl)ethyl]acetamide.

Photolysis o f A-ChIoro-A-(5-n-hexen-I-yI)acetamide (lb).
An irradiated solution of 0.60 g (0.0034 mol) of the chloroamide in 
150 ml of dry benzene was checked every 30 min with potassium 
iodide in aqueous acetic acid. After 1.5 hr the test solution no long
er turned dark when added to a small amount of the photolysis 
mixture, indicating absence of active chlorine. The mixture was 
worked up as above and the oil was distilled to give 0.11 g of a ma
terial which contained seven components on TLC (Eastman silica 
gel sheet developed with ethyl ether). The NMR of the crude prod
uct was very similar to that of A7-(5-n-hexen-l-yl)acetamide.

Irradiation of 0.213 g (0.00122 mol) of A-chloro-A-(5-n-hexen- 
l-yl)acetamide in 150 ml of dry cyclohexane for 1 hr and distilla
tion gave 0.18 g (90%) of A-(5-n-hexen-l-yl)acetamide, bp 80-85° 
(0.03 mm).

Photolysis of A-Chloro-A-(4-n-penten-l-yl (acetamide (la).
From 0.55 g of A-chloroamide in 150 ml of dry benzene, irradia
tion for 1 hr and distillation gave 0.19 g (35%) of colorless liquid
(2): bp 75-80° (0.03 mm); ir 1670 cm "1; NMR 8 2.1 (m, 7 H), 3.6 
(m, 5 H); mass spectrum m/e (rel intensity) 161 (M+, 10), 126 (11), 
112 (33), 70 (100), 43 (55), metastable peak at 43.8.

Photolysis of A-Methyl-A-chloro-2-(2-cyclohexen-l-yl)- 
acetamide (12). From 0.80 g (0.0043 mol) of A-chloroamide in 150 
ml of benzene, 15-min irradiation, and distillation, 0.53 g (66%) of 
13 was obtained as a colorless liquid: bp 70-75° (0.01 mm); ir 1690 
cm "1; NMR 5 1.55 (m, 7 H), 2.16 (d, 2 H), 2.54 (m, 1 H), 2.92 (s, 3 
H), 3.42 (t, 1 H), 3.90 (m, 1 H); mass spectrum m/e (rel intensity 
187 (16), 110 (100), 97 (11), 42 (16), 41 (9), 39 (8). A high-resolution 
spectrum was taken: m/e 187.067 (M+), 110.072 (P+).

Anal. Calcd for C9H14N0C1: C, 57.6; H, 7.5; N, 7.5; Cl, 18.9. 
Found: C, 57.6; H, 7.5; N, 7.5; Cl, 18.7.

Photolysis of A-Chloro- A-methyI-3-(I-cycIohexen-I-yI)- 
propionamide (3). From 162 mg (0.805 mmol) of 3 in 190 ml of 
benzene and irradiation for 25 min, 148 mg of a brown oil was ob
tained. Distillation gave 48 mg (30%) of a colorless liquid, bp 90- 
100° (0.01 mm). The liquid was chromatographed on silica gel in 
chloroform, and 25-ml fractions were collected. Fraction 14 con
tained, after distillation, 22 mg of 4 as a colorless liquid: bp 90-95° 
(0.01 mm); ir 1690 cm“ 1; NMR 8 1.0-2.5 (m, 12 H), 2.76 (s, 3 H),
4.00 (m, 1 H); mass spectrum m/e (rel intensity) 201 (M+, 19) 166 
(27), 124 (100), 111 (29), 73 (29).

Photolysis of A-Chloro-A,5-dimethyl-2-alIyl-4-hexenamide 
(15a). From 0.523 g (0.00224 mol) of A-chloroamide in 180 ml of
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benzene and irradiation for 20 min, 0.51 g of dark oil was obtained. 
TLC of 100 mg on silica gel with ether gave one major fraction (Rf 
0.29-0.32). This fraction was distilled to yield 15 mg (15%) of col
orless liquid 16a: ir 1630,1680 cm-1; NMR 5 1.48 (s, 3 H), 1.59 (s, 3 
H), 2.99 (s, 3 H), 3.60 (t, 1 H), 4.80-5.84 (m, 3 H): mass spectrum 
m/e (rel intensity) 215 (M+, 5), 138 (100), 110 (76), 96 (50), 81 (84), 
55 (45), 39 (76), 42 (65).

Photolysis of Ar-Chloro-Ar-methyl-2-allyl-t-pentenamide 
(15b). From 0.55 g (0.0029 mol) of iV-chloroamide in 190 ml of 
benzene and 20-min irradiation, 0.50 g of oil was obtained. TLC of 
100 mg on silica gel with ethyl ether gave a fraction (R/ 0.1-0.2) 
which was distilled to give 11 mg (11%) of 16b as colorless liquid: 
bp 60-80° (0.05 mm); ir 1680 cm“ 1; NMR 6 2.80 (s, 3 H), 3.56 (m, 3 
H), 4.80-5.84 (m, 3 H); mass spectrum m/e (rel intensity) 187 (M+, 
19), 138 (100), 110 (37), 96 (52), 81 (30), 42 (72), 39 (47).

Photolysis of N-Chloro-lV,5-dimethyl-2-(3-methyl-2-huten- 
l-yl)-4-hexenamide (15c). From 0.76 g of N-chloroamide in 170 
ml of benzene and irradiation for 15 min, 0.75 g of brown oil was 
obtained. TLC of 130 mg on silica gel with ethyl ether gave a frac
tion (Rf 0.14-0.36) which was distilled to give 32 mg (25%) of color
less oil (16c): bp 80-90° (0.02 mm); ir 1685 cm-1; NMR 5 1.46, 
1.56, 1.58, 1.66 (4 s, 12 H), 2.98 (s, 3 H), 3.58 (m, 1 H), 4.92 (m, 1 
H); mass spectrum m/e (rel intensity 243 (M+, 24), 166 (100), 110 
(61), 98 (99), 41 (89).

Photolysis of a Mixture of N-Chloro-N,3- and -4-dimethyl- 
3-cyclohexenecarboxamide (8c and 8 b). Irradiation of 0.63 g 
(0.0034 mol) of JV-chloroamides in 180 ml of benzene for 20 min 
gave 0.54 g of crude photoproduct, which was distilled to give 0.334 
g (54%): bp 60-70° (0.001 mm); ir 1690 cm-1; NMR, a series of 
eight methyl singlets at S 1.36, 1.42, 1.60, 1.70, 2.68, 2.88, 2.90, and 
3.04.

The mixture was chromatographed on a high-pressure liquid 
chromatograph using Porasil A-chloroform, yielding two fractions. 
Fraction 1 was a mixture of 4-exo-chloro-6,4-dimethyl- and -6,5- 
dimethyl-6-azabicyclo[3.2.1]octan-7-one (9b, c): ir 1680 cm-1; 
NMR 5 1.39 (Sj 1.8 H), 1.67 (s, 1.2 H), 2.75 (s, 1.8 H), 3.00 (s, 1.2 H), 
3.52 (d, 1.4 H), 4.08 (s, 0.6 H). Fraction 2 was a mixture of 4-endo- 
chloro-6,4-dimethyl- and -6,5-dimethyl-6-azabicyclo[3.2.l]octan-
7-one (10b,c): ir 1680 cm“ 1; NMR 6 1.52 (s, 1.8 H), 1.74 (s, 1.2 H), 
2.97 (s, 1.8 H), 3.14 (s, 1.2 H), 3.65 (d, 0.4 H), 3.95 (m, 0.6 H). The 
mass spectra of the two fractions were identical; m/e 187 (M+, 36), 
124 (79), 110 (100), 56 (53), 42 (53).

Photolysis of JV-Chloro-JV,4-dimethyl-3-cyclohexenecar- 
boxamide (8 b). From 0.78 g (0.0042 mol) of Al-chloroamide in 190 
ml of benzene and irradiation for 20 min, 0.76 g of light brown oil 
was obtained and distilled to give 0.366 g (47%) of 9b and 10b: bp 
70° (0.01 mm); ir 1700 cm-1; NMR, four methyl singlets at 5 1.70,
1.76, 3.05, and 3.20.

High-pressure liquid chromatography using Porasil A-chloro
form gave two fractions. Fraction 1 (9b) was crystallized from hex
ane: mp 117°; ir 1700 cm-1; NMR 5 1.66 (s, 3 H), 2.98 (s, 3 H), 3.50 
(d, 1 H). Fraction 2 (10b) was a liquid and distilled: bp 60° (0.01 
mm); ir 1700 cm“ 1; NMR 5 1.70 (s, 3 H), 3.10 (s, 3 H), 3.60 (d, 1 H). 
The mass spectra of the isomers were identical: mie (rel intensity) 
42 (1001,187 (M+, 37), 152 (58), 110 (82), 109 (70), 42 (100).

Anal. Calcd for C9H14NOCI: C, 57.6; H, 7.5; N, 7.5; Cl, 18.9. 
Found for fraction 1: C, 57.3; H, 7.7; N, 7.7; Cl, 18.8. Found for 
fraction 2: C, 57.9; H, 7.7; N, 7.6; Cl, 18.6.

6-Methyl-6-azabicyclo[3.2.1]octan-7-one (11). A. A mixture 
of 0.44 g (0.0035 mol) of 6-azabicyclo[3.2.1]octan-7-one,27 0.40 g 
(0.0088 mol) of 90% sodium amide, and 10 ml of toluene was re
fluxed for 4 hr, then 2.5 ml of methyl iodide was added and the 
mixture was refluxed overnight. Cooling, filtration, and distillation 
gave 0.38 g (78%) of colorless liquid; bp 38-40° (0.1 mm). This ma
terial was identical with the compound obtained from the fol
lowing dechlorination by ir and NMR.

B. A mixture of 5 ml of dry benzene, 0.42 g (0.0024 mol) of 6- 
methyl-4-chloro-6-azabicyclo[3.2.1]octan-7-one (9a and 10a), 0.77 
g (0.0026 mol) of tri-ra-butylstannane, and a few crystals of azabisi- 
sobutyronitrile was refluxed overnight; then 10% hydrochloric acid 
was added followed by water. The benzene layer was separated, 
dried over magnesium sulfate, and concentrated, and the colorless 
liquid was chromatographed on silica gel with pentane to remove 
tri-n-butyltinchloride. Benzene was added to the column followed 
by benzene-ethyl ether followed by benzene-ethyl ether-ethanol 
in a 40:50:10 ratio to give a light brown oil. The oil was distilled to 
yield 0.122 g (37%) of colorless liquid: bp 37-40° (0.1 mm); ir 1695 
cm“ 1; NMR h 1.65 (m, 9 H), 2.80 (s, 3 H), 3.56 (m, 1 H).

Anal. Calcd for C8H13NO: C, 69.0; H, 9.4; N, 10.1. Found: C, 
68.9; H, 9.6; N, 9.8.

6-Acetyl-6-azabicyclo[3.2.1]octane. A solution of 1.6 g (12.8 
mmol) of 6-azabicyclo[3.2.1]octan-7-one27 in 25 ml of 1,2-dime- 
thoxyethane was added dropwise to 0.49 g (12.8 mmol) of lithium 
aluminum hydride in 50 ml of 1,2-dimethoxyethane. The mixture 
was refluxed overnight and cooled, and 0.13 ml of water was added, 
followed by 0.13 ml of 15% sodium hydroxide, followed by 0.4 ml of 
water. The slurry was stirred for 30 min, filtered, and cooled, and 3 
ml of acetic anhydride was added dropwise. The solution was 
stirred for 3 hr; then 15 ml of 10% sodium hydroxide was added. 
The mixture was stirred for 1 hr. The organic layer was separated, 
dried over potassium carbonate, concentrated, and distilled to give
1.7 g (86%) of a colorless liquid: bp 70-75° (0.01 mm); ir 1625 cm-1; 
NMR 6 2.04 (s, 3 H), 2.40 (br, 1 H), 3.36 (m, 2 H), 3.92 (t, 0.5 H), 
4.32 (t, 0.5 H); mass spectrum m/e (rel intensity) 153 (M+, 27), 110 
(55), 68 (100), 43 (23).

Anal. Calcd for C9HISNO: C, 70.5; H, 9.9; N, 9.1. Found: C, 70.5; 
H, 9.8; N, 9.0.
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16b, 54385-19-2; 16c, 54385-20-5; N-(4-n-penten-l-yl)acetamide, 
54385-21-6; 4-pentenonitrile, 592-51-8; N-(5-n-hexen-l-yl)acetam- 
ide, 54385-22-7; 5-hexenonitrile, 5048-19-1; N-[(3-cyclohexen-l- 
yl)methyl]acetamide, 54385-23-8; 3-cyclohexenecarbonitrile, 100- 
45-8; N-methyl-3-cyclohexenylcarboxamide, 54385-24-9; 3-cyclo- 
hexenecarboxylic acid, 4771-80-6; 3-methyl-3-cyclohexenecarboxy- 
lic acid, 54385-25-3; 4-methyl-3-cyclohexenecarboxylic acid, 4342- 
60-3; isoprene, 78-79-5; acrylic acid, 79-10-7; 4-methyl-N-methyl-
3- cyclohexenecarboxamide, 54385-26-1; 3-methyl-N-methyl-3-cy- 
clohexenecarboxamide, 54446-42-3; Af-methyl-2-(2-cyclohexen-l- 
yl)acetamide, 54385-27-2; 2-(2-cyclohexen-l-yl)acetic acid, 3675- 
31-8; 2-allyl-N,5-dimethyl-4-hexenamide, 54385-28-3; ethyl 2-ace- 
tyl-5-methyl-4-hexenoate, 1845-52-9; allyl bromide, 106-95-6; ethyl 
2-acetyl-2-allyl-5-methyl-4-hexenoate, 54385-29-4; methyl 2-allyl-
5-methyl-4-hexenoate, 54385-30-7; 2-allyl-5-methyl-4-hexenoic 
acid, 54385-31-8; 2-allyl-N-methyl-4-pentenamide, 54385-32-9; 
ethyl 2-acetyl-2-allyl-4-pentenoate, 3508-77-8; methyl 2-allyl-4- 
pentenoate, 54385-33-0; N,5-dimethyl-2-(3-methyl-2-buten-l-yl)-
4- hexenamide, 54385-34-1; 2-(3-methyl-2-buten-l-yl)-5-methyl-4- 
hexenoic acid, 54385-35-2; N-chlorosuccinimide, 128-09-6; N-[2- 
(l-cyclohexen-l-yl)ethyl]acetamide, 51072-38-9; N-methyl-2-allyl-
4-hexenamide, 54385-36-3; N-methyl-3-(l-cyclohexen-l-yl)propio- 
namide, 54385-37-4; 6-azabicyelo[3.2.l]octan-7-one, 6142-56-9; 6- 
acetyl-6-azabicyclo[3.2.l] octane, 54385-38-5.
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The photoelectron spectra of a series of triarylphosphines, containing various ring substituents, have been in
vestigated. The spectra show a band due to ionization from the phosphorus lone pair (IPi), followed by one or 
more bands assigned to ionizations of the phenyl ir electrons. The values of IPi are sensitive to the nature of the 
ring substituents and reflect the influence of the substituents on the charge density at the ring position adjacent 
to the phosphorus. The number of observed IP’s in the region assigned to the phenyl ir electrons are generally the 
same as the number of IP’s for the corresponding monosubstituted benzene. Moreover the IP values are generally 
close to the IP’s found for the monosubstituted benzenes. The observed results are explained by a lack of substan
tial resonance interaction between the phosphorus and the v  orbitals of the aryl system. The variation of phos
phorus lone pair IP values is discussed in terms of charge stabilization in the radical cation produced by ioniza
tion of a lone-pair electron.

Several recent articles on the ultraviolet photoelectron 
spectra (pes) of monosubstituted benzenes have discussed 
the effect of substitution on ionization from the egir orbit
als of benzene.1' 7 The resonance effect of certain substitu
ents (OR,3 CH34’7) on the bi orbital8 appears to raise its en
ergy (lower ionization potential) from that of the a2 orbit
al,8 and thus the first ionization potential (IP) can be as
signed to ionization from the bi orbital. The second ioniza-

0  O
bi a2

tion is then from the a2 orbital and appears unchanged 
from the corresponding ionization in benzene (9.24 eV). 
Other substituents (F,4 Cl6) show the same resonance ef
fect, but an electron-withdrawing inductive effect is appar
ently also present. Thus the first two IP’s are assigned as 
before, but the IP values are somewhat larger. In monosub
stituted benzenes containing a third class of substituents 
(fert-butyl,9 (CH3)3Si,9 CF39) the ionizations from the a2 
and bi orbitals are close in energy and are either poorly re
solved or not at all. The band envelopes are raised or low
ered in energy from that of benzene, depending on whether 
the substituent is electron donating or withdrawing.

In the present study we have investigated the pes of a se
ries of triarylphosphines containing these ring substituents. 
Schafer and Schweig10 have interpreted the pes of dimeth- 
ylphenylphosphine in terms of a complete lack of interac
tion between the aryl group and the trivalent phosphorus 
atom. The energies of ionization from the phosphorus lone 
pair and phenyl ir orbitals remain virtually the same as in 
(CH3)aP and benzene, respectively. Debies and Rabalais11 
observed in the pes of C6H5PH2 a stabilization of the phe

nyl ir orbitals and a splitting of the a2 and bi components, 
along with a destabilization of the phosphorus lone pair. It 
was suggested that this is due to delocalization of charge 
from phenyl ir orbitals into the d orbitals on phosphorus. 
(The IP of the phenyl ir electrons in (C6H5)3P is the same 
as in benzene, however, and no splitting of the components 
was observed.)

Results and Discussion
The pes of the substituted triarylphosphines (Table I) 

show one or more peaks in the region assigned to ionization 
of the phenyl ir electrons in the corresponding monosubst
ituted benzenes (Table II). In most cases the number of 
IP’s observed in this region corresponds to the number of 
IP’s observed for the monosubstituted benzene. In addition 
to these, a low IP band is observed in each of the spectra, 
which is readily assigned, as by the previous authors,10’11 to 
ionization from the lone pair of electrons on phosphorus.

Although the complexity of the molecules studied appears 
to inhibit the use of vibrational fine structure in assigning 
the bands in the phenyl region, it seems likely that the 
band assignments for the triarylphosphines generally cor
respond to the assignments made for the monosubstituted 
benzenes. The following reasons are apparent.

(1) In almost all cases, and independent of the nature of 
the substituent, the IP’s assigned to the phenyl electrons in 
aryl3P correspond closely to the IP’s found for the mono
substituted benzene. Particularly in the case of aryl3P sub
stituted with methoxy and dimethylamino groups, the sep
aration of ionizations from the a2 and bi orbitals is so large 
that it is unlikely that the assignments could be reversed 
upon substitution into the phosphino system, with one en
ergy level raised and the other lowered from the value in 
the monosubstituted benzene.
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Table I
Vertical Ionization Potentials“ of (RC6H4)3P

Compd R IP16 lP2e ip3c ip4

1 4 -C F 3 8.65 9.8" 9.9
2 4 -C l 8.18 9.16 9.63 11.40e
3 4 -F 8.12
4 4-H 7.92 9.20
5 4-(C H 3)3Si 7.67 8.84 9.02
6 4 -CH 3 7.6 8.9*
7 4-(C H 3)2CH 7.53
8 4-(C H 3)3C 7.52 8 .8'
9 4-CHgO 7.48 8.30 9.00

10 4-(C H 3)2N 6.9—7 .0ä 7.30* 8.67 9.56*
11 2 -C F 3 8.30 9.5" 9.68
12 2-CH 3 7.64 8.62 9.4*
13 2 -CH 3O 7.37 8.22 8.71
14 3 -F 8.32 9.2 9 .6 -9 .7"
15 3-C H 3 7.68 8.58 9.53
16 3 -CH 3O 7.72 8.35 9.03

0 In electron volts. * Phosphorus lone pair. c Phenyl x elec-
trons. d Shoulder. e Chlorine lone pair. This band is accompanied 
by a shoulder at 11.7 eV, also assigned to a chlorine lone pair. 
1 IP2 and IP3 are unresolved. The value listed is the maximum of
the resulting peak. * Ionization apparently from (CH3)2N lone 
pair. h Assigned to an ionization from a phenyl % orbital.

Table II
Vertical Ionization Potentials“ of RCöHs

Registry no. R iPib 1P26 m36

98 -08 -8 C F 3c 9.7
462-06-6 F* 9.1K b!) 9.82(a2)
108-90-7 C lc' e 9.10h) 9.7(a2) 11.32'

71 -43 -2 H 9.24
768-32-1 (CHs)sSie 9.0* 9,3*
108-88-3 C H / 8.72(bi) 9.24(a2)
98 -06 -6 (CH3)3Ce 9.0

100-66-3 CHgO'' 8.42(bt) 9 .2 1 (3 2 )
121-69-7 (c h 3)2n * 7.450}!)’ 9,00(a2) 9.85(b!)

“ In electron volts. 4 Assignments in parentheses. * Reference 9. 
d Reference 4. e Reference 6 . f Chlorine lone pair. Accompanied by 
a band at 11.7 eV also assigned to a chlorine lone pair. * Two com
ponents of the band envelope were attributed to IPi and IP2 by 
R. A. N. McLean, Can. J. them., 51, 2089 (1973). h Reference 3. 
‘ Ionization apparently correlates with (CH3)2N lone pair.

(2) There is no great change in the phenyl IP values 
among the ortho, meta, or para isomers with a given sub
stituent. The effect of substitution into the phosphino sys
tem on the relative a2 and bi IP’s would be expected to 
vary with the position of substitution.

(3) In the aryl3P containing CF3, (CH3)3C, and (CH3)3Si 
substituents, the ionizations from the a2 and bi phenyl or
bitals are not resolved. This is also true for the correspond
ing substituted benzenes. Therefore there is no evidence 
here that the relative energies of the a2 and bj orbitals are 
changing much upon substitution into the phosphino sys
tem.

The phosphorus lone pair IP values appear to be a well- 
behaved function of the electron-donating or -withdrawing 
nature of the substituents. A very good correlation (correla
tion coefficient 0.986) is observed between the Hammett <rp 
parameter12 and the lone pair IP of phosphorus (see Figure
1) for the ten compounds with para substituents. The in
ductive electron-withdrawing nature of the fluorine and 
chlorine atoms is indicated, but the effect is apparently 
partially cancelled in the para derivatives by the electron- 
donating resonance effect, which places charge on the ring
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Figure 1. Correlation of ionization potential of the phosphorus 
lone pair with the Hammett ap substituent constant for (p- 
RCfiHjaP. The numbers on the points correspond with the com
pound numbers in Table I.

position adjacent to the phosphorus, and causes some low
ering of the lone pair IP. In the nz-flupro derivative the res
onance effect is submerged, and the result is a noticeable 
raising of the phosphorus lone pair IP. The strong reso
nance effect of the p-dimethylamino and p-methoxy sub
stituents enhances the electron density adjacent to the 
phosphorus, and the result is a pronounced lowering of the 
IP value, whereas the somewhat higher value for the m- 
methoxy derivative is consistent with the diminished reso
nance effect at the meta ring position. The electron-donat
ing effect of the alkyl groups is expected, but the lack of 
any change in the lone pair IP’s among the ortho, meta, 
and para methyl derivatives should be noted. Despite the 
inductive effect of the (CH3)3Si group, it appears to be only 
a modest electron donor, poorer than the alkyl groups. This 
phenomenon is well documented13 and is believed to be 
due to an electron-withdrawing component in the behavior 
of the silicon, in which charge from the aromatic ring is de
localized into the Air orbitals of the silicon.

The results of this study show that while the effect of the 
substituted aryl groups on the phosphorus lone pair elec
trons is easily rationalized, there is little apparent effect of 
the phosphorus on the zr orbital energies of the aryl system. 
This observation is independent of the nature of the aryl 
substituent. This would appear to rule out any substantial 
resonance effect between the phosphorus lone pair of elec
trons and the filled 7r orbitals of the ring, or any substantial 
stabilization of the phenyl ir- orbitals by interaction with 
the phosphorus d orbitals. The lack of resonance interac
tion is consistent with the finding of Schäfer and 
Schweig.10 More generally, there is little evidence that the 
trivalent phosphorus acts as a significant electron donor or 
acceptor toward an attached aryl group.14

It is suggested that the correlation between the phospho
rus lone pair IP values and the substituent <rp values should 
be discussed in terms of the effect of the substituent on the 
energy difference between the ground state and the cation
ic state (analogous to the consideration of <rp as measuring 
the effect of the substituent on the energy difference be
tween the ground state and a charged transition state12). 
This effect is determined largely by the action of the sub
stituent on the developing charge at the “ reaction site” 
(here the phosphorus atom). In this case migration of elec
trons from the substituted aryl groups to the positive phos
phorus center would result in a stabilization of the cation. 
Thus not only would lower lone pair IP’s result than those 
expected from Koopmans’ theorem15 but the magnitude of 
the charge migration (and therefore lowering of the IP) is
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related to the <rp value of the substituent. The lack of de
viation from the normal <rp correlation, particularly on the 
part of the dimethylamino and methoxy substituents, 
argues against any enhanced resonance interaction between 
the substituents and the positive phosphorus center, and 
therefore the drift of charge would be through the P-aryl a 
bond. On the other hand, the ability of the trivalent phos
phorus to effect significant stabilization of the radical cat
ion, produced by ionization from the aryl it orbitals, ap
pears to be quite limited.

It should be noted that any correlation between phos
phorus lone pair IP’s and substituent <rp values assumes no 
significant difference in hybridization at the phosphorus 
among the para-substituted arypP. Thus the effects dis
cussed above are not extended here to a comparison be
tween the aryl3P and other phosphines. For instance the 
lone-pair IP’s for PH3, (CHapP, and (CsHspP are 9.9,® 
8.6,16 and 7.9 eV, respectively, and this difference appears 
to reflect the difference in bond angles at the phosphorus 
(94°,17 99°,18 and 103°,19 respectively).20

Experimental Section
The spectra were obtained with a Perkin-Elmer Model PS-18 

photoelectron spectrometer, using the He(I) resonance line (21.22 
eV). Since elevated temperatures were necessary for proper sample 
vapor pressures, a direct inlet probe was used for all samples. Tem
peratures generally in the range of 60-130° were used in order to 
obtain proper count rates, but 150° was necessary for the p- 
(C lppC  and p-fCHspSi derivatives, and 240° was necessary for 
the pdCHspN compound. The spectra were calibrated with Ar 
(15.759- and 15.937-eV lines) and Xe (12.130-eV line), used as in
ternal standards. The values listed for IPi (Table I) are the band 
maxima. In order to obtain a comparison between the phenyl IP 
values for arybP and the corresponding monosubstituted ben
zenes, the values of IP2 and IP3 (Table I) were obtained as often as 
possible in accordance with the method of obtaining the vertical 
IP’s for the corresponding monosubstituted benzene (Table II).

The phosphine samples were prepared by the Grignard meth
od.21
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Evidence is presented which shows that the cis - 2,5-dia Iky I-2,5-di hydrothiophenes are formed in preference to 
the trans isomers in the reaction between vinylphosphonium salts and a-mercaptocarbonyl compounds. Substitu
ent trends suggest a steric basis for this effect. The implications of the results for stereoselective conjugated diene 
preparation are discussed. Seven new examples of the synthesis of the dihydrothiophenes are reported.

One of the most active areas in organic synthesis in the 
past decade has been the development of methods for the 
construction of unsaturated compounds in stereoselective 
and stereospecific ways. Whereas the preparation of 1,5- 
dienes is an active field,2 work on the stereoselective syn

thesis of 1,4- and 1,3-dienes has been limited. As we have 
pointed out,3 this has greatly restricted the application of 
the Diels-Alder reaction to stereospecific organic synthesis.

One method of 1,3-diene synthesis which has been shown 
to be stereospecific is the thermal decomposition of 2,5-



Stereochemistry of Dihydrothiophene Formation J. Org. Chem., Vol. 40, No. 9,1975 1295

T a b le  I
P ro d u cts an d  Y ie ld s  o f  2 ,5 -D ih y d ro th io p h e n e sa

Carbonyl Vinyl Reaction Yield,

compd salt** Product Ri R 2 R3 time, hr %

la 2a 3° M e H M e 18 32
lb 2a 4 d Et H Me 2 70
lb 2c 5 Et H i -P r 3 50
lc 2a 6 M e Me M e 18 78
lc 2b 7 M e M e Et 18 60
Id 2a 8 M e Et M e 18 80
Id 2b 9 M e Et Et

00 
T—1 64

Id 2c 10 M e Et i -P r 18 64
le 2a I I e -(C H , )* - M e 18 91
le 2b 12 -(C H 2)4- Et 42 88

a Satisfactory analytical data were recorded for all new com
pounds in this table. "Prepared by in situ isomerization of the 
allylic isomer. c Reference 12. “ Contains ca. 10% thiophene im
purity.c Reference 3.

R e su lts

A . D ih y d ro th io p h e n e  P re p a ra tio n s . T h e  dihydrothio
phenes were prepared by the general m ethod  previously 
outlined.3 T h e  yields, reaction tim es, and spectral charac
teristics o f  new m aterials are collected in T ab les I and II. In 
all cases, the allylic phosphonium  salt was used as the re
agent and isom erized to its vinyl isom er in situ .3

Several comments on this reaction are required. We have 
found that the use of undistilled a-mercaptocarbonyl com
pounds, especially in the case of a-mercaptoaldehydes, 
leads to much superior results. Distillation of these materi
als invariably leads to dehydration of their dimeric form

T a b le  II
In d ices  o f  R e fra ctio n  an d  N M R  S p e ctra  o f  N e w  D ih yd roth iop h en es

Compd
O

rzD (temp, C) NMR spectral data0

5 b 5.75 (s, 2), 4 .4 -3 .9  (m, 2), 2 .1 -1 .35  (m, 3), 1.0 (t, 3, J  =  7 Hz), 
0.97 (d, 6, J  =  7.5 Hz)

6 1.5291 (25) 5.37 (d, 1, J  =  2 Hz), 4.4—3.8 (m, 2), 1.8 (d, 3, J =  0.5 Hz), 
1.46 (d, 3, J  =  7 Hz), 1.42 (d, 3, J  =  7 Hz)

7 1.4930 (20) 5.32 (d, 1, J  =  2 Hz), 4 .25-3 .5  (m, 2 ),2 .0 -1 .5  (m, 2), 1.78 (d, 3, 
J  =  0.5 Hz), 1.37 (d, 3, J  =  7.0 Hz), 1.0 (t, 3, J  =  6.5 Hz)

8 1.4910 (25) 5.5 (s, 1), 4 .55-3 .95 (m, 2), 2.6—1.8 (m, 2), 1.46 (d, 3, J  =  7.5 Hz), 
1.42 (d, 3, J  =  7.5 Hz), 1.12 (t, 3, J  =  9.0 Hz)

9 1.4921 (25) 5.52 (s, 1), 4.5—3.9 (m, 2), 2.5—1.6 (m, 4), 1.48 (d, 3, J  =  7.5 Hz), 
1.16 (t, 3, J  =  8.0 Hz), 1.01 (t, 3, J  =  8.0 Hz)

10 1.5062 (20) 5.37 (d, 1, J  =  1.5 Hz), 4 .4 -3 .8  (m, 2), 2.7—1.5 (m, 3),
1.39 (d, 3, J  =  7 Hz), 1.10 (t, 3, J  =  8 Hz), 0.96 (d, 6, J  =  8 Hz)

12 1.5221 (20) 5.25 (d, 1, J  =  2.0 Hz), 4.3—3.7 (m, 2), 2 .80-1 .15 (m, 10), 
1.00 (t, 3, J  =  6 Hz)

“ Tabulation follows the order chemical shift (6 ), multiplicity, number of protons, coupling constant. Spectra run in CDCI3 . 6 Sample 
contaminated by thiophene.

and subsequent diminution of the yields of dihydrothio
phenes. In addition, in several reactions using a-mercapto- 
aldehydes, the NMR spectrum of the chromatography 
product showed the presence of thiophene (5 6.5-7.0). 
Since all reactions were performed under a blanket of ni
trogen, air oxidation of the dihydrothiophene seem unlike
ly, and as no trace of the corresponding tetrahydrothio- 
phene could be detected, disproportionation does not seem 
probable. At this time, we have no explanation for this re
sult.

B . S e p a r a tio n  o f  th e  D ih y d ro th io p h e n e s . Initially we 
were unable to detect any indication of the presence of two 
dihydrothiophene isomers using gas chromatography. 
However, by utilizing a very polar column packing and low 
temperatures12 we finally achieved separation of two iso
mers in some cases. In each case, the order of elution was 
trans- followed by cis-2,5-dialkyl-2,5-dihydrothiophene, as 
was shown by the ratios of dienes subsequently obtained 
(vide post). Unfortunately, in cases where the NMR spec
trum showed the presence of the corresponding thiophenes 
as an impurity, it could not be separated and therefore the 
cis/trans ratio of dihydrothiophenes could not be deter
mined directly. In Table III the cis/trans ratio derived by 
GLC analysis is recorded.

C . P re p a ra tio n  an d  D e c o m p o sitio n  o f  th e  S u lfo n e s .
As already discussed, thermal elimination of sulfur dioxide 
is a stereospecific disrotatory process and therefore the

dihydrothiophene sulfones,4 which occurs in a completely 
regiospecific and stereospecific disrotatory5 manner. We 
have recently published3'6 a new and facile preparation of
2,5-dihydrothiophenes from vinylphosphonium salts and 
have shown that they can be converted to conjugated 
dienes in high yields through the intermediacy of the corre
sponding sulfones (eq 1). In view of its importance for

0.

diene synthesis, we decided to investigate the stereochem
istry of the dihydrothiophene formation.

The stereochemistry of this process is important in other 
ways. Thus it has been shown5"’7 that the photochemical 
decomposition of the sulfones occurs in the opposite stereo
chemical sense and therefore a stereoselective preparation 
of dihydrothiophenes would allow the selective formation 
of either of two diene isomers at will. Further, the use of 
the sulfones has been illustrated in the synthesis of 1,4- 
dienes,8 divinyl ethers,8 divinyl amines,9 and cyclobu
tenes.10 In each case, the stereochemistry of the sulfone de
termines that of the product.
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stereochemistry of the dienes obtained faithfully reflects 
that of the dihydrothiophenes from which they are derived. 
Specifically, cis- 1 leads to E,E or Z,Z diene whereas trans- 
1 affords E,Z or Z,E diene on oxidation and pyrolysis. 
Therefore isomeric analysis of the dienes also affords the 
cis/trans ratio of the dihydrothiophenes and gives a check 
on the direct GLC analysis.

One possible problem foreseen was the rearrangement of 
the dienes by 1,5-hydrogen transfer.50’13 We chose to effect 
the pyrolysis of the sulfones in the injection port of a gas 
chromatograph to minimize the pyrolysis time and thus the 
chance for rearrangement. As yet we have failed to detect a 
rearranged diene in any of the cases studied.

The dihydrothiophenes were oxidized to the sulfones 
using m-chloroperbenzoic acid and were immediately de
composed by injection into the GLC. In every case, the only 
products observed were sulfur dioxide and a diene mixture. 
The results of the diene analysis are incorporated into 
Table III. Where possible, the dienes were collected sepa
rately and identified by their spectra. In several cases (8, 9,
10) separation on a preparative scale was not feasible and 
then the NMR spectrum of the diene mixture served to 
identify the major component and GLC analysis gave the 
E,E/E,Z ratio. In the case of l l ,14 because of the extremely 
heavy bias of the diene mixture, authentic samples were 
prepared and compared to the pyrolysis products.

Inspection of Table III shows that the two methods of 
analysis give similar results when thiophenes are not pres
ent in the dihydrothiophene preparation. In all cases, the 
cis isomer is favored over the trans, but incorporation of in
creasingly bulky groups on the ring leads to a relative in
crease in the amount of trans isomer present.

Discussion
The accepted mechanism for the cyclization reaction in

volves3 the conjugate addition of thiolate ion to the polar
ized double bond of the phosphonium salt, followed by an 
intramolecular Wittig reaction of the ylide so formed (eq
2). The first step of this sequence is known to be revers-

It

ible.15 Assuming irreversible betaine decomposition,16 the 
product stereochemistry will be determined by structural 
influences on the transition state for this step. Models 
suggest that the ring is nearly planar at this point with sub
stantial eclipsing of all substituents. Thus it is clear that to 
minimize the serious steric interactions, substituents at C-2 
and C-5 (Figure 1) must be trans to the phosphorus atom, 
thus favoring the formation of the cis-2,5-dialkyl-2,5-di- 
hydrothiophene. A result of this analysis is the prediction 
that this steric discrimination should decrease els the steric 
bulk of R,R', and X  increase. Inspection of Table III bears 
this out and lends support to the rationale.

The two dihydrothiophenes (11, 12) derived from a-mer- 
captocyclohexanone appear to be special cases. Here R' and 
X  constitute part of a six-membered ring and models 
suggest that cis fusion in these compounds should be by far 
the favored mode. Again the isomeric distribution supports 
this interpretation.

Table III
Isomeric Distribution of Dihydrothiophene and 

Diene Mixtures“

Dihydrothiophene

GLC analysis 

cis:trans {%)

Sulfone pyrolysis 

(e , e * z , z Y4e , z * z , e ),°'°

3 92:8
4 83:17 81:19
5 b 75:25
6 79:21 79:21
7 67:33 69:31
8 78:22 c
9 78:22 c

10 54:46 57:43
11 96:4
12 96:4

a See Experimental Section for GLC conditions. 6 Direct deter
mination impossible owing to thiophene contamination. c Separa
tion of isomers not achieved.

Figure 1. Stereochemical model for dihydrothiophene formation.

It is interesting to note that we have observed no case 
where the formation of Z,Z diene occurs in the sulfone py
rolyses. Apparently the well-known steric problems en
countered in such a compound prevent its formation.

Conclusions
It is evident from the foregoing that the formation of 

dihydrothiophenes from vinylphosphonium salts is a stere
oselective process, especially when the steric bulk of the 
substituents is not too large. Therefore the overall diene 
synthesis allows the regiospecific and stereoselective for
mation of conjugated dienes. As we have pointed out,6b the 
net effect achieved is the coupling of two vinyl moieties. 
This unique aspect, as well as the mildness of the condi
tions, the readily availability of the starting materials, and 
the high yields, make the method of potential use in organ
ic synthesis.

Experimental Section
Infrared spectra were recorded on a Beckman 1R-12 in carbon 

disulfide solution; NMR spectra were obtained on a Jeolco C60HL 
spectrometer in carbon tetrachloride solution unless otherwise 
noted and are reported in parts per million downfield from Me4Si 
as internal standard. Mass spectra were obtained on a Varian 
MATCH5-DF instrument. GLC analyses were carried out on F & 
M Models 720 and 5750 gas chromatographs utilizing the following 
columns: A, 10 ft X 0.375 in. 20% TCEP on Chromosorb P; B, 8 ft 
X 0.375 in. 20% SE-30 on Chromosorb W. The flow rate of helium 
carrier gas was 1 ml/sec. Compositions of mixtures were deter
mined using a disc integrator and are considered to be accurate to 
±3%. Unless otherwise noted, solvents were removed at reduced 
pressure and chromatographies were performed using Fisher acidic 
alumina, Brockman activity grade I. Microanalyses were per
formed by A. B. Gygli, Microanalysis Laboratory, Toronto, Ontar
io, Canada.
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Preparation of Dihydrothiophenes 3-12. These were pre
pared using the conditions outlined previously,3’6 reflux times and 
yields being indicated in Table I. GLC analyses were performed 
using column A at 120° and the results are shown in Table III. 
Compounds 11 and 12 showed no detectable separation of isomers 
under any conditions. Analytical samples were collected from col
umn B.

Mercaptocarbonyl compounds lb , 17 lc , 18 and lellc were pre
pared by literature methods.

2-Bromo-3-pentanone. T o a mechanically stirred slurry of 110 
g (1.1 mol) of calcium carbonate and 87 g (1 mol) o f 3-pentanone in 
1 1. of cold chloroform was added dropwise 145 g (0.9 mol) o f bro
mine over a period of 4 hr at 0°. After addition was complete, the 
mixture was stirred for 3 hr and filtered and the filtrate was 
washed with 300 ml of saturated aqueous sodium bicarbonate solu
tion and dried (MgSOD. Removal of the solvent gave an oil which 
was distilled to give the bromo ketone (80 g, 55%), bp 55° (15 mm) 
[lit.19 bp 48° (12 mm)].

2-Mercapto-3-pentanone (Id). A solution of 30 g of potassium 
hydroxide in 150 ml of water was saturated with hydrogen sulfide 
at 0°. With continuous addition of hydrogen sulfide, 45 g (0.27 
mol) of 2-bromo-3-pentanone in 10 ml of absolute ethanol was 
added dropwise with stirring over a period of 2 hr. The solution 
was stirred for 2 hr as it warmed to room temperature and extract
ed with two 75-ml portions of ether. The ether extracts were 
washed with water, dried, and evaporated to give 25 g (78%) of 
pure Id20 which was used without distillation: NMR 8 3.45 (q, 11, J  
= 7.5 Hz), 2.9-2.4 (d of q, 2, J  = 2, 7 Hz), 1.4 (d, 4, J  = 7.5 Hz), 1.1 
(t, 3, J  = 7 Hz).

2- Mercaptopropionaldehyde (la). To a cooled mixture of 56 g 
of finely pulverized sodium sulfhydrate in 250 ml of ether was 
added 25 g (0.18 mol) of 2-bromopropanal,21 bp 42-50° (60 mm). 
The slurry was stirred vigorously overnight and filtered and the 
solvent was removed to afford an oil which solidified on trituration 
with methanol: yield 1.0 g (6%); NMR 8 5.93 (d, 2, J = 6 Hz), 4.7 
(broad d, 2, J = 6 Hz), 3.63 (broad q, 2, J = 7.5 Hz), 1.06 (d, 6,J  = 
7.5 Hz). The material exists as the dimer,11 as no carbonyl absorp
tion could be detected in the infrared spectrum.

3- Methyl-2-buten-l-yltriphenylphosphonium Bromide. To 
a solution of 7.0 g (0.02 mol) of triphenylphosphine hydrobrom
ide22 in 50 ml of acetonitrile was added 3.0 g of isoprene, and the 
solution was stirred for 15 hr. The salt was precipitated by adding 
150 ml of ethyl acetate and filtered, and the residue was dried to 
give 8.2 g (100%) of a solid: mp 230-234° (lit.23 mp 233-235°); 
NMR 8 8.0 (m, 15), 5.5-4.5 (m, 3), 1.75 (d, 3, J = 7 Hz), 1.35 (d, 3, J  
= 4.5 Hz).

Refluxing a solution of this salt in pyridine containing some tri- 
ethylamine for 3 hr3 caused its isomerization into salt 2c.

(Z )-1 - ( 1-Cyclohexenyl)propene. To a suspension of 7.42 g 
(0.02 mol) of ethyltriphenylphosphonium bromide in 100 ml of dry 
tetrahydrofuran was added a solution of 2.2 g (0.02 mol) of potassi
um feri-butoxide in 25 ml of the same solvent dropwise with stir
ring and under nitrogen. The mixture was stirred at ambient tem
perature for 25 min, and 2.2 g (0.02 mol) of cyclohexenecarboxal- 
dehyde was added slowly with stirring. The milky solution was 
stirred overnight and added to a mixture of 100 ml of water and 
100 ml of ether, and the organic layer was separated and concen
trated to 20 ml. After addition of 100 ml of pentane, the mixture 
was filtered, concentrated, and distilled to give 1.4 g (55%) of a 
mixture of dienes, bp 62-65° (12 mm). GLC analysis (column A, 
130°) showed the mixture to consist of 24% E and 76% Z isomer. 
The latter was collected: NMR 8 5.81-4.95 (m, 3), 2.40-1.85 (m, 4), 
1.84-1.40 (m, 7); ir 700 (m), 720 (s), 800 (m), 920 (s), 970 cm“ 1 (w), 
in agreement with the literature values.14*24 The retention time 
was identical with that of the minor isomer obtained from 11 via 
oxidation and pyrolysis.

(E)-l-(l-Cyclohexenyl)propene . 14 The pure Z isomer was dis
solved in 5 ml of petroleum ether and a crystal of iodine was 
added. The flask was irradiated for 16 hr with a 60-W incandes
cent bulb. GLC analysis showed a quantitative conversion to the E 
isomer, identical in all respects with the major isomer obtained 
from 11 via oxidation and pyrolysis.

General Procedure for Oxidation of 3-12. Dihydrothiophene 
(0.01 mol) was dissolved in 50 ml of methylene chloride and cooled 
in an ice bath. m-Chloroperbenzoic acid (0.02 mol) was added in 
two portions and the solution was stirred for 3 hr at 0° and over
night at ambient temperature. The filtered solution was washed 
with 50 ml of saturated aqueous sodium carbonate, dried, and con
centrated to give a quantitative yield of sulfone, which was used 
directly.

Sulfone Pyrolyses. The sulfone was injected into the injection 
port (280°) of the gas chromatograph fitted with column A. The 
dienes were eluted after sulfur dioxide and were collected, individ
ually where possible, for spectral analysis, and were compared to 
authentic samples where required.

2.4- Hexadiene, obtained from 5, was separated into the E,Z 
and the E,E isomers, which were identified by comparison of spec
tra and retention times with those of authentic samples.25

2.4- Heptadiene,26 obtained from 4, was separated into the 
2E.4Z isomer [NMR 8 6.41-5.05 (m, 4), 2.08 (q, 2, J = 7.5 Hz), 1.70 
(d, 3, J  = 6 Hz), 1.00 (t, 3, J  = 7.5 Hz); ir 715 (s), 765 (m), 780 (m), 
840 (m), 900 (w), 950 (s), 985 c m '1 (s)j and the E,E isomer [NMR 8
6.07-5.01 (m, 4), 2.02 (q, 2 , J  = 7.5 Hz), 1.65 (d, 3, J  = 6 Hz), 1.00 
(t, 3, J  = 7.5 Hz); ir 820 (w), 895 (m), 930 (m), 950 (m), 985 c m '1 
(vs)[.

2- Methyl-3,5-octadiene, obtained from 5, was separated into 
two isomers. The major one [NMR (CS2) 8 6.0-5.12 (4, m), 2.45-
1.76 (3, m), 0.96 (d, 6, J  = 6.5 Hz), 0.98 (t, 3, J  = 7.5 Hz); ir 700 
(w), 860 (m), 900 (w), 990 cm-1 (s)[ was identified as the 3E,5E iso
mer. The other isomer showed NMR 8 6.20-5.05 (m, 4), 2.37-1.78 
(m, 3), 1.02 (d, 6, J = 7.0 Hz), 0.98 (t, 3,.J = 7.5 Hz); ir 700 (m), 861 
(s), 950 (m), 985 cm-1 (m). Although the 3Z,5E isomer cannot be 
excluded by these data, we favor 2-methyl-3.E,5Z-octadiene for 
this compound.

Anal. Calcd for CgHi6: m/e 124.12520 Found: m/e 124.12582.
3- Methyl-2,4-hexadiene27 was obtained from 6 . The major iso

mer was obtained pure and its spectra showed it to be the 2E,4E 
isomer [NMR 8 6.07-5.05 (m, 3) which contained the low-field half 
of an AB quartet centered at 5.95, J ab = 15 Hz, 1.86-1.55 (m, 9); ir 
772 (s), 840 (m), 927 (m), 970 (vs), 1030 cm-1 (m)[. Not enough of 
the minor isomer could be obtained for NMR, but its ir spectrum 
[825 (m), 927 (w), 964 c m '1 (s)[ suggested that no cis-disubstituted 
double bond was present and a mixture of the two isomers en
riched in the minor one showed a very complex absorption at 8 
5.66-5.05, strongly reminiscent of (2E,4Z)-hexadiene. On this 
basis we assign it the structure 3-methyl-(2Z,4£)-hexadiene.

3-Methyl-2,4-heptadiene was obtained from 7. The major com
ponent was separated and identified as the 2E,4E isomer [NMR 8 
6.06-5.01 (m, 3), 1.90 (q, 2, J  = 7 Hz), 1.74-1.48 (m, 6), 0.97 (t, 3, J  
= 7 Hz); ir 700 (w), 795 (m), 810 (w), 860 (s), 965 cm-1 (s)[. Not 
enough of the minor isomer could be obtained pure for NMR anal
ysis but on the basis of the infrared spectrum [700 (m), 760 (w), 
865 (vs), 967 cm-1 (s)[ we believe that the majority of the material 
must possess a trans-disubstituted double bond and therefore we 
designate it as the 2Z.4E isomer. Contamination of this material 
with the 2E,4Z isomer cannot be excluded.

Anal. Calcd for CgHu'- m/e 110.10955. Found: m/e 110.10969.
3-Ethyl-2,4-hexadiene28 was obtained from 9. It could not be 

separated into its isomeric components, but analysis of the spectra 
of the mixture was done as follows. The NMR absorption for the 
three vinyl protons occurred between 8 6.36 and 5.00 and included 
the low-field half of an AB quartet (Jab = 15 Hz), the intensity of 
which suggested that all the material contained a trans-disubsti
tuted double bond. The absence of a strong infrared absorption 
below 800 c m '1 confirmed this. The remainder of the NMR spec
trum showed 8 2.38-1.92 (q, 2, J  = 7 Hz), 1.90-1.55 (m, 6), and two 
overlapping triplets, J  =■ 7.5 Hz, centered at 8 1.01 and 0.98 whose 
relative intensities were 25:75. This is consistent with a mixture of 
75% 3-ethyl-(2f?,4I£)-hexadiene and 25% of the 2Z,4E isomer, in 
good agreement with results of GLC analysis of 8. The ir spectrum 
of the mixture showed 780 (w), 825 (w), 930 (w), 965 cm-1 (s).

3-Ethyl-2,4-heptadiene was obtained from 9. It could not be 
separated into its components under any conditions. The mixture 
of isomers showed NMR 8 6.45-5.05 [m, 3, which contained the 
low-field portion of an AB quartet centered at 5.91 (Jab = 15 Hz)], 
2.48-1.88 (m, 4), 1 67 (d, 3, J = 6 Hz), 1.01 (t, 3, J  = 7.2 Hz), 0.97 
(t, 3, J  = 7.2 Hz); ir 760 (w), 800 (w), 900 (w), 960 c m '1 (vs).

Anal. Calcd for C9HIG: C, 87.02; H, 12.98. Found: C, 86.89; H, 
12.84.

3-Ethyl-6-methyl-2,4-heptadiene was obtained from 10 and 
was separated into the 2E,4E isomer [NMR 8 5.87-5.07 (m, 3), 
2.45-1.92 (m, 3), 1.61 (d, 3, J  = 7 Hz), 0.97 (d, 6, J  = 6 Hz), 0.96 (t, 
3, J  = 6 Hz); ir 810 (m), 860 (w), 950 (m), 975 cm-1 (vs)] and the 
2Z.4E isomer [NMR 8 6.37-5.02 (m, 3), 2.55-1.82 (m, 3), 1.66 (d, 3, 
J  = 7 Hz), 1.03 (d, 6, J  = 6 Hz), 1.00 (t, 3, J  = 7.5 Hz); ir 800 (m), 
945 (m), 968 cm“ 1 (s)[. This latter assignment of structure was 
based on the absence of any significant absorption below 800 cm“ 1, 
which suggested the absence of a cis-disubstituted double bond.

Anal. Calcd for Ci0H18: C, 86.88; H, 13.12. Found: C, 86.70; H, 
13.24.
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1-(1-Cyclohexenyl)propene14 was obtained from 11. The 
major and minor isomers were identical with the authentic sam 
pies of the E and Z isomers, respectively.24

l-(l-Cyclohexenyl)butene14 was obtained from 12. The vinyl 
region of the NMR spectrum was very similar to that of the E iso
mer obtained from 11 and on that basis was assigned the same con
figuration: NMR ft 6.11-5.20 (m, 3, which contained the low-field 
half of an AB quartet, J ab = 15 Hz), 2.34-1.33 (m, 10), 1.00 (t, 3, J  
= 6.5 Hz).
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The reactions and spatial structures for the stereoisomers C39H26, mp 293° dec (A) and mp 257° dec (B), which 
are stable at room temperature in solution were investigated. It is proposed from NMR spectra that these are con
formational isomers, namely s-cis,s-cis- and s-cis,s-traras-9,9,:9',9"-terfluorenyls occurring as the result of re
stricted rotation about the sp3-sp3 carbon-carbon single bonds. A isomerized to B by treatment with Raney nick
el. Rotamers A and B were obtained simultaneously by the Michael addition of fluorene to 9,9'-bifluorenylidene.

During investigation on the self-condensation of fluorene
(1) by treating with various bases, we have obtained 9,9': 
9',9"-terfluorenyl, mp 257° dec (B),2 by reaction of 1 with 
sodamide. Pinck and Hilbert also obtained this compound 
but with mp 293° dec (A)3 by the Michael addition of 1 to 
9,9'-bifluorenylidene (2) (Scheme I).

A was isomerized to B, followed by thermolysis of the re
sulting B to give 9,9'-bifluorenyl (3) and 2,2 as established 
by ESR.4 Isomers A and B were isolated simultaneously by 
reaction of 9-bromofluorene with methanolic potassium hy
droxide in acetone or from other reactions.5 Both com
pounds are stable at room temperature in solution, and 
give fluorenone by oxidation and 1 by reduction.2'6 Pre
viously we suggested that A and B could be rotational iso
mers-around the Cg-Cg'-Cg" carbon-carbon single bonds.7

In the preliminary communication,8 we reported the con
formations and conformational isomerizations of A and B. 
The present investigation gives further details on the spec
tral basis of the previous assignments, and is concerned 
with the Michael addition of 1 to 2.

Conformations of 9,9':9',9"-Terfluorenyl Isomers. 
Mass spectra of A and B are virtually identical; the parent 
peak appears at m/e 494; the base peak at m/e 329 (9,9'- 
bifluorenyl cation) and m/e 165 (9-fluorenyl cation) are 
fragments whose origin can be interpreted by simple cleav
age of Cci_9' or Cg'_9" bonds from the parent ion.

The ir spectra show absorption bands due to the methine 
hydrogen C-H stretching frequencies at 2899 cm-1 for 3 
(9-CH, 9'-CH) and 2917 cm "1 for A (9-CH, 9"-CH), where
as two bands at 2883 and 2918 cm-1 are observed for B (9-
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Raman spectra
Figure 1. Partial Raman and NMR spectra of A, B, and 3.

Scheme I

CH, 9"-CH). Similarly, there are fairly strong absorptions 
in the Raman spectra at 2900 cm-1 for 3, at 2918 cm-1 for
A, and at 2884 and 2919 cm-1 for B, as Figure 1 shows. 
Therefore, the two methine frequencies in B would seem 
due to different conformational effects.

The NMR spectrum of 3 exhibits a 16-proton signal at 
7.58-6.85 ppm (aromatic region) and a two-proton singlet 
from the 9- and 9'-methines at 4.61 ppm. Both A and B 
show a 24-proton signal at 8.34-5.58 ppm (aromatic re
gion), a two-proton singlet of Cg and C9" at 5.36 ppm in A, 
and the nonequivalent two protons at 4.61 and 5.36 ppm in
B. The assignment of signals to these methine protons in 3, 
A, and B was confirmed by the syntheses of the corre
sponding deuterated compounds.

In addition, some characteristic shifts in the NMR spec
tra appear at higher (5.58 and 5.66 ppm, J  = 8 Hz) and 
lower (8.26 and 8.34 ppm) fields than would be expected as 
two doublets in both A and B; the extent of each doublet 
area is equivalent to two protons in A and one proton in B. 
Furthermore, signal intensities decreased in the NMR 
spectra of A-l-d  (or l-deuterio-9,9,:9,,9"-terfluorenyl, mp 
293QC dec) and B -1-d.

An examination of the space-filling molecular models of
9,9,:9,,9"-terfluorenyls indicates that the rotation about the

s-trans,s-trans 
Figure 2.

s-cis,s-trans (B) s-cis,s-cis (A)

sp3-sp3 single bonds of C9_9' and C9'_9" is sufficiently re
stricted due to the close proximity of the hydrogen atoms 
at the 1, 8, T, 8', l", 8", 9, and 9" positions, so the following 
three rotamers can exist in the ground state (see Figure 2).

(a) Three planes in the 9,9':9',9//-terfluorenyl, that is, 9- 
and 9"-fluorenyls and 9/-fluorenylidene, can be folded cis 
with respect to one another, so the molecule exists in the 
s-cis,s-cis conformation.

(b) Both the 9-fluorenyl and 9'-fluorenylidene planes 
may be folded cis with respect to each other, and that of 
9"-fluorenyl may be oriented s-trans to those of the central 
9'-fluorenylidene, leading to the s-cis,s-trans conformation.

(c) The 9- and 9"-fluorenyl planes may be s-trans and s- 
trans to the central plane of the 9'-fluorenylidene, yielding 
the s-trans,s-trans conformation. However, this conforma
tion must be less stable owing to the severe steric repulsion 
between the two bulky 9- and 9"-fluorenyl groups (plane 
distance ca. 0.87 A), so that the possibility of its existence 
may be excluded from examination of the molecular mod
els.

Consequently, the NMR signal at 4.61 ppm in B arises 
from the s-trans conformation by analogy with 3;9 the 
other, at 5.36 ppm, is in agreement with that of the singlet 
in A, and can be assigned as due to the s-cis conformation. 
Accordingly, compounds A and B must be presumed to be 
the s-cis,s-cis and s-cis,s-trans conformations, respectively.

The anomalous shifts of aromatic proton signals (5.58, 
5.66; 8.26, 8.34 ppm) in the NMR spectra are probably due 
to a torsional conformation about the C9_9' and C9'_9" sp3-  
sp3 bonds, so that each 9- and 9"-fluorenyl ring is twisted 
out from the 9'-fluorenylidene plane to remove the strain 
within the range of the restricted degree.
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Table I
Treatment of 9,9/ :9,,9"-Terfluorenyl Isomers with Raney Nickel

R e a c t io n  c o n d it io n s  P ro d u cts , g  {%)
M a t e r ia l  __________________________________ ______________ _________ ____________________ _________________ _

(9 ) R N i, g Et3N , g T e m p ,  °C T i m e ,  hr B 3 1 R e c o v e r e d ,  g (%)

A (1.5) 10.0 0.3 60 i 0.78 (52) 0.10 (7) 0.31 (21)
A (1.5) 10.0 0.3 60 3 1.13 (75) 0.08 (5) 0.09 (6) 0.12 (8)
A (1.5) 10.0 0.3 60 5 1.14 (76) 0.04 (3) 0.10 (7) 0.05 (3)
A (1.5) 10.0 0.3 Reflux 3 0.42 (28) 0.28 (19) 0.58 (39)
A (1.5) 10.0 Reflux 3 0.24 (16) 0.41 (27) 0.60 (40)
B (1.5) 10.0 0.3 60 5 0.53 (35) 0.09 (7) 0.60 (40)
B (1.5) 10.0 0.3 Reflux 3 0.55 (37) 0.45 (30) 0.26 (17)

Thus, two aromatic protons at the 1,8" positions of the 9- proceeds with inversion of the conformation to give B -9-d
and 9"-fluorenyl planes in A are actually located in the 
shielding zone of the ir electron cloud on the central 9'-fluo- 
renylidene ring, which shifts the signal to higher field; how
ever, the other two protons at the 1",8 positions are in a 
deshielded zone which shifts the signal to lower field, as 
Figure 3 shows. Likewise, the two protons at the 1 and 8 
positions of the cis-9-fluorenyl ring, with respect to the 
central 9'-fluorenylidene ring in B, resonate at higher and 
lower fields than other aromatic protons.

Figure 3.

Isomerization o f Rotamer A to B. No isomerization of

by the attack of reactive hydrogen at the back side of the 
9" carbon to which the 9" deuterium has been attached.

Michael Addition o f Fluorene (1) to 9,9'-Bifluorenyl- 
idene (2). The effect of bases on the formation of these iso
mers through the Michael addition of 1 to 2 are listed in 
Table II. The yields of A decreased and those of B in
creased in the order methyl, ethyl, and n-propyl alcohol in 
the presence of the sodium alkoxide. The predominant for
mation of A in 90% pyridine-water solution was distinct 
from the coformation of A and B in sodium ethoxide-dry 
pyridine, whereupon the ratio of the isomers depends on 
the polarity of the medium. In addition, the yields of the 
isomers were inverted as the concentration of sodium eth- 
oxide in ethanol increased.

The Michael addition of 2,7-dibromo-(or chloro-) fluo
rene to 2 gave abnormal products such as 2,7,2",7"-tetra- 
bromo- (or chloro-) 9,9,:9/,9"-terfluorenyl by combinations 
of elimination and readdition steps via 2,7-dihalogeno- 
9,9'-bifluorenylidene.12 Therefore, the process for the for
mation of A and B was investigated by using l-2,7-d-2 as a 
donor. The deuterium contents in A-2,7-d,2 and B-2,7-d.2 
are of the same order. Accordingly, the isomers A and B are 
formed simultaneously through the different sequences, 
with no retro-Michael reaction occurring, as Scheme II

A into B except by thermolysis has been performed hither
to. A is also converted into B by treatment with Raney 
nickel; hydrogenolysis of the resulting B gives 3, l ,10 and a 
small amount of hexahydrofluorene11 as shown in Table I.

Upon treating with Raney nickel, A-9,9"-d.2 was convert
ed into B -9-d by proton exchange. The terfluorenyl mole
cule may be adsorbed on the catalyst at the 9"-fluorenyl 
plane containing a 9" deuterium atom. Thus, the reaction

shows.
A could be formed by cis addition involving the cis con

formation of the 9-fluorenyl plane with respect to the fluo- 
renylidene plane in 2. There are two possible ways for the 
formation of B (s-cis,s-trans) by cis (or trans) addition 
which includes the s-trans (or s-cis) conformation of the 9- 
fluorenyl plane with regard to the fluorenylidene plane in 
2. Consideration of models indicates that the protonation

Scheme II

s-cis, s-trans (B)
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Table II
9,9,:9',9,,-Terfluorenyls by the Michael Addition of 1 to 2

9,9* :9 ' 9"-Terfluorenyl 

isomers

Ratio of
Yield of

Reaction conditions isomers,%
______________________________________  isomers, ____________

Solvent Base Concn, % Time, hr % A B

EtOH EtONa 0.1 200 78 86 14
EtOH EtONa 1 55 81 68 32
EtOH EtONa 5 30.5 62 59 41
EtOH EtONa 10 9.5 87 11 89
EtOH EtONa 15 11 84 100
EtOH EtOK 0.5 150 50 89 11
EtOH EtOK 10 5 87 83 17
MeOH MeONa 1 160 43 74 26
MeOH MeONa 10 53 72 100
MeOH MeOK 1 200 30 100
MeOH MeOK 10 51 80 100
w-PrOH w-PrONa 1 52 82 25 75
w-PrOH n-PrONa 10 45 56 100
Pyridine EtONa 1 15 74 56 44
Pyridine KOH 5 3 80 100

of the latter course is more hindered than those of the for
mer resulting from the close proximity of the 9"-fluorenyl 
plane.

Experimental Section
All the melting points are uncorrected. The melting points of 

deuterio compounds in this series are identical with those of the 
parent hydrocarbons.

The VPC analyses were run with a JGC-1100FP gas chromato
graph (Japan Electron Optics Laboratory Co., Ltd.), using a 1-m 
column containing 3% Silicone DC QF-1 on Chromosorb W AW 
(60-80 mesh). The content of each component was calculated from 
the peak areas as the average value of five chromatograms. Re
sponse factors used to correlate relative areas with percent yields 
of hexahvdrofluorene and 1 were 0.84 and 1.00.

The ir spectra were obtained as KBr pellets (4000-400 cm-1) or 
as suspensions in hexachlorobutadiene (3000-2800 cm-1) using a 
IR-G spectrophotometer (Japan Spectroscopic Co., Ltd.).

The Raman spectra were recorded on a JRS-U1 spectrometer 
(Jeol) with an argon laser (5145.4 A) and an interference filter. The 
experiments were run with a slit width of 160 n and 23 A of laser 
output at a scanning speed of 10 A/min.

The mass spectra were measured with a RMU-6E apparatus 
(Hitachi, Ltd.). The sample evaporating temperature was con
trolled at 160° (for monomeric fluorenes) or 200° (for dimeric and 
trimeric fluorenes). Calculation of incorporated deuterium into 
compounds was from the average value of five spectra.

The NMR spectra were obtained with a JNM-PS-100 (100 
MHz) or a JNM-C60-HL (60 MHz) spectrometer (Jeol) in ben- 
zene-dg (for dimeric and trimeric fluorenes) or CC14 (for monomer
ic fluorenes), using TMS as internal reference. The deuterium in
corporation was determined from the average value of seven peaks.

Treatment of 9,9':9',9''-Terfluorenyl Isomers with Raney 
Nickel. Typical Procedure. To a mixture of 1.5 g of A and 100 ml 
of dry toluene was added 10.0 g of Raney nickel (W-4), 0.3 g of tri- 
ethylamine, and 10 ml of dry toluene, which was maintained at 60° 
for 3 hr while being stirred.

The reaction mixture was filtered and the filtrate was evapo
rated under reduced pressure; the residue was extracted with 100 
ml of boiling ethanol, leaving a powder which was recrystallized 
from 200 ml of ethyl acetate to give B (1.08 g), mp 256-257° dec, 
recovered A (0.12 g, 8%), mp 291-293° dec, and 3 (0.06 g), mp 
242-243°.

Upon standing, the alcohol extract gave 0.05 g (total 1.13 g, 75%) 
of B, mp 254-256° dec. The mother liquor was concentrated to 
dryness, and the residue was sublimed in vacuo at 130°. The subli
mate was recrystallized from ethanol to yield 1 (0.09 g), mp 110- 
113°. 3 (0.02 g, total 0.08 g, 5%) was obtained by recrystallization 
of the residue. The alcohol mother liquor was submitted to VPC; 1 
and l,2,3.4,4a,9a-hexahydrofluorene were confirmed.

Treatment o f Fluorene (1) with Raney Nickel. A mixture of
5.0 g of 1 and 3.0 g of triethylamine in 100 ml of dry toluene was re
fluxed with 25 g of Raney nickel for 5 hr. The reaction mixture was 
analyzed by VPC; 40% of l,2,3,4,4a,9a-hexahydrofluorene and 60% 
of 1 were confirmed.

The toluene was removed in vacuo to leave a faintly colored oil 
which was distilled to give hexahydrofluorene as a colorless liquid: 
bp 128-130° (15 mm), 264° (757 mm) (the Siwoloboff method); 
n20D 1.5536; d„20 1.008; (Rl)d 54.72 (calcd, 54.61); ir (KBr sand
wich) 679, 732, 748, 762, 1445, 1471, 2870, 2950, 3020, 3045, and 
3070 cm-1; mass spectrum m/e 172 (M+), 166, 157, 143, 129, 115, 
104, 91, 89, and 77; NMR 5 0.81-2.01 (m, 8 H), 2.11-3.31 (m, 4 H), 
and 7.03 ppm (s, 4 H).

Michael Reaction of 9,9'-Bifluorenylidene (2) with Fluo
rene (1). Typical Procedure. Sodium (1.7 g) was treated with 54 
ml of absolute ethanol; then there was added 1.1 g (%oo mol) of 2 
and 0.6 g H-^oo mol) of 1, the mixture was heated in a sealed tube 
at 95-98° for 9.5 hr.

After cooling, the precipitate was filtered off and recrystallized 
from benzene and/or ethyl acetate to give B (1.02 g), mp 256-257° 
dec. The filtrate was added to water, and the precipitate was sepa
rated and further purified by a combination of recrystallization, 
alumina column chromatography, and vacuum sublimation. Sub
sequently, 0.25 g (total 1.27 g, 77%) of B, mp 256-257° dec, 0.16 g 
(10%) of A, mp 291-293° dec, trace amounts of fluorenone, mp 
80-82°, and 1, mp 113-115°, were obtained.

In case ethanol was used as solvent, the crystals of B were con
taminated by l,4-bis(2,2'-biphenylylene)-l,3-butadiene.13 The bu
tadiene was removed easily as a complex with 2,4,7-trinitrofluore- 
none, mp 297-298.5° dec.

Anal. Calcd for C28Hi8 • 2(Ci3Hs0 7N3): C, 65.86; H, 2.87; N, 
8.53. Found: C, 65.79; H, 2.61; N, 8.42.

Beside 9,9':9',9"-terfluorenyl isomers, in some experiments, 
trace amounts of 3, fluorenol, and fluorenone were separated. A 
minute amount of 9-methoxy-9,9'-bifluorenyl, mp 155-157°, was 
isolated instead of 3 in the presence of potassium methoxide.

Anal. Calcd for C27H20O: C, 89.97; H, 5.59. Found: C, 89.69; H,
5.46.

Synthesis and Reaction of A-9,9"-d2. 1 -9,9-d2. The title com
pound was prepared according to the directions of Cram and Koll- 
meyer.14 The extent of deuterium incorporation was 95% by NMR: 
mass spectrum m/e 167 (di, 12%) and 168 (d2, 88%).

3-9,9'-d2. 3 was deuterated in a similar manner to give the deu
terio compound (98% yield). Deuterium incorporation was calcu
lated as 100% by NMR; mass spectrum m/e 332 (d2, 100%).

B-9,9"-d2. A mixture of 1.64 g of 2 and 0.92 g of l-.9,9-d2 in 30 
ml of ethanol-O-d containing 3 g of sodium ethoxide was heated 
and gave 1.83 g (74%) of B-9,9"-d2 and 0.14 g (6%) of A-9,9"-d2. 
Deuterium content of B was accounted for as 100% on the 9 and 9" 
positions (there were no peaks at 5.36 and 4.61 ppm) by NMR: 
mass spectrum m/e 494 (do, 0.1%), 495 (di, 13.9%), and 496 (¿ 2, 
86% ).

A-9,.9"-d2. 2 was treated with l-.9,9-d2 in a mixture of sodium 
deuteroxide, deuterium oxide, and pyridine to give A-9,9"-d2 (83% 
yield). A deuterium content of 89% at the 9 and 9" positions (5.36 
ppm) was determined by NMR: mass spectrum m/e 494 (do, 0%), 
495 (di, 19%), and 496 (d2, 81%).

Treatment of A-9,9"-d2 with Raney Nickel. A-9,9"-d2 (1.50 
g) was allowed to react with Raney nickel and yielded 0.42 g (28%) 
of B-9-d and 0.80 g (53%) of A-9,9"-d2. A 90% deuterium content 
at the 9 and 9" positions (5.36 ppm) of recovered A was observed 
by NMR: mass spectrum m/e 494 (do, 1%), 495 (di, 16%), and 496 
(d2, 83%). The content of unexchanged deuterium at the 9 (ca. 
94%, 5.36 ppm) and 9" positions (ca. 25%, 4.61 ppm) of B was esti
mated by NMR: mass spectrum m/e 494 (do, 20%), 495 (di, 59%), 
and 496 (d2, 21%).

Michael Reaction of 2 with l-2,7-d2. \-2,7-d2. A mixture of 
12.54 g of 2,7-diiodofluorene and 9.7 g of lithium aluminum deu- 
teride in 150 ml of dry tetrahydrofuran was refluxed for 9 hr.15 The 
reaction mixture was decomposed with 9 ml of deuterium oxide in 
20 ml of dry tetrahydrofuran and concentrated to dryness. The 
residue was sublimed in vacuo at 90° to afford 2.5 g (50%) of 1 
(from n-hexane).

A mixture of 2.5 g of foregoing 1, 2 g of sodium methoxide, 20 ml 
of water, and 80 ml of 1,2-dimethoxyethane was refluxed for 15 hr. 
Work-up of the resulting mixture gave l-2,7-d2 (2.22 g): mass 
spectrum m/e 166 (do, 33%), 167 (di, 44%), 168 (d2, 22%), and 169 
(d3, 2%).

Michael Reaction of 2 with 1 -2,7-d2. Foregoing 1-2,7-d2 (0.37 
g) was allowed to react with 2 (0.66 g) to give B (0.54 g) and A (0.02
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g). A: mass spectrum m/e 494 (do, 20%), 495 (dp 39%), 496 (d2, 
33%), and 497 (d3, 9%). B: mass spectrum m/e 494 (d0, 19%), 495 
(dp 40%), 496 (d2, 32%), and 497 (d3, 9%).

Michael Reaction of 2 with 1-1-d. 1-Iodofluorene. A 0.9-g 
portion of 1-aminofluorene16 was diazotized in the usual way and 
the diazonium sulfate was decomposed in the presence of potassi
um iodide to yield 1-iodofluorene (0.39 g, 27%), mp 40-42°, mass 
spectrum m/e 292 (M+) and 165.

Anal. Calcd for C 13H 9I: C, 53.45; H, 3.11. Found: C, 53.66; H, 
2.94.

The title compound was oxidized with sodium bichromate in 
acetic acid to afford 1-iodofluorenone, mp 143.5-145° (lit.17 mp 
144-145°).

1-1-d. 1-1-d was obtained from 1-iodofluorene in an analogous 
manner from that of l-2,7-d2.' mass spectrum m/e 166 (do, 26%), 
167 (dls 63%), and 168 (d2, 11%).

Michael Reaction of 2 with 1-1-d. A mixture of 2 and 1-1-d
was treated as usual and afforded A -1-d (12% yield) and B-l-d  
(63% yield). A-1-d: mass spectrum m/e 494 (do, 35%), 495 (dp 
57%), and 496 (d2, 8%). B-l-d: mass spectrum m/e 494 (do, 36%), 
495 (dp 60%), and 496 (d2) 4%).
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In diesters derived from 4-methyl-2,3-pentanediol, 1-phenyl-l,2-propanediol, and 3-methyl-l-phenyl-l,2-bu- 
tanediol, the preference for gauche oxygen functions with respect to the ethanic backbone is nearly as large as for 
the diols themselves. Two reasons for the preference for gauche diester groups are possible: (a) dipolar attraction 
and (b) an intrinsic attraction related to electronegativity, but presently not well defined. Solvent effects and the 
effects of steric hindrance on conformation were studied, as well as 13C chemical shifts and 13C-H coupling con
stants. For erythro diesters, the data seem best interpreted in terms of an intrinsic attraction.

In their classic work on the application of NMR to prob
lems in conformational analysis, Bothner-By and Naar- 
Colin observed rather unusual conformations for meso-
2,3-diacetoxybutane (gauche ester functions).1 Electrostat
ic attraction between the dipoles of the ester groups was 
considered to be a possible reason for this conformational 
preference. Later Schmid also reported unusual conforma
tions for phenyl-substituted diesters.2 However, substitut
ed succinates show no well-defined preference for gauche 
carbonyl functions.3’4

Recent work by Abraham and Kemp showed that vicinal 
fluorine groups X  preferred a gauche orientation despite 
sizable dipolar repulsion.5 Phillips and Wray have correlat
ed the tendency for X  groups to occupy a gauche conforma
tion with the total electronegativity of these groups.6 How
ever, Eliel and Kaloustian attributed the tendency for vici
nal ether functions to be gauche to an attractive van der 
Waals interaction.7 It is possible that electronegative X  
groups shrink the “ size” of their respective lone pairs8 so

that the repulsions of the lone pairs is superseded by elec
tron-nuclear attractions.6’9 However, others have warned 
against too facile arguments involving the size of lone 
pairs.8

X X

I I
R— CH— CH— R'

In a theoretical discussion of the reason for gauche X 
groups in 1,2-difluoroethane, Pople et al. considered the in
teraction of the two X  groups to be repulsive, but this ef
fect was counteracted by a hyperconjugative effect such 
that the electron withdrawal by an electronegative group X  
“ partially empties the 2p orbital on carbon and facilitates 
the hyperconjugative electron delocalization by the neigh
boring CH2 group” .10 On the other hand, Epiotis considers 
the interaction of two X  groups to be attractive due to in
teraction of nonbonding pairs on the X  groups forming an
tibonding and bonding combinations. The destabilizing ef-
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feet of the antibonding combination is ameliorated because 
of charge transfer from this antibonding orbital into the 
unfilled antibonding orbital on the ethanic skeleton.11 This 
treatment did not explain why other dihalides do not nec
essarily prefer a gauche conformation.12 In theoretical cal
culations of the conformation of certain fluorine com
pounds, Abraham and coworkers suggested that no special 
explanations were necessary to account for the conforma
tion.13

The chlorine groups of 2,2'-dichlorobiphenyls lie very 
close to one another in space, possibly indicative of an at
tractive interaction.14 However, Zefirov and coworkers 
have suggested that interaction between second-row ele
ments (e.g., sulfur-sulfur interactions) are more highly re
pulsive than interactions between first-row elements.15’16

Thus, in the molecules of interest in this study, vicinal 
diesters la -e , two explanations might be applied to explain 
the preference of the ester functions for a gauche confor
mation: (1 ) dipolar attraction or (2) an intrinsic preference 
related to the electronegativity of the groups, whose nature 
is not completely elucidated as yet. The alkyl oxygens of 
the ester groups are rendered more electronegative than 
oxygens of analogous diols or diethers by resonance with 
the carbonyl, which places a partial positive charge on the 
alkyl oxygens. Molecular models suggest that conformation 
la, which has maximum dipolar attraction, suffers from 
steric interactions between the R" groups, if R " is large. 
This steric interaction is alleviated in l b ,  but the dipolar 
attraction is not as large. Models suggest that lc  would be 
the preferred conformation if only steric effects were im
portant.

R"

( v  *-
/

R"

A C-
/

R

.0 — C
/

V  H
R'
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/
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The purpose of this work is to attempt to distinguish be
tween the two possible reasons for the presumed attraction 
between ester functions, and to establish the scope of the 
phenomenon. Solvent effects and the effect of size of R", 
R', and R will be discussed.

To attempt to establish the limiting NMR coupling con
stants for purely trans and purely gauche hydrogens, com
pounds 2-4 were investigated.17 In 2, near-conformational 
purity should be present; the coupling constant for the 
trans hydrogens A and B was ca. 10 Hz. This value seems 
rather small18 perhaps owing to special factors present in 
the cyclohexane ring in this particular molecule (e.g., flat
tening to alleviate the sequential gauche interactions of the 
three equatorial groups) ,ld but this value will be taken as a 
rough approximation of the true value. In 3, the relevant

hydrogens are axial-equatorial in either of the major con- 
formers; the averaged coupling contant for these gauche 
hydrogens is ca. 3 Hz.

J ab = 9.7 Hz
J bc =  9.8 Hz

J AB = 2.9 Hz 
J BC = 10.2 Hz

J AB = 9.9 Hz 
J BC = 4.2 Hz

The NMR data for the acyclic compounds of interest are 
shown in Table I, in which older data on analogous diols 
are also included for comparison purposes.19 These data 
may be interpreted in terms of the conformers shown in 
Scheme I (in which Et signifies the conformer in the eryth- 
ro set of isomers having trans hydrogens, etc.).

Scheme I

R' H

R R

0 — C— R" 0 — C— R"

0
Eg2

0
Tt

H
Tgi

R'

The conformation of the diesters (in CCI4) is roughly 
similar to that of the diols, but the solvent effect is quite 
different. Intramolecular hydrogen bonding, of course, sta
bilizes the gauche hydroxyl groups of the diol. A sizable at
tractive interaction (but of somewhat smaller magnitude) 
must stabilize the gauche acetoxy functions (compare 5a 
and 5b, 6a and 6b).

The size of the ester function (specifically, R") does not 
appear to have a large effect upon the conformation of the 
ethanic backbone.
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Table I
100-MHz NMR Spectra of Vicinal Diesters

R— CH*— CH b— R'
I I

X  X

JAB O bC>> Hz°

Compd R r ' X C C I. 4
HO Ac CH3CN DMSO

Erythro 5a c h 3 ¿-P r OH 3.3 6.0
5b OAc 4.6 (7.2) 4.3 (7.5) 4.1 (7.4)
5c OCOPh 5.5 (6.3) 4.3 (7.4) 4 .0  (7.7) 4 .0  (7.6)

Erythro 6 a ' CH.3 Ph OH 4.0 5.3
6b OAc 4.2 4.4 4.3 4.1
6c OCOPh 4.1 4.2 4.3 4.3
6d OCO- i-  Pr 4.5 4.3

Erythro 7a ¿-P r Ph OH 5.8 7.5
7b OAc 7.2 5.5

Threo 8a c h 3 ¿-P r OH 5.9 5.3
8b OAc 4.3 (7.2) 4.7 (7.0) 5.0 (6.7) 5.0 (6.6)
8d O C O -z-P r 4.8 (6.4) ~ 5 .6

Threo 9a c h 3 Ph OH 7.5 6.4
9b OAc 7.4 6.9 6.2 6.0
9c OCOPh 7.7 7.5 6.5 6.6
9d O C O -z-P r 7.5 6.1 6.2

Threo 10a ¿-P r Ph OH 6.4 6.2
10b OAc 6.0 5.8

a Where R ' is isopropyl, JBt: refers to the coupling constants of the CH(OCOR")CH (CH3)2 fragment.

For the erythro isom ers, the effect o f increasing the size 
o f R  an d /or R ' is to increase the population o f conform er  
E t  (Schem e I). Conform er E x  m inim izes the repulsive in
teraction o f  R  and R ', but the m utual attraction o f  the ester 
functions is also elim inated. In the com pounds studied, E x  
is dom inant only in the case of 7b , where R  =  i- Fr and R ' =  
Ph, and then E x  is only slightly favored. T h u s, it appears 
that a very large repulsion between R  and R ' is necessary to 
overcom e the attractive interaction o f the ester groups.

For the threo isomers, no strong conform ational prefer
ence is evident in any com pound o f this study. Conform er  
T x  is dom inant by a sm all am ount for 9 , but T g i  and/or  
T G2 are preferred for 8 and 10.

T h e  inability to distinguish betw een two conform ers 
such as T q i and T g 2 has been one of the m ajor problem s in 
acyclic conform ational analysis. T h is distinction can be  
m ade, in theory, with the aid o f  13C -H  vicinal coupling con
stan ts.3b’20’21 T h is  technique has not been used frequently, 
b u t it is o f great potential usefulness. Lem ieu x and cowork
ers have dem onstrated that a K arplus type of dependence  
exists betw een dihedral angle and the 13C -H  coupling con
stan t (3J c h )-  L im iting values o f  ca. 8 H z were found for 
trans nuclei, and ca. 1 H z for gauche nuclei in the com 
pounds tested (certain carbohydrates).

In spectra o f these natural abundance 13C com pounds, 
w ell-resolved splitting patterns could be obtained only for 
isolated m ethyl groups (Figure 1), or, in certain cases, for 
carbonyl groups. For 8b  and 8d , the coupling constant b e 
tween 13C H 3 and H g  was found to  be 1.6 H z (with a confi
dence level o f  ± 0 .4  H z). For 9b  and 9d , 3J c h  was ca. 2 and
2.1 H z, respectively.

For 8 , the fairly sm all J a b  values indicate a preference  
for a conform er having gauche hydrogens A  and B . T h e  
3JCH values suggest that m ethyl and H g  are predom inantly  
gauche. O n ly conform er T q 2 is consistent with both sets o f  
data. For 9 , the “ averaged” J a b  suggests th at a m ixture of 
conform ers is present, whereas the 3J c h  value suggests 
again a preference for conformers with gauche C H 3 
and H b groups. A  m ixture of T t  and T<;2 accounts for

2 Hz

Figure 1. 13C spectrum (100 Hz sweep width) of one of the center 
members of the quartet (XJ  = 128 Hz) of the methyl group in 5c (R 
= CHs; R' = ¿-Pr).

these data. It seem s reasonable that T G1 should n ot be 
highly populated in 8 and 9 , since R ' (phenyl or isopropyl) 
would be highly hindered and the ester functions would be 
trans.

For the erythro com pounds 5 c ,  6b, and 6d, 3J c h  was 3 .8 ,
3 .2 , and 3 .0  H z, respectively. T h ese values indicate th at the  
conform er having trans 13C H 3 and H g  groups (E g i ) is m ore  
highly populated than its counterpart in the threo series.22 
In the alternative gauche H a - H b  conform er, E g 2, phenyl or 
isopropyl is again highly hindered. H ow ever, 3J c h  values 
have been determ ined in relatively few types o f  m olecules
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i-------- 1
10 Hz

Figure 2. 13C spectrum (500 Hz sweep width) of the carbonyl re
gion for compound 8b (R = CH3; R' = i-Pr). The pattern repre
sents partially superposed double quartets, one for each OAc 
group. Each quartet is formed by coupling of the carbonyl carbon 
to the methyl group of the acetate (V ch)- Each doublet in the 
double quartet represents the coupling of carbonyl to Ha or Hr.

of known geometry, and the implication of 3J ch values 
must be regarded as rather tentative pending additional 
verification.

It was possible to determine well-resolved splitting pat
terns for the carbonyl carbons in two cases (Figure 2). For 
8b, 3Jco  H values of 3.6 and 4.2 Hz were observed for the 
two ester groups. Compound 6c yielded similar coupling 
constants. The “ averaged”  value of 3J co h> as observed in 
a methyl ester, has been reported as 4.5 Hz.23 These data 
suggest that considerable rotational averaging is present 
for one ester group in 8b.

As Table I shows, the effect of solvent upon conforma
tion is rather complex. For 5 and 7, a change from CCI4 to a 
more polar solvent results in a decrease in Jab, indicating 
that Et  diminishes and that Eg ) and/or Eq2 become more 
important. The increase in population of these conformers

which have gauche X  groups is similar to findings for dihal
ides21 and dinitriles,24’25 where repulsive, not attractive, in
teraction of the dipoles of the X groups is present. It seems 
likely that an attractive dipolar interaction between the 
ester groups (as in la) would have been diminished by the 
interaction of the ester and solvent dipoles, leading to a 
lower preference for the Eq conformers.

The threo compounds populate a more “ averaged”  set of 
conformations on moving to the more polar solvents, which 
is not easily correlated with any simple solvent effect. For 
8b, no change is 3J ch was found (1.5 Hz) on moving from 
C C I 4  to DMS0 .7d’26 This suggests that the change in J ab 
reflects a conversion from T g2 to Tt  (both have gauche 
CH3 and Hb groups).27

Carbonyl resonances have been shown to be sensitive to 
the changes in electron density associated with solva
tion.28’29 It seemed likely that strong dipolar interactions, 
such as occur in la, the face-to-face conformation, would 
also result in chemical shift changes. However, erythro and 
threo isomers having the same carbon skeleton show simi
lar chemical shifts (Table II). Erythro 6b and 7b, which 
also occupy rather different sets of conformers, have simi
lar carbonyl shifts. In 4, the ester groups are confined near 
one another, but the carbonyl shifts are rather similar to 
those of 2 and 5c. Thus, either the face-to-face conforma
tion is not important, or, if it is, no large effect on 13C 
chemical shifts results.30 The change from an acetate (8b) 
to an isobutyrate (8d) results in a large chemical shift 
change for carbonyl, but no large effect upon the 13C reso
nances of the hydrocarbon backbone is evident. This 
suggests that no large steric interaction between R " and 
the carbon backbone is present.

In summary, for the erythro isomers the lack of an effect 
of R" size, the solvent effect, and the rotational averaging 
of carbonyl are not consistent with a conformational pref
erence dominated by dipolar attraction (as in la), although 
forms such as lb are not necessarily excluded. One alterna
tive proposal, that hyperconjugation leads to a preference 
for gauche X  groups, is not supported by the sizable impor
tance of Tt  compared to T q2 (threo isomers). Hydrogens A 
and B are not properly situated for hyperconjugation in Tt 
as they are in T q2.

Experimental Section
The general synthetic procedures involved the esterification of 

diols available from other studies,1911 the use of the “ dry”  Prevost 
reaction, or the use of the “ wet” Prevost reaction followed by es
terification of the mixed half-esters.31’32 Melting points are uncor
rected.

ery/Tiro-4-Methy]-2,3-pentanediol Diacetate (5b). Proce
dure A. Using the literature “ wet” procedure,32 a solution of 22.7 g 
(0.0875 mol) of iodine, 29.2 g (0.0175 mol) of silver acetate, and 7.0 
g (0.0833 mol) of cis-4-methyl-2-pentene in 50 ml of acetic acid 
was converted to 9.7 g of the mixed half-esters (an oil).

Procedure B. According to literature procedures32 the above 
half-esters were fully esterified: 0.58 g (3.6 mmol) of starting mate
rial was treated with 4 ml of acetic anhydride plus 0.2 g of sodium 
acetate, with a 20-hr reflux period. The crude product was dis
tilled, bp 82-86° (7 mm) [lit.33 bp 65-68° (2.5 mm)], giving 0.24 g 
(39%) of product; NMR (CC14) 8 0.88 [d, 3 (CH3)2CH], 0.95 [d, 3, 
(CH3)2CH], 1.1 [m, 1, (CH3)2CH[, 1.90 (s, 3, OAc), 2.02 (s, 3, OAc),
4.7 [dd, 1, CHOAc), and 5.3 (dq, 1, CHOAc); ir (CC14) 2950, 2930, 
1735, 1380, 1049, and 1025 cm-1 . The NMR spectrum also showed 
minor impurities that were not removed with repeated distillation.

erythro-4-Methyl-2,3-pentanediol Dibenzoate (5c). Proce
dure C. Using the literature procedure for the “ dry”  Prevost,32 a 
mixture of 5.09 g (0.22 mol) of silver benzoate [dried for 15 hr at 
42° (ca. 1 mm)] and 2.82 g (0.011 mol) of irons-4-methyl-2-pen- 
tene in ca. 100 ml of dry benzene (distilled from calcium hydride) 
was refluxed for 20 hr under nitrogen with mechanical stirring. 
The literature work-up was used except that the product was not 
distilled owing to discoloration of the product. Chromatography on 
silica gel (Baker) using increasing amounts of ether in pentane as
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Table II
13C Chemical Shifts

O
II

O— c — R"
1

R— CH— CH— R'
A B

I
O— C— R"

II
O

chem ical shift, ppm5

Compd R R ' R " c =  0 R " CA cB c h 3 (CH3)2CH

5c c h 3 ¿ -P r Ph 165.8 70.3 78.9 15.0 19.2 29.3
165.5 18.0

6b c h 3 Ph CH3 169.9 21.0 71.6 75.6 14.6
169.5 21.0

7b ¿-P r Ph c h 3 170.2 21.0 78.5 75.2 19.5 28.3
169.6 20.8 16.6

8b c h 3 ¿ -P r c h 3 170.5 21.4 69.4 79.0 16.6 19.0 28.7
170.1 21.3

8d CH3 i -  Pr ¿-P r 176.2 a 69.2 78.3 16.6 19.1 28.7
176.0 a 17.1

9b c h 3 Ph CH3 170.0 21.0 71.4 76.3 16.5
169.6 20.8

10b /-P r Ph c h 3 170.0 21.1 77.7 74.3 19.5 28.7
169.5 20.6 17.2

2 C yclic Ph 166.2
165.8

75.3 78.8 17.9

4 C yclic Ph 166.2 76.9 75.0 18.0
165.6 12.8

0 Complex nonequivalent methyl signals present.5 Vs. Me4Si as 0 ppm.

eluents followed by rotary evaporation gave product that appeared 
pure by all spectral methods and so distillation was not attempted 
[lit.34 bp 153° (0.1 mm)]: yield 2.06 g (63%); NMR (CC14) 5 0.99 [d, 
3, (CH3)2CH], 1.09 [d, 3, (CH3)2CH], 1.39 (d, 3, CH3), 2.0 [m, 1, 
(CH3)2CH], 5.36 (m, 2, CH(OBz), and 7.05-8.15 (m, 10, Ar); ir 
(CC14) 3023, 3006, 2915, 1730, 1595, 1480, 1350, 1310, 1145, and 
1050 cm.“ 1

erythro-1 -Phenyl-1,2-propanediol Diacetate (6 b). The ester 
was prepared by procedure B from 0.50 g (3.3 mol) of 1-phenyl-
1,2-propanediol, 0.2 g of sodium acetate, and 4 ml of acetic anhy
dride. The crude diester was chromatographed on 185 g of silica gel 
using ether-pentane mixtures. The product appeared pure, and 
distillation was not attempted [lit.35 bp 109° (0.4 mm)]: NMR 
(CC14) a 1.14 (d, 3, CH3), 1.89 (s, 3, OAc), 2.03 (s, 3, OAc), 5.13 (dq, 
1, CHOAc), 5.91 (d, 1, CHPh), and 7.3 (s, 5, Ph).

cry  thro-1 -Phenyl-1,2-propanediol Dibenzoate (6 c). This 
material was prepared by procedure C in 38% yield. Several recrys
tallizations from methanol gave 4.6 g (38%) of product: mp 95-96° 
(lit.36 mp 96-97°); NMR (CC14) 6 1.38 (d, 3, CH3), 5.57 (dq, 1, 
CHCH3), 6.29 (d, 1, CHPh), 7.27 (s, 5, Ph), and 7.1-8.2 (m, 5, Ar); 
ir (CC14) 3110, 3085, 3050, 3007, 1760, 1748, 1604, 1453, 1160, 1120, 
1100, 1075,1060, and 760 cm“ 1.

cryth ro-1 -Phenyl-1,2-propanediol Diisobutyrate (6 d). Pro
cedure D. A mixture of 0.52 g (0.034 mol) of the parent diol, 2 ml 
of isobutyryl chloride, and 10 ml of pyridine was refluxed for 24 hr. 
The remaining solids were washed with ethyl acetate, and the com
bined organic filtrates were extracted with two 15-ml portions of 
10% HC1 and with dilute sodium bicarbonate solution and dried 
(MgS04). Rotary evaporation of the solvent gave an oil which was 
chromatographed on ca. 150 g of silica gel using ether-hexane el
uents. Certain intermediate fractions showed high purity, and dis
tillation again was not attempted. The pure fractions weighed 0.68 
g (68% yield): NMR (CC14) 5 0.98-1.28 (complex methyl doublets), 
2.48 [m, 2, (CH3)2 CH], 5.26 (dq, 1, CHCH3), 5.71 (d, 1, CHPh), 
and 7.29 (s, 5, Ph); mass spectrum (20 eV) m/e (rel intensity) 248 
(54), 204 (94), 178 (16), 177 (100), 176 (7), 134 (21), 117 (8), and 71 
(6); m/e 248 represents M+ -  isobutyric acid.

eryi7iro-l-Phenyl-.3-methyl-l,2-butanediol Diacetate (7b).

This material was prepared by a slight variant of procedure D in 
56% yield: NMR 5 0.91 [broad d, 6, (CH3)2CH], 1.96 (s, 3, OAc),
2.00 (s, 3, OAc), 5.11 (dd, 1, CHOAc), 5.82 (d, 1, CHOAc), and 7.32 
(s, 5, Ph); mass spectrum (20 eV) m/e (rel intensity) 212 (1), 205 
(5), 204 (26), 192 (9), 162 (8), 150 (12), 149 (100), 115 (10), 107 (56), 
and 42 (35); m/e 149 and 115 represent PhCH(OAc) and i- 
C3H7CHOAc, respectively.

threo-4-Methyl-2,3-pentanediol Diacetate (8 b). This materi
al was prepared by procedures A (35% yield) and B (39% yield), bp 
89-92° (8 mm) [lit.33 bp 81-82° (25 mm)]. Later work showed that 
chromatography on silica gel and film drying (no distillation) was 
preferable: NMR (CC14) A 0.82 [d, 3, (CH3)CH], 0.93 [d, 3, 
(CH3)2CH], 1.10 (d, 3, CH3CHOAc), 1.0-1.4 [m, 1, (CH3)2CH], 1.95 
(s, 3, OAc), 2.03 (s, 3, OAc), 4.65 (dd, 1, CHOAc), and 5.02 (dq, 1, 
CHOAc).

tbreo-4-Methyl-2,3-pentanediol Dibenzoate (8 c). This mate
rial was prepared by procedure D (17% yield). The oil was chroma- 
trographed on 200 g of silica gel with pentane-ether eluents, yield
ing 0.237 g (17%) of pure product [lit.34 bp 143° (0.06 mm)]: NMR 
(CCD <5 0.96 [d, 6, (CH3)2CH], 1.28 (d, 3, CH3), 2.06 [m, 1, 
(CH3)2CH], 5.1 (dd, 1, CHOBz), 5.4 (dq, 1, CHCH3), and 7.2-8.2 
(m, 10, Bz).

tfireo-4-Methyl-2,3-pentanediol Diisobutyrate (8 d). This 
product was prepared by procedure D (56% yield). The resulting 
oil was purified by chromatography on silica gel: NMR (CCI4) 6 
0.9-2.0 (complex methyl doublets), 4.75 [dd, 1, CHCH(CH3)2], and 
5.05 (dq, 1, CH3CH); mass spectrum (70 eV) m/e (rel intensity) 
215 (9), 171 (21), 143 (100), 142 (95), 115 (52), 100 (26), 83 (50), 72
(36), 71 (68), and 43 (86). The m/e 143 and 115 peaks represent 
cleavage of the ion at the bond joining the isobutyroxy groups.

threo-1 -Phenyl- 1,2-propanediol Diacetate (9b). This materi
al was prepared by procedure A (85% yield) and B (62% yield): bp 
106-112° (1 mm) [lit.35 bp 112-116° (0.7-0.9 mm)]; NMR (CC14) 5
1.04 (d, 3, CH3), 1.94 (s, 3, OAc), 2.01 (s, 3, OAc), 5.20 (dq, 1, 
CHCH3), 5.71 (d, 1, CHPh), and 7.30 (s, 5, Ph); ir (CC14) 3010, 
1734,1370,1225, and 709 cm“ 1.

ihreo-l-Phenyl-l,2-propanediol Dibenzoate (9c). This mate
rial was prepared by procedure C (76% yield): mp 95-96° (lit.36 mp
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96-97°); NMR (CCL,) Ò 1.38 (d, 3, CH3), 5.57 (dq, 1, CHCH3), 6.29 
(d, 1, CHPh), 7.27 (s, 5, Ph), and 7.1-8.2 (m, 10, Ar).

th reo-l-Phenyl- 1,2-propanediol Diisobutyrate (9d). The 
parent diol (0.52 g, 2.4 mmol) was converted to the diester by pro
cedure D, yielding 0.73 (73%) of product: NMR (CCLt) S 1.0-1.3 
(complex series of methyl doublets), 2.5 [m, 2, (CH3)2CH], 5.25 (m,
l, CHCH3), 5.71 (d, 1, CHPh), 7.31 (s, 5, Ph); mass spectrum (70 
eV) m/e (rei intensity) 248 (7), 204 (12), 177 (46), 135 (12), 71 
(100), 43 (20); m/e 248 represents M + — isobutyric acid; m/e 111 
represents PhCH0 C (= 0 )C3H7.

threo-1 -Phenyl-3-methyl-1 ,2-butanediol Diacetate (10b).
Using procedure A, 2.0 g (0.014 mol) of trans- l-phenyl-3-methyl- 
1-butene was converted to 2.0 g (66%) of the mixed half-esters. 
Using procedure B, 1.0 g (4.5 mol) of the half-esters were acetylat- 
ed; chromatography of the product on silica gel afforded consider
able quantities of a material having only one acetoxy NMR peak, 
which blended with the desired product. Only 0.3 g (25%) of the 
desired diester could be isolated: NMR (C C I4 ) 6 0.89 [d, 3, 
(CH3)2CH], 0.99 [d, 3, (CH3)2CH], 1.83 (s, 3, OAc), 2.00 (s, 3, OAc),
5.07 (dd, 1, CHOAc), 583, (d, 1, CHPh), and 7.27 (s, 5, Ph); mass 
spectrum (20 eV) m/e (rei intensity) 204 (30), 149 (100), 115 (10), 
107 (63), 68 (21), 63 (19), and 43 (45).

3-Methyl-1,2-cyclohexanediol Dibenzoate (2). Using proce
dure D, the crude parent diol (mixture of isomers (0.3 g, 2.3 mmol) 
was esterified (20% yield of the desired isomeric product) and puri
fied by chromatography on silica gel: NMR (CDCI3, 100 MHz) 5
0. 88 (d, 3, CH3), 1.1-1.8 (broad m, 6, ring hydrogens), 2.16 (broad
m, 1, ring hydrogen), 2.16 (broad m, 2, ring hydrogen), 5.01 (broad 
m, 2, CHOBz), 7.1-8.1 (m, 10, Ar); mass spectrum (20 eV) m/e (rei 
intensity) 321 (9), 230 (26), 227 (2), 226 (36), 131 (4), 109 (11), 108 
(42), 10è (9), 105 (100), and 93 (11).

3-Methyl-l,2-eyclohexanediol Diacetate (3). Using proce
dure A, 10.0 g (0.10 mol) of 3-methylcyclohexene, 27.7 g (0.11 mol) 
of iodine, and 26.5 g (0.22 mol) of silver acetate were converted to
21.5 g of the mixed half-esters. Using procedure B, 20.5 g of the 
mixed half-esters was acetylated, giving 13.9 g of crude diester 3. 
Distillation at 9 mm gave the following fractions: boiling at 109- 
113°, 3.3 g, and 113-119°, 3.93 g. Both fractions were somewhat 
impure, showing an additional acetoxy peak in the NMR. Chroma
tography of a portion of the second fraction on silica gel gave es
sentially pure 3, which, however, was slightly contaminated with 
another isomer of the same general structure: NMR (CDCI3, 100 
MHz) ò 0.86 (d, 3, CH3), 1.4-2.3 (broad m’s, ring hydrogens), 1.94 
(s, 3, OAc), 2.01 (s, 3, OAc), 4.47 (dd, 1, J = 2.9, 10.3 Hz, CHOAc), 
and 5.19 (m, 1, CHOAc); mass spectrum (20 eV) m/e (rei intensity) 
155 (6), 154 (6), 113 (21), 112 (100), 111 (42), 97 (46), 95 (85), 94 
(99), 79 (80), and 43 (72); m/e 155 represents M+ — acetic acid.

3,6-Dimethyl-l,2-cyclohexanediol Dibenzoate (4). Using pro
cedure C, 1.96 g (0.0169 mol) of 3,6-dimethylcyclohexene, 4.31 g 
(0.0169 mol) of iodine, and 7.96 g (0.0339 mol) of silver benzoate 
were allowed to react, and the crude product was chromatographed 
on silica gel. The early fractions contained considerable quantities 
of a material lacking one benzoate. A material isomeric with 4 was 
obtained in fraction 5, but it could not be adequately purified. The 
desired product was obtained in fractions 8-12 totaling 0.52 g (9%): 
NMR (CDCI3, 100 MHz) è 0.90 (d, 3, CH3), 0.96 (d, 3, CH3), 1.31-
1.87 (m, 5, ring hydrogens), 2.3-2.6 (m, 1, ring hydrogen), 5.13 (dd,
1, CHOBz), 5.25 (apparent t, 1, CHOBz), 7.06-7.42 (m, 6, m-, p- 
Bz), 7.77-8.05 (m, 4, o-Bz); mass spectrum (20 eV) m/e (rei inten
sity) 216 (1), 123 (33), 122 (100), 106 (12), 105 (87), 77 (28), and 43 
(3). Peaks m/e 122 and 105 represent CgHsCOOH and C6H5CO+, 
respectively.

NMR Spectra. These spectra were taken on a Varian XL-100 
instrument or, in a few cases, on a Varian A-60D. For 5-10 the 
spectra were (CCI4 solution) simulated using the LAOCOON III pro
gram adapted to provide a computer-generated plot of the input 
parameters. The parameters were adjusted until the computer plot 
was superimposible upon the spectrometer plot. Coupling con
stants were determined from the average of several traces of ex
panded spectra. The concentration of the solutions for the proton 
spectra of 5-10 was 2.5%, except for 7b, 9b, and 10b in DMSO 
(5%).

The spectra listed in Table I were taken at 100 MHz, whereas 
the spectra listed in the Experimental Section were taken at 60 
MHz, except as noted, at rather variable concentrations. The sol
vent for 2-4 was C D C I3  (ca. 10% w/v). The spectra for 2-4 were not 
simulated; however, the coupling constants quoted for 3 were es
sentially the same at 60 and at 100 MHz as taken directly from the 
spectra. For 4, the validity of the coupling constants was verified

by selectively decoupling protons A and B from other intefering 
protons. Although the pattern changed in the decoupling experi
ments, the line separation resulting rom the A-B coupling was es
sentially invariant. For 2, both spin decoupling and the addition of 
Eu(fod)3 were necessary in order to attain a clear spectrum. Al
though several accounts of the change in conformation upon the 
addition of Eu(fod)3 have been published, variable amounts of 
Eu(fod)3 gave little or no change in the basic line separations quot
ed.

The 13C spectra were determined in 12-mm tubes using as high a 
concentration of substrate as possible (usually 10% w/v in CDCI3, 
if sufficient substrate was available). In a typical run, i.e., for 2, a 
5000-Hz spectral width was used, with a 0.4-sec acquisition time, 
and a pulse delay of 0.1 sec; 5.2 K of transients were collected using 
a pulse width of 30 nsec. The maximum resolution, as calculated 
by the computer, was 0.0992 ppm. The chemical shifts were deter
mined from the computer listing of the peaks, with respect to the 
middle line of CDCI3, which was taken as 76.9 ppm from TMS, the 
ultimate standard.

In order to determine the 13C-H coupling constants, a narrower 
“ window” (either 500 or 1000 Hz) was used in order to improve 
resolution. Either the gated mode of operation was used,37 or, in 
some cases, the decoupler was not used. The coupling constants 
were determined from the average of several measurements (some
what more variability was noted for these line separations com
pared to H-H couplings, perhaps owing to digitization). In prac
tice, only measurement of coupling constants to carbons of isolated 
methyl groups was possible in the machine time that was available; 
the signals for other carbons tended to be unresolved multiplets.

In the expanded spectra such as in Figure 1, it was difficult to 
tell 2J  from 3J. The constant line separation observed in all com
pounds, ca. 2.1 Hz, was taken as 2J. The 13C-H couplings were 
simulated using the LAOCOON III program. The spectra were 
shown to be subject to first-order interpretation in most cases, al
though in other cases (5 and 8) small adjustments were necessary 
to make the simulated spectrum fit the original.
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The rates of methylation of the four 3-dimethylamino-trans-2-decahydronaphthols, of the cis- and trans-2- 
dimethylaminocyclohexanols, as well as those of the corresponding “ parent” amines have been measured as a 
function of temperature. The rate of the cis-3-dimethylamino-ircms-decahydronaphthol 2 is found to be unusual
ly high for a compound with an axial dimethylamino group and confirms the flattened chair conformation as
signed to this compound. The difference in reactivity between axial and equatorial dimethylamino groups seems 
to be of steric origin (a much more restricted transition state in the former case). An unusual feature of the reac
tion is that in cases involving an equatorial dimethylamino group the rate constant of the diequatorial isomer is 
significantly much lower than that of the isomer with an axial hydroxyl group.

Although the reaction of alkyl halides with tertiary 
amines (Menschutkin reaction) has been extensively stud
ied,3 there is relatively little information regarding the 
rates of alkylation of simple conformationally stable exocy- 
clic amines.4-6 In this work we report the rates of methyl
ation in acetonitrile of the four 3-dimethylamino-trans-2- 
decahydronaphthols (1, 2, 3 and 4), of the trans- and cis- 
dimethylaminocyclohexanols (5 and 6), and of the corre
sponding parent amines (7, 8, and 9).

Results and Discussion
The results of the methylation of the four 3-dimethylam- 

ino-trcms-2-decahydronaphthols (1-4), of the trans- and 
cts-dimethylaminocyclohexanols (5 and 6), of the trans- 
and cis-2-decalyldimethylamines (7 and 8), and of the cy- 
clohexyldimethylamine are summarized in Table I. The ki
netic measurements have been effected in acetonitrile so as 
to compare them with Allinger’s results on iert-butylcyclo- 
hexylamines. Acetonitrile being in fact a good proton ac
ceptor, it had to be checked that no competition was taking 
place between the intramolecular H bond and H bond with

acetonitrile; to settle this point we have observed the NMR 
spectra in this solvent and we do not find any variation in 
half-width band height for the proton a to the substituent. 
Furthermore, for the compound 2, deformed by a strong H 
bond, one finds a value of 22 Hz for the W 1/2 of the proton 
a to OH, this value being the same in CDCI3.

The rates constants were evaluated graphically; these 
values are the average of at least three independant deter
minations.

The values of AH 1 were obtained from the gradient of 
plots of log k/T against the reciprocal of the absolute tem
perature; the values of AS* were obtained from the Eyring 
equation, i.e., from the gradient of T log k/T against T. 
The precision of the value of k2 is of the order of 1%. The 
error of the ASi value is of the order of 1 eu.

First, it may be noted that the compounds in which the 
dimethylamino group occupies an axial position react more 
slowly than those in which this group occupies an equatori
al position. This is what one would expect, inasmuch as it is 
experimentally known that axial groups undergo reactions 
at reduced rates when compared to equatorial groups, in
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N(CH;)),

OH

N(CH3)2

cases in which the congestion increases in the product (and 
hence in the transition state) relative to the starting mate
rial.7-10 In the case of the “ parent” amines, the trans-2- 
decalyldimethylamine (7) reacts some 120 times more 
slowly than the corresponding cis isomer (8) at the same 
temperature, and this is in good agreement with the results 
obtained by Sicher and coworkers.5 The difference in reac
tivity between axial and equatorial isomers which amounts 
to a free-energy difference of about 3 kcal mol" 1 led Sicher 
to suggest the possibility of the axial compound reacting 
through a boat form transition state in which the dimethy- 
lamino group was in an equatorial position. A consideration 
of the activation entropies, however, casts great doubt 
upon such a transition state for the axial compound. Thus 
the activation entropy value of —41 eu for the axial com
pound as compared to that of —32 eu for the equatorial 
compound is in favor of a much more congested and re
stricted transition state in the former case, and this would 
be true only if the transition state in this compound still re
sembled the initial state. Since the final product in this 
reaction is still chair, there is no reason to think that the 
axial isomer undergoes reaction through a boat form transi
tion state.

Secondly, it is observed that all the amino alcohols (with 
the exception of 2) react more slowly than the correspond
ing “ parent” amines. Thus in all of the amino alcohols 
(with the exception of 2), the overall effect of the vicinal 
hydroxyl group is a “ retarding” effect and can be expressed 
by the ratio A h /Ao h , where A h  and A o h  are the rate con
stants of parent amine and amino alcohol, respectively. 
The actual magnitude of the rate retardation is, however, 
found to differ according to the mutual steric positions of 
the functional groups.

Compd 1 2 3 4 5 6
k j k  OH 3 0.8 4.2 39 32 2.5

In the discussion which follows we find it convenient to 
treat separately the compounds in which the dimethylami- 
no group occupies an equatorial position from those in 
which this group occupies an axial position.

Compounds with an Equatorial Dimethylamino 
Group. We include in this class the trans- and cis- (5 and

Table I
Second-Order Rates of Méthylation in 

Acetonitrile and Activation Parameters

Compd Temp, °C
k2 , 104 1. 

m ol * sec- *

AGt(273 K), 

kcal m ol- *
A H*

kcal m ol- * Asf^ eu

0.0 0.685
l 10.0 1.68 21.2 12.1 -33.4

20.0 2.10
0.0 2.44

2 10.0 5.09 20.6 11 .1 -34.6
20.0 10.1

0.0 62.5
3 10.0 115.3 18.4 9.5 -32.6

20.0 217.2
0.0 6.70

4 10.0 14.0 19.9 9.3 -38.7
20.0 25.8

0.0 5.64
5 10.0 11.9 19.7 10.4 -34.3

20.0 23.1
0.0 64.6

6 10.0 128.2 18.7 9.8 -32.3
20.0 241.9

0.0 1.99
7 10.0 4.06 21.6 10.35 -41.6

20.0 7.92
0.0 237.8

8 10.0 488.6 17.9 8.9 -32.6
20.0 895.4

0.0 154.5
9 10.0 364.5 20.77 11.2 -35.2

20.0 719.3

6) dimethylaminocyclohexanols because in both com
pounds the conformational equilibrium is almost totally 
displaced toward the conformer with the dimethylamino 
group in an equatorial position.11 It is thus found that the 
two trans isomers (4 and 5) react more slowly than the cor
responding cis isomers (3 and 6), and that the ratio A h /Ao h  
is different in going from the cyclohexane to the decalin se
ries. The smaller retardation ratio in the former (5 and 6) 
case could be due either to an equilibrium not totally dis
placed or to a more facile deformation of the cyclohexane 
system. On the other hand, the variation of the ratio Ah/  
A o h  in going from the cis to the trans compounds is almost 
the same for the two series (2.5:32 and 4.2:39, respectively, 
for the cyclohexane and decalin series).

The higher reactivity of the cis compounds as compared 
to that of the trans compounds is difficult to predict inas
much as it is known that intramolecular hydrogen bond 
formation in diequatorial compounds involves a “ pucker
ing” of the chair whereas in the cis compounds the ap
proach of the two functional groups involves a flattening of 
the chair.12 It would seem, then, in view of this fact, that 
the diequatorial compounds would undergo reaction more 
rapidly than the cis compounds, the breaking of the hydro
gen bond needing less energy in the former case than in the 
latter.

However, similar results have been observed in the Men- 
schutkin reaction on the 4-tert-butyl-2-methyldimethylcy- 
clohexylamines for which Sicher and coworkers5 report a 
higher reactivity for the cis isomer than for the trans iso
mer. Some findings related to those observed in this reac
tion are reported in the literature. Thus, Chapman and co
workers13 have shown that the rate with an equatorial car
boxyl group undergoes acid-catalyzed esterification and is 
much less affected by a vicinal axial group than it is by a



1310 J. Org. Chem., Vol. 40, No. 9, 1975 Wylde, Saeluzika, and Lanfumey

vicinal equatorial group. Again, in oxime formation on the
4-iert-butyl-2-methyl-l-acetylcyclohexanes, analogous rate 
relationships have been observed by Heymes and Dvolaitz- 
ky.14

For all these reactions a number of interpretations have 
been proposed. Thus, in the Menschutkin reaction on the
4-feri-butyl-2-methyldimethycyclohexylamines, Sicher ex
plains the different reactivities of the four isomers from a 
consideration of conformational energies (A values) and ar
ranges them in the following order of stability: NMe2(e) 
Me(e) > NMe2(e) Me(a) > NMe2(a) Me(e) > NMe2(a) 
Me(a). The retarding effect due to the introduction of a 
vicinal methyl group seems then to increase with increasing 
stability in the ground state. Corresponding considerations 
of the transition-state energies ought to be envisaged, and 
according to Sicher,5 it is probable that the transition 
states of the four isomers would be deformed, this deforma
tion, or tension equivalent to it, preexisting in the ground 
states of the two cis and diaxial isomers whereas in the case 
of the diequatorial isomer the deformation energy should 
be added as part of the activation energy of the reaction.

This interpretation, although attractive, does not seem 
to explain the whole situation as regards the compounds 
studied in this paper. Indeed it is unlikely that the same 
stability order could apply to the compounds under study 
in this paper inasmuch as intramolecular hydrogen bond
ing in the cis isomers would tend to stabilize them whereas 
the opposite would be true in the diequatorial isomer.12 As 
we have been able to show that the cis isomer 3 as well as 
its quaternary ammonium salt exist in a normal nonde- 
formed chair conformation,15 we think that the low reactiv
ity of the diequatorial isomer 4 is most probably due to ste- 
ric hindrance in the transition state. Examination of Dreid- 
ing models sheds light on this situation. In the intramolec- 
ularly hydrogen bonded conformation in this isomer, one of 
the methyl groups has syn-axial interactions with the two 
hydrogens in positions 2 and 4 and the other methyl group 
has a syn interaction with the equatorial hydrogen in posi
tion 4, whereas in the cis isomer 3 such syn interactions do 
not exist.

As the third methyl group is introduced to form the qua
ternary ammonium salt (which is what takes place in the 
transition state) a much more important steric hindrance 
to the free rotation of the trimethylammonium group being 
formed is introduced in the trans compound than in the cis 
compound. This state of affairs is clearly demonstrated by 
the calculated activation entropies. While the activation 
enthalpies are similar (9.54 kcal for isomer 3 and 9.34 kcal 
for isomer 4), the activation entropies, on the other hand, 
differ considerably (—32 eu for 3 and —38 eu for 4).

The same reasoning can also apply to the 4-ieri-butyl-
2-methyldimethylaminocyclohexanes of Sicher. Indeed, the 
hindrance to the free rotation of the trimethylammonium 
group, as a result of the presence of the vicinal methyl 
group, should be even greater; the methyl group being 
bulkier than the hydroxyl group, the retarding effect due to

the introduction of a vicinal methyl group, here expressed 
as the ratio kH/kcns (10 and 227 for the cis and trans iso
mers, respectively) is much greater than the corresponding 
ratios observed for the amino alcohols (4 and 39 for the cis 
and trans isomers, respectively).

This interpretation can thus be rationalized to account 
for the differences in reactivity observed between cis and 
trans isomers in this group of reactions. It is evident that 
kinetic studies evaluating entropy factors ought to be per
formed to justify the validity of such a generalization.

An approximate evaluation of the steric factors interven
ing in the transition states of compounds 3 and 4 can be 
reached by assuming that the activation enthalpy of the 
reaction consists of two factors, viz., an electronic factor, 
corresponding to the breaking of the hydrogen bond, and a 
steric or entropy factor corresponding to the attack by the 
methyl iodide. Thus, taking 5.8 and 2.0 kcal/mol as the re
spective hydrogen bond enthalpy values in the cis and 
trans isomers,16 and by assuming that the two isomers are 
energetically on the same level,17 one shows that the steric 
factor is 7.34 kcal/mol in the trans isomer (4) whereas it is 
only 3.7 kcal/mol in the cis isomer (3). It is thus found that 
the steric factor outweighs the electronic factor in the trans 
isomer, clearly showing the importance of steric factors in 
the transition state and therefore the validity of our inter
pretation.22

Compounds with an Axial Dimethylamino Group. In
the case of the diaxial isomer 1 the ratio &hA oh is equal to
3. This small value corresponds to a very slight steric hin
drance of the hydroxyl group to the attack of methyl iodide 
by the amine. That this is so is clearly illustrated by com
parison with the retarding effect due to a vicinal methyl 
group in the analogous tert-butyl compound, where this ef
fect, expressed as the ratio kulkcn3, is only l .5 Thus, we at
tribute the low activity of compound 1 compared to that of 
the parent amine 7 as solely arising from the inductive ef
fect of the hydroxyl group. By virtue of its tendency to at
tract electrons, the hydroxyl group will tend to “ pull in” 
the lone-pair electrons toward the nitrogen atom and 
thereby render it less accessible to attack by the methyl io
dide.

The situation in the cis isomer 2 is of particular interest. 
Thus, it has been shown that compound 2 actually exists as 
a mixture of two conformers (2a and 2b) in equilibrium,18 
conformer 2a being in a normal chair form whereas confor- 
mer 2b adopts a flattened chair conformation and is re
sponsible for the bonded hydroxyl band in the infrared 
spectrum.

The NMR spectrum of the tetradeuterated compound15 
of this isomer shows an unusually high coupling constant 
between the two protons in positions 2 and 3 for an angle of 
60°, this confirming the presence of conformer 2b. The 
same type of flattening was observed for the quaternary 
ammonium salt of the diaxial isomer 1, it being even more 
pronounced in the quaternary ammonium salt of isomer 2, 
where it results in a “ twist chair” conformation.

The ratio here observed, kn/kon = 0.8, would tempt one
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to think that the vicinal hydroxyl group had, so to speak, 
an “ accelerating” effect on the reaction of the amine with 
methyl iodide. This unexpected high reactivity should, 
however, not come as a surprise and is in fact in agreement 
with the flattened chair conformation assigned to this com
pound. Furthermore, the presence of 30% of conformer 2a 
(at 20°) should lower the rate constant of conformer 2b, the 
observed methylation rate constant being that of the equi
librium mixture.19 Thus, applying the method indepen
dently developed by Eliel20 and Winstein21 to this equilib
rium, &0bsd =  (k(.K  +  k a) / ( K  +  1) where feGbsd is the mea
sured rate constant, ke and ka the rate constants of pure 
equatorial and axial compounds, respectively, and K  the 
equilibrium constant = 2.3 at 20°, and, by assuming that 
the conformer 2a has the same rate constant as the diaxial 
isomer l ,23 the calculated rate constant for the conformer 
2b at 20° is found to be 13.6 X 10-4 1. mol-1  sec-1. It is thus 
found that this conformer 2b reacts much more quickly 
than compounds 1 and 7 and slower than the compounds 
with an equatorial dimethylamino group.

The activation enthalpies for the two isomers (1 and 2) 
are calculated to be 12.1 and 11.1 kcal mol-1, respectively, 
values slightly higher than that of 10.3 kcal mol-1  calculat
ed for the parent amine. The activation entropies are, how
ever, found to be more positive for the two isomers (—33 eu 
for 1 and —34 eu for 2) as compared to that of —41 eu for 
the parent amine. The entropy value found for the diaxial 
compound 1 is quite surprising because, in principle, the 
transition state of this isomer ought to have the same de
gree of congestion as that of the parent amine, unless the 
presence of the vicinal hydroxyl group equally axial brings 
about a flattening of the substituted ring at the moment of 
attack by the methyl iodide and thereby places the tri- 
methylammonium group being formed out of the 1,3-syn 
axial interactions with the axial protons in positions 1 and 
10, thus resulting in a much less congested transition state. 
Such a transition state would indeed be compatible with 
the flattened chair conformation assigned to the quater
nary ammonium of this isomer.15

The activation entropy value of —34.6 eu for the isomer 2 
agrees quite well with the flattened chair conformation at
tributed to it; the dimethylamino group, being in a pseu- 
doequatorial position, would be expected to be already free 
of the syn-l,3-axial interactions. This finding, however, 
would seem to be incompatible with the almost diequato- 
rial conformation of this isomer; the angle between the 
amino and hydroxyl groups being smaller than the corre
sponding angle in the diequatorial isomer 4, one would ex
pect a much more hindered situation and therefore a much 
more negative activation entropy value in this case. How
ever, the steric environment in this isomer is different from 
that of isomer 4 as revealed by examination of molecular 
models. Thus, intramolecular hydrogen bond formation in 
this isomer orients the two methyl groups out and away 
from the syn-axial interactions present in the diequatorial 
isomer, and since the C-N bond is only pseudoequatorial, 
the free electron pair is accessible to attack by the methyl 
iodide. Another possibility could be that of this isomer 
undergoing reaction through a transition state in which the 
substituted ring is in a boat form (or further still a twist 
form). However, a comparison of the activation entropies of 
this isomer (—34 eu) with that of —32 eu for the other cis 
isomer 3 seems to render such a transition state unlikely.24 
If, however, such were the case, the entropy of activation of 
a boat being greater than that of a chair form,25 other 
things being equal, the activation entropy of isomer 2 
would be expected to become more positive than that of 
isomer 3, which, unfortunately, it does not. It would then

seem reasonable to conclude that the observed rate con
stant and the activation entropy value found for this iso
mer are in agreement with a flattened chair conformation 
assigned to it and that the transition state is still flattened, 
the passage into the twist chair conformation of the meth- 
iodide salt taking place only after the transition state, as il
lustrated in Figure l .35

Conclusion
The influence of the inductive effect of the hydroxyl 

group on the methylation rate is feeble, since in cases 
where the hydroxyl group has practically no steric hin
drance or no hydrogen bonding (case of the diaxial isomer), 
the observed retarding effect is relatively small. In cases 
where there is hydrogen bonding, it is possible to assess the 
steric effects due to the bulky trimethylammonium group, 
these effects being more marked in the diequatorial com
pound 4. This reaction, very sensitive to small conforma
tional differences around the reaction center, gives evi
dence for a notable deformation in compound 2.

Lastly, the study of the substitution reaction (Menschut- 
kin reaction) of these amino alcohols helps to explain the 
results in elimination reactions (Hofmann,26 Wittig, 
Cope27).

Experimental Section
Melting points were taken on a Dr. Tottoli melting point appa

ratus and are uncorrected. Composition and homogeneity o f liquid 
samples were monitored by a Barber-Colman gas chromatograph 
series 5000 using an 8-ft Carbowax 20M over 3% Anakrom column. 
Microanalyses were performed by the Microanalysis Laboratories, 
Montpellier. The compounds used in this study were synthesized 
by standard stereospecific routes, from starting materials of known 
conformation. The pseudo-first-order rate constants for the meth- 

■ ylation in acetonitrile with a 500-fold excess of methyl iodide were 
measured by means of a conductimetric bridge.28' 31 These were 
converted to second-order constants by the simple relation k > -  
&i /[CH3I], where [CH3I] is the molar concentration of methyl io
dide.

The enthalpies Afi1 and entropies AS1 of activation were calcu
lated directly from the experimental kinetic data by the method of 
least squares with the aid of the expression given by Cagle and 
Eyring.32

trans-A2 -Octalin. this compound was prepared by the diene 
condensation of p-benzoquinone and butadiene according to the 
method of Johnson,33 bp 77° (14 mm) [lit.32 bp 59° (8 mm)]. VPC 
showed that this compound was homogeneous.

2,3-Epoxy- trans-decalin was prepared by reaction of the 
trans-A2-octalin with p-nitroperbenzoic acid, bp 106° (22 mm) 
[lit.32 bp 105° (21 mm)].

3(a)-Dimethylamino- trans-2(a)-decahydronaphthol (1).
This compound was prepared directly from the epoxide by reac
tion with an alcoholic solution of dimethylamine, mp 76-78°. Anal.
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Calcd for C12H23NO: C, 73.04; H, 11.75; N, 7.10; 0 , 8.11. Found: C, 
73.36; H, 11.36; N, 7.16; O, 8.68.31

3(a)-Dimethylamino-trans-2(e)-decahydronaphthol (2). 
This compound came from 3(a)-amino-trans-2(a)-decahydro- 
naphthol, which was converted to the cis isomer by the usual 
method, i.e., via the oxazoline. Dimethylation of the amino alcohol 
gave the ¡V./V-dimethylamino compound 2, mp 40-41°. Anal. Calcd 
for Ci2H23NO: C, 74.04; H, 11.75; N, 7.10; O, 8.11. Found: C, 73.96; 
H, 11.43; N, 7.25; O, 8.30.31

3(e)-Dimethylamino-fcrans-2(a)-decahydronaphthol (3) was
obtained by reduction of 3(e)-amino-trim,s-2-decalone chloride 
over platinum oxide, followed by dimethylation of the amino alco
hol, mp 61-62°. Anal. Calcd for Ci2H23NO: C, 73.04; H, 11.75 ; N, 
7.10; O, 8.11. Found: C, 72.91; H, 11.39; N, 7.28; O, 8.35.31

3(e)-Dimethylamino-trans-2(e)-decahydronaphthol (4). 
This compound was prepared from 3(e)-hydroxy-frans-2(e)-decal- 
inecarboxylic acid according to a known procedure, mp 51-52°. 
Anal. Calcd for Ci2H23NO: C, 73.04; H, 11.75; N, 7.10; O, 8.11. 
Found: C, 73.23; H, 11.31; N, 7.18; 0, 8.26.34

trans-2-Dimethylaminocyclohexanol (5). This compound 
was prepared from 1,2-epoxycyclohexane by a method identical 
with that used for compound 1, bp 105-106° (25 mm). Anal. Calcd 
for C8H17NO: C, 67.13; H, 11.96; N, 9.79; O, 11.26. Found: C, 66.97; 
H, 11.92; N, 9.81; 0,11.30.

cis-2-Dimethylaminocyclohexanol (6 ). This compound was 
prepared from 1,2-epoxy cyclohexane by a method similar to that 
used for compound 2, mp 72-73°. Anal. Calcd for C8H17NO: C, 
67.13; H, 11.96; N, 9.79; 0 , 11.26. Found: C, 67.24; H, 11.99; O, 
11.36.

2- traas-JV,JV-Dimethylamino-trans-decalin (7). This com
pound was prepared by reduction of trans-2-decalone oxime over 
platinum oxide. Dimethylation and purification via the hydrochlo
ride salt (mp 235-236°) gave compound 7. VPC showed that the 
compound was homogeneous. Anal. Calcd for Ci2H23N: C, 79.4; H, 
12.60.

2-cis-JV,lV-Dimethylamino-fcrans-decalin (8) was prepared
by reaction of irans-decalytosylate with sodium azide, followed by 
dimethylation of the resulting amine (mp of hydrochloride salt 
225°). VPC showed that the compound was homogeneous. Anal. 
Calcd for Ci2H23N: C, 79.6; H, 12.8.

JV,Ai-Dimethylaminocyclohexane (9) was prepared from the 
corresponding amine which was commercially available, bp 82° (19 
mm).

Kinetic Measurements. The method used in the determination 
of rate constants was the same as that used by Allinger. Each com
pound (5 X 10~4 mol) was dissolved in 100 ml of acetonitrile 
(Merck purified by distillation from magnesium sulfate under ni
trogen) and stored under nitrogen. Resistance measurements were 
made on 5-ml aliquots of the standard solution to which was added 
carefully weighed (approximately 0.5 ml) methyl iodide, using a 
Philips conductivity bridge, Model G.M. 4249. Dry nitrogen was 
passed through the solution during each run. The temperature 
control was such that no variation was greater than 0.1°. In order 
to better correlate the exposed results we have brought rate-con
stant values determined at different but close temperatures, at 0, 
10 and 20°, by Arrhenius extrapolation (the experimental values 
are given in ref 1).
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The CIDNP effect in the reaction of 4-methylpyridine A-oxide and acetic anhydride was confirmed for the par
tial formation of ester 5 (R = H); however, attempts to observe the CIDNP effect using 4-neopentylpyridine N- 
oxide or 4-benzylpyridine N-oxide proved negative. The NMR study with 4-benzylpyridine N- oxide-acetic anhy
dride revealed a transient intermediate assigned to anhydro base 4 (R = C(;H-,). l-Acetoxy-4-methylpyridinium 
perchlorate in neutral refluxing acetonitrile was stable while addition of tri-n-fcutylamine gave ester and alkylpy- 
ridine products similar in yield to those from the reaction of 4-methylpyridine A-oxide and acetic anhydride 
under comparable corditions.These results are interpreted via a dual bond cleavage of anhydro base 4.

The generally accepted mechanistic pathway for the 
reaction of 4-alkylpyridine N- oxides and acid anhydrides 
has been reviewed previously1’5’6 and is outlined below. 
Step 1 has been established as rate determining7’8 and evi-
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dence has been obtained for the intermediacy of the anhy
dro base 4;7 however, the formation of esters 5 and 6 via step 
2a has been somewhat controversial. Recent evidence1’6 fa-

R R

vors the heterolytic fragmentation of the N -0  bond of 4 
producing ion pairs which on recombination form 5 and 6. 
The alternate explanation entailed homolytic fission of the 
N -0  bond forming radical pairs which can recombine to 
give 5 and 6 or diffuse and lead to 7, 8, 9, and carbon diox

ide.9 12 Iwamura and coworkers13 have reported the 
CIDNP effect in the generation of 5 (R = H) and proposed 
that at least a portion of ester formation occurred via re
combination of radical pairs. They also observed the 
CIDNP effect in the formation of methane and ethylpyri- 
dine (8, R = H) supporting their radical origin. Although 
evidence for the presence of radicals in these reactions is 
substantial, the source of radicals has not been established. 
In this report we wish to describe the source of free radi
cals, to provide additional evidence for the intermediate 
anhydro base 4, and to present some results of CIDNP 
studies.

A review of the mechanistic pathway reveals two inter
mediates'that seem to be reasonable candidates for radical 
production: the 4-alkyl-l-acetoxypyridinium ion (3), as ini
tially suggested by Boekelheide and Harrington,14 or the 
anhydro base 4. In either case homolytic N -0  bond fission 
is required as the initial step. Fragmentation of 3 leads to 
radical cation 10, which upon deprotonation forms radical 
11 that proceeds to products, while N -0  bond cleavage of 4 
produces radical pairs which can liberate 11 via diffusion.

R

The reaction of 4-methylpyridine N- oxide with acetic 
anhydride in refluxing acetonitrile produced CO2 (13.5%),
4-methylpyridine (7, R = H) (9.3%), 2,4-lutidine (9, R = H) 
(0.9%), 4-ethylpyridine (8, R = H) (3.1%), 4-pyridylmethyl 
acetate (5, R = H) (17%), and 4-acetoxy-4-methylpyridine 
(6, R = H) (16%). When l-acetoxy-4-methylpyridinium 
perchlorate in refluxing acetonitrile was treated with tri- 
n-butylamine under the same conditions as the preceding 
experiment, the products formed were CO2 (4.8%), 4- 
methylpyridine (4.7%), and a mixture of 4-pyridylmethyl 
acetate and 3-acetoxy-4-methylpyridine (15%). In this lat
ter experiment the yields are somewhat reduced but both 
radical products and esters were formed in about the same 
ratio. However, if l-acetoxy-4-methylpyridinium perchlo-



1314 J. Org. Chem., Vol. 40, No. 9,1975 Traynelis, Kimball, and Yamauchi

rate were refluxed alone in acetonitrile for the same time as 
in the above two experiments, no evolution of carbon diox
ide was observed and upon work-up the l-acetoxy-4- 
methylpyridinium ion was hydrolyzed to regenerate 86% of
4-methylpyridine N -oxide.

The homolytic N -0  bond fragmentation of 3 under neu
tral conditions should be detectable by the loss of carbon 
dioxide from the acetoxy radical produced. No carbon diox
ide was evident in the last experiment. These experiments 
clearly demonstrated that l-acetoxy-4-methylpyridinium 
ion (3, R = H) is thermally stable under conditions that 
permit the anhydro base 4 (R = H) to fragment, producing 
esters and radical-originated products. Therefore, we as
sign the origin of radicals to the homolytic N -0  cleavage of
4 followed by diffusion. Since 4 also serves as the source of 
esters via heterolytic fission followed by ion-pair recombi
nation, we encounter here an example of a dual bond cleav
age process (competing heterolytic and homolytic fission) 
for 4. The effect of structure variation in the reactants on 
enhancing heterolytic N -0  bond fission or homolytic fis
sion has been summarized in a previous paper.1

The reaction of 4-benzylpyridine IV-oxide and acetic an
hydride was studied previously and provided spectroscopic 
evidence (uv) for the intermediacy of the anhydro base (4 R 
= C6H5) in rearrangement to ester 5, R = C6H5.7 We have 
reexamined this reaction looking especially for radical-gen
erated products and obtained the following results: CO2 
(2%), 4-benzylpyridine (20%), and l-phenyl-l-(4-pyridyl)- 
methyl acetate (5, R = C6H5) (54%). A careful search for 1 - 
phenyl-l-(4-pyridyl)ethane (8, R = C6H5) revealed the ab
sence of this material. Carbon dioxide formation has been 
taken as a minimum measure of radical production and 
usually exceeds the amount of alkylpyridines formed in the 
reaction.12 The low yield of carbon dioxide and absence of 8 
(R = C^Hs) is consistent with a low production of radicals; 
however, the unusually high yield of 4-benzylpyridine is 
puzzling.

During an NMR study of the 4-benzylpyridine N- oxide- 
acetic anhydride reaction a transient absorption signal 
(singlet) was observed at 5 5.65. This band reached a maxi
mum intensity at about 35 sec reaction time and decayed to 
zero in about 100 sec reaction time. The formation of ester
5 (R = CeHs) was complete in 160 sec. The assignment 
made to the 5 5.65 band is the exocyclic proton of the anhy
dro base 4b (R = CeHs) and we offer this observation in 
support of the intermediacy of the anhydro base 4 in the 
formation of ester 5 (R = CeHs). The polyolefinic structure 
of 4b (R = CeHs) has been established as the preferred 
structure in classical anhydro bases which show absorption 
of exocyclic olefinic protons at S 5.2-5.4.15

Although the evidence appears convincing1’6 that ester 5 
formation proceeds by heterolytic N -0  bond fission of the 
anhydro base 4 followed by recombination of ion pairs, we 
note above that the anhydro base 4 also undergoes homoly
tic N -0  bond cleavage. Iwamura and coworkers13 attrib
uted the CIDNP effect observed in the reaction of 4- 
methylpyridine N- oxide and acetic anhydride to ester 5 
formation by recombination of radical pairs. We have re
peated Iwamura’s work to develop our technique in observ
ing the CIDNP effect in these N- oxide reactions. Our re
sults with the reaction of 4-methylpyridine N- oxide and 
acetic anhydride (studied at six different temperatures, 
70-140 ±  0.5°) were essentially identical with those of Iwa
mura.

CIDNP studies were extended to reactions of 4-neo- 
pentylpyridine N -oxide and 4-benzylpyridine N- oxide with 
acetic anhydride. In the case of 4-neopentylpyridine N- 
oxide, the products of reaction with acetic anhydride were

2-(4-pyridyl)-3-methyl-2-butene (12, 54%) and l-(4-pyri- 
dyl)-2,2-dimethyl-l-propyl acetate (13, 31%).1 An apprecia-

CH,
I

ch3— c— ch3

CHOAc

O
N
13

ble degree of reaction was diverted by carbon skeletal rear
rangement via carbonium ions followed by elimination and 
thus favored a substantial, if not exclusive, contribution of 
ion-pair formation from anhydro base 4 (R = t-Bu). A 
search for the CIDNP effect in this reaction was negative. 
Likewise an NMR study of the 4-benzylpyridine N- oxide- 
acetic anhydride reaction showed no CIDNP effect (neither 
emission nor enhanced absorption) for any bands associ
ated with l-phenyl-l-(4-pyridyl)methyl acetate (5, R = 
C6H5) or 4-benzylpyridine. Thus the absence of the CIDNP 
effect in the 4-neopentylpyridine and 4-benzylpyridine N- 
oxides reduces the prospects of ester 5 formation via radi
cal pairs and further strengthens the ion pair mechanism.

Experimental Section
4-Benzylpyridine /V-oxide, mp 104-106° (recrystallized from 

dry benzene, lit.7 mp 104-105°), was prepared in 86% yield from
4-benzylpyridine16 (50 g, 0.29 mol), glacial acetic acid (150 ml), and 
30% H2O2 (70 ml) by the method of Hands and Katritzky.17

Reaction of 4-Benzylpyridine AT-Oxide with Acetic Anhy
dride. The apparatus used for this reaction was described pre
viously.12 A solution of 4-benzylpyridine iV-oxide (9.0 g, 48.6 
mmol) and acetic anhydride (50 ml, 530 mmol) was refluxed under 
N2 for 3.0 hr. Rapid titration18 of aliquots taken from the Ba(OH)2 
traps showed that 0.99 mmol (2%) of CO2 had been evolved. GLC 
analysis19 of the crude reaction mixture showed the presence of 
acetic anhydride, 4-benzylpyridine (R/ 4.5 min), l-phenyl-l-(4- 
pyridyDmethanol20 (/?/ 6.6 min), l-phenyl-l-(4-pyridyl)methyl ac
etate (R/ 8.8 min), and a small amount of unidentified material (R/
10.5 min). Addition of authentic samples to the crude mixture gave 
peak enhancement without distortion; however, addition of 1-phe- 
nyl-l-(4-pyridyl)ethane21 to the reaction mixture gave a new peak 
(Rf 5.4 min).

The reaction mixture was treated with water (100 ml), basified 
(solid NaHCOn), and extracted (CHCI3). The extract was decolor
ized (Nuchar) and dried (MgSCL) and the solvent was removed in 
vacuo to give 8.9 g of a brown liquid residue. NMR analysis of the 
residue22 showed the presence of 20% 4-benzylpyridine and 80% 
l-phenyl-l-(4-pyridyl)methyl acetate. The brown residue (8.8 g) 
was chromatographed on Fluorisil (200 g, 60-100 mesh) and elu
tion with benzene gave 6.4 g (58%) of l-phenyl-l-(4-pyridyl)methyl 
acetate. Further elution with CHCfj-benzene (4:1) gave 4-benzyl- 
pyridine (1.67 g, 20%). The ir and NMR were identical with those 
of known samples.

Chemically Induced Dynamic Nuclear Polarization 
(CIDNP) Studies. A. 4-Methylpyridine N-Oxide with Acetic 
Anhydride.13 A solution of 4-methylpyridine IV-oxide16 (130 mg,
1.2 mmol) in acetic anhydride (0.60 ml, 6.2 mmol) was placed in a 
precision NMR tube and frozen rapidly (Dry Ice-acetone). The 
sample was degassed by bubbling N2 through the solution as thaw
ing occurred, and the tube was sealed under N2 with a pressure cap 
and refrozen (—70°) until used. The sample (thawed in a water 
bath to room temperature) was inserted into a preheated (90° ±  
0.5°) NMR cavity23 and spectrum scanning was begun immediately 
at a sweep rate of 500 Hz/100 sec. In 9 sec emission (E) and en
hanced absorption signals (A) appeared at 5 5.13 (E) (s, 4- 
CH3CO2CH2C5H4N); 2.86 (E), 2.73 (E), 2.60 (A), 2.46 (A) (q, 4- 
CH3CH2C5H4N); 1.33 (E), 1.21 (A), 1.08 (A) (t, 4-CH3CH2C5H4N);



and 0.05 (E) (s, CH4). In addition a singlet at b 1.91 (4- 
CH3CO2CH2C5H4N) showed no E or A and increased steadily to a 
constant absorption (in ca. 180 sec), while a singlet at 6 2.36 (4- 
CHgCsHiN+OaCCHa) with no E or A decreased in intensity to zero 
(ca. 180 sec). These signal assignments were made by comparison 
with spectra of authentic samples.

Repetitive scans were run over selected regions of the spectrum 
to monitor peak intensities vs. time. The intensity of the emission 
singlet at b 5.13 passed through a maximum at ca. 40 sec, decayed 
to an apparent zero in ca. 110 sec, and grew to a constant absorp
tion intensity in ca. 180 sec.24 The skewed quartet (E and A) at <5
2.86-2.46 and the triplet (E and A) at b 1.33-1.08 passed through 
maximum intensity at ca. 55 sec (irrespective of sign) and reached 
a constant absorption value in ca. 400 sec.24 The emission singlet 
at b 0.05 was not rigorously ohsrrved as a function of time.

Additional studies of the reaction of 4-methylpyridine A-oxide 
with acetic anhydride was made at the following temperatures: 70, 
106, 123, 134, and 140° (±0.5°). In every instance the same E and 
A signals were observed with slight variation of signal intensity 
with temperature.

B. 4-Neopentylpyridine IV-Oxide with Acetic Anhydride.
NMR tubes containing 4-neopentylpyridine IV-oxide1 (100 mg, 
0.66 mmol) and acetic anhydride (0.50 ml, 5.14 mmol) were pre
pared as described above and the reaction was studied at the fol
lowing temperatures: 70, 90, 106, 123, 134, and 140° (±0.5°). No 
indication of any CIDNP effect (E or A) was observed under any of 
these conditions in any region of the spectrum. The NMR spec
trum of samples run at 70, 90, or 106° exhibited no change over a 
period of 1 hr; however runs at 123, 134, and 140° exhibited the 
steady growth of an absorption signal at b 5.5 due to the methine 
proton of l-(4-pyridyl)-2,2-dimethyl-l-propyl acetate. Assignment 
was confirmed by comparison with the spectrum of an authentic 
sample. Five NMR samples were combined after the CIDNP stud
ies and analysis by GLC gave results comparable to those pre
viously reported.1

C. 4-Benzylpyridine IV-Oxide with Acetic Anhydride. Using
the above procedure the reaction of 4-benzylpyridine A-oxide (111 
mg, 0.60 mmol) and acetic anhydride (0.50 ml, 5.14 mmol) was 
studied over temperature ranges from ambient to 141 ±  0.5°. 
Below 70° an absorption band at S 6.82 W-CeHsCHfOAclCsHUN) 
appeared and gradually increased in intensity while the band at 5 
3.99 ^-CsHgCHaCsIUNO or 4-C6H5CH2C6H4N+0 2CCH3) gradu
ally decreased. Above 90° an emission band at d 4.20 (E) and en
hanced absorption band at & 3.99 (A) appeared in 3 sec. The band 
intensity of the b 4.20 (E) passed through a maximum at ca. 50 sec, 
decayed to zero in ca. 100 sec, and increased to a very small con
stant absorption band in ca. 160 sec.24 The band intensity of 5 3.99 
(A) increased to a maximum at ca. 50 sec and slowly decreased to a 
low-intensity band at ca. 500 sec while a band at b 3,85 (4- 
C6H5CH2C5H4N) slowly grew to constant intensity in ca. 500 sec.24 
A transient absorption signal was observed at 6 5.65 (4- 
C6H5C H =C 5H4N0 2CCH3)14 which passed through a maximum at 
ca. 35 sec and decayed to zero after ca. 100 sec.24 The band at <5 
6.82 increased steadily to a constant value with no evidence of E or 
A at any time under all conditions studied.24 The aromatic band at 
5 7.25 (4-C6H5CH2C5H4NO) decreased while S 7.33 (4-
CeH5CH(OAc)C5H4N) increased, reaching a constant intensity in 
ca. 160 sec.24 Signal assignments were based on addition of authen
tic samples or by comparison with the spectra of authentic sam
ples. Five NMR samples were combined and analysis by GLC19 
gave results comparable to those described in the earlier experi
ment.

Reaction o f 4-MethyIpyridine A-O xide with Acetic Anhy
dride in Acetonitrile. The apparatus used for this experiment 
was described previously.12 Acetic anhydride (5.10 g, 0.05 mol) was 
added dropwise over 10 min to a solution of 4-methylpyridine A- 
oxide16 (3.3 g, 0.03 mol) in acetonitrile (30 ml) and the mixture was 
refluxed for 2.8 hr and allowed to cool. Rapid titration18 of aliquots 
taken from the Ba(OH>2 traps showed that 13.5% C 02 had been 
evolved. After the acetonitrile was evaporated, analysis of the resi
due by GLC26 showed the following composition: 4-methylpyridine 
(9.3%, Rf 3.0 min), 2,4-lutidine (0.9%, Rf 4.0 min), 4-ethylpyridine 
(3.1%, Rf 4.7 min), 4-pyridylmethyl acetate (17%, Rf 12 min), and
3-acetoxy-4-methylpyridine (16%, Rf ^4.5 min). Peak identifica
tion was made by addition of authentic samples to the residue and 
observing peak enhancement without distortion.

Reaction of l-Acetoxy-4-methylpyridinium Perchlorate 
with Base. The apparatus used for this reaction was described 
previously.12 Tri-n-butylamine (7.7 g, 0.04 mol) was added drop- 
wise over 5 min to a refluxing solution of l-acetoxy-4-methylpyri-

4-Alkylpyridine N -  Oxide-Acid Anhydride Reactions

dinium perchlorate26 (10.0 g, 0.037 mol) in dry acetonitrile (35 ml) 
and the mixture was refluxed for 3 hr total and cooled. Titration18 
of the excess Ba(OH)2 in the traps showed that 4.8% C 02 was 
evolved. Acetonitrile was distilled and analysis of the residue was 
achieved by GLC,27 which showed the presence of 4-methylpyri
dine (4.7%, Rf 3 min) and a mixture28 of 4-pyridylmethyl acetate 
(major component) and 3-acetoxy-4-methylpyridine (15%, Rf 11.5 
min). Peak enhancement without distortion was observed when 
authentic samples were added to the residue.

Thermal Stability of l-Acetoxy-4-methylpyridinium Per
chlorate. The apparatus used was the same as in the preceding 
two experiments. A solution of l-acetoxy-4-methylpyridinium per
chlorate26 (16.50 g, 0.066 mol) in acetonitrile (50 ml) was refluxed 
for 3 hr. No barium carbonate was formed in the Ba(OH)2 traps. 
After the acetonitrile was distilled, the residue was treated with ca. 
30% NaOH solution and extracted with CHCI3. The extract was 
dried and the solvent was removed to give 6.14 g (86%) of 4- 
methylpyridine A-oxide, mp 187-188° (lit.29 mp 185-186°). The ir 
spectrum was identical with that of an authentic sample.

Registry No.— 1 (R = Ph), 7259-53-2; 1 (R = H), 1003-67-4; 1 
(R = t-Bu), 54410-45-6; 2, 108-24-7; 3 perchlorate, 1658-37-3; 4, 
55410-46-7; tri-n-butylamine, 102-82-9.
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trans-3,5-Dimethylcyclohexanone has been prepared in optically active form and with known absolute configu
ration. For the R,R configuration, the amplitude of the optical rotatory dispersion curve was found to be +37°. 
The trisubstituted ketone, 3,3,5(ff)-trimethylcyclohexanone, was also prepared and found to exhibit a positive 
optical rotatory dispersion curve. These data are not consistent with the octant rule, and it is concluded that the
oretical interpretations of optical rotatory dispersion curves which omit explicit consideration of the a system 
connecting the perturbing group and the carbonyl are too crude to be reliable.

The usefulness of Cotton effect curves, obtained either 
by optical rotatory dispersion or by circular dichroism mea
surements, for assigning absolute configuration was sum
marized by Djerassi.4 It was shown that the carbonyl group 
possessed properties that made it particularly useful as a 
probe for carrying out this kind of investigation. The oc
tant rule gave a qualitative theoretical rationalization of 
the sign of the Cotton effect, as determined by the position 
of a perturbing substituent in the vicinity of the carbonyl.5 
Cyclohexanones, with their reasonably well-defined geome
tries, were early candidates for thorough study. It was 
found that an axial or equatorial group on carbon 2 (the a 
carbon) of a cyclohexanone, or an equatorial group on a 
carbon 3 (the 8 carbon) of a cyclohexanone, gave a Cotton 
effect in accord with theoretical predictions.4

The theory behind the octant rule was worked out on the 
level of the one-electron approximation for the case of a 
perturbing substituent and a carbonyl group interacting in 
space without regard to the intervening molecular struc
ture.6 Such a treatment indicated that the (¡-axial substitu
ent should show a considerably larger Cotton effect than 
the (¡-equatorial substituent. At the time the present inves
tigation was undertaken (1965), there were two kinds of j3- 
axial methylcyclohexanones known for which absolute con
figurations and optical rotatory dispersion curves were 
available.7 These were the 5a-methyl-3-keto steroids, 
which showed amplitudes of +18 (predicted about +50), 
and the corresponding 5(¡-methyl compounds, which 
showed amplitudes of +7 (predicted —50). Because these 
examples were somewhat complex, it was considered desir
able to prepare simple molecules of known absolute config
uration with /j-axial methyl groups, so that the experimen
tal data would be on a better footing. After this work was 
completed, additional similar examples of the failure of the 
octant rule were described in the literature.8-10

The compounds examined in the present investigation 
were optically active trans-3,5-dimethylcyclohexanone and 
the further methylated derivative, 3,3,5-trimethylcyclohex- 
anone. The chair conformations in these molecules may be 
assumed to be close to ideal in geometry. It is at once ap
parent that carbons 2, 4, and 6, lying as they do in nodal 
planes, make no contribution to the Cotton effect curve. In 
addition, the contributions of C-3 and C-5 being equal and 
opposite, cancel; and the observed Cotton effect is there
fore associated with the methyl groups. In trans-3,5-di- 
methylcyclohexanone, therefore, to the extent that the 
molecule is in the chair form, the amplitude of the Cotton 
effect would be the sum of the positive contribution of the 
axial methyl at C-3 and negative contribution from the 
equatorial methyl at C-5. In 3,3,5-trimethylcyclohexanone, 
the amplitude of the Cotton effect would come solely from 
the C-3 axial methyl group, since the contributions of the

equatorial methyl groups at C-3 and C-5, being equal and 
opposite, would cancel.

In the present work, samples of these compounds were 
desired which were not only optically active, but of known 
absolute configuration. There are a number of methods 
available for the resolution of ketones, but most of them 
are not very general. Alcohols, on the other hand, can be re
solved much more reliably.11 In the present case, a reduc
tion of the desired ketone to an alcohol would give a resol
vable product, but at the expense of the introduction of an
other asymmetric center. One would then have the problem 
of establishing the absolute configuration.

An alternative approach to obtaining the required com
pounds consists of beginning with an available optically ac
tive material of known absolute configuration, and trans
forming it to the desired compounds. The simple terpene 
(+)-pulegone12 meets these requirements; it is of known13 
absolute configuration, and acid-catalyzed retroaldoliza- 
tion leads to (+)-3-methylcyclohexanone (see scheme).

Synthesis of d7-£rans-3,5-Dimethylcyclohexanone. In 
connection with the synthetic work, large quantities of this 
compound were required. Since the cis isomer is the ther
modynamically stable one, the trans isomer is not obtained 
in good yield by methods leading to a thermodynamic 
product. It had been previously obtained in two other ways 
at the outset of this work, both which were laborious and 
gave poor yields.14-18

Among the methods considered for the synthesis of the 
desired ketone was the Michael addition of methylmag- 
nesium iodide to 5-methyl-2-cyclohexenone.19 The 1,4 ad
dition of a Grignard reagent to an a,(¡-unsaturated ketone 
appears to be an ordinary Michael-type addition, except 
that it is irreversible, and the product obtained from the 
reaction will be governed by kinetic control.20,21 The Mi
chael reaction has not been very thoroughly studied with 
respect to the stereochemistry of the product, which may 
often result from thermodynamic rather than kinetic con
trol.22-24 The stereochemical result of kinetic control has 
been explained on the basis of attack by the nucleophile 
perpendicular to the olefinic bond, and from the least hin
dered side of the molecule.

When the Michael addition of methylmagnesium iodide 
to 5-methyl-2-cyclohexenone was carried out with the aid 
of cuprous chloride,25 trans-3,5-dimethylcyclohexanone 
was obtained in a yield of 55-68%. The purity of the prod
uct was 94-96%, with 4-6% of the cis isomer. This useful 
way for obtaining the trans-3,5-dimethylcyclohexanone 
has been previously described.20

The necessary d(-5-methyl-2-cyclohexenone is a known 
compound, its synthesis and physical properties having 
been described in the literature by Blanchard and Goer- 
ing.19 The present synthesis followed their method, and
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trans-Si R),5(R)- 
dimethylcyclohexanone

began with 5-methyl-l,3-cyclohexanedione.26 The prepara
tion of such cyclic enol ethers has been studied by others, 
and an improved procedure was reported by Frank and 
Hall.27 Reduction of the cyclic enol ether by means of lithi
um aluminum hydride, followed by hydrolysis, gave the de
sired 5-methyl-2-cyclohexenone in 94% yield.

It is possible to resolve 3-methylcyclohexanone, and then 
to convert this to iran.s-.3(.S'),5(S)-dimethylcyclohexanone 
through the corresponding «,/3-unsaturated ketone. While 
this was a successful approach, a more convenient synthesis 
(which gave the other enantiomer) is to begin with pule- 
gone. This was converted by retroaldolization into (+)- 
3(/?)-met,hy ¡cyclohexanone.28 This compound was convert
ed to 2-bromo-5-methylcyclohexanone by modification of 
published procedures.28”30

Dehydrobromination31 of trans-2-bromo-5-methylcyclo- 
hexanone was accomplished in either of two ways: (a) via 
ethylene ketal formation followed by dehydrobromination 
with alkali and hydrolysis to the «,/3-unsaturated ketone; or
(b) direct dehydrobromination with semicarbazide, fol
lowed by hydrolysis to the ketone. Of the two procedures, a 
gave a higher overall yield (65%) but was time consuming, 
whereas b gave a reduced overall yield (55%) but was faster 
and involved fewer steps. The addition of methyl Grignard 
to the «,;3-unsaturated ketone gave trans-.MR),5(R)-di- 
methylcyclohexanone, which was purified via this semicar - 
bazone followed by vapor phase chromatography.

Synthesis and Resolution of 3,3,5-Trimethylcyclo- 
hexanone. The desired product was synthesized in two 
ways. Beginning with irans-3(ft),5(T?)-dimethylcyclohexa- 
none obtained as previously described, bromination in eth
ylene glycol gave in 87% yield a mixture of the ethylene ke- 
tals of the diastereomeric 2-bromo derivatives. Dehydro
bromination with alcoholic alkali gave 3,5-dimethyl-2-cy- 
clohexenone. To this was added methylmagnesium iodide 
in the presence of cuprous chloride, which gave the desired
3,3,5 (R) -trimethylcyclohexanone.

The enantiomer of the latter was also obtained beginning 
with isophorone. The latter was reduced to the correspond
ing dihydro ketone with hydrogen and platinum oxide. 
When this ketone was reduced with aluminum isopropox- 
ide, according to the modified method of Wicker,32 there 
was obtained a 68% yield of the stable cis alcohol. This was 
converted to the acid phthalate, which was resolved with 
brucine. The salt was hydrolyzed with acid to give back the 
phthalate, which upon saponification gave the optically ac
tive alcohol, which was oxidized with Jones reagent33 to the 
3,3,5(S)-trimethylcyclohexanone.

3,3,5(/?)-tri- 3,3,5(S)-tri-
methylcyclo- methylcyclo-
hexanone hexanone

Determination of Optical Purity and Absolute Con
figuration. Stringent precautions were taken during the 
course of all reactions and purifications to eliminate con
tamination. There was no possibility of racemization 
throughout the reaction scheme. In the step where the Gri
gnard reagent was added to 5-methyl-2-cyclohexenone, any 
addition from the wrong side of the ring leads not to the 
enantiomer, but to the diastereomeric meso compound. 
The latter is separable by vapor phase chromatography, 
and therefore the imns-3(/J),5(R)-dimethylcyclohexanone 
obtained from pulegone was considered to be optically 
pure.

The 3,3,5-trimethylcyclohexanone obtained from pule
gone must similarly be optically pure, and of the R configu
ration. The sample obtained by resolution of dl-cis-3,3,5- 
trimethylcyclohexanyl acid phthalate had a rotation only 
75% that of the sample obtained from pulegone, and of the 
opposite sign. It was accordingly assigned the S configura
tion and an optical purity of 75%. The optical rotatory dis
persion (ORD) and circular dichroism data (CD) are sum
marized in Table I.

Results and Discussion
The amplitude of the ORD curve for trans-3(R),5(R)- 

cyclohexanone is +37°, and the contribution of the equato
rial methyl should be +26°, so this leaves a contribution of 
+ 11° for the axial methyl. The trimethyl ketone also has a 
positive contribution from the axial methyl. Since the sec
ond extremum could not be located, its magnitude cannot 
be ascertained.

The circular dichroism curve for 3,5-dimethylcyclohexa- 
none is in reasonable agreement with the ORD curve, and 
when the curves were determined as functions of tempera
ture, no qualitative change was observed. For the 3,3,5-tri
methylcyclohexanone, the circular dichroism curve is very 
weakly positive at room temperature, and becomes more 
positive as the temperature is lowered. The ORD curve is 
qualitatively positive.

The octant rule indicates that a negative contribution is 
to be expected from the axial methyl in question, and the 
one-electron theory6 gives the magnitude on the order of 
—50° for this group. Since the experimental values and ab
solute configurations seem secure, the result was quite sur
prising at the time, and required rationalization. There 
seemed to be three possible explanations: (1 ) anomalous
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Table I
Optical Rotatory Dispersion and Circular Dichroism Data

ORD Cotton E ffec t C urve (M eOH ), at 25°

Extrema

Compd [«] X, nm W X, nm L4]

t r a n s -  3 (it) ,5 (R) -D im e th y l- + 1191 308 -1 7 0 8 268 + 3 7

cyclohexanone
3 ,3 ,5 (R )-T r im e th y lc y c lo - - 1 7 330° - 1 0 310“

hexanone
3 ,3 ,5  (S) -  T r  im ethylcy clo  - + 24 330“ +  18 3 10 a

hexanone (75% reso lved )

C D  Cotton E ffect C u rves

A . /r<m .s-3(R ),5(R )-D im eth ylcyclohexanone (EPA)

T  emp, K Climax X, nm L A I

298 +  1904 298 + 23
199 +  1925 298 + 2 4

81 + 2 7 4 5 298 + 33

B . 3 ,3 ,5 (R )-T rim eth y lc yclo h ex an o n e  (EPA)

Tem p, K X, nm L A I

298 + 96 296 +1
244 + 1 4 0 295 +2
199 + 2 7 7 295 +3

81 + 8 6 7 293 +11
° The extrema at 330 nm are not those directly pertaining to the Cotton effect, but are a result of the Cotton effect being superimposed on 

a plain curve of opposite sign. The first extrema of the Cotton effect curves are those at 310 nm. The second extrema were not detected down 
to 270 nm.

solvent effects are present; (2) boat forms contribute ap
preciably to the Cotton effect; (3) the octant rule is invalid. 
These possibilities will be examined.

(1) The possibility of an equilibrium involving different
ly solvated species may be considered. Such equilibria are 
known to occur, but generally involve «-substituted cyclo
hexanones or their analogs.34 Although in the present case 
the possibility of solvational equilibria cannot be ruled out, 
it seems an unlikely interpretation of the facts.

(2) In principle, the possibility always exists that a small 
concentration of a conformation with a very large Cotton 
effect will override the modest Cotton effect of the major 
conformation present. In this case, the question is whether 
or not sufficient nonchair form could be present to account 
for the observed results. In each of the molecules studied 
there is present one axial methyl group at C-3 in the chair 
form. Because of the 3-alkyl ketone effect, the conforma
tional enthalpy of a 3-axial methyl group is approximately
1.4 kcal/mol.35 This repulsion could be relieved if the mole
cule were to adopt a suitable boat or twist conformation. 
The most thorough studies reported on the energies of non
chair forms of cyclohexanone give values for the twist boat 
(C2) of 2.72 kcal/mol,36 for the C\ boat 3.77 kcal/mol, and 
for the C„ boat, 5.33 kcal/mol. If the unfavorable steric ef
fects of the axial methyl could be completely relieved in the 
twist-boat conformation, the latter would still have an en
ergy of 1.3 kcal/mol, relative to the chair form. Thus if the 
anomalous positive Cotton effect were a result of the minor 
concentration of boat forms, the Cotton effect would have 
to shift in the negative direction upon the reduction of the 
temperature. This is not what is observed, and it rules out 
the possibility that the anomaly is due to boat forms.

(3) The only remaining alternative is the failure of the 
octant rule in the case at hand. The octant rule in its origi

nal form was concerned only with perturbing groups placed 
in the environment of the carbonyl. To the extent that that 
simple picture is correct, the quantitative theory developed 
should probably also be correct, although it was a one-elec
tron theory, and not free from the various shortcomings as
sociated with such a theory. Thus while the quantitative 
value predicted by the theory might be questioned, it 
seems clear that the qualitative result predicted by the oc
tant rule is simply not borne out by experiment.

When this work was completed in 1966, we were unable 
to proceed beyond this point. However, subsequent publi
cations now make it clear what the situation actually is. 
First, there is the important paper by Pao and Santry,10 
which takes into account the entire valence shell of the 
molecule, and predicts anti-octant behavior of modest 
magnitude for the effect of the /3-axial methyl. They did 
not speculate in any detail as to why anti-octant behavior 
was calculated for the methyl, but say it is a result of the n 
orbital being mixed into the a part of the carbon frame
work.

Note that the theoretical work to date has not allowed 
for deformations of the cyclohexanones from ideal geome
try, but for the cases at hand, such deformation will proba
bly lead to only small numerical differences, not to qualita
tive differences. Finally, additional experimental examples 
have been found8,9 where a /3-axial methyl leads to a small 
or anti-octant behavior in other systems which are rigid, so 
deformation into boat structures is impossible.

The octant rule as originally proposed was a simple 
model, based on an isolated carbonyl group and a perturb
ing group. Whether the octant rule for predicting the sign 
of an ORD curve would work depended on the accuracy to 
which this model represented the real situation. As the 
work of Pao and Santry shows, the octant rule is simply
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wrong in the case of a /3-axial methyl group. The model pre
dicts an effect opposite from that which is given by more 
complete calculations, and the latter are borne out by ex
periment. The important point to be made is that if the 
model used to develop the octant rule fails, then it fails, 
and the fact that it works in a great many cases is of limited 
consolation. It means that the rule will be successful and 
will work in cases which are essentially identical with those 
where it is already known to work, but when one faces 
structural situations which are novel, one cannot count on 
the octant rule. On the other hand, presumably the method 
of Pao and Santry, perhaps with further refinement if nec
essary, should be extendable to the general case. There has 
been some recent discussion about the “ front octants” , and 
their location, and the effect of putting substituents into 
those octants.37 The important point made here is that be
cause of extra nodal surfaces appearing in the orbital which 
is nominally considered to be the n orbital on oxygen, the 
original octant rule is quite invalid. The observed effects 
may well result from something quite different than the 
presence of a “ front octant” . Quantitative calculations on 
the experimentally studied systems are needed to settle the 
point.

Experimental Section
rf/-5-Methyl-2-cye!ohexenone. 5-MethyI-l,3-cyclohexan- 

edione was prepared from the ethoxide-promoted reaction of ethyl 
crotonate with acetoacetic ester.26 The dione was converted to the 
enol ether (3-ethoxy-5-methyl-2-cyclohexenone) with p- toluene- 
sulfonic acid in ethanol.27 The enol ether was reduced with lithium 
aluminum hydride to give, after fractional distillation through a 
1-ft Podbielniak column, a 94% yield of a colorless oil: bp 54° (5 
mm); n2SD 1.4740 [reported19 bp 60° (8 mm), n2SD 1.4739]; i'c—o 
1691 cm-1 (neat). A sample of the ketone was purified through the 
semicarbazone. Recrystallization gave plates, mp 178-179° (re
ported19 mp 177.5-179°).

The 2,4-dinitrophenylhydrazone, from ethyl acetate-ethanol, 
was obtained as orange-red needles, mp 152-152.3° (reported19 mp 
152-152.5°).

df-trans-3,5-Dimethylcyclohexanone. The dimethyl ketone 
was prepared according to the method used by Kharaseh and Taw- 
ney25 for the preparation of 3,3,5,5-tetramethylcyclohexanone. 
Magnesium turnings (2.7 g) were covered with 110 ml of dry ether 
under nitrogen, and 15.6 g of methyl iodide in 50 ml of ether was 
added with stirring at a rate so as to keep the ether refluxing. More 
ether (110 ml) was added at the end of 15 min and 1 hr (50 ml). As 
the magnesium was dissolved and the refluxing ceased, 100 mg of 
dry curpous chloride was added and the mixture was cooled to 5°. 
A solution of 11 g of ketone in 50 ml of ether was added in the 
course of 1 hr. The mixture was stirred and maintained at about 
10° during the addition of the ketone, heated for an hour, and then 
allowed to stand overnight. Ice and glacial acetic acid were added 
to decompose the reaction complex, with cooling. The ether layer 
was separated and dried over sodium carbonate and the ether was 
evaporated. The residue was distilled through a 1-ft Podbielniak 
column, bp 36-37° (1.5 mm). The yield of colorless oil was 55-68%. 
The 2,4-dinitrophenylhydrazone was obtained as orange needles, 
mp 109.6-110.5° (reported16 mp 109.6-110.3°). The mixture melt
ing point with the cis isomer (mp 167-168°) was depressed but 
that with the authentic trans compound16 was not. A sample of the 
ketone was purified further by means of vapor phase chromatogra
phy using a column of tricyanoethoxypropane (20%) of 60-80 mesh 
firebrick, and comparison with authentic samples16 showed that 
the ketone contained 94-96% of the trans isomer and 4-6% of the 
cis isomer.

Synthesis of R),5(if)-Dimethylcyclohexanone.
(+ )-% (K)-Methyleyclohexan«nc. Commercially available (+)- 
pulegone (Aldrich Chemical Co., 300 g) was converted to (+)-3- 
methylcyclohexanone, bp 47° (10 ml) (146 g, 66%), according to 
usual methods.28 An equimolar amount of semicarbazide hydro
chloride (147 g) was dissolved in 500 ml of water and 160 ml of pyr
idine and the ketone in 500 ml of methanol was added. The mix
ture was then warmed gently on the steam hath until the solution 
was clear and it was then seeded and cooled. The crude solid was 
recrystallized from 70% ethanol. Three crystallizations were neces
sary to obtain a constant melting point and specific rotation, and

furnished 189.5 g of product in 86% yield, mp 180-181°, [«]25d  
—20.7° (c 1.45, absolute ethanol).

Anal. Calcd for C8H15N30: C, 56.78; H, 8.93. Found: C, 56.53; H,
8.71.

Hydrolysis of the semicarbazone with aqueous hydrochloric acid 
solution followed by distillation furnished 124 g of the pure ketone, 
bp 167-167.5° (745 mm), d25 0.9109, [a]25D +12.56° (neat) [re
ported28 [a]25D +12.01° (neat), bp 166.5-168° (735 mm)].

(—)-tJ"aiis-2-Bromo-5-niethylcycIohexanone. The bromina- 
tion of (+)-3(R)-methylcyclohexanone was carried out by a modifi
cation of the procedure of Djerassi,29 as follows. To the 35.75 g of 
ketone in 100 ml of water was added 50.94 g of bromine dropwise 
with vigorous stirring. The reaction flask was cooled to 15-20° and 
the rate of addition was adjusted so as to maintain a faint colora
tion of bromine at all times (ca. 8 hr). Sodium chloride was added 
to saturate the water layer, and the product was extracted with 
ether. The combined ether solutions were washed with water, sodi
um carbonate solution and water, the solution was dried over mag
nesium sulfate, and the solvent was evaporated, leaving 64 g of a 
pale yellow oil. The oil was twice distilled, and the fraction boiling 
at 72-77° (3 mm) was collected (54 g). The colorless oil was dis
solved in a minimum amount of pentane and placed in a Dry Ice- 
acetone bath. After the collection of crystalline product, the moth
er liquor was condensed and the crystallization was repeated. After 
recrystallization of the crude product from ether-pentane, there 
was obtained a 32% yield of the pure bromo ketone, bp 58° (0.5 
mm), mp 82.5-83°, [a]25D —64.8° (c 1.16, toluene) [reported29 mp 
83.5-84°, [a]D —64.4° (c 1.06, toluene)]. This procedure gives a 
much better yield than that previously reported28"30 (21%). The 
infrared spectrum was identical with that reported.

(—)-5-Methyl-2-eyelohexenone. A. From the Ethylene 
Ketal of (—)-fcrans-2-Bromo-5-methylcyclohexanone. (—)- 
trans-2-Bromo-5-cyclohexenone (12.5 g) was heated in 200 ml of 
benzene containing some ethylene glycol and 100 mg of p -toluene- 
sulfonic acid for 6 hr, with continuous removal of the water 
formed. The mixture was washed with sodium carbonate solution 
and extracted with pentane, and the extracts were dried. Anhy
drous sodium carbonate (20 g) was added to the pentane solution 
to take up excess glycol. Filtration of the solution, evaporation of 
the solvent, and distillation of the residue yielded 92% of the ketal, 
bp 77° (1 mm), d2S 1.3806, [a]25D -173.0° (neat).

Anal. Calcd for C9H150 2Br: C, 45.98; H, 6.43. Found: C, 46.17; H, 
6.36.

The dehydrobromination of 10 g of the bromo ketal was carried 
out by refluxing in 50 ml of methanol containing 12.5 g of sodium 
hydroxide for 72 hr. The solution was diluted with water, and the 
product was extracted with ether. The extracts were washed, and 
dried, and the solvent was evaporated. Distillation gave the unsat - 
urated ketal (71%), bp 71° (10 mm), [o]25D —127.66° (c 1, chloro
form).

The hydrolysis of the unsaturated ketal in dilute hydrochloric 
acid gave 96.3% of (—)-5-methyl-2-cyclohexenone, [a]25D —90.17° 
(c 0.767, chloroform), and the infrared spectrum was identical with 
those of the dl and (+) isomers. A sample of the ketone was con
verted to its semicarbazone derivative, mp 176.5-178°, [a]25D 
—206.01° (c 0.505, absolute ethanol) (reported19 mp 177.5-179°).

B. By Direct Formation of the Semicarbazone of (—)-5- 
Methyl-2-cyclohexenone. (—)-2-Bromo-5-methylcyclohexanone 
(1.91 g) in 10 ml of glacial acetic acid in a flask under a nitrogen at
mosphere was heated with stirring, 1.125 g of freshly prepared 
semicarbazide was added, and the solution was maintained at boil
ing for 5 min. After dilution of the solution with water, the product 
was collected and recrystallized from ethyl acetate-ethanol. A 65% 
yield of the semicarbazone was obtained, [a]25D —205.88 (c 0.601, 
EtOH), mp 175-177.5° (reported19 mp 177.5-179°). There was no 
depression of the mixture melting point with the sample obtained 
from A described above. Hydrolysis of the semicarbazone gave the 
ketone (—)-5-methyl-2-cyclohexenone, identical with that pre
pared from procedure A. The 2,4-dinitrophenylhydrazone had 
[a]25D —221.9° (c 0.261, chloroform) [reported29 mp 143-145°,
[n]D —219° (c 0.06, chloroform)].

ir;ins-3(R),5( R)-Dimethylcyclohexanone. From 9 g of ( - ) -
5-methyl-2-cyclohexenone, 7.2 g (69.8%) of tran,s-3(R),5(R)-di- 
methylcyclohexanone was obtained occording to the method de
scribed above for the preparation of the dl compound. The ketone 
was purified via the semicarbazone derivative, mp 180-181°,
[n]25D —54.89° (c 1, absolute ethanol).

Anal. Calcd for C9Hi7N30: C, 58.98; H, 9.35. Found: C, 59.03; H, 
9.43.
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After hydrolysis of the semicarbazone, the ketone was further 
purified by vapor phase chromatography, [«]25D -15.05° (neat), 
[a]25D -12.28° (c 1.118, chloroform). The infrared and NMR spec
tra were identical with those of the dl compound.

Synthesis of 3,3,5(fi)-Trimethylcyclohexanone. A. By Reso
lution of dl-3,3,5-Trimethylcyclohexanone. dl-cis- and trans- 
3,3,5-Trimethylcyclohexanol. Purified isophorone37 was reduced 
with 1 mol of hydrogen and platinum oxide. Distillation gave 93% 
o f 3,3,5-trimethylcyelohexanone, bp 67-69° (10 mm). This ketone 
was then reduced with aluminum isopropoxide according to Hard
ly and Wicker32 as follows: 140.5 g of the ketone was mixed with 
aluminum isopropoxide solution (900 ml of 10% solution in isopro
pyl alcohol) and the resulting solution was refluxed for 24 hr and 
then very slowly distilled until acetone was no longer detectable in 
the distillate by dinitrophenylhydrazone formation (6 hr). Most of 
the isopropyl alcohol was then removed, the residue was poured 
into 2 1. of water, and hydrochloric acid was added until the solid 
had dissolved. The mixture was extracted with ether using a con
tinuous extractor. The ether solution was washed with water and 
dilute carbonate solution, and the solvent was evaporated. The 
residue was distilled to give a 68% yield of cis-3,3,5-trimethylcyclo- 
hexanol, after fractional recrystallization from hexane as described 
above.

The cis alcohol (128 g) was dissolved in 400 ml of dry pyridine, 
the solution was cooled to 0°, and 185.6 g of purified p-nitroben- 
zoyl chloride was added in small portions. The solution was al
lowed to stand overnight with stirring. The mixture was poured 
into water, and the crude product was collected by filtration, dried, 
and extracted with petroleum ether through a Soxhlet tube to re
move insoluble p-nitrobenzoic acid. The product was allowed to 
crystallize, and recrystallization from petroleum ether and metha
nol gave the ester (86%), mp 80.5-81°.

Anal. Calcd for C16H2iN 04: C, 65.96; H, 7.27. Found: C, 65.79; 
H, 7.42.

The benzoate (65 g) was added to 400 ml of hot, stirred 2.5 N  so
dium hydroxide solution. The alcohol was removed as formed by 
azeotropic distillation with water. The distillate was extracted with 
ether, the combined ether extracts were dried over anhydrous 
magnesium sulfate, and the ether was evaporated. The residue was 
distilled through a 1 -ft Podbielniak column at reduced pressure, 
yield 87%, mp 36-36.4° (reported38 mp 37°).

cf/-cis-3,3,5-TrimethylcycIohexanyl Acid Phthalate. A solu
tion of d(-cis-3,3,5-trimethylcyclohexanol (72 g) with 74 g of 
phthalic anhydride in 300 ml of benzene was refluxed for 16 hr. 
After cooling, the reaction mixture was filtered and the solvent was 
distilled. The residue was dissolved in anhydrous ether and cooled 
in the refrigerator. After three recrystallizations there was ob
tained 132.9 g (91%) of pure acid phthalate, mp 129-129.5° (re
ported39 mp 129°).

Cinchonine Salt of df-cis-3,3,5-Trimethylcyclohexanyl Acid 
Phthalate. The d(-cis-3,3,5-trimethylcyclohexanyl acid phthalate 
(58 g) in 500 ml of dry acetone-chloroform (1:1) with 58 g of cin
chonine was refluxed until the solution was clear. The solvent was 
removed, and the residual oil was dissolved in a minimum amount 
of warm chloroform. The solution was then cooled to room temper
ature and allowed to stand. After about seven crystallizations, the 
rotation remained constant, [ « ] Z4-5d  +93.83° (c 5, chloroform), mp
99-101°.

Anal. Calcd for CggH^NjOs: C, 73.93; H, 7.53. Found: C, 73.87; 
H, 7.44.

(—)-c/s-3,3,5-Trimethylcyclohexanyl Acid Phthalate. The
cinchonine salt (15 g) was added to hot 10% hydrochloric acid, and 
the solution was stirred for 30 min. The suspension was cooled and 
filtered. The solid collected was ground in a mortar with a small 
amount of water, refiltered, and washed with dilute hydrochloric 
acid and distilled water. After air drying, the solid was recrystal
lized from ether to constant rotation, yield 5.5 g, mp 129-129.5°, 
M 24 5D -3.19° (c 5, chloroform).

(-)-cis-3,3,5-Trimethylcyclohexanol. The acid phthalate (18 
g) was dissolved in 100 ml of 0.5 N  sodium hydroxide solution and 
the solution was refluxed for 1 hr, then cooled and extracted with 
ether. The extracts were dried over magnesium sulfate, and the 
solvent was evaporated. The residual oil was distilled through a 
1-ft Podbielniak column and gave an almost quantitative yield of 
the alcohol, which boiled at 85° (10 mm). The alcohol was further 
purified by sublimation, mp 34-34.5°. The specific rotation of the 
alcohol was not changed by the sublimation, ]«]24-5D —2.99° (c 1, 
chloroform).

3,3,5(R)-Trimethylcyclohexanone. To the alcohol (4.3 g), in 
20 ml of acetone was added Jones reagent (8 N),:a over a period of

10 min with stirring. The addition was stopped as the solution 
turned to a slightly brown color. The stirring was continued for an 
additional 10 min, and the solution was poured into 200 ml of 
water. The resulting solution was extracted with ether, the extracts 
were dried over sodium sulfate, and the solvent was evaporated. 
The residual oil was distilled through a 1-ft Podbielniak column, 
yield 93%, bp 67° (ca. 10 mm). The rotation, [ a ] 245D  —6.52° (c 5, 
chloroform), indicated that the ketone was only partially resolved.

B. From trans-3(R)-5(R)-Dimethylcyclohexanone. ( - ) -  
3,5-Dimethyl-2-cyclohexenone. To irans-3(/?),5(R)-dimethylcy- 
clohexanone (4.5 g) in 45 ml of ethylene glycol was added 5.73 g of 
bromine during 6 hr. The reaction mixture was worked up accord
ing to the procedure described for the preparation of the ethylene 
ketal of 2-bromo-5-methylcyclohexanone and gave 7.66 g (87.6%) 
of the bromo ketal, bp 73° (0.3 mm), [ a ] 26D  —16.72° (c  1, chloro
form). The bromo ketone was dehydrobrominated in 29% yield, 
applying the same procedure as was described for the preparation 
of the ketal of 5-methyl-2-cyclohexenone. Hydrolysis of the ketal 
with 10% hydrochloric acid gave 470 mg of (—)-3,5-dimethyl-2-cy- 
clohexenone, which was purified further by vapor phase chroma
tography, bp 73° (ca. 10 mm), n 25D  1.4820, [ a ] 25D  —138.39° (c 0.8, 
chloroform) [reported40 bp 84-85° (11 mm), m 2 0 D  1.4843].

3,3,5(R)-Trimethylcyclohexanone. The (—)-3,5-dimethyl-2- 
cyclohexenone purified by vapor phase chromatography (470 mg) 
in 5 ml of anhydrous ether was allowed to react with the Grignard 
reagent prepared from 96.6 mg of magnesium, 564 mg of methyl io
dide, and 5 mg of cuprous chloride following the procedure de
scribed for the synthesis of trans-3,5-dimethylcyclohexanone. 
There was obtained, after further purification by vapor phase 
chromatography, 414 mg (78%) of the trimethyl ketone, [ « ] 25d  
—27.04° (c 0.9, chloroform). The infrared spectrum was identical 
with that of the dl isomer.

Synthesis of 3,3,5(S)-Trimethylcyclohexanone. Brucine 
Salt of f//-fJ.s-3,3,5-Trimethylcyelohexyl Acid Phthalate. A so
lution of 58 g of d/-ci's-3,3,5-trimethylcyclohexyl acid phthalate in 
500 ml of reagent acetone with 79 g of powdered anhydrous bru
cine was warmed until the solution was clear. It was then placed in 
a refrigerator overnight and gave an almost quantitative yield of 
the salt. This mass was crushed to a powder and subjected to frac
tional extraction through a Soxhlet tube with dry acetone. The less 
soluble isomer which remained in the thimble after the extraction 
with about 2 1. of acetone was removed and recrystallized twice 
from acetone, three times from methanol, and five times from 
ethyl acetate until the specific rotation was constant, mp 130- 
132°, [q:]24-6d  —15.2° (c  5, chloroform).

Anal. Calcd for C40H48N2O8: C, 69.53; H, 8.46; N, 3.47. Found: C, 
69.61; H, 8.34; N, 3.59.

(+)-cis-3,3,5-Trimethylcyclohexanyl Acid Phthalate. The
hydrolysis of the brucine salt was carried out by the same proce
dure as described for that of the cinchonine salt. The half-ester 
had mp 129.5°, [ a ]24-5D  +8.16° (c 5, chloroform).

(+)-cis-3,3,5-TrimethylcycIohexanol. The (+) acid phthalate 
(22 g) was saponified by the procedure used for the preparation of 
(—)-cis alcohol. A 94.6% yield of (+)-cis alcohol having [ ì*]24 6D  
+9.43° (c 1, chloroform), mp 37.5°, was obtained.

3,3,5(S)-T rime thy Icy clohcxanone. The Jones oxidation was 
carried out as described for the R isomer. The yield was 4.67 g 
(92%), bp 67° (ca. 10 mm), [ « ] 24-5D  +20.29° (c 1, chloroform). The 
ultraviolet absorption spectrum showed a peak at 292 ma (t 19.7, 
0.03914 g/100 ml of ethanol solution). A sample of the ketone was 
purified via the semicarbazone. Recrystallization gave plates, mp 
194-195°, [ a ] 25D +201.2° (c 1, chloroform).

Anal. Calcd for C i0H i9N3O: C, 60.88; H, 9.71. Found: C, 60.93; 
H, 9.88.

After hydrolysis of the semicarbazone, the ketone obtained was 
further purified by vapor phase chromatography; however, there 
was no change in the optical rotation, indicating that the material 
was only 75.0 ±  0.2% optically pure.

Registry No.— 5-Methyl-l,3-cyclohexanedione, 4341-24-6; dl-
5-methyl-2-cyclohexenone, 54352-35-1; di-5-methyl-2-cyclohexe- 
none semicarbazone, 54307-70-9; di-5-methyI-2-cyclohexenone
2,4-dinitrophenylhydrazone, 54307-71-0; di-trans-3,5-dimethylcy
clohexanone, 54307-72-1; trans-(—)-3(f?),5(R)-dimethylcyclohexa- 
none, 54352-36-2; (+)-3(.R)-methylcyclohexanone, 13368-65-5; 
(+)-3(R)-methylcyclohexanone semicarbazone, 54307-73-2; (—)- 
trans-2-bromo-5-methylcyclohexanone, 18951-83-2; (—)-5-methyl- 
2-cyclohexenone, 54307-74-3; (-)-irans-2-bromo-5-methylcyclo- 
hexanone ethylene ketal, 54307-75-4; ethylene glycol, 107-21-1; 
(—)-5-methyl-2-cyclohexenone ethylene ketal, 54307-76-5; (—)-5-



methyl-2-cyclohexenone semicarbazone, 54352-37-3; (—)-5-
methyl-2-cyclohexenone 2,4-DNP, 54307-77-6; trans-3(R),5(R)- 
dimethylcyclohexanone semicarbazone, 54307-78-7; 3,3,5(.R)-tri- 
methylcyclohexanone, 33496-82-1; dl-cis-3,3,5-trimethylcyclohex- 
anol, 54307-79-8; p-nitrobenzoic acid, 62-23-7; dl-cis-3,3,5-tri- 
methylcyclohexanyl p-nitrobenzoate, 54307-80-1: dl-cis-3,3,5-tri- 
methylcyclohexanyl acid phthalate, 54307-81-2; phthalic anhy
dride, 85-44-9; di-Ci's-3,3,5-trimethylcycIohexanyl acid phthalate 
cinchonine salt, 54307-82-3; cinchonine, 24831-03-6; (—)-cis-3,3,5- 
trimethylcyclohexanyl acid phthalate, 54352-38-4; (—)-cts-3,3,5- 
trimethylcyclohexanol, 54352-39-5; (—)-3,5-dimethyl-2-cyclohexe- 
none, 54307-83-4; 3,3,5(S)-trimethylcyclohexanone, 33496-83-2; 
brucine, 357-57-3; d/-«s-3,3,5-trimethyIcyclohexanyl acid phthal
ate brucine salt, 54307-84-5; (+)-cis-3,3,5-trimethylcyclohexanyl 
acid phthalate, 54352-40-8; (+)-cis-3,3,5-trimethylcyclohexanol, 
54352-41-9; 3,3,5(S)-trimethylcyclohexanone semicarbazone, 
54307-85-6.
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Effect of Changes in Surfactant Structure on Micellarly Catalyzed 
Spontaneous Decarboxylations and Phosphate Ester Hydrolysis1
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Micelles of the zwitterionic surfactant, N,N-dimethyl-JV-dodecylglycme, catalyze the spontaneous decarboxyl
ation of 6-nitrobenzisoxazole-3-carboxylate ion 170-fold and that of cyanophenyl acetate ion 690-fold, and they, 
and micelles of the corresponding alanine surfactant, are better catalysts than dodecyltrimethylammonium bro
mide by factors of almost 3-fold. The catalytic efficiency of cationic micelles of A(,Al-dimethyl-7V-hydroxylethyl-2- 
hexadecylammonium bromide is also increased 2-fold by conversion of this surfactant into a zwitterion at high 
pH. Lecithin and lysolecithin are very poor catalysts, showing that the arrangement of charge in the zwitterionic 
head group is of key importance. Catalysis by micelles of N.lV-dimethyl-lV-dodecylglycine is subject to large salt 
effects which depend upon the anion, but differ from those typical of micellar catalysis. Salts having hydrophilic 
anions tend to increase catalysis and those having hydrophobic anions decrease it. Chemically inert solutes such 
as phenols and aliphatic amines change the catalytic effectiveness of micelles of cetyltrimethylammonium bro
mide, but these micelles in aqueous ethylene glycol, or the reverse micelles in hexanol-water, are poor catalysts 
both for decarboxylation and for the spontaneous hydrolysis of 2,4-dinitrophenyl phosphate dianion.

The spontaneous decarboxylations of 6-nitrobenzisoxa- 
zole-3-carboxylate ion (I)3 and 2-phenylcyanoacetate ion
(II)4 are catalyzed strongly by cationic micelles5’6 and by 
cyclodextrins.7 The micellar catalysis is enhanced by some 
electrolytes, which is an unusual feature because micellar 
catalysis is generally decreased by added electrolytes.8

These decarboxylations are much faster in organic or 
aqueous organic solvents than in water,3’4 and these obser
vations together with the unusual electrolyte effect on mi
cellar catalysis suggest that these reactions may provide a 
useful probe of the nature of the micellar surface.5’6 The 
enhancement of the rate of decarboxylation of I in cationic 
micelles of cetyltrimethylammonium bromide (CTABr)

car

I
PhCH(CN)C02"  —  PhCHCN +  CO-

II |fast

PhCH-CN

containing less than 1 equiv of sodium tosylate was ex
plained in part in terms of an initial state electrostatic re
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pulsion between the carboxylate moiety of the substrate 
and tosylate ion occupying neighboring sites in the micelle, 
and it seemed probable that micelles of zwitterionic surfac
tants might be effective catalysts.11’12 Micelles of synthetic 
zwitterionic surfactants and liposomes of phospholipids 
have been shown to be effective catalysts of the addition of 
cyanide ion to iV-alkylpyridinium ions,13 but our interest 
was in a micellarly catalyzed unimolecular reaction, where 
the factors affecting the catalysis are more easily analyzed.5

Reverse micelles have been found to be powerful cata
lysts for many bimolecular reactions,14 and therefore we 
examined their effect upon the unimolecular decarboxyla
tion of 6-nitrobenzisoxazole-3-earboxylate ion and also 
upon the spontaneous hydrolysis of the 2,4-dinitrophenyl 
phosphate dianion, because this reaction is similar to the 
spontaneous decarboxylations of I and II in its solvent15 
and micellar effects.16 The spontaneous decomposition of
2,4-dinitrophenyl sulfate is catalyzed strongly by reverse 
micelles of alkylammonium carboxylates in benzene.17

The dependence of catalysis upon micellar charge is well 
understood, and for bimolecular reactions catalysis is de
creased by screening the micelle with counterion or by 
going from ionic to zwitterionic head groups.9-12 The aim of 
the present work was to examine the extent to which catal
ysis of unimolecular reactions could be controlled by 
changing the charge arrangement of the head group, or by 
incorporation of inert solutes into the Stern layer.

Experimental Section
M aterials. The preparation and purification of the substrates 

and most of the surfactants have been described.5’6’16’18
The N,N- dimethyl glycine and alanines were prepared by re

ductive methylation,19 and were purified by recrystallization from 
MeOH-Me2CO or Et0H-Et20 at 0°. Their melting points and op
tical rotation agreed well with literature values. These amines were 
quaternized with bromododecane, usually in 2-propanol, and the 
glycine derivative (III) and the alanine derivative (IV)20 were crys
tallized from acetone. The rotation of the hydrobromide of IV-do- 
decyl-7V, AT-dimethyl-L-alanine was [ « ] 25d  —9.58° (lit.20a [ « ] 20d  
-9.50°).

Sodium salts were generally reagent grade or were prepared in 
solution by neutralization of the acids, although the sodium arene- 
sulfonates were recrystallized from EtOH, as were the mandelic 
acids (Aldrich). The phenols and amines were redistilled, generally 
under reduced pressure.

Kinetics. The reactions were followed spectrophotometrically at 
25.0° using Gilford or Cary spectrophotometers with water-jack
eted cell compartments.5’6’16 The first-order rate constants, h are 
in reciprocal seconds. The concentration of 6-nitrobenzisoxazole-
3-carboxylate ion was generally 7 X 10-5 M, but because of the rel
atively small absorbance change during reaction that of 2-cyano-
2- phenylacetate ion had to be in the range 7-10 X 10-4 M.6

The surfactants were dodecyl- and hexadecyltrimethylammon- 
ium bromide (DDTBr and CTABr), IV.IV-dimethyl-AT-dodecylgly- 
cine and -alanine (III and IV), and N,N-Aimethy\-N- 2-hydroxy- 
ethyl hexadecyl ammonium bromide (V).

+ +
w-C12H25NMe2CH2C0 2~ K-C12H25NMe2CHMeC02'

III IV
+

«-C 16H33NMe2CH2CH2OH Br"
V

In the figures and tables Cd is used to denote the concentration 
of surfactant (detergent).

E ffect of Phospholipids. We examined the effect of «-lecithin 
upon the decarboxylation of 6-nitrobenzisoxazole-
3- carboxylate ion using sonicated «-lecithin (Schwarz Mann, egg 
white, sonicated at 0° for 5-min periods until clear). However al
though the solutions were initially clear, they gradually became 
cloudy during the reaction so that we could not get good rate data. 
From the initial rate of formation of the phenoxide ion product we 
estimated that 2 X  10-3 M  sonicated «-lecithin in 2 X  10-3 M  am
monia buffer at pH 9.2 increased the reaction rate by a factor of 
less than threefold. Cordes and his coworkers noted that it was dif-

Tablel
Salt Effects on the Decarboxylation of

6-Nitrobenzisoxazole-3-Carboxylate Ion in the 
Presence of Lysolecithina

Added salt, m M 10  ̂kÿ, sec“l . Added salt, mM 10̂  k$t sec”!

3 . 7 27 MgCl2 3 . 9

5.1 NaCl 6.6 0.26 CaCl2 4 . 4

6.0 NaBr 4.8 0.51 CaCl2 4 . 5

30 NaBr 2.9 1.3 CaCl2 5 . 5

13 NaN03 2.5 5.1 CaCl2 8 .3

13 MgCI2 4.6 13 CaCl2 8 . 7

a With 6.3 X 10-4 M  lysolecithin at 25.0° at pH 9.5 in 5 X 10 3 M  
NH4CI buffer: in the absence of lysolecithin 106 k =2.8 sec-1 .

ficult to get good rate data for the reaction of cyanide ion with IV- 
alkylpyridinium ions using liposomes of sonicated phospholipids.13

Because of these problems with sonicated «-lecithin we also 
used lysolecithin (Sigma) because it forms normal micelles rather 
than liposomes.21 Solutions of lysolecithin became cloudy during 
reaction of I, but this cloudiness was removed by centrifugation. 
Our first-order rate constants were determined by following the 
formation of the nitrophenoxide ion for approximately 1 half-life 
of reaction, and determining the absorbance of nitrophenoxide ion 
at complete reaction after centrifugation. By this method we could 
obtain reasonable first-order rate constants for up to 50% reaction. 
These normal micelles of lysolecithin are also poor catalysts (Table 
I), and only a low concentration of lysolecithin was used because of 
turbidity at higher concentrations. We ascribe this low catalytic ef
ficiency of both «-lecithin and lysolecithin to the nature of the 
zwitterionic head group with its terminal quaternary ammonium 
ion.

Some added salts increase the rate of decarboxylation in the 
presence of lysolecithin (Table I). Calcium chloride is the most ef
fective salt which we examined, probably because interactions be
tween the phosphate moiety and calcium ions tend to convert the 
zwitterionic micelle of lysolecithin into a normal cationic micelle, 
although these interactions should also change the micellar struc
ture. Sodium salts having relatively large anions, bromide or ni
trate, have little effect or slightly inhibit the reaction (Table I).

Results
Decarboxylation of 2-Cyano-2-phenylacetate Ion

(II). This substrate was not used extensively because its 
decarboxylation was followed at 235 nm, where many so
lutes absorb, and the overall absorbance change during 
reaction is small.6

The cationic surfactant dodecyltrimethylammonium 
bromide (DDTBr) is not as effective a catalyst as is CTABr 
(Figure 1). For CTABr the rate enhancement is by a factor 
of 660-fold at 25.0°, whereas for DDTBr it is 280-fold. (The 
broken line in Figure 1 relates to CTABr.6) As is generally 
found, the amount of surfactant required for catalysis de-

Figure 1. Decarboxylation of 2-phenylcyanoacetate ion at 25.0° in 
trisbuffer at pH 8: ■. DDTBr; • , /V. /V- d i m e t hy 1 - A  - d o de c y 1 g 1 y - 
cine. (The broken line is for CTABr, ref 6.)
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Figure 2. Decarboxylation of 6-nitrobenzisoxazole-3-earboxylate 
ion at 25.0° in ammonia buffer, pH 9.2: ■, DDTBr; •, !V,jV-di- 
methyl-N-dodecylglycine; 0 and ♦, L- and DL-A^N-dimethyl-AT- 
dodecylalanine, respectively. (The broken line is for CTABr, ref 5.)

creases with increasing length of the n-alkyl group, e.g., the 
amount of surfactant required for 50% of the maximum 
rate is 1.8 X 10-2 M  for DDTBr and ca. 0.5 X 10~2 M  for 
CTABr. This difference comes in part from the lower cmc 
of CTABr as compared with the other surfactants,20b but 
probably the substrate is drawn more deeply into the Stern 
layer of the larger micelles formed by CTABr.

Micelles of the zwitterionic surfactant 7v,N-dimethyl- 
N- dodecylglycine (III) give greater rate enhancements for 
the reaction of II than does DDTBr, and despite the short
er chain length are slightly more effective than micelles of 
CTABr. In the absence of surfactant6 ^  = 9X  10~7 sec-1.

Decarboxylation of 6-Nitrobenzisoxazole Carboxyl- 
ate Ion in the Presence of Synthetic Surfactants. The 
overall pattern for micellar effects upon this reaction are 
qualitatively very similar to those described earlier for 
reaction of 2-cyano-2-phenylacetate ion (II). Micelles of the 
cationic dodecyl surfactant, DDTBr, are not as catalytical- 
ly effective as those of CTABr; the respective rate enhance
ments are 70- and 95-fold; the surfactant concentrations 
for 50% rate enhancement are respectively 1.2 X 10-2 and
1.6 X 10_3M  (Figure 2).

Micelles of the zwitterionic dodecyl surfactants III, L-IV, 
and DL-IV derived from glycine and alanine are better cat
alysts than the cationic micelles, DDTBr and CTABr, even 
though their hydrophobic n-alkyl groups are shorter than 
that of the hexadecyl surfactant, CTABr.

Effect of Micelles of l-Hydroxyethyl-2-hexadecyldi- 
methylammonium Bromide. Micelles of the hydroxyethyl 
surfactant V are effective catalysts for the decarboxylation 
of 6-nitrobenzisoxazole-3-carboxylate ion (Table II).

The rate enhancement (90-fold) is very similar to that 
given by CTABr, but if the hydroxide ion concentration is 
increased so that V is converted into the zwitterion VI, the 
catalysis increases (Table II), as expected for a zwitterionic 
micelle. The pK & of V estimated kinetically is 12.4,18 which,

w-C16H33NMe2CH2CH2OH + OH~ 5=^

V

rc-C16H33NM e2CH2CH20

V I

despite some dubious assumptions,22 is in reasonable 
agreement with pK„ = 13.923 for choline, because micelliza- 
tion should increase acidity.

There is no evidence that the decarboxylation of I is af
fected by added strong bases of nucleophiles,3 so the in-

Table II
Effect of Hydroxide Ion on the Catalysis of the 

Decarboxylation of 6-Nitrobenzisoxazole Carboxylate 
Ion by Micelles of Va

2i° cDim

C OH- > M 0.04 0.4 0.8 1.0 1.2 4.0 5.0

pH 96 2.55
pH 106 2.35
0.002 2.72
0.005 2.71
0.008 2.89
0.01 2.41 3.24 3.26 3.01 3.40
0.02 3.38
0.04 4.15
0.10 5.16
0.12 4.94
0.18 5.47
0.20 5.26 5.39 5.41
0.30 5.77
0.50 6.14 5.75
0.90 6.35 6.40
a Values of 104 kj., sec 1, at 25.0°. 6 10 3 M  ammonia buffer.

creasing catalysis by micelles of zwitterionic surfactant VI 
must be a medium effect due to the changing charge of the 
head group. [In high concentration (>1 M) sodium hydrox
ide increases the rate of decarboxylation catalyzed by di- 
methyldodecylglycine (III), and this increase is considered 
in the discussion of electrolyte effects, but this rate en
hancement was observed only at hydroxide ion concentra
tions very much greater than those used with the hydroxy
ethyl surfactant.]

Effect of Added Solutes on Decarboxylation Cata
lyzed by Zwitterionic Micelles. The salt effect upon the 
decarboxylation of 6-nitrobenzisoxazole-3-carboxylate ion 
catalyzed by micelles of CTABr was unusual in that salts 
having hydrophilic anions increased the reaction rate, and 
salts of some aromatic acids which increased reaction rate 
in low concentration decreased it at high. Salts having 
nonaromatic hydrophobic anions decreased the reaction 
rate at all concentrations, as did thiocyanate ion, which can 
interact strongly with a cationic micelle.5 Salts generally 
decrease micellar catalysis,9-11 and the behavior of the 
nonaromatic hydrophobic anions was typical, in that such 
ions generally retard reaction by competing with ionic re
agents for the micelle. The effects of the hydrophilic anions 
were explained in terms of a reduction in the charge densi
ty of the micelle when relatively hydrophilic ions cluster 
around it. The unusual effects of aromatic anions were con
sidered to be caused by changes in micellar structure by in
sertion of anions such as tosylate.5

The salt effects upon decarboxylation catalyzed by zwit
terionic micelles are also unusual, and brook no simple ex
planation. For simplicity we consider salts of organic and 
inorganic acids separately.

The pattern for the effects of sodium salts of organic 
acids is straightforward (Figure 3). Sodium formate, ace
tate, and oxalate have relatively little effect, but the other 
more hydrophobic salts inhibit reaction, and the retarda
tion parallels anion hydrophobicity, at least qualitatively. 
Because micelles of zwitterionic surfactants catalyze decar
boxylation of the carboxylate ions I and II we assume that 
they also take up relatively hydrophobic carboxylate or sul
fonate anions, and the micelle then goes from being formal
ly uncharged to anionic, and should become ineffective as a 
catalyst. This explanation is consistent with the absence of
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Figure 3. Effect of sodium salts of organic acids on the decarbox
ylation of 6-nitrobenzisoxazole-3-carboxylate ion in micelles of 
Al.N-dimethyl-lV-dodecylglycine at 25.0° in ammonia buffer, pH 
9.2: •, AcO '; ▲, Me3CC02_; ■, CF3C 02~; ▼, CC13C 02~; 0, 
(C02- ) a; O, n-C6H13C 02- ;  a , H C02- ;  □, PhC02- ;  v , p- 
MeC6H4S03-.

the rate maxima in plots of against salt concentration 
which we observed in CTABr-catalyzed decarboxylation in 
the presence of, for example, sodium tosylate.5

The pattern for the effect of inorganic salts (Figure 4) is 
also straightforward. The effects appear to depend upon 
the anion; for example, the chlorides of Li+, Na+, K+, and 
NH4+ have little effect on the rate, or depress it slightly, 
and potassium nitrate retards the reaction. However, fluo
rides, sulfates, carbonates, and phosphate and sodium hy
droxide increase the reaction rate, although relatively high 
concentrations (>2 M) are required for large rate increases. 
The anions which give these rate enhancements have high 
charge densities and they tend to organize water molecules 
about them, i.e., they are structure-making ions,24 and we 
note that formate and acetate ions, which behave different
ly from the other organic anions (Figure 3), are also “ struc
ture makers”.

In these solutions of high ionic strength, ions will be 
close to the micellar surface,9' 11 and may compete with the 
carboxylate groups of the micellized surfactant for water 
molecules, and therefore change micellar structure. Any ef
fect which decreases the ability of water molecules at the 
micellar surface to hydrogen bond to carboxylate ions 
should assist reaction, first by decreasing the ability of 
water molecules to hydrate the substrate which is bound to 
the micelle, and second by reducing screening of the car
boxylate head groups of the surfactant, and therefore in
creasing the initial-state charge repulsions which are re
sponsible for the high catalytic effectiveness of the zwitter- 
ionic surfactants. It has been noted that ions can change 
the “ dynamic basicity” of water,25 although this conclusion 
was based on experiments involving proton loss from car
bon acids, which does not proceed via a hydrogen-bonded 
species.

Some effects of uncharged solutes upon the decarboxyla
tion of I catalyzed by zwitterionic micelles should be noted 
here. Ammonia has an appreciable effect on the reaction 
rate (Figure 4), and urea somewhat diminishes the micellar 
catalysis (by ca. 25% in 4 M  urea). Urea disrupts water 
structure and modifies those of micelles and macromole
cules, and its effects on reactions in micelles have been ex
plained in these terms.26 The effect of urea on decarboxyla
tion of I in CTABr is similar to that found here.6

Decarboxylation in Zwitterionic Micelles of N,N- 
Dimethyl-lV-dodecylalanine and the Effect of Sodium

Figure 4. Effect of inorganic solutes on the decarboxylation of 6- 
nitrobenzisoxazole-3-carboxylate ion in micelles of !V;lV-dimethyl- 
N- dodecylglycine.

Table III
Inhibition of Micellarly Catalyzed Decarboxylation by 

Mandelate Ionsa

Surfactant

Na mandelate L -W ^ DL-IV

D L -  0 . 6 6  0 . 5 5

d  (—) 0 . 6 3  0 . 6 4

l ( + )  0 . 6 4  0 . 6 5

a Values of kms/km° for decarboxylation of I in micelles of 0.2 M  
L- and dl-IV at 25.0° in 2 X 1 0 '3 M  ammonia buffer, pH 9.2, and
7.7 x 1 0 '5 M  substrate. * Using 0.35 M  salt; in the absence of 
added salt 104 kt = 5.60 s e c '1. c Using 0.32 M  salt; in the absence 
of added salt 104 k i  =6.12 s e c '1.

Mandelate. The differences in the rates of reaction of 6- 
nitrobenzisoxazole-3-carboxylate ion in micelles of the 
zwitterionic L- and DL-dimethyldodecylalanines (Figure 2) 
suggest differences in the surface structures of the micelles 
of the optically active and racemic surfactants. The micel
lar catalysis is reduced by sodium mandelate, and the inhi
bition is similar to that found on the addition of relatively 
hydrophobic carboxylate ions to N,A/-dimethyl-A/-dodecyl
glycine (Figure 3). However, there are only small differ
ences in the inhibitions shown by the various mandelates 
(Table III), and as expected D- and L-mandelates have the 
same effects on reaction rates catalyzed by the DL surfac
tant (DL-IV), but DL-mandelate ion behaves differently. 
However, the relative inhibitions by the various mandelate 
ions of decarboxylation catalyzed by micelles of the L sur
factant are within experimental error, so that only the ef
fects upon catalysis by the DL surfactant appear to be sig
nificant. Effects due to surfactant or inhibitor chirality 
which rely upon physical interactions seem to be small be
cause micellization depends upon the sum of a large num
ber of weak physical interactions. Moss and Sunshine have 
used micelles of optically active surfactants as catalysts for 
reactions of optically active substrates (generally carboxyl
ic esters) and found essentially no stereoselectivity toward 
enantiomeric substrates.27 However, appreciable stereo-
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Figure 5. Effect of solutes on the decarboxylation of 6-nitrobenz- 
isoxazole-3-carboxylate ion in 2 X 10“  2 M  CTABr: O •, phenol; □ 
■, p-cresol; 0, benzene; A, anisole; ▲, CF3C 02Na; ♦, n-Ci0H2i- 
C 02Na. The open points represent runs at pH 7.5 and the solid 
points runs in 0.1 M  NaOH except for A,  which was at pH 9.2.

selectivity has been found using a functional micelle de
rived from L-histidine.28

Effect of Aromatic Solutes on Decarboxylation Cat
alyzed by CTABr. There is considerable spectral and 
other evidence that aromatic compounds interact strongly 
with both cationic micelles and unmicellized tetraalkylam- 
monium ions,5,29-33 and the enthalpies of transfer of a 
number of aromatic compounds from water to CTABr have 
been found to be much larger than for otherwise similar ali
phatic compounds.31 This favorable enthalpy change is in
dicative of a strong interaction between the cationic head 
groups and the aromatic residues. The unusual salt effects 
of arenesulfonate and similar anions upon the decarboxyla
tion of 6-nitrobenzisoxazole-3-carboxylate ion I in CTABr 
were explained in terms of an insertion of the phenyl group 
into the micelle and NMR and uv spectroscopic evi
dence,5,32 and the effects of micelles on buffer equilibria of 
aromatic acids can be similarly explained.30 Uncharged ar
omatic compounds having electron-releasing groups (OH or 
OMe) decrease the catalysis of the decarboxylation of I by 
CTABr (Figure 5), but in agreement with earlier work ben
zene has very little effect.5 The aromatic solutes are in con
siderable excess over the substrate, whose concentration is 
<10-4 M, and they can reduce the reaction rate both by in
serting into the micelle and excluding substrate and by 
modifying the surface structure of the micelle. This inser
tion should be assisted by electron-releasing groups which 
should increase the interaction between the 7r-rich phenyl 
group and the quaternary ammonium head groups of the 
micelle. Paradoxically, the phenoxide ions increase the cat
alytic effectiveness of the cationic micelle, and behave sim
ilarly to arenesulfonate ions in this respect,5 and this effect 
may be in part due to Coulombic initial state repulsions be
tween the carboxylate ion of the substrate and the anionic 
oxygen of the phenoxide ion.12

For comparison purposes the inhibitions by sodium de-

J. Org. C h em ., Vol. 40, N o . 9 ,1 9 7 5  1325

Table IV
Effect of n-Alkylammonium Chlorides on 

Decarboxylation in CTABra

Alkyl 104 sec *

3 .3 8 "
n -B u tyl 3 .02
n -O cty l 2 .8 4
w-Nonyl 2 .7 7
« -D e c y l 2 .38
w -D odecyl 1 .34

a At 25.0° with 2 X 10 2 M  alkylammonium chloride in 2 X 10-2 
M  CTABr and 0.022 Tris buffer, pH 7 .6 In the absence of added 
amine salt.

Table V
Effect of n-Alkylamine Decarboxylation in CTABr“

Alkyl CKNH2. M 0,01 0.015 0.02

« -B u ty l 3 .55
« -H e x y l 3 .05
« -O c ty l 3 .1 0 2 .65
« - Nonyl 3 .41 3 .89 4 .08
w -D ecyl 3 .8 0 4 .43 5 .26
w -D odecyl 3 .81 4 .12

0 Values of fej,, sec 1, at 25.0°; in the absence of amine 104 k*i = 
3.71 sec-1 in 2 x 10-2 CTABr and 0.1 M  NaOH.

canoate and trifluoroacetate are shown in Figure 5, and the 
uncharged benzenoid compounds are effective inhibitors 
by comparison with these relatively hydrophobic carboxyl
ate ions. Decanoate is as expected a much better inhibitor 
than trifluoroacetate, and it probably interacts so strongly 
with CTABr that a catalytically ineffective anionic comi
celle is formed. Examples of other inhibiting anions are 
given in ref 5 and trifluoroacetate ion is similar to trimeth
ylacetate ion in its ability to reduce catalysis by CTABr.

Effect of n-Alkylamines and Their Hydrochlorides 
on the Decarboxylation of I in CTABr. Decarboxylation 
is inhibited by solvents which strongly hydrogen bond to 
the carboxylate ion,3 and we noted earlier that the sub
strate in a cationic micelle should be less strongly hydrogen 
bonded than in water. On this hypothesis incorporation of 
a primary alkylammonium ion into the cationic micelles 
should inhibit reaction, as is observed (Table IV), because 
a primary alkylammonium ion should be a good hydrogen
bonding donor. Increasing the length of the n-alkyl group 
should bind the ammonium ion more strongly to the mi
celle, and the inhibition is greatest with the most hydro- 
phobic ammonium ion (Table IV).

Unprotonated n-alkylamines slightly change the micellar 
catalysis (Table V). The rate at first decreases as the length 
of the n-alkyl group increases, but then increases. Possibly 
the less hydrophilic amines merely interact with the micel
lar surface, whereas the more hydrophobic ones comicellize 
and increase reaction rate by decreasing charge density of 
the micelle, and we note that the nonionic surfactant Igepal 
increases the rate of decarboxylation of I by a similar 
mechanism.5

Micellar Effects in Aqueous Organic Solvents. With 
ionic surfactants in mixtures of relatively hydrophobic al
cohols and water, normal ionic micelles form when the 
water content is high, but with decreasing water content 
the nature of the aggregate changes, and when the water 
content is low, reverse micelles form.14,34 However, normal 
micelles form in ethylene glycol35 and presumably also in 
its mixtures whh water. The rates of some reactions are 
very sensitive to reverse micelles in nonpolar solvents, but
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Table VI
Effect of Organic Solvents on the Decarboxylation of

6-Nitrobenzisoxazole and on Phosphate Ester 
Hydrolysis“

Substrate

H20  3 X  10 'G 0.8 x  10-5
95% «-HexOH (w /w ) 1.24 x  10 '1 2.2 x  10 4
77.5% (CH2OH)2 (w / w ) 3.2 x  10-5
a Values of k ,̂ sec-1 , at 25.0°.

Table VIII
Effect of Surfactants in 1-Hexanol-Water on 

Phosphate Ester Hydrolysis“

Surfactant 103 Cp6 104 ^ , s e c _1

2.2
CTABr 7.2 1.05
CTABr 20 0.71
Ve 1.3 1.87
Ve 5.4 0.93
Ve 8.8 0.84

“ At 25.0° in 1-hexanol-water (95:5 w/w) and 5 X  10 3 M  KOH. 
6 Surfactant concentration as mole fraction. c re-C)6H33N+Me2- 
CH2CH2OHBr_ .

Table VII
Effect of CTABr in Organic Solvents on Decarboxylation 

of 6-Nitrobenzisoxazole Carboxylate Ion0

io3 cb* 104 sec 1 w3 co 104 ikfa sec

1.24 11.2 2.63
0.06 1.34 21.0 3.76
0.52 1.59 0.32°
3.2 1.98 6.2 2.46c
7.0 2.14 11.0 2.83°
9.4 2.37 16.0 3.28c

“ At 25.0° with 3 X  10-4 M  KOH unless specified and 1-hexanol- 
water (95:5 w/w) unless specified.6 As mole fraction. c In ethylene 
glycol-H20  (77.5:22.5 w/w) and 3 x 10-3 M  NaOH.

to date these have generally been bim olecular reactions in
volving acids or bases,14’34 although the decom position o f 
2,4-dinitrophenyl sulfate occurs readily in benzene contain
ing n-alkylam monium carboxylates.17 T he rate o f  the Sn I 
brom odecarboxylation o f 3-brom o-3-phenylpropionate ion 
to  give mainly styrene was not especially sensitive to  re
verse micelles,36 but it is also relatively insensitive to sol
vent effects,37 and we also examined two reactions which 
are highly solvent sensitive. One was the decarboxylation o f 
6-nitrobenzisoxazole carboxylate ion (I),3 and the other was 
the spontaneous hydrolysis o f  the 2,4-dinitrophenylphos- 
phate dianion (V II).15 Both  these reactions are catalyzed 
by normal cationic micelles in water.5’16

VII

In agreement with earlier evidence the reaction rates in 
the absence o f  surfactant are increased by addition o f or
ganic solvents, and micellar effects on these reactions in 
both n -hexanol-water and ethylene glycol-w ater are small 
(Tables V I-V III). In contrast to the small micellar catalysis 
o f  decarboxylation o f I in these solvents by CTA B r there is 
a 95-fold rate enhancement in water,5 and for hydrolysis o f 
the 2,4-dinitrophenylphosphate dianion in water the rate 
enhancem ent is 25-fold .16 These results are understandable 
if  we assume that decreased hydration o f  the substrate 
when it is incorporated into the micelle is important, be 
cause in going from  initial- to transition-state electrons are 
transferred from  the hydrophilic carboxylate or phosphate

groups into the organic residue, where they are delocalized 
by  resonance. Thus the role o f  a cationic micelle should be 
considerably reduced when initial-state hydration is de 
creased by addition o f an organic solvent.

Discussion
Effects of Changes in Surfactant Structure. D ecar

boxylations o f  the anionic substrates I and II are strongly 
catalyzed by cationic micelles,5’6 and replacing one m ethyl 
in the head group o f  CTA Br by a 2-hydroxyethyl group 
does not affect the catalysis, but the rate o f  reaction in the 
micelle is approxim ately doubled when the pH  is high 
enough to convert V  into the zwitterion VI. Consistently, 
micelles o f  zwitterionic surfactants are better catalysts 
than the corresponding cationic micelles.

The charge distribution in zwitterionic micelles derived 
from  an amino acid is similar to that o f  a cationic micelle 
surrounded by counterions (Scheme I). In both cases a sub-

Scheme I

NMe3 NMe3

Cationic micelle

c o r  CO," CO,

NMe2 NMe,

Zwitterionic
micelle

cor
+ +
NMe3 1 NMe3

c h 2
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c h 2

c h 2 c h 2
1
0
1

1
O

p o r p o r
1

0
1

0

Phospholipid

strate having its organic residue located between the am 
monium head groups will be subject to Coulom bic repul
sions between its carboxylate ion and the negative charges 
on or adjacent to the micelle, but in the transition state the 
negative charge moves out o f  the carboxylate group and 
into the heterocyclic moiety, giving the transition state 
considerable carbanionoid character, as shown below  for 
decarboxylation o f I. Thus the negative charge will m ove
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Table IX
Micellar Catalysis of Decarboxylation“

which affects the micellar catalysis without changing the 
effective micellar charge.

Substrate

Surfactant.

i2-C12H25NMe3Br'
W“ C j gH33N  A! g3B t

M-C12H25NMe2CH2C02'
DL-rc-C12H25ÄMe2CHMeC02-
L-w-C12H25ÄMe2CHMeC02'
w-C16H33ftMe2CH2CH2OH
w-C16H33&Me2CH2CH20 '

280(0.018) 70(0.012)
660 (<0.005)6 95 (0.0016)c
690(0.013) 170(0.01)

210 (0.006) 
185 (0.008) 
~90 

-200"
a Values of rate constants relative to those in water (km/ka) at 

25.0°; the values in parentheses are the molarities of surfactant 
required for 50% catalysis. 6 Referenced. c Reference 5 .d pH ~  14.

closer to the quaternary ammonium center, with which it 
will interact beneficially.

The situation will be completely different with a micelle 
or liposome of a phospholipid,10b where the cationic ammo
nium ion moiety is at the head of the surfactant. The unfa
vorable initial-state interactions will be absent, and as the 
charge moves into the organic residue in the transition 
state it will interact unfavorably with the anionic phos
phate group.

The zwitterionic micelles of III and IV are between two- 
and threefold more catalytically effective than the corre
sponding cationic micelles even though the micellar surface 
should be highly aqueous, which should decrease Coulom- 
bic interactions. Jencks has noted that unfavorable initial- 
state interactions, e.g., the introduction of steric strain in a 
substrate which is relieved in the transition state, may be 
important factors in enzymic catalysis.38 Coulombic repul
sions should be much greater in a hydrophobic cavity than 
at the surface of a micelle in water, where the dielectric 
constant is relatively high,39 so that unfavorable initial- 
state Coulombic interactions which we observe in our aque
ous systems could be playing a much more important role 
in enzymic catalysis.

In our system the hydrophobic interactions between the 
substrate and the micelle overcame the local Coulombic re
pulsions between anionic groups. The concentration of sur
factant required for 50% of the total rate enhancement is 
an indication of the strength of micelle-substrate bind
ing,10 and it is not particularly affected by the nature of the 
micellar head group (Table IX). Table IX also summarizes 
the micellar rate enhancements of decarboxylation. There 
are examples in which bimolecular reactions are catalyzed 
by zwitterionic micelles,9-11 but generally a zwitterionic mi
celle is a much poorer catalyst than the corresponding cat
ionic micelle, as expected from electrostatic considerations.

As noted in the Results section, the effects of phenols 
and alkylamines are obtained with solute concentrations 
similar to that of the surfactant, suggesting a close interac
tion between the micelle and these chemically inert solutes

Registry No.—I, 42540-91-0; II, 34220-42-3; III, 683-10-3; L-IV, 
54385-46-5; DL-IV, 52665-42-6; V, 20317-32-2; VII, 18962-96-4; 
DDTBr, 1119-94-4; CTABr, 57-09-0; DL-Na mandelate, 34166-39- 
7; d ( )-Na mandelate, 54385-47-6; L(+)-Na mandelate, 19944-52- 
6; n-Ci6H33N+Me2CH2CH20 - , 54385-45-4.
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Possible Anchimeric Assistance in the Hydration-Decarboxylation of a Propiolic Acid. 
Synthesis of Methyl 3-(17/?-Acetoxy-3-oxoandrosta-4,6-dien-17a-yl)propionate

Leland J. Chinn,* Bipin N. Desai, and Joseph P. Zawadzki

Departments of Chemical Research and Chemical Development, Searle Laboratories, Division of G. D. Searle & Co.,
Chicago, Illinois 60680

Received October 21,1974

3-{3(S,17/3-Diacetoxyandrost-5-en-17œ-yl)propiolic acid (2b) decomposes on prolonged standing or when treated 
with dilute acetic acid to afford 3|3,17/3-diacetoxy-17a-pregn-5-en-20-one (9). The facility with which this conver
sion is achieved suggests the participation of the neighboring acetoxy group in the transformation. Two processes 
were investigated for the synthesis of the title compound (la). One involved acetylating lb  with acetyl chloride 
and stannic chloride at low temperature. The other began with the diol propiolic acid 2a. Successive méthylation, 
acetylation, hydrogenation, selective hydrolysis, oxidation, and dehydrogenation converted 2a into la.

As part of an effort to determine the structural features 
which are essential for antimineralocorticoid activity, 
methyl 3-(17/3-acetoxy-3-oxoandrosta-4,6-dien-17a-yl)pro- 
pionate (la) was prepared and tested. Two processes were 
investigated for the synthesis of this compound. The first 
made use of an observation that a 17/3-hydroxy steroid with 
a 17a-alkynyl substituent is less likely to undergo elimina
tion to generate a carbocation at C-17 than one in which 
the substituent at the 17a position is an alkyl group.1

OR

la, R =  Ac 
b, R =  H

OR'

2a, R =  R' =  H
b. R =  R' =  Ac

The starting compound, the propiolic acid 2a,2 was con
verted into the methyl ester 3a with methanol and hydro
chloric acid. Acetylation of 3a with acetic anhydride in the 
presence of boron trifluoride in acetic acid gave in good 
yield the diacetate 3b.3 Hydrogenation of the triple bond 
was accomplished over palladium on calcium carbonate. 
Although three ester groups are present in 4a, selective hy
drolysis of the C-3 acetoxy group was achieved with hydro
gen chloride in methanol. Oxidation of the resultant prod
uct 4b with dimethyl sulfoxide in the presence of sulfur 
trioxide pyridine and triethylamine4 gave predominantly 
the /3,7 -unsaturated ketone 5. The uv spectrum of the 
product indicated that the conjugated ketone was present, 
but in less than 10% amount. Earlier, Turner had shown 
that a /3,7-unsaturated ketone undergoes ready dehydroge
nation with a high potential quinone to afford a linear di- 
enone system.5 When 5 was treated with chloranil, the de
sired product la  was, indeed, obtained. Chloranil was used 
instead of dichlorodicyanobenzoquinone in the present in
stance in order to minimize the possibility of further dehy
drogenation at the 1,2 position.5

The alternate synthesis of la  involved finding conditions 
which would minimize dehydration and/or rearrangement. 
The diol 6 is known to undergo a Wagner-Meerwein rear
rangement to afford, inter alia, the ether 7 in an acid medi-

2a
1. MeOH 

HC1
2. Ac,0 

BF,-HOAc

OR
- -  Cs CC02CH;!

3a, R =  H 
b, R =  Ac

3b
1. H:

Pd/CaCO;
2. HCl-rPrOH.

MeOH
OAc

DMSO

SO/C,H,N
Et;N

OAc

chloranil

urn.6 Hence, several attempts were made to acetylate meth
yl 3-(17/3-hydroxy-3-oxoandrosta-4,6-dien-17a-yl)propion- 
ate (lb) under basic conditions, but without success. The 
starting methyl ester lb was obtained from the spirolac- 
tone 82 by treatment with potassium hydroxide followed by 
alkylation of the resultant salt with methyl iodide in di- 
methylformamide.7 Acetylation of lb with a mixture of 
acetic anhydride, triethylamine, and 4-dimethylaminopyri- 
dine8 resulted mainly in the regeneration of the lactone 8.

At the suggestion of Dr. Dryden, acetylation of lb with 
acetyl chloride and stannic chloride at low temperature was 
tried. When the reaction was allowed to proceed in dichlo- 
romethane at —40° for 20 min, the desired product la  was 
obtained in 47% yield. The principal by-product proved to 
be the spirolactone 8.



Hydration-Decarboxylation of a Propiolic Acid J. Org. C h em ., Vol. 40 , N o . 9 ,1 9 7 5  1329

Of the two procedures which afforded la, the one involv
ing acetylation of lb  with acetyl chloride and stannic chlo
ride furnished the purer product. The uv absorption maxi
mum (282 nm) of la  prepared in this manner has a molecu
lar extinction coefficient (e) of 25,800. The corresponding 
value for la prepared by the other procedure is 22,590. A 
contaminant in the latter appears to be the 3-keto A s t e 
roid, judging from the extent of the uv absorption at 240 
nm and the appearance of faint signals at 70.5 and 53.5 Hz 
in the NMR spectrum of la  derived from the chloranil de
hydrogenation of the /?,y-unsaturated ketone 5. When test
ed in the standard antimineralocorticoid test,2 la  failed to 
block the mineralocorticoid effect of deoxycorticosterone 
acetate at the screening dose of 2.4 mg.

Interestingly, while the diol propiolic acid 2a is a stable 
substance, the diacetate 2b decomposed on prolonged 
standing. The product obtained after chromatography on

2b

CHCOoH

14

silica gel proved to be 3/3,17/3-dihydroxy-17«-pregn-5-en- 
20-one 3,17-diacetate (9).9a The product was identical with 
a sample prepared by the mercuric oxide-boron trifluoride- 
catalyzed hydration9b of 3/3,17/3-dihydroxy-17a-pregn-5- 
en-20-yne 3,17-diacetate (10).

When 2b was heated in dilute acetic acid, it was convert
ed mainly into 9. The presence of 9 in the reaction mixture 
was established not only by TLC and GLC, but also by iso
lation of the product and comparison with an authentic 
sample. The diol acid 2a was recovered unchanged when 
similarly treated.

The conversion of 2b to 9 appears to be facilitated by the 
presence of the acetoxy group at C-17. A priori the induc
tive effect of the acetoxy group is expected to retard hydra
tion of the propiolic acid triple bond. However, in solvolytic 
studies it has been shown that a neighboring acetoxy group 
has a rate-enhancing effect. This has been attributed to an- 
chimeric assistance involving the formation of a quasicyclic 
intermediate.10®  ̂ Conceivably, this phenomenon occurs 
also in the protonation of the «-carbon atom of the propiol
ic acid, a step which has been shown to be rate determining 
in the acid-catalyzed hydration of certain substituted pro
piolic acids.11 The participation of a neighboring acetoxy 
group in an electrophilic attack on a triple bond is not un
precedented, as such a process has been postulated in the 
addition of difluorocarbene to ethynyl carbinol acetates.12

In the transformation of 2b to 9, protonation of the a 
carbon is likely to be facilitated by the participation of the 
neighboring acetoxy group to furnish II. Solvolysis of 11 ei
ther at C-20 or at the carbocation affords, respectively, 12 
and 13. Both species can isomerize to the /3-keto acid 14. 
Decarboxylation of 14 will then yield 9.

Experimental Section
Melting points were determined on a Fisher-Johns melting 

block and are urcorrected. NMR spectra were obtained on a Var- 
ian A-60 spectrometer using tetramethylsilane as an internal stan
dard. Unless specified otherwise, optical rotations were deter
mined in chloroform.

3-(3|8,17/S-Djacetoxyandrost-5-en-17a-yl)propiolic Acid 
(2b). A mixture of 2.0 g (5.58 mmol) of 3-(3/3,17/5-dihydroxyan- 
drost-5-en-17«-yI)propiolic acid (2a),2 60 ml of isopropenyl ace
tate, and 200 mg of p-toluenesulfonic acid monohydrate was 
subjected to slow distillation over a period of 1.5 hr. After 200 mg 
of NaOAc was added, the reaction mixture was concentrated by 
distillation under reduced pressure. The residue was diluted with a 
large volume of water, and the mixture was extracted with ethyl 
acetate. The ethyl acetate extract was washed with water, treated 
with Darco, dried over Na2S0 4 , and distilled to dryness under re
duced pressure. The residual oil was treated with 100 ml of 5% 
NaHCO.i and heated until complete solution was achieved. The so
lution was cooled in an ice bath, whereupon the sodium salt of 2b 
began to crystallize. The salt was collected and dried: ir (KBr) 
3470 (H20), 1745, 1617 cm“ 1; NMR (CD3OD) 325 (br, 1, 6 -H), 283 
(s, CD3OH, H20), 120 (s, 6 , OAc), 64 (s, 3, 19-CH3), 55.5 Hz (s, 3,
I8-CH3).

Anal. Calcd for CasHssOeNa • 2H20: C, 62.38; H, 7.45. Found: C, 
62.69; H, 7.07.

The preparation was repeated starting with 20 g (55.8 mmol) of 
2a and a proportionately larger quantity of reagents. The salt, 
however, was not isolated. Instead, the mixture containing the salt 
was acidified with 6 N  HC1. The resultant solid, 2b, was collected, 
washed well with water, and dried: yield 23 g (93%); mp 104-108°; 
ir (KBr) 3200, 2217, 1740 cm '1; NMR (CDCI3) 325 (br, 1, 6 -H), 
124, 122.5 (s, s, 6 , OAc), 62.5 (s, 3, 19-CH3), 53 Hz (s, 3, I8-CH3).

Anal. Calcd fcr C26H3406: C, 70.56; H, 7.74. Found: C, 70.12; H, 
7.73.

3/3,17/3-Diacetoxy-l 7«-pregn-5-en-20-one (9). A. After stand
ing for ca. 1 year, a bottle of 2b was found to have undergone con
siderable decomposition. A 2.0-g sample was chromatographed on 
200 g of silica gel. Elution with 5% ethyl acetate in benzene gave
1 .1  g of a solid which was crystallized from ethyl acetate-hexane to 
yield 0.9 g of 9, mp 191-194°, [a]25D -54 ° (c 1.0, dioxane) (lit.9fl 
mp 194—195°, [o]d  —54°). Admixture with an authentic sample of
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9, prepared as described in the literature,9a,b resulted in no depres
sion of the melting point. The ir spectra of the two samples were 
identical.

B. A 1.2-g (2.8 mmol) sample of freshly prepared 2b was dis
solved in 50 ml of glacial acetic acid and 50 ml of water. The reac
tion mixture was heated under reflux for 40 min. TLC showed the 
absence of starting material. The cooled mixture was distilled 
nearly to dryness under reduced pressure. The resultant mixture 
was extracted with chloroform. The chloroform extract was 
washed successively with 5% NaHCC>3 and water, dried over 
MgSCL, and evaporated to dryness to afford 0.95 g of a solid. TLC 
indicated that the major component of the residue had the same ftf 
value as 9. GLC revealed that it had an identical retention time 
with that of 9 and that it comprised 76.5% of the residue. The solid 
was chromatographed on silica gel to afford 0.65 g (56%) of 9: mp 
191-193°; NMR (CDC13) 326 (hr, 1, 6-H), 127.5, 124.5, 122 (s, s, s, 
9, -COCH3 and -OAc), 62.5 Hz (s, 6, I8-CH3, 19-CH3); ir (CHC13) 
1740, 1375, 1260, 1045 cm“ 1. The NMR and ir spectra were identi
cal with those of an authentic sample of 9.

Attempted Solvolysis of 3-(3j3,17/3-Dihydroxyandrost-5-en- 
17a-yl)propiolic Acid (2a). A 120-mg (0.34 mmol) sample of 2a in 
30 ml of glacial acetic acid and 20 ml of water was heated under re
flux for 40 min. The cooled reaction mixture was poured into a 
large volume of water. The solid product was collected by filtra
tion, washed with water, and dried, yield 109 mg (91%), mp 228- 
233° (lit.2 mp 234-235° dec). The melting point was undepressed 
when the product was admixed with the starting acid 2a. The ir 
spectra of the two samples were identical.

Methyl 3- (3(3,17(3-Dihydroxyandrost-5-en-17a-yl) propiolate 
(3a). A mixture of 20.0 g (55.8 mmol) of 3-(3d,17/3-dihydroxyan- 
drost-5-en-17a-yl)propiolic acid (2a), 150 ml of methanol, and 2 ml 
of aqueous 12 N  HC1 was heated under reflux in an atmosphere of 
N2 for 3.5 hr, during which time a crystalline product formed. The 
reaction mixture was cooled to room temperature, and the crystal
line ester 3a was collected and dried: yield 18.8 g (90.5%); mp 
236-240°; [ a ]25D -133° (c  1.0, dioxane); ir (KBr) 3490, 3380, 2230, 
1705 cm“ 1; NMR (CDCI3) 324 (br, 1, 6-H), 228 (s, 3, C 02CH3), 62.5 
(s, 3, I9-CH3), 54 Hz (s, 3 ,18-CH3).

Anal. Calcd for C23H32O4: C, 74.16; H, 8.66. Found: C, 74.06; H,
8.65.

Methyl 3-(3/3,17d-Diacetoxyandrost-5-en-17a-yl)propiolate 
(3b). A mixture of 10.0 g (26.84 mmol) of 3a, 200 ml of glacial ace
tic acid, 50 ml of acetic anhydride, and 3 ml of the BF3 • 2HOAc 
complex was allowed to stand at room temperature for 20 hr. The 
reaction mixture was diluted with water and then extracted with 
ether. The ether extract was washed successively with 5% Na2C0 3 
and water, dried over MgSCL, and distilled to dryness under re
duced pressure. The residual oil was stirred with water for 2 hr, 
when a crystalline product formed. The solid was collected and 
dried. Crystallization from hexane afforded 10.8 g (88%) of 3b: mp 
118-120°; [ a ] 25D -113° ( c  1.0); ir (KBr) 2230, 1752, 1737, 1715, 
1678 cm“ 1; NMR (CDC13) 324 (br, 1, 6-H), 275 (br, 1, 3-H), 226 (s, 
3, CO2CH3), 123, 121 (s, s, 6, OAc), 62.5 (s, 3, 19-CH3), 54 Hz (s, 3,
18- CH3).

Anal. Calcd for C27H3S0 6: C, 71.02; H, 7.95. Found: C, 71.26; H,
8.02.

Methyl 3-(3d,17/3-Diacetoxyandrost-5-en-17a-yl)-
propionate (4a). A solution of 5.0 g (10.9 mmol) of 3b in 300 ml of 
methanol was hydrogenated over 438 mg of 5% palladium on calci
um carbonate at atmospheric pressure and room temperature. 
After the calculated amount of hydrogen was absorbed in 3 hr, the 
catalyst was removed by filtration. The filtrate was distilled to 
dryness under reduced pressure to afford an oily residue, which 
was chromatographed on 100 g of silica gel. Elution with 2% ethyl 
acetate in benzene afforded an oil. The oil was crystallized from 
hexane to yield 3.25 g (64.5%) of 4a: mp 85-87°; [ « ] 25D  —78° (e
0. 98); ir (KBr) 1743 cm“ 1; NMR (CDC13) 325 (br, 1, 6-H), 280 (br,
1, 3-H), 219 (s, 3, C 02CH3), 120.5, 118.5 (s, s, 6, OAc), 61.5 (s, 3,
19- CHa), 50 Hz (s, 3, I8-CH3).

Anal. Calcd for C27H40O6: C, 70.40; H, 8.75. Found: C, 70.34; H,
8.84.

Methyl 3-( 17d-Acetoxy-3/3-hydroxyandrost-5-en-17a-yl)- 
propionate (4b). A mixture of 2.0 g (4.34 mmol) of 4a, 20 ml of 
methanol, and 2 ml of an isopropyl alcohol solution of HC1 (0.273 
g/ml) was stirred at room temperature for 3 hr. The reaction mix
ture was then cooled in an ice bath, whereupon 4b crystallized 
from the solution. The product was collected: yield 1.2 g (66%); mp 
142-146° [ a ] 25D  -9 0 ° (c 0.4); ir (KBr) 3545, 1735 cm“ 1; NMR 
(CDCI3) 323 (br, 1, 6-H), 219.5 (s, 3, C 02CH3), 210 (br, 1, 3-H), 
119.5 (s, 3, 17-OAc), 61 (s, 3, 19-CH3), 50 Hz (s, 3 ,18-CH3) Hz.

Anal. Calcd for C2BH380 5: C, 71.74; H, 9.15. Found: C, 71.45; H,
9.11.

Methyl 3-(17|8-Acetoxy-3-oxoandrost-5-en-17a-yl)propion- 
ate (5). To a mixture of 10.0 g (23.89 mmol) of 4b in 100 ml of di
methyl sulfoxide were added in succession 50 ml of triethylamine 
and a solution of 20 g of the sulfur trioxide-pyridine complex4 in 
100 ml of dimethyl sulfoxide. The reaction mixture was stirred 
under N2 for 0.5 hr and then poured into a large volume of ice 
water. The resultant precipitate 5 was collected, washed with 
water, and dried: yield 9.1 g (91.5%); mp 127-131°; ir (KBr) 1749, 
1735, 1722, 1680 cm“ 1; NMR (CDCI3) 320 (br, 1, 6-H), 219.5 (s, 3, 
C 02CH3), 120 (s, 3, 17-OAc), 71 (s, 3, 19-CH3), 51.5 Hz (s, 3, 18- 
CH3). The product showed slight uv absorption at 240 nm (c 1460).

Methyl 3-(17/3-Acetoxy-3-oxoandrosta-4,6-dien-17a-yl)pro- 
prionate (la). A. A mixture of 4.0 g (9.6 mmol) of 5, 500 ml of 
tert-butyl alcohol, and 12.0 g (48 mmol) of chloranil was heated 
under reflux for 24 hr in a N2 atmosphere. The reaction mixture 
was coooled to room temperature. The precipitate was removed by 
filtration, and the filtrate was distilled to dryness under reduced 
pressure. The residual oil was extracted with ethyl acetate. The 
ethyl acetate extract was washed successively with water, 5% KOH, 
and water again. It was then dried over MgSCL and distilled nearly 
to dryness under reduced pressure. The semisolid residue was 
crystallized first from ethyl acetate-ether and then from methanol 
to afford 2.2 g (55%) of la: mp 184-187°; uv max (MeOH) 282 nm 
(e 22,590); e240 4165; ir (KBr) 1745, 1735, 1673, 1623, 1591 cm“ 1; 
NMR (CDC13) 368 (s, 6-H, 7-H), 341.5 (s, 1, 4-H), 221 (s, 3, 
C 02CH3), 121.5 (s, 3, 17-OAc), 68 (s, 3, 19-CH3), 55.5 Hz (s, 3, 18- 
CH3). The NMR spectrum also displayed weak signals at 70.5 and 
53.5 Hz.

B. To a mixture of 7.7 ml of stannic chloride and 40 ml of dichlo- 
romethane, stirred at —13°, was added dropwise a solution of 17 
ml (238 mmol) of acetyl chloride in 40 ml of dichloromethane. The 
resultant solution was then cooled to —44°, following which a solu
tion of 24.9 g (67 mmol) of lb (vide infra) in 300 ml of dichloro
methane was added over a period of 12 min. The reaction mixture 
was stirred at —40° for 8 min. A solution of 50 g of potassium sodi
um tartrate and 50 g of KHCO3 in 500 ml of water was carefully 
added. The reaction mixture was stirred for 1 hr at —5 to 9°. The 
organic phase was separated, washed successively with 10% 
KHC03 and water, dried over Na2SC>4, and distilled nearly to dry
ness under reduced pressure. The solid residue was triturated with 
25 ml of hot methanol. The solid was collected by filtration and 
washed with a mixture of isopropyl ether and methanol. It was dis
solved in 700 ml of hot methanol. The solution was concentrated 
until crystallization ensued. The crystalline ester la was collected, 
washed with isopropyl ether-methanol, and dried: yield 13.1 g 
(47%); mp 193-194°; [ a ] 2SD -27.6° (c 1.0); uv max (MeOH) 282 nm 
(« 25,800); e24o 3520. Except for the absence of the signals at 70.5 
and 53.5 Hz, the NMR spectrum of la thus prepared was identical 
with that of the sample of la prepared by the preceding procedure.

Anal. Calcd for CosH.-mOs: C, 72.43; H, 8.27. Found: C, 72.45; H,
8.33.

The methanol trituration solution was concentrated. The resi
due was diluted with isopropyl ether to afford 3.4 g (15%) of 3- 
(17/3-hydroxy-3-oxoandrosta-4,6-dien-17a-yl)propionic acid y-lac
tone (8) whose NMR spectrum was identical with that of an au
thentic sample of 8.2

Methyl 3-(17d-Hydroxy-3-oxoandrosta-4,fi-dien-17«-yI)pro
pionate (lb). A mixture of 1 kg (2.94 mol) of 3-(17/J-hydroxy-3- 
oxoandrosta-4,6-dien-17a-yl)propionic acid y-lactone (8),2 10 1. of 
methanol, and 0.7 1. of 4.0 N  methanolic potassium hydroxide was 
heated under reflux for 50 min. The mixture was then filtered, and 
the filtrate was concentrated to 1 1. by distillation at atmospheric 
pressure. The residue was diluted with 6 1. of ethyl acetate. The re
sultant mixture was concentrated to 100 ml by distillation under 
reduced pressure. The residue was diluted with a fresh portion of 
ethyl acetate. The solid potassium salt was collected by filtration, 
washed with ethyl acetate, and dried.

A 198-g (0.5 mol) sample of the salt was combined with 142 g 
(1.0 mol) of methyl iodide in 1 1. of dimethylformamide.7 The reac
tion mixture was allowed to stand at room temperature for 21 hr, 
after which it was poured into 5 1. of ice water. The resultant pre
cipitate was collected by filtration and washed with water. The wet 
solid was dissolved in 1.3 1. of tetrahydrofuran. After 250 ml of 
hexane was added, the resultant solution was washed successively 
with 5% potassium bicarbonate and water. The solution was then 
dried over Na2S04. Removal of the solvents by distillation under 
reduced pressure gave an oil which was thrice crystallized from iso
propyl acetate to afford 112.6 g (61%) of lb: mp 144-145.5°; ir
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(CHCI3) 1734,1658 cm -1; NMR (CDCI3) 367 (s, 2, 6-H, 7-H), 340.5 
(s, 1, 4-H), 221.5 (s, 3, C 02CH3), 68 (s, 3, 19-CH3), 58.5 Hz (s, 3, 
I8-CH3).

Anal. Calcd for C23H 32O 4: C, 74.16; H, 8.66. Found: C, 74.26; H,
8.82.
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The photolysis of several oxidatively coupled xanthates of model sugar compounds has been investigated. The 
photolysis of bis(l,2:3,4-di-0-isopropylidene-a-D-galactopyranos-6-yl)dithiobis(thioformate) (2) gave the xan- 
thate ester, bis(6-deoxy-l,2:3,4-di-0-isopropylidene-«-D-galactopyranos-6-yl) 6-0,6'-S-dithiocarbonate (5), in 
78% yield. In concentrated solutions, bis(l,2:3,4-di-0-isopropylidene-o:-D-galactopyranos-6-yl) tetrathiobis- 
(thioformate) (3) was produced along with 5. The photolysis of bis(l,2:5,6-di-0-isopropylidene-o:-D-glucofuranos- 
3-yl) dithiobis(thioformate) (14) gave bis(3-deoxy-l,2:5,6-di-0-isopropylidene-a-D-glucofuranos-3-yl) 3-0,3'-S- 
dithiocarbonate (15), in which an oxygen atom on the sugar ring has been replaced with sulfur with retention of 
configuration. A cyclic mechanism in which either the excited thiocarbonyl sulfur or a sulfur of the disulfide link
age attacks the carbon giving a front-side displacement of oxygen has been proposed to account for the observed
results.

The relatively high efficiency with which sulfur com
pounds absorb light, especially compounds which contain 
the thiocarbonyl group, has resulted in a large number of 
reports on the photochemistry of organic sulfur com
pounds.2-4 The xanthate group [Amax (H20) 305 nm (e
12,000-17,000)] and derivatives thereof exhibit a very 
strong absorbance of uv light and, therefore, have the po
tential of photochemical transformations by direct irradia
tion. The photolyses of some xanthate esters have been re
ported. Okawara and coworkers subjected 0 -ethyl S- ben
zyl xanthate to uv irradiation and found benzyl mercaptan 
and carbonyl sulfide as major products, which were ob
tained in low yields.5-7 When styrene or methyl methacry
late was added to the reaction mixture, polymerization oc
curred, indicating a free-radical mechanism for the photo
decomposition of the xanthate ester. Photolysis of 0 -ben
zyl S-methyl xanthate in the preserice of cyclohexene gave 
methyl mercaptan, carbonyl sulfide, 3-benzylcyclohexene, 
and 3-(2-cyclohexene-l-yl)cyclohexene (1). The xanthate 
ester, O-diphenylmethyl S-methyl xanthate, gave 1,1,2,2- 
tetraphenylethane and 1. The results suggested the forma
tion of a carbene intermediate. In ethanol no decomposi
tion of 0 -benzyl S-methyl xanthate occurred. However, ad

dition of triethylamine gave methyl benzyl thioether, S- 
benzyl ethyl thiocarbonate, dibenzyl thioether, and diben
zyl disulfide.8

Acyl xanthate esters have been photolyzed and produced 
acyl radicals and xanthate radicals.9 The acyl radical then 
loses carbon monoxide, and a recombination reaction oc
curs between the new alkyl radical and the xanthate radical 
to give a xanthate ester which is stable to Pyrex-filtered 
light. Shah, Singh, and George10’11 observed that the pho- 
tolytic decomposition of a dixanthate gave a mixture of di
meric compounds which appeared to be formed from a car
bene intermediate. Another similar xanthate ester was pre
pared by Schonberg and Sodtke12 and was photolyzed to 
produce a coupled product.

Xanthates have been used as photoinitiators in polymer
ization reactions5’7’13-16 and incorporated in polymers for 
grafting sites.15’16

We have previously reported on the ground-state chem
istry of the oxidatively coupled xanthate, dithiobis(thiofor- 
mate), which is also called xanthide.17

Because of the strong absorption of light by the xanthide 
group [Amax (EtOH) 230-240 nm (e 15,800-18,900), 280-290 
(6600-8900)],18 the photoreactivity of xanthate derivatives,
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and the chemical reactivity of the xanthide group, a study 
of the photochemistry of some carbohydrate xanthides was 
undertaken.

Results
Photolysis of Bis( 1,2:3,4-di-O-isopropylidene-a-D- 

galactopyranos-6-yl) Dithiobis(thioformate) (2). Pho
tolysis of 2 through quartz (X > 200 nm) in methanol gave a 
white solid (3), which was filtered off. Column chromatog
raphy of the filtrate afforded unreacted 2, l,2:3,4-di-0-iso- 
propylidene-a-D-galactopyranose (4), sulfur, and a compo
nent (5) of Rf intermediate to that of 2 and 4 (Scheme I).

Scheme I

The uv spectrum of 5 showed absorption at 285 nm charac
teristic of a xanthate ester.18

From elemental analysis, 5 was formulated as bis(6- 
deoxy-l,2:3,4-di-0-isopropylidene-o:-D-galactopyranos-6- 
yl) 6-0,6'-S-dithiocarbonate. Compound 5 was isolated in 
35% yield. The NMR spectrum showed a two-proton ab
sorption centered at r 6.68, which is in the expected range 
for thiomethylene protons.17

Additional evidence for the structure of 5 was obtained 
by reductive cleavage with LiAlH419 to give 4 and 
l,2:3,4-di-0- isopropylidene-6-t.hio-a-D-galactopyranose (6) 
(Scheme II). The structure of 6 was confirmed by NMR

Scheme II

s
11 LiAlHi

R—0 -C -S —R -  V R-OH + RSH
5 4 6

R = 1,2:3,4-di-0-ispropylidene-6-deoxy- 
a-D-galacopyranose

and elemental analysis. The NMR of this sample showed a 
one-proton doublet at r 8.37, which slowly disappeared 
when kept with D2O for 18 hr. The slow exchange and the 
position of the peak is indicative of a thiol group.17 A two- 
proton multiplet centered at r 7.31, assigned to the protons 
of the thiol-substituted methylene group, collapsed to a 
broad doublet when the deuterium exchange was complete.

The mass spectrum of 5 showed a high-mass peak at m/e 
563 which corresponds to M — 15. Other mass peaks sup
porting the structure appeared at m/e 319, 303, and 275, 
which corresponds to M — C H 3  — C 1 2 H 2 0 O 5 , M — 
C12H19O5S, and the radical ion C^HigOsS.

The white solid 3 showed a strong, continuous absorp
tion from 350 to 220 nm with an ill-defined shoulder at ap
proximately 315 nm (e 7150) and a maximum at 240 nm (e

Table I
Solvent Effect on Molar Yield of Products 

from Irradiation of 2°
Irradiation tim e, hr

Product
13 23 

Cyclohexane
19

Methanol
13

2 -Propanol
5.5

Cyclohexane

Sulfur 0 .8 0 0 .7 5 0.88 0 .3 4 0 .3 4 0 .3 3
8b 0 .1 1 0 .2 0 .0 9 0 .2 0 .1 6 0 .2 3
5° 0 .7 4 0 .5 0 .5 7 0 .3 1 0 .2 7 0 .7 4
4“ 0 .1 5 0 .2 1 0 .5 5 0 .8 0 1 .0 7 0 .2 5
COS 0 .3 4 0 .2 5 0 .8 1
cs2 0.0 0 .2 7 0 .8 1

See Scheme II. b 6-Deoxy-l,2:3,4-di - O-isopropy lidene-a -D -
galactopyranose.

21,000). From the NMR and elemental analysis, 3 was for
mulated as bis( 1,2:3,4-di-O-isopropylidene-a--D-galactopyr- 
anos-6-yl) tetrathiobis(thioformate). Although this com
pound had a fairly wide melting range, 160-164°, its physi
cal properties were the same as those of an authentic sam
ple prepared from the sodium xanthate salt of 4 and sulfur 
monochloride. Attempted recrystallization from hot meth
anol gave 2, free sulfur, and a component of mp 149-151° 
identified as bis(l,2:3,4-di-0-isopropylidene-a-D-galacto- 
pyranos-6-yl) trithiobis(thioformate) (7). This decomposi
tion might be expected, since polysulfides are known to 
readily lose sulfur to form disulfides.20

In addition to the products discussed above, COS was 
the major gas evolved, but after 3 hr CS2 was also detected 
by the method of Brady.21 This result suggests decomposi
tion of the photoproduct.

Using cyclohexane solvent and similar reaction condi
tions, the same products were obtained in nearly the same 
yields when 2 was photolyzed in methanol. Longer irradia
tion in either solvent gave more complex mixtures, because 
5 also undergoes photodecomposition under these reaction 
conditions and evolves CS2. The yield of 3 was increased by 
photolyzing at 5° rather than at 25°. When Corex-filtered 
light (X > 260 nm) was used, 5 did not react to any signifi
cant extent. Therefore, a cyclohexane solution (0.064 M) of 
2 was irradiated for 22 hr with Corex-filtered light (X > 260 
nm) to yield 3 (37%), 5 (35%), 4 (13%), and COS, but no CS2 
could be detected. A more dilute solution (0.003 M) gave 5 
in 74% yield and 3 could not be detected after 5.5 hr. How
ever, when irradiation was stopped after 2 hr, an apparent 
mixture of polysulfides was obtained, based on mp 145- 
153° and elemental analysis.

The photolysis of the tetrasulfide 3 in cyclohexane re
sulted in the formation of the xanthate ester 5, but at a 
slower rate than from 2. For example, under similar condi
tions, a 9.2% yield of 5 was obtained from 3 compared to 
35% from 2.

The effect of solvent on the reaction mixture is shown in 
Table I. The results show that the yield of 5 is highest in 
cyclohexane, and in the alcohol solvents more 4 is produced 
along with CS2. In all cases, some 6-deoxy-l,2:3,4-di-0-iso- 
propylidene-a-D-galactose (8) was obtained. However, the 
yield of 8 was not greatly increased when 2-propanol was 
used.

The photolysis of a solution of 2 and ethyl xanthide (9) 
in cyclohexane rapidly gave the mixed xanthide 10 
(Scheme III). After 15-20 min, an apparent photostationa- 
ry state of the three xanthides was established.

Compound 2 was found to react readily with methyl rad
icals generated by the thermal decomposition of acetyl per
oxide. Using approximately 2 mol of acetyl peroxide per 
mole of 2, 1.1 mol of S-methyl xanthate ester 11 was ob
tained (Scheme IV). The structure of 11 was confirmed by
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white, crystalline solid in 34% yield in which S has replaced 
0  without inversion. Analysis of the original reaction mix
ture by measurement of the absorption of 283 nm showed 
that the total xanthate ester formed was 37%. Therefore, 
the xanthate ester formation occurred with at least 92% re
tention of configuration.

This xanthate ester 15 was reduced with LÎAIH4 to give 
l,2:5,6-di-0-isopropylidene-a-D-glucofuranose (16) and 
l,2:5,6-di-0-isopropylidene-3-thio-a-D-glucofuranose (17). 
The NMR spectrum of 17 was identical with that of the 
known 17 prepared by the method of Heap and Owen.19 
The thiol was also converted to the S- acetyl derivative (18) 
and exhibited properties identical with those previously re
ported for this compound.19

The xanthate ester 15 was independently synthesized by 
reaction of the 3-thiol 17, prepared by the method of Heap 
and Owen,19 with the 3-chlorothioformate 19 of 16 de
scribed by Shasha and Doane23 (Scheme VII). The xan-

Scheme VII

R = 1,2'.M-di-Q-i$optGM(i4ene-6-deQXTci-o-£alactopytanose

comparison of its properties to that of an authentic sample 
prepared from the sodium xanthate salt of 4 and methyl io
dide.

Photolysis of Bis(methyl 2,3,4-tri-O-methyJ-a-D- 
glucopyranoside) 6,6'-Dithiobis(thioformate) (12). The
photolysis of 12 (X > 200 nm) in cyclohexane resulted in 
the formation of the corresponding xanthate ester (13) in 
47% yield (Scheme V). No attempt was made to identify

Scheme V

any polysulfides similar to 3, and products having disulfide 
bonds were destroyed by reaction with thiophenol or p- 
chlorothiophenol.22

Photolysis of Bis(l,2:5,6-di-0-isopropylidene-a-D- 
glucofuranose) 3,3'-Dithiobis(thioformate) (14). The
photolysis of 14 with Corex-filtered light gave the xanthate 
ester, bis(3-deoxy-l,2:5,6-di-0-isopropylidene-a-D-glucofu- 
ranos-3-yl) 3-0,3'-S-dithiocarbonate (15) (Scheme VI), as a

Scheme VI

thate ester prepared by this procedure had the same prop
erties as the product obtained from the photolysis of 14. A 
mixture of the two showed no depression of the melting 
point.

Examination of the minor components of the reaction 
mixture showed no components which could be identified 
as the xanthate ester in which the inversion had occurred.

Discussion
The photochemical transformation of 2 to 3 and 5 is in 

contrast to the pyrolysis reaction reported by Trimnell et 
al.17 in which 2 gave only bis(l,2:3,4-di-0-isopropylidene- 
a-D-galactopyranose) 6,6'-thionocarbonate. However, on 
pyrolysis bis(methyl 2,3,4-tri-O-methyl-a-D-glucopyranos- 
ide) G^'-dithiobisithioformate) (12) rearranged to the cor
responding dithiocarbonate 13.17 They also reported that 
dithiocarbonates were not formed when xanthides attached 
to secondary positions were pyrolyzed. In the present work, 
photolyzing 14 gave the dithiocarbonate 15.

The mechanism proposed to account for the observed 
products is shown in Scheme VIII. This mechanism in
volves the attack of an excited sulfur atom on the methy
lene carbon, which requires a seven-membered cyclic tran
sition state if it involves the thiocarbonyl sulfur, or a five- 
membered transition state if it involves a sulfur of the di
sulfide linkage. The reaction then proceeds with the elimi
nation of carbonyl sulfide and free sulfur. This molecular 
sulfur may insert into a disulfide bond or possibly abstract 
another atom of sulfur to form S2, which could insert into a 
disulfide bond. Gunning et al.24’25 have shown that con
densed-phase photolysis of COS yields long-chain sulfur
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biradicals and have proposed that either sulfur atoms or S2 
biradieals are the propagating species. These insertion 
reactions would account for the formation of the trisulfide 
and tetrasulfide products.

Scheme VIII
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The proposed mechanism does not account for the ap

parent preference of tetrasulfide formation. However, 
Hoffmeister and Tarbell26 found a similar preferential for
mation of a hexasulfide on pyrolysis of benzoyl cyclopen- 
tamethylene thiocarbamyl disulfide. The photolysis of ben
zoic pyrrolidine dithiocarbamic anhydride gave a hexasul
fide, while photolysis of benzoic morpholine dithiocarbam
ic anhydride gave a tridecasulfide.27 They suggested that 
the selective formation of the polysulfides is due to the 
lower solubilities of these polysulfides. This appears to be 
the most plausible explanation of the results presented 
here, for disulfide exchange would be expected to occur 
very rapidly to form many polysulfides based on the rapid 
exchange of ethyl xanthide and 2.

The rapid exchange reaction of ethyl xanthide with 2 is 
assumed to proceed by a radical mechanism based on re
sults of Siebert,13 who has shown that photolysis of xan
thide will catalyze the polymerization of butyl acrylate, and 
on results of Walling and Rabinowitz,28 which showed that 
disulfides photolyze to thiyl radicals. The above results in
dicate the xanthate radical is relatively stable and does not 
readily abstract hydrogen atoms from cyclohexane, since 4 
was obtained in low yield and carbon disulfide could not be 
detected in the reaction mixture when Corex-filtered light 
was used. However, methanol or 2-propanol appear to serve 
as a hydrogen source for the xanthate radical in dilute solu
tion, since carbon disulfide and 4 are produced in larger 
quantities at the expense of 5 when photolysis is carried 
out in these solvents.

Although methyl radicals readily attacked the disulfide 
bond of the xanthide, which supports a free-radical mecha
nism, the stereoselectivity in the formation of 15, the low 
yield of 5 from the tetrasulfide 3, the high yield of 5 in di
lute solution, qnd the low yield of the 6-deoxy derivative, 8, 
in 2-propanol strongly favor the cyclic mechanism. If a free 
radical were formed on C3 of the glucose, one would expect 
to obtain both the alio and the gluco configuration in the
3-thio sugar.

An initial isomerization similar to the thermal rearrange
ment of xanthate esters was considered unlikely, since, 
under the reaction conditions, no carbonyl-containing 
products could be detected by ir analysis of the reaction 
mixture.

The photolysis of either the mono- or the dixanthide of 
methyl 4,6-0-benzylidene-a-D-glucopyranoside under sim

ilar reaction conditions did not give a xanthate ester. Like
wise, the monoxanthide of trans- 1 ,2-cyclohexanediol did 
not give a xanthate ester product.

Experimental Section
Melting points were determined with a Fisher-Johns29 appara

tus and are uncorrected. Optical rotations were determined in a 
1-dm tube with a Rudolph polarimeter. Ir spectra were recorded 
with a Beckman IR-33 spectrophotometer. NMR spectra of C D C I3  
solutions were recorded on a Varian HA-100 spectrometer with 
tetramethylsilane as internal reference standard (r 10.0). A Per- 
kin-Elmer Model 202 spectrophotometer was used to record uv 
spectra. For TLC, silica gel G was used as the adsorbent and 19:1 
(v/v) methanol-sulfuric acid as the spray reagent. Mallinckrodt si
licic acid (100 mesh) was used for large-scale chromatography. All 
reagents were reagent grade and were used without further purifi
cation. The light source was a Hanovia high-pressure mercury arc 
lamp (450 W, No. 679A) in a quartz immersion well, with or with
out additional filters.

Preparation of Bis(l,2:3,4-di-0-isopropylidene-a-D-galac- 
topyranos-6 -yl) Dithiobis(thiformate) (2). Compound 2 was 
prepared by the procedure of Shasha et al.30 and exhibited proper
ties as reported by Doane et al.31

Photolysis of 2. A. Quartz, Methanol (0.01G M ). A solution of 
2 (2.5 g) in methanol (230 ml) was sparged with nitrogen for 10 
min. The light yellow solution was then irradiated for 3 hr, while 
the flow of nitrogen continued. The insoluble solid present in the 
reaction mixture was collected to yield 3 (0.247 g): mp 160-164°; 
[a]23D 0.0° (c 1, CHCI3); XmaJt (ether) 315 nm (c 7150) and 240 
(21,000); Xmax (film) 1250 cm- 1  [OC(S)SS]; NMR r 4.49 (d, J 1 2  = 
7 Hz, H-l), 5.20-5.44 (m), 5.60-5.84 (m), 8.43, 8.57, 8.68  (s, CMe2).

Anal. Calcd for CseHssO^Se: C, 42.5; H, 5.3; S, 26.2; mol wt, 738. 
Found: C, 42.3; H, 5.5; S, 26.4; mol wt, 778 (vapor pressure os
mometry, C H C I3 ).

The methanol filtrate was concentrated and kept in an ice bath 
for 4 hr to yield a white precipitate. Recrystallization from metha
nol gave 2 (0.777 g), mp 130-134°.

Combining the methanol filtrates and evaporation of the solvent 
at 40° under reduced pressure gave a yellow syrup, which was 
chromatographed on silicic acid. The column was eluted with ace
tone-hexane (1:50). The first component eluted was free sulfur 
(0.005 g). Next eluted was a mixture of 2 and 5 (0.078 g) deter
mined by TLC. Continued elution gave 5 (0.578 g, 27%) as a yellow 
syrup: [ a ] 23D  -55 ° (c 1, CHC13); Xmax (MeOH) 283 nm (e 8200); 
NMR r 4.50 (two-proton, four-line m, H-l, H-l'), 5.1-5.5 (four- 
proton m), 5.6-6.1 (six-proton m), 6.68  (two-proton m), 8.51, 8.59,
8 .66 (24 protons, s, CMe2).

Anal. Calcd for C25H38O11S2: C, 51.9; H, 6 .6 ; S, 11.1; mol wt, 578. 
Found: C, 51.6; H, 6 .6 ; S, 11.4; mol wt, 586 (vapor pressure os
mometry, C H C I3 ).

Next eluted was 4 (0.227 g). Compound 5 was recrystallized from 
hexane at —20° on long standing to give a crystalline product of 
mp 107-110°.

B. Quartz, 2-Propanol (0.01G M). A solution of 2 (2.5 g) in 2- 
propanol (230 ml) was irradiated under N2 for 3 hr using the 
quartz immersion well. The reaction mixture was filtered and the 
solvent was evaporated at 40° under reduced pressure. TLC of the 
resulting light yellow syrup showed three components: one of R f 
equal to the R f  of 2, one of R f  equal to the R f  of 5, and the other of 
R f  equal to the R f  of 4. The syrup was dissolved in methanol (50 
ml) and kept for 1.5 hr. A white precipitate (0.39 g) formed of mp 
149-151°, which was formulated from elemental analysis as bis- 
(l,2:3,4-di-0-isopropylidene-a-D-galactopyranos-6-yl) trithiobis- 
(thioformate) (7).

Anal. Calcd for C^HsaO^Ss: C, 44.6; H, 5.32; S, 22.8. Found: C, 
44.3; H, 5.14; S, 22.2.

The filtrate was kept for 72 hr at —20° and a second precipitate 
(0.50 g) formed of mp 130-152°. This precipitate was assumed to 
be a mixture of 2 and 7, since TLC showed only one component. 
The methanol was evaporated and the remaining syrup was chro
matographed to give free sulfur (0.024 g), 2 (0.25 g), 5 (0.30 g), and 
4(0.60 g).

C. Quartz, Cyclohexane (0.016 M). A solution of 2 (2.5 g) in 
cyclohexane (230 ml) was irradiated for 3 hr under N2 using the 
quartz immersion well. The reaction mixture was concentrated at 
40° under reduced pressure. The resulting syrup was dissolved in 
methanol (50 ml) and kept at —20°. A white precipitate formed, 
which was collected, washed with methanol, and dried (0.9 g), mp 
130-162°, assumed to be a mixture of 2, 3, and other polysulfides.
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The methanol was evaporated and the resulting syrup was chro
matographed to give 2 (0.2 g), 5 (0.75 g), 4 (0.41 g), and sulfur 
(0.035 g).

D. Corex, Cyclohexane (0.064 JVf). A solution of 2 (10.0 g) in 
cyclohexane (230 ml) was irradiated under a continuous flow of N2 
for 24 hr using Corex-filtered light. The reaction mixture was fil
tered to remove the insoluble 3 (0.448 g) which had formed. The 
volatile components were then removed at room temperature. The 
resulting yellow syrup was dissolved in methanol (500 ml) and the 
methanol was slowly evaporated. As the solvent evaporated, a 
white precipitate formed (2.8 g, mp 152-158°). Recrystallization 
from methanol (250 ml) gave 3 (mp 159-163°). The remaining 
original methanol solution was kept at 5° for 18 hr to give 2 (2.8 g) 
as a white precipitate. Filtration of the supernatant liquid and 
concentration of the solvent at 40° under reduced pressure gave a 
yellow syrup, which was chromatographed on silica gel to give 2 
(0.27 g), 5 (3.2 g), and 4 (0.53 g).

E. Pyrex, Cyclohexane (0.003 JVf). A solution of 2 (0.5 g) in cy
clohexane (230 ml) was irradiated under a continuous flow of N2 
for 14 hr using Pyrex-filtered light. The volatile components were 
evaporated at room temperature. The resulting light yellow syrup 
was chromatographed to give sulfur (0.019 g), 8  (0.040 g), 5 (0.320 
g), and 4 (0.030 g). No CS2 could be detected in the effluent gases, 
but COS (0.25 mmol) was determined by uv analysis as a di- 
ethylamine complex in an ethanol (1 l.)-diethylamine (4.0 ml) so
lution.

F. Pyrex, 2-Propanol (0.003 JVf). A solution of 2 (0.5 g) in 2- 
propanol (230 ml) was irradiated under a continuous flow of N2 for 
23 hr. The volatiles were evaporated at room temperature. The re
sulting syrup was chromatographed to yield sulfur (0.008 g), 5 
(0.14 g), and 4 (0.15 g). Compound 8 was obtained as a mixture 
(0.040 g). A mixture of CS2 (0.62 mmol) and COS (0.60 mmol) was 
detected in the effluent gases by uv analysis of an ethanol (1  1.)- 
diethylamine (4.0 ml) solution into which the gases had been 
sparged.

G. Pyrex, Methanol (0.003 JVf). A solution of 2 (0.5 g) in metha
nol (230 ml) was irradiated under a continuous flow of N2 for 19 hr 
using Pyrex-filtered light. The cloudy reaction mixture was kept at 
room temperature and the volatiles were allowed to evaporate. The 
resulting syrup was chromatographed to yield sulfur (0.0 21 g), a 
mixture containing mostly 8 (0.016 g), 5 (0.25 g), and 4 (0.107 g). 
Analysis of the effluent gases showed a mixture of COS (0.185 
mmol) and CS2 (0.205 mmol), determined by uv analysis after 
reaction with diethylamine.

H. Corex, Cyclohexane (0.003 JVf). A solution of 2 (0.5 g) in cy
clohexane (230 ml) was irradiated with Corex-filtered light under a 
continuous flow of N2 for 5.5 hr. The volatiles were removed at 
room temperature and the resulting syrup was chromatographed 
to yield sulfur (0.008 g), 5 (0.32 g), and 4 (0.087 g). Only COS could 
be detected in the effluent gases by uv analysis after reaction with 
diethylamine in ethanol.

Irradiation of Bis( 1,2:3,4-di-0-isopropylidene-a-D-galacto- 
pyranos-6 -yl) Tetrathiobis(thioformate) (3). A methanol (230 
ml) suspension of 3 (2.4 g) was irradiated for 3 hr under N2 using 
quartz-filtered light. The reaction mixture was filtered and un
reacted 3 (1.3 g) was recovered. The solvent was removed from the 
filtrate and the resulting syrup was treated with pyridine (5 ml) 
and p-chlorothiophenol (1 g). After 30 min, the pyridine was evap
orated and the sample was chromatographed to give 5 (0.197 g) 
and 4 (0.540 g).

Preparation of 1,2:3,4-Di-0-isopropylidene-6-thio-«-D- 
galactopyranose (6 ) from 5. Compound 5 (0.5 g) was dissolved in 
ether (20 ml), and LiAIH4 (0.25 g) was added in portions over a
5-min period. The resulting black-gray mixture was then refluxed 
for 1 hr. TLC of the reaction mixture showed two components, one 
of R[ equal to that of 4 and the other of Rf greater than that of 5. 
“Newcell” thiol spray reagent indicated that the component of 
higher R f  was a thiol. After the excess LiAlH4 was destroyed by 
adding ethyl acetate, the reaction mixture was poured into 5% 
aqueous acetic acid (50 ml). The reaction flask was rinsed with 
acetic acid (2 ml) and the combined acetic acid solutions were ex
tracted three times with ether (50-ml portions). The ether solution 
was kept over sodium bicarbonate until neutral, then washed with 
water and dried over sodium sulfate. Evaporation of the ether gave 
a colorless syrup, which was chromatographed on silica gel. Elution 
with hexane-CHCL (4:1) gave 6 (0.165 g): NMR r 4.51 (one-proton 
d, J 1,2 = 5 Hz, H-l), 5.40 (one-proton q, J^.3 = 8 , Jz.4 = 3 Hz, 
H-3), 5.70 (two-proton m, H-2,4), 6.25 (one-proton m, J4 5 = 2, Js,6 
= 6 Hz, H-5), 7.31 (two-proton m, H-6 ), 8.37 (one-proton d, J -  9 
Hz, H'-thiol), 8.49, 8.60, 8.69, 8.76 (12  protons, s, CMe2). The signal

at r 8.37 disappeared when kept with D20  for 18 hr and the signal 
at r 7.31 became a broad doublet.

Photolysis of 2 and Ethyl Xanthide. A solution of 2 (2.5 g) and 
ethyl xanthide (2.5 g) in cyclohexane (230 ml) was photolyzed 
under nitrogen (quartz). After 5 min, a new component was detect
ed by TLC. This component had an Rf identical with that of an au
thentic sample of the mixed xanthide.32 After 30 min, the mixed 
xanthide became a major component. Carbonyl sulfide was detect
ed in the effluent gases by uv analysis of an ethanol solution con
taining piperidine.

Reaction of 2 with Acetyl Peroxide. Cyclohexane (50 ml) con
taining 2 (1.0 g) was warmed to 70°, and acetyl peroxide (0.2 ml) 
was added.33 After 1 hr of gentle reflux, more acetyl peroxide (0.4 
ml) was added. The reaction mixture was refluxed for 1 hr. After 
cooling, the solvent was removed by evaporation at 50° under re
duced pressure to yield a light yellow syrup.

Chromatography gave a major component (0.58 g), which was 
identified as l,2:3,4-di-0-isopropylidene-6-0- [methylthio(thiocar- 
bonyl)]-a-D-galac'opyranose (11). The uv, NMR, and mass spectra 
were identical with those of an authentic sample.

Anal. Calcd for Ci4H2206So: C, 48.0; H, 6 .2 ; S, 18.3. Found: C, 
47.9; H, 6.5; S, 17.8.

Preparation of l,2:3,4-Di-0-isopropylidene-6-0-[methyl- 
thio(thiocarbonyl)]-a-D-galactopyranose (11). Dimethyl sulf
oxide (DMSO, 5.0 ml), 4 (5.0 g), 5 N  sodium hydroxide (5.0 ml), 
and carbon disulfide (7.5 ml) were stirred for 10 min. The reaction 
mixture was cooled to 5°, and methyl iodide (5.0 ml) was added. 
After 1 min, a precipitate formed; the mixture was kept for 15 min. 
Then water (10 0  ml) and CHCI3 (50 ml) were added to the brown 
mixture, and the two phases were separated. The CHC13 solution 
was washed three times with H2O (100  ml) and dried with NaiSCL 
and the solvent was removed. The resulting dark brown syrup was 
dissolved in 1 :1  hexane-chloroform and filtered through silica gel. 
Evaporation of the solvent gave a bright yellow syrup. This syrup 
was dissolved in methanol and treated with charcoal. The solvent 
was removed at 50° under reduced pressure to give a nearly color
less syrup.

Anal. Calcd for C14H22O6S0: C, 48.0; H, 6.3; S, 18.3. Found: C, 
47.9; H, 6.2; S, 18.6.

Preparation of Bis( 1,2:3,4-di-O-isopropylidene-a-D-galac- 
topyranos-6 -yl) Tetrathiobis(thioformate) (3). A mixture of 4 
(4.5 g), DMSO (5 ml), 5 N  NaOH (5.0 ml), and carbon disulfide (5 
ml) was stirred fcr 10 min. After addition of acetic acid (0.6 ml), 
sulfur monochlor:de (1.0 ml) was added. A precipitate formed, 
which was collected and washed with acetone (30 ml) and ether 
(150 ml). The sample was dried and suspended in acetone (50 ml). 
The mixture was filtered and the filtrate was evaporated to give an 
off-white solid, mp 158-162°. The NMR of this sample was identi
cal with that of 3 from the photolysis of 2.

Anal. Calcd for C26H38O12S6: C, 42.6; H, 5.2; S, 26.2. Found: C, 
42.0; H, 5.2; S, 25.8.

Preparation of Bis(l,2:5,6-di-0-isopropylidene-o:-D-glueo- 
furanos-3-yl) 3,3'-Dithiobis(thioformate) (14). This compound 
was prepared according to the method of Shasha et al.30

Photolysis of Bis(l,2:5,6-di-0-isopropylidene-a-D-glucofu- 
ranos-3-yl) 3,3'-Dithiobis(thioformate) (14). A. Corex, Cyclo
hexane (0.064 JVf). A solution of 14 (10.0 g) in cyclohexane (230 
ml) was irradiated under N2 for 27 hr using Corex-filtered light. 
The solution was kept at room temperature and the volatile com
ponents were evaporated. Hexane was added to the syrup and the 
resulting solution was filtered. The hexane filtrate was seeded with 
crystalline 15 and kept at 5°. A crystalline precipitate (2.02 g) of 15 
formed, which was collected and washed with cold hexane. TLC of 
the supernatant showed considerable 15 in solution along with un
reacted 14 and 16.

B. Corex, Cyclohexane (0.016 JVf). A solution of 14 (2.5 g) in 
cyclohexane (230 ml) was irradiated under No for 20 hr using 
Corex-filtered light. The volatile components were evaporated at 
room temperature and the yellow syrup was chromatographed to 
give sulfur (0.10 g), 14 (0.25 g), 14 and 15 (0.36 g), 15 (0.92 g), and 
16 (0.56 g).

Compound 15 was recrystallized from hexane and exhibited the 
following properties: mp 133-135°; [a]23D — 56° (c 1, acetone); 
Afliax (EtOH) 282 nm (e 9600).

Anal. Calcd for C25H38O11S2: C, 52.0; H, 6.5; S, 11.1; mol wt, 578. 
Found: C, 51.6; H, 6.7; S, 11.6; mol wt, 550 (vapor pressure os
mometry in C H C I3 ).

NMR spectrum shows the following: t 4.15 (three-proton m, 
H-l, H-l', H-3'), 5.31 (two-proton d, H-2 , H-2'), 5.6-6.1 (nine-pro- 
ton m), 8.48, 8.60, 8.70 (24 protons, s, CMe2).
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C. Pyrex, Cyclohexane (0.003 M). A solution of 14 (0.5 g) in 
cyclohexane (230 ml) was irradiated under N2 for 13.5 hr using 
Pyrex-filtered light. The volatile components of the reaction mix
ture were evaporated at room temperature and the remaining 
syrup was chromatographed to give sulfur (0.013 g), l,2:5,6-di-0- 
isopropylidene-3-0-[cyclohexylthio(thiocarbonyl)]-«-D-glucofura- 
nose (0.044 g), 14 (0.080 g), 15 (0.250 g), and 16 (0.066 g).

Reduction of 15 with LiAlH4. Compound 15 (0.5 g) was dis
solved in ether (20 ml) and LiAlH4 (0.25 g) was added in small por
tions over a 5-min period. The resulting gray-black mixture was 
then refluxed for 1 hr. After the excess LiAlH4 was destroyed with 
ethyl acetate, the reaction mixture was poured into 5% acetic acid 
(50 ml). The mixture was transferred to a separatory funnel, and 
the flask was rinsed with acetic aicd (2.0 ml). The ether layer was 
separated and the water layer was washed twice with ether (50 ml). 
The ether extracts were combined and washed with NaHCOs solu
tion and with water. The ether layer was dried with NavS0 4 . Evap
oration of the ether and addition of hexane to the colorless syrup 
gave a crystalline precipitate, identified as 16 (0.291 g) by compari
son with an authentic sample. The hexane solution was concen
trated to a colorless syrup, which was purified by chromatography 
on silica gel. Elution with CHCI3 gave a colorless syrup (0.188 g) 
which was identified as l,2:5,6-di-0-isopropylidene-3-thiol-o:-D- 
glucofuranose (17). The NMR spectrum of this sample was identi
cal with that of an authentic sample prepared by the method of 
Heap and Owen.19

Anal. Calcd for C12H20O5S: C, 52.2; H, 7.3; S, 11.6; mol wt, 276. 
Found: C, 52.1; H, 7.4; S, 11.5; mol wt, 312 (vapor pressure os
mometry in CHCI3).

Preparation of Bis(l,2:5,6-di-0-isopropylidene-a-D-gluco- 
furanos-3-yl) 3-0,3'-S-Dithiocarbonate (15) from 17 and 19.
To a solution of 17 (1.0 g) in ether (10 ml) was added 19 (1.2 g).23 
Triethylamine (0.5 ml) was added dropwise to produce immediate
ly a white precipitate. TLC indicated that nearly all 17 and 19 had 
reacted and gave a product of Rf equal to that of 15. The white 
precipitate was removed by filtration. After evaporation of the 
ether, the syrup was dissolved in chloroform, washed with water, 
and dried with sodium sulfate, and the solvent was evaporated. 
After 10 days, the sample was chromatographed to give 15, which 
crystallized from hexane, mp 133-134°. A portion of the product 
was mixed with 15 obtained from the photolysis of 14 and gave mp 
132-134°; NMR, uv, and ir of both products were identical.

Preparation of 3-S-Acetyl-l,2:5,6-di-0-isopropylidene-a- 
D-glucofuranose (18) from 17. An ether solution (10 ml) contain
ing 17 (0.125 g) was treated with acetic anhydride (2.5 ml) and pyr
idine (3.0 ml). The solution was kept for 3 days. The excess re
agents were evaporated at room temperature (72 hr). The resulting 
syrup was dissolved in ether (20 ml) and the solution was extracted 
twice with water (10 ml). The ether solution was dried with sodium 
sulfate and the solvent was evaporated to give a colorless syrup 
(0.075 g), [a]23D -47° (c 1, CHCI3) (lit. [a]23D -  46°).

Anal. Calcd for Ci4H22 0 6S: C, 52.7; H, 6.95; S, 10.0. Found: C, 
52.9; H, 7.19; S, 9.9.

Photolysis of Bis(methyl 2,3,4-tri-O-methyl-a-D-glucopyra- 
noside) 6 ,6 '-Dithiobis(thioformate) (12). A solution of 12 (2.5 g) 
in methanol (230 ml) was irradiated under N2 for 3 hr using a 
quartz immersion well. The solution was concentrated at 50°

under reduced pressure to yield a yellow syrup. This syrup was 
treated with p-chlorothiophenol and pyridine to destroy unreacted 
12 and polysulfides. The pyridine was evaporated and the remain
ing syrup was chromatographed to give 13 (0.970 g, 46%) and 
methyl 2,3,4-tri-O-methyl-a-D-glucopyranoside.

Registry No.—2, 4239-75-2; 3, 54497-83-5; 4, 4064-06-6; 5, 
54497-84-6; 6 , 16714-07-1; 7, 54497-85-7; 8, 4026-27-1; 9, 502-55-6; 
10, 54497-86-8; 11, 53867-05-3; 12, 35905-03-4; 13, 35905-04-5; 14, 
2946-03-4; 15, 54497-87-9; 16, 582-52-5; 17, 54497-88-0; 18, 28251- 
80-1; 19, 31818-50-5; acetyl peroxide, 79-21-0.
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Various 6-0-tosyl- and 6-0-mesyl-ar-D-glucopyranosides reacted with sodium ethylxanthate in either water or 
organic solvents to give 6 -ethoxythiocarbonyl-6 -thio derivatives. Methyl 6 -ethoxythiocarbonyl-6 -thio-a-n-glucop- 
yranoside on treatment with sodium hydroxide yielded the 6 -thiol, which on oxidation gave the 6 ,6 '-disulfide. Cy
clohexyl tosylates reacted with sodium ethylxanthate to give .S-cyclohexyl-O-ethyl dithiocarbonates. Although 
the reaction of 1,2:3,4-di-0-isopropylidene-6-0-tosyl-a-D-galactopyranose with sodium ethylxanthate was negli
gible in solvents, in the dry state at 150° mainly bis(l,2:3,4-di-0-isopropylidene-6-deoxy-a-D-galactopyranose) 
6 ,6 '-sulfide resulted.

Displacements of sulfonyloxy groups by thiocyanate,3 
thiolacetate,4 thiolbenzoate,5 and thiosulfate6 are well 
known, and the products resulting may be converted to 
thiols by saponification or reduction. Thiol groups have 
also been introduced into sugars and polysaccharides by 
transformations of various thiocarbonate esters.7̂ 11

We displaced tosyloxy and mesyloxy groups of various 
blocked sugars and cycloaliphatic compounds with xan- 
thate ion to produce dithiocarbonate esters from which we 
obtained thiols by treatment with such bases as sodium hy
droxide or ammonia. Previously, such dithiocarbonates 
were formed by displacement of halides from 6-iodo sug
ars12 and glycosyl bromides or chlorides.13’14 Maki and Te- 
jima14 reported that sodium ethylxanthate displaced the 
bromide of 2-deoxy-3,4-di-0-acetyl-6-0-tosyl-a-D-glucopy- 
ranosyl bromide, but they did not report any displacement 
of the sulfonyloxy group by the xanthate.

The displacement of the sulfonyloxy groups with xan
thate, followed by saponification, gives a facile procedure 
for achieving thiolation at primary positions in carbohy
drates. The displacement takes place in aqueous media 
RCH20S02R' + C2H5OCS2Na — »-

RCHjS2COC2H5 + R'SOjONa (1)

NaOH
r c h 2s2c o c 2h5 + h2o — *■ r c h 2sh + c o s  + C2H5OH

(2)

even where the starting compound is insoluble, as in reac
tions involving methyl 2,6-di-O-tosyl-a-D-glucopyranoside 
and tosylated starches. The displacements occur also in or
ganic solvents, such as acetone, dimethyl sulfoxide, or 
7V,iV-dimethylformamide, either overnight at room temper
ature (25°) or within several hours at elevated tempera
tures (50-85°).

The 6-O-tosyl (la),15 2,6-di-O-tosyl ( lb ) , 16  and 2,6-di- 
O-mesyl (lc)17 derivatives of methyl a-D-glucopyranoside 
have been treated with sodium ethylxanthate to give the 
corresponding 6-dithiocarbonates (2a-c) by selective dis
placement of sulfonyloxy groups at the 6 position. Minor 
products of the reaction were identified as ethoxythiono- 
carbonate derivatives, such as 3b, and thiols, similar to 4a 
(Scheme I). The inactivity of the 2 position toward dis
placement in lb  and lc was consistent with the inactivity 
of methyl 2-O-tosyl-a-D-glucopyranoside18 toward sodium 
ethylxanthate under these conditions. The 6-dithiocarbo
nates, 2a-c, were further characterized as acetates 3d,e and 
benzoates 3f,g. When la was treated in water with stoi
chiometric amounts of sodium ethylxanthate at 65° for 3.5 
hr, 2a crystallized in 74% yield from the cooled reaction

la Ri 
lb R. 
le R,

CNa OR,

OR,

= Tosyl. R| = R2 = R3 = H 
= Ri r Tosyl. R2 = Rj = H 
= Ri = Mesyf. R2 = R3 = H

Scheme I
s

CH2— S—C-OC7H5

OR,

2a R, = R2 = R3 = H 
2b R, = Tosyl. R2 = R3 = H 
2c ■ R, = Mesyl. R2 - R3 = H

OCH3

4a - R1 r R2 : R3 - Ri - H 
4b R, : R2 = Rj = R4 = C|0|CH3

3a R, = CfS)0C?Hs
»2 : R3 = H

3b R, = Tosyl
« 2IR 1  ̂ C(S)0C2H5
R3IR 1 = *

3c R, = Mesyl
h - R3 = C[S)0C2H5

3d R, = h Rj = CIO
3e R, = Tosyl

h : r3 =• CIOICHj
31 R, : Tosyl

r2 = R3 -• C|0|Ph
3g R, = Mesyl

R3 : C|0|Ph

5a - R, -■ R2 = R3 = H 
5b R, = tj = R3 = C[0)CH3

mixture. Similarly, lb was transformed to 2b (23%) and lc 
to 2c (60%). Structures of these products and related deriv
atives were determined by elemental analyses and by uv, ir, 
and NMR spectra.

When 2a was treated with sodium hydroxide, methyl 6- 
thio-ff-D-glucopyranoside (4a) was obtained crystalline, 
and converted to the known peracetate 4b.19

Compound 4a was oxidized to disulfide 5a by using di
ethyl dithiobis(thioformate) in pyridine.20 Amorphous 5a 
was converted to the fully acetylated derivative (5b).

Cyclohexyl tosylates 6a21 and 6b underwent reaction 
with sodium ethylxanthate in acetone to give S-cyclohexyl- 
O-ethyl dithiocarbonates 7a and 7b and demonstrated that 
displacement was possible with certain secondary sulfonate 
positions in ring systems. NMR spectra did not clearly in
dicate stereochemical changes in going from 6b to 7b 
(Scheme II).

l,2:3,4-Di-0-isopropylidene-6-0-tosyl-o:-D-galactopyran- 
ose (8)22 did not readily react with sodium ethylxanthate in 
organic solvents. When the reactants were mixed in the dry 
state and kept under vacuum at 150° for 1 hr, 8 was trans
formed to a mixture of persubstituted sugars. The major 
component was identified as the crystalline monosulfide 9. 
None of the expected dithiocarbonate was obtained in this 
reaction (Scheme III).

l,2:5,6-Di-0-isopropylidene-3-0-tosyl-a-D-glucofuran-
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6a • R = H 
6b - R = OH

Scheme II

Scheme III

ose (10)23 likewise did not react with sodium ethylxanthate 
in acetone at 25-65°, but in N,N-dimethylformamide at 
130° compound 10 was converted to the known 3,4 olefin 
l l .23 Similarly, 11 was the only product identified on vacu
um pyrolysis of 10 with sodium ethylxanthate under condi
tions used to convert 8 to 9.

Experimental Section
The sulfonate esters were prepared by known methods. Melting 

points were determined in a Biichi apparatus and are uncorrected. 
Optical rotations were read with a Rudolph polarimeter. Ir and uv 
spectra were recorded with Perkin-Elmer 137 and 202 spectrome
ters, respectively. NMR spectra were determined with a Varian 
HA-100 spectrometer in pyridine ds, chlorcform-d, and/or carbon 
tetrachloride using tetramethylsilane (r 1 0 .00) as internal refer
ence standard and a Model 200 AB Hewlett-Packard audiofre
quency oscillator for decoupling experiments. Silica gel G was used 
for TLC, and sulfuric acid (5%) in methanol was the spraying 
agent. Silicic acid (Mallinckrodt, 100 mesh) was selected for larger 
scale separations.

Acetylations of 2a, 2b, 4a, and 5a were carried out in acetic an
hydride and pyridine for 3 hr at 25°. Reaction mixtures were pre
cipitated in water, and the resulting products were crystallized 
from alcohol or hexane. Products difficult to crystallize were pre
cipitated from ether-hexane mixtures at 5°.

Benzoylations of 2b and 2c were conducted with benzoyl chlo
ride and pyridine overnight at 25°. Reaction mixtures were diluted 
with chloroform and the solutions were washed with 5% HC1, 5% 
NaHCOs, and water. After the solutions were dried and the solvent 
was evaporated, the benzoate esters were extracted from the resi
dues with hexane or were precipitated from ether solution by hex
ane at 5°.

Reaction of Methyl 6 -O-Tosyl-a-D-glucopyranoside (la) 
with Sodium Ethylxanthate. A solution of la (3.5 g, 10 mmol) 
and sodium ethylxanthate (1.5 g, 10 mmol) in water (10 ml) was 
kept at 65° for 3.5 hr. When the solution was diluted to 20 ml and 
cooled to room temperature, crystals formed. After 3 hr the mix
ture was filtered, and the crystals were washed with water and hex
ane. A second crop of crystals was obtained upon concentrating the 
filtrate and cooling: total yield 2.20 g (74%). The product, identi
fied as methyl 6 -S-ethoxythiocarbonyl-6 -thio-a-D-glucopyranos- 
ide (2 a), was recrystallized twice from water and vacuum dried at 
55° for 1 hr: mp 110-112°; [ « ] 21D  +158° (c 0.87, ethanol); ir (KBr)
8.05, 9.60 fi (OCS2); uv max (ethanol) 358-362 nm (i 57), 280-282 
(11,520); NMR (C5D5N) r 5.00 (d, H-l), 6.1-6.6 (m, 2 H, H-6 , H- 
6 '), 6.59 (s, 3 H, OCH3), 5.42 (q, 2 H, OCH2CH3), 8.77 (t, 3 H, 
OCH2CH3).

Anal. Calcd for CioHi80eS2: C, 40.3; H, 6.08; S, 21.5. Found: C, 
40.1; H, 5.91; S, 21.5.

When la was treated with sodium ethylxanthate in organic sol
vents (acetone, dimethyl sulfoxide), yields of 2a were similar. In 
addition several minor less polar by-products were separated by 
chromatography. Ir and uv of the major by-product suggested that 
both dithiocarbonate and thionocarbonate groups (7.7—8.2 p, 230 
and 280 nm) were present. NMR (C5D5N) indicated methyl 2-0- 
ethoxythiocarbonyl-6 -S-ethoxythiocarbonyl-6 -thio-a-D-glucopy- 
ranoside (3a): r 4.70 (d, H-l), 4.38 (dd, H-2), 6.1-6.6 (m, 2 H, H-6 ,

H-6 '), 6.73 (s, 3 H, OCH3), 5.43 (q, 2 H, OCH2CH3), 5.70 (q, 2 H, 
OCH2CH3), 8.81 (t, 3 H, OCH2CH3), 8.95 (t, 3 H, OCH2CH3).

Methyl 2,3,4-Tri- 0-acetyl-6-S-ethoxythiocarbonyl-6-thio- 
a-D-glucopyranoside (3d). Acetylation of 2a (0.160 g, 0.54 mmol) 
gave the known 3d (0.228 g, 89%), which was recrystallized from 
ethanol or hexane: mp 57-60°; [ a ] 23D  +116.8° (c 0.43, methanol) 
[reported mp 61-62°, [ a ] 27D  +117.7° (methanol)].12 We found 
NMR (C5D5N) r 4.94 (d, H-l), 4.83 (dd, H-2), 4.18 (t, H-3), 4.74 (t, 
H-4), 5.86 (m, H-5), 6.24 (dd, H-6 ), 6.68  (dd, H-6 '), 6.72 (s, 3 H, 
OCH3), 5.46 (q, 2 H, OCH2CH3), 8.80 (t, 3 H, OCH2CH3), 7.92,
8.03, 8.09 (3 s, 9 H, OAc).

Reaction of Methyl 2,6-Di-O-tosyl-a-D-glueopyranoside
(lb) with Sodium Ethylxanthate. A suspension of lb (5.0 g, 10.0 
mmol) was agitated in water (5 ml) with sodium ethylxanthate (2.0 
g, 14.0 mmol) and kept at 75-85° for 4 hr. The mixture was cooled 
and extracted with chloroform (70 ml). The extract was washed 
with water and dried. After filtration the chloroform solution was 
mixed with an equal volume of hexane and adsorbed onto silicic 
acid (200 g). Elution with ethyl acetate-hexane (1:7) desorbed a 
multicomponent minor fraction (0 .2 1  g) from which was separated 
chromatographically methyl 3(4)-0-ethoxythiocarbonyl-6-S-eth- 
oxythiocarbonyl-2-O-tosyl-a-D-glucopyranoside (3b).

Anal. Calcd for C20H28O9S4: C, 44.4; H, 5.22; S, 23.7. Found: C, 
44.6; H, 5.17; S, 23.5.

Subsequent elution with ethyl acetate-hexane (1:3) desorbed a 
fraction (1.41 g) containing methyl 6 -S-ethoxythiocarbonyl-6 -thio- 
2-O-tosyl-a-D-glucopyranoside (2b), a syrup, which was purified 
by further chromatography: 1.01 g (23%); [a]24D +129° (c 0.75, 
ethanol); uv max (ethanol) 280-282 nm (e 10,210), 225-226 
(15,950); ir (film) 8.4, 8.5 (OTs), 8.25 p (OCS2); NMR (C5D5N) r
5.02 (d, H-l), 5.22 (dd, H-2), 6.1-6.7 (m, 2 H, H-6 , H-6 '), 6.79 (s, 
OCH3), 7.85 (d, CH3 of tosyl), 5.47 (q, OCH2CH3), 8.82 (t, 
OCH2CH3).

Anal. Calcd for Ci7H240sS3: C, 45.1; H, 5.35; S, 21.3. Found: C, 
45.2; H, 5.55; S, 20.8.

The yield of 2b was slightly better if acetone was used as the sol
vent with a large excess of sodium ethylxanthate. A solution of lb 
(1.5 g, 3.0 mmol) and sodium ethylxanthate (5.0 g, 34.6 mmol) in 
acetone (30 ml) was kept at 25° for 28 hr and poured into ice water 
(500 ml). The mixture was acidified (1 N  HC1) and extracted with 
ethyl acetate. The organic layer was washed with NaHC03 solu
tion, then with water, and dried. Evaporation of solvent left a yel
low syrup from which 2 b was obtained pure by desorption chroma
tography on silicic acid with ethyl acetate-hexane, 0.39 g (29%).

Methyl 3,4-Di-0-acetyl-6-S-ethoxythiocarbonyl-6-thio-2- 
O-tosyl-a-D-glucopyranoside (3e). Acetylation of 2b (0.92 g, 2.0 
mmol) gave 3e as a syrup (0.65 g, 60%). After vacuum drying at 70° 
for 2 hr: [ a ] 22D  +92.3° ( c  0.81, ethanol); uv (ethanol) 280 nm (e 10, 
730), 227 (18,158); ir (film) 5.7 (C =0), 8.4 (OTs), 8.2, 9.6 p (ester); 
NMR (C5D5N) r 4.98 (d, H-l), 4.23 (t, H-3), 4.78 (t, H-4), 5.02 (dd, 
H-2), 5.88 (m, H-5), 6.30 (m, H-6 ), 6.70 (m, H-6 '), 6.78 (s, 3 H, 
OCH3), 7.81 (s, 3 H, OTs), 7.93, 8.21 (2 s, 6  H, OAc), 8.82 (t, 3 H, 
OCH2CH3), 5.46 (q, 2 H, OCH2CH3).

Anal. Calcd for C2iH280ioS3: C, 47.0; H, 5.26; S, 17.9. Found: C, 
47.4; H, 5.23; S, 17.3.

Methyl 3,4-Di- 0-benzoyl-6-S-ethoxythiocarbonyl-6-thio- 
2-O-tosyl-a-D-glucopyranoside (3f). Benzoylation of 2b (0.12 g, 
0.27 mmol) gave 3f: 0.11 g (64%); mp 167-168° (ethanol); ir (film) 
5.78 (C =0), 7.92 (ester), 8.4, 8.5 (OTs), 8 .2 , 9.6 p (OCS2).

Anal. Calcd for C3iH32OioS3: C, 56.4; H, 4.88; S, 14.6. Found: C, 
56.6; H, 4.95; S, 14.9.

Reaction of Methyl 2,6-Di-O-mesyl-a-D-glucopyranoside
(lc) with Sodium Ethylxanthate. A solution of lc  (3.5 g, 10.0 
mmol) in water (20 ml) containing sodium ethylxanthate (2.0  g,
14.0 mmol) was kept at 75-85° for 2.5 hr. The clear solution was 
cooled and extracted with chloroform (100 ml). The chloroform ex
tract was dried, the solvent was evaporated, the residue was taken 
up in ether (15 ml), and the ether solution was added dropwise to 
hexane (300 ml) cooled to 5°. A solid precipitated which was fil
tered after 1 hr and identified as methyl 6 -S-ethoxythiocarbonyl- 
2-0-mesyl-6-thio-a-D-glucopyranoside (2c): 2.25 g (60%); mp 71- 
73° (crystallized from ether-hexane); [ a ] 24D  +135° (c 1.04, etha
nol); uv max (ethanol) 280 nm (t 10,480), 224 (5430); ir (film) 2.8 
(OH), 7.4, 8.5 (OMs), 8.2, 9.6 p (OCS2); NMR (C5D5N) r 4.83 (d, 
H-l), 5.15 (dd, H-2), 6.1-6.6 (m, 2 H, H-6 , H-6 '), 6.63, 6.70 (2 s, 6 
H, OCH3, OMs).

Anal. Calcd for CnH^OsSs: C, 35.1; H, 5.36; S, 25.6. Found: C, 
35.2; H, 5.47; S, 25.9.

The filtrate from the initial precipitation of 2c contained a per- 
substituted compound (0.015 g) tentatively identified as methyl
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3,4-di-0-ethoxythiocarbonyl-6-S-ethoxythiocarbonyl-2-0-mesyl-
6 -thio-a-D-glucopyranoside (3c): ir (film) 7.3, 8.5 (OMs), 7.7 
(OCSO), 8 .1 , 9.6 ft (OCS2); NMR (CCI4) r 5.10 (d, H-l), 4.02 (t, 
H-3), 4.41 (t, H-4), 6.52 (s, 3 H, OCH3), 7.10 (s, 3 H, OMs), 8.4-8.8 
(m, OCH2CH3), 5.3-5.6 (m, OCH2CH3).

Methyl 3,4-Di- 0-benzoyl-6-S-ethoxythiocarbonyl-2- O- 
mesyl-6 -thio-a-D-glucopyranoside (3g). Benzoylation of 2c 
(0.43 g, 1.14 mmol) gave 3g: 0.20 g (30%); mp 60-70° (amorphous); 
ir (film) 5.77 (C =0), 7.4, 8.5 (OMs), 7.9 (ester), 8.2 ft (OCS2).

Anal. Calcd for C25H28O10S3: C, 51.4; H, 4.84; S, 16.5. Found: C, 
51.4; H, 5.05; S, 16.3.

Methyl 6 -Thio-a-D-glucopyranoside (4a). A mixture of 2a 
(0.298 g, 1.0 mmol) and 1 N  sodium hydroxide (10 ml) was stirred 
at 50° for 10 min. The resulting clear solution was cooled, neutral
ized with 1 N  hydrochloric acid (10 ml), and flushed with nitrogen 
for 2 min. The solvent was evaporated and the residue was extract
ed with four 25-ml portions of chloroform. The extracts were com
bined and dried. Evaporation of chloroform left a syrup which was 
kept under vacuum at 60° for 1 hr. Compound 4a crystallized upon 
evacuation at room temperature: 0.168 g (80%); mp 100- 1 0 2°; 
[a]24D +145° (c 0.4, ethanol); ir (film) 3.88 ft (SH); NMR (CDCI3) r 
8.33 (t, SH), 5.28 (d, H-l), 7.0-7.4 (m, 2 H, H-6 , H-6 '), 6.58 (s, 3 H, 
OCH3).

Anal. Calcd for C7H140 5S: C, 40.0; H, 6.7; S, 15.2. Found: C, 39.5;
H, 6 .6 ; S, 14.9.

This compound has been reported19 as a syrup, ja]20D +181° (c 
0.5, ethanol), ir 2550 cm- 1  (3.92 ft) for SH. We found that ion ex
change resins used in desalting the reaction mixture caused some 
oxidation to the disulfide, which may account for the higher rota
tion reported (see preparation of 5a).

Methyl 2,3,4-Tri- 0-acetyl-6-S-acetyl-6-thio-a-D-glucopy- 
ranoside (4b). Acetylation of 4a (0.159 g, 0.76 mmol) gave 4b as a 
syrup: 0.279 g (97%); [a]26D +119° (c 1.67, chloroform); n20D
I. 4794; NMR (CC14) r 7.72 (s, 3 H, SAc), 8.00, 8.03, 8.09 (3 s, 9 H, 
OAc).

Anal. Calcd for Ci5H220 gS: S, 8.47. Found: S. 8.55. Reported19 
for this compound: [a]20D +118° (c 1, chloroform), n20D 1.4792.

Bis(methyl 6 -thio-a-D-glucopyranoside) 6 ,6 '-Disulfide (5a). 
A solution of 4a (0.189 g, 0.90 mmol) in pyridine (5 ml) was treated 
with diethyl dithiobis(thioformate) (0.109 g, 0.45 mmol). After 5 
min the pyridine was evaporated and the residue was dissolved in 
ethanol (10 ml). Evaporation of the ethanol left a syrup which was 
vacuum dried at 70° for several hours: 0.189 g (quantitative); 
[«P d +347°; NMR (C5D5N) r 4.96 (d, 2 H, H-l), 6.25 (dd, 2 H, 
H-6 ), 6.77 (dd, 2 H, H-6 '), 6.58 (s, 6 H, OCH2).

Anal. Calcd for Ci4H260ioS2: C, 40.2; H, 6.26; S, 15.3. Found: C, 
39.9; H, 6.27; S, 15.3.

Bis(methyl 2,3,4-trl-0-acetyl-6-thio-a-D-glucopyranoside) 
6 ,6 '-Disulfide (5b). Acetylation of 5a (0.084 g, 0.02 mmol) gave 
5b: 0.112 g (83%); mp 156° (ethanol); [a]26D +259° (c 0.37, chloro
form); NMR (C5D5N) r 4.81 (d, 2 H, H-l), 4.74 (dd, 2 H, H-2), 4.13 
(t, 2 H, H-3), 4.70 (t, 2 H, H-4), 5.78 (m, 2 H, H-5), 6.75 (dd, 2 H, 
H-6 ), 6.95 (dd, 2 H, H-6 '), 6.59 (s, 6  H, OCH3), 7.95, 8 .0 2 , 8.08 (3 s, 
9 H, OAc).

Anal. Calcd for C26H3s0 16S2: C, 46.6; H, 5.71; S, 9.56. Found: C, 
46.2; H, 5.49; S, 9.51.

S-Cyclohexyl-O-ethyl Dithiocarbonate (7a). Cyclohexyl tos- 
ylate (6 a, 1.0 g, 3.9 mmol) and sodium ethylxanthate (2.0 g, 14 
mmol) in acetone (10 ml) were kept at 25° for 24 hr. Sodium tosyl- 
ate (0.74 g) was removed by filtration and acetone by evaporation 
of the filtrate. The residue was extracted with hexane and the hex
ane was evaporated. The resulting colorless syrup was chromato
graphed with hexane as the eluent: 0.31 g (39%); uv (ethanol) 283 
nm; NMR (CHCI3) r 5.47 (q, 2 H, OCH2), 6.37 (m, CHS), 7.8-8.8 
(13 H).

Anal. Calcd for C9H16OS2: C, 52.9; H, 7.84; S, 31.3. Found: C, 
53.1; H, 7.98; S, 30.8.

trans-Cyclohexyl-2-ol Tosylate (6 b). To a solution of trans-
1,2-cyclohexanediol (12 g) in chloroform (200 ml) and pyridine (50 
ml) was added a solution of p-toluenesulfonyi chloride (19 g) in 
benzene (430 ml) over a period of 45 min. The solution was stirred 
overnight and then warmed to 50° for 1 hr. The reaction mixture 
was extracted with H20  (100 ml), hydrochloric acid (100 ml, 1 N), 
5% sodium bicarbonate (50 ml), and H20  (50 ml). The organic 
layer was dried and the solvent was evaporated. The resulting 
syrup was dissolved in CHCI3 and hexane was added. The mixture 
was kept overnight at 5° to give a crystalline precipitate, 4.0 g, mp 
85-95°. Recrystallization gave 6 b: mp 89-90°; NMR (CDCI3) r 2.2 
(d, 2 H), 2.7 (m, 2 H), 5.74 (m, 1 H, CHOTs), 6.48 (m, 1 H, CHOH), 
7.60 (s, 3 H, CHS), 7.66-8.8 (8 H).

Anal. Calcd for C13H1SO4S: C, 57.8; H, 6.67; S, 1 1 .8 . Found: C, 
57.5; H, 6.90; S, 11.5.

S-(Cyclohexyl-2-ol) O-Ethyl Dithiocarbonate (7b). A solu
tion of 6b (1.0 g) in acetone (15 ml) was treated with sodium eth
ylxanthate (1.0 g). After the solution was heated for 4 hr at 50°, 
TLC (hexane-acetone, 4:1) showed that almost all the 6 b had 
reacted. The major product was isolated by chromatography and 
identified as S-(cyclohexyl-2-ol) O-ethyl dithiocarbonate (7b): ir 
(film) 2.8 ft (OH); uv (methanol) 283 nm; NMR (CDC13) r 5.39 (q, 
2  H, OCH2CH3), 5.92,6.43 (m, 2  H, >CHOH, >CHS), 7.5-8.8 (m, 9 
H).

Anal. Calcd for CgHjsOzSg: C, 49.1; H, 7.27; S, 29.1. Found: C, 
49.2; H, 7.33; S, 29.9.

Reaction of l,2:3,4-Di-0-isopropylidene-6-0-tosyl-«-n- 
galactopyranose (8 ) with Sodium Ethylxanthate. A solution of 
8 (4.15 g, 10 mmol) was mixed with sodium ethylxanthate in a bea
ker and kept in a heated desiccator at 150° for 2.5 hr under vacu
um. After this mixture was cooled, the residue was extracted with 
chloroform (150 ml) and filtered. The chloroform solution was 
washed with water and dried. TLC (ethyl acetate-carbon disulfide 
1:9) showed a multicomponent mixture of at least six components, 
Rf 0.14-0.46, the major one of which was Rf 0.14 (starting material, 
Rj 0.20 in this system). The chloroform was evaporated to a syrup 
(3.4 g), and the higher Rf components were removed by desorption 
from silicic acid (200 g) with 5-15% ethyl acetate in hexane. Subse
quent elutions with 20-25% ethyl acetate in hexane yielded 
mixtures containing Rf 0.14 component and the pure Rf 0.14 com
ponent, identified as bis(l,2:3,4-di-0-isopropylidene-6-deoxy-o:- 
D-galactopyranose) 6 ,6 '-sulfide (9): 0.40 g (15%); mp 114-115° 
(hexane); NMR (C5D5N) r 4.35 (d, 2 H, H-l), 5.4-5.6 (m, 4 H, H-2 , 
H-4), 5.26 (dd, 2 H, H-3), 5.80 (t, 2 H, H-5), 6.7-7.1 (m, 4 H, H-6 , 
H-6 '). 8.4-8.8 (m, 24 H, isopropylidene).

Anal. Calcd for C24H38010S: C, 55.6; H, 7.39; S, 6.18. Found: C, 
55.2; H, 7.56; S, 6.33.

Acknowledgments, We thank L. W. Tjarks, C. A. Glass, 
and D. Weisleder for NMR analyses and Mrs. C. E. 
McGrew and Mrs. B. R. Heaton for the microanalyses.

Registry No.— la, 6619-09-6; lb, 54497-89-1; 1 c, 14257-63-7: 
2a, 54497-90-4; 2b, 54497-91-5; 2c, 54497-92-6; 3a, 54497-93-7; 3b, 
54498-02-1; 3c, 54497-94-8; 3d, 24274-52-0; 3e, 54497-95-9; 3f, 
54497-96-0; 3g, 54497-97-1; 4a, 40652-97-9; 4b, 54497-98-2; 5a, 
54497-99-3; 5b, 54498-00-9; 6a, 953-91-3; 6 b, 15051-90-8; 7a, 
54497-82-4; 7b, 54498-01-0; 8, 4478-43-7; 9, 54532-14-8; sodium 
ethylxanthate, 140-90-9; diethyl dithiobis(thioformate), 502-55-6; 
trans- 1,2-cyclohexanediol, 1460-57-7; p-toluenesulfonyl chloride, 
98-59-9.

References and Notes
(1) Agricultural Research Service, U. S. Department of Agriculture. Mention 

of firm names or trade products does not imply that they are endorsed 
or recommended by the Department of Agriculture over other firms or 
similar products not mentioned.

(2) Work conducted as a research project in an undergraduate organic 
chemistry course.

(3) R. L. Whistler and D. G. Medcalf, Arch. Biochem. Biophys. 105, 1 
(1964).

(4) C. J. Clayton and N. A. Hughes, Carbohydr. Res., 4, 32 (1967).
(5) J. M. Heap and L. N. Owen, J, Chem. Soc. C, 707, 712 (1970).
(6) R. F. Schwenker, L. Lilland, and E. Pacsu, Text. Res. J., 32, 797 (1962).
(7) K. Freudenberg and A. Wolf, Chem. Ber., 60, 232 (1927).
(8) D. Trimnell, W. M. Doane, C. R. Russell, and C. E. Rist, Carbohydr. Res., 

17, 319 (1971).
(9) D. Trimnell, W. M. Doane, and C. R. Russell, Carbohydr. Res., 22, 351 

(1972).
(10) D. Trimnell. B. S. Shasha, W. M. Doane, and C. R. Russell, J. Appl. 

Polym. Set., 17, 1607 (1973).
(11) B. S. Shasha, D. Trimnell, and W. M. Doane, Carbohydr. Res., 32, 349 

(1974).
(12) F. Cramer, G. Mackensen, and K. Sensse, Chem. Ber., 102, 494 

(1969).
(13) M. Sakata, M. Haga, and S. Tejima, Carbohydr. Res., 13, 379 (1970).
(14) T. Maki and S. Tejima, Chem. Pharm. Bull., 15, 1367 (1967).
(15) F. D. Cramer, Methods Carbohydr. Chem., 2, 244 (1963).
(16) J. Jary, K. Capek, and J. Kovar, Collect. Czech. Chem. Commun., 29, 

930(1964).
(17) A. K. Mitra, D. H. Ball, and L. Long, Jr„ J. Org. Chem., 27, 160 (1962).
(18) R. W. Jeanloz and D. A. Jeanloz, J. Am. Chem. Soc., 80, 5692 (1958).
(19) G. Machell and G. N. Richards, J. Chem. Soc., 3308 (1961).
(20) E. I. Stout, B. .S. Shasha, and W. M. Doane, J. Org. Chem., 39, 562 

(1974).
(21) W. Huckel, O. Neunhoetfer, A. Gercke, and E. Frank, Justus Liebigs 

Ann. Chem., 477, 99 (1929).
(22) R. S. Tlpson, Methods Carbohydr. Chem., 2, 248 (1963).
(23) H. Zlnner, G. Wulf, and R. Helnatz, Chem. Ber., 97, 3536 (1964).



1340 J. Or g. Chem.., Vol. 40, No. 9,1975 Salisbury

R eaction o f D iphenylcyclopropenone w ith  D im ethyloxosulfonium

M ethylide

L. Salisbury

Chemistry-Physics Department, Kean College of New Jersey,1 Union, New Jersey 07083

Received March 22,1974

Diphenylcyclopropenone reacts with 2 mol of dimethyloxosulfonium methylide to give the betaine 5. Structure 
proof of the betaine is presented and its formation is interpreted in terms of a complex mechanism initiated by 
conjugate addition of the nucleophilic ylide to the ketone. On heating (135°), 5 gave the isomeric betaine 11 and
2,3-diphenylcyclopent-2-en- 1 -one (1 2 ).

Dimethyloxosulfonium methylide (1) is particularly use
ful for the preparation of aldehydes via the isomeric epox
ides.2'3 Reaction of this ylide with diphenylcyclopropenone
(2) using dimethyl sulfoxide solvent provided neither the 
epoxide 3 nor the previously known4 aldehyde 4, but the 
ring-opened betaine 5, 2-dimethylsulfonio-3,4-diphenyl- 
pent-4-enoate.

2CH2SO(CH3)2 +  
1

(CH3)2SO

solvent

H,

H,
\ . I

Ph Ph S(CH3)2

/
,C=C—C— C— CO,

Ha Hb 
5

or

4

The structure of 5 is based on the following data. Ele
mental and mass spectral analysis, including relative abun
dances of isotope peaks, confirmed the molecular formula 
C19H20O2S. A styryl group was indicated by the ultraviolet 
spectrum, which had Xmax 210 nm (e 25,450) and 255 
(18,850). The infrared spectrum had intense bands at 1540 
and 1360 cm-1, characteristic of carboxylate, and the pat
tern of the 5-6-ji region as well as the long-wavelength di
agnostic bands established the presence of one or more 
phenyl groups. The nuclear magnetic resonance spectrum 
(CDCI3) exhibited a ten-proton multiplet centered at 7.3 
ppm (two phenyl groups), a six-proton singlet at 3.2 ppm 
t(CH3)2S+], and an array of four slightly broadened signals 
at 4.42 (HB), 4.73 (HA), 5.12 (HM), and 5.58 ppm (Hx ). Ex
pansion of the four-proton array and double-resonance 
technique revealed an uncoupled signal (Hb) and a weakly 
coupled AMX pattern: J AM =  1.2, J AX = 0.4, and J m x  =  

1.0 Hz. Chemical shift assignments were established by 
comparisons with tv-methylstyrene, 3,4-diphenylpent-4- 
enoic acid,5 and model sulfonium salts.6 The slight broad
ening of the Hb signal 4.42 ppm we attribute to a nuclear 
Overhauser interaction between this proton and the di
methyl protons. This conclusion is based on two observa
tions. (1) Irradiation of the dimethyl signal caused a signifi
cant enhancement of the Hb signal. (2) When the NMR 
spectrum was recorded using dimethyl sulfoxide-d6 sol
vent, this signal was similarly enhanced and shifted down- 
field to 4.95 ppm. In the same solvent the dimethyl signal 
was shifted to 3.4 ppm. Other signals were not significantly 
altered by solvent change. Apparently dimethyl sulfoxide 
solvates the sulfonio group, removing the nuclear Overhau
ser effect.7

Given the presence of a styryl group, there are six posi
tional isomers of the betaine 5. Three of the betaines, in
cluding 5, have the dimethyl sulfonio group a to the car
boxylate group and the remaining four have a ¡3 arrange
ment. An a arrangement was established by measuring the 
pKa of the protonated betaine. The observed pKa, 2.59, is 
consistent with an a arrangement.

The structure of the betaine, aside from configuration, 
was established with finality by its 13C NMR spectrum. 
Chemical shift assignments, summarized in the following 
formula, were established by comparison with suitable 
model compounds.8 Aromatic carbons had the expected

CH2:
115.1

40.8

Ph Ph
I I

=C— CH-

S(CH3)2 
CH— COr

147.5 60.5 74.4 186.0 ppm

chemical shifts and all carbons had the expected multiplici
ties.

Mechanism o f Formation o f 5. Ring-opened products 
are almost always obtained in the reactions of cycloprope- 
nones with nucleophiles and, depending on the nature of 
the attacking nucleophile, the apparent mechanisms of 
these reactions are of varying degrees of complexity.9 The 
mechanism summarized in the following scheme provides a 
chemically plausible rationale for the formation of the be
taine.

Ph. ,Ph Ph Ph
(CH3)2SOCH, + Vy 

1
0
2
Ph Ph
I I(CH3)2SO +  c h 2= c — c=c=o 

6

(CH3)2SOCH2-

O- 

Ph Ph
W

X o

Ph Ph
W

Ph Ph

- V
Ph Ph
I I

CH2= C — C H C H = C = 0  
10

jfCH;,)2SO

Ph Ph S(CH3),

CH,=C— CH—CH—cor

Although obviously complex, the above mechanism is 
buttressed by substantial chemical precedent. Thus, the 
reaction of dimethyloxosulfonium methylide with a,¡8-un- 
saturated ketones usually proceeds via attack at the 8 car-
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bon and yields a cyclopropyl ketone.3 In the present case 
ring strain would undoubtedly facilitate opening to the 
vinyl ketene 6. Jenny and Roberts10 have shown that vinyl 
ketenes close rapidly to cyclobutenones, so that conversion 
of 6 to 7 is predictable. It is clear from the composition of 
the betaine that it is the product of a diphenylcycloprope
none molecule, two CH2 units, and a unit of dimethyl sulf
oxide. Further, it is necessary at some stage to shift a hy
drogen atom. The ylide 1 is probably sufficiently basic to 
effect isomerization of 7 to 8, especially in dimethyl sulfox
ide. This step accomplishes the required hydrogen shift. 
Formation of the “ housone” 9 is straightforward, and its 
isomerization to the allyl ketene 10 is analogous to reac
tions implicated recently in the photochemistry of some cy- 
clopentenones5 and the thermal-photochemical reactions 
of some functionalized cyclopropenes.11 Addition of di
methyl sulfoxide to ketenes appears not to have been re
ported but the result here, in the addition to the ketene 10, 
is similar to the addition reaction of dimethyl sulfoxide 
with dimethyl acetylenedicarboxylate, in which the oxygen 
on sulfur is transferred to carbon to yield a dimethylsulfon- 
io enolate betaine.12

Thermal Reactions of the Betaine. Attempts to trans
form the betaine to known compounds by treatment with a 
variety of bases, acids, and reducing agents were singularly 
unfruitful. However, in refluxing chlorobenzene (135°) the 
betaine gave the isomeric betaine 11 , 2-dimethylsulfonio-
3,4-diphenylpent-3-enoate (stereochemistry of the double 
bond not established), and 2,3-diphenylcyelopent-2-en-l- 
one (12).

135°

Ph Ph S(CH3>2

CH3— C = C — CH— C02" 
11

The structure of the isomeric betaine was established by 
means of analytical and spectroscopic data. The cyclopen- 
tenone has been known for some time,13 although its struc
ture was in question for many years until it was established 
with the aid of ultraviolet spectroscopy.14 Our analysis of 
its NMR spectrum confirms the structure.

The origin of the isomeric betaine is mechanistically 
straightforward.

Ph Ph S(CH3)2

5 —»  CH,=C— C— CH—  C02H — *■ 11
The origin of the cyclopentenone is more complex. The 

following tentative mechanism is suggested.

Ph Ph S(CH3)2

CH2=C!— Q— CH— p02H 
Ph Ph

I
C H ,=(' + i(CH3)2SOH+

Experimental Section
Melting points were determined on a Fisher-Johns apparatus 

and are uncorrected. Uv spectra were recorded with a Beckman

D B -G T  spectrophotometer using methanol solvent; ir spectra were 
recorded on a Wilks Hilger-Watts Infragraph; proton N M R  spec
tra were recorded at 60 M Hz on a Varian T60-A  spectrometer and 
at 30 M H z on a Varian EM -300 spectrometer; chemical shifts are 
relative to internal tetramethylsilane at 5 0 . 13C N M R  spectra were 
recorded on a Jeol F X -60  instrument using dimethyl sulfoxide-d6 
solvent; chemical shifts are relative to tetramethylsilane at <5 0. 
Mass spectra were obtained from Morgan-Schaffer, Montreal, 
Canada. Elemental analyses were performed by Schwarzkopf Mi- 
croanalytical Laboratories, Woodside, N .Y.

2-DimethylsuIfonio-3,4-diphenylpent-4-enoate (5). A stirred 
solution of trimethyloxosulfonium iodide2 (1.76 g, 8 mmol) in 10 
ml of dry dimethyl sulfoxide (DMSO) at 10° under nitrogen was 
treated with 5 ml of 1.6 M  n-butyllithium in hexane (Foote Miner
al Co.). After 10 min 2,3-diphenylcyclopropenone16 (1.03 g, 5 
mmol) in 10 ml of dry DM SO was added in one portion. The mix
ture was stirred for 3 hr at 50-55°, then cooled and diluted with 
water (50 ml), and the mixture was shaken with 1:1 benzene-hex
ane (50 ml). The organic layer was separated, washed five times 
with water, dried (M gS04), and filtered. Evaporation of the filtrate 
gave a glassy solid (1.01 g) which was recrystallized from benzene- 
hexane to give 5 (6.44 g), colorless microcrystals: mp 129-131°; 
mass spectrum m/e (rel intensity, ion) 312 (0.7, M +), 234 [16, M + 
— (CH3)2SO], 119 (100). The M + +  1 and M + +  2 peaks had, re
spectively, intensities of 25.6 and 8.7 relative to M + at 100; calcu
lated intensities for C19H 20O2S are M + +  1, 21.7 and M + +  2, 6.9. 
Additional spectroscopic data are discussed in the text. The pK a of 
the protonated betaine in 20% H2O-80% EtOH, determined by 
standard technique,16 was 2.59.

Anal. Calcd for C19H 2o02S: C, 73.04; H, 6.45; S, 10.27. Found: C, 
72.92; H, 6.34; S, 10.46

Thermal Isomerization of 5 to 11 and Fragmentation to 12.
A solution of 5 (43 mg) in chlorobenzene (10 ml) was refluxed for 
24 hr under nitrogen. Evaporation of the solvent gave a yellow, 
glassy solid which was triturated with warm ether. An insoluble 
crystalline fraction (A) was filtered from the soluble fraction (B).

Fraction A. The Isomeric Betaine 11. The filtered solid (10 
mg), mp 155-159°, was recrystallized twice from ethyl acetate to 
give 11 as colorless crystals: mp 158-160°; uv 210 nm (e 18,400), 
260 (18,400); ir (KBr) 1530, 1390, 1205, 1140, 1035, 900, 800, 770, 
750, 715, 705, and 690 cm“ 1; N M R  (CDCI3, 30 M Hz) <5 7.05 (m, 10, 
2 phenyls), 4.45 (s, 1, methine H), 3.33 [s, 6, (CH3)2S+], and 2.30 (s, 
3, vinyl CH3).

Anal. Calcd for C19H 20O2S: C, 73.04; H, 6.45; S, 10.27. Found: C, 
73.25; H, 5.6.39; S, 10.54.

Fraction B. 2,3-Diphenylcyclopent-2-en-l-one (12). The sol
uble fraction was evaporated to dryness and the residue (26 mg) 
was crystallized from ligroin containing a small amount of ether to 
give 12 as colorless crystals: mp 93 -94° (lit.13 mp 92°); N M R  
(CDCI3, 30 M Hz) b 7.2 (s, 10, 2 phenyls), 2.3-2.4 (m, A 2B 2 symme
try, 4, -C H 2C H 2-) ;  u v  identical with that reported by Allen and 
Van Allan.14 The 2,4-dinitrophenylhydrazone had mp 227-228° 
(lit.13 mp 228°).
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Metalations of JV-methyl- and IV-phenylbutanesultam were conveniently effected by means of n-butyllithium 
in THF-hexane at 25° to give a-lithio salts which were condensed with representative electrophiles to afford a- 
substituted derivatives in good to excellent yields. The electrophiles studied included benzyl chloride, various al
dehydes and ketones, methyl benzoate, and benzonitrile. Several reactions with lithio-JV-methylbutanesultam did 
not proceed in a predictable manner. Thus, this salt with benzonitrile and chalcone surprisingly afforded a pri
mary enamine and an aminosuitone, respectively, rather than the expected ketosultams. Also, this salt and al
dehydes gave analytically pure (3-hydroxysultams with melting point ranges of up to 30°. Metalation of N- meth- 
ylbutanesultam was also effected by sodium amide in liquid ammonia.

It has long been known that hydrogen atoms a to sulfo- 
nyl-containing functional groups are sufficiently acidic that 
they can be ionized by basic reagents to afford the corre
sponding carbanionic derivatives. For example, sulfonate 
esters like 1 have been converted to anions like 1 ' by alkali 
metal amides in ammonia.2 Similarly, sultones like 2 have 
been metalated by n-butyllithium in THF-hexane at —78° 
to give ff-lithio salts like 2'.3 Various sulfonamides have 
likewise been metalated. Thus, bromosulfonamides 3 give 
sultams 4 via 3' upon treatment with n-butyllithium in 
THF-hexane at —70°.4 Sulfonamide 5 has even been gem- 
dimetalated by this same base at 25° to give 5".5

CH3CH2CHS03CH2C(CH3)3
/j

1z V-so2
1, Z = H 2, Z = H

1', Z = K 2 ', Z = Li
Br tt'CjHy

RCHS02NCH£H(CH2)3CH3

Z ch3 SO, CH
3, Z = H; R = H or CH, 4

3', Z = Li; R = H or CH3 (R = H or CH:()

C6H5CS02C6H5

Z
5, Z =  H 

5", Z = Li
In contrast, there appear to be no reports of metalation 

of a hydrogens of sultams. This is somewhat surprising not 
only because of the above work on open-chain sulfon
amides but also because sultams are more resistant to ring 
opening then are sultones. In light of the latter, in fact, sul
tams should be capable of being metalated at temperatures 
more convenient than those necessary for metalation of 
sultones. Moreover, once formed, a-lithiosultams should be 
more stable than a-lithiosultones. That such is the case is 
illustrated in this paper, which describes successful metala
tions of N- methyl- and IV-phenylbutanesultam and subse

quent reactions of the resulting carbanions with electro
philes.

First, IV-methylbutanesultam (6) was converted to its a- 
lithio salt (6') at 25° by n-butyllithium in THF-hexane in 
only 10 min as evidenced by deuteration with deuterium 
oxide to give 6-a-d, in a yield of 95-100%. Anion 6' was also 
alkylated by benzyl chloride to afford the corresponding 
alkyl derivative 8 in a yield of 65%. Likewise, anion 7' was 
prepared from IV-phenylbutanesultam (7) and n-butyllith
ium. Alkylation of 7' by benzyl chloride gave 9 in a yield of 
70%.

0 ° 2
1

( Li

' Y

1

. . C H A H

v so>
1
R

1
R

1
R

6, R = CH3 6', r = ch3 8, R=CH3
7, R = C6H5 7', R = C6H5 9, R = QH

Next, anions 6' and 7' were condensed with various al
dehydes and ketones to afford j3-hydroxysultams. Thus, 
treatment of 6' with benzophenone, benzaldehyde, and ani
saldéhyde gave 10, 11, and 12 in yields of 91, 80, and 86%, 
respectively. Similar condensations of 7' with these same 
compounds afforded 13, 14, and 15 in yields of 86, 63, and 
78%, respectively.

OH
I

^ . C R ' R "

L n^so2

R
10, R = CH3; R' = R" = C6H5
11, R = CH3; R' = C6H5; R" = H
12, R = CH3; R' = p-CH30;C6H4; R" = H
13, R = R' = R " = c6H5

14, R = R' = CeH5; R" = H
15, R = C6H5; R' = p-CH3OC6H4; R" = H

Incidentally, an attempt was made to prepare anions 6' 
and 7' by the interaction of the sultams and sodium amide 
in liquid ammonia. In the case of 6, anion 6' (M = Na) was
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indeed formed, since addition of benzophenone gave ad
duct 10 in a yield of 66%. On the other hand, either 7 was 
not converted to 7' (M = Na) or the latter salt was insolu
ble in the liquid ammonia, since addition of the ketone 
gave no 13; instead, only starting materials were recovered.

The above alcohols derived from the parent sultams and 
benzaldehyde and anisaldehyde were particularly inter
esting because although those from 6 (11  and 12) were ana
lytically pure, they had melting ranges of 15 and 30°, re
spectively. In contrast, those from 7 (14 and 15) exhibited 
sharp melting points. Moreover, the NMR spectra of these 
compounds indicated that the hydroxyl protons of 11 and 
12 resided in at least four different environments while 
those of the IV- phenyl derivatives (14 and 15) resided in 
only two different environments. The above data lead one 
to suggest that internal hydrogen bonding must be of major 
importance in this series of compounds. To visualize this, 
the possible conformations of 6 and 7 were examined using 
space-filling models. Thus, the N- methyl group of sultam 6 
can reside in either an axial or an equatorial position (eq 1 ). 
In contrast, the more bulky N- phenyl group of sultam 7 
can reside only in an equatorial position.

Now, the addition of an aldehyde a to the sulfonyl group 
gives an alcoholic proton which can form six-membered 
rings through internal hydrogen bonding with either of the 
sulfonyl oxygens or with the sulfonamide nitrogen. Using 
compound 11 as an example, the possible hydrogen-bonded 
forms are illustrated as l la -g  along with the possibilities 
for equilibrium which exist among these different forms 
(Scheme I). In addition, the carbinol carbon and the a car
bon of the ring are chiral, thus affording 14 possible hydro
gen bonded conformations for 11. Therefore, it is not sur
prising that the analytically pure sample had a wide melt
ing point range and a rather complex NMR spectrum. 
Compound 12, derived from 6' and anisaldehyde, should be 
similar.

Likewise, the hydrogen-bonded isomers of 14, derived 
from 7' and benzaldehyde, are illustrated as 14a-d 
(Scheme II). When the chiral carbinol carbon and the a 
carbon of the ring are included, there are eight internally 
hydrogen bonded isomers that could be present. However, 
since 14 has a sharp melting point, either this reaction oc
curs stereospecifically or the above isomers are physically 
nearly identical. Hydroxysultam 15, derived from V and 
anisaldehyde, is similar.

Next, 6' and 7' were condensed with methyl benzoate to 
give ketones 16 and 17 in yields of 84 and 69%, respectively. 
As is usual in the reaction of carbanions with esters,6 a 2:1 
ratio of lithiosultams to methyl benzoate was employed to 
maximize the yields of ketones. Lithio salts 6' and 7' were 
also condensed with benzonitrile to give enamine 18 and 
ketone 17 in yields of 79 and 64%, respectively. The con
densations of 6' and 7' with benzonitrile are interesting for 
two reasons. First, under the same hydrolysis conditions, 
the intermediate nitrogen-containing compound from 7' 
and the nitrile, either 19 or 21, is converted to ketone while, 
in contrast, 18 is stable to such treatment. Second, 18 con
stitutes a rare example of a primary enamine.7 Examina
tion of space-filling models suggests why the above is real-

Scheme I

Scheme II

ized. In essence, the primary enamine 18 is stable because 
of more favorable hydrogen bonding of the amino hydrogen 
atoms with the sulfonyl oxygen atoms through a six-mem- 
bered ring than can be realized in the ¡mine 20. On the 
other hand, models of 19 indicate that in order to have hy
drogen bonding as in 18, sufficient steric interaction is 
present that rotation of the N- phenyl group is restricted. 
Thus, such hydrogen bonding is presumably absent and 19 
or 21 are hydrolyzed to ketone 17.
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Finally, 6' and 7' were treated with «,/3-unsaturated ke
tones to give products arising from 1,4-conjugate additions. 
However, drastically different results were obtained de
pending upon the N substituent of the sultam and the 
structure of the carbonyl compound. Thus, 7' was con
densed with chalcone to give the expected ketosultam 22 in 
a yield of 88%. Surprisingly, similar reaction of 6' with this 
ketone gave the aminosultone 23 in a yield of 36%. Presum-

22, R = C6H5 
25, R = CH,

ably, the latter condensation proceeded via the intermedia
cy of 1,4-adduct 24, which underwent ring opening and re- 
closure as indicated in Scheme III. Formation of 23 instead

Scheme III

of the expected 25 is surprising in light of the fact that the 
proposed nucleophilic attack by the alkoxide ion of 24 
leads to the more strongly basic nitrogen anion of 23' 
(Scheme III). Previous workers investigating the interac
tion of certain sulfonamides with various alkoxides to give 
sulfonate esters and substituted amines reported that 
much more vigorous conditions were required to effect 
their transformations than were used in the current study.8

In an attempt to find another example of the above rear
rangement, 6' was condensed with 2,2 -dim ethyl -6-benzyli- 
denecyclohexanone (26). The product obtained, though, 
was the ketosultam 27 in a yield of 70%, not the anticipated 
aminosultone 28. Presumably, potential steric constraint in 
28 was sufficient to preclude its formation.

All of the sultam derivatives reported above are new. 
Their structures were supported by elemental analyses and 
by ir and NMR spectroscopy. The above condensations 
should be capable of being extended to other sultams as 
well as other electrophiles. Of particular interest would be

a systematic study of other a,/3-unsaturated carbonyl com
pounds to ascertain if the scope of the rearrangement of al- 
koxysultams to aminosultones could be broadened.

Experimental Section
Infrared spectra were measured on a Perkin-Elmer Model 237 

grating infrared spectrometer. NMR spectra were obtained on a 
Varian Associates A-60 spectrometer using tetramethylsilane as 
internal standard. n-Butyllithium in hexane was purchased from 
Apache Chemical Co., Rockford, 111. Tetrahydrofuran was dried by 
distillation from calcium hydride and stored over sodium wire 
under an atmosphere of helium. Elemental analyses were per
formed by Galbraith Laboratories, Knoxville, Tenn.

Preparation of Starting Materials. 4-Chlorobutanesulfonyl 
chloride was prepared by the method of Williams.9 N-Methyl-4- 
chlorobutanesulfonamide was prepared using an adaptation of the 
method of Bliss and coworkers.10 jV-Methylbutanesultam (6) was 
prepared by cyclization of iV-methyl-4-chlorobutanesulfonamide 
using potassium hydroxide according to the method of Bliss and 
coworkers.10 N-Phenylbutanesultam was prepared from 4-chloro- 
butanesulfonyl chloride, aniline, and sodium carbonate as pre
viously described.11 2,2-Dimethyl-6-benzylidenecyclohexanone
(26) was prepared as described by Johnson.12

Preparation of the Lithium Salts of JV-Methyl- and N -  
Phenylbutanesultams. To a 100-ml three-necked flask equipped 
with a septum, a magnetic stirrer, and a reflux condenser under a 
helium atmosphere were added 2.85 g (0.02 mol) of jV-methylbu- 
tanesultam (6 ) and 25 ml of anhydrous THF followed by 12.8 ml 
(0.02 mol) of 15% n-butyl lithium in hexane. The resulting pale yel
low solution was stirred for 10  min, then treated with an appropri
ate electrophile as outlined in Table I. Lithio-JV-phenylbutanesul- 
tam was similarly prepared using 3.15 g (0.015 mol) of sultam 7 in 
50 ml of anhydrous THF and 9.6 ml (0.015 mol) of 15% n-butylli- 
thium in hexane. The resulting white suspension was stirred for 10 
min, then treated with an appropriate electrophile as outlined in 
Table I. The condensations were performed at 25°.

Condensations of Lithio Salts 6 ' and 7' with Electrophiles. 
Since the results of the condensations of 6 ' and 7' with electro
philes are summarized in Table I, and since conditions are stan
dard for each class of electrophile, only one specific example will 
be presented below for alkyl halides, aldehydes and ketones, es
ters, benzonitrile, and a,/S-unsaturated ketones, respectively.

A. Preparation of 2.H-2-Phenyl-6-benzyltetrahydro-l,2-thi- 
azine 1,1-Dioxide (9). Alkylation. To a suspension of 0.015 mol 
of lithio-Af-phenylbutanesultam (7') was added dropwise 1.90 g 
(0.015 mol) of benzyl chloride in 20 ml of THF. The mixture was 
stirred for 1 hr, neutralized by the addition of wet THF, and fil
tered, and the solvent was removed under vacuum to give a yellow 
tar. This tar was allowed to stand overnight in 25 ml of ethyl ether 
and the crystals that formed were filtered and recrystallized from 
benzene to give 3.15 g (70%) of 9, mp 97-99°.

B. Preparation of 2fl-2-Methyl-6-(diphenylhydroxymeth- 
yl)tetrahydro-l,2-thiazine 1,1-Dioxide (10). Condensation with 
Benzophenone. To a solution of 0.025 mol of lithio-IV-methylbu- 
tanesultam (6 ') was added dropwise a solution of 4.56 g (0.025 mol) 
of benzophenone in 20 ml of THF. The resulting suspension was 
stirred for 30 min, neutralized with wet THF, filtered, and concen
trated under vacuum to afford a yellow solid. Recrystallization of 
the solid from toluene gave 7.54 g (91%) of 10, mp 182-185°.

C. Preparation of 6-(2H-2-Phenyltetrahydro-l,2-thiazine
1,1-Dioxide) Phenyl Ketone (17). Acylation. To 0.03 mol of 7' in 
50 ml of THF was added dropwise 2.04 g (0.015 mol) of methyl
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Table I
Products Derived from Condensation of Lithiosultams with Electrophiles“

S u lta m C o r e a g e n t P ro d u ct
Y i e l d ,% M p , ° C R e c ry s tn  s o lv e n t N m r ,

6 Benzyl chloride 8 65 61—63° 1.55 (m, 4, CH2), 2.62 (s, 3, CH3), 2.80 
(m, 5, CH, CH2), 7.04 (s, 5, ArH)

Benzophenone 10 91 182-185 Toluene 1.67 (m, 2, CH2), 2.00 (m, 2, CH2), 2.83 
(s, 3, CH3), 3.30 (m, 2, CH2), 4.11 
(m, 1, CH), 4.64 (s, 1, OH), 7.50 
(m, 10, ArH)

Benzaldehyde 11 80 91-108 1:2 petroleum 
ether-benzene

1.80 tm, 4, CH2), 2.95 ( s ,  3, CH3), 3.30 
(m, 3, CH, CH2), 3.46 (d, 1, OH), 5.82 
(s, 1, CH), 7.48 (s, 5, ArH)

Anisaldéhyde 12 86 115-145 Benzene 1.40 (m, 4, CH2), 2.68 (s, 3, CHS), 3.10 
(m, 3, CH, CH2), 3.40 (d, 1, CH), 3.75 
(s, 3, OCH3), 5.30 (m, 1, OH), 6.95 
(q, 4, ArH)

Methyl benzoate 16 84 135-137 Ethanol 1.83 Im, 2, CH2), 2.36 (m, 2, CH2), 2.97 
(s, 3, CH3), 3.44 (m, 2, CH2), 5.00 
(q, 1, CH), 7.80 (m, 5, ArH)

Benzonitrile 18 79 140-142 Ethanol 1.60 Im, 2, CH2), 2.68 ( t ,  2, CH2), 3.05 
(s, 3, CH3), 3.65 (t, 2, CH*), 5.45 
(s, 2, NH), 7.66 (s, 5, ArH)

Chalcone 23 36 186-188 2:1 Ethanol- 
benzene

1.95"(m, 2, CH2), 2.41 (m, 3, CH, CH2), 
3.01 (s, 3, CH3), 3.45 (m, 3, CH, CH2), 
4.64 (m, 2, NH2*), 6.90 (s, 1, vinyl CH), 
7.20 (m, 10, ArH)

26 27 70 164-167 Ethanol 0.90 (s, 3, CHj), 1.00 (s, 3, CH3), 1.60 
(m, 10, CH2), 2.55 (s, 3, NCH3), 3.15 
(m, 4, CH, CH2), 3.80 (m, 1, CH), 7.20 
(m, 5, ArH)

7 Benzyl chloride 9 70 97-99 Benzene 2.11 (m, 4, CH2), 3.02 (m, 1, CH), 3.68 
(m. 4, CH2), 7.50 (s, 5, ArH), 7.58 
(s, 5, ArH)

Benzophenone 13 86 170-172 Benzene 1.91 (m, 2, CH2), 2.10 (m, 2, CH2), 4.00 
(m. 3, CH, CH2), 4.91 (s, l,OH), 7.32 
(m. 15, ArH)

Benzaldehyde 14 63 145-147 Ethanol 2 .10 'm, 4, CH2), 3.58 (m, 1, OH), 3.82 
(m. 3, CH, CHZ), 5.90 (s, 1, CH), 7.62 
(d, 10, ArH)

Anisaldéhyde 15 78 135-137 Ethanol 1.97 ,'d, 4, CH2), 3.70 (m, 4, CH, OH, CH2), 
4.02 (s, 3, CH3), 5.40 (d, 1, CH), 7.35 
(q, 4, ArH), 7.58 (s, 5, ArH)

Methyl benzoate 

Benzonitrile

17

17

69

64

151-153

151-153

Ethanol

Ethanol

2.10 (m, 4, CH2), 3.77 (m, 2, CI12), 5.11 
(q, 1, CH), 7.35 (m, 8, ArH), 8.00 
(m, 2, ArH)

Chalcone 22 88 164-166 Ethanol 1.78'm, 2, CH2), 2.21 (m, 2, CH2), 3.40 
(m, 2, CH2), 4.00 (m, 4, CH, CH2), 7.30 
(m, 13, ArH), 8.00 (m, 2, ArH)

a Satisfactory analytical data (±0.3% for C, H, and N) were reported for all the sultam derivatives. 6 The solvent was deuteriochloroform 
unless noted otherwise. r The compound was first distilled at 151-154° (2  mm) and solidified upon scratching. d The solvent was trifluoro- 
acetic acid.

benzoate in 20 ml of THF. After 30 min, the mixture was neutral
ized and worked up as in A and B to give a yellow oil which crystal
lized upon standing in ether for 30 min. The product was recrystal
lized from ethanol to give 3.25 g (69%) of 17, mp 151-153°.

D. Preparation of 2 ff -2 -Methyl-6 -(l-amino-l-phenylmethy- 
lidene)tetrahydro-l ,2-thiazine 1,1-Dioxide (18). Condensation 
with Benzonitrile. To 0.025 mol of 6 ' in 25 ml of THF was added 
2.56 g (0.025 mol) of benzonitrile in 15 ml of THF. After 30 min, 
the mixture was worked up as above to give a tan solid that was re- 
crystallized from ethanol to give 4.99 g (79%) of 18, mp 140-142°.

E. Preparation of 2ff-2-Phenyl-6-(l,3-diphenyl-3- 
oxo-l-propyl)tetrahydro-l,2-thiazine 1,1-Dioxide (22). Con
densation with Chalcone. To 0.015 mol of T  in 50 ml of THF was 
added 3.12 g (0.015 mol) of chalcone in 20 ml of THF. After stir
ring for 0.5 hr, the orange mixture was worked up in the usual 
fashion to afford a yellow tar that was allowed to stand overnight

in 25 ml of ether. The solid that formed was collected and recrys
tallized from ethanol to give 5.50 g (88%) of 22, mp 164-166°.

Ionization of N-Methylbutanesultam by Sodium Amide in 
Ammonia. Condensation with Benzophenone. To a gray sus
pension of 0.03 mol of sodium amide in 250 ml of anhydrous liquid 
ammonia13 was added 4.48 g (0.03 mol) of sultam 6 in 25 ml of 
THF. The mixture was stirred for 20 min, then treated dropwise 
with a solution of 5.46 g (0.03 mol) of benzophenone in 30 ml of 
THF. After 5 min, the mixture was poured into a beaker contain
ing 1.61 g (0.03 mol) of ammonium chloride, and the ammonia and 
the THF were allowed to evaporate. The residual solid was dis
solved in 40 ml of water and the product was extracted by benzene. 
Evaporation of the benzene gave a solid that was recrystallized 
from toluene to give 6.52 g of 10, mp and mmp 183-195°.

A similar series of reactions involving JV-phenylbutanesultam 
afforded only recovered starting materials.
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Morin and coworkers demonstrated the chemical rela
tionship between the penicillin and cephalosporin skeleton 
by an unprecedented acid-catalyzed rearrangement.1 Be
cause of the therapeutic utility of cephalexin2 (2a), a deace
toxycephalosporin, a high yield conversion of a penicillin 
sulfoxide to a deacetoxycephalosporanic acid would be very 
attractive. The known methods, of which some give yields 
of >80%,3 have tlie disadvantage of being limited to the 
conversion of esters of a penicillin sulfoxide to the corre
sponding esters of the deacetoxycephalosporin, which re
quires two more reaction steps, viz., the esterification of the 
starting penicillin compound as well as the de-esterification 
of the deacetoxycephalosporin. Rearrangement of the acids 
gives either decarboxylated products1 or 3-hydroxy-3- 
methylcepham compounds.4 In some cases deacetoxyce
phalosporanic acids are also formed but the yields are low.5

The present paper describes a convenient and efficient 
method to convert penicillin sulfoxides to deacetoxyce
phalosporanic acids by using silyl protection.

The use of the silyl group for protection of a carboxyl 
group has advantages such as easy introduction and remo
vability over the use of other protecting groups. The con
version of a penicillin sulfoxide to a deacetoxycephalospor
in implies the liberation of a molecule of water. According
ly, the known rearrangement procedures3 fail when applied 
to silylated penicillin sulfoxides,6 since silyl esters7 are very 
susceptible to cleavage by water. The use of an excess of 
silyl compound, e.g., trimethylchlorosilane, seemed to offer 
the best chance o: success for three reasons: the carboxyl 
group is protected against decarboxylation, the HC1 that is

formed catalyzes the ring enlargement reaction, and attack 
on the silylated carboxyl group is prevented because the 
excess silyl compound traps the water8 formed during the 
reaction. However, when an attempt was made to rearrange 
benzylpenicillin sulfoxide (1 ) with a sufficiently large ex
cess of trimethylchlorosilane to fulfil the conditions men
tioned above, formation of deacetoxycephalosporanic acid 
could not be detected. Better results were obtained when a 
large excess of a rather weak base was added to the reaction 
mixture. In this way benzylpenicillin sulfoxide was convert
ed in a yield of 75% to a mixture of ring-enlarged products, 
consisting of A2- and A3-benzyldeacetoxycephalosporanic 
acid and the decarboxylated cephalosporin (method A), 
from which the A3 compound could be isolated in yields of 
up to 50%. Interesting is a side reaction, viz., the formation 
of the oxazolonethiazolidine compound (3), better known 
as “ dehydrobenzylpenicillin” .9 The control of this product 
ratio was insufficient which is obviously related to the tri
ple role played by the silyl compound and especially to the 
fact that the amount of HC1 present during the reaction is

COOH
2 a, R = PhCH

PhCH,C0NH

NH,
b, R = PhCH, 

CH3

ch3

COOH
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Figure 1. Correlation between the yield of A3-7-phenylacetami- 
dodeacetoxycephalosporanic acid (2b) and the amount of BSA.

not constant. The problem was solved by the use of silylat- 
ing agents which could not give rise to the formation of 
acids during the reaction and which are more reactive than 
the silylated /3-lactams toward reactive intermediates. Such 
a compound is lV,0-bis(trimethylsilyl)acetamide (BSA), 
which has a strong silylating capacity.

An acid sufficiently strong to prevent its own silylation 
by BSA was now required as catalyst. After extensive ex
perimentation it became apparent that HBr gave higher 
yields than other strong acids. Also, the amount of base 
could be reduced drastically which had the advantage of 
preventing the formation of the A2 isomer. When the 
amount of BSA was varied, the yield of deacetoxycephalo- 
sporanic acid showed a peak at a ratio of BSA: 1 of 
~3:1 (Figure 1), which suggests that only one of the two 
silyl groups of the BSA molecule is reactive enough to en
sure both sufficient protection of the carboxyl group and 
the trapping of the water formed during the ring enlarge
ment. The use of still larger amounts of BSA causes consid
erable silylation of HBr and consequently a strong decrease 
in the yield. Under the right conditions yields of >80% of 
A3-deacetoxycephalosporanic acid were obtained10 (meth
od B).

Experimental Section11
Preparation of Benzylpenicillin Sulfoxide (1). A mixture of 

75 g (0.19 mol) of the potassium salt of benzylpenicillin, 1 1. of 
water, and 45.5 g (0.20 mol) of sodium metaperiodate was stirred 
for 2 hr at 25°. After cooling to 0°, the reaction mixture was ex
tracted with chloroform at pH 1 . The chloroform layer was concen
trated to a volume of ~150 ml and 400 ml of diethyl ether was 
added. The precipitated benzylpenicillin sulfoxide was filtered off, 
washed with diethyl ether, and dried under reduced pressure to 
yield 64 g (90% 1): mp 142.5-143.5° dec; NMR (CDCI3) 5 1.23 (s,
3), 1 .6 6  (s, 3), 3.55 (s, 2) 4.52 (s, 1), 4.98 (d, 1, J  = 4.5 Hz), 5.81 and 
5.98 (dd, 1, J  = 4.5 and 10 Hz), 7.23 (s, 5), 7.37 (d, 1, J = 10 Hz).

Conversion of Benzylpenicillin Sulfoxide to A3-7-Phenyl- 
acetamidodeacetoxycephalosporanic Acid (2b). Method A. A 
mixture of 90 g (0.257 mol) of benzylpenicillin sulfoxide, 210 ml 
(1.66 mol) of trimethylchlorosilane, 900 ml (9 mol) of a-picoline, 
and 900 ml of chloroform was heated for 20 hr at 83°. The reaction 
mixture was cooled and stirred with water, after which the pH was 
adjusted to 7.5 with a 4 IV potassium hydroxide solution. The 
aqueous layer contained 52 g (55% yield) of the potassium salt of 
2b as estimated by a direct microbiological assay using Escherichia 
coli as the test microorganism. The aqueous layer was separated, 
adjusted to pH 1.5 with 4 N  hydrochloric acid, and extracted with 
ethyl acetate. The ethyl acetate was then replaced by 1-propanol 
(925 ml) and the propanolic solution cooled to ~0°. Addition of 3.5 
ml of water and 100 ml of a 1.25 M  solution of the potassium salt 
of 2 -ethylcaproic acid in butyl acetate gave a precipitate which was 
filtered off and dried. The solid material (57 g) contained 45 g of 
the potassium salt of A3-7-phenylacetamidodeacetoxycephalosp- 
oranic acid (yield 47%) and 7 g of the A2 isomer.

Method B. To 10.5 g (30 mmol) of benzylpenicillin sulfoxide 
were added successively 195 ml of dioxane, 25 ml (102 mmol) of 
iV,0 -bis(trimethylsilyl)acetamide, 6 ml (61 mmol) of a-picoline, 
and 5.2 ml of a 5.8 M  solution of «-picoline hydrobromide in di- 
chloromethane. After refluxing for 6 hr at 102°, the reaction mix
ture was cooled to 20° and poured into 1500 ml of ice-water. Then 
650 ml of ethyl acetate and 50 ml of butyl acetate were added and 
with stirring the pH was adjusted to 7 with 4 N  potassium hydrox
ide solution. The mixture was allowed to separate and the organic 
layer was set aside. The aqueous layer was washed with 300 ml of 
ethyl acetate and 50 ml of butyl acetate. The resulting organic 
layer was combined with the one obtained before and the combina
tion re-extracted with 200 ml of a 0.75 M  potassium phosphate 
aqueous solution buffered to pH 7. The extract was added to the 
main aqueous solution. This combined aqueous mixture contained
9.2 g of the potassium salt of A3-7-phenylacetamidodeacetoxyce- 
phalosporanic acid as determined by a direct microbiological assay 
using Escherichia coli as the test microorganism. After addition of 
500 ml of butyl acetate to the aqueous solution, the mixture was 
stirred and the pH was adjusted to 2 with 4 N  sulfuric acid. The 
mixture was allowed to stand and the organic extract was sepa
rated. The aqueous layer was re-extracted with 250 ml of butyl ac
etate. The combined butyl acetate extracts were filtered through a 
water repellent filter. To the butyl acetate solution was then added 
with rapid sirring 2.65 g of anhydrous, finely powdered potassium 
acetate. After the mixture stirred for 3 hr at room temperature, the 
precipitate was isolated by filtration, washed with a little butyl ac
etate, and dried in vacuo at 30°, giving 10.2 g of the potassium salt 
of A3-7-phenylacetamidodeacetoxycephalosporanic acid, with a 
purity of 85% as estimated by microbiological assay (yield 78%). 
The NMR spectrum (D2O) showed signals at 5 1.94 (s, 3), 2.99 (d, 
1, J  = 18 Hz), 3.44 (d, 1, J = 18 Hz), 3.62 (s, 2), 4.97 (d, 1, J = 4.5 
Hz), 5.58 (d, 1, J  = 4.5 Hz), and 7.27 (s, 5), which corresponded ex
actly, as did the ir and uv spectra, with those of an authentic sam
ple prepared according to Stedman et al.12

Correlation between the Yield of A3-7-Phenylacetamido- 
deacetoxycephalosporanic Acid and the Amount of BSA. A 
mixture of 1.05 g (3 mmol) of benzylpenicillin sulfoxide, 0.9 ml (9 
mmol) of a-picoline, and a solution of 3.0 mmol of hydrogen bro
mide in dioxane was refluxed for 4.5 hr with different amounts of 
BSA (the total volume was always 2.4 ml). The yield of A3-7-phen- 
ylacetamidodeacetoxycephalosporanic acid was estimated by mi
crobiological assay and plotted against the amount of BSA (Figure
1 ) .
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Thermally induced [2 + 2] cycloadditions are rarely en
countered. Orbital symmetry analysis reveals that addi
tions of this type that involve relatively low activation 
energies require special inherent geometric and/or elec
tronic properties cf the component(s).1 The dienophilic 
and dipolarophilic character of 1-azirines in their thermal 
cycloadditions has already been established.2-7 Most reac
tions of carbon disulfide proceed from an initial nucleophil
ic attack on carbon.3-11 The few cycloadditions known are
1,3 dipolar in nature with carbon disulfide as the dipolaro-
phile.12’13

We wish to report on the reaction of carbon disulfide 
with 1-azirines and discuss its mechanistic implications.

When 2-phenyl-i-azirine was dissolved in an excess of 
carbon disulfide and heated at 100° for 3 hr in a Carius 
tube, pale yellow needles were obtained, mp 208-209°. 
Mass spectral data iM+ at m/e 193) and elemental analysis 
were consistent with the molecular formula C9H7NS2, and 
therefore a 1:1 addict. The infrared spectrum showed ab
sorptions at 3110 (NH), 1610 (C=C), 1500 (C=S), 1060, 
1040 cm-1  (C-S-C). Resonances in its 1H NMR spectrum 
(in DMSO-dg) were centered at 5 7.43 (5 H), 7.79 (1 H), 
and 13.27 (1 H). The broad absorption peak at 8 13.27 un
derwent rapid exchange with D2O. Its pulse Fourier trans
form 13C NMR spectrum (in DMSO-dfi) showed singlets in 
the phenyl carbon region and a singlet at 8 187.34 which we 
attribute to a C =S  carbon.14 Collectively, the data are con
sistent with a thiazole ring system. The adduct could be 
methylated with methyl iodide in the presence of 1 M  
NaOH. Two plausible structures are 2 and 3. Compound 2 
could conceivably be the eventual result of a [2 + 2] cy
cloaddition and hydrogen shift(s). Compound 3 (thioenol

N

I 1

3

form) might result from initial nucleophilic attack by the 
lone pair of the azirine nitrogen on the reactive electrophil
ic carbon of carbon disulfide followed by 1,3-bond scission, 
cyclization, and 1,5 sigmatropic rearrangement.

Spectroscopic data did not provide an unambiguous as
signment. Structural differentiation came from treatment 
of the adduct with nitric acid,15 which gave the known 5- 
phenylthiazole (5), mp 45°.16 Compound 5 must arise from

Ph R Ph H
4 5

2 by a desulfurization reaction. Our spectroscopic data 
suggest that 2 exists predominantly in the thioketo form.

The formation of the adduct 2 appears therefore to pro
ceed via a regioselective cycloaddition of carbon disulfide 
to the it bond of the 1-azirine. To our knowledge this is the 
first example of such an addition of carbon disulfide to a 
C = N  bond. Whether this combination involves a concert
ed [T2S + „2a] pathway or a stepwise mechanism involving a 
dipolar transition state is not known.

These studies were extended to another representative 
azirine, 3-methyl-2-phenyl-l-azirine (lb). Similar results 
were observed.

Experimental Section
Reaction of 2-Phenyl-l-azirine (la) with Carbon Disulfide.

A mixture of 0.468 g (4 mmol) of 2-phenyl-l-azirine and 1.00 g 
(13.2 mmol) of carbon disulfide in a Carius tube was heated at 
100° for 3 hr. Excess CS2 was removed and the resultant solid ma
terial crystallized from dichloromethane-ether to give 0.182 g 
(24%) of 2a as pale yellow needles: mp 208-209°; ir vmax (Nujol) 
3110, 1610, 1500, 1270, 1060, 1040, 750 cm-1; NMR SMe4Si 
(DMSO-de) 7.43 (s, br, 5 H), 7.79 (s, 1 H), 13.27 (s, br, 1 H, ex
changes with D2O); 13C NMR <5Me4Si (DMSO-de) 125.09, 128.06, 
129.08, 129.41, 129.89, 187.34; mass spectrum (70 eV) m/e 193 
(M+), 161 (M+ -  S), 134 [Ph-(c-C2S)-H; c-C2S-azirine ring], 121 
(PhCS), 102 (PhC^CH), 91, 77.

Anal. Calcd for C9H7NS2: C, 55.93; H, 3.65; N, 7.25. Found: C, 
55.90; H, 4.03; N, 7.34.

Methylation of Thiazole (2a). To a suspension of 0.120 g (0.62 
mmol) of 2a in 6 ml of 1 M NaOH was added 0.110 g (0.78 mmol) 
of methyl iodide in 4 ml of 1 M NaOH, and the reaction mixture 
was stirred at room temperature for 3 hr. The reaction mixture was 
then brought to pH 7 with dilute acetic acid and then extracted 
with dichloromethane. The combined extracts were dried 
(Na2S04) and the solvent was then removed in vacuo. The residual 
material was purified by preparative layer chromatography using 
silica gel PF254 plates with 50% ether-pentane as the developing 
solvent. The thiazole thioether (4a) was obtained as a pale yellow 
oil (0.089 g, 70%); 4H NMR ¿Me4Si (CDC13) 2.68 (s, 3 H), 7.21-7.48 
(m, 5 H), 7.77 (s, 1 H); mass spectrum (70 eV) m/e 207.

Anal. Calcd for Ci0H9NS2: C, 57.94; H, 4.38; N, 6.76. Found: C, 
57.60; H, 4.07; N, 6.67.

Desulfurization of Thiazole (2a). A suspension of 0.150 g (0.78 
mmol) of 2a in 10 ml of water and 4 ml of concentrated nitric acid 
was stirred at room temperature for 4 hr. The reaction mixture was 
neutralized with 10 M NaOH and extracted with chloroform. The 
combined extracts were washed with water and dried (Na2S0 4 ). 
Removal of solvent and purification of the product by preparative 
layer chromatography on aluminum oxide PF254 plates with 50% 
ether-pentane as the developing solvent gave 0.064 (51%) of 5- 
phenylthiazole (5) as white prisms: mp 45° (lit.16 mp 45-46°); XH 
NMR ¿M e4Si (C D C I3 )  7.23-7.58 (m, 5 H), 8.06 (s, 1 H), 8.75 (s, 1 H); 
mass spectrum (70 eV) m/e 161 (M+), 134 [Ph-(c-C2S)-H], 102 
(PhC=CH).

Anal. Calcd for C 9 H 7 N S : C, 67.05; H, 4.38; N, 8.69. Found: C, 
66.72; H, 4.15; N, 8.53.

Reaction of 3-Methyl-2-phenyl-l-azirine (lb) with Carbon 
Disulfide. The azirine lb (0.524 g, 4 mmol) was dissolved in car-
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bon disulfide (1.00 g, 13.2 mmol) and heated at 100° as described 
above for la. The thiazole 2b crystallized from dichloromethane- 
ether as pale yellow needles (0.324 g, 39%): mp 223-224°; ir umax 
(Nujol) 3120, 1605, 1505, 1090, 1075, 710 cm“ 1; XH NMR ¿M e4Si 
(DMSO-dg) 2.23 (s, 3 H), 7.36 (s, br, 5 H), 13.09 (s, br, 1 H, ex
changes with D2O); 13C NMR ¿Me4si (DMSO-d6) 12.46, 122.50, 
127.95, 128.60, 128.97, 134.10, 186.21; mass spectrum (70 eV) m/e 
207 (M+), 175 (M+ -  S), 148 [Ph-(c-C2S)-CH3], 1 2 1  (PhCS), 116 
(PhC=CCH3), 91, 77.

Anal. Calcd for C10H9NS2: C, 57.94; H, 4.38; N, 6.75. Found: C, 
58.00; H, 4.81; N, 6.64.

Méthylation of Thiazole 2b. The thiazole 2b (0.238 g, 1 .2  
mmol) was methylated with methyl iodide (0.200 g, 1.4 mmol) in 
15 ml of 1 M  NaOH as described above for 2a. The thiazole 
thioether 4b was obtained as a pale yellow oil (0.220 g, 87%); XH 
NMR 5Me4s; (CDC13) 2.42 (s, 3 H), 2.64 (s, 3 H), 7.31 (s, br, 5 H); 
mass spectrum (70 eV) m/e 221 (M+).

Anal. Calcd for C11H11NS2: C, 59.69; H, 5.01; N, 6.33. Found: C, 
59.33; H, 4.95; N, 6.16.
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In studies of addition reactions of imino ethers,1 we were 
concerned about the conditions necessary for thermal ring 
opening of 2-alkoxy-l-azetines.2 We find that complete 
rearrangement occurs within 8 hr at 200° for 2-methoxy-l- 
azetines. For azetine 1, vacuum pyrolysis at 200° for 8 hr 
results in complete conversion to the unsaturated imino 
ether 3. Azetine 4 at 200° for 8 hr gives complete conver

h3c. .och3
1, 5-H shift ' Y

„■N

3 (100%)

sion to the analogous unsaturated imino ether 6. These 
products can be rationalized by 1,5-hydrogen shifts of the 
expected intermediates 2 and 5. Vacuum pyrolysis of aze
tine 8 under identical conditions gives a 40:60 mixture of 
isomers 10 and 11 separated by VPC. The compound with

10 (40%) 11 (60%)

the greater retention time was assigned structure 10 by 
comparison with 3 and 6. Compound 11 is the product of 
the alternative 1,5-hydrogen transfer process from 9. Al
though 8 readily gives 11, the analogous product 7 is not 
formed from azetine 4. Apparently the E isomer of 5, which 
would be required for a 1,5-hydrogen shift to produce 7, is 
not formed from 4 because of methyl group repulsions.3 
This observation is in good accord with a mechanism in
volving ring opening of 1-azetines to vinyl imines like 5, 
and it eliminates the possibility of a 1,4-diradical interme
diate,2 which would not be expected to specifically give 6 
and no 7.

Paquette and coworkers2 have reported that ring open
ing of both (Z)- and 0E)-3,4-diethyl-2-methoxy-l-azetines 
12 at 600° give the same mixture of unsaturated imino 
ethers 14 and 15. (Z)-12 should open to the E, anti vinyl

N ___ /

CJH»
-N

CJl.CH^^OCH, 

.^N
c a c i t

12 13

CH,CH=Œt A)CHrjsr
n-C3H7 

14 (13%)

7l-C3H 7 OCH3

+ T
CH3C H = C H

15 (78%)

imine 13, but it should not be capable of 1,5-hydrogen 
shifts by analogy with our results on pyrolysis of 4. The
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rearrangement of (S)-12 to the same mixture of 1,5-hydro
gen shift products as from (Z)-12 can be explained by as
suming that 14 and 15 interconvert by equilibration of each 
with (Z)-12. These products could be formed from (i?)-12 
via Z, anti-13, which could rearrange to the Z, syn vinyl 
imine 13 by inversion at the imine nitrogen. A 1,5-hydrogen 
shift would then provide 15 [in equilibrium via (Z)-12 with 
14]. Inversion at nitrogen would be expected to occur readi
ly at these temperatures.4 Furthermore, in the pyrolysis of
1-azirines, Wendling and Bergman have shown such an az- 
etine to vinyl imine reaction to be reversible at 500° as re
quired for equilibration of 14 and 15,® and we have ob
served that 10 anc 11 slowly equilibrate at 200° to give 
mainly 10 (with less than 5% 11).

Rates of thermal ring opening of azetines 1, 4, and 8 were 
determined approximately by pyrolysis in the gas phase at 
160°. Under these conditions, the dimethylazetine 1 
opened to 3 with a rate constant of 0.75 X 10-5 sec-1, while 
the opening of 4 to 6 was somewhat faster (k 2.2 X 10-5
sec-1). Relief of the cis-methyl repulsion on opening from 4 
to 5 can account for the increased rate for the trimethylaze- 
tine 4. The tetrame'hy laze tine 8 shows the slowest rate at 
160° (k  =  0.27 X 10- 5  sec-1), presumably because of the 
strong methyl group repulsions on opening to 9.3 The rates 
of these reactions are nearly the same as the rates of ring 
opening of analogous cyclobutenes to butadienes.6 This is 
in contrast to the effect of oxygen and nitrogen on the rates 
of rearrangement of 2-oxetenes7 and other heterocycles,8’9 
which rearrange more rapidly than analogous hydrocar
bons. The rates of ring opening of 2-azetines appear to be 
variable. Some 2-azetines10-18 have been reported to be sta
ble up to 140°, while another rearranges at 25°.12

In contrast to the thermal ring opening of 2-alkoxy-l- 
azetines in the vapir phase, 2-alkoxy-l-azetines rearrange 
to a Chapman product at high concentration in the liquid 
phase. Thus, heating a concentrated solution of 1 in acrylo
nitrile to 130° for 4 days results in an intermolecular14 
Chapman rearrangement to the N -methyl-/3-lactam 16 and 
no acrylonitrile addition to 1.1B

\ CH:i
16

To investigate the competition between reaction of the 
imino ether function with dimethyl acetylenedicarboxylate 
(DMAD)1 and a possible Diels-Alder reaction, the addition 
of DMAD to the unsaturated imino ether 3 was investi
gated. The reaction gives the substituted pyridine 17 (46%) 
derived from elimination of methanol from the expected 
Diels-Alder adduct.

/O CH 3

i| 130°
N COCHON

1

Experimental Section
General Procedure for Pyrolyses of Azetines. Approximately 

40 mg (0.35 mmol) of azetine was freeze degassed and vacuum 
transferred into a 200-ml reaction vessel. The vessel was sealed 
and placed in an oven set at either 162.6 ± 0.2 or 198.2 ± 0.2° for 8 
hr with a sample pressure of ca. 50 mm. The end of the sample 
tube was cooled to —196° and opened. The NMR spectrum (in 
CCb) was integrated or the sample was analyzed by VPC to give 
the percentage composition of the reaction mixture. Approximate 
first-order rate constants were obtained from two kinetic points 
within the first 2 half-lives. The pyrolyses gave no nonvolatile ma
terial or side products.

Pyrolysis of 2-Methoxy-4,4-dimethylazetine (1). A. When 46 
mg of l la was heated to 200° for 8 hr according to the general pro
cedure above, it gave compound 3 cleanly by bulb-to-bulb distilla
tion: ir (CCU) 3080, 2960, 1680, 1625, 1440, 1370 cm-1; NMR 
(CC14) 5 1.75 (m, 3 H), 1.87 (s, 3 H), 3.60 (s, 3 H), 3.90 (m, 1 H); 
4.17 (m, 1 H); mass spectrum (70 eV) m/e 113.0839 (calcd for 
C6HnNO, 113.0841); m/e (rel intensity) 113 (M+, 38), 98 (10), 83
(13), 82 (8), 81 (5), 72 (7), 71 (5), 70 (5), 58 (10), 57 (8), 56 (10), 43
(24) , 42 (100), 41 (32), 40 (8), 39 (18), 29 (5, 28 (18), 27 (8), 15 (12).

B. When 1 was heated to 162.6° according to the general proce
dure above, it gave a first-order rate constant of 0.75 ±0.1 X  10-5 
sec-1 based on NMR analysis of the products. When compound 3 
was heated to 160° for 24 hr, no 1 was observed by NMR.

Pyrolysis of 2-Methoxy-3,4,4-trimethylazetme (4). A. When 
40 mg of 4la was heated to 200° for 8 hr according to the general 
procedure above, it gave compound 6 cleanly by bulb-to-bulb dis
tillation: ir ( C C 14) 3090, 2975, 2940, 1680, 1625, 1465, 1440, 1330, 
1270, 1230 cm' 11 NMR (C C I4 ) 5 1.08 (t, J = 7.7 Hz, 3 H), 1.73 (m, 3 
H), 2.26 (q, J = 7.7 Hz, 2 H), 3.58 (s, 3 H), 3.88 (m, 1 H), 4.14 (m, 1 
H); mass spectrum (70 eV) m/e 127.0993 (calcd for C 7 H 1 3 N O , 
127.0997); m/e (rel intensity) 127 (M+, 41) 112 (31), 97 (13), 84 
(19), 71 (11), 70 (9), 58 (38), 57 (19), 56 (100), 55 (16), 42 (20), 41
(31), 39 (21), 28 (31), 27 (17), 15 (16).

B. When 4 was heated to 162.6° according to the general proce
dure above, it gave a firet-order rate constant of 2.2 ± 0.3 X  10-5 
sec-1.

Pyrolysis of 2-Methoxy-3,3,4,4-tetramethylazetine (8). A. 
When 8la was heated to 200° for 20 hr according to the general 
procedure above, it gave a mixture composed of 40% compound 10 
and 60% compound 11 cleanly by bulb-to-bulb distillation. The 
compounds were separated on a 0.25 in. X  10 ft column of 10% 
SE-30 on 60/80 Chromosorb W, giving pure 10 and pure 11. Pure 
10: retention time (79°) 9.7 min; ir (CCI4) 3090, 2970, 2935, 1675, 
1630, 1470, 1290, 1260, 1100 cm-1’ NMR (CC14) 5 1.07 (d, J = 6.9 
Hz, 6 H), 1.73 (m, 3 H), 2.94 (heptet, J = 6.9 Hz, 1 H), 3.58 (s, 3 H),
3.87 (m, 1 H), 4.12 (m, 1 H); mass spectrum (70 eV) m/e 141.1154 
(calcd for CsHisNO, 141.1154); m/e (rel intensity) 141 (M+, 11), 
126 (10), 98 (2.5), 96 (2.5), 84 (8), 70 (10), 69 (12), 68 (6), 58 (14), 56
(25) , 55 (3), 43 (13), 42 (8), 41 (17), 39 (8), 32 (4), 29 (3), 28 (29), 27
(6), 18 (100), 17 (19), 15 (5). Pure 11: retention time (79°) 8.2 min; 
ir (CCU) 3080, 2960, 1675, 1640, 1295, 1205, 1160 cm- 0 NMR 
(CC14) a 1.01 (d, J = 6.2 Hz, 3 H), 1.82 (m, 3 H), 3.54 (s, 3 H), 3.54 
(heptet, J = 6.2 Hz, 1 H), 4.80 (m, 1 H), 5.05 (m, 1 H); mass spec
trum (70 eV) m/e 141.1155 (calcd for CsHisNO, 141.1154); m/e (rel 
intensity) 141 (M+, 32) 140 (15), 126 (56), 98 (10), 85 (10), 70 (12), 
69 (34), 68 (59), 59 (17), 58 (24), 56 (32), 55 (12), 43 (24), 42 (22), 41 
(85), 40 (10), 39 (34), 28 (44), 27 (20), 18 (100), 17 (20), 15 (22). Uv 
spectra of 10 and 11 showed only end absorption with a shoulder at 
240 nm (e ~800).

B. When 8 was heated according to the general procedure above, 
it gave a first-order rate constant of 0.21 ± 0.03 X  10-5 sec-1 at 
162.8° and 9 X  10-5 sec-1 at 198.2°. Using a log A  of 14.0, these 
rate constants are consistent with £ a =  39.0 kcal/mol. Heating 8 at 
198.2° for 100 hr gave a mixture containing 90% of 10 and 10% of 
11 by VPC analysis. Heating 10 at 198.2° for 100 hr gave less than 
5% of 11. Thus 10 and 11 equilibrate at 198.2° to give mainly 10.

Liquid-Phase Thermolysis of 2-Methoxy-4,4-dimethylaze- 
tine (1). A mixture of 176 mg of 1 and 183 mg of acrylonitrile was 
freeze degassed and vacuum sealed in an NMR tube. The tube was 
placed in an oil bath at 130° with the solution level at the oil level. 
The solution was heated in this manner for 3 days. Following the 
course of the reaction by NMR showed the buildup of 1,4,4-tri- 
methyl-l-azacyclobutan-2-one (16) at the expense of azetine 1. 
The tube was heated for 3 days longer to ensure complete conver
sion to the /3-lactam 16. The tube was opened and the /3-lactam 16 
was isolated by bulb-to-bulb distillation: ir (CC14) 1750 cm-1;
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NMR (CCLj) S 1.37 (s, 6  H) and 2.65 (s, 5 H) [lit. NMR (CDCI3) S
1.35 (s, 6  H) and 2.65 (s, 5 H) ] .16

Reaction of 3 with DMAD. A mixture of 40 mg (0.354 mmol) of 
3 and 47 mg (0.331 mmol) of DMAD in 4 ml of carbon tetrachlo
ride was refluxed for 2 days and the solvent was removed in vacuo. 
Vacuum distillation gave 34 mg (46% yield) of dimethyl 2,6-di- 
methylpyridine-3,4-dicarboxylate (17): bp ca. 100° (10- 3  mm); ir 
(CCLj) 3000, 1745, 1600, 1580, 1445, 1380, 1325, 1270, 1 2 2 0 , 1160, 
1085 cm-t NMR (CCU) <5 2.53 (s, 3 H), 2.57 (s, 3 H), 3.85 (s, 3 H),
3.87 (s, 3 H), 7.33 (s, 1 H); mass spectrum (70 eV) m/e 223.0848 
(calcd for C11HX3NO4; 223.0844); m/e (rel intensity) 223 (M+, 2 ), 
192 (10), 191(12), 159 (6 ), 133 (6 ), 128 (8), 101 (3), 100 i'7), 85 (2), 
68 (9), 59 (4), 58 (4), 44 (5), 43 (21), 42 (4), 41 (5), 40 (2). 39 (3), 32
(5), 31 (5), 29 (5), 28 (21), 27 (2), 18 (100), 17 (18), 15 (15).
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There has been considerable interest recently in the field 
of nitrene chemistry, and many nitrene reactions (addition 
to olefins, insertion into the C-H bond, ylide formation 
with Lewis bases, and other reactions) have been reported.1 
As for the reaction of nitrenes with nitriles, carbethoxyni- 
trene2’3 and acetylnitrene4 add to the nitrile group to yield
1,3,4-oxadiazoles. However, little mechanistic work has 
been reported and photolysis of azido-l,3,5-triazine has not 
been studied. The reactivity of the triazinyl nitrene is un

known. Triazine derivatives give rise photochemically to 
interesting reactions: the photo-Smiles rearrangement,5 the 
photo-Fries rearrangement,6 and the phototriazinylation.7 
During the course of our studies on triazine photochemis
try, we have carried out the photolysis of azidotriazine in 
nitriles, and observed the photocycloaddition of singlet 
triazinyl nitrene to the CN group.

The photolysis of 2-azido-2,4-dimethoxy-l,3,5-triazine
(1) in degassed and aerated nitriles at 254 nm is shown in 
Scheme I. The photoproducts which could be isolated are 
listed in Table I.

Scheme I

O
3b

R, = CH,
R2 = C,H5

R; =  G.H

The uv spectral change of 1, for example, in acetonitrile 
(RiCN) showed a great decrease in the Amax (238 nm) of the 
starting material8 and a slight increase in the 260-310-nm 
range during the photolysis. This change indicates that 
both 3aRi (7-methoxy-3,6-dimethyl-s-triazolo[4,3-a]-
l,3,5-triazin-5-one) and 3bRi (7-methoxy-3,8-dimethyl-s- 
triazolo[4,3-a]-l,3,5-triazin-5-one) were not primary photo
products, but were formed thermally from 2Ri (5,7-dime- 
thoxy-3-methyl-s-triazolo[4,3-a]-l ,3,5-triazine), because 
the absorption maxima of 2aRi and 3bRj are at 240 and at 
255 nm, respectively. This result was confirmed by a 
change in the NMR spectra of the photolyzed solution9 
that occurred after standing at room temperature, and the 
appearance of only weak ir absorption at the characteristic 
1735-cm” 1 absorption of 3a and 3b immediately after irra
diation.

Similarly, the photoadducts 3aR2 and 3bR2 (trace) were 
detected in the photolyzed solution of 1 in propionitrile 
(R2CN). In the case of benzonitrile (R3CN), the final prod
uct 4R3 (6,8-dimethyl-3-phenyl-s-triazolo[4,3-a]-l,3,5-tria- 
zine-5(6i/),7(8H)-dione) was the only one isolated:10 the 
analytical and spectral data agreed with those reported by 
Kobe et al.11 The 0  — N shifts of methyl groups12 in the 
photoproducts 2 took place easily even at room tempera
ture. The lack of aromaticity in the compounds 2 and 3 
may facilitate the O -»  N shifts of methyl groups, as has 
been suggested by Reynolds et al.13 The O —*■ N shift of
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Table I
Properties of Starting Material and Photoadductsd

S u b sta n ce C h e m i c a l  y i e l d ,  % M p , C MS, mie N M R C

l 8 5 -8 5 .5 “ 4 .05  (2,4-O C H g)

3aRj 7 1 5 3 -1 5 4 195 2 .4 7  (3-C H g), 3 .6 0  (6 -C H 3) 
4 .2 2  (7-OCH g)

3bRj 15 1 5 5 -1 5 6 .5 195 2 .8 0  (3-C H g), 4 .0 5  (7 -O C H 3) 
3 .8 0  (8-CH g)

3aR 2 17 1 5 3 -1 5 4 209 1 .37  (3 H), 2 .8 8  (2 H ), in 3 -C 2H5 
3 .6 0  (6-C H g), 4 .2 2  (7 -O C H 3)

4R 3 2 2 1 3 -2 1 4
(222—2 2 5 )”

257 8 .1 0  (2 H ), 7 .5 2  (3 H ), in 3 - C 6H 5 
3 .3 4  (6 -C H 3), 3 .5 8  (8 -C H 3)

a See ref 17. " From Kobe et al., see ref 11.c In CDCI3; for the NMR data of 2, see ref 9. d Satisfactory analysis (±0.3% for C, H and N) 
were reported for 3aRi and 3bRi; for 3aR2, calcd N, 33.48; found, 32.87; for 4, calcd C, 56.02, found, 55.58. Ed.

methyl group at ths 5 position should occur more readily 
than that at the 7 position, since the anion generated by 
the heterolytic fission of OCH312 at the 5 position is expect
ed to be more stable than that at the 7 position.

The absorption spectrum (Amax 313 nm, see Figure 1) of 
triplet triazinyl nitrene (3N) was observed during the pho
tolysis of 1 in a rigid EPA matrix at 77 K and at 254 nm; 
the 3N should be formed via fast intersystem crossing in 
the singlet nitrene 'N .14 The lowest transition energy in 3N 
(3.96 eV) was larger than that in triplet phenylnitrene 
(—3.35 eV) reported by Reiser et al.14 The photosensitiza
tion of 1 in degassed RiCN by triplet benzophenone has 
been carried out.13 The sensitized photodecomposition of 1 
took place to a large extent. However, the cycloaddition 
products shown in Table I could not be detected.16 The 
quantum yields for the 2Ri formation both in aerated and 
degassed R;CN were close to unity (0.90 ±  0.10).

From these results, we conclude that the singlet triazinyl 
nitrene (4N) attacks the cyano group in the nitriles. It is 
well known that singlet nitrenes are electrophilic,1“ and 
this tendency in may be strengthened by the electron- 
withdrawing power of the triazinyl nucleus. The reaction 
rate &r[RCN] may be faster than the k-mc of the intersystem 
crossing XN —► 3N,

Finally, the primary photochemical reactions can be ac
counted for by Scheme II, where 41 denotes the excited sin
glet state of 1 .

Scheme II
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Experimental Section
Materials. The starting material 2-azido-4,6-dimethoxy-l,3,5- 

triazine (1) was prepared by treating 2-chloro-4,6-dimethoxy- 
1,3,5-triazine with NaN3 and purified by repeated recrystalliza-

Figure 1. Spectral change of rigid EPA matrix of 1 at 77 K with 
lapse of time at 2537 Â. Numbers refer to time in minutes. Dotted 
lines denote the corrected absorption spectra of 3N.

tions from benzene-ligroin.17 The solvents were G. R-grade prod
ucts of Tokyo Kasei Co. Ltd., and they were used without further 
purification. The solution of 1 was degassed by the freeze-pump- 
thaw method.

Light Sources and Actinometry. A 30-W low-pressure Hg 
lamp was used as the 254-nm radiation source. In the benzophe
none photosensitization, a 100-W high-pressure Hg lamp was used 
with a glass cutoff filter (>310 nm). The actinometry was carried 
out using a ferric oxalate solution (0.006 M ).18 The amount of 
product 2Ri was determined by means of NMR at the characteris
tic peak (& 2.80) due to the methyl group on the 3 position in 2Ri, 
calibrated against 2-chloro-4,6-bis(dimethylamino)-l,3,5-triazine 
(5 3.10).

Registry No.— 1, 30805-07-3; 2Ri, 54410-40-1; 3aRx, 54410-41- 
2 ; 3aR2, 54410-42-3; 3bRi, 54410-43-4; 4R3, 28750-32-5; 2-chloro- 
4,6-dimethoxy-l,3,5-triazine, 3140-73-6; NaN3, 26628-22-8.
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We wish to report that /V-alky I pyrazoles can be conve
niently N-dealkylated by heating in anhydrous pyridine 
hydrochloride at reflux temperature. We fortuitously ob
served this N-dealkylation when 5-chloro-l,3-dimethylpy- 
razol-4-yl-o-methoxyphenyl ketone1 was heated for 16 hr 
at 215° with this reagent and the product was shown to 
be 3-methyl[l]benzopyrano[2,3-c]pyrazol-4(l/i)-one (1) 
(Scheme I).

Scheme I

1

There are only a few reports on the removal of N substit
uents from pyrazoles2-6 and most of these N substituents 
are of such low stability as to preclude their use for protec
tive purposes. Thus base and heat have been shown to re
move the N- hydroxymethyl,2 N-substituted aminomethyl,2 
and TV-2,4-dinitrophenyl3 groups. Also oxidative reagents 
remove particularly sensitive N-substituents.4,5 The most 
synthetically useful N-protecting group in pyrazole chemis
try is the TV-benzyl group6 (readily removed by sodium and 
liquid ammonia reduction, but suffering the usual disad
vantages associated with this method of removal). There
fore, we decided to test the generality of this N-dealkyla
tion (Scheme II). TV-Alkylcarboxvlic acid amides, anilides,7 
and TV-methyl- and TV-ethylphenothiazine8 have been deal- 
kylated by this reagent. The generality of this reaction has

Scheme II

been questioned, since TV-alkylcarbazoles are unaffected by 
this reagent.9

Results
Both simple and complex TV- methylpyrazoles as well as 

TV-ethylpyrazoles (see compounds 5 and 8, Table I) and one 
example of an TV-methylindazole (see compound 3) were 
successfully N-dealkylated. The reaction was successful 
with a wide variety of substituents on the carbon atoms of 
the pyrazole ring, including both electron-attracting and 
-releasing substituents. Wide differences in the rate of N- 
dealkylations were observed [see time of heating, Table I, 
and comparison of synthesis of 6 from 1,3-dimethylpyrazol-
5-yl phenyl ketone10 or the isomeric 1,5-dimethylpyrazol-
3-yl phenyl ketone (9) in Experimental Section], This is a 
rapid, simple method and gives reasonably good yields of 
N-unsubstituted pyrazoles. The examples include a num
ber of compounds that would be difficult or impossible to 
prepare by other methods. While the examples have in
cluded only TV-methyl and TV-ethyl substituents, in analogy 
with the known NjN'-dealkylations of TV.TV'-pyrazolium 
and TV,TV'-indazolium quaternary salts11,12 other alkyl 
groups should be removed with equal facility.

Mechanistic Considerations. The reaction most likely 
proceeds by protonation of the pyrazole ring and the for
mation of the alkyl halide by the attack of chloride ion and 
expulsion of the neutral N-dealkylated pyrazole. The high 
temperature drives out the low-boiling alkyl halide, helping 
to drive the reaction to completion. This is consistent with 
the mechanism in the N,N'-dealkylations of TV,TV'-dialkyl - 
pyrazolium halides.11 Examination of the crude product in 
the synthesis of 6 demonstrated the presence of an TV- 
methyl shift as reported in N,N'-dealkylations of TV- 
methyl-TV'-alkylpyrazolium salts.11

Experimental Section13
Reagents and Starting Materials. The pyridine was pur

chased from J. T. Baker Chemical Co. The following compounds 
were synthesized as described in the references given: 5-ehloro-
l,3-dialkylpyrazol-4-yl aryl ketones;1 l,3-dimethylpyrazol-5-yl 
phenyl ketone;10 l-ethyl-3-methyl-4-nitropyrazol-5-yl phenyl ke
tone;14 1,3,5-trimethylpyrazole;15 5-amino-l,3-dimethylpyrazole;1B 
l,5-dimethyl-3-pyrazolecarboxamide;17 1,3-dimethyl-lH-inda- 
zole. 18

General Procedure. Anhydrous pyridine hydrochloride was 
freshly prepared by the method of Curphey et al.19 (dried by distil
lation up to 210° and cooled under a stream of N2). The pyrazole 
was added to a three- to tenfold molar excess of the reagent and 
the mixture was stirred at 180-218° for 1-40 hr. Products less 
basic than pyridine, could be isolated by dilution of the cooled 
reaction mixture with water followed by filtration or extraction 
with diethyl ether or chloroform. The extracts were dried (MgSO,() 
and concentrated and the products were recrystallized. If the 
product was a stronger base than pyridine, it was isolated by addi
tion of an excess of 29% ammonia and extraction. Many of the keto 
pyrazoles were best separated from unreacted starting material by 
extraction into 1 N  sodium hydroxide solution followed by neu
tralization with an equivalent amount of hydrochloric acid.

3-Methylpyrazol-5-yl Phenyl Ketone (6 ). 1,3-Dimethylpyra- 
zol-5-yl phenyl ketone10 was treated with the reagent for 1 hr at 
218°. A VPC on the crude reaction mixture showed a three-compo
nent mixture: starting material (5%), 6 (80%), and an unknown, 9 
(15%). Two recrystallizations from toluene yielded 6 (52%) (see 
Table I for physical data). The unknown 9 was shown to be the
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T a b le  I
N -D e la k y la te d  P ro d u c ts“

H

H e a tin g

C o m p d r4 Rs
T e m p ,

°C
p e r io d ,

h r6

Y i e ld ,

Mp, °C

R e c ry s tn

s o lv e n t^

E m p ir ic a l

fo r m u la

It, cm-1 
(N-H; C=wO)

1 c©
II

215 16 61 298-300 A C11H&N2O2 3205; 1650

2

0
H c h 3 180 16 70 1O6-1O70

3 0 210 40 72 112—113^

4 H H N C (=0)Ph 218 0.75 60e 210-212 B ChHjjNjO 3300; 1648
(40)*

5 n o 2 0 = C P h 210 3 56' 138-140 C c ,,h 9n 30 3 3260; 1658
6 H 0 = C P h 218 1 52J 110-112 D C „H 10N2O 3225, 3160; 1630

Î
7 CPh Cl 200 3 63 169-171 E c ,,h 9cin 2o 3235; 1630

0II
8 C-o-CIPh Cl 200 3 62 135-137 F c uh8c i2n 2o 3195; 1660

(69)*
° Satisfactory analytical data (±0.4% for C, H, N) were reported for all new compounds listed. Mass spectra were also taken and indicated 

the correct molecular weights, as well as the absence of the higher molecular weight and more volatile N-alkyl starting materials. Dealkyla
tions of starting materials with IV-ethyls are indicated in footnotes i and k. 6 Too extensive a heating time appeared to be important only 
when the products were susceptible to further reactions, i.e., compounds 7 and 8 . °The yields are those isolated and purified. Yields were 
not maximized and charges in the temperature, heating time, and isolation procedures would improve them. d A, Soxhleted from insolubles 
using THF; B, CH30H-Et20 ; C, Et20 ; D, toluene; E, toluene-petroleum ether; F, toluene-cyclohexane. e Lit. mp 106-107°; L. Knorr and 
G. D. Rosengarten, Justus Liebigs Ann. Chem., 279, 237 (1894). < Lit. mp 113°; E. Fischer and J. Tafel, ibid., 227, 303 (1885). g From starting 
material 12 •with only one N-methyl to be removed. h Fiom starting material 11 with two N-methyls to be removed. 1 An example of N-ethyl 
removal. 1 Crude yield by VPC 80% + 15% N-methyl shift. * First, yield from N-methyl removal, second yield from N-ethyl removal.

T a b le  II
C h em ica l S h ifts  for C om p ou n d s in  T a b le  I a

C o m p d  N —H 3 -C H 3 r 4 R s

1 10-11 2.63 7.2-8.3 (4 H)
(very broad)

4 12.1 2.24 6.42 (1 H) 7.2-8 .2  (5 H)
(broad singlet' 10.66 (1 H)

5 11-12 2.48 7.2-8 .2  (5 H)
(very broad)

6 13-14 2.21 6.63 (1 H) 8.0-8.4 (2 H)
(very broad) 7.3 -7 .8  (3 H)

7 13-14 2.22 7.2 -7 .9  (5 H)
(very broad)

8 13-14 2.28 7 .4 -7 .7  (4 H)
(very broad)

O 5 (TMS) (Me4Si) in DMSO-d6.

product of N-methyl transfer, i.e., l,5-dimethylpyrazol-3-yl phenyl 
ketone (9). This was proven by comparison of VPC retention time, 
NMR spectrum location of the N-methyl and 4-H, and mixture 
melting point (after isolation by column chromatography) with a 
sample synthesized in the following manner. l,5-Dimethyl-3-pyra- 
zoleearboxamide17 was dehydrated using phosphorus oxychloride 
to yield l,5-dimethyl-C-.-pyrazolecarbonitrile (10, 80%), mp 68-69° 
(from EtOH). Anal. Calcd for C6H7N3: C, 59.50; H, 5.82; N, 34.70. 
Found: C, 59.11; H, 5.98; N, 34.16. 10 was treated with an excess of 
phenyl Grignard reagent and after acid hydrolysis yielded 9 (73%), 
mp 55-57°. Anal. Calcd for Ci2Hi2N20; C, 71.96; H, 6.07; N, 13.99. 
Found: C, 72.30; H, 6.11; N, 13.99.

Rate of the Dealkylation Reaction of 1,5-Dimethylpyrazol-
3-yl Phenyl Ketone ()). When 9 was treated with the reagent for 
3 hr at 218° [three times the time period used to produce 95% deal
kylation of l,3-dimethylpyrazol-5-yl phenyl ketone10], VPC analy

sis showed only a 50% conversion to 6 along with 50% 9. The rate 
difference may be due to a slower rate of protonation due to differ
ences in the basicities of the 1,5 vs. the 1,3 ketone in the reagent or 
a lower susceptibility of attack on the N-alkyl bond due to the dif
ferent relationship with the electron-withdrawing carbonyl group.

N-( 1,3-Dimcthylpyrazol-5-yl)-N-methylbenzamide (11). 5- 
Amino-l,3-dimethylpyrazole16 was treated in chloroform with 1 
equiv of benzoyl chloride in the presence of an excess of calcium 
hydroxide to yield N-(l,3-dimethylpyrazol-5-yl)benzamide (12, 
89%), mp 133-135° from toluene. Anal. Calcd for Ci2Hi3N3 0 : C, 
66.96; H, 6.19; N, 19.52. Found: C, 66.85; H, 6.13; N, 19.37. 12 was 
treated with iodomethane and sodium methoxide in THF to yield 
11 (82%), mp 98-100° from ethyl acetate-petroleum ether. Anal. 
Calcd for C13H15N3O: C, 68.10; H, 6.59; N, 18.32. Found; C, 68 .0 2 ; 
H, 6.71; N, 18.45.

Registry No.— 1, 54384-65-5; 2, 67-51-6; 3, 3176-62-3; 4, 52566- 
42-4; 5, 54384-66-6; 6 , 54384-67-7; 7, 54384-68-8; 8, 54384-69-9; 9, 
54384-70-2; 10, 54384-71-3; 11, 54384-72-4; 12, 54384-73-5; pyri
dine hydrochloride, 628-13-7; 5-chloro-l,3-dimethylpyrazol-4-yl- 
o-methoxyphenyl ketone, 29938-78-1; 1,3,5-trimethylpyrazole, 
1072-91-9; 1,3-dimethyl-lH-indazole, 34879-84-0; l-ethyl-3- 
methyl-4-nitropyrazol-5-yl phenyl ketone 26308-47-4; 1,3-dimeth- 
ylpyrazol-5-y] phenyl ketone, 32500-76-8; l,3-dimethyl-5-chloro- 
pyrazol-4-yl phenyl ketone, 29938-70-3; 5-chloro-l,3-dimethylpy- 
razol-4-yl o-chlorophenyl ketone, 29938-74-7; 5-chloro-l-ethyl-3- 
methylpyrazol-4-yl o-chlorophenyl ketone, 29938-93-0; 1,5-di- 
methyl-3-pyrazolecarboxamide, 54384-74-6; 5-amino-l,3-dimeth- 
ylpyrazole, 3524-32-1.
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Addition of Benzyne to cis- and trans-l,3-Pentadiene
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The addition of benzyne to alkyl-substituted dienes can 
conceivably give [2 + 2], [2 + 4], and “ ene” reaction prod
ucts.1 When the diene can achieve the s-cis conformation, 
[2 + 4] addition predominates over [2 + 2] addition.2 When 
an ene reaction is possible, it predominates over the [2 + 2] 
reaction path in most olefins.3’4 We wish to report the addi
tion of benzyne to cis- and trans-1,3-pentadiene, which 
surprisingly shows no ene product.

Benzyne, generated from benzenediazonium 2-carboxy- 
late,7 adds to trans-1,3-pentadiene giving two isomeric ad
ducts, 1 (46%) and 2 (16%). Compound 1 had an NMR 
spectrum consistent with l-methyl-l,4-dihydronaph- 
thalene. In addition, oxidation of 1 with dichlorodicyano- 
quinone resulted in 1-methylnaphthalene, which was iden
tical with an authentic sample. The NMR data for 2 are in 
Table I.

3
When cis-1,3-pentadiene was used as the benzyne trap,

2-cis-propenylbenzocyclobutene (3) was formed in 24% 
yield. The NMR spectrum of 3 is very similar to that of 2 
(see Table I). Oxidation of 3 with KMn04-NaI04 resulted 
in acetic acid and benzocyclobutene-2-carboxylic acid, 
which was identical with authentically prepared material.8 
No 3 was observed by NMR when the trans diene was used 
and no 2 was found when the cis diene was used. If benzyne

Table I
Nmr Spectra of cis - and 

trons-2-Propenylbenzocyclobütene

2 7.13“ 3.45 2.84 4.05 5.68 1.68
3 7.1 3.52 2.86 4.38 5.6 1.76

1̂,2 1̂,3 2̂,3 5̂,6
2 13.8 2.6 5.2 4.5
3 14.0 2.7 5.3 5.2
“ In CCU/MeiSi. Chemical shifts reported in parts per million 

(5). Coupling constants reported in hertz.

was produced by the reaction of o-bromofluorobenzene 
with magnesium,2® cis-trans isomerization of the diene oc
curred (GLC analysis). Thus, 1 was observed when cis-1,3- 
pentadiene was used as the benzyne trap. When benzenedi
azonium 2-carboxylate was used as the benzyne precursor, 
no cis-trans diene isomerization was observed.

The [2 + 4]/[2 + 2] ratio observed when benzyne adds to 
trans-1,3-pentadiene (3.9:1) is essentially the same as the 
ratio found when it adds to 1,3-butadiene (4:l2e). It is not 
surprising that the methyl group little affects the addition 
of benzyne to this diene. This report also shows that ben
zyne is unable to give a [2 + 4] addition product with cis-
1,3-pentadiene owing to this diene’s inability to achieve the 
required s-cis conformation.9 In fact, maleic anhydride is 
the only dienophile reported to give a [2 + 4] product with 
the cis diene.10’11 Since benzyne has an alternate reaction 
pathway ([2 + 2] addition), it is not required to partake in 
an inherently undesirable [2 + 4] addition to the cis 
diene.12

In dienes which have no conformational peculiarities, 
ene addition predominates over [2 + 2] addition. It is 
therefore noteworthy that no ene product is observed when 
benzyne adds to 1,3-pentadiene. Owing to rotation of the 
methyl group, a suitable conformation must be available for 
what is apparently a concerted ene reaction.115 The answer 
here might lie in an especially facile [2 + 2] addition of ben
zyne to 1,3-pentadiene. The determining factor could be a 
sterically less restricted approach to the terminal double 
bond in the pentadienes which is not possible in the other 
dienes that have been studied. Indeed, there could be a 
great inherent tendency for benzyne to undergo a [2 + 2] 
addition than an ene reaction with any diene.1,1 This ten
dency may be masked by steric effects in most dienes.15’16

Experimental Section
General. The NMR spectra were obtained on a Varian Asso

ciates A-60 spectrometer. A Beckman IR-10 was used for the ir 
spectra. Mass spectra were determined on a Hitachi Model RMU- 
6 E spectrometer at an ionizing voltage of 70 eV. Elemental analy
ses were performed by Atlantic Microlab, Inc., Atlanta, Ga. Gas- 
liquid phase chromatography was conducted on a Varian A-90P in
strument. Tetrahydrofuran was distilled from lithium aluminum 
hydride before use. cis- and trans-1,3-pentadiene (PCR, Inc., 
greater than 99% geometric purity) were distilled before use.

Generation of Benzyne in the Presence of cis-1 ,3-Penta- 
diene. To 0.025 mol of benzenediazonium 2-carboxylate7 was 
added 30 ml of chloroform and 2.04 g of cis-1,3-pentadiene (0.030 
mol). The mixture was heated at 40-45° for 4.5 hr. After cooling, 
GLC analysis showed no trans-1,3-pentadiene. The solvent was re
moved under vacuum. The product, 3, was isolated using column 
chromatography (alumina, n-pentane) and weighed 0.724 g (24%
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yield). An analytical sample was isolated by preparative GLC (see 
Table I for NMR deta): ir (neat) 3080 (w), 3020 (m), 2970 (m), 
2930 (s), 1455 (m), 70) (s), 718 (m), and 700 cm- 1  (m); mass spec
trum m/e 144 (molecular ion). Anal. Calcd for C11H12: C, 91.61; H, 
8.39. Found: C, 91.47; H, 8.43.

Generation of Benzyne in the Presence of fcrans-l,3-Penta- 
diene. When the above procedure was applied using the trans 
diene, a mixture of 1 and 2 was isolated (62% yield combined). The 
ratio 1:2 was 3.9:1 (GLC). The isomers were separated by prepara
tive GLC.

1: NMR (CDCI3) 1.31 (d, J  = 6.8 Hz, 3 H, methyl), 3.38 (broad s, 
3 H, benzylic), 5.88 (m, 2 H, olefinic), and 7.16 ppm (m, 4 H, aro
matic); ir (neat) 3035 (w), 3026 (m), 2970 (m), 2930 (m), 2880 (m), 
1581 (w), 1492 (m), 1450 (m), 747 cm- 1  (s); mass spectrum m/e 144 
(molecular ion). Anal. Calcd for C11H12: C, 91.61; H, 8.39. Found: 
C, 91.46; H, 8.43.

2: NMR, see Table I; ir 3080 (w), 3030 (m), 2970 (m), 2930 (w), 
1460 (m), 965 (s), 74E cm- 1  (s); mass spectrum m/e 144 (molecular 
ion). Anal. Calcd for C11H12: c, 91.61; H, 8.39. Found: C, 91.61; H,
8.33.

Oxidation of 3. 17 Tc 29 ml of a NaI0 4 -KMn(>4 solution (0.38 M  
NaI0 4  and 0.0064 M KMn0 4 ) was added 20 ml of t-BuOH and 
enough K2CO3 to achieve a pH of 8 . To this was added 20 mg of 3. 
The solution was stirred at room temperature for 5 hr. After acidi
fication with 2 M  HC1, the solution was extracted five times with a 
1 :1  mixture of ether and pentane. The combined organic extracts 
were dried over anhydrous MgSO,(. The solvent was removed by 
distillation. The acetic acid in this residue was removed by vapor 
transfer and identified by comparing its NMR spectrum with that 
of authentic material. The mass spectrum of the residue showed a 
molecular ion (m/e 148) consistent with C9H802. The NMR spec
trum was identical with that of independently prepared benzocy- 
clobutene-1 -carboxylic acid.

Oxidation of 1. A mixture of 40 mg of 1, 63.5 mg of dichlorodi- 
cyanoquinone, and 1 ml of benzene was brought to reflux for 15 
min. After cooling, 50 ml of pentane was added and the mixture 
was filtered. The filtrate was then passed through a short column 
of alumina using pentane as the eluent. The solvent was removed 
under vacuum. The NMR spectrum was identical with that of 
commercial 1 -methylr.aphthalene.
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An effective way to protect an alcohol is via its benzyl 
ether.2 However, the common ways used to remove this 
blocking group (i.e., catalytic hydrogenation or alkali metal 
reduction) involve conditions which may not be applied to 
molecules where other easily reduced functional groups are 
present. We wish to report a straightforward procedure 
whereby a benzyl group can be cleanly removed electroche- 
mically under mild, oxidative conditions.3 This provides a 
complementary alternative to the presently used reductive 
methods.

Early work by Lund4 revealed that the oxidation poten
tial for the benzyloxy group was low enough to allow elec
trochemical oxidation. This work was followed by other 
studies5-7 which indicated that the oxidation of benzylic 
ethers, esters, or alcohols will proceed to form benzalde- 
hyde. The probable mechanism of this reaction is as shown 
in Scheme I. Even though previous workers have focused

Scheme I
ArCH2OR Ar CH,OR Ar CHOR + H*

H ,0
ArCHO + ROH -<—  ArCHOHOR+ H* -L—1

attention on the formation of the aromatic aldehyde, con
comitant formation of the alcohol in the above sequence 
has been confirmed by Miller,5 who, in fact, suggested the 
possible usefulness of this reaction as a method of cleaving 
benzyl protecting groups. However, the generality and util
ity of this reaction apparently have not been tested, possi
bly because of Miller’s observation that constant “ pulsing” 
of the electrode potential was necessary in order to obtain 
reasonable yields. Without this pulsing, Miller reports that 
under his conditions (anhydrous acetonitrile with added
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Table I
Isolated Yields of Alcohols from Electrolyses of Their

p-Anisyl Ethers at 1.65 V (SCE)

A l c o h o l Y i e ld ,  % A l c o h o l Y i e l d ,  %

l-O c ta n o l 98 7 4 a
2-O ctan ol 90 H O  O H

l -  B orneol 93 PhCH2OH 75
C h olesterol 89 2 , 6 - D ic h lo robenzyl 88
PhOCH 2CH 2OH 74 alcohol

Cyclododecanol 89

°  The dianisyl ether was used.

sodium carbonate) the anode becomes fouled, causing a sig
nificant drop in the current.

Viewing the above reaction in terms of its potential use
fulness in the synthesis of complex molecules, we have 
sought to test the generality of the reaction on a variety of 
compounds, and to develop a simple methodology whereby 
consistently high yields would be possible.

Consideration of the mechanism in Scheme I would lead 
one to expect that an electron-supplying substituent on the 
aromatic ring would make the initial oxidation step easier. 
This is in fact observed;4 so we have concentrated our ef
forts on the study of p-methoxy substituted benzyl ethers, 
thus enabling us to work at a potential lower than is neces
sary for the oxidation of most other substituted benzyl 
ethers, or simpled unsubstituted benzyl ethers. Although 
acids have been protected as their p-anisyl esters,8’9 p-ani- 
syl ethers have not been widely used previously, probably 
because no particular advantage over benzyl ethers was en
visaged. We anticipate no problems in using them, how
ever, and they are easily prepared.

Utilizing controlled-potential electrolysis, we have ob
tained good yields in a variety c f functionalized systems 
when the electrolysis is performed in 60-85% aqueous ace
tonitrile10 with lithium perchlorate (0.1 M) as the support
ing electrolyte. The presence of water (as an available nu
cleophile capable of attacking the intermediate benzyloxy 
carbonium ion) produces a much cleaner reactions and ob
viates the need for electrode “ pulsing” , thus simplifying 
the experimental technique.5 The electrolyses were per
formed at +1.65 V relative to SCE. Table I summarizes the 
results.

Since convenience in the isolation of the free alcohol is 
an important criterion, it should be pointed out that the 
other product of this reaction, anisaldehyde, is readily re
moved from the reaction mixture by extraction with satu
rated aqueous sodium bisulfite solution. In each case the 
product was appropriately purified (usually by distillation) 
to give the isolated yields listed in Table I. In some of the 
compounds studied it is not possible to remove the pro
tecting group using standard reductive techniques without 
concomitant reduction of other functionality.

Although we have concentrated mainly on anisyl ethers 
owing to their low oxidation potential, benzyl ethers (or 
other types of substituted benzyl ethers) may also be re
moved in this manner by raising the oxidation potential to
2.0 V. The results of the oxidation of the benzyl ether of l- 
borneol is an illustrative example (68% yield). Since the ox
idation potentials of p-anisyl and benzyl are substantially 
different, it should be possible11 to have two different alco
hol groups in the same molecule protected, one perhaps as 
the p-anisyl ether and the other as the benzyl ether, and to 
selectively remove first the anisyl protecting group by elec
trolysis at +1.65 V, and at a later time to remove the benzyl 
by electrolysis at +2.0 V. This high degree of selectivity is

illustrated by the electrolyses of the p-anisyl ethers of ben
zyl alcohol and 2,6-dichlorobenzyl alcohol, which electro
lyzed to produce benzyl alcohol and 2,6-dichlorobenzyl alco
hol, respectively, uncontaminated with any anisyl alcohol.

Experimental Section
p-Anisyl chloride was prepared by treating anisyl alcchol with 

thionyl chloride in ether containing a catalytic amount of pyridine. 
Distillation gave the chloride in 86% yield, bp 85-90° (2 mm) [lit.12 
bp 101-103° (8-10 mm)].

Preparation of Anisyl Ethers. The ethers were prepared via a 
Williamson synthesis. The general procedure involved stirring the 
required alcohol with sodium hydride in anhydrous DMF until gas 
evolution had ceased. The resulting solution was treated with an 
equimolar amount of anisyl chloride. After 1 hr an additional 
amount of anisyl chloride was added so that it was present in a 
20% excess. After stirring overnight, the solution was poured over 
ice and the resulting suspension was extracted with chloroform. 
The organic phase was washed with sodium hydroxide solution 
and with water, dried with magnesium sulfate, and concentrated to 
give the desired ether. Before electrolysis the crude ethers were 
distilled, recrystallized, or chromatographed.

Electrochemical Apparatus. A simple electrochemical cell was 
constructed from a beaker and a glass tube of about 7 5-ml capacity 
which was sealed at one end with a sintered glass frit of medium 
porosity. The frit was covered with a gel13 of 0.1 M  lithium per
chlorate in DMF and methyl cellulose. This isolates the cathode 
and anode, while maintaining electrical conductivity between the 
two. The tube was suspended in the beaker and the inside of the 
tube was utilized as the anodic chamber. A platinum wire cathode 
and a platinum mesh anode were used. The power source was a 
Wenking 70HVI potentiostat (Brinkmann Instruments).

Electrochemical Oxidation. General Procedure. A solution 
of 60-85% aqueous acetonitrile was made 0.1 M  in lithium perchlo
rate. 10 This solution was placed in the electrochemical cell. To the 
anode chamber was added 4 mmol of the compound to be electrol
yzed, and the solution was electrolyzed at +1.65 V (SCE) until the 
initial current of ca. 200 mA had dropped to less than 3 mA. The 
anolyte was concentrated in vacuo with minimal heating until the 
acetonitrile was removed. (The solution may be neutralized before 
concentration to minimize any reaction under the acidic conditions 
of the concentrated solution, but for the compounds listed in 
Table I we observed no undesirable reactions when this neutraliza
tion was omitted. Caution: Under no circumstances should the so
lution be evaporated to dryness.) The resulting aqueous suspen
sion was saturated with sodium chloride and extracted with ether. 
The combined ether extract was washed with saturated sodium bi
sulfite solution, dried, and concentrated to yield products which 
were essentially pure by NMR analysis. The residue was then ap
propriately purified. The yields of the purified materials are listed 
in Table I.
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A survey of the literature reveals that there has been one 
study of the addition of bromine chloride to an allene,1 and 
many investigations of the addition of this electrophile to 
olefins,2a_e but that no studies on the addition of bromine 
chloride to conjugated dienes have been undertaken. Ear
lier studies2b_e established that molecular bromine chloride 
adds to olefins via a bromonium ion-chloride ion ion pair, 
in which the rate-determining step involves formation of 
this ion pair. In the most recent investigation,2® Bellucci et 
al. compared the addition of bromine chloride with that of 
pyridine-bromine chloride complex, and concluded that 
the second, product-determining step is rate determining 
in the case of the complex.3

It seemed to us that it would be of interest to investigate 
the reaction of these halogenating agents with the conju
gated diene cyclopentadiene. We chose cyclopentadiene be
cause it offered the possibility of both cis and trans 1,2 and
1,4 addition, and because we had recently studied the addi

tions of chlorine4 and bromine5 to this diene. In the present 
study we were particularly interested in comparing the ad
dition of bromine chloride with amine-bromine chloride 
complexes, since if these reagents do involve different rate
determining steps they would likely produce a different 
mixture of stereoisomeric bromochlorocyclopentenes.

The possibility of anti-Markovnikov addition was also 
considered, since chloride ion could add to either of the 
carbons (bonded to bromine) as illustrated in the following 
reaction.

Br

anti-Markovnikov
Markovnikov

Delocalization of the charge (resulting in unsymmetrical 
bridging, i.e., weaker bonding between carbon 3 and bro
mine) is probable here since a secondary carbonium ion 
would result.6 Extensive delocalization should favor cis at
tack of chloride ion (as in the case of the chlorination of cy
clopentadiene4) to give cis 1,2 addition as shown below.

5

Results and Discussion
The addition of bromine chloride and amine-bromine 

chloride complexes to cyclopentadiene resulted in the for
mation of only three isomeric bromochlorocyclopentenes: 
irons-4-bromo-3-chlorocyclopentene (1), trans-3-bromo-
5-chlorocyclopentene (2), and cts-3-bromo-5-chlorocyclo-

pentene (3). The ratios and yields of these isomers formed 
under various conditions are shown in Table I.

The data in Table I show that all of the amine-bromine 
chloride complexes react with cyclopentadiene to give very 
similar mixtures of bromochlorocyclopentenes, and that 
the product composition from the complexes is considera
bly different from that of bromine chloride. In particular, 
bromine chloride gives significantly more cis 1,4 addition

Table I
Addition of Bromine Chloride and Amine-Bromine Chloride Complexes to Cyclopentadiene

B r o m o c h lo r o c y c lo p e n t e n e s

H a lo g e n a t in g  a g e n t S o lv e n t T e m p ,  °  C 1 2 3 Y i e ld ,

B rC l C 5H 12 -1 5 34 18 48 78
B rC l c h 2c i 2 - 1 5 22 15 63 68
B rC l c c i 4 - 1 5 25 12 63 76

27 15 58
P y r id in e -B rC l C 5H n -1 5 53 21 26 81
P y r id in e -B rC l C H 2C12 - 1 5 90 4 6 78
P y r id in e -B rC l C C I, -1 5 51 22 27 86
B rC l C H 2C12 25 25 15 60 64
P y r id in e -B rC l c h 2c i 2 25 79 10 11 72
Q u in olin e -B rC l c h 2c i 2 25 63 16 21 83
3 , 5 -L u tid in e -B r C l c h 2c i 2 25 83 9 8 74
2 , 6 - L u tid in e -B rC l c h 2c i 2 25 73 13 14 108
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(3), and the complexes give more trans 1,2 addition (1). In 
the case of bromine chloride the transition state (rate-de
termining step) leading to the ion pair can be described as 
follows.

rCl
: c r

In proceeding from the transition state to the ion pair 
the chloride ion has been generated above the bromine 
atom. Collapse to product (apparently a rapid reaction) can 
occur with least reorientation of the ion pair by cis attack 
of the chloride ion on the 1 carbon atom to give 3 (cis 1,4 
addition), since all that is required is that the chloride ion 
move over to the adjacent ir lobe. Trans 1,4 addition (to 
give 2) would require the most extensive reorientation. The 
product ratios seem to reflect the energy requirements for 
reorientation of the ion pair.

In the case of the amine-bromine chloride complexes the 
structure of the electrophile is uncertain,7 but we suspect 
that it is the CsHsN1 Br ion (in the case of pyridine) whose 
formation is shown in the following reaction.

5+ r
C5H5N— Br— Cl ^  C5H5N+— Br CF

On the basis of the studies by Bellucci et al.2a’8 and relat
ed studies of our own,9 we suspect that the electrophile and 
cyclopentadiene react to form an ion pair in which bonding 
is maintained between the nitrogen and the halogen atom, 
as shown below.

In this ion pair the chloride ion will certainly not be 
formed above the plane of the cyclopentadiene ring (as oc
curred with BrCl) because of steric interaction with the 
ring of the amine and the adjacent ir bond, but will be sit
uated along the charged “ side” of the cation (location of 
the anion will depend on the charge distribution). The un
usually rapid attack at carbon 3 may occur because the 
chloride is situated close to this carbon in the ion pair and 
attack at this position requires least reorientation of the 
ion pair. On the other hand, the product-determining step 
may be rate determining (as suggested by Bellucci et al. for 
the cyclohexenes), and attack occurs at carbon 3 because 
the activation energy is lower for attack at this carbon than 
at carbons 4 or 1 (cis or trans). Our data simply do not 
allow us to choose between these alternatives.

It is also of interest to compare the additions of bromine 
chloride and bromine® to cyclopentadiene, since both of 
these additions involve identical bromonium ions in the in
termediate ion pairs, as shown below

where X -  is Cl-  from bromine chloride, and Br-  (undoubt
edly Br3~ also, depending on conditions) in bromination. A 
summary of the previous study on bromination (averaging 
the percentages in the three solvents) is: trans-3,4-dibro- 
mocyclopentene (38%); irans-3,5-dibromocyclopentene 
(25%); and cis-3,5-dibromocyclopentene (37%). In compari
son with bromine chloride addition (an average of the re

sults), bromination gives approximately 20% less cis 1,4 ad
dition, and 10% more trans 1,2 and 10% more trans 1,4 ad
dition. We interpret these differences in the following man
ner. The large bromide ion (or larger tribromide ion) expe
riences steric hindrance (interaction with the nonbonded 
electrons of the bromine in the bromonium ion) as it ap
proaches the 3 carbon atom, leading to cis 1,4 addition.10 
This type of interference is not experienced during attack 
at the 1 carbon (trans) or at the 3 carbon (trans). On the 
other hand, the chloride ion, being considerably smaller, 
experiences no steric hindrance during attack at any of the 
three positions.

The principal difference that surfaces in a comparison of 
the additions of bromine chloride and chlorine to cyclopen
tadiene relates to the fact that chlorination gives (averag
ing the results from the three solvents) extensive cis 1,2 ad
dition (55%). Absence of cis attack11 by the chloride ion 
(from bromine chloride) at the 3 carbon to give 5 can result 
from either steric hindrance between the bromine atom (in 
the bromonium ion) and the incoming chloride ion, or from 
sufficiently high electron density between the bromine and 
the 3 carbon atom to discourage attack at this position. 
From our experience with the bromination of the 2,4-hexa- 
dienes5’12 we would anticipate extensive delocalization of 
charge in the bromonium ion of cyclopentadiene. Therefore 
we conclude that steric hindrance between the bromine 
atom and chloride ion is probably the primary factor in
volved in the failure of the chloride ion to undergo cis 1,2 
attack.

No anti-Markovnikov product was observed.11 Absence 
of this product implies that attack at the allylic carbon and 
the vinyl carbon is much faster than at the secondary 4 car
bon, both in the cases of bromine chloride and the amine- 
bromine chloride complexes. This result is somewhat sur
prising inasmuch as carbons 3 and 4 are both secondary.13

Experimental Section
Materials. All solvents and reagents were obtained commercial

ly in high purity, and were used without further purification unless 
indicated. Cyclopentadiene was prepared from its dimer. The 
amine-bromine chloride complexes were prepared according to the 
procedure of Williams.14 Bromine chloride was prepared by adding 
an equimolar amount of bromine to a chlorine-carbon tetrachlo
ride solution (0.5-1.0 M).

Reaction Conditions. The electrophiles were added to cyclo
pentadiene (mole fraction of 0.02 in diene) in the appropriate sol
vent (well stirred) and at the indicated temperature. The total 
reaction volumes varied from 10 to 25 ml. Sufficient halogen was 
added to consume 10 - 20% of the diene, and yields were based on 
the amount of halogen used. Each reaction was run at least twice 
and results were within ± 2%.

The amine-bromine chlorides were insoluble in carbon tetra
chloride or pentane and reacted slowly (approximately 1 hr to 
react at —15°). Reactions of the amine-bromine chlorides in di- 
chloromethane and bromine chloride in all solvents occurred in
stantly.

Isolation of the Isomers, trans-4-Bromo-3-chlorocyclopentene
(1) was isolated by fractional distillation, bp 50-55° (4 mm), from 
a large-scale addition of pyridine-bromine chloride15 to cyclopen
tadiene. It was further purified by recrystallization from low-boil
ing petroleum ether at —70°.

cis- 3-Bromo-5-chlorocyclopentene (3) was obtained by succes
sive recrystallizations (-70°, low-boiling petroleum ether) of the 
product from the addition of pyridine-bromine chloride to cyclo
pentadiene in carbon tetrachloride. Separation of the cis isomer 
from the other isomers is possible, since the cis isomer has a higher 
melting point.

All attempts to isolate pure trans-3-bromo-5-chlorocyclopen- 
tene (2 ) failed.

Establishment of the Structures of the Isomers. Gas chroma
tographic analyses of the products from the addition of bromine 
chloride and the amine-bromine chlorides to cyclopentadiene 
showed only three peaks (other than dichlorides and dibromides)
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under all analysis conditions (various column packings and tem
peratures). The three peaks had retention times of 4.4, 5.4, and 8 .1  
min under the following conditions: 6  ft X  0.25 in. column packed 
with 2.5% SE-30 on 60-80 mesh Chromosorb W (AW-DMCS) at 
50° at a flow rate of 55 ml/min (N2).

The compounds responsible for peaks 1 and 3 were assigned the 
structures of 1 and 3 primarily on the basis of NMR analyses of the 
pure isomers. The spectra assigned to 1 and 3 closely resembled 
those of the corresponding cyclopentadiene dibromides5 and di- 
chlorides.4 Thus, the compound assigned structure 1 exhibited two 
absorptions assignable to methine hydrogens, a doublet (5.5 Hz) at 
4.48 ppm (adjacent to methylene) and a broad singlet at 5.06 ppm 
(adjacent to vinyl). Absorptions for the methylene hydrogens also 
occur separately, a doublet at 2.76 ppm and a doublet of doublets 
at 3.35 ppm. The absorptions centered at 2.76 and 3.35 ppm each 
exhibit the geminal caupling at 18 Hz with the additional splitting 
of 5.5 Hz occurring ir the 3.35-ppm absorption. The compound as
signed structure 3 was identified particularly by absorptions of its 
methylene hydrogens. A pair of well-separated double triplets 
(2.57 and 3.14 ppm) was observed. The double triplet at 2.57 
showed a small coupling (2.5 Hz) and that at 3.14 a larger coupling 
(6.6  Hz) consistent with their trans and cis vicinal relationship to 
the methine hydrogens respectively (both double triplets show the 
geminal coupling of 16 Hz). The methine hydrogens have nearly 
the same chemical shift in 3 and appear as an unresolved multi
ple! The 60-MHz spectral data (CCI4) for 1 and 3 are summarized 
as follows: 1, d 2.76 [br d, 1, cis-C(Br)C(H)H, -/:,;v = 18 Hz], 3.35 
(dd, 1, trans-C(Br)C(H)H, J5 5 ' = 18, J45 = 5.5 Hz], 4.48 [d, 1, 
CH2C(H)Br, J4 5 = 5.5 Hz], 5.06 [br s, 1, CH=CHC(H)C1], 5.99 [br 
s, 2, CH=CH); 3, <5 2.57 [dt, 1, c(s-C(Cl,Br)C(H)H, ,/ 4-,4 = 16, 
Ji' 3(5) = 2.5 Hz], 3.14 [dt, 1, iran,s-C(C1,Br)C(H)H, J44' = 16, 
J4 3 (5) = 6 .6  Hz], 4.92 (m, 2, CHBr and CHC1), 6.06 (m, 2, 
CH=CH)

The compound responsible for peak 2 was assigned the structure 
trans-3-bromo-5-chlcrocyclopentene (2) on the basis of the fol
lowing information. NMR analysis: Although a pure sample of 2 
was not obtained, an NMR spectrum was prepared of a mixture of
2 (30%) and 1, which indicated absorptions at 2.8, 5.0, and 6.0 ppm. 
These absorptions are consistent with the spectrum expected for 2 
on the basis of that observed for the corresponding dibromide5 and 
dichloride.4 In particular, the spectrum in the methylene region 
showed absorptions clustered near 2.8  ppm which would be consis
tent with the near chemical shift equivalency expected for the 
methylene hydrogens. Unambiguous synthesis: We have shown 
previously4 that cis-3,5-dichlorocyclopentene and trans-3,5-di- 
chlorocyclopentene can be prepared from the corresponding di
bromides by treatment with lithium chloride in DMSO. Therefore, 
when trans-3,5-dibrcmocyclopentene was treated with a limited 
(equimolar) amount of lithium chloride, VPC analysis showed that
3 was the only isomeric bromochlorocyclopentene that was formed, 
(ets-3,5-Dichlorocyclopentene and unreacted dibromide were also 
present.) Correspondingly, treatment of crs-3,5-dibromocyclopen- 
tene with limited lithium chloride gave a compound which had an 
identical retention time with that of 2. (The expected dichloride 
and dibromide mixture was also formed.) By analogy to the reac
tion of the trans difcromide, we conclude that trans-3-bromo-5- 
chlorocyclopentene (2 ) is formed in the reaction of the cis dibrom
ide. Formation upon rearrangement of 1 and 3: When authentic I 
and 3 were refluxed in ether, containing a catalytic amount of zinc 
bromide, the compound assigned structure 2  was formed in largest 
amounts (percentages): 1 (15), 2 (46), and 3 (38). Previous experi
ence with the equilibration of the dibromides from cyclopenta
diene and 1,3-cyclohexadiene suggests that 2 should be the ther
modynamically stable isomer, since in our previous studies the 
trans 1,4-dibromides were more stable.

Stability of the Products to Reaction and Analysis Condi
tions. When the amine-bromine chlorides react with cyclopenta
diene, pyridine is formed. It seemed possible that pyridine might 
react with the bromochlorocyclopentenes and thus distort the 
composition of the pr oduct. We established that this did not occur 
by stirring a mixture of 1, 2, and 3 (of known composition) with 
pyridine under reacticn conditions and observing that no change 
in composition or material balance occurred.

We made this assumption that rearrangement of the isomers did 
not occur during VPC analysis of the bromochlorocyclopentenes, 
since we previously confirmed that rearrangement did not occur 
under identical conditions with many similar systems (dibromides 
and dichlorides of butadiene, isoprene, piperylene, isomer 2 ,4 -hex- 
adienes, and cyclopentadiene).
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Reduction of 5a,6/3-Dibromocholestan-3-one with a 

Large Excess of Sodium Borohydride
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Usually, the sodium borohydride reduction of 3-keto ste
roids produces mainly the 3/?-hydroxy isomer,1 since hy
dride transfer to the carbonyl group proceeds preferentially 
from the less hindered side of the molecule, i.e., from the a 
side. Thus, reduction of cholestan-3-one in ethanol yields 
89% cholestan-3/3-ol and 5% cholestan-3a-ol,2 and reduc
tion of cholest-5-en-3-one in 2-propanol yields 83% choles
terol and 17% epi-cholesterol.3 However, the presence of a 
substituent in the 5a position of the cholestane skeleton 
changes the stereochemical course of the reduction. For ex
ample, reduction of 5a-hydroxycholestan-3-one in metha
nol gives 67% 3a,5a-dihydroxycholestane and 33% 3/3,5a- 
dihydroxycholestane.4 Reduction of 5a,6a-dichlorocholes- 
tan-3-one in ether yields 56% of the corresponding 3«-hy- 
droxy isomer and 44% of the 3d isomer.5 It seems, there
fore, that introduction of a large substituent in the 5a posi
tion of cholesterol could have been used as a tool for its 
isomerization to epi-cholesterol by, first, oxidation to the 
corresponding ketone, then sodium borohydride reduction, 
and finally removal of the 5a substituent.

For this purpose, 5a,6/3-dibromocholestan-3/3-ol seemed 
to be the most suitable substrate, since it is easily and 
quantitatively obtained from cholesterol,6 it is oxidized 
smoothly to the ketone,6 and the two bromine atoms can be 
easily removed by various methods. In addition, the steric 
effect of the 6/3-bromo group on the reduction should be 
much smaller than that of the 5a-bromo group, since the 
latter is closer to the reaction center.

Reduction of 5a,6/?-dibromocholestan-3-one (1) was 
studied both in ethanol and in 1,2-dimethoxyethane, and 
the results are given in Table I. In the two solvents treat
ment with a large excess of sodium borohydride affects 
both reduction of the carbonyl group and reductive elimi
nation of the two bromine substituents, so that the two 
major products of the reaction are epi-cholesterol and cho
lesterol. Reaction pathways through which epi- cholesterol 
and cholesterol can be formed in the reduction of 1 are pre
sented in the scheme. As the results in ethanol differ from 
those in 1,2-dimethoxyethane, we shall separate the discus
sion for each solvent. In ethanol, the relative amounts of

S o lv e n t

Y i e l d  o f  Y i e l d  o f

epi- c h o l e s t e r o l ,  %  c h o l e s t e r o l ,  %

Ethanol 57 25
1,2-Dimethoxyethane 22 66

cholesterol (4) and epi-cholesterol (6) do not reflect the 
stereochemistry of the reduction of the carbonyl group in 1, 
since reductive elimination of the 5a,6/?-dibromo grouping 
may proceed7 parallel to the reduction of the carbonyl 
group. Indeed, the formation of cholesterol does not pro
ceed via route 1 —► 3 —» 4, since 5a,6/3-dibromocholestan- 
3/3-ol (3) itself does not react with sodium borohydride 
under the same conditions in which ketone 1 is smoothly 
reduced to cholesterol and epi-cholesterol. Moreover, 3 
could not be detected in the reaction mixture. Therefore, 
cholesterol is probably formed via route 1 —► 2 —* 4 in 
which reductive elimination takes place first to give cho- 
lest-5-en-3-one (2), which then undergoes further carbonyl 
reduction to cholesterol. In a careful examination of the 
reaction of 1 with 1 equiv of sodium borohydride, we could 
not detect any of 2. In this compound, the carbonyl group 
is less hindered and it is probably reduced much faster 
than any of the other compounds present in the reaction 
mixture. We observed also that with small amounts of sodi
um borohydride, because the overall reduction rate is low, 
several side reactions of 1 take place, such as hydrogen bro
mide elimination and substitution. No attempt was made 
to investigate these reactions in more detail.

In ethanol the yield of cholesterol is smaller than that of 
epi-cholesterol. This indicates that in 1 reductive elimina
tion is slower than reduction of the carbonyl group. More
over, route 1 —► 2 —► 6 cannot account for the formation of 
epf-cholesterol, since 2 is reduced mainly to the 3/3-hy
droxy isomer.3 Therefore, epi-cholesterol is probably 
formed via route 1 —► 5 —»6 in which the carbonyl group of 
1 is first reduced to give 5a,6/3-dibromocholestan-3a-ol (5), 
which then undergoes reductive elimination to give 6. 
When 1 was treated with 1 equiv of sodium borohydride, 
we were able to detect by TLC one major intermediate 
which was converted to epi-cholesterol on further addition 
of sodium borohydride. Several attempts to isolate this in
termediate failed since it decomposed during work-up. It is 
interesting to note that the same intermediate is detected 
by TLC in the bromination of epi- cholesterol, but here 
again no dibromide could be isolated. Therefore, although 
there is no direct evidence for the formation of 5, we be
lieve that this must; be the intermediate through which epi- 
cholesterol is formed in the reduction of 1. These results 
suggest that 5 is capable of undergoing a faster reductive 
elimination than 3. The reason for this behavior is not yet 
clear. It is, however, possible that the 3«-hydroxy group of 
5 catalyzes the reaction by neighboring group participation 
either by hydrogen bonding with the 5a bromine as in 7, or 
by complex formation with reducing agent as in 8. Another
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possibility is that steric interaction of the 3a,5a  groups in 5 
raises the energy of its ground state and is therefore re
sponsible for the faster reductive elimination.

The reduction of 1 in ethanol is undoubtedly a very use
ful method for the preparation of epi-cholesterol. Several 
other more complicated procedures have been described in 
the literature8 but none which gives a higher yield of epi- 
cholesterol. The method could also be used for the isomer
ization of other compounds having similar structure. For 
example, we propose the transformation of 3/3,17j3-dihy- 
droxyandrost-5-ene into 3a, 17/j-dihydroxyandrost-5-ene.

In 1,2-dimethoxyethane the yield of cholesterol is much 
higher than that of epi-cholesterol. The effect of the sol
vent on the stereochemistry of the sodium borohydride re
duction of 3-keto steroids is small.2 Indeed, we find that re
duction of 5a,6/3-dichlorocholestan-3-one in ethanol yields 
the two isomers of 3-hydroxy-5a,6/3-dichlorocholestane in 
the same ratio that is obtained in 1,2-dimethoxyethane.9

Therefore, we believe that in 1,2-dimethoxyethane, re
ductive elimination :n 1 is faster than the reduction of the 
carbonyl group and this is the reason why a larger amount 
of cholesterol is formed. This suggestion is supported by 
the observation that 5a,6/3-dibromocholestan-3/3-ol itself 
undergoes smooth reductive elimination in 1,2-dimethoxy
ethane.

Experimental Section
All melting points were determined with a Fisher-Johns appara

tus. Optical rotations were taken for solutions in chloroform with a 
Perkin-Elmer Model 141 polarimeter. Both qualitative and pre
parative TLC was carried out on silica gel G plates eluted with 
light petroleum (bp 60-80°) containing 10% acetone. 5a,6fl-Dibro- 
mocholestan-3/3-ol and 5a,6d-dibromocholestan-3-one were pre
pared according to the method of Fieser et al.6 The dibromo ke
tone was dried in vacua aver sodium hydroxide. Absolute ethanol 
(Riedel-DeHaen) was used. 1,2-Dimethoxyethane (B. D. H.) was 
eluted through a column of alumina and then distilled from sodi
um.

Sodium Borohydride Reduction of 5a,6/5-Dibromoeholes- 
tan-3-one. In Ethanol. A suspension of the dibromo ketone (1.00 
g) in absolute ethanol (100  ml) was treated with a large excess of 
sodium borohydride (0 50 g), and the mixture was stirred at room 
temperature for 3 hr. During this period hydrogen was evolved and 
all the material dissolved. Acetic acid was added to destroy the ex
cess of sodium borohydride and after dilution with water the prod
uct was extracted with ether. The solution was washed with water, 
dried over anhydrous sodium sulfate, and evaporated under re
duced pressure. The residue was separated by TLC to give pure 
epi-cholesterol (410 mg, 57%), mp 141-142° (from ethanol), [a ]D  
—41° ( c  0.25) (lit.8 mp -42-143°, [a ]D  —42°). The material is iden
tical with authentic epi-eholesterol by mixture melting point, ir, 
and TLC. Also isolated was pure cholesterol (180 mg, 25%), mp 
148-149° (from ethano. ), [a ]D  —39° ( c  0.50), identical with an au
thentic sample by mixture melting point, ir, and TLC.

In 1,2-Dimethoxyethane. The dibromo ketone (1.00 g) in 1,2- 
dimethoxyethane (10 0  ml) was treated with sodium borohydride 
(0.50 g), and the solution was stirred at room temperature for 6 hr. 
During this period hydrogen was evolved and a precipitate of sodi
um bromide was separated. Acetic acid was added to destroy the 
excess of sodium borohydride. The solution was evaporated under 
reduced pressure to a volume of 20 ml, then diluted with water and 
work-up was continued as above. Separation by TLC gave pure 
epi-cholesterol (158 mg, 22%) and pure cholesterol (475 mg, 66%).

Both products were shown to be identical with authentic samples 
by mixture melting point, ir, and TLC.

Treatment of 5a,6/3-Dibromocholestan-3|S-ol with Sodium 
Borohydride. In Ethanol. The dibromide (1.00 g, mp 115-116° 
from methanol-ethyl acetate) in ethanol (10 0  ml) and ether (20 
ml) was treated with sodium borohydride (0.50 g) and the solution 
was stirred at room temperature for 3 hr. TLC indicated no 
change. Work-up as above and recrystallization from methanol- 
ethyl acetate gave 890 mg of the starting material, mp 116-117°, 
and no depression on mixture melting point. When the reaction 
was carried out under the same conditions for 24 hr, a small 
amount of cholesterol could be detected by TLC, together with 
small amounts of other unidentified products.

In 1,2-Dimethoxyethane. The dibromide (0.50 g) in 1,2-dime
thoxyethane (50 ml) was treated with sodium borohydride (0.25 g) 
and the solution was stirred at room temperature for 6 hr. During 
this period hydrogen was evolved and a precipitate of sodium bro
mide was separated. TLC indicated a clean reaction, with one 
product having the same Rf as cholesterol. Work-up as above and 
recrystallization from ethanol afforded pure cholesterol (300 mg, 
83%), mp 149°, [a ]D  —39°, ir identical with that of authentic sam
ple.

Registry No.—1, 2515-09-5; 3, 1857-80-3; 4, 57-88-5; 6, 474-77- 
1; sodium borohydride, 16940-66-2.
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The reduction of alkyl and aryl mercurials by various re
ducing agents such as magnesium,2 sodium stannite,3 metal 
hydrides,4 and hydrazine5 is well known. The types of re
duction products are illustrated by the following equation.

R -H g-X ^  R-H or R-Hg-R and Hg(0)

1 2
The “ symmetrization” product, 2, is produced most 

often upon reduction with magnesium, sodium stannite, or 
hydrazine while product 1 is produced by reaction with 
metal hydrides.

Dithionites are powerful reducing agents as indicated by 
the couples below.

HSjCV + 2H20  — »- 2H2S 0 3 +  H+ +  2e E°2W =  0.23 V

S20 42- + 40H" — >- 2SOs + 2H20  + 2e E \ w =  1.4 V

Oxidants such as silver ion, iodine, iodate, permanga
nate, cupric ion, hydrogen peroxide, nitrous acid, molecular 
oxygen, and organic dyes are all reduced.6
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We have studied the reaction products and stoichiome
try in the reduction of p-chloromercuribenzoic acid (PMB) 
by sodium dithionite in aqueous ethanol. The stereochemi
cal course of the reaction was investigated in the reduction 
of exo-cis-3-hydroxy-2-norbornylmercuric chloride accord
ing to the method of Traylor and Baker.7

Experimental Section
Reduction of p-Chloromercuribenzoic Acid. Sodium di

thionite (0.3 g, 1.7 X 10~3 mol) was added to a suspension of p- 
chloromercuribenzoic acid8 (0.43 g, 1.2 X 10“ 3 mol) in absolute 
ethanol under a nitrogen atmosphere, after which the mixture was 
vigorously stirred for 2 hr and then refluxed gently for 1 hr. The 
mixture was filtered to remove elemental mercury, the pH was ad
justed to pH 7, and the filtrate was concentrated to one-third of 
the original volume. The filtrate was acidified to pH 4 with dilute 
HC1. The white precipitate which formed was identified as bis(p- 
carboxyphenyl)mercury, 0.27 g (99.5%), mp >300°. The product 
was identified by determination of its equivalent weight through 
titration with standard sodium hydroxide solution as 222 ±  8 (ex
pected value 220), and through identity of its infrared spectrum 
with that of bis(p-carboxyphenyl)mercury prepared9 by symmetri- 
zation of p-chloromercuribenzoic acid with sodium stannite. The 
pK a values as determined from the titration curve were 3.0 ±  0.2 
for pKi and 6.4 ±  0 .1  for pK2. Yield of the elemental mercury in 
several experiments was 46-48% of the mercury contained in the 
starting material.

Attempts to reduce bis(p-carboxyphenyl)mercury with sodium 
dithionite under the conditions described for the reduction of p- 
chloromercuribenzoic acid were unsuccessful and resulted in re
covery of 98% of the starting material. When the reduction of p- 
chloromercuribenzoic acid was carried out in the presence of sty
rene, no polymerization of the styrene was observed, which indi
cated an absence of free-radical intermediates.

Reduction of exo-cis-3-Hydroxy-2-norbornylmercuric 
Chloride. To 2.4647 g (0.007 mol) of exo-cis-3-hydroxy-2-nor- 
bornylmercuric chloride (prepared according tc Traylor and 
Baker7) dissolved in 50 ml of absolute ethanol was added 2.44 g 
(0.014 mol) of sodium dithionite. The reaction was allowed to pro
ceed at ambient temperature in a covered beaker equipped with a 
magnetic stirrer. The solution gradually turned from clear to gray. 
The mixture was stirred for 24 hr and then it was refluxed gently 
for 30 min to decompose the excess dithionite. The metallic mercu
ry which formed was filtered out along with inorganic salts not sol
uble in ethanol. Evaporation of the filtrate yielded 1.49 g (100%) of 
a white powder, di-cis-exo-3-hydroxy-2-norbornvlmercury, mp 
150-153° dec (lit.7 mp 152-152.5°). Recrystallization from ether 
raised the melting point to 152-153°. The infrared spectrum of a 
CCU solution of the product showed a sharp peak at 3601 cm“ 1 in
dicative of a cis-exo geometry.7 The product was quantitatively 
cleaved back to the pure starting material by the action of HgCl2, a 
procedure known7 not to alter the stereochemistry, thus confirm
ing the cis-exo geometry.

Results
It was found that sodium dithionite is capable of ef

fecting the quantitative reduction of both alkyl and aryl or- 
ganomercurials, with the notable exception of bis(p-car- 
boxyphenyl)mercury. The product of reduction is the sym- 
metrization product of the ligand which is bonded through 
carbon to mercury.

The stoichiometry of the reduction process was found to 
be
2 R -H g -X  +  Na2S20 4 — *

R -H g -R  +  Hg(0) +  2N aC l +  2 S 0 2

as determined by quantitative determinations of the 
amount of R -H g-R  and metallic mercury produced, the 
observation that the dithionite sulfur is converted to sulfur 
dioxide (or sulfite), and the ability to obtain quantitative 
conversion of starting material to product with less than a 
1:1 ratio of dithionite to oxidant (when O2 is eliminated 
from the system). NaCl formation is observed even in non- 
aqueous systems not treated with HC1; therefore, it is 
formed as a product of the reaction. Its stoichiometry and

that of SO2 are assigned to fit the observed stoichiometry 
of the other reagents and were not directly determined.

The reduction is found to conserve the geometry about 
the carbon bonded to mercury as determined by the results 
of the reduction of the 3-hydroxy-2-norbornylmercuric 
chloride system

which was found to proceed with 100% retention of config
uration at both carbons as determined by the method of 
Traylor and Baker.7

When the reduction by dithionite was carried out in the 
presence of styrene, the styrene remained unchanged, in
dicative of a nonradical mechanism. Further, the reaction 
proceeded in the presence of molecular oxygen (although a 
considerable amount of the reductant was lost by reaction 
with oxygen, accounting for the observed decrease in the 
amount of dithionite needed to effect reduction in the ab
sence of oxygen).

Discussion
The reduction of organomercurials by sodium dithionite 

can best be interpreted as proceeding via a two-electron re
duction scheme. Two known cases believed to involve two- 
electron reductions of organomercurials are symmetriza- 
tion by magnesium metal and symmetrization by the action 
of hydrazine. In both cases the following mechanism has 
been proposed.10

RHgX + 2e — -  RHg- + X" (1)
RHg- + RHgX — - RHgHgR + X ' (2)

RHgHgR — * R—Hg'—R —* RHgR + Hg(0) (3)

Hg+
The ease of reduction of R -H g-X  when X  is halogen and 

the absence of reaction when X  is p- carboxyphenyl suggest 
that the transition state of the rate-determining step of the 
reaction involves breaking the Hg-X bond. Apparently the 
reduction proceeds readily only when X  can produce a sta
ble anion.

The stereochemical result is consistent with the two- 
electron mechanism, since reduction by dithionite is found 
to proceed with 100% retention of configuration. This re
sult does not completely rule out a radical mechanism, 
however, since the reduction of the same stereoisomer used 
herein with sodium borohydride has been shown to proceed 
with greater than 95% retention11 even though the mecha
nism is believed to proceed via free radicals.12

Registry No.—PMB, 59-85-8; BCM, 2013-22-1; Na2S20 4, 
7775-14-6.
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Replacement of mercury by hydrogen in organomercu- 
rials has traditionally been accomplished by cleavage with 
mineral acids2 or by reduction with a chemical reducing 
agent3. Cleavage of the carbon-mercury bond by molecular 
hydrogen has not been described with the single exception 
of diphenylmercury, which gave benzene and mercury at 
750 psig and 175-200°; catalysis by noble metals had no 
impact on the resistance of organomercurials to hydrogena
tion.4

The selective functionalization of hydrocarbons via their 
organomercury salts has been explored in these laborato
ries. As part of this program the reaction of arylmercurials 
with hydrogen was studied to determine if such a reduction 
could be induced. Control experiments with phenylmercury 
acetate in methanol failed to occur at room temperature at 
hydrogen pressures up to 50 psig for reaction periods up to 
3 days.5 The addition of Pt/C and Pd/C as catalysts did not 
promote hydrogenation, and the formation of benzene and 
mercury was not o ̂ served.7

The inability of supported catalysts to hydrogenate 
phenylmercury acetate was attributed to improper sub
strate-catalyst interactions and/or catalyst poisoning by 
mercury released by reduction of a fraction of the mercuri
al. Homogeneous hydrogenation catalysts afforded the 
prospect of resolving this dilemma, for both of these com
plications would be avoided. Hydrogenation of phenylmer
cury acetate proceeded smoothly over trisftriphenylphos- 
phine)rhodium(I) chloride8 to give an 85% yield of benzene 
and an 82% yield c f mercury (eq 1 ). The triphenylphos-

t < C 6H5) 3P l 3R h C l
C6H5HgOAc + H2 ----------------------*

30—50 psig
25°

C6H6 + Hg + HOAc (1) 

mcle ratio Hg/Rh = 178:1

phine complexes of ruthenium,9 platinum,10 and palladi
um10 also catalyzed this reaction, although the yields (15- 
25%) were depressed relative to rhodium. Hydrogenation 
over the rhodium catalyst was relatively insensitive to the 
mercury anion and the solvent; limited data indicate that 
ring substituents will exert some influence, but this feature 
has not been broadly explored. Table I summarizes some

Table I
Hydrogenation of Arylmercury Salts

, T/~. T r  V T  H2, Rh catalyst
YC6H4HgX ------- -------YCeHs+’Hg + HX

solvent

Registry no. X Y Solvent Yield of YC6H5<*

62-38-4 OAc H CH3OH 85
100-56-1 Cl H CH3OH 73
332-11-6 OOCCf’3 H CH3OH 98

55-68-5 NO3 H CH3COOH 40
OAc H CH2C12 70

54446-55-8 Br CH3 c 2h 5o o c c h 3 80
34012-18-5 OAc HgOAc CH3 0 H 61 (Y =  H)
54446-56-9 OAc COOH CH3 0 H 2 0

a Based on arylmercury salt.

typical results. Optimum yields were provided by acetate 
and trifluoroacetate, a fact which complements the facile 
mercuration of aromatics by these mercury(II) salts.11 The 
reduction of di(acetoxymercuri)benzene illustrated that 
this reaction was applicable to polymercurated substrates. 
The mercuration-hydromercuration sequence may permit 
the use of mercury as a blocking agent in organic synthesis, 
since the carbon-mercury bond can be cleaved under mild 
conditions with reagents that do not normally alter other 
functional groups.

The mechanism of this reduction has not been studied, 
but oxidative addition of the mercury salt to the rhodium 
complex followed by hydrogen insertion into the carbon- 
rhodium bond appears reasonable (eq 2).12 Oxidative addi-

L2RhCl + C6H5HgOAc — * Rh — *
L I C6H5 

HgOAc

L =  (C6H5)3P I
LjRhCl + C6H6 + Hg + HOAc (2)

tion analogous to eq 2 to yield a bimetallic complex compa
rable to I has been briefly described.13 In this work a stable 
compound has been isolated from the reaction of phenyl
mercury acetate and tris(triphenylphosphine)rhodium(I) 
chloride; elemental analysis and spectral properties were 
consistent with formula I. Reaction of I with hydrogen gave 
benzene and mercury.

The rhodium-mercury bimetallic complex (I) was tested 
for carbonylation activity. The hydroformylation of 1 -hex- 
ene gave a 98% yield of C7 aldehydes in which the normal/ 
branched ratio was 70:30. The isomer distribution was 
nearly identical with that produced by bis(triphenylphos- 
phine)rhodium(I) carbonyl chloride,14 indicating the for
mation of this rhodium complex from I under reaction con
ditions. Complex I was inactive for the carbonylation of 
methanol to acetic acid.15 Analysis of the recovered metha
nol by gas chromatography revealed the trace presence of a 
material with retention time different from that of metha
nol or acetic acid. Stripping the methanol provided no iso- 
lable product, but the flask possessed an odor characteris
tic of methyl benzoate, suggesting that carbonylation of the 
rhodium-carbon bond present in the bimetallic catalyst (I) 
had occurred to yield a tiny quantity of this ester. Carbony
lation of phenylmercury acetate in methanol catalyzed by 
tris(triphenylphosphine)rhodium(I) chloride (mole ratio 
Hg/Rh 500:1) proceeded smoothly to give an 88% yield of 
methyl benzoate (38%) and benzoic acid (50%) (eq 3). A 
comparable yield of mercury was recovered as a shiny pool.

C6H5HgOAc + CO + CH3OH °-taly3t>
b S S  100 p s ig

85°

C6H5COOCH3 + C6H5COOH + Hg + HOAc (3)

Subsequent study of this reaction has shown that the 
carbonylation of organomercurials catalyzed by group 8 
metal complexes represents a new, general synthesis of car
boxylic acids-esters from hydrocarbons. The details of this 
chemistry and its synthetic utility will be fully presented in 
a future publication.

Experimental Section
All reagents were obtained from commercial sources and used as 

received. Arylmercury salts were prepared by published procedur
es.1“ Group 8 metal complexes were purchased from commercial 
suppliers or synthesized by published techniques.8-10 Infrared 
spectra were recorded on a Beckman IR-5A spectrophotometer; 
NMR spectra were measured on a Varian Associates A-60 spec-
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trometer using tetramethylsilane as an internal standard. Vapor 
phase chromatography was performed on a Perkin-Elmer Model 
226 capillary gas chromatograph equipped with 300 ft X 0.01 in. 
DC-550 silicone columns.

Hydrogenation of Phenylmercury Acetate. In a typical ex
periment a Parr low-pressure reactor16 was charged with 6 g (17.8 
mmol) of phenylmercury acetate, 90 mg (0.1 mmol) of tris(triphen- 
ylphosphine)rhodium(I) chloride, and 100 ml of methanol. The 
clear, yellow solution was pressurized with hydrogen to 36 psig at 
room temperature, and the reaction mixture was shaken overnight. 
The reactor pressure declined to ~19 psig, corresponding to the 
consumption of ~20 mmol of hydrogen. From the reaction was re
covered 2.9 g of mercury (82%). The methanol was poured into 
water and was extracted with pentane. The extract was dried over 
magnesium sulfate and analyzed for benzene by VPC using p-xy
lene as an internal standard. The benzene yield was 1.2 g (85%).

Under similar conditions the following catalysts gave the ben
zene yields shown: tris(triphenylphosphine)ruthenium(II) chlo
ride, 13%; hydridotris(triphenylphosphine)ruthenium(II) chloride, 
17%; tetrakis(triphenylphosphine)pa!ladium(0), 24%; tetrakis(tri- 
phenylphosphine)platinum(O), 16%; bis(triphenylphosphine)pla- 
tinum(II) chloride, 14%.

Preparation of Bimetallic Complex (I). A solution of 264 mg 
(0.78 mmol) of phenylmercury acetate in 5 ml of chloroform was 
added to a solution of 691 mg (0.75 mmol) of tris(triphenylphos- 
phine)rhodium(I) chloride in 5 ml of chloroform. The solution was 
stirred at room temperature for 15 min and the chloroform was re
moved by evaporation. The residue was recrystallized from 25 ml 
of methanol to yield 474 mg (63%) of yellow crystals, mp 184-186°.

Anal. Calcd for C44H38C102P2HgRh: C, 52.86; H, 3.83; Cl, 3.55; 
P, 6.20; Rh, Hg, 30.36. Found: C, 52.99; H, 3.93; Cl, 3.92; P, 6.79; 
Rh, Hg, 28.6.

The NMR spectrum (CDCI3) showed a methyl singlet at 48 Hz 
and a broad multiplet of aromatic protons at 445 Hz. The observed 
proton areas were 6 (CH3) and 94% (CH); the calculated values 
were 7.8 and 92.2%, respectively. The NMR and infrared spectra of' 
the starting materials and product were totally different.

A 500 mg (0.5 mmol) sample of complex I was dissolved in meth
anol (50 ml) and hydrogenated at room temperature for 5 hr. Anal
ysis of the methanol solution gave 30 mg (77%) of benzene. Filtra
tion of the reaction mixture gave 70 mg of mercury (70%).

Hydroformylation of 1-Hexene. To an Autoclave Engineers 
300-ml stainless steel autoclave were charged 30 ml of 1-hexene (20 
g, 0.24 mol), 20 ml of benzene, and 0.3 g of complex I. The reaction 
was pressurized to 1500 psig with synthesis gas (H2/CO 1:1) and 
stirred at 100° for 5 hr. Work-up of the benzene solution gave 26.8 
g (98%) of C7 aldehydes. The ratio of linear to branched isomers 
was 2.31.17

Carbonylation of Phenylmercury Acetate. To a 1-1. Parr 
4500 Series autoclave was added 16.8 g (50 mmol) of phenylmercu
ry acetate, 150 ml of methanol, and 0.1 g (0.10 mmol) of tris(tri- 
phenylphosphine)rhodium(I) chloride. The reactor was evacuated 
by a water aspirator, and carbon monoxide was pressured into the 
reactor to 110 psig. The reaction mixture was stirred at 85° for 25 
min. Filtration of the reaction mixture gave 8.5 g (85%) of metallic 
mercury. From the methanol solution were recovered 2.5 g (38%) of 
methyl benzoate and 3.1 g (50%) of benzoic acid. The products 
were identified by comparison with authentic samples.

Registry No.—I, 54446-57-0; tris(triphenylphosphine)rutheni- 
um(II) chloride, 15529-49-4; hydridotris(triphenylpho?phine)ruthe- 
nium(II) chloride, 19631-00-6; tetrakis(triphenylphosphine)palla- 
dium(0), 14221-01-3: tetrakis(triphenylphosphine)platinum(0),
14221-02-4; bis(triphenylphosphine)platinum(II) chloride, 10199- 
34-5.

(8) J. F. Young, J. A. Osborn, F. H. Jardine, and G. Wilkinson, Chem. Com
mun., 131 (1965).

(9) (a) D. Evans, J. A. Osborn, F. H. Jardine, and G. Wilkinson, Nature (Lon
don), 208, 1203 (1965); (b) P. S. Hallman, D. Evans, J. A. Osborn, and
G. Wilkinson, Chem. Commun., 305 (1967).
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(11) W. Kitching, Organonr.et. Chem. Rev., 3, 35 (1961).
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mun., 129(1966).
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Aromatic compounds may be oxidatively coupled to 
biaryls and polyaryls by reaction with palladium acetate.1-4 
If diphdnyl ether is used, a small amount of dibenzofuran, 
the product of intramolecular cyclization, is formed in ad
dition to products from intermolecular coupling.5 In fact, 
we have earlier shown that dibenzofuran is the only prod
uct if the reaction conditions are slightly modified.6

We now wish to present results which show that intra
molecular cyclization is of general synthetic interest. When 
heated in acetic acid solution, which contained palladium 
acetate, diphenyl ether (la), diphenylamine (lb), benzo- 
phenone (lc), and benzanilide (Id) gave high yields of cy- 
clized products of the general structure 2 (Table I). An ex
ception was diphenyl sulfide, which failed to yield a de
fined cyclization product.

la, X =  0; R = H
b, X = NH; R =  H
c, X =  CO; R == H
d, X =  CONH; R = H
e, X =  NCH;,; R =  H

f-m, X =  NH; R = CH:„ C H 3 O .

Cl, Br, NO* CO,H

2a, X = 0 ;  R =  H
b, X =  NH; R =  H
c. X =  CO; R =  H
d. X =  CONH; R =  H
e, X =  NCH3; R =  H

f-m, X  =  NH; R = C H 3, CH30, 
Cl, Br, NO* C():,H
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— ► 2a

3
The investigation of a series of substituted diphenylam- 

ines showed that a large number of ring substituents were 
tolerated in the cyclization, e.g., methoxyl, methyl, carbox
yl, and nitro groups (Table I). Therefore, the cyclization

t R oya l Institu te o f  T ech n ology ; * U niversity o f  Lund.
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Table I
Results of the Cyclization

Palladium
acetate,

Compd, m m ol m m ol Solvent
Reaction 
tim e, hr Product 1

O
n Y ield , %

Diphenyl ether (li), 4 Acetic acid 24 Dibenzofuran (2a) 8 5 -8 6  (87)8 90

Diphenyl ether 2 Acetic acid 24 Dibenzofuran 4̂ U
l o

Diphenyl ether 

Diphenyl ether

Diphenyl ether

Diphenylamine (lb), 
1

2

2

2

1

Trifluoroacetic
acid

Acetic acid - 
methanesulfonic 
acid (15:1)

Acetic acid - 
boron tr i
fluoride (15:1)

Acetic acid

1

5 min 

1

0.5

Dibenzofuran

Dibenzofuran

Dibenzofuran 

Carbazole (2b) 2 4 3 .5 -2 4 6  (246)8

87“

40«."

33“ ’ 6 

70 (90°)

Benzophenone (lei, 
1 2 Acetic acid 48 9-Fluorenone (2c) 8 1 -8 2  (83)8 65

Benzanilide (Id), 1 2 Acetic acid 48 6 -Phenanthridone (2d) 2 9 4 -2 9 6  (292—293)9 60
jV-Methyldipheny> 

amine (le), 1 Acetic acid 0.5 iV-Methylcarbazole (2e) 1 3 8 -13 9  (141)10 75 (90“)
4-Methyldiphenyl- 

amine (If), 1 1 Acetic acid 0.5 3-M ethylcarbazole (2f) 2 0 6 -2 0 8  (203)11 80 (90“)
4-M ethoxy diphenyl

amine (lg), 1 1 Acetic acid 0.5 3-Methoxycarbazole (2g) 14 9-15 1  (1 3 8 -1 3 9 )12 75 (90“)
4-Chlorodiphenyl- 

amine (lh), 1 1 Acetic acid 0.5 3-Chlorocarbazole (2h) 1 9 8 -20 0  (201.5)13 70 (90“)
4-Brom odiphenyl- 

amine (li), 1
1

Acetic acid 0.5 3-Brom ocarbazole (2i) 1 9 3 -19 5  (199)u 75 (90“)
2 -  Chlor odipheny 1- 

amine (lk), 1 1 Acetic acid 1 1-Chlorocarbazole (2k) 1 1 3 -11 4  (1 0 9 -110)15 75 (90“)
4-Nitrodiphenyl- 

amine (11), 1 2 Acetic acid 2 3-N itrocarbazole (21) 2 1 4 -2 1 6  (210)16 70 (90“)
V-Phenylanthranihc 

acid (lm), 1 2 Acetic acid 2 Carbaz ole - 1 -  c arboxy lie 
acid (2m) 2 7 3 -2 7 4  (2 7 1 -2 7 2 )” 60

a Determined by GLC.6 Longer reaction time gave no increase.

may be of interest as a general synthesis of condensed aro
matic systems, e.g.. alkaloids.

The rate of cyclization and the required relative amount 
of palladium acetate depend on the electron supply in the 
aromatic rings. Diphenylamine, where the connecting 
group is electron releasing, is rapidly cyclized in refluxing 
acetic acid. Only 1 equiv of palladium acetate is required to 
effect cyclization. This is also true for diphenylamines con
taining electron-releasing or moderately electron-attracting 
substituents, the time required for complete reaction being
0.5-1 hr. For diphenylamines containing strongly electron- 
attracting groups, 2 equiv of palladium acetate and a reac
tion time of 2 hr are necessary. Cyclization of diphenyl 
ether (lb) requires 2 equiv of palladium acetate and a reac
tion time of 24 hr, while the reactions of benzophenone (lc) 
and benzanilide (Id) are not quite completed after heating 
for 48 hr in the presence of 2 equiv of palladium acetate 
(Table I).

The cyclization :.s catalyzed by acids. When the reaction 
medium is changed from refluxing acetic acid to trifluo- 
roacetic acid, the cyclization of diphenyl ether is complete 
within 1 hr and requires only 1 equiv of palladium acetate. 
Cyclization in acetic acid-methanesulfonic acid (15:1) is 
even more rapid, being essentially complete within 5 min at 
reflux (Table I). However, both hydrochloric and sulfuric 
acid inhibit cyclizacion. The influence of substituents and 
of the observed acid catalysis indicate that electrophilic at
tack by some palladium species on the aromatic rings is in
volved in the rate-determining step. A reactive intermedi

ate of the type 3 has earlier been suggested5' 6 and is indi
cated indirectly by the fact that the reaction between a pal
ladium chloride-phosphine complex and 2,2'-dilithiodi- 
phenyl ether gave a high yield of dibenzofuran (2a) (X =
0 ) while none of the anticipated palladium species 37 could 
be observed. The mechanistic aspects and the synthetic 
scope of the cyclization are being studied.

Experimental Section
M aterials. The starting materials la -m  and the expected prod

ucts 2a-m  were either commercial samples or synthesized by stan
dard methods.

Cyclization Procedure. A solution of the diaryl compound and 
palladium acetate in the appropriate solvent was heated at reflux 
until the starting material was consumed. The reaction was moni
tored by GLC and TLC. After evaporation of the solvent, the 
products were isolated by sublimation or column chromatography. 
The two procedures gave approximately the same yield. In most 
cases the yields were also determined by GLC of the reaction solu
tion after addition of a known amount of biphenyl as an internal 
standard. The products were identified by comparison with au
thentic samples (ir, melting point, GLC, TLC).

Acknowledgment. We thank the Swedish Natural 
Science Research Council for financial support.
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In our recent investigation of the alkaloids of Alstonia 
muelleriana1 the isolation of a methoxyakuammicine alka
loid was reported. From spectral data, but without a direct 
comparison with authentic material, this alkaloid was 
judged to be identical with vinervinine (1), which had been 
isolated from Vinca erecta and assigned structure 1, 11- 
methoxyakuammicine, by Yunusov and his coworkers.2’3

1, R, =  R3 -  H; R, =  OCE,
2. R! =  R, =  H; R, =  OCR, 
4, R, =  OH; R, =  R =  H;

9-H =  Ha; R. =  Hb; R, =

signment among phenolic functions of these alkaloids is 
from the NMR spectra of the aromatic region, as we have 
shown for sewarine (4, 10-hydroxyakuammicine),6 the 
structure of which has also been confirmed crystallographi- 
cally.7

Table I shows a comparison between the NMR spectra in 
the aromatic region for several indole alkaloids. It is clear 
that the spectrum of our alkaloid is very similar to those of 
vindoline (5) and ll-methoxy-14,19-dihydrocondylocar- 
pine (3), but different from those for sewarine (4) and ibo- 
gaine (6). In particular, the spectrum in acetone-ds is espe
cially revealing, and unequivocally indicates the identity of

Table I
NMR Spectra (Aromatic Region) of Hydroxy- and Methoxyindole Alkaloids

Alkaloid h a . t J a b » Hz hb j bc HC Solvent Ref

Vindoline (5) 3.09 8 3.70 2 3.92 CDClg 6
Ibogaine (6) 3.05 2 3.25 9 2.92 CDClg 6
Sewarine (4) HC1 3.02 2 3.30 7 3.17 CDjOD 6
ll -M e th o x y -1 4 ,1 9 - 3.02 9 3.5—3.8 , 2 H multiplet Probably

dihydr ocondylo -  
carpine (3) CDCI3 5

11 -Methoxyaku- j  3.0 8 ~ 3 .3 , 2 H multiplet CDC13 1 Present work
ammicine ( l )8 (2 .65 8 3.5 2 3.3 CDjCOCDjj and ref 1

Very recently,4 the proposed structure 1 for vinervinine 
has been revised by Yunusov and coworkers to 12-meth- 
oxyakuammicine (2). We wish now to distinguish our alka
loid from vinervinine, and to support our original assign
ment of structure 1 to the compound from A. muelleriana.

The uv spectrum of our compound shows Amax (MeOH) 
232, 252 (sh), 298, 325 nm (e 11,500, 9300, 7000, 6700), Amin 
272, 312 nm (< 5600, 6400), which differs slightly from that 
which we reported previously.1 These data are in better ac
cord with those for ll-methoxy-14,19-dihydrocondylocar- 
pine (3)5 [Amax (EtOH) 255, 286, 327 nm (e 14,800, 10,900, 
11,200), Xmin 275, 310 nm (e 9500, 10,200)] than those for 
vinervinine [Amax 237, 292, 334 nm (e 13,000, 6600, 
26,500)].3 However, the definitive evidence for position as-

substitution pattern between our alkaloid and vindoline.8 
The spectra of 2,16-dihydrovinervinine and N-acetyldihy- 
drovinervinine published in pictorial form by Yunusov et 
al.4 are very different from any of these.

The evidence for the akuammicine skeleton in the alka
loid from Alstonia muelleriana has been summarized pre
viously.1 From these data and the evidence discussed above 
we wish to retain the structure 11-methoxyakuammicine 
(for which a new trivial name seems unnecessary) for this 
alkaloid.

Acknowledgment. We thank Professor James P. Kut- 
ney for discussions.
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Reactions of Dichlorocarbene with 
Methylenecyclohexan-4-one Ethylene Thioacetals

Robert A. Moss*la and Charles B. Mallonlb

highly selective CCl2,n or 0-ylides which did form followed 
alternative, lower energy pathways in preference to addi
tion-displacement.

On the other hand, S atoms do compete intramolecularly 
with ir bonds for CC12. Whereas reaction of CC12 with allyl 
ethyl ether gave no evidence for O-ylide derived prod
ucts,12 S-ylide derived products were formed in reactions 
of CC12 with allylic sulfides.13,14 Indeed, S-ylides formed by 
carbene capture have achieved substantial importance in 
sigmatropic rearrangement15 and ^-elimination reactions.16

The obvious superiority of sulfur over oxygen as a site for 
carbene attack prompted us to prepare methylenecyclo- 
hexan-4-one ethylene thioacetals 4 and 5, and to examine 
their reactions with CC12, in search of S-ylide mediated cy
clopropanations.

H \  / H  H \  /C O O C 2H5
c  c  0

\_/ \_/ \_/
4 5 6
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Olefinic thioacetals 4 and 5 were prepared by appropri
ate Wittig reactions on 1,4-cyclohexanedione monoethylene 
thioacetal (6), which was itself obtained from 1,4-cyclohex - 
anediol by the procedure of Scheme I.

“ Synergistic”  carbenic cyclopropanation is dramatically 
illustrated by the Simmons-Smith reaction, in which a zinc 
carbenoid is intercepted by an hydroxyl, alkoxyl, or oxo 
substrate functionality, and the methylene fragment is sub
sequently transferred to a nearby i r  bond. Augmented addi
tion rates and stereochemical control are observed in such 
reactions.2,3 Substrate-assisted cyclopropanation is rarely 
observed with other carbenic species, however, and our at
tention was drawn to the suggestion that CC12 could be de
livered to the central i r  bond of 1 by prior coordination to 
an oxygen atom, resulting in a threefold reactivity' advan
tage of the central over the peripheral i r  bond.4

w cooc2h5

0o ^ o ^ - c aV J
2

H^ R

3a, R =  H
b, R =  COOCÆ,

Unfortunately, no synergism could be detected in CC12 
additions to various oxygen-functionalized cyclohexene de
rivatives,5“7 including those in which the olefinic carbons 
were activated toward possible Michael addition of an an
ionic fragment representing a “ trapped” CCl2; cf. 2.7

Addition-displacement cyclopropanations passing 
through 2, or analogs, would require front-side displace
ment of the CCl2 moiety from the oxygen carrier to com
plete the cyclopropanation.8 The forbidden character of 
such displacements9 could explain the observed lack of 
synergism. Moving the acceptor ir bond from an endocyclic 
to an exocyclic position would obviate this problem, but 
CC12 additions to methylenecyclohexan-4-one ethylene ac
etals, 3, were also found to occur without synergistic in
volvement of the acetal function.10 Either oxygen atoms 
competed poorly with ir bonds as sites for attack by the

Scheme I

The CC12 adducts of 4 and 5 (7 and 8, respectively) were 
most readily prepared by acetal-thioacetal exchange reac
tions on oxygen analogs 7-Ox and 8-Ox, which were avail
able in quantity from a previous study; cf. eq l .17

7- Ox, R =  H 7, R =  H
8- Ox, R =  COOC2H5 8, R == COOQJR

(1)

Mercurial-based CC12 precursors12 did not convert 4 to 7. 
However, 4 with sodium trichloroacetate in refluxing 
monoglyme18 afforded 7 and a yet unidentified isomer in 
low yield. Similar attempts to add CC12 to 5 were fruitless. 
Cyclopropane 8 could not be obtained; rather, substrate 5 
was destroyed, leaving behind a black, high-boiling tar. 
Control experiments showed that authentic 8 was stable to 
the reaction conditions, and could be readily detected by 
GC in the control product mixtures.
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Table I
Relative Reactivities toward CCI2 (80-85°)

Substrate Reactivity

Q O ^  (3a) 0.65

cX > ch* <4) 0.79

O ch’ 1.00

^=CHCOOC,H., (3b) 0.045

^=CHCOOC,H, (5) a

“ The expected addition product, 8, could not be obtained; see 
text.

Relative to cyclohexene, the reactivity of 4 toward CCI2 
addition was found to be 3.60 ±  O.I82 by the competition 
technique.3 Previous data10 allows us to write the relative 
reactivity sequence (80-85°) 3a:4:methylenecyclohexane, 
0.65:0.79:1.00. On this scale, the relative reactivity toward 
CCI2 of 3b is 0.045,10 whereas that of 5 cannot be deter
mined. For convenience, the reactivity data are gathered in 
Table I.

The quantitative data establish the absence of any kinet
ic advantage resulting from ylide-mediated addition-dis
placement cyclopropanation, with olefins 4, 5, 3a, and 3b, 
which could occur via intermediates such as 9 (Z = S or O; 
R = H or COOC2H5). The data suggest, instead, a normal 
cyclopropanation passing through transition state 10T, in 
which partial positive charge resides mainly on the tertiary 
carbon of the methylenecyclohexane.3’7’10 The inductively

V J
10T

withdrawing heteroatoms of the remote acetal functions 
destabilize 10T, and the reactivity order 3a < 4 < methy
lenecyclohexane is quite reasonable. <n(SCH3) is smaller 
than <ti(OCH3);19 10T should be less destabilized when Z = 
S than when Z = O; hence thioacetal 4 is less deactivated 
toward CCI2 addition than is acetal 3a.

Although ylide-mediated cyclopropanation does not 
seem to occur, the thioacetal function must capture CCI2 
competitively with CCI2 addition to it bonds. This is clearly 
seen on comparison of olefinic ester acetals 3b and 5. The 
former has a low reactivity toward CCI2 addition because of 
the combined deactivating effects of its carboethoxy and 
ethylene acetal groups. However, the reactivity of the ir 
bond in 5 is even lower, despite the fa' „ that the ethylene 
thioacetal group (of 5) should be less deactivating than the 
ethylene acetal function (of 3b); see 3a vs. 4, above.

This is understandable if S atoms capture CCI2 at rates 
similar to those of the 7r bonds of disubstituted alkenes, 
and then nonproductively dispose of CCI2. Because the 
substitution of a carboethoxy group on the exo methylene 
position of methylenecyclohexane decreases ir-hond reac
tivity toward CCI2 by ~17-fold,10 the additionally deacti
vated double bond of 5 will not be able to compete for CCI2 
with the S atoms of the thioacetal group.

Further evidence on this point was obtained from experi
ments in which 5 and 4-methylcyclohexanone ethylene

Table II
Inhibition of Dichloronorcarane Formation from 

Cyclohexene by Thioacetals“

Run Thioacetal Mg
Mmol 
(x 10)

7, 7-D ichloro- 
norcarane 

formed, mg
Residual 

thioacetal, mg

1 None 0 0.0 14.4
2 5 20 0.78 6.8 0.0
3 5 39 1.5 4.9 0.0
4 5 58 2.2 3.4 0.0
5 5 82 3.2 1.8 0.0
6 11 21 1.1 6.7 0.03
7 11 42 2.2 2.9 5.2
8 11 60 3.2 1.9 15
0 Conditions: 50 mg (0.61 mmol) of cyclohexene and 110 mg (0.60 

mmol) of NaOOCCCl3 were heated in monoglyme at 85° for 30 min. 
Product and residual thioacetals were analyzed by GC, relative to 
an internal n-dodecane standard.

thioacetal (II) were shown to inhibit CCI2 addition to cy
clohexene; cf. Table II.

When [thioacetal]./[cyclohexene] ~  0.5, 5 inhibits CCI2 
addition to cyclohexene by 88% (run 5 vs. run 1), and 11 in
hibits by 86% (run 8 vs. run 1 ). These results parallel those 
of Parham and Groen, who showed that n-butyl phenyl sul
fide inhibited the addition of CCI2 to cyclohexene.13

Table II also shows that, although 5 and 11 are similarly 
effective as inhibitors, 11 was only partially destroyed 
(75%) by 2 equiv of CCI2 precursor, whereas 5 was totally 
destroyed (runs 8 and 5). This suggests that there is a syn
ergistic relation between the conjugated ester and thioace
tal functions of 5 (toward CCI2), but that it leads to acceler
ated substrate destruction rather than to accelerated cyclo
propanation.13'1

By analogy,13" 16 the initial product formed from CCI2 
and an ethylene thioacetal should be a sulfonium ylide. At
tempts to “ trap” the CCI2 moiety of such an ylide by gener
ating CCI2 in the presence of 11 and either pentanal or 
methyl acrylate have led only to unidentified products de
rived solely from thioacetal l l .20

Finally, why are allylic sulfides good substrates for S- 
ylide mediated CCI2 reactions, whereas “remote” olefinic 
substrates such as 4 and 5 are “ poor” ? The activation ener
gy for the [2,3] sigmatropic rearrangement of an ylide 
formed by addition of CCI2 to an allylic sulfide must be 
very low; such ylides are rapidly consumed by the rear
rangement process.21 On the other hand, substrate-assisted 
cyclopropanation of 5 would require passage through 9 (R 
= COOC2H5; Z = S), the formation of which involves a Mi
chael addition to a tetrasubstituted alkene. The activation 
energy for this process appears to be high enough to permit 
alternative* intermolecular reactions (polymerization) to 
occur in preference to self-cyclopropanation.

Experimental Section22
4-Benzoyloxycyclohexanone. 1,4-Cyclohexanediol (250 g, 2.15 

mol), benzoyl chloride (295 g, 2.10 mol), and pyridine (600 ml) in 
1400 ml of chloroform gave 275 g (58%) of 4-benzoyloxycyclohexa- 
nol, bp 175-178° (0.2 Torr) [lit.23 bp 175-178° (0.2 Torr)), accord
ing to the procedure of Jones and Sondheimer.23 The product (260 
g, 1.18 mol) was oxidized with 115 g (1.15 mol) of CrC>3 in 700 ml of 
acetic acid and 67 ml of water.23 There was isolated 140 g (54%) of
4-benzoyloxycyclohexanone: mp 58-60° (lit.23 mp 63°); NMR S 
8.20-7.93 and 7.63-7.23 (m’s, 2 H +  3 H, aryl), 5.60-5.27 (m, 1 H, 
carbinyl), and 2.73-1.97 (m, 8 H, cyclohexyl).

4-Benzoyloxycyclohexanone Ethylene Thioacetal. The 
above keto ester (70 g, 0.32 mol), 30 g (0.32 mol) of ethane-1,2-di- 
thiol, 200 mg of p-toluenesulfonic acid, and 600 ml of benzene were 
heated to reflux for 20 hr, during which time ~5.7 ml of water col
lected in a Dean-Stark trap. Removal of the benzene gave a white
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solid which was used without further purification. A small sample 
was recrystallized from benzene-petroleum ether (hp 30-60°): mp 
73-76°; NMR S 8.23-7 90 and 7.67-7.20 (m’s, 2 H + 3 H, aryl), 
5.30-4.87 (m, 1 H, carbinyl), 3.27 (s, 4 H, thioacetal), and 2.43-1.73 
(m, 8 H, cyclohexyl).

Anal. Calcd for C15H18O2S2: C, 61.2; H, 6.12. Found: C, 61.2; H, 
6.15.

4-Hydroxycyclohexanone Ethylene Thioacetal. The crude 
ester thioacetal (90 g, 0.31 mol), 2 g o f sodium methoxide, and 300 
ml of methanol were refluxed for 15 hr. Methanol was distilled 
away; the solid residue was shaken twice with 2 X 500 ml of ace
tone. Each acetone extract was filtered, acetone was stripped from 
the combined filtrate, and the residue was distilled. Methyl benzo
ate was removed at ~31° (0.25 Torr). The pot residue was cooled 
and recrystallized from benzene-petroleum ether to give three 
crops (total yield ~50 g, 85%) of the desired product: mp 83.5-85°; 
NMR (CDCI3) 8 3.93-3.53 (m, 1 H, carbinyl), 3.27 (s, 4 H, thioace
tal), and 2.40-1.47, including a superimposed singlet (OH) at 1.57 
(m, 9 H, cyclohexyl and OH).

Anal. Calcd for C8H 14OS2, C, 50.5; H, 7.36. Found: C, 50.7; H, 
7.50.

1,4-Cyclohexanedione Monoethylene Thioacetal (6). Cr0 3  
(28.0 g, 280 mmol) was cautiously added to 300 ml of pyridine, fol
lowed by a solution of 21 g (110 mmol) of the above alcohol thioa
cetal in 100 ml of pyridine.24 After the reaction mixture was stirred 
for 3 days at 25°, it was diluted with 500 ml of ether and filtered. 
The ethereal filtrate was washed with 3 X  150 ml of water and 3 X 
150 ml of 2 N  H2SO4, dried (Na2S04), and stripped of solvent. The 
residue was maintained at 0.2 Torr for 12 hr, and then distilled to 
give 7 g (33%) of 6: bp 102° (0.13 Torr); ir (film) 5.83 n (s, C = 0 ); 
NMR h 3.33 (s, 4 H, thioacetal) and 2.40 (“ s” , 8 H, cyclohexyl25).

Anal. Calcd for C8H12OS2: C, 51.0; H, 6.39. Found: C, 51.3; H,
6.46.

Methylenecyclohexan-4-one Ethylene Thioacetal (4).26
Dimsyl sodium was prepared in a 100-ml, three-neck flask. NaH,
0.90 g of a 61% dispersion in mineral oil (22.9 mmol), was washed 
with petroleum ether, dried of solvent under vacuum, covered with 
N2, and treated with 20 ml of DMSO (dried over 3A molecular 
sieves, and then distilled) at 65-70°, with stirring for ~30 min. 
After H2 evolution ceased, the reaction mixture was cooled to 25°, 
and a solution of methyltriphenylphosphonium bromide (8.5 g, 
23.8 mmol) in 30 ml of DMSO was added via syringe. After 10 min,
4.3 g (22.8 mmol) of ketone 6 was added. The orange ylide turned 
brown. The solution was heated to 70° for 3 hr, cooled, and diluted 
with 30 ml of petroleum ether and 60 ml of water. The aqueous 
layer was extracted with 3 X 20 ml of petroleum ether, and the 
combined organic extracts were washed with 30 ml of water, dried 
over Na2SC>4, and stripped. Distillation of the residue gave 2.1 g 
(52%) of pure 4: bp 55° (0.03 Torr); ir (CC14) 6.05 a (m, C=C ); 
NMR S 4.60 (“ s” , 2 H. vinyl), 3.23 (s, 4 H, thioacetal), and 2.47- 
1.90 (m, 8 H, cyclohexyl).

Anal. Calcd for C9H14S2: C, 58.1; H, 7.53; S, 34.4. Found: C, 58.1; 
H, 7.75; S, 34.1.

Carboethoxymethylenecyclohexan-4-one Ethylene Thio
acetal (5).27 NaH, 0.628 g of a 61% dispersion in mineral oil (15.9 
mmol), was placed in a dry, 25-ml, three-neck flask equipped with 
a thermometer, N2 n et, addition funnel, and stirring bar. Dry 
benzene (10 ml) was added and stirring commenced. This was fol
lowed slowly by the addition of 3.58 g (15.9 mmol) of triethyl phos- 
phonoacetate via the addition funnel. The temperature was kept 
at <35° during the addition. After an additional 1 hr of stirring,
3.0 g (15.9 mmol) of ketone 6 was added over 20 min. During the 
addition, the reaction mixture became very viscous, and was then 
warmed to 60°. Heating was continued for 30 min after the addi
tion of 6 was completed. The reaction mixture was then cooled, 
benzene was decanted, and the residue was leached with 4 X 10 ml 
of hot benzene. All benzene fractions were combined and stripped; 
the residue was distilled to give 0.8 g of a mixture of 5 and 6 (95:5), 
bp 140-143° (0.3 Torn, followed by 1.85 g of GC-pure 5, bp 143- 
146° (0.3 Torr). The overall yield was 63%: ir (film) 5.85 (s, C = 0 ) 
and 6.16 n (s, C=C ): NMR <5 5.58 (“ s” , 1 H, vinyl), 4.10 (q, J  = 7 
Hz, 2 H, OCH2), 3.28 (3, 4 H, thioacetal), 3.05 (“ t” , J  = 7 Hz, 2 H, 
allylic CH2 cis to carboethoxy), 2.58-1.98 (m, 6 H, other cyclohex
yl), and 1.25 ((.,-/ = 7 Hz, 3 H, methyl).

Exact mass. Calcd for C12H18S2O2: 258.074. Found: 258.072.22
l,l-Dichlorospiro[2.5]octan-6-one Ethylene Thioacetal (7) 

and l,l-Dichloro-2-carboethoxyspiro[2.5]octan-6-one Ethyl
ene Thioacetal (8). These compounds were prepared from their 
(oxy) acetal analogs, 7-Ox and 8-Ox, respectively.17 The prepara
tion of 7 is illustrative. In a test tube was placed 120 mg (0.51

Table III
Relative Reactivity Experiments

Olefin A /o le fin  B ( o A / o B ) “ ( P a / P b ) 5 » a ^ b "

4/cyclohexene 0.266 1.01 3.80 3.46
4/cyclohexene 0.522 2.15 4.12 3.75
4/methylene-

cyclohexane
0.972 0.735 0.756*

a Mole ratio. * From integration of GC product peaks. c Uncor
rected for relative thermal conductivity detector responses. d The 
detector response, CK = (moles of 7/moles of dichloronorcarane)/ 
(GC response of 7/GC response of dichloronorcarane), was 0.91. 
Crude kA/kB was multiplied by 0.91 to obtain the corrected kA/k-a. 
The average corrected value is 3.60 ±  0.18. e From fe/kcyciohexene) 
(&cyclohexene/&methylenecyi:lohexane) — 3,60 X 1/4.57,15 We calculate 
lu/femethyienecyciohexane = 0.788, in good agreement with the ob
served cross-check value.

mmol) of 7-Ox, 0.2 ml of 1,2-ethanedithiol, and 0.2 ml of BF3 - 
(C2Hb)20. The mixture was shaken, 2 ml of ether was added, and 
the solution was placed on a small alumina column (3 g). Elution 
with 10 ml of ether, followed by stripping of the eluate, gave an oil 
which was purified by GC,28 retention time 13.5 min (the retention 
time of 8 was 22 min) on a 5 ft X 0.25 in., 15% SE-30 on 45/60 GCR 
column at 210°, He flow rate 70 ml/min. Both 7 and 8 were white 
solids. For 7: NMR 8 3.23 (s, 4 H, thioacetal), 2.28-1.67 (m, 8 H, cy
clohexyl), 1.20 (s, 2 H, cyclopropyl).

Exact mass. Calcd for Ci0H i4C12S2: 267.991. Found: 267.989.22
For 8: ir (CC14) 5.75 p (C = 0 ); NMR 3 4.13 (q, J  = 7 Hz, 2 H, 

OCH2), 3.23 (s, 4 H, thioacetal), 2.3-1.73 [m, with superimposed s 
at 1.98, 9 H, cyclohexyl and cyclopropyl (s)], and 1.27 (t, J = 7 Hz, 
3 H, methyl).

Exact mass. Calcd for C13H18CI2S2O2: 340.012. Found: 340.012.22
4-Methylcyclohexanone Ethylene Thioacetal (11) was pre

pared from 10.0 g (89.5 mmol) of 4-methylcyclohexanone, 8.0 g (85 
mmol) of 1,2-ethanedithiol, and 300 mg of p-toluenesulfonic acid 
in 50 ml of refluxing benzene, with azeotropic removal of water. 
Removal of solvent, followed by distillation afforded 13 g (81%) of 
the product, bp 81° (0.4 Torr). The thioacetal was GC pure and 
showed no carbonyl band in its ir spectrum: NMR 5 3.23 (s, 4 H, 
thioacetal) and 2.33-0,80 (m, with methyl signal superimposed at 
~0.97,12 H, cyclohexyl and methyl).

Exact mass. Calcd for C9H16S2: 188.069. Found: 188.074.22
Relative Reactivity Experiments. Weighed samples of olefin 

A and olefin B were diluted with 3 ml of monoglyme (distilled from 
Na) and injected into a nitrogen-blanketed flask containing ~0.1 
equiv o f sodium trichloroacetate and n-hexadecane (~80 mg) as an 
internal standard. The reaction mixture was stirred magnetically 
and heated with an oil bath to 80-85° for 1 hr. The reaction mix
ture was then cooled and filtered; the filtrate was analyzed on ei
ther an 8 ft X  0.25 in. 10% or a 5 ft X 0.25 in. 15% SE-30 on 45/60 
GCR column programmed between 100 and 200°. The relative re
activity toward CC12, h\/kb, was calculated in the normal manner 
from (Pa/Pb) (0 b/0a) where the P  factor represents the product 
ratio and the 0  factor represents the initial olefin ratio.3 Olefins 
were present in tenfold excess over carbene precursor. Data appear 
in Table III.

Inhibition of CCI2 Additions. Conditions and results of these 
experiments are described in Table II and its note.

Control Experiments. To establish the stability of 8, a solution 
of ~15 mg (0.044 mmol) of 8, 10 pi of ra-hexadecane, 80 mg (0.95 
mmol) of cyclohexene, and 15 mg (0.081 mmol) of sodium trichlo
roacetate in 2 ml of glyme was heated for 1 hr at 85°. GC analysis 
gave the ratios, 8/n-hexadecane, as 0.465 (before reaction) and 
0.460 (after reaction). Dichloronorcarane was formed in this exper
iment.

Acknowledgments. We thank the National Science 
Foundation and the National Institutes of Health for fi
nancial support, and Dr. C. Weston for mass spectrometric 
analyses.

Registry No.—3a, 51656-90-7; 3b, 51656-91-8; 4, 54531-72-5; 5, 
54531-73-6; 6, 54531-74-7; 7, 54531-75-8; 7-Ox, 51656-93-0; 8, 
54531-76-9; 8-Ox, 51656-92-9; 11, 41158-95-6; dichlorocarbene, 
1605-72-7; 4-benzoyloxycyclohexanone, 23510-95-4; 1,4-cyclohex-



Notes J. Org. Chem., Vol. 40, No. 9,1975 1371

anediol, 556-48-9; benzoyl chloride, 98-88-1; 4-benzoyloxycyclo-" 
hexanol, 6308-92-5; 4-benzoyloxycyclohexanone ethylene thioace- 
tal, 54531-77-0; ethane-1,2-dithiol, 540-63-6; 4-hydroxyeyclohexa- 
none ethylene thioacetal, 22428-86-0; 4-methylcyclohexanone, 
589-92-4.

References and Notes
(1) (a) Fellow of the Alfred P. Sloan Foundation; (b) University Fellow, Rut

gers University.
(2) H. E. Simmons, T. L. Cairns, S. A. Vladuchick, and C. M. Holness, Org. 

React., 20, 1 (1973).
(3) R. A. Moss, "Carbenes", Vol. 1, M. Jones, Jr., and R. A. Moss, Ed., In

terscience, New York, N.Y., 1973, p 153 ff.
(4) W. Grimme, J. Reisdorff, W. Junemann, and E. Vogei, J. Am. Chem. 

Soc., 92,6335(1970).
(5) D. Seyferth and V. A. Mai, J. Am. Chem. Soc., 92, 7412 (1970).
(6) M. A. Tobias and B. E. Johnston, Tetrahedron Lett., 2703 (1970).
(7) R. A. Moss, J. Am. Chem. Soc., 94, 6004 (1972).
(8) See ref 7, p 6008.
(9) L. Tenud, S. Farooq, J. Seibl, and A. Eschenmoser, Helv. Chim. Acta, 

53, 2059 (1970), and references cited therein.
(10) R. A. Moss and C. B. Mallon, Tetrahedron Lett., 4481 (1973).
(11) More reactive carbenic species do attack the oxygen atoms of allylic 

and homoallylic ethers. See ref 10, notes 17-20.
(12) D. Seyferth, J. M. Burlitch, R. J. Minasz, J. Y.-P. Mui, H. D. Simmons, Jr., 

A. J. H. Treiber, and S. R. Dowd, J. Am. Chem. Soc., 87, 4259 (1965).
(13) (a) W. E. Parham and S. H. Groen, J. Org. Chem., 29, 2214 (1964). (b) 

A referee has suggested that ". . .the total destruction of 5 does (not) 
imply that there is a synergistic relation but rather that now one has in
troduced a Michael acceptor into the system for an alternate intermo- 
lecular pathway” . The introduction of a Michael acceptor group per se 
does not cause destructive intermolecular reactions in CCI2-generating 
systems (cf. 3b). The presence of both an ethylene thioacetal and a 
carboethoxyethylene function in the same substrate molecule (e.g., 5), 
however, does lead to an alternative, fast (relative to cyclopropanation), 
presumably intermolecular destructive process. In the sense of “ coop
erative behavior” , this result is an example of synergism because nei
ther the ethylene thioacetal (cf. 4) nor the carboethoxy function10 alone 
prevents cyclopropanation or induces destructive intermolecular reac
tions. Unfortunately, the synergism is not a desirable one.

(14) W. E. Parham and S. H. Groen, J. Org. Chem., 30, 728 (1965); 31, 1694 
(1966).

(15) W. Ando, Y. Salki, and T. Migita, Tetrahedron, 29, 3511 (1973); G. An
drews and D. A. Evans, Tetrahedron Lett., 5121 (1972); M. Yoshimoto,
S. Ishihara, E. Nakayama, and N. Soma, ibid., 2923 (1972); I. Ojima and
K. Kondo, Bull. Chem. Soc. Jpn., 46, 1539 (1973); K. Kondo and I. 
Ojima, J. Chem. Soc., Chem. Commun., 62 (1972).

(16) W. Ando, H. Fujll, T. Takeuchi, H. Higuchi, Y. Saiki, and T. Migita, Tetra
hedron Lett., 2117 (1973), and references cited therein. Review: A. P. 
Marchand, and N. M. Brockway, Chem. Rev., 74, 431 (1974). See also
M. Numata, Y. Imashiro, I. Minamida, and M. Yamaoka, Tetrahedron 
Lett., 5097 (1972); M. Yoshimoto, S. Ishihara, E. Nakayama, E. Shoji, H. 
Kuwano, and N. Soma, ibid., 4387 (1972).

(17) See ref 10. Experimental details for the preparation of 7-Ox and 8-Ox 
will appear in the Ph.D. Thesis of C. B. Mallon, and are available, on re
quest, from the authors.

(18) W. M. Wagner, Proc. Chem. Soc., London, 229 (1959).
(19) The <T| values are 0.23 and 0.27, respectively: S. Ehrenson, R. T. C. 

Brownlee, and R. W. Taft, Prog. Phys. Org. Chem., 10, 1 (1973).
(20) R. A. Moss and C. B. Mallon, unpublished work.
(21) Attempts to construct stabilized allylic sulfonium ylides lead to [2,3] sig- 

matropic rearrangement products under even extremely mild conditions: 
J. E. Baldwin and W. F. Erickson, Chem. Commun., 359 (1971).

(22) Boiling points and melting points are uncorrected. NMR spectra were 
determined in CCI4 (unless otherwise Indicated) with a Varian T-60 
spectrometer. Chemical shifts are given in b units, relative to an internal 
Me4Si standard. Exact mass determinations employed an Hitachi Perkin- 
Elmer RMU-7E mass spectrometer. Exact mass calculations, and exclu
sion of possible alternative elemental compositions within ± 5  mmu, 
were done using the computer program described by S. R. Shrader, "In
troductory Mass Spectrometry” , Allyn and Bacon, Boston, Mass., 1971, 
p 233 ff. Microanalyses were done by Micro-Tech Laboratories, Skokie,
III.

(23) E. R. H. Jones and F. Sondhelmer, J. Chem. Soc., 615 (1949).
(24) T. Reichsteln, Helv. Chim. Acta, 40, 1621 (1957), employs a similar 

method for oxidation of the (oxy) acetal analog.
(25) In benzene solvent, the cyclohexyl "singlet”  is a broad multiplet, h 

2.57-1.90.
(26) This procedure was adapted from the work of Corey et al.: E. J. Corey 

and M. Chaykovsky, J. Am. Chem. Soc., 84, 866 (1962); 87, 1345 
(1965); R. Greenwald, M. Chaykovsky, and E. J. Corey, J. Org. Chem., 
28, 1128(1963).

(27) This procedure was adapted from W. S. Wadsworth, Jr., and W. D. Em
mons, J. Am. Chem. Soc., 83, 1733 (1961).

(28) Conversions of 7-Ox and 8-Ox to 7 and 8 were apparently quantitative.

Communications

Heteroatom Directed Photoarylation. Photochemistry 
of Aryloxyenones

Summary: Aryloxyenones la and lb undergo photocycliza- 
tion-rearrangement to give dihydrofurans 2 and 7, respec
tively.

Sir: Reported photoreactions of aryl ethers have been lim
ited to (1 ) cleavage of the ether bond(s) followed by hydro
gen abstraction from solvent to give phenols and (2) photo
rearrangement to give ortho- and para-substituted hydrox- 
ybiphenyls.1 Photocyclization of unsubstituted diaryl 
ethers or aryl vinyl ethers to annelated dihydrofurans ap
parently has not been observed;2,3 however, photocycliza- 
tion-elimination of o-methoxyphenyl phenyl ethers2 and
o-chlorophenyl 1 -naphthyl ether3 to annelated furans in 
low to moderate yield has been reported. Herein, we com
municate the photochemistry of 2-phenoxy-3,5,5-trimeth- 
ylcyclohexen-2-one (la), which represents the first report 
of nearly exclusive photochemical carbon-carbon bond for
mation from an unsaturated ether, to give an annelated 
dihydrofuran.

Aryloxyenone la was prepared by the potassium hydride 
(0.1 equiv) assisted reaction of isophorone oxide4 with 1.1 
equiv of phenol in refluxing tetrahydrofuran solution con

taining 0.75 equiv of hexamethylphosphoramide (91% iso
lated yield, mp 104-105°). Pyrex-filtered photolysis of la 
(20 g) was performed in benzene-methanol-acetic acid so
lution (2000 ml, equal portions of each solvent component) 
while purged with argon. After 23 hr irradiation with a 
450-W high-pressure mercury arc lamp, <2% la remained 
in the nearly colorless reaction mixture; formation of dihy
drofuran 2 (95%), rearranged phenol 3 (~2%), and trace 
amounts of phenol and isophorone was observed (vpc anal
ysis). Evaporation of solvent and partition of the reaction 
components between ether and 1 N  sodium hydroxide solu
tion gave nearly pure dihydrofuran 2 (88% yield) in the or
ganic layer. Two crystallizations from ether-petroleum 
ether produced analytically pure 2 (80% yield, mp 85-87°, 
m/e 230).

Acidification of the sodium hydroxide layer gave, after 
ether extraction and crystallization from ether-petroleum 
ether, pure 3 (2% yield, mp 172-175°, m/e 230). The nmr 
spectrum of 3 in CDCI3 above 5 ppm is nearly identical 
with that of 1 and displays singlets at 1.11  (6 protons, gem- 
dimethyl), 1.83 (3 protons, vinyl methyl), and 2.42 ppm (4 
protons, two methylene groups). The phenolic proton in 3 
appears as a broadened singlet at 5.8 ppm and exchanges 
with deuterium oxide, while the four aromatic protons ap
pear as a complex multiplet at 6.8 to 7.4 ppm. Para aromat-
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ic substitution in 3 is ruled out on the basis of NMR data. 
Good evidence for ortho substitution is obtained frcm the 
ir spectrum of 3 (Nujol) between 12 and 15 n\ i.e., a single 
strong absorption appears at 13.3 g (C-H out-of-plane de
formation).

The process la —► 2 presumably occurs by conrotatory 
photocyclization8 of la, leading to intermediate carbonyl 
ylide 4, which undergoes rearrangement to give dihydrofur- 
an 2. Stereochemistry of the ring junction in 2 is considered 
to be cis, because this would be the stable configuration for 
a fused five-six-membered ring system capable of epimeri- 
zation; on treatment with methanolic sodium hydroxide at 
room temperature, 2 was recovered unchanged.

Extended irradiation of solutions of la  resulted in in
creased amounts of rearranged phenol 3 at the expense of
2. Independent photolysis of 2 gave a complex mixture of 
products, the major component of which was 3. Thus, 3 is 
not formed directly from la, but rather arises from a secon
dary photoreaction involving 2. The detailed mechanism 
for this process as well as o-hydroxybiphenyl formation 
from diaryl ethers1 currently is being investigated.

Photocyclization of aryloxyenones to dihydrofurans may 
have considerable synthetic importance. For example, ap
proaches toward the synthesis of morphine alkaloids, here 
represented by morphine (6a) and codeine (6b), have been

long and hence suffer from low overall yields.9 Our ap
proach toward the synthesis of morphine confronts the dif
ficult task of forming the only carbon-carbon bond pos
sessing a quaternary carbon atom by the technique of het
eroatom-directed photoarylation.6 In this regard, irradia
tion of model system lb resulted in nearly exclusive forma
tion of dihydrofuran 7.10

6a, R -  H
b, R =  CH3

It should be noted that 2 undergoes quantitative conver
sion to an ortho-substituted phenol, isolated in hemiketal 
form 5 (mp 97-98°, m/e 232), on treatment with zinc dust 
in refluxing acetic acid solution. The method described 
here for the two step conversion 1 —* 5 complements our re
cently reported method for preparation of complex meta- 
substituted phenols.6
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Potassium tert-Butoxide:
Strong Base - Poor Nucleophile

The combinatici! of high basicity and low nucleophilicity, 
especially in DMSO, has made potassium /-butoxide (/- 
BuOK.) a very widely used reagent in synthesis. For instance, 
r-BuOK is a much stronger base than sodium ethoxide, but it 
is less nucleophilic.

A few of the many typical applications of i-BuOK are the 
following:
Dehydrohalogenation

a) C; H,OK CH,
C H j C H j C C H j  „  r u; ^ ---------------► c h 3c h = ¿ c h 3

Br c) C;.H=C(CH3)2OK ^

b) 28%
c) 22%

CHi

29%
72%
78%

( 1)

Carbene Generation

PhCHC!2 PhC=CPh , 
f-BuOK 

2) HBr

Ph

A " ' (2)

Reaction with Sulfonates 

¡O T su
MsO'

C H j O T s

CHj

I-BuOK
DMSO (3)

0 )

Preparation of Yiids

Q - C H . R ,  [ Q
Br~

“ I
= C H R 1

r 2c h o

H 86-87%

O

Ri H  (4) 

79-83%

R¡'c=c'H R R
R3- R, K! y Kj

R. ^ V H <«>
H R,

R , C  =  0

Ò
R j C C H j C H j P P h .

Br

I-BuOK/f-BuOH. 72 II

R’ v C R ’
49-59%

(5)

Condensations
(a) Darzens 

0 a
C H , C H C N

(b) Dieckmann
o

P h3P(C H ,)n-C -O E t

r

Oxidation
C H ,0
i J II

f-BuOK C N
CHj (1)

1) f-BuOK
f-BuOH

2) H30*

79%

0
Itc ( 1)

t-BuOK/DME-i-BuOH
C H j C H - C ' C H j

Alkylation
>

Br (CH3CH; )3B
f-BuOK, THF

Benzilic Acid Rearrangement
MeONa _

52-84% (n-4-6)

C H 30i it
C H , C — C - C H , ( 1 )

O O H 40%

o  o
Ph-C-¿-Ph

Oc h 2c h , 

68%

OH
PhCCOj Me 

Ph 18%

( 1)

Isomerization

O c h 3

OH
P hC C 02C(CH3) 3 

Ph 70%

f-BuOK/DMSO. [ > C H 2 100%

( 1)

( 1)
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