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ORGANIC CHEMISTRY
by Frederic M. Menger, David J. Goldsmith and Leon Mandell, Emory University
Ideal for one-semester courses in organic chemistry for nonchemistry majors, this book can also be used for 
two-semester courses supplemented with outside reading or lecture material. The sequence of chapters in the 
book is based on reaction type rather than functional groups. Without a mass of burdensome detail, the authors 
emphasize mechanisms and syntheses, and demonstrate how organic chemists think rather than what organic 
chemists know.

January 1972

ORGANIC CHEMISTRY: METHANE TO MACROMOLECULES
by John D. Roberts, California Institute o f Technology, Ross Stewart, University of British Columbia, and 
Marjorie C. Caserio, University o f California, Irvine
Designed for a full-year or one-semester introductory course in organic chemistry, this text is up-to-date and 
sufficiently comprehensive to be used for courses offered to chemistry majors, yet is relevant and instructive 
enough for premedical students and students majoring in the biological, physical, and engineering sciences. Its 
special features are a comprehensive and rigorous approach, a clear presentation, and an emphasis on 
experimental data and spectroscopic methods.

850 pp, Ulus (1971) $15.95

ORGANIC CHEMISTRY PROBLEMS, SECOND 
EDITION
by David N. Harpp and T.H. Chan, McGill University, 
and John D. Roberts, and Marjorie C. Caserio

Relating closely to the chapters in Organic 
Chemistry: Methane to Macromolecules, these 
problems not only indicate modern research trends 
but emphasize aspects of organic chemistry that 
directly affect the student’s everyday life.

January 1972

BENJAMIN/MARUZEN
HGS MOLECULAR STRUCTURE MODELS:
ORGANIC CHEMISTRY SET

A STUDY GUIDE TO ORGANIC CHEMISTRY: 
METHANE TO MACROMOLECULES
by John D. Roberts, California Institute of 
Technology, and Marjorie C. Caserio, University of 
California, Irvine
This study guide provides a wealth of carefully 
selected suggestions, guidelines, comments, 
worked-out solutions to problems, and 
supplementary information to help the student reach 
a better understanding of the principles and 
applications of organic chemistry.

416 pp, paperbound (1971) $2.95

These sets are designed to demonstrate many features of molecular structure in a precise, aesthetic, yet 
economical way, to students in organic chemistry. The models stress position of atoms, bond angles, 
and bond lengths.

Each set $4.95
SELECTED EXPERIMENTS IN ORGANIC CHEMISTRY, REVISED EDITION
by M.P. Cava and M.J. Mitchell, University o f Pennsylvania
This one-semester laboratory manual differs substantially from the usual course in practical organic chemistry in 
that many of the experiments have been chosen for their value and interest to students majoring in the life 
sciences. Instructor’s Guide available.

EXPERIMENTAL ORGANIC CHEMISTRY
by Marjorie C. Caserio, University of California, Irvine

124 pp, paperbound, illus (1969) $4.95

Written for a full year organic chemistry course for science and chemistry majors, this lab manual emphasizes the 
important physical methods used by practicing organic chemists, and gives some reality to the basic concepts of 
structure, reactivity, and reaction mechanisms.

204 pp, paperbound, illus (1967) $4.95

Reading, Massachusetts 01867
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Techniques and Analyses in ♦ ♦ ♦
♦ ♦ ♦ Organic Chemistry

REAGENTS FOR 
ORGANIC SYNTHESIS
Volume 3
By MARY FIESER and LOUIS F. 
FIESER, Both of Harvard Univer
sity
Volume 3 is the latest addition to 
the Fleser’s invaluable reference 
work. Covering the new literature 
received since the appearance of 
Volume 2, the third volume fea
tures 711 references to 273 rea
gents discussed in the two previ
ous volumes, as well as 289 ref
erences to 142 reagents reviewed 
by the authors for the first time. 
1967 1457 pages Illus. $29.00
1969 538 pages illus. $17.50
1972 832 pages illus. $16.95

3-volume set: $55.00

IONS AND ION PAIRS IN ORGANIC 
REACTIONS
Volume I
Eaited by MICHAEL SZWARC, State University College of 
Forestry, Syracuse, New York 

This book presents the physical techniques used in solv
ing the problems of structure, energetics, and dynamics of 
ions and Ion pairs.

1972 384 pages 110 illus. $17.95

CATALOG OF CARBON-13 NMR 
SPECTRA
By LEROY F. JOHNSON and WILLIAM C. JANKOWSKI, both 
of the NMR Applications Laboratory, Varían, Palo Alto, Cali
fornia

A collection of 500 proton noise decoupled Carbon-13 
NMR spectra of a variety of organic molecules, this book 
ccntains complete experimental spectra reproduced on an 
8Va X 11 format including artist-drawn structures, shift as
signments and instrument parameters. The consistent use of 
a 200 ppm display gives the reader an opportunity to com
pare at a glance his spectrum with those of compounds with 
a known structure. An extensive structural coding system 
with functional group and shift indices will allow correlation 
of a proposed structure and its Carbon-13 spectrum with 
those of closely related compounds of known structure.

1972 680 pages (approx.) 520 illus. In Press.

COMPENDIUM OF 
ORGANIC SYNTHETIC 
METHODS
By IAN T. HARRISON and SHUYEN 
HARRISON, Syntex Research, Palo 
Alto, California

Here is the most complete one- 
volume compilation of organic 
functional group transformations 
published to date. It Includes ap
proximately 3,000 synthetic meth
ods presented In the form of re
actions with leading references. 
Unlike most other books, both old 
and new methods are given.

1971 529 pages illus. $11.95

SURVEY OF ORGANIC SYNTHESES
By CALVIN A. BUEHLER, University of Tennessee and 
DONALD E. PEARSON, Vanderbilt University

"This Is a remarkable work, which succeeds in digest
ing all the Important material on synthetic methods, includ
ing all that is in 'Organic Reactions,’ 'Organic Syntheses,' 
and Theilhermer, and presenting it in a well-organized 
state and in a critical, brief, yet readable form."

—Journal of the American Chemical Society
A critical analysis of the principle methods of synthesiz

ing the main types of organic compounds, this extensive 
work considers the limitations of the reactions, the preferred 
reagents, the newer solvents, and experimental conditions 
of organic reactions In general.

1970 1,166 pages $27.50

SYMMETRY, ORBITALS, AND 
SPECTRA (S.O.S.)
By MILTON ORCHIN and HANS H. JAFFÉ, both of the Uni
versity of Cincinnati

This volume will expose the reader to the essential, basic 
knowledge concerning quantum mechanics, molecular or
bital theory, ultraviolet and infrared absorption spectros
copy, selection rules, group theory, photochemistry, and 
the many varied and powerful applications of symmetry 
considerations. Essential reading for chemists who find it 
difficult to read the current literature in terms of assumed 
theoretical concepts, this book will also serve as an intro
ductory text for graduate students.

1971 396 pages illus. $16.50

Volume 1 : 
Volume 2: 
Volume 3:
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PROGRESS IN 
BIOORGANIC 
CHEMISTRY 
Volume I
Edited by E. T. KAISER and F. J. 
KEZDY, both of the University of 
Chicago

This is the first volume of a new 
series that will present up-to-date, 
in-depth treatments of important 
topics in bioorganic chemistry. 
CONTENTS: Intramolecular Cataly
sis— A. J. Kirby and A. R. Fersht. 
The Proton in Biological Redox 
Reactions— Gordon A. Hamilton. 
Metal Ions in Enzymatic Catalysis 

— Joseph E. Coleman. Author Index. Subject Index.
1971 369 pages illus. $14.95

PHYSICAL METHODS OF CHEMISTRY
Part MID: X-Ray, Nuclear, Molecular Beam, and Radioactiv
ity Methods
Edited by ARNOLD WEISSBERGER and BRYANT W. ROSSI-
TER, both of Eastman Kodak Company
Volume I In Techniques of Chemistry, edited by Arnold
Weissberger
CONTENTS: X-Ray Crystal Structure Analysis— William N. 
Lipscomb and Robert A. Jacobson. Electron Diffraction by 
Gases— Lawrence S. Bartell. Neutron Scattering— Julius 
M. Hastings and Walter C. Hamilton. Experimental Aspects 
of Mossbauer Spectroscopy— Rolfe H. Herber and Yehona- 
than Hazony. Photoelectron Spectroscopy— Royal G. Al- 
bridge. Molecular Beams In Chemistry— John E. Jordan, 
Edward A. Mason, and Isador Amdur. Neutron Activation 
Analysis— Vincent P. Guinn. Positronium Annihilation— Jo
seph A. Merrigan, James H. Green, and Shu-Jen Tao. The 
Measurement of Radioactivity— Herbert M. Clark. Gamma- 
Ray Spectrometry— Julian M. Nielsen.

1971 800 pages (approx.) 214 illus. $35.00 (tent.)

ORGANIC SOLVENTS
Physical Properties and Methods of
Purification
Third Edition
By JOHN A. RIDDICK and WILLIAM B. BUNGER, Indiana 
State University
Volume II in Techniques of Chemistry, edited by Arnold 
We ssberger

' This third edition of Organic Solvents has been expanded 
and refined considerably . . . ”

—Journal of Pharmaceutical Science 
'This book will continue to be a workhorse in the library, 

and it is likely to become worn out from hard use in short 
order.”

— Journal of the American Chemical Society 
1971 1041 pages $24.95

MATHEMATICS FOR 
CHEMISTS
By CHARLES L. PERRIN, Univer
sity of California, San Diego

This is a comprehensive treat
ment of mathematical techniques 
applied to various chemical sub
jects. Differing from other books 
in applied mathematics, this book 
is oriented exclusively toward 
chemists rather than physicists or 
engineers. The book reviews the 
useful portions of elementary cal
culus, differential equations, prob
ability and statistics, matrices, and 

group theory. More than a thousand exercises are Included as 
well as a comp ete set of answers.

1970 443 pages 107 illus. $11.95

BIOCHEMICAL APPLICATIONS OF 
MASS SPECTROMETRY
Edited by GEORGE R. WALLER, Oklahoma State University 

This Is a comprehensive, up-to-date treatment of the areas 
of biochemical knowledge which have been elucidated by 
mass spectrometry. Emphasizing systematic approaches to 
the Identification of biological classes of compounds, this 
book is designed to serve the professional worker and ad
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Tertiary alcohol 1  and its secondary counterpart 4 undergo acid-catalyzed rearrangement to olefin 5 and 
alcohol 8 , respectively. Both 5 and 8  may be oxidized to tricyclic ketone 7, the structure of which has been 
rigorously defined by degradation to the known bicyclic ketone 19. Tricyclic alcohols 34 and 35 also yield, 
respectively, alcohol 8  and olefin 5 when treated with acid.

We previously reported that 3,6-dimethyltricyclo- 
[4.4.0.02'7]decan-3-ol (1) undergoes acid-catalyzed re
arrangement in the heterogeneous medium, ether-50% 
aqueous sulfuric acid, giving a single olefinic product 
in good yield.1 Structure 2 was assigned to this olefin 
on the basis of spectral data obtained from it and the 
derived nor ketone (assigned structure 3) and the rea
sonable mechanistic scheme outlined in Scheme I .1

Sch em e  I

These assignments were called into question when we 
discovered a different tricyclic ketone with a better

(1) C. H. Heathcock, R. A. Badger, and J. W. Patterson, Jr., J. Amer. 
Chem. Soc., 89, 4133 (1967).

mechanistic claim oh structure 3 in a related rearrange
ment.2 In this paper we report a reexamination of 
the acid-catalyzed rearrangement of tertiary alcohol 
1 and its secondary counterpart 4 and a rigorous identi
fication of the products of these reactions.

4

As reported in our earlier communication,1 alcohol 1 
was found to undergo acid-catalyzed rearrangement to 
a single bicyclic olefin S, having the empirical formula 
C12H18. When the reaction is carried out in the hetero
geneous medium, pentane-50% aqueous sulfuric acid, 
the olefinic product, which has a highly camphoraceous 
odor, is obtained in 76% yield. The presence of an 
exocyclic methylene group is apparent from the ir 
(Vm&x 881 cm-1) and pmr spectra (one-proton multi- 
plets at 8 4.50 and 4.78) of the product. Hydrocarbon 
5 reacts with osmium tetroxide to give a crystalline 
diol 6, which is cleaved by periodic acid to give the tri
cyclic ketone 7, CnHieO. Ketone 7 is also obtained 
by ozonolysis of hydrocarbon 5. The tricyclic ketone 
shows typical norbornanone absorption in its ir spec
trum (j/max 1750 cm-1),3 possesses a bridgehead methyl 
group (pmr singlet at 5 1.17), and exchanges no hydro
gens when passed through a deuterium exchange 
column.4

Secondary alcohol 4, when treated under the same 
conditions, gives an isomeric secondary alcohol 8 in 
66% yield. Oxidation of alcohol 8 affords ketone 7,

(2) C. H. Heathcock and B. E. Ratcliffe, J. Org. Chem., in press.
(3) 2-Norbornanone has vm.. 1751 cm -1, Sadtler Standard Spectrum 

No. 20280.
(4) (a) M. Senn, W. J. Richter, and A. L. Burlingame, J. Amer. Chem.

Soc., 87, 680 (1965) (b) G. J. Kallos and L. B. Westover, Tetrahedron Lett.,
1223 (1967).
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demonstrating that the two rearrangement products, 
hydrocarbon 5 and alcohol 8, have the same carbon 
skeleton.

Baeyer-Villiger oxidation of tricyclic ketone 7 gives 
a crystalline lactone 9 in 87% yield. Saponification of 
9 affords a crystalline hydroxy acid 10, which is oxidized 
by chromic acid to an oily keto acid 11. The ir spec
trum of 11 contains carbonyl bands at 1755 and 
1716 cm-1, showing that the ketonic carbonyl is in a 
six-membered ring. Keto acid 11 incorporates but two 
deuterons per molecule when treated with sodium deu- 
terioxide in refluxing deuterium oxide. The ir spec
trum of 11 also contains a sharp band at 1422 cm-1, 
affirming the presence of a methylene group adjacent to 
the cyclohexanone carbonyl.

The derived keto methyl ester 12 has corresponding 
spectral properties ( ¡ 'c i e c o  1429 cm-1)- Keto ester 
12 incorporates three deuterons per molecule when 
allowed to exchange with sodium methoxide in deu- 
teriomethanol.5 The evidence to this point establishes 
that one terminus of the carbonyl-containing bridge in 
tricyclic ketone 7 is a cyclohexyl position flanked by a 
methylene group and a quaternary carbon. The ex
change data on keto ester 12 show that the other ter
minus (the carbon a to the new carboxyl group) bears 
one hydrogen.

Clemmensen reduction of keto acid 11 gives a mix
ture of epimeric acids 13, which react with diazo
methane to give the corresponding methyl esters 14, 
obtained in a ratio of 4:1 (stereochemistry undefined). 
The ir spectrum of this mixture (vc=o 1735 cm-1) 
confirms the loss of the cyclohexanone carbonyl. 
Epimeric acids 13 are converted, by treatment of the 
derived acid chlorides 15 with dimethylcadmium, into 
methyl ketones 16. Analysis of this mixture by glpc 
showed that two epimers (stereochemistry undefined) 
were produced in a ratio of 3:2. Baeyer-Villiger 
oxidation of mixture 16 gives a corresponding mixture 
of acetates 17, obtained in the ratio of 7:3, which is 
reduced by lithium aluminum hydride to the corre
sponding alcohols 18. Oxidation of this mixture by 
chromic acid gives a single ketone 19, Ci0H i6O, whose ir 
spectrum (rc=o 1745 cm-1) reveals that the carbonyl 
group is in a five-membered ring. Ketone 19 also has 
a bridgehead methyl group (5 1.13) and has four enoliz- 
able hydrogens adjacent to its carbonyl.

On the basis of the foregoing evidence, ketone 19 
may be assigned the unambiguous structure shown be
low. The correctness of this assignment was confirmed

(5) We thank Professor Andrew Strietweiser, Jr., for a generous gift of 
CH,OD.

° - C 0
H

19

by comparison of its ir spectrum with that of an authen
tic sample of 19.6 The structure of tricyclic ketone 7, 
and hence olefin 5 and alcohol 8, is thus revealed. The 
complete degradative scheme is outlined in Scheme II.

Sch em e  II

H
13, R = H
14, R=CH 3

0

ro2c~

H
1 1 .  R - H
12, R -C H 3

0

H

16

H

17, R =  COCH3

18, R = H

With the complete structure of olefin 5 and the gross 
structure of alcohol 8 established, it remained only to 
ascertain the stereochemistry of the latter substance. 
As reported earlier, oxidation of alcohol 8 yields tri
cyclic ketone 7. Lithium aluminum hydride reduction 
of 7 affords a new secondary alcohol 20, which must

5 7 8

1 1
Oil

c h 2oh

6 2 0

(6) F. T. Bond, Ph.D. Dissertation, University of California, Berkeley, 
Calif., 1962. We thank Professor W. G. Dauben for providing an infrared 
Bpectrum of compound 19.
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be epimeric with 8. The well-known propensity of 
hindered ketones to undergo hydride reduction from 
the less encumbered face enables assignment of the 
endo configuration to the hydroxyl group in 20, and 
thus the exo configuration to 8. Confirmatory evi
dence for these assignments was obtained from the 
pmr spectra of the two alcohols. The C-2 proton of 
20 (exo) should be moderately coupled to both the C -l 
and C-3 protons (dihedral angles of 20 and 0°). In ac
cord with this expectation, this resonance is found as a 
doublet of doublets centered at 5 4.16 with ./12 = 5 and 
1/2,3 = 9 Hz. The corresponding resonance in epimer 
8 occurs at 8 3.58 as a broadened singlet. One expects 
only weak coupling in the exo alcohol (endo proton) 
since the dihedral angles are 85 and 120°. Diol 6, 
obtained by osmium tetroxide hydroxylation of olefin 
5, may likewise be assigned the exo-OH configuration 
on steric grounds.

At this point, it is interesting to note that but one 
lactone is obtained in the peracid oxidation of ketone 7 
(Scheme II). Assuming peracid attack from the less 
hindered exo face of 7, intermediate 21 would be 
formed. Migration of C -l would lead, via the chair-like 
transition state 22, to lactone 23. Migration of C-3 
would lead, via the boat-like transition state 24, to 
lactone 9, the observed product. Examination of 
Dreiding stereomodels suggests that transition state 
22 is more sterically encumbered than 24.

\

Sch em e  III

O IP  H+

1 ,R = C H 3 
4, R =  H

It is tempting to implicate cyclopropane 28 as an 
intermediate in the rearrangement of ion 25 to ion 27 
(see Scheme IV). McMurry has shown that the re
arrangement of (±)-sativene (29) to (±)-isosativene
(31), catalyzed by cupric acetate in refluxing acetic 
acid, certainly involves the intermediacy of ( ±  )-cyclo- 
sativene (30).7 7a

31

With the structures of olefin 5 and alcohol 8 rigorously 
defined, we may now reinterpret the rearrangement re
actions. A reasonable mechanistic scheme is outlined 
in Scheme III. Initial expansion of the cyclobutane 
ring probably yields ion 25, which suffers a 1,3-hydride 
shift to ion 26, rather than a second Wagner-Meerwein 
shift, as we had originally proposed (Scheme I). Sub
sequent Wagner-Meerwein rearrangement of 26 gives 
the endo-bridged norbornyl cation 27, which either 
ejects a proton (when R  = CH3) or becomes hydrated 
(when R = H).

One interesting observation which we have made 
may be relevant to this point. Olefins 32 and 33, ob
tained by dehydration of tertiary alcohol 1 wdth phos- 
phoryl chloride in pyridine, are recovered unchanged 
when submitted to the pentane-50% aqueous sulfuric 
acid treatment. Apparently these olefins are not

(7) J. E. McMurry, Tetrahedron Lett., 55 (1969).
(7a) N ote Added in  P boof.— McMurry has now shown that hydro

carbon 30 is not an intermediate in the rearrangement of 29 to 31 when the 
reaction is carried out in the hexane-50% aqueous sulfuric acid system: 
J. E. McMurry, J. Org. Chem., 36, 2826 (1971).
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sufficiently protonated by sulfuric acid at this con
centration to be drawn into the aqueous phase where re
arrangement must occur.8 Cyclopropane 28 should be 
even less soluble in the aqueous phase than olefins 32 
and 33. If this substance is an intermediate in the re

arrangement of alcohols 1 and 4, it must undergo pro
tolysis before it can be extracted into the organic 
phase, which seems unlikely. On the basis of this 
argument, we favor the mechanistic scheme outlined 
in Scheme III. A final decision on this point must 
await the results of experiments with deuterium-labeled 
compounds.

Alcohols 34 and 35, produced by treatment of tri
cyclic ketones 32 with sodium borohydride or methyl- 
lithium, respectively, were also submitted to the pen- 
tane-50% aqueous sulfuric conditions. Secondary 
alcohol 34 gives alcohol 8 as the sole product in an 
isolated yield of 54%. Tertiary alcohol 35 gives olefin 
5 in 75% yield.

HO.

CH3

35

1

In the case of secondary alcohol 34, ionization of the 
protonated species leads to cation 25, which can further 
react as in Scheme III. In the case of tertiary alcohol 
35, ionization leads to tertiary cation 36, which must

(8) More vigorous treatment of this mixture (pentane-70% aqueous 
sulfuric acid) leads to a complex mixture consisting mostly of polymeric 
products.

either undergo Wagner-Meerwein rearrangement to 
secondary cation 25 (Scheme III, R  =  C H 3 )  or suffer 
deprotonation to yield cyclopropane 28 (Scheme IV, 
R  =  CH3) . For the reasons advanced above, we favor 
the former pathway.

Experimental Section

Melting points (Pyrex capillary) and boiling points are un
corrected. Infared spectra (ir) were recorded on Perkin-Elmer 
137 and 237 spectrophotometers. Proton magnetic resonance 
spectra (pmr) were recorded on Varian A-60 and T-60 spec
trometers. Line positions are given in the 5 scale, with internal 
tetramethylsilane as standard. The multiplicity, peak areas, 
coupling constants, and proton assignments are given in paren
theses. Ultraviolet spectra (uv) were measured on a Perkin- 
Elmer 202 spectrophotometer. Consolidated 21-103C and 
Varian M -66 mass spectrometers provided the mass spectra. 
High-resolution molecular weight determinations were obtained 
on a Consolidated 21-110 spectrometer.

Gas-liquid partition chromatography (glpc) analyses were per
formed on Aerograph Models 204B, A90-P, and A90-P3 instru
ments. Silica gel G was used for thin layer chromatography 
(tic) and silica gel PF254 for preparative tic. Unless otherwise 
stated, the supports for column chromatography were Mallinc- 
krodt 100-200 mesh SilicAR CC-7 and Woelm neutral alumina. 
Elemental analyses were performed by the Microanalytical 
Laboratory, operated by the Department of Chemistry, Universi
ty of California, Berkeley, Calif.

2-M eth ylen e-8 -m eth yltricyc lo [5 .2 .1 .08'8]decane (5 ) .— To a so
lution of 13.6 g of alcohol l 1 in 660 ml of olefin-frbe pentane was 
added 330 ml of 50% sulfuric acid. The flask was stoppered and 
stirred at room temperature for 18.5 hr. The pentane layer was 
separated, washed with water, and dried over magnesium sulfate. 
The solvent was removed by rotary evaporation to afford 11.43 
g of a pale yellow liquid with a highly camphoraceous odor. 
The crude material was distilled at reduced pressure to yield
9.27 g (76%) of a water-white liquid, bp 42-43° (1.0 mm). 
The analytical sample was obtained by preparative glpc (5 ft X 
0.25 in. Carbowax 20M at 120°, He flow = 50 cc/m in): ir
(CC1<) 3067, 2933, 1664, 1460, 1372, 881 c m '1; pmr (CCh) S
1.08 (s, 3, angular Me), 4.50 (d, 1, J  =  2.5 Hz, olefinic H),
4.78 (d, 1, J  — 2.5 Hz, olefinic H).

Anal. Calcd for C i2Hi8: C, 88.82; H, 11.28. Found; C, 
88.99; H, 11.09.

exo-2-H ydroxy-endo-2-hydroxym ethyl-8-m ethyltricyclo [ 5 .2 .-  
1.03'8] decane (6 ) .— To a solution of 3.0 g of osmium tetroxide 
in 70 ml of benzene containing 3 ml of pyridine was added 1.94 g 
of olefin 5. The black solution was stirred at room temperature 
for 43 hr and concentrated to a viscous oil on a rotary evaporator. 
The oil was dissolved in 250 ml of water containing 6.0 g of po
tassium hydroxide and 6.0 g of mannitol. The ̂ resulting solution 
was stirred at room temperature for 5 hr and extracted with 
methylene chloride (two 100-ml portions). The extracts were 
washed with 50 ml of water and 200 ml of 5%  hydrochloric acid 
and dried over anhydrous magnesium sulfate. The dried solu
tion was evaporated to afford a dirty-white semisolid which 
crystallized upon addition of pentane. The crystals were 
filtered, washed with pentane, and air-dried. There was ob
tained 1.121 g of diol 6, mp 148.5-149.5°. The analytical sample, 
mp 163.5-164.0°, was obtained by recrystallization from acetone- 
pentane: ir (KBr) 3400, 1145, 1060, 1050, 1025, 1000, 980, 
960, 890 cm -1; pmr .(CHCL containing 10% pyridine) 8 0.83
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(s, 3, bridgehead Me), 3.82 (d, 1, J =  10 Hz), 3.45 (d, 1, J  = 
10 Hz).

Anal. Calcd for C,2H2„02: C, 73.43; H, 10.27. Found: C, 
73.50; H, 10.17.

8 -M eth yltricyc lo [5 .2 .1 .03>8]decan-2-one (7). A . From  Diol
6-— To a solution of 1.121 g of diol 6 in 25 ml of methanol was 
added a solution of 3.2 g of periodic acid in 50 ml of water. 
The reaction mixture was stirred for 21.5 hr at room temperature 
and extracted with ether (100 ml, two 50-ml portions). The 
ether extracts were washed with water, dried over magnesium 
sulfate, and evaporated at reduced pressure to yield 0.930 g 
(99%) of ketone 7 as a waxy solid. Sublimation of 109 mg of the 
crude ketone at 40° (2.0 mm) gave 100 mg of the ketone as waxy 
prisms, mp 151-152°. The analytical sample obtained by 
preparative glpc (5 ft X 0.25 in. NPGS at 180°) melts at 161.0- 
162.5°: ir (CCh) 1750, 1458, 992, 974 cm "1; pmr (CCh) S 1.17 
(s, 3, bridgehead Me), 2.40 (broad s, 1, bridgehead H).

Anal. Calcd for CnHieO: C, 80.44; H, 9.82. Found: 
C, 80.24; H, 9.78.

The 2,4-dinitrophenylhydrazone melts at 165-167° after 
three recrystallizations from 95% ethanol.9

Anal. Calcd for C „H 20N4O4: C, 59.27; H, 5.86; N, 16.28. 
Found: C, 59.44; H, 5.81; N, 16.40.

B . From  Olefin 5 .— A solution of 5.472 g of olefin 5 in 55 
ml of methylene chloride containing 1.65 ml of pyridine10 was 
ozonized (Welsbach Ozonator, air pressure =  8 psi, flow rate = 
0.01, voltage =  82 V) for 7.5 hr at —78°. The reaction mix
ture was warmed to room temperature, washed with 10%  hy
drochloric acid (55 ml) and water (50 ml), and dried over mag
nesium sulfate. The solvent was removed by rotary evaporation 
to yield 6.229 g of viscous liquid. Glpc analysis of the crude 
product (6 ft X 0.25 in. 10% FFAP at 180°, He flow =  40 
cc/min) showed the product to consist of a 90:10 mixture of 
ketone 7 and olefin 5.

C. From  Alcohol 8.— To a solution 181.6 mg of tricyclic 
alcohol 8 in 3 ml of ether was added, dropwise over a period of 
15 min, 0.8 ml of chromic acid solution.11 12 The reaction mixture 
was stirred at room temperature for 0.5 hr and the ether layer 
separated. The aqueous layer was extracted with ether (two
5-ml portions). The combined ether layers were washed with 
saturated sodium bicarbonate and water and dried over mag
nesium sulfate. The ether was removed at reduced pressure to 
yield 156.2 mg (87%) of tricyclic ketone 7, whose spectral 
properties were identical with a sample prepared from olefin 5.

8-M eth yltr icyc lo [5 .2 .1 .03’8]decan-exo-2-ol (8 ) .—-To a solution 
of 960 mg of tricyclic alcohol 41 in 50 ml of olefin-free pentane 
was added 25 ml of 50% sulfuric acid. The flask was stoppered 
and stirred at room temperature for 20 hr. The pentane layer 
was separated, washed with water, and dried over magnesium 
sulfate. The solvent was removed at reduced pressure to 
afford 633.2 mg (66% ) of crude alcohol 8 as a yellow solid. 
The crude alcohol was sublimed at 40° (0.2 mm) to afford 450.8 
mg of a clear crystalline solid, mp 135-138°, having a camphorous 
odor: ir (CC14) 3610, 1456, 1376, 1053, 1026, 1001 cm "1; pmr 
(CDClj) S 1.06 (s, 3, bridgehead Me), 3.06 (s, 1, hydroxyl H, 
chemical shift concentration dependent), 3.58 (broad s, 1, 
Wh/7 =  4.5 Hz, C-2 H).

A nal Calcd for C „H 180 : C, 79.46; H, 10.91. Found: C, 
79.21; H, 10.98.

4<*-Hydroxy-3a0-m ethyl-7a/9-octahydroinden-2a-oic Acid Lac
tone (9 ).— To a solution containing 930 mg of ketone 7 , 5 ml of 
glacial acetic acid, and 333 mg of sodium acetate was added
1.85 ml of 40% peracetic acid.19 The reaction mixture was 
stirred at room temperature for 5 days, diluted with water, and 
extracted with ether. The ether extracts were dried over mag
nesium sulfate and the solvent was removed on a rotary evapora
tor leaving 889 mg (87%) of lactone 9 as a white crystalline mass. 
The analytical sample was obtained by recrystallization from 
pentane as white needles: mp 135-136°; ir (CCh) 1745, 1724, 
1370, 1239, 1050, 1022 cm“ 1; pmr (CCU) S 1.12 (s, 3, angular 
M e), 2.68 (broad m, 1, C-2 H).

Anal. Calcd for C „H I60 2: C, 73.30; H, 8.95. Found: C, 
72.97; H, 9.10.

(9) R. I. Shriner, R. C. Fuson, and D. Y. Curtin, “ The Systematic 
Identification of Organic Compounds,”  Wiley, New York, N. Y., 1956.

(10) See J. Krepinsky, 2. Samek, and F. Sorm, Tetrahedron, Suppl., 8, 
53 (1966).

(11) H. C. Brown and C. Garg, J. Amer. Chem. Soc., 88, 2952 (1961).
(12) R. R. Sauers and G. P. Ahearn, ibid., 83, 2759 (1961).

4a-H ydroxy-3afl-m ethyl-7«(3-octahydroinden-2a-olc Acid
(10).— A solution of 350 mg (8.70 mmol) of sodium hydroxide 
in 15 ml of water was added with stirring to 783.7 mg (4.35 mmol) 
of lactone 9. The stirred mixture was gently heated overnight, 
during which time the lactone dissolved. The reaction mixture 
was cooled on an ice bath and acidified until all the hydroxy 
acid 10 had precipitated. The mixture was extracted with ether 
(three 20-ml portions) and the ether extracts were dried over 
magnesium sulfate. The solvent was removed by rotary evapora
tion to yield 721.5 mg (84%) of white crystalline hydroxy acid
10. The analytical sample was obtained after recrystallization 
from benzene: mp 115.0-115.5°; ir (KBr) 3472, 1712, 1447, 
1394, 1370, 1237, 1208, 1183, 1031, 1010, 950 cm "1; pmr (CS2) S 
1.30 (s, 3, angular Me), 2.58 (broad m, 1, C-2 H), 4.06 (m, 1, 
C-4 H).

Anal. Calcd for CnHi80 3: C, 66.64; H, 9.15. Found: C, 
66.39; H, 9.03.

3a/3-M ethyl-4-oxo-7a/3-Dctahydroinden-2a-oic Acid (11).— A 
solution of 608.5 mg of hydroxy acid 10 in 15 ml of acetone was 
cooled to 0° in an ice bath. Jones reagent13 was added drop- 
wise, with stirring, until the solution turned brown. The solu
tion was stirred an additional 15 min, diluted to twice its volume 
with water, and extracted with ether (four 25-ml portions). 
The combined ether extracts were washed with 25 ml of water 
and dried over magnesium sulfate. The ether was removed by 
rotary evaporation to yield 560.2 mg (93%) of keto acid 11 as an
011. Crystallization was attempted in a number of solvent sys
tems, but to no avail: ir (CCh) 1755, 1716, 1463, 1422, 1379, 
1241, 1052, 1029 cm "1; pmr (CCh) S 1.18 (s, 3, angular Me), 
9.44 (s, 1, acidic H).

A solution of 38.2 mg of keto acid 11, 15.7 mg of sodium metal, 
and 4 ml of deuterium oxide (Bio-Rad Laboratories, 99.88 mol % ) 
was stirred overnight under gentle reflux. The solution was 
cooled in an ice bath and acidified to pH 3 with concentrated 
sulfuric acid. The solution was extracted with ether and the 
ether extracts were washed with water. The ether extracts 
were dried over magnesium sulfate and evaporated at reduced 
pressure to yield 29.3 mg of the deuterated keto acid. The 
deuterated keto acid was subjected to low-resolution mass spec
tral analysis for deuterium incorporation. The parent peak was 
measured at m/e 198 as compared to m/e 196 for the undeuterated 
keto acid 11, indicating the incorporation of two deuterium atoms 
per molecule.

M eth yl 3aj3-M ethyl-4-oxo-7a5-octahydroinden-2a-oate (1 2 ) .—  
To a cooled solution of 356.7 mg of keto acid 11 in ether was 
slowly added an ethereal solution of diazomethane prepared 
from nitrisomethylurea.1* The diazomethane solution was 
added until the yellow color of diazomethane persisted for at 
least 15 min. The yellow solution was gently heated on a steam 
bath until the solution turned colorless. The ether was removed 
by rotary evaporation to afford 363 mg (95%) of crude keto 
ester 12. The analytical sample was obtained by preparative 
glpc (6 ft X 0.25 in. SE-30 at 190°, He flow =  40 cc/m in): ir 
(CCh) 1739, 1709, 1429, 1370, 1183, 1172, 1119, 1020 cm“ 1; 
pmr (CCh) S 1.12 (s, 3, angular Me), 3.62 (s, 3, ester Me).

Anal. Calcd for C,2H180 3: C, 68.55; H, 8.63. Found: C, 
68.82; H, 8.85.

A solution of 44.6 mg of keto ester 12, 10 mg of sodium metal, 
and 4 ml of deuteriomethanol (Stohler Isotope Chemicals, 99% 
D ) was refluxed overnight with stirring. Excess deuterio
methanol was removed by rotary evaporation. The residue was 
dissolved in ether, washed with 10%  hydrochloric acid and 
water, and dried over magnesium sulfate. The ether was re
moved by rotary evaporation to yield 36.5 mg of deuterated keto 
ester. The deuterated material was subjected to low-resolution 
mass spectral analysis for deuterium content, which showed the 
presence of 10.6% Ci2HnDO, 34.6% Cr/H! )20 , and 54.8% 
C12H15D 30 .

3aS-Methyl-7ah-octahydroinden-2£-oic Acid (13).— A mixture 
of 4.0 g of mossy zinc, 0.4 g of mercuric chloride, 0.2 ml of con
centrated hydrochloric acid, and 6 ml of water was stirred for 
5 min. The aqueous solution was decanted and the zinc amal
gam added to 950 mg of keto acid 11. The mixture was covered 
with 3 ml of water and 4 ml of concentrated hydrochloric acid 
and refluxed for 28 hr. After refluxing had proceeded for 20 hr,

(13) A. Bowers, T. G. HalsaK, E. R. H. Jones, and A. J. Lemin, J. Chem. 
Soc., 2548 (1953).

(14) F. Arndt, ‘ Organic Syntheses,”  Collect. Vol. II, Wiley, New York, 
N. Y., 1943, p 165
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an additional 2 ml of concentrated hydrochloric acid was added 
to the reaction mixture.16 At the completion of the reflux 
period, the mixture was diluted with water and extracted with 
ether. The ether extracts were dried over magnesium sulfate 
and evaporated at reduced pressure to yield 819 mg of crude 
carboxylic acid 13 as an oil: ir (CC14) series of weak bands from 
3636 to 2481, 1701, 1456, 1446, 1410, 1370, 1287, 1232, 1224 
cm-1; pmr (CCh) S 1.01 (s, 3, angular Me), 11.00 (broad s, 1, 
acidic H).

Methyl 3a/3-Methyl-7a(i-octahydroinden-2f-oate (14).— An
ethereal solution of diazomethane14 was carefully added to a 
solution of 819 mg of crude carboxylic acid 13 in 25 ml of ether 
until the yellow color of diazomethane persisted for 15 min. The 
ether was removed by rotary evaporation to afford 852 mg of 
crude methyl ester 14 as a mixture of epimers. The two epimers 
could be separated by glpc (6 ft X  0.25 in. 10% FFAP at 125°, 
He flow = 40 cc/min) showing an 80:20 mixture. An analytical 
sample of the major epimer was obtained by preparative glpc: 
ir (CC14) 1735, 1456, 1429, 1373, 1353, 1200, 1170 cm "1 16; pmr 
(CCh) 6 0.98 (s, 3, angular Me), 3.57 (s, 3, ester M e). The ir 
of the minor epimer was almost identical with that of the major 
epimer.

Anal. Calcd for Ci2H20O2: mol wt, 196.1462. Found:
mol wt, 196.1457 (by high-resolution mass spectroscopy).

2£-Acetyl-3a/3-methyl-7ad-octahydroindene (16).— To a solu
tion of 420 mg of 85% potassium hydroxide in 5 ml of water was 
added 658 mg of methyl ester 14. The mixture was refluxed for 
1 hr, cooled to room temperature, acidified with 10%  hydro
chloric acid, and extracted with ether (two 20-ml portions). The 
ether extracts were dried over magnesium sulfate and evaporated 
at reduced pressure to yield 565.2 mg of crude carboxylic acid 13. 
Thionyl chloride (0.45 ml) was added to the crude acid in one 
portion. The mixture was refluxed for 2 hr and cooled to room 
temperature, and excess thionyl chloride was removed at reduced 
pressure.

A dimethylcadmium solution was prepared16 by adding 0.6 g 
of anhydrous cadmium chloride to a solution containing 2.1 ml 
of methylmagnesium bromide (3 M  ethereal solution) and 10 ml 
of ether at 0°. The solution was stirred and refluxed for 1 hr. 
The crude acid chloride 15, dissolved in 20 ml of benzene, was 
added to the dimethylcadmium solution and the reaction mixture 
was refluxed for 2 hr with stirring. The reaction mixture was 
cooled to room temperature, acidified with excess cold dilute 
hydrochloric acid, and extracted with two portions of ether. 
The ether extracts were washed with 5%  sodium bicarbonate, 
dried over magnesium sulfate, and evaporated at reduced pressure 
to afford 473.3 mg of crude ketone 16 as a dark oil. The crude 
ketone was chromatographed on 15 g of silica gel (20:1 petro
leum ether-ether) to give 297 mg (77%) of pure ketone 16 as a 
clear oil. Glpc (6 ft X 0.25 in. 10% FFAP at 150°) showed the 
product to be a mixture of epimers in a ratio of 60:40. An 
analytical sample of the major epimer was obtained by prepara
tive glpc: ir (CCh) 1715, 1463, 1445, 1372, 1355, 1174 c m '1; 
pmr (CCh) S 0.98 (s, 3, angular methyl), 2.03 (s, 3, acetyl 
Me).

Anal. Calcd for C i2H20O: mol wt, 180.1513. Found: mol 
wt, 180.1519.

3a/3-Methyl-7a/3-octahydroinden-2{-ol Acetate (17).—A solu
tion of 357 mg (1.75 mmol) of 85% m-chloroperbenzoic acid in 4 
ml of anhydrous cloroform was added to 283.2 mg (1.57 mmol) of 
methyl ketone 16. The reaction mixture was stirred in the dark 
at room temperature for 11 days and washed with saturated 
sodium bicarbonate (two 5-ml portions) and 10 ml of water. 
The combined aqueous washings were extracted with 20 ml of 
ether, and the combined organic layers were dried over mag
nesium sulfate. The solvents were removed by rotary evapora
tion to give 265.4 mg (89%) of crude acetate 17. The pmr 
spectrum (CC14) of the crude acetate indicates it to be a 70:30 
mixture of epimers.

3a0-Methyl-7a/3-octahydroinden-2£-ol (18).—A solution of 
265 mg of crude acetate 17 in 30 ml of anhydrous ether was added 
to a solution of 517 mg of lithium aluminum hydride in 20 ml of 
anhydrous ether. The mixture was stirred at room temperature 
for 22.5 hr and quenched by the dropwise addition of 3 ml of 10% 
potassium hydroxide. After stirring for 5 min, the solid was 
filtered and washed with ether. The combined ethereal solu

(15) F. E. King, J. Chem. Soc., 982 (1935).
(16) J. A. Berson, A. W. MeRowe, R. G. Bergman, and D. Houston, 

J.  Amer. Chem. Soc., 89, 2563 (1967).

tions were dried over magnesium sulfate and evaporated at re
duced pressure to yield 189.4 mg (91%) of the crude alcohol 18 
as a yellowish oil. The pmr spectrum (CDC13) of the crude 
product indicates it to be a 70:30 mixture of epimeric alcohols.

3ail-Methyl-7aj3-hexahydroinden-2(l//)-on e  (19).— To a solu
tion of 180 mg of the crude alcohol 18 in 3 ml of ether was added 
0.75 ml of chromic acid solution11 over a period of 15 min. The 
reaction flask was fitted with a condenser and stirred at room 
temperature for 2.25 hr. The ether layer was separated and the 
aqueous layer extracted with ether (two 5-ml portions). The 
combined ether layers were washed with saturated sodium bi
carbonate and water and dried over magnesium sulfate. Evap
oration of the ether afforded 131.3 mg of crude ketone 19 
as a yellowish oil. An analytical sample was obtained by 
preparative glpc (6 ft X 0.25 in. 10% FFAP at 150°, He flow = 
40 cc/m in): ir (CCh) 1745, 1443, 1401, 1373, 1252, 1202 c m "1; 
pmr (CCh) & 1.13 (s, 3, angular Me), 1.47 (broad s, 8 , cyclohexyl 
methylenes). Ir (CS2) was identical that of with a sample pre
pared by catalytic reduction of 7a-methyl-4,5,6,7-tetrahydroin- 
den-2-( l / /) -o n e .6

Anal. Calcd for CioHieO: mol wt, 152.1201. Found: mol
wt, 152.1201 (by high-resolution mass spectroscopy).

The 2,4-dinitrophenylhydrazone melts at 143-144° (corrected) 
after two recrystallizations from methanol.

The deuterated hydrindanone was obtained by preparative 
glpc (6 ft X 0.25 in. 10% KOD, 20% Carbowax 20M on Chromo- 
sorb W 60-80 at 150°).4 The procedure consisted of injecting 
10 jul of ketone 19 on the column which had been equilibrated 
with 100 of deuterium oxide and collecting the effluent. The 
collected sample was subjected to mass spectral analysis which 
showed the presence of 6.1%  C10H15DO, 20.4% CioH»D20 ,  
40.6% CioH13D 30 , and 32.9% Ci„H12D40 .

8-Methyltricyclo[5.2.1,03>8] decan-endo-2-ol (20).— A solution 
of 168.2 mg of tricyclic ketone 7 in 5 ml of anhydrous ether was 
added, dropwise, to a stirred refluxing suspension of 116 mg of 
lithium aluminum hydride in 10 ml of anhydrous ether. The 
reaction mixture was refluxed for 13 hr and excess lithium alu
minum hydride decomposed with 10% hydrochloric acid. The 
ethereal solution was separated, dried over magnesium sulfate, 
and evaporated at reduced pressure to afford 147.1 mg (86.5%) of 
crude tricyclic alcohol 20 as a crystalline white solid having a 
highly camphorous odor. The crude alcohol was sublimed at 
40° (0.4 mm) to afford 103 mg of white crystalline solid: mp 
146° (sublimes); ir (CCh) 3665, 1456, 1376, 1140 1055 cm “ 1; 
pmr (CCh) 8 1-00 (s, 3, bridgehead Me), 4.16 (d of d, 1, / 2,3 = 
9, / i ,2 =  5 Hz, C-2 H).

Anal. Calcd for CnHi80 :  C, 79.46; H, 10.91. Found: 
C, 79.53; H, 10.89.

l-Methyltricyclo[4.4.0.02.8jdecan-exo-7-ol (34).— A solution of
239.4 mg of tricyclic ketone 32 in 10 ml of anhydrous ether was 
added, dropwise, to a refluxing mixture of 175 mg of lithium 
aluminum hydride and 20 ml of anhydrous ether. The mixture 
was gently refluxed for 17 hr and cooled to room temperature, 
and excess lithium aluminum hydride decomposed with 5%  
aqueous potassium hydroxide. The resulting white precipitate 
was filtered and washed with ether. The filtrate was dried over 
magnesium sulfate and evaporated at reduced pressure to yield
194.6 mg (80%) of crude alcohol 34 as a white solid. A portion 
of the crude product was sublimed at 40° (1.0 mm) to afford white 
crystals: mp 106-110° (sublimes); ir (CCh) 3660, 1471, 1445, 
1377, 1130, 1041 cm-1; pmr (CDC13) 5 1.07 (s, 3, bridgehead 
M e), 3.86 (d, 1, J  =  6 Hz, C-7 H).

Anal. Calcd for CnHisO: C, 79.46; H, 10.91. Found: C, 
79.48; H, 11.19.

1,7-Dimethyltricyclo[4.4,0 .0!'8]decan-exo-7-ol (35).— A solu
tion of 82 mg of tricyclic ketone 3 in 5 ml of anhydrous ether was 
added to 20 ml of a 5.07% solution of methyllithium in ether. 
The reaction mixture was refluxed for 2 days under nitrogen and 
stirred an additional day at room temperature. The mixture 
was quenched with water and the ether layer separated. The 
aqueous layer was extracted with ether, and the combined ether 
layers were washed with brine and dried over magnesium sulfate. 
The solvent was removed by evaporation to afford 92.6 mg 
(100%) of methyl carbinol 35 as a crystalline solid. The an
alytical sample was prepared by sublimation at reduced pres
sure: mp 57-58°; ir (CCh) 3660, 1449, 1376, 1140, 1087, 1047, 
924 c m -1; pmr (CCh) S 1.07 (s, 3,' bridgehead Me), 1.23 (s, 3, 
C-7 Me).

Anal. Calcd for C]2H20O: C, 79.94; H, 11.18. Found: 
C, 79.32; H, 11.25.
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Acid-Catalyzed Rearrangem ent of Tricyclic Alcohol 3 4 .— To a
solution of 194 mg of tricyclic alcohol 34 in 10 ml of spectro- 
quality pentane was added 5 ml of a 50% aqueous sulfuric acid 
solution. The two phase system was stirred for 14 hr at room 
temperature. The pentane layer was separated from the aqueous 
layer, washed with water, and dried over magnesium sulfate. 
The pentane was removed by evaporation to afford 113.8 mg of 
tricyclic alcohol 8 as a white solid (53.6% yield). The spectral 
properties were identical with those of alcohol 8 prepared by 
rearrangement of alcohol 4.

Acid-Catalyzed Rearrangem ent of Tricyclic Carbinol 3 5 .— •
To a solution of 72.6 mg of tricyclic carbinol 35 in 3 ml of spectro- 
quality pentane was added 1.5 ml of 50% aqueous sulfuric acid. 
The two-phase system was stirred at room temperature for 18 
hr. The pentane layer was separated and washed with water. 
The combined aqueous layers were extracted with ether, and 
ether extracts were washed with water. The combined organic 
extracts were dried over magnesium sulfate and evaporated at 
reduced pressure to give 48.9 mg (75%) of a clear liquid having 
a camphorous odor. The spectral properties of this material 
were identical with those of tricyclic hydrocarbon 5 prepared 
from compound 1.

3 ,6-D im ethyltricyclo[4 .4 ,0 .0 2 7]dec-3-en e (32) and 3 -M eth ylen e- 
6-m ethyltricyclo[4.4.0.0s-7]decane (3 3 ).— To a solution of 180 
mg of alcohol 1 in 1 ml of pyridine was added 0.25 ml of phos
phorus oxychloride. The solution was slowly warmed to 90° 
and then allowed to cool to room temperature. The partially 
crystalline mixture was mixed with 25 ml of ice water and ex
tracted with ether (three 30-ml portions). The combined ether 
extracts were washed with 5%  HC1 (50 ml), 10% K 2C 03 (10 
ml), and saturated NaCl (50 ml). After drying over MgSOi, 
the ether was evaporated under reduced pressure to yield 135.5

mg of colorless liquid. Glpc analysis (10% NPGS, 135°) 
showed the product to be a mixture of 32 and 33 in a ratio of 
80:20. The major product (endocyclic ;dcmble bond isomer 32)  
had the following spectral properties: ir (CCI4) 3050, 3025, 2930, 
2830, 1480, 1450, 1385, 1370, 1270, 1225, 1190, 1040, 982, 960, 
940, 880, 860 cm-1; pmr (CC14) S 0.92 (s, 3, angular Me), 5.17 
(m, 1, vinyl H). The minor product (exocyclic double bond 
isomer) had the following spectral properties: ir (CC14) 3030, 
1680, 1500, 1430, 1470, 1465, 1400, 883 cm "1; pmr (CC14) 
5 0.87 (s, 3, angular Me), 2.60 (s, 1, C-2 H), 2.45 (broad t, 
2, C-4 H ’s), 4.52 (q, 2, vinyl H ’s).

A solution of 199 mg of the olefin mixture, prepared as above, 
in 10 ml of pentane was layered over 5 ml of 50% aqueous 
sulfuric acid. After stirring vigorously for 16 hr, the pentane 
layer was decanted, dried, and evaporated to yield 181 mg of 
clear oil. Analysis by glpc and pmr showed that no reaction had 
occurred.

Registry No.— 5, 32980-12-4 6, 32970-82-4; 7,
32980-13-5; 7 2,4-DNP, 32980-14-6; 8, 32970-83-5; 
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32970-87-9; 13, 32970-81-3; 13 epimer, 32970-88-0; 
14,32970-89-1; 14 epimer, 32970-90-4; 16,32970-91-5; 
16 epimer, 33020-76-7; 19, 13351-29-6: 19 2,4-DNP, 
32970-93-7; 20, 32970-94-8; 32, 33015-39-3; 33,
33015-40-6; 34,33020-77-8; 35,33020-78-9.
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A survey of the chemistry of 2-substituted tricyclo[3.3.0.0s'7]octyl derivatives was initiated. Experiments 
were conducted which produced the following reactive intermediates at the 2 position: free radicals, carbanions, 
and carbonium ions. It was found that those reactions which involved formation of cationic intermediates 
yielded rearranged products via a formal ring contraction of a five- to a four-membered ring. Analysis of solvoly
sis data of the 2-brosylate suggests that this rearrangement proceeds with a rate enhancement of the order of ca.
10s.

Exploitation of the unique properties of strained mole
cules has provided physical organic chemists with 
significant insights into the mechanistic details of or
ganic transformations. In addition, there has been a 
special fascination with the synthesis and behavior of 
molecules which possess a high degree of symmetry:
e.g., tetrahedrane, cubane, adamantane. These three 
molecules are notable in that the smallest rings in each 
system are all of the same size, three-, four-, and six- 
membered, respectively. We have for some time been 
interested in the most symmetrical all five-membered 
ringhomolog; tricyclo[3.3.0.03,7]octane ( l ) .2-4 In this 
report we wish to detail the synthesis of several deriv- 1 2 3 4

(1) Presented in part at the 158th National Meeting of the American 
Chemical Society, New York, N. Y., Sept 1969, Abstracts, ORGN 74; see 
also R. R. Sauers and B. R. Sickles, Tetrahedron Lett., 1067 (1970).

(2) (a) R. R. Sauers, W. Schinski, and M. M. Mason, ibid., 79 (1969); 
(b) R. R. Sauers and K. W. Kelly, J. Org. Chem., 85, 3286 (1970).

(3) For other syntheses of this ring system see (a) O. W. Webster and L. H. 
Sommer, ibid., 29, 3103 (1964); (b) P. K. Freeman, V. N. M. Rao, and G. E. 
Bigam, Chem. Commun., 511 (1965); (c) B. R. Vogt, S. R . Suter, and J. R. E. 
Hoover, Tetrahedron Lett., 1609 (1968).

(4) This molecule may be regarded as a bis nor homo log of adamantane or 
twistane depending on whether the methylenes are inserted at the zero- 
carbon bridges or at the appropriate methylene sites, respectively. The 
symmetry of this molecule (D2d) precludes both structural isomerism and 
optical activity in monosubstituted derivatives.

8

1

atives of 1 and to report the results of a survey of some 
of the chemistry of this system.

The key intermediates used in this study were the 
acid 2 and the alcohol 3. The detailed procedure for

CHO cr OH
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th e  p reparation  o f  2 has been  p u b lish ed 2*3 and the de
tails fo r  th e  preparation  o f  3 2a m ay  be fou n d  in the E x 
perim enta l Section .

A ttem p ts  to  prepare 8 b y  either th e  co n v e n tio n a l 
H u nsdiecker procedu re  or  the C r is to l-F ir th  m od ifica 
t io n 8 led to  the form a tion  o f  the brom id e  9. In  b o th

Results and Discussion

T h e  su rvey  o f  th e  ch em istry  o f  1 w as designed  to  in 
c lu de  som e representative reactions from  three m a jor 
ca tegories : free rad ica l reactions, reactions in v o lv in g  
ca rb a n ion ic  interm ediates, and solvo lyses and  other 
ca rb on iu m  io n  reactions. I t  w as fe lt th a t th e  results 
o f  these studies w ou ld  p rov id e  a reasonable overv iew  
o f  th e  b eh a v ior  o f  th is system .

Radical Reactions.— O ur in terest in exp lorin g  this 
area w as stim u lated  b y  tw o previou s reports  dealing 
w ith  th e  b eh a v ior  o f  th e  2 -tr icy c lo [3 .3 .0 .0 3'7]o cty l radi
ca l. In  ou r  earlier s tu d y 2*3 it  w as show n  th at 5 under
w en t cleavage  in  com p etition  w ith  chain  transfer (eq 1 ). 
O n  th e  o th er  hand, it  w as rep orted  th at ch lorin ation  o f  
1 gave  ch loride  7 exclu sive ly .5 I t  w as o f  in terest to

exam ine m ore fu lly  the depen den cy  o f  p ro d u ct d istribu 
t io n  on  reaction  con d ition s  and th e  nature o f  th e  ter
m ination  step.

T h e  first and  sim plest results w ere ob ta in ed  on  treat
m en t o f  acid  2 w ith  lead  tetraacetate  and lith iu m  b ro 
m id e .6 T h ere  w as ob ta in ed  a  2 9 %  y ie ld  o f  a b rom id e  
w hose spectra l properties [nm r S 4.11 (t ) ] and  elem ental 
analysis w ere com p atib le  w ith  those exp ected  fo r  8.

2 — *-

8

In  add ition , th is substance cou ld  be  con v erted  to  1 b y  
red u ction  (vide infra). T h e  analogous reaction  w ith  
lith iu m  ch loride  p ro v e d  to  be  con siderab ly  m ore co m 
p lex  in  th a t a m ixture o f  at least six p rod u cts  w as o b 
ta in e d ,7 in clu d in g  a 3 6 %  y ie ld  o f  unrearranged ch loride 
7. T h e  y ie ld  o f  7 w as d ou b led  if  a m olar excess o f  lith 
iu m  ch loride  w as used.

(5) P. K. Freeman, R. B. Kinnel, and T. D. Ziebarth, Tetrahedron Lett., 
1059 (1970).

(0) J. K. Kochi, J. Org. Chem., 30, 3265 (1965).
(7) In addition to 7, the following components were identified: 2-acetoxy- 

tricyclo[3.2.1.08,6]octane (40%), 2-chlorotricyclo[3.2.1.03,6]octane (6%), 
and 2-acetoxytricyclo[3.3.0.0*,7]octane (6%).

2
Br

H
8

cases, it  is likely  th at th e  u ltim ate p ro d u ct  w as fo rm ed  
from  8 via m eta l ion  ca ta lyzed  rearrangem ents.

T h e  feasib ility  o f  this sequence w as dem on stra ted  in  
the secon d  case in  th at it  w as fou n d  th a t 8 cou ld  be  
tran sform ed  in to  9 on  treatm en t w ith  m ercu ric o x id e -  
m ercuric b rom id e  under th e  reaction  con d ition s . R e 
arrangem ents during H u n sd ieck er reactions are rare9 
and are u n preceden ted  in  C r is to l-F ir th  reactions.

T h e  last rad ica l reaction  stu d ied  w as th e  d ecom p osi
tion  o f  th e  h y p och lor ite  I I ,  p repared  a cco rd in g  to  eq  2 .

T h erm a l and  p h otoch em ica l decom p osition s  o f  h y p o 
ch lorites are k n ow n  to  p rodu ce  radicals b y  in tram olec
ular h yd rogen  abstraction s a n d /o r  b y  h o m o ly t ic  c lea v 
ages .10 In  th e  case at hand, b o th  m ethods o f  d e co m 
p osition  gave  a com p lex  m ixture o f  p rod u cts  in  w h ich  
o n ly  trace  am ou n ts o f  ch loride 7 cou ld  b e  d etected . 
A n  oxygen -con ta in in g  p rod u ct w as iso la ted  to  w h ich  
structure 12 is assigned on  th e  basis o f  spectra l d a ta

[nm r 5 3.94 (d , J  =  2.5 H z )]  and e lem ental an a lysis . 11 
T h u s th e  in term ediate  a lk oxy  rad ica l u ndergoes p ref
erentia l in tram olecu lar h y d rog en  abstraction  rather 
th an  h o m o ly t ic  cleavage. In  th is respect th is system  
resem bles th e  beh av ior o f  the analogous e n d o -n orb om y l 
d eriva tive  (eq 3 ) and stands in  con trast to  th a t o f  th e  
exo system  (eq  4 ). T hese  differences are best ra tion a l
ized  in  term s o f  th e  distances betw een  th e  5 h ydrogen s 
and  th e  o x y  radica ls. I t  is clear from  m odels th a t th is 
d istance is sign ifican tly  greater in  the exo-riorbornyl 
system  th a n  in  th e  oth er tw o.

In  general, it  appears th at th e  tr icy c lo o c ty l rad ica l 4 
is re la tive ly  stab le  and th at ring  cleavage  is n ot ex
p ected  excep t w hen  the term in ation  step  requires sig
n ificant a ctiv a tion  energy. T h e  fa c t  th a t 4  does

(8) S. J. Cristol and W. C. Firth, J. Org. Chem.. 26, 280 (1961).
(9) W. V. E. Doering and M. Farber J. Amer. Chem. Soc., 71, 1514 (1949).
(10) F. D. Greene, M. L. Savitz, F. D. Osterholtz, N. H. Lau, W. N. 

Smith, and P. M. Zanet, J. Org. Chem., 28, 55 (1963).
(11) The by-products formed in this reaction are believed to arise from 

the reaction of unreacted alcohol 10 with the HC1 liberated from the cy- 
clization step.
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undergo ring open in g  under re la tive ly  m ild  con d ition s 
(ca. 125°) is ev iden ce  th a t strain  relief p rov ides a sig
n ificant d riv in g  force  in  th is system . T h e  b o rn y l radi
cal, fo r  exam ple, undergoes re la tive ly  m inor ring c lea v 
age at tem peratures as h igh  as 2 5 5 ° .12

Carbanion Reactions.— C arban ions o f  1 w ere gen
erated  under tw o  w id e ly  d iffering sets o f  con d itions. 
T h e  redu ction  o f b rom id e  8 {vide supra) w as carried  
ou t w ith  m etallic sod iu m  in  liqu id  am m onia  and  p ro 
du ced  1 o f greater th an  9 4 %  p u rity . T h e  potassium  
ferf-b u tox id e -w a ter-e th er  cleavage  o f  13 w as repeated  
in  deuterium  oxide to  establish  u n eq u iv oca lly  th e  u lti
m ate source o f  th e  ca rb on -b ou n d  h ydrogen . T h e  fa ct 
th a t one a tom  o f  deu teriu m  w as fou n d  in  the p ro d u ct 
acid  14 confirm s th e  presence o f  th e  postu la ted  carban -

ion  in term ed ia te . 13 A lth ou gh  ring  open in g  o f  carban 
ions in  a fash ion  analogous to  the radica l cleavage  (eq  1 ) 
w ou ld  be  expected  to  be  exoth erm ic, th e  reaction  con d i
tion s in  th e  a b o v e  experim ents w ere re la tive ly  m ild . 14

Carbonium Ion Reactions.— T h ere  are in d ication s 
from  th e  results o f  at least tw o  o f  th e  reactions discussed 
a b ov e  th at rearrangem ents o f  th e  2 -tr icy c lo [3 .3 .0 .0 3’7]- 
o c ty l carbon iu m  ion  are rem ark ab ly  fa c ile : the m er
cu ric salt ca ta lyzed  rearrangem ent o f  8 and the form a 
tion  o f  2 -a ce to x y tr icy c lo [3 .2 .1 .0 3'6]octan e from  2 on  
treatm en t w ith  lead  te traaceta te .6’15 In  order to  ex
am ine th is rearrangem ent m ore system atica lly , w e chose 
to  s tu d y  th e  b eh a v ior  o f  b rosy la te  15 under so lvo lysis  
con d itions. U n der either aceto lysis  o r  h ydrolysis  con -

(12) J. A. Beraon, C. J. Olsen, and J. S. Walia, J. Amer. Chem. Soc., 84, 
3337 (1962).

(13) P. G. Gassman and F. V. Zalar, ibid., 88, 2252 (1966); see also P. G. 
Gassman, J. T. Lumb, and F. V. Zalar, ibid., 89, 946 (1967).

(14) For discussions and literature analogies see E. A. Hill, R. J. Theissen, 
and K. Taucher, J. Org. Chem., 34, 3061 (1969), and P. K. Freeman, V. N. M. 
Rao, D. E. George, and G. L. Fenwick, ibid., 32, 3958 (1967).

(15) Carbonium ion rearrangements have not generally been observed in
these decarboxylations when lithium chloride is present owing to the rapid
ligand transfer step. For example, neopentyl chloride can be prepared in
high yield from /3,/S-dimethylbutyric acid.6

ditions the on ’.y  d etectab le  p rod u cts  w ere derivatives 
o f  th e  tr icy c lo  3 .2 .1 .0 3’6]octy l system  (16 ).16 T h is  re
m arkable rearrangem ent in vo lves  a  form al ring co n 
traction  o f a five- to  a fou r-m em bered  ring and  is w ith 
ou t precedent. In  m an y respects (see be low  for  details) 
th e  beh av ior o f  th e  7 -n o rb o m y l system  serves as a use
fu l m odel fo r  com p arative  analysis. In  th is system , 
k inetic and p rod u ct studies led  to  the con clu sion  th at 
the fou r-m em bered  ring system  18 is ca. 14 k c a l/m o l 
less stable th an  th e  isom eric system  17.17

F urther insight in to  the m echanism  o f  th e  rearrange
m ent 15 —► 16 w as p ro v id e d  b y  a labelin g  s tu d y  and  b y  
m easurem ent o f  th e  k inetics o f  acetolysis. T h e  pur
pose o f  the labeling experim ents w as to  d ifferentiate 
betw een  th e  d irect p a th w a y  o f  m igration  (a) and  a tw o - 
step sequence (b ) w h ich  w ou ld  lead  to  th e  sam e final 
p rod u ct. A s show n  in  S chem e I , these tw o  paths lead

S c h e m e  I

to  tw o  d ifferently  labeled  deu terated  isom ers starting 
w ith  th e  deuterated  tosy la te  19. T h e  finding th at th e  
a lcoh ol isolated  from  th e  h yd ro lysis  o f  19 had essentially  
no deuterium  at C 2 stron g ly  su pports  th e  d irect m igra
tion  pa th w ay  and u n eq u iv oca lly  elim inates th e  tw o - 
step  m echanism .

T h e  k inetic analysis o f  th e  a ceto lysis  o f  15 w as co m 
p lica ted  b y  non-first-order b eh av ior. D u rin g  th e  first 
2 8 %  o f th e  reaction  th e  ca lcu lated  first-order rate co n 
stants drifted  dow n w ard  until a con stan t va lu e  o f  1.3 X  
10~5 s e c -1  w as attained . T h is  b eh a v ior  is ty p ica l o f  
system s w hich  so lv o ly ze  w ith  in ternal return  to  fo rm  a 
less reactive  substrate, th e  m athem atica l analysis h av 
in g  b een  w ork ed  ou t b y  Y o u n g , W in stein , an d  G o e - 
r in g .18 O ur results are m ost con sistent w ith  th e  situa
tion  described  b y  Schem e I I  in w h ich  d irect so lvo lysis  
(15 16) and internal return  (15 -> -2 1 ) are com p eti
tiv e  processes F reem an and cow ork ers5 arrived  at the

(16) R. R. Sauers, R. A. Parent, and S. B. Damle, J. Amer. Chem. Soc., 
88, 2257 (1966).

(17) S. Winstein, F. Gadient, E. T. Stafford, and P. E. Kiinedinst, Jr., 
ibid., 80, 5895 (1958).

(18) W. G. Young, S. Winstein, and H. L. Goering, ibid., 73, 1958 (1951).
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Sch em e  I I

sam e con clu sion  on  th e  basis o f  sim ilar experim ental 
results. T h e  basis for  th e  adop tion  o f Schem e I I  rests 
on  several additional observations. F or on e th ing, 
there is g ood  agreem ent betw een  th e  ca lcu lated  rate of 
d isappearance o f 21 and th at ob serv ed : 1.4 X  10“ :>
se c“ 1 vs. 1.3 X  10“ s sec- 1 .16 S econ dly , it w as o b 
served  on  m on itorin g  the acetolysis b y  nm r spectros
co p y  th at the rate o f  disappearance o f  15 exceeded  the 
rate o f  form ation  o f 16 and th at a new  peak  appeared 
in  the region  expected  for  p roton s  b ou n d  to  a secon dary  
carbon  bearing oxygen . I t  w as show n  b y  d irect co m 
parison  th at this p eak  h ad  th e  sam e ch em ical sh ift as 
th e  C H O  p ro ton  in  2 1 .

T h e  sign ificance o f  th e  rate  d a ta  can  b e  appreciated  
b y  com parison  w ith  m odel system s or  b y  use o f  em piri
ca l correla tion s .19 In  th e  absence o f  steric com p lica 
tion s19 20 there is a g o o d  correla tion  betw een  solvolysis 
rates and th e  stretch ing frequ en cies o f  th e  carbon y l de
rivatives loca ted  at th e  sam e sites in th ose  cases w h ich  
are be lieved  to  ion ize  w ith ou t anchim eric assistance. 
O n  th is basis it is estim ated th at 15 sh ou ld  so lv o ly ze  
10“ 7 tim es as fast as cy c loh ex y l brosy la te . A  rate 
enhancem ent o f  109 m ay  b e  ca lcu lated  from  th e  actual 
rate ra tio  at 5 3 ° .21 A ltern ative ly , on e ca n  com pare 
rates d irectly  w ith  th ose  from  m od el system s. A s 
m en tioned  earlier, th e  7 -n orborn y l system  appears to  be  
close ly  rela ted  to  15 in v iew  o f the correspondence be
tw een  b o n d  angles in  th e  grou nd  states and at th e  tri
gonal centers. F or exam ple, th e  b on d  angles abou t 
C 7 in n orbornan es range from  92 to  9 7 ° 22 com pared  
w ith  th e  v a lu e  o f 93° estim ated  from  m odels  fo r  th e  
C 1- C 2- C 3 angle in  15. T h e  sim ilarity  in ca rb on y l 
stretch ing  frequencies betw een  7 -k eton orborn an e (1773 
c m -1 ) and 2 -k e to tr icy c lo [3 .3 .0 .0 37]octane (22) (1771 
c m “ 1) is likew ise suggestive o f  sim ilar geom etry  at th e

22

(19) (a) C. S. Foote, J. Amer. Chem. Soc., 86, 1853 (1964); (b) P. v. R. 
Schleyer, ibid., 86, 1854 (1964); (c) J. L. Fry, C. J. Lancelot, L. K. M. Lam, 
J. M. Harris, R. C. Bingham, D. J. Raber, R. E. Hall, and P. v. R. 
Schleyer, ibid., 92, 2538 (1970).

(20) H. C. Brown, W. J. Hammar, J. H. Kawakami, I. Rothberg, and
D. L. Vander Jagt, ibid., 89, 6381 (1967).

(21) The value for cyclohexyl brosylate was taken from data given by 
H. C. Brown and G. Ham, ibid., 78, 2735 (1956).

(22) J. F. Chiang, C. F. Wilcox, Jr., and S. H. Bauer, ibid., 90, 3149
(1968).

trigonal centers in  these tw o  m olecules. T h is  analysis 
leads to  a v a lu e  o f 107 fo r  th e  rate enhancem ent fa c to r .23

In  v iew  o f the reservations w h ich  h ave  arisen co n 
cerning th e  appropriateness o f  these ca lcu lation s and  
analogies ,20'24 25 it w as im portan t to  p ro v id e  m ore  co m 
pelling d a ta  to  su pport the conclusions. I t  is k n ow n  
th at a lk yl groups stabilize carbon iu m  ions to  a re la tive ly  
large degree. F actors as large as 108 h ave  been  re
p orted  for  th e  rate ratios o f  te rt ia ry /se co n d a ry  so l- 
vo ly ses ,26 a lthough  m ore ty p ica l a -C H 3/ H  effects are 
in th e  range 104-1 0 6.26 S u bstitu tion  o f  a m eth y l 
grou p  for  h ydrogen  in th e  tr icy c lo [3 .3 .0 .0 3J]o c ty l sys
tem  w ou ld  thus n ot be  exp ected  to  su fficiently  stabilize  
the resulting tertiary  carbon iu m  ion  to  the exten t th a t 
rearrangem ent w ou ld  be  inh ib ited . A n  in d ica tion  th a t 
this con clu sion  is indeed  correct com es from  th e  results 
o f  th e  reaction  o f a lcoh ol 10 w ith  h yd roch lor ic  acid . 
T h ree  p rod u cts  w ere isolated  from  th is rea ction : tw o  
olefins and  a ch loride. T h e  tw o  olefins w ere assigned 
structures 23 and 24 on  th e  basis o f  analysis o f  in frared  
and nm r spectral data. M ore  im portan tly , th e  ch loride  
form ed  w as n ot the p rod u ct o f  d irect h y d ro x y l rep lace
m ent, since th e  nm r spectru m  disp layed  a low -fie ld  
singlet a ttribu tab le  to  a CH C1 m oiety . T h is  find ing 
and th e  fa ct  th a t an isop rop y l group  w as also present 
lead  us t o  p ropose  structure 25 fo r  th is substance. T h is

p rod u ct cou ld  be  form ed  b y  rearrangem ent o f  th e  ter
tiary  ion  26, itself the result o f  h ydride  sh ifts a n d /o r

10 — »

26

p roton ation  o f  24. W h ile  it  has n ot been  established  
w hether 25 is form ed  in  a k in etica lly  con tro lled  reaction  
or  n ot, it  should  b e  p o in ted  ou t th at these p rod u cts  
w ere also form ed  as b y -p ro d u cts  during th e  p h o to 
chem ical d ecom position  o f  11 (15 m in  at — 10°, 30 
m in at 2 5 ° ) . F or com parison , th e  p ro d u ct o f  k in etic 
con tro l w as isolated  under con siderab ly  m ore v igorou s

(23) The rate of acetolysis of 17 at 53° (ca. 10-11 sec-1) was calculated 
from data given by H. Tanida, S. Ikegarni, and N. Ishitobi, ibid., 89, 2928
(1967) .

(24) R. E. Davis, D. Grosse, and A. Oh.no, Tetrahedron, 23, 1029 (1967).
(25) J. L. Fry, J. M. Harris, R. C. Bingham, and P. v. R. Schleyer, J . 

Amer. Chem. Soc., 92, 2540 (1970).
(26) K. L. Servis, S. Bor£i6, and D. E. Sunko, Tetrahedron, 24, 1247

(1968) .

25
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conditions (30 min at 0°, 1 hr at 25°) in the case of di- 
methyl-l-norbomylcarbinol (eq 5).27

Finally, we have some preliminary results with the 
tertiary p-nitroberizoate 27 which also undergoes re
arrangement concurrent with hydrolysis.28,29 In this 
case the unrearranged alcohol was shown to be stable 
toward the reaction conditions, and the rearranged 
alcohol was assigned structure 28 on the basis of its 
mass spectral fragmentation pattern and nmr data.

There can be little doubt that these cationic reactions 
proceed with great facility, the overall driving force 
being rearrangement to a more stable ring system. Al
though relief of nonbonded strains may be significant 
in promoting the rearrangements, it appears that the 
principal factor involves relief of bond angle strains at 
carbons 2 and 6. It is estimated that the C -C -C  angles 
at these positions expand by as much as 10-12° during 
the course of the rearrangements. None of the other 
C -C -C  angles appear to change by more than a few 
degrees during the rearrangement. In any event, 
these results clearly demonstrate that carbon-carbon 
participation in strained saturated systems can pro
duce rather large rate enhancements. Previously, 
rate enhancements of the magnitude discussed here 
have been observed only in systems in which double 
bonds or cyclopropyl rings were involved. A more 
complete discussion of the nature of the intermediates 
and transition states in these solvolyses will be deferred 
until data is available on the substituted systems.

Summary and Conclusions

The results discussed above present an interesting 
spectrum of behavior. Under the conditions examined 
the carbanionic species proved to be stable. The free 
radical, given sufficient activation, rearranged via 
cleavage of one of the bonds between adjacent bridge
heads. It is interesting that the same mode of cleavage 
is net found in carbonium ion reactions, especially 
when one considers the strain relief which must ac
company this process. Instead, the carbonium ion 
invariably suffered ring contraction with the formation 
of the tricyclo[3.2.1.03 29-8]octyl system. This latter 
result highlights the complexities of the chemistry of 
strained polycyclic ring systems and provides stimulus 
for further experimentation.

(27) R. R. Sauers and D. H. Ahlstrom, J. Org. Chem., 32, 2233 (1967).
(28) B. R. Sickles, M.S. Thesis, Rutgers University, 1970.
(29) Kinetic studies are in progress whose objective is to determine the

magnitude of the ar-CHs/H effect. Complete details of the syntheses, prod
ucts, and kinetics of these reactions will be presented in a subsequent com
munication.

Experimental Section
Elemental analyses were determined by Micro-Tech Labora- 

tores, Skokie, 111. Infrarec spectral data was obtained from a 
Perkin-Elmer Model 137 spectrometer on thin films or as noted. 
Nuclear magnetic resonance spectra were obtained from a Varian 
Model A-60 spectrometer in carbon tetrachloride with tetra- 
methylsilane as internal standard. Gas chromatograms were 
determined on an Aerograph A90P (analytical and preparative): 
(A) 15-ft 5%  Carbowax 20M, (B) 12-ft 2%  Carbowax 20M,
(C) 12-ft 10% Apiezon L. Melting points were determined on a 
Mel-Temp apparatus and are uncorrected. Mass spectra were 
determined on an Hitachi RMU-7 mass spectrometer at 70 eV.

2 -B ro m o tric y c b [3 .2 .1 .0 36) octane (9 ) .8 A .— A solution of 
0.54 g (3.1 mmol) of 2 and 0.54 g (3.4 mmol) of bromine in 5 ml 
of carbon tetrachloride was added over a 10-min period to an ice- 
cold suspension cf 1.33 g (6.16 mmol) of red mercuric oxide in 1 
ml of carbon tetrachloride. The resulting mixture was 
stirred at 26° for 17 hr and filtered to remove the mercury salts. 
Gc analysis (A, 150°) revealed a single component, which was 
isolated by evaporation of the solvent followed by distillation 
of the residue. The yield of product, bp 84° (8 mm), whose in
frared and nmr spectra were identical with those of authentic16 
9 , was 0.196 g (34%).

B .— The silver salt of 2 was prepared30 by treatment of 1.0 g 
(6.58 mmol) of the acid in 13 ml of water and 0.6 ml of 28% am
monium hydroxide solution with a solution of 1.1 g of silver ni
trate in 15 ml o: water. The precipate was collected, washed 
with water and ether, and dried at 100° (0.2 mm).

A suspension of the salt in 15 ml of dry petroleum ether (bp 30- 
60°) was cooled to —10° and treated with a solution of 0.705 g 
(4.42 mmol) of bromine in 5 ml of petroleum ether. The mix
ture was stirred for 30 min at —10°, 30 min at 25°, and 3 hr at 
reflux. The solvent was evaporated after filtration and the 
residue was distilled at 45° (0.1 mm) to give 0.275 g (38%) of 
bromide 9 whose infrared and nmr spectra were identical with 
those of authentic material.

2-B rom o tricycb [ 3 .3 .0 ,03'7]octane (8 ) .— To a solution of 1.00 
g (6.58 mmol) of acid 2 and 2.92 g (6.58) mmol of lead tetra
acetate in 15 ml of dry benzene was added 0.805 g (6.58 mmol) 
of lithium bromide dihydrate.6 The resulting mixture was 
flushed with nitrogen and placed in an oil bath at 80° for 4.5 hr. 
The solvent was then decanted, diluted with ether, and washed 
with sodium bicarbonate solution. The dried solvents were 
evaporated to give a residue which was distilled at 60° (1 mm) 
to give 0.35 g (29%) of a colorless oil: nmr S 4.11 (t, 1H , ./  =
1.7 Hz) broad singlets at 2.80, 2.65, and 2.38 (5 H), and a singlet 
at 1.47 (5 H); ir 10.07, 10.76, 11.72, 12.42 (s), 13.10, 13.70 M 
(s).

Anal. Calcd for C8HuBr: C, 51.37; H, 5.93; Br, 42.73. 
Found: C, 51.13; H, 5.68; Br, 42.36.

2-C h lorotricyclo[3 .3 .0 .03'7]octane (7). A.— A solution pre
pared from lead tetraacetate (2.92 g, 6.58 mmol), 1.00 g (6.58 
mmol) of acid 2, and 0.293 g (6.92 mmol) of lithium chloride was 
flushed with nitrogen and heated at 80° for 4 hr. The reaction 
was processed as in the preceding experiment to yield 0.411 g of a 
complex product mixture. Gc analysis (A, 148°) revealed six 
compoenents in the area ratios i, 6% ; ii, 2.5% ; iii, 36% ; iv, 
40% ; v, 10%; vi, 6% . Compound i had the same retention time 
as a sample of 2-chlorotrieyclo[3.2.1.03'6]octane.31 * Compound 
iii was isolated by preparative gc and assigned structure 7: nmr
S 3.95 (t, 1 H , J  =  1.7 Hz), 2.8-2.10 (m, 5 H), 1.7-1.17 (m, 
5 H); ir 10.05, 10.69 (s), 11.64, 12.15 M (s).

Anal. Calcd for C8HUC1: C, 67.39; H, 7.78; Cl, 24.85. 
Found: C, 67.49; H, 7.69; Cl, 24.62.

Compound iv was isolated and shown to be 2-acetoxytri- 
cyclo[3.2.1.03'6]oetane10 by comparitive ir and nmr spectra. 
Compound v had an infrared spectrum which was identical with 
that of 2-acetoxytricyclo[3.3.0.03,5]octane.

B .— The reaction was repeated with a twofold excess of 
lithium chloride. The gas chromatogram showed the following 
percentages of the products: i, 7.2% ; ii, 1.1%; iii, 70.0%; iv, 
16.1%; v , 2.6%; vi, 2.6% .

Reaction of 2 with Lead T etraacetate.— A solution of acid 2 
(0.132 g, 0.87 mmol) and 3.86 g (0.87 mmol) of lead tetraacetate 
in 2 ml of benzene was heated for 6 hr at 80°. The gas chroma
togram showed three components in the area ratios 79:10:11.

(30) R. R. Sauers and R. J. Kiesel, J. Amer. Chem. Soc., 89, 4695 (1967).
(31) Prepared and characterized by C. Weston, Ph.D. Theais, Rutgers 

University, New Brunswick, N. J., 1967.
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The major component had the same retention time as compound 
iv above. The retention time of the next major compound was 
identical with that of vi in the preceding experiment.

Dimethyl-2-tricyclo[3.3.0,03'7]octylcarbinol (10).— A 1.67 M 
solution of methyllithium in ether (24 ml, 40 mmol) was added to 
a solution of 1.52 g (10 mmol) of 2 in 30 ml of ether. The mix
ture was stirred and heated at reflux for 2 hr. The reaction mix
ture was poured onto ice and the ethereal layer was separated and 
washed with sodium bicarbonate solution. Gc analysis (A, 180°) 
revealed two components in nearly equal quantities. The mix
ture was treated with a second quantity of methyllithium (18 ml) 
for 2 hr. After work-up, gc analysis showed one peak and evap
oration of ether gave an oil which distilled at 58.5° (0.25 mm): 
yield 1.34 g (81%); nmr 8 2.52-2.0 (m, 5 H), 1.24-1.15 (m, 
6 H), 1.18 (s), 1.12 (s), and 0.75 (m, 7 H); ir 2.83, 7.73, 8.58, 
10.50, and 12.11 M.

Anal. Calcd for CnHiaO: C, 79.46; H, 10.92. Found: C, 
79.68; H, 11.02.

Decomposition of 11.10 A . Photochemical.— The hypo
chlorite 11 was prepared in 5.5 ml of carbon tetrachloride from 
0.50 g (3.0 mmol) of 10. The solution was cooled to —10° and 
irradiated with a 250-W sun lamp for 15 min in a nitrogen atmo
sphere. The solution was allowed to stand at 25° for 30 min 
after which time it gave a negative starch-iodide test. Gc analy
sis (A, 152°) indicated the presence of six products, three of 
which were derived from the alcohol 10 (see below). Essentially 
no chloride 7 was present in the products. The major product 
proved to be alcohol 10. The next most significant product
(12) was isolated by preparative gc: nmr 5 3.94 (d, 1 H, J  =
2.5 Hz), 2.55-1.85 (m, 5 H), 1.22 (s, 3 H), 1.00 (s, 3 H), 1.62- 
0.90 (m, 4 H ); ir 9.22 (s), 11.98, and 12.28 M.

Anal. Calcd for CuH,60 : C, 80.44; H, 9.82. Found: C, 
80.20; H, 9.71.

The three minor products were isolated and shown to be 23, 
24, and 25. Compound 24 showed the following spectral data: 
nmr 8 singlets at 2.61 (2 H), 2.30 (2 H), 1.55 (6 H) and a multi
ple! (6 H) at 1.30; no strong ir bands below 8 /i.

Anal. Calcd for CnHi6: C, 89.12; H, 10.88. Found: C, 
89.28; H, 11.07.

Compound 23 gave 8 4.67 (s, 1 H), 4.55 (s, 1 H), 2.27 (m, 5 
H), 1.58 (s), and 1.78-0.90 (m, 9 H); ir 6.06 and 11.30/1 (s).

Anal. Found: C, 89.21; H, 10.82.
Compound 25 gave nmr identical with that found below ex

cept for a small impurity peak at 8 3.82; ir 11.55 and 13.25 /i.
Anal. Calcd for C„H„C1: C, 71.53; H, 9.28; Cl, 19.20. 

Found: C, 71.71; H, 9.36; Cl, 19.30.
B. Thermal Decomposition.— On heating a carbon tetra

chloride solution of 11 for 20 hr at reflux a similar product mixture 
was obtained.

Reduction of 8.— A solution of 0.306 g (1.64 mmol) of 8 
in 1 ml of ether was added to a suspension of 0.50 g (22 mg-atom) 
of sodium in 15 ml of liquid ammonia. The mixture was allowed 
to warm to 25° over a period of 4 hr, at which time the reaction 
was quenched with a small amount of ethanol. Water was then 
added and the product was extracted into ether. The ether was 
evaporated carefully to a volume of 1.5 ml and then analyzed by 
gc (C, 168°). The major component (94%) was collected by 
preparative gc to yield 0.072 g (41%) of 1. The nmr spectrum 
showed two singlets at 8 2.24 (4 H) and 1.30 (8 H) in agreement 
with the literature.3b The retention time of the minor product 
was close to that of 6 but positive identification was not made.

Deuteriotricyclo[3.3.0.03'7]octane-2-carboxylic Acid (14).—  
The cleavage of ketone 13 was repeated215 except that deuterium 
oxide was substituted for water in the first step. An 84% 
yield of 14 was isolated which showed a carbon-deuterium 
stretching band at 4.56 n in the infrared spectrum. The nmr 
spectrum displayed singlets at 8 12.13 (1 H) and 1.40 (5 H) and a 
multiplet at 2.70-2.25 (5 H).

Reaction of 10 with Hydrochloric Acid.—A solution of 50 mg 
of 10 in 0.5 ml of carbon tetrachloride was stirred for 20 hr with 
50 /d of concentrated hydrochloric acid. The gas chromatogram 
showed three of the components which were formed from the 
hypochlorite photolysis in the ratios 23 (4% ), 24 (19%), and 25 
(77%). The nmr spectrum of 25 showed singlets (1 H) at 8
4.01 and 2.66 (2 H), doublets at 0.87 (3 H), J  =  6 Hz) and 0.77 
(3 H, J  =  6 Hz), and a multiplet at 2.32-1.05 (8 H).

4-Oxatricyclo [4.2.1,02-503-7] nonane > —A solution of 68 g 
(0.555 mol) of norbornene-5-carboxaldehyde32 (75% endo) and

(3 2 ) O . D ie ls  a n d  K . A ld e r , Justus Liebigs A n n . Chem., 460, 117 (1 9 2 8 ).

38 g of piperylene in 1 1. of ether was irradiated for 160 hr with a 
450-W Hanovia immersion lamp equipped with a Vycor filter. 
The resulting solution was evaporated and the residue was sub
limed. Crystallization of the sublimate from pentane give 28.9 
g (57%) of the oxetane, mp 134-137° (lit.2» '33 mp 136-137.5°).

Tricyclo[3.3.0.03'7]octan-2-ol (3).— A slurry of 20 g (0.19 mol) of 
lithium aluminum hydride in 175 ml of A-methylmorpholine was 
heated to reflux and a solution of 10 g (82 mmol) of the above 
oxetane in 75 ml of A-methylmorpholine was added over 1 hr. 
The reaction was heated and stirred for 5 days. The excess 
hydride was decomposed by dropwise addition of a solution of 
70 g of sodium potassium tartrate in 70 ml of water. The re
sulting mixture was filtered and extracted three times with 
pentane and three times with ether. The combined organic ex
tracts were washed with water, dried, and concentrated. The 
resulting solid was recrystallized from pentane, mp' 132-135° 
(lit.2» mp 134-135°), yield 6.2 g (61.5% ).34

The p-nitrobenzoate had mp 96-98°.
Anal. Calcd for C16H15N 04: C, 65.92; H, 5.53; N , 5.12. 

Found: C, 66.03; H, 5.75; N, 5.33.
The brosylate ester 15 had mp 45.5-47° after crystallization 

from pentane at —78°.
Anal. Calcd for C 4H16Br03S: C, 48.98; H, 4.40; S, 9.34. 

Found: C, 48.94; H, 4.67; S, 9.26.
The acetate ester was prepared from the alcohol by heating a 

solution of 3 in acetic anydride-pyridine: bp 101-103° (10 
mm); ir 5.75, 8.00, 9.48, and 10.95 // (m); nmr 8 4.5 (s, 1 H ), 
1.91 (s, 3 H), 2.25 (m, 4 H), and 1.4 (m, 7 H).

The p-toluenesulfonate ester was a viscous oil which did not 
crystallize. The infrared spectrum did not show OH absorptions 
and strong bands appeared at 6.92 and 8.51 /i.

Tricyclo[3.3.0.03'7]octan-2-one (22).— To an ice-cold solution 
of 4.0 g (3.2 mmol) of alcohol 2 in 25 ml of ether was added 24 
ml of sodium dichromate sulfuric acid soltuion36 and the resulting 
mixture was stirred at 0° for 1 hr. The layers were separated 
and the aqueous phase was extracted with ether. The combined 
ether extracts were washed with sodium carbonate solution and 
water and then dried. Evaporation of the ether gave 2.5 g (62%) 
of ketone 22 . The melting point was 106-110° after purification by 
gas chromatography. Nmr had three complex groups centered at 
8 1.58, 2.12, and 2.50; ir (CC14) 5.64 m- The carbonyl absorp
tion was also examined more carefully on a grating spectrometer 
(Perkin-Elmer Model 521); two bands appeared (5.64 and 5.68 
/») whose weighted average position was 5.65 /i.

Anal. Calcd for CtH10O: C, 78.65; H, 8.25. Found: C, 
78.51; H, 8.28.

Acetolysis of 15.—The acetolysis of 15 was followed by nmr 
spectroscopy by monitoring the region near 8 4.5. A solution of 
0.0547 g of 15 in 0.5 ml of acetic acid (0.1 N  in sodium acetate) 
was placed in the probe of the spectrometer which had been 
equilibrated at 56°. Within 1 min a new peak appeared (5 4.45) 
adjacent to that of the H -C -0  proton of 16 (5 4.34). The area 
of the new peak gradually increased at the expense of the starting 
material. A third peak at 8 4.58 also appeared in ca. 2 min and 
increased in size at a rate ca. one-third that of the other. Within 
18 min the starting material had completely disappeared and 
only the two new peaks remained with relative areas ca. 3 :1 , re
spectively. The peak at 8 4.45 was assigned to the H -C -0  pro
ton of 21 by direct comparison of the chemical shift with that of 
an authentic sample. The peak at 8 4.58 was attributed to the 
H -C -0  proton of acetate 16.16 This assignment was supported 
by the observation that complete acetolysis (40 hr, 100°) pro
duced a high yield of ca. 97% pure 16 as shown by gc and nmr 
comparisons.

Hydrolysis of 15 in 80% acetone-water (120°, 5 hr) likewise 
gave a nearly quantitative yield of pure 16 (S =  H) as shown by 
gc and ir comparisons with authentic samples.16

Preparation and Hydrolsysis of 19.— A solution of 1.07 g 
(8.75 mmol) of ketone 22 in 10 ml of isopropyl alcohol was added 
dropwise to a stirred solution of 0.40 g (9.6 mmol) of sodium boro- 
deuteride36 in 15 ml of ice-cold isopropyl alcohol. The resulting 
solution was stirred at 25° for 17 hr. The reaction was

(3 3 ) T h is  m a te r ia l  w as first is o la te d  a n d  c h a r a c te r iz e d  b y  W . S ch in s k i, 
P h .D .  T h e s is , R u tg e r s  U n iv e rs ity ,  N e w  B r u n s w ic k , N . J ., 196 8 .

(3 4 ) W e  h a v e  s in c e  f o u n d  th a t  th is  r e d u c t io n  is  m o r e  e x p e d i t io u s ly  e f 
f e c t e d  b y  m e a n s  o f  lith iu m  m e ta l in  e th y le n e d ia m in e : E . O ’ H a r a , u n p u b 
lish e d  re su lts .

(3 5 )  H . C . B r o w n  a n d  C . P . G a rg , J . Am er. Chem. Soc., 83, 2 9 5 2  (1 9 6 1 ) .
(3 6 )  P u rc h a s e d  fr o m  M e r c k , S h a rp  a n d  D o h m e  ( 9 8 %  m in im u m  d e u te r iu m  

c o n t e n t ) .



quenched by addition of 6 N  hydrochloric acid and 50 ml of 
water. Extraction with three portions of ether gave 0.70 g of 
alcohol 3-d on evaporation of the extracts. The nmr spectrum 
displayed no appreciable absorption near «3 .8 . This material 
was converted into the corresponding p-toluenesulfonate ester 
and solvolyzed in a mixture of 12 ml of water and 18 ml of 
acetone (3 hr at 140°). The product displayed two peaks on gc 
analysis. The minor product showed the same retention time 
as the starting alcohol 3-d and is believed to have been carried 
over due to incomplete tosylation. The major product (>80% ) 
was assigned structure 20, nmr « 3.64 (s, 1 H), 2.79-1.1 (m, 10 H). 
The location of the deuterium atom could not be unambiguously 
established, but mass spectral analysis was consistent with the 
assigned structure. Thus, both deuterated and undeuterated 3 
showed a base peak at m /e 67 which corresponds to the loss of 
carbons C 2 , C 3 , and C ( . No isotopic shift was observed for this 
fragmentation. On the other hand the ions formed via related 
cleavage of C<, C5, and C8 did show an isotopic shift from m/e 83 
to 84, a result which is consistent with deuteration at C 3 . 37

Kinetic Experiments.— A solution of sodium acetate in acetic 
acid (3.1 N ) was prepared by refluxing purified38 reagent grade 
acetic acid (500 ml) with 2.65 g (0.0251 mol) of anhydrous 
sodium carbonate and 2.56 g (0.0251 mol) of acetic anhydride 
for 5 hr. Perchloric acid (0.05 N ) was prepared from 2.1 ml of 
70% perchloric acid, 2.2 ml of acetic anhydride, and enough 
acetic acid to bring the total volume to 500 ml. The exact

(37) Schematically, these cleavages may be symbolized as follows.
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(38) H . Tanida, T . Tsuji, and J. Ishitobi, J. Amer. Chem. Soc., 86, 4901 
(1964),

normality was determined before each run by titration with 
standard potassium hydrogen phthalate solution in acetic acid 
using p-bromophenol as an indicator. The solvolyses were car
ried out in sealed ampoules into which were placed 2.5-ml samples 
of a ca. 0.1 M  solution of brosylate 15 in the acetic acid-sodium 
acetate solution. At the appropriate time intervals ampoules 
were withdrawn from the oil bath and cooled before opening. 
A 2.00-ml aliquot was removed and quenched in 5 ml of purified 
dioxane.39 The samples were then titrated with standardized 
perchloric acid. Infinity titers were obtained after warming 
samples to 120-130° for 2 hr and values obtained agreed to with
in 5%  of the expected values. The first-order rate consant for 
production of acid drifted downward with time and remained 
constant for 4-5 half-lines. The values for the rate of solvolysis 
of the rearranged brosylate were determined at four temperatures 
and are recorded as follows: 47.68° (0.96 X 10-6 sec-1); 
53.08° (1.30 X 10-5 sec-1); 61.37° (4.77 X 10-5 sec-1); 83.90° 
(53.0 X  10-6 sec-1). The rate constant for this reaction (k3) 
at 25° was obtained by extrapolation: 3.79 X 10-7 sec-1.

The rate constants at 53.08° for direct acetolysis (k,) and for 
rearrangement (k,) were obtained by the method of Young, 
Winstein, and Goering,18 and found to be k\, 1.71 X 10-4 sec-1; 
k,, 8.51 X 10-4 sec-1. These rate constants were used to cal
culate the instantaneous brosylate ion concentrations and were 
found to yield values within ± 4 %  of those determined experi
mentally.

Registry No.—3 p-nitrobenzoate, 32980-15-7; 3 
brosylate, 27011-51-4; 3 acetate, 32980-17-9; 7, 26955- 
51-1; 8,32980-18-0; 10,32980-19-1; 12,32980-20-4; 
22, 32980-21-5; 23, 32980-22-6; 24, 32980-23-7; 25, 
32980-24-8.
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Norbornene, norbornadiene, 5-methylene-2-norbornene (1), and 5-ethylidene-2-norbornene (5) add nitrosyl 
chloride to give exo-cis nitrosochlorides which dimerize to azodioxy compounds. In the latter two cases, addition 
does not occur at the exocyclic double oond, but 1,2 addition of nitrosyl chloride to the ring double bond occurs in 
two directions to give, after hydrolysis, a mixture of isomeric chloro ketones. In all cases, no rearrangement 
products were observed. l,2,3,4,7,7-Eexachlorobicyclo[2.2.1]hepta-2,5-diene (13) does not add nitrosyl chloride 
in solution, but l,2,3,4,7,7-hexachloro-5-methylenebicyclo[2.2.1]hept-2-ene (14) reacts very slowly under pressure 
to give addition to the exocyclic double bond. Addition to norbornene in a two-step process involving addition 
of nitrosonium tetrafluoroborate followed by addition of a chloride salt eads to small yields of chloro oximes 
instead of an azodioxy compound.

The reaction of nitrosyl chloride with alkenes to give 
nitrosochlorides, which dimerize if unhindered, has 
been known since 18752a and has been adequately 
reviewed. 2b’c Addition of the chloride to the carbon

(1) N D E A  Fellow, 1965-1968; University of Alabama Fellow, 1969.
(2) (a) W . A . Tilden, J. Chem. Soc., 28, 514 (1875); (b) L. J. Beckham,

W . A . Fessier, and M . A . Kise, Chem. Rev., 48, 319 (1951): (c) M . Plungian
and F. E . DeVry, “ Nitrosyl Chloride," An Annotated Bibliography, Hercules
Technical Information Center, 1970, p 39.

which can best support a positive charge is generally 
observed3 and unstrained cyclic olefins give the products 
of trans addition.4'5 A mechanism involving initial 
attack by NO + to form a strong olefin-electrophile

(3) C. K . Ingold, “ Structure and Mechanism in Organic Chemistry,” 
Cornell University Press, Ithaca, N . Y ., 1953, p 669.

(4) J. Meinwald, Y . E . Meinwald, and T. N . Baker, J. Amer. Chem. Soc., 
86, 4074 (1964).

(5) B. W . Ponder, T . E . Walton, and W . J. Pollock, J. Org. Chem., 33, 
3957 (1968).
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complex followed by attack by Cl has generally been 
assumed.6

^ : c = c C  +  N0+ — *

NO

•c— o

The observation that norbornene and norbornadiene 
react with nitrosyl chloride by cis,exo addition 
prompted the proposal of alternate mechanisms4 and 
also initiated searches for the underlying reasons for the 
steric course of the reaction in these strained bicyclic 
systems.7 We wish to report the results of our in
vestigation into the generality of the cis,exo addition 
pathway of nitrosyl chloride with strained bicyclic 
olefins, and to comment upon the mechanism of this 
reaction.

Results

Initially, norbornene, norbornadiene, 5-methylene-2- 
norbornene (1), and 5-ethylidene-2-norbornene (5) were 
chosen for study. The addition of nitrosyl chloride to 
the first two, norbornene and norbornadiene, had pre
viously been reported by Meinwald4 and Miller,8 but, 
since their reported work dealt only with the solid 
dimers formed, the possibility existed that any re
arrangement products in the supernatant liquid might 
have gone undetected. Because of the plethora of 
literature reports on the Wagner-Meerwein type re
arrangements in the [2.2.1 Jbicyclic system when posi
tive charge is generated at C-2,7 it seemed reasonable 
that addition of strong electrophiles such as nitrosyl 
chloride would lead to appreciable rearrangement. 
Although no examples of rearrangement during this 
specific reaction have been reported, Hamann and 
Swern9 reported a 13% yield of a rearranged product 
in the mechanistically similar reaction of nitrosyl 
formate with norbornadiene. We therefore carried 
out a detailed investigation on the total reaction mix
tures resulting from nitrosyl chloride addition to nor
bornene and norbornadiene. Fractional crystal
lization of the solid dimeric products and glpc analysis 
of the concentrated supernatant liquids revealed the 
presence of only nitrosochloride dimers from 1,2 addi
tion and a small quantity of yellow oils whose infrared 
spectra suggested a mixture of chloro oximes.

5-Methylene-2-norbornene (1) was chosen as a sub
strate because of the possible homoallylic stabilization 
of an intermediate positive charge with concomitant 
formation of a tricyclic structure 4, in addition to 
products 2 and 3.

Nitrosyl chloride adds to 5-methylene-2-norbornene 
(1) to give a 58% yield of solid dimeric nitrosochloride 
adduct, mp 161-167°. The supernatant liquid from 
the reaction was carefully concentrated and analyzed 
to reveal only unreacted olefin and a small quantity of 
chloro oximes. The dimeric solid was subjected to 
fractional crystallization procedures to ensure that it

(6) L. Kaplan, H. Kwart, and P. v. R. Schleyer, J . Am er. Chem. Soc., 
82, 234 (1960).

(7) T. G. Traylor, A ccounts Chem. R es., 2, 152 (1969).
(8) J. B. Miller, J . Org. Chem., 26, 4904 (1961).
(9) H. C. Hamann and D. Swern, J . Am er. Chem. Soc., 90, 6481 (1968).

1, R =  H
5, R =  CH3

NO+

2 , R = H
6 , R — CH,

3, R =  H 
7, R =  CH3

4, R =  H 
8 , R =  CH3

was homogeneous. The nmr proton spectrum of this 
solid is shown in Figure l ,10 along with the spectrum of 
the starting olefin, 1. The ring vinylic hydrogens of 1 
absorb at r 4.05, and the two exocyclic vinylic hydro
gens absorb at r 5.12 and 5.41. Inspection of the nmr 
spectrum of the nitrosyl chloride adduct reveals that 
addition takes place on the ring. This is reasonable in 
view of the fact that two sp2 hybridized carbons are 
transformed to sp3 carbons, which relieves a consider
able amount of strain in the rigid bicyclic system. This 
is much more energetically favorable than the alternate 
path of converting only one ring sp2 carbon to sp3 if 
addition had occurred at the exocyclic double bond. 
It is also clear from the spectrum that one of the exo
cyclic vinylic hydrogens has been shifted downfield 
to an overlapping position with the -CHNO hydrogen. 
The doublet at r 5.54 (-CHC1) is coupled by 7 Hz to 
the hydrogen absorbing at r 4.84 (-CHNO). This AB 
pattern with J =  7 Hz is a good indication of cis,endo 
stereochemistry for the hydrogens at C-2 and C-3.4 
Thus, nitrosyl chloride adds to 5-methylene-2-nor- 
bornene to give only cis,exo addition, with no detect
able rearrangement products 3 and 4.

The reaction of 5-ethylidene-2-norbornene (5) with 
nitrosyl chloride, which should be mechanistically 
similar to 1, proceeds rapidly in chloroform solution to 
yield 67% of the solid dimeric nitrosochloride, mp 135- 
139°. A careful analysis of the mother liquor revealed 
only starting olefin and a small quantity of a viscous 
yellow oil which was shown to be a mixture of chloro 
oximes. Fractional crystallization attempts on the 
solid dimer failed to reveal any isomeric products. 
The nmr spectrum of this dimer, as well as that of the 
starting olefin, 5, are shown in Figure 2. The two ring 
vinylic hydrogens absorb at r 4.08 and the exocyclic 
vinylic hydrogen absorption is centered at r 4.7. 
This absorption shows the starting olefin to be a mix
ture of the two geometric isomers, as can be seen from 
the small quartet of the least abundant isomer over-

(10) The figures (1-5) showing the nmr spectra will appear following these 
pages in the microfilm edition of this volume of the journal. Single copies 
may be obtained from the Reprint Department, ACS Publications, 1155 
Sixteenth St., N.W., Washington, D. C. 20036, by referring to author, title 
of article, volume, and page number. Remit check or money order for $3.00 
for photocopy or S2.00 for microfiche.
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lapping the upheld side of the quartet of the major 
isomer. The spectrum of the nitrosyl chloride adduct 
(Figure 2) reveals that again addition has occurred 
to the endocyclic double bond, and two doublets at r
5.21 (-CHNO) and 5.75 (-CHC1) with ./ = 7 Hz indi
cate that cis,exo addition has taken place.

Considerable difficulty was encountered during the 
analyses of the dimeric products resulting from nitrosyl 
chloride addition due to the limited solubility of most 
of the adducts. Several methods of modifying these 
dimers to make them more amenable to analysis, but 
without altering the original addition stereochemistry, 
were explored. Attempts to reduce the azodioxy link
age tc the corresponding amine under a variety of con
ditions11 led also to the removal of the chlorine atom 
from the molecule. The dimers could be converted 
into their corresponding chloro oximes,12 but these were 
not as easily analyzed as had been hoped. These vis
cous oils were irreversibly absorbed on both alumina 
and silica gel chromatographic columns, and could not 
be successfully recrystallized nor distilled under vac
uum.

Levulinic acid hydrolysis13 of the methylenenor- 
bornene adduct, (2), followed by vacuum distillation 
yielded a mixture of two chloro ketones, 9 and 10, in a

ratio of 5:1. Glpc separation and collection of these 
two chloro ketones gave analytical samples whose nmr 
spectra are shown in Figure 3. For 9, absorptions at r 
4.79 and 5.05 are assigned to the exocyclic vinylic 
hydrogens, Ha and Hb. A doublet at r 6.43 (J =  3 Hz) 
is assigned to H0. A multiplet at r  7.24 is assigned 
to Ht and the absorption at t 6.90 is assigned to He. 
For 10, absorptions at r  4.88 and 5.02 are assigned to the 
exocyclic vinylic hydrogens Ha and Hb. A doublet at 
t 6.28 (J =  3 Hz) is assigned to Hc and a multiplet at 
t 7.12 is assigned to He. An absorption at r 6.81 is 
assigned to the other bridgehead hydrogen, Hd. It is 
thus apparent that the methylenenorborr.ene adduct
(2), which was originally thought to be homogeneous via 
recrystallization experiments, was in fact a mixture of 
positional isomers from cis,exo addition of nitrosyl 
chloride. The possibility of epimerization of the chlo
rine atom upon hydrolysis to give a mixture of exo and 
endo chloro ketones was considered, but then ruled out 
on the basis of infrared and nmr data.4

Hydrolysis of the nitrosyl chloride adduct from 5- 
ethylidene-2-norbornene (5) gave the chloro ketones 
11 and 12 in a ratio of 4:1. Glpc separation and col-

(11) H. Greenfield and F. Dovell, J . Org. Chem., 32, 3670 (1967).
(12) L. K. Payne, U. S. Patent 3,328,457 (1967).
(13) (a) C. H. DePuy and B. W. Ponder, J . Am er. Chem. Soc., 81, 4629 

(1959) ; (b) B. W. Ponder and D. R. Walker, J . Org. Chem., 32, 4136 (1967).

lection of the two isomers on a 15% Carbowax 20M 
column afforded analytical samples whose nmr spectra 
were very similar to those of 9 and 10.

1,2,3,4,7,7- Hexachlorobicyclo [2.2.1 Jhepta- 2,5 - diene 
(13) was next chosen for study, since it should provide a 
convenient system for following the course of the addi
tion of nitrosyl chloride by nmr. The spectrum of the 
diene consists of a singlet at r 3.42, and the addition of 
NOC1 should produce an AB pattern upheld from the 
vinyl singlet. Any rearrangement products would 
consequently be easily detectable. However, at
tempted addition to the hexachloronorbornadiene in 
solution produced no reaction under a variety of condi
tions. Traylor7 also reports that hexachloronorborna
diene fails to undergo the oxymercuration reaction. 
We did observe that neat addition of nitrosyl chloride 
to hexachloronorbornadiene at room temperature in a 
pressure bottle and over a reaction time of 1 month 
produced a small yield of a complex mixture of products. 
The nmr spectrum of this mixture revealed as the most 
prominent feature a pair of doublets at r 4.77 and 5.25 
(J = 4 Hz) which is indicative of a trans addition of 
nitrosyl chloride.

NOCI

1,2,3,4,7,7- Hexachloro - 5 - methylene - 2 - norbornene
(14) should also yield useful information upon its reac
tion with nitrosyl chloride. It was, first of all, of inter
est to determine if addition occurs at the deactivated 
ring double bond or at the exocyclic double bond. 
Addition at this latter site would give useful nmr data 
for comparison to the nmr data of ring double bond 
additions. Also, the fewer number of hydrogens in this 
chlorinated system should make the detection of any 
rearrangement products much easier by nmr. Hexa- 
chloro-5-methylene-2-norbornene (14) was easily pre
pared through the Diels-Alder condensation of hexa- 
chlorocyclopentadiene and allyl bromide,14 followed by 
dehydrohalogenation.15 The nmr spectrum of 14 is 
shown in Figure 4. The absorptions for the two C-6 
hydrogens, which form the X Y  portion of an ABXY  
system, appear at r 6.92 and 7.29 as a doublet of trip
lets ( J X y  = 15 Hz, JAx = 1-5 Hz). The exocyclic 
vinylic hydrogens absorb at r 4.48 and 4.82, with the 
allylic coupling constant of 1.5 Hz readily apparent.

Reaction of nitrosyl chloride with 14 in solution failed 
to occur under a variety of conditions. The neat 
reaction of the diene did yield some product, 15, how
ever, and the nmr spectrum is shown in Figure 4. 
Prominent patterns of the C-6 hydrogens are located at

(14) E. K. Fielde, J . Am er. Chem. Sac., 78, 5821 (1956).
(15) W. Johnson and V. Mark, J . Org. Chem., 26, 4105 (1961).
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r 6.27 and 7.10 (J  = 15 Hz). Lower field absorption of 
two doublets at r 4.42 and 5.03 (J  =  13 Hz) are assigned 
to the two hydrogens of the 5-nitrosomethyl group. 
These two hydrogens provide a striking example of 
nonequivalence in diasteromeric hydrogens in an nmr 
spectrum. Thus, from the nmr, it is readily concluded 
that nitrosyl chloride adds to 14 at the exocyclie double 
bond, with no rearrangement.

It was of interest to determine if the addition of the 
elements of nitrosyl chloride could be accomplished 
in a twTo-step process as shown below. Addition of 
nitrosyl tetrafluoroborate to norbornene could be ex
pected to produce a nitrosonium ion which could then

sonium ion to dinitrogen trioxide, to become the pre
dominant reaction pathway.

Discussion

There are several theories that have been proposed to 
account for the fact that cis additions of a number of 
electrophilic reagents occur only in rigid olefins, and 
these have been reviewed. 7  A combination of the 
twist-strain theory of Traylor7 and the torsional effects 
explanation of Schleyer18 seem particularly attractive to 
us.

Bicyclo [2.2.2joctene-2, (16) should be an excellent

+  NOBF —-*•

undergo nucleophilic attack by chloride ion to yield 
the dimeric nitrosyl chloride adduct. Forcing the 
addition to occur in two steps should allow the maxi
mum opportunity for rearrangement reactions to occur. 
The reaction was carried out in a number of solvents 
such as CCL, CHCI3, DMSO, and acetone, and the 
appearance of a green color suggested the initial forma
tion of a nitroso complex, but no dimeric nitrosochloride 
could be isolated upon addition of chloride ion. The 
use of iodide ion as the nucleophile resulted in its oxida
tion to molecular iodine by the reaction mixture. The 
small amount of organic product obtained was a viscous, 
uncharacterizable oil which had spectral properties of 
oximes.

At about the same time as our work was in progress, 
Hamann and Swern9 reported the addition of nitrosyl 
tetrafluoroborate to 2,3-dimethyl-2-butene in the pres
ence of sodium acetate. The isolation of 2,3-dimethyl-
2-acetoxy-3-nitrosobutane was attributed to the inter
mediate formation of a nitrosonium-olefin ion pair 
which then reacted with the nucleophilic acetate ion. 
It was of interest to determine whether norbornene 
would undergo a similar set of reactions, since observa
tion of an exo,cis two-step addition of nitrosyl acetate 
to norbornene would establish the same point intended 
in the previous nitrosonium tetrafluoroborate-sodium 
chloride experiment. Addition of isoamyl nitrite and 
acetic acid to norbornene in the presence of a catalytic 
quantity of 70% perchloric acid yielded a white solid, 
which was identified as the dimeric 2-nitroso-3-nitro- 
norbomane. 16 The addition of the elements of di
nitrogen trioxide is not a new reaction, since several 
workers5 , 1 7  have reported this product from nitrosyl 
chloride additions, and Swern9 reported that generation 
of nitrosyl formate from sodium nitrite and formic acid 
yielded dinitrogen trioxide adducts with cyclohexene 
and styrene. It thus appears that the two-step addition 
of nitrosyl halides or acetates to norbornene is a very 
slow process, which allows isomerization of the nitro
sonium complex to an oxime, or oxidation of the nitro-

choice to provide an evaluation of the influence of 
twist-strain on the addition of nitrosyl chloride to 
bicyclic olefins. It falls naturally between norbornene 
and cyclohexene in a series of decreasing strain in six- 
membered rings. It is also symmetrical about the 
double bond, so that steric hindrance should not lead to 
stereospecificity and torsional effects for cis or trans 
addition would be identical.

Nitrosyl chloride addition to bicyclo [2.2.2]octene-2
(16) occurs very slowly in comparison to norbornene, 
and the product, a white solid, has been identified as 
dimeric 2-nitroso-2,3-dichIorotricyclo [2.2.2 Joctane (17). 
The nmr of the alkene and the dichloronitroso product is 
shown in Figure 5. The product spectrum contains a 
doublet at t 5.28 (J =  3 Hz) which is assigned to the C-3 
hydrogen, and multiplets at r 7.42 and 7.59 are assigned 
to the bridgehead protons. A second small doublet at 
r 5.39 is due to a C-3 epimer of the main product, and 
the ratio of major to minor isomer is 5:1. Although 
products with chlorine cis and trans to the nitroso 
group were obtained in this experiment, this provided 
little information as to the stereochemistry of the initial 
addition reaction. One may visualize the initial nitro
sochloride adduct of bicyclo [2 .2 . 2  ]octene- 2  to be steri- 
cally hindered from dimerizing to form the azodioxy pro
duct, which then allows tautomerization to the oxime to 
occur. This intermediate chlorooxime then adds a 
second chlorine atom at C-2 to yield the observed mix
ture of cis- and ¿rans-2 -nitroso-2 ,3-dichlorobicyclo- 
[2 .2 . 2  Joctane.

With the evidence available in the literature on the 
addition of nitrosyl halides to olefins, one could legit
imately consider either a molecular addition, a polar, 
nonconcerted addition, or a free radical addition. Pre
liminary experiments, 1 9 in which 5-ethylidene-2-nor- 
bornene adds nitrosyl chloride at the same rate whether 
or not a free radical inhibitor is present, seems to rule 
out the latter possibility in bicyclic systems. Our 
attempts at the trapping of any positively charged 
intermediate with iodide or chloride ion were frustrated 
due to redox reactions involving nitrosyl chloride and 
the halide ions. However, attempts in other labora
tories to trap any such species with nucleophilic solvents

(1 6 )  M .  L . S c h e in b a u m , J . Org. Chem., S3, 2 58 6  (1 9 6 8 ).
(1 7 ) A .  H a ssn e r  a n d  C . H e a t h c o c k , ibid ., 29, 1350 (1 9 6 4 ).

(1 8 ) P . V . R .  S ch le y e r , J . Am er. Chem. Soc., 89, 701 (1 9 6 7 ) .
(1 9 )  P . W .  W h e a t ,  u n p u b lis h e d  s tu d ie s  o f  th is  la b o r a t o r y .



have also met with failure. 4 It is difficult to propose 
meaningful experiments whose results will give defini
tive answers to the question of existence or nonexistence 
of polar characteristics in these reactions. A study of 
the sensitivity of the reaction to electron-withdrawing 
and electron-releasing substituents should give some 
indication of the degree of positive charge buildup dur
ing the reaction, and these experiments are presently 
underway.

We feel that the exo,cis addition of nitrosyl chloride 
to the [2 .2 .1 ]bicyclic olefins can be best explained by a 
combination of factors. The torsional strain intro
duced in the transition state for initial endo attack and 
the partial blocking of the endo side of the double bond 
in this system would dictate an initial exo attack whether 
by a nitrosonium ion or molecular nitrosyl chloride. 
If an intermediate ion is formed in the bicyclic system 
similar to the intermediate formed from unstrained 
cases, then certain things must be true of this ion. It 
must have the positive charge delocalized on the nitro
sonium group, since generation of positive charge at 
C-2 would almost certainly lead to rearrangement. 
Any intermediate ion must also be capable of adding 
the nucleophile, chloride ion, in a cis manner, since 
twist-strain would make trans addition implausible.
A skewed ion such as that proposed by Rolston and 
Yates20 in the case of bromine addition to styrene would 
perhaps meet this requirement. The intermediate 
ion would also be required to have the chloride in close 
association with it so that the chloride ion could add 
before any solvent molecule in the surrounding cage 
could add. As we place more and more limits on this 
hypothetical intermediate ion, we move closer toward 
a mechanism involving molecular cis addition. The 
real crux of the problem then is one of trying to deter
mine if there is an intermediate or only a transition 
state in the addition reaction. We feel that a molecu
lar, cis addition of nitrosyl chloride to strained bicyclic 
systems can be best supported with the available experi
mental evidence.

Experimental Section
Melting points were determined on a Fisher-Johns apparatus 

and are uncorrected. Infrared spectra were taken with a Perkin- 
Elmer Model 337 instrument, and a CEC 21-104 moderate resolu
tion mass spectrometer system was used. Nuclear magnetic 
resonance spectra were taken on a Varian Associates HA-100 
instrument using TMS as internal standard and either CDCfi 
or C F 3C O O D  as solvent. The general procedure used for the 
addition of nitrosyl chloride to olefins has been described previ
ously.6

Addition of Nitrosyl Chloride to N o rb o m en e.— A 5.8-ml 
(0.13 mol) sample of nitrosyl chloride was added to 12.0 g 
(0.13 mol) of norbomene in 150 ml of chloroform solvent by the 
general addition procedure at —50°. Stirring was continued 
for 30 min after addition was complete, and cold hexane (100 
ml) was added. Suction filtration, followed by washing with 
cold hexane and air drying, yielded 14.8 g (75%) of cis,exo-3,3'- 
dichloro-arari-2,2'-azodioxynorbornane, mp 158-162° (lit.4'8 mp
155.5-156.6°). The supernatant liquid was evaporated to a 
small volume and analyzed by glpc (20% SE-30 column) to reveal 
only chloroform, hexane, and unreacted norbomene. The 
yellow slurry obtained from continued evaporation of this super
natant liquid was shown by infrared analysis to have all the ab
sorption peaks of the cis,exo nitrosyl chloride adduct, plus other 
peaks characteristic of oximes, particularly at 3450 (poh) and 
1635 cm-1 (vc- n ).

A d d it io n  o f  N it r o s y l  C h l o r id e  to  B ic y c l ic  O l e f in s

(2 0 ) J . R o ls t o n  a n d  K .  Y a t e s ,  J . A m er. Chem. Soc., 9 1 , 1 47 7  (1 9 6 9 ) .

Addition of Nitrosyl Chloride to N o rbom ad ien e.— A 5.8-ml 
(0.13 mol) sample of nitrosyl chloride was added to 11.75 g 
(0.13 mol) of norbomadiene in 150 ml of chloroform by the gen
eral addition method over a period of 1 hr. Work-up of the re
action as described above gave 12.3 g (63%) of cis,exo-6,6'- 
dichloro-arafi-5,5'-azodioxy-2-norbornene as a white solid, mp
154-157° (lit.4’8 mp 150-156°). Examination of the super
natant liquid in the manner previously described revealed the 
presence of only chloroform, hexane, some unreacted norborna- 
diene, and a small quantity of chloro oxime.

Addition of Nitrosyl Chloride to 5 -M eth ylen e-2 -n o rb o m en e  
(1).— A 11.55-ml (0.25 mol) sample of nitrosyl chloride was added 
to 26.5 g (0.25 mol) of 5-methylene-2-norbornene (1) in 300 ml 
of chloroform at —50° by the general addition procedure. After 
an addition time of 50 min, 600 ml of cold hexane was added and 
stirring at —50° was continued for 12 hr. The yield of white 
solid (2), after collection by suction filtration and drying, was 
30.0 g (70%), mp 157-163°. The mass spectrum of the solid 
showed a high mass cutoff of 171. The nmr spectrum is shown 
in Figure 1.

Anal. Calcd for C8H10NOC1: C, 56.10; H, 5.83; N, 8.18; 
Cl, 20.70. Found: C, 56.24; H, 5.67; N, 8.05; Cl, 20.46.

Work-up of the supernatant liquid in the manner described 
previously and analysis by glpc and infrared revealed a small 
amount of chloro oxime as the only additional product.

Addition of Nitrosyl Chioride to 5 -E th yliden e-2-n orbom en e21 
(5 ) .— Nitrosyl chloride (11.55 ml, 0.25 mol) was added to 30 g 
(0.25 mol) of 5-ethylidene-2-norbornene in 300 ml of chloroform 
below —50° over a period of 1 hr. After addition of 600 ml of 
hexane, stirring was continued for 5 hr. Work-up of the solu
tion in the normal manner yielded 31 g (67%) of cis,exo-3,3'- 
dichloro-areri-2,2'-azodioxy-5-ethylidenenorbornane (6), mp 135- 
139°. The mass spectrum showed a high mass cutoff at 185. 
The nmr spectrum is shown in Figure 2.

Anal. Calcd for C9H12N0C1: C, 58.22; H, 6.49; N, 7.55; 
Cl, 19.14. Found: C, 58.45; H, 6.44; N, 7.60; Cl, 19.20.

Glpc analysis of the concentrated supernatant liquid on a 20% 
SE-30 column indicated only CHC13, hexane, and a trace of the 
starting olefin. The infrared spectrum of the final yellow 
residue from the evaporation of the mother liquor indicated the 
presence of an oxime.

Levulinic Acid H ydrolysis of the 5-M eth ylene-2-norbornene  
Nitrosochloride D im er (2 ) .— A  17.2-g (0.05 mol) sample of 2 in 
339 ml of levulinic acid and 25 ml of 2 N HC1 was heated with 
stirring at 85° for 1.5 hr. After the solution became clear, the 
mixture was stirred at 60° for an additional 21 hr. The mixture 
was diluted with 1 1. of water and extracted twice with 300-ml 
portions of ether. The combined ether extracts were washed 
with saturated sodium bicarbonate and dried over magnesium 
sulfate, and the ether was removed by rotary evaporation. 
Vacuum distillation of the remaining product gave a fraction, 
bp 135-138° (1 mm) whose infrared spectrum revealed it to be a 
mixture of two ketones, 9 and 10, in a ratio of 5:1, with an in
tense absorption at 1760 cm-1. Glpc separation and collection 
of these two chloro ketones afforded analytical samples whose 
nmr spectra are shown in Figure 3. Satisfactory elemental 
analyses were obtained on each isomer.

Levulinic Acid H ydrolysis of the 5 -E thylidene-2-norbom ene  
Nitrosochloride D im er.— This hydrolysis was carried out in a 
manner identical to the preceding hydrolysis. Analysis of the 
product residue by glpc on a 15% Carbowax 20M column re
vealed two products in a ratio of 4:1 . Infrared analysis of 
analytical samples of these two products identified them as the 
chloroketones 11 (»mas 1760, 1665, 1660 cm-1) and 12 fimax 
1760, 1669 cm-1) with 11 being the major isomer. Satisfactory 
elemental analysis were obtained on each isomer.

Addition of Nitrosyl Chloride to 1 ,2 ,3 ,4 ,7 ,7-H exachloro-5- 
m ethylene-2-norbom ene1416 (1 4 ).—This olefin failed to add 
nitrosyl chloride in solution under a variety of reaction conditions. 
However, neat addition of 0 .0 4  mol of nitrosyl chloride to 0 .02  
mol of the olefin m a pressure bottle at room temperature for 1 
month led to addition at the exocyclic double bond, as shown in 
Figure 4 .

Attem pted Addition of Nitrosyl Acetate to N o rb o m e n e .—
Dry glacial acetic acid (200 ml) and 5 drops of 70% perchloric 
acid were cooled to 15° while 28.2 g (0.3 mol) of norbomene and
70.2 g (0.6 mol) of isoamyl nitrite were added over a 1-hr period.
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(2 1 )  A  g e n e ro u s  c o m p lim e n t a r y  sa m p le  o f  th is  m a te r ia l  w as s u p p lie d  b y  
U n io n  C a r b id e  C o r p . O le fin s  D iv is io n ,  N e w  Y o r k ,  N . Y .
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A light green color developed and the temperature dropped to 
5° during the course of the addition. Water (200 ml) was added, 
and the solution was extracted several times with ether. Over
night storage of the ether extract in the refrigerator led to pre
cipitation of a white solid, which was recrystallized from chloro
form to give 30 g (30%) of white needles, mp 146-143° (lit.16 
mp 135°). This was identified as 3,3'-dinitro-2,2'-azodioxy- 
norbornane from its melting point and infrared spectrum: ir
(KBr) 1540, 1355 ( -N 0 2), 1193, 1223, and 1216 cm-1 (azodioxy).

Anal. Calcd for C,H10N2O3: C, 49.31; H, 5.88; N, 16.47. 
Found: C, 49.50; H, 5.95; N, 16.34.

Addition of Nitrosyl Chloride to Bicyclo [2.2.2] octene-222 
(16).— Nitrosyl chloride (2.3 ml, 0.05 mol) was added to 5.4 g 
(0.05 mol) of bicyclo[2.2.2]octene-2 in 25 ml of carbon tetra
chloride by the general addition method at 10°. The color of 
the solution turned from red to blue in 4 hr, and a small amount 
(0.44 g) of white solid was isolated by filtration. Washing with

(22) Chemical Samples Co., Columbus, Ohio.

acetone gave a purer material, mp 94.5-97.5°. This was identi- 
fied as the dimer of a mixture of cis- and ¿rans-2,3-dichloro-2- 
nitrosobicyclo[2.2.2]octane (17). The nmr spectrum is shown 
in Figure 5.

Anal. Calcd for C8H„C12N 0 : C, 46.15; H, 5.29; Cl, 34.13;
N, 6.73. Found: C, 45.96; H, 6.27; Cl, 33.87; N, 6.62.

The supernatant liquid was evaporated and the residue was 
shown to be a mixture of starting olefin and product 17.

Registry No.—1, 694-91-7; 2, 32846-86-9; 5, 16219- 
75-3; 6 , 32846-87-0; 9, 32846-82-5; 10, 32846-83-6; 
11, 32846-84-7; 14, 4659-42-1; 15, 32839-07-9;
16, 931-64-6; 17, 32839-08-0; nitrosyl chloride, 2696-
92-6; 3,3'-dinitro-2,2'-azodioxynorbornane, 32861-60-2.
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The synthesis is described of a iraras,irans-l,5-cyclodecadiene 4a which is thermally stable but not degenerate 
with respect to the Cope rearrangement.

One postulate for the enzymatically controlled 
cyclization of squalene oxide (1) involves epoxide cleav
age with conformational holding and nucleophilic parti
cipation of remote double bonds, acting through inter
mediate double bonds. Attractive as such a postulate 
might appear, it is virtually without experimental test; 
and appropriate models are not easily conceived 
or synthesized.3 Our experience with the trans,trans-
2,8-irans-bicyclo [8.4.0]tetradecadiene system (3a,b) 4' 5 

suggested that a study of compounds like 2 should

be informative with respect to the extent of par
ticipation of the remote bond in solvolysis of the 
tosylate, with Y  appropriately substituted. This ar
ticle details preliminary work leading to the synthesis 
of the corresponding unsubstituted system 4a, trans,-

(1) The investigation was supported by Public Health Service Research 
Grant GM 16338 from the Division of General Medical Sciences, U. S. 
Public Health Service.

(2) The article is abstracted from the Ph.D. Thesis of G. O. S., Wesleyan 
University, 1971.

(3) For a review of polyolefin cyelizations see W. S. Johnson, Accounts 
Chem. Res., 1, 1 (1968). For comments, additional references, and one 
example of a double bond participating in an Sn2 / displacement see G. D. 
Sargent, J. A. Hall, M. J. Harrison, W. H. Demisch, and M. D. Schwartz, 
J. Amer. Chem. Soc., 91, 2379 (1969).

(4) P. S. Wharton, Y. Sumi, and R. A. Kretchmer, J. Org. Chem., 30, 234 
(1965).

(5) . P. S. Wharton and R. A. Kretchmer, ibid., 33, 4258 (1968).

trans,cis-2,8,12-frans-bicyclo [8.4.0]tetradecatriene; 4a 
possesses one more double bond than the system 
3a,b. This additional double bond should have the ef
fect of heavily weighting the Cope-related equilibrium 
4a,b in favor of 4a (4b is highly strained), thus avoid
ing the problem of constitutional isomers which arises 
upon substituting the 3b system at C-4.

On the basis of the established synthetic route to 3a,b 
(5 —► 6 a —► 6 c — 3a,b in Scheme I ) , 4 preparation of 4a,b 
simply involved making and fragmenting the appro
priately substituted irans,st/w,ir<ms-dodecahydroanthra- 
cene 7. This appeared to be particularly straight
forward because the synthesis of 3a,b proceeded from 
5 (formed by isomerizing the bis adduct of butadiene 
andbenzoquinone6), a compound already functionalized 
with two identical double bonds, correctly positioned; 
and the simplest solution was therefore to reduce one 
of them. However, no conditions of catalytic hydro
genation could be found which resulted in any selec
tivity in the absorption of the first and second moles 
of hydrogen; or in any mixture which could be sepa
rated into its unreduced, partially reduced, and fully 
reduced components.

(6) K. Alder and G. Stein, Justus Liebigs Ann. Chem., 501, 247 (1933).
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A more rational route proceeding via quinone 9 was 
then pursued; see Scheme II. Quinone 9 is con
veniently made in three steps from the monoadduct of 
butadiene and benzoquinone (8) :7'8 acid-catalyzed 
aromatization of enedione 8, catalytic hydrogenation 
of the isolated double bond, and oxidation of the 
hydroquinone. Addition to 9 of excess butadiene in 
benzene solution at room temperature afforded tricyclic 
dione 10 in high yield (addition to the less substituted 
side of the quinone).9 Reduction of the conjugated 
double bond of 10 was accomplished with zinc in 
acetic acid; the product, obtained in 87% yield, con
sisting of a mixture10 of isomeric diones, mp 169-208°. 
This mixture was isomerized in 74% yield to white, 
platelike crystals, mp 225-231°, by dissolving in a 
small volume of hot alcohol, adding ethanolic potassium 
hydroxide solution while hot, and then allowing to 
crystallize. The crystals obtained in this way con
sisted principally of trans,syn,trans dione 11, as shown 
by catalytic reduction and comparison of the product 
with authentic 9,10-diketo-irans,syn,iraiis-perhydro- 
anthracene.6

Lithium aluminum hydride reduction of dione 11 
gave a mixture of isomeric diols 7a which was subjected 
to the fragmentation sequence successfully used in 
the preparation of 3a,b: conversion of diol mixture 6a
to ditromide 6c with phosphorus tribromide in carbon 
tetrachloride and then fragmentation of the dibromides 
with zinc.4 However, the reported conversion of 6a to 
6c was never very satisfactory and when it was found 
that attempted parallel conversion of 7a to 7c gave 
completely saturated compounds, apparently from addi
tion of hydrogen bromide to the double bond, further 
attempts to effect the conversion were discontinued 
while alternatives were examined using the more 
plentiful diol mixture 6a. A successful method was

(7) O. Diels and K. Alder, Chem. Ber., 62, 2337 (1929).
(8) In principle it is simpler to reduce the isolated double bond of 8, 

thereby saving several steps, but attempted catalytic reductions yielded only 
phenolic compounds and tars from aromatization (independent experiments 
of Flesch).

(9) See the following for comments on selectivity in 1,4 cycloadditions to
substituted quinones: M. F. Ansell, B. W. Nash, and D. A. Wilson, J.
Chem. Soc., 3012 (1963).

(10) Similar zinc reductions have been found to give either cis or trans
isomers or mixtures; see C. S. Barries and D. H. R. Barton, ibid., 1419
(1952) and J. Scotney and E. V. Truter, J. Chem. Soc., C, 1079 (1969).

1. HBr-HOAc
2. H2-Pd-EtOH
3. Pb(OAc)4

8

4a, b

11. Zn-HOAc 
2. OH- -EtOH

1. LiAlH*
2. M8C1—py

Zn—KB2 »yL

developed via dimesylate mixture 6b (straightforwardly 
obtained, although the corresponding ditosylate could 
not be made) and it was eventually found that 6b 
could be fragmented to 3a,b in ~ 3 4 %  yield (based on 
diol) by treatment with zinc dust in dimethylformamide 
at 60-70° containing potassium bromide. Prepara- 
tively, this is simpler and also approximately five times 
more efficient than the former procedure.

The occurrence of an interesting set of interactions 
of the fragmentation reagents can.be appreciated from 
the observations that treatment of dimesylate mixture 
with zinc alone induced no fragmentation and treatment 
with potassium bromide alone resulted mainly in 
elimination, net substitution, of the mesylate functions. 
Informative fragmentations were carried out on indi
vidual ditnesylate isomers irans-(ee)-6b and cis-(ea)- 
6b,11 which were made by mesylating the correspond
ing diols. Reactions were monitored by observation 
of characteristic absorptions in the nmr spectra of 
products obtained from aliquots periodically removed. 
After 70 hr trans and cis dimesylates afforded products 
consistent with 47 and 31% fragmentation, respectively, 
with much elimination apparent from the loss of 
mesylate hydrogen absorption and the appearance of 
vinyl hydrogen absorption at 5 5.0 ppm. The effect 
of an added equivalent amount of potassium hydroxide 
was striking, the extent of fragmentation of cis di
mesylate decreasing only slightly from 31 to 20% and of 
trans dimesylate dropping sharply from 47 to 6%.

These facts are consistent with the major pathway of 
fragmentation consisting of (1) initial substitution to 
form a bromomesylate. with axial mesylate reacting 
faster than equatorial,12 cis (ea) dimesylate thereby 
yielding trans (ee) bromomesylate preferentially and 
trans (ee) dimesylate giving cis (a) bromo (e) mesylate, 
with mesylate equatorial in both intermediate bromo- 
mesylates; (2) reaction of zinc with both equatorial 
and axial bromine to give carbon-zinc bonds which are

(11) The symbols e and a are abbreviations designating equatorial and 
axial stereochemistry.

(12) See the following for pertinent comments: E. L. Eliel, "Stereo
chemistry of Carbon Compounds,”  McGraw-Hill, New York, N. Y., 1962, 
pp 224-228.
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configurationally labile13 and more stable in the less 
hindered equatorial position; (3) formation of trans,- 
trans diene 3a,b by fragmentation of the configura
tionally ideal14 trans (ee) mesyloxyzinc intermediate. 
Elimination is a hazard starting from either di
mesylate, although only axial leaving groups are readily 
susceptible to E2 elimination:12 cis dimesylate can 
directly afford olefin by elimination of an axial mesylate 
in competition with substitution; trans dimesylate can 
after formation of cis bromomesylate which can elimi
nate axial bromine in competition with reaction 
with zinc or further substitution. The addition of 
hydroxide has a relatively unfavorable action on 
trans dimesylate because the axial bromine of the 
intermediate bromomesylate is relatively more sus
ceptible to hydroxide-induced elimination than is the 
axial mesylate of cis dimesylate.

Application of the dimesylate fragmentation sequence 
to the mixture of diols 7a afforded in 48% yield, after 
chromatography, an oily triene characterized as 4a 
by analytical and spectroscopic data. The oil was 
examined for the presence of the Cope-related isomer 
4b but none could be detected: ozonolysis, with an 
oxidative work-up and subsequent esterification, yielded 
dimethyl adipate, as expected from 4a, but not a trace 
of dimethyl ¿rans-l,2-cyclohexanedicarboxylate, which 
would be formed from any 4b present. Based on this 
successful preparation of 4a, syntheses of compounds 
like 2 are underway.

Experimental Section
Physical Data.— Melting points were determined in capillary 

tubes with a Thomas-Hoover melting point apparatus and are 
uncorrected. The analysis was performed by Spang Micro- 
analytical Laboratory, Ann Arbor, Mich. Infrared spectra were 
obtained on Beckman IR -8 and Perkin-Elmer Model 137 Infra
cord spectrometers. Varian A-60 and A-60A spectrometers were 
used to record nmr spectra, and chemical shifts are reported in 
parts per million measured from an internal tetramethylsilane 
reference. Gas-liquid phase chromatography (glpc) was per
formed on Varian Aerograph A-90 and A-90-P gas chromato
graphs. All peak areas were measured with a Disc chart inte
grator.

Materials.—Activated zinc was prepared by stirring zinc dust 
in 1 A  hydrochloric acid for 15 min and washing with distilled 
water until neutral. The zinc was then washed three times with 
absolute ethanol and three times with anhydrous ether, and 
dried at 60 or 100° overnight. Potassium bromide was recrystal
lized, pulverized, and dried for at least 2 hr at 110° before use. 
Solvents were dried and/or distilled before use with the exception 
of ether and alcohol. Purified pentane was prepared from dis
tilled pentane by washing it successively with concentrated 
sulfuric acid, concentrated potassium permanganate in 10% 
sulfuric acid, and water. It was then dried and eluted through 
acid-washed alumina. Silica gel used in column chromatography 
was Grade 950, mesh size 60-200, obtained from Davison Chemi
cal. Anhydrous magnesium sulfate was used to dry organic 
extracts.

¿m res,írans-2,8-¿rans-Bicyclo[8.4.0] tetradecadiene (3a, b).—
The following represents an improvement over the previously 
reported procedure.4 A mixture of 100.0 g of 5,s mp 235-243°, 
and 480 ml of absolute ethanol was hydrogenated over ca. 18 g 
of W-2 Raney nickel catalyst at 1500 psi and 150-200° for 18 hr. 
The resulting slurry was diluted with 5000 ml of tetrahydro- 
furan, heated to near boiling temperature, and filtered while hot. 
The liquid was cooled to 5°. Filtration and drying yielded
49.4 g (48%) of 6a as a white powder, mp 242.5-250.5°.

To a stirred suspension of 1.12 g (5.00 mmol) of this powder

(13) J. Boersma and J. C. Noltes, J. Organometal. Chem., 8, 551 (1967).
(14) The stereochemistry of fragmentation reactions is discussed by C. A. 

Grob, Angew. Chem., Ini. Ed. Engl., 8, 535 (1969), and C. A. Grob and P. W. 
Schiess, ibid., 6, 1 (1967).

in 25 ml of dry pyridine, cooled to ice-bath temperature, was 
added 3.75 g (32.5 mmol) of methanesulfonyl chloride. Stirring 
was continued for 15 min and then the mixture was allowed to 
stand unstirred overnight at 6°. Then after stirring for 30 min 
the mixture was poured into 100 ml of cold water. The white 
solid which formed was collected by filtration, washed with cold 
5%  hydrochloric acid, cold water, and ether, and then dried, 
yielding 1.73 g (91%) of 6b as a white powder: mp 127.0-
129.5° dec; ir (KBr) 3.47, 7.53, and 8.56 n; nmr (acetone-d6) 
S 0.8-2.2 (complex, 20), 3.10 and 3.13 (singlets, 3.5 and 2.5, 
combined -0 S 0 2CH3), and 4.20 and 4.62 ppm (complex, 1.4 
and 0.6, combined methine protons at carbon bearing -OSO2- 
CH3).

A mixture of 6.84 g (0.0180 mol) of dimesylate 6b, similar to 
that obtained above, mp 124.0-127.5° dec, 8.57 g (0.0720 mol) 
of freshly dried potassium bromide powder, and 3.53 g (0.0540 
g-atom) of activated zinc dust in 90 ml of dimethylformamide 
was heated to 60-70° for 47 hr. During the reaction 10 ml of 
dimethylformamide was added to rinse the walls of the reaction 
flask. The resulting mixture was filtered and the remaining 
zinc was washed repeatedly with pentane. The combined fil
trates were diluted with additional pentane (total 500 ml) and 
then washed six times with 250 ml of water, dried, and concen
trated under reduced pressure to give 3.35 g of a white paste 
(96% based on loss of both mesylate groups). This material 
was chromatographed on 250 g of silica gel (column length: 
diameter = 12.8:1), collecting 20 150-ml fractions of pentane 
as eluent. Fractions 2-4 yielded 0.49 g of a mixture of saturated 
and unsaturated compounds. Fractions 5-15 yielded 1.25 g 
(34% based on diol mixture 6a) of 3a,b as an oily, white solid 
whose ir and nmr spectra were identical with those of authentic 
diene.4

Fragmentation of cfs-9,10-Dimethanesulfonyloxy-(™ns,S)/n,- 
irans-perhydroanthracene.— A sample of cis diol 6a was obtained 
from catalytic hydrogenation under 2000 psi of hydrogen at 
100° for 20 hr of 10.0 g (4.63 mmol) of dione 5, mp 239.5-245.5°, 
in 200 ml of ethyl acetate containing 1 ml of 60% perchloric acid 
and 0.75 g of platinum oxide. The resulting slurry was diluted 
with 1000 ml of warm ethyl acetate and filtered. A precipitate 
formed in the filtrate. After cooling, collection and drying 
yielded 0.86 g (8% ) of white, flocculent crystals, mp 260-263°. 
The mother liquor was concentrated at reduced pressure to give a 
second crop of 0.42 g (4% ) of white powder, mp 255-262°, ir 
(KBr) identical with that of the first crop. Combined crops 1 
and 2 were recrystallized from tetrahydrofuran, yielding 0.78 g 
of cis diol 6a as fine, white needles, mp 265.5-266.5°. [Correla
tion of the stereochemistry of this diol with that of the known 
diacetates was established by acetylating a mixture of 100 mg 
(0.446 mmol) of diol with 1.0 ml of acetic anhydride in 5 ml of 
pyridine at reflux temperature for 1 hr. Work-up gave 136 
mg (99%) of white powder, mp 152.0-156.5°, recrystallization 
of which afforded material with mp 159.0-161.0°, undepressed 
upon mixing with authentic cis diacetate.4] To a mixture of 
600 mg (2.68 mmol) of diol 6a, mp 265.5-266.5°, and 15 ml of 
pyridine, cooled to ice-bath temperature, was added, with stir
ring, 1.50 ml of distilled methanesulfonyl chloride. After 18 hr 
at ca. 6° the mixture was poured into 25 ml of cold water. The 
resulting precipitate was collected, washed, and dried, affording 
968 mg (95%) of cis-6b as a white powder, mp 125.0-125.5° dec.

Fragmentation of 380 mg (1.00 mmol) of cfs-6b was carried 
out in the presence of 196 mg (3.00 mg-atom) of activated zinc 
dust and 476 mg (4.00 mmol) of potassium bromide powder in 
8 ml of dimethylformamide, heated at 60-65°, with stirring under 
nitrogen. Periodically, aliquots were removed to monitor the 
course of the reaction and, after 70 hr, the remaining reaction 
mixture was worked up. Analysis of the nmr spectrum of the 
crude product indicated a yield of 3a,b of 30% (based on absorp
tion at 5 4.8 ppm) with much elimination of methanesulfonic 
acid (based on absorption at S 5.0 ppm).

Fragmentation of cis-6b was also carried out in the presence 
of base: a mixture of 300 mg (0.790 mmol) of cfs-6b, 150 mg 
(2.37 mg-atom) of activated zinc dust, 386 mg (3.16 mmol) of 
potassium bromide powder, and 49 mg (1.2 mmol) of sodium 
hydroxide in 7 ml of dimethylformamide was heated at 60-70° 
and aliquots were removed periodically to monitor the course 
of the reaction. Work-up, after 70 hr, gave a product, the nmr 
spectrum of which indicated a yield of 3a,b of 20% with much 
elimination of methanesulfonic acid.

Fragmentation of irares-9,10-Dimethanesulfonyloxy-irans,s.y/i,- 
irans-perhydroanthracene.— A sample of trans diol 6a, mp 234-



B icyclo [8.4.0]tetradecatriene J. Org. Chem., Vol. 37, No. 4-, 1972 551

285°, was obtained by saponification of the corresponding di
acetate.4 The remaining procedures closely followed those 
described for fragmentation of cis-6b. Mesylation of a 600-mg 
sample of trans-6a afforded 970 mg (95%) of trans-6b as a white 
powder, mp 181.0-181.5° dec.

Fragmentation of a 380 mg (1.00 mmol) sample of trans-6b 
with 196 mg (3.00 mg-atom) of activated zinc dust and 476 mg 
(4.00 mmol) of potassium bromide in 8 ml of dimethylformamide 
at 60-70° for 70 hr yielded a product containing 46%  of frag
mentation product 3a,b and much olefin from elimination of 
methanesulfonic acid. Fragmentation of a 300 mg (0.790 mmol) 
sample of trans-6b under similar conditions but with the addition 
of 47 mg (1.2 mmol) of sodium hydroxide afforded a product in 
which elimination of methanesulfonic acid had predominated, 
fragmentation accounting for only 6%  (based on nmr absorption 
at 84.8 ppm).

9 ,10-Diketo-A!!-irans,si/n,<rans-dodecahydroanthracene (11).— 
A solution of 8.47 g (52.2 mmol) of quinone 97 in 15 ml of dry 
benzene solution containing 11 g (210 mmol) of butadiene was 
kept in the dark at room temperature for 17 days. During the 
reaction period an additional 2 g (38 mmol) of butadiene in 
benzene was added to the mixture. Finally, the reaction mix
ture was concentrated to dryness under reduced pressure, yielding
10.9 g (96%) of a beige powder: mp 108-111°; nmr (CC14) 5 
1.65 (complex, 4), 2.27 (complex, 8), 3.03 (complex, 2), and
5.49 ppm (complex, 2 ). (Absorption at 8 7.56 ppm indicated 
contamination by starting material to be less than 2% .) The 
crude solid was crystallized from 10%  ethyl acetate-hexane to 
yield 5.90 g (52%) of beige needles: mp 112-113.5°; ir (KBr)
6.16 p. Concentration of the mother liquor gave a second crop of 
2.60g (23%), mp 110-112°.

Over a 15-min period, 30 g (0.46 g-atom) of activated zinc 
was added in portions to a solution of 10.0 g (16.0 mmol) of 
butadiene adduct, mp 109-112°, in 300 ml of glacial acetic acid 
maintained at 115°. The mixture was heated at reflux tempera
ture under nitrogen for 85 min and then filtered while hot. 
Additional warm acetic acid was used to rinse the collected zinc. 
The combined filtrates were diluted with 1750 ml of ether and 
subsequently washed five times with 500 ml of water, once with 
5% sodium bicarbonate solution, and again with water. Drying 
and concentration at reduced pressure afforded 8.82 g (87%) of 
a mixture of stereoisomeric diones as a white, violet-tinged solid: 
mp 169-208°; ir (KBr) 5.91 p; nmr (CDC13) 8 0.7-3.7 (complex, 
16), and 5.79 ppm (s, 2 ). The crude mixture of reduced diones 
(8.68 g) was dissolved with heating and stirring in 30 ml of 
ethanol and the solution was treated with 2 ml of a 5%  ethanolic 
potassium hydroxide solution. A reddish-brown coloration 
developed and was followed by the rapid separation of white 
crystals. The mixture was cooled at 6° for 2 hr and the pre
cipitate was collected, washed with cold ethanol, and dried, 
affording 6.41 g (74%) of white plates, mp 225-231°, ir (KBr)
5.92 p. This substance was characterized as 11 by hydrogena
tion of a 250-mg sample in 80 ml of tetrahydrofuran for 100 min 
at room temperature under 300 psi of hydrogen and over 500 mg 
of 5%  palladium on charcoal. The resulting mixture was heated 
to near reflux temperature and filtered while hot, and the filtrate 
was concentrated under reduced pressure to yield yellow-white 
prisms, mp 215-226°, no nmr (CF3C 02H) absorption due to vinyl 
hydrogen. Crystallization from ethanol yielded 180 mg (71%) 
of white needles, mp 249-252.5°, undepressed upon mixing with a 
sample of authentic 9,10-diketo-irans,s!/ii,irans-perhydroan- 
thracene,6 ir (KBr) matched that of authentic material.

frans,trans,cis-2,8,12-irans-Bicyclo[8 .4.0]tetradecatriene (4a). 
—To a magnetically stirred suspension of 0.50 g (13 mmol) of 
lithium aluminum hydride in 75 ml of tetrahydrofuran was added 
0.50 g (23 mmol) of dione 11, in portions along with 15 ml of 
tetrahydrofuran. Stirring under nitrogen at room temperature 
was continued overnight. Excess lithium aluminum hydride 
was destroyed by addition of ethanol and water, and 50 ml of 5%  
hydrochloric acid was then added. Organic solvents were re
moved under reduced pressure and the remaining solid was fil
tered and then washed successively with 10%  sodium hydroxide 
solution, water, 5%  hydrochloric acid, and ethanol, yielding, 
after drying, 1.29 g of yellow powder. This material was extracted

with chloroform-2%  hydrochloric acid, the chloroform extracts 
yielding 0.32 g (63%) of a mixture of diols 7a as a pale yellow 
powder, mp 197-227°, ir (KBr) showing no carbonyl absorption.

In a typical run. 13.8 g (120 mmol) of methanesulfonyl chloride 
was added to a cooled, stirred suspension of 4.08 g (18.4 mmol) 
of diol mixture 7a, obtained as described above, in 100 ml of 
dry pyridine. The mixture was stored at 5° for 2 days. Addi
tion of 350 ml of cold water produced a white solid which was 
collected and washed with 5%  hydrochloric acid, water, and 
ether. Drying yielded 6.61 g (95%) of a mixture of dimesylates 
7b as a white powder, mp 129-130° dec.

A mixture of 6.39 g (16.9 mmol) of this dimesylate mixture,
8.05 g (67.6 mmol) of dried potassium bromide powder, and 
3.32 g (50.7 mg-atoms) of activated zinc in 90 ml of dry dimethyl
formamide was stirred under nitrogen at 60-70° for 28 hr. The 
zinc remaining in the reaction mixture was removed by filtration 
and washed with pentane. Washing the combined filtrates 
thoroughly with water and further work-up yielded 3.00 g of a 
clear, slightly yellow oil: nmr (CC1() 8 0.6-3.0 (complex), 4.75 
(complex, trans-disubstituted C = C ), and 5.15 ppm (broad 
singlet, cis-disubstituted C = C ). The integration ratio for 
absorbance at 8 5.15 (2 H) and 4.75 ppm (4 H) of 20:23 indicated 
that triene 4a formed about 58% of the mixture.

The reaction product was chromatographed on 225 g of silica 
gel (column length: diameter =  11:1) using eight 175-ml portions 
of distilled pentane followed by nine 175-ml portions of 5% 
ether-pentane as eluting solvents. Fractions 2 and 3 yielded 
0.095 g of a white solid, probably A2-trans,syn,frares-dodecahydro- 
anthracene: mp 49.5-51°; nmr (CCh) 8 0.5-2.4 (complex, 20) 
and 5.60 ppm (c, 2, J  =  2 Hz, disubstituted C = C ). Fractions
4-7 yielded 0.458 g of a clear, colorless oil, probably a mixture of 
AMa(io)- and A2’“ -irares,cfs-deoahydroanthracenes: nmr (CC14) 8
0.6-3.0 (complex, 17), 5.15 (complex, 11, trisubstituted C = C ), 
and 5.68 ppm (complex, 2, disubstituted C = C ). Fractions 9-14 
yielded 1.530 g (43% based on starting dimesylate mixture) of 
trans,trans,cis-2,8.12-irores-bicyclo[8.4.0]tetradecatriene (4a) as 
a clear, very pale yellow oil: ir (CCh) 10.34 p\ nmr (CCh) 8 
0.6-2.9 (complex, 14), 4.75 ppm (complex, 4, trans-disubstituted 
C = C ), and 5.72 ppm (d, 2, J  =  11 Hz, cis-disubstituted C = C ). 
A portion of this material was rechromatographed over silica 
gel using purified pentane as eluting solvent. Evaporation of 
solvent from the third of five fractions afforded an analytical 
sample.

Anal. Calcd for CUH20: C, 89.29; H, 10.71. Found: 
C, 88.88; II, 10.91.

Ozonolysis of 4a.—An excess of ozone from a Welsbach ozona
tor, Model T-408, was bubbled into a solution of 48 mg (0.26 
mmol) of triene 4a in 7 ml of dry methylene chloride at —75°. 
The resulting blue solution and white gelatinous precipitate were 
allowed to warm ;o room temperature and 3 ml of 40% peracetic 
acid (FMC Corp.) was then added. After diluting the mixture 
with ethyl acetate and heating it to reflux for 28 hr, 150 mg of 
30% palladium on charcoal was added. The total mixture was 
dried, filtered, and concentrated under reduced pressure to give 
70 mg of brown residue, ir (CHC13) 5.78 p. The residue was 
dissolved in ether and washed with 10 ml of 10%  sodium hydrox
ide solution. Acidification of the aqueous phase with 15 ml of 
10%  hydrochloric acid, followed by thorough extraction with 
ether, yielded, upon further work-up, 10.5 mg of yellow solid 
which was esterified with diazomethane. The product was sub
jected to glpc analysis at 150° on a 5 ft X  0.25 in. column packed 
with 5%  Carbowax 20M on Chromasorb T ; only one peak 
was apparent, with a retention time of 3.6 min, identical by 
coinjection with the retention time of an authentic sample of 
dimethyl adipate. The peak of an authentic sample of dimethyl 
fraas-l,2-cyclohexanedicarboxylate, subjected to the above- 
described column conditions, appeared at 6.0 min.

Registry No.— 3a,b, 1 7 5 1 0 -7 7 -9 ; 4a, 3 2 6 8 7 -2 2 -0 ; 
6a, 3 9 2 2 -0 6 -3 ; 6b, 3 2 6 7 5 -5 9 -5 ; 7a (m ixture of diols), 
3 2 6 7 5 -5 8 -4 ; 1 0 ,3 2 6 7 5 -5 6 -2 ; 1 1 ,3 2 6 7 5 -5 7 -3 ; A 2-trans,- 
s2/ii,frans-dodecahydroanthracene, 3 2 6 7 5 -60 -8 .
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Dehydrohalogenation of bis-endo-l,5-dichloro-7-thiabicyclo[2.2.1]heptane (3) and 3,4-dibromo-7-thiabicyclo-
[4.1.0] heptane (9) was attempted with a variety of rather nonnucleophilic bases. From 3 the desired 7-thianor- 
bornadiene (2) was not observed but benzene was formed presumably from this intermediate. From 9 benzene 
was also formed and this is postulated to arise from sulfur extrusion from thiepin or thianorcaradiene.
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Despite the syntheses of several substituted deriva
tives,1 the parent thiepin (1) is yet unknown. As the 
parent oxepin is now known and its behavior well es
tablished,2 it would be of considerable interest to pre
pare and investigate the thiepin in order to compare the 
properties of these two basic heterocyclic ring systems. 
The successful synthesis of the stable thiepin 1,1- 
dioxide by Mock3 lends further impetus to this goal as 
does the recent report of SCF-MO calculations which 
indicate that 1, if planar, would be antiaromatic.4 5 
We decided to attack this problem from two different 
directions, both of which involved elimination of two 
molecules of hydrogen halides from key intermediates.

The first route employed was to adapt the Prinzbach6 
method for oxepin and azepin synthesis to the synthe
sis of thiepin as illustrated in eq 1.

2 1

While the most obvious choice for the synthesis of
7-thiabicyclo [2.2.l]hepta-2,5-diene (2) would be a 
Diels-Alder reaction between thiophene and acetylene, 
the well-established lack of reactivity of thiophenes 
in this addition6 makes this an unlikely route. How
ever, the ready availability of bi s-endo-1,5-dich loro-7- 
thiabicyclo[2.2.1]heptane (3) from the addition of sul
fur dichloride to 1,4-dihydrobenzene7 afforded a likely 
starting material. Unfortunately, the elimination of 
two molecules of hydrogen chloride from 3 proved rather 
frustrating in that the usual techniques afforded either 
no reaction or no isolable sulfur-containing products. 
Sodium 2-n-butylcyclohexoxide (BCO) had been shown 
to be a uniquely effective base for the elimination of

(1) (a) G. P. Scott. J. Amer. Chem. Soc., 75, 6332 (1953); (b) W. E. Truce 
and F. J. Lotspeich, ibid., 78, 848 (1956); (c) K. Dimroth and G. Lenke, 
Angew. Chem., €8, 519 (1956); (d) E. D. Bergmann and M. Rabinowitz, 
J. Org. Chem., 25, 828 (1960); (e) K. Dimroth and G. Lenke, Chem. Ber., 
89, 2608 (1956); (f) R. H. Schlessinger and G. S. Ponticello, J. Amer. Chem. 
Soc., 89, 7138 (1967); (g) R. H. Schlessinger and G. S. Ponticello, Tetra
hedron Lett., 3017 (1968), 4361 (1969); (h) H. Hofmann and H. Wester- 
nacher, Angew. Chem., Int. Ed. Engl., 5, 958 (1968); (i) J. M. Hoffman, Jr., 
and R. H. Schlessinger, J. Amer. Chem. Soc., 92, 5263 (1870).

(2) (a) E. Vogel, R. Schubart, and W. A. Boll, Angew. Chem., Int. Ed. 
Engl., 3 , 510 (1964); (b) E. Vogel, and W. A. Boll, and H. Gunther, Tetra
hedron Lett., 609 (1965); (c) E. Vogel and H. Gunther, Angew. Chem., Int. 
Ed. Engl., 6, 385 (1967).

(3) W. L. Mock, J. Amer. Chem. Soc., 89, 1281 (1967).
(4) M. J. S. Dewar and N. Trinajstic, ibid., 92, 1453 (1970).
(5) H. Prinzbach, M. Arguelles and E. Druckrey, Angew. Chem., Int. Ed. 

Engl., 5, 1039 (1966).
(6) J. F. Scully and E. V. Brown, J. Amer. Chem. Soc., 75, 6329 (1953).
(7) E. J. Corey and E. Block, J. Org. Chem., 31, 1663 (1966).

hydrogen halides from endo-substituted norbornyl ha
lides.8 Under conditions mild enough to possibly pro
vide an opportunity to observe thiepin, BCO proved 
ineffective as respectable recoveries of starting mate
rial were realized. Other bases employed for the 
dehydrochlorination of 3 were potassium ferf-butoxide,
l,5-diazobicyclo[4.3.0]non-5-ene (DBN), 1,5-diazobi- 
cyclo [5.4.0]undec-5-ene (DBU), and bis-l,8-dimethyl- 
aminonaphthalene (BDMAN), the latter being a par
ticularly good nonnucleophilic base.9 The results of 
these attempted dehydrochlorinations are summarized 
in Table I. While BCO proved to be rather unreac-

T a b l e  I
Products identified

Halide Base® Solvent Temp, °C (yield, % )b

3 BCO Et20 0 3 (61)
3 BCO Et20 -

BCOH
23 3 (75)

3 KO-feri-Bu
(3 N )

ferf-BuOH 82 Benzene (6)

3 DBN (3 N ) CDsCN 5 0 Benzene (19)
3 BDMAN CH3CN 65-70° Benzene (10); 1,4- 

dihydrobenzene
(57)

3 DBU DMSO-dc 73 ±  3 Benzene (68)
5 DBU CDSCN 70 ±  5 Benzene (45); 1,4- 

dihydrobenzene
(1)

9 KO-ieri-Bu
(3 N )

ferf-BuOH 30 Benzene (4)

9 DBN (3 N) DMSO 23 Benzene (4)
9 BDMAN CHaCN 24 Benzene (36)
9 DBU (3 N) Neat 25 ±  3 Benzene (38)

a Unless otherwise noted, 2 equiv of base were employed. 
b Benzene and 1,4-dihydrobenzene were identified by comparison 
and enrichment using a combination of gc and nmr spectroscopy. 
The gc was performed on columns of either 3%  SE-30 on 100/120 
Varaport 5 ft X  0.25 in. or 10% SE-30 on 60/80 Chromosorb W 
10 ft X 0.25 in. Yields were calculated using the integration 
ratios of portions of reaction mixtures as distillates of known 
weights. c No reaction occurred at room temperature.

tive to 3, potassium feri-butoxide, DBN, and BDMAN 
each afforded benzene in low yield. In addition, the 
reaction of 3 with BDMAN yielded a large amount of
1,4-dihydrobenzene. The formation of this latter 
product likely proceeds through cyclic episulfonium ions 
and is analogous to the recently reported eliminations 
of 4-chlorobenzenesulfenyl chloride from chloroalkyl 4-

(8) (a) M. Hanack, H. Eggensperger, and R. Hahnle, Justus Liebigs Ann. 
Chem., 652, 96 (1962); (b) M. Hanack and R. Hahnle, Chem. Ber., 95, 191 
(1962).

(9) R. W. Alder, P. S. Bowman, W. R. 9. Steele, and D. R . Winterman, 
Chem. Commun., 723 (1968).
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chlorophenyl sulfides;10 however, the reason for this 
singular departure is not understood at present.

Formation of benzene from 3 may be explained as 
either proceeding by thermal extrusion of sulfur from 2 
or initial anionic ring opening eventually leading to the 
thianorcaradiene 4 from which sulfur extrusion may 
take place. This latter pathway would be expected 
to lead also to thiophenol. Efforts to isolate this 
product were uniformly unsuccessful and if present it 
must be a very minor component.

If indeed benzene results from a bridge expulsion of 
sulfur from 2,11 an approach to a more stable diene 
could be the prior oxidation of 3 to the sulfoxide 5. 
The resulting diene, 6, would have to extrude sulfur 
monoxide if it were to decompose to benzene. How
ever, reaction of 5 with DBU provides benzene as the 
sole isolable product in good yield (45%). This ob
servation casts further doubt on a mechanism involv
ing initial anionic ring opening, as the driving force of 
formation of the mercaptyl anion is removed in the 
case of 5. Although likely and reasonable, the inter
mediacy of 2 cannot be said to be definite. Several of 
the reactions in Table I were performed in nmr tubes 
with continuous nmr monitoring. With the exception 
of BDMAN-acetonitrile system (which exhibited vinyl 
absorption for 1,4-dihydrobenzene), none of the nmr 
spectra of the reaction mixtures revealed any olefinic 
absorption indicative of 2 or 6.

A much more straightforward route to thiepin syn
thesis is one similar to that used by Vogel in the syn
thesis of oxepin.2 Indeed the final intermediate in 
Vogel’s synthesis, 4,5-dibromocyclohexene oxide (7), 
can be utilized as a logical starting point for the syn

thesis of thiepin. Compound 7 was easily converted 
to the thiourium salt (8) in high yield by reaction with 
thiourea. Treatment of 8 with aqueous sodium car
bonate resulted in good yields (85%) of white, crystal
line 3,4-dibromo-7-thiabicyclo[4.1.0]heptane (9).

9

When 9 was treated with a variety of bases, including 
sodium methoxide, triethylamine, potassium teri-butox- 
ide, DBN, DBU, and BDMAN in several solvents, isola
tion of any product even vaguely resembling thiepin 
could not be accomplished. Certain of these results are 
summarized in Table I and in each case benzene was 
the sole identifiable product. With the exception of 
the BDMAN-acetonitrile system, no olefinic products 
could be detected. Using BDMAN, an intermediate 
olefinic material(s) exhibiting complex absorptions at 
S 5.5 and 4.75-4.4 was observed; it appeared to de
compose to benzene. While the data do not abso
lutely demand the intermediacy of thianorcaradiene
(4), it seems likely that this intermediate is formed and 
quickly eliminates sulfur to form benzene (eq 4). This

9 4

type of elimination is well established for substituted 
thiepins, although the thermal stability strongly de
pends upon the nature of the substituents.1'11

Experimental Section12
2,5-Bis-endo-dichloro-7-thiabicyclo[2.2.1]heptane (3) was pre

pared by the method of Corey and Block using sulfur dichloride 
and 1,4-cyclohexadiene in methylene chloride.7 Sulfide 3 was 
oxidized to sulfoxide 5, mp 170-71.5°, in 92% yield through re
action with 1 equiv of m-chloroperbenzoic acid in chloroform for 
1 week at 0°. The ir spectrum of 5 revealed a very intense band 
at 1055 cm-1 (S = 0 ) ; the nmr spectrum (CD3CN) showed absorp
tions at 5 5.0 (m, 1 H), 4.48 (m, 1 H ), 3.69 (m, 2 H ), 2.68 (m, 
1 H), and 2.37 (m, 3 H ); and the molecular weight was con
firmed by the mass spectrum.

Sodium 2-n-butylcyclohexoxide (BCO) was prepared from 
sodium and 2-n-butylcyclohexanol according to the method of 
Hanack.8

Thiouronium Salt of 7 (8).— To a stirred, ice-cooled mixture 
consisting of 0.51 ml of concentrated sulfuric acid, 6.0 ml of 
water, 50 ml of ether, and 1.30 g (17 mmol) of thiourea was 
added a solution of 4.35 g (17 mmol) of 7 over 1.5 hr. A 
thick, milky mixture soon resulted and, after stirring for an addi

(10) G. H. Schmid and P. H. Fitzgerald, J. Amer. Chem. Soc., 93, 2547 
(1971). See also ref 7 and T. Tsuji, T. Komeno, H. Itani, and H. Tanida, 
J. Otq. Chem., 36, 1648 (1971).

(11) For reviews of the thermal extrusion of sulfur, see B. P. Stark and 
A. J. Duke, “ Extrusion Réactions," Pergamon Press, Oxford, 1967; J. D. 
Loudenin “ Organic Sulfur Compounds,”  Vol. 1, N. Kharasch, Ed., Pergamon 
Press, Oxford, 1961, p 299; and R. Grigg, R. Hayes, and J. L. Johnson, 
Chem. Commun., 1167 (1969).

(12) Elemental analysis was performed by Use Beetz, Kronach, West 
Germany. Infrared spectra were taken on a Perkin-Elmer Model 21 spec
trophotometer. Nmr spectra were taken on a Varian Model A-60 or a 
Hatachi R20-B spectrophotometer using TMS as an internal standard. 
Mass spectra were obtained on an Atlas CH4 spectrometer. Gas chromato
graphic analysis was performed on either a Varian-Aerograph Hy Fi 600-C 
or a Varian-Aerograph 1700 using SE30 columns as indicated in the Experi
mental Section. Melting points are uncorrected.
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tional 1 hr at 0 -5°, the reaction mixture was allowed to warm to 
room temperature where stirring was continued for 12 hr. The 
white solid was then filtered, washed twice with 15 ml of ab
solute ethanol, and dried (5.24 g, 81%), mp 188° dec.

3,4-Dibromo-7-thiabicyclo[4.1.0]heptane (9).— A solution of 
sodium carbonate (0.56 g, 5.3 mmol) in 10 ml of water was added 
over a 30-min period to a slurry of 8 (4.00 g, 5.3 mmol) in 50 ml 
of water. Stirring was continued for 20 min after which the 
reaction temperature was raised to 50° for 15 min. After cooling, 
the mixture was filtered, washed three times with 25 ml of 
water, and dried. Recrystallization from ether-hexane afforded 
2.43 g (85%) of the title compound: mp 59.5-60.5°; nmr 
(CCl,) i ca. 4.2 (complex m, 2 H), ca. 3.0 (very complex m, 6 H).

Anal. Calcd for C6H8Br2S: C, 26.49; H, 2.96; Br, 58.76; 
S, 11.79. Found: C, 26.62; H, 3.08; Br, 58.60; S, 11.91.

Attempted Dehydrochlorination of 3 with BCO.— Dry nitrogen 
gas was bubbled through 4.40 ml (3.97 g, 25.6 mmol) of freshly 
distilled 2-n-butylcyclohexanol for ca. 15 min. Sodium metal 
(0.278 g, 12.4 mmol) was added. The magnetically stirred mix
ture was heated at 70° in a nitrogen atmosphere until all the 
sodium had reacted. Freshly distilled ethyl ether (9 ml, from 
LiAlH,) was added to the stirred mixture followed by a solution 
of 1.00 g (5.5 mmol) of 3 in 4 ml of ether. After 2 days at room 
temperature, 5 ml of 2 A  NaOH was added, followed by 12 ml of 
ether. The ether solution was extracted with 6-10-ml portions 
of 2 A  NaOH. The combined alkaline extracts were acidified 
with HC1 and extracted with three 25-ml portions of ether. 
After drying (MgSO<), the ether was evaporated and the residue 
(38 mg) was analyzed by tic (Brinkman FF25( and pentane). 
No thiophenol was observed in the many-component, mixture.

The ether solution, after base extraction, was washed with 
water, washed with saturated NaCl solution, and dried over 
MgSO,, and most of the ether was removed by distillation. The 
remaining liquid was analyzed by gc (Varian-Aerography Hy Fi 
600-C) using a 5 ft X 0.125 in., 5%  SE-30 o n 60 /80Chromosorb 
W , column with a flame ionization detector. No ber.zene was 
seen. The mixture contained residual ether, 2-n-butylcyclo
hexanol, and 3. The presence of 3 was confirmed by tic. Dry 
column chromatography13 on silica gel (pentane eluent ) resulted 
in a 75% recovery of starting 3.

Dehydrochlorination of 3 with Potassium fert-Butoxide.— To 
12 ml of freshly distilled iert-butyl alcohol was added a mixture of 
1.0 g (5.5 mmol) of 3 and 1.7 g (15 mmol) of potassium tert- 
butoxide. The magnetically stirred solution was refluxed under 
nitrogen for 24 hr. The iert-butyl alcohol was distilled in five 
fractions over a range of 74-82°. By gc (Varian-Aerograph 
1700, 5 ft X 0.25 in. column of 30% SE-30 on 100/200 Anaport, 
thermal detector) and nmr it was determined that 24 mg of 
benzene was present in the alcohol distillate. The distillation 
residue was treated with aqueous KOH and then extracted with 
four 15-ml portions of ether. The combined ether extracts were 
extracted with four 15-ml portions of 2 A  NaOH. Acidification

(13) B. Loev and M. Goodman, Chem. Ind. (London), 2026 (1967).

of this aqueous solution with HC1 followed by ether extraction, 
drying (M gS04), and evaporation afforded 13.7 mg of solid ma
terial. Analysis of this material by tic (Brinkman PF264 silica 
gel) indicated a mixture of at least nine components. The 
presence of thiophenol could not be detected. The ether 
fraction remaining after initial base extraction was evaporated 
to yield 0.41 g of residue. Tic and nmr analysis of this material 
indicated that it contained ca. 0.20 g (20%  recovery) of starting 3.

Dehydrochlorination of 3 with Bis-1,8-dimethylaminonaph- 
thalene (BDMAN).— A mixture of 2.47 g (13.6 mmol) of 3 and
5.94 g (28.0 mmol) of BDMAN (Aldrich) was dissolved in 18 
ml of acetonitrile. This solution was heated under nitrogen at 
68 ±  3° for 14 days. Analysis of the reaction mixture by gc 
(Varian-Aerograph 1700, 10 ft X  0.25 in. column of 10% SE-30 
on 60/80 Chromosorb W ) and nmr indicated that benzene (10% ) 
and 1,4-dihydrobenzene (57%) were present. Positive identi
fication was made with both gc and nmr by enrichment of the 
reaction mixture with authentic materials.

Dehydrobromination of 9 with Potassium iert-Butoxide.—  
A solution containing 1.01 g (3.7 mmol) of 9 and 1.3 g (11 mmol) 
of potassium ferf-butoxide in 15 ml of freshly distilled iert-butyl 
alcohol was stirred under nitrogen at 30 ±  3° for 14 days. 
Analysis by tic (PF264) indicated no remaining 9 in a mixture of 
at least four components. The alcohol was removed by distilla
tion at 80-82° and was shown by gc and nmr to contain 4%  
benzene. The residue from the distillation was mixed with 
water and filtered tc obtain 0.30 g of solid material. Chro
matography on a dry column of silica gel (chloroform eluent) 
afforded a major fraction of 0.22 g of a very complex mixture 
from which no pure materials were isolated.

Dehydrobromination of 9 with DBN.— To a solution of 1.8 g 
(14.6 mmol) of dry DBN in 20 ml of dry DMSO was added 1.00 
g (3.65 mmol) of 9 in a dry nitrogen atmosphere (glove bag). 
The solution was stirred for 12.5 hr at room temperature at 
which time it was a wine red. The stirred reaction mixture was 
then immersed in a water bath (20 ±  2°) and a vacuum of 0.4 
Torr was applied. Three Dry Ice-acetone traps were placed 
in the vacuum system and the vacuum was applied for 10.5 hr. 
After this period the nitrogen atmosphere was restored and 
stirring at room temperature was continued for 2.5 days with the 
above vacuum treatment being applied intermittently. Ben
zene (4% ) was found in the first two traps using gc and nmr.

Dehydrobromination of 9 with DBU.— To 88 mg (0.32 mmol) 
of 9 in an nmr tube was added 0.155 g (1.0 mmol) of DBU. 
This was performed in a dry nitrogen atmosphere at room tem
perature. An exothermic reaction occurred immediately which 
afforded a brown gum. To this was added 0.23 g of DMSO-d« 
and the nmr spectrum of this solution indicated the presence of 
benzene and the absence of 9. The presence of benzne was 
confirmed by gc analysis and the observed yield was calculated 
to be 38%.

Registry No.—3, 6522-40-3; 5,32846-51-8; 9,32861-
43-1.
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Specific Synthesis and Selective Alkylation and Condensation of 
Monoesters of Substituted Succinic Acids

W i l l i a m  G. K o f r o n * a n d  L a w s o n  G. W i d e m a n 1
Department of Chemistry, The University of Akron, Akron, Ohio 44-104 
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Monoesters of unsyinmetrical alkylsuccinie acids are converted by 2 equiv of amide ion in liquid ammonia to 
dianions in which the proton a to the ester moiety has been ionized. The dianion reacts with alkyl halides to 
yield an alkylated product and with carbonyl compounds to yield a condensation product. The use of this di
anion thus affords a single product of predictable structure, while alkylation of the diester or the imide yields a 
mixture of both possible products. The substituted monoesters are prepared bv attaching an acetic acid residue 
to an ester chain, by attaching an acetate ester moiety to an acid chain, by hydrogenation of monoesters of ita- 
conic acids, or by alkylat ion of et hyl hydrogen succinate.

Although carbanions derived from esters of succinic 
acid and from succinimidc have boon useful synthetic 
intermediates in condensation and alkylation reac
tions, 2 ' 3 there has been little investigation into the use 
of derivatives of substituted succinic acids in such re
actions. Esters of alkylsuccinie acids (1 . It = CH3, 
CoFLCIL, etc.) undergo the Stobbe reaction to give 
alkylidene products (2 ). This suggests ionization at 
the unsubstituted carbon (to give l ' ) ; 4 -5 however, the 
Stobbe reaction involves several equilibria which are 
shifted toward product by formation of a carboxylate 
salt (of 2),2 and the equilibrium can only be so shifted 
for products of ion 1' and not l ” . Esters of phenyl- 
succinic acid preferentially form ion 1 "  (R = CeKU), as 
is demonstrated by alkylation (an irreversible reaction) 
of diethyl phenvlsuccinate exclusively on the substi
tuted carbon, but the product of the Stobbe reaction is 
derived from ion 1 ' (R = C6H5 ) 6 (see. Scheme I).

Sc h e m e  I

RCCOOIt' ___^  RCHCOOR' RCHCOOR'

CHoCOOR' CH2COOR' CHCOOR'
I '

J r " ,c = o

R " 2C = C C 0 0 1 t '

RCHCOOH 
2

The acidity of a proton a to a carboxyl function can 
be profoundly affected by the nature of the carboxyl 
derivative. Thus while ethyl 3-bromopropionate is 
dehydrohalogenated by potassium diphenylmethide, 
in the 3-bromopropionate ion the acidity of the a pro
ton has been decreased by the negative charge of the 
carboxylate moiety, and reaction with potassium di
phenylmethide proceeds by displacement of the bro
mide ion to give a salt of 4,4-diphenylbutyric acid. 7 

It thus seemed reasonable that a monoester of an alkyl- 
succinic acid would form that dianion with a negative 
charge a to the ester portion regardless of the position 
of the substituent, and thus alkylation or condensation

(1 ) N D E A  F e l lo w , 1 9 6 9 -1 9 7 0 .
(2 ) F o r  a  r e v ie w  o f  th e  S t o b b e  c o n d e n s a t io n , se e  W . H . J o h n so n  a n d  G . H . 

D a u b , Org. React., 6 , 1 (1 9 5 1 ) .
(3 ) D .  R .  B r y a n t  a n d  C . R .  H a u se r , J . Am er. Chem. Soc. 8 3 , 3 4 6 8  (1 9 6 1 ).
(4 ) H . S t o b b e  a n d  F . G o llu c k e ,  B er., 3 9 , 1066  (1 9 0 6 ).
(5 )  A . W e iz m a n n , J . Org. Chem., 8 , 2 8 5  (1 9 4 3 ).
(6 )  A . M .  Is la m  a n d  M .  T .  Z e m a it y .  J . Am er. Chem. Soc., 8 0 ,  5 8 0 6  (1 9 5 8 ) .
(7 )  \V. G . K o fr o n  a n d  N . I .  G o t t f r ie d ,  J . Org. Chem., 3 1 ,  3 4 2 6  (1 9 6 6 ).

j c i l . I

CH3CRCOOR'

¿H,C()OR'

reactions would take* place exclusively at that same po
sition (Scheme II).

S c h e m e  I I

R C H C O O R ' 2 N IL -  R C C O j R ' halide I h C C O O R '

¿ILCOOH Ni l *  CIRCOO- >  CH2CO O -
3 3'

RCHCOOH 2 N I L -  RCH COO- k e to n e  o r  RCHCOO"

CHjCOOR' N i l *  CHCOOR' h a ^ ie *  RCHCOOR'
4 4 '

Alkylation and Condensation of Anions.—The di
anion obtained from methyl hydrogen succinate and 2  

molar equiv of lithium amide was alkylated with 
methyl iodide to form 2 -methylsuccinic acid 1 -methyl 
ester. As is usually the case with esters not activated 
by aromatic substituents, better yields were obtained 
by use of lithium amide in excess of the stoichiometric 
2  molar equiv. 8 The structure of the alkylated esters 
was demonstrated by decarboxylation of the free car
boxyl group by means of the Cristol modification of the 
Hunsdiecker reaction. 9 Thus 2-methylsuccinic acid 
1 -methyl ester (3, R = R' =  CH3) gave methyl 2- 
methyl-3-bromopropionate, while 2-methylsuccinic acid
4-methyl ester (4, R =  R' =  CH3) afforded methyl 3- 
bromobutyrate. The linear and branched isomeric 
esters are readily distinguished by nmr. The isomeric 
monoesters (3 and 4) cannot be distinguished by nmr, 
since the chemical shifts of the protons are almost the 
same whether a to an ester or to a free carboxyl group. 
Thus methyl hydrogen succinate shows a singlet for the 
four methylene protons. However, a second useful 
technique for assigning structures to alkylated mono
esters was provided by a comparison of the nmr spectra 
of the ester-acid and its potassium salt (the mono
methyl esters were used to avoid overlapping of ethyl- 
CH3 and alkyl resonances). Thus when potassium 
carbonate is added to the solution of methyl hydrogen 
succinate, the singlet is replaced by a complex A2B2 

pattern. In all cases studied protons a or /? (and even
7 ) to the carboxyl group are shifted upfield in the salt, 
but the shift is larger the closer the proton is to the car
boxyl function. The spectra of the monoesters and 
their salts are summarized in Table I. Both isomers of 
the half-esters of 2 -methylsuccinic acid, 2 -isopropyl- 
succinic acid, and 2 -phenylsuccinic acid (3 and 4, R =

(8 )  C .  R .  H a u se r , a n d  W . J . .C h a m b e r s ,  ibid., 21, 1 52 4  ( 1 9 5 6 ) ;  ( b )  
W .  R .  D u n n a v a n t  a n d  C . R .  H a u se r , ibid., 25, 5 0 3  (1 9 6 3 ).

(9 ) S . J . C r is to l  a n d  \V. C . F ir th , ibid., 26, 2 8 0  (1 9 6 1 ) .
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T a b l e  I

N m r  S h i f t s  f o r  P r o t o n s  i n  A c i d s “

Compd Registry no. Proton cps (upfield) l'acid

B  A
C H 3C H 2C O O H 79-09-4 A 14 7 .5 9

B 4 .5 8 .9 0

C  B  A  
C H 3C H 2C H 2C O O H 107-92-6 A 13 7 .6 5

B 5 8 .3 5

C 4 9 .0 4

C I I 3

\  A
B  C H C O O H 7 9 -31-2 A 21 7 .3 8

/ B 7 8 .8 0

C I I 3

A
C H 2C O O H A 9

7 .3 0 6
1 26248-95-3 B 5

C H iC O O C H a C 2 6 .2 7

B  C
A

C H 2C O O H A
7 . 3 1 e

1 32980-25-9 B 9“

C H a C H C O O C H a C 0 8 .7 7 5
C  B  D  
B  A

D 1 6 .2 9

C H a C H C O O H A 6 7 . 1 3

1 23268-03-3 B 4 8 .7 8

C H 2C O O C H 3 C 4 7 .3 8
C  D D 0 6 .2 8

A
C H a C O O H A 11 7 .3 2

1 32980-26-0 C 2 8 .7 4
(C H a )2C C O O C H 3 D 0 6 .2 6

C  D

“ Spectra were run in D 2O containing sodium dimethylsila- 
pentanesulfonate as standard (t 10.000) (Silanor I)20 )  or in 
D 20  containing sodium trimethylsilylpropionate-2,2,.3,.?-d( (Sila
nor D2O-TSP). The salt was prepared by addition of potassium 
carbonate to the sample in the nmr tube, and the spectrum was 
run again. Shifts were determined by measuring the midpoint 
of the integration trace, since multiplets were not symmetrical. 
b A  singlet for both methylenes is observed in the acid. e Meth
ylene and methine protons could not be completely separated, 
and the value is for the midpoint of the integration trace and is 
thus a weighted average. Both methylene and methine signals 
are complex multiplets.

C H 3, ¿ - C 3 H 7  or C 6H 6 ; R ' =  C H 3 or C 2H 5) were studied, 
and in all cases, even 2-phenylsuccinic acid 4-ethyl 
ester, alkylation took place exclusively on the carbon 
atom adjacent to the ester function. In contrast, the 
anion obtained from diethyl 2-methylsuccinate gave on 
méthylation a mixture of alkylated esters including the 
diesters of 2-methylsuccinic (starting material), 2,2- 
dimethylsuccinic, and 2,3-dimethylsuccinic acids. 
Similarly, méthylation of the dianion obtained from
2-methylsuccinimide gave a mixture of 2,2- and 2,3- 
dimethylsuccinimide.

Condensation of the monoester dianions with ketones 
or benzaldehyde similarly took place at the carbon a to 
the ester group, but only when this methylene was not 
substituted (i.e., 4). Condensation products were not 
obtained from the isomers (3). During the reaction or 
the work-up the intermediate hydroxy acid salts cy- 
clized to lactones. The reactions of ketones with 2- 
methylsuccinate and 2-phenylsuccinate diesters have 
already been shown to take place at the unsubstituted

carbon. The alkylation and condensation reactions 
are summarized in Table II, p 508.

Specific Synthesis of Monoesters.— Monoesters are 
readily obtained by the reaction of cyclic anhydrides 
with 1 molar equiv of an alcohol; however, unsym- 
metrical (e.g., monosubstituted) anhydrides might 
give either or both of the isomeric monoesters (3 or 4). 
Methylsuccinic anhydride, on treatment with ethanol, 
produced a mixture of isomers which could not be 
separated by distillation or gas chromatography.10 
The Stobbc condensation produces specifically a mono
ester, and hydrogenation of this compound affords the 
pure saturated monoestcr 3. Also, alkylation of the 
dianion of monocthyl succinate affords pure 3. The 
isomeric unsaturated monoester can be obtained from 
the itaconic anhydride,11 and hydrogenation affords the 
pure saturated monoester 4 (see Scheme III).

R2C=0 + CH2C02Et

CH2C02Et

S c h e m e  I I I  

“0 — tert-Bu

R2C=CCO;Et
I

c h 2c o o h

1. hydrolysis

2. CH3COCI

.0

R2C=CCOOH

CH2C02Et

|H’
RjCH CH CO O H

CH2C02Et

EtOH D _ r _ .1̂ 0 = 0 —C

H2C—Ç,

Î CHCHCO.Et

CH2COOH
3

Alkylation of a carbanion with sodium chloroacetate 
has previously been useful to introduce a carboxy- 
methyl group.7 This method was applied to the syn
thesis of 2-phenylsuccinic acid 1-ethyl ester (3, R = 
C6H5; R ' = C2H5), by alkylation of the lithium or po
tassium salt of ethyl phenylacetatc. Attempts to pre
pare analogous esters (e.g., 3, R = CH3) were unsuccess
ful. Similarly, alkylation of a carboxylic acid, via its 
dianion, with ethyl bromoacetate would afford the iso
meric monoester 4. This method was successful with 
the dilithium derivative of phenylacetic acid but not 
with the dipotassium salt.

As can be seen from Table II, trialkvlsuccinic acids 
can also readily be prepared by further alkylation of

(10) The literature on this reaction is quite confusing. The original 
report claimed that the product with methanol was 2-methylsuccinic 
acid 4-methyl ester (4, R = R ' = CHj); see W. A. Bone, J. J. Sudborough, 
and C. H. G. Sprankling, J. Chem. Soc., 85, 534 (1904). The Beilstein listing 
[H 2, 639] cites this reference for the isomer (3). Subsequently this reac
tion was used to prepare the isomer (3), but large amounts of 4 were also 
found; see J. E. H. Hancock and R. P. Linstead, ibid., 3490 (1953). Authen
tic 2-methylsuccinic acid 4-methyl ester (4) was prepared by reduction of 
the corresponding itaconic half ester, prepared from the reaction of itaconic 
anhydride with 1 molar eqjiv  of methanol.11

(11) B. R. Baker, R. E. Schaub, and J. H. Williams, ./. Org. Chem., 17, 
116 (1952). We have reexamined these reactions and agree with the latter 
two reports.
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dialkyl compounds. In the cases where 2,3-dialkyl- 
succinic acids are formed, stereoisomers may be pro
duced. Generally mixtures of threo and erythro (or 
dl and meso) compounds were formed and were con
verted to the diesters for analysis by gas chromatog
raphy.

Experimental Section
Melting points were determined on a Thomas-Hoover ap

paratus, using a calibrated thermometer. Infrared spectra 
were obtained on Nujol mulls for solids and capillary films for 
liquids. Nmr spectra were determined on a Varian A-60 
spectrometer in D20  containing DSS or TSP, unless otherwise 
specified. Microanalyses were performed by Goodyear Re
search Laboratories and/or Galbraith Laboratories. Gas 
chromatograms were obtained on an F & M Model 500 chro
matograph, using a 12-ft 10% SE-30 or a 20-ft 12.5% Ucon 50 
column.

Alkylation of D iethyl Succinate.— An ethereal solution of 8.7 
g (0.05 mol) of diethyl succinate was added to a stirred suspension 
of 0.05 mol of lithium amide in 200 ml of liquid ammonia, pre
pared from 0.35 g (0.05 g-atom) of lithium. The mixture was 
stirred for 1 hr and 7.1 g (0.05 mol) of methyl iodide in a little 
ether was added. The mixture was stirred for 1 hr and the 
ammonia was evaporated. The residue was stirred with ether 
and ice-cold dilute hydrochloric acid, and the ethereal solution 
was separated, dried, and evaporated to give 6.7 g of an oil, 
shown by gas chromatography to be 99% diethyl succinate and 
1% diethyl methylsuccinate. From the aqueous layer was ob
tained a mixture of succinic acid and monoethyl succinate.

The experiment was repeated using 2 molar equiv of lithium 
amide. Gas chromatography indicated the product (4.0 g) to 
contain 25% diethyl succinate, 29% diethyl methylsuccinate, 
5% diethyl 2,3-dimethyl succinate, 1% diethyl 2,2-dimethylsuc- 
cinate, and several unidentified compounds.

2-Isopropylsuccinic Acid 1-Ethyl E ster.— A solution of 1.86 
g (0.01 mol) of 2-isopropylidenesuccinic acid 1-ethyl ester12 in 
50 ml of methanol was hydrogenated at atmospheric pressure 
using 50 mg of 10% Pd/C . The solution was filtered and 
evaporated, and the residue was distilled at 0.1 mm to give 1.7 g 
(90%) of 2-isopropylsuccinic acid 1-ethyl ester, bp 102-104°; 
saponification with aqueous base followed by acidification gave 
the diacid, mp 115-116° (lit.12mp 115-115.5°).

Alkylation of Monoesters.— A typical procedure is given in de
tail. Table II indicates mole ratio of amide employed and yield 
obtained.

2-Isopropyl-2-m ethylsuccinic Acid 1-Ethyl E ster.— An ethereal 
solution of 2.5 g (0.013 mol) of 2-isopropylsuccinic acid 1-ethyl 
ester was added to 0.052 mol of lithium amide in 200 ml of 
liquid ammonia, and the mixture stirred for 1 hr. An ethereal 
solution of 1.9 g (0.013 mol) of methyl iodide was added, and the 
mixture was stirred for 1 hr. Ammonium chloride was added 
and the ammonia was evaporated. The residue was stirred with 
ice and dilute hydrochloric acid and ether, and the ethereal solu
tion was dried and evaporated. The resulting oil was chro
matographed over neutral alumina to give 1.1 g (43%) of 2-iso- 
propyl-2-methylsuccinic acid 1-ethyl ester. The monoester was 
saponified with aqueous base to the diacid: mp and mmp 
136-138°; nmr (DMSO-d6) t 9.16 (d, 6 ), 8.9 (s, 3), 7.6-S.6 (m, 3).

Anal. Calcd for CgHuCL: C, 55.16; H, 8.10. Found: C, 
55.26; H, 8.12.

2-Isopropylsuccinic Acid 4 -E thyl E ster .—-A solution of 7.5 g 
(0.054 mol) of isopropylidenesuccinic anhydride13 in 100 g of 
ethanol and 100 g of chloroform was refluxed for 4 hr. The sol
vent was evaporated and the resulting solid recrystallized from 
benzene-hexane to give 7.6 g (76%) of 2-isopropylidenesuccinic 
acid 4-ethyl ester, white needles, mp 112-114°.

Anal. Calcd for CgHuCL: C, 58.06; H, 7.58. Found: C, 
58.31; H, 7.33.

A solution of 1.5 g (0.008 mol) of the monoester in 50 ml of 
ethanol was hydrogenated for 12 hr at atmospheric pressure with 
50 mg of 10% Pd/C . The solution was filtered and evaporated

(12) C. G. Overberger and C. W. Roberts, J. Amer. Chem. Soc., 71, 3618 
(1949).

(13) W. H. Bentley, W. H. Perkin, and J. F. Thorpe, J. Chem. Soc., 270
(1896).

and the residue distilled at 0.1 mm to give 1.3 g (87%) of 2-iso
propylsuccinic acid 4-ethyl ester, bp 103-105°.

Anal. Calcd for CgHieCL: C, 57.44; II , 8.57. Found: 
C, 57.68; H, 8.49.

Saponification in aqueous base and acidification gave 2- 
isopropylsuccinic acid, mp and mmp 115-116°.

2-Isopropyl-3-m ethylsuccinic A cid .— An ethereal solution of
3.7 g (0.02 mol) of 2-isopropylsuccinic acid 4-ethyl ester was 
added to 0.06 mol of lithium amide in 200 ml of liquid ammonia, 
and the mixture was stirred for 1 hr. An ethereal solution of 5.7 
g (0.04 mol) of methyl iodide was added, and the mixture was 
stirred for 1 hr. Ammonium chloride was added, the ammonia 
was evaporated, and the residue was stirred with ice and dilute 
hydrochloric acid and ether. The ethereal solution was dried 
and evaporated and the oil was chromatographed over alumina to 
give 2.1 g (51%) of 2-isopropyl-3-methylsuccinic acid 4-ethyl 
ester. Saponification afforded 2-methyl-3-isopropylsuccinic acid 
in 90% yield: mp 171-173° (lit.13 174-175°); nmr (DMSO-tL)
r 9.06 (d, 6 ), 8.90 (d, 3), 7.18-8.34 (m, 3), -  1.56 (s, 2).

Alkylation of 2 -M eth ylsu ccin im id e.— Finely powdered 2- 
methylsuccinimide (5.0 g, 0.044 mol) was added to 0.088 mol of 
lithium amide in 250 ml of liquid ammonia. After 1 hr an 
ethereal solution of 7.2 g (0.044 mol) of methyl iodide was added. 
After 1 hr excess ammonium chloride was added and the ammonia 
was evaporated The residue was stirred with ice and dilute 
hydrochloric acid and ether, and the ethereal solution was dried 
and evaporated to give 3.8 g of an oil, shown by gas chromatog
raphy to contain 2,2- and 2,3-dimethylsuccinimide (10 and 31% 
yields) as well as starting material and lower boiling compounds.

Condensation of Carbonyl Com pounds with M o n o esters .—  
A typical procedure is given in detail; minor variations are noted 
in Table I I .  A:i ethereal solution of 7.3 g (0.05 mol) of mono
ethyl succinate was added to a suspension of 0.15 mol of lithium 
amide in 200 ml of liquid ammonia, and the mixture was stirred 
for 1 hr. An ethereal solution of 5.6 g (0.05 mol) of cyclo- 
heptanone was added, the mixture was stirred vigorously for 3 
min, and an excess of ammonium chloride was added at once. 
The ammonia was evaporated and the residue stirred with ice 
and dilute hydrochloric acid and ether. The ethereal solution 
was dried and concentrated to give an oil with ir bands at 1785 and 
1745 cm-1. Chromatography on neutral alumina gave 5.2 g 
(43%) of the pure paraconic ester, homogeneous by tic.

Anal. Calcd for C i3H20CL: C, 64.98; H, 8.39. Found: 
C, 65.28; H, 8.55.

2-Phenylsuccinic Acid  1-Ethyl E ster .—-To a stirred solution 
of 0.1 mol of ethyl potassiophenylacetate in 250 ml of liquid am
monia, prepared from 16.4 g (0.1 mol) of ethyl phenylacetate and 
0.1 mol of potassium amide, ws added 11.6 g (0.1 mol) of sodium 
chloroacetate, and the resulting colorless mixture was stirred 
while the ammonia evaporated. The residue was stirred with 
water and ether, and the ethereal solution was separated, dried, 
and evaporated to give 2.1 g (14%) of ethyl phenylacetate. The 
aqueous layer was acidified with dilute hydrochloric acid and ex
tracted with ether. The ethereal solution was separated, dried, 
and evaporated to give 16 g (72%) of crude monoester, lie- 
crystallization from aqueous ethanol afforded 15.5 g (70%) of 
white crystals: mp 87-89°; homogeneous by tic; ir 1720, 1745 
cm“ 1; nmr (CCL) r 8.84 (t, 3), 7.16 (m, 2), 6.0 (m, 3, OCH2 +  
ArCH).

Anal. Calcd for C i2H hO(: C, 64.85; H, 6.35. Found: C, 
64.95; H, 6.45.

Hydrolysis afforded 2-phenylsuccinic acid, mp 166-168°, in 
89% yield.

The experiment was repeated with ethyl sodiophenylacetate, 
and the yield of recrystallized monoester was 71%.

2-Phenylsuccinic Acid 4 -E thyl E ster .— To a solution of 0.1 mol 
of lithium lithiophenylacetate14 in 250 ml of liquid ammonia was 
added an ethereal solution of 16.6 g (0.1 mol) of ethyl bromo- 
acetate. The ammonia was evaporated and the residue was 
stirred with water and ether. Evaporation of the ether gave 
only a trace of ethyl bromoacetate. The aqueous layer was 
acidified with 10%  hydrochloric acid and extracted with ether. 
Evaporation of the ether gave 13.8 g of residue. Recrystalliza
tion from hexane afforded 11.9 g (53%) of the monoester: mp
90-92°; ir 1720 and 1745 cm-1; nmr (CCL) t 8.82 (t, 3), 8.2 
(m, 2 ) , 5.96 (m, 3, OCH2 +  ArCH), —0.74 (s, 1).

(14) P. J. Hamrick and C. R. Hauser, J. Amer. Chem. Soc., 82, 1957
(1960).
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T a b l e  II

A l k y l a t io n  an d  C o n d en satio n  o f  Su b st it u t e d  Su c cin ic  A cid  D e r iv a t iv e s

RiCHCOOR

Ah 2c o o r
3 4

Ri
11

X Function
COOKt

4 Function
COO Il

Amide (mol)
L iN H 2 (3)

Reagent
cn3i

H COOKt COOH LiN H 2 (4)* cn3i

H COOCHj COOH L iN H 2 (3) c h 3i

II COOKt COOH L iN H 2 (3) C c1I6C H 2C1

H COOKt COOH L iN H 2 (3) (C 6H 5)sCO

H COOKt COOH L iN H 2 (3) Cycloheptanone

C II 3 COOKt COOH L iN H 2 (4) C H 3I

c h 3 CO O CII3 COOH L iN H 2 (4) C II3I

c h 3

c h 3

C II 3

COOKt
COOKt
COOH

COOH
COOH
COOCHs

L iN H 2 (4) 
L iN H 2 (4) 
L iN H 2 (3)

C6H3CH2C1
(C H 3)2CH I
C II3I

c h 3 COOH CO O CH 3 L iN H 2 (3) c «h 5c h 2c i

c h 3 COOH COOKt L iN H 2 (3) (C 6H 5)2CO

c h 3 COOH COOCHs L iN H 2 (3) (C 6H 5)2CO

c h 3 COOH COOKt L iN H 2 (3) c 6h 5c h c o

c h 3 COOH CO O CH 3 L iN H 2 (3) Cycloheptanone

(C H 3)2CH
(C H 3)2CH

COOKt
COOH

COOH
COOKt

L iN H 2 (4) 
L iN H 2 (3)

C H 3I
C H 3I

c h 3 COOKt COOKt L iN H 2 ( 1 ) C H 3I

c h 3 COOKt COOKt L iN H 2 (2) C H 3I

c 6h 5 COOKt COOKt L iN H , ( 1 ) C H 3I

c 6h ; COOKt COOH L iN H 2 (2) C H 3I

c 6h 5 COOH COOKt L iN H 2 (2) C H ,!

Product (% )
2-CIIa (35 -46)  

2,2-(C H 3)j (21) 

2-C H 3 (31) 

2-C 6IIsC H 2 (40)

2 .2 - (C H 3 ) 2 (40)

2 .2 - (C H 3 ) 2 (31)

2 -C H 3, 2 -C 6H 5C H 2 (23) 
2 -C H 3, 2 -(C H 3)2CH  (10) 
2 ,3 -(C H 3 ) 2 (80)*

2-C H 3, 3-C 6H 6C H 2 (64)

2-C H 3, 2 -(C H 3)2C H  (43) 
2-(C H 3 )2C H , 3 -C H 3 (51)

2-C H 3 (80)» 
2 ,3 -(C H 3 ) 2 (3)» 
2-C H 3 (70)»
2 .2 - (C H 3 ) 2 (3)»
2 .3 - (C H 3 ) 2 (10)» 
2 -C H 3, 2 -C 6H 5 (55)

2 -C H 3, 2 -C 6H s (8 6 )

2 -C 6H 5, 3 -C H 3 (91)

Registry no.
32980-27-1

32980-28-2

32980-29-3

14596-64-6

33021-07-7

32980-26-0

32980-32-8
32971-20-3

608-40-2

608-39-9

32980-34-0

33021-08-8

33021-09-9

33021-10-2

33980-35-1

32971-20-3
32980-36-2

4676-51-1

32980-38-4

33021-11-3

32980-39-5

Mp or bp Diacid, mp
(mm) »C (lit. mp)
88-89  108-110

(0 .0 5 )  (110)“
135-137  

(136 -137)“ 
9 2-94  109 -110

(0 .1) (110)
162-163  

(162)»

149-150 169-170
(168 -169)11

187-188
(184-186)«

136-138  
(136-137)  

98 -99  135-137
(0 .1 )  (136 -137)

1 17 -1 19/  
136-138» 

97 -98  196-198
(0 .0 7 ) (198), m e s o

121-123  
(123), d l

9 3-95  138-140
(138)*

144-146 j

153-154 ' k

135-140 l

(0 . 1)

136-138
171-173

(174-175)»

110-112 161-163
(0 .2 )  (163 -164)1’

89-91  161-163
(163-164)

177-179
(170-171)«

190-192
(192-193)«
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s 4
 «

0
 0

1 Function
COOEt
COOH

C6H 5 COOH

CJL COOEt

C6H5 COOH

c 6h 5 COOEt

c 6h 6 COOH

4 Function Amide (mol)
COOEt LiNIL (1)
COOEt LiNIlo (2)

COOEt LiNH2 (2)

COOH LiNH-2 (2)

COOEt LiNH2 (2)

COOH LiNH2 (2)

COOEt LiNH2 (2)

T a b l e  II (Continued)
Mp or bp Diacid, mp

Reagent Product (% ) Registry no. (mm). °C (lit. mp)
CJLCHO 2-CeHs, 3-benzylidene (20) 32980-40-8 187-188'
(C JI5)2CO 2-C6II5, 3-benzhydrylidene 32980-41-9 203-205*

(45)
0

0^ 
s —''4_Cycloheptanone _ T  (32-49) 32980-42-0 t

e x COOH

CJLCILCl 2-C6Hr„ 2-C6H5CH2 (74) 32980-43-1 110-112 190-192
(194)"

C6HSCH2C1 2-C6H5, 3-C6H5CH2 (64) 32980-44-2 126-130 183-185
(185)*

C,H 9Br 2-C4H 9, 2-C6H5 (86) 32980-45-3 150-155 148-150
(0 .01) (152)”

C4H 9Br 2-C6H5, 3-C4H 9 (58) 32980-46-4 165-170 183-185*
(0.06)

• L. Higginbotham and A. Lapworth, / .  Chem. Soc., 49 (1922). 6 The reaction mixture was neutralized with excess NH4C1 3 min after 
the benzophenone had been added. When the mixture was neutralized after 1 hr, starting material was recovered. Compare ref Sb. 
c J. A. McRae and L. Marion, Can. J. Res., Seel. B, IS, 480 (1937). d H. Stobbe, Justus Liebigs Ann. Chem., 308, 89 (1899). * Lactone 
acid; J. W. Cook, It. Philip, and A. R. Sommerville, J. Chem. Soc., 164 (1948). ! Registry no. 32980-47-5. Anal. Calcd for Ci2- 
H14O4: C, 64.86; H, 6.31. Found: C, 64.98; H, 6.45. « Registry no. 5703-04-8. Anal. Calcd for CsHi40 4: C, 55.17; H, 8.05. 
Found: C, 55.26; H, 8.16. h Gas chromatography showed 90% meso and 10% dl after conversion to the diester; W. A. Bone and
W. H. Perkin, J. Chem. Soc., 253 (1896). * Gas chromatography of the diesters showed only a trace of the higher boiling isomer; C. A.
Bischoff and A. von Kuhlberg, Her., 23, 1942 (1890). ’ Anal. Calcd for C2oH200 4: C, 74.07; H, 6.17. Found: C, 73.88; IT, 6.14.
* Anal. Calcd for C i9H i80 4: C, 73.55; H, 5.81. Found: C, 73.80; H, 5.69. 1 Anal. Calcd for C i4H i60 4: C, 67.74; H, 6.45.
Found: C, 67.82: H, 6.51. m Anal. Calcd for C 13H20O4: C, 65.00; H, 8.33. Found: C, 65.18; H, 8.47. n A trace of the ester 
corresponding to the acid of mp 125-126° was detected by gas chromatography after esterification; W. H. Bentley, W. H. Perkin, 
and J. F. Thorpe, J. Chem. Soc., 270 (1896). “ Yields were determined by gas chromatography. p H. LeMoal, A. Foucaud, It. Carrie,
J. Hamelin, and C. Sevellec, Bull. Soc. Chim. Ft., 5, 913 (1964). « N. Zelinsky and L. Buchstab, Ber., 24, 1876 (1891). * Registry no. 
32980-49-7. Anal. Calcd for C „H i,04: C, 72.34: H, 4.96. Found: C, 72.18; H, 4.76. * Registry no. 32980-50-0. Anal. Calcd 
for C23H1BO4: C, 77.09; H, 5.02. Found: C, 77.37; H, 5.22. 1 Anal. Calcd for C „H 20O4: C, 70.83; H, 6.94. Found: C, 70.90;
H, 6.85. “ Anhydride, formed by distillation of monoester; F. Salmon-Legagneur and H. LeMoal, C. R. Acad, Set,, 229, 126 (1949).
* Only a trace of higher isomer by vpc of diesters; J. Jarrouse, ibid., 204, 132 (1937). ”  G. Poulain, Bull. Soc. Chim. Fr., 5, 913 (1964).
1 Only isomer by vpc of diesters. Registry no. 32980-51-1. Anal, Calcd for Ci4Hig0 4: C, 67.20; H, 7.20. Found: C, 67.50; H,
7.16.”

Anal. Calcd for C42H140 4: C, 64.85; H, 6.35. Found: C, 
64.83; H, 6.54.

Registry No.— 2-Isopropylidenesuccinic acid 4-ethyl 
ester, 32980-52-2; 2-isopropylsuccinic acid 4-ethyl 
ester, 32980-53-3; 2-phenylsuccinic acid 1-ethyl ester,

32971-21-4; 2-phenylsuccinic acid, 635-51-8; 2-phen- 
ylsuccinic acid 4-ethyl ester, 32980-55-5;
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part by a grant from the Petroleum Research Fund of 
the American Chemical Society.
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Cycloreversions of Anions from Tetrahydrofurans.
A Convenient Synthesis of Lithium Enolates of Aldehydes1
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Tetrahydrofuran (THF), 3,4-dialkyltetrahydrofurans, and 3,3,4,4-tetraalkyltetrahydrofurans are cleaved 
smoothly by ra-butyllithium in hexane yielding alkenes and lithium enolates of aldehydes. The reactions appear 
to proceed by abstraction of an a hydrogen followed by — [„4S +  T‘2S] cycloreversion. In the case of THF it
self, evidence was obtained for an 8%  buildup of the a-metalated THF intermediate.

During lithiations with n-butyllithium in tetrahy
drofuran (THF) at room temperature, we noted that, in 
cases in which the substrate metalates slowly, butyl- 
lithium cleaves THF smoothly to give butane, ethylene, 
and the lithium enolate of acetaldehyde. This type of

reaction has been reported previously2 but not ex
tensively studied. Because of the possibility that this 
reaction would provide the most convenient route to 
certain enolates (aldol condensation and polymerization 
can complicate the reaction of an aldehyde with base, 
but, in this cleavage route, aldehyde is never -present), we 
decided to look further at the scope and mechanism of 
this reaction.

Experimental Section
Nmr spectra were recorded on Varian A-60 and HA-100 spec

trometers; coupling constants are reported in hertz. Mass 
spectra were measured with a Hitachi Perkin-Elmer RMU-6E 
double-focusing spectrometer. Melting points are uncorrected.

3,4-D im ethyltetrahydrofuran.— A 2.3-g (0.016 mol) sample of
2,3-dimethylsuccinic acid (Aldrich Chemical Co.) was placed in 
a Soxhlet cup and the Soxhlet extractor was mounted above a 
three-necked flask containing 0.9 g (0.023 mol) of LiAlIL and 
100 ml of ether. The ether was refluxed until all of the diacid 
had dissolved. The reaction flask was cooled to 0° and H20  
(6 ml) was added slowly with stirring. The ether solution was 
decanted and then used to extract the solid residue for 24 hr in a 
Soxhlet apparatus. The solvent was removed by distillation at 
atmospheric pressure, and 85% H3P 0 4 (0.2 ml) was added. 
After the mixture was refluxed for 2 hr, the material boiling 
below 100° was distilled out and dried by running a pentane 
solution of it through a short alumina column (basic, activity I). 
Removal of the bulk of the pentane by distillation gave 3,4- 
dimethyltetrahydrofuran3 (0.5 g, 30%).

2 ,2 ,3 ,3 -T e tra m e th y lb u ta n e-l,4 -d io l.— A solution of 0.49 g 
(0.0031 mol) of tetramethylsuccinic anhydride4 * in 3 ml of THF

(1) Taken in part from the Ph.D. thesis of D. E. P., 1969, and the M.S. 
thesis of L. M. K., 1970.

(2) (a) R. L. Letsinger and D. F. Pollart, J. Amer. Chem. Soc., 78, 6079 
(1956), cleaved 2-phenyltetrahydrofuran with propylsodium and after work
up obtained (among other products) propane, ethylene, and acetophenone, 
(b) A. Rembaum, S. P. Siao, and N. Indictor, J. Polym. Sci., 56, 517 (1962), 
reported that ethyllithium decomposed in THF at 25° to give, among other 
products, ethylene and the lithium enolate of acetaldehyde, (c) Gilman 
and coworkers [H. Gilman and G. L. Schwebke, J. Organometal. Chem., 4, 
483 (1965), and references cited therein] have measured the rates of de
composition of many organolithium compounds, including n-butyllithium, 
in THF, but do not report the products in the cases of present interest, 
(d) S. C. Honeycutt, ibid., 29, 1 (1971), has recently reported a kinetic study 
of the cleavage of THF by n-butyllithium.

(3) This material, like the starting acid, must be a mixture of dl and meso 
forms. For earlier preparations of mixtures of these stereoisomers by differ
ent methods, see Yu. K. Yur’ev and G. Ya. Kondrat'eva, Zh. Obshch. Khim., 
24, 1645 (1954), and G. A. Razuvaev and L. S. Boguslavskaya, ibid., 32, 
2320 (1962).

(4) A. F. Biekel and W. A. Waters, Reel. Trav. Chim. Pays-Bas, 69, 312
(1950).

was added to a stirred solution of 1 g of lithium aluminum hy
dride in 100 ml of THF. After 16 hr at reflux, 1 ml of water, 1 ml 
of 15% NaOH, and 3 ml of water were added dropwise. The 
liquid was decanted and the solids were rinsed with ether. 
Evaporation gave crude diol, which on recrystallization from 60- 
90° petroleum ether gave 0.21 g (47%) of 2,2,3,3-tetramethyl- 
butane-l,4-diol: mp 210-212° (sealed capillary; reported6 224°);
nmr (DCC13) r 4.7 (broad s, 2 ), 6.7 (s, 4), and 9.1 (s, 12).

3,3,4,4-T etram ethyltetrahydrofuran .— In a sublimation ap
paratus, a solution of 0.22 g of the above diol in 1.3 ml of re
distilled dimethyl sulfoxide was heated for 16 hr at 160°.6 The 
sublimate was resublimed at 100° to give 0.082 g (42%) of
3,3,4,4-tetramethyltetrahydrofuran: mp 106-107°; nmr (DC-
Cl3) r 6.4 (s, 4), 9.1 (s, 12); mass spectrum 56 (base) and 128 
(parent).

R eaction of Tetrahydrofurans with n -B u tyllith iu m .— The
tetrahydrofurans were dried over 4A molecular sieves activated by 
heating at 210° for 8 hr. A 0.012-mol sample was placed in an 
nmr tube. After cooling in a Dry Ice-isopropyl alcohol bath, n- 
butyllithium (Foote Mineral Co., 0.5 ml, 0.0008 mol) in hexane 
was added and the tube was sealed. The reactants were mixed 
thoroughly by shaking, and the tube was placed in an nmr probe 
at 35° for analysis at various time intervals. Sources of the tetra
hydrofurans, their half-lives, and the products found are listed in 
Table I.

The various products were identified most conveniently by 
their nmr properties, especially ethylene, r 4.7 (s, 4); propyl-

T a b l e  I
H a l f -L iv e s  f o b  C l e a v a g e s  a t  35°

*1/ ,  for
h /2 for ß 
cleavage,

Ether Registry no. a cleavage, min min
Tetrahydrofuran“ 109-99-9 10
3-Methyl- 13423-15-9 50/

tetrahydrofuran4
3,4-Dimethyl- 32970-37-9 70

tetrahydrofuran'
3,3,4,4-Tetramethyl- 32970-38-0 15 (at 80° )

tetrahydrofuran'
2-Methyl- 96-47-9 130» 704

tetrahydrof uran d 
2,2-Dimethyl- 1003-17-4 >3000 7004

tetrahydrofuran*
2,5-Dimethyl- 1003-38-9 >3000 7004

tetrahydrofuran4

279-49-2 10
Oxepane' 592-90-5 350
“ Mallinckrodt Chemical Works. 4 Aldrich Chemical Co.

See Experimental Section. J Eastman Organic Chemicals.
* Chemical Samples Co. f Nearly equal amounts of the two 
sets of a-cleavage products (propylene, the enolate of acetalde
hyde; ethylene, the enolate of propionaldéhyde) were observed.
• The only observed a-cleavage products were the enolate of 
acetaldehyde and propylene. hft cleavage involves only ft pro
tons external to the ring [i.e., in the methyl groups) in these 
cases.

(5) M. F. Anseil, W. J. Hickenbottom, and P. G. Holton, J. Chem. Soc., 
349 (1955).

(6) B. T. Gillis and P. E. Beck, J. Org. Chem., 28,1388 (1963).
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ene, vinyl pattern at r 4.4, 5.1, and 5.2; the enolate of acetal
dehyde r  3.OS (1, q, II2), 6.85' ( I ,  q, H3C), 6.4 (1, q, l l 3ij, J 23o = 
5.4, ./23t = 13.4, 7 3c3t = 2.0 Hz; the enolate of propionaldéhyde, 
r 3.30 (1, d, 112), 6.3 (1, m, H3t), 7 23 = 1 1.5; the enolate of iso
butyraldéhyde, r  3.44 (1, s, n 2), S.44 (3, s, CI13), S.51 (3, s, 
CH3). Ethylene was also characterized by its hr and mass spec
tra. Further evidence for the presence of the enolate of acetal
dehyde was obtained by adding its THF solution dropwise 
to an aqueous solution with vigorous stirring at 0°; distillation 
gave acetaldehyde (ir, nmr).

Reaction of Oxepane with n-Butyllithium.— Oxepane was ¡3 
cleaved smoothly under the above conditions to give the lithium 
salt of 5-hexen-l-ol, characterized by nmr absorption for the 
vinyl group at ~4.18 (1, m), 4.08 (1, d, J = 16 Hz), and 5.12 
(1, d, 7  = 10 Hz), and for the methylene next to oxygen at 5.48 
(2, m).

Reaction of 2,5-Dihydrofuran with n-Butyllithium.— 2,5- 
Dihydrofuran (Aldrich Chemical Co.) cleaved rapidly under the 
above conditions to give the sickle isomer I of the enolate of 
crotonaldehyde: nmr r 3.26 (1, m, H4), 3.30 (1, d, H2), 5.42 
(1, q, Hs), 5.48 (1, q, II5t), 5.75 (1, q, Hsc), 7 23 = 6, J34 = 10.5, 
Jm = 17, J 45c = 10.5, 7.-,c5t = 2 H z.7 After heating to 150° in 
a sealed tube, the nmr was unchanged.

Evidence for a-Lithiotetrahydrofuran.— A kinetic study of the 
THF cleavage was carried out in an nmr tube in the nmr probe 
at 35°. The decrease in butyllithium absorption at r 11 and the 
increase in lithium enolate absorption at t  3.1 were observed at 
20 intervals over a period of 1 hr. The curves obtained were 
matched as well as possible using an analog computer and the 
assumption of the system

(A = butyllithium, C = enolate). The resulting rate constants 
were k, =  1 X 10~3 sec-1 and fe =  6 X 10~3 sec-1; the curves 
suggest an intermediate substance B which builds to a maximum 
concentration of 10% after 4 min.

A similar reaction was quenched with I)20  after 4 min. The 
extra height of the mass spectral peak at m/e 73 as compared to 
a standard from quenching with H20  suggested that, lithiotetra- 
hydrofuran had been present in 8%  yield.

Lithium Enolate of Acetaldehyde-3/ 2Tetrahydrofuran.— A 
mixture of THF (1.0 ml, 0.012 mol) and n-butyllithium (4.0 ml,
0. 0064 mol) in hexane was allowed to stand at room temperature 
for 6 days. The liquid was decanted, and the crystals were 
washed several times with hexane and then dissolved in THF-7S; 
integration of the nmr spectrum showed THF and enolate in a
1.5 molar ratio.8 The crystals decomposed when exposed to the 
atmosphere for a few seconds.

Discussion

Scope.—As indicated by the first four entries in Table
1, it appears that “ a cleavage”  to an olefin and the 
enolate of an aldehyde goes smoothly and quantita
tively on tetrahydrofurans bearing no a substituents. 
After the cleavage of THF, the resulting lithium 
enolate solution is stable for at least 6 months. If de
sired, the ethylene (and butane) can be removed with
out affecting the lithium enolate by heating at 40° 
for several hours while passing nitrogen over the solu
tion. The unsymmetrical example, 3-methyltetrahydro- 
furan, cleaved about equally in each direction, 
suggesting that only with symmetrical tetrahydro
furans will useful enolate syntheses be observed. The 
slowing effect of alkyl groups observed in this 
series is presumably due largely to the decreasing 
polarity of the solvent; the THF is present in large 
excess and serves as the principal solvent as well as a 
reactant.

The next three entries in Table I show that, with an 
a-methyl substituent, “ ¡8 cleavage,”  involving ab

(7) H. Kloosterziel, J. A. A. van Drunen, and P. Galama, Chem. Commun. 
885 (1969), report similar values for the potassium salt in NHs at —60°.

(8) We are indebted to Dr. S. Brenner for this result.

straction of a 8 proton from a methyl group, becomes 
the predominant reaction, a cleavage is appreciably 
slowed; it was observed only in the case of 2-methyl- 
tetrahydrofuran, whose a cleavage to the enolate of 
acetaldehyde and propylene rather than the enolate of 
propionaldehyde and ethylene can be rationalized on 
the basis that the more stable carbanion intermediate 
was involved.

The a cleavage observed for 7-oxabicyclo [2.2.1 ]hep- 
tane is probably fast for the same reason that bridge
head protons in bicyclic sulfides have been found to be 
more readily exchanged in base than the corresponding 
protons in acyclic sulfides.9

In none of the tetrahydrofurans was ft cleavage in
volving abstraction of a ring hydrogen observed. This 
is probably because the geometry is so unfavorable for 
an E2 reaction in these five-membered ring compounds. 
Tetrahydropyran and oxepane were also reacted under 
these conditions; the products from the former are un
known, but the latter ft cleaved smoothly with abstrac
tion of a ft hydrogen in the ring. With a ring as large as 
seven membered, the geometry required for an E2 reac
tion of this sort is apparently accessible.

Under these conditions, 2,5-dihydrofuran reacts vig
orously to give an electrocyclic ring-opening product, 
the sickle-shaped dienolate ion I. This reaction has 
been reported by Kloosterziel and van Drunen7 to occur 
with potassium amide in liquid ammonia. By heating 
in a sealed tube at 150° we were unable to convert I to 
the W-shaped ion,7 indicating a barrier to rotation about 
the 2,3 bond of at least 23 kcal/mol.

I

Mechanism.—Letsinger and Pollart2a noted that 
2-phenyltetrahydrofuran cleaves much faster than THF 
itself and deduced that the first step was a-proton ab
straction to give an anion, as shown below. In an ef
fort to detect such an intermediate from THF, we ran a 
cleavage in an nmr tube at 35°. Although no signals 
were detected due to an intermediate, a plot of decreas
ing butyllithium concentration and increasing enolate 
concentration vs. time showed that at least one inter
mediate was involved and that it achieved its maximum 
concentration of about 10% after 4 min. When the re
action was quenched with D20  after 4 min, the result
ing THF was shown by mass spectral analysis to con
tain monodeuteriotetrahydrofuran in the amount ex
pected if an 8% yield (based on BuLi) of THF anion 
had been present. This result contrasts with the fail
ure to gain evidence for an intermediate in the related 
cleavages of dioxolanes and 1,3-dithiolanes;10 in those 
cases, cleavage is probably faster because negative

(9) S. Oae, W. Tagaki, and A. Ohno, J. Amer. Chem. Soc., 83, 5036 (1961).
(10) D. Seebach, Angew. Chem., Int. Ed. Engl., 8, 639 (1969), and refer

ences cited therein.
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charge develops in the transition state on two electroneg
ative atoms rather than one.

In certain reactions of epoxides with strong bases, 
a-proton abstraction is apparently followed by carbon- 
oxygen bond cleavage to a carbenc, which gives rise to 
several products.11 A carbene path in the current 
cleavages (path b above) is ruled out, at least in the 2- 
methyl- and 2-phenyltetrahydrofuran2a cases, by the 
cleavage products obtained; e.g., the former gives pro
pylene and the enolatc of acetaldehyde rather than eth
ylene and the enolatc of acetone. Relief of ring strain 
in the epoxide cases presumably aids considerably in the 
formation of the high-energy carbene intermediates.

(11) J. K. Crandall and L. H. C. Lin, J. Amer. Chem. Soc., 89, 4526 (1967), 
and references cited therein.

The exclusion of path b leaves the much simpler, 
symmetry-allowed12 — [,4g +  „2S] cycloreversion path a 
as most likely for these reactions. Honeycutt’s find
ing211 that the rate of disappearance of butyllithium in 
THF is first order in butyllithium and 2.5 order in THF 
is understandable in terms of this mechanism, assuming
1.5 mol of THF on the average are necessary to solvate 
the lithium ions in the first step. In this connection, 
by increasing the butyllithium-THF ratio in a THF 
cleavage, we obtained a highly crystalline air-sensitive 
substance which appears to be lithium enolatc of ace
taldehyde- 3/ 2 tetrahydrofuran.8

Registry No.—2,2,3,3-Tetramethylbutane-l,4-diol, 
10519-69-4; lithium enolate of acetaldehyde, 2180- 
63-4; lithium enolate of propionaldéhyde, 33020-96-1; 
lithium enolate of isobutyraldéhyde, 32970-42-6; 
lithium enolate of crotonaldehyde, 32970-43-7.
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The constitution and relative configurations proposed for this natural antitumor agent by Bianehi, Sheth, and 
Cole were confirmed by an X-ray study on the polymorph with mp 142-143°, and the conformation was revealed 
for the first time. The C ring is rotated so that a methoxyl group lies above the A ring. The carbons in the 
methoxyls on the C ring lie in the plane of the C ring, as far from one another as possible. The carbon in the 
methoxyl attached to ring A is nearly as far from the plane of the A ring as possible, on the same side as the C 
ring. An attempt to confirm the absolute configuration using anomalous scattering by oxygen gave inconclusive 
results but seemed to favor the configuration opposite to that proposed earlier. The structure was solved by 
symbolic addition and refined to an R of 0.039.

Although the antitumor activity of podophyllotoxin 
(I) and several related lignans has long been known,2

R R' R"
I H OH o c h 3

n
r> M n-13 i 15
OCHj H H

in OCH, H OCH,

(1) This paper is based in part on the Ph.D. thesis of J. B. W., University 
of Arizona, 1971; some of the results were presented at the 161st National 
Meeting of the American Chemical Society, Los Angeles, Calif., March 
1971, ORGN 71.

(2) M. Belkin, Proc. Soc. Exp. Biol. Med., 6, 308 (1947) ; J. L. Hartwell 
and M. J. Shear, Cancer Res., 7, 716 (1947); M. G. Kelly and J. L. Hartwell, 
J. Nat. Cancer Inst., 14, 967 (1954).

no X-ray or other study showing their preferred con
formation has been reported. o'-Dcmethoxy-d-pelta- 
tin A methyl ether (II), one of the most active of these 
lignans, was recently isolated from a Mexican plant, 
Bur sera fag oroides, and characterized by spectral com
parisons with /3-peltatin A methyl ether (III).3 As a 
check on the proposed constitution and configurations, 
and to learn the conformational preferences of a lignan 
of this series, we undertook an X-ray study on this 
substance.

Experimental Section
Collection and Reduction of the Data.— A clear needle of di

mensions 0.2 X 0.2 X 0.7 mm of 5'-demethoxy-j3-peltatin A 
methyl ether (II), mp 142-143°, was mounted for rotation about 
the needle axis (c). Oscillation and Weissenberg photographs 
indicated space group P2!2121 or P2,2,2) the former was later 
established by the full intensity data. The crystal was mounted 
on a Picker FACS-1 four-circle automated diffractometer set for 
graphite-monochromatized Cu Ka radiation, X =  1.54051 A. 
Unit cell dimensions, determined by least-squares refinement of 
the angular settings of seven reflections, were a =  9.174 (3), 
b = 27.628 (7), and c = 7.620 (1) A.

For data collection, the 26 scan technique using a basic 2° 
scan width modified for radiation dispersion was employed. 
After scanning at 2°/min, 10-sec background counts were taken 
at both ends of the scan. Three standard reflections were

(3) E. Bianehi, K. Sheth, and J. R. Cole, Tetrahedron Lett., 2759 (1969).
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T a b l e  I

A b so l u t e  C o n f ig u r a t io n  R e su l ts  from  P a ir  M e a s u r e m e n t s

Configuration
h k l Da Ihkl Ihkl Fc+ F c- indication4 5
1 6 6 4.9 128.6 124.8 46.1155 48.0222 —
4 5 1 2.8 44.1 40.2 11.4796 12.0651 —
2 8 2 1.2 144.2 145.1 29.4003 29.8750 +
4 6 1 1.1 46.3 45.3 17.0872 16.7117 +
5 10 1 1.1 12.7 14.7 14.1211 13.6527 —
6 4 1 1.0 166.6 160.9 45.3743 44.6065 +
6 1 3 0.9 30.0 27.4 19.6333 20.1580 —
3 14 1 0.9 142.5 147.2 38.8724 39.4858 +
1 9 3 0.8 424.5 426.7 52.2592 53.1525 +
4 4 2 0.8 189.0 192.2 38.3309 38.8640 +

a D = [\Fc(hkl)\ — \Fc(hkl)\]2/<r2\F„(hkl)\ X 102. b Plus means result agrees with literature absolute configuration.

measured 23 times during the data collection; there was no 
evidence for crystal decomposition. Of 1901 unique reflections 
measured up to 2$ =  125°, 1762 were judged to be statistically 
significant on the basis of I  >  2a.

Solution and Refinement.— The structure was solved by 
symbolic addition4 using the m u l t a n  programs.5 Given the 
top 207 E ’s, the program selected 1 6 0, 7 7 0, 0 16 5, and 0 5 7 
as the origin- and enantiomorph-fixing reflections. From an E 
map using the set of phases having the highest figure of merit
(1.03), and bond angles and distances between the top 51 peaks 
in this E  map, all nonhydrogen atoms were found. After four 
cycles of isotropic refinement,6 R =  2 ||F0| — |FC||/2|F0| =  0.16 
with C14 in a wrong position. A difference map showed the cor
rect position of C14 and, after another refinement cycle, R =  
0.11. After three anisotropic cycles, R was 0.076. All 22 hy
drogens were found on the difference map used to find C14; 
three anisotropic cycles including hydrogens (which were given the 
same anisotropic temperature factors as the carbon to which they 
were attached) dropped R to its final value, 0.0394. No correc
tion was made for extinction or absorption (ju 8.5 cm "1).

An earlier partial solution had been obtained using the m a g ia  
programs with the starting set 17 0, 5 0 4, 0 24 5, and 2 15 0. 
An E map clearly showed a benzene ring with three substituents 
attached. Starting with these nine atoms, six F maps yielded 
positions for all the nonhydrogen atoms, but this solution would 
not refine below R =  0.35. At this time, the m u lt a n  pro
grams gave the true solution, and it was discovered that the x 
and y coordinates for each atom in the partial solution were very 
close, but the z coordinates were displaced by about 0.8 A. As 
partially correct structures of this type often result from direct 
methods, it seemed worth considering how the true structure 
might have been derived from the partial solution in this case. 
Accordingly, R ’s were calculated separately for the zero level 
data on the a, b, and c axes. The values obtained were 0.42, 
0.52, and 0.22, respectively, providing strong evidence that 
the problem was with the z coordinates. By calculating R ’s for 
molecules shifted at regular intervals along the c axis, the true 
positions would presumably have been obtained.

Absolute Configuration.— R was 0.039529 when a value of 
+  0.04 was used for Af „ "  for oxygen and 0.039439 when a value of 
— 0.04 was used. The R-factor ratio was thus 1.00228, and, 
according to Hamilton’s test,7 the absolute configuration with 
the higher R (the literature configuration, shown in the formula 
for II) can be rejected with 99.5% certainty.

To gain further evidence regarding the absolute configuration, 
the intensities of each of the ten reflections with the highest D 
values8 and their negatives were each remeasured ten times, 
averaged, and corrected for background. The results are given 
in Table I.

(4) J. Karle and I. L. Karle, Acta Crystallogr., 21, 849 (1966).
(5) G. Germain, P. Main, and M. M. Woolfson, Acta Crystallogr., Sect. 

B, 26, 274 (1970).
(6) Refinements were by full-matrix least squares with the o r f l s  pro

gram of W. R. Busing, K. O. Martin, and H. A. Levy, ORNL-TM-305, 
Oak Ridge National Laboratory, 1962. Unit weights were used. Form 
factors were obtained by graphical interpolation of those in the International 
Tables for X-ray Crystallography, Vol. I ll , Table 3.3.1 A, except for hy
drogen, for which the form factors of R. F. Stewart, E. R. Davidson, and 
W. T. Simpson, J. Chem. Phys., 42, 3175 (1965), were used.

(7) W. C. Hamilton, Acta Crystallogr., 18, 502 (1965).
(8) H. Hope and U. de la Camp, Nature {London), 221, 54 (1969).

T a b l e  II
F r a c t io n a l  C o o r d in a t e s  a n d  

E s t im a t e d  St a n d a r d  D e v ia t io n s

Atom x/a v/b z/c

Ol 0.2199 (3) 0.3694 (1) -0 .0 7 1 3  (4)
02 0.2147 (3) 0.3929 (1) 0.2101 (4)
03 -0 .5 9 4 6  (3) 0.4989 (1) 0.1019 (3)
04 -0 .6 1 9 2  (3) 0.4862 (1) -0 .1 9 7 7  (3)
05 -0 .3 9 7 6  (3) 0.4384 (1) -0 .4 1 5 0  (3)
06 -0 .4 1 0 2  (3) 0.2591 (1) 0.1592 (3)
07 -0 .2 6 4 0  (3) 0.2279 (1) 0.4263 (3)
C l -0 .1 4 1 2  (4) 0.4039 (1) -0 .2 5 8 9  (5)
C2 -0 .0 2 6 8  (4) 0.3794 (1) -0 .1 4 8 0  (5)
C3 0.0083 (4) 0.4104 (1) 0.0140 (5)
C4 -0 .1 2 1 4  (4) 0.4124 (1) 0.1391 (4)
C5 -0 .3 5 6 6  (4) 0.4577 (1) 0.1298 (5)
C6 -0 .4 7 4 3  (4) 0.4742 (1) 0.0405 (5)
C7 -0 .4 8 9 5  (4) 0.4671 (1) -0 .1 4 0 7  (5)
C8 -0 .3 8 4 7  (4) 0.4439 (1) -0 .2 3 3 1  (4)
C9 -0 .2 6 0 3  (4) 0.4271 (1) -0 .1 4 8 5  (4)
CIO -0 .2 4 7 5  (4) 0.4336 (1) 0.0361 (4)
C l l 0.1250 (5) 0.3723 (2) -0 .2 2 4 5  (6)
C12 0.1549 (4) 0.3909 (1) 0.0704 (6)
C13 -0 .6 8 2 4  (5) 0.5095 (1) -0 .0 4 7 9  (6)
C14 -0 .4 8 9 1  (6) 0.3992 (2) -0 .4 6 3 7  (7)
C15 -0 .1 5 9 2  (4) 0.3628 (1) 0.2159 (4)
C16 -0 .2 7 2 4  (4) 0.3345 (1) 0.1501 (4)
C17 -0 .3 0 3 0  (4) 0.2897 (1) 0.2189 (4)
C18 -0 .2 2 2 8  (4) 0.2723 (1) 0.3629 (4)
C19 -0 .1 1 0 7  (4) 0.2997 (1) 0.4275 (5)
C20 -0 .0 7 9 3  (4) 0.3447 (1) 0.3545 (5)
C21 -0 .4 9 0 0  (6) 0.2732 (2) 0.0075 (7)
C22 -0 .1 9 2 5  (6) 0.2112 (2) 0.5809 (8)
HI -0 .1 9 7  (4) 0.379 (1) -0 .3 4 0  (5)
H2 -0 .0 9 9  (4) 0.430 (1) -0 .3 3 4  (5)
H3 -0 .0 6 2  (4) 0.340 (1) -0 .1 0 3  (4)
H4 0.034 (4) 0.448 (1) -0 .0 1 7  (5)
H5 -0 .0 9 2  (4) 0.437 (1) 0.239 (4)
H 6 -0 .3 3 3  (4) 0.467 (1) 0.248 (4)
H7 0.131 (4) 0.334 (1) -0 .2 7 5  (5)
H8 0.162 (4) 0.401 (1) -0 .3 0 2  (5)
H9 -0 .7 9 1  (4) 0.503 (1) -0 .0 2 4  (5)
H10 -0 .6 8 2  (4) 0.549 (1) -0 .0 6 2  (5)
H U -0 .4 3 0  (4) 0.365 (2) -0 .4 1 1  (5)
H12 -0 .5 8 0  (5) 0.400 (2) -0 .4 2 1  (6)
H13 -0 .5 0 6  (5) 0.392 (1) -0 .5 8 7  (6)
H14 -0 .3 3 9  (4) 0.348 (1) 0.071 (4)
H15 -0 .0 4 7  (4) 0.288 ( 1) 0.517 (4)
H16 -0 .0 0 3  (4) 0.363 (1) 0.395 (4)
H17 — 0.555 (5) 0.237 (2) -0 .0 1 6  (6)
H18 -0 .4 1 8  (5) 0.274 (2) -0 .0 8 6  (6)
H19 -0 .5 4 7  (5) 0.309 (2) 0.028 (6)
H20 -0 .2 3 4  (5) 0.177 (1) 0.591 (6)
H21 -0 .0 8 2  (5) 0.207 (1) 0.556 (6)
H22 -0 .2 1 3  (5) 0.235 (1) 0.676 (6)
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Figure 1.—Stereoscopic view of 5 '-demethoxy-|8-peltatin A methyl ether (II). Thermal ellipsoids enclose 50% probability.

Figure 2.— Stereoscopic view of the unit cell, c-axis projection.

Results and Discussion

The final positional parameters are given in Table 
II. Temperature factors, bond angles, and distances 
were normal.9 The average benzene bond lengths were 
1.387 (5) A for ring A and 1.385 (5) A for ring C. The 
C-H  distances ranged from 0.90 (4) to 1.19 (5) A.

As can be seen from the o r t e p  drawing in Figure 1, 
this study confirms the constitution and relative con
figurations proposed by Bianchi, Sheth, and Cole.3 
However, our attempts to verify the absolute config
uration, while certainly not definitive, seem to provide 
weak evidence against the literature configuration. 
The significance test7 on the R factor calculated for 
each enantiomer suggests a 99.5% probability that the 
literature configuration is wrong; however, as the gen
eral reflection data were not corrected for absorption 
or extinction, errors due to these may have been 
dominant in causing the difference in R’s. D values8 
were calculated for all of the reflections, and the re
flections with the top ten D values and their negatives 
in 29 were carefully measured; this technique mini
mizes absorption and extinction errors. As seen from 
Table I, six of ten values favor the literature configu

(9) Tables of temperature factors, bond distances, bond angles, least- 
squares plane deviations, and structure factors will appear following these 
pages in the microfilm edition of this volume of the journal. Single copies 
may be obtained from the Business Operations Office, Books and Journals 
Division, American Chemical Society, 1155 Sixteenth St., N.W., Washing
ton, D. C. 20036, by referring to author, title of article, volume, and page 
number. Remit check or money order for $5.00 for photocopy or $2.00 for
microfiche.

ration; however, the top two do not, and, as these two 
are much more sensitive than the others and should be 
weighted more heavily, the overall result seems to be 
“ weakly against”  the literature configuration. Anom
alous scattering by oxygen was successfully used by 
Hope and de la Camp8 on tartaric acid, which is 64% 
oxygen as compared to 28% in the current case. The 
absolute configurations of the lignans of this class rest 
on a 20-step sequence of chemical interconversions and 
rotation comparisons completed by Schrecker and 
Hartwell;10 the current study casts a small measure of 
doubt on the result, and an independent check would 
seem worthwhile.

The C ring occupies a pseudoaxial position and is 
nearly at right angles (88.8°) to the A ring. It is ro
tated in such a way that C21 lies over the aromatic 
ring and H16 is only 2.58 (3) A from 02.

C21 and C22 in methoxyl groups are only —0.15 
and 0.17 A out of the plane of ring C (the dihedral 
angles between C21-06-C17 and ring C, and C22-
07-C18 and ring C are 4.3 and 5.8°, respectively), 
whereas C14 is almost as far as possible from the plane 
of the adjacent benzene ring (the angle between C14-
05-C8 and ring A is 80.2°). The coplanarity of the 
first two methoxyls permits overlap of a p orbital on 
oxygen with the p orbital on the adjacent ring carbon 
and gives relatively short bonds [both 1.373 (4) A]. 
Nonbonded steric interactions with the adjacent ortho 
substituents presumably outweigh this resonance ef-

(10) J. L. Hartwell and A. W. Schrecker, Fortschr. Chem. Org. Naturst.,
15, 115 (1958).
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feet in the case of the third methoxyl group, and the 
CS-05 bond is accordingly long [1.399 (4) A]. All 
three methoxyl groups adopt staggered conformations 
about the methyl-oxygen bond.

A projection down the c axis (Figure 2; the a axis 
is horizontal and the b axis vertical) shows the molecu
lar packing. The shortest intermolecular distance is 
2.21 (5) A, between H4 and H9. The shortest inter
molecular distance between nonhydrogen atoms (07 
and C l l )  is 3.325 (5) A.

Registry No.— 5'-Demethoxy-/3-peltatin A methyl 
ether, 32970-80-2.
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Reduction of a,/3-Oxido Ketones with Chromous Acetate. Synthesis of 
3/3,5/3,17/3,19-Tetrahydroxy-5/3-androstane, a Degradation Product of Strophanthidin1,2
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The reaction of steroidal a,/3-oxido ketones wit h chromous acetate has been studied, using a variety of solvents, 
as a potential route to the A /B  ring system of some cardiac-active steroids. These reductions generate 0- 
hydroxy ketones with retention of configuration at the /3-carbon atom, along with the corresponding a,/3-un- 
saturated ketones. The /3-hydroxy ketone formed in the reaction is stable to the reaction conditions. Steroidal 
4/3,i)/3-oxido-3 and 4a,5a-oxido-3 ketones give respectively 5/3-hydroxy- and 5a-hydroxy-3-oxo steroids on reduc
tion with chromous acetate, while 6a,7a-oxido-4-cholesten-3-one generates the biosynthetically interesting 7a- 
hydroxy-4-cholesten-3-one. Yields of /3-hydroxy ketone are approximately 50% in the cases studied. The 
reaction has been used to prepare 3/3,5/3,17/3,19-tetrahydroxy-5/3-androstane, a degradation product of strophan
thidin.

Numerous examples of the reaction of a,/3-oxido ke
tones with chromous chloride can be found in the 
literature.34 These reactions, however, invariably 
generate the a,/3-unsaturated ketone in high yield, as 
illustrated3“ by the conversion of 4,5/3-oxidocholestan- 
3-one to 4-cholesten-3-one with chromous chloride. 
The conversions5 of steroidal 16a,17a-oxido-20 ketones 
to the corresponding 16a-hydroxy-20 ketones using 
chromous acetate in acetic acid represent the only re
ported examples of /3-hydroxy ketone formation from 
a,/3-oxido ketone with chromous ion. These observa
tions, coupled with the fact that the reported chromous 
chloride reactions all involve strongly acid solutions 
(which might convert any /3-hydroxy ketone to the 
conjugated ketone), encouraged us to study reduction 
of the model compound 4/3,5/3-oxidocholestan-3-one (1) 
(Chart I) with chromous acetate.

Studies were carried out with a variety of solvents 
(dimethylformamide, N-methylpyrrolidinone, tetra- 
hydrofuran, diglyme, ethanol, aqueous acetone, acetic 
acid-sodium acetate) at room temperature, under an 
atmosphere of carbon dioxide, using up to a tenfold 
excess of chromous acetate. Conversion of the 
oxido ketone 1 to the 5/3-hydroxy ketone 2 was best 
effected (ca. 50% yield of isolated pure product) by use 
of a large excess (5-10 molar equiv) of freshly pre
pared chromous acetate in absolute ethanol or, better,

(3) Cf. (a) W. Ccle and P. L. Julian, J. Org. Chem., 19, 131 (1954); (b) 
D. Arigoni, D. H. R. Barton, E. J. Corey, and O. Jeger, Experientia, 16, 41 
(1960); (c) A. Akisanya, C. W. L. Bevan, T. G. Halsall, J. W. Powell, and 
D. A. H. Taylor, J. Chem. Soc., 3705 (1961).

(4) For a recent review of reductions of organic compounds with chromous 
salts, see J. R. Hanson and E. Premuzic, Angew. Chem., Ini. Ed. Engl., 7, 
247 (1968).

(5) V. Schwarz, Collect. Czech. Chem. Commun., 26, 1207 (1961). See 
also R. Neher, P. Desaulles, E. Vischer, P. Wieland, and A. Wettstein, 
Helv. Chim. Acta, 41, 1667 (1958), as well as ref 3 and 4.

In a search for new ways to generate the 3/3,5/3-di- 
hydroxy system found in cardiac-active steroids such 
as periplogenin (A) and strophanthidin (B), we con

sidered the possibility of reduction of an a,/3-oxido 
ketone (as C) with chromous ion. Cleavage of the C -0  
bond a to the ketone should occur, giving the required 
stereochemistry for the resulting tertiary hydroxyl 
group at the /3 carbon. Furthermore, a,/3-oxido ke
tones are readily available by the action of alkaline 
hydrogen peroxide on the corresponding a,/3-un
saturated ketones. If X  were hydrogen or an oxyge
nated function, subsequent reduction of the carbonyl 
group in D to an axial alcohol would provide the re-

C D

quired A /B  ring system found in such compounds as 
periplogenin and strophanthidin.

(1) Abstract 158, 23rd International Congress of Pure and Applied 
Chemistry, Boston, Mass., July 1971.

(2) This work was supported, in part, by U. S. Public Health Service 
Grants HE-08913, AM-07422, and GM 16492.
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in aqueous acetone. In the latter case, buffering with 
sodium acetate-acetic acid had a beneficial effect6 be
cause work-up was easier. The balance of the reaction 
product was invariably the a,/3-unsaturated ketone 3. 
Lowering the reaction temperature to — 60° had es
sentially no effect on the ratio of products 2 and 3. 
Because compound 3 can be reconverted to oxido 
ketone 1 in yields of better than 9 0 % , the reduction of 
1 to 5/3-hydroxy ketone 2 can be accomplished effi
ciently if recycling of 3 is undertaken.

C h a r t  I
C h o l e st a n e  S eries

-  / L I  * / L I
U OH V  3

9a, R = H
b, R = CHjCO

10a, R = H
b, R = CH.CO

1 1

W e had supposed originally that the conjugated 
ketone 3 arose by dehydration of /3-hydroxy ketone 2. 
However, the formation of 3 in closely similar propor
tions in both ethanol and the buffered aqueous acetone 
system seems to contradict this notion. Furthermore, 
when /3-hydroxy ketone 2 was subjected to the chrom- 
ous acetate-ethanol reaction conditions, it was recov
ered unchanged. Thus, 2 and 3 appear to be formed 
from the oxido ketone 1 by different pathways. Such 
paths might include delivery of electrons from chrom- 
ous ion directly into the C-3 carbonyl, with eventual 
formation of a 5/3-hydroxy-A3-enol, or attack by chrom- 
ous ion at C -4 with oxide opening to produce a C-4  
organochromium intermediate.

Two other steroidal oxido ketones were then studied. 
W hen the 4a,5a-oxido-3 ketone7 4 was reduced with 
chromous acetate in ethanol, the 5a-hydroxy-3 ketone 
5 was obtained pure in 4 6 %  yield, along with the 
conjugated ketone 3.

The 7,6-oxido-«,/3-unsaturated ketone8 6 gave, on 
reduction with chromous acetate in aqueous acetone,

(6) We thank Dr. K. H. Overton (Glasgow University) for kindly pro
viding unpublished details of chromous acetate reductions in buffered 
aqueous acetone in the triterpene series.

(7) E. P. Oliveto, C. Gerold, and E. B. Hershberg, J. Amer. Chem. Soc., 
79, 3596 (1957).

(8) A. Nickon and J. F. Bagli, ibid., 83, 1498 (1961).

7a-hydroxy-4-cholesten-3-onc9 (7) in 5 0 %  yield, as 
well as the dionone10 8. The 7a-hydroxy compound 7 
has been of considerable interest in connection with 
bile acid biosynthesis, and its synthesis9’ 11 has hitherto 
been difficult. The present method offers a simple 
route from readily available starting material.

In the above cases, as well as in the reported5 reduc
tions of the 16a,17a-oxido-20-oxo steroid system to 16a- 
hydroxy-20 ketone with chromous acetate, stereochem
ical integrity is retained at the carbon bearing the new 
hydroxyl group.

W e now turned to C-19-oxygen at ed steroids, and 
converted 19-hydroxytestosterone12 (12a) (Chart II)

C h a r t  II

b, R = CH3CO ia a ,K - n
b, R = CH3CO

1
OCOCH;, OCOCH;,

to the 4/3,5/3-oxido compound 13a and thence to the 
corresponding 17/3,19-diacetate 13b. The analytical 
and spectroscopic data were consistent with the struc
tures and stereochemistry shown, and the /3 orientation 
of the oxido group was further confirmed by C D  mea
surements.13’ 14 Reduction of compounds 13a and 13b 
with chromous acetate in aqueous acetone gave inter
esting and unexpected results. In contrast to our 
earlier observations with C -10 methyl steroids, the 
4/3,5/3-oxido diol 13a gave a quantitative yield of 19- 
hydroxytestosterone, with none  of the expected 5/3- 
hydroxy ketone. On the other hand, the 4/3,5/3-oxido 
diacetate 13b behaved as expected, and gave 5/3,17/3,19- 
trihydroxyandrostan-3-one 17/3,19-diacetato (14) in

(9) H. Danielsson, Acta Chem. Scand., 15, 242 (1961).
(10) L. Mandell, J. Amer. Chem. Soc., 78, 3199 (1956).
(11) I. Bjorkhem, H. Danielsson, C. Issidorides, and A. Kallner, Acta 

Chem. Scand., 19, 2151 (1965).
(12) M. Ehrenstein and K. Otto, J. Org. Chem., 24, 2006 '1959).
(13) Cf. K. Kuriyama. H. Tada, Y. K. Sawa, S. Ito, and I. Itoh, Tetra

hedron Lett., 2539 (1968).
(14) We thank Dr. G. Snatzke (Bonn) for the circular dichroism data 

reported in this paper.
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over 6 0 %  yield, under exactly the same conditions. 
The structure and stereochemistry of 14 followed from 
the analytical and spectroscopic data, including C D . 
In addition, 19-hydroxytestosterone diacetate (12b) was 
isolated from the chromous acetate reduction of 13b.

Exactly analogous observations were made in the 
cholestane series. Thus, whereas the 19-hydroxy- 
40,50-oxido-3 ketone 10a gave 19-hydroxy-4-cholesten-
3-one (9a) quantitatively on reduction with chromous 
acetate, the corresponding 19-acetoxy-40,50-oxido com
pound 10b gave the 50-hydroxy-3 ketone 11 under the 
same conditions. This difference between 10-methyl- 
and 19-acetoxy-40,50-oxido-3 ketones on the one hand 
and the corresponding 19-hydroxy compounds on the 
other is interesting. If, as suggested by our earlier 
experiments, conjugated ketone formation occurs by a 
different path than does 0-hydroxy ketone formation, 
the presence of a 19-hydroxyl apparently assists the 
former process. The C-19 hydroxyl group may act as a 
ligand to chromium, and may then facilitate intra
molecular electron delivery.

Returning now to the 50-hydroxyandrostanc deriva
tive 14, it remained only to reduce the C -3 carbonyl 
to an axial hydroxyl group, in order to secure the
30.50 .19- triol system. M odel experiments carried out 
with 50-hydroxycholestan-3-one showed that, of a 
variety of reducing agents (sodium borohvdride-metha- 
nol, lithium aluminum tri-ferf-butoxyhydride, lithium 
aluminum hydride-methanol-tetrahydrofuran, tri- 
methylamine-borane in diglvme, W -2  Raney nickel in 
ethanol) only W -2  Raney nickel in refluxing ethanol 
favored reduction to axial alcohol at C -3, giving pre
dominantly cholestane-30,50-diol. The 50-hydroxy- 
androstane derivative 14 was then reduced at C -3 with 
W -2  Raney nickel in refluxing ethanol to give, in 7 0 %  
yield, the desired 30,50,170,19-tetrahydroxyandrostane
170.19- diacetate (15). This product (15) could be 
oxidized back to the starting ketone 14 with chromium 
trioxide-acetone-sulfuric acid, and the nmr spectrum  
of 15 attested to the axial nature of the newly intro
duced C-3 hydroxyl group. Finally, basic hydrolysis 
of compound 15 yielded 30,50 ,170 ,19-tetrahydroxy- 
androstane (16) which proved to be identical with an 
authentic sample obtained15 by degradation of stro
phanthidin. The sequence of reactions outlined above 
seems to have promise as a route to 30,50-dihydroxy  
steroids, with or without C-19 oxygenation. More  
generally, the chromous acetate method appears to be 
useful for reduction of a ,0 - and vinylogous a.0-oxido  
ketones to the often difficultly accessible 0 - and 
vinylogous 0-hydroxy ketones.

Experimental Section16
5p-Hydroxycholestan-3-one (2) by Chromous Acetate Reduction 

of 4,5(3-Oxidocholestan-3-one (1). A.— To a stirred solution 
of 4,od-oxidocholestan-3-one (1, 509 mg) in ethanol (50 ml) at 
room temperature, under an atmosphere of carbon dioxide, was

(15) M. Ehrenstein and M. Dannenberger, J. Org. Chem., 21, 774 (1956).
(16) Melting points were measured on the Kofler block. Optical rotations 

were measured in chloroform solution and circular dichroism measurements 
were made with the Roussel—Jouan dichrograph using dioxane solutions 
(0.5—0.6 mg/g) at 20°. Nmr chemical shifts are given in parts per million 
on the 6 scale (TMS = 0), and infrared spectra were recorded using chloro
form solutions unless otherwise specified. For tic, silica gel GF254 was used 
in 0.25-mm layers for analytical purposes and in 2-mm layers for preparative 
work.

added freshly prepared chromous acetate17 (1.9 g) and after 1 hr 
the mixture was evaporated in  vacuo at 30°. Water was added, 
the mixture was extracted with ethyl acetate, and the organic 
extract was filtered through Celite. The filtered ethyl acetate 
solution was washed with water, dried (Na.SO,), and evaporated 
in vacuo. Preparative tic of the residue (chloroform-ethyl 
acetate, 92.5:7.5) gave (a) 264 mg of 4-cholesten-3-one (3) 
identical with an authentic specimen as judged by melting 
point, mixture melting point, tic, and infrared comparison and 
(b) 232 mg of 5j3-hydroxycholestan-3-one18 (2), identical with 
an authentic sample by melting point, mixture melting point, tic, 
and infrared comparison.

B.— To a stirred solution of 4,5fi-oxidoeholestan-3-one (1, 15.4 
mg) in acetone (3.1 ml) and water (0.5 ml) under an atmosphere 
of carbon dioxice was added freshly prepared chromous acetate 
(32 mg). After 10 min a further portion (26 mg) of chromous 
acetate was added, and stirring was continued for another 15 
min. The reaction mixture was evaporated under a jet of 
nitrogen, and the residue was triturated with water and ex
tracted with chloroform. The chloroform extract was washed 
with water, dried (Na2SO(), and evaporated in  vacuo. Pre
parative t.lc (solvent system as in A above) gave 4-cholesten-3- 
one (3, 7 mg) and 5/3-hydroxycholestan-3-one (2, 7 mg), each 
compound being identified by melting point, mixture melting 
point, tic, and infrared comparison with authentic samples.

5a-Hydroxycfcolestan-3-one (5) by Chromous Acetate Re
duction of 4,5a-Oxidocholestan-3-one (4).— 4,5a-Oxidocholestan-
3- one (4, 140 rr.g) in ethanol (15 ml) was allowed to react with 
freshly prepared chromous acetate (560 mg) for 30 min, exactly 
as for the preparation of compound 2  above, except that the 
product was extracted with benzene. Preparative tic (chloro
form-ethyl acetate, 9:1) gave (a) 4-cholesten-3-one (3, 37 mg) 
identical with an authentic sample as judged by melting point, 
mixture melting point, tic, and infrared comparison; (b) 5a- 
hydroxycholestan-3-one1’  (5, 65 mg), identity with an authentic 
specimen proved by melting point, mixture melting point, tic, 
and infrared comparison.

Reduction of 5a,7a-Oxido-4-cholesten-3-one (6 ) with Chromous 
Acetate to Give 7a-Hydroxy-4-cholesten-3-one (7).— To a 
stirred solution of the oxido ketone 6  (160 mg) in acetone (36 ml) 
was added a solution of sodium acetate trihydrate (1.47 g) in 
water (4.0 ml) and acetic acid (1.0 ml) followed by chromous 
acetate (500 mg) in one portion. After 25 min the reaction 
mixture was evaporated in vacuo at 25°, and the residue was 
triturated with water and extracted with ethyl acetate. The 
organic extracts were washed with water, dried (Na2SO.i), and 
evaporated in vacuo at 25°, and the crude product was chroma
tographed on silica gel (9.5 g). Elution with benzene-chloroform 
(3:7) gave 4,6-cholestadien-3-one10 (8 , 54 mg) identical with 
authentic material20 as judged by melting point, mixture melting 
point, infrared spectra, and tic comparison.

Elution with benzene-chloroform (1:1) gave crude 7a-hydroxy-
4- cholesten-3-one (7, 80 mg) which was freed from minor im
purities by preparative tic (chloroform-ethyl acetate, 49:1), 
giving pure 7a-hydroxy-4-cholesten-3-oneu (7, 60 mg), mp 179— 
182° (undepressed on admixture with authentic material21 of 
mp 180-182°), identical with authentic material by infrared 
and tic comparison.

Although the above experiment was carried out using sodium 
acetate buffer, a subsequent experiment using acetone-water 
(9 : 1 ) alone as the reaction medium gave closely comparable 
results.

(17) Chromous acetate was obtained by reaction of air-free sodium acetate 
solution with aqueous chromous chloride, under an atmosphere of carbon 
dioxide, essentia ly as described by J. H. Balthis and J. C. Bailar, Inorg. 
Syn., 1, 122 (1939). The precipitated chromous acetate was filtered off and 
washed successively with deoxygenated water, absolute ethanol, and ether, 
all operations being carried out under an atmosphere of carbon dioxide. 
The brick red precipitate was dried by suction on the filter, still in the 
absence of air, and was then used immediately. Prolonged drying in a 
vacuum desiccator often resulted in decomposition of the chromous acetate, 
and such drying was therefore avoided.

(18) P. A. Plattner, H. Heusser, and A. B. Kulkarni, Helv. Chim. Acta, 
31, 1822 (1948).

(19) P. A. Plattner, A. Fttrst, F. Koller, and W. Lang, ibid., 31, 1455 
(1948).

(20) We thank Dr. A. Nickon, Johns Hopkins University, for kindly 
supplying an authentic specimen of 4,6-cholestadien-3-one.

(21) We thank Dr. H. Danielsson, Karolinska Institute, for kindly 
supplying an authentic sample of 7a-hydroxy-4-cholesten-3-one.
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45.55- Oxido-19-hydroxycholestan-3-one (10a).— Ice-cold 30%
aqueous hydrogen peroxide (8.5 ml) was added dropwise to a 
stirred ice-cooled solution of 19-hydi'oxy-4-cholesten-3-onc22 
(9a, 1.67 g) in dioxane (100 ml) and aqueous sodium hydroxide 
(5 A", 8.5 ml). The reaction mixture was allowed to warm to 25°, 
and stirring was continued for 20 hr at 25°. Acetic acid (2 ml) 
w'as then added, followed by water, and the mixture was ex
tracted three times with methylene chloride. The organic 
extract was washed successively with aqueous ferrous sulfate 
solution and water, dried (Na2SO,i), and evaporated in vacuo, 
giving the crude product (1.73 g). Crystallization from ethyl 
acetate-petroleum ether (bp 30-60°) gave pure oxido ketone 
10a (1.14 g): nip 160-162°; [a]n +123°; 3660, 3510,
1715 cm "1; nmr (CDC1,) S 0.73 (s, 3, C-18 CIL), 2.91 (s, 1 , 
C-4 I I ), 3.98 (2 d, 2, ./ = 11 IIz, C-19 CH.OI1); mass spectrum 
m/c 416 (M+), 400, 398, 386, 385, 370.

A n al. Calcd for C2,H „03: C, 77.83; II, 10.65. Found: 
C, 77.79; H, 10.65.

45.55- Oxido-19-hydroxycholestan-3-one 19-Acetate (10b).—  
The oxido compound 10a (100 mg) was acetylated in pyridine 
and acetic anhydride at room temperature for 16 hr in the usual 
manner. The crude product was an uncrystallizable glass; 
rm„  1739, 1718, 1242 cm "1; nmr (CDC1,) S 0.68 (s, 3, C-18 
CH3), 2.1 (s, 3, acetate C Ii3), 2.87 (s, 1, C-4 H), 4.45 (2 d, 2, 
./ = 11 Hz, C-19 CHiOAc); mass spectrum m/e 458 (M+), 
442,416,400, 398,370.

Reduction of 45,55-Oxido-19-hydroxycholestan-3-one 19-Ace- 
tate (10b) with Chromous Acetate.— The 19-acetate 10b (115 mg)
in ethanol (40 ml) was allowed to react with chromous acetate 
(768 mg) for 10 min exactly as in the preparation of compound 
2 above. Preparative tic (petroleum ether-ethyl acetate, 4:1) 
gave pure 19-acetoxy-4-cholesten-3-one (9b, 38 mg), identified 
by comparison (melting point, mixture melting point, tic, 
infrared) with authentic material prepared by acetylation of
19-hydroxy-4-cholesten-3-one (9a). In addition, 70 mg of 
50, 19-dihydroxycholestan-3-one 19-acetate (11) was obtained, 
contaminated with the A4-3 ketone 9b. This material was again 
subjected to preparative tic [chloroform-ethyl acetate (9:1)] and 
gave 55-hydroxy compound 11 as an uncrystallizable glass, i>maI 
3630, 1730 (broad), 1242 cm -1. This glass, when treated with a 
saturated solution of sodium hydrogen carbonate in 95% ethanol 
under reflux for 0.5 hr, was converted quantitatively to 19- 
hydroxy-4-cholesten-3-one (9a), identical with authentic ma
terial by melting point, mixture melting point, tic, and infrared 
comparison.

45,55-Oxido-175,19-dihydroxyandrostan-3-one (13a).— A
stirred solution of 19-hydroxytestosterone (12a, 584 mg) in 95% 
ethanol (60 ml) was cooled in ice, and ice-cold sodium hydroxide 
solution (5 N ,  2.4 ml) was added quickly', followed by dropwise 
addition of ice-cold hydrogen peroxide (30%, 2.4 ml). Stirring 
was continued, and the solution was maintained at 0-5° for 3.5 
hr. The reaction mixture was worked up exactly' as for com
pound 10a above. The crude product was chromatographed on 
silica gel (60 g), and elution with chloroform-ethanol (97:3) 
gave the 4/3,5/3-oxido ketone 13a (412 mg) as a colorless glass: 
rma* 3650, 3510, 1720 cm -'; nmr (CDC13) S 0.77 (s, 3, C-18 
CH3), 2.92 (s, 1, C-4 H), 4.0 (2 d, 2, J  = 11 Hz, C-19 CH,OH); 
mass spectrum m/c 320 (M+), 304, 302, 290, 289, 274, 273.

4 5 ,55-Oxido-l 75,19-dihydroxy androstan-3-one 175,19-Diace- 
tate (13b).— The foregoing dihydroxy' oxido ketone 13a (219 
mg) was acetylated with pyridine-acetic anhydride at room tem
perature for 16 hr, giving pure diacetate 13b (185 mg): mp
133-135° (from aqueous methanol); CD Amax 335 nm (Ae +  1.50), 
321 ( +  3.78), 310 (+4.42), and 300 nm ( +  3.86); > w  1745-1739 
(broad), 1250 cm "1; nmr (CDC13) S 0.82 (s, 3, C-18 CH3), 2.03 
and 2.13 (s, each 3, C-17 and C-19 acetate CH3), 2.90 (s, 1, C-4 H), 
4.43 (2 d, 2, /  = 12 Hz, C-19 CH2); mass spectrum m./e 404 
(M+), 388, 376, 375, 362, 361, 347, 344, 316.

(2 2 ) H . D a n n e n b e r g ,  H . G . N e u m a n n , a n d  D . D .  v .  D re ss ie r , Justus
Liebigs Ann. Chem., 674, 152 (1 9 6 4 ).

A n al. Calcd for C.3If32Oe: C, 68.29; II, 7.97. Found: C,
68.49; II, 8.04.

Reduction of 4/j,5+Oxido-173,19-dihydroxyandrostan-3-one 
17/1,19-Diacetate (13b) with Chromous Acetate.— The oxido 
ketone 13b (370 mg) in acetone (83 ml) containing sodium acetate 
trihydrate (3.38 g), water (9.2 ml), and acetic acid (2.3 ml) was 
reduced for 25 min wi h freshly prepared chromous acetate (1.18 
g) exactly as in the preparation of compound 6  above. The 
residue (323 mg) was chromatographed on silica gel (384 g) 
using chloroform-ethyl acetate (1 : 1 ) as eluent and taking 1 0 -ml 
fractions with an automatic fraction collector. The early frac
tions contained 175,19-diacetoxy-4-androsten-3-one (12b, 85 
mg), which was crystallized from ether-petroleum ether to give 
pure 12b (35 mg), mp 124-126°, identical with authentic ma
terial23 as judged by melting point, mixture melting point, and 
infrared comparison. Later fractions contained 5/3,17/3,19- 
trihydroxyandrostan-3-one 17/3,19-diacetat.e (14, 242 mg) which 
was crystallized from ether-petroleum ether to give the analytical 
sample of 14: mp 151-153°; CD Xmax 307 nm (Ae —0.27), 299 
(-0 .4 1), 289 (-0.46) > I'max 3580, 1712, 1240 cm“ 1; nmr (CDC13) 
S 0.82 (s, 3, C-18 CI13), 2.05 and 2.08 (s, each 3, C-17 and C-19 
acetate CH3), 4.48 (s, 2, C-19 CH2); mass spectrum m/c 388 
(M -  H20), 346, 328, 316.

A nal. Calcd for C 23H340 6: C, 67.95; H, 8.43. Found: C , 
68.15; II, 8.20.

Oxidation of 3/3,5/3,17/3,19-Tetrahydroxyandrostane 1 7 5 ,1 9 .
Diacetate (15) Back to 5/3,17/3,19-Trihydroxyandrostan-3-one
175.19- Diacetate (14) with Jones Reagent.— The tetrol diacetate 
15 (5 mg) in acetone (1.0 ml) was oxidized with Jones reagent, 
giving the crude 3 ketone 14 (4.5 mg), identical with authentic 
material by melting point, mixture melting point, infrared, and 
tic comparison.

35,55,17/3,19-Tetrahvdroxyandrostane 175,19-Diacetate (15).—
55.175.19- Trihydroxyandrostan-3-one 175,19-diacetate (14, 170
mg) was reduced with W-2 Raney nickel in refluxing ethanol (1 
hr). Preparative tic (chloroform-ethyl acetate, 3:2) gave pure 
tetrol diacetate 15 (140 mg) as a colorless glass: cmax 1740, 1245
cm“ 1; nmr (CDC13) S 0.78 (s, 3, C-18 CH3), 2.03 and 2.07 (s, 
each 3, C-17 and C-19 acetate CH3), 3.33 (s, 2, OH), 4.13 (s, 
1F i/ 2 = 8  Hz, 1, C-3 IJ), 4.38 (s, 2 , C-19 CH2); mass spectrum 
m/e 408 (M+), 390, 372, 348, 336, 330.

35,55,175,19-Tetrahydroxyandrostane (16).— The tetrol di- 
acetate 15 was hydrolyzed in 1%  methanolic potassium hy'- 
droxide solution (18 hr reflux), giving pure tetrol 16: mp 204-
207° (from acetone-hexane), undepressed on admixture with an 
authentic sample24 of 16 of mp 205-208°; [a] n +44° (chloroform- 
ethanol, 9:1) [lit 38° (solvent “ chloroform (2 ml) containing 1 
drop of ethanol” ) ] ; 16 mass spectrum m/c 306 (M — 18), 288, 
276, 270, 258, 252, indistinguishable from the mass spectrum of 
the authentic sample.

Registry No.—10a, 33066-33-0; 10b, 33065-66-6;
11, 33065-67-7; 13a, 23463-01-6 ; 13b, 30517-97-6; 
14, 33065-70-2; 15, 33065-71-3; 16, 33065-72-4;
chromous acetate, 628-52-4.
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(23) Cf. M. Ehrenstein and K. Otto, J . Org. Chem., 24, 2006 (1959). 
The authentic sample was prepared by acetylation of 19-hydroxytestosterone 
with pyridine-acetic anhydride at room temperature.

(24) The authentic sample of 16 was provided by the late Dr. M. 
Ehrenstein, University of Pennsylvania.



20(22)-D ihydro -23 -d eo xo d ig ito xig e n in . Org. Chem., Vol. 37 , N o. 1972  569

Steroids and Related Natural Products. 69.
Synthesis of 20(22)-Dihydro-23-deoxodigitoxigenin12

F. W a r r e n  V i l l a e s c u s a  a n d  G e o r g e  R .  P e t t i t *

Departm ent o f Chemistry, A rizona State University, T em pt A rizona 85281  

Received June 28, 1971

A synthetic route from digitoxigenin to 20(22)-dihydro-23-deoxodigitoxigenin (10a) has been developed. Digi- 
toxigenin was acetylated, dehydrated, and selectively hydrogenated to give 3/3-acetoxy-o/S,20£-card-14-enolide 
(4). Reduction with lithium aluminum hydride gave diol 5 which was eyclized to yield 3/3-hydroxy-2:i-deoxo- 
o/3,20f-card-14-enolide (6 ). Introduction of the 14/3-hydroxyl (1 0 a) group was achieved by successive formation 
of the 14/S-hydroxy-loa-bromo (7) and d-epoxide (8 ) derivatives followed by a reduction step.

The relationship of structure to cardiac activity in 
naturally occurring cardenolides has been receiving 
increased attention.3 For example, the effect on activ
ity with respect to type and number of glycoside units 
and location of certain oxygen functional groups on 
the steroid nucleus has been studied by Chen.1 2 3 Less 
attention has been given to the lactone ring, but it is 
known4 that a 20-fold decrease in cardiac activity re
sults when the lactone ring of digitoxigenin is modified 
by hydrogenation. Thus, we undertook synthesis of 
20(22)-dihydro-23-deoxodigitoxigenin (10a) to pro
vide a model lacking the entire lactone ir-bond 
system.

Digitoxin (la) served as starting material and was 
hydrolyzed5 in high yield to digitoxigenin (lb). 
Preparation of 3/3-acetoxy-o/3-carda-14,20(22)-dienolide 
(2b) was achieved as described by Engel.6 Applica
tion of 5% palladium on calcium carbonate catalyst 
was successful in selective reduction of olefin 2b to 3/3- 
acetoxy-5/S,20£-card-14-enolide (4, 86% overall yield 
from digitoxigenin). A second pathway to A14 olefin 
4 which involved hydrogenation of the C-20(22) dou
ble bond in digitoxigenin (lb) to give dihydrodigitoxi- 
genin (3a) followed by the preceding acetylation -de
hydration sequence led to a 72% overall yield from 
digitoxigenin (lb).

N ext, 3/3,21 - dihydroxy - 20£ - (3 - hydroxy ethyl) - 5/3-
pregna-14-ene (5) was obtained (35% yield) by reduc
tion of lactone 5 with lithium aluminum hydride. An 
attempt at reducing lactone 2b directly to triol 5 
with lithium aluminum hydride produced a complex 
mixture and was discontinued. Once alcohol 5 was 
in hand, cyclization to 3/3-hydroxy-23-deoxo-5/3,20£- 
card-14-enolide (6) was explored. Gillis and Beck7 
reported high yields for diol —*■ tetrahydrofuran cycliza
tion using hot dimethyl sulfoxide. Another method 
frequently employed utilizes p-toluenesulfonyl chloride

(1) This investigation was supported by Public Health Service Research 
Grants CA-10612-03 and CA-10612-04 from the National Cancer Institute 
and was abstracted in part from the Ph.D. dissertation of F. W. V., Arizona 
State University, April 1971.

(2) For part 68 of this series, see G. R. Pettit, Y. Kamano, F. Brusch- 
weiler, and P. Brown, J. Org. Chem., 36, 3736 (1971).

(3) R. Deghenghi, Pure Appl. Chem., 21, 153 (1970); M. Wolff, H. 
Chang, and W. Ho, J. Med. Chem., 13, 657 (1970); T. Nambara, K. Shimada, 
T. Nemoto, and S. Goya, Chem. Pharm. Bull., 18, 1658 (1970); A. Lardon, 
K. Stockel, and T. Reichstein, Helv. Chim. Acta, S3, 167 (1970); K. K. Chen, 
J. Med. Chem., 13, 1029 (1970); K. K. Chen, ibid., 13, 1035 (1970); W. 
Zflrcher, E. Weiss-Berg and Ch. Tamm, Helv. Chim. Acta, 52, 2449 (1969); 
F. G. Henderson and K. K. Chen, J. Med. Chem., 8, 577 (1968).

(4) W. Klaus, Arch. Exp. Pathol. Pharmakol., 246, 226 (1963); Chem. 
Abstr., 60, 11236e (1964).

(5) G. R. Pettit, T. R. Kasturi, J. C. Knight, and J. Occolowitz, J. Org. 
Chem., 35, 1404 (1970).

(6) G. Bach, J. Capitaine, and C. R. Engel, Can. J. Chem., 46, 733 (1968).
(7) B. T. Gillis and P. E. Beck, J. Org. Chem., 28, 1388 (1963).

in pyridine.8 The dimethyl sulfoxide method was 
evaluated first. In a series of accessory experiments 
redistilled dimethyl sulfoxide (from calcium hydride) 
was found acidic enough to cleave t.etrahydropyranyl 
ethers. Later it was determined that neutral dimethyl 
sulfoxide was best obtained by passing through a col
umn of basic alumina. When diol 5 was heated in 
neutral dimethyl sulfoxide at 150° for 5 hr, 3/3-h.ydroxy- 
23-deoxo-5/3,20£-card-14-enolide (6) resulted in 45% 
yield. The same cyclization to tetrahydrofuran 6 was 
also realized in 34% yield by heating diol 5 in pyridine 
with p-toluenesulfonyl chloride.

The final sequence involved réintroduction of the 
14/3-hydroxyl group. Formation of the 14/3-hydroxyl 
derivative of a A14 steroid usually involves prepara
tion of the corresponding 14/3,15/3 epoxide. Reduc
tion of such 14,15 epoxides with lithium aluminum 
hydride readily gives the 14,3 alcohol.9 Several meth
ods for obtaining 143,153 epoxides exist. Addition 
of hypobromous acid to the A'4 position leads to 143- 
hydroxy-15a-bromo derivatives which can be con
verted to 3 epoxides by base treatment.9'-10 Another 
method involves oxidation of the A14 olefin with a per- 
acid to give a 14a, 15a epoxide followed by acid cleav
age to a 143,15a diol and treatment with a sulfonyl 
chloride to effect ring closure.11 On one occasion12 
involving 14-dehydrobufalin, m-chloroperbenzoic acid 
was shown to give resibufogenin, the 143,153 epoxide, 
rather than the 14a, 15a epoxide expected from per- 
acid treatment. However, in later experiments2 
with different specimens of m-chloroperbenzoic acid 
only the expected 14a, 15a epoxide was obtained. 
Thus, treatment of 33-hydroxy-23-deoxo-53,20£-card-
14-enolide (6) with m-chloroperbenzoic acid afforded 
a 14,15 epoxide which showed a proton magnetic res
onance chemical shift of 3 Hz upheld for the C-18 
methyl resonance. Furthermore, lithium aluminum 
hydride reduction of this epoxide gave a C-14 alcohol 
which also showed an upheld shift of 7 Hz for the C-18 
methyl group. Previously, studies of A14 steroids 
have shown that the C-18 methyl group is shifted up-

(8) D. D. Reynolds and W. O. Kenyon, J. Amer. Chem. Soc., 72, 1593 
(1950); S. Rakhit and M. Gut, J. Org. Chem., 29, 229 (1964); S. D. Levine, 
J. Med. Chem., 8, 537 (1965).

(9) (a) H. Linde and K. Meyer, Helv. Chim. Acta, 42, 807 (1959); (b)
M. Heller, F. J. McEvoy, and S. Bernstein, Steroids, 3, 193 (1964); (c) C. R. 
Engel and G. Bach, ibid., 3, 593 (1964).

(10) A. Lardon and T. Reichstein, Helv. Chim. Acta, 45, 943 (1962); 
P. Hofer, H. Linde and K. Meyer, ibid., 45, 1041 (1962).

(11) H. Ishii, T. Tojyo, and D. Sato, Chem. Pharm. Bull., 10, 645 
(1962).

(12) G. R. Pettit, L. E. Houghton, J. C. Knight, and F. Bruschweiler, 
J. Org. Chem., 35, 2895 (1970).
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la, R =  (D-digitoxose)3

b, R =  H
c,  R =  COCH3

1

2a, R =  H
b, R =  C0CH3

3a, R =  H 
b ,R  =  C0CH>

10a, R = — OH
b, R ------ OH

field for an a-epoxide13 and a 14a-hvdroxyl group14 and 
downfield for 8  substitution. Therefore, the upfield 
shifts serve to confirm that both substances were sub
stituted on the D ring a side and were thus formulated 
as a epoxide 9 and 14a alcohol 10b. The same result

(13) See, for instance, N. S. Bhacca and D. H. Williams, “ Applications of 
NM R Spectroscopy in Organic Chemistry,”  Holden-Day, San Francisco, 
Calif., 1964, pp 13-32.

(14) See also Zürcher, ref 3.

was obtained when 3/3-acetoxy-14-dehydrodigitoxi- 
genin (2b) was epoxidized by means of m-chloroper- 
benzoic acid. Support for this conclusion came from 
a shift in the C-18 methyl resonance of 2 Hz upfield 
and comparison of physical data with that reported 
by Meyer10 for both the 14a,15a and 14/3,15/3 epoxides 
of digitoxigenin.

Attention was next directed to a halohydrin approach 
to the 14/3 alcohol. Reaction of olefin 6 with A-bromo- 
acetamide and perchloric acid in dioxane afforded the 
14/3-hydroxy-15a-bromo derivative 7. Crude bromo- 
hydrin 7 was cyclized to /3 epoxide 8 employing meth- 
anolic potassium acetate. The /3-epoxide configura
tion was confirmed by shift of the C-18 methyl reso- 
n ance downfield 9 Hz. Reduction of epoxide 8 by means 
of lithium hydride gave 20(22)-dehydro-23-deoxodigi- 
toxigenin (10a). The 14/3-hydroxyl configuration was 
substantiated by a 5-Hz downfield shift of the 18-methyl 
group signal.

Experimental Section
All common reagents and solvents used were “ Baker Analyzed,” 

Mallinckrodt AR, or Matheson Coleman and Bell AR. Ligroin 
refers to Skellysolve B, bp 65-70°. Tetrahydrofuran, ether, 
benzene, p-dioxane, and pyridine were purified and redis- 
dilled. Dimethyl sulfoxide was purified by passing through a 
column of basic alumina. A’-brornoacetarnide was recrystallized 
and employed immediately. m-Chloroperbenzoic acid (from 
Aztec Chemical Co.) was purified by the method of Schwartz and 
Blumbergs. 15 The following materials were used as obtained 
from the sources indicated: 5% palladium on calcium car
bonate, Englehard Industries; digitoxin, Centerchem, Inc.; 
lithium aluminum hydride, Ventron Corp.

Silica gel HFia (E. Merck, Darmstadt, Germany) spread on 
microscope slides was used for thin layer chromatograms (tic). 
The same silica gel on plates measuring 20 X  20 X  0.2 cm was used 
for preparative layer chromatograms (pic.). Development of tic 
plates was performed by charring with 2 %  ceric sulfate in 2 N  
sulfuric acid. Pic development was conducted under ultraviolet 
light and/or by spraying a thin strip down the side of the plate 
with 2 %  ceric sulfate in 2  A1 sulfuric acid and charring with a hot 
glass rod. Silica gel (E. Merck) for column chromatography was 
0.05-0.20 mm in diameter (70-325 mesh). Chromatography 
columns were prepared using a slurry of silica gel in a solvent 
system of lesser polarity than that to be used for initial elution. 
If the mixture to be chromatographed was not soluble in this 
solvent system it was dissolved in chloroform, and silica gel (1 0 % 
of the weight used for the column) was added. Removal of the 
chloroform in  vacuo gave a silica gel powder coated with the 
mixture. Addition of the powder to the column gave a uniform 
band of adsorbed material.

Solvent extracts of aqueous solutions were dried over an
hydrous magnesium sulfate. Solvents were concentrated in  
vacuo. Melting points were determined on a Kofler melting 
point apparatus and are uncorrected. All analytical samples 
were colorless. Elemental microanalysis were performed in the 
laboratory of Dr. A. Bernhardt, 5251 Elbach uber Engelskirchen, 
West Germany. Mass spectra were determined using an Atlas 
CH-4B mass spectrometer by Messrs. R. Scott or E . Bebee. 
Proton magnetic resonance spectra (pmr) were recorded by Miss
K . Reimer using a Varian A-60 spectrometer (deuteriochloroform 
solution with tetramethylsilane as an internal standard unless 
stated otherwise). Infrared spectra (in potassium bromide) 
were determined (K. Reimer) with a Beckman IR-12 instrument.

3/3-Acetoxy-5/3,20{-card-14-enolide (4). Method A.— A solu
tion of digitoxigenin 5 (lb , 3.6 g) in tetrahydrofuran (80 ml) 
containing suspended 5% palladium on calcium carbonate (0.40 
g) was stirred under a hydrogen atmosphere ( 1  atm pressure) 
for 48 hr. The solution was filtered and solvent was removed 
in  vacuo. A solution of the oily residue in ethyl acetate was 
passed through a short column of silica gel to yield 2.9 g (80%) of 
3/3,14-dihydroxy-5/i,14/3,20{-cardanolide (3a): mp 174-182°

(15) N. N. Schwartz and J. H. Blumbergs, J. Org. Chem., 29, 1976 (1964).
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(lit. 16 222-224°); ir 3420 (-OH), 1770 cm “ 1 (C = 0 ); pmr S 
0.95 (s, 6  H, IS and 19 methyl), 2.43 (br, 2 H, -C H 2C = 0 ),
4.05 (br, 1 H, H-3), 4.38 (br, 2 H, -C II2O-); mass spectrum 
m/e (rel intensity) 376 (M +, 80), 358 (100), 341 (46), 246 (62), 
203 (75), 182 (98).

A solution of crude alcohol 3a (2.9 g, 7.7 mmol) in pyridine 
(25 ml)-acetic anhydride (13 ml) was allowed to stand at room 
temperature for 1 1  hr and poured onto crushed ice. The pre
cipitate was collected, washed well with water, and dried to 
yield 3.2 g of crude acetate (3b). To a cold (ice bath) solution of 
the crude acetate in pyridine (25 ml) was added dropwise with 
stirring a solution of thionyl chloride (4 ml) in pyridine ( 8  ml). 
The reaction mixture was stirred for an additional 1 hr, stoppered, 
stored at —2° for 5 hr, and poured onto crushed ice. After 12 
hr standing at room temperature the semicrystalline solid was 
collected and dissolved in chloroform (200 ml). The resulting 
solution was washed with water, 1  N  hydrochloric acid, saturated 
sodium bicarbonate solution, and water and dried, and the solvent 
removed in  vacuo. The resultant solid was chromatographed 
(powder loading technique) on silica gel (70 g). Elution with 
ethyl acetate-ligroin ether (3:17) yielded 3.0 g (72% from lb) of 
3/3-acetoxy-5/3,20{-card-14-enolide (4 ). A small portion was 
recrystallized four times from ethanol-water to afford an an
alytical sample: mp 201-204°; ir 1770 (lactone C = 0 ), 1730 
(acetate C = 0 ), 1640 cm - 1  (C = C ); pmr S 0.92 (s, 18 methyl), 
0.98 (s, 19 methyl), 2.03 (s, acetate), 3.90 and 4.40 (two broad 
multiplets each integrating for 1  H, -C H 20 -, chemically non- 
equivalent), 5.03 (br, 1  H, H-15), 5.13 (br, 1 H, H-3); mass 
spectrum m/e (rel intensity) 400 (M+, 41), 340 (100), 325 (59), 
315 (50), 314 (38), 255 (70).

A n al. Calcd for C2r>If.sbO i (400.5): C, 74.96; H, 9.06. 
Found: C, 75.05; H, 8.76.

Method B.— A solution of 3/3-acetoxy-5/3-carda-14,20(22)- 
dienolide7 (2b, 3.8 g) in tetrahydrofuran (100 ml) containing 
suspended 5%  palladium on calcium carbonate (0.38 g) was 
stirred under a hydrogen atmosphere (1 atm pressure) for 45 hr. 
The solution was filtered and solvent was removed in  vacuo 
to yield 3.9 g (98%) of crude 3/3-acetoxy-5/3,20£-card-14-enolide 
(4). A small amount was crystallized from ethanol-water, 
mp 192-198°, identical17 with that obtained by method A.

3/3,2l-Dihydroxy-20£-(/3-hydroxyethyl)-5/3-pregna-14-ene (5).—  
To a stirred, ice-cold suspension of lithium aluminum hydride 
(1 . 0  g) in dry ether ( 2 0 0  ml) was added dropwise (under nitrogen) 
a solution of 3/3-acetoxy-5/8,20|-card-14-enolide (4, 2.5 g) in 
dry ether (100 ml). The mixture was stirred for an additional 
1  hr, ethyl acetate ( 1 0  ml) was added, and the ice bath was 
removed. The resulting suspension was separated and the 
filtrate was evaporated to yield a very small amount of product. 
A solution of the product in ethyl acetate was used to extract the 
solid, recovered by filtration, in a Soxhlet extractor for 3.5 hr. 
Allowing the solution to stand overnight at room temperature 
produced 0.33 g of colorless crystals, mp 197-204°. Evaporation 
of the mother liquor in  vacuo gave 1.70 g of residue which was 
chromatographed (powder leading technique) on silica gel (50 g) 
and eluted with ethyl acetate-ligroin (1:1) to yield 0.38 g of 
diol 5. Another 0.09 g was obtained by an additional 20-hr 
extraction of the solid products. The total yield of 3/3,21- 
dihydroxy-20|-(/3-hydroxyethyl)-5/3-pregna-14-ene (5) was thus 
0.80 g (35%). A small portion recrystallized twice from ethanol- 
water afforded an analytical sample as plates: mp 226-234°; 
ir 3360 (-OH), 1635 cm - 1  (C = C ); pmr (DMSO-d6, external 
TM S) 5 0.97 (s, 18 methyl), 1.00 (s, 19 methyl), 3.80 (m, 2 H, 
-CHsO-), 4.13 (m, 2 H, -C H 20 -), 4.27 (br, 1  H, H-3), 5.02 
(br, 1 H, H-15); mass spectrum m/e (rel intensity) 362 (M+, 3), 
344 (21), 329 (8 ), 314 (7), 311 (7), 275 (21), 274 (84), 273 (82), 
272 (100), 256 (30), 255 (82).

A n al. Calcd for C23H3S0 3 (362.5): C, 76.20; H, 10.56. 
Found: C, 75.69; H, 10.60.

3/3-Hydroxy-23-deoxy-5/3,201-card-14-enolide (6 ). Method 
A.— A mixture of 3/3,21-dihydroxy-20£-(/3-hydroxyethyl)-5/3- 
pregna-14-ene (5, 0.38 g) and dimethyl sulfoxide (4 ml) was 
placed in an oil bath at 90°. After 5 hr no reaction was evident 
by tic and the temperature was increased to 150°. Five hours 
later the reaction mixture was poured into saturated sodium 
chloride solution (60 ml) and extracted with chloroform. The

(16) B. T. Brown and S. E. Wright, J. Pharm. Pharmacol., 13, 262 
(1961).

(17) The samples gave identical infrared, nuclear magnetic resonance, 
and mass spectra and exhibited identical R{ values on thin layer chromato
grams.

combined extract was washed with water and dried and the 
solvent was removed in  vacuo to yield 0.38 g of red oil which 
solidified on standing (overnight). The solid was combined 
with 0 . 2 2  g of red oil from another experiment, chromatographed 
(pow’der loading technique) on silica gel ( 2 0  g), and eluted with 
ligroin-ethyl acetate (9:1) to afford 0.26 g of 3/3-hydroxy-23- 
deoxy-5/3,20£-card-14-enolide (6 ). Two recrystallizations from 
ethanol-water gave an analytical sample as microneedles: 
mp 162-165°; ir 3380 (-OH), 1645 (C = C ), 1040 cm- 1 (COC); 
pmr S 0.95 (s, 18 methyl), 0.98 (s, 19 methyl), 3.00-3.92 (complex 
region, 4 H, -C H aOCH2-), 4.00 (br, 1  H, H-3), 5.05 (br, 1 H, 
H-15); mass spectrum m/e (rel intensity) 344 (M+, 69), 329 (20), 
326 (11), 311 (16), 275 (75), 274 (100), 273 (54), 272 (80), 259 
(25), 257 (22), 256 (25), 255 (62), 241 (45).

A nal. Calcd for C23H360 2 (344.5); C, 80.18; H, 10.53. 
Found: C, 79.92; H, 10.17.

Method B.— A solution of 3/3,21-dihydroxy-20£-((¡-hydroxy- 
ethyl )-5/3-pregna-14-ene (5, 0.64 g) and p-toluenesulfonyl
chloride (1 . 0  g) in pyridine ( 2 0  ml) was heated (steam bath) in a 
stoppered flask fcr 1.5 hr. Pyridine was removed by azeotroping 
with benzene. The residual oil in chloroform was washed with 
cold 2 N  hydrochloric acid, saturated sodium bicarbonate solu
tion, and water and dried, and the solvent was removed in  vacuo 
to yield 0.85 g of brown oil. The oil was chromatographed 
(powder loading technique) on silica gel (50 g) and product was 
eluted with ligroin-ethyl acetate (9:1) to yield 0.21 g (34%) of 
3(3-hydroxy-23-deoxo-5/3,20|-card-14-enolide (6 ). Crystallization 
from ethanol-water afforded microneedles, mp 105-170°, 
identical17 with the product from method A.

3/3,14-Dihydrcxy-23-deoxo-5/3,14a,20£-cardanolide (10b).— To 
a solution of 3/3-hydroxy-23-deoxy-5/3,20£-card-14-enolide (6 , 
200 mg) in chloroform (15 ml) was added (small portions) 
m-chloroperbenzoic acid (0.17 g). After 0.5 hr the reaction 
mixture was washed with 5% sodium hydroxide solution and 
water and dried, and the solvent was removed in  vacuo to yield 
0.20 g of foamy solid. Chromatography (powder loading 
technique) on silica gel (5 g) and elution with ligroin-ethyl 
acetate (4:1) yielded 0.10 g of 3/3-hydroxy-14,15a-epoxy-23- 
deoxo-5/3,14a,20i-cardanolide (9). A portion recrystallized 
twice from ethyl acetate-hexane led to pure needles of 14a, 15a 
epoxide 9: mp 164-166°; ir 3380 (-OH), 3025 (epoxide CH), 
1040 cm“ 1 (COC); pmr 5 0.88 (s, 18 methyl), 0.98 (s, 19 methyl),
3.35 (d, /  < 1 Hz, H-15), 2.96-3.98 (complex, -C H 2OCH2-),
4.07 (br, H-3); mass spectrum m/e (rel intensity) 360 (M +, 
61), 345 (87), 343 (23), 327 (24), 316 (80), 301 (23), 290 (57), 
289 (95), 275 (28), 271 (23), 250 (45), 215 (47), 149 (100).

To a stirred suspension of lithium aluminum hydride (0.9 g) in 
refluxing dry ether (70 ml) was added (dropwise under nitrogen) 
a solution of a epoxide 9 ( 6 8  mg) in dry ether (50 ml). The 
solution was heated (reflux) for 24 hr and diluted with water 
(cautiously at first). The phases were separated, the organic 
layer was washed with 1 N  hydrochloric acid, saturated sodium 
bicarbonate solution, and water and dried, and the solvent was 
removed in  vacuo to yield 60 mg of clear oil. Following com
bination with 25 mg of crude product from a previous experiment 
and purification by pic (1 : 1  ligroin-ethyl acetate mobile phase), 
52 mg of 3j3,14-dihydroxy-23-deoxo-5/3,14a,20|-cardanolide (10b) 
was obtained as a pale yellow solid. Two recrystallizations 
from acetone-hexane gave an analytical sample as needles: 
mp 188-192°; ir 3490 (-OH), 1035 cm r1 (COC); pmr 5 0.82 
(s, 3 H, 18 methyl), 0.98 (s, 3H , 19 methyl), 3.05-3.98 (complex, 
4  II, -C H 2OCH2-), 4.08 (br, 1  H, H-3); mass spectrum m/e 
(rel intensity) 362 (M +, 13), 344 (56), 329 (52), 326 (52), 311 
(34), 275 (43), 274 (74), 273 (43), 272 (55), 255 (45), 250 (67), 
241 (31), 215 (30), 203 (55), 183 (30), 177 (65), 168 (50), 164 
(1 0 0 ).

A n a l. Calcd for C23H380 3 (362.5): C , 76.20; H, 10.56. 
Found: C, 75.55; H, 10.75.

3/3,14-Dihydroxy-23-deoxo-5/3,14/3,20£-cardanolide (10a).-— To 
a cold (ice bath) solution of 3/3-hydroxy-23-deoxo-5/3,20{-card- 
14-enolide (6 , 150 mg) in p-dioxane (15 ml)-water (2 ml) was 
added with stirring 5 drops of 0.39 M  perchloric acid. The 
slushlike mixture was elevated from the ice bath until it was 
just slightly cloudy, 120 mg of iV-bromoacetamide was added, 
and the flask was reimmersed in the ice bath. After 40 min, 
ice-water (50 ml) was added and the resultant mixture was 
extracted with ethyl acetate. The combined extract was 
washed with 5% sodium bicarbonate solution and water and 
dried, and the solvent was removed in  vacuo (minimum heat) to 
yield 0.23 g of crude bromohydrin 7 as an orange oil. The oil
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was dissolved in 5%  potassium acetate in methanol (25 ml) and 
heated (reflux) with stirring for 11 hr. The solution was poured 
into saturated aqueous sodium chloride ( 1 0 0  ml) and extracted 
with chloroform. The combined extract was dried and solvent 
was removed in  vacuo to yield 161 mg of yellow solid. Puri
fication by pic (4: 1  benzene-acetone mobile phase) provided 1 0 0  

mg of pale yellow oil which solidified on standing. A second pic 
purification (2:1 benzene-acetone mobile phase) afforded 51 mg 
of /3 epoxide 8 : pmr S 1.00 (s, 19 methyl), 1.10 (s, 18 methyl), 
3.37 (d, J  <  0.5 Hz, 1 H, H-15), 2.95-3.97 (complex, -C H 2- 
OCHj-), 4.08 (br, 1 H, H-3).

To a stirred suspension of lithium aluminum hydride (400 mg) 
in refluxing tetrahydrofuran (40 ml) was added (dropwise) a 
solution of the /3 epoxide 8  in tetrahydrofuran (10 ml, under 
nitrogen). After 3 hr the solution was cooled (ice bath), a few 
drops of water were added, and then the solution was filtered at 
room temperature. Solvent was removed and the residue was 
dissolved in chloroform. The solid products were extracted with 
chloroform and the extract was washed with water, dried, and

evaporated to yield 44 mg of crude product. The solid was 
combined with 2 0  mg of crude product from a previous experi
ment and purified by pic (2 : 1  benzene-acetone mobile phase) to 
give 44 mg of clear oil. A second pic purification (3:2 benzene- 
acetone mobile phase) gave 25 mg of 3/3,14-dihydroxy-23-deoxo- 
5 (3 ,1 4 d,2 0 £-cardanolide (1 0 a) as a colorless solid. Several 
recrystallizations from ethanol-water afforded an analytical 
specimen as needles: mp 163-173°; ir 3420 (-OH), 1040 cm- 1  

(COC); pmr S 0.95 (s, 19 methyl), 1.02 (s, 18 methyl), 3.10-
3.95 (complex, -C H 2OCH2-), 4.08 (br, 1 H, H-3); mass spectrum 
m/e (rel intensity) 362 (M+, 9), 344 (65), 329 (34), 326 (24), 311 
(23), 275 (26), 274 (100), 273 (34), 272 (61), 259 (17), 258 (18), 
257 (31), 256 (23), 255 (35), 250 (11), 241 (16).

A nal. Calcd for C2,Hm0 3 (362.5): C, 76.20; H, 10.56. 
Found: C , 76.41; II, 11.22.

Registry No.—3a, 32970-98-2; 4, 32970-99-3 ; 5, 
32971-00-9; 6, 32971-01-0; 8, 33020-99-4; 9, 32971- 
02 -1 ; 10a, 32971-04-3; 10b, 32971-04-3.

Photochemical Addition of Acetone to D-Glucal Triacetate and Subsequent
Oxetane Ring Cleavage1
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3,7-Anhydro-l-deoxy-2-C'-methyl-2-0-methyl-D-ÿh/cero-D-fdo-octitol (3) and 3,7-anhydro-l,2-dideoxy-2-meth- 
ylene-D -glycero-o-ido-octito\  (4) are obtained from acid-catalyzed methanolysis of 5,6,8-tri-0-acetyl-2,4:3,7- 
dianhydro-l-deoxy-2-C'-methyl-n.ÿ/j/ccTC-n-ùfo-octitol (1), obtained from ultraviolet irradiation of 3,4,6-tri-O- 
acetyl-D-glucal in acetone. Oxetane ring opening in benzene affords 4. Ethanolysis of 1 yields the 2-O-ethyl 
derivative 5 in addition to 4. Saturation of the methylene group in 4 followed by acetylation yields crystalline
4,5,6,8-tetra-0-acetyI-3,7-anhydro-l,2-dideoxy-2-C-methyl-D-ÿfî/cero-D-î(io-octitol (10). Benzylidenation of de- 
acetylated 1 gives the 2,4:6,8-di-0-benzylidene derivative 6 .

Cycloaddition of carbonyl compounds to olefins 
leading to oxetane ring formation in the presence of 
ultraviolet irradiation has been extensively examined in 
aliphatic and aromatic compounds.2 -4  W e have ex
amined the photoaddition of acetone to 3,4,6-tri-O- 
acetyl-D-glucal and also have characterized the products 
obtained from opening of the produced oxetane ring.

Ultraviolet irradiation of 3,4,6-tri-O-acetyl-D-glucal 
in acetone at 10 -1 5 ° for 5 hr gives 5,6,8-tri-O-acetyl- 
2 ,4 :3 ,7-dianhydro-l-deoxy-2-C-methyl-D-<//ycero-D-frio- 
octitol ( 1 ) as the major product in 3 3 %  yield. The 
oxetane ring is thought to be formed through 
a stable biradical intermediate.2 It  is expected 
that carbon-oxygen bond formation at C - 2  of the 
glucal predominates over its formation at C - l ,  because 
a carbon radical at C -l  has higher stability than a 
radical at C - 2  of the sugar. Attachment at C - 2  would 
be expected to position the oxygen trans to the acetoxy 
group at C -3. The dimethyl radical group presumably 
joins with the radical at C -l  to develop a ring of 
minimum strain resulting in the formation of the 
n-glycero-D -ido-octitol derivative. The gross structure 
of 1 may be assigned with the aid of nmr spectroscopy.4 

The signal of H -4  in the oxetane ring gives a quartet 
at r 5.42 with J 4,s =  3.5 H z and J 3l4 =  5.5 Hz. Ir
radiation of the H -4  proton signal collapses the quartet 
(*/4,5 =  3 .5 ; J 5 6 =  9 H z) at r 4.87 into a doublet with

(1) Journal Paper No. 4458 of the Purdue Agricultural Experiment Sta
tion.

(2) G. Biichi, C. G. Inman, and E. S. Lipinsky, J. Amer. Chem. Soc., 76, 
4327 (1954).

(3) D. R. Arnold, Advan. Photochem., 6, 31 (1968).
(4) N. C. Yang and W. Eisenhardt, J. Amer. Chem. Soc., 93, 1277 (1971).

9-H z coupling constant. A  triplet at r  5.22 is due to 
H -6  and the signal of H -3  is superimposed in the r 
5 .60 -6 .15  region which integrates for four protons.

Acid-catalyzed ring opening of oxetane rings has 
been reported.2 However, deacetylation of 1 with 
0 .1  A  sodium methoxide followed by deionization with 
excess Amberlite IR -120H  at 25° for 16 hr affords a 
mixture of 3 and 4, separated by column chromatog
raphy, in 45 and 1 0 %  yield, respectively. The oxetane 
ring of 2 is acid labile and is opened on a silica gel 
column eluted with chloroform-methanol, giving a 
mixture containing 3 and 4 in 1 0 %  yield. Compounds 
3 and 4 can also be obtained by refluxing 1 in methanol 
in the presence of IR -120H ; the yields of 3 and 4 are 
41 and 1 4 % , respectively. Treatment of 1 with IR -  
120H resin in benzene gives a 3 3 %  yield of the 
methylene derivative 4. Ethanolysis of 2 at 25° in 
the presence of IR -120H  resin for 16 hr provides a 
3 4 %  yield of the methylene derivative 4 and a 2 1 %  
yield of 5. W hen direct ethanolysis is performed on 1 
under reflux, the main product is the unsaturated 
octitol 4 (4 0 % ), while the O-ethyl derivative 5 is 
isolated in only 9 %  yield. Reaction of 2 with benzal- 
dehyde and zinc chloride gives the 2 ,4 :6 ,8-di-O-benzyl- 
idene compound 6 which is further characterized as its 
acetate 7.

The nmr spectra of 4 and 8 permit assignment of 
structures. The methylene signals of 4 appear at 
t  4.75, while these signals disappear in the reduction 
product 8. In the nmr spectrum of 8, resonance for 
the methine proton (H-2) appears as a multiplet 
around r 8.20. The nmr spectrum of 3 demonstrates



A ddition of Acetone to d-Glucal T riacetate J . O rg . C h em ., V o i . 37 , N o . 4 , 1972 573

AcO

NaOMe
MeOH

CH,OH

7, R = Ac

signals with seven-proton intensity in the r 5 .95 -6 .60  
region and a methoxy peak at r  6.78. Because of 
overlapping of the signals in these spectra, they cannot 
be used to deduce the configuration at C -4  or at C -3. 
Evidence indicating that the substituent at C -4  
is trans to that of C -5  m ay be deduced from  
the nmr spectrum of 4,5,6,8-tetra-0-acetyl-3,7-anhy- 
dro-1,2-dideoxy-2-methylene-D-gh/cero-D-zdo-octitol (9 ). 
Here the proton at C -3  appears as a multiplet at 
r 6 .2 0 , and the methylene protons give signals at 
r 4.75. There is a quartet at r 4.95, with spin-spin  
couplings of 9 and 5 H z. Irradiation of the multiplet 
at r 6.20 results in collapse of the quartet at r 4.95 to 
a doublet (J4,s =  9 H z) and irradiation of the quartet 
at t 4.95 decreases the multiplicity at r 6.20. Thus, 
the quartet at t  4.95 is attributable to H -4. Since H -4  
is trans diaxial to either H -3  or H -5  and is axial- 
equatorial to the other and since H -5  is axial, H -3  must 
be equatorial. Additional evidence for the axial orien
tations of these two protons is provided by nmr analysis 
of 11. Signals for H -3 , H -6 , and H -5  appear respec
tively at r 6.18 (doublet), 5.10 (triplet), and 4.40  
(triplet). A  quartet at r 4.82 has the coupling constants
4.5 and 8  H z. Irradiation of the doublet at r 6.18  
(H -3, t/3,4 =  4.5 H z) collapses the quartet at r 4.82  
into a doublet with an 8-H z splitting. Therefore, the 
quartet at r  4.82 is assigned to H -4  and the larger 
J  value must arise from the coupling of H -4  and H -5, 
configurational findings in 9, and the configuration of 1 
is hence D-glycero-D-ido.

Hydrogenation of the unsaturated acetate 9 us
ing palladium on charcoal gives crystalline 4 ,5 ,6 ,8- 
tetra-0-acetyl-3,7-anhydro-l ,2-dideoxy- 2 - C -m ethyl - d -  

g l y c e r o - D - i d o - o c t i t o \  (10), identical with the product 
obtained from the acetylation of 8 in pyridine with 
acetic anhydride. It  is interesting to note that this is 
the first time a crystalline product has been obtained by  
C-alkylation of carbon C -l  of a sugar. C -l  alkylation 
of acetohalo sugars employing Grignard reagents, such

as butyl and isopropyl,5 fails to give crystalline products 
possible because a mixture of isomers is produced in 
each instance.

Experimental Section
Irradiations were made with a 450-W Hanovia 679A-36 

mercury lamp in a quartz immersion well without filter under 
oxygen-free nitrogen. The progress of reactions and purity of 
products were checked by thin layer chromatography (tic) on 
silica gel G6 coated glass plates (5 X 13 cm) irrigated with (A) 
benzene-ethyl acetate (4:1 v/v) or (B) chloroform-methanol 
(8 :1 v/v). Melting points were determined on a Fisher-Johns 
apparatus and were corrected. Infrared spectra were recorded 
in Nujol with a Perkin-Elmer Model 337 spectrometer, and nmr 
spectra were determined in deuteriochloroform (TMS as internal 
standard) and deuterium oxide (DSS as internal standard), un
less otherwise mentioned, using Yarian Associates A-60 or 
A-60A spectrometers. Optical rotations were measured at 25° 
in a Perkin-Elmer automatic polarimeter Model 141

5,6,8-Tri-0-acetyl-2,4:3,7-dianhydro-l-deoxy-2-C-methyl-D- 
glycero-v-ido-octitol (1 ).■ — A solution of 3,4,6-tri-o-acet.yl-D-glueal7 

(10 g) in 180 ml of acetone was irradiated for 5 hr at 10-15°, after 
which the solution was concentrated to a syrup. The syrup was 
applied to a silica gel8 column (450 g) and eluted with benzene- 
ethyl acetate (95:5 v/v). Progress was checked by tic using 
solvent A and the fractions containing the starting material, d -  
glucal triacetate (4.65 g), and 1 (2.05 g), were separately col
lected. The yield of 1, based on the amount of starting material 
consumed, was 33%: M md +  54.1° (c 1.0, CHC13); nmr
(CCh) r 4.87 (q, 1, J 4,5 = 3.5, J -0, 6 = 9 Hz, H-5), 5.22 (t, 1, 
J 5,5 = / 6, 7 = 9 Hz, H-6 ), 5.42 (q, 1, J 4.5 = 3.5, J ,. t = 5.5 Hz, 
H-4), 7.98-8.02 (three s, OAc), 8.60 and 8.64 (two s, C CH 3).

A n a l. Calcd for C i5H2208: C, 54.55; H, 6.71. Found: 
C, 54.30; H, 7.C0.

3,7-Anhydro-l-deoxy-2-C-methyl-2-0-methyl-D-g/!/cero-D-K/o- 
octitol (3) and 3,7-Anhydro-l,2-dideoxy-2-methylene-D-g/yc- 
ero-D-fdo-octitol (4). A. From Methanolysis of Deacetylated
1 .— Compound 1 (1.62 g) was deacetylated in absolute methanol 
(50 ml) with 0.1 N  sodium methoxide (10 ml) at 0°. De
acetylation was completed overnight at 25°. The reaction mix

(5) C. D. Hurd and W. A. Bonner, J. Amer. Chem. Soc., 67, 1972 (1945).
(6) E. Merck, Darmstadt, Germany. Distributors: Brinkmann ln-

strumenta Inc., Westbury, N. Y. 11590.
(7) Pfanstiehl Laboratories, Inc., Waukegan, 111.
(8) J. T. Baker Chemical Co., Phillipsburg, N. J.
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ture was (hen deionized with Amberlite IR-120IT (methanol- 
washed and air-dried) until neutral and then an additional 6 ml 
of the resin was added and stirred at 25° for 16 hr. After filtra
tion, the resin was washed thoroughly with methanol and the 
combined filtrate was evaporated to a syrup which was applied 
to a silical gel column (30 g) and eluted with chloroform- 
methanol (95:5 v/v) to give 0.52 g of 3, crystallized from ethyl 
acetate-hexane: mp 141-142°; [<*]25d +39.9° (c 1.0, CII3OII); 
yield 45%; nmr (1)20 ) t 5.95-6.60 (m, 7, H-3, H-4, H-5, IT-6, 
H-7, and H-X,)6.7S (s, 3, OMe), 8.70 (s, 6, CCH3).

A n al. Calcd for C 10II20O6 : C, 50.83; H, 8.53. Found: C, 
50.67; H, 8.55.

Further elution of the column gave 0.101 g of 4, crystallized 
from ethyl acetate: mp 150-152°; [a]“  i> +35.9° (c 1.0, CII3- 
OH); yield 10%; rmax 1640 cm-1 (methylene); nmr (1)20) t 4.75 
(m, 2, methylene), 5.60 (m, 1, H-3), 6.0-7.80 (m, 6, H-5, H-6, 
H-7, and H-8), 8.25 (s, 3, CCH3).

A n a l. Calcd for CsH^Cb: C, 52.93; II, 7.89. Found: C, 
52.76; II, 7.84.

B. From Methanolysis of 1.— A mixture of compound 1 
(1.0 g) and 8 ml of Amberlite IIT-120H in 30 ml of methanol was 
refluxed with stirring for 16 hr. The syrup (0.711 g), obtained 
after filtration and concentration of the reaction mixture, was 
applied to a silica gel column (25 g) and eluted with chloroform- 
methanol (99:1 v/v) and the fractions containing 3 (0.293 g, 
yield 41% ) and 4 (0.084 g, yield 14%) were separated and crystal
lized as previously described.

Oxetane Ring Cleavage of 1 in Benzene.— A mixture of com
pound 1 (1.6 g) and 10 ml of Amberlite III-120H (benzene-washed 
and air-dried) in 35 ml of benzene was refluxed with stirring for 
45 hr. After cooling and filtration, the filtrate was evaporated 
to a syrup which was deacetylated with sodium methoxide (0.1 
A7, 25 ml) at 25° for 3 hr. The solution was deionized with IR- 
120H and evaporated to a residue. The residue was crystallized 
from 50 ml of boiling ethyl acetate to give 0.318 g of 4, yield 33%.

3,7-Anhydro-l-deoxy-2-0-ethyl-2-C-methyl-D-</h/cero-D-fdo-octi-
tol (5). A. From Ethanolysis of Deacetylated 1.— Com
pound 1 (0.76 g) was deacetylated in absolute methanol (25 ml) 
with 0.1 N  sodium methoxide (6 ml) at 0° for 16 hr. The reac
tion mixture gave 0.496 g of syrup 2, after deionization with 
Amberlite IR-120H (ethanol-washed and air-dried) followed by 
filtration and concentration. Compound 2 was then stirred with 
4 ml of the resin for 16 hr at 25°. After filtration, the resin was 
washed with 10 ml of ethanol and the combined filtrate was 
evaporated to a syrup which was applied to a silica gel 
column (20 g) and eluted with chloroform-methanol (95:5 
v/v) to give 0.123 g of 5, crystallized from ethyl acetate-hexane: 
mp 133-135°; [cd^D +26.2° (c 0.30, CH3OH); yield 21%; nmr 
(D20) t 5.80-6.30 (m, 7, H-3, H-4, H-5, H-6, H-7, and H-8),
6.42 (q, 2, CH2 of OEt) 8.70 (s, 6, CCHS), 8.85 (t, 3, CH3 of OEt).

A n a l. Calcd for C nH220 6-‘/<H20: C, 51.82; H, 8.91.
Found: C, 51.99; H, 8.79.

Further elution of the column gave 0.16 g of 4 (34%).
B. From Ethanolysis of 1.— A mixture of compound 1 (1.0 g) 

and 8 ml of Amberlite IR-120H in 25 ml of ethanol was refluxed 
with stirring for 20 hr. The syrup obtained after filtration and 
concentration of the reaction mixture was applied to a silica gel 
column (40 g) and eluted with chloroform-methanol (99:1 v/v) 
to give 0.277 g of 4 (40%) and 0.766 g of 5 (9%).

4,5,6 ,8 -T etra-O-acetyl-3,7-anhydro-l,2-dideoxy-2-methylene- 
v-glycero-o-ido-octito\  (9).— Compound 4 (0.20 g) was acet- 
ylated in pyridine (10 ml) with acetic anhydride (0.50 ml) at 
25° for 15 hr. The reaction mixture was then poured into ice- 
water (200 ml) and stirred vigorously. The crystalline product 
was filtered, washed thoroughly with ice-water, air dried, and 
recrystallized from ethyl acetate-hexane: mp 105-106°; [a] “ d 
+  27.6° (c 0.60, CHC13); yield 0.247 g; rmax 1650 cm-1 (meth
ylene); nmr (CDC13) t 4.40 (t, 1, J ,.n = ,/5l6 = 9 Hz, H-5), 4.60 (t, 
1, J 0.6 =  J 6.7 = 9 Hz, H-6), 4.75 (m, 1, H-7), 4.82 (m, 2, H-8),
6.20 (m, 1, H-3), 7.90, 7.96 (12, OAc), 8.22 (s, 3, CCH 3).

A n al. Calcd for C 17H240,: C, 54.83; IT, 6.49. Found: C, 
54.63; H, 6.79.

4 ,5,6,8-Tetra-0-acetyl-3,7-anhydro-l,2-dideoxy-2-C-methyl-D- 
glycero-v-ido-octitol (10). A. From Acetylation of 8.— Methylene 
derivative 4 (0.12 g) was hydrogenated in 20 ml of ethanol with
0. 050 g of palladium over charcoal. The completion of the
reaction was followed by tic, irrigated with solvent B, and the 
disappearance of the unsaturated compound 4 was checked 
by using aqueous potassium permanganate as spraying agent. 
The residue which was obtained after filtration and concentration 
was recrystallized from ethyl acetate-hexane: mp 127-128°;
M md +58.2° (c 0.50, CH3OH); yield 0.093 g; nmr (D20) r
6.10-6.82 (m, 7, H-3, H-4, H-5, H-6, H-7, and H-8), 8.20 (m,
1, methine), 8.98 (d, 3, CCH3), 9.08 (d, 3, CCH 3). Compound
8 (0.10 g) was aeetylated in pyridine (5 ml) with acetic anhy
dride (0.3 ml) at 25° for 16 hr. The reaction mixture was then 
poured into ice-water (80 ml), the aqueous solution was ex
tracted with chloroform (two 25-ml portions) and washed with 
sodium bicarbonate solution and water, and the chloroform ex
tract was dried (Na2S04) and evaporated to a syrup. The syrup 
was dissolved in 8 ml of hot hexane and crystallized at 0° to yield 
0.135 g of 10: mp 54-56°; [a]KD +32.3° (c 1.0, CHCls); nmr
(CI)C13) r 4.76-5.30 (m, 3, H-4, H-5, and H-6), 5.50-6.20 (m, 
3, H-7 and H-8), 6.42 (q, 1, H-3), 7.92-8.20 (13, overlapping 
OAc and methine), 9.06 (t, 6, CCH3).

B. From Catalytic Hydrogenation of 9.— Compound 9 (0.20 
g) was hydrogenated in 10 ml of ethanol using 0.10 g of palladium 
over charcoal. The completion of the reaction was checked by 
tic (irrigated with solvent A and visualized with potassium 
permanganate spray). After filtration, the filtrate was evap
orated to a syrup which was dissolved in 15 ml of hot hexane and 
crystallized at 0°, yield 0.178 g. The product was identical with
1 0 .

A n a l. Calcd for C 17H26O9 : C, 54.54; H, 7.00. Found: C , 
54.40; H, 7.13.

4,5,6,8-T etra-O-acetyl-3,7-anhydro-I-deoxy-2-C-methyl-2-0- 
methyl-n-gh/rero-n-iWo-octitol (11).— Compound 3 (0.10 g) was 
aeetylated in pyridine (6 ml) with acetic anhydride (0.2 ml) and 
the product was worked up in the usual way to give 0.121 g of 1 1 , 
crystallized from 10 ml of hexane at 0°: mp 79-80°; [a]“ D
+45.3° (c 0.40, CHCls); nmr (CDC13) 2- 4.40 (t, 1, / 4 . 5 = 
t/s.6 = 8  Hz, H-5), 4.82 (q, 1 , T3>4 = 4.5, , / 4 . 5 = 8  Hz, H-4), 
5.10 (t, 1, J 5.6 = J 6.7 = 8  Hz, H-6 ), 5.50-6.05 (m, 3, H-7 and 
H-8 ), 6.18 (d, 1, J 3,t = 4.5 Hz, H-3), 6.72 (s, 3, methoxy), 7.96- 
8.0(12, Ac), 8.75 (s, 6 , CCH 3).

A n al. Calcd for Ci8H28Oio: C, 53.43; H, 6.98. Found: 
C, 53.63; H, 7.02.

3,7-Anhydro-2,4:6,8-di-0-benzylidene-l-deoxy-2-0-methyl-D- 
glycero-D-ido-octito\  (6).— Compound 2 (0.75 g) was treated with 
benzaldehyde in the presence of zinc chloride (1.0 g) at 25° for 
16 hr. The reaction mixture was poured into ice-water (300 
ml) and stirred vigorously after 100 ml of hexane was added. 
The solid was filtered, washed with ice-water (100 ml), and air 
dried to give 0.67 g of 6, recrystallized from ethyl acetate-hexane: 
mp 221-222°; [«1 “ n +75.4° (c 0.50, CHC13).

A n al. Calcd for C23H2606: C, 69.32; H, 6.58. Found: C, 
69.07; H, 6.50.

5-0-Acetyl-3,7-anhvdro-2,4:6,8-di-0-benzylidene-l-deoxy-2-C- 
methyl-D-sh/cero-D-frfo-octitol (7).— Compound 6 (0.71 g) was 
aeetylated in pyridine (8 ml) with acetic anhydride (0.3 ml) at 
25°. The reaction mixture was poured into ice-water (200 ml) 
and the crystalline solid was collected and air dried, yield 0.178 g, 
and then recrystallized from ethyl acetate-hexane: mp 180-
181°; [a]25d +62.3° (c 0.70, CHC13).

A n al. Calcd for C25H280,: C, 68.18; H, 6.41. Found: C, 
67.91; H, 6.49.

Registry No.—1, 32970-01-7; 3, 32970-02-8; 4, 
32970-03-9; 5 , 32970-04-0 ; 6, 32970-05-1; 7, 32970-
06-2; 9, 32970-07-3; 10, 32970-08-4; 11, 32970-09-5; 
acetone, 67-64-1 ; D-glucal triacetate, 2873-29-2.
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Benzophenone azine (1 ) has been found to be the beginning point for two different types of photochemical 
reaction. The first of these is a molecular rearrangement leading to 1,3,3-triphenylisoindole (5) while the 
second is a photoreduction resulting in the formation of 1 , 1 , 1 1  '-tetraphenylazomethane (7). l,l,l ',l '-T e tra -  
phenylazomethane (7) has also been found to be photochemically unstable yielding 1,1,2,2-tetraphenylethane 
(2 ) and diphenylmethane (3). 1,1,2,2-Tetraphenylethane (2 ) has been previously shown to decompose upon 
photolysis to give cfs-stilbene (4), l-(2-biphenylyl)-l,2-diphenylethane (6), and biphenyl (8 ). All of these 
compounds (2 - 8 ) are isolated from the photolysis of benzophenone azine (1 ).

Benzophenone azine (1) has been found to be photo
chemically unique among azine systems. It does not 
participate in nitrogen-nitrogen bond homolysis, the 
major light-initiated reaction experienced by other 
acyclic azines.3 It does, however, undergo two reac-

^ C = N N = C ^  ^)C=N - - N = C ^

tions, a photoreduction and a molecular rearrangement. 
At this time we would like to describe our findings 
related to these two photochemical reactions of benzo
phenone azine (1).

Results

Vycor-filtered irradiation of 3.00 mmol of benzo
phenone azine (1) in 1200 ml of methanol under 
nitrogen for 24 hr with a 450-W Hanovia mercury-vapor 
lamp produced, after solvent removal, a dark yellow 
oil containing some solid material. Chromatography

+

(1) Paper VIII in a series on the photochemistry of unsaturated nitrogen- 
containing compounds. For paper VII see R. W. Binkley, J. Org. Chem., 
35, 2796 (1970).

(2) Author to whom inquires should be addressed.
(3) (a) J. F. Ogilvie, Chem. Commun., 359 (1965); (b) R. K. Brinton, 

J. Amer. Chem. Soc., 77, 842 (1955); (c) R. W. Binkley, J. Org. Chem., 33, 
2311 (1968).

on Florisil separated the reaction mixture into seven 
fractions, one of which was unreacted starting material. 
Three of the remaining six photoproducts were easily 
identified as 1,1,2,2-tetraphenylethane (2, 10%), di
phenylmethane (3, 8%), and m-stilbene (4, 2%) by 
comparison of their ir and nmr spectral data (and 
melting point for 2) with those of commercial mate
rials. Spectral data (nmr, ir, and uv) indicated the
1,3,3-triphenylisoindole (5), l-(2-biphenylyl)-l,2-di- 
phenylethane (6), and the l,l,l',l'-tetraphenylazo- 
methane (7) structures for the remaining three photo- 
products. Independent syntheses of these compounds 
and their comparison with the isolated photoproducts 
confirmed the assignment of structures 5, 6, and 7 to 
these three products (isolated in 43, 4, and 2% yields, 
respectively).

Benzophenone azine (1) was not photochemically 
reactive under all conditions. Replacing the Vycor 
filter (transparent above 210 nm) by a Pyrex filter 
(transparent above 280 nm) completely stopped its 
photochemical reaction. Also, conducting the reaction 
in benzene caused reaction to cease.4 Photolysis in 
cyclohexane or 2-propanol, however, gave the same 
reaction observed in methanol.

The photolysis of l,l,l',l'-tetraphenylazomethane 
(7) under the same conditions as benzophenone azine 
(1) led to a much more rapid and less complex reaction 
(3 mmol completely reacted in 45 min). The following 
five photoproducts were formed: 1,1,2,2-tetraphenyl- 
ethane (2, 58%), l-(2-biphenylyl)-l,2-diphenylethane 
(6, 18%), diphenylmethane (3, 10%), cfs-stilbene (4, 
5%), and biphenyl (8, 2%).5

(4) The lack of reactivity of benzene may be because it is a poor hydro
gen donor or because it absorbs higher energy light or for both of these 
reasons.

(5) It is likely that biphenyl was present in the reaction mixture from 
benzophenone az.ne (1) photolysis; however, its amount was too small to be 
detected.
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It has been previously shown6 that l-(2-biphenylyl)-
1.2- diphenylethane (6), m-stilbene (4), and biphenyl
(8) arise from the photolysis of 1,1,2,2-tetraphenyl- 
ethane (2).

Vycor-filtered irradiation of benzophenone benz- 
hydrylhydrazone (9) under the same conditions as the 
benzophenone azine (1) irradiation resulted in the for
mation of the following five photoproducts: benzo
phenone7 (10, 58% ) ,  diphenylmethane (3, 11%),
1.1.2.2- tetraphenylethane (2, 11%), l-(2-biphenylyl)-
1.2- diphenylethane (6, 4%), and benzhydrylidenebenz- 
hydrylamine (11, 7%). Of these five photoproducts,

The former of these two possibilities is in best 
agreement with experimental observation. The first 
fact relating to this question is that in the photolysis 
of benzhydrylidene benzylidene azine (12), where a

1 2

9  Q  9
C =0 + C=NCH

®  b
ii

1 0

+

2 + 3 + 6

three (2, 3, and 6) had been obtained and identified in 
the irradiation of benzophenone azine (1). The re
maining two (10 and 11) were assigned structures after 
comparison with independently obtained samples.

D iscussion
The photochemical reaction of benzophenone azine 

(1) has several unique aspects which merit discussion. 
Benzophenone azine (1) occupies a place by itself in 
azine photochemistry because it (a) gives no evidence 
of participation in the nitrogen-nitrogen bond cleavage 
process, the major reaction process in other azine 
systems; (b) undergoes a photoreduction to produce 
an azo system [TTlfl'-tetraphenylazomethane (7)];
(c) experiences a complex molecular rearrangement 
leading to an isoindole [1,3,3-triphenylisoindole (5)].

The lack of formation during photolysis of 1 of any 
products such as benzophenone imine or benzophenone 
which would have arisen from a simple N -N  fragmen
tation is one of the initially surprising aspects of its 
photochemistry. There appear to be two possible ex
planations for this lack of reactivity. First, the ir 
system of benzophenone azine (1) is a considerably 
extended one when compared to other azines studied.3 
This factor may result in the formation of an excited 
state which is quite different in reactivity from those 
encountered in other azine systems. This type of 
change in reactivity is known in ketone photochem
istry, where extending the w system changes the lowest 
excited state from an n —► ir* to a ir —► tt* state. A 
second possible explanation for the lack of formation of 
simple nitrogen-nitrogen bond cleavage products is 
that N -N  bond homolysis and hydrogen migration 
may be a concerted process. In this case the absence 
of a hydrogen atom directly attached to the azine 
system would prevent reaction.

(6) J. A. Ross, W. A. Schumann, D. B. Vashi, and R. W. Binkley, J. Org. 
Chem., in press. The mechanism for formation of various products from 
photolysis of 1,1,2,2-tetraphenylethane (2) is discussed in this paper.

(7) Benzophenone imine hydrolyses to benzophenone under the conditions
of this experiment (see ref 1).

hydrogen bound to the azine system does exist, no 
products from an N -N  bond cleavage are formed. 
Such a result argues against azine homolysis being 
dependent upon the presence of a transferable hydrogen 
atom. A second piece of information, arising from the 
recently reported photolysis of acetone azine8 (13), also 
speaks against the presence of an azine bound hydrogen 
being necessary for N-N bond homolysis. Acetone 
azine (13) cleaves photochemically to produce imino 
radicals (experimentally observed) which react further 
to form the methylimine of acetone and acetonitrile. 
Clearly, 13 undergoes a cleavage of the nitrogen-

HjC. CH:1
V = N N = c ( ’

H/T x c h 3
13

H)C. CH3
V = N -  -N = C %

H/T X CH:1

h3c
\ : = n c h 3 + c h 3c n

H:,<r

nitrogen bond independent of a hydrogen atom transfer 
process.

As mentioned above, the photoreduction of benzo
phenone azine (1) to 1,1,1', 1 '-tetraphenylazomethane 
(7) is one of the unique aspects of its photochemistry. 
In this reaction, as in most photoreduction processes, 
the usual source of hydrogen atoms is the reaction 
solvent. Also in the case of benzophenone azine (1) 
assigning this role to the reaction solvent is supported 
by the fact that no reaction of 1 takes place in the poor 
hydrogen donor benzene.4 Perhaps the most interest
ing facet of this reduction process is that it makes 
possible the series of photochemical transformations 
leading from benzophenone azine (1) to the various 
hydrocarbon rearrangement and fragmentation prod
ucts (2, 3, 4, 6, and 8) (Scheme I). The products 
from individual photolyses of 1,1,1 ',1 '-tetraphenylazo- 
methane (7) and 1,1,2,2-tetraphenylethane6 (2) provide 
convincing evidence that these two are intermediates 
in this reaction series.

In contrast to the series of reactions just described 
where intermediates have been isolated and themselves 
irradiated, the intermediate stages of the conversion of 
benzophenone azine (1) into 1,3,3-triphenylisoindole
(5) are not well understood. The studies which have 
been made relating to the mechanism of this reaction 
serve primarily to eliminate a variety of possible inter
mediates; however, they are able to provide an indirect 
indication of the course which this reaction is following.

(8) (a) D. G. Horne and R. G. W. Norrish, Proc. Roy. Soc., Ser. A., 315,
301 (1970); (b) R. K. Briniion and S. Chang, Ber. Bunsenges. Phys. Chem.,
72, 217 (1968).
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Sch em e  I

2

We would like to propose the mechanism shown in 
Scheme II as being, at present, the best explanation for

Sch em e  II

c 6h 5

CH.OH

the formation of 1,3,3-triphenylisoindole (5) from the 
photolysis of benzophenone azine (1). This mechanism 
proposes the photochemical cyclization of 1 to produce 
the dihydrophthalazine intermediate 14. This reaction 
is analogous to the known photochemical closure of
1,4-diphenylbutadienes to phenyl-substituted dihvdro- 
naphthalenes9 (eq 1). The dihydronaphthalene system

is, of course, easily aromatized by oxidation to a sub
stituted naphthalene. The dihydrophthalazine 14, 
which cannot undergo a similar oxidation, is proposed 
to rearomatize via a hydrogen migration to an aromatic 
dihydrophthalazine (15). This mechanism further sug
gests that upon photolysis, 15 rearranges to give 1,3,3- 
triphenylisoindole (5) in a manner analogous to the 
observed rearrangement of benzophenone benzhydryl-

(9) (a) G. J. Fonken, Chem. Ind. (London), 1327 (1962); (b) C. C. Lez- 
noff and R. J. Haywark, Can. J. Chem., 48, 1842 (1970).

hydrazone (9) to give benzhydrylidenebenzhydrylamine
(11)10 (eq 2).

II

(2 )

The results from the photolysis of benzophenone 
azine (1) may be summarized by saying that it partici
pates in two photochemical processes. The first of 
these is a photoreduction to give l,l,I',l'-tetraphenyl- 
azomethane (7), a compound which reacts photochem- 
ically to give 1,1,2,2-tetraphenylethane (2) and di- 
phenylmethane (3). The second is a rearrangement, 
probably passing through dihydrophthalazine inter
mediates, to give 1,3,3-triphenylisoindole (5).

Experimental Section
Vycor-Filtered Irradiation of Benzophenone Azine (1) in 

Methanol.— Benzophenone azine10 1 1  (1.08 g, 3.00 mmol) in 1200 
ml of methanol was irradiated for 24 hr with a 450-W Hanovia 
high-pressure quartz mercury-vapor lamp which had been 
lowered into a water-cooled quartz immersion well. Prepuri
fied nitrogen was passed through the solution for 1  hr prior to 
irradiation and a slow stream of nitrogen was continued during 
photolysis. A Vycor filter was placed between the reaction mix
ture and the light source.

After 24 hr, the solvent was removed by distillation in  vacuo 
below 30°, leaving a dark yellow mixture of solid and liquid. 
The residual solid was chromatographed on an 85 X 2.5 cm 
Florisil column slurry packed in 1:9 ether-hexane; 60-ml frac
tions were collected. The column was eluted as follows: 0.5 1.
of hexane, 0.5 1. of 1:49 ether-hexane, 0.5 1. of 1:24 ether- 
hexane, 0.5 1. of 1:12 ether-hexane, 0.5 1. of 1:6 ether-hexane, 
0.5 1. of 1:3 ether-hexane, 0.51. of 1 :1  ether-hexane, and 0.5 1. of 
ether.

Fractions 7 and 8  afforded 13.5 mg (0.08 mmol) of diphenyl- 
methane, identified by ir and nmr spectral comparison with a 
known sample. 12 Fraction 9 gave 4 mg (0.02 mmol) of ds-stil- 
bene, also identified by comparison with a known sample. 12 

Fractions 14-19 produced 21 mg of a clear oil which crystallized 
on standing and was recrystallized from hexane to give 13.5 mg 
(0.04 mmol) of l-(2-biphenylyl)-l,2-diphenylethane, mp 80° 
(lit. 6 mp 79-81°), identified by nmr and mixture melting point 
comparison with an authentic sample. 6 Fractions 20-25 yielded 
33 mg of 1,1,2,2-tetraphenylethane, mp 205-210° (lit. 13 14 mp 
209-211°), also identified by nmr and mixture melting point 
comparison with an authentic sample. 12 Fractions 27-31 gave 
24 mg of a crystalline solid which was recrystallized from ethanol 
to give 7 mg (0 02 mmol) of l,l,l',l'-tetraphenylazom ethane, 
mp 110-114° (lit.1* mp 115°), identified by nmr and mixture 
melting point comparison with an authentic sample.1* Fractions 
34-40 afforded 726 mg (2.00 mmol) of unreacted benzophenone 
azine. Fractions 43-48 produced 173 mg of a yellow oil which 
crystallized on standing and was recrystallized from ethanol to

(10) E. S. Huyser, R. H. S. Wang, and W. T. Short, J. Org. Chem., 33, 
4323 (1968).

(11) D. H. R. Barton, R. E. O Brien, and S. Sternhell, J. Chem. Soc., 470
(1962).

(12) Aldrich Chemical Co., Inc., 940 W. St. Paul Ave., Milwaukee, Wis. 
53233.

(13) H. Blitz, Justus Liebigs Ann. Chem., 296, 220 (1897).
(14) S. G. Cohen and C. H. Wang, J. Amer. Chem. Soc., 77, 2457 (1955).
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give 148 mg (0.43 mmol) of 1,3,3-triphenylisoindole, mp 145° 
(lit . 15 mp 145.5°), identified by comparison with a known sam
ple .16

Pyrex-Filtered Irradiation of Benzophenone Azine (1) in 
Methanol.-— The reaction procedure was the same as that de
scribed for the Vycor-filtered irradiation of 1 except that a Pyrex 
filter was used and the reaction time was extended to 72 hr. 
At the end of this time no reaction had taken place.

Vycor-Filtered Irradiation of Benzophenone Azine (1) in Ben
zene.— The procedure was again the same as the irradiation pro
cedure for 1  in methanol except that the solvent was changed to 
benzene. The irradiation time was 72 hr. No reaction was ob
served.

Vycor-Filtered Irradiation of 1,1,1',1',-Tetraphenylazomethane 
(7) in Methanol.— The irradiation and isolation procedures were 
the same as those used in the Vycor-filtered irradiation of 1  except 
that 1.09 g (3.00 mmol) of l,l,l',l'-tetraphenylazom ethane was 
irradiated and the irradiation time was 45 min.

Fractions 7 and 8  afforded 61 mg of a mixture of biphenyl and di- 
phenylmethane. Rechromatography separated this pair into 
9 mg (0.06 mmol) of biphenyl and 51 mg (0.30 mmol) of di- 
phenylmethane, both identified by ir and nmr spectroscopy. 
Fraction 9 yielded 27 mg (0.15 mmol) of cis-stilbene, also identi
fied by ir and nmr spectroscopy". Fractions 14-19 gave 180 mg 
of l-(2-biphenylyl)-l,2-diphenylethane, mp 75-78°. Fractions
20-25 produced 511 mg (0.54 mmol) of 1,1,2,2-tetraphenyl- 
ethane, mp 206°. Fractions 27-31 gave 22 mg of unreacted 
1 , 1 , 1 ', 1  '-tetraphenylazomethane.

(15) W. Theilacker, H.-J. Bluhm, W. Heitmann, H. Kalenda, and H. J.
Meyer, Justus Liebigs Ann. Chem., 673 , 96 (1964).

Vycor-Filtered Irradiation of Benzophenone Benzhydrylhydra- 
zone (9 ) in Methanol.— The isolation and irradiation procedures 
were the same as those used in the Vycor-filtered irradiation of 1  

except that the material irradiated was benzophenone benzhy- 
drylhydrazone (9) and the irradiation time was 4.5 hr.

Fractions 7 and 8  gave 33 mg (0.20 mmol) of diphenylmethane, 
identified by ir spectroscopy. Fractions 14-19 gave 24 mg (0.07 
mmol) of l-(2-biphenylyl)-l,2-diphenylethane, mp 65-69°. 
Fractions 20-24 afforded 6 6  mg of 1,1,2,2-tetraphenylethane, 
mp 205-207°. Fractions 25-27 yielded 53 mg of a white solid, 
recrystallized from ethanol to give 38 mg (0.13 mmol) of 
benzhydrylidenebenzhydrylamine, mp 150° (lit. 10 mp 152°), 
identified by comparison with an authentic sample. Frac
tions 34-39 produced 189 mg (1.04 mmol) of benzophenone, iden
tified by ir spectroscopy. Fractions 50-55 afforded 448 mg 
(1 . 2 1  mmol) of unreacted starting material.

Vycor-Filtered Photolysis of Benzhydrylidene Benzylidene 
Azine (12) in Methanol.— The photolysis and isolation procedures 
were the same as those described for the Vycor-filtered irradia
tion of 1 except that 3.00 mmol of benzhydrylidene benzylidene 
azine16 (14) were irradiated. No single product could be isolated 
in sufficient quantity for identification; in particular, no ben- 
zonitrile, benzophenone, or benzaldehyde were isolated.

Registry No.—1 ,983-79-9.
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(16) S, S. Hirsch, J. Org. Chem., 32, 2433 (1967).
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Attempts to prepare pyrido [2,3-d] pyrimidine derivatives by the reaction of various alkyl 6 -aminouracils with 
dimethyl acetylenediearboxylate have led instead to the synthesis of 6-amino-5-(3-carbomethoxy-2-propynoyl)- 
uracils (3). It was found, using acetylation as a model reaction, that acylation occurs at C-5 if an alkyl group 
is present on N -l of 6 -aminouracil; in the absence of such a substituent the 6 -acetamido derivative is formed. 
Reduction of 3 leads to cis olefin formation. The pmr spectra and some mechanistic considerations are discussed.

Antitumor activity against Walker muscular tumor 
in rats has recently been demonstrated for 4-oxopyrido- 
[2,3-d]pyrimidine (NSC 112518) and 2,4-dioxopyrido- 
[2,3-d]pyrimidine (NSC 112519). Attempts to de
velop new approaches to the synthesis of this ring sys
tem and to make hitherto inaccessible derivatives have 
led to the preparation of an unexpected and interest
ing series of compounds, the synthesis and character
ization of which form the basis of this report .

The reagent selected for the conversion of a series 
of 6-aminouracil derivatives (la-d) to the correspond
ing pyrido [2,3-d ]pyrimidine derivatives (2a-d) was

a, R = R' = CH3
b, R=CH3;R '=H
c, R = R' = CH2C6H5
d, R = R'=H

(1) (a) This research was supported by Research Grant T491 from the
American Cancer Society; (b) to whom correspondence should be addressed.

dimethyl acetylenediearboxylate. This compound 
has been widely used in the synthesis of a variety of 
heterocyclic compounds.2 Attack usually occurs at 
the triple bond in a Michael-type reaction followed by 
cyclization either through the other carbon of the 
acetylene or through the /3-carbomethoxy group, de
pending on whether nucleophilic or electrophilic attack 
is appropriate. The only reported use of an acety
lenic compound in the synthesis of pyrido [2,3-d ]pyrim- 
idines appeared in a 1958 German patent3 and in
volved the use of 3-phenylprop-l-yn-3-one with 6- 
aminouracil to give 2,4-dioxo-7-phenylpyrido [2,3-d ]- 
pyrimidine. This product would require attack upon 
the triple bond by carbon 5 of the pyrimidine. Such 
attack is reasonable based upon the elegant studies of 
Taylor and coworkers on the total synthesis of the anti
biotic fervenulin and its derivatives,4 in which a 6- 
aminouracil reacted with diethyl azodicarboxylate 
yielding the product of attack by the pyrimidine car
bon 5 on the nitrogen of the reagent .

(2) J, B. Hendrickson, R. Rees, and J. F. Templeton, J. Amer. Chem. 
Soc., 86, 107 (1964).

(3) H. Pasedaeh and M. Seefelder, German Patent 1,040,040 (1958); 
Chem. Abstr., 66, 6507e (1961).

(4) E. C. Taylor and F. Sowinski, J. Amer. Chem. Soc., 90, 1374 (1968); 
91, 2143 (1969).
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Results and Discussion

Treatment of l,3-dimethy]-6-aminouracil with di
methyl acetylenedicarboxylate in DMF led, however, 
not to 2a, but to a compound having nearly the cor
rect elemental analysis for 2a but spectral properties 
incompatible with it. The observed pmr spectrum for 
new compound 3a had, as expected, one O-methyl and 
two iV-methyl groups, but there was no peak corre
sponding to the expected “aromatic” proton and there 
were two downfield peaks (6 9.97 and 9.37) correspond-

3a, R = R' = CH3

b, R = CH3; R = H
c, R = R' = CH2C6H5

d, R = R' = H

ing to two protons and readily exchangeable upon addi
tion of DoO to DMSO-f/6 solution. These data 
strongly suggest the structure designated as 3a. The 
downfield position of the amino group relative to that in 
the starting 1,3-dimethyl-6-aminouracil is readily ac
counted for on the basis of the deshielding effect of the 
anisotropy of the carbonyl and the acetylene moiety, 
which are coplanar with the amino group and in close 
proximity to it.

The same reaction was carried out with compounds 
lb-d. Treatment of lb and lc with dimethyl acetyl
enedicarboxylate in DMF gave good yields of the cor
responding 5-acyl derivatives 3b and 3c. 6-Amino
uracil itself (Id ), however, gave only a complex mix
ture of products from which none of the 5-acyl deriva
tive could be isolated. It thus appeared that substitu
tion at position 1 might be essential for the success 
of this reaction. In an attempt to resolve this appar
ent anomaly, the reaction of 6-aminouracil derivatives 
with acetic anhydride was evaluated.

Examination of the literature revealed a study by 
Pfleiderer5 6 in which treatment of 1,3-dimethy 1-6-amino- 
uracil (la) with acetic anhydride at reflux gave as the 
only isolated product the 5-acetyl derivative 4a. Rep
etition of this experiment did indeed give 4a. The

4a, R = R' = CH3 

b, R = CH3; R' = H

specific reaction conditions of Pfleiderer were not ap
plicable to the other compounds in this series, however, 
because of solubility difficulties. It was found that 
solubility problems could be overcome by the use of 
acetic anhvdride-acetic acid mixtures, however, and 
the reaction was run on 6-aminouracil6 (Id) and its

(5) W. Pfleiderer and G. Strauss, Justus Liebigs Ann. Chem., 612, 173 
(1958).

(6) Commercially available from Aldrich Chemical Co.

1-methyl7 (lb), 3-methyl8 (5), and 1,3-dimethyl9 (la) 
derivatives. In the two cases in which the 1 position 
was substituted by methyl, only the 5-acetyl product 
was obtained; identical treatment of compounds Id 
and 5, each of which has a proton at N -l, gave as the 
only compound isolated the M-6-acetyl derivative 
(6a,b).

6 a, R = R' = H 
b, R = H;R' = CH3

It is felt that the reason for this difference in posi
tion of acylation may lie in the finding that uracil and 
thymine may be acylated at position 1, and that these 
1-acyl derivatives are very unstable and are powerful 
acylating agents.10 It is suggested that the initial 
attack in the N-l unsubstituted derivatives occurs at 
N -l, and that this is followed by intramolecular re
arrangement to the exocyclic acetamido derivatives. 
This mechanism is precluded in those compounds 
which are substituted at N -l; in these cases, acylation 
at C-5 is preferred over the unassisted acylation of the 
exocyclic amino group (Scheme I). This argument,

Sch em e  I 
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CH,

R = CH3, H

then, supports the finding that only in the case of 1- 
substituted compounds can acylation at position 5 
of the pyrimidines studied occur with dimethyl acetyl
enedicarboxylate.

Examination of the pmr data on these compounds 
strongly supports the structure assignments. Com
parison of the C-5 protons of the two 6-acetamidour- 
acils (6a,b) with those of the corresponding starting 
materials (Id, 5) shows a downfield shift in the former 
of 8 0.87 in each case as a result of acylation. This 
shift is expected based both on the electron-withdraw
ing effect and the anisotropic effect of the acetyl group. 
Acylation at the 5 position causes even larger shifts

(7) (a) T. Takeda, Japanese Patent 7026 (1954); Chem. Abstr., 50, 4240d
(1956). (b) T. Ukai, Y. Yamamoto, and S. Kanetomo J. Pharm. Soc. Jap.,
74, 674 (1954); Chem. Abstr., 48, 10743/ (1954).

(8) W. Pfleiderer, Chem. Ber., 90, 2272 (1957).
(9) Commercially available from Heterocyclic Chemical Corp.
(10) (a) D. J. Brown, “ The Pyrimidines,”  1st ed, Wiley, New York,

N. Y., 1962, pp 25, 252; (b) L. B. Spector and E. B. Keller, J. Biol. Chem., 
232, 185 (1958).
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in the resonance of the amino protons. This is readily 
accounted for on the basis of the anisotropic and elec
tron-withdrawing effects cited above. In addition 
to these effects, however, in this series of compounds, 
which may be regarded as vinylogous amides, restricted 
rotation around the N —C bond would be expected.11 
This accounts for the high degree of nonequivalence of 
the amino protons, since such restricted rotation would 
result, in continuous exposure of one amino proton to 
the anisotropic deshielding field of the carbonyl.

Catalytic hydrogenation of l,3-dimethyl-6-amino-
5-(3-carbomethoxy-2-propyiioyl) uracil (3a) gave the 
cis olefin 8. It is interesting to note that olefin 8 is 
extremely resistant to further reduction. Numerous 
attempts to reduce 8 to the succinoyl derivative using 
a variety of catalysts gave no reaction.

3a

8

The trans isomer 9 was synthesized by an alternate 
route. Treatment of l,3-dimethyl-6-aminouracil (la) 
with methyl 3-chloroformyl-frans-acrylate12 gave, as 
expected, the product of acylation at C-5 (9). Com

pounds 8 and 9 were readily characterized by pmr spec
troscopy. Each had the expected peaks correspond
ing to two AI-methyl groups, one O-methyl, two low- 
field nonequivalent protons of the amino group, and 
two doublets corresponding to olefinic protons. For 
the cis isomer the coupling constant J  was found to be 
9 Hz, while for the trans compound J  was 16 Hz. The 
chemical shifts of the olefinic protons of 9 (5 8, 37, 6.47) 
were downfield from the corresponding protons of 8 
(6 6.77, 5.80) as would be predicted from the aniso
tropic deshielding effect of a carbonyl group on an ad
jacent cis proton.13

Alternative procedures have led to the formation 
of the initially sought pyrido[2,3-d]pyrimidines. A 
report of this work will be forthcoming shortly.

(11) Ii. E. A. Kramer and R. Gompper, Z. Phys. Chem., 43, 292 (1964).
(12) R. M. Acheson, R. S. Feinberg, and A. R. Hands, J. Chem. Soc., 526

(1963).
(13) L. M. Jackman and S. Sternhell, “ Nuclear Magnetic Resonance 

Spectroscopy in Organic Chemistry,”  Pergamon Press, Oxford, 1969, p 185.

Experimental Section
Materials and Methods.— Pmr spectra were run on a Jeolco 

C60I1 spectrometer using DMSO-d6 as solvent and TM S or 
DSS as an internal reference. Uv spectra were run on a Cary 
15 spectrophotometer. Melting points were taken on a 
Thomas-Hoover melting point apparatus and are uncorrected.

Acetylation of 6 -Aminouracil Derivatives. General Pro
cedure.— Compounds la, lb , Id, and 5 (100 mg each) were re
fluxed (unless otherwise specified) in a solution of acetic acid 
(15 ml) and acetic anhydride (5 ml). Each of the reaction mix
tures formed a clear solution. Reflux times, yields, and melting 
points of the products are shown in the following table.

Starting material
Reflux 

time, min Yield, % Mp, °C
l,3-Dimethyl-6-aminouracil 1 2 0  (80°) 83 202-205
l-Methyl-6 -aminouracil 50 99 308-310
3 -Methyl-6 -aminouracil 50 50 280-281
6 -Aminouracil 70 76 >350

l,3-Dimethyl-5-acetyl-6-aminouracil (4a).— After reflux (by 
the above general procedure), the reaction mixture was evaporated 
to dryness and the residue was recystallized from ethyl acetate 
yielding 107 mg (83%) of product: uv (pH 1) 276 nm (« 15,600),
247.5 (10, 240), (pH 7) 276 (15,450), 247.5 (10,190), (pH 1 1 ) 
276 (15,600), 247.5 ( 1 0 , 310); nmr (DMSO-d6) S 11.1, 8.13 
(2 s, 2, NH2), 3.25, 3.08 (2 s, 6 , N CH 3), 2.42 (s, 3, CH 3CO).

A n a l. Calcd for C8H „N 30 3: C, 48.73; H, 5.58; N, 21.32. 
Found: C, 48.69; H, 5.50; N, 21.41.

l-Methyl-5-acetyl-6-aminouracil (4b).— After reflux (general 
procedure) the reaction mixture was cooled and filtered, the 
filtrate was evaporated to dryness, and the residue was re
crystallized from a M e0H-H20 (1:1) mixture yielding 129 mg of 
pure product (99%): uv (pH 1 ) 275 nm (e 13,800), 244 
(10,630), (pH 7) 275 (13,200), 244 (10,250), (pH 11) 279
(13,200), 245 (8700), 229 (9040); nmr (DMSO-d6) S 1 1 .2 0 , 8 . 2 0  

(2 s, 2, NH2), 10.77 (s, 1, CONHCO), 3.18 (s, 3, N CH3), 2.40 
(s, 3, CH 3CO).

A n a l. Calcd for C7H9N 30 3: C, 45.90; H, 4.92; N , 22.95. 
Found: C, 45.67; H, 5.01; N, 22.62.

3-Methyl-6-acetamidouracil (6b).-— Reaction conditions were 
identical with those for the preparation of 4b, yielding 62 mg 
(50%); uv (pH 1)278 nm (e 11,200), (pH 7) 280 (8970), (pH 1 1 ) 
288 (6430); nmr (DMSO-d6) $ 10.52 (broad s, 2 , 2  NH), 5.35 (s, 
1, CH), 3.03 (s, 3, N CH3), 2.07 (s, 3, CH 3CO).

A n al. Calcd for C7H9N 30 3 -y 2H20: C, 43.75; H, 5.21; N, 
21.88. Found: C, 43.89; H, 5.14; N , 22.73.

6-Acetamidouracil (6 a).-— After reflux, the reaction mixture 
was cooled to room temperature, and a white solid precipitated. 
Filtration gave 101 mg of pure product (76%): uv (pH 1 ) 278 
nm (e 17,600), (pH 7) 280 (14,400), (pH 11) 288 (10,300); nmr 
(DMSO-de) « 10.90 (s, 1 , OCHNCO), 10.48 (s, 2 , 2 NH), 5.22 
(s, 1, CH), 2.07 (s, 3, CH3CO).

A nal. Calcd for C 6H7N 30 3: C, 42.60; H, 4.14; N , 24.85. 
Found: C, 42.58; H, 4.24; N, 24.57.

l,3-Dimethyl-6-amino-5-(3-carbomethoxy-2-propynoyl)uracil 
(3a).— To the suspension of l,3-dimethyl-6-aminouracil (1.55 
g, 10 mmol) in 20 ml of DM F, the dimethyl acetylenedicarboxy- 
late (1.56 g, 11 mmol) was added, and the mixture was heated at 
110° for 2 hr. A clear, red solution resulted. After cooling to 
room temperature, 25 ml of ether was added to give an orange pre
cipitate which was filtered and washed with 1 0  ml of ether, 
yielding 1.6 g (60%). To a filtered solution of 1.0 g of the 
product in warm DM F was added H20 (10 ml). The solution was 
cooled and the product was filtered, yielding 0.7 g of pure product: 
mp 300-301° dec (285° getting dark); uv (pH 1) 436 nm (e 4370), 
338 (6900), 268 (16,700), (pH 7) 327 (19,900), 273 (7420), 
(pH 1 1 ) 327 (19,900), 273 (7420); nmr (DMSO-d6) 6 9.97, 9.37 
(2 s, 2, NH2), 3.77 (s, 3, OCH3), 3.17, 3.13 (2 s, 6 , N CH 3).

A n al. Calcd for CnH „N 30 5: C, 49.81; H, 4.18; N, 15.84. 
Found: C, 49.73; H, 4.23; N, 15.78.

l-Methyl-6-amino-5-(3-carbomethoxy-2-propynoyl)uracil 
(3b).— l-Methyl-6 -aminouracil (1.41 g, 1 0  mmol) was suspended 
in 20 ml of DM F, and dimethyl acetylenedicarboxylate (1.56 g, 
1 1  mmol) was added to it. This mixture was heated at 110° for 
5 hr and cooled to 5° and the product was filtered to yield 0.7 g 
of a yellow-orange compound (28%), mp 326-329°.
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Recrystallization of a 0.5-g sample from D M F-H 20 gave 0.35 
g: mp 332° dec; uv (pH 1 ) 437 nm (£ 5780), 336 (7300), 268 
(15,600), (pH 7) 328 (22,800), 268 (8900), (pH 1 1 ) 328 (22,900), 
268 (9670); nmr (DMSO-d6) S 10.80 (s, 1 , OCHNCO), 9.64, 
9.37 (2 s, 2, NH,), 3.70 (s, 3, OCH3), 3.07 (s, 3, NCH3).

A n al. Calcd for Ci0H9N 3O5 - y 2H2O: C, 46.15; II, 3.85; 
N , 16.15. Found: C, 46.21; H, 3.64; N , 16.23.

1 ,3-Dibenzyl-6-amino-5- (3-carbomethoxy-2-propynoyl )uracil 
(3c).— To a suspension of l,3-dibenzyl-6-aminouracil (3.07 g, 
10 mmol) in 20 ml of DM F was added dimethyl aeetylenedicar- 
boxylate (1.56 g, 11 mmol) and the mixture was heated at 110° 
for 2 hr. To the dark red solution was added 150 ml of ether. 
The resulting precipitate was filtered and washed with 40 ml 
of ether to yield 1.62 g (39%), mp 235°. Recrystallization of a
1.1-g sample from DM F-HjO gave 0.9 g: mp 239-240° 
uv (pH 1 ) 438 nm (* 5500), 336 (6850), 270 (15,830), (pH 7) 
330 (22,400), 273 (7930), (pH 1 1 ) 330 (22,100), 273 (7930); 
nmr (DMSO-d6) 8 9.93, 9.63 (2 s, 2, NH2), 7.20 (s, 10, 2 C 6H6), 
4.97 (s, 2, CH2), 4.87 (s, 2, CH2), 3.68 (s, 3, OCH3).

A n al. Calcd for C 23H 19N 30 5: C. 66.18; H, 4.59; N, 10.07. 
Found: C, 66.32; H, 4.55; N, 10.12.

1,3-Dimethyl-6-amino-5- (ei's-3-car bomethoxypropenoyl )uracil 
(8 ).— 1,3- Dimethyl - 6  - amino-5 - (3-carbomethoxy -2 - propynoyl)- 
uracil (3a) (500 mg, 1.9 mmol) was dissolved in a dimethoxyeth- 
ane-water (1:1) mixture with warming and hydrogenated at 46 
psi using Pt0 2 (200 mg) as catalyst overnight.

The reaction mixture was filtered through Celite and washed 
thoroughly with hot dimethoxyethane. The filtrate was eva
porated to dryness, and the residue was triturated with MeOH

and filtered to give 340 mg (6 8 %): mp 310° dec; uv (pH 1) 
346 nm (e 18,400), 276 (18,330), 230 (9950), (pH 7) 347 (18,850), 
277 (18, 450), 230 (9950), (pH 1 1 ) 345 (18,700), 277 (18,800), 
231 (9350); nmr (DMSO-tf,) S 8,48, 7.87 ( 2  s, 2 , NH,), 6.77,
5.80 (2 d, 2, CH. J  =  9 Hz), 3.58 (s, 3, OCH3), 3.05, 2.97 (2 s, 
6 , NCH3).

A n al. Calcd for C UH 13N 30 3: C, 49.44; H, 4.87; N, 15.73. 
Found: C, 49.63; H, 4.88; N, 15.61.

l,3-Dimethyl-6-amino-5-(irans-3-carbomethoxypropenoyl)- 
uracil (9).—  l,3-Dimet.hyl-6-aminouracil (0.8 g, 5 mmol) and 
methyl 3-chloroformyl-irans-acrylate (1 g) were stirred in 30 
ml of DM F at room temperature overnight. The reaction 
mixture was filtered, the filtrate was evaporated, and the oily 
residue was allowed to stand overnight at room temperature. 
The product was filtered and recrystallized from methanol, 
giving 300 mg of pure product (22%): mp 220-223°; uv (pH 1) 
314 nm (« 9100), 223 (20,800), (pH 7) 314 (8280), 223 (21,600), 
(pH 11)307 (6360),245 (sh),229 (25,600); nmr (DMSO-dc)i 11.07 
(s, 1, NH), 8.60 (s, 1, NH overlaps with CH), 8.37, 6.47 (2 d, 
2, CH, /  = 16 Hz), 3.77 (s, 3, OCH3), 3.35, 3.17 (2 s, 6 , NCH3).

A n a l. Calcd for CuHI3N 30,-,: C, 49.44; H, 4.87; N, 15.73. 
Found: C, 49.59; H, 5.10; N, 15.79.

Registry No.—3a, 32970-29-9; 3b, 32970-30-2;
3c, 32970-31-3; 4a, 32970-32-4; 4b, 32970-33-5; 6a, 
32970-34-6; 6b, 32970-35-7; 8, 33016-10-3; 9,
33016-11-4.

The Synthesis of 2-Methyl-7-ketoundecanolide,
8-Ketoundecanolide, and 2,4,6-Trimethyl-7-ketodecanolide1
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The Michael addition of acrylate esters to cyclic enamines has been extended to synthesize 2,4,6-trimethyl-7- 
ketodecanolide and 2-(3'-hydroxypropyl)cyclooctanone. The latter is converted to 8 -ketoundecanolide by 
previously described procedures. The pyrrolidine enamines of 2 -methylcycloheptanone (3) or cis,trans-2,cis-
4,6-trimethylcycloheptanone (4) failed to give C-alkylation with 4-bromobv.tyl acetate (1 2 ). Attempted alkyla
tion of the anions of the corresponding cyclohexyk mine or aniline imines gave complex product mixtures. The
7-carbethoxy derivatives of 3 or 4 were alkylated with either 12 or 4-bromobut-l-ene to give intermediates which 
were converted to the desired 7-(4'-hydroxybutyl)cycloheptanones. These hydroxy ketones were cyclized, with 
difficulty, to give isomeric mixtures of the corresponding “ 7-7” enol ethers which could be oxidized with m-chloro- 
perbenzoic acid (MCPBA) to 2-methyl-7-ketoundecanolide but not to 2,4,6-trimethyl-7-ketoundecanolide. A 
new synthesis of 7-carbethoxy-«s,cis-2,4,6-trimethylcycloheptanone from els,cfs-2 ,4,6 -trimethylcyclohexanone 
is described. Extensions of aromatic solventrinduced nmr shifts to some of the intermediates are discussed.

We have previously reported the synthesis of bi- 
cyclic enol ethers via (a) the lithium-amine reduction 
of chromans3 and (b) the acid-catalyzed closure of 2- 
(w-hy droxy alkyl) cycloalkanones derived from enamine 
alkylations.4 5 6 The enol ethers have been oxidized by 
a variety of reagents3-6 to 10-12-membered ring keto- 
lactones, including 7-ketoundecanolide, which repre
sents the structural system of the methymycin group 
of macrolide antibiotics.

(1) This investigation was supported by Public Health Service Research 
Grants AI 06303 and 07455 from the National Institute of Allergy and In
fectious Diseases and by the Eli Lilly Co. This is part VII of the series, 
Medium Ring Compounds.

(2) To whom correspondence should be addressed at the Belfer Graduate 
School of Science, Yeshiva University, New York, N. Y. 10033.

(3) (a) I. J. Borowitz, G. Gonis, R. Kelsey, R. Rapp, and G. J. Williams, 
J. Org. Chem., 31, 3032 (1966); (b) I. J. Borowitz and G. Gonis, Tetrahedron 
Lett., 1151 (1964).

(4) I. J. Borowitz, G. J. Williams, L. Gross, and R. Rapp, J. Org. Chem., 
33, 2013 (1968).

(5) I. J. Borowitz and R. Rapp, ibid., 34, 1370 (1969).
(6) I. J. Borowitz and R. Rapp, Chem. Commun., 1202 (1969).

We now report extensions of these synthetic methods 
as well as new approaches involving /3-keto esters which 
lead to 2,4,6-trimethyl-7-ketodecanolide and undec- 
anolides. The substituents are located at some of 
the positions where methyl groups are found in methy
mycin.

We had originally planned on extending the syn
thesis of 2-(co-hydroxyalkyl)cycloalkanones to methyl- 
substituted 7-ketoundecanolides wcithe alkylation of the 
pyrrolidine enamines 1 and 2 of 2-methylcycloheptan
one (3) and 2,4,6-trimethylcycloheptanone (4) with
4-bromobutyl acetate (12). The cycloheptanones 3 
and 4 were prepared by the diazoethane ring expansion 
of cyclohexanone (5) and 3,5-dimethylcyclohexanone
(6) in 46 and 52% yields, respectively.7 Commercial

(7) (a) By a modification of the procedure of D. W. Adamson and J. 
Kenner, J. Chem. Soc., 181 (1939), suggested by Dr. Adnan Sayigh. (b) For 
related cycloheptanone syntheses via a higher yield procedure and for stereo
chemical relationships see J. Marshall and J. J. Partridge, J, Org. Chem., 33, 
4090 (1968).
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6 (ca. 85% cis and 15% trans) was utilized. It was 
deemed unnecessary, at least in this initial phase of 
the work, to utilize pure cis-6 [available by the hydro
genation of 3,5-dimethylphenol8 or from 3,5-dimethyl- 
cyclohexenone (7)]. This was because we found that 
diazoethane reacted much more rapidly with cis-6 than 
with trans-6. Indeed, most of the trans-6 of the or
iginal 85:15 mixture could be recovered unreacted. 
This observation is reasonable considering the gen
erally slow addition of nucleophiles to cyclohexanones 
with axial substituents at C3 (as in trans-6). Thus 
cis-6 is reduced 25 times faster than is trans-6  with 
sodium borohydride.8 The ring expansion of 6 led 
to a 58:42 mixture of what is most likely cis,cis-2,4,Q - 
trimethylcycloheptanone (4a) and the trans, cis isomer 
4b (Scheme I).7b Equilibration of 4a and 4b gave a

S c h e m e  I

0

2a 2b

change in composition to 88:12. The major isomer 
might be 4b if 2,4,6-trisubstituted cycloheptanones 
have energy profiles related to those of 2,5-disubsti- 
tuted cycloheptanones.7b

The pyrrolidine and morpholine enamines (1, 8) of 
3 and the morpholine enamine (9) of 4 could not be 
consistently prepared by the usual azeotropic method. 
The pyrrolidine enamine (2) of 4 could not be made at 
all this way. The best method for the synthesis of 
1, 2, and other pyrrolidine enamines of ketones which 
react sluggishly with pyrrolidine involves the use 
of trispyrrolidinylboron-pyrrolidine mixtures.9 En
amines 1 and 2 were thus reproducibly prepared (52 
and 89%, respectively). Other enamine syntheses 
involving trispyrrolidinylarsine10 and the conversion of 
immonium perchlorates11 are mentioned in the Ex
perimental Section. The enamines 1 and 2 were found 
to consist of mixtures of the less substituted (la, 2a) 
and the more substituted (lb, 2b) isomers in 68:32 and 
46:54 ratios, respectively, by their nmr spectra. How 
this ground-state isomer distribution would influence

(8) B. Rickborn and M. T. Wuesterhoff, J. Amer. Chem. Soc., 92, 6894 
(1970).

(9) P. Nelson and A. Pelter, J. Chem. Soc., 5142 (1965).
(10) H. V. Hirsch, Chem. Ber., 100, 1289 (1967).
(11) S. Etheredge, Ph.D. Thesis, Columbia University, 1965; Diss.

Abstr., 2$, 4232 (1966).

the site of reaction of 1 and 2 was of concern since we 
wanted alkylation to occur on the less substituted 
side.12 Both 1 and 2 gave no alkylation with 12.13 
These results are in contrast to our previously de
scribed reaction of pyrrolidinocycloheptene (11) with 
12 to give 2-(4'-acetoxybutyl)cycloheptanone (13) 
in 48% yield (Scheme II).4

S c h e m e  II
0

II
Br<CH!;.OCCH,

12

- v

1, R = H
2, R = CH3

15, R = H
16, R =  CH3

17, R = H
18, R = CH3

1 1

It had been hoped that allylic halides such as methyl
4-bromocrotonate (14) would show reasonable reactiv
ity with cycloheptanone enamines. The alkylation 
of 11 with 14 to give the desired 19 occurred in only 
13% yield, however. This rather cumbersome path
way for the synthesis of 2-(4'-hydroxybutyl) cyclo
heptanones was therefore abandoned since it was antic
ipated that the alkylation of 1 or 2 with 14 would give 
even lower yields (Scheme III).

S c h e m e  III

19
(12) (a) W. D. Gurowitz and M. A. Joseph, Tetrahedron Lett., 4433 

(1965); (b) W. D. Gurowitz and M. A. Joseph, J. Org. Chem., 32, 3289 
(1967); (c) F. Johnson, Chem. Rev., 68, 375 (1968).

(13) Cycloheptyl enamines are known to give 1:1 C to N alkylation: 
G. Opitz and H. Mildenberger, Justus Liebigs Ann. Chem., 649, 47 (1961).
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Enamine 2 was allowed to react with ethyl acrylate 
to give the enamine ester 20 (80%) which was reduced 
with lithium aluminum hydride' and acid hydrolyzed 
by described procedures4 to give 7-(3'-hydroxypropyl)-
2,4,6-trimethylcycloheptunone (21, Scheme IV). In

Sen km ic IV

2

methane-aluminum chloride to give 25 and/or 26 was 
unsuccessful.16'16

2-(3'-Hydroxypropyl)eycloalkanones close fairly 
readily to the corresponding bicyclic hydroxy ethers 
when the cycloalkanones are six or seven membered.4 
We now demonstrate this closure for the eight-mem- 
bered ring case as well. Pyrrolidinocyclooctene (27) 
was converted to 2-(3'-hydroxypropyl)cyclooctanone 
(29) via the enamine ester 28 (Scheme V). Dehydra-

SCHEME V
H

comparing the lack of alkylation of 1 or 2 with 12 to 
the facile Michael addition of 2, several points can be 
made. The extent to which 1 or 2 are N-alkylated 
by 12 is not known but it is presumably not exclusive 
since some 12 is recovered.13 Both N and C alkyla
tion of enamines with alkyl halides are irreversible 
while Michael addition on nitrogen, if it occurs, is re
versible.14 The C-alkylated Michael adduct is thus 
thermodynamically favored. The hydroxy ketone 
21 exists mainly in the hydroxy ether form 22, a har
binger of its facile conversion to the enol ether 23, 
which was done with acid catalysis. The overall yield 
of 23 from 2 was 48%. The stereochemistry of the 
indicated methyl group in 23 remains undefined.

As previously found for other bicyclic enol ethers, 
only the endocyclic isomer (23) was formed. Oxida
tion of 23 with wi-chloroperbenzoic acid (MCPBA) 
gave 2,4,6-trimethyl-7-ketodecanolide (24, 66%) as 
essentially one stereoisomer.

Keto lactone 24 is a possible precursor of 2,4,6-tri- 
methyl-7-ketoundecanolide (25) which has three of 
the five alkyl substituents present in methymycin. 
An attempt at the ring expansion of 24 with diazo-

(14) (a) G. Stork, A. Brizzolara, H. Landesman, and J. Szmuszkovicz, 
J. Amer. Chem. Soc., 85, 207 (1963); (b) M. E. Kuehne in “ Enamines” , A.
G. Cook, Ed., Marcel Dekker, New York, N. Y., 1969, Chapter 8.

27

31

tive closure of 29 to the “8-6” enol ether 30 and 
MCPBA oxidation gave 8-ketoundecanolide (31). 
The overall yield of 31 from 27 was only 4%, consid
erably lower than those obtained in our previously 
described cases.4

Our second pathway toward the synthesis of 2-(4'- 
hydroxybutyl)cycloheptanones involved the Stork 
alkylation of Schiff base anions.17 Unfortunately, 
the magnesium anion of the cyclohexylirhine of cyclo
hexanone (32) reacted with both the acetate and bromo 
groups of 12 so that this readily obtained4 precursor 
of the hydroxybutyl moiety could not be used directly. 
Preliminary reactions of the magnesium anion of the 
anil of 2-methylcycloheptanone (33) with 1-bromo-
4-trimethylsilyloxybutane or l-chloro-4-pyranyloxybu- 
tane gave little of the desired products. We then 
turned to the use of 4-bromobut-l-ene (34) which is 
convertible to co-hydroxybutyl at a later stage. Alkyl
ation of the anion of 32 with 34 gave 36 (63%). Sim
ilar reaction of the cyclohexylimine of cycloheptanone 
(35) with 34 gave a complex mixture. Compounds 
36 and 37 (the latter obtained in 72% yield from 44) 
were converted to their respective ketals 38 and 39 
and hydroborated to give the desired hydroxybutyl 
ketones 40 and 41 (Scheme VI).

Our third and best route for the synthesis of 2-(4'- 
hydroxybutyl)cycloheptanones involved the alkylation 
of /3-kcto esters. 2-Methylcycloheptanone (3) readily 
gave the 7-carbethoxy derivative 45, upon reaction 
with diethyl carbonate.18 The formation of 45, whose 
structure was established by nmr, is related to the a

(15) Cycloundecanones have been ring expanded in 15% yield: E.
Mueller and M. Bauer, Justus Liebigs Ann. Chem., 654, 92 (1962).

(16) R. Mayer, Chem. Ber., 96, 3096 (1963).
(17) G. Stork and S. R. Dowd, J. Amer. Chem. Soc., 85, 2178 (1963).
(18) S. J. Rhoads, J. C. Gilbert, A. W. Decora, T. R. Garland, R. J. 

Spangler, and M. J. Urbigkit, Tetrahedron, 19, 1625 (1963).
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Sch em e  VI

t I

44, R = H 41,K  =  H
4 5 ,  R = CH3 17, R = CH3

carbéthoxylation of 2-methylcyclopentanone19a or 2- 
methylcyclohexanone.19b Attempts to carbethoxylate 
4 gave low yields of 2,4,6-trimethyl-7-carbethoxycyclo- 
heptanone (46) and led to ring opening to give diethyl
2,4,6-trimethylsuberate (47). Attempts at the base- 
catalyzed reclosure of 47 to 46 failed. In view of this 
result and because of the known nonstereohomogeneity 
of 4, a stereospecific route of reasonable yield for 46 
was sought. It was developed via a higher tempera
ture (35°) modification of the boron trifluoride etherate 
catalyzed ring expansion of czs,m-2,4,6-trimethyl- 
cyclohexanone (51) with ethyl diazoacetate.20 Ketone 
51 was synthesized by the hydrogenation of 2,4,6-tri- 
methylphenol (49) to give a mixture of stereoisomeric 
alcohols 50 and ketone 51 which was oxidized with 
chromic acid.21 Ketone 51 was shown to be mainly 
one isomer, i.e ., the all-equatorial eis,cis configuration, 
by nmr and vpc examination. Furthermore the /3- 
keto ester 46 also appeared to be essentially one isomer 
upon examination of its nmr spectrum (Scheme VII, 
Table I).

While 44 was readily converted to its enolate with 
sodium ethoxide and then gave 52 (72%, Scheme VIII), 
45 reacted much more slowly and gave only 24% of 
53 upon alkylation with 34. The stronger base, potas
sium triphenylmethide, afforded the conversion of 45

(19) (a) K. Sisido, K. Utimoto, and T. Isida, J. Org. Chem., 29, 2781
(1964); (b) E. J. Corey, T. H. Topie, and W. A. Wozniak, J. Amer. Chem. 
Soc., 77, 5415 (1955).

(20) W. T. Tai and E. W. Warnhoff, Can. J. Chem., 42, 1333 (1964).
(21) A previous synthesis of 51 from 49 gave no physical constants: 

J. Seibl and T. Gàumann, Helv. Chim. Acta, 46, 2857 (1963).

S chem e  Y II

Sch em e  VIII

C02C2H5

R'

R'
44, R = R' = H
45, R = CH3; R' = H
46, R = R' = CH3

c 2h 5

(CH2)2' ^ C H 2

l 12

52, R = H
53, R = CH3

37
42

58, R = R' = CH,

to 53 in 76% yield. Decarboxylation of 52 or 53 gave 
37 or 42 (Scheme VI). Alkylation of 45 with 12 using 
sodium hydride-glyme gave 54 in 56% yield without 
the complication of reaction of the acetate group noted 
for Schiff base anions.

Hydrolysis of 54 with alcoholic potassium hydrox
ide gave 2-methyl-7-(4'-hydroxybutyl)cycloheptanone
(17). The acid-catalyzed cyclization and dehydra
tion of 17 to 56 (Scheme IX) proved to be much more 
difficult than were similar conversions on 21, 41, or 
other ai-hydroxyalkylcycloalkanones. The azeotropic 
removal of water with acid in toluene failed. In the 
various possible transition states leading to ring 
closure, the carbonyl group must become tetrahedral, 
thereby going through an eclipsing interaction with 
the adjacent methyl group. This interaction is pre
sumably the cause for the unfavorable closure encoun
tered. The effect of an a ' methyl group is evidently 
more pronounced in the formation of a seven-mem- 
bered ether ring than for the corresponding six-mem- 
bered ring. Thus 21 closed to 22 normally (Scheme
IV) but 2-methyl-7-(4,-hydroxybutyl)cyclohexanone 
closed to its hydroxy ether with much more difficulty 
than did 2-(4'-hydroxybutyl) cyclohexanone (40).

The conversion of 17 to a mixture of the “7-7” enol 
ethers 56a and 56b was accomplished by utilizing p -
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T a b l e  I
A rom atic  So lv e n t - I nduced  Sh ifts  fo r  V a riou s  K eton es

Compd
0

No. Group
A = ¿ecu —

6C6hs, Hz
A = SCCL -  

l̂-methylnaphthaleae, Hz

65 C 2 Methyl“ - 1 .3 * + 4 .8

6 6 C 2 ,6 Dimethyl6 -1 .5 * +  2.7

51 C2 ,6 Dimethyl“
C< Methyl*
C2 Methyl*
C( MethyP 

46 C 6 Methyl“
C 7 HA
o c h 2*
OCH2CH8i

3 C2 Methyl*

C 2 Methyl' (minor) 
4a,b (major)
(3:1) C 4 Methyl"*

C 6 Methyl"

- 2 .4 +  3.6
+  15.6 +  33

+  5.1 +  14.7
+  13.2 +31
+  1 2 . 6 +  13
- 1 3 .2
+  13.8

+  1.5 + 6 .5

- 2 . 6 +  1 . 8

+  0.3 +  6.4
+  11.5 +  26
+  1 1 . 8 +23.8

a d, J  =  5.7 in all solvents. b J  =  5.9 (CC14), 5.8 (C6H6), 5.6 Hz (1-methvlnaphthalene). r Reference 23. d J  =  5.4 ((AHe), 5.2 
Hz (1-methylnaphthalene). ‘ J  = 6 .8 , 6.1, 6.4 Hz. < J  = 5.4, 5.3, 4.8 Hz. “ J  = 6.4, 5.2, 6 . 8  Hz. h J  =  10.2 (CCL), 10.5 Hz 
(C6H6). ' q, J  =  7.2 (CC14), 7.0 Hz (CeHo). ’ t, J  = 7.2, 6.5, 5.9 Hz. * d, J  = 7 Hz (all solvents). 1 C 2 methyl resolved into two 
doublets on 100-Hz full scale; J  = 6 .6 , 5.7 Hz (CCU). "* d, J  — 6.7 (CCh), 6.0 Hz (l-me~hylnaphthalene). n d, J  =  5.8, 6.0 Hz.
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toluenesulfonic acid catalysis and the solvent system 
toluene-dimethylformamide.22

Oxidation of 56 with excess MCPBA gave 2-methyl-
7-ketoundecanolide (57, 27%). None of the antici

pated 61 or 62 was isolated, although these products 
may have been formed (see Experimental Section).

The alkylation of 46 with 12 utilizing sodium hydride 
in glyme or toluene gave poor yields of 59 (ca. 9%, 
Scheme VIII). Reaction of 46 with 12 using potas
sium triphenylmethide in glyme was also poor. The 
use of sodium hydride in toluene-dimethylformamide 
(in ratios varying from 4:1 to 2:1) gave a mixture of
O- and C-alkylated products (58, 59) in total yield of 
ca. 40% in each case. The mixture of 58 and 59 was 
hydrolyzed with base and then with dilute aqueous 
acid to remove 58 and to give the desired hydroxy ke
tone 18. The closure and dehydration of 18 occurred 
to a minor extent to give a mixture of three enol ethers, 
60a, 60b, and 60c (Scheme IX). Attempts to improve 
the conversion of 18 to 60 failed. Oxidation of a mix
ture of 60 and some 18 gave a mixture of products 
which may have contained 25 (see Experimental Sec
tion). The difficulties encountered in the closure of 
18 made necessary the finding of another route to 60 
and yet more substituted “7-7” enol ethers. Research 
toward this goal is in progress.

ASIS Measurements.—The assignment of cis,cis 
stereochemistry to 2,4,6-trimethylcyclohexanone (51) 
is based partially upon nmr solvent shift data (Table I). 
The magnitude of ASIS (aromatic solvent induced 
shifts)23 for the C2 and C6 methyl groups when com
pared to the model compounds 2-methylcyclohexanone 
(65) and cis-2,6-dimethylcyclohexanone (66) suggests 
that 51 is the all-equatorial isomer as shown (Scheme 
VII). The C4 methyl group becomes relatively more

(22) This solvent system may enhance the proton transfers needed for the
dehydrative cyclizations. See C. D. Hurd and W. H. Saunders, J. Amer. (23) M. F6tizon, J. Gor6, P. Laszlo, and B. Waegell, J. Org. Chem., 31, 4047
Chem. Soc., 74, 5324 (1952), for similar effects in acetal formation. (1966).



shielded in benzene (as compared to carbon tetrachlo
ride) while the C2 and C 6 methyls become deshielded. 
This is in agreement with previous measurements on 
substituted cyclohexanones, which indicate that groups 
furthest away from the carbonyl oxygen become most 
shielded in benzene.23 The larger shifts obtained with
1 -methylnaphthalene suggest that it may prove to be 
more useful than is benzene. In the case of 46, the 
largest ASIS is again found for the C4 methyl. The 
doublet for this methyl is broadened, as compared to 
the other methyls, in all solvents because of “ virtual 
coupling”  with the C3 and C 5 methylene groups.24 

The observed coupling of the C 6,7 protons (10.2 Hz) 
is equally compatible with dihedral angles of 0 or 140°. 
The former suggests a cis C 6,7 stereochemistry, while 
the latter is compatible with a trans stereochemistry.25 
Inspection of Drieding models indicates that both are 
reasonable; so a choice between them is not yet pos
sible. Our limited data suggests that cycloheptanone 
A SIS may be quite different from those found for cyclo
hexanones, although larger shifts can be expected for 
methyl groups further away from the carbonyl in both  
ring systems.

Experimental Section26
Ring Expansion of Cyclohexanones.— 2-Methylcycloheptanone

(3) was synthesized in 46-49% yield (1 peak by vpc on 20% SE- 
30 at 120°) by the reaction of cyclohexanone with diazoethane 
generated in situ  from the reaction of iV-nitroso-Ar-ethylcar- 
bamate with potassium carbonate and methanol. 27 28 Similar re
action of 82:18 cjs/inras-3,5-dimethylcyclohexanone (6 a, 6 b)z8a 
(62 g, 0.5 mol) gave (1) material with a boiling point up to 105°, 
discarded; (2) 24.5 g, bp 105-200° (mostly 175-185°) [vpc286 

unknown peak (6 % ), 6 a (30%), 6 b (47%), unknown peak (17%)]; 
and (3) 38 g, bp 200-210°, pure 2,4,6-trimethylcycloheptanone
( 4 )  .

This represents a yield of 52% of 4 and a recovery of co. 11.5 g 
of 6 b. Since the original 6  contained ca. 1 1  g of 6 b, only 6 a was 
ring expanded; i .e . ,  4 is composed of cis-4,6 -dime thy i isomers. 
Redistillation of fraction 3 gave 4: bp 96° (16 mm); ir (CC14) 
1704 cm-1; nmr (CCh) t  7.4-7 . 8  (m, 3, C 2 ,7H), 8.4 (m, 6 ), 8.96 
(d, 3, C 2CH 3), 9.00 (d, 3, C 6CH3), 9.05 (broad d, virtually 
coupled, 24 3, C 4CH 3); (CCh, after treatment with Na-CFLOD) 
t 8.4 (m, 6 ), 8.98 (s, 3, C2CH 3), 9.00 (d, 3, CeCHj), 9.05 (broad 
d, 3, C4CH 3); vpc (20% SE-30 at 129-163° or 20% XF-1150 at 
115-135°) one peak but two peaks (58:42) on 20% DEGS at 
117°; 88:12 after treatment with NaOCH3-C H 3OH or CH 3O D ;
2,4-DNP of original mixture of isomers had mp 88-90° (C2H5OH). 
A n a l. Calcd for CioH,80: C, 77.86; H, 11.76. Found: C, 
77.97; H, 11.92.

Attempted separation of 38:62 6 a :6 b by the anticipated faster 
reaction of 6 a with sodium bisulfite failed to change the isomeric 
ratio. The mixture (5.1:1) of 6 a :6 b was converted to the semi- 
carbazone, mp 194-197°. Four recrystallizations from CiHs- 
OH-H20  gave mp 200-200.5° (lit. 29 30 mp semicarbazone of 6 a
200.5-201.5°, mp semicarbazone of 6 b 178.4-179.3°). Acid 
hydrolysis gave 7:1  6 a : 6 b (vpc on 5%  FFAP at 113°). Re
duction of 3,5-dimethylcyclohexenone (7) in C2H5OH with Pd/C,

(24) E. D. Becker, “ High Resolution Nuclear Magnetic Resonance,”  
Academic Press, New York, N. Y., 1969, pp 163-166.

(25) (a) Reference 24, pp 103-105; (b) M. Karplus, J. Chem. Phys.,
30, 11 (1959); (c) M. Karplus, J. Amer. Chem. Soc., 86, 2870 (1963).

(26) Instrumental techniques have been described elsewhere: I. J.
Borowitz, K. C. Kirby, Jr., P. E. Rusek, and E. W. R. Casper, J. Org. Chem., 
36, 88 (1971). Mass spectra were done on Hitachi RMU-6 mass spec
trometers at Einstein Medical School, N. Y-, and Columbia University, 
unless otherwise noted. Solvents used were dried by distillation from phos
phorus pentoxide, calcium hydride, or lithium aluminum hydride. Reac
tions involving carbanions were conducted under an atmosphere of prepuri
fied nitrogen. All vpc columns employed Chromosorb W and were 5 ft X 
>/< in. unless otherwise noted.

(27) D. W. Anderson and J. Kenner, J. Chem. Soc., 181 (1939).
(28) (a) A commercial sample from Aldrich Chemical Co. was used; 

(b) a 20% XF-1150 column at 140° was used.
(29) R. L. Augustine and A. D. Broom, J. Org. Chem., 25, 802 (1960).
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H2 ,a n d 3 ./VHClgave8 : l  6 a :6 b . 29 Similar reduction under neu
tral or basic conditions gave 4:1 6 a : 6 b (vpc, 15% Carbowax 
at 1 1 0 °).

Formation of Enamines. A. Acid-Catalyzed Treatment with 
Pyrrolidine or Morpholine.— Treatment of 3 with pyrrolidine 
( 2  equiv) under azeotropic conditions in benzene gave the en- 
amine 1 (71% ), bp 136-137° (15 mm), ir (film) 1630 cm“ 1. 
Later repetition or reaction in toluene gave poorer yields. Sim
ilar treatment of 4 gave no enamine. Treatment of 3 or 4 with 
morpholine in benzene gave the enamines 8  (72%), bp 137- 
139° (15 mm), ir (film) 1640 cm-1, and 9 (27%), bp 143-145° 
(9 mm), ir (film) 1637 cm-1.

B. Trispyrrolidinylboron (67) Method. Trispyrrolidinyl- 
boron (67).— To a solution of pyrrolidine (42.7 g, 0.600 mol) in 
n-hexane ( 1 0 0  ml) in an ice-salt bath was added boron trichloride 
(11.7 g, 0.100 mol) with stirring. A two-phase system resulted 
and stirring was continued as the reaction mixture was brought 
to room temperature. Upon slight warming an exothermic re
action began so that cooling was again needed. During this re
action the lower layer solidified. After the reaction subsided, 
stirring was briefly continued, the hexane layer was combined 
with benzene washings of the solid layer, and the combined 
organic solution was distilled to give 67 (10.68 g, 0.0483 mol, 
48%), bp 130-140° (0.15 mm), low-melting solid. Exposure 
to the atmosphere during work-up should be kept to a minimum, 
since 67 is readily hydrolyzed. 9 Reaction of 3 (12.4g, 0.056 mol) 
with 67 (1 equiv), pyrrolidine (2 equiv), and p-toluenesulfonic 
acid (0.2 g) in benzene (60 ml) at reflux for 65 hr gave 1 (5.1 g, 
0.029 mol, 52%), bp 119-120° ( 6  mm), ir (CH2CI2 ) 1630 cm“1, 
and recovered 3 (0.9 g, 0.0079 mol, 14%). Similar reaction of 4 
for 6  days gave 2  in 89% yield: bp 92-94° (0.05 mm); ir (CH2- 
C l2) 1630 cm“ 1; nmr (CCh) t 6.0 (m, 0.46, vinyl H), 7.1-7.45 
(m, 4, CH 2N ), 8 . 2  (m, 12.54), 8.85 (d, 3, CH3), 9.0 (d, 3, CH S),
9.12 (d, 3, CH3).

C. Conversion of Immonium Perchlorates. 11— Treatment of 
3 with pyrrolidinium perchlorate (1 equiv) and triethylamine (1 
drop) in benzene gave the immonium perchlorate 6 8  (83%). 
Treatment of 6 8  with potassium ferf-butoxide (2 equiv) in ben
zene gave 2 (40%), bp 112-116° ( 6  mm), and recovered 3 (29%), 
bp 69-70° ( 6  mm).

D. Trispyrrolidinylarsine Method.— A solution of trispyr- 
rolidinylarsine10 (69, 75.9 g, 0.263 mol) and cycloheptanone (10,
45.1 g, 0.403 mol) was stirred at room temperature. After 7 min 
a white precipitate of As20 3 formed. The mixture was stirred 
for a total of 1 hr and diethyl ether ( 1 0 0  ml) was added. The 
filtrate, after removal of AS2O3, was combined with one from 69 
(12.5 g, 0.043 mol) and 10 (7.4 g, 0.066 mol), dried, and distilled 
to give a forerun (3.3 g, mostly 10) and 11 (62.6 g, 0.38 mol, 
81%), bp 115-117° (2.3 mm), ir identical with that of genuine
1 1 . Treatment of 69 with 3 (1.5 equiv) gave no reaction at 
room temperature after 1  hr. Pyrrolidine (7 drops, ca. 0.5 ml) 
was added and the mixture was heated for 15 hr at 150-160°. 
Work-up as above ¿ave recovered 3 and examine 1 (ca. 1 :1  by 
ir). Similar treatmei. r 69 with 4 gave very slow formation of a 
white precipitate and little conversion to the enamine.

Attempted C Alkylation of Enamines.— Treatment of 4-bromo- 
butyl acetate (12) with 1 in xylene at reflux for 24 hr or with 2 in 
toluene (40 hr) or in acetonitrile (60 hr) gave no C alkylation and 
partial recovery of starting compounds. Reaction of pyr- 
rolidinocycloheptene (11, 13.2 g, 0.080 mol) and methyl a>- 
bromocrotonate (14, 18 g, 0.10 mol) in dry methanol (125 ml) at 
reflux (24 hr) gave 19 (2.2 g, 0.010 mol, 13%); bp 113° (0.1 
mm); ir (film) 1730, 1710 cm“ 1; nmr (CC14) r 7.2-9.0 (m, 13),
4.3 (d, 1, vinyl H), 3.2 (m, 1, vinyl H), and 6.35 (s, 3, OCH3). 
Reaction of pyrrolidinocyclohexene with 14 gave 35% of C- 
alkylated ketone instead of the reported30 54% yield.

Synthesis of 2,4,6-Trimethyl-7-ketodecanolide (24).— Reac
tion of 2  with ethyl acrylate ( 2  equiv) in ethanol4 ’ 1 1  gave the pyr
rolidine enamine of 7-(2'-carbethoxyethyl)-2,4,6-trimethylcyclo- 
heptanone (20, 80%), bp 144-146° (0.2 mm), ir (film) 1740, 
1640 cm-1. Reduction of 20 with lithium aluminum hydride 
gave 7-(3,-hydroxypropyl)-2,4,6-trimethylcycloheptanone (2 1 ), 
which existed mostly as the hydroxy ether tautomer, ir (CH2C12) 
3600 (sharp), 3400 (broad), 1680 cm - 1  (w). Crude 21 was treated 
with p-TSA in benzene under azeotropic conditions for 90 hr to 
give enol ether 23 (60% from 20): bp 70-71.5° (0.35 mm); ir 
(CHjClj) 1665 cm-1; nmr (neat) t 6.25 (t,2, CH20),7.52 (d of t, 
2, allylic methine H), 8.0-8.8 (m, 9), 9.02 (d, 6 , allylic CH3, J  =

B orowitz, et a l .

(30) A. Chatterjee, Tetrahedron Lett., 959 (1965).
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7.5 Hz), and 9.16 (d, 3, CH3, J  = 7.5 Hz). Addition of 23 
(4.0 g, 0.021 mol) to M CPBA (85% purity, 12.2 g, 0.060 mol) in 
CH2C12 (80 ml) over 15 min was followed by a reflux period of 2 0  

min. After 1 hr at 25° work-up gave 24 (3.Ì g, 0.0136 mol, 65%): 
mp 68.5-69.5° [reerystallized from petroleum ether (bp 30- 
60°)]; ir (CC14) 1740, 1720 cm-*; nmr (CC14) r 5.90 (m, 2, 
CH20), 7.4-8 . 8  (m, 1 1 ), 8.93 (d, 3, CH3), 8.95 (d, 3, CH3), 9.00 
(br d, 3, C 4 CH3); mass spectrum (70 eV) m/e 226 (M +), 211, 
198, 183, 155, 140, 125, 111, 98, 87, 82, 69, 55. A n al. Calcd 
for C i3H220 3: C, 68.99; H, 9.80. Found: C, 68.81; H, 9.80.

Treatment of 24 with diazomethane and aluminum chloride in 
diethyl ether16 gave only 24 and no 25.

8-Ketoundecanolide (31).— Treatment of pyrrolidinocyclo- 
octene with ethyl acrylate (1.5 equiv) in C2H5OH for 22 hr at re
flux gave l-pyrrolidino-2-(2'-carbethoxyethyl)cyclooctene (28, 
35%): bp 124-136° (0.1 mm); ir (film) 1730, 1630 cm-1; nmr 
(CCh) t 5.47 (t, 0.67, vinyl H), 5.98 (q, 2, CH2CH3), 7.28 (m, 
4, CH2N), 8.16 (m, 19.3), 8.80 (t, 3, CH 3CH2). Reduction of 
28 with LÌAIH4 gave 2-(3'-hydroxypropyl)cyclooctanone (29), ir 
(film) 3380,1705 cm“ 1. The 2,4-DNP of 29 had mp 136-137° (C2- 
H60H -H 20). A n al. Calcd for CnH2,N ,06: C, 56.03; H, 
6.64; N, 15.38. Found: C, 56.23; H, 6.51; N, 15.50.

Crude 29 gave 2-oxabicyclo[4.6.0]dodec-l(6)-ene (30) in 38% 
yield upon reflux in benzene, p-TSA with azeotropic removal of 
water (40 hr): bp 106-108° (14 mm); ir (film) 1685 cm-1; nmr 
(CC1,) r 6.20 (2 t, 2, CH 20), 7.95, 8.15, 8.5 (m, 16). Addition 
of 30 to M CPBA (3 equiv) in CH2C12 at a slow rate (to allow solu
tion to gently reflux), followed by 30 min at room temperature, 
gave, after work-up, 4 8-ketoundecanolide (31, 51% ): mp 35- 
37°; ir (CH2C12) 1730, 1710 cm“ 1; nmr (CC1,) r 5.99 (t, 2, CH20),
7.4-8.0, 8.0-8.8 (m, 16). A n al. Calcd for C „H IS0 3: C, 66.64; 
H, 9.15. Found: C, 66.52; H, 9.07.

Conversion of Schifi Base Anions to 2-Alkylated Ketones. A. 
Schifi Bases.— .V-Cycloheptyliderieeyclohexylamine (35, 61% 
from cycloheptanone and cyclohexylamine) gave bp 91-95° 
(0.10 mm) [lit. 17 bp 83-88° (0.05 mm)]; ir (film) 1645 cm-1.
2-Methylcycloheptanone gave the cyclohexylimine in 90% 
yield, bp 107° (1.6 mm), ir (CH2C12) 1645 cm“1, and the anil 33 
(90%), bp 107-112° (1.2 mm), ir (film) 1645 cm-1. 2,4,6- 
Trimethylcycloheptanone gave no cyclohexylimine but gave the 
anil (70%), bp 114-116° (0.65 mm), ir (film) 1650 cm-1. 
A nal. Calcd for C i6H23N: C, 83.76; H, 10.10. Found: C, 
83.53; H, 10.31.

B. Alkylations.— N -Cyclohexylidenecylohexylam ine (32,
35.8 g, 0.20 mol) 17 was added to butylmagnesium chloride ( 6 6  ml 
of a 3 N  solution, 0.2 mol) in TH F (400 ml), and the mixture was 
heated at reflux for 2 hr and cooled. 4-Bromobut-l-ene (34, 27 
g, 0 . 2 0  mol) was added slowly, and the resultant mixture was 
heated at reflux for 15 hr and cooled. After hydrolysis with 
aqueous hydrochloric acid ( 1 0 % , 1 0 0  ml) at reflux for 2 0  hr, the 
mixture was extracted with ether. The organic layer was washed 
with 5% N aH C0 3 (five 150-mlportions) and H20 (100 ml), dried, 
and distilled to give 2(3'-butenyl)cyclohexanone (36, 19.1 g, 
0.126 mol, 63%): bp 82-86° (2.5 mm); ir (film) 1730, 1640 
cm-1;nmr (CCh) r 4.17 (m, 1, C H = C H 2), 5.01 (m, 2, C H = C H 2),
6.43 (m, 1, C H C = 0 ) and 7.51-8.85 (m, 12).

Similar treatment of 35 with butylmagnesium chloride gave 
little product. Formation of the Schifi base anion of 35 with 
methylmagnesium bromide in dibutyl ether followed by alkyla
tion with 34 gave a mixture (many peaks by vpc on 20% SE-30).

Attempted alkylations of the anion of 32, formed with butyl
magnesium chloride or ethylmagnesium bromide, with 4-bromo- 
butyl acetate (12) or 3-bromopropyl acetate (reflux ca. 18 hr) 
gave complex mixtures (by tic and vpc on 20% SE-30).

C. Formation of 2-(3'-Butenyl)cycloalkanone Ketals.— 
The dioxolane 38 (75% from 36 and ethylene glycol, p-TSA, 
benzene azeotrope, 12 hr) had bp 60-66° (0.05 mm); ir (film) 
1640 cm-1; nmr (neat) r 4.21, 5.12 (vinyl H), 6.16 (s, 4, -OCH 2- 
CH20 -), and 7.82-8.92 (m, 13). The dioxolane 39 (78% from 
37) had bp 91-93° (0.5 mm); ir film) 1640 cm-1; nmr (neat) r 
4.22, 5.02, 6.21 (assigned as for 38), and 8.33 (m, 15). 2- 
Methyl-7-(3'-butenyl)eycloheptanone (42) slowly gave the 
dioxolane 43 (19%) after treatment with ethylene glycol in 
toluene azeotrope for 5 days: bp 148-149° (14 mm); nmr (neat) 
r 3.9-4.55, 4.98, 5.22 (vinyl H), 6.12, 6.14 (-0CH 2CH20 -),
7.8 - 8 . 8  (m, 14), 9.12 (d, 3, CH3, J  = 7 Hz).

D. Hydroboration of Butenyl Ketals.— Hydroboration31 of

(31) H, C. Brown, “ Hydroboration,”  W. A Benjamin, New York, N. Y.,
1962.

38 gave the dioxclane of 2-(4'-hydroxybutyl)cyclohexanone, ir 
(film) 3320 cm-1. The ketal was hydrolyzed with concentrated 
HC1 (5 ml) in C2H5OH (50 ml) to give 2-(4'-hydroxybutyl)- 
cyclohexanone (40),4 which was treated with p-TSA in benzene 
under azeotropic conditions as previously reported4 to give 2 - 
oxabicyclo[5.4.0]undec-l(7)-ene (3.76 g, 0.024 mol, 28% from 
the butenyl ketal 38), bp 68-72° (2.0 mm), spectral data identical 
with that of a genuine sample. 4

Similar hydroboration of 42 gave 2-methyl-7-(4'-hydroxy- 
butyl)cycloheptanone (17) in 42% yield; spectral data are as 
given below.

2,4,6-Trimethylcyclohexanone (51). A. Reduction of 
2,4,6-Trimethylphenol.— A mixture of 2,4,6-trimethylphenol 
(49, 27.2 g, 0.20 mol) and 5% R h-A l20 3 (2.5 g) in absolute 
C2H5OH (150 ml) and HOAc (5 ml) was hydrogenated at 25- 
50 psig and 25° in a Parr shaker until 48 lb of hydrogen (ca. 0.6 
mol) was consumed. Filtration and evaporation in  vacuo gave a 
residue which was dissolved in ether (250 ml), washed with 
NaHC03 (two 100-ml portions) and NaCl (100 ml), dried, and 
evaporated to give a mixture of 50 and 51 (22.18 g, 0.157 mol if 
pure 50, 78%), ir (film) 3610, 1710 cm-1. To crude 50, 51 
(63.0 g, ca. 0.44 mol) in acetone (360 ml) in an ice bath was added 
Cr0 3 (30 g, 0.30 mol) in water (84 ml) and H2SO< (23.2 ml) at a 
rate sufficient to maintain a reaction temperature of 10-15° (2 
hr). The mixture was stirred at 2 2 ° for 1 hr, and NaHS03 

(18.2 g) was added with ice bath cooling (exothermic reaction) 
until the mixture became green. The organic layer, combined 
with ether and acetone washings of the inorganic layer, gave 51 
(50.3 g, 0.36 mol, 81%): bp 72-79° (15 mm); ir (film) 1710 
cm-1; nmr (CCh) r 7.3-S.3 (m, 7), 9.05 (d, 3, C 4CH3, J  =  5.6 
Hz), 9.07 (d, 6 , C 2,6 CH3, J  =  6.0 Hz); (C6H6) 9.03 (d, 6 ), 9.31 
(d, 3); vpc (15%, Carbowax 20M) one peak at 120°. A n al. 
Calcd for C 9HI60: C, 77.09; H, 11.50. Found: C , 76.90; H, 
11.67.

2,4,6-Trimethyl-7-carbethoxycycloheptanone (46).— Ethyl di
azoacetate (18.7 g. 0.1" mol) in ether (20 ml) was added dropwise 
with stirring over 3 hr to a solution of BF 3 C 2H30 (44.7 g, 0.31 
mol, freshly distilled from CaH2) and 51 (44.0 g, 0.31 mol) in 
ether (40 ml) under nitrogen. The reaction temperature did not 
exceed 35°. Lower yields of 46 were obtained at 0-5° or >35°. 
After 15 hr at 22°, the reaction mixture was poured over ice (110 
g) and extracted with ether (five 120-ml portions) to give 46 
(21.4 g, 0.095 mol, 60% based on 1 equiv of 51): bp 100-105° 
(0.1 mm); ir (film) 1740, 1710 cm-1; vpc one peak (5% SE-30, 
145°); nmr (CCfii r 5.89 (q, 2, CH2CH3), 7.5-8.S (m, 7), 8.76 
(t, 3, CH2CH3, J  = 7.2 Hz), 9.01 (d, 3, C2CH3), 9.03 (d, 3, 
C 6CH3), 9.11 (d, 3, C (CH3), 7.09 (d, 1, C , H, J  = 10.2 Hz). 
The data (Table I) are consistent with the presence of one isomer 
of 46. Reaction of 51 with 1 equiv of ethyl diazoacetate gave 
18% of 46. A n a l. Calcd for C 13H220 3: C , 68.99; H, 9.80. 
Found: C, 68.70; II, 9.84.

Formation and Alkylation of /3-Keto Esters.— 2-Carbethoxy- 
cycloheptanone (44, 92%) had bp 118-124° (14 mm). Similar 
reaction of 2 -methylcycloheptanone with diethyl carbonate and 
NaH gave 2-methyl-7-carbethoxycycloheptanone (45, 89%): bp 
113-136° (14 mm) [lit. 32 33 bp 113-116° ( 6  mm)]; ir (film) 3400 
(w, enolic OH), 1745 (s, ester), 1710 (s, ketone), 1640, 1610 
cm-1; nmr (neat) r 5.88 (q, 2, CH 2CH3), 6.2-6.65 (m, 0.76 H 
ketonic isomer C H (C = 0 )0 ), 7.3, 8.4 (m, 9.3), 8.81 (t, 3, CH2- 
CH 3), 8.90 (d, 3, CH3CH). The presence of 45 and not 2-methyl-
2 -carbethoxycycloheptanone is confirmed by the partial presence 
of the enolic form and a doublet at r 8.90. Similar reaction of 4 
gave 46 (19-25%), ir and nmr identical with those of 46 from 
ring expansion of 51, and diester 47 (26%): bp 150-159° (14 
mm); ir (film) 1730 cm-1; nmr (CCL) t 5.87 (q, 4, CH 2CH3),
7.9 (br s, 2 , a  H), 8.6-9.15 (complex m, 22, CH, CH2, CH3). 
Reaction of 4 with ethyl chloroformate and potassium triphenyl- 
methide in glyme gave only starting ketone. Hydrolysis of 46 
with ethanolic KOH (reflux for 18 hr) gave 85:15 4a:4b.33 At
tempted closure of 47 with potassium leri-butoxide in ether gave 
no reaction.

Alkylation of the sodium enolate of 45 (from 45 and NaH in 
toluene at reflux for 3 hr) with 12 (10 equiv, at reflux overnight 
in toluene) gave 2-methyl-7-carbethoxy-7-(4'-acetoxybutyl)cy- 
cloheptanone (54 56%): bp 118-156° (0.3 mm); ir (film) 1735, 
1705 cm -1; nmr (CCh) r 5.85 (q, 2, CH2CH3), 6.0 (t, 2, CH20),

(32) J. R. Mahajan and P. C. Dutta, J. Chem. Soc., 62 (1960).
(33) This mixture of 4a,b is probably formed from one initially formed 

isomer during the prolonged exposure to base.
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7.3 (m, 1, C, H), 8.05 (s, 3, CH 3(C = 0 )0 ), 8 .2-8 . 8  (m, 14), 
8.74 (t, 3, CH2CH3), 8.97 (d, 3, CH 3CH, J  = 7 Hz).

2-Carbethoxy-2-(3'-butenyl)cycloheptanone (52), from the 
sodium enolate of carbethoxycycloheptanone (from 44 and Na- 
OC2H5 in C2H 5OH at reflux for 15 hr) with 34 (1.1 equiv, at re
flux for 15 hr), 72%, had bp 103-109° (0.25 mm); ir (film) 1730, 
1700, 1640 cm“ 1; nmr (neat) r 4.25 (m, 1, C H = C H 2), 5.01 (m, 
2, C H = C H 2), 5.87 (q, 2, CH2CH3), 6.49 (m, 2, allylic H), 
7.50-8.48 (m, 12), 8.80 (t, 3, CH2CH3).

2-Methyl-7-carbethoxy-7-(3'-butenyl)cycloheptanone (53), 
from the potassium enolate of 45 (from 45 and potassium tri- 
phenylmethide) with 34 (at reflux in DME for 15 hr), 85%, had 
bp 136-138° (0.75 mm); ir (neat) 1740, 1720, 908 cm“ 1 (C H =  
CH2); nmr (neat) r 3.85-4.55, 4.98, 5.2 (as above, vinyl H), 
5.82 (q, 2, CH2CH3), 7.2, 8.0, 8.3 (m, 13), 8.74 (t, 3, CH2CH3), 
8.91 (d, 3, C 7 C1I3); mass spectrum (70 eV) m/e (rel intensity) 
252 (M-+, 4), 244 (8 ), 207 (1 2 ), 198 (1 0 0 ), 166 (26), 155 (75), 
151 (50), 148 (70), 136 (28), 123 (32), 108 (92), 94 (35), 80 (48). 
The use of NaOC2Hj-C 2H5OH for enolate formation gave 53 
in 24% yield. A nal. Calcd for C i3H24 0 3: C, 71.39; H, 9.59. 
Found: C , 71.51; H, 9.73.

2,4,6-Trimethyl-7-carbethoxy-7-(4'-acetoxybutyl)cyclohep- 
tanone (59).— Addition of 46 (26.0 g, 0.116 mol) to N all (hexane 
washed, 5.7 g, 0.118 mol) in toluene (110 ml)-DM F (30 ml) gave 
a clear solution after a 30-min reflux period. Alkylation with 1 2  

(23.0 g, 0.118 mol) at reflux for 18 hr (pH then ca. 7) gave 
NaBr (12 g, 0.116 mol) and a mixture of 59 and O-alkylated 
diester 58 (15.6 g, 0.046 mol, 40%): bp 150-155° (0.15 mm); 
(film) 1700 sh, 1730 cm“1; nmr (CC14) r 5.8 6-1 (m, OCH2),
8.05 (s, 3, OCOCH,), 8.15-8.55 (m, CH, CH2), 8.58-8.92, 
9.0-9.1 (m, 12, CH3); vpc (10% SE-30 at 200°) three 
peaks in ratio of 23 (58): 25:52 (59 isomers). The assign
ment of 58 is based on its disappearance (and appearance of 46) 
after treatment of 58 and 59 with dilute aqueous HC1, i .e . ,  58 
was hydrolyzed to 46. A n al. Calcd for C isHmOs: C, 67.03; H,
9.47. ” Found: C, 66.82; H, 9.43.

Decarboxylation of /3-Keto Esters.— Basic hydrolysis (10% 
NaOH in 3:1 C2H30H -H 20) of 52 gave 2-(3'-butenyl)cyelo- 
heptanone (37, 31%): bp 105-134° (0.6 mm); ir (film) 1670, 
1695 cm-1; nmr (neat) t 4.27, 5.00 (vinyl H), 7.25-8.84 (m, 15). 
A n al. Calcd for CnHisO: C, 79.46; H, 10.91. Found: C, 
79.64; H, 11.00. Similar hydrolysis of 53 gave 2-methyl-7-(3'- 
butenyl)cycloheptanone (42), 84%: bp 93-97° (3.5 mm); ir 
(film) 1705, 905 cm“ 1; nmr (neat), r 3.9-4.5, 4.99, 5.22 (as 
above, vinyl H), 7.5, 7.9, 8 . 8  (m, 14), 9.02 (d, 3, CH3, J  = 7 
Hz); vpc one peak; mass spectrum (70 eV) m/e (rel intensity) 
180 (M-+, 15), 168 (M -  H20, 14), 126 (72), 1 1 1  (23), 84 (100), 
52 (52), 41 (95). A n al. Calcd for C 12H2oO: C, 79.94; H, 11.18. 
Found: C, 79.78; H, 11.25. Hydrolysis of 54 with KOH, 
C 2H5OH-H20 (8 : 1 ) at reflux for 2 0  hr gave 2-methyl-7-(4'- 
hydroxybutyl)cycloheptanone (17, 47%): bp 113-117° (0.05 
mm); ir (film) 3580, 1705 cm“ 1; nmr (CCh) r 6 . 1  (s, 1 , OH), 6.48 
(t, 2, CH 20), 8.1-8.85 (m, 16), 9.02 (d, 3, CH3). Hydrolysis of 
the mixture of 58 and 59 with aqueous alcoholic NaOH for 48 hr 
at reflux, followed by treatment with 1 N  HC1 at room tem
perature for 24 hr, gave 2,4,6-trimethyl-7-(4'-hydroxybutyl)- 
cycloheptanone (18, 43%): bp 140° (0.1 mm); ir (film) 3500, 
1700 cm“ 1; nmr (CCh) r 5.95 (s, 1 , OH), 6.45 (t, 3, CH20),
7.2 (m, 1 , a  H), 8.4 (m, 13), 8.98 (d, 3, C 2 CH 3), 9.05 (d 3, 
C 6 CH,), 9.10 (d, 3, C 4 CH3); vpc (5% SE-30 at 190°) one peak; 
mass spectrum (70 eV) m/e (rel intensity) 226 (M-+, 4), 208 
(M -  H20 , 4), 154 (2 1 ), 139 (42), 1 1 2  ( 1 0 0 ), 109 (38), 95 (65), 83 
(6 8 ), 70 (32). A n al. Calcd for C 14H2602: C, 74.29; H, 11.58. 
Found: C, 74.07; H, 11.58.

Hydrolysis of 58 and 59 with aqueous alcoholic KOH at 22° for 
8  hr gave crude 2,4,6-trimethyl-7-carbethoxy-7-(4'-hydroxy- 
butyl)cycloheptanone (64) which was decarboxylated with anhy
drous L il, collidine34 at reflux for 48 hr to 18 (20-55% in several 
runs).

Cyclization of 4'-Hydroxybutyl Ketones to Bicyclic Enol 
Ethers.— No reaction occurred when 17 was treated with p- 
TSA in benzene under azeotropic conditions. Little conversion 
to the “ 7-7”  enol ethers 56a,b was observed upon distillation of 
17 from p-TSA (at 0.1 or 14 mm), potassium pyrosulfate, or 
acid-washed alumina (at 260°). A solution of 17 (5.99 g, 
0.030 mol) and p-TSA (10 mg) in toluene (125 m l)-DM F (25 
ml) was heated at reflux through a Soxhlet extractor filled with 
CaII2 for 7 days. Pyridine (3 ml) was added to the cooled mix

(34) F. Elsinger, Org. Syn., 46, 7 (1965).

ture, which was distilled to give 12-met,hyl-2-oxabicyclo[5.5.0]- 
dodec-l(7)ene (56a) and an isomer 56b, 22%: bp 105-125° 
(14 mm); ir (film) 1665 cm“ 1; nmr (CCh) r 6.25, 6.45 (m, 2 , 
CH 20), 7.7-8 . 8  (m, CH2, vinyl CH 3 of 56b), 8.95 (d, 1.7, CH3- 
CH, 57% of 56a); vpc-mass spectrum35 (70 eV) m/e (rel intensity) 
component A 180 (M-+, 57), 165 (22), 151 (30), 137 (56), 126 
(48), 121 (25), 109 (37), 95 (56), 81 (61), 67 (74), 55 (83), 41 
(100); component B differing intensities for above peaks; 
M +  1 = 13.0, M +  2 = 1.12; calcd for Ci2H20O, M +  1 = 
13.3, M +  2 = 1.02.

Similar treatment of 18 (or azeotropic removal of H20 for up 
to 8  days) gave 8,10,12-trimethyl-2-oxabicyclo[5.5.0]dodec-l(7)- 
ene (60a) and isomers 60b and 60c (three peaks by vpc on 10%  
SE-30 at 180°): ir (film) 1680 cm-1; vpc-mass spectrum36 (70
eV) m/e (rel intensity) peak A 208 (8 6 ), 193 (100), 179 (17), 
166 (100), 165 (100), 151 (32), 139 (37), 137 (32), 126 (53), 123
(38), 112 (45), 111 (73), 109 (38), 97 (43), 95 (6 8 ), 81 (63), 67 
(53), 55 (100); vpc peaks B and C gave very similar fragmenta
tion; M +  1 = 16.2; calcd for Ci4H240, M +  1  = 15.6. 
The isomers 60a-c were generally formed in minor yield along 
with much starting material (18). Attempts to separate rea
sonable amounts of 60a-c were not successful. Similar results 
were obtained upon treatment of 18 in toluene-DMF with 
methanesulfonic acid. Other attempted dehydrative cycliza
tion of 18 with p-TSA in benzene, HMPA-toluene, etc., gave no 
reaction.

Oxidation of Bicyclic Enol Ethers to Keto Lactones.— Addition 
of 56a and 56b to M CPBA (3 equiv) in CII2C12 at a slow rate to 
maintain reflux ( 2 0  mill), followed by 2  hr at room temperature, 
and work-up, 4 gave 2-methyl-7-ketoundecanolide (57, 27%): 
mp 70-71.5°; ir (KBr) 1717, 1695 cm“ 1; nmr (CCh) r 5.9 (m, 2, 
CILO), 7.55 (m, 5, C 2 ,6.r H), 8.4 (m, 1 0 ), and 8.90 (d, 3, C Ii3, 
J  =  7 Hz); vpc (10% SE-30 at 180°); one peak; mass spec
trum37 (70 eV) m/e 'Tel intensity) 212.1440 (M+, 16), 156 (5), 
139 (37), 126 (47), 112 (42), 111 (28), 101 (33), 98 (100), 84 
(47), 69 (67), 6 8  (70), 56 (40), 55 (92); calcd for C.jHmO,, 
212.1412. A n a l. Calcd for C 12H2o03: C, 67.89; H, 9.50. 
Found C, 67.90; H, 9.56.

The crude oxidation mixture had an nmr peak at r 7.8, sug
gestive of a methyl ketone such as 61 which would form from the 
endocyclic olefin 56b.

Similar oxidation of the crude mixture of 60a-c and 18 re
sultant. from the attempted dehydrative closure of 18 gave oils: 
one main and several minor isomers by vpc (5% SE-30 at 160°); 
ir (film) 1728, 1700 cm-1; nmr (CC1<) r 5.95 (t, CH 20 ), 8.05,
8 .1-8.8, 8.75, 8.9-9.1 (CI13); mass spectrum (70 eV) m/e 254, 
240 (weak); calcd for C,4H240 3) 240.

Registry N o .— la , 33015-68-8; lb , 33015-99-5; 
2a, 32971-08-7; 2b, 33016-00-1; 3, 932-56-9 ; 4a, 
32971-09-8; 4a 2,4 -D N P , 32971-10-1; 4b, 32971-11-2; 
4b 2,4 -D N P , 33021-04-4; 8, 33068-10-9; 9 , 33015-
70-2 ; 11 ,14092 -11 -6 ; 17 ,33015 -72 -4 ; 18, 33015-73-5; 
19, 32971-12-3; 21, 32971-13-4; 23, 32971-14-5; 24, 
32971-15-6; 25, 32971-19-0; 28, 33015-74-6; 29, 
33015-75-7; 29 2 ,4 -D N P , 33016-01-2; 3 0 ,3 3 0 1 5 -7 6 -8 ; 
31, 33015-77-9; 33, 33015-78-0; 35, 6114-69-8; 36, 
16178-83-9; 3 7 ,3 3 015 -80 -4 ; 3 8 ,3 3 015 -81 -5 ; 3 9 ,3 3 0 6 8 -  
12-1; 4 2 ,3 3 0 1 5 -8 2 -6 ; 4 3 ,3 3 0 1 5 -8 3 -7 ; 4 5 ,2 2 0 6 -7 6 -0 ; 
46, 32971-16-7; 47, 33015-85-9; 51, 32971-17-8; 52, 
33015-86-0; 53 ,33068-13 -2 ; 54 ,33015 -87 -1 ; 56a, 33015-
88-2 ; 56b, 33015-89-3; 57 ,3 3 0 1 5 -9 0 -6 ; 58 ,3 3 0 1 5 -9 1 -7 ; 
5 9 ,3 3 0 1 5 -9 2 -8 ; 60a, 33015-93-9; 60b, 33015-94-0; 65, 
583-60-8; 66, 766-42-7; 67, 4426-24-8 ; 2-methylcyclo- 
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cycloheptanone anil, 33015-98-4.
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A new one-step synthetic route is described for the preparation of phenazine 5,10-dioxide derivatives and re
lated compounds from benzofurazan 1-oxide and phenolic compounds. Mechanistic possibilities are presented.

Certain phenazine 5,10-dioxides are known to have 
antibacterial activity. Two of these, iodinin2 and 
myxin,3’4 5 are microbial metabolites. Previously, com
pounds of this class were prepared in low yields by a 
multistep synthetic route.8 We now report a facile 
one-step synthesis of substituted phenazine 5,10- 
dioxides and some related compounds. This versatile 
synthesis has afforded novel compounds hitherto in
accessible by classical synthetic methods.8

Enamines6 and (3 diketones7 react with benzofurazan 
1-oxide to yield substituted quinoxaline 1,4-dioxides. 
It has now been found that phenolate anions react in 
the same sense with benzofurazan 1-oxides to afford 
phenazine 5,10-dioxide derivatives. Some of the 
successful reactions are listed in Table I. Surprisingly, 
the reaction of phenol with benzofurazan 1-oxide does 
not give the expected compound, phenazine 5,10- 
dioxide, but resulted in the formation of 2-phenazinol
5.10- dioxide in 5-10% yield. The same product, 1, 
is obtained in better yield from the reaction of benzo
furazan 1-oxide (A) with p-hydroquinone or wi-methoxy- 
phenol. In the latter case no 1-methoxyphenazine
5.10- dioxide was detected.

The presence of electron-withdrawing substituents on 
monohydroxybenzenes impedes the reaction, possibly 
due to the decreased nucleophilicity of the phenolate 
anions. The presence of electron-withdrawing groups 
on dihydroxybenzenes, however, does not affect the 
course of the reaction, as is shown by the reaction of 
carbomethoxy-p-hydroquinone with benzofurazan 1- 
oxide to furnish 13.

The synthesis of benzo[a]phenazine 7,12-dioxide 
derivatives was achieved by allowing benzofurazan 
1-oxide to react with a - and /3-naphthols in the presence 
of base. Two compounds were obtained from a-naph- 
thol: 14, resulting from an initial para coupling, and
15,8 resulting from an initial ortho coupling. From 
/3-naphthol, 15 was the sole product. Acetylation 
(acetic anhydride) and methylation (diazomethane) of 
14 gave the corresponding acetoxy 16 and methoxy 17 
derivative respectively. The structures were assigned

(1) Presented in part at (a) IUPAC Meeting in London, July 1968, Ab
stract H4, 437; (b) 156th National Meeting of the American Chemical 
Society, Atlantic City, N. J., Sept 1968, Medicinal Chemistry Abstract 15. 
Related work has been published by K. Ley, F. Seng, V. Eholzer, R. Nast, 
and R. Schubart, Angew. Chem., Int. Ed. Engl., 8, 596 (1969).

(2) G. R. Clemo and H. Mcllwain, J. Chem. Soc., 479 (1938).
(3) A. E. Peterson, D. C. Gillespie, and F. D. Cook, Can. J. Microbiol., 

12, 221 (1966).
(4) M. Weigele and L. Leimgruber, Tetrahedron Lett., 715 (1967).
(5) Review: G. A. Swan and D. G. I. Felton, “ The Chemistry of Hetero

cyclic Compounds,”  Interscience, New York, N. Y., 1957.
(6) M. J. Haddadin and C. H. Issidorides, Tetrahedron Lett., 3253 (1965).
(7) C. H. Issidorides and M. J. Haddadin, J. Org. Chem., 31, 4067 (1966).
(8) I. J. Pachter and M. C. Kloetzel, J. Amer. Chem. Soc., 73, 4958 

(1951).

A +

14, R = H
16, R=CCHf

II
0

17, R = CH3

+

to the benzo[a]phenazine class on the basis of the large 
chemical shift of the hydrogens at Ci in the nmr spectra 
due to the proximity of the 12-oxide. The Ci hydrogen 
appears as a multiplet at 5 10.0 in 14 and at 10.65 in 15.

The reactivities of some heterocyclic analogs of 
phenols toward benzofurazan 1-oxides have been 
examined and in most cases, a reaction occurred 
affording novel heterocyclic compounds, as shown in 
Scheme I. Monohydroxypyridines are not nucleo
philic enough to react with benzofurazan 1-oxide, but
2,3-dihydroxypyridine did react to yield the pyrido- 
[2,3-5]quinoxaline 18. 8-Hydroxyquinoline coupled 
with benzofurazan 1-oxide to yield the pyrido[2,3-a]- 
phenazinol 19.

In the nmr spectrum of 19, the C, hydrogen appears 
at 5 11.6 owing to the proximity effect of the 12-oxide. 
The quinolino ]2,3-a]phenazine 20 was obtained from 
1-phenazinol and benzofurazan 1-oxide. Furthermore, 
indole reacted with benzofurazan 1-oxide to give the 
indoloquinoxaline 21; the structure of 21 was con
firmed by the synthesis of this product, in poor yield, 
from benzofurazan 1-oxide and indoxyl acetate in 
alcoholic base. Reduction of 21 with sodium di- 
thionite gave the product 22, which was identical with 
an authentic sample synthesized from o-phenylene- 
diamine and isatin.

Possible mechanisms for the formation of phenazine
5,10-dioxides from benzofurazan 1-oxides and phenolate 
anions are outlined in Scheme II. Depending on the 
substitution pattern on the phenolate anion, the reac
tion may follow one of three different pathways. If 
the para position of the phenolate anion is unsub
stituted, the attack on the benzofurazan 1-oxide pro-
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T able I

P hen-
azine x Ri Rj Ri R< Rs Y ield , % M eth od Mp, °C R ecry stn  solvent F orm ula6

1 “ H OH H H II H 5-10 c 230 C F 3C 0 2H-Me0H C 12H6N 20 3

1 H OH H H OH H 30 c 230 C F 3C 0 2H-M e0H C i2H8N 20 3

1 H OH H H II OCH3 15 c 230 C F 3C 0 2II-Me0H c 12h 8n 2o 3

2h Cl OH H II OH H 60 B 208 C F 3CO4 I MeOH c ,2h ,c i n 2o 3

3 ‘ OCIÎ3 OH H H OH H 2 2 B 196 CH 3C 0 3H-M e0II C,3H,oN 204
4 H n h 2 II H OH II .">6 C 215 C F 3C 0 2H c 12i i 9n 3o 2

5 H OH OH II II H 6 6 A +  C 250 C F 3C 0 2II-A c0II c 12h 8n 2o 4

6 II -OCH 2O- H O il H 35 C 207-208 C F 3C 0 2Il-M e0H c 13i i 8n 2o 4

7 6 Cl -0 C H 20 - H OH H 25 c 207-208 CHCl3-MeOH c 13h ,c i n 2o 4

8 C H OH OCH3 II H H 80 A +  C 212-214 C F 3C 0 2lI-M e0H C 13II,oN 20 4

9 H OH C 02H H OH H 70 A >300 C F 3C 0 2H-Me0H c ,3h 8n 2o 5

1 0 II OCH3 H H OH H 37 B 184 MeOH C i3H,„N20 3

1 1 * H OH II OH H OH 34 B 2 2 0 C F 3C 0 2II-M e0H c ,2h 8n 2o 4

1 2 II OH OH c h 3 H H 82 A 235 C F 3C 0 2H-M e0H c 13h ,„n 2o 4

13 H OH C 0 2CII3 II OH H 2 0 A 204-205 MeOH-Et20 c ,4h 1()n 2o 3

° D. L. Vivian, J. Am er. Chem. Soc., 7 1 , 1139 (1949). b Position of X  in the products is either at 7 or 8 . e Product characterized as 
the dimethoxy derivative. d Product characterized as the diacetoxy derivative. * All compounds were analyzed for C, H, N, and Cl. 
The analyses were within ±0.4% of the theoretical values: Ed.

ceeds exclusively via pathways a or c, followed by 
cyclization through a Michael-type addition to the 
quinoidal intermediates. In pathway a, the dihydro 
intermediate cannot be isolated even if the reaction is 
conducted under an atmosphere of nitrogen; oxidation 
of the dihydro intermediate may be effected by benzo- 
furazan 1-oxide, as evidenced by the isolation of 
benzofurazan 23 from the reaction mixture. In 
pathway c, elimination of an alcohol (ROH) produces 
the fully aromatic product. In pathway b, a sub
stituent at the para position forces the phenolate anion 
to couple at the ortho position followed by cyclization 
and elimination of water to yield the product.

The oxidizing capacity of benzofurazan 1-oxide is 
illustrated in Scheme III. Thiophenol and /3-thio- 
naphthol are oxidized to the disulfides 24 and 26 
respectively, while benzofurazan 1-oxide is reduced to
o-quinonedioxime (25). Hydroquinones may be oxi
dized to quinones by benzofurazan 1-oxide as illustrated 
by the oxidation of 2,5-di-ferf-butylhydroquinone to 
the quinone 27. Oxidation of o-aminophenol with 
benzofurazan 1-oxide, in the presence of base, gave as 
one of the products the phenoxazone 28. Other oxidiz
ing agents, such as benzoquinone, are known to effect 
the same transformation.9

The ability of benzofurazan 1-oxide to oxidize 
hydroquinones to quinones may suggest alternate 
mechanistic possibilities for the formation of 2-phen- 
azinol 5,10-dioxide based on an initial one- or two- 
electron oxidation. A radical coupling could then 
occur after a one-electron transfer, or, for a two-elec
tron transfer, the resulting bisoxime 25 could then 
condense with the quinone. Such a condensation was 
observed to occur with p-quinone to yield 1 and with
1,4-naphthoquinone to afford 14. Furthermore, when 
the reaction between benzofurazan-l-oxide and p-hydro- 
quinone was catalyzed by pyrrolidine, the product was

(9) A. Korczynski and S. Obarski, Bull. Soc. Chim. Fr., 33, 1823 (1923).

not the expected 2-phenazinol 5,10-dioxide (1), but the 
dipyrrolidinoquinone 29. This could be the result of 
a reaction between pyrrolidine and either a phenolate 
radical anion or p-quinone followed by oxidations with 
benzofurazan 1-oxide. At present, it is not possible 
to choose among the mechanistic possibilities discussed 
above.

Experimental Section
All melting points are uncorrected and were obtained with the 

Buchi apparatus. The analyses were performed by the Ana
lytical Department of Pfizer Inc., and by F. Pascher, Bonn, 
Germany. The phenazine 5,10-dioxides were mainly prepared
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Sch em e  I

by one of the three general methods illustrated below and the ir, 
uv, and nmr spectra of the reported compounds were in agree
ment with the assigned structures.

Method A. Methyl 3-Hydroxy-2-phenazinecarboxylate 5,10- 
Dioxide (13).— A solution of 5.0 g (0.029 mol) of methyl 2,5- 
dihydroxybenzoate and 4.0 g (0.029 mol) of benzofurazan 1-oxide 
in 100 ml of TH F was saturated with NH3 and the reaction 
mixture was stirred overnight at room temperature in a tightly 
stoppered flask. The following day the solution was evaporated 
and, after trituration with 1 N  HC1, the residue was recrystal
lized from MeOH-Et20 to give 1.5 g of a purple solid. Another 
recrystallization gave a dark yellow sample of 13.

Method B. 2-Methoxyphenazine 5,10-Dioxide (10).— A solu
tion of 6.2 g (0.048 mol) of p-methoxyphenol and 6.5 g (0.048 
mol) of benzofurazan 1-oxide in 100 ml of 5%  KOH in MeOH was 
allowed to stand for 3 days at room temperature and then the 
reaction mixture was heated to reflux overnight. The resulting 
slurry was filtered to give 4.5 g of a dark brown solid which de
composed at 174-184°. Recrystallization from MeOH gave a 
red solid, mp 184° dec (lit. 174-175°).

Method C. 2 -Phenazinol 5,10-Dioxide (1).— To a solution of
12.4 g (0.1 mol) of m-methoxyphenol, 5.4 g (0.1 mol) of NaOMe, 
and 100 ml of MeOH was added a solution of 13.6 g (0.1 mol) 
of benzofurazan 1-oxide in 100 ml of MeOH. The reaction 
mixture was heated to reflux for 2  hr to yield 1 . 0  g of a dark purple 
solid (Na), mp >300°. Acidification of the filtrate yielded 2.7 
g of a red solid, mp 230° dec. Recrystallization from trifluoro- 
acetic acid-MeOH gave a red sample of 1.

Methylation of 8 .— Treatment of a slurry of 0.1 g of 2-hydroxy- 
3-methoxyphenaz:ne 5,10-dioxide (8 ) in MeOH with ethereal 
diazomethane gave 2,3-dimethoxyphenazine 5,10-dioxide, which 
was recrystallized from CHCR-EtOH to give orange needles 
(80 mg) that melted at 222-223° with decomposition. This 
compound was identical with that obtained by the treatment of
2,3-dihydroxyphenazine 5,10-dioxide (5) with diazomethane.

A n a l. Calcd for ChHi2N 204: C, 61.76; H, 4.44; N, 10.29. 
Found: C, 61.62; H, 4.34; N, 10.14.

Acetylation of 1 1 .— A solution of 0.9 g of 1,3-dihydroxyphen- 
azine 5,10-dioxide (1 1 ) in Ac20-pyridine was allowed to stand at 
room temperature for 12 hr, and poured onto ice-water. The 
precipitated solid was filtered and washed with H20  to give 0.9 g 
of 1,3-diacetoxyphenazine 5,10-dioxide, which was recrystallized 
from MeOH to give an orange solid that melted at 135°.

A n al. Calcd for C i6Hi2N 20 6: C, 58.54; H, 3.68; N, 8.53. 
Found: C, 58.70; H, 3.83; N, 8.64.

Benzo[a]-phenazine 7,12-Dioxide (15) and 5-Hydroxybenzo- 
[a]phenazinol 7,12-Dioxide (14).— To a solution of 14.4 g (0.1 
mol) of a-naphthol, 5.4 g (0 . 1  mol) of NaOMe, and 150 ml of 
MeOH was added a solution of 13.6 g (0.1 mol) of benzofurazan 
1-oxide in 100 ml of MeOH. After stirring overnight, the result
ing slurry was filtered to yield 5.2 g of 15, mp 169-170°. Re
crystallization frcm CHGh MeOH gave 4.0 g of a yellowish 
orange solid, mp 178-178.5°.

A n a l. Calcd for C i6H10N 2O2: C, 73.27; H, 3.84; N, 10.68. 
Found: C, 73.29; H, 3.95; N, 10.69.

The mother liquor from the reaction mixture was acidified with 
AcOH to yield 7.4 g of 14, mp 230-231°. Recrystallization from 
trifluoroacetic acid-AcOH gave 4.65 g, mp 250-253° dec.

A n al. Calcd for C i6Hi0N2O3: C, 69.06; H, 3.62; N, 10.07. 
Found: C, 69.20; H.3.56; N, 10.11.

Benzo [a] phenazine 7,12-Dioxide (15).— To a solution of 14.4 
g (0.1 mol) of /3-r.aphthol, 5.4 g (0.1 mol) of NaOMe, and 150 
ml of MeOH was added a solution of 13.6 g (0.1 mol) of benzo
furazan 1-oxide in 100 ml of MeOH. A few minutes later, the 
slurry was filtered to give 7.6 g of a yellowish-orange solid, mp 
179-180°. The mother liquor was heated to reflux for 30 min to 
yield an additional 5.25gof product, mp 177-179°.

5-Acetoxybenzo[a]phenazine 7,12-Dioxide (16).— 5-Hydroxy- 
benzo[a]phenazine 7,12-dioxide (14, 0.15 g) was dissolved with 
warming in 4 ml of pyridine and 6  ml of Ac20  and after being 
stirred at room temperature for 16 hr the reaction mixture was 
poured onto ice-water. The resulting yellow-orange solid was 
collected and washed with H20 and MeOH. Recrystallization 
from benzene ( 2 0  ml) gave thin orange-yellow needles that melted 
at 204° dec.

A n a l. Calcd for Ci8H 12N204: C, 67.50; H, 3.78; N, 8.75. 
Found: C, 67.61; H, 3.61; N, 8.65.

5-Methoxybenzo[a]phenazine 7,12-Dioxide (17).— A slurry of 
O.ogof 5-hydroxybenzo[a]phenazine 7,12-dioxide (14) in MeOH 
was treated with etherial diazomethane and after evaporation of 
the solution the residue was recrystallized from CHCla-MeOH 
to give orange needles (300 mg) that melted at 197-198° dec.

A n al. Calcd for Ci7H12N 203: C, 69.85; H, 4.14; N, 9.59. 
Found: C, 69.75; H,4.04; N,9.43.

Pyrido[2,3-i>]quinoxaline-2,3-diol 5,10-Dioxide (18).— A solu
tion of 5.0 g (0.046 mol) of 2,3-dihydroxypyridine and 6.2 g 
(0.046 mol) of benzofurazan 1-oxide in 100 ml of TH F was sat
urated with NH3 and the flask was tightly sealed. After sitting 
overnight at room temperature, the reaction mixture was filtered 
to give 5.0 g (22%) of a brown solid which did not melt below 
300°. An analytical sample was prepared by recrystallization 
from AcOH.

A n a l. Calcd for Ci,H,N30,: C, 53.88; H, 2.88; N, 17.14. 
Found: C, 53.84; H, 3.25; N, 16.41.

5-Pyrido ¡3,2 -a] phenazinol 7,12-Dioxide (19).— To a hot 
solution of 14.5 g (0.1 mol) of 8 -hydroxyquinoline, 5.4 g (0.1 
mol) of NaOMe, and 100 ml of MeOH was added a hot solution 
of 13.6 g (0.1 mol) of benzofurazan 1-oxide in 150 ml of MeOH. 
The reaction was heated to reflux for 2.5 hr, and after cooling, 
filtration gave 11.4 g of a purple solid, mp >300° (sodium salt). 
Acidification of the filtrate with excess AcOH gave 2.1 g of an 
orange solid as the free phenol, mp 240-242° dec, which was 
recrystallized from trifluoroacetic acid-AcOH, mp 242° dec. 
The sodium salt may be converted to 19 by dissolving it in H20 
and acidifying the purple solution with 6  N  HC1.

A n al. Calcd for Ci5HgN30 3: C, 64.51; II, 3.25; N, 15.05. 
Found: C, 64.48; H, 3.29; N, 14.93.
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6-Hydroxyquinoxalino[2,3-a]phenazine 8,13-Dioxide (20).— 
To a solution of 5.0 g (0.025 mol) of 1-hydroxyphenazine and
1.35 g (0.025 mol) of NaOMe in 100 ml of MeOH was added 3.4 g 
(0.025 mol) of benzofurazan 1-oxide. After stirring at room 
temperature overnight 1.5 g (0.025 mol) of AcOH was added 
and the resulting slurry was filtered to give 5.0 g (60%) of a 
brown solid, mp >300°. Trituration of the brown solid with 
AcOH gave a red solid and an analytical sample was obtained 
by recrystallization from trifluoroacetic acid-Et2 0 .

A n al. Calcd for C i8HioN 403: C, 65.50; H, 3.25; N, 16.98. 
Found: C, 65.43; H, 2.98; N , 16.78.

6//-Indolo[2,3-6| quinoxaline 5,11-Dioxide (21).— A solution of 
benzofurazan 1-oxide (1.4 g) and indole (1.2 g) in 5%  methanolic 
KOH (10 ml) was heated to reflux for 2 min and allowed to stand 
at room temperature for 3 hr. Dilution with H20 and acidifica
tion with dilute HC1 afforded a yellow solid which was filtered 
and washed with H20  and MeOH. The dried product 2 1  weighed 
0.6 g (37% yield) and recrystallization from AcOH gave bright 
yellow rosettes, mp 284° dec.

6 //-Indolo [2,3-6] quinoxaline (2 2 ).— To a warm solution of 
6 f/-indolo [2,3-6] quinoxaline 5,11-dioxide (21, 0.1 g) in AcOH 
(20 ml) was added in portions a solution of N a ^ ^  (0.5 g) in 
5 ml of hot H20 and the solution was heated to reflux for 5 min. 
The solution was then diluted with H20 and the resulting yellow
ish solid was collected and washed with H20 and MeOH. Re- 
crystallization of the product from C 6H6-MeOH gave yellow 
needles (100 mg), mp 296-298° (lit. 294-295°). 6 H-Indolo-

[2,3-6]quinoxaline (22) prepared by the above method was iden
tical (ir and mixture melting point) with an authentic sample 
synthesized from o-phenylenediamine and isatin.

The Reaction of Pyrocatechol and Benzofurazan 1-Oxide.— 
A solution of pyrocatechol (2.2 g) and benzofurazan 1-oxide 
(2.8 g) in 15% ethanclie potassium hydroxide (10 ml) was steam 
distilled to give 1.3 g of benzofurazan (23). Acidification of the 
red solution in the reaction flask with dilute HC1 gave 1.6 g of
2,3-dihydroxyphenazine 5,10-dioxide (5).

The Reaction of Thiophenol and Benzofurazan 1-Oxide.— 
To a solution of 5.0 g (0.0457 mol) of thiophenol and 6.2 g (0.0457 
mol) of benzofurazan 1-oxide in 50 ml of TH F was added, drop- 
wise, a solution of 2.5 g (0.0457 mol) of NaOMe in 25 ml of MeOH. 
After 2 hr, the solution was evaporated and H20 was added to 
give a precipitate, mp 57-60° [diphenyl disulfide (24), mp 59- 
60°]. The filtrate was then acidified and concentrated to give 
3.0 g (98%) of o-quinonedioxime (25) which was identified by a 
mixture melting point test.

The Reaction of /3-Thionaphthol and Benzofurazan 1-Oxide.—
To a slurry of 5.0 g (0.031 mol) of /3-thionaphthol and 1.7 g 
(0.031 mol) of NaOMe in 50 ml of MeOH was added 4.2 g (0.031 
mol) of benzofurazan 1-oxide. The slurry was stirred overnight 
and then filtered to give 4.5 g (90%) of a colorless solid, mp 137- 
139° [lit. mp 139° for 2,2'-dinaphthyI disulfide (26)].

The Reaction of 2,5-Di-icri-butylhydroquinone and Benzo
furazan 1-Oxide.— A solution of 3.0 g (0.022 mol) of benzofur
azan 1-oxide and 5.0 g (0.022 mol) of 2,5-di-ieri-butylhydroqui-
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none in 50 ml of TH F was saturated with NH3 and stirred over
night at room temperature. The yield of the resulting red pre
cipitate 27, which turned yellow on drying, was 4.5 g (98%), 
mp 152-153° [2,5-di-ierf-butylquinone (27) mp 152.5°]. The 
only other product in this reaction was o-quinonedioxime (25) 
which was identified by tic.

The Reaction of o-Aminophenol and Benzofurazan 1-Oxide.—
To a solution of 5.0 g (0.045 mol) of o-aminophenol and 2.4 g 
(0.045 mol) of NaOMe in 5.0 ml of MeOH was added 6.1 g (0.045 
mol) of benzofurazan 1-oxide. After stirring at room tempera
ture for 2.5 hr, 2.7 g (0.045 mol) of AcOH was added and the 
resulting slurry was filtered to give 3.0 g (62%) of 2-amino-3flr- 
phenoxazin-3-one (28) which melted after recrystallization at 
254-255°.

A nal. Calcd for C 12H8N20 2: C, 67.9; H, 3.78; N, 13.2. 
Found: C, 67.79; H, 3.85; N, 13.45.

The addition of H20 to the filtrate resulted in the isolation of 
5.0 g (82%) of o-quinonedioxime (25) which was identified by 
tic and a mixture melting point test.

2-Phenozinol 5,10-Dioxide (1).— A solution of 0.9 g (0.0065 
mol) of o-quinonedioxime (25) and 0.7 g (0.0065 mol) of p-quinone 
in 10 ml of TH F after standing overnight at room temperature 
was filtered to give 0.5 g (34%) of a red solid which was identical 
in every respect with an authentic sample of 2-phenazinol 5,10- 
dioxide (1 ).

5-Hydroxybenzo[a]phenazinol 7,12-Dioxide (14).— A solution 
of 1.0 g (0.0063 mol) of 1,4-naphthoquinone and 0.88 g (0.0063

mol) of o-quinonedioxime (25) in 20 ml of TH F was allowed to 
stand at room temperature for 1  day. Filtration gave 0.050 g 
(3%) of a red solid, mp 230-235°. The filtrate was allowed to 
sit for 2 more days and filtered again to give 0.45 g (25.6%), 
mp 233-235°. Finally the filtrate was allowed to stand 7 more 
days the solution was filtered again to give 0.7 g (40%) of a brown 
solid, mp 236-238°.

The three solids were combined and recrystallized from AcOH- 
trifluoroacetie acid to give 1.0 g of 14 (57%) which melted at 
242° dec. This compound was identical in every respect with 
an authentic sample.
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The facile stepwise transformation of 4-phenylfurazan 2-oxide (1 ) under a variety of conditions into a-hy- 
droxyimino-and-phenylacetonitrile oxide (2a), a-hydroxyiminophenylaeethydroxamic acid (3), and 3-phenyl-
l,2,4-oxadiazol-5-one (7), as proposed in the early literature, has been confirmed. Comparison samples of 
compounds 3 and 7 were synthesized by independent routes. The same a-hydroxyiminophenylacethydroximoyl 
chloride (6) was obtained by the addition of hydrogen chloride to the nitrile oxide 2a, by chlorination of anti- 
phenyl-ampfd-glyoxime (5), and by reaction of a-ketophenylacethydroximoyl chloride (9) with hydroxylamine 
hydrochloride; dehydrohalogenation of this yielded the nitrile oxide isomer opposite to 2a. 4-Phenylfurazan 
2-oxide could not be methylated by methyl iodide nor by dimethyl sulfate. No reaction occurred when 4-phenyl
furazan 2-oxide was irradiated with uv light. A 1 :1  adduct of 4-phenylfurazan 2-oxide (or of a-hydroxyimino- 
anh-phenylacetonitrile oxide) with mesityl oxide was isolated.

4-Phenylfurazan 2-oxide (1) is a compound with a 
long history and most investigations of it preceded the 
arrival of instrumental techniques. In our investi
gation of this area of chemistry, we have shown that 
three isomers of phenylglyoxime, anif-phenyl-amp/u- 
glyoxime, phenyl-cmif-glyoxime, and phenyl-syn-glyox- 
ime are present in the conventional synthesis of this 
precursor to phenylfurazan oxide.1 Further, oxidation 
of each isomer by dinitrogen tetroxide yielded only
4-phenylfurazan 2-oxide (l).2 These results con
trasted with the conclusions of previous investigators 
who described the oxidations of only two isomers into 
two different phenylfurazan oxides, 3-phenylfurazan 
2-oxide and 4-phenylfurazan 2-oxide.3 In view of 
these discrepancies between our results and those of 
former researchers and considering the interesting re
arrangements described for phenylfurazan oxide,4 a

(1) J. V. Burakevich, A. M. Lore, and G. P. Volpp, J. Org. Chem., 36, 
1 (1971).

(2) J. V. Burakevich, A. M. Lore, and G. P. Volpp, ibid., 36, 5 (1971).
(3) For a discussion and references, see the publications cited in footnotes 

1 and 2.
(4) For reviews, see J. H. Boyer in “ Heterocyclic Compounds,” Vol. 7, 

R. C. Elderfield, Ed., John Wiley & Sons, New York, N. Y., 1961, pp 499- 
503; L. C. Behr in “ The Chemistry of Heterocyclic Compounds, Five- and 
Six-Membered Compounds with Nitrogen and Oxygen,”  A. Weissberger,
Ed., Interscience Publishers, New York, N. Y., 1962, pp 287, 298.

reexamination of 4-phenylfurazan 2-oxide chemistry, 
using modern instrumentation, appeared justified.

It had been reported that phenylfurazan oxide will 
rearrange into a-hydroxyiminophenylacetonitrile oxide 
(2) completely in base or to the extent of 2-5% in sol
vents such as benzene or ether.4'5 We have found that 
most handlings of 4-phenylfurazan 2-oxide result in 
significant or complete rearrangement into a-hydroxy- 
imino-anff-phenylacetonitrile oxide (2a). Thus dis
solution of 1 in some solvents, e.g., acetone, alcohol- 
water, contact with alumina or treatment with a basic 
buffer, or heating with activated charcoal have all 
caused this rearrangement. This transformation was 
not observed when 4-phenylfurazan 2-oxide was dis
solved in chloroform, m-xylene, or in solvents acidified 
with hydrogen chloride. The conversion vras readily 
monitored by infrared spectral measurement, by 
observing the appearance of the strong nitrile oxide 
absorbance at 2288 cm-1 and the disappearance of the 
strong double bond absorbance associated with the 
furazan oxide ring at 1610 cm-1. In the very early 
literature, the product from the rearrangement of 
phenylfurazan oxide in base was incorrectly described

(5) (a) G. Ponzio, Gazz. Chim. Ital., 66, 127 (1936); (b) G. Ponzio, 
ibid., 66, 119 (1936).
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as 3-hydroxy-4-phonylfurazan (10) ;4 infrared spectral 
measurement leaves no doubt as to the correctness of 
the nitrile oxide structure. Solid a-hydroxyimino- 
ard/-phenylacetonitrile oxide (2a) was unstable at 
room temperature and decomposed into a complex 
mixture on standing. It could be stored at low tem
perature.

Solutions of 2a in the presence of moisture yielded 
mixtures of a-hydroxyiminophenylaeethydroxamic acid
(3) and 3-phcnyl-l,2,4-oxadiazol-5-onc (7) as pro
posed;4'51’ acetic acid catalyzes the reaction. Both 
structures were confirmed by comparison of physical 
constants with samples obtained by independent 
syntheses. Compound 3 was synthesized from methyl 
phenylglyoxylate (4) and hydroxylamine in base6 and 
compound 7 was synthesized from benzamidoxime (8) 
and phosgene. Product 7 can arise from 3 by a Lossen 
rearrangement with internal eyclization and this con
version has been effected by acetic acid, alone or in the 
presence of acetic anhydride to aid in dehydration. 
Since the oxadiazolone 7 is isomeric with the nitrile 
oxide 2a, only a trace of water is required for the trans
formation of 2a into 7 through the hydroxamic acid 3; 
thus, it is often encountered in various handlings and on 
storage of the furazan oxide 1. The characteristic ir 
band at 17(54 cm-1 signals its presence. Alternatively, 
the heterocycle 7 can be formed directly from 2a by 
rearrangement of the nitrile oxide function into an iso
cyanate followed by eyclization.7

Configuration 2a was assigned to the isomer resulting 
from the rearrangement of 4-phenylfurazan 2-oxide on 
the basis of the following experiments. The same a- 
hydroxyiminophenylacethydroximoyl chloride (6) was 
obtained by the addition of hydrogen chloride to the 
nitrile oxide 2a,5a by chlorination of an/i-phcnyl- 
arnp/u-glyoxime (5) and by reaction of a-kctophcnyl-

(6) “ Beilstein’s Handlnich der Organischen Chemie,”  4th ed, Vol. X, 2nd 
suppl, F. Richter, Ed., Springer Verlag, Berlin. 1949, pp 458-460.

(/) C. Grundmann, Fortschr. Ckem. Forsch., 7, 62 (1966); C. Grundmann 
in “ Methoden der Organischen Chemie (Houben-Weyl),” Vol X /3 , E. 
Muller, Ed., Georg Thieme Verlag, Stuttgart, pp 841-870; C. Grundmann 
and P. Kochs, Angeic. Chem., Ini. Ed. Engl., 9, 635 (1970), C. Grundmann 
and S. K. Datta, J. Org. Chem., 34, 2016 (1969); A. Quilico, Experientia, 
25, 1169 (1970).

acethydroximoyl chloride (9) with hydroxylamine 
hydrochloride. The hydrogen chloride introduced or 
produced during these reactions caused isomerization to 
the arch'-glyoxime structure as indicated by the for
mation of a red nickclous complex.1'8 Dehydrohalo- 
genation of 6 under basic, neutral, or acidic conditions 
did not yield the original nitrile oxide 2a but an isomer 
which dimerized spontaneously when the isolation of a 
solid product was attempted, in contrast to the easily 
obtainable solid 2a. Since sterically unhindered nitrile 
oxides readily dimerize to furazan oxides and sterically 
hindered nitrile oxides can be isolated as solids with 
indefinite stability,7 the solid nitrile oxide rearrange
ment product of 4-phenylfurazan 2-oxide must have 
configuration 2a.

Unchanged 4-phenylfurazan 2-oxide was isolated 
from methylation attempts by refluxing it in neat 
methyl iodide and from neat dimethyl sulfate treatment 
at 100°. No reactions were observed when a solution 
of 4-phenylfurazan 2-oxide in ether was treated with 
hydrogen chloride or when irradiated with ultraviolet 
light.

After long standing, a solution of 4-phenylfurazan
2-oxide in mesityl oxide yielded a 1:1 adduct between 
solvent and solute. Presumably this product arises 
from slow decomposition of the 4-phenylfurazan 
2-oxide into the nitrile oxide 2a which then adds to the 
double bond in a 1,3-dipolar addition reaction char
acteristic of nitrile oxides.7

Experimental Section9
4-Phenylfurazan 2 -Oxide (1).— This compound was obtained 

by oxidation of phenylglyoxime with dinitrogen tetroxide as 
previously described 2 4-Phenylfurazan 2-oxide has the fol

(8) L. L. Meritt, Jr., Anal. Chem., 25, 718 (1953); L. E. Godycki and 
R. E. Rundle, Acta Crysiallogr., 6, 487 (1953); R. C. Voter, C. V. Banks, 
V. A. Fassel, and P. W. Kehres, Anal. Chem., 23, 1730 (1951).

(9) The melting points were determined with a Mettler FP1 melting 
point apparatus equipped with a Bausch and Lomb VOM 5 recorder except 
where noted. Infrared spectra were recorded on a Perkin-Elmer Model 137 
spectrophotometer. A Varian A-60 spectrometer wa3 used to obtain the 
nmr spectra and tetramethylsilane was used as the internal standard. 
The mass spectra were determined on a Consolidated Electrodynamics 
Corporation Model 21-103C spectrometer.
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lowing physical properties: mp 108-110°; ir (CHCls) 3165 
(w), 1610 (s), 1603 (m), 1471 (w), 1451 (m), 1399 (m), 1182 (w), 
1000 (w), 985 (w), and 935 cm- 1  (w); nmr (CDC13) S 7.26 (s, 1, 
-C H = N ) and 7.60 ppm (m, 5, phenyl); mass spectrum (70 eV) 
m/c (rel intensity) 162 (15), 146 (6 ), 145 (2), 132 (14), 103 (44), 
1 0 2  (1 0 0 ).

A nal. Calcd for C8H6N20 2: C, 59.26; H, 3.73; N, 17.28. 
Found: C, 59.41; H, 4.01; N, 17.02.

a-Hydroxyimino-arah-phenylacetonitrile Oxide (2a).— A solu
tion of 300 mg of 4-phenylfurazan 2-oxide (1) in 50 ml of chloro
form was stirred at room temperature for 17 hr with 50 ml of a 
pH 8.0 buffer solution (Fisher Catalog No. SO-B-112, monobasic 
potassium phosphate-sodium hydroxide). The chloroform layer 
was removed and was washed twice with distilled water. The 
chloroform solution was dried azeotropically by first passing it 
through phase-separating paper (Whatman 1 PS) followed by re
moval of the solvent on a rotary evaporator. The crystalline 
residue was washed with a small amount of benzene. Recrystal
lization was accomplished by adding petroleum ether (bp 30- 
60°) to a chloroform solution of the nitrile oxide at room tem
perature to about the cloud point followed by slow cooling to be
low 0°. The crystals were collected by filtration and were 
washed with chloroform-petroleum ether (bp 30-60°): yield 63 
mg; mp 1 0 1 - 1 0 2 ° dec (lit.6s mp 112-113° dec); ir (CIIC13) 3584 
(oxime -OH) and 2288 cm “ 1 (C=N+— 0~); nmr (CDC13) 5 8.56 
(s, 1, -OH) and 7.22-8.00 ppm (m, 5, phenyl); mass spectrum 
(70 eV) m/e (rel intensity) 162 (42), 132 (38), 115 (12), 103 (38), 
102 (100), 77 (28). The nitrile oxide can be stored for three 
months at —25° with practically no decomposition. During 
the same period at room temperature, a sample showed massive 
decomposition ( 1 1  spots on tic) with a prominent carbonyl ab
sorption at 1739 cm-1.

A n al. Calcd for C 8H6N20 2: C, 59.26; H, 3.73; N, 17.28. 
Found: C, 59.26; H, 3.96; N, 17.15.

Comparison of the furazan oxide absorption at 1610 cm - 1  vs. 
the nitrile oxide absorption at 2288 cm - 1  was used to observe the 
conversion of the furazan oxide 1 into the nitrile oxide 2a in many 
varied handlings of 4-phenylfurazan 2-oxide. In the present 
work, this conversion has been observed upon simple dissolution 
of the heterocycle 1  in acetone or ethanol-water, and by treat
ment with activated carbon, alumina, or silica gel Cl. 4 6 Concen
tration can make a difference; for example, the transformation 
of 1  into 2a proceeds rapidly in dilute solutions in acetone but not 
in concentrated solutions. The furazan oxide can be recovered 
unchanged from solutions in chloroform, m-xylene, ethanol, and 
organic solvents acidified with hydrogen chloride gas. Infrared 
monitoring must be employed during any experimentation with
4-phenylfurazan 2-oxide.

a-Hydroxyiminophenylacethydroxamic Acid (3) and 3-Phenyl-
1.2.4- oxadiazol-5-one (7) from a-Hydroxyimino-onti-phenyl- 
acetonitrile Oxide (2a).—A 10-g sample of a-hydroxyimino- 
oraff-phenylacetonitrile oxide (2a) (synthesized by dissolution of
4-phenylfurazan 2-oxide in acetone followed by evaporation of 
the solvent) was refluxed for 1 hr in 200 ml of acetic acid. The 
addition of 600 ml of water caused a precipitate to form which 
was discarded after filtration. The evaporation of the filtrate 
to dryness yielded a mixture of 3 and 7. Since the hydroxamic 
acid 3 is chloroform insoluble, chloroform was used to extract the 
oxadiazolone 7 from the mixture.

The solid residue left after the chloroform extraction (1.2 g) re
quired several recrystallizations before an analytically pure 
sample was obtained even though the infrared spectrum of the 
crude product was virtually superimposable upon that of the pure 
sample. Water, ethyl acetate-petroleum ether (bp 30-60°), and 
ethyl acetate-chloroform were used as the recrystallization sol
vents. The analytically pure a-hydroxyiminophenylacet hy
droxamic acid (3) melted at 173.5-175.5° (lit. 6 mp 187-188°) 
and its ir spectrum was superimposable upon that of a sample 
synthesized from methyl phenylglyoxylate (see below): ir
(KBr) 3311 (s), 1650 (s), 1616 (m), 1513 (w), 1418 (s), 1305 (w), 
1008 (s), 858 (m), 716 (m), and 689 cm“ 1 (m).

A nal. Calcd for C8H8N203: C, 53.33; H, 4.48; N, 15.55. 
Found: C, 53.17; H, 4.64; N, 15.21.

The chloroform was evaporated from the extraction solution 
leaving a residue (3.0 g) whose ir spectrum showed it to be 
mainly the oxadiazolone 7. Several recrystallizations from water 
were required to obtain an analytically pure sample of 3-phenyl-
1.2.4- oxadiazol-5-one (7) whose ir spectrum was superimposable 
upon that of a sample of the compound obtained from benz- 
amidoxime and phosgene (see below). The analytically pure

sample (1.3 g) melted at 203-205° (lit.6 mp 202-203°) and no 
depression in melting point was observed in a 1 : 1  mixture of the 
product and that from benzamidoxime and phosgene: ir 
(CHC13) 3125 (w), 1764 (s), 1616 (w), 1567 (w), 1464 (w), 997 
(w), 953 (m), and 893 cm - 1  (w).

A nal. Calcd for C 8H6N20 2: C, 59.26; H, 3.73; N, 17.28. 
Found: C, 59.47; H, 4.02; N, 17.15.

3-Phenyl-l,2,4-oxadiazol-5-one (7) from «-Hydroxyiminophenyl- 
acethydroxamic Acid (3).— A mixture of 200 mg of a-hydroxy- 
iminophenylacethydroxamic acid, 113 mg of acetic anhydride, 
and 10 ml of acetic acid was refluxed for 1 hr. The solvent was 
then removed under reduced pressure and the infrared spectrum 
of the residue showed a strong carbamate band at 1773 cm - 1  and 
the disappearance of the bands associated with the hydroxamic 
acid. Several recrystallizations, first from water and then from 
chloroform-petroleum ether (bp 30-60°), were required to raise 
the melting pome to 202-203.5° (capillary, oil bath). The 
product gave the same ir spectrum as that described above for 
this compound.

a-Hydroxyiminophenylacethydroxamic Acid (3) from 
Methyl Phenylglycxylate (4).6— A solution of 10.2 g of potassium 
hydroxide in 25 ml of methanol at 40° was added to a solution of
8.5 g of hydroxylamine hydrochloride in 44 ml of methanol also at 
40°. The resulting mixture was cooled to 0° and 5 g of methyl 
phenylglyoxylate was added and the mixture was filtered im
mediately. The filtrate was allowed to stand for four days 
whereupon it was acidified by a solution of 2  ml of acetic acid in 
16 ml of water. The mixture was heated until a clear solution 
resulted. The product was extracted with ether and the ether 
was evaporated to give a residue which yielded 1.4 g of crystals 
upon trituration with chloroform. Recrystallization from water 
yielded analytically pure a-hydroxyiminophenylacet hydroxamic 
acid: mp 173.5-175.5°; ir, same as described above for this 
compound; nmr (DMSO-di) & 7.15-7.80 (m, 5, phenvl), 9.12 
(s, 1 ,-N H ), 11.04 (s, 1 , -OH), and 11.80 ppm (s, 1 ,-O H ).

A nal. Calcd for C 8H8N203: C, 53.33; II, 4.48. Found: 
C, 53.41; H, 4.65.

3-Phenyl-l,2,4-cxadiazol-5-one (7) from Benzamidoxime (8) 
and Phosgene.— A solution of 2 g of benzamidoxime10 11 and 4 g of 
triethylamine in 180 ml of benzene was cooled to 5° while 
phosgene was passed in until about 20 ml was collected. The 
mixture was allowed to stand in an unstoppered flask for 40 
hr and was then washed with 100 ml of water. The water wash 
was then extracted with benzene. The combined benzene solu
tions wTere dried over magnesium sulfate. Evaporation of the 
solvent left a residue ( 1 . 2  g) whose ir spectrum was virtually the 
same as that of the pure compound but for a small amount of a 
nitrile impurity. Several recrystallizations from water and 
chloroform-petroleum ether (bp 30-60°) yielded analytically 
pure material: mp 203.5-205.5°; ir the same as that described
for the compound above.

A nal. Calcd for C 8H6N202: C, 59.26; H, 3.73; N, 17.28. 
Found: C, 59.09; H, 4.00; N, 17.02.

a-Hydroxyimincphenylacethydroximoyl Chloride (6) from 
a-Hydroxyimino-onii-phenylacetonitrile Oxide (2a).5a— A solu
tion of 150 mg of the nitrile oxide 2a (prepared by the buffer 
treatment of 4-phenylfurazan 2-oxide) in 50 ml of absolute 
ethanol was cooled in ice while it was being saturated with hy
drogen chloride gas. The mixture was stirred at room tem
perature for 2 hr. The solvent was removed on a rotary 
evaporator and he crystalline residue was triturated with 
chloroform and was collected by filtration: yield 80 mg; mp
186-188° dec (lit 6“ 199-200° dec); ir (KBr) 3322, 1399, 1143, 
982, 867, 767, 714, and 690 cm "1.

A n al. Calcd for CsH,C1N20 2: C, 48.38; H, 3.55; N, 14.11.
Found: C, 48.13; II, 3.68; N, 13.97.

a-Hydroxyiminophenylacethydroximoyl Chloride (6) from 
anii-Phenyl-ampt'-glyoxime (5).11— A solution of 10 g of anti- 
phenyl-amp/ii-glyoxime1 in 185 ml of glacial acetic acid was 
cooled to about the freezing point w'hile chlorine gas was passed 
in for 0.5 hr, and then the mixture was alkwed to come to room 
temperature while chlorination was continued. The solvent was 
removed on a rotary evaporator under high vacuum. The residue

(10) “ Beilstein's Handbuch der Organischen Chemie.”  4th ed, Voi. IX, 
B. Prager, P. Jacobson, P. Schmidt, and D. Stern, Ed„ Springer Verlag, 
Berlin, 1926, pp 304-306.

(11) J. Armand, p. Souchay, and F. Valentini, Bull. Soc. Chim. Fr., 
4585 (1968), and references therein.



596 J . O rg . C h em ., V o l . 87 , N o . 4 , 1972 Tsai and M arshall

was extracted with petroleum ether (bp 30-60°) and the crude 
product was removed by filtration. Recrystallization was ac
complished from ethyl acetate-petroleum ether (bp 30-60°): 
yield 2.2 g; mp 187-188.5°; ir the same as that described for the 
compound above; molecular weight by mass spectrometry, 198 
(calcd 198); nmr (DMSO-de) S 7.37 (s, 5, phenyl), 12.12 (s, 1, 
-OH) and 12.54 ppm (s, 1, -OH). The product gave a red complex 
with nickelous acetate, indicating an anit-glyoxime struc
ture .8

A n a l. Calcd for CsHvCIN.Cb: C, 48.38; H, 3.55; N, 14.11. 
Found: C, 48.12; H, 3.43; N, 13.82.

a-Hydroxyiminophenylacethydroximoyl Chloride (6 ) from 
a-Ketophenylacethydroximoyl Chloride (9).11— The procedure 
appearing in the literature11 for reacting a-ketophenylacethy- 
droximoyl chloride (9) and hydroxylamine hydrochloride without 
base yielded a-hydroxyiminophenylacethydroximoyl chloride 
melting at 187-189° dec and having an ir spectrum superim- 
posable upon that of the sample obtained by hydrogen chloride 
addition to the nitrile oxide 2 a.

Dehydrohalogenation of «-Hydroxyiminophenylacethydroxi- 
moyl Chloride (6 ).58— When a suspension of a-hydroxyimino- 
phenylacethydroximoyl chloride in chloroform was shaken with 
neutral or pH 4.0 buffered solutions, or sodium bicarbonate solu
tions, dehydrohalogenation was effected smoothly.6* The 
chloroform solutions were then dried azeotropically by first pas
sage through phase-separating paper (Whatman 1 PS) followed 
by concentration under vacuum. The prominent band in the ir 
spectrum of these solutions is the nitrile oxide. Removal of the 
remaining solvent caused spontaneous dimerization of the 
nitrile oxide to a furazan oxide5* as shown by the disappearance 
of the nitrile oxide band (2288 cm-1) in the ir and the appearance 
of strong double bond absorption associated with the furazan 
oxide ring (1600 cm - 1 ) . 7’ 12 The dimer structure was also con
firmed by mass spectrometry which showed a molecular ion at 
m/e 324. When the nitrile oxide was generated by simply 
shaking the hydroximoyl chloride 6  in chloroform-water, 13 1 2 3 4 5 the

(12) J. H. Boyer, D. I. McCane, W. J. McCarville, and A. T. Tweedie, 
J. Amer. Chem. Soc., 75, 5298 (1953); N. E. Boyer, G. M. Czerniak, H. S.
Gutowski, and H. R. Snyder, ibid., 77, 4238 (1955).

chloroform solution, after drying and concentration as above, 
showed a strong nitrile oxide absorption in its ir spectrum, but 
again dimerization occurred when all of the solvent was re
moved.

Attempted Methylations of 4-Phenylfurazan 2-Oxide.— Sam
ples of 4-phenylfurazan 2-oxide were recovered unchanged after 
dissolution and refluxing in methyl iodide for 1  hr, or after dis
solution in dimethyl sulfate with heating at 100° for 1 hr. Evap
oration of the reactants under high vacuum and comparison of 
the ir spectra and melting points after recrystallization of the 
residues established that no reaction had occurred.

Irradiation of 4-Phenylfurazan 2 -Oxide.— A 1%  ethereal 
solution of 4-phenylfurazan 2-oxide in a quartz flask was sub
jected to 7 hr irradiation at 253 nm from 16 75-watt low pres
sure mercury vapor lamps at 35—40°. Ir analyses showed no 
decomposition of the starting material when the experiment was 
performed either under a nitrogen atmosphere or with air bub
bling through the solution.

1:1 Adduct between 4-Phenylfurazan 2 -Oxide (or a-Hydroxy- 
imino-anri'-phenylacetonitrile Oxide) and Mesityl Oxide.— A
solution of 1 g of 4-phenylfurazan 2-oxide in 10 ml of mesityl 
oxide was allowed to stand for 20 days. Evaporation of the 
solvent left 1.7 g of a solid residue which was recrystallized from 
chloroform-petroleum ether (bp 30-60°). The melting point 
was erratic between 150 and 166°, perhaps indicating a mixture 
of the two possible isomers although the compound was homo
geneous on tic; ir (CHCh) 3571, 1709, 1370, and 1353 cm-1; 
mass spectral molecular weight 260 (calcd 260).

A nal. Calcd for C hHi6N 20 3: C, 64.60; H, 6.20; N, 10.76. 
Found: C, 64.41; H, 6.13; N, 10.39.

Registry No.—1, 7707-64-4; 2a, 32971-22-5; 3, 
32971-23-6; 6, 33021-14-6; 7, 1456-22-0; 1:1 adduct 
of 1 and mesityl oxide, 33015-59-7.

(13) In solution there is the following equilibrium: R C (=N O H )C -
(=N O H )Cl ?=* R C (= N O H )C = N +— O ** +  HC1.”  Since the hydroximoyl 
chloride is insoluble in chloroform in contrast to the nitrile oxide which is 
soluble, simply shaking the hydroximoyl chloride with chloroform-water 
yields a chloroform solution of the nitrile oxide.

Synthesis of l-Aza-2-silacyelopentane Compounds

T su -t z u  T s a i* a n d  C. J. M a r s h a l l , Jr.
The Polym er Branch, Nonm etallic M aterials D ivision, A ir  Force M aterials Laboratory, 

W right-Patterson A ir  Force Base, Ohio 461,33

Received M a y  19, 1970

Ethoxy derivatives of the l-aza-2-silacyclopentane1“ ring system were prepared and their reactions investigated. 
Cyclotri(2-ethoxy-l-aza-2-silacyclopentane) reacted with ethanol to form 3-aminopropyltriethoxysilane and with 
ethyllithium and phenyllithium to form cyclotri[2 -ethyl- (or phenyl-) l-aza-2 -silacyclopentane].

In our previous note,lb we have reported the synthesis 
of l-(trimethylsilyl)-2,2-diethoxy-l-aza-2-silacyclopen- 
tane. The ring structure in this compound showed 
remarkable stability toward cleavage either on standing 
(which resulted in cleavage of its oxygen analogs)2-5 
or in Grignard reactions in which the two side ethoxy 
groups were replaced. Since the l-aza-2-silacyclo- 
pentane ring system has received little attention, we 
extended our study to the synthesis of additional 
derivatives of this rather stable silazane structure.

(1) (a) In order to conform to the IUPAC nomenclature system, the name 
of the ring system, -l-sila-2-azacyclopentane used in our previous report,Ib 
was changed to l-aza-2-silacyclopentane. (b) T. T. Tsai and C. J. Marshall, 
Jr., J. Org. Chem., 34, 3676 (1969).

(2) J. L. Speier, M. P. David, and B. A. Eynon, J. Org. Chem., 25, 1637 
(1960).

(3) V. C. Rossney and G. Koerner, Makromol. Chem., 73, 85 (1964).
(4) W. H. Knoth, Jr., and R. V. Lindsey, Jr., J. Amer. Chem. Soc., 80, 

4106 (1958).
(5) K. A. Andrianov, V. I. Pakhonlov, and H. E. Lapteva, Dokl. Akad. 

Nuuk SSSR, 151, 849 (1963).

Hexaphenyldisilazane and 3-aminopropyltriethoxy- 
silane were allowed to react as indicated in eq 1. Fifty

NH ,+ salt
(C2H60)3SiC3H6NH2 +  (C6H5 )3SiNHSi(C6H6 ) 3 -------------->-

A
(CjHsOhSiCsHeNShCsHsh +  (C6H5 )3SiOC2II5 ( 1 )

i____ i
A

per cent of the theoretical amount of ammonia was 
evolved after heating the reaction mixture for 4 days 
and a small amount of l-(triphenylsilyl)-2,2-diethoxy-
l-aza-2-silacyclopentane (A) was obtained upon 
work-up. The silazane was found to have been primar
ily converted into ethoxytriphenylsilane. Since steric 
effect6-8 from bulky substituents on nitrogen atoms 
has been claimed as a main factor in preventing amine

(6) L. W. Breed and R. L. Elliott, Inorg. Chem., 3, 1624 (1964).
(7) C. H. Yoder and J. J. Zuckerman, ibid., 4, 116 (1965).
(8) S. H. Langer, S. Connel, and I. Wender, J. Org. Chem., 23, 50 (1958).
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exchange reactions between silazane and amines, it 
seems quite likely that the three bulky phenyl groups 
on a silicon atom exerted a similar effect in this reaction. 
In addition to the isolation of compound A, ethoxy- 
triphenylsilane, and ammonia, there was evidence from 
mass spectrometric analysis of the formation of two 
other products with molecular weights of 387 [possibly 
corresponding to cyclotri(2-ethoxy-l-aza-2-silacyclo- 
pentane), trimer D] and 516 [possibly corresponding to 
cyclotetra(2-ethoxy-l-aza-2-silacyclopentane), tetramer 
E], respectively.

An attempt to synthesize compound A by the reaction 
of l-ethoxydimethylsilyl-2,2-diethoxy-l-aza-2-silacyclo- 
pentane with ethoxytriphenylsilane, as illustrated in 
eq 2, was unsuccessful.

(C2H5Q)2Si C3H6NSi(CH3)2(OC2H5) + (C6H5 )3SiOC2H-,
or NH4Br

(C2H5Q)2SiC3H6NSi(C6H5 )3 + (CH3)2Si(OC2H5)2 (2) 

A

T able I
m/e Possible structures

350 (CsHsO^iCsHsNMejSiNHMesSiOCjHs

351“

387“

406“

516

535

( C A O  )2SiC3H6N ( C A O  ̂ iCaHeNH,

(CAO)2SiCANMe2SiOMe2SiOCA
i-------- 1

r  o c a  - i

I -S iC3H6N - |3
(trimer D)

OC2H5

I
( C A O  )2SiC A N  SiC A N  Me2SiOC2H 5

i____ i i____ i
r  o c a  - j

I - S iC A N -  |4
(tetramer E)

OC2H5 O C A  Me2

I I I
( C A O ) 2S iC A N S iC 3H6NSiC3H6N S iO C A

i____ i i____ i i___ j

“ Isolated and had molecular weight and elementary analysis.

The reaction of hexamethylcyclotrisilazane and
3-aminopropyltriethoxysilane in the presence of a 
catalytic amount of ammonium bromide yielded 1- 
(ethoxydime thylsilyl) - 2,2 - diethoxy - l -  aza-2 - silacy clo- 
pentane (B) (eq 4 and 5) as the main product. In this 
reaction, it was noted that (a) ammonia evolution was 
rapid and stoichiometric; (b) the yield of B was 49% 
and only a small amount of diethoxydimethylsilane 
was formed; and (c) the formation of high molecular 
weight substances containing ethoxydimethylsilyl end 
groups (see Table I) occurred.

Based on the above observations and a reported 
reaction (1) as shown by eq 3, we suggest the following 
mechanism.

(C2H50)3SiCJH6N[Si(CH3)3] 2 —

(C2H50)2SiC3H6NSi(CH3) 3 + (CH3)3Si(OC2H5) (3) .

(1) Transamination

(C2H-0)3SiC:JH(iNH2 +  [(CH:,)2SiNH] 3 —

(CH3) 2

(C2H50)3SiC3H6N ^ g./ NC3H6 Si(C2H.,0)3 +  NH3 (4) 

(CH3) 2

(2) Condensation

(CH3) 2

/ S i \
(CîHsOhSiCANC. NC3H6Si(C2H50 )3 — »

¡51
(CH3>2 2(C2H50)2SiC3H6NSi(CH3)/0C2H5) (5)

\  1------ '
* B
(CH3)í

I
(C2H50)2SiC3H6NSiNC3H6Si(C2H50 ) 2 +  (C2H50)2Si(CH3) 2 (6 ; 

C

presence of three different ethoxy groups suggesting a 
possible structure M as indicated below.

OCA
I

(CAO)2SiCANSiCANSi(CH3)2(OCA)
i____ i i____ i

M

In a separate experiment, the residue obtained after 
removal of B was analyzed by mass spectrometric 
techniques. Among numerous m/e peaks observed in 
the spectrum there were six peaks (Table I) to which 
structures could be assigned.

In spite of the fact that 3-aminopropyltriethoxysilane 
reacted with hexamethylcyclotrisilazane in one case and 
with hexaphenyldisilazane in the other, both reactions 
produced trimer D and tetramer E, along with other 
products. The formation of these oligomers appeared 
to have resulted from some secondary condensations 
reactions. For example, B may have decomposed in 
the presence of a trace of lithium nitride, in accordance 
with eq 7, to yield such oligomers.

( C A O  )2SiC|H8NSi(CH3 )2(O C A )  •
i____ i

B
r~ OC2IÏ6 n 
| -̂SiCAN-J

+  ( C A O ) 2Si(CH3), (7)

£ 3

Trimer D was prepared in 26% yield by refluxing
3-aminopropyltriethoxysilane and hexamethylcyclotri
silazane under nitrogen with a trace of lithium nitride 
until no more ammonia generated over (eq 8).

(C A O ),SiC ,H ,N H , +  [(CH3)2SiNH ] 3

+  ( C A O ) 2Si(CH3 ) 2 +  NH3 (8 )

It was surprising to find that C, which would be 
expected to form (eq 6), was not isolated. A liquid, 
isolated by preparative glpc, had a molecular weight 
and elementary analysis corresponding to that calcu
lated for C. However, its nmr spectrum indicated the

Because of the slow evolution of ammonia and the 
low yield of A as well as high yield of ethoxytriphenyl
silane obtained it is believed that trimer D and tetramer 
E formed from the reaction of hexaphenyldisilazane 
and 3-aminopropyltriethoxysilane were not formed by
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con den sation  o f A , b u t b y  a series o f  d isp lacem ent and 
con den sation  reactions as sh ow n  in eq  9 and  10.

(C2H50 )3SiC3H6NH2 +  2(C6H5)3SiNHSi(C6H5)3 — >
[(C 6H s)3S iN H ) 2 (C 2H 50 ) S iC 3H 6N H 2 +  2 (C 6 H 5 )3SiO C 2H 5 (9) 

[(C 6H 5)3S iN H ]2(C 2H 50 )S iC 3H sN H 2 — >

O C 2H 5

+  (C6H5)3SiNHSi(C6H5)3 +  NH3 (10)
t OC2ri5 *n 

-SiC3H$N-

1--------- 1 J n ?
A n  attem p t to  separate trim er D  from  the reaction  

m ixture con ta in ing  ethoxytriph en ylsilan e w as unsuc
cessfu l. In  v iew  o f the fa c t  th a t W an nagat, et al.,9 
had con v erted  s ilicon -ox y g en  com pou n ds in to  silazanes 
b y  treatin g  alkoxysilanes w ith  alkali m etal derivatives 
o f am ines, w e used lith ium  nitride instead o f the hexa- 
phenyldisilazane in the reaction  w ith  3 -am in op ropy l- 
triethoxysilane and  obta in ed  trim er D  in 3 0 %  yield . 
A n  attem p t to  isolate the tetram er E  w as unsuccessful.

A lth ou gh  ev iden ce from  elem ental analysis and 
m olecu lar w eigh t determ inations [obta in ed  from  mass 
sp ectrom etry  (387) and from  v a p o r  osm om etry  (384.28, 
380.32) ] are in agreem ent w ith  the p rop osed  structure

r  OC2H5 - i 
- SiCaHsN -

D

fo r  trim er D , the nm r spectrum  o f the com p ou n d  is n o t 
as w ell defined as those o f  m on ocy clic  com pou n ds. 
T h e  peaks arising from  the eth oxy  groups consist o f 
tw o sets o f trip lets cen tered  at 5 1.03 and 1.06, and tw o 
sets o f  quartets cen tered  at S 3.53 and 3.58, respectively . 
T h e  anom alous ob servation  is be lieved  to  result from  
the presence o f  asym m etric silicon atom s.

F u rth er ev iden ce  for  the p roposed  structure o f  the 
trim er D  has been  obta in ed  from  the fo llow in g  chem ical 
reaction s: (1) a lcoh olysis o f trim er D ;  (2) a lkylation  
and  ary la tion  o f trim er D .

(1) T rim er D  w as fou n d  to  react slightly  w ith  
an hydrou s ethanol. H ow ever, it gave a 7 9 %  y ie ld  o f
3 -am in opropyltriethoxysilan e w hen  a llow ed  to  react 
w ith  ethanol in the presence o f  a ca ta ly tic  am ount o f 
lith ium  eth oxide.

(2) T rim er D  reacted  readily  w ith  ethyllith ium  or 
phenyllith iu m  (prepared  from  brom oethan e or b rom o- 
benzene and lith ium ) to  apparently  form  cy c lo tr i(2 - 
e th y l-l-a za -2 -s ila cy clop en ta n e ) in 4 5 %  y ie ld  and cy c lo - 
tr i(2 -p h en y l-l-a za -2 -s ila cy clop en ta n e ) in 6 4 %  yield .

B ecause o f the unusual cy c lic  structures, the nm r 
spectra  o f  the presum ed cy c lo tr i(2 -e th y l-l-a za -2 -s ila - 
cy c lop en ta n e) and cy c lo tr i(2 -p h e n y l-l-a za -2 -s ila cy c lo - 
pentane) w ere fou n d  to  be v e ry  com plex. A ttem p ts  
to  analyze the spectra  in detail w ere thus unsuccessful. 
E vid en ce  for the p roposed  structures w as based  on  
elem ental analyses, m olecular w eigh t determ inations, 
an d  alcoholysis, the reaction  o f cy c lo tr i(2 -e th y l-l-a za - 
2 -silacyclopen tan e) w ith  ethanol in w h ich  3 -am in o- 
p ropy ld ieth oxveth y lsilan e  w as the on ly  isolable p rod u ct. 
W e believe that the correspon d in g  p rod u ct, 3 -am in o- 
p ropy ld ie th oxyp h en y ls ilan e , w as also form ed  in  the 
reaction  o f cy c lo tr i(2 -p h en y l-l-a za -2 -s ila cyclop en ta n e ) 
w ith  eth an ol. E v id en ce  for  its id en tity  w as obta in ed  
from  a com parison  o f its ir and  nm r spectra  w ith  that

o f its e th y l analog. A  qu an tita tive  iden tifica tion  w as 
n o t m ade ow in g  to  the fo llow in g  reasons. (1 ) T h e  
com p ou n d  w as n o t so stable as its e th y l analog. It  
cou ld  n o t be ob ta in ed  pure even  a fter several pu rifica 
tions b y  g lpc. (2 ) W h en  the sam ple w as in trod u ced  
in to  the m ass spectrom eter th rou gh  a h eated  in let 
system  (2 4 0 °), the h ighest peak  in  the m ass spectru m  
occu rred  at m/e 207. A  sm all m olecu lar ion  peak  a t 
?n/e 253, in  add ition  to  the peak  at m/e 207, w as o b 
served  on ly  w h en  a special in je ct ion  w as m ade d irectly  
in to  the ion  source cham ber. I t  is u nk n ow n  at the 
present tim e if the m/e peak  correspon d in g  to  207 is 
due to  F  (m ol w t 207). I f  this is the case, the co m -

C2H50 (C 6H3)SiCH2CH2CH2NH
i_____________ i
F

pou nd  m ust be form ed  from  d ecom p osition  in the m ass 
spectrom eter, because its presence is n o t in d ica ted  b y  
its ir and  nm r spectra.

Experimental Section
Reagent grade 3-aminopropyltriethoxysilane was purchased 

from Union Carbide Corp., New York, N. Y ., hexamethylcyclo- 
trisilazane from Peninsular ChemResearch Inc., Gainesville, 
Fla., and lithium nitride from Foote Mineral Co., Exton, Pa. 
All reagents were used without further purification. Hexa- 
phenyldisilazane (mp 174-175°) was prepared by refluxing 
chlorotriphenylsilane and lithium nitride in THF solution for 
48 hr and recrystallizing the product from absolute ethanol.

Analytical glpc’s were run on a F & M  Model 500 chromato
graph using a 0.25 in. X 6 ft stainless steel column packed with 
10% SE-30 on 60-80 Chromosorb W.

Elemental, mass (obtained on a CEC 21-110B mass spectrom
eter), and nmr spectral analyses (Varian A-56/60A spectrometer, 
operating at 60 Me) were performed by the Analytical Branch, 
Air Force Materials Laboratory. Boiling points of all com
pounds reported are uncorrected.

l-(T rip h en ylsily l)-2 ,2 -d ieth oxy-l-aza -2-silacyclop en tan e.— A 
mixture of 3-aminopropyltriethoxysilane (9.4 g, 0.043 mol), 
hexaphenyldisilazane (17.0 g, 0.032 mol), and ammonium 
chloride (trace) was heated under nitrogen for 4 days. The gas 
generated from the reaction was periodically neutralized by 
standard HC1 solution (2.17 A ) to the methyl red end point and a 
total of 0.016 mol of ammonia was collected. After the reaction 
mixture was allowed to cool to room temperature, hexane (30 
ml) was added. The insoluble hexaphenyldisilazane (3.0 g) 
was removed by filtration and identified by its ir spectrum and 
melting point. The filtrate was concentrated and vacuum dis
tilled. The first fraction (15.6 g), bp 110-165° (0.06 mm), was 
identified by its ir spectrum as ethoxytriphenylsilane. One 
crystallization from hexane gave a white solid, mp 58-63° 
(lit.10 mp 65°). The second fraction, bp 168-222° (0.06 mm), 
was a yellow liquid which was taken up in hexane and which 
afforded 0.61 g of l-(triphenylsilyl)-2,2-diethoxy-l-aza-2-sila- 
cyclopentane upon cooling. Upon recrystallization from hexane 
the solid product gave white crystals, mp 99-101°.

Anal. Calcd for C25H31N 02Si2: C, 69.28; H, 7.16, N, 3.20; 
Si, 12.92; mol wt, 433. Found: C, 68.82, 69.16; H, 7.21,
7.02; N, 3.31, 3.15; Si, 12.82, 12.67; mol wt, 449, 452 (osmome
try), 433 (mass spectrometry).

The residue from vacuum distillation was analyzed by mass 
spectrometry and found to contain compounds with m/e 
peaks of 304 [(C6H5)3SiOC2Ha] , 433 (A), 387 (trimer D ), and 
516 (tetramer E) as well as other peaks for which assignment 
could not be made.

Attem pted Synthesis of l-(T rip h en ylsily l)-2 ,2 -d ieth o xy -1- 
aza-2-silacyclopentane.— A mixture of l-(ethoxydimethylsilyl)-
2,2-diethoxy-l-aza-2-silacyclopentane (11.1 g, 0.04 mol), ethoxy
triphenylsilane (12.2 g, 0.04 mol), and ammonium bromide 
(trace) was heated to reflux for 24 hr. No apparent reaction 
was observed. The mixture, after cooling, was heated again to

(9 ) L . M a n n a g a t , P . G e y m e y e r ,  a n d  G . S eh re in er , Angew. Chem.. In t.  (1 0 ) C . E a b o r n , " O r g a n o s il ic o n  C o m p o u n d s ,”  B u tte r w o r th s .  L o n d o n ,
Ed. Engl., 3 (2 ) ,  135 (1 9 6 4 ) . I9 6 0 , p  311 .
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reflux with a trace amount of lithium nitride. The distillate was 
periodically removed by means of a Claisen head take-off 
adapter. The reaction mixture was allowed to reflux for an 
additional 16 hr, after which time a total of 4.7 g (80%) of 
diethoxydimethylsilane was collected. From the residue in the 
flask, only ethoxytriphenylsilane and hexaphenyldisiloxane were 
isolated.

l-(E thoxyd im eth ylsily l)-2 ,2 -d ieth oxy-l-aza -2-silacyclopen - 
ta n e.— A mixture of 3-aminopropyltriethoxysilane (96.5 g, 
0.44 mol), hexamethylcyclotrisilazane (32.0 g, 0.15 mol), and 
ammonium bromide (0.062 g) was heated to reflux for 3 days. 
The ammonia generated from the reaction was neutralized 
periodically with standard hydrochloric acid solution (2.02 N ). 
In the first 4 hr. 0.40 mol of ammonia was collected and a total 
of 0.43 mol (100%) was obtained at the end of the reaction. The 
reaction mixture was first distilled at atmospheric pressure to 
yield 10.0 g of diethoxydimethylsilane, bp 110° (lit.10 bp 113— 
114°), and further identified by its ir spectrum. Vacuum dis
tillation of the remaining substance gave the expected compound 
(60.0 g, 49% ), bp 70-73° (5 mm). Glpc indicated only one 
component: nmr (neat) S 0.00 (s, SiCH3), 0.41 (t, SiCH2), 1.04 
(t, chain OCH»CH3), 1.07 (t, ring OCH2CH3), 1.66 (quintet, 
CH2CH2N ), 2.85 (t, NCH2), 3.56 (quartet, chain OCH2), 
3.64 (quartet ring OCH2)

Anal. Calcd for C „H 27N 0 3Si2: C, 47.65; H, 9.74; N, 5.05; 
Si, 20.22; mol wt, 277. Found: C, 48.01, 47.96; H, 9.89, 
9.86; N, 4.92, 4.76; Si, 19.59, 19.97; mol wt, 277 (mass spectrom
etry).

A second fraction was obtained as a viscous liquid (21 g), bp 
96-130° (5 mm). Glpc indicated that it was a mixture of a 
number of compounds. The major component isolated by 
preparative glpc was identified as l-(ethoxydimethylsilyl)-2- 
ethoxy-2-(2'-diethoxy-l'-aza-2'-silacyclopentane)-l-aza-2-silacy- 
clopentane (M ): nmr (neat) & 0.00 (s 6, SiCH3), 0.22-0.57 (m, 
4, SiCH2), 0.90-1.18 (t of t, 12-OCH2CH3), 1.32-1.75 (m, 4, 
-C H 2CH2N ), 2.63-2.92 (m, 4 NCH2), 3.30-3.80 (t of q, 8, 
OCH2).

Anal. Calcd for CifHigN20 (Si3: C, 47.29; H, 9.36; N, 
6.90; Si, 20.68; mol wt, 406. Found: C, 46.92; H, 8.80; N, 
6.83; Si, 20.30; mol wt, 406 (mass spectrometry)

In another similar experiment, one component from the mix
ture, isolated by glpc, was identified as l-(ethyoxydimethylsiloxy- 
dimethylsilyl)-2,2-diethoxy- l-aza-2-silacyclopentane, (C2H50 )2- 
SiC3H6NSi(CH3)2OSi(CH3)2(OC2H5).i_____ i

Anal. Calcd for Ci3H33N 0 4Si3: C, 44.44; H, 9.68; N , 3.98; 
Si 23.93; mol wt, 351. Found: C, 44.33, 44.49; H, 9.51, 9.56;
N , 4.77, 4.77; Si, 23.51, 23.28; mol wt, 351 (mass spectrometry).

The higher boiling residue from these reactions was vacuum dis
tilled and analyzed by mass spectrometry, giving the m/e peak 
shown in Table I.

C yclotri(2-eth oxy-l-aza-2-silacyclopentane). A . From  the  
Reaction of 3-Am inopropyltriethoxysilane and H exam ethyl
cyclotrisilazane.— A mixture of 3-aminopropyltriethoxysilane 
(93.0 g, 0.42 mol), hexamethylcyclotrisilazane (31.0 g, 0.14 mol), 
and lithium nitride (0.53 g, 0.015 mol) was heated under nitrogen 
to initiate reaction. The ammonia generated from the reaction 
was periodically neutralized by standard HC1 solution to the 
methyl red end point. In 5 days, 0.43 mol of ammonia was col
lected. At the end of ammonia generation, the reaction mixture 
was distilled under nitrogen to remove the diethoxydimethyl
silane (58 g, 93.5% ), bp 110-115° (lit.11 bp 113-114°). The 
residue, upon vacuum distillation, gave 14.0 g (26%) of the ex
pected compound, bp 120-140° (0.05 mm). A sample for 
analysis was purified by preparative glpc: nmr (neat) 5 0.3-0.7 
(t, 2, SiCH2- ) ,  0.8-1.3 (d of t, 3, -C H 3), 1.4-2.1 (m, 2, -C H 2- ) ,
2.5-3.2 (m, 2, -C H 2N ), 3.3-4.0 (d of quartet, 2, -O CH 2- ) .

Anal. Calcd for Ci5H33N 30 3Si3: C, 46.51; H, 8.53; N, 
10.85; Si, 21.71; mol wt, 387. Found: C, 46.41, 46.04; H, 
9.19, 8.81; N, 10.59, 10.56; Si, 21.55, 21.47; mol wt, 387 (mass 
spectrometry), 384.28, 380.32 (osmometry).

B . From  the R eaction of 3-Am inopropyltriethoxysilane and  
Lithium N itride.— Into 3-aminopropyltriethoxysilane (15 1 .0  g,
O. 68 mol) warmed to about 50° in a three-necked flask equipped 
with mechanical stirrer, condenser, and nitrogen inlet and outlet 
tubes, was added slowly 14.3 g (0.41 mol) of lithium nitride. 
Reaction took place with generation of heat and ammonia (not 
collected). From time to time the external heat source had to 
be removed to ensure a smooth reaction. After complete addi
tion, the reaction mixture was heated to reflux for 2 hr, then

cooled to room temperature. The lithium ethoxide was pre
cipitated by addition of 250 ml of xylene and removed by filtra
tion under nitrogen. The filtrate was distilled at atmospheric 
pressure to remove the solvent. Vacuum distillation gave 28.0 
g of the desired compound, bp 115-138° (0.05 mm). Redistilla
tion under vacuum gave 24.0 g (30%) of pure sample. The 
molecular weight [387 (mass spectrometry)], ir spectrum, and 
glpc retention time were identical with those of the sample ob
tained from reaction A.

Condensation R eaction of l-(E th oxydim eth ylsilyl)-2 ,2 -d ieth o- 
xy-l-aza-2-silacyclopentane and Lithium  N itride.— l-(Ethoxy- 
dimethylsilyl)-2,2-diethoxy-l-aza-2-silacyclopentane (29 g) and 
lithium nitride (0.0050 g) were heated together under nitrogen 
overnight. The reaction mixture, after cooling to room tem
perature, was vacuum distilled. There was obtained 14.2 g 
of starting material and a small amount of trimer D , identified by 
its glpc retention time, which was identical with that of an 
authentic sample.

Alcoholysis of T rim er D .— A mixture of anhydrous ethanol 
(50 ml) and a few drops of benzene was distilled under nitrogen 
until the distillation temperature reached 78°. After the alcohol 
was cooled to room temperature, trimer D (11.0 g) was added 
and the reaction mixture was heated to reflux for 10 hr. Upon 
vacuum distillation of the mixture 4.8 g (25%) of 3-aminopropyl
triethoxysilane was obtained.

In another similar experiment, a small piece of lithium was 
added to the alcohol before the addition of 12.5 g of trimer D. 
Upon refluxing the mixture of 1 hr and vacuum distillation there 
was obtained 17.0 g (79%) of pure 3-aminopropyltriethoxysilane 
whose identity was confirmed by its ir spectrum and glpc reten
tion time.

Arylation of T rim er D .— Into a mixture of trimer D (20.6 g, 
0.05 mol), 250 ml of anhydrous diethyl ether, and shredded 
lithium (2.24 g, 0.32 g-atom) was added slowly an excess of 
bromobenzene (35.0 g). The reaction took place with genera
tion of heat and proceeded smoothly during the addition (3 hr). 
Lithium salts were precipitated by addition of 200 ml of benzene 
and removed by filtration under nitrogen. After removal of the 
benzene, the filtrate was taken up in 100 ml of petroleum ether 
(bp 30-60°) and cooled. There was obtained 13.7 g of cyclotri- 
(2-phenyl-l-aza-2-silacyclopentane), mp 129-131°. Concen
tration of the mother liquid gave an additional 1.8 g of the com
pound for a total yield of 64%. Upon recrystallization from 
hexane an analytical sample, mp 133°, was obtained: nmr 
(CDC13) S 0.5-1.3 (m, 2, SiCH2- ) ,  1.4-2.2 (m, 2, SiCH2CH2-) ,
2.4-3.6 (m , 2, NCH2), 6.9-8 (m, 5, SiC6H5).

Anal. Calcd for C27H33N3Si3: C, 67.08; H, 6.83; N, 8.70; 
Si, 17.39; mol w~, 483. Found: C, 67.20, 67.03; H, 6.76, 
6.86; N, 8.88, 8.90; Si, 17.31, 17.29; mol wt, 483 (mass spec
trometry).

Alcoholoysis of Cyclotri (2-phenyl-l-aza -2-silacyclop en tan e).—
Cyclotri(2-phenyl-l-aza-2-silacyclopentane) (5.09 g) was re
fluxed in excess anhydrous ethanol under nitrogen for 24 hr. 
After removal of excess alcohol by distillation the residue was 
vacuum distilled. A fraction (5.7 g) which distilled over at 
110° (2 mm) was round by glpc to exhibit three peaks: a small
one for a low-boiling substance, a broad shoulder, and a large 
major peak, the latter two overlapping. Repeated glpc did not 
provide any improvement in the resolution: nmr (neat) 5 0.6-
1.8 (m, 9.4, SiCH2CH2- ,  -N H 2, and -C H 3), 2.62 (t, 2, -C H 2N),
3.87 [q, 2.7 (theoretical, 4, -O CH 2- ) ,  7-7.9 (m, 5, C6H5).

Anal. Calcd for C,3H23N 0 2Si: C, 61.66; H, 9.09; N, 5.53; 
Si, 11.06; mol wt, 253. Found: C, 61.43, 61.52; H, 8.70,
8.96; N, 5.53, 5 53; Si, 12.12, 11.96; mol wt, 265.4, 268.5 
(osmometry); m/e 253 (weak), 207 (strong).

The liquid product was hydrolyzed in a mixed solvent (ben
zene, ethyl alcohol, and ammonium hydroxide). After removal 
of the solvent by distillation, a transparent gluelike substance 
was obtained.

The nmr spectrum of the substance had four broad peaks 
[phenyl H(5) and three methylene H (2:2:2)[ and a sharp peak 
for amino-H which corresponded to the structure of 3-amino- 
propylphenylpolysiloxane, [NH2C3H6(CsH5)SiO] „.

Anal. Calcd for (C3HI3NOSi)„: C, 60.34; H, 7.26; N, 
7.82; Si, 15.64. Found: C, 59.36, 59.43; H, 7.11, 6.93; N,
8.02, 8.13; Si, 15.42, 15.53.

Alkylation of T rim er D .— 1-Bromoethane instead of bromo
benzene was used in the above reaction (trimer D , 14 g, 0.036 
mol). After the removal of lithium salts, the filtrate was con
centrated and vacuum distilled. A fraction, 5.5 g (45%), dis
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tilled at 136-156° (0.1 mm) and was shown by glpc to be a pure 
sample of the desired compound: nmr (neat) 8 0.3-1.2 (m, 7, 
C2H5-SiCH 2- ) ,  1.4-2.1 (m ,2 ,-C H ,-) , 2.6-3.2 (m ,2,N C H 2- ) .

Anal. Calcd for C16H33N 3Si3: C, 53.10; H, 9.73; N, 12.39; 
Si, 24.77; mol wt, 399. Found: C, 52.97; H, 10.15; N, 11.86; 
Si, 25.13; mol wt, 339 (mass spectrometry).

Alcoholoysis of Cyclotri(2-ethyl-l-aza-2-silacyclopentane).—  
Cyclotri(2-ethyl-l-aza-2-silacyclopentane) (0.81 g) was refluxed 
with excess anhydrous ethanol overnight. A fraction, 0.82 g 
(56% ), distilled at 54° (0.1 mm) and was shown by glpc to be 
pure 3-aminopropyldiethoxylethylsilane: nmr (neat) 8 0.1-
1.6 (m, 10.4, SiCH2CH2- ,  SiCH2CH3, and -N H 2), 0.95, (t, 6 , 
OCH2CH3), 2.37 (t, 2, NCH2- ) ,  3.49 (q, 4, OCH2).

Anal. Calcd for C9H23N 0 2Si: C, 52.68; H, 11.22; N, 6.83; 
mol wt, 205. Found: C, 53.08, 53.14; H, 11.54, 11.69; N, 
6.91, 6 .88; mol wt, 205 (mass spectrometry).

Registry No.— l-(T r ip h e n y ls ily l)-2 ,2 -d ie th o x y -l-a z a - 
2 -s ila cyclopen tan e, 32284-27-8 ; l- (e th o x y d im e th y l-

sily l) -2 ,2 -d ie t h o x y -1 -a z a -2 -s ila cy c lo p e n ta n e , 32284- 
2 8 -9 ; tr im er D , 32974-82-6 ; (C 2H 6 0 )2S iC 3H 6N S i-

(C H 3) 2O S i(C H 3)2(O C 2H 6), 32974-83 -7 ; cy c lo t r i(2 -
e th ox y -l-a za -2 -s ila cy clop en ta n e , 32974-84-8 ; cy c lo tr i (2 - 
p h en y l-l-a za -2 -s ila cy clop en ta n e , 32974-85-9 ; 3 -am in o- 
p rop y ld ieth oxyph en ylsilan e , 32974-86-0 ; [N H 2C 3H 6-
(C 6H 5)S iO ]„ , 33029-43-5 ; c y c lo tr i(2 -e th y l- l-a za -2 -s ila - 
cy c lop en ta n e ), 32974-87 -1 ; 3 -a m in op rop y ld ie th ox y l- 
ethylsilane, 20723-29-9.
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The title compounds are obtained by the reaction of 2-aeetoacetylaminopyridines with dimethylformamide 
dimethyl acetal yielding Ar-(2-pyridyl)-2-acetyl-3-dimethylaminoacrylamides, followed by ring closure with acetic 
anhydride. The title compounds revert to the starting acrylamides on reaction with dimethylamine; other 
amines also react with ring opening. The zinc chloride catalyzed reaction with acetoacetamides and the base- 
catalyzed reaction with acetoacetic esters yield substituted 2-pyridones.

R e c e n t ly 1 w e fou n d  th at the reaction  o f 2 -aceto - 
acety lam in opyrid in es (e.g., 1) w ith  trieth y l orth oform ate  
an d  zinc ch loride y ields su bstitu ted  2 -pyridon es such 
as 2. T o  explain  this result w e p rop osed  a m echanism

Since the reaction  o f 1 w ith  trieth yl orth o form a te  does 
n ot y ie ld  the expected  e th oxym eth y len e  d eriva tive , 
the reaction  o f 1 w ith  d im eth ylform am ided  im eth y l 
aceta l w as used  to  ob ta in  4 in  5 9 %  yield . S im ilar

w h ich  in v o lv ed  the form ation  o f a 2 -k e to -2 H -p y rid o - 
[l,2 -a ]p yrim id in e  (3) as an in term ediate . I f  3 really

NIL
VC = 0I

o c *  0 0
x“ ™ 230 nm (« 39,000) 

355(4500)
3

2

is an in term ediate  in the form ation  o f p rod u cts  such 
as 2, it sh ou ld  be qu ite  reactive  and  form  2 on  reaction  
w ith  1. T h e  present w ork  w as u ndertaken  to  prove 
th is p o in t  b y  isolating  3.

(1 ) M .  C . S e id e l, G . C . V a n  T u y le ,  a n d  W . D . W e ir ,  J . Otq. Chem., 35, 
1475 (1 9 7 0 ).

H ,CX  O CH , 

1 +  N C H

H;tC /  \ > C H :t

80° 

1 hr

0
II / C H :!

N H C C = C H N ^

I CH 3c=o
I

CH ,

results w ere obta in ed  w ith  o th er a cetoa cety la m in o- 
pyrid in es and  a carbeth oxyacety lam in op yrid in e  (see 
T a b le  I ) .

B rie f bo ilin g  o f 4 in a cetic  an hydride gave an  8 9 %  
y ie ld  o f  3 w h ich  crysta llized  ou t o f  the h o t reaction  
m ixture. A  to ta l o f  five  (see T a b le  I I )  2 -k e to -2 /7 - 
p y r id o [l,2 -a ]p y r im id in e s  w ere prepared. O f these, 5 
and 6 are o f  special interest, since th ey  are the p ro d u ct

X™°" 231 nm (« 55,000), 341 (5100) 
7
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T a b l e  1“

jV-(2-PyRIDYL)-3-DIMETHYL AMINO ACRYLAMIDES

Compd

4
12

22

23

24

R.
O R,

I v r 'N H C — C = C H N :
/ .c h 3

c h 3

R i Rj
Yield,

% M p , ° C

o
II

H
4-CH3

— c — c h 3 
— C 02C2H 5 

0  
II

59
70

172-174
84-86

6 -C H 3

II
— c — c h 3 

0
II

47 148-148.5

5-C1
II

— C— CHs 
0  
II

54 172.5-173.5

4,6-(CH3)2
II

— c c h 3 68 159-161
“ Satisfactory analytical data ( ± 0 .3 %  for C, H , N ) were reported 

for all compounds in this table: E d .

Table II“
2-Keto-2//-pyrido [ 1,2-a] pyrimidines

Yield,
Compd R i R *

0
II

% Mp, °C

3 H — c — c h 3 

0
II

89 2 2 1 - 2 2 2  dec

5 6 -C H 3 — C— CH3 
0
II

49 194-196 dec

6 6 ,8 -(C H 3 ) 2 — C C H , 32 188-189 dec
7 8 -C H 3 — c o 2c 2h 5 

0
6 6 220-223 dec

25 7-C1 — C— CHs 60 231-232 dec
“ Satisfactory analytical data ( ± 0 .3 %  for C, H , N ) were re

ported for all compounds in this table. Ed.

o f a ring closure on to  a pyrid in e ring n itrogen  in the 
presence o f a  6 su bstitu ent (fo r  som e o f the few  oth er 
exam ples see ref 2 -4 ) . A  com p ou n d  w ith  structure 7 
has a lready  been  d escribed  in the literatu re2 3 * as h avin g  
a m elting  p o in t (1 6 4 °) d ifferent from  that o f  our 
sam ple (2 2 0 -2 23 ° d e c ). T h e  present assignm ent, h ow 
ever, is su pported  b y  the fa ct that 7 w as con v erted  
back  to  the starting acry lam ide (i.e., 4 -C H 3 4) b y  m ild  
treatm en t w ith  d im eth vlam ine. A n ta k i’s com p ou n d  
m ost p rob a b ly  w as the isom eric 4 -k eto  com p ou n d  8, 
m p 172°.5 C om parison  o f  u v  spectra  lends su pport to  
this v iew . T h e  spectra  o f  8  (prepared  accord in g  to  
L appin5) and 9 (reported  b y  A n ta k i3) are sim ilar in 
shape and relative height o f  the peaks. T h e  spectra

(2) M . S h u r  and S . S . Israelstam, J . Org. Chem., 33, 3015 (1968).
(3) H. Antaki, J . Am er. Chem. Soc., 80, 3066 (1958).
(4; G. R. Lappin, J . Org. Chem., 2 6 ,  2350 (1961).
(5) G. R. Lappin, J . Am er. Chem. Soc., 70, 3348 (1948).

H3C^ Y NN

^ N y v‘c ° A H 5
0

X*°H 216 nm (« 30,000) 
364 (31,000)

8

CH3 0

XÏÏT 220 nm (« 12,000) 
365 (20,000)

9

of the 2-keto compounds 3, 5, and 7 are different in that 
the absorption at 341-365 nm is much weaker. This 
band can be considered evidence6 for the contribution 
of the zwitterionic structures 10 and 11 corresponding

H3c Y ^ Y Ny °

^  + ̂ T C ) 2C2H5 
10

to 7 and 8. The contribution of 10 to the ground 
state of 7 can be assumed to be less than that of 11 to 
the ground state of 8 since the charge separation energy 
should be greater for 10. Thus, the band at 341-365 
nm should be weaker in the spectra of the 2-keto 
compounds, which was found to be the case.

The 2-keto-2fl-pyrido[l,2-a [pyrimidines (such as 3) 
react with amines with ring opening. Dimethylamine 
yields the starting acrylamides (such as 4) in vields of
85-96%.

The reaction of 2-amino-4,6-dimethylpyridine with 
6 yielded 13. As pointed out above, the 2-keto-2H-

pyrido[l,2-a]pyrimidines were thought to be inter
mediates in the reaction of 2-acetoacetylaminopyridines 
with triethyl orthoformate and ZnCU.1 In order to 
test this postulate, the 2-keto-2if-pyrido [1,2-a [pyrimi
dines were allowed to react with 2-acetoacetylamino- 
pyridines in ethanol with ZnCl2 as catalyst.

This reaction yielded the same condensed products 
(type 2, IS, and 16; see Table III) as in our previous 
work1 except in better yields, with shorter reaction 
times (1 hr vs. 3 hr), and in higher purity. By com
parison, the reaction of 14 with triethyl orthoformate 
and ZnCl2 had given a mixture of 13 and IS in poor 
yields.1

(6 ) R .  A d a m s  an  i  I .  J . P a ch te r ,  ibid., 7 4 , 5491  (1 9 5 2 ).
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Table III“
1-Pyridyl-2-pyridones

r , - o - nm

c r « 3
C o m p d Ri Rs Rs Y ie ld ,  % Mp, ° C

0

2 H

0
N 1 

/  V -  NHC—
II

— CCHS 100 228-230

CH,, o 
1f  y— NHC—

0
II

15 4,6-(CH3)2 — CCHS 89 248-252
/

CH3

16 H °XX ÏN NHC—

0
II

— c c h 3 90 232-234

0
II

CeH sN H C -

0

17 II — c c h 3 80 233.9
0

Cl — NHC—

0
II

c „h 5n h c —

0

18 6-CH3
II

— c c h 3 86 229.5-231.5

19 4-CIIj c 2h 6o 2c — 72 260-261
0

20 H <cri-CJI90 2C“ — c c h 3 95 172-173.5
0
II

21 II C2I1;.02C - — c c h 3 87 152.7
“ Satisfactory analytical data (± 0 .3 %  for C, H, N ) were reported for all compounds in the table except 2, IS, 17, and 18: Ed. The

latter were shown by mixture melting point determination and comparison of the ir spectra to be identical with compounds of the same 
structure referred to in ref 1.

M ix e d  con densed  produ cts w ere obta in ed  in equ ally  
h igh y ields in the reaction  o f 2 -k e to -2 //-p y r id o  [ 1,2 -a ]- 
pyrim id in es w ith  acetoacetanilides (see also com pou n ds 
17 and  18 in  T a b le  I I I ) .  S im ilarly high y ields w ere 
ob ta in ed  in base-cata lyzed  reactions w ith  a cetoacetic  
esters.

C o m p o u n d  20 w as used  to  in depen den tly  synthesize
17. A c id  h ydrolysis  o f  20 y ie lded  the correspon d in g  
ca rb ox y lic  acid , w h ich  w ith ou t isolation  w as trans
form ed  in to  the m ixed anhydride w ith  triethylam ine

and eth y l ch loroform ate . R ea ction  o f the crude m ixed  
an hydride w ith  aniline gave 17 in 4 3 %  overa ll y ie ld .

0  0
Il II

7 + c,.h5nhcch2cch, ZnCI2

3 + ROCCHuCCH-

o o  n
Il II

0  0
Il II

R O C ^ ^ . C C H ,

20, R = ferf-C4Ha (95%)
21, R = C2H, (87%)

Experimental Section
All melting points are uncorrected; those given as a single value 

were taken on a Mettler FPI apparatus. The microanalyses 
were carried out by Mr. C. W. Nash and his associates. For the 
preparation of the acetoacetylaminopyridines see ref 1.



2-Carbethoxyacetylammo-4-methylpyridine (26).— To an ice- 
cooled solution of 39 g (0.36 mol) of 2-amino-4-methylpyridine 
and 36 g (0.36 mol) of triethylamine in 250 ml of toluene was 
added 54 g (0.36 mol) of carbethoxyacetyl chloride, slowly and 
with stirring. After standing overnight, the reaction mixture 
was washed with water and the organic layer was dried and 
evaporated. The residue was recrystallized from methylcyclo- 
hexane to yield 42 g (52%) of 26, mp 89.5°.

Anal. Calcd for CuH hN20 8: C, 59.46; H, 6.35; N, 12.61. 
Found: C, 59.17; H, 6.54; N , 12.70.

Ar-(4-Methyl-2-pyridyl)-2-carbethoxy-3-dimethylaminoacryl- 
amide (12).— See also Table I; the other compounds in this 
table were prepared in analogous fashion.

A solution of 40 g (0.172 mol) of 26 and 36 g (0.3 mol) of 
dimethylformamide dimethyl acetal in 200 ml of 1,2-dimethoxy- 
ethane was refluxed for 1.5 hr. The solvent was then removed on 
a rotatory evaporator and the residue was recrystallized from 
methylcyclohexane, yield of 12 33 g.

2-Keto-3-acetyl-2.ff-pyrido[l,2-a| pyrimidine (3).— See also
Table II; the other compounds in Table II were prepared sim
ilarly.

A slurry of 10 g (0.045 mol) of 4 in 70 ml of acetic anhydride 
was quickly heated to a boil and kept gently boiling for 10 min, 
during which time the starting material dissolved and, later, the 
product precipitated. After cooling, the product was separated, 
washed with 2-propanol, and dried, yield 7.5 g of 3. All the 
compounds in Table II were appreciably soluble in water.

l-(2-Pyridyl)-3-acetyl-6-methyl-2-pyridone-5-(5-chloro-2-pyri- 
dyl)carboxamide (16).— See also Table III; compounds 2 , 15, 
17, 18, and 19 in this table were prepared in analogous fashion.

A mixture of 4.7 g (0.025 mol) of 3, 10.6 g (0.05 mol) of 2- 
acetoacetylamino-5-chloropyridine,1 and 200 mg of ZnCl2 in 150 
ml of ethanol was refluxed for 1 hr. The starting materials 
soon dissolved and the product began to crystallize. The mix
ture was cooled, and the product was filtered and recrystallized 
from methylcellosolve, yield 8.6 g of 16.

N- (4,6-Dimethyl-2-pyridyl )-2-acetyl-3- (4,6-dimethyl-2-pyridyl )- 
amino acrylamide (13).— A solution of 3 g (0.014 mol) of 6 and
2.4 g (0.02 mol) of 2-amino-4,6-dimethylpyridine in 100 ml of 
ethanol was refluxed for 1 hr. The mixture was then cooled, and 
the product was filtered off and dried, yield 3.5 g (74%) of 13,

N-M ethylation of Ortho-Substituted Pyridines

mp 226-227°. By mixture melting point and ir spectra, this 
material was identical with compound 7 of ref 1.

l-(2-Pyridyl)-3-acetyl-5-carbo-terf-butoxy-6-methyl-2-pyridone 
(20).— See also Table III; compound 21 in this table was prepared 
in the same way.

A slurry of 9.4 g (0.05 mol) of 3, 16 g (0.1 mol) of ¿erf-butyl 
acetoacetate, and 0.5 g of l,5-diazabicyclo[4.3.0]-5-nonene in 
200 ml of dimethylformamide was stirred at room temperature 
for 30 min. The starting material had dissolved to form a red 
solution. The solution was poured into excess water, and the 
product was filtered off, washed with water, and dried, yield
15.5 g of 20. Recrystallization from 2-propanol did not raise 
the melting point.

l-(2-Pyridyl)-3-acetyl-6-methyl-2-pyridone-5-carboxylic Acid 
Anilide (17). Independent Synthesis.— A solution of 8.0 g 
(0.024 mol) of 20 in 50 ml of 6 N HC1 was heated on a steam bath 
for 15 min and then left standing at room temperature for 1 hr. 
The solvent was then removed in a rotatory evaporator and the 
product was dried, yielding 5.5 g (0.02 mol) of the HC1 salt of 
the carboxylic acid corresponding to 20. This material was 
slurried in 100 ml of benzene, and 6 g (0.06 mol) of triethylamine 
was added. Most of the solid dissolved. Then, while applying 
ice cooling, 2.2 g (0.02 mol) of ethyl chloroformate was added. 
After 30 min at room temperature, 1.86 g (0.02 mol) of aniline 
was added and the mixture was refluxed for 30 min. Then water 
was added, and the benzene layer was separated, dried, and 
evaporated. The residue was recrystallized from ethanol, yield 
3 g (43%), mp 235.1°; on admixture of 17, the material melted at 
235.2°. The ir spectra were identical.

R egistry  N o .— 2 ,2 3 6 0 0 -2 4 -0 ; 3 ,3 3 0 6 8 -0 7 -4 ; 4 ,3 3 0 1 5 -
4 1 -7 ; 5 , 33015-42-8 ; 6, 33015-43-9 ; 7 , 33015-44 -0 ; 12,
33068-08-5 ; 15 ,23600 -27 -3 ; 1 6 ,3 3 0 1 5 -4 6 -2 ; 1 7 ,23600 -
4 1 -1 ; 1 8 ,2 3 6 4 6 -6 0 -8 ; 1 9 ,3 3 0 1 5 -4 9 -5 ; 2 0 ,3 3 0 1 5 -5 0 -8 ; 
21, 33015-51-9 ; 22, 33015-52-0 ; 23, 33068-09-6 ;
24, 33015-53-1 ; 25, 33015-54 -2 ; 26, 33015-56-4.

A ck n ow led g m en t.— I shou ld  like to  gra tefu lly  
ack n ow ledge the en couragem ent o f  th is w ork  b y  D r. 
C . L . L evesque, R o h m  and H aas C om p an y .
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Relative Rates of N-Methylation of Ortho-Substituted Pyridines. 
Steric and Electronic Effects

L . W . D e a d y 1 a n d  J o h n  A . Z o l t e w i c z *

Department of Chemistry, University of Florida, Gainesville, Florida 32601 

Received June 29, 1971

Relative rates of N-methylation of eleven 2-substituted and two 2,6-disubstituted pyridines by methyl iodide 
in DMSO at 23° were obtained by nmr methods. Rate constants relative to pyridine for the monosubstituted 
compounds are NH2, 1.23; CH3, 0.38; C2H5, 0.17; C6H5CH2, 0.081; C 02CH3, 0.0084; C H 3C O N H , 0.0082; 
Cl, 0.0039; Br, 0.0039; 2-0:41,11,0.0026; and CN, 0.0022. Results for the disubstituted pyridines are CH3,NH2, 
0.050; and (CH3)2, 0.023. Kinetic results are only poorly correlated with pK* values. It is suggested that 
steric effects are superimposed on electronic effects in the N-methylation reactions and that steric effects can be 
surprisingly constant.

O ur understand ing  o f  th e  e ffects  o f  orth o  substituents 
on  ch em ica l equ ilibria  and  rea ctiv ity  has u ndergone a 
recen t and  p ro fou n d  change. I t  w as lon g  h eld  th at 
steric effects cou ld  an d  o ften  d id  in fluence reaction s at 
orth o  position s in  a n on a d d itive  w a y . H ow 'ever, in 
the absence o f  steric and h y d rog en -b on d in g  factors, 
e lectron ic  effects o f  orth o  groups v rere ex p ected  to  be 
p rop ortion a l t o  th ose  o f  para  su bstitu en ts.2’3

C h arton  has ch a llen ged  th is v iew . H e has em p loyed  
a m u ltiparam eter eq u a tion  to  correlate  all th e  k n ow n

(1 )  O n  le a v e  fr o m  L a T r o b e  U n iv e rs ity ,  M e lb o u r n e , A u s tra lia .
(2 ) L . P . H a m m e tt ,  “ P h y s ic a l  O rg a n ic  C h e m is t r y ,”  M c G r a w -H i ll ,  N e w  

Y o r k ,  N . Y . ,  194 0 , p p  2 0 4 -2 0 7 .
(3 )  R .  W . T a ft ,  J r ., in  “ S te r ic  E f fe c ts  in  O rg a n ic  C h e m is t r y ,”  M .  S.

N e w m a n , E d .,  W ile y ,  N e w  Y o r k ,  N . Y . ,  195 6 , C h a p t e r  13.

sets o f  orth o  substituent con sta n ts .4 E x ce p t fo r  som e 
v ery  bu lk y  groups and  th ose  capab le  o f  in tram olecu lar 
h y d rog en  bon d in g , p rev iou sly  defined  orth o  substituent 
con stan ts have b een  expressed in  term s o f in d u ctive  
and resonance com pon en ts w h ich  o fte n  are n ot rela ted  
to  th ose  for  para  or even  m eta  groups. S teric effects 
w ere said to  be  absent or  co n sta n t.4

O f the series o f  com pou n ds sta tistica lly  exam ined  b y  
C h arton , all are m on osu bstitu ted  an d  n early  all have 
the geom etry  g iven  b y  I  w here G  is the orth o  substit
uent an d  Y  is a rea ctive  cen ter such as CO>R, C N , O H , 
and  N H 3+ .

(4 ) F o r  a  lis t  o f  re fe re n ce s , see  M . C h a r to n , J . Org. Chem., 3 6 , 8 8 2  (1 9 7 1 ) ;  
Prog. P h ys. Org. Chem., 8 , 2 3 5  (1 9 7 1 ) .
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W e fe lt it  desirable to  exam ine structures w here the 
su bstitu ent and  reactive  cen ter h ave a different g eo 
m etrica l relationship . T h e  relative rates o f N -m e th y l- 
a tion  o f  a  series o f  2 -su bstitu ted  (I I )  and  2 ,6 -d isu b - 
s titu ted  p yrid in es (I I I )  b y  m eth y l iod ide  in d im eth yl 
su lfox ide  (D M S O ) w ere ob ta in ed . O ur results p rov id e  
th e  m ost exten sive set o f  rate data  y e t rep orted  for  
orth o -su b stitu ted  pyrid ines.

Y

I II III

T h e  use o f  I I  and I I I  as nucleoph iles is extensive 
bu t G  a lm ost a lw ays is an a lk y l grou p . I t  has been  
said  th at these n ucleophiles exh ib it steric e ffects in their 
reactions w ith  electrophiles, includ ing  h y d ro g e n ,5,6 sat
u ra ted 3,7-12 and  carbon y l ca rb o n ,13 and p h osph oru s.14 
H ow ever, th e  d issociation  constants, K &, o f  a w ide 
v a rie ty  o f orth o-su bstitu ted  pyrid ines, in clud ing  m any 
w ith  a lk yl groups, are said to  be  free o f  th e  in fluence o f 
steric e ffects .4,7,16 O ur purpose w as to  determ ine the 
relative im portan ce  o f steric and electron ic  effects on  
the rates o f  reaction  o f I I  and  I I I  w ith  m eth y l iod ide .

Results

R ela tiv e  rates o f N -m eth y la tion  o f 2 -su bstitu ted  and
2,6 -d isu bstitu ted  pyrid in es as w ell as a few  quinolines 
w ere o b ta in ed  b y  com p etition  m ethods. P airs o f  
h e terocy cles  w ere a llow ed  to  com p ete  for  m eth y l io 
d ide in d im eth yl su lfoxide (D M S O ) at 23 °. R e la tiv e  
rate  con stan ts w ere ob ta in ed  from  th e  p rod u ct ratios, 
as determ in ed  b y  nm r analysis o f  the IV -m ethyl p rod u ct 
peaks. T h ree  different m eth ods o f analysis w ere em 
p loyed .

In  the first a deficien cy  o f m eth y l iod id e  w as u tilized  
and  the p rod u ct ratio w as determ in ed  w h en  all o f  this 
reactan t had  b een  con su m ed .16 T h is  m eth od  w as n ot 
em p loyed  w ith  th e  less reactive  pyrid ines, ow in g  to  
side reactions.

W h en  th e  substrates w ere abou t 100 tim es less re
a ctive  than  pyrid ine, a sign ificant am ou n t o f  th e  m ethy l 
iod ide  reacted  w ith  the D M S O .17 T w o  varia tion s o f 
th e  com p etition  m eth od  then  w ere fo llow ed . T h e  
secon d  m eth od  in v o lv ed  determ in ing the p rod u ct ratio 
a fter  sm all am ounts o f  the h eterocycles  h ad  reacted . 
T h e  rate con stan t ratio  w as ca lcu lated  from  a k n ow l
edge o f the in itia l con cen tra tion  ratio o f  the h etero - 5 6 7 8 9 10 11 12 13 14 15 16 17

(5 )  F . C o v it z  a n d  F . H . W e s th e im e r , J . Am er. Chem. Soc., 8 6 , 1773  
(1 9 6 3 ) .

(6 )  E . S . L e w is  a n d  L . H . F u n d e r b u r k , ibid., 89, 2 3 2 2  (1 9 6 7 ).
(7 )  F o r  a  s u m m a r y  o f  e x te n s iv e  w o rk  a n d  a lis t  o f  re fe re n ce s , see  H . C . 

B r o w n , J. Chem. Soc., 1248  (1 9 5 6 ) ;  J . Chem. Educ., 36, 4 2 4  (1 9 5 9 ).
(8 ) R . F . H u d s o n  a n d  R .  J . W ith e y ,  J . Chem. Soc., 4 1 , 3 5 1 3  (1 9 6 4 ).
(9 )  N . T o k u r a  a n d  Y .  K o n d o ,  Bull. Chem. Soc. Jap ., 37, 133  (1 9 6 4 ).
(1 0 )  J . P a ck e r , J . V a u g h a n , a n d  E . W a n g , J. Am er. Chem. Soc.. 8 0 , 905  

(1 9 5 8 ).
(1 1 ) K . C la r k e  a n d  K .  R o t h w e l l ,  J. Chem. Soc., 1885  (1 9 6 0 ).
(1 2 ) G . C o p p e n s ,  F . D e c le r e c k ,  C . G il le t , a n d  J . N a s ie lsk i, Bull. Soc. 

Chim. Belg., 72, 25  (1 9 6 3 ).
(1 3 )  A . R .  B u t le r  a n d  V . G o ld ,  ibid., 4 3 6 2  (1 9 6 1 ).
(1 4 )  H . J . B ra ss , J . O . E d w a r d s , a n d  M . J . B ia lla s , J . Am er. Chem. Soc., 

92, 4 6 7 5  (1 9 7 0 ) .
(1 5 )  M .  C h a r to n , ibid., 8 6 , 2 0 3 3  (1 9 6 4 ).
(1 6 )  L . W . D e a d y  a n d  J . A . Z o lt e w ic z ,  ibid., 93, 5 4 7 5  (1 9 7 1 ).
(1 7 )  T . D u r s t , Advan. Org. Chem., 6 , 2 8 5  (1 9 6 9 ) ;  R .  K u h n , Angew. Chem., 

Int. Ed. Engl., 69, 5 7 0  (1 9 5 7 ).

cy clic  reactants, [H et]0, and  the p ro d u ct ra tio  (eq  1). 
T h is  essentially  is the in itia l rate  m eth od . W h ereas

h  [Heti]o _  [CHsHetd .
/c2 [Het2] o [CH3Het2]

in th e  in itia l rate m eth od  o fte n  on ly  1 -2 %  o f a p rod u ct 
is a llow ed  to  form  b e fore  a p rod u ct analysis is m ade, 
larger am ou n ts o f p rod u ct w ere a llow ed  to  fo rm  in  ou r 
experim ents in  order to  p rov id e  stron g  nm r signals. In  
the results rep orted  here, th e  error in trod u ced  b y  co n 
versions as large as 2 5 %  is on ly  on  th e  order o f  th e  error 
in th e  nm r m easurem ents, ~ 4 % .

A  th ird  varia tion  in v o lv ed  determ in in g  th e  p ro d u ct  
con cen tra tion  as a fu n ction  o f tim e. R a te  co n 
stant ratios th en  w ere ca lcu lated  using a  standard , 
in tegrated  rate expression  (eq  2 ). T h is  m eth od  w as

ki log ([Heti]/[Het»]o) ■ (2)
ki log ([Het2]/[H et2]0)

em p loyed  in  a com p etition  in vo lv in g  2 -ch lo ro - an d  2 - 
ca rb oxym eth y lp yrid in e  w here > 5 0 %  p ro d u ct  w as 
form ed . T h e  rate con stan t ratio d eterm in ed  at v a r
ious stages o f  the reaction  agreed  to  ±  1 0 %  and th is aver
age va lue agreed  w ith  th at g iven  b y  th e  p ro d u ct  ratio 
early  in the reaction  to  ±  1 0 % . N o te  th at fo r  th e  la tter  
tw o  m ethods, unlike th e  first, a k n ow led ge  o f th e  m eth y l 
iod id e  con cen tra tion  is n o t necessary. E q u a tion  2 is 
an exa ct solu tion  and  applies generally .

R a te  con stan t ratios fo r  13 pyrid in es an d  2 qu inolines 
are g iven  in  T a b le  I . T h ese  va lu es are b ased  on  th e  
several com p etition  standards ind icated . U sing these 
d a ta  and  elim inating th e  com parison  h e terocy cle , rate  
con stan t ratios, kG/k H, w ith  pyrid in e as th e  standard  
are ob ta in ed . T h e  u ncerta in ty  in  kG/k K is estim ated  to  
be  a b ou t 6 -1 0 % . N o  results w ere ob ta in e d  fo r  2- 
m eth oxyp yrid in e , ow in g  to  p ro d u ct in s ta b ility .18

A  con tro l experim ent show ed  th at on ly  a n eg lig ib le  
am ou n t o f  h yd rolysis  o f  N -m eth y la ted  2 -brom opyrid in e  
to  IV -m ethylpyridone to o k  p lace under th e  con d ition s  
o f  th e  com p etition  experim ent. A  sm all am ou n t o f  
w ater a dded  to  a reaction  m ixture fo llow in g  N -m e th y l
ation  w as w ith ou t effect ov e r  24 hr. T h e  ring p ro ton s  
o f W -m eth ylpyridon e served  as a sensitive test fo r  th is 
m aterial. T hu s, residual w ater in th e  D M S O  has no 
in fluence on  the com p etition  con stan t.

S ince oxotrim eth y lsu lfon iu m  iod id e  (m eth y la ted  
D M S O , r  6 .0) is present in som e o f th e  reactions, a 
ch eck  w as m ade to  determ ine w h eth er th is m ateria l 
w ou ld  com p ete  w ith  m eth y l iod id e  as an  N -m e th y l- 
ating agent. T h e  m eth y la ted  D M S O  fa iled  to  g ive  a 
sign ificant am ount o f  N -m eth y la ted  m eth y l 2 -p yrid in e - 
carboxy la te . I t  seem s likely  th at o th er pyrid in es are 
n ot N -m eth y la ted  b y  th is reagen t in the presence o f  
th e  m ore reactive  m eth y l iod ide .

O ur kBr/ k H va lue o f 0.0039 fo r  2 -b rom op y rid in e  is 
sim ilar to  the va lue o f 0.0031 (25 °, n itroben zen e) d e
r ived  from  oth er studies7,12 w here rate  con stan ts rather 
than  rate  con stan t ratios w ere ob ta in ed . H ow ever, 
our results in d icate  th at 2 -ch loro - and  2 -b rom op yrid in e  
have a b ou t the sam e rea ctiv ity  an d  th e  earlier rep ort 
in d ica ted  th at the ch loro  is a b ou t tw ice  as rea ctive  as 
the b rom o  co m p o u n d .12 H ow ever, th e  ch loro  to  ester 
rate con stan t ratio w e ob ta in ed  in d irectly  using 3-

(18) For examples of possible reactions, see T. Severin, D. Batz, and H. 
Lerche, Chem. Ber., 10 3 , 1 (1970).
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T a b l e  I

R e l a t i v e  R a t e  C o n s t a n t s  f o r  R e a c t i o n s  o f  S u b s t i t u t e d  P y r i d i n e s  w i t h  M e t h y l  I o d i d e  i n  DMSO a t  23“ °
'---------------------— ----------------------------------------------------C o m p e t i t io n  s t d ------------------- --—  ----------------- --------------------

R e g is t r y 2 -C y a n o - 2 -C a r b o x y - 3 -B r o m o - 1 ,1 0 -P h e n a n -
S u b s t itu e n t (s ) n o . P y r id in e 5 p y r id in e m e t h y lp y r id in e q u in o lin e th r o lin e

H 110-86-1 (1 .0) (0.016«.“ ) (0 .047d’/ )
2-NH, 504-29-0 1.23 (1.23)
2-CH3 109-06-8 0.38 (0.38)
2-C2H6 100-71-0 (0.17«)
2-NHCOCH3 5231-96-9 (0.0082) 0.97
2-CO2CH3 2459-07-6 (0.0084) 0.52
2-C1 109-09-1 (0.0039) 1.8 0.50 0.24
2-Br 109-04-6 (0.0039) 1.8
2-CHzC6H5 101-82-6 (0.081) 1 .7 /
2-CN 100-70-9 (0 .0022)
2-(2-Pyridyl) 366-18-7 (0.0029/) 1. 2/ 0 .21/
2,6-(CH3)2 108-48-5 (0.023) 1.4
2-CH3-6-NH2 1824-81-3 (0.050) 1.05/
2-CH3Q» 91-63-4 (0.0062) 0.74

Comparison of substituted pyridine to standard compound. 6 Values in parentheses are relative rate constants using pyridine as
a standard; see text. c Reference 16. d Reference 20. « 2-Ethylpyridine-pyridazine =  0.667 and pyridine-pyridazine = 4 .0 .  /S ta 
tistically corrected for reaction of two equivalent nitrogen atoms. » 2-Methylquinoline.

brom oqu in olin e  an d  th e  ratio  o b ta in ed  d irectly  agreed  
to  ± 4 % .

O ur relative rate con stan ts fo r  qu inoline and 2 - 
m eth y l-, 2 -e th y l-, an d  2 ,6 -d im eth y lpyrid in es are v ery  
sim ilar to  th ose  re p o rte d .10 O ur rela tive rate con stan t 
for  2 -m eth ylqu in olin e  is a b ou t on e -h a lf th a t rep orted ; 
n itroben zen e w as th e  so lv e n t .10 S om e sm all varia tion  
in  th is ra tio  w ith  so lven t ch an ge is to  be  expected .

2 -M eth y l-6 -a m in op y r id in e  underw en t m eth y la tion  
a t b o th  th e  annular an d  am ino n itrogen  a tom s; 1,2- 
d im eth y l-6 -am in op yrid in iu m  and 2 -m eth y l-6 -trim eth y l- 
a m m on iopyrid in e  iod ides w ere isolated  from  a reaction  
m ixture. T h e  rate  con sta n t ra tio  g iv en  in T a b le  I  re
flects rea ction  at ju st th e  annular n itrogen  a to m  and 
results from  th e  use o f  eq  1. A lth ou g h  th e  N -m e th y l 
peaks o f  b o th  o f the iso la ted  p rod u cts  overla p p ed  in 
D M S O -de, th e  a d d ition  o f  K O D  to  a m ixture resu lted  
in signal separation . T h e  iV -m ethyl peak  o f  the am in o- 
p y rid in iu m  sa lt sh ifted  u p h eld  b y  a b o u t 25 H z.

A  B rpn sted  p lo t o f  lo g  kG/k H vs. p A a for p yrid in es and  
qu inolines is g iven  in  F igu re 1. T h e  kG/k H va lues cov er  
a  range o f  ~ 5  X  102 w h ile  th e  A a19 va lu es range ov er  
a fa cto r  o f  ~ 5  X  107. T h u s, th e  n u cleop h ilic ity  o f  th e  
h eterocy cles  tow a rd  m eth y l iod id e  is on ly  m od era te ly  
d ep en den t on  ba sic ity . R esu lts  fo r  qu inoline are tak en  
from  re f 20. T h e  p A a an d  log  k ° /k H va lu es for  th e  p y r - 
id y l grou p  in  2 ,2 '-b ip y r id y l are sta tistica lly  corrected  
b y  - 0 .3 0 .

Discussion

T h e  k in etic  results fou n d  fo r  th e  N -m eth y la tion  o f 
I I  and  I I I  d iffer su bstan tia lly  from  th ose  for N -a lk y la - 
tion  o f m eta - an d  para -su bstitu ted  p y r id in es .1116 20'21 
F or exam ple, w h ile  th e  o-am in o grou p  is ju st slightly  
a ctiva tin g , th e  p -a m in o  grou p  activa tes  stron gly . 
o -A lk y l grou ps d ea ctiva te  w hile  m- and  p -a lk y l groups 
activa te . In  general, m eta - and  para -su bstitu ted

(1 9 )  K . S c h o fie ld , “ H e te r o -A r o m a t ic  N it r o g e n  C o m p o u n d s ,”  P le n u m  
P ress , N e w  Y o r k ,  N . Y . ,  196 7 , p p  1 4 6 -1 4 9 ; D .  D . P e rr in , “ D is s o c ia t io n  
C o n s ta n ts  o f  O rg a n ic  B a se s  in  A q u e o u s  S o lu t io n ,”  B u tte r w o r th s ,  L o n d o n , 
1965.

(2 0 ) J . A . Z o lte w ic z  a n d  L . W . D e a d y ,  u n p u b lis h e d  resu lts .
(2 1 ) A . F is ch e r , W .  J . G a llo w a y , a n d  J. V a u g h a n , J . Chem. Soc., 3 5 9 6  

(1 9 6 4 ).
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Figure 1.— Br0nsted plot of the relative rates of N-methyla
tion of 2-substituted (filled circles) and 2,6-disubstituted pyri
dines (open circles) and quinoline (Q) and 2-methylquinoline 
(CH3Q) v s . the dissociation constants of the heterocyclic con
jugate acids in water. Rate studies employ DMSO solvent at 
23 ° . Pyridine (K ) is the rate standard.

pyrid in es g ive  a g o o d  B r0n sted  p lo t w ith  b o th  groups 
ly in g  on  the sam e line.

T h a t  th e  results for  orth o  an d  para  N -m eth y la tion  
are n ot sim ply re la ted  is to  be  a n tic ip a ted  from  a k n ow l
ed ge  o f th e  eff ects o f  substituents on  p K k va lues. T h e  
p A a values o f  I I  sh ow  a g o o d  corre la tion  w ith  m eta u 
valu es an d  n ot w ith  para  a v a lu e s .15 In d u ctiv e  effects 
are re la tive ly  m ore im p ortan t in the orth o  series.

In  an  a ttem p t to  correct fo r  th e  special nature o f  th e  
e lectron ic  effects o f  orth o substituents, w e h ave co m 
pared  the relative rates o f  N -m eth y la tion  w ith  exp eri-
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m en ta l A a values fo r  th e  sam e bases. I t  is clear from  
F igu re 1 th at th ere is con siderab le  sca tter in  th is B rpn - 
s ted  p lo t. A ll o f  th e  k in etic  data  ca n n ot be  in corp o 
ra ted  in to  a single, sa tisfa ctory  correlation . S om e o f 
th e  sca tter is larger th an  th e  2 5 %  com m on ly  fou n d  in 
linear free -en ergy  rela tion sh ips.22 F or  exam ple, the 
e ffect o f  a m eth y l grou p  is n ot ad d itive . 2 -M e th y l- 
is 2 .6  tim es an d  2 ,6 -d im eth y lpyrid in e  is 43 tim es less 
rea ctive  th a n  pyrid in e . 2 -E th y l- is abou t 2 tim es 
less rea ctive  th an  2 -m eth ylpyrid in e . 2 -A cety la m in o - 
n eg a tiv e ly  dev iates b y  a fa cto r  o f  a b ou t 10 and 2- 
(2 -p y r id y l)p y r id in e  b y  a b ou t 25 from  th e  B rpn sted  
line draw n for  m on osu bstitu ted  com p ou n d s.

T h e  resu lts in F igure 1 suggest th a t separate cor
re la tion  lines are requ ired  for  2 -su bstitu ted  an d  2 ,6 - 
d isu bstitu ted  pyrid in es, n ot includ ing  pyrid in e , th e  
paren t com p ou n d . T h e  line fo r  th e  m on osu bstitu ted  
com p ou n d s  is draw n  so as to  fa v o r  th e  sm aller groups. 
B o th  lines are draw n w ith  th e  sam e slope. E v e n  w ith  
tw o  lines, th ere is scatter. T h a t th e  results fo r  th e
2 ,6 -d isu bstitu ted  com p ou n d s show  a B rpn sted  correla 
tion  is on ly  a suggestion  becau se o f ou r lim ited  stu dy . 
I t  is in terestin g  th at th e  qu in oline an d  2 -m eth y lq u in o - 
line resu lts fit- th e  B rpn sted  lines fo r  m o n o - and di- 
su bstitu ted  pyrid in es, respective ly , a b ou t as w ell as 
a n y  pyrid in e . T h e  e ffect o f  th e  fu sed  ben zene ring 
appears to  be  m u ch  like th at o f  an orth o  su bstituent. 
B y  com parison , isoqu inolin e  lies on  a B r0n sted  line 
w h ich  includes pyrid in e and  m eta - and  p ara -su bstitu ted  
p y rid in es .20 21 T h e  slope o f the line w e h ave  draw n 
fo r  orth o -su b stitu ted  pyrid in es is 0 .4 , th e  sam e as th at 
fo u n d  fo r  m eta -su bstitu ted  pyrid in es reactin g  w ith  
m eth y l iod id e  in  D M S O .20

P ro to n  transfer reaction s in vo lv in g  II  and  I I I  are 
ex p e cte d  to  be g o o d  m odels  fo r  th e  a lk y la tion  reaction . 
T h ese  p ro ton  transfer reactions reflect the e lectron ic  
effects o f  th e  substituents on  th e  rates o f  a tta ck  o f  th e  
pyrid in es on  w ater m olecu les. T h is  fo llow s becau se
(1) p A w =  p A a +  ])K h w here K h is th e  equ ilibriu m  con 
stan t fo r  th e  reaction  B  +  H 20  <=± B H +  +  O H -  and
(2) th e  rate  con stan t fo r  the reaction  o f  B H +  an d  O H -  
is ex p e cte d  to  b e  th a t for  a d iffu sion -con tro lled  re
a c t io n .23 T h a t  is, ch anges in K h w ith  pyrid in e stru c
ture reflect changes in th e  rate o f  reaction  o f pyrid in e 
B  w ith  H 20 .  S teric fa ctors  are n ot im portan t becau se  
o f th e  sm all size o f  th e  p ro ton  w h ich  is be in g  transferred. 
T hu s, th e  results in F igure 1 in d ica te  th at o rth o  sub
stitu ents do n ot in fluence th e  rates o f  reaction  o f p y r 
id ine nucleoph iles  w ith  m eth y l iod id e  an d  w ith  w ater 
in  ex a ctly  th e  sam e w a y .

C on sid er n ow  th e  qu estion  o f  th e  cause o f  th e  scatter 
in  th e  B rpn sted  p lo t. I t  m a y  be  su ggested  th a t the 
sca tter is a con sequ en ce  o f th e  use o f  d ifferent solven ts. 
T h e  rate data  w ere d erived  using D M S O  b u t th e  p K a 
va lu es resu lt from  studies using aqu eou s solutions. 
W h ile  th is suggestion  can  n ot be  ru led  o u t rigorou sly , 
it  d oes  n ot seem  lik ely  th at this is th e  p rim ary  cause 
o f  th e  scatter. (1 ) N o  such scatter results in  the 
case  o f  N -m eth y la tion  o f m eta -su bstitu ted  pyrid in es; 
aga in  d a ta  are d erived  using D M S O  an d  w ater sol
v e n ts .2024 (2) T h e  sam e rea ctiv ity  order, H  >  2 -

(22) C .  D .  R i t c h ie  a n d  W . F . S a g e r , Progr. Phys. Org. Chem., 2, 323  
(1 9 6 4 ).

(2 3 ) M .  E ig e n , Angew . Chem., In t. Ed. Engl., 3 , 1 (1 9 6 4 ) ;  E .  E . G ru n w a ld  
a n d  E . K . R a lp h , Accounts Chem. Res., 4, 107 (1 9 7 1 ).

(2 4 ) T h e  d a t a  in  re f  16  m a y  b e  e m p lo y e d  t o  g iv e  s u ch  a  B r 0 n s te d  p lo t .

C H 3 >  2 -C 2H 6, is con sistently  rep orted  fo r  a  v a r ie ty  
o f  a lkylatin g  agen ts in  a  varie ty  o f  solven ts, in clu d in g  
w ater.7 -9 '11

W e  can  th in k  o f tw o  possible reasons fo r  th e  p o o r  fit 
o f  th e  data  in  F igure 1. (1 ) T h e  K & va lu es d o  n ot
correctly  express th e  nature o f  th e  e lectron ic  e ffects 
in th e  a lk y la tion  reactions a n d /o r  (2) steric fa ctors  
are im portan t.

I t  is to  be  ex p e cte d  th at our data  co u ld  b e  b e tte r  fit 
b y  a  m ultiparam eter eq u a tion ,26 b u t th e  fo llow in g  co n 
clusion  is still ex p ected  to  hold . S teric e ffects in fluence 
th e  rates o f  N -m eth y la tion  o f I I  an d  I I I .

T h e  term  steric effects is used in  a  b ro a d  sense a n d  
in cludes th e  com m on  n otion  o f  steric com pressions as 
w ell as steric h indrance to  so lvation , reson an ce, an d  
m otion  (a con form a tion a l fa c t o r ) .15’25 26

S ince steric effects are ex p ected  to  be  m ore  im p orta n t 
fo r  th e  reaction s o f  I I I ,  th e  cen tra l qu estion  ra ised  b y  
our results is w h eth er steric effects in fluence th e  rates 
o f  N -m eth y la tion  o f  less bu lk y  I I . T h a t steric e ffects 
d o  operate  th rou gh ou t the m on osu b stitu ted  p yrid in e  
series is in d ica ted  b y  th e  p ositive  d ev ia tion  o f  th e  h y 
d rogen  “ su bstitu ent”  from  th e  B rpn sted  corre la tion  
lin e .27

Superim posed  on  the e lectron ic  effect o f  an  orth o  
su bstitu ent is a steric effect w h ich  is n early  con sta n t fo r  
th ose  substituents ly in g  close  a b ou t the B rpn sted  line 
fo r  m on osu b stitu ted  pyrid in es. I t  is surprising h ow  
insensitive th e  rates o f  N -m eth y la tion  are to  sm all 
ch anges in  su bstitu ent size. H ow ever, fo r  grou p s such 
as 2 '-p y r id y l, steric e ffects dom in ate  rea ctiv ity .

T h e  N -a lk y la tion  reaction  is especia lly  su ited  to  
p rob in g  subtle  changes in steric requ irem en ts at th e  
reaction  site. I t  w ou ld  be  o f  in terest t o  determ in e h ow  
the size o f  o th er a lk ylatin g  agents w ou ld  in fluence th e  
scatter in  B rpn sted  p lots  fo r  orth o -su b stitu ted  p y r 
idines.

Experim ental Section

Materials.— All compounds were obtained from Aldrich 
Chemical Co. except 2-acetylaminopyridine, mp 68-69° (lit.28 
mp 71°), which was prepared from the amine. All but one of the 
methiodides reported in this study have been prepared.71012'28'29

From the reaction of 2-amino-6-methylpyridine and methyl 
iodide in DMSO, two products were isolated. Addition of ethyl 
acetate to a reaction mixture resulted in the formation of an oily 
precipitate. This material on fractional crystallization from 
ethanol gave two iodides: l , 6-dimethyl-2-aminopyridinium
iodide, mp 191-193° (Anal. Calcd for C7H11IN2: C, 33.6; II, 4.4; 
N, 11.2. Found: C, 33.6; H, 4.5; N, 11.1.); 2-methyl-6-tri- 
methylammoniopyridine iodide, mp 182.5-183.5° dec (Anal. 
Calcd for C-.H^IN,: C, 38.8; H, 5.4; N, 10.1. Found: C,
38.6; H, 5.3; N, 9.9).

DMSO was dried over molecular sieves. DMSO-d6 was ob
tained from Stohler Isotope Chemicals.

Relative Rates of Methylation with Methyl Iodide in D M SO.—
Three methods were employed but the preparations of reaction 
mixtures were essentially the same and have been reported.16 
Various compounds served as internal standards; they are listed 
in Table I. Analyses were made using nmr at 60 MHz.

(2 5 )  P . R .  W e lls , ‘ ‘ L in e a r  F re e  E n e r g y  R e la t io n s h ip s ,”  A c a d e m ic  P re ss , 
N e w  Y o r k ,  N . Y „  1968 , p  7.

(2 6 )  J . H in e , ‘ ‘ P h y s ic a l  O rg a n ic  C h e m is t r y ,”  2 n d  e d , M c G r a w -H i l l ,  
N e w  Y o r k ,  N . Y . ,  196 2 , C h a p t e r  4 .

(2 7 )  I t  h as b e e n  n o t e d  t h a t  th e  v a lu e  fo r  a  h y d r o g e n  “ s u b s t i t u e n t ”  o f te n  
d e v ia te s  fr o m  c o r re la t io n  lin e s  e s ta b lis h e d  b y  o t h e r  s u b s t i t u e n t s .I5-Js

(2 8 )  “ D ic t io n a r y  o f  O rg a n ic  C o m p o u n d s ,”  4 th  e d , O x fo r d  U n iv e r s it y  
P re ss , N e w  Y o r k ,  N . Y . ,  1965 .

(2 9 )  E . K o e n ig s ,  K . K o h le r , a n d  K . B l in d o w , Chem. B er., 58, 9 3 3  (1 9 2 5 ) ;  
A . E . T s c h it s c h ib a b in ,  R .  A . K o n o w a lo w a , a n d  A . A . K o n o w a lo w a ,  ibid., 
54, 8 1 4  (1 9 2 1 ) ;  O . M a g id s o n  a n d  G . M e n s c h ik o w , ibid., 59, 1 20 9  (1 9 2 6 ) ;  
F . H . W e s th e im e r  a n d  O . T .  B e n fe y ,  J. Am er. Chem. Soc., 78, 5 30 9  (1 9 5 6 ).
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T a b l e  II

Chemical Shifts of the A -M ethyl Groups of 
2-Substituted and 2,6-Disubstituted 

V -M ethylpyridinium Iodides in  DMSO“'*’
S u b s t itu e n t T S u b s titu e n t T

H 5.51 Cl 5.55
c h 3 5.63 Br 5.50
c 2h 5 5.58 CN 5.33
n h 2 6.13 2'-C5H4N 5.63
NHCOCHa 5.70 c 6h 6c h 2 5.55
c o 2c h 3 5.35 2,6-diCH3

2-CH3-6-NH2
5.88
6.31

° The DMSO satellite peak at r 6.23 served as a reference 
standard. 6 Value for 2-methylquinoline is r 5.50.

Results for pyridine, 2-aminopyridine, and all alkylated 
compounds except 2-methylquinoline were obtained by a method 
reported earlier.16 This method is based upon a determination of 
the relative amounts of N-methylated products after all the 
methyl iodide limiting reagent had been consumed.

Rate constant ratios for all other compounds were calculated 
from product ratios using eq 1 or from product concentrations 
using eq 2. In order to determine product concentrations, 
mesitylene (ring signals) was employed as an internal standard. 
Chemical shifts for the iV-methyl peaks are listed in Table II.

R egistry  N o .— M e th y l iod ide , 74 -88 -4 ; 1 ,6 -d im ethyl-
2 -am in opyrid in iu m  iod ide, 32654-50-5 ; 2 -m eth yl-6 -tri- 
m eth y lam m on iopyrid in e  iod ide , 34314-77-7.

A ck n ow led g m en t.— T h is w ork  w as su pported  in  part 
b y  the th e  N a tion a l Scien ce F ou n d a tion  (G P  25500).

Formation of Triazabenzacephenanthrylium Salts.
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The preparation1 of a series of benzimidazo [2,1-6] quinazolin-12-ones possessing potent immunosuppressive 
activity2 has been described. A novel rearrangement of 6-(2-ehlorobenzoyl)benzimidazo[2,l-6]quinazolin-12- 
ones is now discussed, together with the solvolytic cleavage of the resulting ionic pentacyclic salts. Borohydride 
reduction of this type of salt leads to unusual products containing the CH (N <  )3 unit.

T h e  ch lorob en zoy l co m p o u n d  1 undergoes p y ro ly tic  
rearrangem ent w h ich , w e suggest, in volves in term ediate
2. T h e  in itia l rearrangem ent p ro d u ct 3 w as n ot iden 
tified  d irectly  b u t b y  m eans o f th e  derivatives described  
later. S im ilarly, th e  correspon d in g  2 ,4 -d ich loroben - 
zo y l d eriva tive  4  gives th e  ion ic  ch loride  5.

3,  R  =  H  
5,  R = C 1

T h e  solvo lysis  o f  5  on  refluxing w ith  isop rop y l a lcoh ol 
w ill b e  discussed first since th is is th e  on ly  case in w hich  
both o f the tw o possib le  isom eric p rod u cts  w ere actu ally  
isolated  in  the pure state.

T hese isom ers an a lyzed  as CjMHjgNgOgCl; and  this, 
togeth er w ith  th e  in frared  an d  nm r spectra , is con 
sistent for  the isop rop y l esters 6 and 7.

(1 )  W .  H . W .  L u n n  a n d  R .  W .  H a rp e r , J . H eterocycl. Chem., 8, 141 (1 9 7 1 ).
(2 ) W .  H . W .  L u n n  a n d  R .  W .  H a rp e r , J . M ed. Chem., 14, 1 06 9  (1 9 7 1 ).

In sp ection  o f D re id in g  m odels o f  structures o f  ty p e  8 
(F igure 1) reveals th a t th e  lik e ly  con form a tion  is as 
show n . T h e  p lane o f the aroy l ben zene ring is ap
p rox im a te ly  at righ t angles to  the p lane o f  the tetra 
cy c lic  system , w hile th e  position  o f the a roy l carbon y l 
grou p  is, as will be  seen later, dependen t on  the nature o f 
R .

T h e  nm r spectra  o f  6 and  7 each  exh ib it signals 
in tegrating for  three p roton s  betw een  8.9 and 8.4 ppm . 
T hese  are due to  H A, H B,3 and presu m ably  H D in  the 
desh ielding zones o f  the tw o ca rb on y l groups, w ith  the 
aroy l ca rb on y l fu n ction  in  th e  p osition  sh ow n  in  the 
diagram . A lso , b o th  spectra  con ta in  a single p ro ton  
signal, in  th e  v ic in ity  o f  7 p p m ; this arises from  H c 
w h ich  is sh ielded  b y  th e  aroy l benzene ring. In  the 
case o f  6 th is signal is in  th e  form  o f a b ro a d  d ou b let 
(,J  =  7.5 cps) cen tered  at 6.99 p p m ; ea ch  o f the peaks 
was w idened  b y  m  and p cou p lin g . In  th e  spectrum  o f 
7, how ever, a n arrow ly  spaced  d ou b let (J  =  1.7 cps) 
is ev id en t (v ery  sm all p cou p lin g  accou nts fo r  the sharp
ness o f  the d o u b le t ) .

I t  was h op ed  th a t mass sp ectroscop y  m ight con firm  
these assignm ents, b u t the m ass spectra  o f 6 and 7

(3 ) W .  H . W . L u n n  a n d  R .  W . H a rp e r , Tetrahedron, 27, 2 0 7 9  (1 9 7 1 ).
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MI =  metastable ion

p rov ed  to  be  extrem ely  sim ilar. T h is  s ituation  is 
qu ite  reasonable  if  w e presum e th a t the first cleavage 
to  occu r  w ith  each  com p ou n d  is, predom in an tly , the 
w ell-established  loss o f  alkoxide from  esters.4 T h is  is 
p ro b a b ly  the case since anchim eric assistance from  the 
te tra cyc lic  nucleus w ou ld  g ive  rise to  th e  re la tive ly  
stable com m on  ion , nam ely, the ca tion  o f  5, w h ich  
w ou ld  th en  result in sim ilar spectra  for  b o th  esters.

A p a rt from  th e  parent peaks, the m ost intense peaks 
in  th e  m ass spectra  o f  these tw o com p ou n d s lie at m/e 
345 and 344 w hich , we suggest, are due to  ions 9 and 10. 
T hese  w ou ld  be  expected  to  be  rather stable b u t w ou ld  
g ive  rise to  11, m /e  280, as show n.

(4 ) H . B u d z ik ie w ic z ,  C .  D je r a s s i , a n d  D . H . W ill ia m s , “ I n t e r p r e ta t io n  o f  
M a s s  S p e c tr a  o f  O rg a n ic  C o m p o u n d s ,  H o ld e n -D a v ,  S a n  F r a n c is c o , C a lif ., 
1964, pp 11-14.

I t  is sign ificant th at th e  peaks correspon d in g  to  
those cleavages leading to  ions 5, 9, 10, and 11 are im 
p orta n t in  the m ass spectra  o f  12-17 inclusively .

O n h eatin g  in  m ethanol, 3 gave m eth y l ester 12, 
w hile 13 was isolated  from  5. W h en  refluxed  in  water, 
3 and 5 p rov id ed  ca rb ox y lic  acids 14 and 15, respec
tiv e ly , the la tter bein g  a m em ber o f th e  series isom eric 
w ith  13. S im ilarly , heating 3 and 5 in  d im eth y lfo rm - 
am ide led  to  the form ation  o f  16 and 17, respec
tive ly .

T h ere  is an interesting con form ation a l difference 
betw een  the d im eth yl am ides 16 and 17 and th e  rest 
o f  the rearrangem ent p rodu cts. T h e  nm r spectra  o f  
the fou r  esters and th e  ca rb ox y lic  acids all exh ib it 
signals for  three p roton s  betw een  8.9 and  8.4 ppm , 
these arising from  th e  p ro ton s  H A, H B, and  H D w ith  
th e  con form a tion  show n in  8. H ow ever, th ere are 
signals for  on ly  tw o proton s in  th is reg ion  in  th e  n m r 
spectra  o f  th e  tw o  am ides. S ince H A an d  H B are fixed  
in re la tion  to  the qu in azolon e ca rb on y l fu n ction , w e 
m ust assum e th a t in  the am ides the aroy l ca rb on y l 
grou p  is n o t d irected  tow ard  H D as it is in  the o th er  
com pou n ds. T h e  reason  for th is d ifferent con form a 
tion  is p ro b a b ly  largely  steric h indrance.

R e d u ctio n  o f the ben zim idazo  [2,1-6 ]azaqu inolin ium - 
12-one nucleus was th en  in vestigated . T rea tm en t o f  
181 w ith  sod iu m  b o roh y d rid e  in m ethan ol gave  a co m 
pou n d  w ith  an analysis in d icatin g  th e  ad d ition  o f  a 
h ydrogen  atom  and loss o f  ch loride ; and th e  m ass 277 
o f the parent ion, in its mass spectrum , con firm ed 
this.

T h e  ou tstan d in g  features o f  th e  nm r spectru m  (C D - 
C l3) o f  th e  red u ction  prod u ct are tw o sin g le -proton  qu ar
tets cen tered  at 8.05 and 7.88 p p m  and a sharp  single
p ro ton  signal at 5.59 ppm . T w o  low -fie ld  qu artets 
are fou n d  in the nm r spectra  o f  ben zim idazo  [2,1-6 ]- 
azaqu in oliz in -12 -on es,3 a lbeit at som ew h at low er field, 
a b o u t 8.6 and 8.5 ppm , and  h ave  been  show n  to  arise 
from  H - l  and  H -10  (see structure 21 ), w h ich  are in  
the desh ielding zone o f th e  ca rb on y l grou p . T hu s, it 
w ou ld  seem  that the p en ta cy clic  nucleus has been  re
ta ined  on  redu ction , b u t  th e  com p lete ly  p lanar ch ar
acter o f  the system  m ay  h ave b een  lost. T h ese  vari
ous data  con form  to  structure 19, the sharp u n ip roton  
signal b e in g  due to  the new  N N C H N  unit.

D eta ils  o f  the mass spectru m  o f 19 fu rth er su p p ort 
th is structure. T h e  m ost intense peak  lies at m /e  
276, w ith  oth er strong peaks at m/e values o f  277, 248,
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3, R =  R 1 = H 
5, R  =  H; R 1 =  Cl

3, R =  R 1 = H 
5, R =  H; R 1 =  Cl

3, R  =  R i = H 
S, R  =  H; R 1 =  Cl

R '

H , o

4
D M F

14, R =  R> =  H; R 2 =  OH
15, R = Cl; R 1 =  H; R 2 =  OH

16, R = R 1 =  H; R 2 = N(CH3)2
17, R = Cl; R 2 = H; R 2 =  N(CH3)2

n m r  H e

6.93 ppm (J =  8.1 cps) 
6.98 ppm (J =  8 .2 cps)

6.95 ppm ( /  ¡= 8.1 cps)
6.94 ppm (J  =  1.9 cps)

7.09 ppm (J  =  8.3 cps)
7.10 ppm (J =  1.8 cps)

and  220. T hese cou ld  be  a ccou n ted  fo r  v e ry  w ell b y  
the fo llow in g  processes.

m/e 220(6%) 
MI 195 ~  2202

248

In  a sim ilar fash ion  the ion ic  ch loride 5 was redu ced  
w ith  sod iu m  boroh y d rid e  to  20.

T h e  N N C H N  p roton  o f 20 g ives rise to  a sharp nm r 
signal at 7.01 ppm , and  the principal peaks in the mass 
spectrum  o f 20 can  be  assigned to  th e  an ticipated  
cleavages: m/e 372 (M  — H ), 344 (M  — H  — C O ), 
337 (M  -  H  -  C l), and 309 (M  -  H  -  C O  -  C l).

A t  this po in t we w ill describe som e redu ction s o f  the 
related, b u t n on ion ic te tra cyc lic  com p ou n d s 21 and  23.

C om p ou n d  21 was redu ced  b y  lith ium  alum inum  
h ydride to  the d e o x y  com p ou n d  22, w hereas 23 af
ford ed  the h y d rox y  com p ou n d  24 under the sam e con d i
tions. P yrolysis  o f  24 p rod u ced  the d eoxy  com p ou n d

25. T h e  p osition  o f the C = N  d ou b le  b o n d  show n  in 
22 is presum ed because o f  the sim ilarity  o f  the u ltra 
v io le t  spectra  o f  22 and  25.

T h e  a ction  o f zinc on  23 in  refluxing acetic acid  re
su lted  in  cleavage  and rearrangem ent to  g ive  2 -(2 - 
a m in oph en yl)ben zoth iazole  (26 ), iden tified  as its N - 
acety l derivative . I t  is suggested  th a t in term ediate 
27, form ed  first, is c leaved  to  28, w h ich  is redu ced  to  29. 
H ydrolys is  o f 29 w ou ld  lead  to  loss o f  the N C H 2N  
m ethylene grou p  as form ald eh yd e  and  deh ydration  o f 
th e  resulting p rod u ct w ou ld  a fford  26.

T h e  correspon d in g  ben zim idazo  com p ou n d  21 p roved  
resistant to  th is trea tm en t and  was recov ered  un
changed .

E xperim ental S ection

Unless otherwise stated, all the nmr spectra were run in a 
solution in trifluoroacetic acid-di.

Pyrolysis of 6-(2-Chlorobenzoyl)benzimidazo[2,l-6]quinazolin-
12-one (1) and the 6-(2,4-Dichloro) Analog (4).— Chlorobenzoyl 
compound l l (5.5 g) was heated at 245° for 50 min. It slowly 
melted; then, af'er about 20 min, it commenced to resolidify. 
Solidification was complete after 40 min. The material, crude 
3, was collected and ground in a mortar and pestle in preparation 
for further reactions.

Dichlorobenzoyl compound 41 was treated as described above 
to yield crude 5.

Treatment of 6-Chloro-9,14-dioxo-9H,14H-4b,9a,13b-triaza- 
benz[a,e]acephenanthrylium Chloride (5) with Isopropyl Alcohol.
— Crude 5 (1.0 g) was refluxed with stirring in dry ¿-PrOH (20 ml) 
for 14 hr; the mixture was allowed to cool and then was evapo-
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rated to dryness under reduced pressure. The residue was slurried 
in CH2C12 (10 ml) and filtered. Evaporation to dryness under 
reduced pressure and fractional recrystallization of the residue 
from CHClj-i-PrOH gave two crops of 7 (‘265 and 37 mg), mp 
278-279° and 277-279°, respectively.

Anal. Calcd for C24H,8N30 3C1: C, 66.74; H, 4.20; N,
9.73; Cl, 8 .21. Pound: C, 66.88; H, 4.12; N, 9.98; Cl,
8.41.

The mother liquors afforded two crops of 6 (293 and 69 mg), 
mp 188-190° and 186-188°, respectively.

Anal. Calcd for C24H18N30 3C1: C, 66.74; H, 4.20; N,
9.73; Cl, 8.21. Found: C, 66.93; H, 4.48; N, 9.87; Cl,
8.09.

5-(2-Carbomethoxyphenyl)benzimidazo [2,1-6] quinazolin-12- 
(5ff)-one ( 12).— Crude 3 (1.0 g) was refluxed with stirring in dry 
CH3OH (20 ml) for 14 hr and then treated as 5 above. Re
crystallization from the same solvent mixture gave 12 (278 mg), 
mp 232-234°.

Anal. Calcd for C22H15N30 3: C, 71.53; H, 4.09; N, 11.38. 
Found: C, 71.63; H, 4.08; N, 11.05.

5-(5-Chloro-2-carbomethoxyphenyl)benzimidazo [2,1-6] quin- 
azolin-12(5/7)-one (13).— Crude 5 (1.0 g) was refluxed in dry 
CH3OH (20 ml) for 14 hr, allowed to cool, and evaporated to 
dryness under reduced pressure. The residue was slurried in 
(CH3)2CO (10 ml) and filtered. Evaporation of the filtrate 
under reduced pressure yielded a solid which, after three re- 
crystallizations from CH3OH-j-PrOIf, gave 13 (273 mg), mp 
208-210°.

Anal. Calcd for C22HMN30 3C1: C, 65.43; H, 3.49; N, 
10.41; Cl, 8.78. Found: C, 65.27; IT, 3.74; N, 10.14; Cl,
8.99.

5-(2-Carboxyphenyl)benzimidazo [2,1-6] quinazolin-12(5/7 )- 
one (14).— Crude 3 (1.0 g) was refluxed in diglyme (5 ml) con
taining II20  (1 ml) for 4 hr; the mixture was allowed to cool and 
then was evaporated to dryness under reduced pressure. The 
residue was slurried in DM F (6 ml) and filtered. Concentration 
of the filtrate and addition of CH3OH provided crystals from 
which pure 14 (149 mg), mp 287-289°, was obtained by one 
recrystallization from D M F-C H 3O If.

Anal. Calcd for C2,H13N30 3: C, 70.99; If, 3.69; N, 11.82. 
Found: C, 70.70; H, 3.64; N, 11.62.

3-Chloro-5-(2-carboxyphenyl)benzimidazo [2,1-6] quinazolin- 
12(5f7)-one (15).— Crude 5 (1.0 g) was refluxed in diglyme (5 
ml) containing H20  (1 ml) for 4 hr. The mixture was allowed to 
cool and was evaporated to dryness under reduced pressure. 
Pure 15 (374 mg), mp 302-304°, was obtained after recrystal
lization of the residue from DM F.

Anal. Calcd for C21HI2N30 3C1: C, 64.71; H, 3.10; N, 
10.78; Cl, 9.10. Found: 63.26; H, 3.29; N, 10.38; Cl, 
8.80.

5-(2-Dimethylcarbamoylphenyl)benzimidazo [2,1-6] quinazolin- 
12(5if)-one (16).— Crude 3 (1.0 g) was refluxed in dry DMF 
(7 ml) for 2 hr. The resulting solution was concentrated to 
about 3 ml and allowed to cool. Crude 16 crystallized and was 
collected by  filtration. The filtrate was concentrated to about
1.5 ml and, after cooling, diluted with CcH6 (10 ml). This led 
to the deposition of colorless plates of dimethylamine hydro
chloride, which were removed by filtration. The mother liquors 
from the amine hydrochloride were evaporated to dryness under 
reduced pressure, and the residue, bulked with the above crystals 
of 16 and recrystallized from CHCl3-f-PrOH, afforded pure 16 
(216 mg), mp 255-256°.

Anal. Calcd for C23H,8N40 2: C, 72.23; H, 4.74; N, 14.65. 
Found: C, 71.93; IT, 4.49; N, 14.66.

3-Chloro-5- (dimethylcarbamoylphenyl )benzimidazo [2,1-6] - 
quinazolin-12(577)-one (17).— Crude 5 (1.0 g) was treated as 
described in the preparation of 16. Recrystallization of crude 
17 from DM F-f-PrOH provided pure material (470 mg), mp 
216-218°.

Anal. Calcd for C23IT,,N40 2C1: C, 66.26; IT, 4.11; N, 13.44; 
Cl, 8.50. Found: C, 66.39; IT, 4.11; N, 13.29; Cl 8.74.

2 ,3-Dihydro-1H ,877-3a, 7b, 12b-triazobenz [0] acephenanthrylen-
8-one (19).— »Salt 18 (5.0 g) was stirred in aqueous CH3OIT (250 
ml, 80%) and NaBIR (0.83 g) was added portionwise, the tem
perature being maintained at 20-25° by intermittent cooling. 
The mixture effervesced, and a yellow material precipitated 
during the borohvdride addition. The mixture was stirred at 
room temperature for 0.5 hr, cooled in an ice bath, and acidified 
to pH 1.5 with 10% HC1; then a solution of Na2C 0 3 (3 g) in 
l f20  (300 ml) was added. The resulting suspension was filtered 
to give crude product 19 (4.1 g), mp 139-143°.

Anal. Calcd for CnIT16N 30 :  C, 73.63; IT, 5.45; N, 15.15; 
O, 5.77. Found: C, 74.03; H, 5.53; N, 15.15; O, 6.10.

6-Chloro-97/,14//-4b,9a,13b-triazadibenz[a,3]acephenan- 
thrylene-9,14-dione (20).— Finely divided ionic chloride 5 (1.0 g) 
was stirred in C If3OII (5 ml) while NaBTT4 (1.2 g) was added 
slowly in small portions; 0.5 hr after the addition, the mixture 
was processed as in the above borohydride reduction. Com
pound 20 (0.27 g), mp 205-207°, was obtained on recrystalliza
tion of the crude product from DM F.

Anal. Calcd for C2,TT,2N30 2C1: C, 67.47; TT, 3.24; N, 11.24; 
01,9.49. Found: C, 67.23; H, 2.98; N, 11.46; Cl, 9.69.

Reduction of Benzimidazo¡2,1-61 quinazolin-12(6H )-one (21) 
with LiAlH,—The parent nitrogen tetracyclic 21 (7.05 g) was 
stirred, in an ice bath, in dry diglyme (250 ml); RiAlH4 (2.28 g) 
was added in portions. The mixture was stirred at room tem
perature for 24 hr and then was cooled in an ice-water bath while 
H20  (4.6 ml) and then aqueous NaOH (4.0 ml, 10%), was added 
dropwise. CIfCl3 (200 ml) was added to make the inorganic 
precipitate more granular; after stirring for 2 hr at room tem
perature, the mixture was filtered; the solid on the filter was 
washed with diglyme (50 ml). The filtrate was evaporated to 
dryness at reduced pressure, and the residue was recrystallized 
twice from CHC13 to give 22 (2.03 g): mp 363-366° dec; XE,i™
212 m/x (e 29,000), 265 (10,800), 295 (20,400), and 304 (19,300).

Anal. Calcd for C I4H „N 3: C, 75.99; II, 5.01; N, 18.99. 
Found: C, 75.83; IT, 5.35; N, 19.20.

Reduction of Benzothiazo[2,3-6]quinazolin-12-one (23) with 
L1AIH4.—Quinazolinone 23 (7.56 g) was treated with RiAlIR 
(1.70 g) in diglyme (150 ml) and processed in the manner de
scribed above. Recrystallization from CIICR provided 24 
(0.83 g), mp 155-157°.

Anal. Calcd for C ;4IT,2N2OS: C, 66.13; IT, 3.96; N, 11.02; 
S, 12.61. Found: C, 65.82; H, 4.19; N, 11.06; S, 12.59.

Benzothiazo[2,3-6] quinazoline (25).— Benzimidazole 8 (1.50 
g) was heated in a nitrogen atmosphere at 265° for 15 min. The 
resulting glass was twice recrystallized from (CIf3)2CO at the 
temperature of a (CH3)2CO-solid C 02 bath to give pure 25 
(0.28 g): mp 155-157°; XE*™ 219 mM (e 27,000), 231 (25,300),
322 (19,300), 334 (20,700), and 350 (11,700).

Anal. Calcd for C14TT,oN2S: C, 70.58; IT, 4.23; N, 11.76: S,
13.43. Found: C, 70.32; IT, 4.50; N, 11.63; S, 13.19.

Reduction of Benzothiazo[2,3-6]quinazolin-12-one (23) with 
Zinc in AcOH.—The tetracyclic benzothiazoquinazolone (5.04



g) was refluxed vigorously with zinc dust (12 g) in glacial AcOH 
(70 ml) for 3.5 hr. After cooling to room temperature, the mix
ture was Altered, and the filtrate was evaporated under reduced 
pressure until the AcOH was removed. The residue, a thick 
oil containing some solids, was stirred with (CH3)2CO (150 ml) 
and filtered to remove the last traces of zinc acetate. The re
sulting solution was evaporated to dryness, leaving a thick oil 
(3.37 g).

A portion (1.0 g) of this oil was dissolved with Ac20  (2 ml) 
in dry pyridine (7 ml). After 16 hr the mixture was poured into 
ice-water, and the resulting mixture was extracted with ether. 
The ether extract was dried over anhydrous MgSOi, filtered, 
and evaporated under reduced pressure to give an oil which 
slowly crystallized on standing. Recrystallization from C H 3O H  
gave the product (0.53 g), mp 115-118°. Another recrystalliza
tion from C H 3O H  provided an analytical sample, mp 120-121°, 
of 2-(2-acetylaminophenyl)benzothiazole.

2-Methoxyallyl Chloride, Bromide, and Iodide

Anal. Calcd for C,5H i2N2OS: C, 67.14; H, 4.51; N 10.44; 
S, 11.95. Found: C, 67.05; H, 4.29; N, 10.22; S, 11.89.

Registry No.—3, 32612-56-9 ; 5, 32612-57-0 ; 6, 
32827-40-0 ; 7, 32675-27-7 ; 12, 32722-78-4 ; 13, 32675-
28-8 ; 14, 32722-79-5 ; 15, 32675-29-9 ; 16, 32675-30-2 ; 
17, 32675-31-3 ; 19, 32675-32-4 ; 20, 32675-33-5 ; 22, 
32675-34-6 ; 2 4 ,3 2 6 7 5 -3 5 -7 ; 2 5 ,2 4 3 -9 5 -8 ; 2 -(2 -a ce ty l- 
am in oph en yl)ben zoth iazole , 32675-37-9.
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2-Methoxyallyl chloride (3a), the corresponding bromide 3b, and iodide 3c have been synthesized by two inde
pendent routes, and like the series of previously unknown l-halo-2-methoxypropenes 4 a -c  are now readily avail
able for the first time. Our first route is the reaction of 2-methoxypropene (1) with the JV-halosuccinimides 
(2 a -c ) , especially A'-chlorosuccinimide (2a) and iV-bromosuceinimide (2b), to give a series of five products, namely, 
in the case of 2b, the desired 2-methoxyallyl bromide (3b), l-bromo-2-methoxypropene (4b), l-bromo-2-methoxy- 
2-succinimidopropane (7b), as well as minor amounts of l-bromo-2,2-dimethoxypropane (5b) and bromoacetone 
(6b). The reaction of iV-bromosuccinimide (2b) and 1 is completely ionic, being insensitive to free-radical donors 
and inhibitors, and represents the first thoroughly studied example of the reaction of V-bromosuccinimide with an 
enol ether. A second entry into the 2-methoxyallyl system has been proviced by the pyrolysis of l-chloro-2,2- 
dimethoxypropane (5a) above 180° in the presence of Lewis acids. As in the reaction of 2-methoxypropene (1) 
with V-chlorosuecinimide (2a), not only 2-methoxyallyl chloride (3a) is formed in this pyrolysis but also the iso
meric l-chloro-2-methoxypropene (4a). Interestingly, even the ratio of 3 a :4 a  is similar to that obtained in the 
first route. Thermolysis of l-bromo-2,2-dimethoxypropane (5b) proceeds in milder conditions and again pro
duces 3b as well as 4b. 2-Methoxyallyl iodide (3c) is most readily available from the corresponding bromide 3b 
by treatment with Nal in acetone.

2 -A lk ox y a lly l halides represent a sim ple class o f  b i
fu n ction a l com pou n d s w h ich  aside from  h avin g  intrinsic 
interest deserve a tten tion  in  synthesis. F o r  exam ple, 
w e have used 3b as a precursor in 4 +  3 —*■ 7 cy c lo 
ad d ition s ,1'2 and one m ay  easily  envisage fu rth er 
app lica tion s, for  exam ple, in  the realm  o f organ om etallic  
chem istry . C uriously , apart from  a cla im  in a dated  
p a ten t3 w h ich  w e have rein vestigated , there is to  our 
k n ow ledge n ow here in  the ch em ical literature any 
m en tion  o f these sim ple com pou n ds, be  it as the parent, 
i.e., 3a-c, or m ore h igh ly  su bstitu ted , say as part o f  a

(1 ) (a ) H . M .  R .  H o ffm a n n , D .  R .  J o y ,  a n d  A . K . S u te r , J . Chem. Soc. B , 
57 (1 9 6 8 ) ;  (b )  H . M .  R .  H o ffm a n n  a n d  D . R .  J o y ,  ibid., 1182  (1 9 6 8 ) ;
(c )  H . M .  R .  H o ffm a n n  a n d  N . F . J a n e s , J . Chem. Soc. C, 1 45 6  (1 9 6 9 ) ;
(d )  H . M .  R .  H o ffm a n n , G . F . P . K e rn a g h a n , a n d  G . G re e n w o o d , J . Chem. 
Soc. B , 2 2 5 7  (1 9 7 1 ) ;  (e )  H . M .  R .  H o ffm a n n , K .  E . C le m e n s , a n d  R .  H . 
S m ith e rs , J. A m er. Chem. Soc., in  p re ss ; ( f )  G . G r e e n w o o d , A . E . H il l ,  a n d
H . M . R . H o ffm a n n , u n p u b l is h e d  w o rk .

(2 ) C y c lo a d d i t io n s  c la ss if ie d  a c c o r d in g  t o  th e  r in g -s iz e  c r it e r io n ;  se e  R . 
H u isg e n , Angew . Chem., In t. Ed. Engl., 7 , 321 (1 9 6 8 ) .  F o r  4 +  3 — 7 c y c l o 
a d d it io n s  in v o lv in g  o x y a l ly l ,  se e  N . J . T u r r o ,  S . S . E d e ls o n , J . R .  W illia m s , 
T .  R .  D a r lin g , a n d  W . B . H a m m o n d , J . Am er. Chem. Soc., 91 , 2 2 8 3  (1 9 6 9 ) ;  
R .  C . C o o k s o n , M .  J . N y e ,  a n d  G . S u b ra h m a n y a m , J. Chem. Soc. C, 4 7 3  
(1 9 6 7 ), 2 0 0 9  (1 9 6 5 ) ;  A .  W . F o r t , J . Am er. Chem. Soc., 8 4 , 2 6 2 0 , 2 6 2 5 , 4 9 7 9  
(1 9 6 2 ).

(3 ) K . W e s tp h a l a n d  H . K lo s , G e rm a n  P a te n t  6 1 4 ,4 6 2  [Chem. Abstr.,
2 9 , 5 9 9 4 1 (1 9 3 5 ) ] ;  U . S. P a te n t  2 ,1 1 9 ,8 0 2  (1 9 3 8 ).

ring. A s enol ethers4 and a lk yl halides the desired 
com pou n ds are expected  to  be  electron  rich  and electron  
deficient at the sam e tim e. N atura lly , the con fron ta 
tion  o f tw o such sites w ith in  one m olecu le  w ill n ot on ly  
present problem s in synthesis b u t also new  properties, 
and it seem ed to  us from  the v e ry  begin n in g  th at neither 
stron gly  acid ic nor stron g ly  basic con d itions cou ld  be 
part o f  any satis fa ctory  ap p roach  and th at also som e 
care w ou ld  be requ ired  in  w ork in g  up any p oten tia lly  
interesting reaction  m ixture.

W e n ow  w ish to  record  the synthesis o f  2 -m eth oxy 
allyl ch loride (3a), brom ide  3b, and iod ide 3c b y  tw o  
efficient routes.

Results

A. Product Analysis and Structural Assignments.—
G en erally , V '-halosuccin im ides (2a-c) have been fou n d  
to  react w ith  2 -m eth oxyp rop en e  (1) to  g ive  succin im ide 
and five oth er p rod u cts  as exem plified  in  Schem e I for 
the reaction  w ith  IV -brom osuccin im ide (2b).

(4 ) F o r  re v ie w s  c f  e n o l  e th e rs , s e e  (a ) H . M e e r w e in , “ M e t h o d e n  d er  
O rg a n is ch e n  C h e m ie ,”  H o u b e n —W e y l—M ü lle r , E d .,  V o l .  6 /3 ,  T h ie m e , S t u t t 
g a r t , 1965 , p 9 7 ; (b )  F . E ffe n b e rg e r , Angew . Chem., In t. Ed. Engl., 8 , 2 9 5  
(1 9 6 9 ) ;  ( c )  M .  F . S i io s ta k o v s k ii,  A .  V . B o g d a n o v a , a n d  G . I .  P lo t n ik o v a ,  
Russ. Chem. Rev., 3 3 , 66 (1 9 6 4 ) ;  s e e  a lso  M .  F . S h o s ta k o v s k ii ,  B . A . T r o f i 
m o v , A . S . A ta v in , a n d  V . I .  L a v r o v ,  ibid., 3 7 , 9 0 7  (1 9 6 8 ).
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O f th e  p rod u cts  obta ined , com pou n ds 3, 4, 5, 
an d  6 are vo la tile , la ch ry m a tory  liqu ids, w hile the 
a d d u cts  7a-c p ro v e d  to  b e  solids. T h e  iden tifica tion  
o f  these p rod u cts  rests on  com bin ed  g lc -n m r, m ass 
sp e ctro sco p y , and  ch em ica l transform ations. Specifi
ca lly , th e  peak  areas o f  th e  vo la tile  p rod u cts  3, 4, 5, 
an d  6 in  g a s -liq u id  ch rom atogram s (c /. T a b le  V  for 
re ten tion  tim es) w ere m atch ed  b y  correspon d in g  
in tensities o f  n m : peaks, and  preparative g lc  a llow ed  us 
to  isolate  in d iv idua l com p ou n d s w h en ever desirable. 
T h e  enol ethers 3a and 4a, as w ell as 3b and 4b, w ere 
fu rth er identified  b y  their reactions w ith  variou s al
coh ols. F or exam ple, 2 -m eth oxya lly l b rom ide  (3b), 
as w ell as its isom er 4b, reacts v e ry  sm ooth ly  w ith  
m eth an ol to  g ive qu an tita tive ly  the b rom o  k eta l 5b; 
n o t  u nreasonably , 3b reacts som ew h at faster than  4b.

A priori, the enol ethers 4a, 4b, and 4c cou ld  be 
p resen t as a m ixture o f  c is /tra n s  isom ers. T h a t on ly  
one respective  isom er had  been  form ed  cou ld  be  show n  
as fo llow s. (1 ) 4a, 4b, and 4c gave p erfectly  sym 
m etrica l peaks on  glc. S pecifica lly , 4a w as exam ined  
on  five d ifferent colu m n s and p ro v e d  to  be  a  single 
com p ou n d . (2) A  c is /tra n s  m ixture if present should  
also be d iscern ible in the nm r spectrum . N o  add ition a l 
peaks b e y o n d  those ascribable to  one isom er w ere 
ob served . (3 ) E xpan sion  o f th e  peak  at r  4.S8 in  4a 
and at r 4.91 in 4b revealed  a b road  qu artet (cou p lin g  
to  C C H 3), w h ile the m eth y l p roton s appeared  on  
expan sion  as a d ou b le t w ith  J h .c h , ~  0.7 H z, cou p lin g  
bein g  con firm ed  b y  d ou b le  irradiation . W h eth er the 
halogen  atom s in the en ol ethers 4a, 4b, and 4c are 
a ctu a lly  cis or trans to  th e  m eth oxy  grou p in g  can  at 
present n o t be decid ed  from  th e  m agn itude o f  a lly lic 
cou p lin g , since exam ples are k n ow n  w here | /cis| >
! J transl and  v ice  versa .5 H ow ev er , som e w ork  in 
rela ted  system s discussed b e low  suggests the form ation  
o f cis isom ers.6

O f the three ad d u cts 7a, 7b, and 7c, l-b ro m o -2 - 
m ethoxy -2 -su ccin im id oprop an e  (7b) has been  in
v estiga ted  in detail. I t  is a stable  crysta lline solid , 
m p  3 2 -3 4 ° , w h ich  sh ow s a m olecu lar ion  m/e 249 for  
C 8H i2N 0 379B r, p ro v id e d  th at the v a p o r  pressure o f  the 
sam ple is su fficiently  high, and prom inen t fragm en ta 
tion  peaks m — C H 3 and m — O C H 3 in exce llen t accord  
w ith  the assigned structure. T h e  nm r spectru m  is

(5 )  (a ) S . S te rn h e ll, Quart. Rev., Chem. Soc., 2 3 , 2 3 6  (1 9 6 9 ) ;  (b )  L . M .  
J a c k m a n  a n d  S. S te rn h e ll, “ A p p lic a t io n s  o f  N m r  S p e c t r o s c o p y  in  O rg a n ic  
C h e m is t r y ,”  2 n d  e d , P e r g a m o n  P re ss , E lm s fo r d ,  N . Y . ,  1 9 6 9 ; (c )  M .  B a r -  
fie ld  a n d  B . C h a k r a b a r t i ,  Chem. Rev., 6 9 , 757  (1 9 6 9 ).

(6 )  A priori , t h e  is o m e r  is  e ith e r  p u re  c is -4 a  ( a s -4 b )  o r  p u re  trans-4 a
( ir a n s -4 b ) .  W h ile  i t  w o u ld  b e  d e s ir a b le  t o  o b t a in  th e  se r ie s  o f  b o t h  cis- 
4 a - c  a n d  trans-4 a - c  in  o r d e r  t o  re a ch  a  firm  s tr u c tu ra l  a ss ig n m e n t , th e re  are  
a  n u m b e r  o f  in d ica t io n s  w h ich  s u g g e s t  th e  fo r m a t io n  o f  cis-4 a ~ c .  F o r  e x 
a m p le , o n  p y r o ly s is  o v e r  K 2S 2O 7 a t  1 4 0 ° l -c h lo r o -2 ,2 -d ie t h o x y e t h a n e  has 
b e e n  r e p o r te d  t o  lo se  e th a n o l w ith  fo r m a t io n  o f  m a in ly  c is  is o m e r :  J . F .
A re n s , J . V e g te r , a n d  T .  d e  B o e r , Reel. Trav. Chim. P ays-B as, 7 7 , 753  (1 9 5 8 ) ;  
se e  a ls o  J . F . A re n s , Advan. Org. Chem., 2 , 117 , 123 , 124 (1 9 6 0 ), a n d  re fe re n ce s  
c it e d  th e re in . S im ila r ly , p y r o ly s is  o f  l - c h lo r o -2 ,2 -d im e t h o x y e t h a n e  o v e r  
a c t iv a t e d  c a r b o n  a t  2 7 0 °  a ffo r d s  7 0 %  cis-  a n d  3 0 %  trans-0-c h lo r o v in y l  
e th e r :  E .  K o b a y a s h i  S . H a t to r i ,  a n d  K .  T a d a , J a p a n e s e  P a te n t  158 (1 9 5 8 )
[see Chem. Abstr., 6 2 , 1 9 9 53#  (1 9 5 8 ) ] .  E l im in a t io n  o f  H C1 fr o m  1 ,2 -d i-  
c h lo r o e t h y l  e th e rs  w it .i  t e r t ia r y  a m in e  has  b e e n  r e p o r te d  t o  y ie ld  c is  is o m e rs  
in  e x ce ss  ( 7 5 - 9 0 % )  o v e r  tra n s  is o m e rs  ( 1 0 - 2 5 % ) :  M .  F a r in a , M .  P e r a ld o ,
a n d  G . B re ssa n , Rend. 1st. Lom b. Sci. Lett., A , Cl. 9 4 , 6 0 0  (1 9 6 0 ) [Chem. 
Abstr., 66 , 7 11 5e  (1 9 6 2 ) ] .

G e n e r a lly , th e  fo r m a t io n  o f  c is  is o m e r  fo llo w s  th e  c is  ru le  o f  V ie h e  [H . G . 
V ie h e , Chem. Ber., 9 3 , 1697  ( I 9 6 0 ) ] ,  w h o  p r o p o s e d  t h a t ,  in  th e  ca se  o f  c i s /  
t ra n s  is o m e rs  th e  s u b s t itu e n ts  o f  w h ich  c o n s t itu te  an  e le c t r o n  d o n o r - e le c t r o n  
a c c e p t o r  p a ir , th e  c is  is o m e r  is m o r e  s t a b le  u n less  th e  s u b s t itu e n ts  h a v e  p a r 
t ic u la r ly  la rg e  s t e r ic  r e q u ir e m e n ts . H o w e v e r , th a t  o n e  s t e r e o is o m e r ic  0 - 
h a lo v in y l  e th e r  ca n  b e  fo r m e d  to the exclusion  o f  th e  o th e r , as in  o u r  ca se , 
is  o f  c o n s id e r a b le  in te re s t  a n d  a p p a r e n t ly  w ith o u t  p r e c e d e n t .

S c h e m e  I

in teresting  in th at it d isp lays the ex p ected  A B  q u a rtet 
for  th e  d iastereotop ic  C H 2B r p roton s, w h ich  are, 
h ow ever, separated  rather w id e ly  (A^ab  =  116 H z ) , 
presu m ably  because the n eigh borin g  asym m etric ca rb on  
is a ttach ed  to  three w id e ly  dissim ilar groups. In 
tegration  show s th at the peak at r 8.15 has the sam e 
area as the sharp m eth oxy  singlet at r  6 .83 ; on  ex
pansion  the dow n field  half o f  the qu artet appears as tw o  
b road  quartets, i.e., H c is cou p led  fu rth er to  th e  C C H 3 
proton s w ith  J h c,c h > =  1 H z. F rom  th e  “ W ”  ru le6 
and also the w ork  o f D a v is  and  R o b e rts7 it can  be  
con clu d ed  w ith  con fidence th at it is the p ro ton  an ti to  
the m eth y l group  w h ich  show s long-range cou p lin g . 
P resu m ably  the con form ation  o f 7b, in w h ich  the 
su ccin im idy l group ing  is anti to  the brom ine a tom , is 
preferred.

A d d u ct  7b can be heated  in  ch loroben zen e u p  to  120° 
and  does n ot suffer an y  detectab le  d ecom p osit ion ; 
on ly  the nm r spectru m  changes sligh tly , w ith  A^ab  =  
104 H z at 120°. O n the oth er hand, in n itroben zen e 
solu tion  at room  tem perature b o th  A i/ab and  •/c h 1,h  
are sm aller, bein g  88 and 0 .6  H z, respective ly .

B. Synthesis of the 2-Methoxyallyl Halides (3a-c). 
(1) Reaction of 2-Methoxypropene (1) with ATHalo- 
succinimides (2a-c).—The reaction  o f 2 -m eth oxy - 
propen e (1) and N -b rom osu ccin im id e  (2b) g ives an 
array o f p rod u cts  and has been  in vestigated  in depth  
(T a b le  I) w ith  the aim  o f op tim iz in g  the fo rm a tion  o f 
2 -m eth oxya lly l b rom ide  (3 b ), w h ich  n ot u n exp ected ly  is 
a sensitive com p ou n d  and is best handled  in solu tion . 
In  the course o f  our w ork  the con d ition s  detailed  in 
run 9, T a b le  I, have em erged as op tim u m  fo r  the 
preparation  o f 3b. A fter  carefu l w ork -u p  o f the reac
tion  m ixture a 5 0 %  solu tion  in C C b  o f 2 -m eth oxy a lly l 
b rom ide  (3b) (6 8 -7 0 % ), 4b  (2 8 -3 0 % ), and  5b +  6b +  
7b (0 - 4 % )  is ob ta in ed  w h ich  can  be stored  ov e r  N a 2C 0 3 
in the dark at room  tem perature. A lth ou gh  n eat 
2 -m eth oxya lly l brom ide  (3b) and l-b ro m o -2 -m e th o x y - 
propen e (4 b ) d ecom pose  at ro o m  tem perature, b o th  
com p ou n d s can be isolated  in  pure form  b y  preparative 
glc.

N o t  u n expected ly , the reaction  o f  JV -chlorosuc- 
cin im ide (2a) and 2 -m eth oxypropen e (1) requires 
sligh tly  m ore v igorou s con d ition s, i.e., refluxing CCU 
in a n y  case. T h e  p rod u ct m ixture can  be w ork ed  u p  as 
described  fo r  the b rom o  deriva tives  and  it is clear 
th at this reaction  p rov id es  a sim ple an d  sa tis fa ctory  
rou te  to  the p rev iou sly  u nk n ow n  2 -m eth oxy a lly l 
ch loride (3a) as w ell as l-ch lo ro -2 -m e th o x y p ro p e n e  
(4a).

In  con trast A '-iodosu ccin im ide  (2c) an d  th e  enol 
ether 1 react on ly  in com p le te ly  in refluxing CC14,

(7 ) D .  R .  D a v is  a n d  J . D . R o b e r t s ,  J . Am er. Chem. Soc., 8 4 , 2 2 5 2  (1 9 6 2 ) .
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T a b l e  I
P R O D U C T S “  FR O M  T H E  R E A C T IO N  O F  2 - M e T H O X Y P R O P E N E  ( 1 )  A N D  A -B R O M O S U C C IN IM ID E  ( 2 b )  IN  C C I 46

R u n
'----------------R e a g e n ts ,

1
, m o l/1 .---------------- n

2b T e m p ,  ° C
R e a c t io n  

t im e , m in 3b
--------------P r o d u c t  c o m p n , %

4b 5b 6b 7b
1» 1.8, ca. 3 1.8 25 5 30 10 30 5 25
2* 1.6 ca. 2 (excess) 25 90 33 13 7 7 40
3* 1.85 1.87 0 120 36 14 7 7 36
4 1.43 1.12 25 5 50 17 1 8 24
5“ 1.43 1.12 25 5 50 17 1 8 24
6* 1.85 1.5 25 5-75 50 17 1 8 24
7* 1.85 1.871 25 120 46 17 2 8 27
8 1.43 1.12 55-65 10 48 20 1 7 24
9» 1.85 1.87 55-65 50 54 18 6 3 19

10 1.85 1.87 60-70 30 42 16 1 5 36
11- 1.98 1.6 Reflux-80* 10 29 14 1 8 48
12' 1.85 1.5 Reflux-80* 10-15 29 13 1 2 54
13 1.85 1.87 Reflux-80* 20 44 17 9 6 24

“ Product distribution determined by glc (3b, 4b, 5b, and 6b ) and nmr which gave per cent 7b  relative to 3b and 4b . The error for 
measuring peak areas is ca. 2.5-4%  in general but obviously greater for compounds present in less than 10%. 6 Except for runs 1-3, 
CCli (analytical grade) was dried (P4O10) before use. 2-Methoxypropene was dried (CaCh) and redistilled except for runs 1-3 and al
ways added to the suspension of 2b in C C I 4 with shaking. A-Bromosuccinimide was usually finely ground but otherwise not treated any 
further (c/., however, run 7). '  Reaction solution contained 0.01 g of galvinoxyl. In two more runs under the conditions of run 4, but,
in the presence of 1 mol %  of benzoyl peroxide and 1 mol %  of iodine, the composition of product remained unchanged. d Product 
ratios stay constant throughout reaction time. * Variation of solvent: CH2CI2 ihomogeneous) no change, except perhaps more adduct 
7 b . In chlorobenzene (semihomogeneous) more 7b  was formed. f Ar-Bromosuccinimide dried (P4O10, desiccator). " Reaction mixture 
was stirred. * Refluxing causes a slightly yellow coloration of the reaction products. * 2,6-Lutidine (ca. 0.2 M ) present. ’ Solid 
Na2C 03 (0.5 g) present.

T a b l e  II
P roducts from the Pyrolysis of 1-Chloro-2,2-dimethcxypropane (5a)

■T em p, ° C -------------------- - .------------------------------------ -P r o d u c ts ,“  %•
R u n C a ta ly s t 0 C o lu m n * M e t a l  b a th H e a d 3a 4a 5a 6a

1 K 2S2O7 2 Vigreux 180-210 108 26.5 43 19 11.5
2 K 2S2O7 Vigreux 180-200 110-112 25 27 31.5 16
3 QP 2 air condensers 180-230 106-110 35.9 32.5 22.3 9.3
4 QP, Q* 2 air condensers 210-250 108-112 37 34.5 19 9.5
5 QP 2 Vigreux ca. 200 120 25.5 17 41 16.5
6 QP Air condenser 200-210 <124 24 13.4 50 12.6
7 QOTs 2 air condensers 225-235 103-105 38.2 43.6 13.4 4 .7
8 Ac20 , AcOH Vigreux 150-185 102-107 32 56 10 2

quinaldine
“ QP = quinaldine phosphate; QOTs = quinaldine tosylate. * Vigreux column (24 X 1.5 cm) and air condenser (45 X 2 cm) used. 

e Some chloroacetone is present as an impurity in 5a and could also be formed during the pyrolysis. d Quinaldine (1.2%) and phosphoric 
acid (0.5%) used as catalyst.

iod ine bein g  liberated . H ow e v e r , w e have fou n d  that 
2 -m eth oxya lly l iod ide (3c) can  be  prepared  con 
ven ien tly  from  3b and N a l  in  aceton e.

(2) Thermolysis of l-Chloro-2,2-dimethoxypropane 
(5a) and l-Bromo-2,2-dimethoxypropane (5b).— 
H avin g  u n covered  a  sim ple reaction  for  preparing the 
2 -m eth oxya lly l halides w e becam e aw are o f a pa ten t 
accord in g  to  w h ich  the d im eth y l k eta l o f  ch loroaceton e  
is to  break  up  at 20 0 -2 7 0 ° in  th e  presence o f  ca ta ly tic  
am ou n ts o f  qu in oline ph osph ate  in to  3a and m eth a n ol.3 
O f course, th e  syn th esis o f  en ol ethers from  acetals 
and ketals via e lim in ation  o f  a lcoh ols is a w ell-estab 
lished rea ction ,4 b u t w e n oted  w ith  m ore than  casual 
con cern  th at fo rm a tion  o f  an y  isom eric en ol ether 
such as 4a had n o t b een  m en tion ed , a lthough  the 
p yrolysis  o f  5a like th e  reaction  o f  2 -m eth oxyp ropen e 
(1) w ith  A -ch lorosu cc in im id e  (2a) seem ed  lik ely  to  
p roceed  via an ion ic  m echan ism  in v o lv in g  sim ilar 
in term ediates. In  a n y  even t w e d ecid ed  to  rein 
vestigate  the pa ten ted  procedu re  from  the van tage  
p o in t o f  m od ern  an a ly tica l tech n iqu es an d  our earlier 
experience w ith  this class o f  com p ou n d s. A ccord in g ly ,
l-ch loro -2 ,2 -d im eth ox y p rop a n e  (5a) w h ich  is read ily  
available from  ch loroaceton e  w as p y ro ly ze d  in the 
presence o f  various L ew is acids a b ov e  180° (T a b le  I I ) .

I t  becam e clear im m ed iate ly  th at under all conditions, 
includ ing  those cited  in the p a te n t,3 n o t on ly  m ethan ol 
and  2 -m eth oxya lly l ch loride (3a) b u t also an isom eric 
en ol ether w ere p rod u ced  w h ich  p rov ed  to  be a single 
isom er and  iden tica l w ith  l-ch loro -2 -m eth ox y p rop en e  
(4a) ch aracterized  previou sly .

In  con trast to  5a the correspon d in g  b rom o  k eta l 5b 
w as fou n d  to  break  up  m ore read ily , elim in ation  occu r
ring during the preparation  o f 5b on  d istillation  and 
g iv in g  rise to  2 -m eth oxya lly l b rom ide  (3b) and its 
isom er 4b in a  ra tio  o f  3 :1 . C o n ce iv a b ly , H B r  was 
libera ted  during the d istillation  and ca ta lyzed  the 
breaku p  o f the ketal. D istilla tion  o f ch loro  k eta l 5a 
under redu ced  pressure in the presence o f ca ta ly tic  
am ou n ts o f  H 2S 0 4 afforded  m ain ly  u n ch an ged  startin g  
m ateria l and on ly  a sm all q u a n tity  o f  3a and 4a, b u t the 
ratio  3a:4a w as again rather high, be in g  3 :2 .

Discussion

T u rn in g  to  the reaction  o f the en ol ether 1 and  
A -b rom osu ccin im id e  (2b) first, it is strik ing th at d i
ben zoy l peroxide w h ich  is an efficient free-radica l 
in itia tor and  in h ib itors such as m olecu lar iod ine and 
ga lv in oxy l have no e ffect on  the reaction  (T a b le  I,
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run  5). C learly , an ion ic  reaction  is in d icated  and  
it  suffices to  in vok e an in term ediate  oxon iu m  su ccin - 
im idate ion  pair (Schem e I ) ,  w h ich  shou ld  be form ed  on  
the surface o f th e  W -brom osuccin im ide before  break ing 
d ow n  to  the three m a jor p rod u cts 3b, 4b, and 7b. It  
sh ou ld  be m en tion ed  exp lic itly  th a t all p rod u cts  are 
stable  during the reaction  (T a b le  I, run 6 ); i.e., ad d u ct 
7b is n ot a  precursor o f  either 3b or 4b, n or can  these tw o 
isom eric enol ethers equ ilibrate  under our con d itions.

A s  regards the p rop ortion  o f  the desired 2 -m eth oxy - 
a lly l halides 3a-c, it is o f in terest th at 3b predom in ates 
over  4b and, even  m ore so, 3c over  4c (T a b le  III).

T able I I I

T ypical Product D istribution in the R eaction o f  

iV-Halosuccinimides with 2-M ethoxypropene 
in Boiling C C U

3a (27%) 4a (31%) 5a (9% ) 6a (3% ) 7a (29%)
3b (54%) 4b (18%) 5b (6% ) 6b (3% ) 7b (19%)
3c (36%) 4c (3% ) 5c (15%) 6c (6% ) 7c (40%)

A p p a ren tly , the ratio 3 :4  is at least p artly  con tro lled  b y  
the a c id ity  o f  the C H 2H al proton s, increasing w ith  
decreasing a cid ity  (c /. nm r o f 5a, 5b, and 5c in T a b le  IV).

H o w  are brom oa ceton e  (6b) and th e  correspon d in g  
k eta l 5b form ed? A lth ou gh  the isom eric enol ethers 
3b and  4b  react read ily  w ith  solven t m eth an ol and w ith  
an y  traces o f  m oisture, it seem s m ore lik ely  th at w ater 
an d  m eth an ol w ou ld  h ave to  in terven e at the earlier 
ion -pa ir stage to  be  e ffective . A  fu rth er possible 
rou te to  b rom oa ceton e  (6b) is the transfer o f  the m eth y l 
grou p  to  su ccin im idy l anion w ith  release o f  6b. W hile  
V -m eth y lsu ccin im id e  has n ot been  d etected , it  can not 
be  ru led  ou t th at this com p ou n d  if form ed  w ou ld  have 
been  p recip ita ted  togeth er  w ith  succin im ide and so 
escaped  d etection . A n y  con tam inan ts such  as m eth 
anol or w ater are m ost lik ely  to  be  in trod u ced  throu gh
2 -m eth oxyp rop en e  (1 ), w h ich  is d ifficu lt to  ob ta in  
abso lu te ly  pu re ; in any case, d ry in g  o f V -b r o m o - 
succin im ide d id  n ot m ake an y  d iscern ib le difference to  
the p rod u ct com p osition  (run 7).

I t  is n o tew orth y  th at sim ply  b y  a dd in g  so lid  N a 2C 0 3 
or 2 ,6 -lu tid ine to  the h eterogen eous reaction  m ixture 
the p rop ortion  o f ad d u ct 7b can  be  increased to  4 8 %  
and m ore (T a b le  I, runs 11 and 12). A lth ou g h  the 
form ation  o f 1 :1  adducts in the reaction  o f W -brom o- 
succin im ide w ith  olefins is n ot u n k n ow n ,8 it  seem s clear 
th at there have been  cases in the past w here the for 
m ation  o f ad d u ct has gone u n d etected , especia lly  w hen 
reaction  m ixtures w ere analyzed  b y  g lc on ly . C o m 
pared  w ith  5-30% a d d u ct in  the case o f  sim ple olefins,8b 
the p rop ortion  o f a d d u ct 7b in the presence o f  base is, 
perhaps n ot surprisingly, large. I t  should  be m entioned  
th at the reaction  o f V -b rom osu ccin im id e  w ith  an enol 
ether, n am ely  d ih ydropyran , has been  stud ied  som e 
tim e ago b y  Shelton  and  his cow ork ers ,9 w h o n ot on ly

(8) (a) K. Ziegler, A. Späth, E. Schaaf, W. Schumann, and E. Winkel- 
inann, Justus Liebigs A n n . Chem., 5 5 1 , 80 (1942); for a reinvestigation, see 
G. Peiffer, J.-C. Traynard, and A. Guillemonat, Bull. Soc. Chim. Fr., 1910 
(1966); (b) A. Guillemonat, G. Peiffer, J.-C. Traynard, and A. Leger, ibid., 
1192 (1964); (c) I. Horman, S. S. Friedrich, R. M. Keefer, and L. J. An
drews, J. Org. Chem., 3 4 , 905 (1969); (d) see also J. A l. Landesberg and A4. 
Siegel, ibid., 3 5 , 1674 (1970); L. H . Zalkow and C. D . Kennedy, ibid., 2 9 , 
1290 (1964).

(9) J . R. Shelton and C. Cialdella, ibid., 2 3 , 1128 (1958); J . R .  Shelton 
and T. Kasuga, ibid., 2 8 , 2841 (1963); see also R. Paul and S. Tchelitcheff, 
C. R. Acad. Sei., 23 6 , 1968 (1953).

rep orted  th e  form a tion  o f an analogous a d d u ct b u t, in 
con trast to  the results in ou r system , th e  fo rm a tion  o f  a 
v ic in a l d ibrom ide  and also som e e ffect o f  free-rad ica l 
in itiators. A ltogeth er, the literature on  reactions o f  
W -brom osuccin im ides seem s still in som e d isarray  and  
n eed  for  repair. W hile  it has been  recogn ized  th a t an 
ion ic an d  a  free-radica l path  m ay  co m p e te ,10 the reac
tion  described  herein ’presents to  ou r k n ow led ge  the first 
clear exam ple o f  a com p lete ly  ion ic reaction  o f  W -b rom o- 
succin im ide w ith  an olefin.

In  con siderin g  the results o f  the secon d  rou te  to  
2 -m eth oxya lly l ch loride (3a) one sh ou ld  b ea r  in m in d  
th at the startin g  m aterial, i.e., l-ch lo ro -2 ,2 -d im e th o x y - 
propane (5a), boils at 1 3 2 -1 3 4 ° ,3 w hile the p rod u cts  w ill 
be  m ore v o la tile ; furtherm ore, an estim ate based  on  
g lc reten tion  indices suggests th at the desired  2 -m e
th ox y a lly l ch loride (3a) boils a b ou t 14° h igher than  its 
isom er 4a. [T he sam e difference in bo ilin g  p o in ts has 
b een  estim ated  fo r  the isom eric b rom ides 3b and 4b 
(c /. T a b le  V , fo o tn o te  c ) .]  H en ce, if  a reason ab ly  low  
p rop ortion  o f ch loro  k eta l 5a in the distillate be  ensured, 
it is advisab le  to  m aintain  the tem peratu re  a t th e  
co lu m n  head  b e low  120°. C on sisten tly , th e  h igh er the 
tem perature at the colu m n  head, the m ore fa v ora b le  the 
ratio 3a :4a, b u t also the greater the percen tage  o f 
starting m aterial 5a (T a b le  I I , runs 3 -6 ) .  A  co m 
prom ise such as the con d ition s o f  run 3 an d  4  seem s 
op tim u m  for  preparing 2 -m eth oxya lly l ch loride  (3a); 
in p o in t o f  fa ct  a  tem perature o f  11 0 -1 1 2 ° has been  
q u oted  in  the p a te n t3 and  it is again ev id en t th a t th e  
erstw hile p ro d u ct m ust have con ta in ed  isom er 4a.

I t  is especia lly  in teresting  th at b o th  the first an d  th e  
secon d  rou te  to  2 -m eth oxya lly l ch loride (3a) y ie ld  th is 
isom er 4a. Sim ilarly, the first and  the secon d  rou te  to  
2 -m eth oxya lly l brom ide  (3b) afford  4b w h ich  is isom eric 
w ith  3b.6 Since the ratio  o f 3a :4a (3b :4b) is also co m 
parable for  b o th  rou tes, the ion ic path  p rop osed  fo r  the 
tw o  sets o f  reactions gains add ition a l creden ce.

Conclusions

T h e  2 -m eth oxy a lly l system  is n ow  read ily  avail
able b y  the w a y  o f tw o different reactions. W h ile  
the first rou te to  3a and 3b is m ore sim ple as a la b 
o ra to ry  procedu re  in th at the reaction  starts from  
n on la ch ry m a tory  m aterials and  in v o lv es  h igh  co n 
versions, there can b e  little  d o u b t th at th e  p y ro lysis  o f  
the halo ketals 5a and 5b is adaptab le  to  large-scale 
preparations and tech n ica lly  attractive .

Experimental Section
Preparation of Starting Materials.— 2-Methoxypropene (1) 

was obtained by the published procedure11 in at least 95% purity, 
some methyl acetate and 2,2-dimethoxypropane generally being 
present as well. The V-halosuccinimides (2a-c) were commer
cial materials.

l-Chloro-2,2-dimethoxypropane (5a)12 was obtained from 
chloroacetone (6a) (0.9 mol), a redistilled commercial sample 
being used, and trimethyl orthoformate (1 mol) in methanol

(1 0 ) J . H . I n c r e m o n a  a n d  J. C . A la r t in , J . A m er. Chem. Soc., 9 2 ,  627  
(1 9 7 0 ) ;  C .  W . J e f fo r d  a n d  W . W o jn a r o w s k i ,  Helv. Chim. Acta, 5 3 , 1 19 4  
(1 9 7 0 ) ;  D . I .  D a v ie s  a n d  L . T .  P a r fitt ,  Tetrahedron Lett., 2 9 3  (1 9 6 9 ) ;  N .  A . 
L e B e l, J . E .  H u b e r , a n d  L . H . Z a lk o w , J . Am er. Chem. Soc., 8 4 , 2 2 2 6  (1 9 6 2 ) ;  
S. D .  R o s s ,  A4. F in k e ls te in , a n d  R .  C . P e te rse n , ibid., 8 0 , 4 3 2 7  (1 9 5 8 ) ;  J . D . 
R o b e r t s ,  E .  R .  T r u m b u ll ,  W . B e n n e t t ,  a n d  R .  A r m s tr o n g , ibid., 7 2 ,  3 1 1 6  
(1 9 5 0 ).

(1 1 ) G .  S a u c y  a n d  R .  A la r b e t ,  Helv. Chim. Acta, 5 0 , 1 1 5 8  (1 9 6 7 ).
(1 2 ) R e fe r e n c e  4a , p 199 .
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T able IV
N mr Spectra of P roducts from R eaction of 2 -M ethoxypropene (1) and V -H alosuccimimides (2 a -c )  in CCh“

e
och3'

hy cH2dx
Hb

OCH3b

XH,C*C"'CH1c
CHj'aOCĤ kCHZX CHJ"COCH!bX bHlC0\

C' 0
“H,C CHcHdX

X  =  Cl

3a 4a 5a 6a 7a

a +  b 5.79 (d), 5.98 (d,
< /H « ,H b  =  2.5 Hz), c 6.43 (s), 
d 6.14 (s)

a 4.88 (broad q), b 6.50 
(s), C 8.11 (d, .ZcHs.H = 
0.7 Hz)

a 8.7 (s), b 6.85 
(s), c 6.6 (s)

a 7.75 (s), 
b 5.7 (s)

a 8.15 (d), b 6.79 (s), c 5.28 
(broad q) +  5.47 (broad q, 
Jhc.hJ =  18 Hz), d 6.48 +  
6.66, e 7.4 (s)

X  =  B r

3b 4b 5b 6b 7b

a +  b 5.78 (d), 5.98 (d, Js a ,H b  =  
2.5 Hz), c 6.42 (s), d 6.24 (s)

a 4.91 (broad q), b 6.45 
(s), c 8.06 (d, , / c h , . h  = 
0.7 Hz)

a 8.66 (s), b 6.87 
(s), c 6.74 (s)

a 7.72 (s), 
b 6.06 (s)

a 8.15 (d, Z c h j .h c  =  1 Hz), 
b 6.83 (s), c 5.46 (broad q) -f  

5.56 (broad q, Z c h , , h c  =  1 
Hz), d 6.62 +  6.72 
(J.h c .h J  = 10 Hz), e 7.52 (s)

X  =  I

3c 4c 5c 6c 7c

a +  b 5.74 (d), 5.98 (d,
J H & .H b  = 2.5 Hz), c 6.42 (s), 
d 6.20 (s)

a 5.2 (broad), b 6.46 (s), 
c obscured

a 8.64 (s), b 6.84 
(s), c 6.76 (s)

a 7.86 (s), 
b 6.18 (s)

a 8.12 (d), b 6.79 (s), c 5.48 
(broad q) +  5.67 (broad q), 
d obscured, e 7.41 (s)

“ All spectra were recorded at 60 MHz in ca. 10% CC14 solution except for adduct 7b, which was studied in detail at 100 MHz. Chem
ical shifts are quoted on the r scale. The positions of the CH2X  resonances in 3 a -c , S a -c , 6 a -c , and 7 a -c  are solvent and concentration 
dependent. For example, the signals for the CH2C1 protons of neat 3a and of a 50% solution in acetone are separated by 0.07 ppm; 
CH2Br of 6b resonates at r 6.08 in a ca. 50% solution in CC14 and at t 6.18 in 20% solution.

T able V
G lc R etention  T imes of 3 -6  

R elative  to CCU“
X  =  C l  X  =  B r

1.6(941)' 2.4(1025)'

X  =  I 6

OCH,

H £ ^ C H 2X
3

CH3a O C H J)/. 'H 2X
5

CHjCOCH2X
6

2.2(1009)' 3 .6 (1095)' 6.2

2 .8  4 .6

3.4 5.7

“ Griffin F.I.D. gas chromatograph, 13-ft Carbowax 20M 
column at 80°. 6 The reaction mixtures of iV-iodosuccinimide 
and 2-methoxypropene were analyzed mainly by their nmr spec
tra. '  The values in parentheses are retention indices /£ o M as 
introduced by E. Kovdts, Helv. Chim. Acta, 41, 1915 (1958);
Z. Anal. Chem., 181, 351 (1960). On a nonpolar stationary 
phase the difference d /  of retention indices of isomeric compounds 
can be calculated from the difference df of boiling points and vice 
versa; since dZ ~  5 di, compound 3a should boil ca. 14° higher 
than 4a. Similarly, 3b should boil ca. 14° higher than 4b.

(0.75 mol) in the presence of catalytic amounts (2.5 ml) of con
centrated H2SO(. After the mixture had been refluxed for 2 hr, 
it was cooled, washed with aqueous Na2C03, and taken up in 
isopentane. Distillation under reduced pressure [38-40° (ca. 
15 mm)] gave l-chloro-2,2-dimethoxypropane (5a) (ca. 55% ) 
in 85-90% purity, the accompanying compound being chloro- 
acetone which can be removed by shaking with dilute aqueous 
KOH.

l-Bromo-2,2-dimethoxypropane (5b) was prepared analogously 
starting from bromoacetone13 (6b ).

Quinaldine Phosphate.— Quinaldine was mixed with 85%

(13) J. R. Catch, D. F. Elliott, D. H. Hey, and E. R. H. Jones, J. Chem.
Soc., 272 (1948).

phosphoric acid in methanol as described for the reaction of 
related amines with phosphoric acid.14 A white crystalline 
solid was precipitated, which melted at least above 216° and 
gave a satisfactory analysis for CioH12NO,P. Addition of an 
excess of quinaldine to this compound did not appear to make 
any difference to the catalytic activity (Table II, run 4).

Quinaldine T osy la te .15—Quinaldine was added with stirring 
to a concentrated solution of p-toluenesulfonic acid in methanol 
until in excess which was recognizable by the persistence of the 
dark orange color of the amine. On slow addition of the resulting 
solution to ether a white solid precipitated which was collected, 
redissolved in methanol, and reprecipitated until all impurities 
had been removed. The solid was washed with ether, acetone, 
and isopentane and then dried giving quinaldine tosylate, mp 
148-150°.

Reaction of V -B rom osuccinim ide (2b ) and 2-M ethoxypropene  
(1 ). 2-M eth oxyallyl Brom ide (3b) and l-B rom o -2 -m eth o xy- 
propene (4b ).— 2-Methoxypropene (1) and V-bromosuccinimide 
(2b) were allowed zo react under the general conditions for allylic 
bromination16 (cf. Table I, footnote 6). The following condi
tions were found optimum for the preparation and isolation of 
3b  (cf. Table I, run 9).

(a) The suspension of V-bromosuccinimide (50 g) in CC1< 
(150 ml) is preheated to ca. 55° (temperature measured inside 
reaction flask) on a water bath. Heating is then stopped, since 
the heat of the reaction sustains a temperature between 55 and 
65°.

(b) An equimolar amount of 2-methoxypropene (20 ml), the 
purity of which is crucial for reducing the amount of undesirable 
by-products, is stirred into the reaction flask over a period of 
30 min. Slow addition and vigorous stirring ensure a high con
version of enol ether.

(c) The reaction mixture is cooled to ca. 10-20° by immersion 
of the flask into ice for 15 min. Very little V-bromosuecinimide 
remains and any dissolved succinimide is precipitated.

(1 4 ) K .  H . E n g e l, U . S . P a te n t  2 ,4 0 8 ,9 7 5  (1 9 4 6 ) [Chem. Abstr., 41, 9995 
(1 9 4 7 ) ] .

(1 5 ) A .  F . T h o m a s , J . A m er. Chem. Soc., 91, 3 28 2  (1 9 6 9 ).
(1 6 ) L . H o rn e r  a n c  E .  H . W in k e lm a n n , “ N e w e r  M e t h o d s  o f  P r e p a r a t iv e  

O rg a n ic  C h e m is t r y ,”  V o l .  3 , W .  F o e r s t , E d .,  A c a d e m ic  P re s s , N e w  Y o r k ,  
N . Y .  196 4 , p  1 5 1 ; C . D je r a s s i ,  Chem. Rev., 4 3 , 271  (1 9 4 8 ).
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(d) The suspension is filtered quickly. Rapid removal of any 
remaining A-bromosuccinimide and the following step (e) 
prevent any undesirable consecutive reactions of the prod
ucts.

(e) The filtered solution is concentrated at the water pump for 
co. 15 min by immersion of the flask into warm water. This 
step removes any excess of 2-methoxypropene, methanol (which 
can be formed through adventitious water), any methyl acetate, 
and 2,2-dimethoxypropane (present as impurities in 2-methoxy
propene) as well as some of the solvent CCh.

(f) The remaining solution is washed with dilute aqueous KOH 
(two 300-ml portions) and then with ice-cold water (two 100-ml 
portions). Shaking with dilute alkali destroys the adduct 7b, 
any bromoacetone (6b), and any harmful traces of acid. Alka
line conditions also discourage the hydrolysis of any bromo ketal 
5b to bromoacetone and methanol and suppress the addition of 
water to enol ethers. Washing with ice-cold water neutralizes 
the solution and removes any methanol which in any event is 
unlikely to be present (also any acetone and 2,2-dimethoxy
propane).

(g) The organic layer is dried immediately over CaCl2 (enol 
ethers react with water!) and stored over anhydrous Na2C 03 in 
the dark as a ca. 50% solution of product in CCh [neat 2- 
methoxyallyl bromide (3b) and l-bromo-2-methoxypropene 
(4b) decompose at room temperature]. The solution so pre
pared contains 3b (68-70% ), 4b (28-30% ), and 5b +  6b +  7b 
(0-4% ). Pure 3b as well as pure 4b was isolated by preparative 
glc (Hewlett-Packard 776 preparative gas chromatograph, 20 
ft X 0.75 in. Carbowax 20M column at 100°). 2-MethoxyallyI 
bromide (3b): m/e 152 (C4II70 81Br), 150 (C4H70 79Br); nmr 
(Table IV ); glc retention time and retention index (Table V ); and 
chemical transformations (see below). l-Bromo-2-methoxy- 
propane (4b): m/e 152 (C4HJ0 81Br), 150 (C4H70 79Br); nmr 
(Table IV ); glc retention time and retention index (Table V ); and 
its reaction with methanol (see below).

l-Bromo-2-methoxy-2-succinimidopropane (7b).— On removal 
of the bulk of the volatile products from the reaction mixture of 1 
and 2b, a dark brown residue remained which was kept for several 
days in a refrigerator. The impurity was absorbed on filter 
paper, and on standing for 2-3 weeks one obtained l-bromo-2- 
methoxy-2-succinimidopropane (7b) as white, needle-like crys
tals: mp 32-34°; very soluble in acetone, benzene, CC14, 
CHC13, ethanol, furan, and glyme; slightly soluble in CH2CI2,
1- pentene, chlorobenzene, and nitrobenzene; insoluble in iso
pentane, hexane, and petroleum ether fbp 40°); mass spectrum 
at 70 eV m/e 249 (at high pressure), 233.9775 (m — CH3) (calcd 
for C7H9N 0 379Br 233.9776), 217.9818 (to -  OCH3) (calcd for 
C7H3N 0 279Br 217.9817), 170 (to -  79Br), 156 (base peak) (to -  
CH279Br), 151 (to -  C4H4N 0 2), 150 (m -  C4H5N 0 2).

The nmr spectrum (c f. Table IV) was recorded in chlorobenzene 
solution from 27 to 120°. While the succinimido and the 
methoxy resonances showed no change, those of the CHcHdBr 
and CCH3 protons were temperature dependent. Specifically, 
the peaks at t  5.38 and 5.48 (broad quartets) shifted upfield by 
10 Hz, the peaks at t 6.58 and 6.68 downfield by 2.2 Hz, and 
that at t  8.13 upfield by 3.5 Hz. Also, the two broad quartets 
showed a small decrease in coupling, although the main part of 
this coupling was still present at 120°. All spectral changes 
were reversible over this temperature range. Nmr (100-MHz) in 
nitrobenzene solution (ca .  10%) at 27° was c 5.34 (broad quartet) 
+  5.44 (broad quartet, / ch,.hc ~  0.6 Hz), d 6.22 +  6.32 ( / h«.h<i 
=  10 Hz), b 6.66 (s), e 7.22 (s), a 7.96 (d, / c h , .hc ~  0.6 Hz).

Reaction of A'-Chlorosuccinimide (2a) and 2-Methoxypropene 
(1). 2-Methoxyallyl Chloride (3a) and l-Chloro-2-methoxypro- 
pene (4a).— The reaction of 2-methoxypropene with M-chloro- 
succinimide was very clean and carried out as that with N- 
bromosuccinimide, the only difference being that refluxing was 
required. The product mixture was analyzed (cf. Table III for 
a typical product distribution) and worked up as before yielding 
3a and 4a. 2-Methoxyallyl chloride (3a): m/e 108 (C4H70 37C1), 
106 (C4H70 35C1); nmr ( c f .  Table IV); glc retention times and re
tention indices (Table V); and chemical transformations (see 
below). l-Chloro-2-methoxy propene (4a): m/e 108 (C4H70 - 
37C1), 106 (C4H70 35C1); nmr (Table IV); glc retention times and 
retention indices (Table V ); and its reaction with methanol (cf. 
below).

M-Iodosuecinimide (2c) and 2-methoxypropene (1) were re
fluxed in dry CC14 for 10 min, giving rise to a pink violet solution 
and a low conversion to products (cf. Table III), which included
2- methoxyalIyl iodide (3c) and l-iodo-2-methoxypropene (4c).

3c can be prepared more conveniently from 3b and Nal in acetone 
solution (cf. below).

Reaction of 2-Methoxyallyl Bromide (3b) and l-Bromo-2- 
methoxypropene (4b) with Alcohols.— A 50% solution of 3b and 
the isomeric enol ether 4b in CC14 was mixed with methanol at 
room temperature and the ensuing reaction followed by nmr. 
After about 20 min the formation of l-bromo-2,2-dimethoxy- 
propane (5b) was complete, 3b reacting somewhat faster than 
4b. The reaction time of the enol ethers toward ethanol was 
about the same (ca. 20 min) and ca. 40 min toward isopropyl 
alcohol, mixed ketals being formed. With ierf-butyl alcohol 
50% reaction occurred after 30 min at room temperature.

2-Methoxyallyl Chloride (3a) and l-Chloro-2-methoxypropene 
(4a) by Pyrolysis of l-Chloro-2,2-dimethoxypropane (5a).— The 
pyrolysis of l-chloro-2,2-dimethoxypropane (5a) under the 
conditions of run 3 (Table II) may serve to illustrate our general 
procedure. 5a (20 ml) and quinaldine phosphate (0.5 g) in a 
50-ml flask attached to an air condenser (90 X 2 cm) were heated 
on a metal bath (180-250°), the temperature at the column head 
being kept below 111°.17 The distillate was collected in a flask 
containing a stirred solution of aqueous Na2C 03. Methanol 
came over first and the fraction collected (106-110°) was found 
to contain unchanged starting material as well as two products 
rather than one3 which were recognized and separated as de
scribed above and shown to be identical with authentic 2- 
methoxyallyl chloride (3a) and 4a obtained by the reaction of A'- 
Chlorosuccinimide and 2-methoxypropene.

Except for the case of the acetic anhydride-acetic acid-quinal- 
dine combination (Table II, run 8), elimination of methanol was 
found to require temperatures above 170°. Obviously, even 
then and in the presence of catalysts, loss of methanol was not 
instantaneous but a slow process. It commenced at about 180° 
with K 2S20 7 and at around 200° with quinaldine phosphate, while 
quinaldine tosylate seemed to have intermediate activity. Al
though K 2S20 7 and the conditions of run 8 produced the highest 
conversions of starting material at comparatively low tempera
ture, the less acidic quinaldine phosphate appeared to give a 
higher proportion of 2-methoxyallyl chloride (3a). Addition of 
free quinaldine to the catalyst (run 4) made no discernible dif
ference. Distillation of l-chloro-2,2-dimethoxypropane (5a) 
under reduced pressure (bath temperature below 150°) in the 
presence of catalytic amounts of H2S04 gave, aside from un
changed starting material 5a (67%) and chloroacetone (6a) 
(16%), the desired 2-methoxyallyl chloride (3a) (10% ) and 4a 
(7% ) (cf. also Table II, footnotes).

As regards the possible condenser types it would appear that 
a simple air condenser is more effective for pyrolysis than a 
Vigreux column, possibly because mixing of the components in 
the open tube will be minimized and recombination of methanol 
with the enol ether becomes less likely.

2-Methoxyallyl Bromide (3b) and l-Bromo-2-methoxypropene 
(4b) by Thermolysis of l-Bromo-2,2-dimethoxypropane (5b).—  
l-Bromo-2,2-dimethoxypropane (5b) was distilled for 2 hr under 
reduced pressure (bath temperature below 150°) and found to 
lose methanol readily, giving apart from starting material 5b 
(53% ), bromoacetone (6b) (12%), an unknown compound 
(6.3% ), and the desired 2-methoxyallyl bromide (22% ) and 4b 
(7% ).

Interconversion of 2-Methoxyallyl Halides via Halide Ion 
Displacement in Acetone.— 2-Methoxyallyl chloride (3a) was 
dissolved in an excess of a saturated solution of LiBr in ace
tone and refluxed for ca. 6 hr. A 15% conversion into 2- 
methoxyallyl bromide (3b) occurred.

2-Methoxyallyl Iodide (3c).— A 50% solution (25 ml) of 2- 
methoxyallyl bromide (3b) and 4b in CC14 was added dropwise at 
room temperature to an excess of a stirred saturated solution of 
N al (40g) in acetone (400 ml). After 1 hr the mixture was 
washed with water (two 400-ml portions) and the lower dark 
brown layer separated and dried (CaCl2). Swift distillation 
from mercury at reduced pressure gave a forerun of solvent and 
then a light yellow liquid [bp 18-20° (0.5-1 mm)] which proved 
to be pure 2-methoxyallyl iodide (3c) (2.5 ml, ca. 20% yield), 
mp —18 to —20°. 3c is highly lachrymatory and decomposes

(1 7 )  R e c e n t ly ,  M r .  C . G a t fo r d  has  s h o w n  t h a t  5 a  ca n  b e  p y r o ly z e d  b y  
d r o p w is e  a d d it io n  t o  a  m ix tu re  o f  c a t a ly s t  in  h ig h -b o i l in g  s o lv e n t ,  e.g., 
d e c a lin  (b p  1 8 9 -1 9 6 ° ) .  T h is  m e t h o d  p r o v id e s  a  c o n v e n ie n t  c o n t r o l  o f  th e  
p y r o ly s is  a n d  is  m o r e  e a s ily  a d a p ta b le  t o  a  la r g e -s c a le  p r e p a r a t io n .
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rapidly at room temperature to give a thick black tar and was 
therefore stored at —80° in the dark.

Registry No.—1, 116-11-0 ; 2 , 128-08-5; 3a, 32730-
64-6 ; 3b, 26562-24-3 ; 3c, 32730-66-8 ; 4a, 32730- 
67-9 ; 4b, 26562-25-4 ; 4c, 32730-69-1 ; 5a, 32730-70-4 ;

5b, 126-38-5; 5c, 32730-72-6 ; 6a, 78-95 -5 ; 6b, 598-31-2 ; 
6c, 3019-04-3 ; 7a, 32827-44-4 ; 7b, 32730-75-9 ; 7c, 
32730-76-0.
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Alkaline Hydrolysis of Phosphoramidothioate Esters1
M . A . H . F a h m y , A . K h a s a w in a h , a n d  T . R . F u k u t o *

Department of Entomology and Department of Chemistry, University of California, Riverside, California 92502

Received April 29, 1971

Products from the alkaline hydrolysis of 0-methyl S-methyl phosphoramidothioate and its iV-methyl and N,N- 
dimethyl derivatives were determined by analysis of pmr spectra and by glc. In aqueous potassium hydroxide 
0-methyl S-methyl phosphoramidothioate is hydrolyzed by P -0  bond cleavage to give potassium S-methyl phos
phoramidothioate as the major product while in the less polar solvents, methanol and acetone, P-S bond cleavage 
occurred to give mainly potassium O-methyl phosphoramidate. In ethanolic or propanolic potassium hydroxide 
the main products were potassium O-ethyl and O-propyl phosphoramidate, respectively, and dimethyl sulfide. 
Kinetic analysis showed that in water the second-order rate constants for P -0  and P-S bond cleavage of 0- 
methyl ¿¡-methyl phosphoramidothioate are 8.4 and 0.6 M ~x min-1, respectively. Both rate constants and the 
relative rates of P -O /P -S  bond cleavage decreased markedly with sequential substitution of the amido protons 
with methyl groups, and the iV,Ar-dimethyl derivative hydrolyzed virtually exclusively by P-S bond cleavage but 
at a rate some 10s times slower than P-S cleavage in unsubstituted phosphoramidot hioate. Exclusive P-S bond 
cleavage in the iV,A’-dimethylphosphoramidothioate evidently occurs by a normal concerted S n 2  reaction in 
which the best leaving group departs. In phosphoramidothioates containing at least one amido proton the re
sults are rationalized in terms of two competing processes, an addition-elimination reaction on phosphorus leading 
to P-O  bond cleavage and an elimination reaction involving the amido proton to give P-S bond cleavage.

O -M eth y l /S-m ethyl ph osp h oram id oth ioa te2 3 (M o n i
tor, C hevron  C h em ica l C o .)  is a rela tive ly  sim ple or- 
ganophosph oru s ester w h ich  is cu rren tly  under d eve l
opm ent as a p oten tia l in secticide. A lon itor  or 1 is 
h igh ly  tox ic  to  a v a rie ty  o f  in sects ,4 p rodu cin g  ty p ica l 
cholinergic sym p tom s o f  in tox ica tion . In  an earlier 
in vestigation 4 on  the m od e  o f a ction  o f  1 and related 
esters it was suggested th at the a lk ylth iola te  m oiety  
w as released w h en  th e  cholinesterase en zym e w as in
h ib ited  b y  the p h osph oram idoth ioate  ester. S u b
sequently , h ow ever, exam ination  o f th e  reaction  be
tw een  I and h yd rox id e  ion  has show n  th at m eth y lth io - 
late ion  is n ot alw ays the m a jor p rod u ct b u t m ethoxide 
also is liberated , the re la tive  am ounts depend ing  on  
the con d ition s o f  the reaction . B ecause o f the pos
sible con n ection  betw een  alkaline h yd rolysis  rates and 
anticholinesterase a ctiv ity , an exam ination  o f the 
alkaline h yd rolysis  o f  1 and its iV -m ethyl (2) and N ,N -  
d im eth yl (3) analogs w as in itiated . P rod u ct and 
k inetic analyses w ere u ndertaken  to  sort ou t the v a ri
ous ind iv idual reactions and  to  assess qu an tita tive ly  
their relative im p ortan ce  in  th e  overall h yd rolysis  re
action . P articu lar a tten tion  w as g iven  to  the effect 
o f  sequentia l su bstitu tion  o f m ethy l groups on  the 
n itrogen  a tom  and o f so lven t on  the specific rates o f 
P - 0  and P -S  b o n d  cleavage.

Results
Products of Alkaline Hydrolysis.— P m r spectra  o f  

the p rod u cts  ob ta in ed  from  th e  h yd ro lysis  o f  O -m eth y l
(1 ) T h is  in v e s t ig a t io n  w as s u p p o r t e d  in  p a r t  b y  th e  U . S. P u b lic  H e a lth  

S e rv ice  R e s e a rc h  G ra n t  N o . E P  0 0 8 0 6  f r o m  th e  E n v ir o n m e n ta l  P r o t e c t io n  
A g e n c y ;  T h e  R o c k e fe l le r  F o u n d a t io n :  a n d  C o t t o n  I n c o r p o r a t e d .

(2 ) C h e v r o n  R e s e a rc h  C o r p . ,  N e th e r la n d s  P a te n t  A p p lic a t io n  6 ,6 0 2 ,5 8 8  
(J a n  2, 1 9 6 7 ); Chem. Abstr., 6 7 , 1 0 6 9 1 y  (1 9 6 7 ).

(3 ) VV. L o re n z , G . S ch ra d e r , G . U n te rs te n k o e fe r ,  a n d  I .  H a m m e rm a n n , 
A . G . B e lg ia n  P a te n t  6 6 6 ,1 4 3  ( D e c  3 0 , 1 9 6 5 );  Chem. Abstr., 66 , 16864 
(1 9 6 6 ).

(4 ) G . B . Q u is ta d , T .  R .  F u k u t o ,  a n d  R .  L . M e t c a l f ,  J. A gr. Food Chem., 
18 , 189 (1 9 7 0 ).

S -m eth y l p h osph oram idoth ioate  ( 1) w ith  equ im olar 
am ou n ts o f  potassium  h yd rox id e  in  w ater and in 5 0 %  
aqueous aceton e  show ed th a t tw o  m on oan ion ic  p rod u cts  
w ere obta ined , one b y  P -S  cleavage  g iv in g  0 -m e th y l 
ph osph oram idate  anion (5) and the o th er  b y  P - 0  
cleavage g iv ing  /S-m ethyl ph osp h oram id oth ioa te  anion
(6) . In  w ater the m a jor  p ro d u ct ob ta in ed  w as 6 , 
since analysis o f  the pm r integrals fo r  P -O C H 3 p roton s

CH30  O
\  /

P +  H O - — >
/  \

c h 3s  n h 2
1

CH3O O CH„S O
\  S  \  /

P +  P (I)
/  \  /  \-o NH2 -O  NIK

5 6

(d ou b le t centered  at 5 3 .7, J  =  11 H z) and P -S C H 3 
proton s (d ou b let centered  at 5 2 .2, J  =  12 H z) show ed 
a ratio  o f  5 :6 o f  1 :4 .5 . In  5 0 %  aqueous aceton e, h ow 
ever, 5 was the m ajor p rod u ct, and the ratio o f  5 :6  in 
this case was 5 .1 :1 . S u pport fo r  th e  ratio  o f  produ cts  
obta in ed  b y  in tegration  o f pm r spectra  was p rov id ed  
b y  g lc analysis after rem eth y lation  o f th e  m ixture o f
5 and 6 w ith  diazom ethane. R em eth y la tion  o f 5 and
6 gave  d im eth yl ph osphoram idate  (4 ), reten tion  tim e
1.75 m in, and 1. retention  tim e 3 .50  m in, respectively , 
and the ratio  o f  these p rod u cts  w as v irtu a lly  iden tica l 
w ith  the ratio o f  5 :6  ob ta in ed  b y  p ro ton  integration . 
C on firm ation  o f p rod u ct ratios b y  g lc, therefore, al
low ed  the use o f  pm r as th e  m a jor m eans o f  p rod u ct 
analysis.

D a ta  for  p rod u ct analysis b y  pm r after alkaline 
h ydrolysis  o f  1 i:i a v a rie ty  o f  so lven t system s are g iven  
in T a b le  I. T h e  results in d icate  th at the solven t 
stron g ly  influences the re la tive  percentages o f  5 and
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T able I
Salt D istribution  in A lkaline H ydrolysis o f  

0 -M ethyl iS-M ethyl P hosphoramidothioate 
in V arious Organic-W ater Solvent M ixtu res  a t  23°

%  Organic solvent in -̂----- %  Salt containing------->
a q u e o u s  m ix tu re  ( v / v ) P - O C H , P - S C H ,

Methanol 100 93 7
95 86 14
90 79 21
85 76 24
80 67 33
75 63 37
65 50 50
50 40 60
0 18 82

Acetone 50 83 17
Mesityl oxide 10, ethanol 30 33 67
Propionaldéhyde 50, ethanol 25 80 20
Formaldehyde“ 30 100
Acetophenone 20, ethanol 60 25 75
Acetonitrile 50 23 77
2-Butanone 45, ethanol 10 60 40
Ethanol 100 7.5

80"
12.5

Propanol 100 10
67.5“

22.5

Benzaldehyde 25, ethanol 20 83 17
“ Extensive polymerization occurred. 6P-O C2H5. c P-O C3H:

6 p rod u ced  and, in  the case o f  th e  m eth a n o l-w a ter  sys
tem , an increasingly  larger am ou n t o f  P - 0  b o n d  clea v 
age w as obta in ed  w ith  increasing am ounts o f  w ater;
e.g., 5 :6  in absolu te  m ethanol w as 9 3 :7  com pared  to  
1 8 :8 2  in  w ater.

W h en  1 w as treated  w ith  an equ im olar am ou n t o f 
potassium  h yd rox id e  in absolu te eth an ol or p ropanol, 
the m a jor p rod u ct w as neither 5 nor 6 b u t th e  potas
sium  salt o f  O -eth yl and O -p rop yl ph osph oram id ic 
acid , respective ly . F urther, d istilla tion  o f the reac
tion  m ixture con ta in in g  1-propan ol or ethanol as a sol
v en t gave  a low -bo ilin g  fra ction  (3 7 -4 0 ° )  w h ich  was 
identified  b y  g lc and  pm r as d im eth y l sulfide. D i
m eth y l sulfide also w as isolated  b y  th e  sam e procedu re 
in v a ry in g  quantities a fter the treatm en t o f  1, 0 -  
m eth y l N -m ethyl iV -m eth y lph osph oram idoth ioa te  (2 ), 
and 0 -m e th y l S -m eth y l Ar,W -d im eth ylph osph oram i- 
d o th ioa te  (3) w ith  potassium  h yd rox id e  in w ater 
(T a b le  I I ) .  D im e th y l sulfide apparently  is form ed

T able II
Product D istribution  A fter H ydrolysis of 

P hosphoramidothioates by A queous 
P otassium H ydroxide in a Sealed A mpoule 

R R 'N  O

/  \
CH3S o c h 3

R R '

R e a c -
T e m p ,

° C
t io n

t im e , hr

%  S a lt
.— -co n ta in in g ------.
P - O C H ,  P - S C H ,

%
M e O H

%
C H sS C H a

H H 23 4 18 82 75 10
H C H a 23 16 52 48 30 19
C H 3 C H s 23 96 50 50 1 3 -1 5 ° b
C H 3 C H a 96 14 42 58 24 32

“ Reaction mixture was distilled to obtain methanol in high 
concentration for glc. b Reaction at atmospheric pressure; di
methyl sulfide was not determined.

from  th e  reaction  betw een  m eth y lth io la te  anion, p ro 
d u ced  b y  P -S  b o n d  cleavage, and th e  starting ester.
O -D cm eth y la tion  b y  th io la te  anions has been  dem on 

strated  b y  others.5 T h erefore , th e  reactions in v o lv e d  
in  the decom p osition  o f 1 and  rela ted  esters b y  h y 
drox ide  ion  m ay  be  dep icted  as fo llow s (eq  2 -4 ) .  H ere

CH3S 0
\  ^  fao

P +  O H - — >

CHzO// \ i R R '
c h 3s  o

\  /
P +  CH3OH (2)

/  \
- o  N R R '

CH 3S O
\  ¿7 fas

P +  2 0 H - — 5
/  \

CH30  N R R '
-O  O

\  /
P +  CHsS- (3)

/  \
CH30  N R R '

CH3S 0
\  #  kic

P +  CH3S -  — >

CH30  N R R '
CH3S O

\  /
P +  CH3SCH3 (4)

/  \
- o  N R R '

1, R =  R ' =  H
2, R = H; R ' =  CH3
3, R =  R ' =  CH3

h 0, h a, and h c are the specific secon d -ord er rate co n 
stants fo r  P -O , P -S , and C - 0  b o n d  cleavage, respec
tiv e ly .

E v id en tly , N -m ethyl ph osp h oram id oth ioa te  an ion
(6) m ay  be  p rod u ced  in  tw o  w ays, fro m  rep lacem ent b y  
h yd rox id e  ion  accord in g  to  eq  2 or from  O -d em eth y la - 
t ion  b y  m eth y lth io la te  ion  a ccord in g  to  eq  4. T h e  
exten t o f  6 (or its IV -m ethyl and !V ,lV -dim ethyl eq u iv 
alent) form ed  b y  rep lacem ent o f  m eth ox ide  b y  h y 
d rox ide  ion  w as determ ined  b y  g lc analysis for  m ethanol 
in th e  reaction  m ixture. Q u an tita tive  d a ta  sh ow ing  
the relative am ounts o f  th e  variou s p rod u cts  p rod u ced  
after treatm en t o f  1, 2, and 3 b y  equ im olar aqueous 
potassium  h yd rox id e  are presented  in  T a b le  I I . T h e  
results in d icate  th at the O -d em eth y la tion  rea ction  to  
p rod u ce  6 or its Ar-a lk y l derivatives b ecom es increas
in gly  im portan t w ith  sequential m eth y la tion  o f n itro 
gen.

F in a lly , in  order to  determ ine w h eth er potassiu m  
h yd rox id e  treatm en t o f  1 p rod u ced  m ethan ol b y  P - 0  
or C - 0  b o n d  cleavage, th e  reaction  w'as carried  ou t in 
w ater enriched  w ith  H 2180 .  T h e  liberated  m ethan ol 
w as exam ined  b y  mass sp ectrom etry  and  n o  signifi
can t 180  in corp ora tion  w as fou n d , in d ica tin g  th a t 
h yd rolysis  occu rred  b y  P - 0  b o n d  cleavage.

K in etic  A nalysis. — E q u a tion s  2 -4  p ro v id e  an exam ple 
in w h ich  the secon d -order reactions are b o th  parallel 
and in  series.6 B y  restricting th e  con d ition s  o f  the 
reactions it w as possib le  to  eva lu ate  th e  va riou s  rate 
constants w ith  reasonable con fidence.

H yd ro lys is  o f  0 -M e th y l S -M e th y l P h osp h ora m id o - 
th ioate ( 1 ) .—U n der con d ition s  o f  h igh  con cen tra tion s

(5 ) B . M ille r , Proc. Chem. Soc., 303  (1 9 6 2 ).
(6 ) A . A . F r o s t  a n d  R .  G . P e a rso n , “ K in e t ic s  a n d  M e c h a n is m ,”  W ile y ,  

N e w  Y o r k ,  N . Y . ,  1961 , p  178 .
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o f 1 com pared  to  h yd rox ide , the va lu es fo r  the overa ll 
pseudo-first-order rate con stan t fa w ere ob ta in ed  b y  
fo llow in g  h y d rox id e  ion  con su m p tion  from  estim ation  
o f  th e  change in p H . U n der these con d ition s eq  4 
m ay  be  om itted  in  the k in etic analysis o f  1 since 
h yd rox id e  ion  is n ot in v o lv ed  in  th is equation . F igure 
1 show s th e  p lo t o f  p H  vs. tim e based  on  the relation  
p H  =  — fat/2.303 +  p H 0 w here p H 0 is the in itial p H  
and ki is th e  overa ll pseu do-first-order con stan t at co n 
stant ph osp h oram id oth ioa te  con cen tra tion . A lso , ki 
= fao +  akla w here klo and faa are th e  pseu do-first-order 
constants fo r  P - 0  and P -S  cleavage, respective ly . 
T h e  va lu e  o f  th e  coefficien t a depends on  the p H  o f  the 
so lu tion ; i.e., a  is 2 at p H  su bstan tia lly  greater th an  
the pK a o f  m ethan eth iol (10 .7) and  a is 1 at p H  low er 
than  10.7. F rom  the slope o f  the line, the values for  
the overall pseu do-first-order con stan t fa and overall 
secon d -order con stan t fa at 27° w as ca lcu lated  to  be 
0 .96  m in -1  and 9.6 A / -1  m in-1 (1 was 0.1 M ), respectively .

T h e  va lu e  o f  fa0, the secon d -order con stan t for  P - 0  
b o n d  cleavage, w as determ in ed  d irectly  b y  fo llow in g  
m ethanol p rod u ction  under secon d -order con d ition s 
o f  1 and h yd rox id e  ion  as show n  in F igure 2. T h e  p lo t 
w as reason ably  linear up  to  abou t 6 5 %  reaction  and 
fa0 was ca lcu lated  to  be  8.4 M -1  m in -1  at 2 7 °. F rom  
the relationship  fa =  faQ +  2faa =  9 .6  M ~ l m in -1 , 
faa was ca lcu lated  to  b e  0 .6  M ~ l  m in -1 . V alues for 
fa0 and  faa are g iven  in T a b le  I I I .

T able III
Second-Order R ate Constants for P -0  (/c2o) and 
P-S (ku) C leavage of Phosphoramidothioates in 

Aqueous Potassium Hydroxide at 27°
ki0, M -1  m in “ 1 kzs, M  _1 m in “ 1

(CH30)(C H 3S)P(0)N H 2 8.4 0.6
(CH30)(C H 3S)P(0)N H CH 3 1.0 X 10- 3 4.4 X 10-2
(CH30)(C H 3S)P(0)N (CH 3)2 1.5 X 10-*

Effect of Acetone on Hydrolysis of 1 .— T h e  e ffect o f  
aceton e on  the va lues o f  the pseu do-first-order con stan ts 
fc'io and k \ a under con d ition s  o f  con stan t p H  fo r  P - 0  
and P -S  cleavage is sh ow n  in T a b le  IV . B ecause o f

T able IV
P s e u d o - F i r s t - O r d e r  R a t e  C o n s t a n t s  i n  A q u e o u s  

A c e t o n e  f o r  t h e  A l k a l i n e  H y d r o l y s i s  o f  

O - M e t h y l  S - M e t h y l  P h o s p h o r a m i d o t h i o a t e

A T pH 10, jit = 0.2 M
C a lc d  fr o m C a lc d  f r o m

%  A c e t o n e k 'Is X  103, i ' i o  X  1 0 ! , C H jS H H O “
( v / v ) m in -1 m in “ 1 relea se  ( i , / 2) c o n s u m p t io n

0 3.0
10 1.6 5.0 6.9
20 3.1 5.5 8.6
30 4.2 5.9 10.6 10.1
40 6.2 6.0 12.5 12.2

interference b y  aceton e  in  th e  glc analysis o f  m ethanol, 
it  w as n o t possib le  to  determ ine k \ 0 d irectly  in  solvents 
con ta in ing  acetone. T h erefore , k \ Q w as ca lcu lated  
from  th e  va lues o f  k \  (overa ll p seu do-first-order con 
stant at con stan t p H ) and k \ s was determ ined  at p H
10.0 in aqueous so lven ts con ta in ing  (U 1 0 %  aceton e  
and  sod ium  carbon ate  as the bu ffer. k \ s w as ca lcu 
lated  from  th e  relationship  b e low  (eq  5) b y  fo llow in g

[C H a S H j

[A„] “  k\ U v ;

Figure 1.—Plot showing rate of hydroxide ion decrease at 27°; 
O-methyl <S-methyl phosphoramidothioate ( 1) is 0.1 At.

Figure 2.—Second-order plot showing rate of P -0  bond 
cleavage from estimation of methanol formation at 27°; a = 
2.0 X 10-2 M O-methyl S-methyl phosphoramidothioate (1), 
b = HO-  =  2.4 X  10~l M,x =  methanol concentration.

m ethaneth iol form ation  w here [A 0] is the in itia l co n 
cen tra tion  o f  1. A p l o t o f  [C H 3S H ] / [ A 0] v s . ( 1  — e ~ k d) 
gave  the linear relationship  show n  in F igure 3 and  
k 'is w as ca lcu lated  from  th e  slope. T h e  va lu e  o f k \  
w as determ ined  from  th e  am ou n t o f  base needed  to  
m ainta in  a p H  o f 10.0 using a m icrom eter-driven  
syringe con ta in ing  stan dard ized  aqueous potassium  
h ydrox id e . k \  also w as ca lcu lated  from  the relation 
ship ti/s =  In 2 /k 'i  w h ich  fo llow s from  eq 5 w here U/, is 
the tim e required to  liberate on e-h a lf o f  the tota l 
am ount o f  m ethaneth iol released. T h e  data  in T a b le  
IV  sh ow  g ood  agreem ent betw een  the values o f  k \  o b 
ta ined  b y  estim ation  o f potassium  h yd rox id e  con su m p
tion  and th at ca lcu lated  from  th e  va lu e  fo r  m eth
aneth iol release.
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Figure 3.— Plots showing the rate of P-S bond cleavage of 0- 
methyl S-methyl phosphoramidothioate (1) according to eq 5 in 
aqueous acetone at 27°: initial concentration of 1 =  8 X 10-3 M ; 
•, 40% acetone; O, 30% acetone; A, 10% acetone.

Figure 4.—A plot showing the rate of P-S bond cleavage of 
O-methyl S-methyl A'-met hylphosphoramidothioate (2) ac
cording to eq 13 at 27°: 2 = 0.5 M, HO" = 2.48 X 10" 2 M.

Hydrolysis of O-Methyl ¿'-Methyl A-Methylphos- 
phoramidothioate (2).—The overall rate of reaction 
between O-methyl ¿-methyl A-methylphosphoramido- 
thioate (2) and hydroxide ion determined by estimating 
change in pH was approximately 110-fold slower than 
1, with a pseudo-first-order rate (excess of 2) constant 
k\ of 4.45 X 10-2 min-1 and a second-order rate con
stant k2 of 8.9 X 10-2 M ~l min-1. Because of the slow 
rate of reaction between 2 and hydroxide ion, loss of 2 
by dealkylation (eq 3) was significant and it was possible 
to determine klc (the pseudo-first-order rate constant 
for C -0  cleavage) as well as kl0 and kls. Kinetic 
analysis was accomplished by imposing again, as in 
the case of 1, pseudo-first-order conditions, i.e., high 
concentrations of 2 relative to hydroxide ion. Under 
these conditions, eq 2, 3, and 4 may be designated as 
follows

kio
A  +  B  — >■ C (6)

k is
A  +  B  — D (7)

A'ic
A  +  D  — >- G (8)

where A = 2, B = hydroxide ion, C = methanol, D 
= methylthiolate ion, and G = dimethyl sulfide. 
From eq 6, 7, and 8, and since A is constant, eq 9 and 
10 may be obtained.

= M B ] =  M [B] +  2 M B ] (9)

h i ?  =  *“ [B1 ~  ( 10)

Since [B] = [B0]e-fcli, where [B0] is the initial hydroxide 
ion concentration, eq 10 becomes eq 11.

^  =  M B „ ] e -* .<  -  M D ]  (11)

This first-order differential equation has the following 
solution.

[ D ]  =  f c u [ B ° [  -  < r * .c ‘ )  ( 1 2 )
»C ic /Cl

When fclc is small compared to k ,̂ integration of eq 11 
results in eq 13.

S j  -  I f  <■ -  * -“ ■> <13>

This equation is similar to eq 5 where [B0] (initial hy
droxide ion concentration) is substituted for [A0] (phos
phoramidothioate concentration).

Figure 4 gives the plot of [CH3S- ]/[OH0- ] vs. (1 
— e~ku). Expected linearity was obtained over the 
major portion of the reaction from which kls at 27° 
was calculated as 2.20 X 10-2 min-1. From the re
lation ki = kl0 +  2kla = 4.45 X 10-2 min-1 the value 
of kio was calculated as 5 X 10-4 min-1. The corre
sponding second-order rate constants k2o and fc2s given 
in Table III were obtained by dividing the values of 
klo and kls by 0.5 M  (initial concentration of 2). It 
should be noted that the line in Figure 4 does not pass 
through the origin. This was interpreted as being 
attributable to localized hydrolysis when the potas
sium hydroxide solution was mixed with the com
pound. This corresponds to about 7% reaction.

The value of kic was calculated by using eq 12 with 
the aid of a computer. By setting the value of fci to 
4.45 X 10-2 min-1, estimated values of kla and klc were 
substituted in eq 12 until the calculated values of 
methylthiolate ion concentration at different time in
tervals coincided with the experimental values. Best 
fit of the data was obtained when kia was 2.2 X 10-2 
min-1 and klc was 3.6 X 10-3 min-1. Figure 5 shows 
the relationship between the curve calculated from 
eq 12 and the observed curve after correction for local
ized hydrolysis.

Hydrolysis of 0-Methyl ¿-Methyl A,A-Dimethyl- 
phosphoramidothioate (3).—The rate of hydrolysis of 
3 was much slower than that of 2 under identical 
first-order conditions of excess phosphoramidothioate 
over base with a pseudo-first-order constant k\ for 
the disappearance of hydroxide ion of 1.4 X 10-4 
min-1. No methanethiol was detectable at any time 
during the course of the reaction, indicating that the 
rate of reaction between methanethiolate ion and 3 
to form dimethyl sulfide was considerably faster than 
the initial reaction between hydroxide ion and 3. fclc, 
the pseudo-first-order rate constant for methyl-oxy
gen bond cleavage for 2 and 3 under the same condi
tion, should be similar, and based on the value of /cl0 
= 3.6 X 10-3 min-1 obtained for 2, the dealkylation 
reaction for 3 should be approximately 25-fold faster 
than the initial reaction.

Analysis of products after reaction between 3 and 
potassium hydroxide showed that P -0  cleavage was 
much slower than P-S cleavage (23°) and this coupled 
with the above information gives the order klc >  kla 
»  *i0. By making the assumption that klo is neg
ligibly small compared to fcIa, the kinetics of the reac-
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Figure 5.— A curve showing the relationship between the 
amount of methylthiolate calculated from eq 12 (solid line) and 
the experimental values (O) during the reaction between 0- 
methyl S-methyl A’-met hylphosphoramidothioate and hydroxide 
ion.

tion  m ay bo  approxim ated  to  a secon d -order situation  
w ith  the p rov ision  th at 2 m ol o f  3 are consum ed (1 
m ol b y  P -S  cleavage in the rate-determ in ing  step  and 
1 m ol b y  a rapid  d ea lk ylation  reaction ) w ith  2 m ol o f  
h yd rox id e  ion  (1 m ol for  P -S  cleavage and 1 m ol for  
rapid  neutra lization  o f  th e  resulting ph osphoram id ic 
acid) accord in g  to  the fo llow in g  equations.

CH3S O
\  / slow

P +  2 0 H - — >
/  \

CHaO N(CH3)2
- 0  O

\  /
p

/  \
CHsO N(CH3)2

c h 3s 0
\  / rapid

p +  - s c h 3 — >-
/  \

CH30  N(CH3)2
CH3S O

\  S
P +  CH3SCH3 (15)

/  \
-O  N(CH3)2

B y  using equ im olar am ounts o f  3 and  h yd rox id e  ion  
the va lu e  fo r  the secon d -order rate  con stan t k2s for 
P -S  cleavage m ay  be  determ ined  from  eq  16 w here

l/IO H -j =  l/[O H -„] +  2 hut (16)

[O H - ] and [O H 0- ] are the con cen tration s o f  h yd rox id e  
ion  at tim e t and tim e zero, respective ly . F igure 6

Figure 6.— A second-order plot of the reaction between 0 - 
methyl S-methyl Ar,A'-dimethylphosphoramidothioate (3) and 
hydroxide ion.

gives th e  relation  obta in ed  w hen  1 / [ 0 H - ] is p lo tted  
against tim e from  d ata  obta in ed  in a separate experi
m ent using equ im olar con cen tration s o f  3 and h y 
drox ide  ion. T h e  excellent straight line obta in ed  o ver  a 
4 5 %  reaction  range prov ides su pport for  the assum p
tions m ade in the k inetic ap p roach ; i.e., the overall 
reaction  is secon d-order. F rom  the p lo t, fc2s was fou n d  
to  be  1.5 X  10-4  M ~ x m in -1 (2 7 °).

T h e  va lu e o f ki (1.4 X  10-4  m in -1 ) obta in ed  under 
the pseudo-first-order con d ition  o f  excess p h osph or
am idoth ioate  (3 was 0.5 M )  also is equ a l to  2fcls since 
klo is negligible. F rom  this relationship  also k2s m ay 
be  ca lcu lated  as 1.4 X  10 -4  M ~ ' m in -1 , in g ood  agree
m ent w ith  the va lu e  ob ta in ed  under secon d -order co n 
ditions.

Hydrolysis of <S,S-Dimethyl Phosphoramidodithioate
(7) .— /S',*S’-D im e “h y l ph osp h oram id od ith ioa te  (7) was ex
am ined, since under alkaline con d ition s  it can  h y 
d ro ly ze  on ly  b y  P -S  b on d  cleavage  w ith ou t other 
com p etin g  reactions. T h e  secon d -order rate con stan t 
k2 fo r  the reaction  betw een  7 and aqueous potassium  
h yd rox id e  (0.1 M )  w as 0 .65 M ~ x m in -1  at 2 5 °. W h en  
the solven t w as changed  to  1 0 %  a ce to n e -w a te r  (b y  
v o lu m e), ko increased to  9 .0  i l / -1  m in -1  and  in 2 0 %  
a ce ton e -w a ter  fc2 w as 19 A f -1  m in -1 . T hu s, th e  addi
tion  o f aceton e  caused an increase in h, sim ilar to  the 
effect o f  acetone on  k \ s observed  w ith  1.

Hydrolysis of 0,0-Dimethyl Phosphoramidothioate
(8 ) . —1C om pared  to  sim ple tria lk y l ph osph oroth ion ates, 
the rate o f  reaction  betw een  h y d rox id e  ion  and 0 ,0 -d i -  
m eth y l ph osp h cram id oth ioa te  w as rela tive ly  fast w ith  a 
secon d-order con stan t fo r  P - 0  cleavage o f 1.1 M ~ l 
m in -1  at 3 7 °, a va lu e  w h ich  is abou t five fo ld  sm aller 
than  th at obta in ed  for  d im eth y l ph osphoram id ate  
(5 .0  M ~ l m in - 1 ) at th e  sam e tem peratu re .7

Discussion

Effect of Solvent. — B ecause o f the greater lab ility  o f 
the P -S  b o n d ,8 9 the h yd ro lysis  o f 1 in  aqueous p otas-

(7 )  I .  O n e y  a n d  M . C a p lo w , J . Am er. Chem. Soc., 89, 6 97 2  (1 9 6 7 ).
(8 )  E . M . T h a in , J. Chem. Soc., 4 6 9 4  (1 9 5 7 ).
(9 )  D . C. D it t m e r  an d  O . B . R a m s a y , J. Org. Chem., 28, 1268 (1 9 6 3 ).
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Figure 7.— Relation between Grunwald-Winstein Y values and 
the logarithm of the ratio of potassium S-methyl phosphoramido- 
thioate (6) to O-methyl phosphoramidate (5).

sium  h yd rox id e  b y  predom in an tly  P - 0  b on d  rather 
than  P -S  b on d  cleavage w as unexpected . T h e  ion izing 
ca p a c ity  o f  the so lven t ev id en tly  p lays a dom in an t role 
in establish ing the d irection  in w hich  1 is h yd ro ly zed  b y  
potassium  h ydrox id e . T h e  influence o f  so lven t on  the 
reaction  is illustrated in F igure 7 w hich  show s the 
relation  betw een  G ru n w a ld -W in ste in  Y va lu es for 
w a te r -m e th a n o l1011 and the logarithm  o f  the ratio  o f 
6 to  5. A lth ou gh  the p rod u ct ra tio  in tw o  parallel 
secon d -ord er reactions at any tim e is equal to  the ratio  
o f  rate con sta n ts ,12 the va lue o f 6 /5  m ay  on ly  be  con 
sidered  as an approxim ation  o f the re la tive  rate con 
stants for  P - 0  and P -S  cleavage, since the sam e salt 
is ob ta in ed  b y  O -d em eth y la tion  and  P - 0  cleavage. 
F igu re 7 show s, how ever, th at alkaline h yd rolysis  o f 
1 b y  P - 0  b o n d  cleavage is fa v ored  in  so lven ts o f  
greater ion izing  ca p a city . In  less polar so lven ts P -S  
b on d  cleavage predom inates, suggesting th at the tw o 
com p etin g  reactions ( P - 0  and  P -S  cleavage) occu r  b y  
d ifferent m echanism s.

T a b le  IV  show s the effect o f  increasing am ounts o f  
aceton e on  the pseu do-first-order rate constants for 
P - 0  (fc'lD) and P -S  (k 'ls) cleavage o f  1 at p H  10.0. 
F igure 8 gives the relation  betw een  these constants 
and G ru n w a ld -W in ste in  Y  values for  the relevan t ace
to n e -w a te r  m ixtures. A lth ou gh  the relationship  is 
clearly  n ot linear, it does focu s on  the far greater de
p en d en cy  o f  k 'ls on  so lven t p o la r ity ; e.g., k \ s increases 
a lm ost fou rfo ld  from  1 0 %  to  4 0 %  aceton e w hile fc'lQ 
rem ains v irtu a lly  constant. T hu s, in increasing apolar 
so lven t P -S  cleavage becom es increasingly  im p ortan t,

(1 0 ) E . G ru n w a ld  a n d  S . W in s te in ,  J. Am er. Chem. Soc., 70, 8 4 6  (1 9 4 8 ).
(1 1 ) E . A le x a n d e r , “ P r in c ip le s  o f  I o n ic  O rg a n ic  R e a c t io n s ,”  W ile y ,  N e w  

Y o r k ,  N . Y . ,  1961 , p  91 .
(1 2 ) R e fe r e n c e  6, p  165 .
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Figure 8.— Relationship between fci, (• ) and k\„ (O) and 
Grunwald-Winstein Y values for the alkaline hydrolysis of 0 -  
methyl S-methyl phosphoramidothioate in aqueous acetone.

resu lting even tu a lly  in  a ch angeover in ra tio  o f  p rod 
ucts.

T h e  e ffect o f  aceton e on  the rate o f  P -S  cleavage  was 
even  m ore p ron ou n ced  in  the alkaline h yd ro lysis  o f
iS ,S-dim ethyl p h osp h oram idod ith ioa te  (7 ). In  w ater 
the secon d -order rate con stan t for  the alkaline h y d ro ly 
sis o f  7 after correction  fo r  tw o  m eth y lth io la te  leaving  
groups is 0 .65 vlf-1 m in -1 at 25 °, v irtu a lly  identical 
w ith  the fc2s va lue o f 0 .6  M ~ l m in -1 for 1 at 27 °. In  
alkaline solu tions con ta in in g  1 0 %  and 2 0 %  aceton e , 
the rate con stan t for  7 increased  app rox im ate ly  15- 
and  30 -fo ld , respectively .

Effect of Methyl Substitution.— T h e  va lu es for  the 
specific secon d -order rate con stan ts for P - 0  (fc2o) and 
P -S  (/c2s) b on d  cleavage  for  1, 2, and 3 in aqueous 
potassium  h yd rox id e  at 2 7 ° in  T a b le  I I I  show  that 
there is a m arked  decrease in b o th  k2o and  k2s w ith  
sequential su bstitu tion  o f am ido proton s  b y  m ethyl. 
In  add ition , the rela tive rates for  P - 0  and P -S  cleavage 
also decreased ; e.g., k2o/k 2s was 14 for  1, 0 .023 for  2, 
and presu m ably  m uch sm aller for  3. T hu s, 1 was 
h y d ro ly ze d  predom in an tly  b y  P - 0  cleavage  w hile P -S  
cleavage predom in ated  w ith  2 and 3.

T h e  va lu e  for k2 o f  5.0 i l f -1 m in -1 (3 7 °) p rev iou sly  
rep orted  for  h yd rox id e  ion  ca ta lyzed  h y d ro ly s is  o f  d i
m eth y l ph osphoram idate7 (4) is close  to  that fo r  1 at 
27 ° and suggests th at P - 0  cleavage in 1 and 4  occu rs 
b y  a sim ilar m echanism . S ince com p ou n d  4 u n der
goes alkaline h ydrolysis  104-fo ld  faster than  its N ,N - 
d im eth y l analog, a m echanism  in v o lv in g  a m etap h os- 
ph orim idate  in term ediate  form ed  a fter rem ov a l o f  on e 
o f  the n itrogen  proton s was suggested. In  a d d ition , 
a sim ilar m echanism  in v o lv in g  a p h osph orim id ate  in
term ediate  has been  prop osed  b y  o th ers13 14 to  a ccou n t 
for  the rapid  h yd rolysis  o f  certain  ph osp h oram id ic  
ch lorides. O ur results, h ow ever, are d ifficu lt to  ra
tionalize  in term s o f  a single process o f  th is ty p e  alone. 
A  p lausib le m echanism  in  w hich  tw o  d ifferen t p ro 
cesses are tak in g  p lace sim ultaneously  m ay  be  sug
gested from  the da ta : process a, w h ich  in v o lv es  h y -

(1 3 )  P . S . T r a y lo r  a n d  F . I I .  W e s th e im e r , J . Am er. Chem. S oc., 8 7 , 553
(1 9 6 5 ).

(1 4 )  A . F . G e rra rd  a n d  N . K . H a m e r, J . Chem. Soc. B, 5 3 9  (1 9 6 8 ) .
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droxide ion  attack  on  the am ido p roton , leading to  the 
ph osphoram idoth ioate  an ion  w hich  decom poses in a 
rate-determ ining step  to  g ive  P -S  cleavage, and p ro 
cess b, w hich  in volves a ttack  o f  h yd rox id e  ion  on  the 
phosphorus atom , even tu a lly  resulting in  P - 0  cleav 
age.

P rocess a, lead ing  t o  P -S  cleavage and ph osph ori- 
m idate form ation , is analogous to  the m echanism  p ro 
posed  for  b ase-ca ta lyzed  h yd rolysis  o f  phosphoram id ic 
ch lorides .1314 D irect su pport fo r  th is m echanism  is 
fou n d  in results ob ta in ed  from  the analysis o f  p rod u cts  
after base-cata lyzed  h yd ro lysis  o f  1 in absolute ethanol 
and propanol. T h e  ob serva tion  th at 1 reacts w ith  
potassium  h yd rox id e  in  absolu te  eth an ol or p ropan ol 
to  g ive  as m a jor p rod u cts  d im eth y l sulfide and  the 
potassium  salt o f  e th y l and  p ro p y l ph osphoram id ic 
acid, respective ly , stron g ly  indicates that th is reac
tion  proceeds th rou gh  a m etaph osph orim idate. In  
eth an ol or  p ropan ol the in term ediate  is so lv o ly zed  to  
g ive  eth y l or p ro p y l m eth y l phosphoram idate, w hich  
is in  turn  d em eth y la ted  b y  m eth y lth io la te  an ion  to  
p rod u ce  the respective  p rod u cts  as show n below .

c h 3s 0 r  0 1
\ ✓ /

p +  O H - — H N = P +  c h 3s -
/ \ \

c h 3o n h 2 OCH3J

1 R0H, R C2H5, C3H7

RO 0 O O

\ #  C H îS - \  /
CH3SCH3 + 5 -i-------- P

/ \ /  \
- 0 n h 2 CH30  NH.

T h e  find ing  th a t P - 0  cleavage  predom in ates in  
h igh ly  polar solven ts suggests th at th is reaction  pro
ceeds b y  a process in v o lv in g  h yd rox id e  ion  a ttack  on  
the phosphoru s a tom , either b y  a con certed  S n 2 (P ) 
or b y  an a d d ition -e lim in a tion  reaction . A lth ou gh  
a con certed  S n 2 reaction  m a y  lead  to  P - 0  cleavage, 
it  does n ot a ccou n t for  th e  prepon deran ce o f  P - 0  over  
P -S  cleavage, particu larly  since m ethylth io la te  ion  
is a superior leav ing  group  com pared  to  m ethox ide  ion . 
T hus, process b, leading to  P - 0  cleavage, p rob a b ly  
in volves, at least in  th e  case o f  1 and 2, the add ition  
o f  the h yd rox id e  ion  to  th e  p h osph oram idoth ioa te  fo l-

C H jS^  ^N H R

low ed  b y  a rapid  elim ination  o f th e  a lk oxy  grou p  rather 
th an  a concerned S n 2 ty p e  reaction . T h e  add ition  
step  is expected  to  lead  to  a trigonal b ipyram ida l inter
m ediate  and from  preference ru les15 the m eth oxy  and 
h y d ro x y  groups sh ou ld  occu p y  apica l positions. W ith  
th e  m eth oxy  group  in an apica l position , its departure 
m ay be assisted b y  the n itrogen  p ro ton  either d irectly  
or in d irectly  b y  the in terven tion  o f  a w ater m olecu le 
as in d icated  in  the m echanism  g iven  above . T h e  addi
tion -e lim in a tion  m echanism  explains w hy P - 0  cleav 
age takes place w ith  1 and 2 b u t does n ot occu r  w ith  
3  w here the n itrogen  a tom  is fu lly  su bstitu ted  w ith  
m ethyl groups. T h e  exclusive cleavage  o f  the P -S  
b on d  in 3 p rob a b ly  occu rs b y  a con certed  S.\2 m ech
anism  in  w hich  the best leav ing  grou p , i.e., m ethyl
th iola te , is d isp laced  b y  h yd rox id e  ion.* 9 T h is  is the 
usual ty p e  o f  su bstitu tion  reaction  w ith  m ost triesters 
o f  ph osphoric a c id .16 T h e  fa ct th at the h ydrolysis 
o f  3 b y  P -S  cleavage is approx im ately  3 X  HP tim es 
slow er than that o f  1 suggests d ifferent m echanism s 
fo r  the h yd rolysis  o f  1 and 3.

O ther ev idence w hich  is con sistent w ith a m echanism  
postu latin g  in r ia l h yd rox id e  a ttack  on  phosphoru s to  
explain  P - 0  b on d  cleavage is th at 0 ,0 -d im e th y l phos
ph oram idoth ioate  (8) h yd ro lyzes  approx im ately  five
fo ld  slow er than  the correspon d in g  P = 0  analog in 
aqueous alkali, resulting exclu sive ly  in  P - 0  cleavage. 
T h e  difference in rates is con sisten t w ith  the know n 
d eactiva tin g  effect o f  th ion o  su lfu r16 in  reactions in
v o lv in g  a ttack  o f a nucleophile on  phosphorus. F ur
ther, the approx im ately  th reefo ld  greater rate o f  P - 0  
cleavage o f 1 b y  h yd rox id e  ion  com pared  to  d im eth y l 
ph osphoram idate (4) also is consistent w ith  this m ech 
anism  ow in g  to  less d T- p ,  overlap  betw een  sulfur and 
phosphorus in 1. In  con trast, O -m eth y l A f-cyclo- 
h exy lp h osp h oram id oth io ic  ch loride  has been  rep orted 17 
to  h y d ro ly ze  su bstan tia lly  faster than  its P = 0  de
r iv a tiv e  w ith  elim ination  o f ch loride  ion. T hese re
sults have been  rationalized  on  the basis o f  a  m ech
anism  in vo lv in g  h yd rox id e  ion  a ttack  on  am ido pro
to n  w ith  subsequent elim ination  o f  ch loride, a good  
leav in g  group , and to  the re la tive  ease o f  form ation

(1 5 ) F . H . W e stlu -im e r, Accounts Chem. R es., 1 , 70  (1 9 6 8 ).
(1 6 )  J . R . C o x  a n d  O . B . R a m s a y , Chem. Rev., 64, 317  (1 9 6 4 ).
(1 7 ) A . F . G e ra rd  a n d  N . K . H a m e r, J. Chem. Soc. B, 3 6 9  (1 9 6 9 ).
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o f  P = S  ph osphorim idate com pared  to  P = 0  ph os- 
p h orim idate . I t  is u n likely , h ow ever, th a t P - 0  cleav 
age occu rs b y  th is ty p e  o f  m echanism  because o f  the 
p o o r  leav ing  a b ility  o f  the m ethoxide m o ie ty .18

T h e  rate o f  P - 0  cleavage in  the reaction  betw een  1 
and  aqueous potassium  h yd rox id e  is m ore than  ten 
fo ld  greater th an  th e  rate at w h ich  7 undergoes P -S  
cleavage under sim ilar con d ition s. T h is  m ay  be  a ttrib 
u ted  to  the ca ta ly tic  e ffect p ro v id e d  b y  the am ido 
p ro ton  th rou gh  h y d rog en  bon d in g  w ith  the leav ing  
m eth oxy l m oiety  in  the tran sition  state. C ata ly tic  
e ffects  o f  th is ty p e  w here a nucleoph ile  attacks the re
active  cen ter and a p ro ton  assists the leav ing  group 
are k n ow n .19 T h e  substantial d rop  in  rate o f  P - 0  
cleavage  o f 2 com p ared  to  1 m ay be  a ttrib u ted  to  steric 
in terference b y  th e  m eth y l group  com b in ed  w ith  the 
decrease in  the ten d en cy  o f the am ido p ro to n  to  d is
socia te , hence decreasing p ro ton  assistance in th e  tran
sition  state.

T h e  nature o f  the produ cts obta in ed  after alkaline 
h yd ro lysis  o f  1 or 2 depends on  the rela tive rates o f 
the tw o  com p etin g  reactions a and b  in  the m echan istic 
schem e. T h e  com p etition  betw een  these tw o  reac
tions in  d ifferen t so lven t system s bears a strik ing re
sem blance to  the w ell-established  com p etition  betw een  
n u cleoph ilic  su bstitu tion  and elim ination  reactions 
in  the alkaline h yd rolysis  o f  a lkyl halides, e.g., 2 -b rom o- 
p rop a n e .20

F inally , the d iscrep an cy  observed  betw een  the ratio 
o f  rate constants k2o/k 2s and  the ratio o f  p rod u cts  o b 
ta ined  experim entally  from  p rod u ct an alysis1 for  2 and 
3 deserves com m en t. C onsidering  2 first, p rod u ct 
analysis after using equ im olar am ounts o f  2 and potas
sium  h yd rox id e  in  w ater gave a ra tio  o f  P - 0  to  P -S  
cleavage  o f  abou t 1 :2 . In  con trast, the ratio k2o/k 2a 
determ in ed  b y  using 50 -fold  m ore 2 than  h yd rox id e  
ion  was in the order o f  1 :4 4 . B ecause o f the h igh  nu- 
c leop h ilic ity  o f  h yd rox id e  ion  tow ard  phosphorus, it 
is possible th at at the higher con cen tra tion  o f h yd rox 
ide the b im olecu lar m echanism  leading to  P - 0  cleav 
age benefits m ore th an  the elim ination  reaction  leading 
to  P -S  cleavage. H ow ever, it was n ot possib le  to  p ro 
v id e  su pport for  this statem ent ow in g  to  th e  com plex  
nature o f  the k inetic analysis under secon d -order co n 
d itions.

In  th e  case o f  3 w here the k in etic analysis p reclu ded  
P - 0  cleavage, i.e., the assum ption  was m ade th at k2o 
is neg lig ib ly  sm all com pared  to  k2s, p rod u ct analysis 
using equ im olar am ounts o f  3 and potassium  h yd rox id e  
show ed  th at a sign ificant am ou n t o f  m ethanol was lib 
erated , in d ica tin g  P - 0  cleavage. T h e  results here, 
h ow ever , are n ot d irect ly  com parab le  since p rod u ct 
analysis fo r  m ethan ol w as m ade a fter d istilla tion  o f 
the reaction  m ixture to  a v o id  the m asking effect o f 
d im eth y l sulfide in  the g lc determ in ation  and to  ob ta in  
m ethan ol in  h igh  con cen tra tion . A cco rd in g  to  eq  
14 and 15, h a lf o f  th e  orig inal am ou n t o f  3 sh ou ld  b e  in 
th e  fo rm  o f  the an ion  o f  m ethy l jV ,A -d im eth y lp h os- 
p h ora m id ic  acid  a fter con su m ption  o f  potassium  h y 
droxide, and it  is likely  th at during d istillation  o f  the

(1 8 ) R .  F . H u d s o n , " S t r u c t u r e  a n d  M e c h a n is m  in  O rg a n o p h o s p h o r u s  
C h e m is t r y ,”  A c a d e m ic  P ress , N e w  Y o r k ,  N . Y . ,  1965, p  2 80 .

(1 9 ) J . E p s te in , D . H . R o s e n b la t t ,  a n d  M .  M . D e m e k , J. Am er. Chem . 
Soc., 78, 341 (1 9 5 6 ).

(2 0 ) K . A . C o o p e r ,  M .  L . D h a r , E . D . H u g h e s , C . K . I n g o ld ,  B . J . M a c -
N u lt y ,  a n d  L . I .  W o l f ,  J . Chem. Soc., 2 0 4 3  (1 9 4 8 ).

r e a c t i o n  m ix t u r e  C - 0  b o n d  f is s io n  o c c u r r e d  b y  a t t a c k  
o f  w a t e r  o n  t h e  m e t h y l  c a r b o n  t o  p r o d u c e  m e t h a n o l .  
S u p p o r t  f o r  t h i s  p o s s ib i l i t y  is  f o u n d  in  t h e  f a c i l e  C - 0  
b o n d  c le a v a g e  o f  m e t h y l  a n d  d i m e t h y lp h o s p h o r i c  a c id  
in  w a t e r  a t  h ig h  t e m p e r a t u r e  u n d e r  n e u t r a l  c o n 
d i t i o n s .21

Experimental Section
The phosphoramidothioate esters used in this study have been 

described previously.'1 The prar spectrum of O-methyl S- 
methyl phosphoramidothioate (1) showed a doublet centered at 
5 3.6 (J =  13 Hz) for P0CH 3 protons and a doublet centered at 
5 2.2 (J = 15 Hz) for PSCH3 protons; O-methyl S-methyl N- 
methylphosphoramidothioate (2) showed a multiplet centered at 
5 5.3 for the NH proton, a doublet centered at & 3.7 for the 
POCH3 protons (,/ =  13 Hz), a quartet centered at S  2.5 for 
PNCH3 protons, and a doublet centered at 5 2.2 for PSCH3 
protons (J = 15 Hz); O-methyl S-methyl N ,IV-dimethylphos- 
phoramidothioate (3) showed a doublet centered at 5 3.6 for 
POCH3 protons (J =  12 Hz), a doublet centered at S 2.7 for 
PN(CH3)2 protons (J = 11 Hz), and a doublet centered at S 2.2 
for PSCH3 protons (J =  14 Hz). Pmr spectra were obtained on 
a Varian T-60 spectrometer using deuteriochloroform or deu
terium oxide as the solvent. Tetramethylsilane was used as the 
internal standard.

S,S-Dimethyl phosphoramidodithioate (7) was prepared as 
follows. Ammonia was passed into a solution of 10 g of S,S- 
dimethyl phosphorochloridodithioate,22 bp 68-70° (0.05 mm), 
ti21d 1.5734, in 150 ml of anhydrous toluene until cessation of pre
cipitate formation. The mixture was warmed to 50° for 30 
min and cooled, and the toluene-insoluble product and am
monium chloride were collected by filtration. The crude prod
uct was taken up in 30 ml of warm methanol and filtered to re
move ammonium chloride, and toluene was added to the filtrate 
until crystallization occurred. Recrystallization from a meth
anol-toluene mixture gave 7.1 g of product (80%), mp 105-106°.

Anal. Calcd for C2H8NOPS2: C, 15.29; H, 5.10. Found: 
C, 15.66; H, 5.49.

Alkaline Hydrolysis.— All solvents used in this study were re
distilled under nitrogen before use. In a typical hydrolysis re
action to determine products 1.41 g (0.01 mol) of 1 was dissolved 
in 10.0 ml of water (or appropriate solvent) to which was added 
0.6 g of reagent grade potassium hydroxide in 10 ml of water and 
the mixture was allowed to stand in a 23° thermostated water 
bath for 4 hr. Removal of the solvent under reduced pressure 
produced a solid salt residue which was washed three times each 
with 5 ml of acetonitrile and dried at 0.02 mm pressure at 90° 
for 30 min. Analysis of the pmr spectra showed that the 
coupling of CH30  (J = 11 Hz) and CH3S (J =  12 Hz) protons 
with phosphorus in the two salts (5 and 6) was distinctly dif
ferent from the coupling of CH30  (J =  13 Hz) and CH3S (J =  
15 Hz) in the starting material (1).

Reaction in absolute ethanol or propanol (dried and distilled 
over magnesium) was carried out similarly by dissolving equi
molar amounts of 1 and potassium hydroxide in solvent and al
lowing the mixture to stand for 4 hr. The reaction flask was 
attached to a 15-cm Vigreux column connected to a distillation 
head through which chilled water was passed and the mixture 
was heated to distil dimethyl sulfide, which was collected at 
37-40°. Dimethyl sulfide was identified by pmr (singlet at S
2.0) and by gas-liquid chromatography. The residual salts 
obtained after removal of ethanol or propanol were identified by 
pmr. Potassium ethyl phosphoramidate in deuterium oxide 
showed a multiplet at S 4.0 for methylene protons and a triplet 
or a multiplet (depending on resolution) at 5 1.4 for methyl pro
tons. Potassium propyl phosphoramidate showed a multiplet 
at 5 3.9 for OCH2 protons, a multiplet at 5 1.7 for methylene 
protons, and a triplet at S 1.0 for methyl protons.

Alkaline hydrolysis of 1 in 180-enriched water was carried out 
as described above using 1.5% 180  water obtained from Bio Rad 
Laboratories, Richmond, Calif. After standing for 4 hr at 50°, 
the reaction mixture was heated to collect a water-methanol 
azeotropic mixture, which was examined in a Hitachi Perkin-

(2 1 )  W . C . B a rn a rd , C . A . B u n to n , D .  R .  L le w e lly n , C . A . V e r n o n , a n d  
V . A . W e lch , J. Chem. Soc., 2 6 7 0  (1 9 6 1 ).

(2 2 )  T .  W .  M a s t in ,  G. R . N o rm a n , a n d  E . A . W e llm u e n s te r ,  J . Am er. 
Chem. Soc., 67, 1662 (1 9 4 5 ).
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Elmer Model RMO-693 double focus mass spectrometer. 
Analysis of the mass spectral data showed no significant in
corporation of 180  in methanol, i.e., the (M + +  2) peak for 
methanol had a relative abundance of only 0.28%.

Methanol and dimethyl sulfide were determined quantitatively 
by glc using an P & M  Model 402 gas chromatograph equipped 
with hydrogen flame detector and a 6-ft 5%  Carbowax Gas-Chrom 
Q column at 78°. For dimethyl sulfide determinations after 
hydrolysis of the phosphoramidothioate esters, the reactions 
were carried out in sealed ampoules and cooled in ice-water prior 
to glc analysis. Estimations of methanol and dimethyl sulfide 
were made by comparing peak areas obtained from standard solu
tions of methanol in water or dimethyl sulfide in a dimethyl 
sulfoxide-water mixture.

Methylation of 5 and 6 for glc analysis was carried out with 
diazomethane.23 The sample to be esterified was dissolved in 
1:9 methanol-ether, acidified with methanolic HC1, and treated 
with excess diazomethane at room temperature for 1 hr. The 
solution was concentrated and an aliquot was analyzed by glc 
using a hydrogen flame detector modified for thermionic detection 
of phosphorus by mounting a KC1 pellet in the hydrogen jets. 
A 6-ft column containing 3.5% diethylene glycol succinate on 
SupelCoport (mesh size 80/100) at a temperature of 210° was 
used. Nitrogen, hydrogen, and air flow rates were 51, 41, and 
40 ml/min, respectively.

Kinetic Methods. A. O-Methyl 5-Methyl Phosphoramidothi
oate (1).— The overall rate of reactions between 1 and hydroxide 
ion (combined P-S and P -0  cleavage) was determined under 
pseudo-first-order conditions (excess 1) by following the drop in 
pH of the reaction mixture using a Corning Model 12 research 
pH meter equipped with an expanded scale accurate to ±0.005 
pH unit. Reactions were carried out under nitrogen in a 
double-wall thermostated glass cell maintained at 27.0° and 
provided with a magnetic stirrer and glass electodes. Typically, 
to 19.6 ml of an aqueous solution containing 282 mg of 1 (2 
mmol) was added 0.4 ml of 0.495 M  aqueous sodium hydroxide 
and the rate was monitored by measuring the drop in pH .

5,5'-Dithiobis(2-nitrobenzoic) acid24'25 (DTNB) was used to 
follow the rate of methanethiol release (P-S bond cleavage). 
Rates of P -S  bond cleavage were determined under pseudo- 
first-order conditions in carbonate buffer at pH 10.0, ionic 
strength 0.2 M . Sealed ampoules initially containing 8 X 10" 3 
M  1 in carbonate buffer were removed at intervals from a con
stant-temperature bath and chilled in ice, and an aliquot was 
added to a solution consisting of 0.2 ml of 0.01 M  DTNB in pH 
7.0 phosphate buffer to make a final volume of 5.0 ml. The 
magnitude of the yellow color produced was estimated at 412 m¡u 
in a Bausch and Lomb Spectronic-20 spectrophotometer. 
Amounts of methanethiol present in solution were determined from 
a standard curve.

(2 3 ) C . W . S ta n le y , J . A gr. Food Chem., 14, 321 (1 9 6 6 ).
(2 4 ) G . L . E llm a n , K . D .  C o u r t n e y ,  V . A n d re s , a n d  R .  M .  F e a th e rs to n e , 

Biochem . Pharm acol., 7, 8 8  (1 9 6 1 ).
(2 5 )  D . R .  G ra ss e t te  a n d  J . F .  M u r r a y , J r ., Arch. Biochem . B iophys., 119, 

41 (1 9 6 7 ).

Combined rates of P-S and P -0  cleavage also were determined 
at constant pH. As hydrolysis of 1 occurred the amount of 
standard sodium hydroxide necessary to maintain the pH at the 
initial setting of 10.0 ±  0.1 was estimated by means of a manually 
operated micrometer-driven microsyringe. In experiments in
volving the effect of added acetone on pseudo-first-order hy
drolysis rates, the pH of the initial alkaine solutions containing 
variable amounts of acetone (10, 20, 30, and 40%  v /v )  was 
standardized to equal the pH of a sodium carbonate buffer (pH 
10.0 in water) containing the same amount of acetone. In these 
experiments the ionic strength was maintained constant at 0.2 M  
by the use of sodium chloride.

Rates of methanol release (P -0  bond cleavage) were estimated 
by glc as previously described. For the hydrolysis of 1, a 1-ml 
aliquot of a reaction mixture consisting of 2 X 10 ~2 M  1 and
2.4 X 10-2 M  potassium hydroxide was withdrawn at different 
time intervals and acidified with 0.1 ml of 1 A  hydrochloric acid, 
and a sample was analyzed by glc.

B. O-Methyl S-Methyl iV-Methylphosphoramidothioate (2).— 
The overall pseudo-first-order rate of reaction between 2 and 
hydroxide ion was followed by the pH-drop method described 
above for 1. Because of the slower rate of reaction of 2, the 
initial concentration of this material was set at 0.5 M . P-S 
bond cleavage was estimated by DTNB reagent under the same 
pseudo-first-order conditions of excess 2 over potassium hy
droxide used to determine overall rate except that the reactions 
were carried out in sealed ampoules as described for 1. Ionic 
strength was maintained at 0.2 M  with sodium chloride.

C. O-Methyl S-Methyl A',,V-Dimethylphosphoramidothioate 
(3).— Because of its greater stability compared to 1 and 2, esti
mation of the rate of hydrolysis of 3 was possible by titration 
with standardized hydrochloric acid of the amount of hydroxide 
ion remaining after different time intervals. Rate measure
ments were made under pseudo-first-order conditions identical 
with that described for 2 and also under second-order con
ditions of equimolar amounts (approximately 0.25 M ) of potas
sium hydroxide and 3.

D. S,S-Dimethyl Phosphoramidodithioate (7).— The rate of 
the reaction of 7 with hydroxide ion was followed by use of the 
DTNB reagent according to the method described for 1 and 2 . 
Hydroxide ion concentration was 0.1 M  and 7 was 1 X 10-3 M .

E. 0,0-Dimethyl Phosphoramidothioate (8).— The rate of 
hydrolysis of 8 was determined in equimolar concentrations of 8 
and hydroxide ion (0.055 M ) by titration with standardized 
hydrochloric acid. The reaction was carried out in a 20% 
ethanol-water mixture.

R eg istry  N o .— 1, 10265-92-6 ; 2, 28167-49 -9 ; 3, 
25218-42-2 ; 5, 32979-53-6 ; 6, 32979-54 -9 ; 7 , 32979- 
5 5 -8 ; 8, 17321-47-0 ; potassiu m  h yd rox id e , 1310-58-3.

A ck n ow led g m en ts .— W e  gratefu lly  ackn ow ledge v a l
uable  d iscussions w ith  D r. L y le  K . G aston . W e  are 
in d ebted  also to  th e  gran tin g  agencies fo r  financial 
su pport o f  th is w ork .
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Ether Cleavage by Triphenyldibromophosphorane1,2
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Triphenyldibromophosphorane has been found to effect the cleavage of dialkyl and phenyl ethyl ethers under 
essentially neutral conditions. Primary and secondary alkyl groups gave good yields of alkyl bromides with 
bens',onitrile or chlorobenzene as the solvent. Cleavage of alkyl ieri-butyl ethers in DM F solvent converted the 
ieri-butyl group primarily to isobutene. No rearrangements were observed. The phenyl group was first ob
tained as part of a phosphonium bromide salt which was converted to bromobenzene at higher (>230°) tempera
tures. Vinyl and ¡S-chloroalkyl ethers were much less reactive. Two epoxides, a ketal, and three thioethers 
were treated with inconsistent results.

T h e  com m on  m ethods fo r  th e  cleavage o f n on acti- 
v a te d  ethers have em p loyed  strong acids. M ild er 
con d ition s  using boron  trihalides (or d iborane or  so
d ium  b o roh y d rid e  plus iod ine) have been  exten ded  re
ce n tly 1 2 3 and fou n d  to  g ive  cleavage at room  tem pera
ture or  b e low  in m ost cases. H ow ever, on ly  w ith  B I 3 
arc b o th  ca rb o n -o x y g e n  ether b on d s cleaved  and B F 3 
g ives alkencs w ith  o th er than  m ethy l and eth y l ethers 
(w h ich  form  stable a d du cts). Less com m on ly , ethers 
h ave been  c leaved  b y  strong bases {e.g., a lk y l- and 
aryllith ium  reagents,4 alkali m etals5).

T h e  finding that a lk y lha lotriph en oxyph osph oran es6 
and triphenyld ihalophosphoranes7'8 w ou ld  e ffect the 
con version  o f  a lcohols to  a lkyl halides led  us to  co n 
sider tertiary  phosphine dihalides fo r  th e  cleavage o f 
ethers9 as a m eth od  to  avo id  th e  presence o f  strong 
acids and  bases. E thers w ou ld  be exp ected  to  react 
w ith  the tertiary  ph osphine d ih alides10 to  form  an 
oxon iu m  in term ediate (eq  1). T h is  co n ju g a te -L e w is  
acid  o f  the ether cou ld  th en  react in the usual m anner

(1 ) S u p p o r te d  in  p a r t  b y  a  g ra n t  f r o m  th e  P e t r o le u m  R e s e a rc h  F u n d  o f  
th e  A m e r ic a n  C h e m ic a l  S o c ie t y .  F r o m  t h e  P h .D .  th e s is  o f  F . J . F .

(2 ) A  p r e lim in a r y  a c c o u n t  o f  a  p a r t  o f  th is  w o rk  has  a p p e a r e d : A .  G .
A n d e r s o n , J r ., a n d  F . J . F re e n o r , J . Am er. Chem. Soc., 8 6 , 5 0 3 7  (1 9 6 4 ).

(3 ) J . F . W .  M c O m ie ,  M .  L . W a t t s ,  a n d  D . E . W e s t ,  Tetrahedron, 24, 
2 2 8 9  (1 9 6 8 ) ;  T .  P . P o v lo c k ,  Tetrahedron Lett., 4131  (1 9 6 7 ) ;  E .  F . M o o n e y  
a n d  M .  A . Q a se e m , Chem. Commun., 2 3 0  (1 9 6 7 ) ;  T .  H . L o n g  a n d  G . F . 
F re e g u a rd , N ature {London), 207, 4 0 3  (1 9 6 5 ) :  Chem. Ind. {London), 223
( 1 9 6 5 )  ; F . M .  D e a n , J . G o o d c h ild ,  L . E . H o u g h t o n , J . A .  M a r t in ,  R .  B . 
M o r to n ,  B . P a r to n , A . W . P r ice , a n d  N . S o m v ic h ie n , Tetrahedron Lett., 4 1 5 3
( 1 9 6 6 )  ; S . D . G e ro , ibid ., 591 (1 9 6 6 ) ;  C .  R .  N a r a y a n a n  a n d  K . N . I y e r , 
ibid ., 1 36 9  (1 9 6 5 ) ;  J . F . W . M c O m ie  a n d  M .  L . W a t t s ,  Chem. In d . {London), 
1 6 5 8  (1 9 6 3 ) ;  D .  L . M a n s o n  a n d  O . C . M u s g r a v e ,  J . Chem. Soc., 1011 (1 9 6 3 ) ;  
R .  D . Y o u s s e fy e h  a n d  Y .  M a z u r ,  Tetrahedron Lett., 1287  (1 9 6 2 ) ;  T .  G . 
B o n n e r , E . J . B o u rn e , a n d  S. M c N a l ly ,  J . Chem. Soc., 1 47 0  (1 9 5 5 ).

(4 ) H . G ilm a n , F . W . M o o r e ,  a n d  O . B a in e , J. Am er. Chem. Soc., 6 3 , 2 48 0  
(1 9 4 1 ).

(5 ) R .  L . L e ts in g e r  a n d  J . G . T r a y n h a m , ibid., 70, 3 3 4 2  (1 9 4 8 ).
(6 ) S . R .  L a n d a u e r  a n d  H . N . R y d o n ,  J . Chem. Soc., 2 2 2 4  (1 9 5 3 ) ;  D . G . 

C o e ,  S . R .  L a n d a u e r , a n d  H . N . R y d o n ,  ibid., 2281 (1 9 5 4 ) ;  I .  T .  H a rriso n  
a n d  B . L y t h g o e ,  ibid., 8 4 3  (1 9 5 8 ) ;  J . W .  C o r n fo r t h ,  R .  H . C o r n fo r t h ,  a n d  
K . K . M a th e w s , ibid., 112 (1 9 5 9 ) ;  S . R .  L a n d a u e r  a n d  H . N . R y d o n ,  ibid., 
2 2 2 4  (1 9 6 3 ).

(7 )  L . H o rn e r , H . O e d ig e r , a n d  H . H o ffm a n . Justus Liebigs A n n . Chem., 
626, 2 6  (1 9 5 9 ).

(8 )  D .  B . D e n n e y  a n d  R . R .  D ile o n e ,  J . Am er. Chem. Soc., 84, 4 7 3 7  
(1 9 6 2 ) ;  V .  K .  Is s le ib  a n d  W . S e id e l, Z . Anorg. Allg. Chem., 288, 201 (1 9 5 6 ) ;  
W . S t e in k o p f  a n d  K . B u ch h e im , Chem. Ber., 54, 1024 (1 9 2 1 ) ;  F . F le issn er , 
ibid., 15, 801 (1 8 8 2 ).

(9 )  T h e  c le a v a g e  o f  t e t r a h y d r o fu r a n  b y  t r ip h e n y ld ib r o m o p h o s p h o r a n e  
[ (a )  A . Z a m o js k i ,  Chem. Ind. {London), 117  (1 9 6 3 ) ]  a n d  m o r e  r e c e n t  c o n 
v e r s io n s  o f  a lc o h o ls  t o  h a lid e s  w ith  te r t ia r y  p h o s p h in e  d ih a lid e s  [ (b )  G . A . 
W ile y ,  R .  L . H e rs h k o w itz , B . M .  R e in ,  a n d  B . C . C h u n g , J . Am er. Chem. 
Soc., 8 6 , 964  (1 9 6 4 ) ;  G . A . W ile y ,  B . M .  R e in ,  a n d  R .  L . H e rs h k o w itz , 
Tetrahedron Lett., 2 5 0 9  (1 9 6 4 ) ]  c a m e  t o  o u r  a t te n t io n  o r  w ere  r e p o r te d  w h en  
t h e  p r e s e n t  s tu d ie s  w e re  in  p ro g re ss .

(1 0 ) C o n c e r n in g  th e  n a tu re  o f  th e s e  re a g e n ts , s e e  A . D .  B e v e r id g e , G . S .
H a rr is , a n d  F . I n g lis , J. Chem. Soc. A ,  5 2 0  (1 9 6 6 ) ;  J . G o u b e a u  a n d  R .  B a u m 
g a r tn e r , Z. Elektrochem., 64, 5 9 8  (1 9 6 0 ) ;  L . H o rn e r  a n d  H . W in k le r , Tetra
hedron Lett., 175 , 4 5 5  (1 9 6 4 ) ;  G . A .  W ile y  a n d  W . R .  S t in e , ibid., 2321
( 1 9 6 7 )  : V .  K . I s s le ib  a n d  W . S e id e l, Z. Anorg. Allg. Chem., 288, 201
(1 9 5 6 ).

Ph3PX

RO ll +  Ph3P X 2 ^  II—Ó— R X -  — >-+
Ph3P O IlX - +  R X  (1)

to  g iv e  a lkyl halide and a qu asiph osphon ium  io n 11 * in
term ediate  correspon d in g  to  th at p rop osed  fo r  phenols 
and a lcoh ols ,7 8’91>12'13 w hich , fo r  d ia lky l ethers, cou ld  
afford  a secon d  m olecu le o f  R X  (eq  2 ). T h e  present

Ph3P O R X - — >  Ph3PO +  R X  (2)

s tu d y  w as d irected  tow ard  and lim ited  to  th e  find ing 
o f con d ition s  w ith  tr ip h en y ld ibrom oph osph oran e 
w h ich  w ou ld  e ffect cleavage y e t  a ppreciab ly  reduce 
the side reactions caused b y  stron g  acids and  bases. 
N o  e ffort w as m ade to  find op tim u m  con d ition s ; there
fo re  y ields h igher than  th ose  ob ta in ed  shou ld  b e  p os
sible w ith  som e ethers. T ertia ry  ph osph ine dihalides 
are k n ow n  to  react w ith  a num ber o f fu n ction a l grou ps 
(e.g., a cid ic hydrogen , reactive ca rbon y l, a lkoxide, 
h ydrazine, and perox ide) and these w ou ld  in terfere 
if  present.

A ceton itrile , benzonitrile , d im eth ylform am ide 
(D M F ) , l-m eth y l-2 -p y rro lid on e , ch loroben zen e, and 
th e  less p o lar p -x y lcn c  w ere all used as th e  so lven t w ith  
v a ry in g  degrees o f  success and particu lar advantages 
and disadvantages. A ceton itrile  and also carbon  
tetrach loride  cou ld  be  used fo r  preform in g the reagent 
if  isolation  o f the latter w as desired, b u t their low  b o il
ing poin ts p reclu ded  general use in c leavage reactions. 
T h e  reagent cou ld  b e  form ed  (w ith  coo lin g ) in  D M F  
b u t n ot in  l-m eth y l-2 -p y rro lid on e  (d ecom p osition  o c 
cu rred ). F or o th er th an  short ether cleavage reaction  
tim es these solvents (especia lly  the p yrro lid on e) 
form ed  gases and dark, n on vola tile  b y -p ro d u cts , p- 
X y le n e  as th e  reaction  solven t led to  high bo ilin g  p rod 
ucts. L on g  reaction  tim es gave  som e darkening w ith  
all solven ts b u t least w ith  benzonitrile  and  ch loro 
benzene. W ith  D M F  and aceton itrile , w ork -u p  w as 
fa cilita ted  b y  adding  w ater and  extractin g  th e  a lk yl 
halide. Y ie ld s  o f  a lk yl halide fo r  short reaction  tim es 
(o ften  correspon d in g  to  in com plete  reaction ) w ere co m 
parable  fo r  the various solven ts excep t for  certa in  b ro 
m ide prod u cts  {e.g., feri-bu ty l b rom ide) w h ich  reacted  
w ith  D M F .14 C leavage  reactions w ere run under an

(1 1 )  G . M .  K o s o la p o f f ,  “ O rg a n o p h o s p h o r u s  C o m p o u n d s ,”  W ile y ,  N e w  
Y o r k ,  N . Y . ,  195 0 , p  325 .

(1 2 )  H . H o ffm a n n , L . H o rn e r , H . G . W ip p e l ,  a n d  D . M ic h a e l ,  Chem. B er., 
95, 5 2 3  (1 9 6 2 ).

(1 3 )  J . P .  S c h a e fe r  a n d  D . S . W e in b e r g ,  J . Org. Chem., 3 0 , 2 6 3 5 , 2 6 3 9  
(1 9 6 5 ) .

(1 4 )  M .  H e lle r , R .  H . L e n h a rd , a n d  S . B e rn s te in , J . Am er. Chem. Soc., 
8 6 , 2 3 0 9  (1 9 6 4 ) ;  J . J . D ’ A m ic o ,  S . T .  W e b s te r ,  R .  H . C a m p b e ll ,  a n d  C . E . 
T w in e ,  J . Org. Chem., 3 0 , 3 61 8  (1 9 6 5 ).
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T able I
Cleavage op Primary and Secondary Symmetrical Ethers

Ether Solvent Temp, °C Time, hr RBr product® Bp (mm), °Cb
Yield of 
RBr, % '

Total 
RBr, %'

n-Pentyl C Ä C N 122-130 4 ra-Pentyl 128-129.5 77.8 98.9
n-Butyl CeHsCN 122 4 n-Butyl 100-101 71.9 76
Allyl CeHjCN 121 1 Allyl 69-70 63.4 68.6
Isopropyl CsHsCN 122-127 9 Isopropyl 59-60 59.2 66.7

Tetrahydrofuran C6H5C1 126 0.67 1,4-Dibromobutane 94-95 (14)
(62.7)' (70.7)'

75.1
“ Shown by vpc to be identical with an authentic sample. b Boiling range of pure product fraction. '  Yield of pure isolated product. 

d Total recovered yield of halide; the yield of pure product plus the percentage in other distillation fractions as determined by vpc. 
6 Based on recovered ether.

T able II
Cleavage op Alkyl tert-Butyl Ethers

T im e , hr,
A lk y l  (e r f-b u ty l  > 9 0 %  T o t a l

e th e r S o lv e n t T e m p , °C r e a c t io n t im e , h r Y ie ld  o f  R B r ,  % ° T o t a l  R B r , % b (e r f-B u B r , % Is o b u te n e ,  %

n-Butyl DMF 60-110 l 2 69.6 89 .5 1 .5 (Small Y
sec-Butyl DM F 70-80 2 4 .5 37 .5 66.9 1 5 1 .3 d
Isobutyl DM F 80 3 .5 3 .5 18.4 53 .5 4 .4 11.5**
(eri-Butyl DMF ca. 25 0.1 1 (Small)' (Small)' (Small)'
Neopentyl DMF 77-91 4 4 33.9  (41 .8 )' (Small) 37.4"

° Yield of pure isolated product. b Total recovered yield (see Table I). '  Identified but not measured. d Isolated as the dibromide.
• Based on recovered ether.

inert atm osphere and w ere m on itored  b y  the v p c  analy
sis o f  aliquots.

Several series o f  ethers o f  d ifferent typ es  w ere stu d 
ied. T h e  first, sym m etrica l ethers h aving prim ary  or 
secon dary  a lk yl groups, w ere cleaved  in benzonitrile  
or  ch loroben zen e and  th e  results are sum m arized in 
T a b le  I. A lly l ether and te trah ydrofu ran  w ere 
cleaved  m ost and  isop rop y l ether, p rob a b ly  d u e  to  
steric factors, least readily . T h e  low er y ields for  the 
m ore v o la tile  b rom id e  p rod u cts  are th ou gh t to  b e  due, 
at least in  part, to  loss b y  vo la tiliza tion . B rom in e 
add ition  to  th e  ally l unsaturation  d id  not appear to  
have occu rred .

A n oth er  series stu d ied  w as o f  a lk yl (er(-butyl ethers 
(T a b le  I I ) .  T h e  selection  o f  D M F  as the so lven t p ro 
v id e d  th e  desired sim plification  in w ork -u p  m en tioned  
a b ove  and also con d ition s  correspon d in g  to  those re
p orted 915 for  th e  reaction  w ith  alcohols. H ow ever, it 
w as fou n d  th at little  (erf-butyl b rom ide  w as obta ined . 
T h e  rapid  con version  o f th e  brom id e  to  isobutene 
under the reaction  con d ition s, and  m ore rap id ly  than  
in  D M F  alone, w as sh ow n  to  occu r. T h u s h ydrogen  
b rom ide  w as bein g  form ed  as the reaction  progressed, 
and som e ether c leavage via p ro ton -a c id  catalysis was 
p rob a b ly  also occu rrin g . T h a t th e  latter was n ot the 
p rim ary  m od e  o f reaction  w as in d icated  b y  th e  fa ct 
th at, w ith  the ex cep tion  o f  d i-ieri-buty l ether for  w h ich  
the reaction  rate w as to o  rap id  to  fo llow  b y  th e  p ro 
cedure used, th e  rate  o f  d isappearance o f starting ether 
d id  n ot accelerate as th e  am ou n t o f  h ydrogen  brom ide  
increased. In  add ition , starting ether w as recovered  
in tw o  cases a fter ex ten d ed  reaction  tim e. B en 
zon itrile  is therefore  suggested  instead  o f D M F  to  
avo id  the form ation  o f  stronger acids and  for  th e  iso
lation  o f  (erf-alkyl b rom ides. T h e  reason fo r  the som e
w hat low er y ields o f  a lk yl halide from  th e  sec-butyl 
and n eop en ty l grou ps w as n ot apparent in th a t no 
alkenes or  isom eric a lk yl brom ides w ere o b se rv e d .15

(1 5 ) O th e r  th a n  is o b u te n e ,  n o  b y -p r o d u c t s  w e re  f o u n d  fo r  th e  r e a c t io n s  
o f  th e  o th e r  e th e rs , th o u g h  d im e th y la m m o n iu m  b r o m id e  c o u ld  b e  o b t a in e d  
fr o m  th e  w a te r -s o lu b le  p o r t io n  w h e n  D M F  w as th e  s o lv e n t .

E thers conta in ing  an a -v in y l or -ary l grou p , one 
h avin g  a /3-chloro grou p , and  fu ran  w ere tested. T h e  
b o n d  linking these grou ps to  th e  ether oxy g en  w as 
qu ite  resistant to  cleavage. T h e  reaction  o f phenetole, 
fo r  exam ple, p rod u ced  eth y l b rom ide  (4 0 % ) under the 
con d ition s used for  the d ia lkyl ethers but the solid  p rod 
uct conta in ing the arom atic m o ie ty  required heating 
a b ov e  230° to  form  b rom oben zen c (2 4 % ). T h e  solid  
p rod u ct w as fou n d  to  correspon d  to  that form ed  b y  
the reaction  o f ph enol w ith  the reagent and therefore 
w as m ost p rob a b ly  the k n ow n  (P h O P P h 3) +B r~  spe
cies.712 D ih y drop y ra n  in D M F  at room  tem perature 
or  w ith  no solven t at 220° gave  essentially  no vo la tile  
p rod u cts  or recovered  ether. D i-2 -ch loroe th y l ether 
in benzonitrile  at 125° appeared to  g ive  halogen  ex
change as the m ain reaction  w ith  less than  on e-fou rth  
o f the ether c leaved  after 12 hr. A  reasonable path  
fo r  the halogen  exchange w ou ld  be  abstraction  o f  the 
ch lorine b y  P h 3P + B r  assisted b y  back -side  participa
tion  o f ether oxy g en  electrons (analogous to  the for 
m ation  o f sulfur and n itrogen  m ustard  gases) fo llow ed  
b y  halogen  su bstitu tion  w ith  b rom ide  or ch loride. 
T h e  ten d en cy  fo r  this reaction  to  occu r  m ay accou nt, 
in  part, for  the slow ness o f  th e  cleavage  process. 
O ther possib le  factors are steric shielding and induc
tiv e  effects b y  the halogens.

I t  is reasonable to  con sider th at the cleavage  o f the 
secon d  ca rb o n -o x y g e n  b o n d  to  form  the halide is the 
sam e as that fou n d  in the con version  o f  a lcohols to  h a 
lides b y  this ty p e  o f  reagent, i.e., nucleoph ilic  reaction  o f 
halide ion  w ith  an a lk oxyph osph on iu m  interm ediate. 
T h e  probab le  finding o f  th e  correspon d in g  interm edi
ate in the cleavage o f  phenetole  su pports th is. W ith  
regard to  the cleavage  o f  the first ether ca rb o n -o x y g e n  
b on d , a likely course w ou ld  be  equ ilibrium  form ation  
o f  an oxon iu m  salt and  subsequent elim ination  o f  the 
a lk yl brom ide  as d ep icted  a b ove  (eq  1). A  side reac
tion  w ou ld  be  the form a tion  o f an alkene and h y d ro 
gen  brom ide  from  alkyl groups o th er than  m ethyl. 
I t  w ou ld  appear th at there is little  ten den cy  for  car-
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b on iu m  ion  form ation  as n o  rearranged brom ides w ere 
fou n d . W h en  a  ieri-buty l grou p  w as present, the sm all 
y ie lds o f  ieri-buty l b rom ide  in d icate  som e Sn I reaction . 
T h e  isobu ten e cou ld  h ave been  form ed  via 0 e lim ina
tion  on  th e  oxon iu m  salt o r  on  ieri-buty l b rom id e  un
d er the con d ition s  em ployed .

T h ree  epoxides and a k eta l w ere also exam ined  as 
special ether-like com p ou n ds. T h e  reaction  w ith  1,2- 
ep ox y p rop a n e  in D M F  gave  a  g o o d  y ie ld  o f  1 ,2- 
d ib rom oprop a n e  b u t 1 ,2 -epoxycycloh exan e gave  sev 
eral unidentified  p rod u cts  including an unsaturated  
b ro m o  com p ou n d  in rather low  y ie ld  b u t n o  d ib rom o- 
cycloh exan e . l-C h loro -2 ,3 -ep ox y p rop a n e  gave  a m ix
tu re  from  w h ich  none o f  the correspon d in g  d ib rom o 
d eriva tive  w as obta ined . F rom  2 ,2 -d im eth oxyp ro - 
pan e w ere obta in ed  m eth y l b rom ide  and tw o  oth er 
p rod u cts  ten ta tive ly  identified  as 2 -brom oprop en e  and
2 .2 - d ibrom opropan e.

T h e  result w ith  1 ,2 -ep oxyp rop an c is o f  interest in 
com p arison  w ith  the inertness o f  d i-2 -ch loroeth y l ether 
since a reasonable in term ediate in the form a tion  o f
1.2- d ibrom oprop an e  w ou ld  be  1 a n d /o r  2 having  a 0- 
lia lo grou p  and thus analogous to  the in term ediate (3) 
exp ected  from  th e  ch loro  ether. T h is  suggests that 
the low  rea ctiv ity  o f  th e  ch loro  ether is due to  n on for
m ation  o f 3 . T h e  results w ith  ep oxycy cloh ex a n e  are

consistent w ith  th e  p rob a b le  in term ediate (4) under
goin g  prim arily  elim ination  (rather than  su bstitu tion  
b y  brom ide) to  form  a n on vola tile  p h osph on iu m  salt 
plus som e cy c loh ex cn y l b rom ide.

4

T reatm en t o f  a lkyl sulfides under con d ition s  w h ich  
were e ffective  w ith  ethers show ed  th e  sulfides to  be 
v ery  resistant to  cleavage. n -B u ty l sulfide and tri- 
ph eny lphosph in e  d ibrom ide  in D M F  at 155° or  in 
ben zon itrile  at 207° gave  on ly  a trace  o f  n -b u ty l b ro 
m ide. T h is  w as form ed  at the start o f  the reaction  
and appeared to  be  du e to  th e  presence o f  a sm all 
am ou n t o f  h yd rogen  b rom ide  as there w as n o  further 
change on  extended  heating. 3 -(E th y l p ropanoate) 
sulfide in D M F  at 155° w as also inert. B en zy l sulfide, 
in con trast, reacted  fa irly  rap id ly  and  b en zy l b rom ide  
and triphen ylph osph in e sulfide w as identified  as p rod 
ucts.

E xperim ental S ection

General.— Melting points were taken on a Fischer apparatus 
and are uncorrected. A 580 X 10 mm glass helices packed 
column fitted with a heated jacket and total reflux, partial 
take-off head was used for fractional distillations unless otherwise 
noted. Nmr spectra were obtained on a Varian Model A-60 
analytical spectrometer with tetramethylsilane as an internal 
standard. Vpc analyses were made with an Aerograph Model 
A-90-C using a 0.25 in. X 5 ft silicone Dow 710 on Chromosorb 
W column. Peak identities were determined by comparisons

(retention times and mixed chromatography) with authentic 
samples.

Triphenylphosphine was generously provided by M & T  
Chemicals, Inc., and was not further purified. Baker An
alyzed Reagent bromine was used as obtained. DM F (Aldrich 
Chemical Co., Inc.) was distilled, bp 43—44° (12 mm), from 
sodium sulfate or dried over Linde 4 A molecular sieves. Ethers 
for which no preparation is given were stock samples which were 
dried and redistilled.

The nmr spectra of the ethers used and the alkyl halides 
isolated were in agreement with their molecular structures.

Neopentyl Chloride.—The method was that of Whitmore and 
Fleming16 who reported no details. In that explosions or fires 
occurred unless specific precautions were taken, a detailed pro
cedure is given here. 2,2-Dimethylpropane (Phillips Petroleum 
Co.) (88 g, 1.22 mol) was condensed into a tared, oven-dried 
apparatus swept with dry, 0 2-free nitrogen and consisting of a 
500-ml, three-necked, round-bottom flask equipped with a 
sealed (ground glass', stirrer, a solid C 02 cooled condenser, a 
drying tube (CaSCL), and a gas inlet. Cl2 gas was then admitted 
very slowly over the hydrocarbon until a light yellow color was 
apparent in the liquid and the condensate. Cl2 admission was 
then stopped and reaction was initiated by short bursts of light 
from a 100-W bulb directed at the gas inlet joint. When con
densation was observed on the inside of this joint, a slow flow of 
Cl2 was resumed. The addition rate was increased slowly until a 
steady production of IICl and a slow, steady drip from the con
denser occurred. When a weight increase of 43 g had occurred 
(equivalent to 88.5 g, 1.25 mol of Cl2), addition was stopped and 
the mixture, after attaining room temperature, was removed and 
distilled to give 54.3 g (42%) of pure [bp 83.5-84.5° (lit.16 
84.4°)] neopentyl chloride.

Di-ieri-butyl Ether.—The method of Erickson and Ashton17 
was used with the modification of a dry, 0 2-free nitrogen atmo
sphere. Vpc analysis of the reaction mixture after 24 hr showed 
44.9% ditertiary butyl ether, 27.8% 2-methyl-2-propanol, and 
27.4% 2-chloro-2-methylpropane (exclusive of diethyl ether and 
isobutene) and after 48 hr 59 , 39.4, and 1.7%, respectively, of 
these compounds. Filtration, washing with water, drying, and 
distillation gave 2.099 g [bp 105-106° (lit.17 106.5-107°)] con
sisting of 97.1% ditertiary butyl ether and 2.9%  2-methyl-2- 
propanol and a residue (1.947 g) of pure ether, total yield 35.6%.

frri-Butyl n-Butyl Ether.— The method of S.-O. Lawesson 
and N. C. Yang18 was modified in the work-up to include, for a 
0.5-mol reaction, washing with four 100-ml portions of 5%  
FeSCL following the 2 N  NaOH washes. The product (31.3 g, 
47.5% ) obtained [bp 123.5-124.5° (lit.19 124°)] was shown by 
vpc to be 95.1% ieri-butyl n-butyl ether, 3.49% 2-methvl-2- 
propanol, 0.44% 1-chlorobutane, and 1.05% unknown com
pound.

ieri-Butyl scc-Butyl Ether.— The method for ieri-butyl n-butyl 
ether was used and gave 36.3 g (56.9%) of product, bp 24-25 
(10 mm) and 114.5-115.5° (760 mm) (lit.20 114-115°).

ieri-Butyl Neopentyl Ether.— The method for ieri-butyl n-butyl 
ether was used and gave 59.3 g (82.3%) of product, bp 122-123°.

Anal. Calcd for CsH20O: C, 75.00; H, 13.89. Found: C, 
75.11; H, 13.87.

ieri-Butyl Isobutyl Ether.—The method for ieri-butyl n-butyl 
ether was used and gave 55.01 g of material [bp 112.5-114° 
(lit.20 114°)] shown by vpc to consist of 97.5% (82.5%, yield) of 
product.

Triphenyldibromophosphorane.—The following procedure is 
representative of those used with the various solvents (benzo
nitrile, DM F, CCh, acetonitrile, and chlorobenzene).

The method of Schaefer and Higgins21 was followed using a 
200-ml flask, oven-dried glassware, a positive pressure 0 2-free 
N2 atmosphere, 20.2 g (0.077 mol) of triphenylphosphine, 12.3 g 
(0.077 mol) of Br2, and 100 ml of dry benzonitrile. Colorless 
crystalline phosphorane precipitated when the addition of Br2 
was ca. one-half complete.

If solvent-free product was desired, acetonitrile or CCh was 
used as the solvent, the flask was then cooled to —68° or until 
the solvent solidified and connected to an aspirator through a

(1 6 ) F . C .  W h it m o r e  a n d  G . H . F le m in g , J . Am er. Chem. Soc., 56, 4161 
(1 9 3 3 ).

(1 7 ) J . L . E . E r ic k s o n  a n d  W . H . A s h to n , ibid., 6 3 , 1 76 9  (1 9 4 1 ).
(1 8 ) S . O . L a w e s s o n  a n d  N . C . Y a n g .,  ibid., 81, 4 2 3 0  (1 9 5 9 ) .
(1 9 ) J. F . N o rr is  a n d  G . W . R ig b y ,  ibid., 54, 2 0 8 8  (1 9 3 2 ) .
(2 0 ) T .  W . E v a n s  a n d  K . R . E d lu n d , In d . Eng. Chem., 28, 1 18 6  (1 9 3 6 ) .
(2 1 ) J . P . S c h a e fe r  a n d  J . H ig g in s , J . Org. Chem., 32, 1 60 7  (1 9 6 7 ) .



solid C 02 cooled trap, and the pressure was reduced to ca. 12 
mm. The solvent, especially the last portion, was removed 
slowly as the mixture was allowed to come slowly to room temper
ature (too high temperatures or vacuum cause sublimation of 
the phosphorane and leave a yellow-orange tinged product). 
The dry product was carefully protected from moisture. The 
addition of l-methyl-2-pyrrolidone at this point afforded solu
tions in this solvent.

Procedure for Reaction of Ethers and Sulfides with Triphenyl
dibromophosphorane.— The phosphorane reagent was prepared 
immediately prior to use. For benzonitrile and chlorobenzene 
solvents, the ether was added in one portion to the preheated 
reagent mixture (unless specified otherwise) and this temperature 
was maintained until vpc analysis showed the presence of little 
or no starting ether. The cooled mixture was transferred with 
the aid of ethyl ether or CCh to a boiling flask and distilled 
(vacuum if needed) through the column described in the General 
section. Further work-up was as given for a particular ether.

A. Di-n-pentyl Ether.—The reagent (0.052 mol), benzo
nitrile (50 ml), and the ether (6.6 g, 0.0416 mol) were heated at 
122-130° for 4 hr and then distilled. The material having a 
boiling point up to 72° (12 mm) was washed with aqueous Na2C03, 
dried (M gS04), and distilled. The fraction (2.02 g) of bp 120- 
128° contained 60.7% 1-bromopentane, the fraction (9.83 g, 
78%) of bp 128-129.5° was pure 1-bromopentane, and the 
residue (12.9 g) contained 11% 1-bromopentane, total yield
12.47 g (99%).

B. Di-n-butyl Ether.— The distillate (12 mm) from 0.077 
mol of the reagent in benzonitrile (100 ml) and 10 g (0.077 mol) 
of the ether mixed at room temperature and heated at 122° 
for 4 hr was collected in solid CO2 cooled traps, washed with 
aqueous Na^CTh, dried (M gS04), and distilled. The fraction 
(15.17 g, 71.9%) of bp 100-101° was pure 1-bromobutane. A 
forerun (1.66 g, bp 35.5-100°) contained 50% 1-bromobutane, 
total yield 16 g (76%).

C. Diallyl Ether.— The distillate (12 mm) from 0.052 mol of 
the reagent in benzonitrile (50 ml) and 4.9 g (0.05 mol) of the 
ether heated at 121° for ca. 1 hr was collected. The fraction 
(7.67 g, 63.4%) of bp 69-70° was pure allyl bromide and a 
forerun (1.24 g, bp 35-69°) contained 50% allyl bromide, total 
yield 8.29 g (68.5%).

D. Diisopropyl Ether.— The reagent (0.53 mol), benzonitrile 
(50 ml), and the ether (5.1 g, 0.05 mol) were heated at 122° for 
6 hr and then at 127° for 3 hr, and the mixture was distilled (12 
mm) using a solid CO2 cooled receiver and trap. The combined 
contents of the receiver and trap were washed with aqueous 
Na2C03, dried (M gS04), and distilled. The fraction (7.28 g, 
59.2%) of bp 59-60.1° was > 99%  2-bromopropane, the forerun 
(0.505 g, bp 35-59°) contained 44.2% 2-bromopropane, and the 
residue (4.743 g) contained 14.5% 2-bromopropane and 6%  
diisopropyl ether, total yield 8.19 g (66.7%, 70.7% net).

E. Tetrahydrofuran.— The reagent (0.052 mol), 50 ml of 
chlorobenzene, and the ether (3.6 g, 0.05 mol) were heated at 
126° for 1 hr. Diphenylmethane (75 ml) was added prior to 
distillation. The fraction (13.194 g) collected at 94-95° (ca. 
14 mm) contained 61.5% 1,4-dibromobutane, yield 75.1%.

F. ieri-Butyl n-Butyl Ether.— The ether (29.3 g, 0.225 mol) 
was added to the reagent (0.25 mol) in ca. 175 ml of DM F at 
room temperature. After 12 min vpc analysis showed a small 
amount of 2-bromo-2-methylpropane and a larger proportion of 
isobutene in addition to the ether. There was no further change 
after 42 min at room temperature or after 1 hr at ca. 60°. The 
mixture was heated to 110° over a 1-hr period during which time 
(at 85°) darkening and gas evolution began and increased as the 
temperature rose. Analysis showed 1-bromobutane, 2-bromo-2- 
methylpropane, isobutene, and a small amount of the ether. 
Distillation (12 mm) of the mixture after an additional hour at 
115° and addition of the distillate (ca. 170 ml) to 450 ml of ice 
water caused separation of an oil. Extraction with three 75-ml 
portions of ethyl ether left a dark, tarry residue which contained 
no starting ether or bromoalkanes and was discarded. Distil
lation of the dried (M gS04) ether extract gave 21.715 g (bp
99.5-102°) of liquid containing 98.8% 1-bromobutane. The 
forerun (3.53 g, 85-99.5°) contained 13.5% 2-bromo-2-methyl- 
propane and 75.4% 1-bromobutane, and the residue (6.492 g) 
contained 53.3% 1-bromobutane. The total yield of 1-bromo
butane was 89.5%, and of 2-bromo-2-methylpropane 1.55%.

G. ieri-Butyl sec-Butyl Ether.— A solid C 02 cooled trap was 
placed in the N2 exit line of the apparatus. The ether (30 g, 
0.231 mol) was added to 0.25 mol of the reagent and 200 ml of

Ether Cleavage by Triphenyldibromophosphorane

DMF and the temperature of the mixture was raised to 70° in 
20 min. Analysis showed the presence of a very small amount 
of 2-bromobutane, a larger amount of isobutene, and starting 
ether. After 2 hr (80°) gas evolution had become pronounced 
and this temperature was maintained for 2.5 hr. Analysis during 
this period showed little change in composition. The distillate 
(ca. 12 mm) from the mixture was added to ice water and ex
tracted with ethyl ether. The dried (M gS04) extracts were 
distilled. Forerun fractions (3.206 g, bp 62-87°, and 1.35 g, 
bp 87-88°) contained 9.9 and 1.2% 2-bromo-2-methylpropane 
and 64.6 and 95.3% 2-bromobutane, respectively. The volatile 
portion (5.95 g) of the residue was pure 2-bromobutane. The 
total yield of 2-bromobutane was 66.9% and the yield of 2-bromo- 
2-methylpropane was 1.05%.

Bromine was added to the contents of the cold trap until the 
red-brown color persisted. The mixture was allowed to stand 
overnight at room temperature and yielded 25.7 g (51.3%) of
1,2-dibromo-2-methylpropane.

H. hr/-Butyl Isobutyl Ether.— The ether (30 g, 0.231 mol) 
was added to 0.25 mol of the reagent in 220 ml of DM F and the 
mixture was maintained at room temperature for 2 hr. Analysis 
showed small amounts of l-bromo-2-methylpropane and iso
butene. The mixture was then heated such that it reached 80° 
after 1 hr and was held at this temperature for 3 hr. During 
this period there was a steady decrease in ether content and a 
slow increase in the alkyl bromide, except in the last minutes when 
the latter began to decrease. The mixture was distilled (ca. 12 
mm) with a maximum pot temperature of 105°. A tarry residue 
remained. The distillate was added to 400 ml of cold water, the 
mixture was extracted (ethyl ether) and the dried (M gS04) 
extracts were distilled. The fraction (6.184 g) of bp 88.3-91.2° 
contained 94% (5.81 g) l-bromo-2-methylpropane, 3.98% 
2-bromo-2-methylpropane, 1.88% isobutene, and 0.179% terl- 
but.yl iso-butyl ether. During the collection of this material 
isobutene was continuously evolved from the mixture, hence the 
observed boiling range.

The volatile portion (11.5 g) of the pot residue consisted of 
94.2% (10.83 g) l-bromo-2-methylpropane, 1.79% unchanged 
ether, 3.46% 2-bromo-2-methylpropane, and 0.47% isobutene. 
An additional 0.26 g of l-bromo-2-methylpropane was found in 
the forerun (bp 60-88.3°) for a total of 16.9 g (53.5%). The 
yield of 2-bromo-2-methylpropane was 4.43% and of isobutene 
(including the dibromide from reaction of the contents of the cold 
trap with bromine) was 19%.

I. Di-ieri-butvl Ether.—The ether (5.13 g, 39.6 mmol) was 
added to 40 mmol of the reagent and 50 ml of DM F. The 
mixture became warm and darkened and the undissolved reagent 
disappeared in ca. 5 min. Some gas was evolved. The flask was 
covered with A1 foil and allowed to stand for 2 days. Analysis 
showed the presence of 2-bromo-2-methylpropane and isobutene 
(ca. 1:2) but no ether. Distillation (ca. 12 mm) was accom
panied by gas evolution and gave less than 0.1 g of the alkyl 
bromide.

In a separate run on a test tube scale no starting ether remained 
after 5 min.

J. icri-Butyl Neopentyl Ether.— The ether (34.6 g, 0.24 mol) 
was added to 0.25 mol of the reagent and 225 ml of D M F. No 
reaction had occurred after 2 hr. The mixture was then heated 
such that it reached 77° in 45 min and 91° 4 hr later. At ca. 
80° the mixture darkened and evolved gas and the latter con
tinued until ca. 85°. After an additional day at room temper
ature, the mixture was distilled (12 mm). The majority of 
distillate was collected up to 43°, after which time the rate 
decreased and, finally, a viscous colorless material (bp 87-88°) 
crystallized and plugged the receiver. The distillate (con
taining some of the high boiling solid) was added to 300 ml of 
cold water and extracted with ethyl ether. The dried (M gS04) 
extract was distilled. The fraction of bp 96-101° (1.471 g) 
contained 65.5% neopentyl bromide, 19.6% unchanged ether, 
3.16% 2-bromo-2-methylpropane, 2.81% isobutene, and 6.39% 
ethyl ether. The fraction of bp 101-104.5° (6.547 g) contained 
75% neopentyl bromide, 0.5% isobutene, and 23.5% of un
changed ether. A third fraction of bp 104.5-105° (7.917 g) 
contained 65.4% neopentyl bromide and 33.9% unchanged ether. 
The volatile portion (3.3 g) of the residue contained 37.55% 
neopentyl bromide and 60.8% unchanged ether. The total 
recovered unchanged ether was 6.52 g and the total yield of 
neopentyl bromide was 11.81 g (32.8%, 40.5% net) and of 
isobutene (including the dibromide from the contents of the cold 
trap) 37.4%. The nonvolatile portion of the residue contained
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2.39 g of colorless hygroscopic, crystalline solid, mp 128-134°, 
which was not characterized further.

An n-propyl alcohol solution of the material which plugged the 
receiver in the vacuum distillation -was heated at 80° for 10 min. 
Analysis showed the presence of 1-bromopropane. On standing, 
colorless crystals of triphenylphosphine oxide [mp 153-154° (lit.22 
156°)] separated. The crystalline material of bp 87-88° (12 
mm) was probably triphenyldibromophosphorane as this is 
known to react with alcohols to form alkyl bromides and tri
phenylphosphine oxide.7'9b

The residue from the vacuum distillation was dissolved in water 
plus benzene-ether. After concentration, the black water solu
tion yielded crystalline dimethylammonium chloride, and a total 
of 63.6 g (93%) of triphenylphosphine oxide was obtained from 
the organic solution.

K. Ethyl Phenyl Ether. In Benzonitrile.—To 0.104 mol of 
the reagent in 100 ml of benzonitrile at 110° was added 12.2 g 
(0.1 mol) of the ether and the mixture was heated to 124° over a 
45-min period and maintained at that temperature for 7 hr 
during which time analysis showed a continual decrease in ether 
and an increase in bromoethane.23 From the distillate [bp up to 
79° at (12 mm)] and the contents of two solid CO2 cooled traps 
was obtained a total of 4.35 g (40%) of bromoethane (bp 38.5- 
40°).

The distillation residue, from which small aggregates of 
colorless crystals had separated after 1 day, was dissolved in 
dichloromethane and CCl* was added slowly until colorless 
crystals began to separate. After 2 days the mixture was chilled 
and the collected hygroscopic tan and white solid was washed with 
a little cold solvent mixture. Dissolution of a sample in wet 
acetone formed phenol (vpc and mp 38-41°). Reaction with 
H20  gave an acidic solution and an oil from which, after dissolu
tion in ether and chromatography over alumina, was obtained 
triphenylphosphine oxide (mp 154-155°). The properties of 
the solid corresponded to those of the product obtained from the 
reaction of phenol with the reagent and thus the solid was 
probably triphenylbromophenoxyphosphine but a satisfactory 
elemental analysis could not be obtained.

Neat.— The reagent (0.52 mol) was prepared in 60 ml of 
acetonitrile and the solvent was removed. The ether (6.1 g, 
0.05 mol) was added and the mixture was heated on a sand 
bath. Above 140° bromoethane was given off and removed by 
distillation. Near 180° the mixture became black. The bath 
temperature was kept at 230-245°. After 45 min a small sample 
of the mixture was dissolved in wet acetone and vpc analysis of 
the solution showed phenol and bromobenzene (2 : 1) but almost 
no ether. After an additional 1.5 hr at 230°, the black glass 
which formed on cooling was dissolved in dichloromethane. 
Water (200 ml) was added and the mixture distilled. The 
initial distillate was made slightly acidic and extracted with ethyl 
ether and the dried (MgSO.) extracts were concentrated. A 
small amount of phenol was removed by washing with aqueous 
NaOH and then removal of the solvent gave 1.91 g (24%) of 
bromobenzene. A small amount (0.09 g) of phenol (mp 38-41°) 
was obtained from the distillation residue.

L. 1,2-Epoxypropane.— The epoxide (5.8 g, 0.1 mol) was 
added to 0.107 mol of the reagent and 100 ml of DM F and the 
mixture was cooled (water bath) until the exothermic reaction 
had subsided and the reagent had disappeared (ca. 5 min). 
Analysis showed the absence of epoxide and a small amount of a

volatile product. The mixture was then heated at 127° for ca. 
45 min. Vacuum distillation afforded a colorless distillate and a 
dark gray crystalline residue. The latter was impure tri
phenylphosphine oxide, mp 149-153°. The addition of one- 
half of the distillate (half was lost) to 150 ml of cold water 
formed an oil layer and extraction (ether) and concentration of 
the dried (MgSO.) extracts gave 9.87 g of light yellow oil which 
was shown by vpc analysis to contain 8.17 g (corresponding to 
81% yield) of 1,2-dibromopropane.

M. 2,2-Dimethoxvpropane.— The solvent was removed 
(vacuum distillation) from 0.107 mol of the reagent prepared in 
100 ml of acetonitrile and the ketal (5.2 g, 0.05 mol) was added. 
After 3 hr at room temperature, the now dark mixture was 
heated. At ca. 100° bromomethane and at ca. 230° HBr were 
evolved. After 45 min at 230° the mixture was cooled and the 
black glossy material dissolved in 80 ml of D M F and then 
distilled. The distillate was added to 300 ml of H20  and the 
whole mixture was extracted with ethyl ether. Removal of 
solvent from the dried (MgSO.) extracts left 9.32 g of oil. Vpc 
analysis showed 41.2% of material (bp ca. 120°) which gave an 
nmr spectrum consistent with the structure of 2 ,2-dibromo- 
propane (37.6%. yield) and 13.9% of low boiling (ca. 50°) ma
terial which rapidly decolorized bromine and slowly reacted with 
alcoholic silver nitrate. This product was thought to be 2-bromo- 
propene (21.5% yield).

N. Dibenzyl Sulfide.— The sulfide (10.7 g, 0.05 mol) was 
added to 0.052 mol of the reagent in 100 ml of D M F. After 
standing at room temperature overnight (the reagent had dis
solved), the mixture was heated rapidly to 150°, then at 120° for 
1 hr, at 140° for 2 hr, and at 150° for 2.5 hr during which time 
vpc analysis showed three products wdth increasing amounts of 
the two highest boiling products (the lower boiling of which was 
benzyl bromide) and decreasing amounts of the lowest boiling 
product. The highest and lowest boiling products were not 
starting sulfide or benzyl alcohol, respectively, and were not 
identified. The cold distillate [bp up to 59° (12 mm)] from the 
red-brown mixture was added to 300 ml of water and ice. Ether 
extraction and removal of the solvent from the dried (MgSO.) 
extracts left a residue which contained ca. 2.4 g (14%) of benzyl 
bromide and ca. 4.9 g of DM F. Addition of 40 ml of ether to a 
solution of the pot residue in 30 ml of acetonitrile gave two layers 
and enough additional acetonitrile was added to form a homo
geneous solution. Concentration under a N2 stream to one-half 
volume and then cooling caused separation of crystalline tri
phenylphosphine sulfide wTiich was collected, rinsed with cold 
acetonitrile, and dried at 0.01 mm for 12 hr, 7.57 g (51.5% ), mp
156.5-158° (lit.21 157-158°).

Registry No.— T riph en y ld ibrom op h osp h oran e , 1034- 
39 -5 ; n -p e n ty l ether, 693-65-2 ; n -b u ty l ether, 142- 
96 -1 ; a lly l ether, 557-40-4 ; isop rop y l ether, 108-20-3 ; 
tetrah ydrofu ran , 109-99-9 ; n -p en ty l b rom ide , 110-
53 -2 ; n -b u ty l b rom ide , 109-65-9 ; a lly l b rom id e , 106-
9 5 -6 ; isop rop y l b rom ide , 75 -26 -3 ; 1 ,4 -d ibrom obu tan e , 
110-52-1 ; n -b u ty l ¿erf-butyl ether, 1000-63-1 ; sec- 
b u ty l ¿erf-butyl ether, 32970-45-9 ; iso b u ty l ¿erf- 
b u ty l ether, 33021-02-2 ; ¿erf-butyl fe?'f-butyl ether, 
6163-66-2 ; n eop en ty l ¿erf-butyl ether, 32970-46 -0 ; 
d iben zy l sulfide, 538-74-9 ; e th y l p h en y l ether, 103-73-1.

(22) R. Sauvage, C. R .  A c a d .  S c i . ,  139, 674 (1904).
(23) Some bromoethane was lost v i a  the N 2 exit line. (24) L Maier, H e l v .  C h i m .  A c t a ,  47, 27 (1964).
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Pentacovalent Phosphorus. I. Reactions of 
Dimethylketene Dimers with Tertiary Phosphites1
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Studies of the reactions of the dione 3 and lactone 4 dimers of dimethylketene with a series of trialkyl phosphites 
and with dimethyl methylphosphonite have been carried out. The reactions of 4 give generally a carboalkoxy 
enol phosphite 9, whereas the dione 3 reactions yield either 9 or a carboalkoxyl oxophosphonite 8 depending on 
the phosphite used. Tri-n-butylphosphine effects the isomerization of 3 to 4. These results are explained in 
terms of a suggested series of reactions which includes formation of a five-membered ring pentacovalent phos
phorus intermediate in an unusual ring expansion involving the postulated initial product of phosphorus attack 
on carbonyl carbon of 3 or 4.

Sim ple u nsubstitu ted  d ia lkyl and d iaryl ketones are 
generally  u n reactive3 tow ard  tertiary  phosphites excep t 
at tem peratures a b ove  1 7 0 °4 unless the in itial adduct 
1 can  be  trapped  b y  p ro ton a tion .6 A ltern ative ly ,

(RO),P +  R2'C = 0

o -
+ 1

(RO)3PCR2'
1

OH
SH + 1  S -

(RO)3PCR2' — ;

(RO)2P

O OH

— ( W +  RS

the in term ediate  1 can  be  trap p ed  an d  lead  to  u ltim ate 
p rod u ct if  one o f th e  grou ps a ttach ed  to  ca rb on y l 
carbon  is an easily  d isp laced  substituent ( X  in 2 ).

O
II

(RO)3P +  R 'C X  ■
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+ l

(RO)aPCX ■
I

R '

O
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(RO)3P C R 'X -
2

-R X

o  o
Il II

(RO)2P— C R '
o
II

OCR, halide

T hu s acy l halides6 and acid  an hydrides7 are reactive  in 
th is m anner.

T h e  departure o f  th e  grou p  X  m ight also be expected  
to  be facilita ted  b y  ring strain  in  the reactan t carbon y l 
com p ou n d . It  th erefore  seem ed  p robab le  th at the 
dim ers o f  d im eth ylk eten e, 2 ,2 ,4 ,4 -te tra m eth y l-l,3 - 
cyclobu tan ed ion e  (3) an d  3 -h yd roxy -2 ,2 ,4 -tr im eth y l- 
3 -pen ten oic acid  0 -la cton e  (4), w ou ld  be reactive  
tow ard  triva len t phosphorus. T h ese  dim ers had  been  
fou n d  to  react read ily  to  g ive  a com m on  rin g -open ed  
p rod u ct w ith  o th er  nucleoph iles  such as am ines,

(1) Part of this work has been published in preliminary form : W . G.
Bentrude and E. R. Witt, J . A m e r .  C h e m .  S o c . ,  85, 2522 (1963). This work 
was supported by Public Health Service Grant No. CA-11045 from the 
National Cancer Institute.

(2) (a) Address correspondence to this author, University of Utah, (b) 
Taken in part from the Ph.D . Thesis of the W. Delmar Johnson, University 
of Utah, June 1969. National Institutes of Health Predoctoral Fellow, 
1966-1969. (c) University of Utah, (d) Celanese Researcli Laboratories.

(3) A. J. K irby and S. G. Warren, “ The Organic Chemistry of Phos
phorus,”  Elsevier, New York, N. Y ., 1967, p 60.

(4) A. C. Poshkus and J. E. Herweh, J .  O r g .  C h e m . ,  29, 2567 (1964).
(5) P. A. Chopard, V. M . Clark, R . F. Hudson, and A. J. Kirby, T e t r a 

h e d r o n ,  21, 1961 (1965).
(6) G. Kamai and V. A. Kukhtin, K h i m .  P r i m e n .  F o s f o r o r g .  S o e d i n .  T r .  

K o n f .  1 s t  1 9 5 5 ,  91 (1957); C h e m .  A b s t r . ,  52, 2416 (1958).
(7) M . S. Kabachnik and P. A. Rossiiskaya, I z v .  A k a d .  N a u k  S S S R ,  364 

(1945).

m ercaptans, and a lcoh ols.8 P oten tia lly , phosphites 
w ou ld  be expected  to  g ive th e  sam e one o f several 
con ce iva b le  p rodu cts from  either d im er via th e  com m on  
in term ediate 7 resulting from  ring open in g  o f th e  in itial 
d im e r-p h o sp h i'e  ad d u ct 5 or  6 .9 Surprisingly, dis-

4

(ROIP

tin ctly  d ifferent p rod u cts  w ere realized from  the tw o 
dim ers in proportion s depen den t on  th e  nature o f  the 
a lk oxy  groups on  phosphorus. W e believe  the results 
we report here to  be  best exp la ined  in term s o f a n ove l 
reaction  series in w hich  the incipient ph osphon iu m  
en olate  7 is trapped  via ring expan sion  to  a five- 
m em bered  ring p en tacova len t phosphoru s interm ediate. 
A lth ou gh  form ation  o f a pen tacova len t in term ediate 
from  a ph osphon iu m  salt is n ot an  u n com m on  process, 
its form ation  via a ring expan sion  is unusual. T h e  
u ltim ate p rod u ct is p ostu la ted  as arising from  a novel 
a lk oxy  m igration  from  phosphorus to  ca rb on y l carbon .

Results

Dione Reactions—T w o  ty p es  o f  p rod u cts  result from  
the reaction  o f phosphites w ith  d ion e and have the

(8) (a) R. H. Hasek, E. U. Elam, J. C. Martin, and R. G. Nations, J .  O r g • 

C h e m . ,  26, 700 (1961); (b) R. H. Hasek, E. U. Elam, and J. C. Martin, i b i d .*  

26, 4340 (1961); (c) G. R. Hansen and R. A. DeMarco, J .  I l e t e r o c y c l .  C h e m . ,  

6, 291 (1969).
(9) Although the ring opening in the reactions of amines with 3 apparently 

involves hydrolysis of the four-membered ring Sehiff base,8c the potential for 
reaction v i a  7 is evident.
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T able I
R eactions of D ione 3 with  P hosphites and P hosphonite

X
------ P X Y Z -----

Y Z

M ol of 
P X Y Z / 
mol of 3

Time,
hr o O

%
convn

%  yield 
of 8

%  yield 
of 9

%  yield 
of 4

%  yield 
of other 
products

OMe OMe OMe 2.0 218 120 100“ 75“ ( 33)6 i s »  ( i o / - Trace
OEt OEt OEt 2.0 541 120 80“ 47“ (20) 44“ (20) Trace
O-re-Pr O-n-Pr O-ra-Pr 2 .0 704 120 75“ 0 70“ (26) Trace
O-ri-Bu O-re-Bu O-n-Bu 2.0 704 120 80“ 0 75“ (40) Trace
O-i-Pr O-i-Pr O-î-Pr 2.0 301 120 80“ 85“ (63) 4C 10
O-sec-Bu O-sec-Bu O-sec-Bu 2.0 928 120 80“ 85“ (59) 3“ 12
OMe OMe o c «h 5 2.0 672 120 20 65M 0 0 10«

OMe - o c h 2c h 2o - 1.4 4» 110 60“ 0 lOO“'"1 (45) Trace
10'

Me OMe OMe 1.0 16 80 100 100* 0 0
“ Yield calculated by vpc method A (isolated yield in parenthesis). Based on reacted dione. 6 Observed products were a result of 

thermal Arbuzov rearrangements of precursors. “ Vpc method B. d Methyl carboxylate, 10 hr. « Methyl 2,2,4-trimethyl-3-oxo- 
valerate. '  Phenyl 2,2,4-trimethyl-3-oxovalerate. » Months. * From weight of crude product shown by nmr to be nearly pure.

general structures 8 and 9. T h e  relative am ounts o f 
these addu cts w ere fou n d  to  be  dependen t on  the grou p  
R  as show n in T a b le  I.

o  c h 3 o  c h 3
Il 1  II I

ROC— C— C— C— P

¿ h 3 c h 3

/

\

OR

OR

CH, CH,
\  /

o  c h 3 c  o r

ROC- - ¿ - I C— O— P

c h 3
\

OR

8 9

T h e  structure o f  8a, R  =  C H 3, w as p rov ed  rigorou sly  
b y  ch em ica l as w ell as spectroscop ic  m eans. P rod u cts  
8 from  oth er phosphites w ere identified  b y  spectra l 
com parisons and qu antita tive  e lem ental analysis. 
A ll were show n (T a b le  I I )  to  exh ib it pm r resonances 
(singlet) o f  appropria te  area assignable to  the isolated  
r/ew -m ethyls (C H 3A) in  th e  range 5 1 .29 -1 .49 , an d  a 
6 H  d ou b le t (</Hp — 11 H z) at 5 1 .17 -1 .49  resu lting 
from  the gem-m eth y l grou p in g  a d ja cen t to  phosphorus 
(C H 3B). R e a d y  con version  w ith  m eth y l iod id e  at 
room  tem perature to  the correspon d in g  m eth y lph os- 
ph inate 10 or on  w arm ing w ith  elem enta l sulfur to  
the th iop h osph on ate  11 sh ow ed  p rod u cts  8 to  be  tri- 
va len t. A pp aren tly  a com bin ation  o f h in dered  rota tion  
a n d /o r  the asym m etry  o f ph osp h oru s10 in  th e  m eth y l- 
phosphinate ren dered  the m ethyls o f  each  gem inal 
pair n on equ iva len t. T h e  isolated  pa ir (C H 3A) now  
appears as tw o  singlets at 6 1 .38 -1 .50  and  th e  C H 3B 
proton s as tw o  d ou b lets  at ô 1 .42 -1 .58 . T h e  on ly  
excep tion  is lOh w ith  a single peak  at 5 1.49 for  th e  
isola ted  f/ew,-methyl pa ir and  pair o f  f /m -m e th y ls  on  
the carbon  a to  phosphorus w ith  co in ciden ta lly  iden tica l 
ch em ical sh ifts (6 1 .62). T h e ir  n on equ iva len ce  is 
show n b y  th e  fact th a t th ey  have different . / H? values 
as do those o f  th e  o th er  com p ou n d s (10). It is in ter
esting that th e  effect is o ften  greater on  the m ore 
rem ote  A  proton s th an  on  the ad jacen t B  proton s  in  a 
g iven  m olecu le. T h e  unusually h igh ch em ica l shifts

(10) Long-range effects of asymmetric phosphorus centers are well 
established: L. Frankel, J. Cargioli, H. Klapper, and R. Danielson, Can. J. 
Chem., 47, 3167 (1969); R . V. Jardine, A. H. Gray, and J. B. Reesor, ibid., 
47, 35 (1969); L. S. Frankel, H. Klapper, and J. Cargoli, J . P h ys. Chem., 73, 
91 (1969); D. G. Rowsell, J . M ol. Spectrosc., 23, 32 (1967); R . Keat, W. 
Sim, and D. S. Payne, Chem. Com m un., 191 (1968); W. McFarlane, ibid., 
229 (1968); A. P. Lane, D. A. Morton-Blake, and D. S. Payne, J . Chem. 
Soc. A , 1492 (1967); T . H. Sidall, III, J . P h ys. Chem., 70, 2249 (1966); 
T . H. Sidall, III, and C. A. Prohaska, Inorg. Chem., 4, 783 (1965); J . Am er. 
Chem. Soc., 84, 2502, 3467 (1962).

for  the A  and B  m ethyl p roton s o f lOh p ro b a b ly  result 
from  sh ielding b y  th e  arom atic ring.

C hem ica l degradation  p rov ides con v in cin g  ev iden ce  
fo r  th e  structure o f  10a. In  Schem e I  are g iven  the

Scheme I 
O CH:10  f ,J

CH,OC— C— C— C— P
Na0IV  I I ^OCHj

H+ S  ioo° CH, CH,

f  Ma +\ H ,0

n  r t » ,
HC— C— C—

I

40 NaOH

CR, CH, 
14 Ï H,Î  f i e n ,

H02CC—C—C—P
I I ^OCH
CH, CH,

12

150' j - C O ,

CH, ¡  CH,
H—) —  C— ^ H  +  14

CH, CH,

CH,0 CH,0
1 II I IUCHi

HC— C-- Ç - P
1 1 OCH

CH, CH,
13

reactions em p loyed  a lon g  w ith  th e  p rod u cts  form ed . 
(See E xperim en ta l S ection  fo r  com p le te  spectra l, 
ph ysica l, and an a ly tica l data  o n  12-14 .) M ild  tre a t
m ent w ith  aqu eous N a O H  led  la rge ly  to  sapon ifica tion  
o f th e  ca rb ox y  ester grou p  to  g ive  12 as n o te d  ch iefly  
b y  loss o f  the m eth ox y  singlet in th e  pm r and  in trod u c
tion  o f unm istakeable  C 0 3H  ir ab sorp tion . [T h e low - 
freq u en cy  ca rb on y l a bsorp tion  in  all these com p ou n d s 
is assigned to  th e  h igh ly  h in dered  k eton e  grou p in g  
w h ich  is situated  in a  p osition  sim ilar to  th a t o f  the 
ca rb on y l in d i-teri-butyl k e to n e 11 (1687 c m -1 ) . ]  V ig 
orous sapon ifica tion  con d ition s  (1 00°) c lea v ed  b o th  
th e  ca rb ox y la te  and  ph osph inate esters to  g ive  the 
ph osph in ic a cid  14. T h is  com p ou n d  clearly  show s th e  
presence o f  an isop rop y l grou p  in  th e  pm r an d  loss o f  
th e  m eth oxy l d ou b let (P O C H 3). T h e  d ou b le t as-

(11) J. Lascombe, P. Grange, and M . Josien, Bull. Soc. Chim. F r., 773 
(1957).
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signed to the gem-methyl grouping adjacent to phos
phorus and the P C H 3 doublet, which are seen in the 
spectra of 8a, 10a, 12, and 13, persist. A  single 
carbonyl absorption is now present (1696 cm -1). 
Loss of one carbonyl absorption and the introduction 
of an isopropyl group (pmr) also accom panies the 
decarboxylation o f 12 at 150° to 13. The pmr spectrum 
of 13 is identical with that o f 14 except for the presence 
of the P O C H 3 doublet in the 13 spectrum and small 
chemical shift differences. The single sharp peak in 
the ir at 1225 cm -1 is clearly that o f the phosphinate 
phosphoryl b on d .12 T he mass spectrum of 13 also 
confirmed its structure. Elem ental analyses were 
obtained for 12 and 14.

A cid  hydrolysis of 10a gives both decarboxylation and 
carbon-phosphorus cleavage. The latter finds pre
cedent in other hydrolyses of com pounds which have 
a phosphoryl group /3 to a ketone carbonyl.13 The 
isopropyl ketone form ed firmly established the carbon 
skeleton of 10a.

W ith tri-n-propyl, tri-n-butyl, and methyl ethylene 
phosphites, no products o f type 8 or 10 were detected. 
The proportions of 8 and 9 from  the trim ethyl and 
triethyl phosphite reactions were dependent on the 
extent of reaction. This is shown clearly for the 
triethyl phosphite reaction in Table III . The ratio 
9/8 increased with time. Table IV  presents evidence 
using triethyl phosphite that 8 is actually form ed 
reversibly. That is, a mixture of 8b and 9b containing 
no phosphite or dione when allowed to stand at room  
temperature or heated to 120-150° is observed to give 
dione, phosphite, and a trace of lactone 4 along with a 
slow decrease in 8b and proportionate increase in 9b. 
9b heated alone does not give 3,4, or 8b.

In every reaction o f phosphite with dione a small 
amount of lactone (< 5 % )  was form ed and persisted 
throughout the reaction with the exception of the 
reaction of dim ethyl phenyl phosphite, which also 
gives no lactone product 9. A relatively large am ount 
of lactone 4 built up during reaction of the secondary 
alkyl phosphites.

D im ethyl m ethylphosphonite proved to be very 
reactive with dione, the reaction being com plete at 
80° in 18 hr. The product 8i underwent isomerization 
to the dimethyl phosphinate at room  temperature in a 
few days. A t 120° isomerization was com plete in a 
maximum of 3 hr. N o evidence was found for for
mation of either the starting phosphonite, dione, 
lactone, or 9i under isomerization conditions.

W hen the dione 3 was heated with tri-u-butyl- 
phosphine at 120° for 18 hr, it was com pletely con
sumed and converted to  the lactone and its polym er 
2 2 . The polym er is identical w ith that formed from  
reaction of 4 with traces of sodium m ethoxide.14

Lactone Reactions.-—W hen 4 was heated with the 
above phosphites and dim ethyl m ethylphosphonite, 
products o f the general type 9 were form ed exclusively. 
N o 8 has ever been observed in any reaction of these or 
any other trivalent phosphorus derivatives with 4. 
The products and yields are listed in Table V. Physical

(12) L. J. Bellamy, “ The Infrared Spectra of Complex Molecules,”  2nd 
ed, Wiley, New York, N. Y., 1958, p 312.

(13) N. Kreutzkamp and H. Kayser, C h e m .  B e r . ,  89, 1614 (1956); A. N. 
Pudovik and B. A. Arbuzov, Dokl. Akad. Nauk S S S R ,  7 3 ,  327 (1950); L. D. 
Freedman and G. O. Doak, C h e m .  R e v . ,  57, 479 (1957).

(14) R. H. Hasek, R. D . Clark, E. U. Elan, and J. C. Martin, J . Org. 
C h e m . ,  27, 60 (1962).

and spectral data for 9 and sulfur derivatives (15) or 
methyl iodide Arbuzov products 16 appear in Table VI. 
Characteristic of the ir spectra in each case, 9, 15, and 
16, was an intense band at 1730 cm-1 (C =0) and a 
weak absorption near 1670 cm-1 (C=C). The 
nmr spectra peaks assignable to the vinyl methyls 
are at 8 1.47-1.55 (./PH = 3.0-5.0) and 1.67-L73 
{ J h p  = 1-5-3.5). 16h and 16h' fall somewhat outside
the chemical shift range as a result of the shielding 
effects of the phenoxy groups. Griffin and Gordon 
have assigned the larger couplings in H3CC=CCP  
systems to the methyl group trans to phosphorus.16 
Products 9, 15, and 16 (CDC13) showed a single peak 
for the gem-methyls at 8 1.30-1.34 for the phosphites 
9 and 1.41-1.43 for 15 and 16 with the exception of 
16h and 16h', again affected by the phenyl. The 
asymmetric center at phosphorus in 16h and 16h' 
apparently does not affect the d isc  pair which appears 
as a singlet.

Chemical evidence for the structure 9a, the adduct 
of 4 with trimethyl phosphite, arises from the facile 
acid- or base-catalyzed methanolysis of 9a to trimethyl 
phosphite and methyl 2,2,4-trimethyl-3-oxovalerate 
and its acid-catalyzed hydrolysis to the same valerate. 
9d and 9g were similarly converted to the corresponding 
ester and phosphite.

Several of the reactions with lactone deserve special 
mention. Methyl ethylene phosphite gives two prod
ucts, one from migration of methoxy to carbonyl to 
give methyl carboxylate 9g (isolated as 15g). The 
structure of 9g was further shown by its methanolysis 
products. A minor product of the reaction appeared 
to come from migration of ring oxygen to give a nine- 
membered ring product isolated as the thiophosphate
17-S. Spectral and elemental analysis data (Experi-

0

OCH3

17-S

mental Section) were entirely consistent with struc
ture 17-S.

With dimethyl phenyl phosphite, lactone 4 gave both 
methyl and phenyl carboxylates isolated as the methyl- 
phosphonates, 16h and 16h'. In contrast this phosphite 
gave only methyl carboxylate with dione 3. Because 
of extended reaction times the latter product had been 
isomerized to the methylphosphonate, lOh.

Triisopropyl and tri-sec-butyl phosphites reacted 
with the lactone in an unusual manner. Both reactions 
proceeded very slowly compared to those of the n-alkyl 
counterparts, tri-n-propyl and tri-n-butyl. Further, 
very little 1: 1 adduct 9 was formed (Table V). Only a 
small amount of somewhat impure 9e and 9f could be 
isolated, but these were readily characterized by their 
ir and nmr spectra. The sulfur derivatives 15e and 
15f decomposed on attempted vpc purification. The 
major product in each instance consisted of polyenol 
ester material containing 2-3 lactone units for every

(15) D. J. Martin, M . Gordon, and C. E. Griffin, T e t r a h e d r o n ,  23, 1831 
(1967).
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T a b l e  III
Effect of Time and Solvent on 9/8 Ratio from 

Reaction of Dionf. 3 with Trikthyl Phosphite, 150°
Time, %

Solvrent hr“ unreacted 3ft 9 /8 c
None 68 39 1.2
None 143 33 2 .7
None 398 21 9 .0
CHSCN 144 49 2 .7
CH3CN 305 42 3 .2
CH3CN 660 34 7 .4
n-C,H16 144 55 0 .67
n-C,Hl6 305 60 0.72
n-C,H16 660 48 2.1

“ Trace (< 5 % )  of 4 noted at all times after start of reaction. 
b Determined from vpc by reference to internal standard decane. 
c Ratio of peak areas by vpc.

T a b l e  IV
Conversion of 8b to 9b

T, Time, -------------- ------Amount of product0--------
°C hr (CaHsOJsP Zb 8b 9b 9 b /8 b c
25 0 0 .50
25 168 0 .65
25 336 0.65

120 27 1.1
120 160 2 .0
150 0 0 .63d < 0 .1 2 .6 1 .7 0.65
150 24 1.9 0.85 0 .40 1.8 4 .5
150 87 1.5 0.80 0.17 2 .1 13
150 111 1.6 0 .52 0.18 2 .5 14
“ Figures reported are peak areas by vpc relative to that of 

internal standard decane. Total area 4.2 ±  0.5. Trace (relative 
area <0.07) of 4 noted in all samples except at, t =  0. 8 Based on 
soluble 3 only. Considerable amounts crystallized out of reaction 
mixture before analysis. c Ratio peak areas by vpc. d A sample 
which originally contained 9b/8b ratio of 0.5 and no dione or 
phosphite which had been kept 1 week at room temperature.

ph osph ite  unit. T h is  w as su pported  b y  th e  fa ct that 
several tim es as m uch 4 w as con su m ed  as w as phosphite.

A tte m p te d  reactions o f  a  fou r-m em bered  ring m on o
keton e , 2 ,2 ,4 ,4 -tetram eth y lcyclobu tan on e, w ith  tri- 
m ethyl phosphite and w ith  trisd im ethylam in oph osphine 
fa iled  to  show  any v p c  ev iden ce  o f  reaction  in 3 w eeks 
at 115°. H ow ever, th e  ph osphine an d  3 -d icya n o - 
m eth y len e-2 ,2 ,4 ,4 -te tram eth y lcyclobu tan on e  w ere b o th  
con su m ed  at 60° in 3 w eeks as w ere the a bove  cyan o 
k eton e and  trim eth yl ph osph ite  a fter  15 d ays at 120°. 
N o  v p c  ev iden ce  for  form ation  o f  tractab le  p rodu ct 
w as found.

D iscu ssion

M ost aspects o f  ou r results can  be  expla ined  reason
a b ly  in term s o f Schem e I I  b y  con sideration  o f  the 
effects o f  structure on  the relative rates o f  various 
steps and  stabilities o f  the p roposed  in term ediates and 
produ cts. T h e  m ost rem arkable aspect o f  these re
actions is th e  failure in  m any instances to  observe  the 
sam e reaction  pattern  as w as n o te d  w ith  oth er n ucleo
philes,8 i.e., form ation  o f  th e  sam e rin g-open ed  prod u ct 
from  either 3 or 4. E.g., a lcoh ols g ive  a lk yl 2 ,2 ,4 -
trim eth y l m eth y l-3 -oxob u tyra te  on  reaction  w ith  
either 3 or  4. W e interpret the ph osph ite  results to  
m ean  that the likely  form ed  in itia l adducts 5 and 6 do 
not in such cases u n dergo  tran sform ation  to  a com m on  
in term ediate  such as 7. P lausible reactions w h ich  
w ou ld  accou nt fo r  failure to  form  com m on  prod u cts  are
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T a b l e  V

R e a c t io n s  o f  L a c t o n e  4 w i t h  P h o s p h it e s  a n d  P h o s p h o n it e

P X Y Z ------------------------------------ - M ol of P X Y Z / %  y ‘eld of
X Y z mol of 4 Time, hr T ,  ° C %  convn“ %  yield of 9° other products

OMe OMe OMe 2 .0 41 120 100 1004 (74)
OEt OEt OEt 2 .0 81 120 95 1006 (66)
O-n-Pr O-n-Pr O-n-Pr 2 .0 109 120 95 90‘  (48)
O-n-Bu O-n-Bu O-n-Bu 2 .0 109 120 95 95"(5 0 )
O-i-Pr O-i'-Pr O-i-Pr 2 .0 943 120 84 (15)“ high“ '«

22“ (28 )“
O-sec-Bu O-sec-Bu O-sec-Bu 2 .0 928 120 45 (11)“ high“’«

7d (32)“
OMe OMe OC6H5 2 .0 408 120 80 40«’/ 2»

35«'4 (35)* 15>’
OMe - o c h 2c h , o - 2 .0 369 110 65 15*'k

80«'/ (61)«'’
° Based on reacted lactone. b Yield calculated by vpc method A, isolated yields in parentheses. « Viscous cloud residue. “ Based 

on reacted phosphite. «Vpc method B. /M ethyl carboxylate. »Methyl 2,2,4-trimethyl-3-oxovalerate. 4 Phenyl carboxylate, 
Arbuzov rearranged. * Yield of mixture of products obtained by distillation. > Phenyl 2,2,4-trimethyl-3-oxovalerate. k Product is 
nine-membered ring containing a trialkvl phosphite and a carboxylic ester 17.

S c h e m e  I I

20 21

sh ow n  in  Schem e I I . In  reaction  5 18 and  6 20
th e  incipient ph osphon iu m  en olate  is trap p ed  via 
a ring expansion  to  g ive  a  p en ta cov a len t species, 18 or
20. In  th is w a y  th e  basic structure o f  3 or 4  is p re
served  in th e  p rod u cts  8 and  9. Such  a ring expansion  
is n ot unlike th at n o ted  in  certa in  carbon iu m  ion  
rearran gem en ts.16 M ig ra tion  to  a p ositive  phosphorus 
cen ter, h ow ever, is n o t a com m on  reaction . T h is  
am ou n ts to  form a tion  o f a pen tacova len t in term ediate  
via in tram olecu lar n ucleoph ilic  a ttack . T h e  lack  o f 
rea ction  o f 2 ,2 ,4 ,4 -te tram eth y lcyclobu tan on e  and the 
h igh  rea ctiv ity  o f  3 -d icyan om eth y len e-2 ,2 ,4 ,4 -te tra - 
m eth y lcyclob u ta n on e  is in d ica tive  o f  n egative  charge 
d eve lop m en t at carbon  during the ring open ing . W e 
also believe th e  steps 18 ->■ 19 and  2 0 -» -  21 as postu la ted  
to  be n ove l. T h is  rea ction  system  is further unusual 
in  th a t th e  ord in ary  A rb u zov -lik e  reaction s gen era lly  
n o ted 6’7 fo r  tr ia lk y l ph osph ites and reactive  carbon y l 
com p ou n d s are n o t observed .

F orm ation  o f 8 is d ep icte d  in  Schem e I I  as be in g  
reversib le in k eep in g  w ith  th e  in tercon version  o f 
8 b  to  9 b  (T a b le  I V ) . S ince th e  p rod u ction  o f  3 and  
the p h osph ite  accom pan ies 8b —► 9b , th e  process 
3 — 5 also is w ritten  as a  reversible reaction .

T h e  sm all stead y  state con cen tra tion  o f  4  form ed  
during  the reaction  8  —*■ 9 an d  in  all reaction s o f  3 w h ich  
g ive  som e 9 is a ccom m od a ted  in S ch em e I I  b y  ring

(16) For examples in deamination reactions, see P. A. S. Smith, O r g .  
R e a d . ,  11, 1157 (1960).

open in g  to  7 fo llow ed  b y  closure an d  reversal o f  th e  
reaction  con vertin g  4  to  6. In  m ost cases th e  reaction  
o f 4  is fast so th at 4  does n o t b u ild  u p  to  an y  exten t. 
H ow ever, w ith  the tr iisop rop y l an d  tri-sec-bu ty l 
phosphites, 4 reacts o n ly  slow ly  thus a llow in g  4  to  
bu ild  u p  to  a ccou n t fo r  1 0 -1 2 %  o f d ion e con su m ed . 
T h e  slow  reaction  o f 4  w ith  th e  bran ch ed  a lk y l p h os
ph ites m ay  result, for  reasons p rop osed  be low , fro m  a 
greater degree o f  reversib ility  o f  4  -*• 6 step . T h e  
sequ en ce 3 —»- 5 —1► 7 -*• 6 4  also a ccou n ts n ice ly  for  the
con version  o f  3 to  4  b y  tribu ty lp h osp h in e . S ince 
p rod u ct form ation  ca n n ot p roceed  th rou gh  a lk yl 
m igration  th rou gh  in term ediates 19 or  21, 4  is form ed . 
T h is  in tercon version  m ay also b e  ca ta lyzed  b y  AICI3.14 
A pp a ren tly  4 is th e  th erm od yn am ica lly  m ore stab le  
d im er o f  d im eth ylk eten e. T h e  step  5 — 7 seem s 
to  be  nonreversib le  as in  n o  instance h ave w e n o te d  
either p rod u ction  o f d ion e or form ation  o f 8  from  
reaction  o f  la cton e  w ith  an y  o f 1 5 -20  tr iv a len t ph os
phorus n ucleophiles.

S chem e I I  also a ccou n ts fo r  th e  form ation  o f b o th  
prod u cts  8 and  9 from  reactions w ith  3. Several 
in fluences likely  will be  im portan t in  determ in in g  the 
partition  o f p rod u cts  o f  reaction  w ith  3 b etw een  p rod 
u cts 8  and  9. O ne is th e  relative rates o f  th e  reaction  
5 18 an d  5 7. T h ese  w ill in  tu rn  be  a ffected  b y
the relative stabilities o f  18 an d  7. 7 w ill be fa v ored  
b y  substituents on  phosphorus w h ich  stabilize a p ositive  
charge. C on verse ly , 18 w ill be  stabilized  b y  e lectron - 
w ith draw ing su bstitu ents.17-18 B u lk y  substituents on  
phosphorus in  18 w ill p rob a b ly  destabilize 18, since th e  
trigona l b ipyram ida l structures o f  re la ted  p en ta cov a len t 
species show  considerable  crow d in g  a b ou t p h osp h oru s .19 
T o  th e  exten t that th e  process 5 - » -1 8  is rap id ly  revers
ib le, th en  the ease o f  th e  m igration  (step  18 —► 19) also 
w ill in fluence the d istribu tion  betw een  8 and  9. T h e  
crossover betw een  th e  rou tes to  g ive  8  and  9  via 7 m ay 
in d eed  in v o lv e  18 and  20 rather th an  5 an d  6 in  w h ich  
case th e  ease o f  m igration  b ecom es an  ob v io u s  fa ctor  
in  th e  ch oice  b etw een  8 an d  9 form a tion  from  3. A

(17) D . B. Denny and D. H. Jones, J .  A m e r .  C h e m .  Soc., 91, 5821 (1969);
(18) F. Ramirez, C. P. Smith, J. F. Pilot, and A. S. Gulati, J .  O r g .  C h e m . ,  

33, 3787 (1968); F. Ramirez, J. F. Pilot, O. P. Madan, and C. P. Smith, 
J .  A m e r .  C h e m .  Soc., 90, 1275 (1968).

(19) W . C. Hamilton, S. J. LaPlaca, F. Ramirez, and C. P. Smith, ibid., 
89, 2268 (1967); R . D. Spratley, W . C. Hamilton, and J. Ladell, ibid., 89, 
2272 (1967).
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second  im portan t consideration , w here the qu estion  o f 
relative am ou n ts o f  8 and 9 is con cern ed , is th e  pre
v iou sly  d iscussed con version  o f  8 to  9. T h is p h en om 
enon  readily  explains th e  ob served  (T a b le  I I I )  tim e d e
pendence o f  8/9 ratio fo r  b o th  the trim eth y l and  tri
e th y l ph osph ite  reactions. I t  m ay  be  im portan t in 
cases w here no 8 is form ed . T h ird ly , w e w ou ld  suggest 
that the ease o f  subsequent irreversible therm al A rb u 
z o v  rearrangem ent o f  8 to  10 also can  be an im portan t 
fa ctor  in  th e  8/9 ratio, since the con version  o f 8 -*■ 9 
can  be th ereb y  preven ted . E.g., we h ave fou n d  th at 
8a u ndergoes considerable rearrangem ent to  10a at 
150°. T h is  is n ot true o f 8b. In  a reaction  at 150° o f  
dione and  trim eth y l ph osph ite  in heptan e, 4 0 %  o f the 
dione w as con su m ed  in  200 hr at w h ich  tim e th e  ratio 
o f  (8a +  10a)/9a w as 8 5 /1 5 , and  th e  10a/8a ratio w as 
abou t 5 /9 5 . A fter  abou t 500 hr th e  8a/9a ratio w as 
on ly  redu ced  to  5 0 /5 0 . In  the m eantim e the 10a/8a 
ratio w as increased  to  6 7 /3 3 . B y  contrast, as n oted  in 
T a b le  I I I , at abou t 4 5 %  reaction  at 150° o f  3 and (C 2- 
H sO )3P , the 8b/9b ratio  is 6 8 /4 2 . A fter  another several 
hundred  hours the ratio  is redu ced  to  3 3 /6 7 . In  an
oth er experim ent in a n eat reaction  o f 3 w ith  trieth y l 
phosphite, a fter exten sive  h eatin g  on ly  5 %  o f 8b re
m ained. T h e  reaction  w ith  trie th y l ph osph ite  a llow s 
m ore o f  the 8b to  be con v erted  to  9b since 8b is n ot 
isom erized  to  10b. A t 120° less 8a th an  10a occurs, 
bu t the 8a/9a ratio at 25 an d  5 0 %  con version s o f  3 on ly  
ch anged  from  9 7 /3  to  8 3 /1 3 . T hu s, the propen sity  to 
w ard  reversal o f  8a form ation  also is redu ced  at the 
low er tem perature.

W e suggest th a t th e  failure to  observe  form ation  o f 
8 in the reactions o f  th e  lon ger chain  phosphites, tri- 
n -p rop y l and tr i-n -b u ty l, m ay result from  th e  fo llow in g . 
In  these cases p rod u ct 8, if  form ed , p rob a b ly  w ou ld  n ot 
undergo the 8 10 isom erization , and  any 8 form ed
in itia lly  m ay be  rap id ly  isom erized  to  9. A ltern ate ly , 
since no 8 is ever d e tected  at an y  stage in these re
actions, th e  increased  a lk y l chain  lengths in th e  a lk oxy  
groups a ttach ed  to  phosphoru s m ay h ave in d u ced  steric 
strain in  th e  ph osphoran e 18. C on sequ en tly , th e  rate  o f  
form ation  o f  18 m ay be  sign ificantly  decreased  leading 
to  p redom in an t con version  o f  5 to  7.

In  the reaction  o f p h en y l d im eth yl ph osph ite  w ith  
dione, n o  p rod u ct 9 is seen, and  n ot even  traces o f  lac
tone 4 are noted . T h e  rate o f  reaction  o f th is p h osph ite  
w ith  b o th  3 and 4 is red u ced  b y  the p h en oxy  substituent, 
and  it seem s likely  th at phosphoru s in 8 w ou ld  also be 
o f redu ced  n u cleop h ilic ity  w h ich  precludes the con v er
sion  o f 8 to  9 in th is instance. A n oth er  fa ctor  cou ld  
be redu ced  stab ility  o f  7 resu lting from  rep lacem ent o f 
C H 30  b y  C 6H 50 .

R e a ctio n  o f 3 w ith  m ethy l eth ylen e ph osph ite  g ives 
no 8. Such  a result is n o t u nreasonable, since th e  pres
ence o f tw o  five-m em bered  rings m igh t be  ex p ected  to  
force  th e  m eth oxy  in to  predom in an tly  the equ atoria l 
position  w here it w ou ld  be less rea ctiv e .20 T h e  rate 
o f the step 18 -► 19 w ou ld  th en  be  redu ced  for  th e  ad
d u ct 18 from  m eth y l eth y len e  ph osph ite  a llow ing  an 
increased p rop ortion  o f reaction  to  p roceed  th rou gh  7.

(20) The influences of ring size and electronegativity on axial and equa
torial preferences of substituents on pentacovalent phosphorus as well as 
the relative reactivities of axial and equatorial positions have been sum
marized recently: E. L. Muetterties, A c c o u n t s  C h e m .  R e s . ,  3, 266 (1970); 
F. H. Westheimer, ibid., 1, 70 (1968); K. M islow, ibid., 3, 321 (1970); F. 
Ramirez, ibid., 1, 168 (1968).

A pp aren tly  the expected  increased stab ility  o f  18 from  
th e  presence o f  a secon d  five-m em bered  ring is n ot able 
to  d irect the reaction  in fa v or  o f  8. T h is  again  suggests 
th at the m igration  step  m ay be o f  con tro llin g  im por
tance. I t  m ay  be n oted  th at th e  p rod u ct o f  m eth oxy l 
m igration  is still observed . T h is  suggests th at p lace
m ent o f  an a lk oxy  grou p  in a five-m em bered  ring low ers 
its m igration  poten tia l in sp ite o f  th e  preferred  axial 
position  o f th e  ring oxygen .

T h e  8 —► 9 p rod u ct d istribu tion  from  reaction  o f 3 
w ith  d im eth yl m eth y lph osph on ite  is n ot strictly  co m 
parable to  the others since th e  reaction  tem perature 
is low . F orm ation  o f 8i at 80° is n ot reversib le ; and 
at higher tem peratures 8i is readily  con verted  to  lOi 
w h ich  m ay preclude form ation  o f  9i.

W e find the results o f  the d ione reactions w ith  tri- 
isopropy l and tri-sec-buty l phosphite difficult t o  rational
ize. F actors w hich  w ou ld  destabilize 18 in th e  tri-n - 
p rop y l and  tri-n -bu ty l cases w ou ld  be ex p ected  to  be 
operative here as w ell. F or som e u nknow n reason, 
a lk oxy  m igration  m ay  be rapid  and  m ay, in fa ct, relieve 
strain in 18. A ltern ative ly ; th e  bran ch ed  a lkyl cases 
m ay  sim ply u ndergo reversa l o f  8 form ation  v ery  slow ly  
com p ared  to  the n -a lk y l cases becau se o f steric hin
drance.

T h e  lactone reactions seem  fa irly  stra ightforw ard  
w ith  th e  excep tion  o f tr iisop rop y l and  tri-see-butyl 
phosphites. T h e  low  rea ctiv ity  o f  3 and th e  bu ild in g  
up o f 4 in the an a logou s reactions o f  3 w ith  these n u cleo 
philes suggests th at the 4-6 con version  is h igh ly  re
versible. S teric strain in th e  in term ediate  6 m ay be an 
im p orta n t fa ctor. T h e  predom in an ce o f p ro d u ct co n 
taining several la cton e  m olecu les fo r  every  ph osph ite  
suggests th at 7 is fa vored  k in etica lly  or  th erm odyn am i
ca lly  ov er  20 or  its subsequent produ cts. 7 apparently  
adds m ore m olecu les o f  la cton e  b e fore  the u ltim ate 
p rod u ct is form ed.

W h en  on ly  a lk yl substituents are a ttach ed  to  phos
phorus, as in  tr i-n -bu ty lph osph in e , 7 adds to  several 
m olecu les o f  4 b efore  th e  phosphine is rem oved  g iv ing  
the p o ly m er 22.

F inally , th e  greater ease o f  m eth ox y  ov er  ph en oxy  
m igration  in  th e  d ione reaction  and th eir n early  equ a l 
m igrational abilities in th e  lactone  reaction  are o f  con 
siderable in terest b u t are n o t readily  explainable. 
M igra tion a l aptitu des cou ld  depen d  on  several k inetic 
fa cto rs : p rod u ct s ta b ility ; stab ility  o f  th e  leaving  
a lk ox id e ; stability  o f  the charge on  ph osphoru s; and 
position , ax ia l or equatoria l, o f  th e  p oten tia l leaving 
grou p . T h e  d im eth ylph en yl ph osph ite  reactions w ith  
3 and 4 appear to  be  som ew hat an om alou s in  th at the 
ph enyl and  m eth y l 2 ,2 ,4 -tr im eth y l-3 -ox ob u ty ra tes  are 
form ed  in a m anner unknow n. In  all oth er cases the 
in d ication  is th at m igration  is strictly  in tram olecu lar, 
since external a lk ox ide  w ou ld  read ily  polym erize  the 
la cton e . T h e  qu estion  o f m igration al abilities w ill be 
exp lored  m ore fu lly  in the fo llow in g  paper.

Experimental Section
Materials and Methods.— Elemental analyses were performed 

by Galbraith Laboratories, Knoxville, Tenn., Schwarzkopf 
Microanalytical Laboratory, Woodside, N. Y ., and at the Cela- 
nese Chemical Co., Technical Center.

Infrared spectra were obtained on Beckman IR-5A and Perkin- 
Elmer 421 spectrophotometers. Unless otherwise noted, re
ported ir bands are of strong or medium strength. Proton mag-
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netic resonance (pmr) spectra were obtained on Varian A-60 and 
A-56/60 instruments using tetramethylsilane (TM S) as internal 
standard. Reported chemical shifts are in 5, parts per million 
downfield from TM S. Multiplicity pf peaks is indicated by s, 
singlet; d, doublet; t, triplet; and m, multiplet. To resolve 
spectra complicated by overlapping peaks a technique was used 
which involved addition of incremental amounts of benzene to a 
CDC13 solution of the compound being analyzed. By observing 
the change in positions of peaks after each benzene addition, it 
was possible to sort out chemical shifts and coupling constants. 
Mass spectral data were taken on Consolidated Electrodynamics 
Corp. Type 21-110 and Perkin-Elmer Model 270 instruments.

Vpc analyses were run on an F & M  Model 810 instrument and 
also on an Aerograph Model A90-P3 chromatograph, both ther
mal conductivity units. Analytical work was done on either col
umn A, a 6 ft by 0.25 in. 20% SE-30 on 60-80 mesh Chromosorb 
W, or column B, a 6 ft by 0.25 in. 30% Celanese Ester No. 9 on 
the same solid support, both at 120 ml/min flow rate. Prepara
tive vpc was accomplished with a 10 ft by s/ 8 in. 20% SE-30 on 
Chromosorb W column at 200 ml/min flow rate. Two analytical 
methods were used. M ethod  A. A weighed amount of toluene 
or tetralin was introduced as internal standard following the re
action. The relative areas of standard and each component 
were measured by triangulation or planimetry. In several cases 
relative sensitivities were measured and shown not to vary by 
more than 10%. This is probably also a measure of overall ac
curacy of the measurement and in the relative yields are of most 
interest was deemed adequate for the purposes of the experiments. 
M eth od  B . Under identical chromatographic conditions and in
jection sample sizes, the total area of reactants was determined 
before reaction and that of remaining reactants and of products 
formed after reaction. Percentage yields of products were cal
culated on the basis of starting materials consumed using the 
measured areas and assumed equal sensitivity of all peaks.

All reactants were reagent commercial materials, often distilled 
before use, or were prepared by standard reference procedures 
except for the following. Commerical phosphite samples were 
distilled from sodium before use. 2,2,4,4-Tetramethylcyclobuta- 
none was prepared from the dione using the procedure of Shech
ter.21 2,2,4,4-Tetramethyl-l,3-cyelobutanedione (100 g, 0.715 
mol) was dissolved in 95% ethanol. Water was added until the 
solution turned turbid, and then ethanol was added until turbidity 
disappeared. Semicarbazide hydrochloride (200 g, 1.79 mol) 
and sodium acetate (200 g) were added to the solution which 
was then heated several hours on a steam bath. After sitting 
overnight at room temperature, the solid was removed by filtra
tion and was washed several times with water. Drying under 
vacuum yielded the disemicarbazone, a white powder (197 g, 
76% yield). Sodium (50.0 g, 2.17 mol) was dissolved slowly in 
ethylene glycol (500 ml). To the ethylene glycol solution in a 
three-necked 3-1. flask at 100° was added the disemicarbazone (65 
g, 0.293 mol). Continued heating at 150° produced vigorous 
foaming. At 180° the foaming subsided and a pale yellow liquid 
distilled at 150°. The reaction mixture was maintained at 205° 
for 1.5 hr. After cooling, the solution was steam distilled. To 
the combined condensate from steam distillation and distillate 
collected during the heating process was added oxalic acid (150 
g). The mixture was heated on a steam bath for several hours and 
then steam distilled. The condensate was extracted with three 
portions of chloroform. After being dried over calcium chloride, 
the solvent was removed using a rotary evaporator and an aspira
tor. Distillation yielded pure 2,2,4,4-tetramethyleyclobuta- 
none, 10.2 g, 28% yield, bp 84-85° (158 Torr) [lit.22‘ 77° (150 
T orr)].

M eth yl ethylene phosphite was prepared by heating a solution 
of trimethyl phosphite (125 g, 1.01 mol) and ethylene glycol 
(58.0 g, 0.935 mol), to which a small piece of sodium had been 
previously added, in a flask to which was connected a short 
column and distillation head. As the solution was heated and 
stirred, methanol distilled. When the evolution of methanol 
ceased, the solution was distilled from sodium through a Yigreux 
column to give methyl ethylene phosphite, 39.6 g, 0.325 mol, 35% 
yield, bp 62-65° (25 Torr). The pmr spectrum (benzene) corre
sponded to that given by Haake and coworkers.23

(21) H. Shechter, private communication. W e thank Professor Shechter 
for making the details of this preparation available to us.

(22) H. L. Herzog and E. R . Buchman, J .  O r g .  C h e m . ,  16, 99 (1951).
(23) P. Haake, J. P. M cNeal, and E. J. Goldsmith, J .  A m e r .  C h e m .  S o c . ,  

90, 715 (1968).
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Dimethyl Phenyl Phosphite.— Phosphorus trichloride (50.0 
g, 0.364 mol) and triethylamine (37.1 g, 0.366 mol) were mixed 
with 500 ml of ether in an ice-cooled flask. With constant stirring 
phenol (34.3 g, 0.364 mol) in 200 ml of ether was added dropwise 
(addition required 3 hr). Triethylamine (73.8 g, 0.728 mol) was 
added rapidly followed by dropwise addition of methanol (23.4 
g, 0.728 mol) in 250 ml of ether. The mixture was refluxed for
1 hr after which the amine hydrochloride was removed by filtra
tion, and the solvent was removed under reduced pressure on a 
rotary evaporator. Distillation through a wire spiral column 
yielded pure dimethyl phenyl phosphite, 24.8 g, 0.133 mol. 37% 
yield, bp 62-63° (0.25 Torr) [lit.24 86° (12Torr)]. The pmr spec
trum (neat) showed a 6 H doublet at 3.55 ppm ( / hp = 10.5 Hz) 
and a 5 H multiplet at 7.2 ppm.

General Procedure for Reactions of Phosphites with Lactone 
(4).— All reactions were run neat under N2 and monitored by 
vpc. Conditions are given in Table V along with yields deter
mined. Products (9) were isolated by vacuum distillation. In 
most cases derivatives were prepared by gently warming the 
product with sulfur or by reaction at room temperature with 
methyl iodide. Such derivatives were purified by preparative 
vpc.

Physical and spectral data and analyses appear in Table V 
for routine reactions. More detailed discussions of unusual cases 
and of formation of derivatives appear below.

Trimethyl Phosphite.— Further evidence for the structure of 
product 9a was provided by results of its hydrolysis and meth- 
anolysis. Treatment of 9a with excess methanol containing a 
trace of p-toluenesulfonic acid gave only trimethyl phosphite 
and methyl 2,2,4-trimethyl-3-oxovalerate as shown by vpc as 
did methoxide-catalyzed room temperature methanolysis. Simi
larly, hydrolysis with dilute HC1 in methanol-water gave only 
the valerate in 24 hr at room temperature.

Triethyl Phosphite.— Product 9b (0.5 g) was allowed to stand 
at room temperature with an excess (1.5 ml) of methyl iodide for
2 days. Complete conversion (vpc method B) of 9b u> 16b, a
colorless viscous liquid, was observed. Vpc analysis showed 
only the isomerization product 16b and a low-boiling product, 
presumably ethyl iodide. 16b was not further purified: ir
(film) 795, 848, 892, 926, 965, 1038, 1074, 1113, 1142, 1247, 
1310, 1395, 1465, 1665 (w), 1720, 2930, and 2980 cm "1; pmr 
(50/50 benzene-CDCla) 5 1.41 and 1.21 (6 H, t / HH = 7 Hz, CH3- 
CH20 ) , 1.41 (3 H, d, JHP =  17 IIz, PCII3), 1.46 (6 H, s, gem 
CII3), 1.46 (3 IT, d, /  hp = 4.0 Hz, vinyl CH3), 1.72 (3 H, d, / Hp 
=  2.5 Hz, vinyl CH3), 4.0 (4 H, m, OCH2CH3).

Tri-re-butyl Phosphite.— Because of the overlap of broad 
methylene absorptions in the nmr of 9d with those for the geminal 
and vinyl methyl precluded accurate integration of the spec
trum, the structure was further characterized by conversion of a 
5%  solution of 9d in 1-butanol, to which had been added a trace 
of Na, at 100° in 3 days to high yields of tri-re-butyl phosphite 
and re-butyl 2,2,4-trimethyl-3-oxovalerate. Products were 
verified by retention time comparison with authentic samples on 
vpc columns A and B.

Triisopropyl Phosphite.— Lactone (5.00 g, 35.7 mmol) and 
triisopropyl phosphite (14.9 g, 71.6 mmol), heated at 120° for 943 
hr, gave an 84% conversion of lactone and a 22% conversion of 
phosphite to products as shown by vpc monitoring. The lactone 
was consumed more rapidly than the phosphite indicating that 
something other than a 1/1 adduct was being formed. The 
amount of the products observed on vpc did not account for all 
of the lactone consumed. Distillation yielded 16% of the original 
lactone, 68%  of the original phosphite, and a small amount of a 
colorless viscous liquid [15% yield based on reacted lactone and 
28% based on reacted phosphite, bp 80-90° (0.15 Torr)]. This 
liquid was not isolated in sufficient quantity or purity to allow 
complete characterization. However, ir and pmr spectra of 
impure samples indicated that it was analogous to 9c formed from 
tri-re-propyl phosphite and the lactone and thus was assigned the 
structure 9e: pmr (benzene) 5 1.16 (18 IT, d, / Hh = 7 Hz, 
CII(CH3)2), 1.46 (6 IT, s, gem CH3’s), 1.53 (3 H, d, / Hp =  3.0 
Hz, vinyl CH3), 1.78 (3 H, d, / hp =  1.5 Hz, vinyl CH3), 4.6 (3 
Id, m, OCH(CH3)2); ir (film) 2980, 1730, 1670 (w), 1475, 1385, 
1265, 1148, 1110, 1078, 1010, 865 cm -1.

9e was converted by gentle warming with sulfur into the thio- 
phosphate which decomposed upon attempted purification by 
vpc at 230° isothermal.

(24) G. Kamai and F. M . Kharroaova, TV. K a z a n .  K h i m .  T e k h n o l .  I n s t . ,

23, 122 (1957).

A large amount of undistillable, very viscous, cloudy residue 
remained from the distillation. The ir spectrum of the viscous 
residue (film) showed important absorptions at 760, 800, 862, 
954, 982, 1060, 1110, 1250, 1385, 1465, 1670 (w), 1725, 1730, 
2950, and 3000 c m 1. Column chromatography failed to give 
pure samples of this residue, but pmr analysis of several fractions 
indicated a material containing 2-3 units of the lactone to 1 
unit from the phosphite.

Tri-sec-butyl Phosphite 3 (5.00 g, 35.7 mmol) and the phosphite 
(17.8 g, 71.2 mmol) were heated at 120°. Heating for 928 hr 
yielded a 45% conversion of lactone to product but only a 7%  
conversion of phosphite to product (determined by vpc method 
C and distillation of reaction solution to recover starting mate
rials). Distillation yielded a colorless viscous liquid 9f [0.67 g, 
1.72 mmol, 11% yield based on reacted lactone, 32% yield based 
on reacted phosphite, bp 110-115° (0.15 Torr)]. This liquid 
was not isolated in sufficient quantity or purity to allow complete 
characterization. However, the ir and pmr spectra of impure 
samples indicated that the structure of 9f was analogous to 9d  
which was obtained for tri-n-butyl phosphite and lactone: pmr
(CDC1,) 8 0.96 (9 H, t, / h h  = 7 Hz, CH2CH3), 1.21 (9 H, d, 
/ UH = 7 Hz, CHCH3), 2.5 (6 II, broad m, CH2), 1.55 (6 H, s, 
gem methyls), 1.53 and 1.78 (3 H each, d, / h p  =  3.0 and 1.5 
Hz, vinyl methyls), 4.3 and 4.8 ppm (3 H, m, OCH); im
portant ir bands occurred at 796, 868, 996, 1030, 1072, 1112, 
1150, 1375, 1460, 1665 (w), 1725, and 2950 cm -1. 9f was con
verted into the thiophosphate 15f by warming with sulfur. 
The thiophosphate decomposed on attempted trapping on vpc 
column B at 275°.

A large amount of viscous cloudy residue was left from the 
distillation which appeared to be analogous to the polymeric 
material obtained from triisopropyl phosphite and lactone. The 
ir spectrum of the viscous residue (neat film) showed absorptions 
at 800, 876, 926, 945, 969, 996, 1058, 1115, 1230, 1255, 1382, 
1462, 1670 (w), 1730, 1750, and 2950 cm -1.

Dimethyl Phenyl Phosphite.— Lactone (3.35 g, 23.9 mmol) 
and the phosphite (8.90 g, 47.8 mmol) were heated at 120°. 
After 408 hr vpc analysis showed 80% conversion of lactone 
into a number of products of which the two major products were 
present in 35 (16h) and 40% (9h') yields (based on reacted 
lactone and calculated using vpc method B). The ratio of the 
two major products did not change appreciably during the course 
of the reaction. Also present were the methyl and phenyl esters 
of 2,2,4-trimethyl-3-oxovaleric acid in 2 and 15% yields, re
spectively (identified by comparison of retention times on vpc 
column A with those of authentic samples), and a number of 
unidentified products in very small yields. Distillation failed to 
separate the major products [35% combined yield, bp 70-80° 
(0.3 Torr)]. Warming of the impure fractions with methyl 
iodide converted 9h' to 16h' and did not affect 16h. 16h and
16h' were separated and collected at 220° isothermal on vpc 
column B. See Table VI for spectral data.

Methyl Ethylene Phosphite.— Phosphite (2.87 g, 0.0205 
mol) and 4 (5.00 g, 0.410 mol) heated at 110° for 369 hr resulted 
in 65% consumption of lactone. Vpc analysis showed two 
products in 15 (17) and 80% (9g) yield based on lactone con
sumed and using vpc method B. Distillation of 2.91 g of product 
solution gave fractions containing the two products in various 
ratios (0.78-g total, 61% yield, bp 82-86° (0.006 Torr)]. A 
fraction rich in 9g was transesterified in benzene by an excess of 
methanol in 16 hr at 60° to methyl ethylene phosphite, methyl
2,4,4-trimethyl-3-oxovalerate, and trimethyl phosphite as shown 
by pmr and vpc analysis (columns A and B) of the reaction 
solution using authentic samples for comparisons.

The product mixture was warmed 2 hr with sulfur to give the 
thiophosphates 15g and 17-S which were separated by preparative 
vpc at 230°. 17-S was a white solid (mp 103.5-105°): pmr
(CDC13) 8 1.50 (3 H, s, gem CH3), 1.62 (3 H, s, gem methyl), 
1.70 (3 II, d, / Hp = 3.5, Hz, vinyl CH3), 1.82 (3 H, d, / Hp =  5.0 
Hz, vinyl CH3), 3.70 (3 LI, d, / Hp =  14 Hz, CH3OP), 3.7 to
4.8 (4 H, broad m, OCH2CHsO); ir (film) 2950, 1740, 1670 (w), 
1450, 1390, 1365, 1265, 1155, 1126, 1078, 1045, 960, 926, 880, 
860, 842, 828, 788, 763 cm-1. Data for 15g, also a white solid, 
mp 84-85°, appear in Table VI. 17-S and 15g were subjected 
to quantitative elemental analysis as a mixture (see Table VI).

Dimethyl Methylphosphonite.—The phosphonite was pre
pared from methyl phosphonous dichloride25 by reaction of the

(25) B. J. Perry, J. B. Reesor, and J. L. Ferron, Can. J. Chem., 41, 2299
(1963).
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latter with methanol in pentane in the presence of dimethyl- 
aniline. Lactone (0.15 g, 1.5 mmol) and methyl dimethylphos- 
phonite (0.14 g, 1.5 mmol) were mixed neat under N2. The 
reaction at room temperature, monitored by vpc, was complete 
in 48 hr. Volatiles were removed under vacuum at room temper
ature to leave reasonably pure (by pmr and vpc) 9i: 0.25 g; 
83% yield; pmr (CDC13) S 1.35 (3 H, d, J hp = 9 Hz, PCH3), 1.33 
and 1.36 (3 H each, s, C(CH3)2C), 1.49 (3 H, d, J Hp =  3.5 Hz, 
vinyl CH3), 1.70 (3 H, d, J hp =  1-5 Hz, vinyl CH3). Treatment 
of 9i with methyl iodide at 25° gave 16i, isolated by preparative 
vpc.

Tri-n-butyl Phosphine.— Lactone 4 (10.0 g, 72 mmol) and the 
phosphine (18.5 g, 92.0 mmol) were heated at 100-120° for 2 
weeks. On cooling, a light tan-colored solid precipitated from 
the dark brown reaction solution, 4.14 g, 41%  yield, which was 
recrystallized from diglyme to give white powder, mp 193-195°. 
This was shown by spectral comparison to be identical with the 
polymer obtained on treatment of lactone with a trace of sodium 
methoxide (lit.14 mp 198-200°). The polymer decomposed on 
melting to lactone.14

General Procedure for Reactions of Phosphites with Dione
(3).—All reactions were run neat under N2. Conditions and 
yields appear in Table I. Spectral, physical, and analytical 
data for products, all liquids or oils, appear in Table I. In all 
cases the reactions were monitored by vpc. At 150° (Table I), 
trimethyl phosphite gave only the product of Arbuzov isomer
ization, the phosphinate 10a. However, when the reaction was 
run at 100° or in hexane at 120°, the unisomerized dimethyl- 
phosphonite 8a was isolated. A solution of trimethyl phosphite 
300 g, 2.42 mol) and the dione (85 g, 0.61 mol) heated at 100° for 
30 days gave on distillation the phosphonite 8a, a colorless liquid, 
bp 76-81° (0.03-0.05 Torr), 64.1 g, 0.243 mol (40% yield), 
along with 19.0 g (0.072 mol) of the phosphinate 10a, (12% 
yield). See Table II for spectral and analytical data. Reaction 
of 8a at room temperature with methyl iodide or when heated by 
itself for 9 hr at 150° converted 8a into 10a, mass spectrum 264 
(parent). Both the trimethyl and triethyl phosphite reactions 
at 120° showed only the product 8a and 8b early in the reaction. 
Products 9a and 9b were formed in increasing proportions as the 
reactions progressed. The tri-re-butyl and triisopropvl phos
phite reactions gave no vpc evidence for formation of 8c or 8d 
at any time.

Methyl Dimethylphosphonite.— 3 (0.15 g, 1.5 mmol) and 
phosphonite (0.14 g, 1.5 mmol) were heated neat under N2 at 
about 80°. Vpc monitoring showed the reaction to be complete 
in 18 hr. Removal of volatiles under high vacuum gave 8i, 
essentially pure by vpc, in quantitative yield: pmr (CDC13) 
S 1.17 (3 H, d, J hp = 7.5 Hz, PCH3), 1.32 (6 H, d, J Hp =
12 Hz, PC(CH3)2), 1.37 (6 H, s, (CH3)2CO), 3.55 (3 H, d, J hp =
13 Hz, POCH3), 3.72 (3 H, s, C 02CH3). 8i was converted with 
methyl iodide to the phosphine oxide for analysis.

Tri-re-butyl Phosphine.—A solution of dione 3 (5.0 g, 36 
mmol) in the phosphine (8.3 g, 41 mmol) under nitrogen at 120° 
showed isomerization of 3 to 4 in 18 hr (vpc analysis). Polymer
ization of 4 then ensued.

Reactions of the Methylphosphinate (10a).— 10a (4.0 g, 15 
mmol) was refluxed with 30 ml of 10% aqueous NaOH for 8 hr. 
The reaction mixture was acidified and subjected to continuous 
ether extraction for a prolonged period. The ether was dried over 
Na2S04 and removed to leave the phosphinic acid 14: 2.8 g, 
15 mmol (near-quantitative yield); a white solid; mp 62-64°; 
recrystallized from ethanol, mp 71.4-72.8°; pmr (CC14) 5
1.06 (6 H, d, J hh = 6.5 Hz, CH(CH3)2), 1.40 (3 H, d, J Hp =
14 Hz, PCH3), 1.47 (6 H, d, J hp =  15.5 Hz, C(CH3)2P = 0 ) ,  3.30 
(1 H, sep, J hh =  6.5 Hz, CH(CH3)2), 12.3 (1 H, s, POH); 
ir (CHC13) 2980, 2940, 2880, 2100-2800 (w, broad, POH), 1696, 
1468, 1375, 1296, 1170, 1090, 1045, 1028, 1002, 963, 883, 720 
cm-1.

Anal. Calcd for CsHi70 3P: C, 50.0; H, 8.9; P, 16.1. 
Found: C ,49.8,49.7 ; H, 8.9, 9.0; P, 16.1, 16.5.

10a (16 g, 0.061 mol) was shaken at room temperature with 120 
ml of 10% aqueous NaOH, during which time the temperature 
of the solution rose to 40°. The solution was acidified and ether 
extracted. The dried ether layer on evaporation yielded 6.0 g 
of an oil (12) which crystallized on standing. The mother liquor 
was then subjected to a continuous ether extraction. The dried 
ether solution, cooled to —20°, gave another 2.9 g of crystals (12): 
total yield 8.9 g, 0.35 mol (57%); mp 119.4-120.0°; neut equiv 
250 (theory 252); p/% 3.3 (H20 , 25°); pmr (CDC13) S 1.42 
(6 H, s, OC(CH3)2CO), 1.56 (6 H, d, J hp = 16 Hz, (CH3)2-

C P = 0 ), 1.68 (3 H, d, J  hp =  14.5 Hz, PCH3), 3.74 (3 H, d, J Hp 
=  10.5 Hz, POCH3), 11.4 (1 H, s, C 0 2H ); ir (KBr) 2990, 2500- 
3600 (C 02H ), 1710, 1692, 1467, 1407, 1390, 1366, 1307, 1260, 
1200, 1170, 1150, 1130, 1052, 1030, 1002,957,890,810,762,720 
cm-1.

Anal. Calcd for CioH190 5P: C, 48.0; H, 7.6; P, 12.4. 
Found: C, 48.0; H, 7.4; P, 12.3.

12 was decarboxylated on heating at 150° to a colorless liquid 
with spectral properties consistent with the structure 13: mass
spectrum rre/e (intensity, >15%  base peak), 206 (parent, 5), 
136 (100), 135 (60), 94 (45), 93 (22), 79 (17), 63 (15), 43 (35), 
41 (29), 27 (19), and 15 (16); pmr (CC14) S 1.02 (6 H, d, J hh =
6.5 Hz, HC(CH3)2), 1.35 (3 H, d, Jhp = 13.5 Hz, PCH3), 1.39 
(6 H, d, J hp = 15 Hz, C(CH3)2P), 3.31 (1 H, m, Jhh =  6.5 Hz, 
HC(CH3)2), 3.69 (3 H, d, Jhp = 10.5 Hz, POCH3); ir (CCh), 
2974, 2942, 1700, 1470, 1375, 1295, 1225, 1045, 1000, 888 cm“1

When 10a (3.0 g, 12 mmol) was refluxed 72 hr with 5 ml of 
1:1 (v /v ) HC1-H20 , a water-insoluble layer appeared atop the 
reaction mixture. This layer was separated by addition of ether 
without shaking. The ether layer was dried (Na2S04), and 
removal of the ether gave 0.70 g, 6.1 mmol (50% yield), of di
isopropyl ketone identified by mass spectral, infrared, and vpc 
comparisons with authentic ketone. Extraction of the water 
layer with several portions of ether yielded 0.1 g (0.49 mmol) of 
14.

Yield of 8a, 9a, and 10a as a Function of Time.— A solution 
containing 3 (0.90 g, 64 mmol) and trimethyl phosphite (1.0 g, 
81 mmol) in 2.0 ml of re-heptane was sealed under nitrogen in 
several glass tubes which were heated at 150°. Tubes were 
removed at intervals and their contents monitored from time to 
time by vpc analysis on column A. A set of identical samples 
was heated at 120°.

Reaction of Trimethyl Phosphite and Tris(dimethylamino)- 
phosphine with 2,2,4,4-Tetramethylcyclobutanone.— A 1-mol 
excess quantity of phosphite and the lactone were heated without 
solvent for 3 weeks at 115°. No detectable starting material 
consumption or product formation could be detected by vpc. 
A similar reaction with the aminophosphine produced some 
cloudiness in the solution but no detectable product.

Reaction of Trimethyl Phosphite and Tris(dimethylamino)- 
phosphine with 3-Dicyanomethylene-2,2,4,4-tetramethylcyclo- 
butanone.— Reaction with excess phosphine at 120° for 15 days 
and excess aminophosphine at 60° for several weeks gave com
plete consumption of both butanone and phosphorus reactant. 
The reactions became very dark colored. However, no products 
were detected by vpc.

Effect of Time and Solvent on 9b /8b Ratio.— Dione 3 (0.35 g,
2.5 mmol) and triethyl phosphite (0.50 g, 3.0 mmol) were mixed 
in four different tubes and sealed under nitrogen. In another 
set of tubes the same amounts of phosphite and dione were 
mixed with 1 ml of acetonitrile and sealed under nitrogen. In a 
third set of tubes, re-heptane was used in place of acetonitrile. 
All were placed in a bath at about 150°. At intervals, tubes were 
removed and their contents analyzed by vpc, column A. For 
analysis the contents of the tube were transferred to a 5-ml 
volumetric flask and to dissolve all dione were diluted to 5 ml 
with acetonitrile for the neat and acetonitrile experiments and 
with chloroform for the heptane experiments. The diluted 
solution (1 ml) was then mixed with 40 ¡A of decane as internal 
standard. This allowed a reasonably accurate determination of 
the per cent dione unreacted. Results appear in Table I I I .

Conversion of 8b to 9b.— A mixture of 7.0 g of 3 with 10 ml of 
triethyl phosphite was sealed under N2 and heated at about 150° 
for 92 hr. During this time the contents of the tube were shaken 
at intervals to dissolve the dione which sublimes on to the sides 
of the tube. After removal of dione and phosphite under high 
vacuum, the residue was shown to contain only 8b and 9b in 
1.98:1.00 ratio. Portions of this mixture were sealed under 
nitrogen and kept at room temperature, 120 or 150°. At 
intervals a tube was removed, and vpc analysis for ratio 9b/8b 
carried out. Results appear in Table IV.

To one of the above samples which had been at room temper
ature for 1 week (8b/9b =  1.5), a portion of decane was added 
as internal standard, and the tube was resealed and heated at 
150°. Relative areas of peaks assigned to 8b, 9b, and triethyl 
phosphite relative to decane of assumed area 1.0 also appear in 
Table IV. Large amounts of dione were also formed but reliable 
quantitative data could not be obtained, since 3 crystallized out 
of the reaction mixtures at, room temperature. The figures in 
Table IV are based on soluble dione only. A small portion of 4
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was also formed in each case, amounting to about 6%  of the area 
of the internal standard.

R egistry  N o .— 3, 32687-47-1 ; 4, 32687-48-2 ; 8a,
32674-59-2 ; 8b , 32674-60-5 ; 8e, 32674-61-6 ; 8 f,
32674-62-7 ; 8i, 32674-63-8 ; 9a, 14261-54-2; 9 b ,
14261-50-8 ; 9 c , 32674-66-1 ; 9d , 14261-51-9; 9e ,
32674-68-3 ; 9 f, 32674-69-4 ; 9g , 32674-70-7 ; 9 i, 32674- 
71 -8 ; 10a, 32674-72-9 ; 10b, 32674-73-0 ; 10e, 32674-

74 -1 ; lOf, 32674-75-2 ; lOh, 32674-76-3 ; lOi, 32674-
77-4 ; lie, 32674-78-5 ; 12, 32674-79-6 ; 13, 32674- 
80 -9 ; 14, 32722-86-4 ; 15c, 32674-81-0 ; 15d, 32674- 
82 -1 ; 15e, 32674-83-2 ; 15f, 32674-84-3 ; 15g, 32674- 
85 -4 ; 16b, 32674-86-5 ; 16h, 32674-87-6 ; 16h', 32674- 
8 8 -7 ; 16i, 32674-89-8 ; 17-S , 32674-90-1 ; m eth y l
eth ylen e phosphite , 32674-91-2 ; d im eth y l p h en y l 
phosphite, 32674-92-3.

Pentacovalent Phosphorus. II. Reactions of Dione and Lactone 
Dimers of Dimethylketene with Trivalent Phosphorous Acid Amides1

W e s l e y  G . B e n t r u d e ,*  W .  D e l m a r  J o h n s o n ,2 a n d  W a j i d  A . K h a n

Department of Chemistry, University of Utah, Salt Lake City, Utah 84112 
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Reactions of the dione 1 and lactone 2 dimers of dimethylketene with the phosphoramidites (CH30 )2PN(CH3)2 
(3), CH3OP[N(CH3)2]2 (4), and C6H3OP[N(CH3)2]2 (5) and with trisdimethylaminophosphine (6) were investi
gated. Carboxy esters resulted from reactions of 3 and 4 with either dimer while 5 and 6 gave carboxamides. 
The structures of these products are similar to those formed from dimethylketene dimers on reaction with trialkyl 
phosphites. Except for reactions of 3, identical products were formed from either 1 or 2 and a given phosphorus 
derivative. On reaction of 1 and 3, three products are formed in relative proportions dependent on reaction 
temperature. These reactions are discussed in terms of a postulated mechanism involving nucleophilic attack 
by phosphorus on carbonyl carbon of 1 or 2, followed either by ring expansion to a cyclic pentacovalent phos
phorus intermediate or by ring opening to a phosphonium enolate species. Isomerization of 1 to 2 in the presence 
of 5 or 6 is also accommodated by the suggested reaction series. Possible kinetic control of carboxamide vs. 
carboxy ester formation is treated in terms of the structures and reaction patterns predicted for the postulated 
pentacovalent intermediates.

In  the p receed in g  paper3 w e rep orted  reactions o f 
tria lkyl ph osph ites and  d im eth yl m eth y lph osp h on ite  
w ith  th e  dim ers (1 and  2) o f  d im eth ylk eten e . T hese  
results w ere in terpreted  in term s o f  transient pen ta
cov a len t phosphoru s interm ediates form ed  via ring ex
pansion  o f  the in itia l d im er-tr iva len t phosphoru s ad
d u ct. U ltim ate  p rod u ct form ation  was p ostu lated  to  
p roceed  via m igration  o f  an a lk oxy  grou p  from  pen ta 
cov a len t phosphorus to  th e  a d ja cen t carbon y l group . 
O f interest in  th is regard is the qu estion  o f  the apparent 
relative m igrational preference o f  d ifferen t phosphorus 
substituents. T h is  paper reports results o f  reactions 
o f  1 and 2 w ith  phosphorus am ides h av in g  b o th  m eth oxy  
and d im eth ylam in o groups on  phosphoru s in  the sam e 
m olecule.

" 1 r  u

C(Ch 3)2 c h 3 0

— OC-------------C-------C—
I

ch3
12

R esu lts

R ea ction s  w ere carried  ou t neat under n itrogen . T h e  
triva len t phosphorus d eriva tives used (3 -6 ) are show n 
in T a b le  1 in w hich  prod u cts  and y ie lds are also re
cord ed  for  the lactone  reactions. T h e  lactone reactions 
p roceed ed  in a rather stra ightforw ard  m anner g iv ing

(1) A portion of this work was published in preliminary form : W. G-
Bentrude and W . D. Johnson, T e t r a h e d r o n  L e t t . ,  4611 (1967). This work was 
supported by Public Health Service Research Grant No. CA-11045 from the 
National Cancer Institute.

(2) National Institutes of Health Predoctoral Fellow, 1966-1969. This 
work taken in part from the Ph.D . Thesis of W . D. Johnson, University of 
Utah, 1969.

(3) \V. G. Bentrude, W . D . Johnson, W . A. Khan, and E. R . Witt, 
J .  O r g .  C h e m . ,  37, 631 (1972).

reasonably  high y ields o f  v in y l p rod u cts  7-11 sim ilar 
to  those w hich  result w ith  the tria lk yl phosphites, as 
either the carboxam ide or  ca rb ox y lic  ester. A  side 
p rod u ct in several instances is the sam e p o ly m er 12 
form ed  from  lactone under the influence o f  m eth ox id e .4

0

0

0

0

0
II
CN(CH3)2

^ N (C H 3)2

x o c6h „
11

R eaction s  o f  the m ixed am ide esters, ph osph oram id ites 
(C H 30 ) 2P N (C H 3) 2 and C H 3O P [N (C H 3) 2]2, ga v e  al
m ost exclu sively  ca rb oxy l ester produ cts . O n ly  w ith  
the d iam ino com p ou n d  4 at 115° is any ca rb oxa m ide  
9 form ed . B y  con trast C 6H 5O P [N (C H 3) 2] y ie ld s  ex 
c lu sive ly  th e  carboxam ide 11. E v id en ce  fo r  th e  stru c
tures o f  p rod u cts  7-11 is g iven  b y  their nm r and  ir spec
tra  and those o f  the sulfur and A rb u zo v  p rod u cts  (T a b le  
I I ) .  A ll sh ow  a w eak ir ban d  at abou t 1665 c m ~ ' for

(4) R . H. Hasek, R . D. Clark, E. U. Elam, and J. C. Martin, i b i d . ,  27, 
60 (1962).
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T a b l e  I

R e a c t io n s  o p  P XY Z w i t h  L a c t o n e  2“
Reactant M ol of P X Y Z /
PXYZ X Y z mol of 2 T ,  "C Time, hr % convn % yield6 Product

3 CII30 c h 3o (CHaliN 1 .0 115 6 .5 100 95 (62)' 7
0 12

4 CH30 (CH3)2N (CH3)2N 1.1 25 240 100 100 (65)' 8
0 12

115 7 100 70 8
10 9

(10) 12
5 c 6h 5o (CH3)2N (CH3)2n 2 .0 120 350 80 65 (30) 11

>10* 12
6 (CH3)2N (CH3)2N (CH3)2N 2 .0 115 19 100 60 (37) 10

>10* 12
“ Reactions run neat under nitrogen. 1 Based on reacted lactone. '  Isolated yield in parentheses. * Not measured quantitatively 

but estimated to be considerably more than from reaction of 4.

the olefin ic b o n d  and  an intense ca rb on y l band  at 1725 - 
1730 (ca rb ox y lic  acid  esters) or  1635-1640  c m -1 (car
boxam ides). T h e  triva len t derivatives have nm r ab
sorptions readily  assignable to  v in y l m ethyls at 5 1 .4 2 -
1.52 (J hp =  3 .0 -3 .5  H z) and  1 .64 -1 .76  (J HP =  1 .5 -2 .0  
H z) and gem inal m eth y l absorptions at 1 .28 -1 .41 . T h e  
sulfur derivatives h ave sim ilar absorptions at som ew hat 
h igher 5 values. T h e  t/ewi-methyls som etim es appear 
as tw o  peaks w hen phosphorus is an asym m etric center. 
T h e  spectra  o f  these p rod u cts  show  them  to  be  co m 
p lete ly  analogous to  those form ed  from  reactions o f  
la cton e  w ith  tria lk yl ph osph ites w h ich  were w ell char
acterized  in  the preceed in g  p a p er .3 T riv a len t p rodu cts
7 -1 1  w ere v ery  reactive  w ith  air ( 0 2) and  sulfur. Q uan
tita tive  elem ental analyses w ere carried  out on  the sul
fur derivative  o f  each p rod u ct 7 -1 1 , designated as 7s, 
8s, e tc ., excep t fo r  9 w hich  was n ot isolated  bu t was 
readily  characterized  b y  its nm r spectru m . P h osph o- 
n ium  salt derivatives o f  8 and  10 were isolated  from  their 
reactions w ith  m ethy l iod ide.

Several reaction  paths appear availab le  in the d io n e -  
phosphoram idite  reactions. W ith  4, 5, and 6 the sam e 
products result as in  the la cton e  reactions including 
form ation  o f 12. R ea ction s  o f  5 and 6 show ed bu ildup  
o f  large am ounts o f  lactone  at in term ediate tim es. 
E.g., w ith  6 at 8 0 °, abou t h a lf the d ione had been  isom - 
erized to  lacton e  in 124 hr even  th ou gh  com plete  con 
version  o f lactone to  8 requ ired  400 hr.

B y  contrast, 3 in reaction  w ith  d ion e gave tw o  p rod 
ucts (13 and 14) w h ich  were n ot form ed  w ith  lactone.

N (CH 3) 2

-P (O C H 3 ) 2

0

13

O 0

II
CH 3

II
r

CH 3 0 C H 3
C lljU C

/
c h 3

14
>W ^ N(CH3)3

s
|| / O C H 3 

<
N (CH 3) 2

15

T h e  relative am ounts o f  13 and  14 are redu ced  com pared  
to  7 at higher tem peratures as show n in  T a b le  I I I .

T h e cyclobu tan on e  deriva tive  13 is som ew hat un
usual, bu t its p roposed  structure is fu lly  b orn  ou t b y  its 
ir  spectrum  w hich  show ed  an intense b an d  at 1780 c m -1

expected  for  a cyclobu tan on e  and absorptions at 1235 
and 1250 c m -1 , one o f  w hich  is lik ely  a P = 0  stretch ing 
ban d . T h e  nm r (C 6H 6) show s tw o  sets o f  ring m ethyls 
at 5 1.38 and 1.48 and  a d im eth yl am ino at 5 2.38 w ith  
J h p o f  on ly  3.5 H z. T h e  red u ced  size o f  the cou p lin g  
con sta n t is con sistent w ith  the grou p  n ot b e in g  d irect ly  
b o n d e d  to  ph osph oru s y e t  b e in g  in  reason ab ly  close 
p rox im ity . S im ilar sm all J hp va lu es h ave been  n oted  
in  an a logou s a -d im eth y la m in op h osp h on a tes .5 T h e  
m e th o x y l groups on  ph osph oru s appear in the ex p ected  
range, 53 .42  ( J h p  =  11 H z ). T h e  p en tava len t structure 
o f  13 was further show n b y  its failure to  react w ith  sul
fur. P rod u ct 14 was isolated  as its sulfur d eriva tive  IS. 
Its  structure was show n  clearly  b y  its pm r (C 6H 6) spec
tru m  (see E xperim ental S ection ) w h ich  was v e ry  com 
parable  to  the p rod u ct o f  trim eth yl ph osph ite  reaction  
w ith  1 w hose stru ctu re  w as p ro v e d  r ig orou s ly  in  the 
p receed in g  p a p e r .3 I t  also sh ow ed  the in ten se car
b o n y l in frared  a b sorp tion s at 1745 and 1685 c m -1 
n o te d 3 for  com p ou n d s  o f  th is  ty p e .

D iscu ssion

T hese  reactions in v o lv e  essentia lly  tw o features w hich  
deserve d iscussion : (1 ) the p reservation  or lack  o f
preservation  o f  d ion e  or la cton e  stru ctu re  in the p rod 
u cts form ed ; (2) the d istribu tion  o f  produ cts  betw een  
carboxam ides and ca rb ox y lic  acid  esters b o th  o f  w hich  
cou ld  poten tia lly  result w hen  b o th  R O  and (C H 3) 2N  
are a ttached  to  the sam e ph osph oru s atom .

T h e  first o f  the a b ov e  aspects o f  these reactions m ay 
be  trea ted  in  term s o f  a series o f  reactions (Schem e I) 
like th at p rop osed 3 fo r  the tertiary  ph osph ite  and d i
m eth y l m eth y lph osph on ite  reactions. T a b les  I  and 
I I I  sh ow  that, excep t fo r  3, all n ucleoph iles  (4 -6 )  gave 
the sam e p rod u ct (24) on  reaction  w ith  either 1 or  2. 
R e a ctio n  o f  d ione 1 w ith  5 and  6 was a ccom p a n ied  b y  
th e  form ation  o f  large am ounts o f  2. W e suggest that 
th is p rob a b ly  occurs b y  the sequence 6 - » - 2 0 - > - 2 1 —► 2. 
I t  is well established6 th at the rep lacem ent o f  a lk oxy  
substituents b y  am ino groups in  structures such as 17 
and 20 stabilizes the ion ic  form  20 w ith  the respect to  
the p en tacova len t species 17. T h is  facilitates con 
version  o f  1 to  2. C om p lete ly  consistent w ith  these

(5) R. Hurgada and J. Roussel, B u l l .  S o c .  C h i m .  F r . ,  192 (1970); R . 
Burgada, C .  R .  A c a d .  S c i . ,  S e r .  C ,  267, 1854 (1968).

(6) D. B. Denney, D. Z. Denney, B. C. Chang, and K. L. Marsi, J .  A m e r .  

C h e m .  S o c . ,  91, 5243 (1969); F. Ramirez, C. P. Smith, J. F. Pilot, and A. S. 
Gulati, J .  O r g .  C h e m . ,  33, 3787 (1968).
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Scheme I

T a b l e  III
R e a c t io n s  o f  P X Y Z w i t h  D io n e  1“

Mol of
Reactant PXYZ/ T, Time, % %

PXYZ mol of 2 °C hr convn Product yield6
3 1.0 115 56 100 13 0

14 0
7 80

3 1.2 80 232 50 13 10
14 45
7 35

3 1.1 65 525 50 13 65
14 10
7 15

4 1.1 85 400 90 8 95
12 Trace

5 2.0 120 350 40 11 45
12 c
2 45

6 1.1 80 400 100 10 60
12 25d
2 50«

° Reactions run neat under nitrogen. 6 Based on reacted dione 
using vpc method. c Not measured quantitatively but consider
ably more than a trace. d Isolated yield. « After 124 hr, 50% 
conversion of 1.

ideas abou t the effects o f  substituents on  the relative 
stabilities o f  17 an d  20 is th e  ob servation  th at on ly  
w ith  a  single d im eth ylam in o substituent (3) is form a
tion  o f  19 observed  and  then  on ly  at redu ced  tem pera 
tures. W ith  4, 5, and 6, apparently  th e  am ino sub
stituents fa v or  the route th rou gh  20 b y  stabilizing 20 
at the expense o f  17.

I t  w ill also be  n oted  th at the y ie ld  o f  p o ly m er 12 
from  lacton e  is h ighest w hen  in term ediate  20, b y  w h ich  
we believe  12 form ation  m a y  be  cata lyzed , w ou ld  be 
expected  to  be  m ost readily  form ed  from  21. A  reason
able alternate exp lanation  fo r  the h igh degree o f  p o ly 
mer form ation  in instances in  w h ich  a p ositive  charge 
is stabilized  on  phosphorus w ou ld  be  th at 22 undergoes 
som e d issociation  to  C H 30 _  or  (C H 3) 2N _  w h ich  then 
initiates the form ation  o f  12.

T a b le  I  show s 3 is far m ore reactive  tow a rd  the lac
ton e  th an  is trim eth yl ph osph ite  w hich  requires 41 hr 
at 120° to  com p lete ly  con v ert la cton e  to  p rod u ct even  
w hen a  1-m ol excess o f  ph osph ite  is u sed .3 T h is  is con 
sistent w ith  the expected  increased n u cleoph ilic ity  o f  
phosphorus on su bstitu tion  o f  n itrogen  in  p lace o f  ox 
ygen . A lso  consistent w ith  phosphorus a tta ck  is the 
greatly  redu ced  rea ctiv ity  o f  th e  p h en yl tetram eth yl- 
ph osphorod iam id ite  (5) w ith  2. In  th is instance 1 is 
con verted  to  2 and then  on ly  v e ry  s low ly  to  24 (11 ). 
In sp ection  o f  T a b le  I show s in add ition  th at 4  is also 
m ore reactive  than  trim eth y l ph osph ite  b u t n o  m ore re
active  th an  3. S u bstitu tion  b y  a th ird  d im eth ylam ino
(6) is accom pan ied  b y  a decrease in  rea ctiv ity  com pared  
to  3 and  4. A t  the sam e tim e, th e  am ount o f  lacton e  
w h ich  bu ilds up  on  reaction  o f  6 w ith  d ion e increases. 
T hese  trends can be  read ily  expla ined  i f  the step  2 21
is norm ally  en doth erm ic and  reversible. D im e th y l
am ino substituents shou ld  low er the en ergy  o f 21 due 
to  their electron ic properties . T h is  sh ou ld  speed  up 
the p rocess 2 —► 21. A t  th e  sam e tim e  increasing num 
bers o f  d im eth ylam ino substituents m ay  induce steric 
strain  in  in term ediate  21. T hu s, th e  rate o f  a ttack  on  
2 is m axim ized  b y  rep lacing  on e or tw o  m eth oxy ls  in 
trim eth yl ph osph ite  b y  d im eth ylam inos. A  th ird  di
m ethy lam in o resu lts p ro b a b ly  in  a red u ced  rate  o f  the 
reaction  22 —► 23 (see later d iscussion) a llow ing  th e  
reverse o f  2 —*■ 21 to  com p ete  read ily  lead ing  to  a bu ild 
in g  o f 2 on  reaction  o f  6 w ith  1 as a lso occu rs w ith  5. 
T h e  reactiv ities  o f  3 -6  w ith  d ione are n ot so readily  
com parab le  since th ey  w ere n ot carried  to  sim ilar levels 
o f  con version . H ow ever, 6 is clearly  m ore reactive  
than  4  as w ou ld  be  ex p e cte d  fo r  n onreversib le  attack  
o f m ore n u cleoph ilic  6, b o th  reactions g iv in g  rap id  open 
in g  to  20. A s ex p e cte d  5 reacts v e ry  slow ly .

T h e  ex p ected  increase in  phosphorus n u cleop h ilicity  
in  3, 4, and  6 m ay also p lay  a ro le  in  determ in ing the 
relative am ou n ts o f  19 to  24 from  th e  d ion e reactions. 
P rod u ct 19, if a  stron ger nucleophile , w ou ld  b e  m ore 
likely  to  u n dergo  isom erization  to  24 via th e  reverse o f
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steps 6 17 18 19. T h is  process is o b se rv e d 3
w ith  th e  d ion e prod u cts  analogous to  19 from  reaction  
w ith  trie th y l and  trim eth y l ph osph ite . A  sam ple con 
ta in in g  a 3 5 /6 5  ratio o f  7 /1 4 , h ea ted  fo r  24 hr, show ed  
the am ou n t o f  7 to  be  little  ch anged  a lthou gh  14 w as 
p artly  con su m ed  b y  A rb u zov  rearrangem ent.

A s n oted  a b ove , reactions o f  3 -5  can  lead  to  e ither a 
carboxam ide or ca rb ox y  ester. W ith in  th e  con tex t o f  
Schem e I, th is appears to  depend  u p on  the relative ease 
o f  transfer o f  m eth ox y  or d im eth ylam in o in  17 — 18 
and 22 —► 23. T h is  o f  course assum es k in etic con tro l 
o f  p rod u ct form ation . S everal fa ctors m ay influence

CH30
.N(CH3)2

m igration al ap titu de . F irst, if  the usual preference 
rules7 fo r  form ation  an d  reaction  o f pen tacova len t phos
phorus in term ediates are ob ey ed , ax ia l en trance an d  exit 
o f  substituents on  phosphorus w ill be  requ ired . Sec
on d , th e  m ost e lectron egative  substituent w ill o ccu p y  
preferen tia lly  th e  axial position  and thus be in  a  m ore 
fa vora b le  position  to  ex it th e  b ip yram id  in m igration . 
T h is  su ggests  25 as th e  m ost fa v ored  structure for  the 
in itia lly  gen erated  p en tacova len t in term ediate and  pre
d icts  th e  ob served  m igration  o f m eth ox y . A  th ird  
fa c to r  cou ld  be  th e  rela tive ease o f  ion iza tion  o f  a P - 0  
and  P - N  b on d . C on sideration  o f stab ility  o f  b o th  the 
resu lting an ion  and ph osphon iu m  ion  p red icts  P - 0  
cleavage  to  predom in ate . A ll o f  th e  a b ov e  p red ict 
preferentia l m eth ox y  m igration  as ob served  for  re
action s o f  3 an d  4.

A ttem p ts  to  determ ine w h eth er th e  varia tion s in  
ratios o f  p rod u cts  o f  reaction  o f 4  w ith  2 result from  
k in etic or th erm od yn am ic fa ctors  w ere n ot to ta lly  
satisfy in g  but in d ica ted  th at 8 /9  ratios w ere n o t readily  
ch an ged  on ce  th e  p rod u cts  w ere form ed . A  m ixture 
con ta in in g  a 9 5 /5  ratio o f  8 /9 ,  h ea ted  at 115° fo r  18 hr, 
sh ow ed  th e  ratios and am ou n ts o f  8 an d  9 to  rem ain  un
ch an ged  even  th ou gh  at 115° th e  p rod u ct ra tio  is usually  
a b ou t 8 5 /1 5 . H ow ever, a trace  o f  C H 3O P [N (C H 3)2]2 
and lactone  w ere form ed  suggesting th at 8 a n d /o r  9 
are form ed  reversib ly . S im ilarly, an approxim ate  
8 5 /1 5  m ixture, h ea ted  fo r  a b ou t 300 hr a t 60 an d  92° 
sh ow ed  little  ch ange in  the 8 /9  ratio a lth ou gh  again  a 
little  o f  b o th  4  and  2 w ere form ed . T h u s, equ ilibration  
appears to  be  slow . A  fu rth er in d ica tion  th at the car- 
b o x y  ester is p ro b a b ly  th e  p rod u ct o f  k in etic  con tro l 
in reaction s o f  7 w ith  2 com es from  con sideration  o f 
b on d  strengths. T h e  m ean  b o n d  d issocia tion  energies8a 
fo r  P - 0  an d  P - N  b on d s to  triva len t ph osphoru s fa v or  
the P - 0  b on d  b y  abou t 20 k ca l/m o l, w hereas to

(7) F. H. Westheimer, A c c o u n t s  C h e m .  R e s . ,  1, 70 (1968).
(8) (a) S. B. Hartley, W. S. Holmes, J. K. Jacques, M . F. Mole, and J. C.

M cConbroy, Q u a r t  R e v . ,  C h e m .  S o c . ,  17, 204 (1963); (b) J. A. Kerr, C h e m .

R e v . ,  66, 465 (1966).

dissociate th e  C - 0  b on d  in  C H 3O C H 3 requ ires8*3 o n ly  
a b ou t 10 k c a l /m o l m ore en ergy  th an  it does to  cleave  
the C - N  b o n d  in  C H 3-N ( C H 3)2.

T h e  form a tion  o f carboxam ide in th e  rea ction  o f 5 
w ith  1 or  2 appears to  be  som ew hat anom alous in  term s 
o f th e  above-d iscu ssed  in fluences on  m igration a l 
ap titu de . O ne possib ility  is th a t th e  p h en ox y  sub
stituent has rendered  phosphorus o f such  low  n u cleo - 
p h ilic ity  in  5 th at preferentia l a ttack  b y  n itrogen  n ow  
occurs (structure 28). T h is requires n itrogen  a ttack  
to  be  m u ch  slow er th an  phosphorus a ttack  in  reaction s 
o f 3, 4, an d  6 since carboxam ides are n ot gen era lly  
form ed .

2 +  5 14
P;— OQH,

N(CH3)2

28

I t  has b een  argu ed 9 th at, in  com p ou n d s like 3 -6 , n itro 
gen  (a  h ard  base) m ay be m ore n u cleoph ilic  th a n  ph os
phorus (a  so ft  base) tow ard  ca rb on y l cen ters (m ediu m  
hard  acids). In  fact, w e also cou ld  exp la in  reaction s  o f  
3 and 4  w ith  1 and  2 in  term s o f a ttack  o f o x y g e n  rather 
th an  n itrogen  or  phosphorus. T h a t n itrogen  cou ld  be 
m ore n u cleoph ilic  than  phosphoru s is con ce iv a b le  b u t 
th at ox y g en  rather th an  phosphorus or  n itrogen  attack  
predom in ates seem s u ntenable . T h e  form ation , w h ich  
w e report e lsew h ere ,10 o f a  stable  ph osphoran e in ter
m ediate  o f  ty p e  22 in reaction  o f a cy c lic  d eriva tive  
an a logou s to  4  w ith  2 to  g ive  u ltim ately  an N ,N -d i- 
m eth y lca rb oxa m id e  is strong ev iden ce  for  th e  co rre ct
ness o f  S chem e I  in vo lv in g  P  a ttack  even  w h en  a  car
b oxa m ide  results. F urther, if  b o th  5 and 6 rea cted  w ith  
2 via n itrogen  attack , the trem endou s d ifference in re
activ ities  (T a b le  I) w ou ld  n o t be  exp ected . N itrog en  
a ttack  on  reaction  w ith  5 ca n n ot be  com p le te ly  ru led  
ou t, h ow ever, since phosphorus w ou ld  h ave greatly  
red u ced  n u cleop h ilic ity .

T h e  reaction  o f  1 and  3 w h ich  form s 13 m ay reason 
a b ly  be  w ritten  b y  tw o sequences o f  in term ediates 
starting w ith  29 or 30, and  b o th  h ave been  p ro p o se d 93"*3' 11 
in  reactions o f  o th er keton es w h ich  g ive  th is ty p e  o f 
p rod u ct. T h e  phosphorus a tta ck  rou te  is fa v o re d  b y  
the R ussian  w ork ers .11 A p p a ren tly  th e  low est a ctiv a 
tion  en th a lp y  process, th a t w h ich  form s th e  cy c lo b u ta - 
n one d eriva tive  13, predom in ates at 65 °. A t  80 °, in 
creasing am ou n ts o f  ring expansion  o f in term ediate  29 
(or phosphoru s a ttack  if 30 is the in term ed ia te  g iv in g  
13) and ring open in g  occu r  lead ing  to  p rod u cts  o f  ty p e  
19 an d  24. In  regard  to  th e  qu estion  o f w h eth er 13 
resu lts via 29 or  30, it m ay be  sign ificant th at no p ro d 
u ct  o f  ty p e  13 is fou n d  from  5 w h ere redu ced  ph osph oru s 
n u cleop h ilic ity  m ay  h ave resu lted  in  n itrogen  a ttack .

B ased  on  relative reactiv ities  o f  th e  ph osphoru s 
nucleophiles, H udson , et al.,-hi h ave argued  for  n itrogen

(9) (a) R . Greenhalgh and R . F. Hudson, C h e m .  C o m m u n . ,  1300 (1968); 
(b) R. F. Hudson, R. J. G. Searle, and F. H. Devitt, J .  C h e m .  S o c .  B ,  

789 (1966); (c) R . F. Hudson and R . J. G. Searle, i b i d . ,  1349 (1968); (d) 
R. F. Hudson and R. J. G. Searle, C h i m i a ,  20, 117 (1966).

(10) W . G. Bentrude, W . D . Johnson, and W . A. Khan, J . A m e r .  C h e m .  

S o c . ,  93, 923 (1971).
(11) A. N. Pudovik, I. V. Gur’yanova, S. P. Perevezentseva, and S. A. 

Terent’eva Z h .  O b s h c h .  K k i m . ,  39, 337 (1969); V . P . Evdakov, L. I. M izrakh, 
and L. Yu Sandalova, D o k l .  A k a d .  N a u k  S S S R ,  162, 573 (1965); A . N. 
Pudovik, S. A. Terent’eva, and E. S. Batyeva, i b i d . ,  175, 616 (1967).
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a ttack  on  carbon y l ca rb on  in reactions w ith  ph en yl- 
isocyan ate and ben za ldeh yde o f 3 and its cy c lic  analog, 
2 -d im eth y lam in o-l,3 ,2 -d ioxaph osp h olan e . R a te -d e ter
m ining subsequent form ation  o f a p en ta cova len t phos
phorus in term ediate  w as p roposed . A pp aren tly , som e 
fa cto r  in ou r reaction  system  fa vors  phosphorus attack  
at carbon  in reaction s o f  3 ,4 ,  and  6, as w e have n ot been  
able to  w rite  reasonable m echanism s fo r  ca rb ox y  ester 
form ation  via n itrogen  a ttack . W h ile  w e do n ot argue 
w ith  th e  k in etic ev iden ce  fo r  n itrogen  a ttack , w e th ink 
that it is in terestin g  th at it  is possible to  w rite  reason
able m echanism s sim ilar to  th a t o f  S chem e I  fo r  m an y 
o f  the reactions fo r  w h ich  n itrogen  a ttack  m ight be 
suggested  b u t fo r  w h ich  no su pportin g  ev iden ce  is ava il
able. R ea ction s  l - 4 9d>12-14 as w ritten  requ ire d ia lk y - 
am ino rather than  a lk ox y  m igration  con trary  to  w hat 
w e observe  in reaction s 1 an d  2. U n fortu n ately , the 
relative im portan ce  o f  k in etic vs. th erm od yn am ic factors 
in  reactions 1 -4  are d ifficu lt t o  assess.

In  a recen t p a p er18 it has b een  prop osed  th at reaction  
o f (R O )2P N (C H 3)2 (R  =  f -C 3H 7) w ith  /3 -propiolactone 
g ives R 0 P ( 0 ) ( N M e 2)C H 2C H 2C 0 2R  b y  phosphoru s 
a ttack  a t saturated  ca rb on  an d  ( R 0 ) 2P ( 0 ) C H 2C H 2- 
C 0 N (M e )2 b y  con certed  P - N  insertion  in  th e  la c to n e - 
C ( = = 0 ) 0 -  linkage fo llow ed  b y  A rb u zo v  rearrangem ent. 
W e believe  th at these resu lts to o  cou ld  be  a ccom m o
d a ted  via reactions sim ilar to  th ose  o f  Schem e I. F ur
th er w ork  re la tive  to  th e  im portan ce  o f  phosphorus vs. 
n itrogen  a tta ck  in ca rb on y l system s appears needed.

E xperim en ta l S ection

All chemicals were commercial materials with the exception 
of the trivalent phosphorus compounds.

Pmr spectra were taken on either a Varian A-60 or A-56/60 
spectrometer. Chemical shifts are in 5, parts per million down- 
field from TMS as internal standard. Ir spectra were recorded 
on a Perkin-Elmer 5A infrared spectrophotometer. Unless other-

(12) H. J. Vetter and H. Noth, C h e m .  B e r . ,  96, 1308 (1963); G. Oertel, 
H. Malz, and H. Holtschmidt, i b i d . ,  97, 891 (1964).

(13) R . H. Cragg and M . F. Lappert, J .  C h e m .  S o c .  A ,  82 (1966).
(14) V. P. Evdakov and E. K . Shlenkova, Z h .  O b s h c h .  K h i m . ,  35, 1587 

(1965).
(15) J. Koketsu, S. Kojima, and Y . Ishii, B u l l .  C h e m .  S o c .  J a p . ,  43, 3232 

(1970).
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wise noted, recorded bands (cm -1) are of medium to strong 
intensity. Preparative vpc work was done with a Varian 
Aerograph A90-P3 gas chromatograph on a 10 ft by 3/s in. 20% 
SE-30 on Chromosorb W column operated isothermally at 200 
ml/min. Analytical vpc data were obtained with a thermal 
conductivity F & M 810 Model gas chromatograph using temper
ature programmed conditions, 120 ml/min flow and a 6 ft by 
0.25 in. 20% SE-30 on 60-80 mesh Chromosorb W column. 
Quantitative estimates of reactant conversions and product 
yields were made by measuring the total area of reactants before 
reaction and that of remaining reactants and/or products formed. 
Identical injection sample sizes and chromatographic conditions
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were utilized. Percentage yields of products were calculated on 
the basis of limiting starting material consumed using the mea
sured areas and assumed equal sensitivity of all peaks. In some 
cases sensitivities were measured and found to be within 10%  of 
each other. This accuracy was deemed sufficient for the pur
poses of the experiment in which, generally, relative yields of 
products of a given system under different conditions are of 
greatest interest.

Analyses were performed by the Schwartzkopf Microanalytical 
Laboratory, Woodside, N. Y ., and by Galbraith Laboratories, 
Knoxville, Tenn. Melting points are uncorrected.

Dimethyl dimethylphosphoramidite (3) was prepared by 
mixing tris(dimethylamino)phosphine (50.0 g ,  0.309 mol), 750 
ml of benzene, and 1 g of dimethylamine hydrochloride and 
heating to reflux temperature. Methanol (19.8 g, 0.618 mol) in 
250 ml of benzene then was added dropwise with constant stirring. 
After 17 hr of heating, vpc analysis showed that the reaction 
contained the optimum amount of desired product (~ 5 %  
CH3OP[N(CH3)2]2). The solvent was removed under reduced 
pressure, and the residue was distilled through a heated helices- 
packed column to yield pure 3 (18.8 g, 0.137 mol): 44% yield;
bp 86-89° (190 torr) [lit.16 50-51° 45 Torr)]; pmr (neat) S 2.57 
(6 IT, d, J Hp,=  9.0 Hz, N(CH„)2), 3.34 (6 IT, d, J,„> = 12 Hz, 
POCIL).

Methyl Tetramethylphosphorodiamidite (4).— Phosphorus tri
chloride (175 g, 2.00 mol), pyridine (158 g, 2.00 mol), and 1 1. 
of ether were mixed and cooled in an ice bath. Methanol (64.0 g, 
2.00 mol) in 700 ml of ether was added dropwise with vigorous 
Stirring. After the mixture was warmed to room temperature, 
the solid amine hydrochloride was removed by filtration, and the 
solvent was removed under reduced pressure. Distillation 
yielded CH30PC12: 60.0 g (0.452 mol); 23% yield; bp 42° 
(100 Torr) [lit.17 58° (300 torr)]. To the ice-cooled CII30PC12 
(60.0 g) in 750 ml of ether was added dropwise with vigorous 
stirring dimethylamine (100 g, 2.22 mol) in 250 ml of ether. 
The addition funnel containing the dimethylamine solution was 
wrapped with aluminum foil which contained Dry Ice to prevent 
the dimethylamine from evaporating. After the mixture warmed 
to room temperature, the solid amine hydrochloride was removed 
by filtration, and the solvent was removed under reduced pres
sure. The residue wTas distilled twice through a heated helices- 
packed column to give the desired product (11.4 g, 0.0752 mol): 
17% yield (based on CH30PC12); bp 95-96° (135 Torr) [lit, 18 
53-54° (24 Torr)]; pmr (neat) 8 2.51 (12 II, d, J hp = 9.0 Hz, 
PN(CH3)2), 3.30 (3 H, d, J h p  =  12.5 Hz, POCIL).

Phenyl Tetramethylphosphorodiamidite (5).— Tris(dimethyl- 
amino)phosphine (24.5 g ,  9.15 mol) in 350 ml of anhydrous 
benzene was heated to reflux under nitrogen. Phenol (14.2 g, 
0.15 mol) dissolved in 100 ml of anhydrous benzene was added 
dropwise. After addition, refluxing and stirring were continued 
for 15 hr. Benzene was distilled off under reduced pressure, 
and the residual liquid was distilled through a small Vigreux 
column to yield pure 5 (28.25 g, 0.133 mol): 86.6%  yield; bp
52-53° (0.1 Torr); pmr (neat) 8 2.52 (12 H, d, J hp = 9.0 Hz, 
PN(CH3)2), 7.0 (5 H, m, CKLHs). 5 was converted to its sulfide 
for analysis.

Anal. C alcdforC ,0H17N2OPS: C, 49.17; H, 7.01; P, 12.68. 
Found: C, 48.68; 11,6.86; P, 12.80.

Reactions of Dione 1 with Phosphoramides 3-6.— The starting 
materials were mixed neat under a nitrogen atmosphere in a 
flask. The stopper was wired tightly in place and the flask was 
heated at the temperature indicated. At intervals the flask was 
opened under nitrogen, and the contents were monitored by vpc, 
10°/min program rate. Details concerning these reactions 
appear below.

Phosphoramidite 3 (2.99 g, 21.4 mmol) and 1 (2.92 g, 21.4 
mmol) were heated at 115° for 56 hr at which time vpc analysis 
showed reaction to be complete to give 7 in 80% yield based on 
dione. About 10% of an unidentified shorter retention time 
peak and several minor very long retention time products were 
noted. 7 was identified by its vpc retention time and by com
parison of ir and pmr spectra of the reaction product mixture with 
those of authentic 7 from reaction of 3 with lactone 2.

The same reactants (25.5 mmol of 3, 21.4 mmol of 1) gave 
predominantly product 7, 14, and 13 after 232 hr at 80° (50%

(16) B. A. Arbuzov and D . Kh. Yarmukhametova, D o k l .  A k a d .  N a u k  

S S  S R ,  101, 675 (1955).
(17) J. R . Durig and J. S. D iYorio, J .  C h e m .  P h y s . ,  48, 4154 (1968).
(18) R . A. Mitsch, J .  A m e r .  C h e m .  S o c . ,  89, 6297 (1967).

conversion of 1) in 35, 45, and 10% yields. Distillation [75- 
76° (0.15 Torr), 40% combined yield] failed to separate the 
products. Addition of sulfur and gentle warming gave products 
15 and 7s and left 13 unchanged. 15 and 7s were separated by 
preparative vpc. 15: pmr (C6H6) 8 1.48 and 1.59 (3 H each, s, 
CO(CH3)2CO), 1.53 (3 H, d, J hp  = 19 Hz, PC(CH3)2), 1.54 
(3 H, d, J hp = 17.5 Hz, PC(CH3)2), 2.62 (6 II, d, J Hp = 9.0 
Hz, PN(CH3)2), 3.30 (3 II, d, J hp  = 13 Hz, POCH3), 3.30 (3
H, s, C 02CH3); ir (film) 2950, 1745, 1720 (w), 1685, 1465, 1385, 
1225, 1180, 1156, 1138, 1029, 990, 896, 806, 730, 679 cm “ 1.

Anal. Calcd for C,2H24N 04PS: C, 46.58; H, 7.81; P, 
10.01. Pound: C, 46.37; H, 8.08; P, 9.57.

At 70° in 525 hr 3 (39.4 mmol) and 1 (35.7 mmol) gave approxi
mately 50% conversion of 1 to 7, 14, and 13 in 15, 10, and 65% 
yield, respectively. Distillation yielded small amounts of 13, 
bp 100-105° (0.15 Torr), purified by vpc: pmr (CelL) 8 1.38
(6 H, s, ring CH3), 1.48 (6 H, s, ring CH3), 2.38 (6 H, d, J hp  =
3.5 Hz, N(CH3)2), 3.42 (6 H, d, J hp = 11 Hz, POCH3); ir 
(film) 2950, 1780, 1470, 1250, 1235, 1033, 830, 742 cm“ 1.

Anal. Calcd for C,2H24N 04P: C, 51.98; H, 8.72; P, 11.17. 
Found: C, 51.82; II, 8.74; P, 11.05.

All the reactions showed the presence of a small amount of 2 
formed in steady concentrations throughout the reaction.

Phosphoramidites 4, 5, and 6 reacted with 1 under conditions 
recorded in Table III in generally routine fashion to give the 
same products as they did with 2. Reactions with 4 showed 
formation of a small amount (<  5% ) of lactone 2 which persisted 
throughout the reaction. With 5 at 40% conversion of 1, a 45% 
yield of lactone 2 was noted by vpc along with the product 8 
(45%) shown to be identical with that from 5 and 2 by vpc, ir, 
and pmr measurements. A small amount of solid 12 was ob
served to precipitate out of the reaction but was not isolated. 
Reaction with 6 (8.40 g, 5.15 mmol) showed half of 1 (6.82 g,
48.7 mmol) converted to 2 in 124 hr at 80°. Complete con
version of 1 to products took 400 hr at which time all 2 was con
sumed as well to a 60% yield of 10. From the reaction was 
isolated 1.5 g (25% y:eld) of polymer 12 which was recrystallized 
fromdiglyme, mp 197-199° (litJm p 198-200°). 10 was distilled
to give 3.2 g, 10.6 mmol (24% yield), of a viscous, colorless 
liquid, bp 92-93° (0.07 Torr).

Reactions of Lactone 2 with Phosphoramides 3-6.— The
procedure was the same as with the dione, except as given below. 
Spectroscopic data for products appear in Table II. Products
7-11 were warmed with S8 to convert them to the corresponding 
sulfides on which elemental analyses were obtained.

Phosphoramidite 3 (5.11 g, 3.65 mmol) and 2 (5.00 g, 3.65 
mmol) at 100° for 6.5 hr gave 100% conversion of reactants to 
7 in 95% yield by vpc. Distillation yielded pure 7 as a viscous, 
colorless liquid, 6.25 g, 22.5 mmol (62%), bp 68-70° (0.1 Torr). 
When heated gently with sulfur, 7 yielded the thio compound 
7s, collected by preparative vpc as a viscous, slightly yellow 
liquid. Reaction of 7 with excess methyl iodide at room temper
ature yielded the methylphosphonate 16 as a white solid, mp 
65-66° (from hexane).

Dry air bubbled through 7 at room temperature for 4 hr gave an 
approximate 85% yield of what is probably the corresponding 
oxide, the phosphoramidate, a viscous, colorless liquid which was 
not further purified. A pmr spectrum of unpurified oxide differed 
from that of 7 only in slight changes in chemical shifts and 
coupling constants as expected for a simple oxidation at phos
phorus.

Phosphoramidite 4 (3.00 g, 20.0 mmol) and 2 (2.50 g, 17.9 
mmol) at room temperature for 10 days gave a 100%  conversion 
of 2 to a quantitative yield of 8 (by vpc). Distillation yielded 
pure 8 , a colorless, viscous liquid, bp 79-81° (0.15 Torr). At 
115° vpc analysis showed the same reactants to yield 8 (70%) 
along with material assigned structure 9 (10%). The latter was 
not obtained in pure, isolated form, but its structure was deduced 
from a pmr spectrum of 8 in which 9 was the only impurity. 
Peaks assignable to 9 were observed at 8 2.84 (s, CON(CH3j-2) 
and 3.38 (d, J hp = 13 Hz, POCH3). Assignment was based on 
comparison with the pmr spectrum of 10. 8 reacted readily with
sulfur to give 8s, white crystals, mp 43-44° (hexane). With 
excess methyl iodide at room temperature, 8 gave the methyl 
phosphonium salt, a white solid, which was washed six times with 
pentane: mp 130-132°; pmr (CDC13) 8 1.42 (6 H, s, gem CH3),
I . 61 (3 H, d, J hp = 3.5 Hz, vinyl OIL), 1.78 (3 H, d, J Hp = 
3.0 Hz, vinyl CH3), 2.42 (3, H, d, J Hp = 15 Hz, PCIL), 2.97 
(6 H, d, J  hp = 11 Hz, N(CH3)2), 3.76 (3 H, s, OCIL); ir



(Nujol) 1730, 1665 (w), 1320, 1245, 1170, 1145, 1103, 1072, 1013, 
968, 923, 912, 880, 857, 834, 805, 770, 735 cm "1.

Phosphoramidite 5 (2.00 g, 9.44 mmol) and 2 (0.66 g, 4.7 
mmol) for 350 hr at 120° showed 80% conversion of 2 to 11 
(65% yield by vpc) isolated by distillation as a viscous, colorless 
liquid (0.40 g, 1.1 mmol), 30%, bp 95-100° (0.1 Torr). A 
considerable amount of polymer 12 precipitated from solution 
during reaction but was not quantitatively measured. 11 
reacted rapidly on warming with sulfur to give the thio compound 
11s, a pale yellow liquid isolated by preparative vpc.

Phosphoramidite 6 (11.6 g, 71.4 mmol) and 2 (5.00 g, 35.7 
mmol) gave complete conversion of 2 to products in 19 hr at 115° 
yielding 60% of 10 (by vpc) and several minor unidentified 
products. A large amount of 12 also was formed. Distillation 
yielded pure 10, a colorless viscous liquid, 4.0 g, 13 mmol (37%), 
bp 87-88° (0.06 Torr). Reaction of 10 with sulfur gave a solid 
which was recrystallized several times from hexane, mp 93.5- 
94°. With excess methyl iodide, 10 formed the methyl phos- 
phonium salt, a white solid, which was washed several times with

Silver-Catalyzed Oxidative Cleavage Reactions

pentane to give a white solid: mp 175-177°; pmr (CDC13) 
5 1.38 (6 H, s, gem CH3), 1.64 (3 H, d, / h p  =  3.5 Hz, vinyl 
CH3), 1.80 (3 H, d, J h p  = 2.5 Hz, vinyl CH,), 2.45 (3 H, d, 
/ h p  = 15 Hz, PCH3), 2.98 (6 H, d, / Hp = 11 Hz, PN(CH3)2), 
2.94 (6 H, s, CON(CH3)2); ir (Nujol) 1665, 1620 (w), 1315, 
1255, 1175, 1111, 1095, 1059, 1011, 975, 950, 926, 910, 877, 
859, 806, 734, 672 cm“ 1.

Anal. Calcd for Ci5H33N30 2PI: C, 40.45; H, 7.47. Found: 
C, 40.54; H, 7.35.

Registry No.—1, 933-52 -8 ; 2 , 3173-79-3 ; 3, 20217-
54 -3 ; 4, 17166-16-4; 5, 26546-75 -8 ; 6, 1608-26-0 ; 7, 
20217-34-9 ; 7s, 32687-54-0 ; 8, 20217-52-1 ; 8 M e l, 
32654-72-1 ; 8s, 32687-56-2 ; 1 0 ,2 0 2 1 7 -3 3 -8 ; 10 M e l, 
32687-58-4 ; 10s, 32687-24-4 ; 11, 32687-25-5 ; 11s, 
32687-26-6 ; 13, 32654-70-9 ; 15, 32687-27-7 ; 16,
32687-28-8.
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Kinetic Analysis of Silver-Catalyzed Oxidative Cleavage 
Reactions by Peroxydisulfate Ions1
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The rates of the silver(I)-catalyzed oxidative cleavage reactions of pinacol ( 1), 2-methyl-2-hydroxy-3-butanone 
(2), and pyruvic acid (3) by potassium peroxydisulfate have been measured at various concentrations of the 
reactants. The observed rates indicate that two reaction paths are operative in these cleavage reactions. In 
path I, the oxidative cleavage is performed by silver(III). Path II is a free-radical chain reaction that involves 
silver(II) as the oxidative cleaving agent. Oxidative cleavage by path II is faster than path I and predominates 
at lower substrate concentrations, whereas the slower path I is more likely if the substrate concentration is high 
or if the substrate reacts rapidly with silver(III).

T h e  s ilv e r (I )-ca ta ly ze d  ox id a tive  cleavage  reactions 
o f  g lyco ls  b y  peroxyd isu lfate  w as dem on strated  b y  
G reenspan  and W o o d b u m .2 K in etic  studies o f the 
cleavage  reactions o f a -h y d ro x y  acids and  esters show  
th at th e  rate law s for  th e  cleavage  reactions are de
pendent on  the con cen tra tion s o f  th e  reagents and, in  
som e instances, the reaction  rates are inversely  related 
to  the substrate con cen tra tion .3 4 5 6 7“ 8 O ur in vestigation s 
w ere d irected  tow ard  finding an explanation  fo r  the 
k inetic beh av ior o f  these ox id a tive  cleavage  reactions. 
A  m echanistic rationale fo r  the k inetics o f  the ox id a tive  
cleavage reactions o f  p in acol (1 ), 2 -m eth y l-2 -h y d rox y -
3 -bu tan on e (2 ), and p y ru v ic  acid  (3) y ie ld in g  the p rod 
ucts show n  in e q  1, 2, and  3, resp ective ly  (see E x 
perim ental S ection ), is p resen ted  in  th is article.

Ag1
(CH3)2C(OH)C(OH)(CH3)2 +  S20 82- —

I 2(CH3)2C = 0  +  2HS04-  (1)

Ag1
(CH3)2C(OH)COCH3 +  S2( V -  — >-

2 (CH3)2C = 0  -I- CH3C 02H +  2HS04-  (2)

Ag1
CH3C 0 C 0 2H +  S20s2-  — =- CH3C 02H +  C 02 +  HS04-  (3) 

3

(1) This work was supported by a grant (AM-08517) from the National 
Institutes of Health.

(2) P. Greenspan and M. W oodburn, J .  A m e r .  C h e m .  S o c . ,  76, 6345 (1954).
(3) D. D. Mishra and S. Ghosh, J .  I n d i a n  C h e m .  S o c . ,  41, 397 (1964).
(4) M . M. Mhala and R. V. Iyer, I n d i a n  J .  C h e m . ,  3, 568 (1965).
(5) N. Venkatasubramanian and A. Sabesan, C u r r .  S c i . ,  632 (1967).
(6) N. Venkatasubramanian and A. Sabesan, T e t r a h e d r o n  L e t t . ,  N o. 40, 

4919 (1966).
(7) G. V. Bakore and S. N. Joshi, Z .  P h y s .  C h e m . ,  250 (1965).
(8) O. D. Manghani and G. V. Bakore, B u l l .  C h e m .  S o c .  J a p . ,  41, 2574 

(1967).

Kinetic Data.3— In  the absence o f  A g 1, th e  rate o f 
reaction  o f the peroxyd isu lfate  w ith  com pou n d s I, 2, 
and 3 at 30° in a su lfa te -b isu lfa te  bu ffered  solu tion  (p H
1.4) is negligible. U p on  a dd ition  o f A g 1, im m ediate  
reaction  ensues. P relim inary studies b y  us, as w ell 
as th e  previou sly  cited  in vestigation s b y  oth ers ,3“ 8 
show ed  th at the rate laws fo r  th e  reactions depended  
m arked ly  on  th e  relative con cen tration s o f  th e  reagents. 
In itia l rates for  the ox id a tive  cleavage  reactions o f  1, 2, 
an d  3 at various in itial con cen tra tion s o f  A g 1, th e  sub
strate, and  peroxyd isu lfate  are show n  in T a b le s  I, I I , 
and  I I I , respective ly .

E xam in ation  o f the o x id a tiv e -c le a v a g e  rates for 
p in acol in T a b le  I revea l th e  fo llow in g . (1) A t  the 
h igher [A g1] and  p in acol con cen tration s, th e  cleavage 
rates are essentially  zero order in  substrate and first 
order in  A g 1. (2) A t  th e  h igher [A g1] b u t low er sub
strate con cen tration s, th e  reaction  rates are h a lf-order 
in b o th  A g 1 and  the substrate. (3 ) A t  th e  low est 
[S20 82“ ], th e  reaction  rates are zero order in p in acol 
an d  h a lf order in [A g1]. (4) A t  low  [A g1] b u t h igher
(S20 82“ ] an d  p in acol con cen tration s, th e  reaction  rates 
are zero order in  substrate b u t approach  three-halves 
ord er in [A g1]. (5) T h e  k in etic order o f  S20 82“  is con 
siderably  greater th an  u n ity  ex cep t at low  substrate 
con cen tration s. (6 ) A t  low  [A g1], th e  reaction  rate 
appears to  be in versely  related  to  the p in acol con 
cen tration .

T h e  ox id a tive  c leavage rates o f  th e  h y d rox y  k etone 
2 and  p yru v ic  acid  (3) show  som e o f the characteristics 
ob served  for th e  p in acol reaction . T h e  m ost signifi
can t difference is th a t th e  inverse con cen tra tion  effect
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Table I
Initial Rates'* of Oxidative Cleavage 

of Pinacol (1) at 30.0° i
[S20 82-j 

X  102
[Ag1] 
X  10* 0.30 0.15

-[Pinacol]-----
0.075 0.018 0.0094

4.0 5.12 37.95 37.50 36.92 8.70
1.0 5.12 4.48 4.41 4.43 2.16 1.54
0.5 5.12 0.87 0.86 0.86 0.82
4 .0 2.56 18.82 20.38 22.43 5.09
1.0 2.56 2.49 2.48 2.77 1.38 1.01
0.5 2.56 0.52 0.52 0.53 0.47
4 .0 1.28 5.34 8.65 10.74 2.27
1.0 1.28 1.27 1.28 1.31 0.64
0.5 1.28 0.38 0.38 0.39 0.33
1.0 0.64 0.37 0.46 0.45 0.51 0.37
1.0 0.32 0.12 0.15 0.36 0.20 0.27
° All rates estimated from first 10% reaction of S2Os2- and are 

expressed in mol 1. 1 min-1 X 104. b Solutions buffered at pH 
1.4 by 0.25 M  Na2S 04 and 0.25 M  NaHS04.

Table II
Initial Rates'* of Oxidative Cleavage of 

2-Methyl-2-hydroxy-3-butanone (2) at 30.0° b
|S!08*-] [Ag1] x------------ -----[2]------

X 10* X 10* 0.30 0.15 0.075 0.0187 0.0094

1.0 5.12 0.99 1.08 1.09 0.91 0.066
4.0 2.56 2.97 4.23 2.13
1.0 2.56 0.51 0.54 0.43
0.5 2.56 0.15 0.26 0.21
1.0 1.28 0.26 0.37 0.39 0.37 0.34
4 .0 0.64 0.79 2.19 0.89
1.0 0.64 0.095 0.24 0.16 0.11
0.5 0.64 0.036 0.057 0.031
“ All rates estimated from first 10% reaction of SiOs2- and 

are expressed in mol l.“ 1 min“ 1 X 104. b Solutions buffered at 
pH 1.4 by 0.25 M  NaoS04 and 0.25 M  NaHS04.

(CH3),COH

(CH3)2COH

(CH,)2COH

ch3c= o

f / H

+  Ag in
(CH3)2C - r O o ,

V ' ' A g 1"
(CH3)2COH

Ag+ +  2(CH3)2C = 0  +  2H+ (4)

+  Agin (CH3)2C-t-0.
r >  H

V
C H ,C =0

Ag1ra

(CH3)2C— O +  H+ +  Ag+ +  CH3C = 0
|h ,o

(5)

ch3co2h

0= C O H

C H )C =0
+  Ag11' —

0 = C = 0  +  H+

f /  H
o = c - r O ^

|-> X Agra
c h 3c = o

+  Ag+ +  CH3C = 0

Lm *  ch3co2h
(61

and 6 .10 T h e  acy lium  ion  form ed  in  th e  cleavage  
reaction  o f  th e  h y d ro x y  k eton e  2 and p y ru v ic  acid  (3) 
reacts w ith  w ater p rodu cin g  the acetic  a cid  o b serv ed  as 
a reaction  p rod u ct in each  case.

P ath  I I .— In  p ath  I I , the cleavage is p erform ed  b y  
A g 11 as p a rt o f a free-radica l chain  reaction . In  the 
case o f p in acol, th e  cleavage  b y  A g 11 p rodu ces an a - 
h y d ro x ya lk y l rad ica l w h ich  reacts  w ith  S20 82“  y ie ld in g  
another m olecu le  o f  aceton e  and a ch ain  p rop a ga tin g  
S O r  “ . O x idation  o f A g 1 b y  S O r~  regenerates A g 11 
(reaction  9) for  the ox id a tive  c leavage reaction . O x id a -

Table III
Initial Rates'* of Oxidative Cleavage of 

Pyruvic Acid (3) at 30.0° b
[S20 8*-] [Ag1] ------------ ------ [Pyruvic acid]------------------- .
X 10* X 10* 0.075 0.0188 0.0094 0.0047

1.0 5.12 0.35 0.51 0.62 0.99
4 .0 2.56 1.30 3.14 5.65
1.0 2.56 0.20 0.39 0.76
0.5 2.56 0.17 0.17 0.26
1.0 1.28 0.18 0.26 0.35 0.57
4.0 0.64 0.64 1.02 2.74
1.0 0.64 0.088 0.12 0.39
0.5 0.64 0.026 0.042 0.10

“ All rates estimated from first 10% reaction of S20 82“  and are 
expressed in mol I. -1 min-1 X 104. b Solutions buffered at pH 
1.4 by 0.25 M  Na2S04 and 0.25 M  NaHS04.

o f th e  substrate on  th e  reaction  rates (item  6 a b o v e ) is 
m ore p ron ou n ced  and  operative even  at h igher [A g 1].

T h ese  k in etic observation s ca n  b e  rationa lized  in 
term s o f tw o  paths for  the o x id a tiv e -c le a v a g e  reactions. 
In  path  I, th e  cleavage  is e ffected  b y  A g m  w h ich  is 
fo rm ed  b y  ox id a tion  o f A g 1 b y  S20 82 - .9 P a th  I I  is a 
free -rad ica l chain  reaction  in vo lv in g  A g 11 as th e  ox 
ida tive  c leaving  agen t in  a free-radica l chain  p rop a ga t
in g  process.

P ath  I.-— O xidative  cleavage  o f the su bstrates 1, 2, 
and  3 m a y  be  p erform ed  b y  A g 111 as show n in eq  4, 5,

(9) For reviews of the chemistry of the higher oxidation states of silver,
see J. A. M cMillan, C h em . R ev ., 62, 65 (1962); D . A. House, ib id ., 62, 185
(1962).

f > H
+  Ag11 —  (CH3).2c - o o  „  —

1 /  Agn
(CH3)2COH

(CH3)2C = 0  +  H+ +  Ag1 +  (CH3)2COH (7)

(CH3)2COH +  S20 82“  — ►

(CH3)2C = 0  +  H+ +  S O /- +  SO,,- (8)

SO," +  Agl —*  S O /- +  Ag11 (9)

tiv e  cleavage o f the h y d ro x y  k eton e  2 and p y ru v ic  acid  
in pa th  I I  fo llow s sim ilar routes. A n  a ce ty l ra d ica l is 
form ed  in  th e  cleavage reactions o f  2 and 3 w h ich  
propagates th e  ch ain  b y  in teraction  w ith  S20 82 - y ie ld 
ing b o th  th e  ch ain  carry in g  S O c “  an d  th e  acy liu m  ca t
ion , th e  precursor o f  a cetic  acid . B o th  a -h y d ro x y - 
a lk yl rad icals and  a cy l rad icals h ave  b een  p rop osed  to  
react w ith  p eroxyd isu lfa te11 y ie ld in g  the sulfate an ion  
rad ica l necessary to  p rop agate  th e  ch ain  rea ction  b y  
in teraction  w ith  A g 1 as show n  in e q  9.

Kinetic Analysis.— S u pp ort fo r  these p rop osed  m ech 
anism s fo r  th e  ox id a tive  c leavage reaction s is fou n d  in

(10) Although both Ag111 and Ag11 are able to form dsp^square-planar 
complexes with substrates capable of undergoing oxidative cleavage, our 
investigations of the oxidative cleavage rates of stereoisomeric cyclic 1,2 
diols to be reported later indicate that formation of such complexes are not 
necessary for reaction to occur.

(11) J. O. Edwards, A. R. Gallapo, and E. M clsaac, J . A m e r . C h em . S o c  
88, 3893 (1966).

(CH;{),COH

(CH.kCOH
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<CH;,)2COH

CH:iC = 0

try H

+  Ag"
(CH,),C—

A ^ A g 11

C H ,C =0

(CH3)2C = 0  +  H+ +  Ag+ +  0H:,C = 0  (10)

0 = C 0 H

CH;,C = 0
+  Ag11 — *■ 0 = C — o C -

CH;tC = 0

0 = C = 0  +  H+ +  Ag+ +  C R ,C = 0  (11)

C H ,C =0 +  S A ! CH;1C = 0  +  SO,- +  SO,2- (12) 
|h ,o CH.CO.H

the k in etic data  fo r  the reaction  g iven  in T a b les  I , I I , 
and I I I  and the effects o f  a lly l acetate  in  retard ing the 
reaction  rates.

C leavage  o f the substrates b y  A g m  in path  I is pos
sib ly  significant on ly  at th e  h igher [A g1] and  substrate 
concentrations. U n der these con d ition s, particu larly  
in the case p in acol and  th e  h y d ro x y  k eton e  2 , th e  re
action  fo llow s a rate law  th at is in depen den t o f  th e  sub
strate con cen tra tion  bu t is first ord er  in [A g 1 ] and  som e 
higher k in etic order in  [S20 82~ ], T h is  rate law  is 
consistent w ith  th e  sequ en ce  o f reactions 13 -15  in 
w h ich  form ation  o f A g 111 (reaction  14) is th e  ra te-deter-

kiz
(fast) Ag1 +  zS2< V - A g f iS A 2-)* (13)

k~ 13

(slow) Ag1 (S2082 — )a; +  S20g2- ——>•
Ag111 +  2 S (V - +  zS20 82-  (14)

fcl5
(fast) Ag111 +  substrate — >- Ag111 (substrate) — >

Ag1 -f- products (15)

m ining step . T h e  d erived  rate law  fo r  reaction  14 is 
g iven  b y  e q  16 w h ich  in d icates th at the reaction  is first

rate dlAgiiq
di

Æi3fc»[Agi][S2Oa2-]*+ i
Ä"14 [ S 2O 82 _ ]  +  k - 13

(16)

order in  [A g1] an d  a k in etic  order fo r  [S20 82” ] th a t d e
pends b o th  on  th e  ex ten t o f  com plexin g  o f A g 1 w ith  S20 82- 
an d  th e  form ation  con stan t (/c13/fc_a3) o f  the com plex . 
I f  th e  com p lex in g  con stan t is low  (fc-13 >  kn ) , as m igh t 
be ex p ected  fo r  A g +  w ith  o x y g e n  fu n ction s, th e  con 
tribution  o f  k-13 to  the rate o f  form ation  o f A g 111, and 
con sequ en tly  th e  rate o f  cleavage  b y  path  I, m ay be 
sign ificant an d  com p lex in g  o f S20 82 - w ith  A g 1 is con 
sequ en tly  m ore extensive at h igher [S20 82 - ] and  th ere
fore  th e  k in etic  ord er o f  S20 52 - is greater at th e  h igher 
con cen tra tion s o f  S2O s2~.

T h e  free-rad ica l chain  sequ en ce fo r  ox id a tive  c lea v 
age b y  path  I I  is sum m arized  in eq  17 -19 . T h is  chain

k i7
Agn +  substrate — >  Ag1 +  product +  radical (17) 

I-is
radical +  S20 82~ — >  product +  S042- +  S 04 ■ ~ (18)

S04 - -  +  Ag2 Ag11 +  S04*- (19)

sequence is in itia ted  b y  reaction  o f  A g 111 p rod u ced  in 
reaction  14 w ith  A g 1 p rod u cin g  tw o  A g 11 w h ich  start 
tw o  chain  sequences. S ince reaction  o f A g 1 m ust com -

Ag>" +  Ag1 — >  2Agn (20)

pete  w ith  the substrate for  A g 111 (reaction  15), in itia
tion  o f  the chain  sequence b y  e q  20 should  be fa v ored  
b y  low er substrate con cen tration s. T h e  inverse re
lationship  o f substrate con cen tra tion  and th e  o x id a t iv e -  
c leavage  rates suggests th at reaction  b y  th e  free-radica l 
ch ain  reaction  in path  II  is faster than  c lea va ge  b y  path  
I. T h is  effect is m ost p ron ou n ced  in the reaction s  o f 
p y ru v ic  acid  and is p ro b a b ly  in d ica tive  o f  a faster rate 
o f  reaction  o f A g 111 w ith  this substrate than  w ith  either 
p in aco l or  th e  h y d ro x y  k eton e 2 . A t  low  [A g 1], h ow 
ever, th e  inverse rate relationship  is ob serva b le  w ith  
b o th  1 and 2 becau se the balance betw een  form ation  o f 
A g 11 b y  reaction  20 an d  in teraction  o f the substrate 
w ith  A g 111 is m ore sensitive.

A d d ition  o f ally l acetate  to  th e  reaction  m ixture in 
d icates th at the chain  sequ en ce in p a th  II  is operative 
to  a significant extent in th e  p in acol and  h y d rox y  k etone 
reactions (T a b le  IV ). T h e  sm aller e ffect o f  a lly l ace-

T a b l e  IV
E f f e c t s  o f  A l l y l  A c e t a t e  o n  O x i d a t i v e - C l e a v a g e  R a t e s “

Substrate ( I / )

[SîO ,*-
X

10''

1
[Ag1] 
X  10* [Allyl acetate] Rate6

Pinacol (0.075) 1 2.56 0 2.77
Pinacol (0.075) 1 2.56 2.5 X IO“ 2 0.24
Pinacol (0.075) 1 2.56 1 x  io-> 0.12
2-Methyl-2-hydroxy- 

3-butanone (0.075) 1 2.56 0 0.54
2-Methyl-2-hyd roxy- 

3-butanone (0.075) 1 2.56 2.5 X 10" 2 0.13
2-Methy 1-2-hy d roxy- 

3-butanone (0.075) 1 2.56 1 X IO" 4 0.08
Pyruvic acid (0.075) 1 2.56 0 0.20
Pyruvic acid (0.075) 1 2.56 2 .5  X 10~2 0.12
Pyruvic acid (0.075) 1 2.56 1 x  io -* 0.09
0 All rates estimated from first 10% reaction of S2Os2 and are 

expressed in mol l. -1 min-1 X 104. 6 Solutions buffered at pH 
1.4 by 0.25 M  Na2S04 and 0.25 M  NaHSO„.

ta te  on  the rate o f  cleavage  o f  p y ru v ic  acid  is con sistent 
w ith  th e  suggestion  m ade prev iou sly  that p a th  I m ay  be 
opera tive  to  a greater ex ten t than  th e  free-rad ica l path  
I I  for  p y ru v ic  acid  becau se  o f  its  rap id  rea ction  w ith  
A g " 1. It is in teresting  to  n ote  th a t  th e  reaction  rates 
o f  th e  in h ib ited  reactions are essentially  th e  sam e, an 
observation  th at su pports th e  suggestion  th a t th e  sub
strate is n ot in v o lv ed  in  th e  ra te-determ in in g  processes 
o f  p a th  I.

T h e  rate law s fo r  ox id a tive  cleavage  b y  p a th  I I  d e 
pen d  on  th e  chain  sequence 17 -1 9 , th e  in itia tion  process 
20 , and  th e  m od e  o f  term in ation  o f  th e  ch ain  reaction  
th at m ay be  opera tive . T h e  term in ation  reactions are 
b im olecu lar in teraction s o f  chain  carry in g  free radicals 
an d  th e  particu lar ch a in -carry ing  radicals in v o lv ed  in 
term in ation  depend  to  a significant ex ten t on  th e  rela 
tiv e  steady-sta te  con cen tration s o f  these species. 
T h ese  con cen tration s are d icta ted  b o th  b y  th e  reaction  
rate constants o f  th e  chain  propagatin g  reactions an d
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the relative con cen tration s o f  the reactants th at par
tic ipa te  in  th e  chain  sequ en ce .12

I t  is apparent from  th e  data  in  T a b le  IV  th at an ap
preciable am ou n t o f  the ox ida tive  cleavage o f  p inacol 
and  th e  h y d ro x v  k eton e  2 is likely occu rrin g  b y  path  
II  in  th e  reactan t con cen tration  range (h igh  substrate 
and  A g 1 con cen tra tion ) w here path  I m ight be exp ected  
to  occu r. T h e  observed  ox id a tive  cleavage rate law 
in  th is con cen tra tion  range fo r  p in acol and  2 is n o t on ly  
con sistent fo r  path  I  as in d icated  prev iou sly  b u t w ou ld  
also be th e  rate law  fo r  p a th  I I  under certa in  con d itions. 
T h ese  con d ition s are m et if th e  chain  sequence is ter
m inated  b y  th e  in teraction  o f a substrate derived  radical 
w ith  a su lfate ion  radical. T h e  derived  rate law  for

is th erefore  m ore probab le  at low  [A g1]. T h e  d erived  
steady-state  rate law  fo r  path  II  w hen  the chain  se
quence 17 -19  is term inated  b y  26 is g iven  in  27. T h e

rate = / ¿ » t M[A g 'l [S A i1 l‘ w  
V2M M S A 2-] +  k-u)

(27)

higher k inetic order o f  A g 1 observed  at low  [A g1] is 
consistent w ith  term ination  reaction  26 occu rrin g  at 
low  [A g1].

T erm in ation  o f the chain  sequence in  a b im olecu lar 
in teraction  o f tw o substrate derived  radicals b ecom es 
sign ificant i f  the steady-state  con cen tra tion  o f  these 
radicals is appreciab ly  increased. C on sequ en tly , at 
low  [S20 82 - ], reaction  28 w ou ld  be  th e  exp ected  p a th

k n

radical +  S (V  ~ — >■ product +  SCV-  (21)
&25

2 radicals — >• termination product (28)

p ath  I I  if reaction  21 is the term ination , reaction  is 
g iven  b y

rate = M u d A g 1] [SA ,2- ] ) ' 7’ (22)

R ; is th e  rate o f  in itia tion  o f th e  ch ain  sequ en ce. T h e  
rate o f  form ation  o f A g 11 b y  reaction  20 is actu a lly  the 
rate o f  form ation  o f  A g 111 in reaction  14 and  is g iven  b y  
rate eq  16. S u bstitu tion  o f  16 in  22 g ives  23, a rate 
equ ation  for  path  11 w h ich  show s th e  ox id a tiv e  c leav 
age rate is first order in  [A g1], zero order in the sub
strate, and som e h igher orders in  S20 82 - .

rate == (:
kizkukiski2

&2l(&14[S20g2 ] +  k -u )|)[A g I] [ S A , - ] (I+1>V* (23)

D ecreasin g  the con cen tra tion  o f  the substrate has 
tw o  effects on  the course o f  the ox id a tive  cleavage re
action . A s poin ted  ou t earlier, partition in g  o f the 
availab le A g 111 favors reaction  w ith  A g 1 th ereby  in 
creasing th e  am ou n t o f  reaction  occu rrin g  b y  p a th  II 
re la tive  to  path  I . Further, the term in ation  o f the 
free-radica l chain  sequence m ay  take a d ifferen t course 
at low  substrate concentrations since the steady-state  
con cen tra tion  o f A g 11 w ou ld  necessarily  be  greater than  
th at en coun tered  in  higher substrate con cen tration s. 
T h is  be in g  the case, the sequence w ou ld  be  term inated  
b y  reaction  24 and th e  derived  steady-sta te  rate law

kn
Ag”  +  radical — >- Ag1 +  product (24)

fo r  th e  reaction  under such con d itions is eq  25. T h e 

, _  /A M n M A g 1] [substrate] [ S A 2~](*+2)V /a
V M M 3 A “ 2] + k -u ) ) (25)

d erived  rate law  indicates the reaction  rate is h a lf order 
in  b o th  th e  substrate and  A g 1 and is consistent w ith  the 
observed  rate law  at low  substrate con cen tration s.

A t  low  [A g1 ], the steady-state  con cen tra tion  o f S 0 4- ~ 
is rela tive ly  greater th an  at higher con cen tration s o f  
A g 1. T erm in ation  o f the chain  sequence b y  reaction  2 6 13

2.8O4 • “ ---- >■ termination product (26)

(12) For discussion see E. S. Huyser, "Free-Radical Chain Reactions,”  
Wiley, New York, N. Y ., 1970, Chapter 4.

(13) The nature of the product(s) in reaction 26 can only be speculated 
about but may be the result of interactions of SO< • “  with H20  producing 
hydroxy radicals which couple yielding H 2O2. Provided the radical products 
of the SO4 - ~ interactions, other than the chain propagating reaction 19, do 
not become involved in the chain reaction, the kinetic consequence is a bi
molecular reaction of SO4 - ~ radicals.

fo r  term in ation  o f the chain  sequence. T h e  d erived  
steady-state  rate law  for  path  I I  w hen  term in ation  
does occu r  on ly  b y  28 is g iven  in 29. T h is  rate law

rate /fcu M A g 1] [ S A 2~](*+1)\V* 
V2M fci4[SA*-] +  k-n)J kis [ S A 2 ] (29)

predicts , as is observed  at low  [S20 82 - ], th a t the reac
tion  rate w ou ld  be  zero order in the substrate, h a lf or
der in [A g1], som e som e h igher k in etic order in S20 82~.

I t  is o f  som e significance that the ob served  rate 
law s fo r  the ox id a tive  cleavage reactions approach  
those pred icted  on  the basis o f  the expected  term ina
tion  process w hen the con cen tration  o f a single reagent 
is appreciab ly  decreased. A t  in term ediate con cen tra 
tions o f  the reagents, m ore than one term in ation  re
action  m ay  b e  operative.

E xperim ental S ection

M aterials.— Pinacol was prepared by the procedure described 
by Vogel.14 2-Hydroxy-2-methyl-3-butanone and pyruvic acid 
were obtained from Aldrich and redistilled before using. Potas
sium peroxydisulfate (Fisher Certified Reagent) silver nitrate 
(Merck), sodium sulfate (Mallinkrodt Analytical Reagent), and 
sodium bisulfate (Baker and Adamson Reagent) were used 
without further purification. Allyl acetate (bp 100-102°, n26d 
1.4011) was prepared by a Fisher ester synthesis from allyl 
alcohol and acetic acid.

K inetic M easu rem en ts.— The reactions were performed in 
distilled water buffered to a pH of 1.4 by 0.25 M  sodium sulfate 
and 0.25 M  sodium bisulfate. The organic substrate and 
potassium peroxydisulfate were dissolved in the buffered solution 
and placed in a painted three-neck 500-ml flask. The flask was 
placed in a water bath maintained at 30 ±  0.1° and nitrogen was 
bubbled through the solution for 1 hr to remove any dissolved 
oxygen. An appropriate amount of 0.4 M  silver nitrate w'as 
added and immediate reaction ensued. Aliquotes of the reaction 
mixture were removed at appropriate time intervals and the un
reacted peroxydisulfate determined by the iodometric method 
described by Bartlett and Cotman.16

Product Distribution in Oxidative Cleavage R eactions.— A 
mixture consisting of 2-hydroxy-2-methyl-3-butanone (3.83 g, 
0.0375 mol), potassium persulfate (6.76 g, 0.025 mol), and silver 
nitrate (0.106 g, 0.000625 mol) in 250 ml of water was allowed to 
react under a nitrogen atmosphere for 2 days. Gas chromato
graphic analysis of the reaction mixture on a 6 ft by ’ / 8 in
column packed with Poropak Q (80-100 mesh) indicated the 
presence of 0.021 mol of acetone, 0.024 mol of acetic acid, and 
0.015 mol of the unreacted hydroxy ketone. Extraction of the 
reaction mixture with ether afforded samples of acetic acid [mp

(14) A. J. Vogel, “ Practical Organic Chemistry,”  3rd ed, Longmans, 
London, 1956, p 349.

(15) P. D . Bartlett and J. D . Cotman, J . A m e r .  C h e m .  S o c . ,  71, 1419 
(1949).
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(p-bromophenacyl ester) 82° (lit.16“ 85°)] and acetone [mp 
(2,4-dinitrophenylhydrazone) 124-125° (lit.16b 126°)].

In a reaction of 3.3 g (0.028 mol) of pinacol with 4.87 g (0.018 
mol) of potassium peroxydisulfate and 0.042 g (0.00025 mol) of 
silver nitrate, 2.18 g (0.018 mol) of pinacol was recovered un
reacted and 1.05 g (0.018 mol, 90% of theory) of acetone was 
formed as determined by gas chromatographic analysis of the 
reaction mixture.

(16) R . L. Shriner, R . C. Fuaon, and D. Y . Curtin, ‘ ‘The Systematic 
Identification of Organic Com pounds," 5th ed, Wiley, New York, N. Y ., 
1956: (a) p 311; (b) p 362.

Reaction of 0.88 g (0.010 mol) of pyruvic acid with 4.32 g 
(0.016 mol) of potassium peroxydisulfate and 0.042 g (0.00025 
mol) of silver nitrate yielded 0.59 g (0.0098 mol, 98% of theory) 
of acetic acid as determined by gas chromatographic analysis 
of the reaction mixture. Carbon dioxide was evolved during the 
course of this reaction but no: measured quantitatively.

R eg istry  N o .— 1, 7 6 -09 -5 ; 2 , 115-22-0 ; 3 , 127-17-3 ; 
peroxyd isu lfate  ion , 15092-81-6 ; a lly l acetate , 594-87-7 ; 
A g (I), 14701-21-4.
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The alkali metal induced reductive dimerization of substituted A-benzalanilines (ArCH =N Ph) in ether sol
vents is examined. Particular attention is directed toward the isomerization of the d astereomeric mixture of 
dimeric dianions which are the primary products of the reaction. By means of cross-product experiments, it is 
shown that the isomerization results from an equilibrium between the dimeric dianions and the monomeric radical 
anion of the original IV-benzalaniline. The observed effects of solvent and substituent groups correlate well with 
this conclusion.

T h e  syn th etic  va lu e  o f  th e  red u ctiv e  d im erization  
o f  ca rb on y l com p ou n d s or  their deriva tives is reflected  
in  th e  v a r ie ty  o f  reagents w h ich  h ave  b een  deve lop ed  
to  effect th is re a ctio n .1-10 A  ch aracteristic  feature 
o f  th e  rea ction  is th e  fo rm a tion  o f  d iastereom eric m ix
tures and  th is feature has stim u lated  efforts to  elu
cidate th e  fa ctors con tro llin g  the d iastereom eric ra tio .11 
A m o n g  th e  m an y  exam ples o f  red u ctiv e  d im erization , 
the rea ction  o f  A -ben zlilan ilin e  w ith  alkali or alkaline 
earth  m etals in  an hydrou s so lven ts has th e  in trigu ing 
feature th a t essentially  on ly  on e d iastereom er is 
form ed , dl-N ,N ', 1 ,2 -tetraph en yleth y len ed iam in e, un 
der se lected  rea ction  co n d itio n s .12! 1 2 3 4 5 6 7 8 9 10 11 12 13 A s has b een  
sh ow n ,12 the prepon deran ce  o f  th e  dl isom er arises from  
an  isom erization  o f  the d iastereom eric d im eric dian ions 
in itia lly  fo rm ed  in  th e  red u ctive  d im erization , an iso
m erization  w h ich  p red om in ates in th e  dl dianion .

I t  w as the in ten tion  o f  the present in vestiga tion  to  
d istinguish  betw een  th e  tw o  m echanism s prev iou sly  
su ggested12 for  the isom erization  (see Sch em e I ) .  T h e  
first m ech an ism  (path  a, d issocia tive  m echan ism ) de
pends on  an  equ ilibriu m  betw een  the radica l an ion  2 
and  th e  d im eric d ian ions 3  to  allow  th e  k in etic p rod u ct

(1) H. O. House, “ Modern Synthetic Reactions,”  W . A. Benjamin, New 
York, N. Y ., 1965, pp 50-77.

(2) R . Adams and E. W . Adams, “ Organic Syntheses,”  Collect. Vol. II, 
Wiley, New York, N. Y ., 1941, p 459, and references cited therein.

(3) M . S. Newman, J .  O r g .  C h e m . ,  26, 582 (1961).
(4) W. E. Bachman, J .  A m e r .  C h e m .  S o c . ,  63, 2672 (1931).
(5) H. Thies, H. Schoenenberger, and K. H. Bauer, A r c h .  P h a r m .  ( W e i n -  

h e i m ) ,  291, 620 (1958).
(6) O. Anselmino, B e r . ,  41, 623 (1908).
(7) W . Stuhmer and G. Messwarb, A r c h .  P h a r m .  ( W e i n h e i m ), 286, 221 

(1953).
(8) W . Schlenk, J. Apprenrodt, A. Michael, and A. Thai, B e r . ,  47, 473 

(1914).
(9) W . Schlenk and E. Bergmann, J u s t u s  L i e b i g s  A n n .  C h e m . ,  463, 281 

(1928).
(10) C. K . Mann and K . K . Barnes, “ Electrochemical Reactions in Non- 

aqueous Systems,”  Marcel Dekker, New York, N. Y ., 1970.
(11) J. H. Stocker, R . M . Jenevein, and D . H. Kern, J .  O r g .  C h e m . ,  34, 

2810 (1969).
(12) J. G. Smith and C. D . Veaeh, C a n .  J .  C h e m . ,  44, 2497 (1966).
(13) J. J. Eisch, D . D . Kaska, and C.J. Peterson, J .  O r g .  C h e m . ,  31, 453 

(1966).

to  isom erize to  the th erm od yn a m ic one. T h e  second  
m echanism  (path  b , carban ion ic m echan ism ) relies 
on  th e  abstraction  o f  a b en zy lic  p ro ton  b y  th e  basic 
am ine anion  3, form in g  a carban ion  4  w hich  can  then 
epim erize.

S hould  a m ixture o f  tw o  structurally d ifferent d im eric 
d ian ions 3 be  present in  solu tion , th en  the an ion ic 
m echan ism  w ou ld  p red ict th a t the equ ilibriu m  m ix
tu re  sh ou ld  consist essentially  o f  th e  tw o  cH-dimeric 
d ian ions. O n the o th er hand, th e  d issocia tive  m ech 
anism  w ou ld  p red ict the form ation  o f  these and  a cross 
d im er form ed  b y  the cou p lin g  o f  th e  tw o  different 
radica l anions present.

Such  an experim ent requ ired  tw o  d ifferen t diam ines 
5 w hose anions w ere k n ow n  to  isom erize  du rin g  fo r 
m ation  and w hose nm r spectra  w ere su fficien tly  d iffer
ent th at the reaction  m ixture cou ld  b e  analyzed . T o  
op tim ize  th e  fo rm a tion  o f cross p rod u cts , the meso iso
m er was preferred. In  add ition , a process was needed  
to  con v ert the d iam ine to  its correspon d in g  d ian ion  
in  order to  induce isom erization .

W ith  th is purpose in  m ind , a  n um ber o f  su bstitu ted  
benzalanilines 1 w ere su b jected  to  red u ctiv e  d im eriza
tion  w ith  sod iu m  in tetrah ydrofu ran  (T H F ) or  d ieth y l 
ether (D E E ). T h e  d a ta  perta in ing  to  isom erization  
is sum m arized  in T a b le  I . A u th en tic  sam ples o f  the 
d im eric d iam ines were iso la ted  either from  these re
a ction  m ixtures or from  sim ilar m ixtures generated  
w ith  alum inum  am algam . T a b le  I I  sum m arizes the 
ph ysica l p roperties o f  th e  d iam ines and  T a b le  I I I  the 
p ro d u ct com p osition  from  th e  alum inum  am algam  
redu ction s w hich , unlike the alkali m eta l reductions, 
con ta in  large am ounts o f  m on om eric redu ction  produ cts.

T h e  stereoch em istry  o f the d im eric diam ines 5 is 
assigned on  the assum ption  th at th e  resonances o f  the 
ben zy lic  p roton s in  th e  meso isom er appear dow nfield  
from  those o f  the dl isom er.1415 Such an assum ption

(14) J. Wiemann, G. Dana, S. Thuan, and M. Brami, C. R .  A c a d .  S c i . ,  

S e r .  C ,  268, 3724 (1964).
(15) P. Beak and C. R. Payet, J .  O r e .  C h e m . ,  36, 3281 (1970).
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S c h e m e  I

P o s s ib l e  M e c h a n is m s  f o b  t h e  I s o m e r iz a t io n

X C 6H4C H =N Ph • 
1

Na
|XC6H4CH =NPh|-

2

a XCeEUCHNPh

XCeH ^H NPh 
3

H,o X C 6H4CHNHPh
— ► I

X C 6H4CHNHPh
S

X C 6H4CHNPh

X C 6H ^N H P h

_ X C 6H4CHNPh

"xC«H4CHNPh
3

T a b l e  I
P r o d u c t  C o m p o s it io n  f r o m  t h e  R e a c t io n

1. Na
XC«H4C H = N P h ------- —=► X C 6H4CH— CHC6H4X

2. H îO | |
PhHN NHPh 

5

X Initial6
%  d l - 5“ in 

Final0
TH F------------ s,

U /2,d hr
----------%  d l - 5° in

Initial6 Final0
D EE---------

(1/ 2,d hr
H 67 93 4.5 64 68
o-Me 70 92 >1 43 85 13
m-Me 69 100 2.5 66 66
p-Me 73 81 35' 59 59
o-MeO 78 100 2 78 /
m-MeO 60 90 3 50 60 >50 '
p-MeO 65 69 52 56
m-Cl 100 100 >1 55 72 25
“ Per cent of dimeric diamine; no significant amounts of the 

•ZV-benzylaniline were detected. 6 At 0.5-hr reaction time. 
'  At 24-hr reaction time. At longer reaction times, the iV-benzyl- 
aniline began to appear. d Time for the product composition to 
reach a value halfway between the initial and equilibrium com
positions. * Estimated assuming 90% dl at equilibrium. 1 Only 
12% reacted in 24 hr.

is consistent w ith  the stereoch em istry  o f  the one dim er 
o f  k n ow n  stereoch em istry ,7 is consistent w ith  the m elt
in g  poin ts o f  the com pou n ds, and is con sistent w ith  
the observed  isom erizations in  w hich  the isom er w ith  
the dow n field  p ro ton  isom erizes to  the one w ith  the 
u pheld  (meso —► d l).

C on version  o f  the diam ines to  their correspon d in g  
dianions was successfu lly  a ccom plish ed  b y  treating 
th em  w ith  th e  requ ired  am ount o f  the d isod iu m  stilbene 
com p lex . T h is  m e th o d 16 was selected  in  preference 
to  p h en y lsod iu m  or sod iu m  h y d r id e 17 since it u tilized  
hom ogen eous solu tions, and  the reaction  con d itions 
were identica l w ith  the d im erization  process itself. 
C on tro l experim ents w ith  Ar,jV ',l ,2 -te tra p h en y le th y l- 
enediam ine (5, X  =  H ) show ed  th at the equ ilibriu m  
com p osition  was ach ieved  on  reactin g  either the meso 
or the dl isom er u nder these cond itions.

F or the cross-p rod u ct experim ent, the tw o  dim eric 
d iam ines selected  w ere 5 ( X  =  H ) and  5 ( X  =  o -C H 3) 
since isom erization  was observed  in b o th  cases and the 
ch em ica l shifts o f  the b en zy lic  p roton s o f the meso and 
dl isom ers o f  either com p ou n d  were d ifferent. A n tic 
ip a tin g  the form a tion  o f  a cross p rod u ct, the expected  
reaction  m ixture was generated b y  red u ctiv e ly  d im eriz
in g  a m ixture o f  the tw o  Sch iff bases 1, X  =  H  and

(16) The obvious choice of butyllithiura was eliminated by the fact that 
the lithium salts of tetraphenylethylenediamine shows no isomerization 
(see ref 12).

(17) In control experiments with NaH, considerable amounts of W-benzyl-
aniline were formed from tetraphenylethylenediamine (see also ref 12).

X  =  o -M e. T h e  cross p rod u ct, l- (o -m e th y lp h e n y l)-  
Ar,jV ',2 -triphenylethylenediam ine (6 ), w as easily  o b 
served in  the nm r spectrum , the m eth y l resonance b e 
ing clearly  separated from  the others and the b en zy lic  
p roton s appearing as an A B  quartet. T h e  iso la tion  
o f th is p rod u ct was accom plish ed  as well.

A  m ixture o f  meso-5 ( X  =  H ) and meso- 5 ( X  =  o- 
M e ) w hen  treated  w ith  an eq u iva len t am ou n t o f  d i- 
sod iu m -stilb en e  com plex  prod u ced  the sam e reaction  
m ixture as generated from  the m ixture o f  tw o  Schiff 
bases. T h e  m ixed  dim er 6 sim ilarly treated  form ed  
the sam e reaction  m ixture. A n d , finally , in the sim 
plest experim ent o f  all, tw o separate red u ctive  d im eriza
tions using 1 ( X  =  H ) and 1 ( X  =  o -M e ) were carried  
to  com p letion  and the dim eric dian ions so form ed  were 
m ixed. A ga in , the isolated  diam ine m ixture con ta in ed  
th e  cross p rod u ct.

T hese  three experim ents establish th at a d issocia tive  
m echanism  is responsible for  the isom erization  o b 
served  in  the redu ctive  d im erization  o f Sch iff bases 
b y  sod iu m  m etal. S ince th e  d im eric d ian ions are 
them selves form ed  b y  the cou p lin g  o f rad ica l anions, 
the prin cipa l o f  m icroscop ic  rev ers ib ility 18 w ou ld  d ic
tate that d issocia tion  o f the d im eric d ianions to  radical 
anions (he., path  a, Schem e I )  is occu rrin g .19 S zw arc20a“ c 
has exam ined  a related equ ilibriu m  in v o lv in g  the rad
ica l anion and d im eric d ian ion  o f 1 ,1 -d iph enyleth ylen e. 
T w o  d issociation  m echanism s w ere postu lated . In  
the term in ology  used b y  Szw arc these equ ilibria  are

-D D -  2D “

- D D -  +  D D -  +  “ DD- D +  2D~

w here D  is the m onom er, D -  the radical anion, and  
- D D  ~ the d im eric dianion.

E ith er o f  these equ ilibria  (or b o th ) w ou ld  exp la in  
the observations recorded  here. In  add ition , these 
equ ilibria  cou p led  w ith  the rapid  e lectron  transfer b e 
tw een  radica l an ion  and unsaturated m on om er20d-e 
w ou ld  p red ict th at a S ch iff base such as 1 ( X  =  H ) 
a dded  to  an equ ilibrating d ian ion  such as 3 ( X  =  o- 
M e ) w ill result in  the form ation  o f m ixed  d im er 6.

(18) C. K. Ingold, “ Structure and Mechanism in Organic Chemistry,”  2nd 
ed, Cornell University Press, Ithaca, N. Y., 1969, p 250.

(19) Attempts to observe an esr signal from these equilibrating systems 
were unsuccessful. We wish to thank Dr. T . Gough of this department for 
his assistance in these experiments. A similar failure has been reported by 
L. I. Petersen, J .  A m e r .  C h e m .  S o c . ,  89, 2677 (1967).

(20) (a) S. Spach, H. Monteiro, M . Levy, and M. Szwarc, T r a n s .  F a r a d a y  

S o c . ,  58, 1809 (1962); (b) M . Szwarc and R . Asami, J .  A m e r .  C h e m .  S o c . ,  

84, 2269 (1962); (c) M . Matsuda, J. Jagur-Grodzinski, and M . Szwarc, 
P r o c .  R o y .  S o c . ,  S e r .  A ,  288, 212 (1965); (d) J. Jagur-Grodzinski and M . 
Szwarc, i b i d . ,  288, 224 (1965); (e) E. R . Zabolotny and J. F. Garst, J .  

A m e r .  C h e m .  S o c . ,  86, 1645 (1964).
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P roperties of D imeric D iamines 5
'--------------5, ppm-------------- v -------------------------------------Found, %-

Table II

X Registry no. M p, °C Benzylic X c H N Cl
o-Me meso 32979-86-5 139-141 5.16 1.97 85.57 7.30 7.23“

dl 32979-87-6 132-133 4.80 1.88 85.74 7.17 7.12
m-Me meso 32979-88-7 90-93 4.88 2.20 85.67 7.23 7.27

dl 32979-89-8 140-141 4.50 2.27 85.68 7.10 7.06
p-Me meso 27549-75-3 138..5-141 4.90 2.28 86.23 7.00 7.06

d? 27549-69-5 131-131.5 4.55 2.27
o-MeO dl' 33021-00-0 168-170 5.03 3.63 79.49 6.69 6 .66*
m-MeO meso 32979-92-3 122-123 4.95 3.62 79.10 6.52 6.60

dl 32979-93-4 110-112 4.53 3.63 79.34 6.66 6.69
p-MeO meso 32979-94-5 186-188 4.87 3.73 79.38 6.86 6.51

dl 32979-95-6 143-144 4.52 3.73 79.37 6.86 6.49
o-Cl meso 32979-96-7 172-174 5.53 72.35 5.07 6.40 16.33'

dl 32979-97-8 140-142 5.24 72.12 5.24 6.42 16.39
m-Cl meso 32979-98-9 136-139 4.91 71.83 5.11 6.36 16.53

dl 32979-99-0 128-129 4.47 72.25 5.05 6.44 16.45
p-Cl meso1 32980-00-0 198-199 4.94

dl« 32980-01-1 137 4.25
“  Theory: C, 85.88; H, 7.19; N, 7.14. 5 Reported mp 130°: H. Thies, II. Schonenberger, and K. H. Bauer, Arch. Pharm. ( Wein-

heim), 291, 620 (1958). « The meso isomer not isolated. d Theory : C, 79.21 ; H, 6.65:; N, 6.60. * Theory: C, 72.06; H, 5.12; N,
6.47; Cl, 16.36. '  Reported mp 194-195 (H . Thies, et a!., footnote 6) and 195-196°: J. Huet, Bull. Soc. Chim. Fr., 973 (1964). » Re-
ported mp 136° (J. Huet, footnote/).

T able  III
Product C omposition from the A luminum 

A malgam R eduction of Schiff B ases

-Product composition, % a -

XC«H.CH=NPh, X m e s o -5 d l - 5 Monomer (5)6
o-Me 33 38 29 (4 .19 )
m-Me 34 44 22 (4 .12)
o-MeO 0 55 45 (4 .31)
m-MeO 28 35 37 (4 .21 )
o-Cl 33 67 0 (4 .30)
m-Cl 38 38 24 (4 .25)
p-Cl 15 45 40 (4 .04 )

° Analyzed by nmr. » X C 6H,CH2NHPh (chemical shift
benzylic proton).

T h is  has been  ob served  b o th  w ith  the d im eric d ian ion  
generated  b y  red u ctive  d im erization  and  b y  treatm ent 
o f  the diam ine w ith  d isod iu m -stilb en e .

Since any o f these d issociations in volves the radical 
ion  (e.g., path  a, S chem e I ) ,  those factors w hich  stabi
lize the radical an ion  w ou ld  b e  expected  to  p rom ote  iso
m erization . T h u s isom erization  is m ore preva len t in 
T H F , w ith  its greater so lva tin g  pow er, than in D E E . 
In  a relevant experim ent, the a dd ition  o f  1 0 %  hexa- 
m ethy lph osph oram ide  to  T H F  effected  isom erization  
in the red u ctive  d im erization  o f 1 ( X  =  p -M e O ) .

Substituents also m od ify  the stab ility  o f  the radica l 
anion. E lectron -d on a tin g  substituents w ou ld  be ex
p ected  to  destabilize the rad ica l an ion  and  in deed  iso
m erization  is in h ib ited  b y  p -O C H 3 or p -C H a. E lec
tron -w ith draw in g  groups, assisting the d eloca lization  
o f e lectrons, sh ou ld  fa cilita te  isom erization  and a m -C l 
su bstitu en t21 does so. H ow ever, orth o  substituents 
p rom ote  isom erization . P resu m ably  this is due to  
the increased steric b u lk 22 o f  the o -to ly l grou ps w hich  
assists the d issocia tion  o f  the d im eric d ian ion  to  the 
radical anion.

(21) The o- and p-chloro analogs behave in a markedly different manner 
under these reaction conditions This behavior will be described in a later 
communication.

(22) W. Theilacker and M .-L . Wessel-Ewald, J u s t u s  L i e b i g s  A n n .  C h e m . ,  

594, 214 (1955).

Experimental Section23
Starting Materials.— The Al-benzalanilines 1 were prepared 

from the freshly distilled substituted benzaldehyde and aniline 
according to a published procedure.24 The properties of the 
Schiff bases produced agreed with the reported values. The 
solvents used for the reduction, after purification by distillation 
from lithium aluminum hydride, were stored over this reagent 
and distilled into the reaction vessel when needed. The reaction 
mixtures were analyzed by the procedure previously described.1213

General Procedure for the Reductive Dimerization.— A 
modified Schlenk tube25 was flushed with nitrogen, the Schiff 
base added (0.01 mol), and the solvent distilled in (75 ±  5 g). 
The tube was sealed and transferred to a drybox and the sodium 
metal (0.02 g-atom) was cut and added. After resealing and 
removing from the drybox, the mixture was shaken on a hori
zontal shaker. Reaction began almost at once as evidenced by 
streams of color flowing from the surface of the metal.

Aliquot samples of the solution were removed at 0.5, 1,2 , 4, 8 , 
and 24 hr and quenched in water and the liberated sodium 
hydroxide was titrated with standard acid. With one exception, 
(1, X  =  o-MeO in DEE) all Schiff bases were completely con
verted to dimer (1 g-atom of Na per mole of Schiff base) in 2-4 
hr. The titrated samples were then extracted with ether and 
the organic material was isolated and analyzed for its dimeric 
composition. These data are summarized in Table I.

Isolation of 1,2-Diaryl-A' ,.V'-diphenylethylenediamines.— The 
dl isomers were isolated by recrystallization of those mixtures 
which isomerized. In one instance (5, X  =  p-MeO) isomer
ization was promoted by using tetrahydrofuran containing 10%  
hexamethylphosphoramide, the final composition being dl, 
86.4%, and meso, 13.6%.

The meso isomers were obtained by crystallizing the DMF 
complex from solution.26 This procedure operated most effi
ciently when the meso/dl ratio was no smaller than 0.5. Con
sequently, the alkali metal promoted reductions were often 
unsatisfactorily as sources of the meso isomers. With aluminum 
amalgam as a reducing agent, the products were protonated as 
rapidly as they formed and isomerization was avoided. This

(23) Melting points are uncorrected and were determined with a Mel- 
Tem p apparatus in open capillaries. The nmr spectra were recorded on a 
Varian T-60 nmr spectrometer. The nitrogen used was Matheson purified 
grade further purified by passing through a benzophenone ketyl solution in 
refluxing xylene. Analyses are by  M -H -W  Laboratories, Garden City, 
Mich.

(24) L. A. Bigelow and H. Eatough, “ Organic Syntheses,”  Collect. Vol. I, 
2nd ed, Wiley, New York, N. Y ., 1941, p 80.

(25) J. W. B. Reesor, J. G. Smith, and G. F. Wright, J .  O r g .  C h e m . ,  19, 
940 (1954).

(26) (a) R. Jaunin, H e l v .  C h ir r * . A c t a ,  39, 111 (1956); (b) R . Jaunin and P. 
Courbat, i b i d . ,  43, 2029 (1960).
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proved to be a convenient source of material from which the 
meso isomers could be isolated. The physical properties of the 
isolated dimers are summarized in Table II  and the composition 
of the reduction products formed in the aluminum amalgam 
reductions are shown in Table I I I .

Preparation of the Cross D im er, l-(o -M eth y lp h en y l)-.V ,iV '-,2 - 
triphenylethylenediam ine (6 ).— A solution containing 1.81 g 
(0.01 mol) of 1 (X  =  H) and 1.95 g (0.01 mol) of 1 (X  = o-Me) 
in 200 ml of THF was treated with 0.92 g (0.04 g-atom) of sodium 
and shaken for 24 hr. The orange solution was drained from 
the excess sodium, treated with methanol, diluted with water, 
and extracted with ether. After removal of the solvent, the 
residue was analyzed b y  nmr by using the methyl resonances to 
determine the relative amounts of cross dimer 6, dl “ homo dimer”  
5 (X  =  o-M e), and the small amount of monomeric reduction 
product A-(o-methylphenyl)aniline. The contribution made by 
5 (X  =  o-Me) and 6 to the area of the benzylic resonances was 
then calculated and subtracted from the total area to give the 
amount of dl-5 (X  =  H) (see Table I V ) .

T a b l e  IV

F o r m a t io n  o f  t h e  C r o s s  D im e r

-------Product anal, %•
r------ Homo dimers—

Reaction conditions“

Cross
dimer

6

dl-5 
(X  =  
o-Me)

dl-5
(X  =  

H)

m e s o -  5 
(X  = 

H)
M ono

mer5

Mixed Schiff bases, 1 
(X  = H and o-Me) 51 19 27 < 1 3

Mixed dimeric dianions, 
3 (X  =  H and o-Me) 51 19 25 < 1 5

Mixed diamines, meso-S 
(X  =  H) and meso-5 
(X  =  o-Me) +  DSSC 54 18 22 < 1 6

Cross dimer 6 +  DSSe 47 17 34 2 <1
Dianion 3 (X  =  o-Me) 

treated with 2 equiv of 
1 (X  =  H) 22 15 19 < 1 5d

meso-S (X  =  H) +  DSS,C 
then treated with 1 
equiv of 1 (X  =  o-Me) 27 10 40 < 1 e
“ 24-hr reaction time. b V-(o-Methylphenyl)aniline. c Di- 

sodium-stilbene. d Product contained 21% of 1 (X  =  H) and 
19% of 1 (X  =  o-Me). e Product contained 13% of 1 (X  =  H) 
and 10% of 1 (X  = o-Me).

Isolation of the cross dimer 6 was effected by recrystallization 
from methanol to remove the more soluble dl-5 (X  = o-Me). 
The solid so obtained was recrystallized from DM F when the 
DM F complex of dl-5 (X  =  H) separated. The filtrate from 
this was acidified with 6 N HC1 and the white precipitate was 
filtered, washed with water, dried, and recrystallized from 
absolute ethanol to give 6 : mp 125-128°; nmr (CDC13, D 20  
washed) S 6.4-7.3 (ir_, 19 aromatic H ), 4.81 (d, 1 H, CHCH, 
J =  8.0 cps), 4.54 (d, 1 H, CHCH, J =  8.0 cps), 2.03 (s, 3 H, 
CH,).

Anal. Calcd for C27H26N2: C, 85.67; H, 6.93; N, 7.40. 
Found: C, 85.68; H, 7.05; N, 7.32.

In an alternative procedure, each Schiff base in TH F was 
treated with sodium in separate Schlenk tubes. After a 24-hr 
reaction time, the solutions were drained from the excess metal 
into the same nitrogen-filled flask and stirred for a further 24 hr. 
The isolated product was analyzed as described with the result 
shown in Table IV.

A similar cross product was prepared from 1 (X  =  H) and 1 
(X  =  m-Me) and isolated by recrystallization from methanol: 
mp 120-121.5°; nmr (CDC13, D 20  washed) S 6.4-7.4 (m, 19 
aromatic H ), 4.53 (broad s, 2 benzylic H), 2.33 (s, 3 H, CH3).

Anal. Calcd for C i 7H 26 N 2 : C, 85.67; H, 6.93; N ,  7.40. 
Found: C, 85.89; H, 6.90; N ,  7.58.

Isom erization with the D isod iu m -S tilb en e  C om plex.— A 
solution of 0.005 mol of the selected diamine in 25 ml of THF 
was treated at room temperature under N2 with a solution 
(THF) of 0.005 mol of the disodium-stilbene complex.25 The 
color changed from the deep red of the stilbene complex to 
orange within 10-15 min. The solution was stirred 24 hr and 
quenched by the addition of methanol, and the product was 
isolated by diluting with water and extracting with ether.

Both meso- and dWV,V',l,2-tetraphenylethylenediamine (5, 
X  = H) so treated produced the equilibrium composition of 93% 
dl and 7%  meso.

A mixture of 0.911 g (0.0025 mol) of meso-5 (X  =  H) and 
0.981 g (0.0025 mol) of meso-5 (X  = o-Me) was isomerized under 
these conditions (see Table IV). Similarly treated was a solution 
of 1.41 g (0.004 mol) of the cross dimer, l-(o-methylphenyl)- 
N ,V'-2-triphenylethylenediamine, in 25 ml of TH F. Product 
composition is shown in Table IV.

R egistry  N o . — 6, 33021-01-1.

A ck n ow led gm en t. — T h e  authors w ish  to  ackn ow ledge 
help fu l discussions w ith  D r. D . M a ck a y  o f th is de
partm ent. T h is  research w as financia lly  su pported  b y  
the N a tion a l R esearch  C ou n cil o f  C anada.

Reactivity Differences in Competitive Metal Hydride Reductions of 
a,/3-Unsaturated and Saturated Ketones

H . H a t j b e n s t o c k
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Competitive reduction experiments involving mixtures of saturated and a ,(¡-unsaturated six-membered ring 
ketones and lithium aluminum hydride or lithium tri-iert-butoxyaluminohydride have shown a large reactivity 
difference between the two types of ketones. Both hindered and unhindered ketone systems were employed as 
substrates. The unsaturated ketones were consistently less reactive than the saturated ketones. This reactiv
ity difference is enhanced with the more selective tri-ierf-butoxyaluminohydride reagent.

C om p etit ion  experim ents in  w h ich  a,/3-unsaturated 
and saturated  six-m em bered  ring  ketones are m ade to  
com p ete  for  lim ited  am ounts o f  lith ium  alum inum  h y 
dride (L iA l ib )  or lith ium  tri-ierf-bu toxyalu m inoh ydride 
(L T A H ) reveal rem arkable reactiv ity  d ifferences be
tw een  th e  tw o ty p es  o f  ketones. T h e  experim ents de
scribed  in v o lv e  the inverse add ition  o f  sta n dard ized1 
solu tions o f  L iA lH 4 in  ether, or w eighed  am ounts o f  
L T A H  in  tetrahydrofu ran  (or eth er), t o  stirred m ix-

(1) H. Felkin, B u l l .  S o c .  C h i m .  F r . ,  347 (1950).

tures o f  tw o ketones. T hese  experim ents w ere the o u t
grow th  o f  observations o f  the low  rea ctiv ity  o f  several 
cy c lic  enones tow ard  L iA lH 4 reductions. T h e  reaction s 
carried  ou t, togeth er w ith  the m ajor p rod u cts  obta in ed , 
are listed  in  eq 1-3 .

A nalyses o f  the p rodu cts w ere carried  ou t b y  gas 
ch rom atograph y  d irectly  on  the con cen trated  reaction  
produ cts and also after ca ta ly tic  h ydrogen ation  w ith  
pallad ium  on  charcoal (except for the iso p h o ro n e -d ih y - 
dro isoph oron e com p etitive  redu ction , eq  1). C a ta ly tic
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T a b l e  I

DlHYDROISOPHORONE (l)-IsOPHORONE (2) REDUCTIONS

Ketone mixture
------------Product analysis,“ % ------------------ ---------------N

Metal hydride 1 3* 2C 4C
1, 2 (0.030 mol each)<i LiAlH4 (0.015 equiv)* 69.9* 30.1* 88 12
1, 2 (0.030 mol each)d LTAH (~ 0 .01 5  mol)/ 61.9“ 38.1» 0

39.4* 60.6*
1, 2 (0.030 mol each)d LTAH (0.015 mol)‘ 59 .5>' 40.5 ' 0

38.2* 61.8*
° Analysis by glc on a 10 ft, 10% Carbowax 20M column at 150°, silanized, acid-washed. * 1 and 3 normalized to 100%. 3 was 57% 

trans, 43% cis. c 2 and 4 normalized to 100%. d In 100 ml of ether. • 0.73 M  in ether added inversely. > In ether. » 1 and 3 nor
malized to 100%. 3 was 77% trans, 23% cis. * 1 and 2 normalized to 100%. * In 75 ml of tetrahydrofuran. 1 1 and 3 normalized
to 100%. 3 was 89% trans, 11% cis.

h yd rogen ation  w as necessary since the unsaturated al
coh o l 8 decom p osed  to  a  large exten t during gas ch ro 
m atograph ic analysis. H y d rog en a tion  con verted  8 to  
9 w hich  cou ld  be read ily  analyzed  (see the E xperim ental 
Section ).

9 10
cis +  trans (from 6)

R e su lts  an d  D iscu ss ion

T h e  results o f  the com p etition  betw een  d ih yd ro iso - 
ph oron e (1) and isoph oron e (2) are listed  in T a b le  I. 
H yd rogen ation  o f  th e  p ro d u ct w as o f  course unfeasible 
in  this case, and  a lthou gh  som e decom p osition  o f the 
unsaturated a lcoh ol 4  d id  occu r  during g lpc analysis, 
sa tisfactory  results w ere obta in ed  b y  using se lectiv ity  
factors d erived  from  standard  m ixtures (e.g., 2 and 4) 
under carefu lly  con tro lled  an a lytica l conditions.

R edu ction s  o f  1 to  the ep im eric cis- and trans-3 o c 
curred to  the exten t o f  3 0 %  w ith  L iA lH 4, w hile on ly  
1 2 %  redu ction  o f 2 occu rred  (first en try  in  T a b le  I ). 
T h e  unreacted ketone com p osition  fo r  this experim ent 
w as fou n d  to  be  4 6 %  1 and 5 4 %  2, in  v ery  g ood  agree
m ent w ith  th at ca lcu lated  (4 4 %  and 5 6 % , respectively ) 
on  the basis o f  the relative extents o f  redu ction  for  1 
and 2. O n  the basis o f  the exten t o f  to ta l reduction , 
8 6 %  o f  h ydride  w as used. T h e  secon d  and th ird  en
tries in  T a b le  I sh ow  th at L T A H  is m uch m ore selective 
than  L iA lH i, since redu ction  o f 1 occu rred , b u t no re
d u ction  o f 2 was observed , In  the secon d  entry , the 
unreacted ketone com p osition  w as 3 9 %  1 and 6 1 %  2 
(ca lcu lated  values 3 8 %  1 and 6 2 %  2), w hile for the 
th ird  en try  the observed  k eton e com p osition  w as 3 8 %  
1, 6 2 %  2 (ca lcu lated  values 3 8 %  1, 6 2 %  2 ). T hese u n 
reacted  ketone ratios serve as add ition a l an alytica l 
checks. T h e  so lu b ility  o f  L T A H  in  ether is low , and 
its use in  tetrah ydrofu ran  is m uch  m ore satisfactory . 
Separate experim ents sh ow ed  th at red u ction  o f the 
C = C  dou b le  b on d  in  2 w ith  L iA lH 4 w as neglig ib ly  sm all 
as expected  from  previou s stu d ies.2 T h e  redu ction  o f 
1 w ith  L T A H  is a m uch  m ore stereoselective process 
than  w ith  L iA lH 4, leading to  a greater trans/cis-3 ratio 
(c /. foo tn otes  b, g, and j ,  T a b le  I, and also foo tn otes  h, 
i, T a b le  I I ) . R edu ction s  in  te trah ydrofu ran  are also 
m ore stereoselective th an  correspon d in g  redu ction s in 
d ieth y l ether. T hese  observations are in  a ccord  w ith 
previou s redu ction  studies o f  1 w ith  L iA lH 4 and lith ium  
a lk oxya lu m in oh ydrides.3

Steric and torsiona l fa ctors4 w h ich  h ave been  used to  
explain  relative rea ctiv ity  in  h ydride  a ttack  on  opposite  
faces o f  a carbon y l group  in  a g iven  cycloh exan on e do 
n o t appear to  explain  the redu ced  rea ctiv ity  o f  2 relative 
to  1. In  1, the alm ost equal am ounts o f  cis- and  trans-3 
obta in ed  in  redu ction  w ith  L iA lH 4 is presum ably  due to  
opposin g  steric factors (axial m eth y l on  C -3 ) and  tor 
sional effects (partia l eclipsing o f  equ atoria l hydrogens 
on  C -2  and C -6  w ith  entering h ydride). In sp ection  o f 
D re id in g  m odels5 reveals th at in  2 the steric fa ctor  is 
still present, w hile the torsiona l fa ctor  is reduced  b y  
elim ination  o f on e flanking C H 2 g rou p  b y  the presence 
o f  the C = C  dou b le  b on d . T h erefore  it appears that 
the redu ced  rea ctiv ity  o f  2 is inherent in  the enone sys
tem , possib ly  arising from  redu ced  con ju ga tion  o f  the 
tw o  d ou b le  bon ds in  goin g  from  th e  grou nd  state to  the 
transition  state. H ow ever, th e  exact m echanism  for

(2) M . R. Johnson and B. Rickborn, J .  O r g .  C h e m . ,  36, 1041 (1970).
(3) H. Haubenstock and E. L. Eliel, J .  A m e r .  C h e m .  S o c . ,  84, 2363 (1962).
(4) M . Ch^rest, H. Felkin, and N. Prudent, T e t r a h e d r o n  L e t t . ,  2199 (1968); 

M . Ch^rest and H. Felkin, i b i d . ,  2205 (1968).
(5) In structure 2 carbons 1, 2, 3, 4, and 6 are taken as coplanar, with 

carbon 5 below (or above) the plane.
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T a b l e  II
R e s u l t s  o f  O t h e r  C o m p e t it io n  R e d u c t io n s

-------------------------------------- -— Product analysis, %■
Ketone mixture Metal hydride 5 7 6 10 9

5, 6 (0.020 mol each)“ LiAlH4 (0.0116 equiv)*’ 66,c 65d 34,c 35d
82“* 18d’e

46“ 54c
48d 52«*

l 3 6 10 9

1, 6 (0.030 mol each)/ LTAH (0.0149 equiv)0 77,“ 79d 23,c** 21d-*'
98d 2d>*

44“ 56*
45d 55d

“ In 60 ml of ether. Analyzed on 10 ft, 10% Carbowax 20M column at 135 and 120°. b 0.585 M  in ether, added inversely. “ Before 
hydrogenation. Normalized to 100%. d After hydrogenation. Normalized to 100%. * Mixture of cis and trans isomers. 1 In 100
ml of tetrahydrofuran. Analyzed on Carbowax 20M at 125°. « In 55 ml of tetrahydrofuran, added inversely. h 3 was 87% trans, 13%
cis. * 3 was 92% trans, 8%  cis.

red u ction  o f  enones is n ot yet established. F urther 
com p etitiv e  studies w ith  con ju gated  and n on con ju gated  
enone system s m ay b e  useful, and  w e in ten d  to  explore 
th is further.

T h e  first en try  in  T a b le  I I  com pares tw o  unhindered 
ketones, 5 and 6 com petin g  for  L iA lH 4. T h e  m ethyl 
group  in  6 lies in  the p lane o f  the enone system  and does 
n ot exert any sign ificant steric h indrance in  the reduc
tion . O nce again, considering possible steric and tor
sional factors, the enone 6 does n o t appear to  be  at a 
d isadvan tage  relative to  the saturated k etone 5. A s in  
the h indered ketone cases (vide supra), the enone is 
again  less reactive, undergoing  on ly  1 8 %  redu ction  
com p ared  w ith  3 5 %  red u ction  o f  5. A s can  be seen 
from  T a b le  I I , the observed  extent o f  redu ction  o f  5, 
and  the relative k eton e ratios b o th  before  and  a fter h y 
drogen ation , agree v ery  w ell w ith  each  other. A lso , 
th e  ca lcu lated  rem aining ketone com p osition  is 4 5 %  5, 
5 5 %  6, in  g ood  agreem ent w ith  the observed  4 6 -4 8 %  
5, 5 2 -5 4 %  6 (or 10).

T h e  last en try  in  T a b le  I I  com pares th e  unhindered 
enone 6 w ith  th e  rela tive ly  h indered k eton e 1. T h e  re
agent used w as the m ore selective L T A H . A gain , the 
saturated  k etone 1, even  th ou gh  m ore h igh ly  h indered, 
suffered m ore redu ction  (■—-2 2 % ), w hile the enone 6 was 
on ly  2 %  reduced . T h e  observed  u nreacted  k eton e 
com p osition  w as 5 5 -5 6 %  6 (or 10), 4 4 -4 5 %  1 (ca lcu 
la ted  5 5 %  6, 4 5 %  1).

T h e  fa ct th a t L T A H  is m ore selective th an  L iA lH 4 
m ight at first be  ascribed  to  its greater “ b u lk .”  H o w 
ever, the nature o f  the active  species in  redu ction s w ith  
th is reagent is uncerta in ,6'7 and it  is n o t alw ays as 
stereoselective as its apparent size w ou ld  su ggest.3'6 
L T A H  is less reactive  th an  L iA lH 43 and k inetic studies 
o f  redu ction s w ith  th is reagent h ave been  carried  ou t.8

(6) H. C. Brown and H. R. Deck, J .  A m e r .  C h e m .  S o c . ,  87, 5620 (1965).
(7) D . C. Ayres, D. N. Kirk, and R. Sawdaye, J .  C h e m .  S o c .  B ,  1133 

(1970).
(8) J. Klein, E. Dunkelblum, E. L. Eliel, and Y . Senda, T e t r a h e d r o n  L e t t . ,  

6127 (i968).

T h e  low er rea ctiv ity  and  h igher se lectiv ity  o f  L T A H  
shou ld  p rov e  usefu l in  reductions o f  saturated  ketones 
in  the presence o f  con ju gated  enones.

S ince the proportion s o f  cis- and trans-Z, ob ta in ed  
from  redu ction s o f ketone 1 (T ab les I  an d  I I ) ,  agree 
w ell w ith  previou s values ob ta in ed  in  th e  red u ction  o f  1 
a lon e ,3 the present results are due to  ldn etic  con tro l, n ot 
to  equ ilibration s.9

E xperim en ta l S ection

Isophorone (2) and 10 were obtained from Matheson, and 
fractionally distilled. Dihydroisophorone (1) was prepared by 
oxidation10 11 of the commercial alcohol mixture. 3-Methyl- 
cyclohex-2-en-l-one (6) was obtained from Aldrich. Samples of 
the known unsaturated alcohols 4n and 82 were prepared by 
LiAlH4 reduction of the corresponding ketones, and the sat
urated alcohols 3 and 9 were similarly prepared by reduction of 
the corresponding ketones. LTAH was obtained from Ventrón. 
Gas chromatographic analyses were carried out with a Hewlett- 
Packard 5750 chromatograph. Sensitivity factors derived from 
standard mixtures were determined for the various components. 
For example, in the analysis of two components 1 and 2, K 2 = 
(At/A¡)(Xi/X2)\ K 1 =  1.0, where K, and K 2 are relative sensi
tivity factors, A , and A2 are experimentally determined areas 
(by the peak height-width at half-height methods), and A , and 
X 2 are the moles (or weights) of the components.

Reduction of Dihydroisophorone and Isophorone (1 and 2) 
with LÍAIH4.— A solution of 1 (4.23 g, 0.030 mol) and 2 (4.16 g, 
0.030 mol) in 100 ml of anhydrous ether was added to a reactor 
equipped with a stirrer, reflux condenser, and addition funnel; 
5 ml of 0.73 M  LiAHR in ether was transferred by pipet to the 
addition funnel and added dropwise to the well-stirred ketone 
solution. The reaction mixture was kept at room temperature 
overnight, and hydrolyzed (water and 10% sulfuric acid). The 
ether solution was washed (NaCl, NaHCCb) and dried (M gS04) 
and the product was concentrated for glpc analysis by distillation 
of solvent (an oil bath was used, maximum temperature 85°).

Reduction of 1 and 2 with L T A H .— A solution of LTAH (3.8 
g) was dissolved in 75 ml of tetrahydrofuran (distilled from 
LiAlH4 through a helix-packed column) and added dropwise to a 
well-stirred solution of 1 (4.20 g, 0.030 mol) and 2 (4.18 g, 
0.030 mol) in 100 ml of absolute ether. The work-up was car
ried out in the same manner as described above.

Reduction of 5 and 6 with L iA lH 4.— Ketones 5 (2.02 g, 0.021 
mol) and 6 (2.21 g, 0.020 mol) in 60 ml of anhydrous ether were 
reduced by the dropwise inverse addition of 5 ml of 0.585 M  
LiAlH4 in ether (0.0029 mol). After 3.5 hr of stirring, the reac
tion mixture was hydrolyzed with water and 10%  sulfuric acid 
and worked up and concentrated in the usual manner, giving

(9) T . Toromanoff in “ Topics in Stereochemistry,”  Vol. 2, N. L. Allinger 
and E. L. Eliel, Ed., Interscience, New York, N, Y ., 1967, p 157. This re
view contains a discussion of the stereochemistry of hydride reductions of 
cyclohexenones.

(10) E. L. Eliel and H. Haubenstock, J .  O r g .  C h e m . ,  26, 3504 (1961).
(11) J. Klein and E. Dunkelblum, T e t r a h e d r o n ,  24, 5701 (1968).



22 g of concentrated product. A portion of the product (3.0 g) 
was retained for glpc analysis and the remainder was hydrogenated 
in 50 ml of anhydrous ethanol over 0.2 g of 5%  palladium on 
charcoal using a Parr apparatus (initial pressure 43 psig). 
The solution of hydrogenated product was filtered and concen
trated by distillation through a 12 in. helix-packed fractionating 
column (oil bath). The concentrated product was directly 
analyzed by glpc.

Reduction of 1 and 6 with LTAH.— Ketones 1 (4.22 g, 0.030 
mol) and 6 (3.31 g, 0.030 mol) in 100 ml of tetrahydrofuran (dis
tilled from I jiA1H4) were reduced by the dropwise inverse addi
tion of LTAH (3.8 g, 0.015 mol) in 55 ml of tetrahydrofuran. 
Hydrolysis was effected in this case with water and 15% 
sodium hydroxide12 after 2.5 hr of stirring. After concentration 
by distillation, a portion of the concentrated solution was di

(12) See L. F. Fieser and M . Fieser, "Reagents for Organic Synthesis,”  
Wiley, New York, N . Y ., 1967, p 584.

Addition of Lithium Dimethtlcopper to Enones

rectly analyzed by glpc while the remainder was hydrogenated 
over 0.3 g of 5%  palladium on charcoal.

Control Experiments.— The fact that ketone ratios and ketone- 
alcohol ratios (of saturated compounds) did not vary significantly 
before and after hydrogenation lends confidence to the analytical 
procedure employed. In addition, a standard mixture of 1 and 
10 was subjected to the hydrogenation and isolation procedures 
and was shown not to change in composition upon glpc analysis. 
Unsaturated ketones on hydrogenation also absorbed the exact 
amount of hydrogen (based on calibration of the apparatus) for 
conversion to the corresponding saturated alcohol.

R eg istry  N o .— 1, 8 7 3 -9 4 -9 ; 2 ,7 8 -5 9 -1 ; 5 ,1 0 8 -9 4 -1 ;
6, 16853-85 -3 ; L iA lH 4, 17476-04-9 .
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J. Org. Chem., Vol. 37, No. 4, 1972 659

The Addition of Lithium Dimethylcopper to Conjugated Cyclopropyl Enones
J a m e s  A .  M a r s h a l l * a n d  R o n a l d  A .  R ü d e n 1

Department of Chemistry, Northwestern University, Evanston, Illinois 60201 

Received August 12, 1971

The addition of lithium dimethylcopper to 9,10-methano-l-octalin-3-one (6 ) affords a mixture of the expected
1,4 adducts (ca. 90% trans, 10% cis), a 1,6 adduct, 9-ethyl-4(10)-octalin-2-one (8), and a small amount of reduced 
cyclopropane cleavage product, 9-methyl-4(10)-octalin-2-one (9). Acid cleavage of the trans 1,4 adduct, trans-
4-methyl-9,10-methanodecalin-2-one (7a), affords a 4:1 mixture of 4,9-dimethyl-cfs-3-octalin-2-one (19) and 
frans-4,10-dimethyl-l(9)-octalin-2-one (20a), whereas the cis 1,4 adduct, cw-4-methyl-9,10-methanodecalin-2- 
one (7b), gives only cis-4,10-dimethyl-l(9)-octalin-2-one (20b) upon similar treatment. 5,10-Methano-1(9)- 
octalin-2-one (16), a cyclopropano enone isomeric with 6, likewise affords 1,4- and 1,6-addition products upon 
treatment with lithium dimethylcopper.

T h e  con ju ga te  ad d ition  o f  lith iu m  d im e th y lco p p e r (I )2 
to  A ^ -o n e s  (eq  1 -3 ) has been  show n  to  p roceed  clean ly

and stereoselectively . In  th e  form er tw o  cases (eq  1 
and 2) th e  m eth y la tion  occu rs trans to  th e  angular 
m eth y l grou p  to  g ive  frans-d im ethyl p rod u cts .3 H o w 
ever, th e  cis-fu sed  enone (eq  3) affords m ain ly  th e  cis ,- 
cis p ro d u c t .4 * T h e  la tter arrangem ent o f  w c-m eth y l 
groups is o f  particu lar in terest in  con n ection  w ith  the 
va len can e-erem op h ilan e  fa m ily  o f  sesquiterpenes, a

(1) Predoctoral Fellow of the National Institutes of Health, Division of 
General Medical Sciences, Fellowship 5 FOI G M  41100.

(2) H. O. House, W . L. Respess, and G. M . Whitesides, J .  O r g .  C h e m . ,  31, 
3128 (1966).

(3) (a) T . M . Warne, Jr., "T he Synthesis of (db)-Isonootkatone,”  Ph.D. 
Thesis, Northwestern University, Evanston, 111., 1971, p 100; (b) R . M. 
Coates and J. E. Shaw, C h e m .  C o m m u n . ,  47 (1968); (c) R . L. Naie and L. N. 
Zalkow, tòt'd.,1249 (1968).

(4) G. M . Cohen, unpublished results. C f .  J. A. Marshall and G. M.
Cohen, J .  O r g .  C h e m . ,  36, 877 (1971).

class o f  com pou n ds based  on  th e  c is ,m -l ,9 -d im e th y l-  
deca lin  fram ew ork .8

In  the course o f  syn th etic  studies related  to  th e  ses
qu iterpene grapefru it flavor con stitu en t n ootk a ton e ,6 
w e decided  to  exam ine the con ju g a te  m e th y la tio n -cy - 
c lopropan e cleavage sequence sh ow n  in  eq  4. O ur in i-

tia l w ork  w as carried  o u t on  a m od el system  designed to  
test the overa ll feasib ility  and stereoch em istry  o f  the 
a b ove  sequence. A ccord in g ly , the k n ow n  cy c lo p ro p y l 
a lcoh o l 1 (Schem e I )  w as redu ced  (L i, N H 3, E tO H ) via 
th e  m ethanesu lfonate d eriva tive  2 to  th e  tr icy c lic  o le
fin 3 .7 E p ox id a tion  fo llow ed  b y  b a se-in du ced  elim ina
tion  a fforded  the a lly lic a lcoh o l(s ) 5, ox id a tion  o f w h ich  
gave th e  desired enone 6.

A d d ition  o f  lith iu m  d im e th y lco p p e r (I ) to  enone 6 in 
ether solu tion  at 0 °  a fforded  prin cip a lly  the 1,4 addu ct 
7 (5 5 % ) a long w ith  enones 8 (3 9 % ) and 9  (6 % ). T h e  
p rod u ction  o f  the latter tw o  cy clop rop a n e  cleavage 
prod u cts  w as o f specia l in terest since a sim ple cy c lo 
p ro p y l keton e, b icy c lo [4 .1 .0 ]h ep ta n -2 -on e ,8 and a con -

(5) C f .  J. A. Marshall and R . A. Ruden, i b i d . ,  36, 594 (1971).
(6) W . D . Macleod, Jr., T e t r a h e d r o n  L e t t . ,  4779 (1965).
(7) J. J. Sims, J .  O r g .  C h e m . ,  32, 1751 (1967).
(8) R . A. Ruden, "Stereoselective Total Synthesis of Racemic Nootka

tone,”  Ph.D . Dissertation, Northwestern University, Evanston, 111., 1971,
p 66.



660 J. Org. Chem., Vol. 37, No. 4-, 1972 Marshall and Rüden

S c h e m e  IC€xz—°O0
LiN(C,Hs),

1, Z =OH
2, Z =  CH3S03
3, Z =  H

ju ga ted  cy c lo p ro p y l cyc lop en ten on e9 fa iled  to  g ive  cy 
clop rop an e  cleavage prod u cts  u p on  treatm en t w ith  
lith iu m  d im eth ylcopper or phenylm agnesium  b ro m id e - 
cuprous iod ide , respectively . In  the present case, c y 
c lop ropan e cleavage to o k  p lace readily , even  at — 40 °.

T h e  structures o f  the cleavage produ cts were ascer
ta in ed  th rou gh  conversion  w ith  base to  their con ju ga ted  
isom ers 13 and 14 w hich  were synthesized  in depen den tly  
as ou tlin ed  in  Schem e II .

S c h e m e  II 
H

"RCu” Br, ^

R
11, R =  CH2CH3
12, R =  CH:>

13, R =  CH2CH3
14, R =  CH3

H op in g  to  find con d ition s m ore favorab le  to  1,4 ad
d ition , w e con d u cted  a b r ie f stu dy  o f tem perature and 
so lven t effects (T a b le  I ) . T h e  use o f  d ioxane was sug-

T a b l e  I
A d d it io n  o f  Li(CH3)Cu t o  C y c l o p r o p y l  E n o n e  6

Solvent Temp, °C
1,4 addition 

(7), %
1,6 addition 

(8), %
Reduction 

(9), %
Ether - 4 0 40 55 5

0 55 39 6
15 60 34 6

Dioxane 15 72 24 4
40 61 33 6

ta ined  7 2 %  o f the 1,4 adduct, a 9 3 :7  m ixture o f  7a and 
7b (sec be low ).

S ince the add ition  o f an organ ocop per reagent to  the 
cyclop rop a n e  ring o f  a cy c lo p ro p y l k etone had n o t p re
v iou sly  been  reported , we w ere in terested  to  see if  
enone 6 was an isolated  case or if  the reaction  w ou ld  
occu r  w ith  related cy c lo p ro p y l en on es .11 A ccord in g ly  
the w ork  ou tlin ed  in  Schem e I I I  w as undertaken . C y -

c lopropan ation  o f the dienone 1512 a fforded  the cy c lo 
p rop y l enone 16.18 A dd ition  o f  ethereal lith iu m  d i
m eth y lcopp er  at 0 °  y ielded  the 1,4 a d d u ct 17 (4 3 % ) 
and the cyclop rop an e-cleaved  1,6 a d d u ct 18 (4 9 % ). 
T h e  latter p rod u ct was in depen den tly  synthesized 
throu gh  1,6 add ition  o f  ethylm agnesium  iod id e  to  d i
enone 15. T h e  stereochem istry  o f  the 1,4 a d d u ct 17 
has n ot y e t  been exam ined.

In  ether h igher tem perature on ce  again  fa v ored  the
1,4 a d d ition  reaction  (T a b le  I I ) .

T a b l e  II
A d d it io n  o f  Li(CH8)2Cu t o  C y c l o p r o p y l  E n o n e  16

Solvent Temp, °C
1,4 addition

(17), %
1,6 addition 

(18), %
Ether - 4 0 27 64

0 43 49
15 52 40

Schem e IV  dep icts a possible p ath w ay  for  th e  o b 
served a d d ition  reactions to  cy c lo p ro p y l enones. E le c -

S c h e m e  IV

1,4 addition 1,6 addition

gested  b y  ou r previous w ork  on  con ju gate  additions to  
a cy c loh ex a d ien on e .10 T h e  present stu d y  in d icated  
th at in  ether low  tem perature favors the cyclop rop an e  
cleavage reaction  w hereas in  d ioxane low  tem perature 
fa vors  1,4 add ition . U n der optim u m  con d ition s we o b 

(9) H. E. Zimmerman and R . L. Morse, J .  A m e r .  C h e m .  S o c ., 90, 954 
(1968).

(10) J. A . Marshall and S. F. Brady, J .  O r g .  C h e m . ,  35, 4068 (1970).

tron  transfer from  an organ ocop per species to  a  c o n ju 
gated  enone substrate leading to  an in term ediate rad i-

(11) While this manuscript was in preparation, a report of a related cy 
clopropane cleavage of a cyclopentenone appeared: C. Frejaville and R.
Jullien, T e t r a h e d r o n  L e t t . ,  2039 (1971).

(12) N. N. GaidamovicL and I. U. Torgov, I z v .  A k a d .  N a u k  S S S R ,  1903 
(1961); C h e m .  A b s t r . ,  62, 13197 (1962).

(13) E. J. Corey and M . Chaykovsky, J .  A m e r .  C h e m .  S o c . ,  87, 1345 
(1965).



Addition of Lithium Dimethylcopper to Enones ./. Org. Chem., Voi. 37, No. 4, 1972 661

ca l anion has been  suggested  b y  H ou se and F isch er .14 
In the present case, the resu lting radica l an ion  cou ld  
react d irectly  w ith  the org a n ocop p er  via m ethy l transfer 
as p ostu la ted  b y  H ou se to  g ive  the 1,4 a d d u ct (path  a) 
or  cy c lop rop a n e  p a rtic ip a tion  cou ld  tak e  p lace  leading 
to  either the 1,6 a d d u ct via m ethy l transfer (path  b ) or 
th e  red u ction  p ro d u ct  via h yd rogen  transfer (path  c ) , 
p oss ib ly  from  the solven t. T h e  latter reactions m ay 
proceed  d irectly  from  the rad ica l an ion  w ith  con certed  
cy c lop rop a n e  cleavage  o r  co n ce iv a b ly  a prior  c leavage 
cou ld  take p lace to  g ive  a n ew  radica l an ion  w hich  cou ld  
then  react via m eth y l transfer o r  H  transfer as n oted  
above.

T h e  stereoch em istry  o f  th e  1,4 a d d u ct 7 w as ascer
ta ined  th rou gh  v p c  analysis o f  the acid  cleavage p rod 
ucts, enones 20a and 20b, as show n  in Schem e V . A

S c h b m e  V I

R . j 1 C O .C H , Rj f  ch2y
1.LÌA1H,

1 1 1 2. MnO, ' 1 1 1

a series; R  =  CH ,; R ' = H  (7 5 % ; 24, Y  = OH
b series; R  = H ; R 1 = C H , (2 5 % ) 25, Y  =  O T s

20a  (15%) 
b (25%)

S c h e m e  V

sam ple o f  k eton e  7 o b ta in ed  from  the add ition  o f  lith 
iu m  d im eth y lcop p er  to  enone 6 appeared  hom ogen eous 
b y  nm r an d  v p c  criteria . H ow ever, upon  trea tm en t 
w ith  acetic  a c id -H C l a  m ixture o f  three enones, 19 
(75%), 20a (1 8 % ), and  20b (7 % ) ,  w as secured in 9 7 %  
yield . T h e  stru ctu re o f  enone 19 w as con firm ed  b y  
d irect com p arison  w ith  a  sam ple ob ta in ed  via the se
qu ence ou tlin ed  in  S chem e V . E n on es 20a and 20b 
w ere iden tified  b y  d irect com p arison  w ith  au th entic 
sam ples.3

T h e  a b ov e  findings in d ica te  th a t at least 7 %  o f  the 
« s -m e th y l k eton e 7b m u st be  form ed  in the 1,4 m eth y l- 
a tion  o f  enone 6. Since b o th  7a and 7b cou ld  g ive  rise 
to  enone 19 u p on  acid  cleavage, and since th ey  m ost 
lik ely  w ou ld  d o  so a t d ifferin g  rates, w e cou ld  n ot u tilize  
these results to  d ed u ce  th e  relative am ounts o f  m eth y l 
epim ers o b ta in ed  in  th e  a forem en tion ed  1,4 m eth y la - 
tion . A ttem p ts  at d irect analysis o f  th is m ixture w ere 
to  no ava il; so w e decid ed  to  exam ine the acid  c leavage  
o f  a  k n ow n  m ixture o f  cy c lo p ro p y l ketones 7a and 7b. 
T h is  m ixture w as prepared  as show n  in S chem e V I  from  
a 3 :1  m ixture o f  k eto  esters 23a and 23b. R e d u ctio n  
w ith  lith iu m  alu m in um  h y d rid e  fo llow ed  b y  M n 0 2 ox 
ida tion  a fforded  the k eto  a lcoh o ls  24a and 24b in  92% 
yield . T h e  corresp on d in g  tosy la te  d eriva tive  25 
yie lded  the cy c lo p ro p y l ketones 7a and 7b in  9 8 %  y ie ld  
u pon  trea tm en t w ith  zin c dust in  aqu eous acetic  a c id .15 
In v iew  o f  th e  h igh  y ie ld  o f  th is step  w e assum e th at the 
ratio o f  ketones 7a to  7b is rou gh ly  the sam e (3 :1 )  as

(14) H. O. House and W. F. Fischer. Jr., J .  O r g .  C h e m . ,  33, 949 (1968).
(15) S. Rakhit and M . Gut, J .  A m e r .  C h e m .  S o c . ,  86, 1432 (1964).

th at o f  the starting k eto  esters 23 and the interm ediates 
24 and 25 (an a lyzed  via in tegration  o f  C H 3 dou b lets  in 
the nm r spectra ).

C leavage o f  cy c lo p ro p y l ketones 7a (7 5 % ) and 7b 
(2 5 % ) w ith  acetic a c id -H C l a fforded  a 6 0 :1 5 :2 5  m ix
ture o f  enones 19, 20a, and 20b in 97% yield . T hus, 
k eton e 7b m ust cleave  v irtu a lly  u n id irection a lly  to  g ive 
enone 20b under these con d ition s, w hereas the epim eric 
k eton e 7a cleaves largely  (4 :1 )  in  the op p osite  sense to  
g ive  enone 19.

T h e  form ation  o f  enone 19 as the m a jor  cleavage 
p ro d u ct o f  ketone 7a con form s to  S im s’s v iew s on  this 
reaction .7 A ccord in g ly , p ro ton a tion  o f  the c y c lo p ro 
p y l k etone con ju ga te  acid  w ill ten d  to  g ive  a d ica tio n  
in term ediate  w ith  m axim u m  charge separation . In  
the case o f  ketone 7b, how ever, th is d irection  o f p roton a 
tion  is h indered b y  the c fs-m eth y l grouping. A n  alter
n a tive  exp lan ation  m ay  b e  p ostu la ted  (S chem e V I I )

S c h e m e  V II

in  w h ich  p a rtic ip a tio n  b y  the  enolic double bond assists 
cyclopropane cleavage. R eaction  th ro u g h  the  A2 enol 
(Scheme V I I )  m ay be less favorab le  in  the b  series ow ing 
to  con fo rm a tiona l changes w h ich  place the  in it ia l ly  
equa to ria l m e th y l g roup ing  in to  the  bow sprite  pos ition  
o f a 1,4-cyclohexadiene-type boa t con fo rm ation . The  
A 3 enol m ay also g ive rise to  a ke tone-p ro tona ted  cyclo 
propane in te rm ed ia te  isom eric w ith  th a t derived fro m
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the A2 enol. F orm ation  o f  this in term ediate  (w hose 
u ltim ate  fa te  w ou ld  be  con version  to  enone 19) w ou ld  
appear geom etrica lly  u n favorab le  as ju d ged  b y  an ex
am ination  o f m olecu lar m odels.

T h u s, w e h ave sh ow n  th at the a d d ition  o f lith ium  
d im eth y lcop p er  to  enone 6 gives largely  (ca 9 0 :1 0 ) the 
trans 1,4 a d d u ct 7a. T h is finding is som ew h at sur
prising  in  v iew  o f  the preferential form ation  o f the cis
1,4 a d d u ct from  th e  cis-fused  decalone an a log  o f  enone 
6 (eq 3 ) .4 E v id e n tly  increased steric sh ielding o f  the 
to p  fa ce  o f  the dou b le  b o n d  b y  the cy c lop rop a n e  C H 2 
plus the less con ca ve  geom etry  o f  enone 6 render trans 
a d d ition  m ore favorab le  than  cis add ition . T h e  co m 
p arison  o f analogous system s is show n  in  C hart I.

Chart I

F in a lly , it  shou ld  be n oted  th at the acid  cleavage  o f  c y 
c lop rop y l decalones related to  7b cou ld  be em ployed  to  
generate com p ou n d s related to  the v a len ca n e -erem o- 
ph ilane fa m ily  o f  sesquiterpenes.5

Experimental Section16
9.10- M ethano-2-octalin  (3 ).— To a cooled (0°), stirred solu

tion of alcohol l7 (340 mg) in 3 ml of dry pyridine was added 
0.23 ml of methanesulfonyl chloride. After 1 hr, the ice bath 
was removed and the solution was stirred at room temperature 
for 3 hr. Isolation with ether afforded the mesylate 2 as a pale 
yellow oil: X̂ 1." 7.41) 8.52, and 10.09 /¿m. The crude
mesylate was dissolved in 5 ml of ethanol and slowly added to a 
cooled ( — 78°) solution of NH3 (80 ml) containing 1.2 g of lith
ium. The solution was stirred at —78° for 1 hr and at —33° 
for 0.5 hr. Cautious addition of 25 ml of 1:1 ethanol-pentane 
and evaporation of the ammonia followed by isolation with 
pentane and distillation [bath temperature 110° (10 mm)] af
forded 190 mg (60%) of octalin 3 as a colorless oil: X])1™
3.31, 6.05, 6.92, and 9.86 /im; 8?£s 5.44 (vinyl H, broad) and 
0.37 ppm (cyclopropyl CH2, Akab = 26 Hz, J ab = 4 Hz). The 
analytical sample was obtained by preparative gas chromatog
raphy.

Anal. Calcd for CnH^: C, 89.12; H, 10.88. Found: C,
89.08; H, 10.94.

9 .10- M eth an o-l-octalin -3 -on e  (6 ) .— A stirred solution con
taining 160 mg of alkene 3 in 5 ml of benzene was treated with 
500 mg of TO-ehloroperoxybenzoic acid. After 12 hr at room 
temperature, isolation with benzene (a 10% KOH wash was 
used to remove acidic material) afforded 100 mg (56%) of the 
epoxide 4 as a colorless oil: X81”  6.92, 9.86, and 12.48 /mi; 
S?Ss 2.80 (triplet, J =  3 Hz).

Lithium diethylamide was prepared by the dropwise addition 
of n-butyllithium (1.5 mmol) to a cooled ethereal solution (10

(16) Reactions were conducted under a nitrogen atmosphere using the 
apparatus described by W. S. .Johnson and \V. P. Schneider [“ Organic 
Syntheses,”  Collect. Vol. IV, Wiley, New York, N. Y., 1963, p 132]. Re
action products were isolated by addition of water and extraction with the 
specified solvent. The combined extracts were washed with saturated 
brine and dried over anhydrous magnesium sulfate. The solvent was re
moved from the filtered solutions on a rotary evaporator.

ml) of diethylamine (1.5 mmol).17 After 10 min, 100 mg of 
epoxide in 3 ml of ether was aded, and the solution was heated at 
reflux for 24 hr. Isolation with ether afforded 67 mg (67%) of 
allylic alcohol 5: x l ”  3.07, 3.39, 6.11, and 9.57 Mm; «?££ 5.78, 
5.76, 5.60, 5.58, 5.25, 5.10 (vinyl H, AB part of ABX pattern),
3.96 (CIIOH, broad t. J =  8 Hz), and 0.52 ppm (cyclopropyl 
CII2, Axab = 9.0 Hz, J ab =  4.2 Hz).

To a solution of 1.0 g of allylic alcohol 5 in 100 ml of chloro
form was added 10.0 g of activated manganese dioxide.18 After 
stirring at room temperature for 20 hr, the solution was filtered 
and the filtrate was concentrated at reduced pressure. Distil
lation at 110° (bath temperature) at 0.05 mm afforded 0.81 g 
(80%) of enone 6: Xm„™ 6.00, 6.96, 7.21, and 8.06 /im; 
Ŝ ms 6.25 (vinyl H, Akab = 86 Hz, J ab = 10 Hz), 2.54 (a- 
keto CII2, Avab = 21.5 Hz, J ab =  18 Hz), and 0.80 ppm (cyclo
propyl CH2, Avab =  36 Hz, Jab =  4.0 Hz). This material was 
routinely purified for further use by preparative thick layer 
chromatography on silica gel using 1:1 ether-benzene as the sol
vent.

A nal Calcd for C „H 140 :  C, 81.44; H, 8.70. Found: C, 
81.20; H, 8.89.

Addition of Lithium  Dim ethylcopper to 9 ,1 0 -M e th a n o -l -  
octalin-3-one (6). A . In Ether at 0°.— A suspension of 
cuprous iodide (764 mg) in 25 ml of anhydrous ether was cooled 
to 0° with an ice bath and ethereal methyllithium (4.45 ml of 
1.65 M ) was added dropwide to the solution.2 Enone 6 (180 
mg) in 10 ml of ether was then added dropwise and the solution 
was stirred for 1 hr at 0°. The reaction mixture was poured into 
a rapidly stirred solution of saturated ammonium chloride. 
Isolation with ether (an ammonium hydroxide wash was used to 
remove suspended copper salts) and short path distillation af
forded 180 mg (90%) of a colorless oil: bp 110° (bath tem
perature) at 0.1 mm; X™™ 5.85 /im. The gas chromatogram 
showed peaks at 8.2 min (6.9%) and 11.6 min (92%).

This material was subjected to preparative gas chromatog
raphy. The first peak eluted was identified as enone 9 by com
parison with an authentic sample. The second peak eluted was 
shown to be approximately a 60:40 mixture of ketones 7 and 8.

In another run, the material obtained from the addition of 
LiMe2Cu to enone 6 was treated with Na2C 03 in methanol ac
cording to the general equilibration procedure given below. The 
gas chromatogram showed peaks at 7.6 min (0.8% ), 8.8 min 
(6% ), 10.8 min (60%), and 11.9 min (33%).

This material was subjected to preparative gas chromatog
raphy. The first peak eluted was cyclopropyl ketone 7: 
X61"  5.85, 6.92, and 8.13 /¿m; 1.12 (CH3 doublet,
J  =  6.2 Hz) and 0.53 ppm (cyclopropyl H, Apab = 19 Hz, 
J ab = 6.0 Hz).

Anal. Calcd for C12H180 :  C, 80.85; H, 10.18. Found: C, 
80.89; H, 10.21.

The second peak to be eluted was identified as enone 13 by 
comparison with an authentic sample (see below).

Equilibration of the product mixture (31 mg) yielded 27 mg 
of ketones 9, 14, 7, 8 , and 13. From the percentages of these 
components it was determined that ketones 9, 8 , and 7 were 
formed in a 5:55:40 ratio.

B. In Dioxane.— To a suspension of cuprous iodide (260 
mg) in 4 ml of dioxane cooled to 15° was added 1.5 ml of 1.68 M  
ethereal methyllithium. After 0.5 hr, enone 6 (36 mg) in 6.0 
ml of dioxane was added and the resulting solution was stirred 
at 15-20° for 6 hr. The reaction mixture was then poured into a 
rapidly stirred solution of ammonium chloride. Isolation with 
ether (an ammonium hydroxide wash was used to remove sus
pended copper salts) and short path distillation afforded 36 mg 
(90%) of a colorless oil. Equilibration of the addition products 
(23 mg) afforded 16 mg of a mixture whose composition indi
cated an initial composition of 4:24:72 for ketones 9, 8 , and 7.

Product A nalysis.— Since the enone 8 and the cyclopropyl 
ketone 7 did not separate on the gas chromatogram, the product 
analysis was carried out on the conjugated enones 13 and 14 
as follows. The mixture obtained from the addition of LiMe2Cu 
to enone 6 was dissolved in 10 ml of absolute methanol containing 
20 mg of Na2C 03 and stirred for 8-10 hr at room temperature. 
Acetic acid was then added and the products were isolated with 
ether and distilled affording the equilibrated mixtures (yields 
70-90% ). The vapor phase chromatogram indicated that the

(17) B. Rickborn and R. P. Thummel, J. Org. Chem., 34, 3583 (1969).
(18) O. Mancera, G. Rosencranz, and F. Sondheimer, J. Chem. Soc., 

2189 (1953).



per cent of conjugated enone in the equilibrium mixtures ranged 
from 85 to 90%, with 10-15% of the unconjugated isomers 8 and 
9 remaining. Since the 0,y unsaturated enone 8 did not sep
arate from the cyclopropyl ketone 7, a correction factor was used 
to determine the exact ratio of components. Assuming that the 
ratio of a,p/@,y  double bond isomers for enone 9 would be similar 
to that of enone 8 and knowing the former ratio 9:14 = 0.1, we 
could determine the percentage of enone 8 present in the mixture.

Preparation of trans- and cfs-l-Methyl-9,10-methano-l- 
octalin-3-one (3:1 7a/7b) from Keto Esters 23.— To a solution of 
0.83 g of a 3:1 mixture of keto esters 23a and 23b19 in 100 ml of 
ether was added portionwise with stirring 0.50 g of lithium 
aluminum hydride. The solution wras heated at reflux for 18 
hr and treated with 0.5 ml of 15% NaOH and 1.5 ml of water. 
The mixture was filtered after several hours and the filtrate was 
concentrated under reduced pressure affording 0.79 g of diol: 
X®1” 3.05 5.51 (vinyl H), 1.00 (CH3 doublet, J  =
6.2 Ilz), and 0.88 ppm (CII3 doublet, J  =  6.5 Hz).

The above diol in 100 ml of chloroform was stirred vigorously 
with 8.0 g of MnO,18 for 18 hr. The mixture was filtered and the 
filtrate was concentrated under reduced pressure affording 0.79 g 
of keto alcohol 24: X*'" 3.00 and 6.04 Mm; 5.83 (vinyl
H, two peaks), 1.04 (CH3 doublet, J =  6.5 Hz), and 0.96 ppm 
(CH3 doublet, J  =  7.0 Hz).

A solution of the above ketol in 5 ml of pyridine at 0° was 
stirred for 1 hr at 0° and 16 hr at room temperature with 1.6 g 
of p-toluenesulfonyl chloride. The product was isolated by ex
traction with ether affording 0.57 g of tosylate 25: X*'"
6.00, 7.38, 8.44, 8.52, and 10.40 Mm.

The above tosylate in 100 ml of 1:1 aqueous acetic acid was 
stirred at reflux with 5.0 g of zinc dust.15 The product was iso
lated via extraction with hexane and distilled affording 0.29 g 
(98% yield) of the cyclopropyl ketones 7a and 7b whose spectral 
properties closely matched those of the 93:7 mixture obtained 
cia conjugated methylation of enone 6 as described above.

cfs-9-Ethyldecalin-2-one (11).— A solution of ethylmagnesium 
iodide (prepared from 2.88 g of magnesium turnings and 16.8 g 
of ethyl iodide in 100 ml of ether) was cooled to —10° and a solu
tion containing 5.0 g of l(9)-octal-2-one (10) and 2.08 g of 
cupric acetate monohydrate in 150 ml of dry tetrahydrofuran 
was added over 0.5 hr with efficient stiring.20 The dark mix
ture was allowed to warm to room temperature over 2 hr and was 
heated to reflux for 15 min. After excess aqueous ammonium 
chloride had been added to the mixture, the product was isolated 
with ether affording 4.2 g of a pale yellow oil: X])1™ 2.91 
(OH) and 5.84 ¿im. The crude mtaerial was chromatographed 
on 300 ml of alumina and 3.20 g (50%) of ethyldecalone 11 was 
eluted with 10% ether-hexane: X*1" 5.85, 6.87, and 8.19 
/im; 5?ms 1-40 (CH2 quartet, J — 7.0 Hz) and 0.80 ppm 
(CH3 triplet, J =  7.0 Hz).

Anal. Calcd for Ci2H20O: C, 79.94; H, 11.18. Found: C, 
80.03; H, 11.38.

cis-9-Ethyl-3-octalin-2-one (13).— To a cooled (0°), stirred 
solution of ethyldecalone 11 (1.0 g) in 50 ml of chloroform was 
added 0.96 g of bromine in 15 ml of chloroform over 5 min. 
After 0.5 hr at room temperature, isolation of the product with 
ether afforded 1.56 g of pale yellow bromo ketone, X*1™ 5.80 
mm. The crude material was dissolved in 50 ml of dimethyl- 
acetamide and 1.50 g of calcium carbonate was added.21 The 
mixture was then heated at reflux for 1 hr. Isolation with 
hexane and short path distillation [bp 100° (bath temperature) 
at 0.05 mm] afforded 920 mg (92%) of the unsaturated ketone 
13: X"" 5.97 urn; Ŝ Sa 6.18 (vinylic H ’s, ABX pattern, Apab =
47 Hz, J ab =  10 Hz, apparent Jax =  4.0 Hz, apparent 
J bx = 1.9 Hz), 2.16 (CH2CO, AB pattern, Apab =  2.46 Hz, J ab = 
15.0 Hz), and 0.81 ppm (CII3 triplet, J  = 6.3 Hz). The analyti
cal sample was obtained by preparative gas chromatography.

Anal. Calcd for Ci2H180 : C, 80.84; H, 10.18. Found: C, 
80.60; H, 10.23.

efs-9-Methyl-3-octalin-2-one (14).— To a cooled (0°), stirred 
solution of decalone 12 (2.0 g) in 100 ml of chloroform was added
2.08 g of bromine in 30 ml of chloroform. After 0.5 hr, isolation 
with ether afforded the pale yellow bromo ketone, x5,„ 5.80. 
The crude material was dissolved in 100 ml of dimethylacetamide 
and 1.50 g of calcium carbonate was added.21 The mixture was 
heated at reflux for 1 hr. Isolation with hexane and short

Addition of Lithium D imethylcopper to Enones

(19) Reference 3a, pp 94-98.
(20) A. J. Birch and M. Smith, Proc. Chem. Soc., 356 (1962).
(21) G. Green and A. Long, J. Chem. Soc., 2532 (1961).

path distillation [bp 100° (bath temperature) at 0.05 mm] af
forded 1.65 g (83%) of the unsaturated ketone 14: X ^
5.96 /im; aiits 6.20 (vinylic H ’s, ABX pattern, Apab =  33 Hz, 
Jab = 10 Hz, apparent Jax = 4 Hz, apparent J bx =  1.4 Hz), 
and 1.01 ppm (CH3). The 2,4-dinitrophenylhydrazone deriva
tive exhibited mp 140-143° (ethanol).

Anal. Calcd for C „H 2„N40( : C, 59.29; II, 5.85; N, 16.27. 
Found: C, 59.39; H, 5.89; N, 16.39.

5,10-Methano-(l)9-octalin-2-one (16).— To a solution of di- 
methyloxosulfonium methyl.de (prepared from 7.35 g of tri- 
methyloxosulfonium iodide and 1.27 g of 57% NaH dispersion)13 
in 30 ml of DMSO was added 3.17 g of dienone 1512 in 22 ml of 
DMSO. After 3 hr at room temperature, isolation with hexane 
and distillation afforded 1.17 g (30%) of ketone 16: bp 90° 
(bath temperature) at 0.2 mm; X*1"  6.00, 6.21, 8.01, 11.38, 
and 13.18 jam; S?£s 5 .72 ppm (vinyl H, s). This material 
was purified for further use by preparative thick layer chromatog
raphy on silica gel using 1:1 ether-benzene as the solvent. The
2,4-dinitrophenylhvdrazone exhibited mp 185-187° (ethanol).

Anal. Calcd for CnH.sNzO«: C, 59.64; H, 5.30; N , 16.37. 
Found: C, 59.41; H, 5.30; N, 16.47.

Addition of Lithium Dimethylcopper to Cyclopropyl Ketone 
16.— To a cooled (0°) stirred suspension of Cul (260 mg) in 8 
ml of ether was added 1.8 ml of 1.5 M  ethereal methyllithium.2 
To this colorless solution was added 133 mg of cyclopropyl ketone 
16. After 1 hr at 0°, the reaction mixture was poured into a 
rapidly stirred solution of ammonium chloride. Isolation with 
ether (an aqueous ammonia wash was used to remove suspended 
copper salts) and short path distillation [bp 110° (bath tem
perature) at 0.1 mm] afforded 130 mg (90%) of addition products, 
X„»™ 5.86 jam. The gas chromatogram showed peaks at 8.4 
min (1.5% ), 9.4 min (43%), 10.7 min (2.3% ), 11.6 min (48%), 
and 12.8 min (4% ).

The addition products were subjected to preparative gas chroma
tography. The first peak eluted was identified as ketone 17: 
XS,1™ o-84 > im ; « ™ ‘s 1 - 0 0  ( C H 3)  and 0.45-0.20 ppm (eyclopropyl 
CH, complex).

Anal. Calcd for C,2H180 :  C, 80.85; H, 10.18. Found: C, 
80.69; H, 9.98.

The second peak eluted was identified as enone 18 by com
parison with an authentic sample (see below).

5-Ethyl-9-octalin-2-one (18).— To a solution of ethylmag
nesium iodide (prepared from 3.35 g of ethyl iodide and 575 mg 
of magnesium in 20 ml of ether) was added 1.0 g of dienone 1512 
and 415 mg of cupric acetate monohydrate in 30 ml of T H F .20 
After 2 hr, excess aqueous ammonium chloride was added and the 
product was isolated with ether affording 1.10 g (92%) of ketone 
18. The analytical sample was secured via preparative layer 
chromatography on silica gel using 30:70 ether-benzene as the 
solvent: X5,1”  5.85 and 6.91 ,im; ig js  2.60 (CH,) and 0.84 ppm 
(CH3 triplet, J  =  6.8 Hz).

Anal. Calcd for Ci2H180 :  C, 80.85; H, 10.18. Found: C, 
80.81; H, 10.31.

Acid Cleavage of Cyclopropyl Ketone 7.— To 4 ml of 1:3 mix
ture of concentrated HCl-acetic acid was added 92 mg of cyclo
propyl ketone 7 (a 3:1 mixture of 7a and 7b). The solution was 
heated at reflux for 4 hr. Isolation with ether and short path 
distillation [bp 110° (bath temperature) at 0.05 mm] afforded 
90 mg (97%) of a mixture of enones 19, 20a, and 20b: vpc 
8.0 min (4.0% ), 13.3 min (59% ), 18.0 min (13%), and 19.2 min 
(24%). The 13.3-min peak was isolated by preparative vapor 
phase chromatography and identified as 19 on the basis of its 
spectral data: xl1”  5.98, 6.92, 7.29, and 8.02 j i m &tms 5.60 
(vinyl H, broad), 1.90 (vinyl CH3, d, J  =  1 Hz), and 0.98 ppm 
(CH,).

The last two peaks were identified by coinjection with authentic 
samples. The peak at 18.0 min was the trans isomer 20a16 and 
the peak at 19.2 min was the cis isomer 20b.16

4,9-Dimethyl-3-octalin-2-one (19).— To a cooled (0°) solu
tion of 900 mg of decalone 22 in 50 ml of chloroform was added 
0.28 ml of bromine in 15 ml of chloroform. After 0.5 hr at 0°, 
the solution was allowed to warm to room temperature over 
0.5 hr. Isolation with ether afforded the crude bromo ketone as 
a pale yellow oil, X®1™ 5.82 /am. This material was dissolved 
in 50 ml of dimethylacetamide, 1.50 g of calcium carbonate was 
added, and the solution was heated at reflux for 1 hr.21 Isola
tion with hexane followed by short path distillation afforded 
600 mg (66% ) of enone 19, bp 100° (bath temperature) at 0.1 
mm. The spectral properties of this material exactly matched 
those of the major product of the acid-catalyzed rearrangement
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of cyclopropyl ketone 7. The analytical sample was obtained by 
thick layer chromatography on silical gel using 1:1 ether-benzene 
as the solvent.

Anal. Calcd for C12HI80 :  C, 80.85; H, 10.18. Found: C, 
80.62; H, 10.18.

4-Methyl-1 (9 )-octalin-2-one (21).—To a solution of 30 g of the 
pyrrolidine enamine of cyclohexanone in 200 ml of benzene was 
added 17.0 g of ¿rans-3-penten-2-one.22 1 The mixture was then 
heated at reflux for 24 hr.22 A buffer solution made up of 25 
ml of acetic acid, 25 ml of water, and 12.5 g of sodium acetate 
was added and the solution was heated at reflux for 4 hr. Isola
tion with benzene and distillation gave 13.8 g of octalone 21, 
bp 88-90° (0.6 mm). This material was obtained as a mixture 
of a, (3 and f3,y double bond isomers. The pure conjugated isomer 
was obtained by cooling a hexane solution of the mixture in 
Dry Ice-acetone whereupon pure enone 21 crystallized and was 
obtained free of the /3,-y isomer: 5.98 and 6.17 ¿im; 5Ss
5.52 (vinyl H) and 1.06 ppm (CH3, d, J =  6.0 Hz).

Anal.. Calcd for CnH160 :  C, 80.44; H, 9.82. Found: C, 
80.63; H, 9.84.

4,9-Dimethyldecalin-3-one (22).— To a cooled (0°), stirred 
suspension of cuprous iodide (4.90 g) in 100 ml of anhydrous 
ether was added 35 ml of 1.6 M  methyllithium.2 To this clear 
solution was added 1.03 g of enone 21 in 15 ml of ether. After

(22) G. Stork, A. Brizzolara, H. K. Landesman, J. Szmuszkovicz, and 
R. Terrell, J. Amer. Chem. Soc., 85, 207 (1963).

1 hr, the mixture was poured into a saturated amonium chloride 
solution. Isolation with ether (an ammonium hydroxide wash 
was used to remove the suspended copper salts) and short path 
distillation afforded 1.04 g (90%) of ketone 22 as a colorless 
oil: bp 100° (bath temperature) at 0.2 mm; 5.85 ^m;

1-12 (CH3) and 0.98 ppm (CH3, d, J  -  6.0 Hz). The 
analytical sample was secured via a second distillation.

Anal. Calcd for Ci2H20O: C, 79.94; H, 11.18. Found: C,
80.15; II, 11.09.

R eg istry  N o .— 3 , 33021 -03 -3 ; 4 , 3297 0 -1 1 -9 ; 5 ,
32 9 7 0 - 12-0 ; 6 ,3 2 9 7 0 -1 3 -1 ; 7a, 3 2980 -02 -2 ; 7b,32980-
03 -3 ; 1 1 ,3 2 9 8 0 -0 4 -4 ; 1 3 ,3 2 9 8 0 -0 5 -5 ; 1 4 ,3 2 9 8 0 -0 6 -6 ; 
16, 32970-14 -2 ; 16 2 ,4 -D N P , 32970-15 -3 ; 17, 32970-
16-4 ; 1 8 ,3 2 9 7 0 -1 7 -5 ; 1 9 ,3 2 9 8 0 -0 7 -7 ; 2 1 ,3 2 9 8 0 -0 8 -8 ; 
22, 32980-09 -9 ; 23a d io l d eriva tive , 3 2980 -10 -2 ; 23b 
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The degradation of carboxylic acids to alkyl halides using the halogens and mercuric oxide involves the initial 
formation of the mercuric salt of the acid, followed by a normal Hunsdiecker reaction of the salt with halogen. 
The relative insensitivity of the technique to water by comparison with the Hunsdiecker reaction of a silver salt 
is a consequence of the solubility of the mercury salts in the reaction medium (CC14). The synthetic applicability 
of the method is thus comparable with that of the Hunsdiecker reaction, with the additional limitation that those 
acids which fail to form mercury salts under the reaction conditions or which give insoluble salts cannot success
fully be degraded.

Som e tim e ago, C ristol and  F irth  rep orted  the 
d egradation  o f ca rb ox y lic  acids to  a lk yl brom ides using 
brom ine and m ercu ric o x id e .2 4 5 6 T h e  tech n iqu e had  as 
an advantage ov e r  the analogous H u n sd ieck er reaction  
o f  silver carboxy la tes  th e  avoidan ce  o f h avin g  to  
prepare the pure d ry  silver salts, w h ich  is o ften  difficult 
ow in g  to  their therm al instability . F urtherm ore, there 
w as n o  n eed  to  m aintain  scrupulously  anhydrous 
reaction  con d ition s; indeed , w ater is one o f the reaction  
p rod u cts  (eq 1)

2Br2 +  2R C 02H +  HgO — >■
2RBr +  H20  +  HgBr2 +  2C 02 (1)

S ince this pu b lica tion , scattered  reports  o f  the use o f 
the reaction  h ave a ppeared .3-6 D a v is  and  his co 
w orkers sh ow ed7 th at C 0 2 w as e v o lv e d  on  trea tm en t o f 
a  w id e  v a rie ty  o f  acids w ith  brom ine and m ercu ry  oxide, 
and  n oted  th at a lthough  a v e ry  lim ited  n u m ber o f  oth er 
m eta l ox ides cou ld  rep lace m ercu ry  ox ide  in the reaction ,

(1) Presented at the 162nd National Meeting of the American Chemical 
Society, Washington, D. C., Sept 1971, Abstract ORGN 020.

(2) S. J. Cristol and W. C. Firth, J. Org. Chem., 26, 280 (1961).
(3) F. W. Baker, H. D. Holtz, and L. M. Stock, ibid., 28, 514 (1963).
(4) J. S. Meek and D. T. Osuga, Org. Syn., 43, 9 (1963).
(5) J. W. Wilt and J. A. Lundquist, J. Org. Chem., 29, 921 (1964).
(6) D. I. Davies and P. Mason, J. Chem. Soc. C, 288 (1971).
(7) J. A. Davis, J. Herynk, S. Carroll, J. Bunds, and D. Johnson, J. Org.

Chem., 30, 415 (1965).

the yields of C 0 2 using these other oxides were con
sistently poor.

Concerning the mechanism of the reaction, Cristol 
and Firth proposed2 that the function of the m ercuric 
oxide was to oxidize bromine to a positive halogen 
intermediate, which then reacted with the carboxylic 
acid to yield an acyl hypobrom ite. Jennings and 
Ziebarth8 have form ulated this sequence as eq 2 and 3.

HgO +  2Br2 — >  HgBr2 +  Br20  (2)

Br20  +  R C 02H — >- R C 02Br +  HOBr (3)

The proposed acyl hypobrom ite then decom poses to 
alkyl brom ide by  the decarboxylation sequence (eq
4 -6 ) established for the Hunsdiecker reaction .9-11

R C 02Br — >• R C 02- +  Br- (4)

R C 02- — =► R  - +  C 02 (5)

R- +  R C 02Br — >- RBr +  R C 02- (6)

In  this proposed sequence the interm ediacy o f the 
alkyl radical R - has been established with some cer-

(8) P. W. Jennings and T. D. Ziebarth, ibid., 34, 3216 (1969).
(9) C. V. Wilson, Org. React., 9, 332 (1957).
(10) R. G. Johnson and R. K. Ingham, Chem. Rev., 56, 219 (1956).
(11) D. D. Tanner and N. J. Bunce in “ The Chemistry of the Carbonyl 

Halides,”  S. Patai, Ed., Wiley-Interscience, New York, N. Y., to be pub
lished.
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ta inty . C risto l and  his cow ork ers2' 12’ 13 sh ow ed  that 
the ratio  o f  exo  an d  en do b rom ides from  the degra
dation  o f  an exo  an d  en d o  pair o f  n orb orn a n e-2 -ca rb ox - 
y lic  acids w as the sam e w h ich ever isom eric acid  was 
used. F urtherm ore, the ra tio  w as the sam e as that 
observed  in  the d egrad ation  o f  the silver salts o f  the 
sam e acids b y  the H u n sd ieck er re a ctio n ,14 in w h ich  the 
in vo lvem en t o f  R -  is w e ll estab lish ed .9-11 I t  has also 
been  sh ow n 3 th at in  the degrad ation  o f  b icy c lo  [2 .2 .2 ]- 
o c ta n e -l-ca rb o x y lic  acid  in  ca rb on  tetrach loride, the 
exp ected  brom ide  w as a ccom p a n ied  b y  the ty p ica l free 
radica l b y -p ro d u ct  l-ch !o ro b icy c lo [2 .2 .2 ]o c ta n e .

T h e  purpose o f  the present s tu d y  w as to  a ttem p t to  
secure m ore ev id en ce  fo r  the m echan ism  o f  the reaction  
for  the steps in b e tw e e n  the startin g  ca rb ox y lic  acid  
and the form ation  o f  th e  pen u ltim ate  p rod u ct, the 
radica l R - .  A d d ition a l in terest in the qu estion  was 
raised b y  ob serv a tion s2' 3'6' 12 13 14 th at iod ine m ay  replace 
brom ine in the m ercu ric o x id e -h a lo g e n  reaction . I f  the 
sequence o f  eq  2 -6  w ere bein g  fo llow ed , this w ou ld  
dem an d  the in term ed iacy  o f  iod ine m on ox ide , w h ich  
has h ith erto  n ever b een  prepared . I t  w as h oped  th at a 
s tu d y  o f the m echan ism  o f the m ercu ry  o x id e -h a lo g e n  
degradation  m igh t sh ed  som e light on  the possible 
existence o f  the u n k n ow n  iod ine m on ox ide .

Results and Discussion

T h e  first o b je c t iv e  w as to  ob ta in  ev iden ce  for  in ter
m ed ia cy  o f  the a cy l h yp oh a lite . T h is  w as ach ieved  b y  
trap p in g  the h yp oh a lite  in term ediate  w ith  an ole fin ; 
the in teraction  o f a cetic  acid , m ercu ry  ox ide, and 
iod ine in  the presence o f  cyc loh exen e  afforded  an excel
len t y ie ld  o f  2 -io d o cy c lo h e x y l a cetate , the cycloh exen e 
a d d u ct o f  a ce ty l h y p o io d ite .15 T h e  rep orted  isolation  
o f  iod o la cton es  from  tw o  2 -n orborn ene-en do-5 -carbox - 
y lic  acids using m ercu ry  ox ide  and  io d in e 17 m ay  like
wise be  v ie w e d  as in tram olecu lar entrapm ent o f  an 
in term ediate  a cy l h y p o iod ite .

Possible Routes to the Acyl Hypohalite.— H a vin g  
p laced  the in term ed iacy  o f  th e  a cy l h yp oh a lite  on  a 
reason ab ly  secure fou n d a tion  is g ood  ev iden ce  in sup
p o rt o f  the p artia l reaction  sequence 4 -6  for  the p ro 
d u ction  o f  th e  a lk y l halide, since this sam e in term ediate  
is k n ow n  to  p artic ip a te  in  the H u nsdiecker rea ction .9-11 
H ow ever, this does n o t a prio ri p ro v e  the correctness 
o f  th e  com p le te  reaction  sequence 2 -6 . I t  w as the 
purpose o f  th is research to  con sider a lternative possib le  
reaction  m echanism s, since, in a n y  reaction  in w h ich  
th ree reactan ts are in v o lv ed , it is lik ely  th at tw o  o f

(12) S. J. C ristol, J. R. D ouglass, W . C . Firth, and R. E . Krall, J. Org. 
Chem., 27, 2711 (1962).

(13) S. J. C ristol, L. K. G aston , and T . T iedem an, ibid., 29, 1279 (1964).
(14) S ince the e x o /e n d o  ratio  o f  brom ides is also m arkedly  depen dent on  

th e  chain transfer reagent13 this observation  also constitu tes indirect evi
dence for  the participation  o f  the acy l h yp ob rom ite  as an interm ediate.

(15) I t  cou ld  be  argued th at th e  form ation  o f 2 -iod ocy cloh exy l acetate 
does n ot dem and the in term ed iacy  o f  a cety l h y p o iod ite  in this reaction , 
since th e  m ercuration  o f  cycloh exen e  is an a lternative p oss ib ility .16

HgO +  2CH,C02H ----- >  H20  +  (CHiC02)2Hg
(CHaC02)2Hg +  CeHio----- >- CHiCCbCeHmHgOCOCHj

CH»C02C«HioHgOCOCHi +  I2 ----->■ CHjCOzCeHioI +  CH ,C02HgI

E ven  if this w ere the case, the substance o f  the proposa l presented be low  
for  the degradation  m echanism  w ould  not be  altered, because this sequence 
o f  reactions also in volves  th e  m ercuric carboxy la te  as a necessary inter
m ediate.

(16) J. C h att, Chem. Rev., 48, 7 (1951).
(17) A . J. Solo and B . Singh, J. Org. Chem., 32, 567 (1967).

them  com bin e  before  reaction  w ith  the third. R ea son 
able routes to  the a cy l h yp oh a lite  for  the three possible 
com bin ation s are show n  in m echanism s A , B , and C .

Mechanism A: R C 0 2H  +  X 2 —  R C 0 2X  +  H X  (7)

2 H X  +  H g O  — H j O  +  H g X , (8 )

Mechanism B : H g O  +  2 X 2 — >■ X 20  +  H g X 2 (2 )

X 20  +  2 R C 0 2H  — s- 2 R C 0 2X  +  H ,0  (9 )

Mechanism C : H g O  +  2 R C O ;H  — >- (R C 0 2)2H g  +  H 20  (10)

( R C 0 2)2H g  +  2 X .  — >- H g X 2 +  2 R C O .X  (11 )

T h ere  seem s to  be little ev iden ce  in support o f 
m echanism  A , in w h ich  the m ercu ric ox ide  serves 
s im p ly  to  rem ove th e  H X  form ed  in  equ ilibrium  7. 
E qu ilibria  o f  th is ty p e  are k n ow n  to  be v e ry  un
favorab le , positive  halogen  com pou n ds o f all k inds being 
ra p id ly  destroyed  b y  the halogen  a cid s .18-20 It  w ou ld  
thus seen unlikely  th at so w eak a base as m ercuric 
ox ide w ou ld  be an efficient scaven ger for  m ere traces 
o f  the halogen  acid, and  there w ou ld  also seem  to  be no 
reason  w h y  oth er m etal ox ides cou ld  n ot replace m er
cu ric ox ide  in  this ca p a c ity ; y e t  n o  o th er is as e ffective .7 
T h ere  is add itional ev iden ce  po in tin g  to  the u n favor- 
a b ility  o f  equ ilibria  o f  ty p e  7 : a cy l hypohalit.es are
k n ow n  to  be particu larly  rea ctive  in e lectroph ilic  
arom atic su bstitu tion , m ore so than  the elem ental 
h a logen s;21-24 y e t  solu tions o f  ch lorine and  o f  brom ine 
in  a cetic  acid  b o th  halogenate exclu sive ly  b y  w a y  o f 
the elem ental h a logen .25' 26 T h is  ind icates th at the 
con cen tra tion  o f the a ce ty l h yp oh a lite  is such solutions 
m ust be  van ish in gly  sm all, and, on  the basis o f  the 
a b ove  argum ents, m echanism  A  w as re je cted  from  
fu rth er consideration .

T o  help  choose b etw een  m echanism s B  and C , a 
series o f  experim ents w as carried  ou t on  the degradation  
o f va leric, isobu tyric , p iva lic , and p h en y la cetic  acids. 
T h e  produ cts o f  the degradation  o f  the acids w ith  
m ercu ry  oxide and  b o th  brom ine and  iodine w ere 
stu d ied , and  the results w ere com pared  w ith  the 
analogous degradations o f  the silver and the m ercuric 
salts w ith  the sam e halogens. T h e  results o f  the stu dy  
are sum m arized in T a b le  I.

T h e  case in su p p ort o f  m echan ism  B  is the observa 
tion  b y  Jennings and Z iebarth  th a t brom ine m on ox ide  
degrades va leric acid  to  1 -brom obu tan e, a lbeit in  a 
y ie ld  in ferior to  th at ob ta in ed  in the m ercu ry  o x id e -  
b rom in e rea ction .8 In  m echan ism  B  the original 
p roposa l has been  am ended  b y  rep lacin g  eq  3 b y  eq  9; 
th is takes a ccou n t o f  th e  fa ct th a t m ore than 0.5 m ol 
o f  a lk y l brom ide  m ay  be  form ed  per m ole o f  brom ine. 
S evera l factors suggest th at th is m echan ism  is n o t 
b e in g  fo llow ed , h ow ever. F irst, since b rom ine m on 
ox ide  is th erm ally  v e ry  unstable , it m ight be  exp ected  
th at th e  reaction  w ou ld  be m ore successfu l a t room  
tem perature than  at reflux, b u t  such is n o t th e  case.

(18) N. J. Bunce and D. D. Tanner, J. Amer. Chem. Soc., 91, 6096 (1969), 
and references cited therein.

(19) D. D. Tanner and M. W. Mosher, Can. J. Chem., 47, 715 (1969).
(20) C. Walling and B. B. Jacknow, J. Amer. Chem. Soc., 82, 6108 (1960).
(21) P. B. D. de la Mare and J. H. Ridd, “ Aromatic Substitution, Nitra

tion and Halogenation,”  Butterworths, London, 1959, Chapters 8-10.
(22) Y. Hatanaka, R. M. Keefer, and L. J. Andrews, J. Amer. Chem. 

Soc., 87, 4280 (1965).
(23) Y. Ogata and K. Nakajima, Tetrahedron, 20, 43, 2751 (1964).
(24) N. J. Bunce and L. O. Urban, Can. J. Chem., 49, 821 (1971).
(25) P. W. Robertson, J. Chem. Soc., 1267 (1954).
(26) P. B. D. de la Mare and M. Hassan, J. Chem. Soc., 1519 (1958).
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T a b l e  I

C o m p a r is o n  o f  S e v e r a l  M e t h o d s  o f  D e g r a d a t io n  o f  
C a r b o x y l i c  A c id s  t o  A l k y l  H a l i d e s

X  = Br, reflux—̂ .— X  = Br, 2 5 °6—. r - X  = I, reflux—n
R B r, R C O 2R, R B r, R C O jR , R I, r c o 2r ,

M eth od 0 % % % % % %
Valeric Acid'

H g O /X i 63 N one 21 N one 36 35
H g 2 + s a l t /X 2 81 N one 61 N one 64 21
A g  + s a l t /X .* 85 N one 73 N one 67 33
X i O ' 14 N one

Isobutyric Acid'
H g O /X 2 47 N one 20 N one l e 15
H g ’- + s a l t /X , 63 N one 56 N one < le 30
A g + s a lt /X .* 75 4 77 <1 < le 80

Pivalic Acid®
H g O /X 2 < l c 33/
H g *+ aa lt/X s < l c 1 8 '
A g + s a l t /X 2* < l c 25/
X 20 13c None-^

Phenylacetic Acid7
H g O /X s  
B asic H g 2 +

N one 28 < 1 4 N one 26

s a I t /X 2 

N orm al H g 2 +
4 7 2 2

s a l t /X 2 34 18 40 N one 16 63
A g + salt/X2** 58 21 26 2 6 73
X 2O c 7 N one

“ Duplicate reactions on a 2—4 mmol scale in 10 ml of CCI4 
as solvent unless noted otherwise. h 25° implies room tempera
ture; this was 25 ±  3°. '  Products analyzed by vpc. * All data 
on silver salts from ref 27. '  Solvent was Freon 113. ! Analyzed
by nmr.

S econ d, analysis o f  the b y -p rod u cts  o f  the reaction  
sh ow s th at in a d d ition  to  a lkyl halides, the sym m etrica l 
esters R C 0 2R  are frequ en tly  form ed . W e  h ave pre
v iou sly  show n , in silver sa lt -h a log en  system s, that 
esters arise b y  a rou te in vo lv in g  the m etal sa lt ,27 and  
it is hard  to  envision  a pa th w ay  to  these esters th at 
in vo lves  brom ine m on ox ide  rather than  the m etal salt.

T h e  stron gest ev iden ce against m echanism  B  is the 
observation  that, w hereas p iva lic  and  p h en ylacetic  
acids g ive  no m ore than  traces o f  a lk yl brom ide  on  
degradation  w ith  brom ine and m ercu ry  ox ide , the 
brom ine m on ox ide  reaction  b y  con trast does afford  
detecta b le  am ounts o f  these brom ides. T h ere  w ou ld  
seem  to  be  n o  reason  w h y  all the acids stud ied  shou ld  
n o t react sim ilarly  if  B r20  w ere an in term ediate. 
P articu larly  com pellin g  is the case o f  p iva lic  a c id ; 
this acid  is v irtu a lly  im possible to  degrade to  brom ide  
b y  a m etal salt reaction , because the p rod u ct is de
stroy ed  as it is form ed  in a rapid  reaction  w ith  further 
m etal sa lt .27 T h is  acid  y ields on ly  ester on  degradation  
w ith  m ercu ry  ox ide  and brom in e; y e t, w ith  preform ed  
B r20 ,  /erf-bu ty l brom ide  (b u t n o t ¿erf-butyl p iva la te) 
is p rodu ced . T h e  on ly  previou s report o f  a successfu l 
degradation  o f p iva lic  acid  w as also using a salt-free 
route, halogen  exchange betw een  p iva lic  acid  and 
¿erf-butyl h y p o io d ite ,28 a process analogous to  exchange 
w ith  B r20 .  T h u s the m ercu ry  ox id e -b ro m in e  reaction , 
w h ich  g ives ester b u t no ¿erf-butyl b rom ide, b eh aves like 
a m etal salt reaction  rath er th an  a p ositive  halogen  
exch ange process.

T h ese  argum ents lead  to  the con clu sion  th at m ech 
anism  C  p ro b a b ly  represents the reaction  path w ay.

(27) N . J. B unce and N . G . M u rray , Tetrahedron, 27, 5323 (1971).
(28) D . H . R . B arton , H . P . Faro, E . P . Serebryakov, and N . F . W oolsey ,

J . Chem. Soc., 2438 (1965).

T h ere  is a stron g  sim ilarity  in  p rod u ct d istr ib u tion  
betw een  th e  m ercu ry  o x id e -h a log en  tech n iqu e and 
th e  norm al H u n sd iecker reaction  using either the 
m ercuric or the silver salts o f  the acids (the d ifference 
betw een  the silver and m ercu ric salts o f  p h en y la cetic  
a c id  is tak en  u p  b e low ). In  fa v or  o f  this p a th w a y  is 
the ease o f  rea ction  at reflux at w h ich  tem perature 
brom ine m on ox ide  m ust be  v e ry  q u ick ly  decom p osed , 
and  the lack  o f n ecessity  o f  p ostu latin g  the presu m ab ly  
even  m ore u nstable iodine m on ox ide  as an in term ediate . 
In  con tro l experim ents it w as fou n d  that, w hereas 
m ercu ry  ox ide and  brom ine react in so lu tion  o n ly  v e ry  
slow ly , in com p lete ly , and at low  tem perature to  a fford  
brom ine m on ox ide , the reaction  betw een  the ox id e  and, 
say , va ler ic  acid  to  g ive the m ercuric salt is rap id , 
especia lly  at reflux, and  essentially  q u an tita tive . I t  
w as ob served  th at b o th  the red  and  the ye llow  form s o f 
m ercury  ox ide w ere alm ost equ a lly  e ffective  in 
p rom otin g  salt form ation , as also th ey  w ere in  the 
degradation  rea ction .7

Effects of W ater.— A  curious feature o f  th e  m ercu ric 
ox id e -h a log en  degradation  is its  relative in sen sitiv ity  
to  m oisture. C risto l and F irth  w ere u n ab le  to  exp la in  
this useful in sen sitiv ity , b u t argued on  o th er  grounds 
against a m ercu ry  salt path w ay , and raised the possi
b ility  th at a p ositive  halogen  in term ediate  m igh t be  
in v o lv e d .2 S ince the argum ents a b ove  seem  to  fa v o r  
the m ercu ry  salt rou te , the tw o  view s m ust be recon 
ciled . T h e  answ er appears to  lie in  the fa ct that, unlike 
their silver cou nterparts, a liphatic m ercu ry  carboxy la tes 
are free ly  soluble in h o t carbon  tetrach loride, the usual 
reaction  m edium . T h u s the m ercu ry  salt and  the 
h a logen  m ay  in teract hom ogeneously , and  in a d ifferen t 
phase from  the C C l4-insolu ble  w ater. F or  the C C I4-  
insoluble silver salts, b o th  the salt and  a n y  w ater 
present are fou n d  a t the so lven t in terface, w here 
reaction  w ith  the halogen  m ust occu r. In  th is case 
the a cy l h ypoh alite  is v ery  su sceptib le  to  a ttack  b y  
w ater as it is be in g  form ed. T h e  argum ents are 
illustrated for  the va leric  acid  system  in T a b le  II .

T a b l e  I I

I n f l u e n c e  o f  W a t e r  o n  t h e  D e g r a d a t i o n  o f  
V a l e r i c  A c id  a n d  I t s  S a l t s  t o  1 -B r o m o b u t a n e

R B r from
R B r from  R B r  from Ag +

H g O /B r2, %  H g 2+ sa lt /B rj, % sa lt /B r ,, %
CC14 at Reflux

Dry 63 81 85
Wet“ 61 60 17

CCh at 25°
Dry 21 61 73
Wet“ 18 17 4

CH3CN at Reflux
Dry 14 42 39
Wet“ 11 8 2

“ Added water was in the amount of 0.1 ml (6 mmol) in 10 ml 
of dry solvent. The reactions were all on a scale of approximately 
2 mmol of valerate, and were carried out in duplicate.

F rom  T a b le  I I  the n otab le  features are (i) th e  sim 
ilarity  o f  beh av ior o f  th e  m ercu ry  salt and  th e  s ilver 
salt in  d ry  so lven ts ; (ii) the sim ilarity b etw een  the 
m ercu ry  salt and the m ercu ry  ox ide system  in  w e t
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solven ts; and  (iii) the in sen sitiv ity  o f  the m ercury 
oxide system  to  a d d ed  w ater. T hese  m ay  be explained 
as follow s. In  carbon  tetrach loride at reflux neither 
m ercu ry  system  is stron gly  in fluenced b y  w ater b e 
cause the salt is soluble . A t  room  tem perature the acy l 
h ypohalite  presu m ably  decom poses m ore s lo w ly 24'29 and 
so in a  w et so lven t there is m ore chance for hydrolysis 
to  occu r. T h u s the m ercu ry  ox ide techn ique, in w hich  
w ater is a b y -p ro d u ct, is at a d isadvantage at room  
tem perature even  in the absence o f  added  w ater. In  
aceton itrile , h ow ever, all three m eth ods are stron gly  
adversely  a ffected  b y  w ater because the a cy l h y p o - 
brom ite  and the w ater are present in  a single phase; 
once again the m ercu ry  ox ide  m eth od  is less successfu l 
because o f th e  w ater form ed  as a b y -p ro d u ct.

Successful Degradation b y  HgO-Br2 Correlated with 
Salt Formation,—I f  m echan ism  C  indeed  represents 
the reaction  pa th w ay , there m ust exist a parallel 
betw een  those acids w hich  g ive  m ercu ry  salts (prefer
ab ly  soluble ones) under the reaction  con d ition s  and 
those th at degrade su ccessfu lly  to  a lk yl halides. T h is  
question  has been  exam ined  for  a num ber o f  ca rb ox y lic  
acids o f  d ifferent structure w ith  th e  results sum m arized 
in T a b le  I I I .

T a b l e  III
C o r r e l a t io n  o f  B ro m ide  F o rm a t io n  from  RCChH-HgO Iir2 

w it h  th e  P r o d u ct  o f  th e  A ctio n  of 
M e r c u r y  O x id e  on  th e  A cid

Hg*+ Salt-
Acid RBr, % Type" Solubility6

Valeric 69' Normal Soluble
Heptanoic 38á Normal Soluble
Nonanoic 70d N ormai Soluble
Isodecanoic 42* Normal Soluble
Isobutyric 47' Normal Soluble
2-Ethylhexanoic 53d Normal Soluble
Pivalic < l c Normal Soluble
Phenylacetic < 1 ' Basic Insoluble
Benzilic 79d'/ j  N ormai Soluble

(Basic Insoluble
Benzoic 14' Basic Insoluble
p-Toluic l l d ? Insoluble
p-Nitrobenzoic 42d ? Insoluble
o-Nitrobenzoic 58 d Normal0 Insoluble
p-Chlorobenzoic < F ? Insoluble
3,5-Dinitrobenzoic None No reaction

“ Normal (RCCDüHg; basic (RCOihHg-HgO. 6 In CCh.
c Estimated by vpc. d Isolated material. * Estimated by nmr. 
> Product was benzophenone. » Probably normal; see Experi
mental Section.

F rom  T a b le  I I I  m ay  be  n oted  the stron g  correlation  
betw een  the acids th at form  soluble salts and those 
th at degrade successfu lly . In  general th e  m ost su c
cessful reactions w ere observed  w here the ca rb o x y l 
group  o f the acid  w as b o n d e d  to  a liphatic carbon . T h e  
on ly  excep tion s in th is ca tegory  w ere p iva lic  acid, 
discussed a b ove , and  p h en y la cetic  acid , w h ich  form s 
a v e ry  insoluble basic salt. A ll the o th er  acids in this 
group form  n orm al salts, w hose com position s w ere 
con firm ed b y  e lem ental analysis. In  the case o f  
ph eny lacetic acid  the norm al salt w as prepared  b y  an

(29) W. Bockemilller and F. W. Hoffmann, Justus Liebigs Ann. Chem.,
519, 165 (1935).

alternative route, an d  was fou n d  to  beh ave  like the 
silver salt (T a b le  I ) . H ow ever, the m ercu ry  o x id e -  
halogen  tech n iqu e paralleled  the beh av ior o f  th e  basic 
salt, w h ich  is form ed  under these conditions.

In  the arom atic series the d ecarboxy la tion  reaction  
was less generally  successfu l, and correspondingly , 
insoluble m ercu ry  salts w ere usually  form ed . In deed , 
because o f th e  lim ited  so lu b ility  o f  acids, salts, and 
m ercu ry  ox ide in the reaction  m edium , it w as difficult 
to  isolate pure p rod u cts  from  these a c id -b a se  reactions, 
an d  on ly  one system , ben zo ic  acid , w as exam ined  in 
detail. I t  w as fou n d  th at m ercu ry  ox ide and  ben zoic 
acid  g ive  a basic salt u pon  refluxing in ca rb on  tetra
ch loride. T h is m aterial, (P h C 0 2) 2H g - H g 0 , is form ed  
ov e r  a w ide range o f in itial ben zo ic  a c id -m e rcu ry  oxide 
ratios w h en  ben zo ic  acid  is in excess, an d  has a definite 
com p osition  and m elting  poin t. T rea tm en t o f  this 
basic salt w ith  aceton e, h ow ever, leads to  extraction  o f 
the norm al salt (P h C 0 2) 2H g  w h ich  m a y  be recov ered  b y  
filtration  and rem oval o f  the aceton e . T h is  experience 
in th e  b en zo ic  acid  system  m ade it im practica l to  
a ttem p t to  separate the insoluble o x id e -a c id -m e rcu ry  
salt m ixtures in  the o th er arom atic series b y  extraction  
w ith  solven ts, for  fear th at th e  com p osition  o f  these 
m ixtures m ight be ch anged  as a resu lt. F or  m ost o f  the 
su bstitu ted  ben zoates it w as ascerta ined  s im p ly  that 
m ercu ry -con ta in in g  organ ic m ateria l h ad  b een  form ed. 
Interrelations betw een  the m e rcu ry (II ) ben zoates are 
g iven  in the E xperim en ta l S ection .

Conclusions and Synthetic Considerations.— C om 
parison  o f the p ro d u ct d istribu tion s from  th e  degra
dation  o f  several acids b y  fou r m ethods (H g O -R C 0 2H -  
B r2; R C 0 2A g -B r 2; ( R C 0 2) 2H g -B r 2; R C 0 2H -B r 20 )  
and  correla tion  o f the success o f  the first o f  these w ith  
form a tion  o f m ercuric salts under the sam e con d itions 
in d icate  th at the reaction  p a th w a y  in vo lves  the for 
m ation  o f  a m ercu ry  salt o f  th e  acid. T h is  is then 
con verted  to  a lkyl halide a n d /o r  ester b y  th e  route 
established for  the H u n sd iecker and Sim onini reactions. 
F rom  this m echanism  the fo llow in g  pred iction s m a y  be 
m ade as to  successfu l syn th etic  con d ition s  fo r  oth er 
system s. (1) T h e  acid  sh ou ld  form  a m ercu ry  salt 
under the reaction  con d itions, and  th is sh ou ld  be 
solu ble  in the reaction  m edium . (2) A  w ater-im 
m iscib le  so lven t shou ld  be  used. (3) A n  e levated  
tem perature favors a h igher y ie ld  o f  halide. (4) 
L im itations on  the ap p lica b ility  o f  the H u n sd iecker 
reaction  o f the silver or m ercu ry  salts ap p ly  also to  the 
m ercuric ox ide tech n iqu e. T h u s tertia ry  (oth er than 
b r id g e h e a d )3 acids d o  n o t degrade to  halide, and the use 
o f  iod ine as halogen  frequ en tly  leads to  ester R C 0 2R  
as th e  m a jor reaction  prod u ct.

A lth ou gh  requ irem en t 1 fo r  so lu b le  salt form ation  
excludes m any, especia lly  a rom atic  acids from  suc
cessfu l use o f  the tech n iqu e, for  m ost a liphatic acids 
th e  sim p licity  o f  the m eth od  an d  avo id an ce  o f  sep
arately  preparing  the m etal salt m akes it  an a ttractive  
a lternative to  the H u n sd ieck er reaction . A  further 
p o in t is the ease o f  re co v e ry  o f m ercu ric ox ide  from  the 
spent m ercu ry  residu es,30 w h ich  cou ld  be an im portan t 
cost fa ctor  in  large scale use o f  the m eth od . I t  should  
be  n oted , h ow ever, that the y ields o f  halides are usually 
sm aller than  using the silver salt m eth od  (com pare

(30) G. H. Cady, Inorg. Syn., 5, 156 (1957).
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T ab le  III w ith  p u b lish ed 10 data  for  the H unsdiecker 
re a c t io n ) .30®

Experimental Section
Solvents were reagent grade materials and were dried using 

activated molecular sieves. Red and yellow mercuric oxide were 
obtained from British Drug Houses Ltd.; the organic acids were 
purchased from the same source or from Aldrich Chemicals Inc. 
Metal salts were prepared as described below, and were dried 
at 65° for several days prior to use. Microanalyses were per
formed by Mr. H. S. McKinnon of this department.

Estimation of products formed was carried out by nmr or vpc 
after adding a weighed quantity of a suitable standard substance 
to the reaction mixture. Reactions were carried out in duplicate 
for these purposes, and three independent analyses were carried 
out for each reaction mixture. The instruments used were a 
Varian Associates A-60A nmr, and a Varian Aerograph Model 
A90-P3 vapor phase chromatograph. Infrared spectra were 
measured on a Beckman IR-5A instrument.

Trapping of Acetyl Hypoiodite with Cyclohexene.— To a mix
ture of red mercuric oxide (2.0 g, 9 mmol) and cyclohexene (2.0 
ml, 16 mmol) in glacial acetic acid (20 ml) was added iodine 
(2.0 g, 8 mmol). The mixture was stirred at room temperature 
for 0.5 hr, at which time the color of iodine was discharged. A 
control reaction in which the mercuric oxide was omitted was 
unreactive. After removal of mercuric iodide by filtration, the 
reaction mixture was poured into water (150 ml) and extracted 
with chloroform (four 25-ml portions). The organic phase was 
washed with sodium bicarbonate and with water and dried. 
The solvent was evaporated to leave a pale yellow oily residue 
(2.0 g) of 2-iodocyclohexyl acetate: ir rm(l„ 1735 cm-1 (ester);
nmr (CC1<) r 4.9-5.5 (1 H, complex multiplet, >CH OAc), 5.7-
6.2 (1 H, complex multiplet, >C H I), 8.0 (3 H, singlet, CH3CO -),
7.5-9.0 (8 H, complex multiplet, four >C H 2 groups). A positive 
test for iodine was obtained.

Comparative Degradation of Acids by Different Reagents 
(Table I).— The following procedures are representative.

A. Valeric Acid with Iodine and Mercuric Oxide.— A mix
ture of red mercuric oxide (2.0 g, 9 mmol), valeric acid (0.418 
g, 4.10 mmol), and carbon tetrachloride (12 ml) was heated to 
reflux, and iodine (0.732 g, 2.89 mmol) was added. Heating 
continued for 0.5 hr by which time the color of iodine was dis
charged. 1-Bromobutane (1.03 mmol) was added to the reac
tion mixture for analysis by vpc (10% SE-30 on acid-washed 
Chromosorb W, 90°). 1-Iodobutane (1.46 mmol) and re-butyl 
valerate (0.72 mmol) were formed.

B. Mercury Phenylacetate with Bromine at 25°.—To a mix
ture of mercuric phenylacetate (0.694 g, 1.47 mmol) and carbon 
tetrachloride (10 ml) was added 1.0 ml of a 2.38 M  solution of 
bromine in carbon tetrachloride. The mixture was stirred for
2.5 hr, and then 1.0 ml of a 1.19 M  solution of benzyl chloride in 
carbon tetrachloride was added. The mixture was evaporated 
down and the residue was analyzed by nmr. Comparison of the 
areas of the resonances due to PhCH2Cl (r 5.6) with PhCH2Br 
(t 5.7) and PhCH2C 02CH2Ph (t 5.0 and 6.5) indicated that these 
compounds were formed to the extent of 0.98 and <0.01 mmol, 
respectively.

C. Pivalic Acid with Bromine Monoxide.— To a well-stirred 
mixture of bromine (5 ml) in dry Freon 113 (100 ml) cooled to 
5° was added mercuric oxide (25 g) in 5-g portions at 10-min 
intervals. After a total reaction time of 1 hr, analysis of aliquots 
of the mixture30 showed it to be 0.90 M  in Br2 and 0.11 M  in 
Br20 .  A 15-ml aliquot of the Br2-Br20  solution was added to a 
mixture of pivalic acid (0.111 g, 1.09 mmol) and dry Freon 113 
at reflux, and heat was supplied for 10 min. After the addition 
of 0.138 g (1.0 mmol) of 1-bromobutane, vpc analysis (SE-30, 
55°) indicated that 0.14 mmol of ieri-butyl bromide had been

(30a) Note Added in Proof.'—The results quoted in the tables were all 
obtained using equimolar amounts of Bn and RCO 2 H. Improved yields 
of alkyl bromides may be obtained by increasing the mole ratio of 3 n  to 1.1 
or 1.2; this probably offsets hydrolysis of RCCbllr by the by-product water. 
For larger scale preparations the technique of J. Cason and D. M. Walba 

- Org. Chem., 37, 669 (1972)] in which the water formed is removed con
tinuously by azeotropic distillation with solvent, would probably be most 
advantageous. These authors have come to similar conclusions regarding 
the probable mechanism of the RCOiH-HgO-Iin reaction. The present 
author thanks Professor Cason for making available his results prior to 
publication.

produced. Removal of the excess bromine and the solvent gave 
a residue (0.098 g) which on analysis by nmr was found to consist 
of pivalic acid [t —1.8, C 02H, and 8.8, (CH3)3C] and to be lack
ing in (erf-butyl pivalate (r 8.6 and 8.9).

Influence of Water on the Degradation of Valerate Deriva
tives (Table H).— The following procedure is typical. To a 
mixture of mercuric valerate (0.669 g, 1.66 mmol) in dry aceto
nitrile to which had been added 1%  v /v  water (10 ml) was added 
bromine (2.85 mmol). After heating to reflux for 0.5 hr, isoamyl 
bromide (1.79 mmol) was added to the cooled solution as a vpc 
standard. Vpc analysis (SE-30, 90°) indicated that 0.23 mmol 
of 1-bromobutane had been formed.

Small-Scale Degradations of Carboxylic Acids (Table III).—  
The following procedures are typical.

A. Heptanoic Acid.— A mixture of heptanoic acid (5.0 g, 38 
mmol), mercuric oxide (11.0 g, 51 mmol), and CCh (70 ml) was 
heated to reflux, and a solution of bromine (6.0 g, 37 mmol) in 
CCh (10 ml) was added. After 15 min at reflux the mixture was 
filtered and the filtrate was washed with dilute sodium hydroxide 
and water, and dried. Removal of the solvent afforded 4.6 g of 
crude product, an oil, which was distilled to give 1-bromohexane 
(2.2 g, 38%), bp 154-157° (lit.31156°).

B. o-Nitrobenzoic Acid.— A mixture of o-nitrobenzoic acid 
(1.0 g, 6 mmol), yellow mercury oxide (2.0 g, 9 mmol), and CCh 
(20 ml) was heated to reflux, and bromine (1.0 g, 6.2 mmol) 
was added. After 3 hr at reflux, the cooled solution was filtered, 
washed, and evaporated as above to give a residue (0.70 g, 58%) 
of crude o-nitrobromobenzene which solidified on standing, mp 
33-36°. Recrystallization from ethanol gave the pure product, 
mp 39-41° (lit.31 43°), whose ir spectrum was consistent with the 
assigned structure.

Preparation of Mercury Salts.— Interaction of the carboxylic 
acids and mercuric oxide was studied at reflux in CCh. The 
products of the reactions were in many cases known compounds, 
but were subjected tc elemental analysis to confirm their con
stitutions.

Mercuric Valerate.— A mixture of yellow mercuric oxide (15 
g, 69 mmol) and valeric acid (14 g, 138 mmol) was heated to 
reflux in CCh (200 ml) for 2 hr, with the water formed in the 
reaction being removed by azeotropic distillation with CCh. 
The hot solution was filtered [when mercuric oxide (1.9 g) was 
recovered] and allowed to cool, when mercuric valerate (23.6 
g, 85%). mP 93-95°, was obtained. Anal. Calcd for C ioH|8- 
0 4Hg: C, 29.81; H ,4.47. Found: C, 29.81; H .4.54.

Similar procedures were used to prepare the following mercuric 
carboxylates.

Mercuric isobutyrate, mp 103-105°. Anal. Calcd for 
CsHnOiHg: C, 25.60 H, 3.73. Found: C, 25.67; H, 3.89.

Mercuric pivalate, mp 234-236°. Anal. Calcd for CioH]8- 
0«Hg: C, 29.81, H. 4.47. Found: C, 29.75; H ,4.65.

Mercuric heptanoate, mp 106-108°. Anal. Calcd for CmH26- 
ChHg: C, 36.6; H, 5.66. Found: C, 36.69; H, 5.75.

Mercuric 2-ethylhexanoate, mp 66-71°. Anal. Calcd for 
Ci6H30O(Hg: C, 39.45; H, 6.16. Found: C, 39.77; H,
6.43.

Mercuric nonanoate, mp 106-108°. Anal. Calcd for Cl8I i3t- 
ChHg: C, 41.95; H, 6.60. Found: C, 42.57; H, 6.69.

Mercuric isodecanoate (oil) and mercuric benzilate, mp 66-70° 
dec, could not be freed completely from the parent acid, and 
were not obtained analytically pure. In the case of the reaction 
of benzilic acid with mercuric oxide, the insoluble basic salt was 
also obtained, mp 188-195° dec. Anal. Calcd for C^H^CbHg^ 
C, 38.5; H, 2.53. Found: C, 38.87; H, 2.49.

A similar preparative procedure applied to other acids gave 
basic salts as follows. These compounds were generally very 
insoluble, and gave rather less satisfactory elemental analyses.

Basic mercury phenylacetate, (PhCH2C 02)2H g-H g0, mp 200- 
205°. Anal. Calcd for Ci8Hu03Hg2: C, 27.9; H, 2.03. 
Found: C, 29.72, 30.01; H, 1.82, 1.85. The normal salt, 
(PhCH2C 02)2Hg, mp 115-118°, was prepared alternatively by the 
action of a solution of mercuric nitrate in nitric acid on an aqueous 
solution of sodium phenylacetate which had been made neutral 
to litmus using dilute nitric acid. Anal. Calcd for Ci8HuOiHg: 
C,40.7; H, 2.97. Found: C, 40.81; H ,2.88.

Basic mercuric benzoate (PhC02)2Hg H g0, mp 171-172°. 
Anal. Calcd for CiiHioCLHg,: C, 25.5; H, 1.52. Found:

(31) “ Handbook of Chemistry and Physics," 49th ed, Chemical Rubber 
Co., Cleveland, Ohio, 1968.
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C, 26.16; H, 1.54. (Another sample, Found: C, 24.24; H, 
1.50.) Extraction of this material with acetone followed by 
filtration to remove mercuric oxide and evaporation of the sol
vent afforded the normal salt, (PhC02)2Hg, mp 118-122°. Anal. 
Calcd for CnHI0O4Hg: C, 38.0; H, 2.26. Found: C, 39.07; 
H, 2.50. Another sample had mp 120-129°. Found: C, 
38.38; H, 2.39. When aqueous acetone was used as the ex
traction agent, the product was mainly mercuric benzoate mono
hydrate, mp 140-149°. Anal. Calcd for CuHi20 5Hg: C, 
36.4; H, 2.60. Found: C, 36.26; H ,2.21.

Mercuric benzoate monohydrate was formed by interaction of 
aqueous mercuric nitrate and sodium benzoate solutions, mp 
161-163° (lit.31 165°). Anal. Calcd for CuH120 EHg: C, 36.4; 
H, 2.60. Found: C, 36.52; H, 2.21. An attempt to obtain 
the anhydrous salt by azeotropic distillation of the water with 
CCU was unsuccessful.

Hydrolysis of Hydrated Mercuric Benzoate.— Suspension of 
hydrated mercuric benzoate (3.0 g) in boiling water (100 ml) for 
1 hr gave an off-white solid (2.1 g, mp >360°) which analyzed 
for a basic mercuric salt (PhC02)2H g-2H g0. Anal. Calcd for 
CuHi„O.Hg,: C, 19.2; H, 1.14. Found: C, 18.87; H, 1.07.

Hydrolysis of Basic Mercuric Benzoate.— Suspension of 
(PhC02)2H g-H g0 (1.0 g) in boiling water caused hydrolysis to 
occur. The orange product (0.7 g) analyzed for (PhC02)2Hg- 
3HgO (Anal. Calcd for CnH,„0,Hg,: C, 15.34; H, 0.91. 
Found: C, 14.60; H, 0.89.) but was apparently a mixture of 
starting material and mercuric oxide, mp 170-172°, undepressed 
by admixture with starting material. On cooling the filtered 
reaction mixture a small quantity (0.08 g) of hydrated mercuric 
benzoate was obtained, mp 161-165°. (Found: C, 36.18; 
H, 2.27.)

Basic (?) Mercuric o-Nitrobenzoate.—Interaction of o-nitro- 
benzoic acid and mercuric oxide in either CCU or CHCU gave, in 
addition to unreacted o-nitrobenzoic acid in solution and mercury 
oxide at the bottom of the flask, a yellow powder in suspension. 
The solution was decanted and the yellow powder was removed 
by filtration, mp 195-197° dec. Analysis indicated the com
position 3(ArC02)2H g-H g0, but it is unclear whether the sub
stance is a compound of this composition or is the normal salt, 
contaminated with mercuric oxide. {Anal. Calcd for C42- 
H2(N60 2SHg4: C, 27.8; H, 1.32; N, 4.62. Found: C, 28.24; 
H, 1.26; N, 4.61.)

Registry No.-— M ercu ric  oxide, 21908-53-2 ; 2 -iod o - 
cy c lo h e x y l acetate, 32865-61-5 ; m ercu ric valerate, 
26719-05-1 ; m ercu ric isobu tyra te , 19348-33-5 ; m ercuric 
p iva late , 32276-77-0 ; m ercuric h ep tan oate , 26719-
06 -2 ; m ercuric 2 -ethylhexan oate, 13170-76-8 ; m ercuric 
nonanoate, 28043-55-2 ; m ercuric benzilate, 32865- 
67 -1 ; m ercuric benzilate basic salt, 32839-01-3 ; 
(P h C H 2C 0 2) 2H g -H g 0 , 32839-02-4 ; (P h C H 2C 0 2)2H g, 
14085-69-9 ; (P h C 0 2) 2H g • H gO , 32839-03-5 ; (P h C 0 2) 2- 
H g, 583-15-3 ; m ercuric ben zoate  m on oh ydrate , 32839-
0 4 -6 ; (P h C 0 2) 2H g  • 2H gO , 32839-05-7 ; 3 (A rC O ,) ,H g - 
H gO  (A r =  o- N 0 2C 6H 4), 32839-06-8.
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D u rin g  the p eriod  since C risto l and  F ir th 1 pu blish ed  a 
sim plified  m od ifica tion  o f  the H u n sd ieck er reaction  for  
synthesis o f  b rom id es from  ca rb ox y lic  acid  silver salts, 
the m od ified  procedu re , w h ich  utilizes a free  ca rb oxy lic  
a cid  and  m ercu ric ox ide , has b een  used  to  advan tage  in 
several pu b lish ed  in vestigation s. T h e  specific con d i
tions e m p loyed  in th e  pu b lish ed  procedu res h ave been  
rather diverse, as have the yields. In  the in itia l re
p o r t ,1 am on g  the reactions carried  o u t in  b o ilin g  carbon  
tetrach loride  solu tion  w as synthesis o f  h ep ta d ecy l 
b rom ide  in 9 0 %  y ie ld  (cru de) from  stearic acid. In  
con trast, th e  “ O rgan ic S yntheses”  p ro ced u re ,2 appear
ing su bsequ ently , rep orted  a b ou t 5 0 %  y ie ld  o f  cy c lo 
p ro p y l b rom ide , w ith  tetrach loroeth ane as solven t at 
a tem perature o f  3 0 -3 5 ° . In  a procedu re  sim ilar to  
th a t orig inally  re p o rte d ,1 excep t th at the a cid  and 
brom ine w ere added  con cu rren tly  to  a bo ilin g  slurry o f 
m ercuric ox ide in  ca rb on  tetrach loride , a b ou t 5 0 %

(1) S. J. Cristol and W. C. Firth, Jr., J. Org. Chem., 26, 280 (1961).
(2) J. S. Meek and D. T. Osuga, Org. Syn., 43, 9 (1963).

y ie ld  w as again  realized  for  a sm all-ring b ro m id e ;3 
h ow ever, this sam e procedu re app lied  to  the half-ester 
o f  an open -ch ain  d ica rb ox y lic  acid  has g iven  9 0 %  y ie ld  
o f  b rom o  ester.4

S ince the literature p rov ides little  ev iden ce  con 
cern in g  the m echan ism  o f  the m od ified  H u n sd iecker 
reaction , or the best w a y  in w h ich  to  carry  ou t the syn 
thesis, w e have in vestigated  its a pp lica tion  to  m yristic  
acid . O ur considerable and  varied  experien ce6 w ith  
the classical H u n sd ieck er reaction  suggested  th at m ost 
o f  the difficulties are likely  to  be  en cou n tered  w ith  a 
m od era te ly  h igh m olecu lar w eigh t a liphatic structure. 
T o  this end, there w as exam ined  a p rocedu re  for  tri- 
d e cy l brom ide  w h ich  w as based  on  the original success
fu l m e th o d ,1 w ith  som e m od ifica tion  in recogn ition  o f 
th e  “ O rgan ic S yntheses”  p ro ced u re .2 S u bsequen t in 
vestigation s revealed  th at the m ost im p ortan t m od ifica 
tion  w as operation  at 2 5 -3 0 °  rather than  in bo ilin g  car
b o n  tetrach loride. In  15 runs b y  d ifferent p eop le ,6 
the h ighest y ie ld  w as a b ou t 5 %  (cf. T a b le  I , run 4 ).

(3) K. B. Wiberg and G. M. Lampmann, J. Amer. Chem. Soc., 88, 4432 
(1966).

(4) John I. Crowley, Ph.D. Dissertation, University of California, 
Berkeley, 1971.

(5) See, inter alia, J. Cason and R. L. Way, J. Org. Chem., 14, 31 (1949); 
J. Cason and R. H. Mills, J. Amer. Chem. Soc., 73, 1354 (1951); J. Cason, 
M. J. Kalm, and R. H. Mills, J. Org. Chem., 18, 1670 (1953); J. Cason and 
M. J. Kalm ibid., 19, 1836 (1954).

(6) For several specific procedures, multiple runs were carried out by 
students in the advanced organic laboratory course at Berkeley. Of particu
lar value was the work of Richard P. Fisher, Howard B. Gamper, Maria 
del Carmen Kutas, Ronald M. Rodehorst, and Thomas M. Yarnell.
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T a b l e  I

T r id k c y l  B r o m ide  F orm ed  in  V a r io u s  P ro ced u res  
for  th e  M o d if ie d  H u n sd ie c k e r  R eaction

Run Total time, Temp, Yield,
no. Procedure® hr: min °c6 %

1 A 1:35 B P 89

2 A c 1 :4 5 B P 88
3 Ad 2 B P 68
4 A 4 2 5 -3 5 3 -5

5 A 24 25 30

6 P 2 B P 90

7 C 2 B P 89

8 O 1 :3 0 B P 70

9 c 24 25 39

1 0 B 2 < 30 0

1 1 B 2 30 -70 18 -3 5
1 2 W 2 30 -70 7 1 - 7 5

“ Procedures are those described in the Experimental Section. 
b BP = boiling temperature of CCU. c Procedure altered by 
adding solution of bromine and myristic acid to slurry of HgO 
in boiling CCh. d Procedure same in same equipment except 
double size of rim. ' Half of bromine added at room temperature, 
with no evidence of reaction; heated cautiously until onset of 
exothermic reaction, which was controlled by an ice bath. 
Final half of bromine added as in run 7. ’  Molar ratio of myristic 
acid doubled.

M ore  recen tly , Jennings and Z iebarth 7 have proposed  
th a t the in itia l step  in  the m odified  H u n sd ieck er reac
tion  is generation  o f B r20  w h ich  reacts w ith  the car
b o x y lic  acid  to  g ive the acy l h y p ob rom ite , an in ter
m ediate  in the classical H u n sd ieck er reaction . T h e 
fo llow in g  sto ich iom etry  w as proposed .

HgO +  2Br2 — >  HgBr2 +  [Br20]

[Br20] +  R C 02H — >  [RCOJlr] +  HOBr 

[RCO.Br] — >- RBr +  C 02

I t  m ay  be  n oted  th at the ratio  requ ired  b y  these 
equ ation s is H g 0 :2 B r 2:R C 0 2H , w hich  con trasts w ith  
o th er  pu blish ed  procedu res th at have used approxi
m a te ly  equ im olar am ounts o f brom ine and carboxy lic  
a c id ,1-4 w ith  som ew hat m ore than 0.5 m olar equ iv  o f  
m ercu ric ox ide. T h is  d ivergen ce in ratio m ight be 
in ferred  to  suggest som eth ing  abou t 5 0 %  yields that 
have been  rep orted ; h ow ever, this in terpretation  is 
qu ite  inconsistent w ith  the 9 0 %  y ie ld  o f  C ristol and 
F ir th .1 A  procedu re for  tr id ecy l b rom ide  based  on  
th e  sto ich iom etry  and con d itions requ ired  b y  the B r20  
in term ediate  has been  exam ined .6 W h en  the reaction  
w as run at tem peratures b e low  30° (T a b le  I, run 10), 
in recogn ition  o f the sta tem en t7 th at “ B r20  decom poses 
s low ly  at tem peratures a b ove  — 5 0 ° ,”  n o  y ie ld  o f  tri
d ecy l brom ide  cou ld  be d etected . W h en  the reaction  
m ixture from  m ercuric ox ide and brom ine w as h eated  
a fter, or during, a dd ition  o f the carboxy lic  acid , m odest 
y ields cou ld  be  secured  (run 11). W h en  the higher 
tem perature w as used and  the ratio o f  ca rb ox y lic  acid  
w as doubled, yields were much higher (run 12), even 
though based on carboxylic acid as lim iting reagent.

Since the a b ov e  c ited  observations appear to  elim i
nate sign ificant partic ipa tion  o f  the m echanism  in 
v o lv in g  B r20  as an in term ediate, w e have in vesti
gated  the p ossib ility  th at the m odified  H u n sd iecker

(7) P. W. Jennings and T. D. Ziebarth, J. Org. Chem., 34, 3216 (1969).

reaction  is w h at the nam e im plies— a H u n sd ieck er re
action  on  the m ercu ry  salt rather than the silver salt 
o f  a ca rb oxy lic  acid . T h is  p roves to  be the case and  
we have established  con d itions w hich  g ive excellent 
y ields. In term ed iacy  o f the m ercu ry  salt w as originally  
re je cte d 1 on  the grounds th at (a) w ater fo rm ed  in 
generation  o f the m ercu ry  salt from  m ercu ric ox ide 
w ou ld  destroy  the interm ediate a cy l h y p ob rom ite ; (b ) 
the H unsd ieckers8 originally  rep orted  th at the m ercu ry  
salt is qu ite in ferior to  the silver salt fo r  h igher m olecu 
lar w eigh t brom ides. N evertheless, the present in
vestigation  show s that, if the reaction  is carried  ou t in  
bo ilin g  carbon  tetrach loride, the y ie ld  is th e  sam e 
(a b ou t 9 0 % ) , w hether the p reform ed  m ercu ry  salt or 
ca rb oxy lic  a cid  and m ercuric ox ide  are used (cf. T a b le  
I, runs 1, 7 ).

E xam in ation  o f the H un sd ieckers ’ paper reveals th at 
no experim ental ev iden ce is in clu ded  in su p p ort o f  the 
statem ent th at the m ercu ry  salt is in ferior in their 
reaction , in the case o f  h igher m olecu lar w eigh t b ro 
m ides; h ow ever, it is p robab le  (ju d g in g  from  experi
m ental procedures w hich  w ere d escribed8) th at the 
reactions w ere run w ith ou t stirring and  at tem peratures 
b e low  the boilin g  poin t o f  carbon  tetrach lorid e . T h is  
ty p e  o f procedu re w ou ld  g ive p o o r  results fo r  h igher 
m olecu lar w eigh t m ercu ry  salts, on  a ccou n t o f  low  
so lu b ility  in the solvent. A t  room  tem perature, w ith  
m ercuric m yristate, there is n o  ev o lu tion  o f e ither car
b on  d iox ide or heat w hen  brom ine is added , and on ly  
partial reaction  occurs a fter 24 hr (T a b le  I, runs 5, 9 ). 
R esu lts w ere sim ilar w h eth er or n o t the m ercu ry  salt 
w as preform ed. T h is  contrasts sharply w ith  the v io len t 
reaction , d ifficu lt to  con tro l, w hen  the p reform ed  m er
cu ry  salt is used  in  bo ilin g  carbon  tetrach loride.

Failure o f  w ater to  interfere sign ificantly  w ith  the 
m odified  H u n sd ieck er reaction  is m ost reason ab ly  as
cribed  to  a faster reaction  o f the a cy l h yp ob rom ite  
w ith  radicals such as brom ine atom s, in  preference to  
w ater present in a m axim um  o f sto ich iom etric 
a m ou n ts.9 W a ter  is in deed  form ed  in the re a ctio n ; it is 
ev id en t on  the coils o f the condenser. F urtherm ore, in 
boilin g  carbon  tetrach loride, w ith  no p rov ision  fo r  
rem ov in g  w ater, abou t on e-th ird  o f the runs gave 
y ields o f  7 5 -8 0 % , and, w hen  the size o f  run w as dou b led , 
a y ie ld  o f  a b ou t 7 0 %  resu lted  (T a b le  I, run 3 ). T h ese  
observations suggest th at reten tion  o f w ater in the tw o - 
phase con densate in the reflux con denser is o f  som e 
im portan ce in reducing  the con cen tra tion  o f w ater 
in the reaction  m ixture. C onsisten tly  high y ields result 
w h en  w ater is rem oved  b y  a zeotrop ic  d istillation  as 
the reaction  is carried  ou t in  bo ilin g  carbon  tetra 
ch loride (E xperim en tal S ection , p rocedu re  P ; T a b le  I , 
run 6 ). T h ere  is som e ev iden ce  (e.g., run 8) th a t 
y ields are low er if the first part o f  the reaction  is car
ried  ou t at tem peratures be low  the boilin g  p o in t o f  
carbon  te trach loride ; h ow ever, at room  tem perature

(8) H. Hunsdiecker and C. Hunsdiecker, Ber., 75, 291 (1942).
(9) An investigation of the modified Hunsdiecker reaction, carried out by 

Dr. N. J. Bunce, J. Org. Chem., 36, 664 (1972), came to our attention as a 
result of his presentation of this material at the Washington meeting of the 
American Chemical Society, Sept 1971. Communication between Dr. 
Bunce and us has revealed that our investigations are along quite different 
lines, but we have arrived at the same conclusions regarding the reaction 
pathway. His explanation of the failure of water to seriously interfere with 
the modified Hunsdiecker reaction is somewhat different from ours, but 
reasonably so, since his investigations concentrated on mercury salts which 
are relatively soluble in CCh, whereas we are concerned with the rather 
insoluble mercuric myristate.
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preform ed  m ercu ry  salt gave on ly  slightly  b etter y ield  
than d id  ca rb oxy lic  a cid  an d  m ercu ric ox ide  (runs 
5, 9).

Synthetic Applications of Ylides Derived 
from 1-Dimethylamino-l-oxothioniacycloalkane 

Fluorobor ates1

Experimental Section10

Tridecyl Bromide. Procedure A.— A dry flask equipped with a 
mechanical stirrer and a large inner spiral condenser (cooling 
water inside spiral) protected by a drying tube was charged with 
a solution of 17.2 g (0.075 mol) of myristic acid in 200 ml of dried 
CCI« and 10.2 g (0.047 mol) of red HgO. After the stirred mix
ture had been heated to boiling, heat was greatly reduced and a 
solution of 15 g (0.094 mol) of bromine in 10 ml of CC1( was added 
during about 35 min, during which time a small amount of heat 
was required to maintain reflux. After completion of addition, 
heating under reflux with stirring was continued for 1 hr. Mer
cury salts were removed from the cooled reaction mixture by 
filtration with suction through a Filter-Aid mat. The clear 
filtrate was extracted with 50 ml of 5%  aqueous NaOH, and the 
coagulated precipitate which formed11 was removed from the two- 
phase solution by suction filtration. After the CCI, phase had 
been washed with water, the tridecyl bromide was recovered by 
fractional distillation, or the solution was diluted to a measured 
volume, and yield was determined by glpe, using a response fac
tor determined on distilled product. In three runs, yields were 
determined by both distillation and glpc; in one of these, yields 
were the same, in the other two yields by distillation were some
what higher. Typical yields from this procedure, and modifica
tions of it, are included in Table I.

Procedure B utilized a ratio of reagents and conditions con
sistent with the Jennings and Ziebarth7 mechanism. In a 
closed system protected by a drying tube was stirred a slurry of 41 
g (0.19 mol) of red HgO in 100 ml of CCh as there was added at 
room temperature during about 10 min a solution of 60 g (0.37 
mol) of bromine. There was insignificant evolution of heat. 
After this mixture had been stirred for an additional 5 min, there 
was added during about 15 min a solution of 34.3 g (0.15 mol) of 
myristic acid in 150 ml of CCh, at a temperature below 30°. 
Stirring was continued for 1 hr at room temperature or higher (cf. 
Table I). Work-up was similar to that described for procedure 
A.

Procedure C utilized preformed mercuric myristate. A mix
ture of 10.2 g of red HgO, 17.2 g of myristic acid, and 350 ml of 
CCh was stirred and heated to reflux under a 50-cm Vigreux 
column so that the azeotrope of CCh and water slowly distilled. 
After water evolution was no longer evident (about 2.5 hr), 
heating was continued for an additional 1 hr. Bromine (15 g) 
was then added to the stirred slurry of mercury salt as in Pro
cedure A, except that, at reflux, about 1 hr was required for addi
tion in order to keep the vigorous reaction under control by 
cooling in an ice bath. Work-up was as in procedure A.

Procedure P (Preferred).— A mixture of 20.4 g of red HgO,
34.3 g of myristic acid, and 250 ml of CCh was heated under a 
50-cm Vigreux column, with stirring, such that rate of distilla
tion was about one drop/sec. After 15 min of distillation in this 
manner, addition was begun of a solution of 30 g of bromine in 
100 ml of CCh- Addition was completed during 70 min; during 
the last few minutes, a majority of the bromine seemed to distil 
out as added; prior to this, only small amounts of bromine dis
tilled. After bromine addition had been completed, an addi
tional 100 ml of CCh was added during 40 min, while distillation 
was continued as before. The cooled reaction mixture was 
worked up as described for procedure A (cf. Table I, run 6).

Registry No.— T rid e cy l b rom id e , 765-09-3 .

(10) Reagents used for the investigation were technical CCh, dried by 
azeotropic distillation of water (omission of drying had no significant 
effect); A.R. bromine; A.R. red HgO; reagent grade of myristic acid 
containing a total of <2%  homologous fatty acids (glpc of resultant tri- 
decylbromide). Microanalyses were by the Analytical Division, Department 
of Chemistry, University of California, Berkeley. Gas chromatographic 
analyses were on a 5-ft silicone column in an Aerograph A-90P, with reference 
to a response factor for tridecyl bromide determined on a pure sample.

(11) The salt precipitated by the NaOH wash, which was formed in larger 
amount in runs giving a lower yield of bromide, did not have the physical 
characteristics of a soap, and various elementary analyses were in major 
disagreement with the values for sodium myristate. Our investigations have 
not revealed the identity of this salt, and we have not determined whether 
its precursor is an intermediate in the reaction pathway to the bromide.

C a r l  R . J o h n so n * an d  L ouis J. P e po y

Department of Chemistry, Wayne State University,
Detroit, Michigan 48202

Received July 29, 1971

Several articles2 from  this la b ora tory  have described  
som e o f the properties and  uses o f oxosu lfon iu m  ylides 
derived  from  salts o f  sulfoxim ines. T h e  prev iou s re
p orts  com m en ted  on  the ease o f  handling, stab ility , 
a b ility  to  transfer a lk yl groups larger than  m eth y l, and 
th e  synthesis o f  op tica lly  active ep ox ides and  cy c lo 
propanes.

T h e  present com m u n ica tion  reports the transfer o f  
a lk y l groups fu n ction a lized  w ith  an w-sulfinam ide sub
stituent. F or this purpose the y lides 4a-c w ere gen
era ted  from  a series o f  1 -d im eth y la m in o -l-ox o th ion ia - 
cycloa lk an e fluoroborates (3a-c), Schem e I.  T h e  sulf-

SCHEME I

la, x =  4
b, x =5
c, x = 6

1. (CH;I),Q+BF,~
2. Na,CO,

2a, x =  4
b , x = 5
c, x — 6

(CH„)P+BFr
Na,CO:l

H

< K Y
b f 4 s

(CH :l),Ni V

(CH2)X

3a, x =  4
b, x =5
c , x = 6

NaH
DMSO

(CH;,),N

4a, y =  3
b, y = 4
c, y =  5

oxim ines w ere prepared  a ccord in g  to  the earlier re
p o rts2 from  the su lfoxides and  h yd ra zo ic  a c id .3 T h e  
su lfoxim ines w ere ch aracterized  b y  ir ,4 nm r, and  ele
m en tal analysis o f the h yd roch loride  salts.

R ea ction  o f the fluoroborates (3a-c) in d im eth yl 
su lfox ide (D M S O ) w ith  sod ium  h ydride  at ro o m  tem 
perature under n itrogen  gave light ye llow  solu tions o f

(1) Part X X X V I in the series "Chemistry of Sulfoxides and Related 
Compounds.” We gratefully acknowledge support by the National Science 
Foundation (GP 19623).

(2) (a) C. R. Johnson, E. R. Janiga, and M. Haake, J. Amer. Chem. Soc., 
90, 3890 (1968); (b) C. R. Johnson and C. W. Schroeck, ibid., 90, 6862 
(1968); (c) C. R. Johnson, R. F. Huxol, and E. R. Janiga, ibid., 93, 3771 
(1971).

(3) (a) H. R. Bentley and J. K. Whitehead, J. Chem. Soc., 2081 (1950); 
(b) J. K. Whitehead and H. R. Bentley, ibid., 1572 (1952); (c) F. Misani, 
T. W. Fair, and L. Reimer, J. Amer. Chem. Soc., 73, 459 (1951).

(4) The major absorption peaks agreed well with those found by N. 
Furukawa, K. Tsujihara, Y. Kawakatsu, and S. Oae, Chem. Ind. (London), 
266 (1969).
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the ylides 4a-c. S low  a dd ition  o f a solu tion  (D M S O ) 
o f an e le ctrop h ilic  reactan t an d  stirring at am bien t 
tem perature fo r  several hours com p leted  the reaction .

In  p rev iou s  cases,2 the reaction  to o k  the fo llow in g  
course.

0
II

PhS+C_R2
I
N(CH3)2

0
II x

PhSN (CH3)2 +  /  \
-------CR,

try 5 o f the ep ox ides: 8a (100% trans), 8b (80% tran s),
8c (6 6 %  trans). A n  in vestigation  o f m odels  show s th at 
y lide  4a (five -m em bered  ring) w ou ld  a llow  facile  form a
tion  o f an ery th ro  beta ine, w h ich  w ou ld  collapse to  the 
trans epox ide . A s the size o f  the a licyc lic  p o rtio n  in
creases, the d im eth ylam ino grou p  w ou ld  en cou n ter in
creasing steric in terference w ith  the a rom atic  ring in 
the ery th ro  beta ine.

Experim ental Section

A  cy clop rop a n e  or  an epox ide  w as fo rm ed  a long w ith  a 
su lfinam ide. In  the present case, b o th  the sm all ring 
an d  the “ b y -p ro d u c t”  are con ta in ed  in  the same 
m olecu le  (5 ).

0 < / CHN
s  (CH2)3-5

J '—x.
\

(CH;,)2N

C— CH (CH2)3_5
y

O— S — ^

N(CH3)2A pX*
T h u s, the reactions show n  in S ch em e I I  w ere com 

p leted  (y ie ld , per cen t).

S ch em e  II

0
II

4a +  PhCH=CH COCHa

0
II

6 (64%)

0
II

4a +  PhCH=CHCPh

4a. b, c +  p-ClC„H,CHO —

CH— CH(CH2)„SN(CH,)2

8a, n = 3 (66%)
b, n = 4(59%)
c, n =5  (65%)

In  all cases the cru de reaction  prod u cts  w ere v iscou s 
oils w h ich  w ere purified  b y  e lu tion  ch rom atograp h y  
on  silica gel. A  curious feature o f  the reaction  o f the 
y lides w ith  p -ch lorob en za ld eh yd e  is the stereochem is-

Melting points were determined with a Thomas-Hoover capil
lary tube melting point apparatus and are uncorrected. The in
frared spectra were measured on a Perkin-Elmer 137B Infracord 
and were standardized with the polystyrene band at 1601 cm -1. 
Nuclear magnetic resonance spectra were obtained on a Varian 
Associates A-60A spectrometer employing tetramethylsilane as 
internal standard. Microanalyses were performed by Midwest 
Microlab, Inc., Indianapolis, Ind.

The cyclic dimethylaminooxosulfonium salts were prepared by 
the procedures outlined for open-chain compounds213'3 and were 
purified by recrystallization from methanol-ether.

1 -(A ,A ,-D im e th y la m in o  )-l-oxothioniacyclopentane fluorobo- 
rate (3a) was obtained in 76% yield: mp 78-79°; nmr (CD3- 
CN) S 2 .1 -2 .6  (m, 4), 3.15 (s, 6 ) , 3.2-4.2 (m, 4).

Anal. Calcd for CeHuBFjNOS: C, 30.66; H, 6.00. Found: 
C, 30.92; H, 5.93.

1-(A ",A '-D im ethylam ino)-l-oxothioniacyclohexane fluoroborate
(3b) was obtained in 37% yield: mp 129.5-130.5°; nmr (CD3- 
CN) a 1.9-2.4 (m, 6), 3.1 (s, 6), 3.8-4.1 (m, 4).

Anal. Calcd for C,H16BF4NOS: C, 33.76; H, 6.48. Found: 
C, 34.00; H, 6.63.

l -(A ',A ’-D im ethylam ino)-l-oxothioniacycloheptane fluorobo
rate (3c) was obtained in 61% yield: mp 102-103.5°; nmr
(CD3CN) a 1.6-2.3 (m, 8), 3.1 (s, 6), 3.8-4.2 (m, 4).

Anal. Calcd for CgHigBF^NOS: C, 36.52; H, 6.90. Found: 
C, 36.71; H, 7.09.

G eneral P rocedure.— Sodium hydride (1.25 equiv) dispersion 
in mineral oil in a round-bottomed side-armed flask was washed 
three times with dry pentane. The flask was immediately con
nected to a source of dry nitrogen and the fluoroborate salt (1 
equiv) was added in one portion with stirring. Sufficient dry 
DMSO to prepare a 0.9-1.3 M  solution of ylide was slowly 
introduced via syringe. After cessation of hydrogen evolution, 
the reaction was stirred for several more minutes. Then 
the substrate (1 equiv) was slowly introduced via syringe in 
DMSO or DM SO-THF solution and allowed to stir for 10-24 hr.

The work-up consisted of transferring the reaction mixture 
with water and ether to a separatory funnel and extraction of the 
aqueous phase with ether. The combined ether extracts were 
washed three times with water and once with saturated brine, 
and dried (M gS04). Filtration and concentration gave viscous 
oils, which were purified by chromatography on silica gel.

3-(2 '-C arbom eth oxy-3 '-ph en ylcyclopropyl)-M ,A -dim eth ylpro- 
panesulfm im ide (6) was obtained in 64% yield : nm r (CDC13) 
S 1.3-2.7 (m . 9), 2.75 (s, 6 ), 3.75 (s, 3), 7.25 (m , 5), eluted w ith  
4%  m ethanol in m ethylene chloride.

Anal. Calcd for Ci6H23N 0 3S: C, 62.11; H, 7.49. Found: 
C, 62.00; H, 7.65.

3-(2 '-B enzoyl-3 '-phenylcyclopropyl)-A ',A ?-dim ethylpropanesul- 
finimide (7) was obtained in 50% yield: nmr (CDC13) 5 1.3- 
2.2 (m, 6), 2.59 (s, 6 ), 2.65-3.2 (m, 3), 7.1-8.2 (m, 10), eluted 
with 2%  methanol in ethyl acetate.

Anal. Calcd for C2iH25N0 2S: C, 70.95; H, 7.09. Found: 
70.57; H, 7.16. Molecular ion at m/e 355.

5-p-C hlorophenyl-4 ,5 -e p o x y -A , A -dim ethylpentanesulfinam ide  
(8a) was eluted with 5%  methanol in ether: yield 66% ; nmr
(CDCls) & 1.7-2.1 (m, 4), 2.6-3.1 (m, 3), 2.75 (s, 6 ), 3.61 (d, 1, 
/  =  2 Hz), 7.2-7.5 (m, 4).

Anal. Calcd for Ci3Hi8C1NOS: C, 54.25; H, 6.30. Found: 
C, 54.43; H, 6.47.

6-p-C hlorophenyl-5,6-epoxy-jY ,A r-dim ethylhexanesulfinam ide  
(8b) was obtained by elution with ethyl acetate and then with 1:1

(5) Calculated from the benzylic doublets in the nmr spectra. H. S. 
Gutowsky, M. Karplus, and R. M. Grant, J. Chem. Phys., 31, 1278 (1959); 
C. A. Reilly and J. D. Swalen, ibid., 32, 1378 (1960); C. A. Reilly and J. D. 
Sivalen, ibid., 31, 980 (1961).
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2-propanol-ethyl acetate: nmr (CDC13) & 1.2-1.9 (m, 6), 2.74 
(s, 6), 2.5-3.0 (m, 3), 3.6 (7 =  2 Hz), 4.05 (d, 1, J  = 4 Hz), 
7.29 (m, 4).

Anal. Calcd for C14H2„C1N02S: C, 55.71; H, 6 .68. Found: 
C, 55.31; H, 6.83. Molecular ion at m/e 301.

7-p-Chlorophenyl-6,7-epoxy-;V ,A-dim ethylheptanesulfinam ide  
(8c).— The epoxide was prepared in 65% yield by the reaction of 
ylide 4c and p-chlorobenzaldehyde. The oil was chromatographed 
on silica gel, developing with ethyl acetate. The infrared spec
trum (neat) had peaks at 3050, 3920, 1490, 1450, 1175, 1065,925, 
828, and 778 cm“ 1. The nmr (CDC13) had a multiplet at 8 7.28 
(4 H, Ar H), a doublet at 4.03 (7 =  4 Hz), and a doublet (J =  
2 Hz) at 3.58 (combined area 1 H, Ar CH cis and trans), a three- 
proton multiplet at 3.1-2.6 (aliphatic -C H  and CH2S), a six-pro
ton singlet at 2.73 [N(CH3)2], and at 1.8-1.1 [8 H, -(C H 2)4] for 
the aliphatic chain.

Anal. Calcd for Ci6H22C1NOS: C, 57.04; H, 7.02. Found: 
C, 57.00; H, 7.24.

R egistry  N o .— 3a, 32846-71-2 ; 3 b , 32846-72-3 ; 3 c , 
32846-73-4 ; 6 , 32846-69-8 ; 7 , 32846-70-1 ; 8a, 32846- 
74-5 ; 8b , 32846-75-6 ; cis-8 c , 32846-76-7 ; trans-8c, 
32958-92-2.

A  N e w  S y n t h e s is  o f

S ^ - iD i f h io r o m e t h y le n e d io x y J b e n z a ld e h y d e 1

E u g e n e  L. Sto g ryn

Government Research Laboratory,
Esso Research and Engineering Company,

Linden, New Jersey 07036

Received June 6, 1971

T h e  m ethy len ed ioxyp h en y l fu n ction  is fou n d  in  a 
b road  spectru m  o f  natural occu rrin g  m aterials2 and 
appears to  in d u ce  an enhancem ent or  p oten tia tion  o f 
b io log ica l a c t iv ity .3 T h e  exchange o f th e  m ethylene 
h ydrogens for  fluorin e4 represents an intriguing struc
tural varia tion  o f  b io log ica lly  a ctive  substances co n 
taining th is grou p . A  particu larly  a ttractive  inter
m ediate for  the in trod u ction  o f th is residue in to  organic 
m olecules is 3 ,4 -(d iflu orom eth y len ed ioxy )ben za ld eh yd e
(4 ). T h rou gh  a series o f  six syn th etic steps Y a g u - 
p o l’ skii5 con v erted  p ip eron y lic  acid  in to  4, w ith  an ov er
all y ie ld  o f  a p prox im ately  3 0 % . W e  w ish  to  describe 
a m uch sim pler three-step  schem e to  th is va lu ab le  inter
m ediate. T h e  sequence o f reactions is dep icted  below .

C hlorin ation  o f 1 w ith  P C I5 a fter th e  procedu re  o f 
B arger6 gave 2 in  8 3 %  yie ld . T h e  exchange fo r  fluorine 
was fou n d  to  b e  v e ry  rap id  and efficient if  a solventless 
m ixture o f  2 and S b F 3 w as h eated  under redu ced  pres
sure. In  th is m anner, 3 distilled  as it form ed  in a

(1) This work was supported by the U. S. Army Medicinal Research and 
Development Command under Contract No. DADA17-68-C-8103. This is 
Contribution No. 929 from the Army Research Program on Malaria.

(2) D. A. Archer, et al., Proc. Chem. Soc., 168 (1963); A. R. Battersby, 
ibid., 188 (1963); M. Sribney and S. Kirkwood, Nature {London), 71, 931 
(1953).

(3) C. F. Wilkinson, J. Agr. Food Chem., 15, 139 (1967); R. L. Metcalf, 
Annu. Rev. Entomol., 12, 299 (1967); J. E. Casida, J. L. Engel, E. G. Essac, 
F. X . Kamienski, and S. Kuwatsuka, Science, 153, 1130 (1966).

(4) The rationale for exchanging hydrogen for fluorine in biologically 
active materials has been related to (a) altered electronic effects, (b) greater 
chemical stability, and (c) similarity in steric requirements. Discussions 
of these points are detailed by M. B. Chenweth and L. P. McCarty, Pharma
col. Rev., 15, 673 (1963); W. A. Sheppard and C. M. Sharts, “ Organic 
Fluorine Chemistry,”  W. A. Benjamin, New York, N. Y., 1969, pp 454—463.

(5) L. M. Yagupol’skii and V. I. Troitskaya, Zh. Obshch. Khim., 30, 3129 
(1960).

(6) G. Barger, J. Chem. Soc., 93, 566 (1908).

high  state o f  p u rity . T h e  ch lorin e-flu orin e  m etathesis 
was con siderab ly  slow er w hen  the exchange w as at
tem pted  in d ioxan e or h y d roca rb on  solvents.

T rea tm en t o f  3 w ith  B u L i at — 40° and su bsequ en tly  
adding fresh ly  d istilled  d im eth ylform am ide gave  a 6 8 %  
y ie ld  o f  4. A n  exam ination  o f th e  reaction  produ cts 
from  th is last step in d icated  th at th e  halogen  m etal- 
in terchange reaction  occu rred  w ith ou t loss o f  fluorine 
or rupture o f  the m eth y len ed ioxyben zen e rin g .7

{1. BuLi (-40°)
2.DMF

In  light o f  the ready  fo rm a tion  o f the ary llith ium  re
agent from  3, th is reagent sh ou ld  also p rov e  to  be  o f 
va lu e  for  the in trod u ction  o f th e  3 ,4 -(d iflu orom eth y len e- 
d iox y ) p h en y l fu n ction a lity  in to  organ ic substrates via 
the standard  ch em istry  o f organ olith iu m  reagents.

I t  is in teresting to  n ote  th at th e  a lternative ap proach  
to  3, i.e., the exchange o f m ethylene h ydrogens for  halo
gen  prior to  b rom in ation , w as in effectual. W hereas 
the synthesis o f  (d iflu orom eth y len ed ioxy )ben zen e  was 
ach ieved  w ith ou t d ifficu lty  a ccord in g  to  Y a g u p oF - 
skii,8 its brom in ation  cou ld  n ot b e  realized w ith ou t the 
destru ction  o f th e  m eth y len ed ioxyben zen e ring.

Experimental Section

3.4- (Dichloromethylenedioxy)bromobenzene (2).— Phospho
rus pentachloride (400 g) and 112 g of 3,4-(methylenedioxy)- 
bromobenzene9 were heated at 80° for 3 hr. Distillation gave 
an 83% yield of 3, bp 107-109° (4 mm), nMD 1.5770.

Anal. Calcd for C,H3Cl2Br02: C, 31.23; H, 1.12; O, 11.90. 
Found: C, 31.44; H, 1.10; O, 12.04.

3,4-(Difluoromethylenedioxy)bromobenzene (3).— Compound 
2 (50 g) was heated with 50 g of SbF3 at 20 mm. Redistillation 
of the collected liquid gave 35.3 g (80% yield) of 3, bp 78-79° 
(20 mm), n*°D 1.4722.

Anal. Calcd for C,H3F2Br02: C, 35.47; H, 1.28; Br, 33.76. 
Found: C, 35.80; H, 1.30; Br, 33.69.

3.4- (Difluoromethylenedioxy)benzaldehyde (4).— To a solu
tion of 3 (36.5 g) in 150 ml of Et20  at —40° was added 100 ml of 
BuLi (1.6 M ). After the addition was complete the reaction 
mixture was stirred for an additional hour at —40° and then 
treated with 33.6 g of DM F. The reaction was stirred for 1-2 
hr at ambient temperature, treated with an exceess of NH4C1, 
and worked up in the usual manner. Vacuum distillation gave
19.6 g (68%  yield) of 4, bp 103-105° (20 mm).

R eg istry  N o .— 2, 33070 -31 -4 ; 3 , 33 0 7 0 -3 2 -5 ; 4 ,
656-42-8 .

(7) Dichloromethylenedioxybenzene is reported to react with a variety 
of nucleophiles, including organometallics, to yield a product of displace
ment: H. Gross and J. Rusche, Chem. Ber., 99 (8), 2625 (1966); H. Gross, 
Chem. Abstr., 62, 409a (1965).

(8) L. M. Yagupol'skii and V. I. Troitskaya, Zh. Obshch. Khim., 84 (1), 
307 (1964).

(9) Supplier: Frinton Laboratories, South Vineland, N. J.
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O n ly  recen tly  has th e  influence o f  con form a tion  on  
transm ission  o f electron ic effects in  a,/3-unsaturated 
k eton e  system s been  investigated . Perj&ssy,2 in a 
th orou gh  in vestigation  o f  substituent effects on  th e  in
frared  stretch ing  frequencies o f  chalcones, has con 
clu d ed  th at s-trans con form ers transm it m ore effec
tiv e ly  than  s-cis con form ers on  the basis o f  the m agni
tu d e  o f  H a m m ett p values ob ta in ed  w hen fc=o 
w as p lo tte d  against a+. In  the sam e re p o rt,2 data  
p rev iou sly  reported  b y  D im m o ck ,3 et al., fo r  b u ty l 
s ty ry l k eton es w ere in terpreted  in a sim ilar m anner.

T h e  previou s investigations o f  transm ission  b y  s-cis - 
s-trans con form ers o f  a,/3-unsaturated ketones (Ia ,b )

X X

(s-cis) (s-trans)

la, R =  n-Bu
b , R-CeH j
c ,  R = H
d , R =  CH3

had as R  groups n -b u ty l and  p h en yl groups w hich  have 
rather large steric requirem ents. It  seem s likely  th at a 
sign ificant am ou n t o f  the d ifference in transm ission  o f  
e ffects betw een  s-cis and  s-trans isom ers for la  and lb  
m ay  arise from  differences in cop lan arity  o f  the tw o  
isom ers. F or  exam ple, exam ination  o f  D ried in g  m odels 
in d icates th at in the case o f  the s-cis  isom er o f  la  and  
l b  the R  group  and the a h yd rogen  are in c lose  p rox im ity  
and their in teraction  shou ld  alter the cop lan arity  o f  
th e  s ty ry l group  and the ca rb on y l grou p . I f  the R  
group  w ere sm aller, there shou ld  be  less in teraction  
betw een  it and  the a h ydrogen  and hence it w ou ld  be 
possib le  for  a greater degree o f  cop lan arity  to  be 
ach ieved . I t  m ight be  expected  th at th e  transm ission  
o f  e lectron ic effects in the tw o  con form ation s  should 
b ecom e  v e ry  nearly  th e  sam e w h en  the steric in ter
action  o f  R  and th e  v in y l h ydrogens is reduced , if the 
degree o f  cop lan arity  o f  th e  styry l group  and ca rb on y l 
grou p  is im portan t for  transm ission  o f  e lectron ic effects. 
T h e  case Ic , in  w hich  R  =  H , shou ld  have m inim u m  
steric in teraction s; h ow ever, th e  con form ation a l iso
m ers o f  c in n am aldeh yde can not be detected  b y  in fra
red  sp e ctro sco p y .4 C on sequ en tly , w e  h ave selected

(1) American Chemical Society-Petroleum Research Fund Scholar.
(2) A. Perj&ssy, Chem. Zvesti, 23, 905 (1969).
(3) J. R. Dimmock, P. L. Carter, and P. D. Ralph, J.Chem. Soc. B, 698 

(1968).
(4) W. P. Hayes and C. J. Timmons, Spectrochim. Acta., 24A, 323 (1968).

th e  system  Id , m ethy l s ty ry l keton es, R  =  C H 3, for  
study.

A lth ou gh  the steric requirem ents o f  the m eth y l group  
are considerable, th ey  are sign ificantly  less th an  those 
o f  the n -b u ty l and  p h en yl groups w h ich  w ere used  as 
R  in  th e  previou s studies. W h en  R  is m eth y l (Id ) , 
there is a sm aller in teraction  w ith  th e  a h yd rogen  in 
the s-cis  con form er; hence, if the degree o f  cop lan arity  
is im portan t to  the efficiency o f  transm ission , then  a 
stu dy  o f  the m ethy l s ty ry l k eton e  system  sh ou ld  p ro 
v id e  insight in to  its role. T o  test th is p o in t and  as a 
part o f  ou r con tin u in g  in vestiga tion 5 o f  s tru ctu re - 
rea ctiv ity  relationships o f  a,|S-unsaturated keton es, 
w e have m easured the carbon y l stretch ing  frequ en cies 
o f  th e  s-cis  and s-trans con form ers o f  a  series o f  su b 
stitu ted  m eth y l styry l ketones.

H a yes  and  T im m on s4 h ave prev iou sly  rep orted  th e  
assignm ent o f  the bands in  the 1690-cm _1 region  to  
the s-cis or  nonplanar con form er and  the ban d s in  the 
1670-cm _1 reg ion  to  the s-trans con form ers for  2 and 4. 
T h e  assignm ents reported  here are based  on  an a logy  
w ith  their w ork . A s an ticipated , the low est ca rb on y l 
frequencies w ere obta in ed  for  Id  su bstitu ted  w ith  the 
strongest e lectron -w ith draw in g group  an d  the h ighest 
frequencies w ere observed  fo r  Id  su bstitu ted  w ith  the 
stron gest e lectron  d on atin g  group.

T h e  m eth y l s ty ry l ketones em p loyed  in  th is in vesti
ga tion  are listed  in T a b le  I  a lon g  w ith  th e  va lues for

T a b l e  I
M e t h y l  St y r y l  K eton es

Compd Fa-cist Ffl-trans»
no. Substituent cm-1 cm -1
1 p-(CH3)2N 1688.9 1666.0
2 p -c h 3o 1693.2 1670.1
3 p -c „h 6 1696.9 1674.0
4 p-H 1697.6 1674.8
S p-Cl 1699.2 1677.2
6 p-Br 1699.3 1678.3
7 p-CN 1701.1 1680.0
8 p-NO-2 1702.0 1680.8

ca rb on y l stretch ing  frrquencies w hich  w ere ob ta in ed  in 
carbon  tetrach loride solu tion . T h e  frequencies for  
b o th  con form ers are correlated  w ith  <r+ ob ta in ed  from  
the tabu la tion  o f  R itch ie  an d  Sager.6 T a b le  I I  co n -

T ab l k  II
R esults  o f  Sta t ist ic a l  T r e a t m e n t  U sin g  <r+ C o n st a n t s“ 6

n p 3 % C

s-cfs-Id 8 5.38 0.48 1697.9 0.995
•s-iraras-Id 8 6.22 0.98 1675.9 0.984
“ See ref 6. 6 n = number of points; p  = slope as determined 

by method of least squares ; s = standard deviation; c = correla
tion coefficient; i  =  intercept.

tains the results o f  the statistica l analysis7 o f  the co r 
relations carried  ou t a ccord in g  to  the approach  o f  
Jaffé .8 F igure 1 con ta in s a graph ical presentation  o f

(5) (a) N. S. Silver and D. W. Boykin, Jr., J. Org. Chem., 36, 759 (1970);
(b) R. W. Woodard and D. W. Boykin, Jr., Chem. Commun., 628 (1970);
(c) M. L. Ash, F. L. O’Brien, and D. W. Boykin, Jr., J. Org. Chem., in press.

(6) C. D. Ritchie and W. F. Sager in “ Progress in Physical Organic Chem
istry,”  Vol. 2, Interscience, New York, N. Y., 1964.

(7) G. W. Snedecor and W. G. Cochran, “ Statistical Methods,”  6th ed, 
Iowa State University Press, Ames, Iowa, 1967.

(8) H. H. Jaffé, Chem. Rev., 63, 191 (1953).
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T a b l e  III
R esults  o f  Sta t istic a l  T r e a t m e n t  U sin g  F  an d  R C o n stan ts“ '*

n f r i E C % R
s-cis-Ia 5b 7.65 ±  0.78 16.14 ±  1.51 1694.9 0.53 0.994 46 ±  3
s-irans-I a 5° 14.24 ±  1.47 29.72 ±  2.86 1675.0 1.0 0.994 46 ±  3
s-cfs-Ib 9* 4.88 ±  1.26 6.24 ±  1.83 1672.2 1.30 0.945 40 ±  9
s-iraras-Ib 9* 5.32 ±  1.52 10.86 ±  2.21 1653.0 1.57 0.959 56 ±  9
s-cfs-Id 7d 3.27 ± 1 .1 2 8.94 ±  1.90 1697.4 1.01 0.960 59 ±  10
s-inros-Id 7d 4.98 ±  1.54 10.16 ±  2.62 1674.5 1.39 0.953 52 ±  10

“ Swain-Lupton field and resonance parameters; see ref 9. These correlations were made using a multiple linear regression program 
written using the statistical analysis described in ref 7. Calculations were made on an IBM 7094 computer. 6 The v values were taken 
from ref 3; the substituents were p-H, p-Cl, m-Cl, p-CH3, and p-CH30. * The v values were taken from ref 2; the substituents were
P-NH2, p-CIRO, p-CH3, p-H, p-F, p-Cl, m-Cl, p-CN, p-N 02. d The value of v for the p-(CH3)3N compound was not used in these calcula
tions. " n = number of points; /  =  regression coefficient for field parameter; r = regression coefficient for resonance parameter; 
i =  intercept; E = standard error of estimate; c =  multiple correlation coefficient; %  R =  resonance contribution, calculations as 
in ref 5a.

the data. T h e  correlation s o f  the stretch ing  frequen 
cies w ith  <7+ are g o o d  for  b oth  isom ers, fo r  the s-cis 
r  =  0 .995 and, fo r  s-trans, r  =  0.984.

C om parison  o f  p va lu es fo r  the tw o  con form ers o f  the 
m eth y l s ty ry l keton es in d icates th at their abilities to  
transm it electron ic effects are v e ry  sim ilar. T h e  ratio  
p -cis /p -tran s is 0 .86  fo r  th e  m eth y l s ty ry l k etones. 
T h is  va lue is an increase over  the va lues o f  th e  s -c is -  
s-trans o f  0 .76 and  0 .78  fo r  R  =  n -B u  and - C 6H 5 ( la  and 
lb ) ,  resp ective ly .2 W h ile  the ratio does n o t reach 
un ity , it is in  g o o d  agreem ent w ith  the va lu e  o f  0 .90  for  
the ratio reported  fo r  a series o f  4 '-su b stitu ted  chal- 
con es .2 T hese  results are in  a ccord  w ith  the h y
pothesis that, as th e  tw o  con form ers approach  sim ilar 
degrees o f  cop lan arity , their abilities to  transm it 
e lectron ic effects b ecom e  sim ilar.

T h e  a b ov e  results suggest th a t an im p ortan t m od e  o f 
transm ission  o f  e lectron ic  effects in  these system s is b y  
resonance. T h e  linear free en ergy  relationship  re
p orted  b y  Sw ain  and  L u p to n 9 p rov id es  a m eth od  b y  
w hich  the con tr ib u tion  o f resonance to  a correlation  
m ay  b e  assessed. T a b le  I I I  con ta in s the results o f  the 
correlation s o f  th e  stretch ing  frequ en cy  data  fo r  la , 
lb ,  and  Id  w ith  th e  S w a in -L u p to n  expression. A s  has 
been  n oted  p rev iou sly5® fo r  ir data , correlations w ith  
the tw o-param eter expression  are generally  poorer 
than  those ob ta in ed  w ith  th e  H a m m ett expression . 
In  general, and  n ot u nexp ected ly , all system s g ive 
values fo r  %  R  w hich  are approx im ately  the same. 
U n fortun ately , the correlation s are such  th at the error 
in the %  R  ca lcu lation s is so high fo r  lb  and Id  th at it 
is n o t possib le  to  draw  con clu sion s abou t trends. In  
order to  rigorou sly  determ ine th e  e ffect o f  con form a 
tion  on  th e  m od e  o f  transm ission  in  these a,/S-unsatu- 
rated  system s, it w ill be  necessary to  find another m ore 
precise m eans o f  assessing them .

Experim ental Section

M eth yl Styryl K eton es.— All of the ketones have been previ
ously reported and were prepared as described by Johnston and 
Jones.10 The compounds were purified by recrystallization, 
usually from hexane and their purity was checked by nmr. 
The compounds were dried in vacuo prior to measurement of 
their stretching frequency. Melting points are uncorrected 
and were obtained using a Thomas-Hoover Uni-Melt. The 
melting points observed followed by the literature values follow:

(9) C. G. Swain and E. C. Lupton, Jr., J. Amer. Chem. Soc., 90, 4328 
(1968).

(10) R. L. Johnston and L. A. Jones, J. Chem. Eng. Data, 16, 112 (1971).

Figure 1.— Plots of vc-o vs. <r+ for s-cis and s-trans conformers 
of para-substituted benzalacetones: □, s-cis conformers; O, s-
trans conformers.

1, 135.5-136.5° (133—134°);10 2, 72-73° (72°);u 3, 134-135° 
(134.5°);11 12 4, 40-41° (40-410);10 5, 58-59° (58-59°);10 6, 84.5- 
85.0° (83-84°);13 7, 105-106.5° (105-1060);10 8, 108-109° (106- 
107°).10

Infrared Frequencies.—The ir stretching frequencies for all 
the benzalacetones were determined using a Beckman IR-12 
grating spectrometer operated in the expanded scale mode at 
scan rates of 8 cm-1 min, chart speeds of 1 in./m in, and period 
setting of 8.6a The spectra of the benzalacetones were taken in 
solutions of spectral grade carbon tetrachloride at 35 ±  4°. 
The concentrations of the solutions were ca. 5%  and a matched 
set of KBr cells with 0.05-mm path lengths were used. Band 
frequencies were taken at the half-width at 75% of the height of 
the s-cis band and at the half-width at 60% of the height of the 
s-trans band. All frequencies reported were obtained from 
averaging at least three different scans, all of which gave fre
quencies which were within 0.4 cm-1 of one another.

(11) Kalle A.-G., British Patent 943,266 (1963); Chem. Abstr., 60, 
14697« (1964).

(12) R. Trave and G. Bianchetti, Atti. Accad. Naz. Lincei, Cl Sci. Fis., 
Mat. Nat. Rend., 11, 211 (1951); Chem. Abstr., 49, 2381/s (1955).

(13) R. E. Lutz, T. A. Martin, J. F. Codington, T. M. Amacker, R. K. 
Allison, N. H. Leake, R. J. Rowlett, Jr., D. Smith, and J. W. Wilson, III, 
J. Ora. Chem., 14, 982 (1949).
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R egistry  N o .— 1, 30625-58-2 ; 2 , 3815-30-3 ; 3 ,
32979-83-2 ; 4 , 1896-62-4 ; 5 ,3 0 6 2 6 -0 3 -0 ; 6 ,3 8 1 5 -3 1 -4 ; 
7 ,3 0 6 2 6 -0 0 -7  ; 8 ,30625 -98 -0 .

A ck n ow ledgm en t. — A ckn ow ledgm en t is m ade to  the 
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H eterocy clic  analogs o f  4 ,5 -ben zotropon e ( la )  w ere 
u nk n ow n  until the recent preparations o f  2 -th iaazulen-
6 -on es,2 ’3 2 -phenyl- 1 ,3,5,7 -tetr am ethy l-2-azaazu len -6- 
o n e ,3 and  [4 ,5 -c]furotropon e (2 a ) .4 A  h ith erto  un
k n ow n  m em ber o f th is series is [4 ,5-c(d) jp y ra zo lo tro - 
p on e  (or l,2 -d ia za -li7 -a zu len -6 -on e ) (3 ), w h ich  cou ld  
exist in  an y  o f  several tau tom eric structures 3 a -d  
(S chem e I ) .  I t  w as o f interest to  determ ine if th e  d if
feren ce in  b a s ic ity  o f  th e  carbon y l grou p  and  th e  an
nular n itrogens w ou ld  b e  relinquished fo r  the stabiliza
tion  w h ich  w ou ld  result from  further deloca lization  o f 
th e  ten  it e lectrons in  the tau tom er, 6 -h y d ro x y -1,2- 
diazaazulene (3 c).

A  g ood  y ie ld  o f  2 ,7 -d icarbeth oxy  [4 ,5-c(d) jp yra zo lo - 
trop on e  (6 )5 w as obta in ed  as outlined  in  S ch em e I . 
I ts  in frared spectrum  (K B r) show ed  a b road  ban d  at 
3226 c m -1  for  the associated N H  group in  th e  p yrazole  
ring. T h e  trop on e  ring carbon y l absorption  w as as
signed to  b o th  ban ds at 1600 and 1520 c m -1  based  on  
com parab le  ban ds rep orted 4 for  th e  fu rotrop on e  2b 
(1614 c m -1  in C H 2C12) and  the b en zotrop on e  l b  (1625 
and 1550 c m -1  in  C H 2C12). H ow ever, th e  intense b an d  
at 1600 c m -1  characteristic o f  the C = N  a bsorp tion  in 
pyrazoles6 m akes it  d ifficult to  defin itely  assign this 
ban d  specifically  as the carbon y l stretch ing frequ en cy  
in  6.

T h e  u ltrav io let absorption  (m eth anol) at 222 nm  
(log  e 4 .24) w as a ttribu ted  to  the p yra zo le  ring, since 
a lkyl-su bstituted  pyrazoles absorb  at 21 0 -2 2 5  n m  and 
ary lpyrazoles at 250 -280  n m .6 T h e  ba n d s associated 
w ith  th e  trop on e  ring (in  isooctane at 225, 297, and 310 
n m  fo r  trop on e  itse lf)7 w ere sh ifted  b y  th e  fused  p y ra 
zole  ch rom oph oric  ring to  262 nm  (log  e 4 .43) and 316
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(1951).

COOH

7

(3 .98), th e  la tter b an d  assigned to  th e  con ju ga ted  k eto  
fu n ction . C om parab le  absorptions w ere rep orted 4 
fo r  2 b : 219 nm  (log  e 4 .14) and 260 (4 .49). T h e
nm r spectra  o f  1, 2 ,4 and 6 (c /. E xperim en ta l S ection ) 
w ere also v e ry  sim ilar w ith  respect to  ch em ical sh ift 
va lu es and absorption  patterns for  th e  trop on e  rings.

H yd ro lys is  o f 6 w ith  2 0 %  sulfuric acid  gave  2 ,7 -d i- 
ca rb ox y  [4 ,5-c(d) jp yra zo lo trop on e  (7) in  8 7 %  yield . 
T h e  parent structure was then  obta in ed  in 3 5 %  y ie ld  
b y  d eca rb ox y la tion  o f 7 at 205° w ith  a co p p e r -q u in o lin e  
m ixture. T h is  represents a different, con ven ien t, and 
im p roved  m eth od  fo r  d ecarboxy la tion  o f th e  precu rsor 
d ica rb oxy lic  acids to  y ie ld  tropon es. U su ally  acid  
h ydrolysis in  sealed tubes affords v e ry  low  y ie ld s .4

T h e  exten t o f  a rom aticity  in  3 was estim ated b y  a 
com parison  o f som e spectra l characteristics w ith  the 
d a ta  availab le on  the related u nsubstitu ted  system s, la  
and  2a. T h e  ban ds at 1635 and 1582 c m -1  in th e  in
frared  spectra  o f  tropon es w ere p rev iou sly  con sidered  
ca rb on y l group  v ibra tion s. A  s tu d y8 on  a n u m ber o f 
tropon es revealed  th at the low er frequ en cy  b a n d  w as 
so lven t dependen t and th erefore  it w as co n clu d ed  th at

(8) H. Goetz, E. Heilbronner, A. R. Katritzky, and R. A. Jones, Helv. 
Chim. Acta, 40, 957 (1957).
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this b an d  w as the ca rb on y l stretch ing  m ode. T h e  low er 
frequ en cy  absorptions o f  fu ro trop on e  2a and b en zotro - 
p on e la  w ere also fou n d  to  be  so lven t d ep en d en t.4 
B y  correlating th e  freq u en cy  o f  th is a bsorp tion  w ith  
ca lcu lated  b o n d  orders it w as in ferred4 th at 2a w as less 
arom atic th a n  trop on e  or  la. Since the carbon y l in  3 
does n o t h ave  a sim ilar geom etric d isp osition 9 to  th at 
in  la  and 2a, w e w ere u nable  to  com p a re  the in frared 
absorptions at 1620-1590  c m -1  in  the sam e m anner.

T h e  u ltrav io le t absorp tion  ban ds o f  3 (m eth anol) 
at 215 n m  (log  e 4 .01) fo r  the p yra zo le  ring, 252 (4.40) 
fo r  th e  trop on e  ring, and  320 (3 .81) fo r  th e  con ju ga ted  
k eto  grou p  com pare  w ell w ith  th ose  fo r  b en zotrop on e  
la  [Xmax11 231 n m  (log  « 4 .50 ), 272 (4 .69 ), 332 (3 .64), 
and 348 (3 .4 5 )] and fo r  fu ro trop on e  2a [X®4®11 211 nm  
(log  e 4 .0 8 ), 216 (4 .05 ), 250 (4 .57 ), 255 (4 .55 ), 292 (3 .67), 
and 301 (3.67) ]. W e  h ad  an op p o rtu n ity  here to  co m 
pare th e  exten t o f  d e loca liza tion  o f  th e  ring electrons 
b y  com parin g  th e  lon g -w ave len gth  absorptions. T h e  
sh ift in m axim a o f  a b ou t 47 nm  tow a rd  th e  b lu e from  
th e  b an d  fo r  b en zotrop on e  w as a ttr ib u ted 4 to  a decrease 
in deloca lization  in  fu rotropon e. B y  analogy, the b lu e 
sh ift o f  on ly  28 nm  b y  p y ra zo lo trop on e  indicates th e  
order o f  a rom aticity  to  b e  ben zotrop on e  >  p yra zo lo tro 
pon e >  fu rotropon e. T h e  d ipolar structure 3d m ust 
m ake a sign ificant con tr ib u tion  to  th e  resonance h yb rid  
o f  3.

In  T a b le  I , p y ra zo lo trop on e  is com p ared  w ith  the 
o th er pertinen t trop on es  w ith  regard to  their nm r p rop -

T a b l e  I
C h e m ic a l  Sh if t s  f o r  T r o po n e s“

-Assignment, 5 ppm-
Compd Fused ring protons

Tropone6
l a ' 7.47 (4 H, s)

2a ' 8.08 (2 H, s)

3 8.24 (NH, 1 H, s)
7.80 (CH, 1 H, s)

Tropone ring doublets
6.95 (broad singlet)
7.27 (2 H), 6.65 (2 H),

J =  12 Hz
7.37 (2 H), 6.52 (2 H),

J — 12 Hz
7.60 (Hc, s),d 6.64 (Hd, s) 
6.90'(H„, d),« 6.40 (Hb, d)«

“ The cross-conjugated l,2,3,3a,8a-pentahydroazulen-6-one ex
hibited absorptions at 8 6.21 and 5.87 (J =  12.5 Hz) for the ole- 
finic doublets: O. L. Chapman and T. H. Kock, J. Org. Chem., 
31, 1042 (1966). b Data taken from D. J. Bertelli, C. Golino, 
and D. L. Dreyer, J. Amer. Chem. Soc., 86, 3329 (1964), solvent 
CC14. c Taken from ref 4, solvent not reported. d Cf. Scheme 
I for H symbols. ‘  J =  2 Hz, solvent DMSO-d6.

nique. Nuclear magnetic resonance spectra were recorded on a 
Varian A-60A using tetramethylsilane as an internal standard. 
Ultraviolet spectra were obtained with a Bausch and Lomb 505 
spectrophotometer. Combustion analyses were performed by 
Schwarzkopf Microanalytical Laboratory, Woodside, N . Y ., 
and Childers Microanalytical Laboratory, Milford, N. J.

M aterials.— Diazomethane was prepared by Eistert’s pro
cedure,10 and assayed by the method of Fieser.11 The acetyl- 
enedialdehyde bis(diethyl acetal) was prepared according to the 
procedure of Wohl12 and used in the procedure described by 
Henkel and Weygand13 for the preparation of pyrazole-3(5),4- 
dicarboxyaldehyde, yield 81.8%, mp 202-203° (lit. 203-205°).

2 ,7-D icarbethoxy[4 ,5-c(r!)]pyrazolotropone.— To 4.96 g. 
(0.039 mol) of pyrazole-3(5),4-dicarboxaldehyde suspended in 
55 ml of benzene was added 7.95 g (0.0044 mol) of diethyl 
acetonedicarboxylate and 0.5 ml of piperidine. The suspension 
was refluxed for 2 hr and cooled, and the solid was filtered and re- 
crystallized from chloroform-pentane to yield 8.7 g (76.5%) of 6 
as a white powder, mp 159-161°. Five preparations gave yields 
ranging from 43 to 77% : nmr (CDCI3) 8 1.33 (t-, 6 , CH3, /  = 
7 Hz), 4.38 (q, 4, CH2), 8.22 (s, 2, tropone ring), 8.40 (s, 1, pyra
zole CH), 12.80 (br, 1, NH).

Anal. Calcd for CUH14N2O5: C, 57.93; H, 4.86; N, 9.65. 
Found: C, 57.77; H, 4.97; N, 9.58.

2,7-D icarboxy[4,5-c(d)|pyrazolotropone.— A suspension of the 
above dicarbethoxypyrazolotropone (16 g, 0.055 mol) in 200 ml 
of 20% sulfuric acid was refluxed for 1.5 hr and then stirred for 2 
hr at room temperature. The cooled suspension was filtered 
and the residue was dried overnight in a desiccator at 100°. 
Recrystallization from absolute ethanol afforded 10 g (78%) of 7 
as a tan solid, mp 259-261°. Five preparations gave the acid 
in 73-78% yields: uv x” * H 213 nm (log e 3.97), 272 (4.43), 
333 (3.78); ir Xmal (KBr) 3226 (NH), 1709 (COOH), 1590 cm “ 1 
(C = 0  tropone); nmr (DMSO-de) 8 8.00 (s, 1 H, pyrazole CH), 
8.24 (s, 2 H, tropone), 10.25 (broad absorption, 3 H, NH and 
two COOH).

Anal. Calcd for C,„H6N20 5: C, 51.29; H, 2.58; N, 11.96. 
Found: C, 51.72; H, 2.92; N, 11.65.

[4 ,5-c(d)]Pyrazolotropone.— To 4.6 g (0.0197 mol) of the 
above dicarboxypyrazolotropone was added 0.7 g of copper 
powder and 25 ml of quinoline. The solution was heated in an 
oil bath at 205° for 3.5 hr. The black suspension was poured 
into 30 ml of an ice-cold solution of 50% hydrochloric acid and 
the suspension was filtered. The filtrate was extracted with 
five 60-ml portions of ethyl acetate, and the extracts were dried 
(MgSO,) and evaporated tc a yellow solid. Solution in ethyl 
acetate and addition of pentane to the cloud point yielded 1.02 
g (35.5%) of 3 as a light yellow solid, mp 223.5-225°. Eight 
preparations gave yields ranging from 10 to 36%. The product 
did not react with 2,4-dinitrophenylhydrazine reagent.

Anal. Calcd for C8H6N20 :  C, 65.74; H, 4.14; N, 19.17. 
Found: C, 65.70; H, 4.17; N, 19.25.

R eg istry  N o .— 3a, 3 3 0 1 5 -60 -0 ; 3b, 3 3 0 1 5 -6 1 -1 ; 3c, 
33015-62-2 ; 6a, 33015 -63 -3 ; 6b, 3301 5 -6 4 -4 ; 7a, 33015-
6 5 -5 ; 7b, 33015-66-6 .

erties. I t  is apparent th at th e  three b icy c lic  structures 
can  sustain  an in d u ced  ring current. A  com parison  
w ith  trop on e , w h ich  show s on ly  a b roaden ed  singlet, 
reveals th e  b icy c lic  trop on es  to  b e  less arom atic. B en 
zotrop on e  and  fu ro trop on e  show  their sym m etry  in 
th e  v e ry  sim ilar a bsorp tion  pattern  for  th e  peripheral 
proton s. T h e  unsym m etrica l d istribu tion  o f h etero
atom s in  3 p rodu ces fou r  absorp tion s consisting  o f  tw o 
singlets and  tw o  dou b lets .

I t  w as clear fro m  th e  sp ectroscop ic  p roperties ex 
h ib ited  b y  p yra zo lo trop on es  3 and 6 th at th ey  exist as 
k eto  tau tom ers, e.g., 3a and 3b, rather than  in th e  h y 
droxy  form  3c.

Experimental Section

All melting points, taken on a Mel-Temp apparatus, are un
corrected. Infrared spectra were measured on a Perkin-Elmer 
Infracord Model 137 using the potassium bromide pellet tech

(9) O. L. Chapman and T. H. Kock, J. Org. Chem., 31, 1042 (1966).

(10) B. Eistert, ‘ ‘Organic Syntheses,”  Collect. Vol. II, A. H. Blatt, Ed., 
Wiley, New York, N. Y ., 1967, p 165.

(11) L. F. Feiser and M. Feiser, ‘ ‘Reagents for Organic Synthesis,”  Wiley, 
New York, N. Y., 1967, p 191.

(12) A. Wohl, Chem. Ber., 46, 339 (1912).
(13) K. Henkel and F. Weygand, Chem. Ber., 76, 812 (1943).

T h e  E le c t r o n ic  E ffe c ts  o f  O x y g e n  in  t h e
8 -O x a b ic y c lo [4 .3 .0 ]n o n -3 -e n e  S e r ie s

B ra d fo r d  P . M u n d y * an d  R o d n e y  D. O t z e n b e r g e r

Department of Chemistry, Montana State University, 
Bozeman, Montana 59715
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R ep lacem en t o f  a m ethylene group  b y  an ox y g en  
h eteroa tom  has b een  show n  to  affect the ch em istry  o f 
th e  m olecu le in v o lv ed . A  con form ation a l e ffect has
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b een  n oted  b y  P a q u ette  in th e  solvo lysis  o f  ox oca n -3 -y l 
b ro sy la te .1 A  retard ing field  effect has been  dem on 
strated  b y  T a rb e ll in th e  solvo lysis  o f  4 -tetrah ydro- 
p y ra n y l tosy la te .2 Increased  rea ctiv ity  due to  reso
n ance pa rtic ip a tion  has been  observed  in the h yd ro - 
b o ra tio n  o f  2 ,3 -d ih yd ro fu ran .3 W e  w ish  to  report here 
so m e  o f ou r w ork  w h ich  suggests th e  possib ility  o f  lon g- 
range n on b on d ed  electron ic p a rtic ipa tion  in a rigid 
system .

R ic k b o r n 4 has qu estion ed  w hether the h eteroa tom  in 
m -8 -o x a b ic y c lo  [4.3.0 ]non -3-ene (1) m ight con tribu te  
to  the ch em istry  o f  th e  alkene b on d . A s  a con sequ ence 
o f  ou r w ork  try in g  to  establish  w h eth er a d irective  
effect m ight b e  observed  in th e  ch em istry  o f  the 8- 
o x a b icy c lo  [4 .3 .0 ]non-3-ene series,6 w e in vestigated  the 
rea ctiv ity  o f  these m olecules. T h e  phthalans 1 and 2 
and  A5-a s -te tra h y d ro in d a n  (3) w ere su b jected  to  co m 
p etition  experim ents in  order to  evalu ate the relative 
reactiv ities  o f  th e  alkene b on d .

CH,CD u> Oc>
1 2

R esu lts  and  D iscu ssion

T h e  synthesis o f  1 and 3 are d ilineated in Sch em e I. 
T h e  anhydride 4 w as redu ced  to  the 1 ,4-diol 5, w h ich  in

S ch em e  I

8 9

turn  w as readily  cyc lized  to  the tetrah ydrofu ran y l 
system  b y  treating the d iol w ith  p -to lu en esu lfon y l 
ch loride in refluxing pyrid ine. F orm ation  o f the 
d itosy la te  6 w as readily  ach ieved  b y  treating  5 w ith  
p -to lu en esu lfon y l ch loride at 0 ° . T h e  ca rb on  chain 
lengthening w as affected  b y  a d isp lacem ent o f  b o th  
tosy la te  functionalities w ith  cyan id e  ion . T h e  result
ing dinitrile 7 w as h yd ro ly zed  to  8, w h ich  under con 
d itions o f  R u zick a  cycliza tion  a fforded  the indanone 
deriva tive  9. W o lff-K is ch n e r  redu ction  o f 9 gave the 
desired A6-m -1 etra h y d ro in d a n  (3 ). T h e  preparation  
o f  2 has been  rep orted .6

(1) L. A. Paquette, R. W. Begland, and P. C. Storm, J. Amer. Chem. Soc., 
92, 1971 (1970).

(2) D. S. Tarbell and J. R. Hazen, ibid., 91, 7657 (1969).
(3) G. Zweifel and J. Plamondon, J. Org. Chem., 35, 898 (1970).
(4) B. Rickborn and S. Y. Lwo, ibid., 30, 2212 (1965).
(5) B. P. Mundy, A. R. DeBernardis, and R. D. Otzenberger, ibid., 36, 

3830 (1971).

E a ch  alkene w as m ixed w ith  an  equal m olar am ou n t 
o f  cycloh exen e  and  w as allow ed to  com p ete  fo r  a lim ited  
am ount o f  m ercuric acetate in T H F -H 20 .  T h e  rela
tiv e  reactiv ities w ere ascertained b y  established m eth 
ods6 and are recorded  in  T a b le  I.

T a b l e  I
R esults  o f  C o m pe tit io n  Stu d ie s

Cyclohexene 1 2  3
Oxymercuration (A r<,i) 1.00 0.93 0.35 0.11
AgN 03 equilibration (Keq) 0.018“ 0.15 0.048
“ Reference 9.

T h e  e igh tfo ld  increase o f  rea ctiv ity  o f  1 as com p a red  
to  3 show s th at the alkene b o n d  is m ore reactive . 
E xam in ation  o f variou s typ es  o f  m odels suggests th a t 
the n on bon d ed  electrons o f the ox y g en  can  stabilize  a n y  
incip ien t charge w h ich  m ight result from  e lectroph ilic  
a ttack  on  the tt system  o f th e  alkene. T h is  in teraction , 
as described  b y  10, m ight b e  sim ilar to  th e  lon g-ran ge 
oxy g en  p artic ip a tion  rep orted  b y  P a q u e tte  fo r  11.7

10 11
T h e  decrease in rea ctiv ity  o f  2 m ust b e  a ttrib u ted  to  
a “ steric e ffect”  o f  the m eth y l grou p .8 It  is in teresting 
to  n ote  th at th e  relative reactiv ities o f  cy c loh ex en e  vs.
3 -m eth y lcycloh exen e  are 1 .0 -0 .36 . T h e  rem arkable 
sim ilarities o f  rate  retardation  due to  a m eth y l group 
are o f  interest, particu larly  since 2 is eon form ation a lly  
m ore hom ogen eous than  3 -m eth y lcycloh exen e . T h e  
d irective  effects fou n d  in  th e  ch em istry  o f  2 and 3- 
m eth y lcycloh exen e  are also q u ite  sim ilar.6

C om parison  o f the oxym ercu ra tion  results w ith  ease 
o f  silver n itrate com plexin g  again suggests th a t the 
alkene b o n d  o f 1 is m ore su scep tib le  to  coord in a tion  
w ith  silver ion  th an  cy cloh ex en e  (T a b le  I ) .  D istr i
b u tion  o f  1 and 2 betw een  ca rb on  te trach lorid e  and 
aqueous silver n itrate9 gave equ ilibriu m  con stan ts 
w hose ratio  (K 2/ K i =  0 .32) is qu ite  sim ilar to  the 
ratio  o f  re la tive  reactiv ities  fo r  ox y m e rcu ra tio n .10

(6) S. L. Friess and A. Weissberger, Ed., “ Techniques of Organic Chemis
try,” Vol. VIII, Interscience, New York, N. Y., 1953, pp 101-108.

(7) L. A. Paquette and P. C. Storm, J. Amer. Chem. Soc., 92, 4295 (1970).
(8) D. J. Pasto and J. A. Gontarz, ibid., 92, 7480 (1970).
(9) J. G. Traynham and J. R. Olechowski, ibid., 81, 571 (1959).
(10) We realize that the partition of alkenes between organic and aqueous 

silver nitrate phases is not always a reliable measure of Kcq. However, the 
similarity of the ratios of Kcq for 1 and 2 with the ratio of oxymercuration 
relative rates is an interesting observation11 worthy of recording for other 
research workers.

(11) The question of mercurinium ions has received some attention re
cently. Pasto argues for their existance on stereochemical grounds.8 Olah12 
has reported a direct observation of the mercurinium ion. Based on the 
stereochemical course of oxymercuration of 1, the effect of oxygen hetero- 
atoms13 and the similarity between the relative rates of oxymercuration of 
1 and 2 and the relative ease of argentation, we also suggest that mercurinium 
ions exist. Further work to substantiate this is in progress.

(12) G. A. Olah and P. R. Clifford, J. Amer. Chem. Soc., 93, 1261 (1971).
(13) (a) M. M. Jones, “ Elementary Coordination Chemistry,”  Prentice- 

Hall, Englewood Cliffs, N. J., 1964, p 116; (b) R. W. Parry and R. N. 
Keller, “ The Chemistry of the Coordination Compounds,”  J. C. Bailar, Jr., 
and D. H. Busch, Ed., Reinhold, New York, N. Y., 1956, p 123; (c) P. C. 
Chamberlain and G. H. Whitman, J. Chem. Soc. B, 1382 (1970).

OBs
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This unexpected similarity leads us to at least consider 
the possibility that, in both oxym ercuration and com - 
plexing with silver nitrate, the reactive site is the alkene 
bond rather than the ether osygen.11 A  recent dis
cussion o f electrophilic addition o f A g+  and H g2+ to 
ethylene suggests that their modes of addition m ay be 
quite similar.14 Further evidence supporting the sug
gestion that the silver did not coordinate with oxygen 
m ay be seen in the nmr spectrum o f the silver nitrate 
com plex. Comparison o f 1 in D 20  with the com plex in 
D 20  shows clearly that the it bond is being influenced 
by  silver ion, altering the vinyl hydrogens chemical 
shift from  8 5.7 to 6.7. This is the same shift observed 
for cyclohexene.16 In  general it has also been reported 
that silver ion does not coordinate strongly with 
oxygen. 13a’b

Another argument that might be posed against 
oxygen participation is one of prior com plexing of 
mercury ion with the oxygen, followed by  a rapid 
transfer to the alkene bond (an entropy effect). Several 
arguments can be form ulated against this possibility. 
In general, oxygen does not coordinate well with 
mercury ion, and particularly ether-oxygen functions.130 
Also, since T H F  is the solvent for this reaction one must 
question why the phthalan oxygen would be specifically 
superior to the T H F  oxygen for com plexing, and 
specific exchange would be necessary to account for the 
increased reactivity. A  recent analysis o f oxym er
curation of substituted cyclohex-2-enols concludes that 
there is probably little direct interaction between 
mercury and the hydroxyl group.130

Lastly, one can reasonably suggest that rate differ
ences are merely a reflection o f differences in ring strain 
or steric requirements o f methylene vs. oxygen. W e 
have tried to rule these out b y  analyzing the relative 
reactivities in the trans series, 12 and 1 3 .16 Here weQ> CP

H H
12 13

observe that 13 undergoes oxym ercuration at about the 
same rate as 3 (/crel =  0.15), while 12 oxymercurates 
about four times faster (kTe\ =  0.4). Analysis of 
models demonstrates that 12 and 13 are conform ation- 
ally similar and there is clearly little chance for par
ticipation b y  oxygen o f 12. A t this time it is reason
able to  suggest any increased reactivity as resulting 
from  differences in strain. I f  we apply these argu
ments to  the cis series, particularly 1 and 3, it is not 
unreasonable to suggest that, in the absence of partici- 
patior. by oxygen, 1 and 3 should exhibit similar rates 
of oxym ercuration. That 1 is considerably faster sup
ports the concept of some sort of “ oxygen-effect.” 17

(14) R. D. Bach and H. F. Henneike, J. Amer. Chem. Soc., 92, 5589 
(1970).

(15) F. A. Bovey, “ Nmr Data Tables for Organic Compounds,”  Vol. I, 
Interscience, New York, N. Y., 1967, p 131.

(16) These compounds have been previously prepared by methods similar 
to those used for 1 and 3.

(17) One might be concerned about differences in solubility as reflecting 
the rate differences. We have not analyzed the solubilities of the alkenes 
used in this study. However, we would expect 1 and 12 to have similar 
solubilities, as would 3 and 13. If solubility were a major factor, we might 
expect 1 and 13 to exhibit similar reactivities, as we do observe. However, 
the greater reactivity of 3 than 12 again suggests some additional oxygen 
effect.

T he m ajor product resulting from  oxym ercuration of 
1 is 16. This was established by  an unambiguous

synthesis of 16. E poxidation of 4 with perbenzoic acid 
yielded the known epoxide 14.18 R eduction of 14 with 
lithium aluminum hydride afforded the triol 15, which 
was immediately treated with 1 equiv of p-toluene- 
sulfonyl chloride in pyridine at reflux. The product 
from  this synthesis must have the stereochemistry of 
16 based on the history of the reaction sequence. 
That the product did not arise from  cis addition during 
the oxym ercuration process was established by  analyz
ing the organomercurial resulting from  m ethoxy- 
mercuration o f l . 18 19

Although the increased reactivity is not overwhelm
ing, it does lend some support for R ickborn ’ s questioning 
the use of perhydrophthalans as models for the more 
difficultly obtained perhydroindans.

Experimental Section

The infrared spectra reported here were obtained on a Beck
man IR-5, using polystyrene as an external standard. The 
nuclear magnetic resonance spectra were obtained on a Varian 
Model A-60 instrument, using tetramethylsilane as an internal 
standard. Melting and boiling points are uncorrected. The 
competition studies were measured by utilizing the product 
ratios as observed from an F & M  Model analytical gas chroma
tograph and the peak areas integrated with a Disc integrater.

Cyclohexene-4-cis-l,2-dimethanol (5).— A solution containing
30.4 g of cis-1,2,3,6-tetrahvdrophthalic anhydride in approxi
mately 1 1. of anhydrous ether was added to 8.0 g of lithium 
aluminum hydride in 600 ml of anhydrous ether. Work-up gave 
the colorless cis diol (15.1 g, 53%) boiling at 167-170° (0.25 mm) 
[lit. bp 165-170° (12 mm),20 mp 34.5°21] .

Cyclohexene-4-cis-l,2-dimethanol Di-p-toluenesulfonate (6).— 
A solution of 5 (17.5 g) in 50 ml of pyridine was added dropwise to 
a cooled (0°) solution of p-toluenesulfonyl chloride (78.5 g) in 
100 ml of pyridine. After completion of the addition, the mix
ture was stirred for an additional 3 hr. The reaction mixture 
was then poured into 200 ml of cold water, and within a few 
minutes the white crystalline ditosylate had formed. Filtra
tion yielded 55 g (99% yield) of the ditosylate, mp 97.5°.w.21

Cyclohexene-4-cis-l, 2-diacetonitrile (7).— A mixture of 6 
(53 g), potassium cyanide (26 g), and ethanol (500 ml) was re
fluxed for approximatly 60 hr. After cooling, 20 ml of water 
was added to dissolve the salts, and the ethanol was removed. 
The residue was extracted with methylene chloride, and the 
combined extracts were reduced in volume. Distillation of the 
crude product yielded a clear, yellow dinitrile (11.9 g, 63%) 
boiling at 195° (8 mm). The dinitrile was crystallized from 
methanol-water, mp 45-46° (lit.21 mp 50°).

Cyclohexene-4-c(s-l,2-diacetic Acid (8).— A solution of 7

(18) See H. B. Henbest, P roc . Chem. Soc., 159 (1963), for a concise report 
on some of the effects contributing to the course of epoxidation.

(19) W. Waters, Tetrahedron Lett., 3769 (1969).
(20) E. Casadevall, C. Largeau, and P. Moreau, Bull. Soc. Chim. Ft., 1514 

(1968).
(21) D. C. Ayres and R. A. Raphael, J . Chem. Soc., 1779 (1958).
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( 11.8 g) was refluxed until the evolution of ammonia ceased. 
After cooling the mixture was acidified with 87% phosphoric 
acid. The reaction yielded 10.0 g (68.5%) of white crystalline 
diacid (from acetonitrile) melting at 156-157° (lit.21, mp 157°).

c2s-4 ,7,8,9-Tetrahydroindan-2-one (9).— Cyclohexene-4-cfs-l,- 
2-diacetic acid (5.0 g) was thoroughly mixed with iron powder 
(5.0 g) and barium hydroxide [0.6 g, Ba(0H )2-8H20 ] . This 
mixture was heated with an open flame while the ketone and 
water distilled. The crude ketone was separated from the 
water and redistilled to give 2.1 g (61.8%) of product boiling 
at 101° (11 mm). Spectral characteristics were consistant 
with the known product.21

Preparation of cfs-4,7,8,9-Tetrahydroindan (10).— The Huang- 
Minlon modification of the Wolff-Kishner reduction was used.23 
A mixture of Ci's-4,7,8,9-tetrahydroindan-2-one (2.0 g), potas
sium hydroxide (2.8 g), 85% hydrazine (2.0 ml), and diethylene 
glycol (20 ml) was heated at 130° for 1.5 hr. The water and 
excess hydrazine were removed by distillation until the tempera
ture reached 190-200°. The mixture was diluted with 200 ml of 
water and neutralized with 6 N hydrochloric acid. This mix
ture was extracted with methylene chloride, and the extracts 
were distilled to give the colorless hydrindan (1.0 g, 55.7%) boil
ing at 42-43° (9 mm). The infrared and nmr spectra were con
sistent with the structure.22

ct's-8-Oxabicyclo[4.3.0]non-3-ene (1).—A solution of 5 (7.1 g) 
in 10 ml of pyridine was heated to reflux and a solution of p- 
toluenesulfonyl chloride (14 g) in 10 ml of pyridine was added 
dropwise with stirring. After the addition was completed, the 
mixture was refluxed for 1 hr. This solution was cooled and 
poured into an ice-sulfuric acid bath to neutralize the pyridine. 
The aqueous mixture was extracted with ether, and the com
bined ether extracts were dried over anhydrous magnesium sulfate. 
Distillation yielded the colorless product (4.8 g, 77.5%) boiling 
at 58-64° (9 mm) [lit.2* bp 63-64° (13 mm)].

Preparation of 12 and 13.—The trans series was prepared by 
methods similar to those outlined for 1 and 3, except that cyclo- 
hexene-4-fraras-l,2-dimethanol20.21 was the starting material. 
Spectral and physical data for 12* and 13 25 were consistent with 
the reported values.

cis-1,3,6-Trihydro-8-oxabicyclo[4.3.0]non-3-ol (16).— 4 (3 g) 
was mixed with an equivalent amount of perbenzoic acid26 in 50 
ml of chloroform and the reaction mixture was maintained at 0° 
for 3 days. The crystalline product 12 was collected and re
crystallized from ethyl acetate, mp 201-202°.27 The epoxide 
(0.5 g) was dissolved in 10 ml THF and reduced with 0.25 g of 
lithium aluminum hydride. The crude triol 13 from this se
quence (400 mg) was mixed with 25 ml of pyridine and 0.47 g 
of p-toluenesulfonyl chloride and was heated at reflux for about 
2 hr. Evaporation of excess pyridine yielded the alcohol 14, 
which was identical by glc (20% Carbowax 20M on Chromosorb 
W, 200°) with the major product of oxymercuration. The
3,5-dinitrobenzoate was crystallized from ethanol, mp 150-152°. 
Anal. C alcdforC uH 16N20 7: C, 53.6; H, 4.8; N, 8.3. Found: 
C, 53.6; H, 4.8; N, 8.1.

Competition Studies.—The competition studies were per
formed by allowing a mixture of cyclohexene (the standard, 1.5 
mmol) and other alkene (1.5 mmol) to compete for a limiting 
amount of mercuric acetate (0.8 mmol) in THF-water (1:1). 
Generally, the reactions were complete (as evidenced by the loss 
of yellow color in the mercuric acetate-water-THF mixture) 
within 1 or 2 min. After sodium borohydride reduction of the 
oxymercurials28 the crude product mixture was analyzed for 
both product and unreacted alkene. The relative rates were cal
culated by

k\ _  In (fraction of A remaining) 
kn In (fraction of B remaining)

(22) J. C. Jallageas and E. Casasevall, C. R. Acad. Sci., Ser. C, 268, 449 
(1969).

(23) L. F. Fieser and M. Fieser, “ Reagents for Organic Synthesis,” 
Wiley, New York, N. Y., 1967, p 431.

(24) E. L. Eliel and C. Pillar, J. Amer. Chem. Soc., 77, 3600 (1955).
(25) H. B. Henbeat, W. R. Jackson, and B. C. G. Robb, J. Chem. Soc. B, 

803 (1966).
(26) G. Braun, "Organic Syntheses," Collect. Vol. I, Wiley, New York, 

N. Y., 1941, p 431.
(27) A. P. Gray, D. E. Heitmeier and H. Kraus, J. Amer. Chem. Soc., 

84, 89 (1962).
(28) The possibility of deoxymercuration accompanying reduction has 

not been eliminated. Future studies will attempt to analyze the problem.

R egistry  N o .— 5, 20141-17 -7 ; 6 , 32970-96 -0 ; 16
3 ,5 -d in itroben zoate , 32970-97-1.
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L aureatin  (I ) and isolaureatin  (I I )  are natu rally  
occu rrin g  b rom o  com pou n ds con ta in ing  oxeta n e  and 
oxoca n e  rings and  oxolane and oxoca n e  rings, respec
tiv e ly , from  Laurencia nipponica Y a m a d a .2 In  th e  
course o f  studies aim ed at selective  c leavage  o f  the 
oxetan e ring o f  hexahydrolaureatin  ( I I I ) ,  w e  ob served  
th at on  acid  treatm en t (H B r -E tO H ) I I I  p rod u ced  a 
trace  o f  h exahydroisolaureatin  (IV ) besides a tr ib rom o 
a lcoh ol V , w h ose  structure is d iscussed be low . T h is  
finding p rom pted  us to  exam ine the reaction  beh av ior o f  
I I I  and I  under various acid ic con d ition s. In  this 
paper w e report the rearrangem ent o f  these oxetan e 
com pou n ds (I I I  and I) to  th e  respective  oxo la n e  
derivatives (IV  and I I )  as w ell as related reactions.

I R = -CH2-CH=CH-CaCH VII II R= -ch2-ch=ch-c=ch
III R = nC5Hii IV R = n-C5H„

C om p ou n d s I I I  and I  w ere treated  w ith  L ew is acids 
and a fforded  IV  and I I , respectively , in m oderate  
y ields (m axim u m  7 6 % ) depending on  the reaction  co n 
ditions, as sum m arized in T a b le  I .3

T h e  sam e ty p e  o f  rearrangem ent was also ob serv ed  
w hen  I I I  w as treated  w ith  H 2 in  the presence o f  P d /C  
at room  tem perature for  40 hr. C om p ou n d s IV , V , 
and a new  m on ob rom o a lcoh ol V I 4 w ere p rod u ced  in 
38, 13, and 2 1 %  yields, respective ly . H eatin g  (in  
vacuo) in a sealed tu be  at 13 0 -2 2 0 05 resu lted  in  re co v e ry  
o f  I I I .6 W e  em phasize th at th is rearrangem ent is 
n otew orth y  from  the b iogen etica l p o in t o f  v iew , since

(1) Part XVIII. Part XVII: M. Suzuki, E. Kurosawa, and T. Irie,
Tetrahedron Lett., 4995 (1970).

(2) T. Irie, M. Izawa, and E. Kurosawa, Tetrahedron, 26, 851 (1970).
(3) The products were identified by comparison of their optical rotations 

and ir, nmr, and mass spectra, as well as Rj values in tic, with those of 
authentic specimens.2 The optical rotation of IV has been observed as 
[a ]d + 8 °  in CHCli.

(4) Upon treatment with Raney Ni, VI afforded X I (see Experimental 
Section).

(5) Upon being heated above 230°, III decomposed with evolution of HBr.
(6) Cf. D. H. R. Barton, et al., J. Amer. Chem. Soc., 72, 1066 (1950); 

J. Chem. Soc., 1048 (1951); 4284 (1954); 4398 (1958).
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T able I
R earrangement of H exahydrolaurkatin (III)

TO H eXAHYDROISOLAUREATIN (IV) AND OF 
LaUREATIN (I) TO IsOLAUREATIN (II)

Compd Reagent

Reaction
temp,

°C

Re
action
time,

hr
.----- Yield. %

II IV
III HBr-EtOH Reflux 24 10
III K I-EtOH Reflux 24 Trace
III KI-AcOH Reflux 24 Trace
III KBr-AcOH Reflux 21 39
III ZnCh-AcOH 80 17 42
III ZnCVCFaCOOH-

AcOH 40 53 76
III BrrC Cl, Reflux 0 .5 69
III Br2-EtOH Reflux 0 .5 13
I ZnCh-AcOH Reflux 24 19
I ZnCVCFaCOOH-

AcOH 40 48 33

fo llow in g  ev iden ce, (i) T rea tm en t o f  V , its acetate , or 
its 3 ,5 -d in itroben zoate  w ith  0.4 N  N a O H -E tO H  gave 
an epox ide  (V I I I )  in a g o o d  y ie ld , in d ica tiv e  o f  the 
trans d isposition  o f the 3 r  a tom  and the O H  grou p  on  
a d ja cen t carbon  atom s in V . (ii) R ed u ction  o f  V  w ith 
R a n e y  N i a fforded  a d ebrom o a lcoh ol ( I X )  w h ich  was 
ox id ized  w ith  C r ()3 pyrid in e to  y ie ld  the corresponding  
k eton e  (X ) .  T h is  a lcoh ol I X  w as n ot identica l w ith  
X I 2 and  X I I ,  the latter being prepared  from  h exah ydro- 
b isdebrom olau reatin  ( X V ) 2 via b rom oh y d rin  X V I  
(Br-v E tO II , R a n e y  N i). F urtherm ore, k eton e  X  
p rov ed  to  be  different from  X I I I  ob ta in ed  b y  the 
ox id a tion  o f X I .  T h e  nm r spectra l d a ta  o f  com pou n ds 
I X - X I I I  are listed  in T a b le  II .

C on trary  to  expectation , ox id a tion  o f  X I I  w ith  C r 0 3-  
pyrid in e  gave no correspon d in g  k eton e  X I V , y ield ing 
unidentified  ca rb ox y lic  acids. T h is  anom alous be-

T a b l e  II
N mr D ata (t ) of Compounds IX -X III  (60 MHz. in CCh)

Compd 1-Me 15-Me >CHOCH< >CHOH -CH,CO-
IX 9.10 (br t) 9.10 (br t) 6.49 (2 H, m) 6.09 (1 H, m)
X 9.05 (br t) 9.09 (br t) 6.52 (2 H, m) 7.78 (4 H, m)
X I 9.07 (br t) 9.07 (br t) 6.49 (2 H, m) 6.35 (1 H, m)
X II 9.09 (br t) 9.09 (br t) 5.91 (2 H, m) 6.32 (1 H, m)
X III 9.07 (br t) 9.10 (br t) 6.39 (2 H, m) 7.21 (1 H, m)

I  and  I I  h ave  been  isola ted  from  th e  sam e a lga.2 T h e  
p ossib ility  w as con sidered  th at I I  m ay  have been  
form ed  b y  rearrangem ent o f  I  during the isolation  
procedu re . H ow ever, w h en  an  ex traction  procedu re 
from  alga w as dev ised  w h ich  rigorou sly  exclu ded  the 
con d ition s p red ictin g  rearrangem ent b y  heating or  con 
tactin g  w ith  acid  and alkali, I  and I I  w ere isolated  from  
th e  original ex tra ct in a  ra tio  o f  3 :1  b y  neutral alum ina 
ch rom atograp h y . T h is  fa ct su pports  the v iew  th at I 
and I I  are, indeed , natu rally  occu rrin g  com pou n ds.

T h is  rearrangem ent w ou ld  certa in ly  in v o lv e  a syn 
ch ron ous sh ift o f  th e  B r  a tom  and th e  ox id o  group 
orien ted  anti cop lan ar o n  ad jacen t carbon  atom s, and 
relief o f  th e  oxetan e ring strain  in I I I  or I w ou ld  bo, at 
least, a part o f  th e  d riv in g  fo rce  o f  th is con version .7 
A  presum able stru ctu re V I I  for  the in term ediate, in
cluding an in tim ate ion  pair, is favorab le  for this inter
nal return .8 T h is  m ech an istic  p ath w ay  o f th e  re
arrangem ent is su pported  b y  th e  fo llow in g  ev iden ce.

A s show n in T a b le  I , w h en  I I I  w as refluxed w ith  
H B r or B r2 in E tO H , com p ou n d  IV  in qu estion  was 
on ly  a m inor p rod u ct (10 1 3 % ), and th e  m ain  p rod u ct 
(5 1 -6 5 % ) p ro v e d  to  b e  a tr ib rom o a lcoh ol V  (3 ,5 -d i- 
n itroben zoatc, m p 1 6 2 .5 -1 6 3 .5 °). 'The structure o f  V, 
described  later, suggests th at b o th  th e  relevant re
arrangem ent and a tta ck  o f  th e  B r  a tom  at C -9  leading 
to  the form a tion  o f  V  w ou ld  b e  con certed , p ro b a b ly  via 
in term ediate  V I I , becau se  th e  oxolan e ring o f  IV  
cou ld  n ot b e  c leaved  under th e  con d ition s  used.

T h e  structure o f  V  has been  assigned on  th e  basis o f 
th e  spectra l d a ta  (see E xperim en ta l S ection ) and  the

(7) Cf. R. Hirahmann, G. A. Bailey, G. I. Poos, R. Walker, and J. M. 
Chemerda, J. Amer. Chem. Soc., 78, 4814 (1956); J. E. Herz, J. Fried, P. 
Grabowich, and E. F. Sabo, ibid., 78, 4812 (1956).

(8) P. de Mayo, ‘ ‘Molecular Rearrangements,”  Interscience, London, 
1963, pp 3, 111; cf. P. G. Gassman and R. L. Cryberg, J. Amer. Chem. Soc., 
91,2047 (1969); F. Kohen, G. Adelstein, and R. E. Counsell, Chem. Commun., 
770 (1970); K. N. Houk, J. Amer. Chem. Soc., 92, 4144 (1970).

Br

( R  = n - C s H u )

h avior o f  X I I  cou ld  b e  exp licab le  b y  the transannular 
effects, as show n b e lo w .2

XII
Unidentified
r r .r hox yi ir .

acids

XIV X V II

Experim ental Section9 10

G eneral Procedure for the Rearrangem ent R eaction. The
sample (200-500 mg) was weighed in a tube, and a measured

(9) N. J. Leonard, T. W. Milligan, and T. L. Brown, J. Amer. Chem. Soc., 
82, 4075 (1960).

(10) Melting points are uncorrected. The purity of each compound was 
always checked by tic. Optical rotations were determined in CHCU solution. 
Ir spectra were obtained from a Nihon-Bunko IR-S spectrophotometer. 
Nmr spectra were taken with a Hitachi H-6013 spectrometer using TMS as 
internal standard in CCU. Mass spectra were obtained with a Hitachi 
RMU-6E mass spectrometer.
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w e ig h t ( 2 0 0 -3 0 0  m g ) o f  c a ta ly st  an d  a  m ea su red  v o lu m e  ( 2 - 5  
m l)  o f s o lv e n t w ere a d d e d . A fte r  b e in g  h e a te d  a t  th e  ap p rop ri
a te  te m p e r a tu r e , th e  reaction  m ix tu re  w as filtered a n d  p ou red  
in to  w a te r  (5 0  m l) or e v a p o ra ted  in  vacuo (in th e  case o f  E t O H  
s o lu tio n ). T o  th e  p ro d u c t w as a d d e d  2  N  aq u eo u s N a O H  (1 0 0  
m l)  a n d  th e  w h ole  w as ex tra c te d  re p e a ted ly  w ith  e th e r . T h e  
eth e r  so lu tio n  w as w ash ed  tw o tim e s w ith  5 0 -m l p o rtio n s  o f 2  
N  N a O H  so lu tio n  an d  th ree  tim e s  w ith  5 0 -m l p o rtio n s  o f w a te r , 
dried  o v e r  N a ^ S O i, an d  th e n  e v a p o r a te d . T h e  o ily  su b sta n ce  
th u s o b ta in e d  w as purified  b y  co lu m n  c h ro m a to g ra p h y  o n  silica  
g e l.

Rearrangement of Hexahydrolaureatin (III) to Hexahydro- 
isolaureatin (IV) by Treatment with Zinc Chloride.— The so lu 
tio n  o f I I P  (2 2 7  m g )  an d  a n h y d ro u s Z n C l2 (2 8 7  m g ) in  a  m ix tu re  
o f  A c O H  ( 3 .0  m l)  a n d  C F 3C O O I I  (0 .2  m l)  w as h e a te d  a t 4 0 - 4 2 °  
fo r 5 3  h r . A fte r  b e in g  w o rk ed  u p  as m e n tio n e d  a b o v e , colorless  
oil (1 7 3  m g ) w as o b ta in e d , [ « ] d  + 8 . 3 °  (c 2 .0 2 ,  C H C 1 3) . T h e  
ir a n d  n m r sp e c tra  w ere su p e rim p o sa b le  w ith  th o se  of an a u 
th e n tic  sa m p le  o f I V .2

T r ib r o m o  A lc o h o l V  (3 ,7 ,9 -T r ib r o m o -4 ,1 0 -e p o x y p e n ta d e c a n -  
6 - 0I ) .— T o  a  so lu tio n  of I I I  (2 .6 9  g ) in 9 9 .5 %  E t O H  (2 0  m l)  w as  
a d d e d  B r 2 ( 1 .0  m l)  a n d  th e  m ix tu re  w as reflu x ed  for 3 0  m in . 
A fte r  b e in g  c o o led , th e  so lu tio n  w as e v a p o ra te d  in  vacuo and  
th e  resid u al oil w as p erco la ted  w ith  eth e r  (ca. 1 0 0  m l ) .  T h e  
eth e r  so lu tio n  w as sh a k en  su c c e ssiv e ly  w ith  w a te r , 1 0 %  N a 2S 20 3 
so lu tio n , and w a te r  an d  d ried  o v e r  N a 2S 0 4 . A fte r  re m o v a l o f  
th e  s o lv e n t , th e  o ily  residue w as p urified  b y  c o lu m n  c h ro m a to g 
ra p h y  on silica  ge l to  g iv e  V  ( 2 .0 9  g )  as a  colorless o il: [a]D
+  1 4 .8 °  (c 2 . 1 0 , C H C I 3) ; ir (n e a t)  3 4 5 0 , 1041  c m “ 1; n m r r 9 .0 9  
(br t ,  3 ) ,  8 .9 1  (t , 3 ,  /  =  7  H z ) ,  8 .7 1  (br m , 7 ) ,  ca . 8 .4 - 7 .S  (br  
m , 4 ) ,  7 .4 4  (b r  m , 4 ) ,  6 .8 0  (br m , 1 ) , 6 .0 1  (br m , 5 ) ;  m a ss  
sp e c tru m  m/e 3 5 9 , 3 5 7 , 3 5 5  ( M +  — C 3H 6B r ) , 3 2 9 , 3 2 7 , 3 2 5  
( M +  -  C 5H „ -  H B r ) ,  3 0 1 , 2 9 9 , 2 9 7  ( M +  -  C 6H „ 0  -  H B r ) .

A c e ta te  of V  w as o b ta in e d  as a colorless o il: ir (n e a t)  1 7 4 6 ,
1 2 2 7 , 1 0 2 5  c m - 1; n m r r  9 .0 9  (br t ,  3 ) ,  8 .9 3  ( t ,  3 , J =  7  H z ) ,
8 .6 9  (br m , 6 ) , ca. 8 .4 - 8 .0  (br m , 4 ) ,  7 .9 8  (s , 3 ) , 7 .4 3  (br m , 4 ) ,
6 .1 2  (br m , 4 ) ,  5 .8 3  (m , 1 ) , 4 .7 7  (m , 1 ) ; m a ss  sp e c tru m  m /c  
4 0 1 , 3 9 9 , 3 9 7  ( M +  -  C 3H 6B r ) .

3,5-Dinitrobenzoate of V w as o b ta in e d  as fine n e e d le s : m p
1 6 2 .5 - 1 6 3 .5 ° ;  ir (C H C ls )  3 1 0 0 , 1 7 4 5 , 1 6 3 0 , 1 6 0 2 , 1 5 5 1 , 1 4 6 3 , 
1 3 4 7 , 1 2 7 3 , 1 1 6 5 , 1 0 7 6 , 9 2 2  c m “ 1; n m r  r  9 .0 9  (br t ,  3 ) ,  8 .9 0  ( t ,  
3 , /  =  7  H z ) ,  8 .7 5  (br m , 6 ), ca. 8 . 4 - 7 .8  (br m , 4 ) ,  7 .2 8  (br m ,  
4 ) ,  5 .0 9  (br m , 4 ) ,  4 .6 0  (m , 1 ) , 4 .2 5  (m , 1 ) , 0 .8 3  (s , 3 ) .

A n a l.  C a lc d  fo r C 22H 290 7N 2B r 3: C , 3 9 .2 5 ;  H ,  4 .3 4 ;  N ,
4 .1 6 .  F o u n d : C ,  3 9 .5 1 ;  H ,  4 .3 5 ;  N ,  4 .3 4 .

E p o x id e  VIII. A.— C o m p o u n d  V  (7 4 6  m g ) w as e lu te d  w ith  
b e n ze n e  th ro u g h  a  co lu m n  p a c k e d  w ith  a lu m in a  (4 5  g ) , w h ich  
w as fre sh ly  sh a k en  w ith  2  N  N a O H  a n d  d ried  a t  1 1 0 ° .  T h e  b e n 
zen e e lu a te  w as e v a p o ra te d  in  vacuo to  g iv e  V I I I  (6 0 6  m g , 9 8 % )  
as a  colorless o il: [ « ] d  — 4 2 .2 °  (c 2 .2 5 ,  C H C I3 ) ;  ir (n e a t)  1 1 5 1 ,
1 1 3 4 , 1 1 0 2 , 1 0 6 5 , 9 6 4 , 9 2 6 , 9 0 5 , 8 0 1 , 7 6 2  c m - ' ;  n m r  t  9 .1 0  (br  
t ,  3 ) ,  8 .9 5  ( t ,  3 ,  J — 7  H z ) ,  8 .7 5  (br m , 6 ) , ca. 8 . 5 - 7 .9  ( m , 4 ) ,
7 .6 9  (br m , 3 ) ,  7 .3 5  (br m , 1 ) , 6 .9 0  (br m , 2 ) ,  3 .8 6  (br m , 4 ) ;  
m a ss sp e c tru m  m/e 3 2 9 , 3 2 7 , 3 2 5  ( M +  -  C 5H U ), 2 7 7 , 2 7 5  ( M +  -  
C 3H 6B r ) , 2 3 5 , 2 3 3 , 2 1 9 , 195  ( M +  -  C 3H 6B r  -  H B r ) .

B .— H y d r o ly s is  o f th e  a c e ta te  o f V  (2 7 4  m g )  w ith  0 .4  N  N a -  
O H - E t O H  fo r  15 hr afford ed  V I I I  (1 5 7  m g )  a lo n g  w ith  a sm a ll  
a m o u n t o f u n id en tified  b y -p r o d u c t .

Alcohol I X  (4,10-Epoxypentadecan-6-ol).— T o  a co ld  so lu tio n  
o f V  (1 9 4  m g ) in E t O H  (3  m l)  w as a d d e d  fre sh ly  p re p a re d  W - 7  
R a n e y  N i  (fr o m  4  g  o f A l - N i  a l lo y ) . A fte r  b e in g  se t  aside for  
3 h r , th e  rea ctio n  m ix tu re  w as filtered  an d  e v a p o r a te d . T h e  
residual oil th u s  o b ta in e d  w as purified  b y  co lu m n  ch ro m a to g ra p h y  
o n  silica  g e l to  y ie ld  I X  (8 5  m g ) as colorless n e e d le s : m p  4 6 .0 -
4 6 .5 °  (fr o m  re-hexane); [ « ] d  - 2 0 . 6 °  (c 1 .9 9 , C H C 1 3) ;  ir (C H C 1 3) 
3 3 5 0 , 1 1 3 0 , 1 0 8 0 , 1 0 5 4 , 1 0 3 3 , 1009  c m ” 1; n m r r  9 .1 0  (br t ,  6 ),
8 .7 0  (b r  m , 1 0 ) , ca. 8 .6 - 8 .2  (br m , 1 0 ) , 7 .0 6  (br m , 1 ) , 6 .4 9  (br  
m , 2 ) ,  6 .0 9  (br m , 1 ) ; m a ss sp e c tru m  m/e (rel in te n s ity )  2 4 2  
( 0 .2 ,  M + ) ,  2 2 4  (3 , M +  -  H 20 ) ,  199  (1 7 , M +  -  C 3H 7), 181  (1 1 , 
M +  -  C 3H 7-  H 20 ) ,  171 (1 9 , M +  -  C 5H „ ) ,  1 6 3  (1 7 ) .  1 5 3  (1 3 , 
M +  -  C 6H „  -  H 20 ) ,  141 (4 7 ) , 1 23  (3 8 ) ,  1 13  ( 7 2 ) , 9 5  (7 5 ) , 8 3  
( 7 3 ) ,  8 1  (7 1 ) , 6 9  (8 8 ), 5 5  ( 1 0 0 ) , 4 3  ( 9 9 ) .

Ketone X  (4,10-Epoxypentadecan-6-one).— T h e  alcohol I X  
(5 7  m g )  w as o x id ize d  w ith  C r 0 3 (1 8 2  m g ) in  p y rid in e  (1 m l)  at  
ro o m  te m p e r a tu r e  fo r  4  d a y s . A fte r  b e in g  w o rk e d  u p  in  th e  
u su a l m a n n e r , th e  p ro d u c t w a s purified  b y  c h ro m a to g ra p h y  on

silica gel to yield X  (52 mg) as colorless crystals: mp 35-37°; 
[a] d  +32.6° (c 1.99 CHC13); ir (CHCls) 1700, 1128, 1071, 1038 
cm-1; nmr r 9.09 (br t, 3), 9.05 (br t, 3), 8.68 (br m, 12), ca.
8.4- 7.9 (m, 4), 7.78 (m, 4), 6.52 (br m, 2); mass spectrum m/e 
240 (M+), 197 (M+ -  C3H7), 169 (M+ -  C5H „), 157, 139, 129, 
111, 85, 69, 55, 42.

Alcohol XI (4,10~Epoxypentadecan-9-ol).— This alcohol was 
prepared from III by treatment with Raney Ni in EtOH:2 
ir (neat) 3460, 1132, 1082, 1080 cm-1; nmr r 9.07 (br t, 6 ), ca.
6.5 (m, 3); mass spectrum m/e 242 (M +).

Ketone XIII (4,10-Epoxypentadecan-9-one).— The alcohol X I 
(92 mg) was oxidized with Cr03 (340 mg) in pyridine (2 ml) to 
give X III (61 mg) as a colorless oil: ir (neat) 1710, 1129, 1085 
cm-1; nmr r 9.10 (br t, 3), 9.07 (br t, 3), 8.63 (br m, 13), ca.
8.4- 7.8 (br m, 6), 7.21 (m, 1), 6.39 (m, 2).

Bromohydrin XVI (9-Bromo-4,10-epoxypentadecan-7-ol).— To 
a solution of hexahydrobisdebromolaureatin (X V )2 (250 mg) in 
EtOH (2 ml), Br2 (0.2 ml) was added. After the mixture was 
allowed to stand for 2 days at room temperature, the solvent was 
removed in vacuo and the residue was percolated with ether. The 
ether solution was washed with 10% aqueous Na2S20 3 and then 
with water, and dried. Removal of the ether followed by 
purification by silica gel chromatography afforded X V I (218 
mg) as a colorless oil: ir (neat) 3400, 1085, 1025 cm-1; nmr 
r 9.09 (br t, 3), 9.06 (br t, 3), 8.63 (br m, 10), ca. 8.5-7.9 (m, 
8), 7.73 (s, 1, OH), 6.30 (m, 1), 5.88 (m, 3).

The 3,5-dinitrobenzoate had mp 60.5-62.5°; ir (Nujol) 1737, 
1629, 1600, 1549, 1274, 1168, 734, 725 cm“ 1.

Anal. Calcd for C22H3i07N2Br: C, 51.27; H, 6.06; N,
5.44. Found: C, 51.20; H, 5.81; N, 5.27.

Alcohol XII (4,10-Epoxypentadecan-7-ol).— To a solution of 
X V I (125 mg) in EtOH (3 ml) was added freshly prepared W-7 
Raney Ni (from 1 g of Al-Ni alloy). After being allowed to 
stand at room temperature for 3 hr, the catalyst and the solvent 
were removed and the residue was purified by column chro
matography on silica gel to afford X II (80 mg) as colorless crys
tals: mp ca. 25°; ir (neat) 3350, 1085, 1055, 1030 cm-1; nmr 
t 9.09 (br t, 6 ), 8.69 (br m, 15), ca. 8.5-7.8 (br m, 5), 7.52 (s, 
1, OH), 6.32 (m, 1), 5.91 (m, 2); mass spectrum m/e 242 (M +), 
224 (M + -  H20 ), 199 (M+ -  C3H7), 171 (M+ -  CeNu).

Treatment of III with H2 over Pd/C  Catalyst.— In a hydrogen
ation vessel, III (668 mg) in AcOH (15 ml) was treated with H2 
over P d/C  catalyst at room temperature for 40 hr. After re
moval of the catalyst, the solution was neutralized and ex
tracted with ether. The ether solution was dried and evaporated 
to yield a colorless oil. The product (672 mg) thus obtained 
was purified by column chromatography on silica gel to give 
IX  (250 mg), V (107 mg), and VI (114 mg). Compound VI, 
colorless oil, [« ]d +  14.3° (c 2.02, CIIC13), showed ir spectrum 
3450, 1123, 1110, 1085, 1050, 961, 803 cm -1; nmr r 9.09 (br t, 
3), 8.95 (t, 3, J =  7 Hz), 6.54 (br m, 1), 6.24 (br m, 3); mass 
spectrum m/e 322, 320 (M+), 241 (M+ -  Br), 224, 221 (M+ -  
C6Hl20 ), 199 (M+ -  C3H6Br).

Debromination of VI.—To a solution of VI (14 mg) in EtOH 
(0.5 mol) was added freshly prepared W-7 Raney Ni (from 0.5 g 
of Al-N i alloy). Aher being worked up in the usual manner, 
colorless oil (8 mg) was obtained and identified as X I by a com
parison of Ri value in tic and ir spectrum with those of an au
thentic sample.2

R eg istry  N o .— I, 33122-30-4 ; I I ,  19897-64+1; I I I ,  
18762-31-7 ; IV , 19897-65-5; V , 33069-32-8 ; V  acetate ,
33069-33-9 ; V  3 ,5 -d in itroben zoate, 33069-34-0 ; V I , 
33069-35-1 ; V I I I ,  33069-36-2 ; I X ,  33069-37 -3 ; X ,  
33069-38-4 ; X I ,  33069-39-5; X I I ,  33069-40 -8 ; X I I I ,  
33069-41 -9 ; X V I ,  33069-42-0 ; X V I  3 ,5 -d in itroben - 
zoate, 33069-43-1.
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clarity required for the less prepared student. The book contains an abundance 
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“When discussing the subject matter, the author has a very easy moving style 
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“. . . The major strength of the book is its lucid style. The sentence structure 
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f o r  t h e  a n a l y s i s  o f

A L D E H Y D E S  O N L Y
Dickinson and Jacobsen1 have described the exceedingly sensitive (10'4m of aldehyde) 

reaction of "Purpald"* (4-am:no-3-hydrazino-5-mercapto-l, 2, 4-triazole) 1 with aldehydes 
— and only with aldehydes— to yield the purple to magenta 6-mercapto-s-triazolo (4, 
3-b)-s-tetrazines II. Ketones, esters, amides, phenols, quinones, formic acid and hydra
zines and hydroxylamines do not react with I to yield purple products.

HS*
¥**» o

IT + R -C -H -»-N

>H - ,

H S .

NT
A IR  . H S .

I I B

The test is exceedingly simple: One drop of the aldehyde is added to "Purpald"* (100-200 mg.) dissolved in 
ca. 2 ml. IN sodium hydroxide. Aeration of the reactants produces the intense color within a few minutes.

(1) R. G. Dickinson and N. W. Jacobsen, Chem. Comm. 1719 (1970).

#16,289-2 "Purpald"* 9 9 + % , GOLD LABEL 25 g. - $7.50; 100 g. - $20.
"Trademark of the Aldrich Chemical Company

NH I C  A
N  - Is opropylcyclohexyl- 
amine, as its lithium 
salt (L ilC A  —  readily 
generated with n-butyl- 
lithium in T H F ), reacts 
ra p id ly  and q u an tita 

tively with esters to yield ester 
enolates. Alkylation of such lithio 
ester enolates gives the corres
ponding oc -alkyl esters, general
ly in good yield.

M. W. Rathke and A. Lindert, J. Amer. 
Chem. Soc., 93, 2318 (1971).

16,197-7 N-Isopropyl- 
cyclohexylamine 

$ 1 2 /5 0 0 g .  $ 4 8 /3 k g .

IB B

N A B S -C I
4 - (4 - l\ lit r o p h e n y la z o ) -b e n z o y l  c h lo r id e

O

O N ^  ^ N a N ^ " ^ Q

N A B S-C l is an important reagent for the iso
lation and characterization of many natural 
products. Its esters and amides are 
usually crystalline and bright orange, 
and thus suitable for easy chromato
graphic purification. Molecular 
weight of an unknown is easily 
determined from the U V absorp
tion of the N ABS-chrom ophore.1
1. W. H. Nutting, R. A. Jewell and H.

Rapoport, J. Org. Chem. 35, 505 (1970)

15,664-7 NABS-Cl 
$ 5 .4 0 /g . $ 1 8 /5 g .

C l

For our Catalog, writs to—

Aldrich Chemical Company, Inc.
C R A F T S M E N  I N C H E M I S T R Y  
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