
/ V O L U M E  3 6 D E C E M B E R  3 1, 1 9 7 1  N U M B E R  26 J O C E A h

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

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



mnnn fcT)on nfnïïTfçT) □ xa 7 Ù f w r ï i r ren
MUL 1 m J U üUl D M Leo

S e l e c t e d  T i t l e s  i n

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

P H Y S I C A L  M E T H O D S  O F  C H E M I S T R Y  

P a r t s  I I I A ,  M IC , IV ,  a n d  V
Edited by Arnold Weissberger and Bryant W. Rossiter, 
both of the Eastman Kodak Company 
Volume 1 in Techniques of Chemistry, 
edited by Arnold Weissberger

Since many techniques of chemistry no longer apply to 
organic or inorganic systems, but pertain to chemistry as a 
whole, the series, Techniques of Chemistry, was developed 
to reflect this change. Physical Methods of Chemistry, the 
first volume In the series, incorporates the fourth completely 
revised edition of Technique of Organic Chemistry, Volume 1, 
Physical Methods of Organic Chemistry. Part IIIA is con
cerned with refraction, scattering of light, and microscopy, 
and Part INC with polarlmetry. Part IV deals with determina
tion of mass transport and electrical-magnetic properties. 
Part V discusses determination of thermodynamic and surface 
properties.

Part IIIA 1971 800 pages 256 Illus. $34.95
Part INC 1971 528 pages 222 illus. $24.95
Part IV 1971 592 pages 108 Illus. $27.00
Part V 1971 624 pages 205 Illus. $27.50

O R G A N I C  S O L V E N T S  

P h y s i c a l  P r o p e r t i e s  a n d  

M e t h o d s  o f  P u r i f i c a t i o n  

T h i r d  E d i t i o n
By John A. Riddick, formerly of the Commercial Solvents 
Corporation; and William B. Bunger, Indiana State University 
Volume 2 in Techniques of Chemistry, edited by Arnold 
Weissberger

The newest edition of this book covers the physical prop
erties and methods of purification of more than 350 solvents. 
The authors give primary consideration to the uniqueness of 
the solvent property and its application In such fields as elec
trochemical reactions and thin-layer chromatography.

1971 1,041 pages 487 illus. $24.95

P H O T O C H R O M I S M
Edited by Glenn H. Brown, Kent State University 
Volume 3 in Techniques of Chemistry, 
edited by Arnold Weissberger

The chapters in this book focus on recent developments 
made in the study of photochromie materials. The contribut
ing authors discuss well-documented photochromie pro
cesses such as homolytic cleavage, cis-trans isomerism, 
tautomerism, and the development of color centers In Inor
ganic compounds. Academic and industrial researchers will 
find in this book a critical survey and concise review of the 
most pertinent literature, and a clarification of salient points 
and details.

B I O C H E M I C A L  P R E P A R A T I O N S  

V o l u m e  1 3
Editor-in-chief for Volume 13: John H. Law,
University of Chicago

This is the final volume in a series that provides reliable 
descriptions of preparative methods of biochemical com
pounds. Volume 13 reflects the increased interest on the part 
of biochemists in the synthesis of peptides. Some useful re
agents, carbohydrate derivatives, and polypeptide hormones 
have been Included and a variety of synthetic and chroma
tographic techniques are demonstrated.

1971 128 pages illus. $9.50

S T E R E O C H E M I S T R Y  O F  

C A R B O H Y D R A T E S
By J. F. Stoddart, University of Sheffield 
Foreword by Ernest L. Ellel and J. K. N. Jones

Planned for the organic chemist Interested in conforma
tional analysis and stereochemistry, this book discusses the 
field of carbohydrate chemistry in modern stereochemical 
language. Considerable attention is given to the interplay 
between constitutional, configurational, and conformational 
Isomerism. To avoid any difficulties posed by the specialized 
and often unfamiliar carbohydrate nomenclature, Stereo
chemistry of Carbohydrates is highly illustrated— a formula 
is given for almost every compound mentioned.

1971 256 pages 261 illus. $14.95

. . an excellent series . . ."— Nature

A D V A N C E S  I N  O R G A N I C  C H E M I S T R Y  

M e t h o d s  a n d  R e s u l t s  V o l u m e  8
Edited by Edward C. Taylor, Princeton University 

The latest volume in Advances in Organic Chemistry fea
tures six comprehensive, critical essays on the development 
and applications of synthetic and physical methodologies in 
organic chemistry.

VOLUME 8, CONTENTS AND CONTRIBUTORS: Reductions 
by Metal-Ammonia Solutions and Related Reagents— A. J. 
Birch and G. Subba Rao. Modern Methods for the Synthesis 
of Macrocyclic Compounds— Paul R. Story and Peter Busch. 
Sllylation in Organic Synthesis— Johann F. Klebe. Latent 
Functionality in Organic Synthesis— Daniel Lednicer. The 
Structure of Ryanodine— Karel Wiesner. The Application of 
Proton Magnetic Resonance Spectroscopy to Structure Iden
tification in Polycyclic Aromatic Molecules— D. W. Jones and
K. D. Bartle. Author Index. Subject Index.

1971 896 pages 193 illus. $47.50 1971 In P re ss
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P R E P A R A T I V E  G A S  

C H R O M A T O G R A P H Y
Edited by Albert Zlatkis, University of Houston, and Victor 
Pretorius, University of Pretoria, South Africa 

The first comprehensive treatment of large-scale or pre
parative gas chromatography, this volume presents discus
sions by recognized experts on such topics as: inlet and 
outlet systems, temperature and flow programming, biochem
ical and biomedical applications, and continuous chroma
tographic techniques.

1971 432 pages 198 illus. $18.00

E M I S S I O N  S P E C T R O C H E M I C A L  

A N A L Y S I S
By Morris Slavin, formerly, Brookhaven National Laboratory 
Volume 36 in Chemical Analysis: A Series of Monographs on 
Analytical Chemistry and its Applications, edited by P. J. 
Elving and I. M. Kolthoff

Despite the widespread applications of emission spectro- 
chemical analysis, this is the first American publication in 
twenty years to deal with this subject. The author reviews 
principles, instrumentation, and applications. Over 300 refer
ences to original sources are included.

1971 254 pages 68 illus. $16.50

D E T E R M I N A T I O N  O F  O R G A N I C  

C O M P O U N D S ,  M e t h o d s  a n d  P r o c e d u r e s
By Frederick T. Weiss, Shell Development Company 
Volume 32 in Chemical Analysis: A Series of Monographs on 
Analytical Chemistry and its Applications, edited by P. J. 
Elving and I. M. Kolthoff

Determination of Organic Compounds offers a guide to se
lected methods and techniques employed in the analysis of 
organic compounds. The author describes the functional 
analysis of organic compounds by chemical, spectroscopic, 
and chromatographic techniques, and presents methods of 
wide applicability and proven value.

1970 475 pages 63 illus. $17.50

E L E C T R O N  P R O B E  M I C R O A N A L Y S I S  

S e c o n d  E d i t i o n
By L. S. Birks, X-Ray Optics Branch, U.S. Naval Research 
Volume 17 in Chemical Analysis: A Series of Monographs on 
Analytical Chemistry and its Applications, edited by P. J. 
Elving and I. M. Kolthoff

The second edition of Electron Probe Microanalysis is a 
thorough treatment of the spectacular advances of this tech
nique in both qualitative and quantitative analysis. Through
out, nearly all of the material of the first edition has been 
completely revised, updated, and rewritten.

1971 224 pages 150 illus. $14.95

O R G A N O M E T A L L I C  R E A C T I O N S  

V o l u m e s  3  a n d  4
Edited by Ernest I. Becker, University of Massachusetts, and 
Minoru Tsutsui, Texas A & M University 
CONTENTS FOR VOLUME 3: Olefin Oxidation and Related 
Reactions with Group VIII Noble Metal Compounds— Rein- 
hard Jira and Werner Friesleben. Cleavage Reactions of the 
Carbon-Silicon Bond— Vaclav Chvalovsky. Oxymetalation—  
William Hitching. Author Index. Subject Index.

1971 400 pages $22.50
CONTENTS FOR VOLUME 4: <t-tt Rearrangements of Or- 
ganotransition Metals— M. Hancock, M. N. Levy, and M. 
Tsutsui. Onium Compounds in the Synthesis of Organometal- 
lic Compounds— O. A. Reutov and O. A. Ptitsyna. Reactions 
of Bis(Tr-Cyclopentadienyl) Transition Metal Compounds'—  
E. G. Perevalova and T. V. Nikitina. Subject Index.

1971 352 pages $22.50

M E C H A N I S M S  O F  H O M O G E N E O U S  

C A T A L Y S I S  F R O M  P R O T O N S  

T O  P R O T E I N S
By Myron L. Bender, Northwestern University 

This book describes the continuum formed by homo
geneous catalysis between very small catalysts (protons) and 
very large and complicated ones (enzymes), thereby showing 
how organic (non-enzymic) and enzymic catalysis can be 
bridged. The author skillfully demonstrates the central thesis 
of the book: that there is a spectrum of catalysis which does 
not seem to break from the simple to the complex. In addi
tion, he predicts how better catalysts might be built.

1971 688 pages 121 illus. $24.95

F R E E - R A D I C A L  S U B S T I T U T I O N  

R E A C T I O N S
Bimolecular Homolytic Substitutions (Sh2 
Reactions) at Saturated Multivalent Atoms
By K. U. Ingold, National Research Council of Canada, 
and B. P. Roberts, University College, London 

Although there have been numerous reviews on atom ab
stractions, the scattered literature concerning homolytic sub
stitutions has been largely ignored. For academic and indus
trial research chemists working in the fields of organic, physi
cal organic, and organometallic chemistry, and particularly 
those chemists concerned with free-radical reactions, here is 
the first comprehensive account of this subject.

1971 245 pages $11.95

M E C H A N I S M  I N  O R G A N I C  C H E M I S T R Y
By R. A, Alder, University of Bristol, R. Baker, University of 
Southampton, and J. M. Brown, University of Warwick

Here is a summary of the current state of mechanistic stud
ies in organic chemistry. Mechanism in Organic Chemistry 
classifies reactions in terms of transition states and sub
divides reactions according to the degree of association or 
dissociation of bonds to reactant carbon atoms.

1971 388 pages $13.75

M A S S  S P E C T R O M E T R Y  

T e c h n i q u e s  a n d  A p p l i c a t i o n s

Edited by G. W. A. Milne, National Institutes of Health
Stressing the relationship of mass spectrometry to other 

disciplines, this volume is a collection of essays on topics 
ranging from mathematics and physics to medicine. Included 
are discussions of automatic acquisition and processing of 
data, computer assisted interpretation of mass spectra, pho
tographic techniques, electrical recording of magnetically 
scanned mass spectra, coupled gas chromatography-mass 
spectrometry, and newer ionization techniques. Mass Spec
trometry clearly shows the reader the current state of the art 
of these varied aspects of mass spectrometry and its poten
tial use in various disciplines.

1971 480 pages 138 illus. $24.95

(see following page)
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P R O G R E S S  I N  P H Y S I C A L  O R G A N I C

C H E M I S T R Y

V o l u m e s  8  a n d  9
Edited by Andrew Streitwieser, Jr., University of California, 
Berkeley, and Robert W. Taft, University of California, 
Irvine

These are the most recent volumes in this series of 
critical and authoritative reviews. The articles in these two 
books explore current advances in physical organic chem
istry through quantitative and mathematical methods.

Volume 8: 1971 359 pages 20 illus. $22.50 
Volume 9: 1971 352 pages 63 illus. $22.50

S E L E C T I V E  O R G A N I C  

T R A N S F O R M A T I O N S  

V o l u m e s  1 a n d  2
Edited by B. S. Thyagarajan, University of Idaho 

“ The reactions are discussed from a strongly mechanis
tic viewpoint, such that each chapter constitutes a critical 
analysis of the reaction mechanism and the evidence for 
it, drawing carefully reasoned inferences about the scope. 
The result is to give the reader a rational basis on which 
to make his own predictions and extrapolations to new 
situations . . .

“This first volume is both useful and stimulating and 
will appeal especially to those who feel that organic 
chemistry has moved a long way toward becoming a more 
exact science.”— from a review of Volume 1 in Journal of 
the American Chemical Society

Volume 1: 1970 400 pages $19.95
Volume 2: 1971 352 pages $19.95

I N D O L E S .  P a r t s  O n e  a n d  T w o
Edited by William J. Houlihan, Sandoz-Wander, Inc.
Volume 25 in The Chemistry of Heterocyclic Compounds, 
edited by Arnold Weissberger and Edward C. Taylor 

A comprehensive and detailed presentation of indole 
chemistry is offered in this revised and up-dated version 
of the previously published Heterocyclic Compounds with 
Indole and Carbazole Systems (formerly Volume 8 in the 
series). Part One contains a broad coverage of the physi
cal and chemical properties of the indole ring system and 
presents general and specific methods for preparing an 
indole nucleus. Part Two describes in detail the prepara
tion, properties, reactions, and tabulation of compounds 
containing an indole nucleus.

Part One: 1971 576 pages 7 illus. $48.00
Part Two: 1971 624 pages 231 illus. $48.00

I N S T R U M E N T A L  M E T H O D S  O F  

O R G A N I C  F U N C T I O N A L  G R O U P  

A N A L Y S I S
Edited by Sidney Siggia, University of Massachusetts 

This book describes in detail how organic functional 
groups can be measured by instrumental analysis. It 
shows now nuclear magnetic resonance methods, gas 
chromatographic methods, radiochemical methods, ab
sorption spectrophotometric methods, electroanalytical 
methods, and automatic wet chemical analysis can be 
used to determine the organic functional groups.

1971 In Press

O R G A N I C  S Y N T H E S E S ,  V o l u m e  51

M E C H A N I S M S  O F  M O L E C U L A R

M I G R A T I O N S

V o l u m e s  1 t h r o u g h  4
Edited by B. S. Thyagarajan, University of Idaho 
from reviews of the series—

", . . comprehensive . . . well written . . . These articles' 
serve as timely summaries of the chosen topics and as 
pointers to the areas where more research is needed.”

— Nature
", . . informative, engagingly written, and well indexed. 

It should be a valuable reference and an invigorating spur 
to further research.”

Journal of the American Chemical Society
Volume 1: 1968 331 pages $17.50
Volume 2: 1968 464 pages $22.50
Volume 3: 1971 448 pages $24.95
Volume 4: 1971 352 pages $22.50

P U R I N E S
By J. H. Lister, Chester Beatty Research Institute with 
contributed essays on spectra by R. L. Jones and P. D. 
Lawley, also of the Chester Beatty Research Institute 
Part II of Fused Pyrimidines, edited by D. J. Brown 
Volume 24 in The Chemistry of Heterocyclic Compounds, 
edited by Arnold Weissberger and Edward C. Taylor 

This work represents the first major treatise on purines. 
As in previous volumes, a critical approach to the subject 
is taken— treating theoretical aspects of the subject in 
outline and giving major emphasis to practical aspects. 
Also included are tables listing m.p./b.p.’s of approxi
mately three thousand compounds.

1971 648 pages 23 illus. $49.50

Edited by Richard E. Benson,
E. I. du Pont de Nemours and Co.

The purpose of this volume, as in previous volumes, is 
to help keep workers in the field informed on recent ad
vances, newly-developed techniques, and new prepara
tions. Volume 51, which features the newer syntheses of 
aldehydes, describes reproducible synthetic procedures 
for approximately 35 organic compounds. Each prepara
tion is covered in four steps: procedure, notes, methods 
of preparation, and merits of preparation.

1971 192 pages $8.50

F R E E - R A D I C A L  C H A I N  R E A C T I O N S
By Earl S. Huyser, University of Kansas

In this book the author examines the subject in terms 
of its historical development and its place in organic 
chemist-y. Pertinent definitions are given, along with a 
background of descriptive information. Some basic kinetic 
principles of free-radical chain reactions, and the rela
tionship of structure and reactivity of both free-radicals 
and substrates in chain-propagating reactions are also 
discussed.

“ No recent book treats the subject of free radical chem
istry as thoroughly and with the insight of this text.”

— Choice
“This is a very welcome book in the literature of free- 

radical chemistry.” — American Scientist
1970 387 pages illus. $19.95
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A D V A N C E S  IN C H E M IS T R Y  S E R IE S  N o . 101 and 102

S e v e n ty -s e v e n  p a p e rs  from  a  sym p os iu m  c o -s p o n -  
s o re d  by  th e  D iv is ion s  o f C o llo id  and S u rfa c e  C h e m is 
try, P e tro leu m  C hem istry , and P h ys ica l C h em is try  o f 
the A m eric a n  C h em ica l S o c ie ty  and W o rc e s te r  P o ly 
te ch n ic  Institute, Edith M. F lan ig en  an d  L eon a rd  B. 
Sand , c o -ch a irm en .

D o you  n eed  a g ro u p  o f  su b s ta n ce s  that can  r em o v e  
ra d io a c tiv e  is o to p e s  from  n u clea r  w a s te s , r em o v e  
a m m o n ia  from  s e c o n d a ry  s e w a g e  e fflu en ts, r em o v e  
su lfur d io x id e  from  w a s te  g a s e s ,  fo s te r  fo rm a tion  o f 
a c tin id es , o r  d isrupt b ac te ria l c e l ls ?  T h e s e  and  m any 
o th er  p o s s ib ilit ie s  a re  a va ila b le  th rough  res ea rch  on 
m o le cu la r  s ie v e  z e o lite s . For e x a m p le , th ey  a re  u sed  
fo r

•  s ep a ra t in g  h y d ro g en  is o to p es
• so lu b iliz in g  en zy m es
• ca rry in g  a c t iv e  ca ta ly s ts  in cu ring  o f p la s tics
•  tran sp ortin g  so il nutrients in fe rtilize rs
•  filterin g  tars from  c ig a re tte  sm o k e  

"M o le c u la r  S ie v e  Z e o lit e s ”  rep o rts  re c en t a d v a n c e s  
in th is rap id ly  d e v e lo p in g  fie ld . V o lu m e  I o ffe rs  41 
p a p e rs  d e v o te d  to  th e  syn th es is , structure, m in era l
o g y , an d  m od ifica tion  o f  s ie v e  z e o lite s . T h e s e  a re  
fo llo w e d  in V o lu m e  II by  36 p a p e rs  d is cu ss in g  
sorp tion  and ca ta lysts .

V o lu m e  I: 526  p a g e s  w ith in dex . C loth  bou n d  (1 9 71 ) 
$16 .00

V o lu m e  II: 459  p a g e s  with index. C loth  bou n d  (1 9 71 ) 
$16.00

N o. 101 and  102 o rd e re d  to g e th e r  $30.00  
P o s tp a id  in U.S. an d  C a n a d a ; p lus 35  c en ts  e ls e 
w h ere .

S e t o f  L.C . c a rd s  w ith library o rd e rs  upon  requ est.

O th er b o o k s  in the A D V A N C E S  IN C H E M IS T R Y  
S E R IE S  o f  in terest to  c o llo id  and su r fa ce , p etro leu m , 
and p h ys ica l ch em is ts  in c lu de:

N o .  97  R e fin in g  P e t r o le u m  fo r  C h e m ic a ls
293 p a g e s  C loth  boun d  (1 9 7 0 ) $11 .50

N o . 89 I s o to p e  E f fe c ts  in  C h e m ic a l P r o c e s s e s
278  p a g e s  C loth  boun d  (1 9 6 9 ) $13 .00

N o . 87  In te r a c t io n  o f  L iq u id s  a t S o l id  S u b s tr a te s
212 p a g e s  C loth  boun d  (1 9 68 ) $9 .50

N o . 86 P e s t ic id a l  F o rm u la t io n s  R e s e a r c h .  
P h y s ic a l a n d  C o l lo id a l  C h e m ic a l A s p e c t s
212 p a g e s  C loth  boun d  (1 9 6 9 ) $9 .50

N o . 79  A d s o r p t io n  fro m  A q u e o u s  S o lu t io n
212 p a g e s  C loth  boun d  (1 9 6 8 ) $10 .00

N o . 43  C o n ta c t  A n g le ,  W e tta b il i ty ,  a n d  A d h e s io n
389  p a g e s  C loth  boun d  (1 9 6 4 ) $10 .50

N o . 31 C r it ic a l S o lu t io n  T e m p e ra tu r e s
246 p a g e s  C loth  bou n d  (1 9 6 1 ) $8 .00

N o . 2 9  P h y s ic a l P r o p e r t ie s  o f  
C h e m ic a l C o m p o u n d s — III
489  p a g e s  C loth  bou n d  (1 9 61 ) $10 .00

N o . 22  P h y s ic a l P r o p e r t ie s  o f  
C h e m ic a l  C o m p o u n d s — II
491 p a g e s  C loth  bou n d  (1 9 59 ) $10 .00

N o . 29  L ite ra tu re  o f  th e  C o m b u s t io n  
o f  P e t r o le u m

295 p a g e s  P a p e r  bou n d  (1 9 5 8 ) $8 .00

N o . 15 P h y s ic a l P r o p e r t ie s  o f  
C h e m ic a l C o m p o u n d s
536 p a g e s  C loth  boun d  (1 9 5 5 ) $10.00

O rd e r  from :

S p e c ia l  Is s u e s  S a le s  

A m e r ic a n  C h e m ic a l  S o c ie t y  
1155 16th  S t., N .W . 

W a s h in g to n ,  D .C . 20036
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Keto-Enol Tautomerism in the Thiophene Analogs of Anthrone. I. 
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The syntheses of 4,9-dihydronaphtho[2,3-6]thiophen-4-one (2), 4,9-dihydronaphtho[2,3-b]thiophen-9-one (3), 
and 4,9-dihydronaphtho[2,3-c)thiophen-4-one (4) are described, Keto-enol tautomerism in these compounds 
was studied by means of nmr spectroscopy and the results are compared with the calculated delocalization energy 
differences between the two tautomeric forms. Enol content in 2-4 was found to be dependent on the mode of 
fusion of the thiophene nucleus.

A comparison of the properties of polycyclic hydro
carbons with those of their thiophene analogs has pro
vided some intriguing results. Anthracene and naph- 
tho[2,3-6]thiophene proved to be very similar in 
physical and chemical properties;2 however, the 
isomeric naphtho[2,3-c]thiophene has recently been 
shown to be a highly reactive species, whose transient 
existence could only be demonstrated in the form of two 
V-phenylmaleimide adducts.3

Keto-enol tautomerism has also been shown to be 
dependent on structure.4 5 In the acene series, phenol 
and 1-naphthol have been isolated only in the enol form 
although the latter undergoes reactions which suggest 
the presence of both tautomers.6 Even though both 
anthrone (lk) and anthrol (le) have been isolated, 
the spectroscopically determined equilibrium con
stant ( K  = 2.5 X 10~3 at 20°) indicates that the keto 
form greatly predominates in benzene solution.6 No 
evidence for enolization, in the absence of strong 
base, has been reported for the higher acene analogs.

There are three possible isomeric naphthothiophe- 
nones, 2-4, analogous to anthrone.

In this paper we wish to report the preparation of 
these structurally related compounds and their cor
responding keto-enol character.

Synthesis of 4,9-Dihydronaphtho [2,3-6]thiophen-4- 
one (2).'—The synthesis of 2 was accomplished as 
outlined in Scheme I.

(1) N D E A  Fellow, 1967-1970.
(2) (a) W . Carruthers, A. G. Douglas, and J. Hill, J. Chem. Soc., 704 

(1962); (b) W. Carruthers, ibid., 4477 (1963).
(3) D. W. H. MacDowell, A. T. Jeffries, and M. B. Meyers, J. Org. Chem., 

36, 1416 (1971).
(4) For a recent review on the subject of enolization, see S. Forsen and 

M. Nilsson in "The Chemistry of the Carbonyl Group," Yoi. II, J. Zabicky, 
Ed., Intrscience, New York, N. Y., 1970, Chapter 3.

(5) Z. Majerski and N. Trinajatic, Bull. Chem,. Soc. Jap., 43, 2648 (1970), 
and references contained therein.

(6) H. Baba and T. Takemura, ibid., 37, 1241 (1964).

2k 2e

3k 3e

4k 4e

o-(2-Thenoyl)benzoic acid was prepared according to 
the procedure of Rajsner and coworkers7 and converted 
to the known o-(2-thenyl)benzoic acid using zinc dust 
and aqueous ammonia as described by Schroeder and 
Weinmayr.8 The overall yield was 80%. Cyclization 
of 6 v ia  the acid chloride using stannic chloride afforded 
a mixture of the tautomers 2k and 2e in 75% yield after 
purification.

Synthesis of 4,9-Dihydronaphtho [2,3-6]thiophen-9-
one (3).'—The synthesis of 3 is outlined in Scheme II.

(7) M. Rajsner, J. Metysova, and M . Protiva, Collect. Czech. Chem. 
Commun., S i, 468 (1969).

(8) H. E. Schroeder and V. Weinmayr, J. Amer. Chem. Soc., 74, 4357 
(1952).

3999
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S c h e m e  I

A1C1,
w

S c h e m e  I I

t

Treatment of 3-thienyllithium (7)9 with o-bromo- 
benzaldehyde (8) at —70° afforded o-bromophenyl-3- 
thienylcarbinol (9) in 61% yield. The reduction of 9 
with equimolar amounts of lithium aluminum hy
dride and aluminum chloride in dry ether9 10 provided
o-bromophenyl-3-thienylmethane (10) in 82% yield.
o-(3-Thenyl)benzoic acid (11) was obtained in 62% 
yield by carbonation of the Grignard reagent formed 
from 10. Cyclization of 11 via the acid chloride using 
stannic chloride resulted in the formation of a mixture 
of the tautomers 3k and 3e. The ring closure proceeded 
in 78% yield.

Synthesis of 4,9-Dihydronaphtho[2,3-c]thiophen-4-

one (4).-—The preparation of 4 is summarized in Scheme 
III.

12

S c h e m e  I I I

L re-BuLi (—70°)
2. CsHjCHO ’
3. H P

13

LiAlH,
Aid, '

1. re-BuLi (-70°)
2. C02
3. H30+

4-Bromo-3-thienyllithium was allowed to react with 
benzaldehyde at —70° and the crude viscous product 
was promptly converted to 4-benzyl-3-bromothiophene 
(14) using an equimolar mixture of lithium aluminum 
hydride and aluminum chloride in dry ether. The 
overall yield was 73%. Halogen-metal exchange in 14 
at —70°, followed by carbonation, afforded an 85% 
yield of 4-benzylthiophene-3-carboxylic acid (15), which 
was cyclized to 4k via the acid chloride using stannic 
chloride in 82% yield.

The carboxylic acid, 6 and 11, were also cyclized to 
the enol acetates 16 and 17 according to the method of 
Fieser and Hershberg.11

ZnCl2,
ch3co2h ,

6 (CH3C0)20

ZnCl2,
ch3co2h

11 (CHjCOJsO

OAc
17

Spectral Data.—The nmr spectrum of 4k was ob- 
obtained in both C6D6 and polysol-d12 (see Table I).

The presence of the keto form (4k) in both solvents 
was confirmed by the appearance of a sharp singlet (2 H) 
in the methylene region. Neither spectrum contains a 
signal which can be assigned to an enol or meso proton 
in 4e. The large chemical shift differences, which

OAc

16

(9) S. Gronowitz, Ark. Kemi, 7, 361 (1954).
(10) J. Blackwell and W. J. Hickinbottom, J. Chem. Soc., 1405 (1961).

(11) L. Fieser and E. B. Hershberg, J. Amer. Chem. Soc., 59, 1028 (1937).
(12) Available from Stohler Isotope Chemicals, Rutherford, N. J.; 

found to have solvent properties approximating those of dimethyl sulfoxide.
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Solvent

Polysol-ri

Benzene-c/e

Absorption, r  Proton

1.55 (d, 1 H ), / ll8 =  3 Hz 3
1.62-1.85 (m, 1 H ) 5
2.17-2.73 (m, 4 H ) 1, 6, 7, 8
5.72 (s, 2 H ) 9
1.25-1.47 (m, 1 H ) 5
1.80 (d, 1 H ), Ji.z =  3 Hz, 3
2.67-3.23 (m, 3 H ) 6 ,7 ,8
3.38-3.56 (m, 1 H ), / i,s =  3 Hz, 1

/ i,9 =  1 Hz
6.48 (s, 2 H ) 9

were induced by the utilization of an aromatic solvent, 
simplified the interpretation of these spectra. Since 
only  the C5 hydrogen exists on the deshielding side of a 
plane drawn through the C4 carbon and perpendicular 
to the carbon-oxygen bond,13 a downfield shift is ob
served for it while the remainder of the spectrum is 
shifted upfield.

In polysol-d solution, both 2 and 3 give spectra 
which are consistent with the corresponding enol forms 
2e and 3e (see Table II). Analogous results were ob

T a b l e  I I

N m k  Sp e c t r a  o f  2 a n d  3 i n  P o l y s OL-d

T a b l e  I I I

N m r  Sp e c t r a  o f  t h e  M i x t u r e  o f  2k a n d  2e

Solvent T
Relative area® 

under absorption

c 6d 8 1.46-1.78 (m ) 1.22
2.26-3.55 (m ) 6.776
6.73 (s) 1

CeD6 1.53-1.94 (m ) 1
and 2.27-3.38 (m ) 5.256
c f 3c o 2h 6.75 (s) 1.71

° The values are an average of three experiments, none of which 
vary from the mean by more thn 3%. 6 Corrected for the residual 
signal from CeD6.

downfield from the remainder of the aromatic absorp
tions.

In order to ensure the establishment of an equilibrium 
condition, a drop of trifluoroacetic acid was added to 
the original solution and the spectrum was again 
recorded. The initial mixture was found to contain 
40% ketone (2k) and 60% enol (2e). After equilibra
tion, 85% of 2k and 15% of 2e were present in the 
solution. This proportion remained unchanged over 
the subsequent 48 hr. The appearance of two distinct 
doublets, r 2.45 and 3.40 (J  =  5 Hz), was an immediate 
indication that equilibration had taken place. These 
signals are assigned to the C2 and C3 protons of 2k.

The presence of strong absorptions at 3400 and 1635 
cm-1 in the ir spectrum of 2 confirms the presence of 
both the enol and ketone forms. The preference for 
the enol tautomer in polar solvents was verified by the 
striking similarities in the uv spectra (95% ethanol) of 2 
and its enol acetate 16.

The nmr spectrum of 3 in C6D6 (Table IV) shows a/U
Oy

* 1 3

5
A  3

Y Y v

mixture of the keto and enol tautomers 3k and 3e. In

6|r Y T \ »
7v A Z - s 7

8

° - H

T a b l e  IV
8 9 N m r  Sp e c t r a  o f  t h e  M i x t u r e  o f 3k a n d  3e

2e 3e Relative area®

Proton T Proton T Solvent r under absorption

-O H -0 .2 9  (s, 1 H ) OH -0 .2 9  (s, 1 H ) c 6d 6 1.34-1.58 (m ) 1.00

5 1.36-1.68 (m, 1 H ) 8 1.40-1.71 (m, 1 H ) 1.67-2.00 (m ) 1.00

9 2.04 (s, 1 H ) 4 2.08 (s, 1 H ) 2.10-3.35 (m ) 10.05*

2 ,8 1.94-2.26 (m, 2 H ) 5 1.94-2.21 (m, 1 H ) 3.67 (d), /  =  5 Hz 1.00

3, 6 ,7 2.32-2.68 (m, 3 H ) 2, 3, 6, 7 2.27-2.69 (m, 4 H ) 6.74 (s) 1.96
CsDr, 1.53-1.83 (m ) 2.75
and 1.87-2.04 (m ) 1.00

tained when acetone-d6 was employed as the solvent. 
Since no absorption above r  3.0 was observed, the 
existence of the keto forms 2k and 3k could not be 
verified.

The nmr spectrum of 2 in Cf,Df, is composed of two 
complex multiplets in the aromatic region and a sharp 
singlet at r 6.7 (see Table III). The singlet, due to 
the methylene protons in 2k, furnishes a measure of 
the keto tautomer. The low field multiplet, which is 
assigned to the C5 proton in both 2k and 2e, provides a 
measure of the sum of both tautomeric forms. The 
anisotropic effect of the ketone function results in a 
deshielding of the C5 proton in 2k. A similar de
shielding by a phenolic oxygen has recently been re
ported14 for the peri proton of hydroxynaphthalene 
systems. Analogously, the C5 proton in 2e appears

(13) E. D. Becker, “ High Resolution N M R ,’ ’ Academic Press, New 
York, N . Y ., 1969, p 230.

(14) G. Dudek, Spectrochim. Acta, 19, 691 (1963).

c f 3c o ,h 16.676 
2.67 
5.50

2.21-3.42 (m )
3 .6 7 (d ) ,/  =  5 Hz 
6.77 (s)

“ The values are an average of three experiments, none of 
which vary from the mean by more than 3%. b Corrected for the 
residual signal from C6D 6.

this case a determination of the relative quantities is 
simplified by the fact that the signals due to the C8 
protons of the keto and enol forms are not superimposed 
upon each other. By a comparison of the peak areas, 
the original mixture was found to contain 50% of each 
tautomeric form. Equilibration was accomplished 
as before and the spectrum was recorded; 73% ketone 
and 27% enol are present in the equilibrium mixture. 
The ir and uv spectra of 3 substantiate the nmr data in 
the same manner as for the preceeding isomers.

The enol acetates 16 and 17 were synthesized in 
order to compare their spectral properties with the
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corresponding enols 2e and 3e. Wynberg, et a l.,15 
reported the nmr spectrum of naphtho [2,3-0 [thiophene 
(18) and from a consideration of its 4-acetoxy deriva
tive 16 concluded that the C4 proton in 18 is more de- 
shielded than the C9 proton. As shown on Table V,

T a b l e  V I

Compd
ADE Preferred 

(,ß units) tautomer

1.10 Enol

Solvent

Acetone-de
CC14

T a b l e  V

18 16 17

T T T

1.50, 1.56 1.65 1.73
1.68, 1.75 1.87 1.96

0.83 Enol

0.66° Mixture

062a Mixture

this conclusion appears to be erroneous, since the C9 
proton of 16 occurs at lower field than the C4 proton of 
17.

Discussion

The keto-enol equilibrium position in hydroxyacene 
systems has been correlated with the free-energy loss 
which is experienced in the formation of the lceto tau
tomer. For a series of structurally related compounds, 
this energy can be formulated as the tt delocalization 
energy difference (ADE) between the two forms. The 
DE of the enol tautomer is taken as that of the parent 
system and the DE of the keto form as that of the cor
responding exo-methylene derivative.16 The values 
for ADE, which are given on Table VI, were com
puted using a general Hiickel molecular orbital pro
gram.17

Compounds 2k,e and 3k,e possess calculated ADE 
values which are higher than the value for anthrone- 
anthrol (lk,e). This indicates an increased preference 
for the enol tautomer in the two systems which con
tain a 5-fused thiophene ring. This prediction was sup
ported experimentally by the observation that only 2e 
and 3e were present in hydrogen bonding solvents. 
Although both forms were detected in a benzene 
solution, the keto tautomer was found to predominate.

In contrast to the findings for the 6-fused isomers 2 
and 3, compound 4, which contains a c-fused thio
phene ring, shows little tendency to enolize. Although 
4k was unaffected by 1 M  sodium hydroxide, a deep 
red-orange solution was formed with ethanolic potas
sium hydroxide. The resulting solution soon exhibited 
the presence of a brown precipitate. The lack of enol 
character in 4 is reflected in a ADE value approxi
mating that of 6-hydroxypentacene.

Since the keto forms 2k and 4k would be of equal 
energy according to this method of approximation, the 
difference in their ADE values is due to a difference in 
the calculated DE values for naphtho [2,3-6[thiophene 
and naphtho [2,3-c]thiophene.

o oh

o t o  =- OCO “■ “
4k 4e

a Tbs parameters for these calculations are aa =  a +  f3; 0«  
=  0.70.

Experimental Section18
Cyclization of o-(2-Thenyl)benzoic Add (6 ).— A  solution of

o-(2-thenyl)benzoic acid (6.54 g, 30 mmol) in dry benzene (200 
m l) was placed in a 500-ml, three-necked flask which was fitted 
with a reflux condenser and kept under a constant stream of 
nitrogen. After the solution was cooled to 4°, phosphorus 
pentachloride (6.24 g, 30 mmol) was added portionwise over 20 
min with stirring. The mixture was then warmed until the 
evolution of hydrogen chloride ceased. The faintly yellow 
solution was then cooled to 4° and a solution of stannic chloride 
(4.0 ml, 8.9 g, 34 mmol) in dry benzene (50 ml) was added drop- 
wise over a 1-hr period resulting in the formation of a yellow- 
green precipitate. Stirring was continued for an additional 
hour and the mixture was poured into ice and hydrochloric 
acid (200 ml, 2 M )  and shaken vigorously. The layers were 
separated and the aqueous portion was extracted with benzene 
(100 ml). The combined benzene portions were washed suc
cessively with saturated sodium bicarbonate solution and water, 
then dried (MgSOi), and concentrated to 50 ml. The resulting 
warm solution was chromatographed on a 15 X  2 cm column 
packed with neutral silica gel. Elution with benzene-chloro
form (3 :1 ) followed by concentration yielded 4.5 g (75% ) of a 
yellow crystalline solid. Recrystallization from benzene- 
hexane afforded analytical sample (mp 130-132°): uv max 
(95% C2H 6O H ) 258 mM (e 49,800), 340 (6300), 352 (7400), and 
367 (7310); ir (K B r) 3400 (O H ) and 1635 cm- 1 (ketone C = 0 ) ;  
for nmr spectra (polysol-d) see Table I I ,  (C6D 6) see Table I I I .

(15) H. Wynberg, J. de W it, and H. Sinnige, J. Org. Chem., 35, 711 
(1970).

(16) A. Streitwieser, Jr., “ Molecular Orbital Theory for Organic Chem
ists,”  Wiley, New York, N. Y., 1961, p 250,

(17) HM O program written by Dr. J. Gruninger, West Virginia Uni
versity.

(18) All temperatures are uncorrected. Elemental analyses were performed 
by Galbraith Laboratories, Knoxville, Tenn. Nuclear magnetic resonance 
spectra were recorded on a Varian HA-60 spectrometer using tetramethyl- 
silane as an internal standard ( r 10) and solvents as specified. The ultra
violet spectra were determined in 95% ethanol on a Bausch and Lomb 
spectronie 505 spectrophotometer. Infrared spectra were recorded on a 
Beckman IR-8 spectrophotometer.
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Anal. Calcd for C i2H sOS: C, 71.97; H, 4.02; S, 16.01. 
Found: C, 72.08; H,4.11; S, 15.88.

o-Bromophenyl-3-thienylcarbinol (9).— Ethereal n-butyl- 
lithium (125 ml, 1.1 M , 0.138 mol) was transferred into a 500- 
ml, flame-dried, three-necked flask and kept under a constant 
stream of nitrogen. After cooling to —70°, a solution of 3- 
bromothiophene (25 g, 0.138 mol) in absolute ether (50 ml) 
was added over 15 min. The solution was stirred at —70° 
for an additional 30 min and a solution of o-bromobenzaldehyde 
(25.6 g, 0.138 mol) in absolute ether (50 m l) was added over a
1-hr period.

After the solution was stirred for an additional hour, it was 
allowed to slowly warm to 0°. Water (150 ml) was cautiously 
added to affect hydrolysis. The layers were separated and the 
aqueous layer was extracted with ether. The combined ether 
portions were washed neutral to litmus with copious quantities 
of water and dried (MgSCh). Removal of the solvent left a 
viscous oil which crystallized on a short-path distillation. Re
crystallization of the white solid from benzene-hexane gave an 
analytical sample of o-bromophenyl-3-thienylcarbinol (22.6 
g, 61%); mp 58.5-60°; ir (melt) 3360 cm-1 (broad O H ); nmr 
(CC14) t  2.4-3.2 (m, 7 H, aromatic), 3.95 (d, J  =  4 Hz, 1 H, 
methine), 6.90 (d, J  =  4 Hz, 1 H , OH ).

Anal. Calcd for CnHgBrOS: C, 49.08; H, 3.37; S, 11.91; 
Br, 29.69. Found: C, 48.91; H , 3.38; S, 11.73; Br, 29.83.

o-Bromophenyl-3-thienybnethane ( 10)— Lithium aluminum 
hydride (4.50 g, 0.118 mol) was suspended in absolute ether (50 
ml) contained in a 500-ml, three-necked flask, which had pre
viously been flame-dried under nitrogen and protected by a 
calcium chloride drying tube. The suspension was cooled in 
an ice bath while a solution of anhydrous aluminum chloride 
(15.6 g, 0.118 mol) in absolute ether (50 m l) was cautiously 
added. The ice bath was removed and a solution of o-bromo- 
phenyl-3-thienylcarbinol (21.0 g, 0.078 mol) in absolute ether 
(50 ml) was added at a rate such as to promote gentle reflux. 
The mixture was then refluxed for an additional 15 min and the 
ice bath replaced. Sulfuric acid (3 M )  was added dropwise 
until vigorous refluxing subsided. The mixture was poured into 
ice and hydrochloric acid (200 ml, 2 M )  and shaken. The 
layers were separated and the aqueous layer was extracted twice 
with ether (100 ml). The combined ethereal solution was 
successively washed with hydrochloric acid (2 M ),  saturated 
sodium bicarbonate solution, and water and then dried (M g
SCh). The liquid which remained after evaporation of the 
solvent was fractionally distilled giving 16.2 g (82%) of a clear 
colorless liquid, bp 95-97° (0.05 mm). On cooling the product 
crystallized as a white solid: mp 30-31°; nmr (CCh) r  2.35-3.25 
(m, 7 H, aromatic), 5.95 (s, 2 H, C H 2).

Anal. Calcd for CnH9BrS: C, 52.18; H , 3.58; Br, 31.51; 
S, 12.67. Found: C, 52.24; H , 3.50; Br, 31.75; S, 12.66.

o-(3-Thenyl)benzoic Acid (11).— The Grignard reagent, which 
was prepared from o-bromophenyl-3-thienylmethane (6.00 g,
24.7 mmol), magnesium metal (2.05 g, 84.5 g-atoms), 1,2-di- 
bromoethane (8.92 g, 47.4 mmol), and ether (175 m l) according 
to the entrainment method,19 was run onto excess Dry Ice and 
allowed to stand for 2 hr. Water (150 m l) was slowly added 
and the layers were separated. The organic layer was washed 
with 1 M  sodium hydroxide solution (50 ml) and the aqueous 
portions were combined, cooled, and acidified with excess hydro
chloric acid (1 M ).  The resulting precipitate was taken up in 
ether, washed with water, and dried (MgSCh). The solvent 
was removed leaving a granular white solid, which was recrystal
lized from benzene-hexane to give white needles (3.2 g, 62%): 
mp 96-97°; ir (K B r) 1675 cm-1 (acid C = 0 ) ;  nmr (acetone-ih) 
r 0.4 (hump, 1 H , C 02H ), 1.9-2.1 (m, 1 H , aromatic), 2.4-3.2 
(m, 6 H, aromatic), 5.6 (s, 2 H, C H 2).

Anal. Calcd for Ci2H 10O2S: C, 66.03; H, 4.62; S, 14.69. 
Found: C, 65.99; H ,4.62; S, 14.48.

Cyclization of o-(3-Thenyl)benzoic Acid (11).— A  solution of
o-(3-thenyl)benzoic acid (2.00 g, 9.2 mmol) in dry benzene 
(75 m l) was run into a 300-ml, three-necked flask and kept at 
4° under a constant stream of nitrogen. Phosphorus penta- 
chloride (1.91 g, 9.2 mmol) was added portionwise with stirring 
over a 45-min period. The mixture was then warmed until the 
evolution of hydrogen chloride subsided. The resulting solution 
was cooled to 4° and a solution of stannic chloride (1.2 ml, 2.7 
g, 10.3 mmol) in dry benzene (50 m l) was added over a 90-min

(19) E. C. Horning, Ed., “Organic Syntheses,” Collect. Vol. Ill, Wiley,
New York, N. Y., 195S, p 553.

period. The mixture was then stirred at room temperature for 
2 hr, poured into ice and hydrochloric acid (1 M ,  100 ml), and 
shaken vigorously. The layers were separated and the aqueous 
layer was extracted with benzene (100 ml). The benzene 
portions were combined, washed with saturated sodium bicar
bonate solution and with water, dried (MgSO«), and concentrated 
to 50 ml. The warm solution was chromatographed on a 15 X 
2 cm column packed with neutral silica gel. Elution with benzene 
afforded 1.42 g (78% ) of a yellow crystalline solid, mp 117-119°. 
An analytical sample was obtained by recrystallization from 
benzene-hexane: mp 120-121°; uv max (95% C2H 6O H ) 252 
mM (<= 52,100), 299 (5000), 338 (5070), 352 (6460), and 365 
(6300); ir (K B r) 3400 (O H ) and 1625 cm" 1 (ketone C = 0 ) ;  
for nmr spectra (polysol-d) see Table I I ,  (C 6D 6) see Table I I I .

Anal. Calcd for C i2H8OS: C, 71.97; H , 4.02; S, 16.01. 
Found: C, 72.13; H.4.22; S, 16.22.

3- Bromo-4-thienylphenylcarbinol (13).— Ethereal n-BuLi (450 
ml, 1.15 M , 0.52 mol) was run into a flame-dried, 1000-ml, 
three-necked flask under a constant stream of nitrogen. The 
solution was cooled to —70° and a solution of 3,4-dibromothio- 
phene (125 g, 0.52 mol) in absolute ether (100 ml) was added 
dropwise. The resulting solution was stirred for an additional 
hour and then a solution of freshly distilled benzaldehyde (56 
g, 0.53 mol) in absolute ether (75 ml) was added over a 1-hr 
period at —70°. The mixture was stirred for 30 min at —70°, 
allowed to warm to 0° slowly, poured into ice and water, and 
shaken vigorously. The layers were separated and the aqueous 
layer was extracted with ether (200 ml). The ether portions 
were combined, washed neutral to litmus with water, and dried 
(MgSCh). The viscous oil (138 g, ~100% ), which remained 
after evaporation of the solvent, was used withut further purifica
tion.

A  small portion of the product obtained in a similar experiment 
was chromatographed on neutral alumina using benzene as the 
eluent. Repeated short-path distillation of the alcohol-con
taining fraction provided an analytical sample of 3-bromo-4- 
thienylphenylcarbinol as a slightly yellow, clear oil [ 100° bath 
(0.1 m m)]: ir (neat) 3350 cm-1 (broad O H ); nmr (CS2) r 2.7-
3.1 (m, 7 H , aromatic), 4.35 (d, J  =  4 Hz, 1 H , methine), 
7.52 (d, J  =  4 Hz, 1 H, OH ).

Anal. Calcd for CnH9BrOS: C, 49.08; H  3.37; Br, 29.69; 
S, 11.91. Found: C, 49.23; H, 3.46; Br, 29.50; S, 12.03.

4- Benzyl-3-bromothiophene (14).— Lithium aluminum hydride 
(29.5 g, 0.778 mol) was suspended in absolute ether (150 ml) 
contained in a 1000-ml, flame-dried, three-necked flask. The 
mixture was cooled in an ice-water bath while a solution of 
anhydrous aluminum chloride (104 g, 0.78 mol) in absolute 
ether (200 m l) was added over a 5-min period. External cool
ing was halted and a solution of crude 3-bromo-4-thienylphenyl- 
carbinol (138.4 g, ~0 .5  mol) in absolute ether (200 ml) was 
added at a rate such as to promote gentle reflux. The mixture 
was maintained at reflux for an additional 15 min and the ice 
bath was then replaced. Excess hydride was destroyed by 
cautious, dropwise addition of sulfuric acid (3 M ).  The mixture 
was poured into ice and hydrochloric acid (400 ml, 2 M )  and 
shaken vigorously. The layers were separated and the aqueous 
layer was extracted twice with ether (150 m l). The combined 
ether portions were successively washed with hydrochloric acid 
(2 M ), saturated sodium bicarbonate solution, and water, and 
dried (MgSCh)- After concentration, the liquid was fractionally 
distilled to give 94.7 g (73% ) of a clear, colorless liquid: bp 105- 
110° (0.1 mm); nmr (CC14) r 2.8 (broad s, 6 H, aromatic),
3.25-3.35 (m, 1H , 5 position of thiophene), 6.11 (s, 2 H , CH2).

Anal. Calcd for CnH9BrS: C, 52.18; H, 3.58; Br, 31.51; 
S, 12.67. Found: 0,52.37; H, 3.59; Br, 31.66; S, 12.70.

4-Benzylthiophene-3-carboxylic Acid (15).— Ethereal re-BuLi 
(84 ml, 1.32 M , 0.11 mol) was run into a 500-ml, three-necked, 
flame-dried flask under a constant stream of nitrogen. The 
solution was cooled to —70° and a solution of 4-benzyl-3-bromo- 
thiophene (25.3, g, 0.10 mol) in absolute ether (50 ml) was 
added dropwise over a 15-min period. The resulting mixture was 
maintained at —70° for 30 min and run onto excess D ry Ice 
under a stream of nitrogen. The mixture was allowed to warm 
to 0°, water (150 ml) was added, and the layers were separated. 
The ether layer was extracted with sodium hydroxide solution 
(100 ml, 1 M ).  The aqueous portions were combined, cooled, 
and acidified with excess hydrochloric acid (1 M ).  The white 
precipitate was taken up in ether and dried (MgSCh). Removal 
of the solvent left 21.5 g of a white solid which was recrystallized 
as white needles (18.3 g, 85% ) from acetonitrile: mp 143.5-
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144°; ir (K B r) 1675 cm“ 1 (acid C = 0 ) ;  nmr (polygol-d) r  1.8 
(d, J  =  3.5 Hz, 1 H, thiophene 2 position), 2.78 (s, 5H , C6H 5),
3.02 (d, J  =  3.5 Hz, 1 H, thiophene 5 position), 5.75 (s, 2 H, 
C H 2).

Anal. Calcd for C i2H 10O2S: C, 66.03; H , 4.62; S, 14.69. 
Found: C, 66.25; H,4.64; S, 14.82.

Cyclization of 4-Benzylthiophene-3-carboxylic Acid (15).—  
Phosphorus pentachloride (2.72 g, 13 mmol) was added portion- 
wise to a stirred solution of 4-benzylthiophene-3-carboxylic 
acid (2.85 g, 13 mmol) in dry benzene (15 m l) at 5°. The mixture 
was allowed to warm to room temperature and then heated on a 
steam bath until the evolution of hydrogen chloride had ceased.

The acid chloride solution was added dropwise to a solution of 
stannic chloride (1.6 ml, 3.5 g, 14 mmol) in dry benzene (75 ml) 
at 5° over a 30-min period. The mixture was allowed to stir 
at room temperature for 2 hr, refluxed for 15 min, allowed to 
cool, and poured into ice and hydrochloric acid (2 M ).  The 
layers were separated and the aqueous phase was extracted 
with benzene (100 m l). The combined organic portions were 
washed with saturated sodium bicarbonate solution and with 
water and dried (MgSCh). The yellow solid which remained 
after removal of the solvent was chromatographed on neutral 
silica gel using benzene as the eluent. The benzene solution was 
concentrated and diluted with hexane. 4,9-Dihydronaphtho- 
[2,3-c]thiophen-4-one (2.15 g, 82%) was obtained as yellow 
plates: mp 103.5-105°; uv max (95% CdKO H ) 281 m^ (e 
13,700); ir (K B r) 1650 cm-1 (ketone 6 = 0 ) ;  for nmr spectra 
(polysol-d) and (C6D 6) see Table I.

Anal. Calcd for Ci2H 8OS: C, 71.97; H, 4.02; S, 16.01. 
Found: C,71.99; H ,4.11; S, 15.85.

4-Acetoxynaphtho[2,3-6]thiophene (16).— A  stirred mixture 
of o-(2-thenyl)benzoic acid (0.95 g, 4.3 mmol), glacial acetic 
acid (10 ml), acetic anhydride (7 ml), and anhydrous zinc chloride 
(0.10 g, 0.74 mmol) was heated at reflux for 15 min and while 
still hot was cautiously diluted with water (17 m l). The yellow

crystalline solid was filtered and recrystallized from cyclohexane 
as yellow needles (0.82 g, 78%): mp 120-121° ( l i t >  119-120°); 
uv max (95% C2H 5O H ) 250 my (e 63,100) 256 (63,200), 317 
(sh, 4020), 331 (sh, 5930), 340 (7050), and 356 (8930); ir (K B r) 
1755 cm" 1 (acetate C = 0 ) ;  nmr (CCh) t 1.87 (s, 1 H , aromatic 
9 position), 2.05-2.4 (m, 2 H, aromatic 5 and 8 positions),
2.5-2.9 (m, 4 H, aromatic, 2, 3, 6, and 7 positions), 7.60 [s, 
3 H , C H 3C ( = 0 ) 0 ] .

9-Acetoxynaphtho[2,3-6]thiophene (17).— A  stirred mixture 
of o-(3-thenyl)benzoic acid (0.47 g, 2.2 mmol), glacial acetic 
acid (5 ml), acetic anhydride (3.5 ml), and anhydrous zinc chlo
ride (50 mg, 0.37 mmol) was heated at reflux for 15 min and while 
still hot was slowly diluted with water (8.5 m l). The yellow 
crystalline solid was filtered and recrystallized from cyclohexane 
as yellow needles (0.41 g, 78%): mp 106-107°; uv max (95% 
C2H 5OH) 249 mM (t 72,800), 255 (72,300), 316 (sh, 4640), 329 
(6060), 338 (7270), and 354 (8890); ir (K B r) 1760 cm" 1 (acetate 
C = 0 ) ;  nmr (CCh) r 1.96 (s, 1 H, aromatic 4 position), 2.05-
2.20 (m, 2 H , aromatic 5 and 8 positions), 2.35-2.90 (m, 4 H , 
aromatic 2, 3, 6, and 7 positions), 7.60 [s, 3 H , CH3C ( = 0 ) 0 ] .

Anal. Calcd for C „H i0O2S: C, 69.39; H , 4.16; S, 13.24. 
Found: C,69.56; H,4.02; S, 13.09.

Registry No.—2e, 31926-61-1; 2k, 31926-62-2;
3e, 31926-63-3; 3k, 31926-64-4 ; 4k, 31926-65-5; 9, 
31926-66-6; 10, 31926-67-7; 11, 31926-68-8; 13,
31981-25-6; 14, 31926-69-9; 15, 31926-70-2; 16,
22566-41-2; 17, 31926-72-4.
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The syntheses of five benzodithiophene analogs of anthrone and anthrol are described. The keto-enol equilib
rium position for each of these compounds was spectroscopically determined and a comparison of the experi
mental results with the calculated delocalization energy difference between the two tautomeric forms was made 
for each isomer. The results are explained in terms of the modes of fusion of the thiophene portions of the 
molecule.

As was demonstrated in the initial paper2 in this se
ries, substituting a thiophene nucleus for one of the ben
zene moieties of anthrone gives rise to a significant 
change in the conditions necessary to promote enoliza- 
tion. The direction of this change was found to be 
dictated by the mode of fusion of the thiophene ring.2

In order to further define the structural conditions 
which govern keto-enol tautomerism, the earlier study 
was extended to the benzodithiophene systems 4-9.

In this paper we wish to report the preparation of five 
of these compounds, 4-8. The synthesis of the final 
isomer, 4,8-dihydrobenzo [1,2-c; 4,5-c' ]dithiophen-4-one
(9), is underway and will be the subject of a future 
publication dealing with the chemistry of benzo- 
[1,2-c: 4,5-c' jdithiophene.

Synthesis of 4,8-Dihydrobenzo [1,2-6; 4,5-c' Jthio- 
phen-8-one (4k).—The reaction sequence which had 
been successfully employed in the preparation of the

(1) N D E A  Fellow, 1967-1970.
(2) D. W. H. MacDowell and J. C. Wisowaty, J. Org. Chem., 36, 3999 

(1971).

o

ik

naphthothiophenones 2k and 3k was easily adapted to 
the synthesis of the first benzodithiophenone 4k (see 
Scheme I ) .
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Treatment of 4-bromo-3-thienyllithium (11) with
3-thiophenecarboxaldehyde (10)3 at —70° afforded
3-bro mo-37,4-dithieny ¡carbinol (12) in 95% yield. 
The reduction of 12 with lithium aluminum hydride 
and aluminum chloride in dry ether4 5 provided 3-bromo- 
3',4-dithienylmethane (13) in 91% yield. Halogen- 
metal exchange in 13 at —70°, followed by carbona- 
tion, resulted in an 84% yield of 3',4-dithienylmethane-
3-carboxylic acid (14) which was cyclized v ia  the acid 
chloride using stannic chloride to 4k in 63% yield. 
The presence of a sharp singlet (r 6.67) in the methy
lene region of the nmr spectrum (C6D6) of 4k (Table 
I) supports the keto structure for the cyclization prod
uct. The ir and uv spectra also uphold this assign
ment for the keto-enol character of 4.

In cases where the free-energy difference between the 
two tautomeric forms is small, the enol content has 
been shown to be very solvent dependent, i.e ., lk,e 
and 2k,e.2 Both le and 2e were found to be present, 
exclusive of the corresponding keto forms, in a polysol-d6 
solution. However, no indication of the presence of 
4e was found in the nmr spectrum (polysol-d) of 4k 
(Table I). The aromatic region of the spectrum, rep
resenting four hydrogens, shows the expected multi
plicity and coupling constants. The methylene sin
glet appears at r 5.82 and represents two hydrogens.

(3) S. Gronowitz, Ark . Kemi, 8, 441 (1955).
(4) J. Blackwell and W. J. Hickinbottom, J. Chem. Soc., 1405 (1961).
(5) Available from Stohler Isotope Chemicals, Rutherford, N . J.; it  was

found to have solvent properties, approximating those of dimethyl sulfoxide.

Sc h e m e  I

12 13

1. n-BuLi (—70°)
2. CO,
3. H,0+

4 k

I

In all its spectral properties, 4k strongly resembles 
3k. However, unlike 3k it is readily soluble in 1 M  
sodium hydroxide, giving rise to a bright yellow solu
tion which rapidly darkens on standing.

Synthesis of 4,8-Dihydrobenzo [1,2-1;: 4,5-c' Jdithio- 
phen-4-one (5k).—The synthesis of 5k is outlined in 
Scheme II.

By simply substituting 2-thiophenecarboxaldehyde 
(15)6 for 3-thiophenecarboxaldehyde (10) in Scheme 
I, the reaction sequence provided the same basic ring 
system as before with the ketone function now appear
ing in the 4 position. The individual reactions 
furnished compounds of unambiguous structure in 
yields of 56-86%.

The nmr spectrum (polysol-d) of 5k, which is indica
tive of the keto tautomer, consists of a low field doublet 
for one hydrogen together with a complex multiplet 
for three hydrogens in the aromatic region and also a 
methylene singlet for two hydrogens at r 5.58. The 
aromatic region was better resolved when C6D6 was 
employed as the solvent. The signal multiplicities 
and coupling constants support the presence of only 
the keto form (see Table I). The ir and uv spectra 
of 5k also substantiate this conclusion. As was the 
case for 4k, 5k readily dissolves in 1 M  sodium hydrox
ide solution.

Synthesis of 4-Hydroxybenzo [ 1,2 -b : 5,4-b ' ]dithio
phene (6e).—The synthesis of 6e was accomplished in 
two steps from 3-bromo-2,2'-dithienylmethane (21) (see 
Scheme III). The alkylation of 3-bromothiophene 
(19) with 2-chloromethylthiophene (20)7 under the in
fluence of stannic chloride produced 21 in 29% yield. 
This compound was recently reported as a precursor 
in the preparation of benzo[1,2-6:5,4-5']dithiophene,

(6) “ Organic Syntheses,”  Collect. Vol. IV , W iley, New York, N . Y., 
1963, p 915.

(7) “ Organic Syntheses,”  Collect. Vol. I l l ,  Wiley, New York, N . Y ., 1955, 
p 1955.
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T able  I

O

s ]  j p y 5 11 3

y ^ s s/Y i>
0 r v ~ s
4k 5k

Solvent Proton T Proton r

CeDe 7 1.87 (d, 1 H), 5 1.88 (d, 1 H),
J 5,7 =  3.5 Hz J 5,7 =  3.5 Hz

2 2.97 (d, 1 H), 2 2.34 (d, 1 H),
J i ,3 =  5 Hz J i ,  3 =  5 Hz

3,5 3.31-3.58 (m, 2 H ) 3 3.32 (d, 1 H),
4 6.67 (s, 2 H ) /2,3 =  5 Hz

7 3.60 (m, 1 H),
J 6,7 =  3.5,
Jt.s =  1 Hz

8 6.62 (s, 2 H )
Polysol-d 7 1.69 (d, 1 H), 5 1.64 (d, 1 H),

JE,v =  3.5 Hz J  6,7 =  3.5 Hz
2 2.04 (d, 1 H), 2,3 ,7 2.36-2.64 (m, 3

J 2,3 =  5 Hz
5 2.50 (m, 1 H), 8 5.58 (s, 2 H )

J  5,7 =  3.5, 
J  4,5 =  1 Hz 

2.78 (d, 1 H), 
J -,.3 =  5 Hz 

5.82 (s, 2 H )

Sc h e m e  I I
Li Br

16 17

1. n-BuLi (-70°)
2. CO,
3. H30+

5e

but its physical and spectral properties were not de
scribed.8 Carbonation of 21 afforded 2,2'-dithienyl- 
methane-3-carboxylic acid (22) in 64% yield. Cycli- 
zation of 22 v ia  the acid chloride using stannic chloride 
provided a 40% yield of 6e. The acid 22 was also 
converted to 4-acetoxybenzo[l,2-i>: 5,4-6' ]dithiophene 
(23) according to the method of Fieser and Hershberg.9

(8) H. Wynberg, J. de Wit, and H. J. M . Sinnige, J. Org. Chem., 35, 711 
(1970).

(9) L. Fieser and E. B. Hershberg, J. Amer. Chem. Soc., 59, 1028 (1937).

Sc h e m e  I I I

19 20 21
1. n-BuLi (-70°)
2. C0,
3. HjO+

The nmr spectrum (polysol-d) of 6e consists of a 
broad singlet for the enol hydrogen, two doublets, J 2,3 
= 5 Hz, which represent the four thiophene hydrogens, 
and a sharp singlet for the meso (C8) hydrogen. No 
absorption above r 2.7 was observed, thus indicating 
the absence of a significant quantity of the keto tauto
mer (see Table II). The spectrum of 6e in C6D6 was 
also recorded. The signal multiplicities and coupling 
constants were identical with those in the spectrum 
which was obtained in polysol-d. The presence of the 
aromatic solvent caused a strong upfield shift of the 
entire spectrum. Trifluoroacetic acid had been used 
to ensure the formation of an equilibrium condition
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Compd

8
6e

T able  I I
•Polysol-d!-------- ----------------------- - ----------- ------------CeDr

Proton T Proton T
OH -0 .2 1  (s, 1 H ) OH 1.96 (s, 1 H )
8 2.03 (s, 1 H ) 2 ,6 2.36 (d, 2 H ),

2 ,6 2.28 (d, 2 H ), J 2,3 =  5 Hz
J 2,3 =  5 Hz 8 2.39 (s, 1 H )

3, 5 2.62 (d, 2 H ), 
J 2,3 =  5 Hz

3, 5 3.13 (d, 2 H ), 
J 2,3 =  5 Hz

OH -0 .4 1  (s, 1 H ) 4 2.32 (s, 1 H )
4 2.10 (s, 1 H ) 2 ,6 2.92 (d, 2 H ),

2 ,6 2.43 (d, 2 H ), J 2,3 =  5 Hz
J 2,3 = 5  Hz 3, 5 3.08 (d, 2 H ),

3, 5 2.57 (d, 2 H ), J 2,3 =  5 Hz

OH
8

2, 3, 6, 7

Ji., =  5 Hz

0.33 (s, 1 H )
2.08 (s, 1 H ) 
2.12-2.72 (m, 4 H )

OH 4.87 (s, 1 H )

in  CeD6 s o lu tion s  o f  lk ,e  and 2 k ,e .2 T h e  addition of 
a drop of this acid to the C6D6 solution of 6e had no ob
servable effect on the aromatic portion of the spectrum 
but only served to eliminate the enol (OH) absorption. 
Since no absorption above r 3.2 was observed, the 
equilibrium position in 6k,e must strongly favor the 
enol tautomer. The ir and uv spectra were also con
sistent with the assignment of 6e for the structure of 
the cyclized product. The uv spectrum of 6e was 
found to be very similar to that of its enol acetate (23).

Synthesis of 8-Hydroxybenzo [1,2-6:5,4-6']dithio- 
phene (7e).—The synthesis of 7e is outlined in Scheme
IV. The known 3,3'-dithienylmethane (26)10 was

Scheme IV

obtainable in fair quantity by way of high-yield reac
tions; therefore it presented itself as a logical starting 
material in the preparation of 7e.

Gronowitz and Eriksson11 have reported a two-step 
conversion of 3-bromothiophene to 3,3'-dithienylear-

(10) A. Kraak, A. K . Wiersema, P. Jordens, and H. Wynberg, Tetra
hedron, 24, 3381 (1968).

(11) S. Gronowitz and B, Eriksson, Ark. Kemi, 21, 335 (1964).

binol (2 5 ) v ia 3-thiophenecarboxaldehyde. The same 
transformation was accomplished in one-step by treat
ing ethyl formate with 2 equiv of 3-thienyllithium (24) 
at —70°. The yield of the alcohol was 77%. The 
reduction of 25 to 3,3'-dithienylmethane (26) was 
achieved in high yield according to the procedure of 
Wynberg, et a l.w Since the dibromination of 26 had 
been shown10 to produce 2,2'-dibromo-3,3-dithienyl- 
methane, similar conditions were used to affect a mono- 
bromination. The conversion proceeded in 68% yield 
and provided the expected 2-bromo compound. Halo
gen-metal exchange at —70° in 27, followed by car- 
bonation, provided a good yield of 3,3'-dithienylmeth- 
ane-2-carboxylic acid (28) which was cyclized v ia  the 
acid chloride using stannic chloride to 7e. The enol 
acetate of 7e was also formed from 28 in order to com
pare its spectral properties with those of the enol.

The nmr spectrum of 7e was obtained in polysol-d 
and in CeD6 and as expected both were very similar to 
those earlier described for 6e (see Table II). No in
dication for the presence of the keto tautomer (7k) in 
either solvent was found. The uv spectrum of 7e was 
compatible with that of its enol acetate (29). The 
lack of a carbonyl absorption in the ir spectrum of 7e 
confirmed the presence of only the enol tautomer.

Synthesis of 4-Hydroxybenzo [ 1,2-6:4,5-6' [dithio
phene (8e).—The preparation of the fifth isomer in 
this series w'as achieved by following a reaction se
quence similar to that which proved successful in the 
synthesis of both 4k and 5k (see Scheme V ).

Treatment of 3-bromo-2-thienyllithium with 3-thio
phenecarboxaldehyde provided a 63% yield of 3- 
bromo-2,3-dithienylcarbinol (30) as a viscous oil. 
This alcohol had earlier been prepared by other 
workers,10 who were unable to affect purification. Al
though we were successful in obtaining 30 as an analyt
ically pure, low melting solid, the method was tedious. 
F o r  this reason, the crude, viscous alcohol was allowed 
to react with equimolar quantities of lithium aluminum 
hydride and aluminum chloride, thus furnishing a 66% 
yield of 3-bromo-2,3'-dithienylmethane (31). The 
physical properties of 31 are comparable with those 
reported for it by Wynberg,10 who obtained the bro
mide v ia  an alternate route. Carbonation of 31 was 
affected in 83% yield and the resulting acid was 
cyclized to 8e in 73% yield. The acid 32 was also 
converted to the enol acetate 33 of 8e.
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Scheme V T a b l e  III
Pre-

ADE ferred
(/3 tauto-

Compd units) a'& mer

no Enol

0.83 Enol

0.80 Enol

0.76 Enol

The nmr spectrum (polysol-d) of 8e revealed the pres
ence of only the enol tautomer. A broad singlet due 
to the enol (OH) hydrogen was found at r 0.33. The 
lack of a signal in the methylene region of the spec
trum, t  5-7, indicates the absence of a significant 
amount of the keto form 8k (see Table II). Unlike 6e 
and 7e, 8e possesses four nonequivalent thiophene 
protons. For this reason the aromatic portion of the 
spectrum is highly complex. The meso (C8) proton 
appears slightly downfield from the remainder of the 
aromatic protons. Since 8e was not readily soluble 
in benzene, its nmr spectrum in CfTh could not be ob
tained. However, the information which was pro
vided by the ir and uv spectra of 8e justifies the assign
ment of the enol form for the cyclization product. 
The uv spectrum of 33 very closely resembles that of 
8e.

Discussion

The keto-enol character of polycylic phenols is dic
tated by the free-energy difference between the two 
tautomeric forms. Since the individual compounds to 
be considered are very similar in structure, the change 
in a bond energy for the transformation enol -*■ ketone 
remains constant throughout the series. Thus the 
free-energy change can be represented by the t  de- 
localization energy difference, ADE.

ADE =  DEenol -  DEketo

In this approximation DEmoy is taken as the tt de- 
localization energy of the parent system and DEketo 
as that of the exo-methylene derivative.12 A com
prehensive list of ADE values was compiled and ap
pears in Table I II  along with the experimentally de
termined equilibrium position for each substance.

(12) A. Streitwieser, Jr., “ Molecular Orbital Theory for Organic Chem
ists,”  Wiley, New  York, N. Y ., 1961, p 250.

9k 9e

“ HM O program written by Dr. J. Gruninger, West Virginia 
University. b The parameters for these calculations are as =  
a +  13; =  0.7/3. 0 Soluble in hot 1 M  sodium hydroxide solu
tion. d Soluble in ethanolic potassium hydroxide solution. 
« Has not been prepared but keto form is predicted from the 
ADE value.

For the vast majority of the compounds which ap
pear :n Table I II  only one tautomeric form could be
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spectroscopically detected. Only in the C6D6 solu
tions of the two ¿-fused naphthothiophene derivatives, 
lk,e and 2k,e, was a coexisting keto-enol pair observed. 
The extent of the ADE region where this phenomenon 
occurs is still somewhat ill-defined and is currently un
der investigation.

Earlier,2 we demonstrated that a compound of 
greatly enhanced enol content was produced by re
placing one of the benzene rings of anthrone by a b- 
fused thiophene moiety. It logically follows that a 
still higher degree of enolization would be expected 
for the benzodithiophene derivatives related to an
throne if both heterocyclic rings were b fused. Hence, 
the fact that only the enol tautomers were detected 
in the equilibrium mixtures, 6k,e, 7k,e, and 8k,e, is 
not unreasonable.

The benzodithiophene derivatives 4k and 5k, in 
which one of the thiophene rings is fused across its 3,4 
bond, highly favor the keto tautomer since enolization 
would necessitate the formation of an energetically 
unfavorable benzo [c]thiophene system.

The correlation of the experimentally observed equi
librium position with computed ADE values provided 
excellent results in both the acene and “heteroacene” 
series.

Experimental Section13

3-Bromo-3',4-dithienylcarbinol ( 12).— A  solution of 3-thio- 
phenecarboxaldehyde (46 g, 0.41 mol) in absolute ether (100 
ml) was added dropwise to a solution of 4-bromo-3-thienyllithium, 
which had been prepared at —70° from ethereal rt-butyllithium 
(300 ml, 1.5 M , 0.45 mol) and a solution of 3,4-dibromothiophene 
(110 g, 0.45 mol) in absolute ether (100 ml). The reaction mix
ture was stirred at —70° for 45 min and then allowed to warm 
to room temperature. Water (200 ml) was cautiously added 
with stirring. The layers were separated and the aqueous 
phase was extracted with ether (100 m l). The combined ether 
portions were washed neutral with copious quantities of water 
and dried (MgSO<). The solvent was removed and the resulting 
viscous oil was warmed (70°) in  vacuo for 2 hr. On cooling, 
the oil solidified giving an off-white solid which was recrystallized 
from hexane as white clusters (106.6 g, 95%), mp 64-68°. Two 
additional recrystallizations from hexane provided the analytical 
sample: mp 72.5-73.5°; ir (melt) 3390 cm-1 (O H ); nmr (CD- 
Cls) t 2.58-3.00 (m, 5 H , thiophene), 4.03 (d, 1 H , J  =  3.5 Hz, 
methine), 7.47 (d, 1 H, J  =  3.5 Hz, OH ).

Anal. Calcd for C9H7BrOS2: C, 39.28; H, 2.57; Br, 29.04; 
S, 23.30. Found: C, 39.10; H, 2.49; Br, 29.34; S, 23.03.

3-Bromo-3',4-dithienylmethane (13).— A  solution of aluminum 
chloride (64 g, 0.48 mol) in absolute ether (250 m l) was slowly 
added to a cooled suspension of lithium aluminum hydride 
(9.1 g, 0.24 mol) in absolute ether (100 ml). The mixture was 
allowed to come to room temperature and a solution of 3-bromo- 
3',4-dithienylcarbinol (33 g, 0.12 mol) in absolute ether (100 
ml) was added at such a rate as to promote a gentle reflux. 
The suspension was maintained at reflux for an additional 30 
min and then cooled by means of an ice bath. The excess 
hydride was decomposed by dropwise addition of ethyl acetate 
(200 m l). The mixture was poured into ice and 1 M  hydro
chloric acid and shaken vigorously. The layers were separated 
and the aqueous phase was extracted with ether (two 100-ml 
portions). The combined organic portions were washed succes
sively with 1 M  hydrochloric acid, saturated sodium bicarbonate 
solution, and water and dried (M gS04). The solution was con
centrated and the resulting liquid was fractionated giving 28.2 g 
(91%) of a colorless liquid, bp 98-103° (0.1 mm). An additional 
distillation provided the analytical sample: bp 94-95° (0.05

(13) All temperatures are uncorrected. Elemental analyses were per
formed by Galbraith Laboratories, Knoxville, Tenn. Nuclear magnetic 
resonance spectra were recorded on a Varian HA-60 spectrometer using 
tetramethylsilane as an internal standard (r  10) and solvents as specified. 
The ultraviolet spectra were determined in 95% ethanol on a Bausch and 
Lomb spectronic 505 spectrophotometer. Infrared spectra were recorded 
on a Beckman IR-8 spectrophotometer.

mm); nmr (CS2) r 2.74-3.32 (m, 5 H, thiophene), 6.15 (s, 2 H, 
CH2).

Anal. Calcd for C9H7BrS2: C, 41.70; H, 2.72; Br, 30.83; 
S, 24.74. Found: C, 41.89; H, 2.79; Br, 31.07; S, 24.89.

3',4-Dithienylmethane-3-carboxylic Acid (14).— A  solution of 
3-bromo-3',4-dithienylmethane (43 g, 0.17 mol) in absolute ether 
(100 m l) was added under a constant stream of nitrogen to an 
ethereal n-butyllithium solution (143 ml, 1.28 M , 0.18 mol) 
which was maintained at —70°. After stirring at —70° for 30 
min, the solution was run onto excess D ry Ice. The mixture 
was allowed to come to room temperature and water (250 ml) 
was cautiously added with stirring. The layers were separated 
and the organic phase was washed with water (150 m l). The 
combined aqueous portions were acidified with excess 2 M  hydro
chloric acid. The resulting white precipitate was taken up in 
ether (two 250-ml portions) and the ethereal solution was washed 
with water, dried (M gS04), and concentrated. The white 
product was recrystallized from acetonitrile as white needles 
(31.1 g, 84%). An additional recrystallization from acetonitrile 
afforded the analytical sample: mp 138-139°; ir (K B r) 1675 
cm-1 (acid C = 0 ) ;  nmr (acetone-d6) t 1.79 (d, 1 H, /2,s =  3.5 
Hz, thiophene), 2.62-3.12 (m, 4 H, thiophene), 3.51 (broad s,
1 H, COOH), 5.75 (s, 2 H, -C H 2- ).

Anal. Calcd for CioH80 2S2: C, 53.55; H , 3.59; S, 28.59. 
Found: C, 53.78; H , 3.68; S, 28.75.

4,8-Dihydrobenzo [1,2-6:4,5-c'] dithiophen-8-one (4k).— Phos
phorus pentachloride (4.16 g, 20 mmol) was added portionwise 
to a stirred solution of 3',4-dithienylmethane-3-carboxylic acid 
(4.48 g, 20 mmol) in dry benzene (150 m l) which was maintained 
at 4°. The mixture was then warmed until the evolution of 
hydrogen chloride ceased. The resulting solution was cooled 
to 4° and a solution of stannic chloride (3 ml, 6.7 g, 26 mmol) in 
dry benzene (50 ml) was dropwise added. The mixture was 
stirred at 4° for 1 hr and at room temperature for an additional 
hr, then poured into ice and 2 M  hydrochloric acid. After 
vigorous shaking, the layers were separated and the aqueous 
phase was extracted with benzene (100 m l). The combined 
organic portions were washed with saturated sodium bicarbonate 
solution and with water, dried (M gS04), and concentrated to 75 
ml. The resulting solution was chromatographed on a 20 cm X
2 cm column packed with neutral silica gel. Elution with 
benzene-chloroform (3:1), followed by concentration of the 
effluent, yielded a tan solid which was sublimed (100°, 0.05 mm) 
to give 2.6 g (63%) of a light-colored solid, mp 129-131°. Re
crystallization from benzene-hexane provided an analytical 
sample: mp 132°; uv max (95% C2H 5O H ) 303 m/i (e 15,900); 
ir (K B r) 1630 cm-1 (ketone C = 0 ) ,  no enol (O H ) absorption 
was observed. Nmr spectra appear in Table I.

Anal. Calcd for C i0H„OS2: C, 58.22; H, 2.93; S, 31.09. 
Found: 0,58.16; H, 3.02; S, 30.92.

3-Bromo-2',4-dithienylcarbinol (16).— A  solution of 2-thio- 
phenecarboxaldehyde (11.2 g, 0.10 mol) in absolute ether (50 ml) 
was dropwise added to a solution of 4-bromo-3-thienyllithium, 
which had been prepared at —70° from ethereal n-butyllithium 
(110 ml, 1.1 M , 0.12 mol) and a solution of 3,4-dibromothiophene 
(30 g, 0.12 mol) in absolute ether (50 m l). The mixture was 
stirred at —70° for 1 hr and then allowed to come to room 
temperature. Following normal work-up, the solvent was re
moved and the resulting liquid was dissolved in 50 ml of a 1:1 
benzene-hexane solution. The solution was placed on a column 
of neutral alumina followed by 200 ml of the benzene-hexane 
solution. The eluent was then changed to chloroform and the 
alcohol containing fractions were combined and recrystallized 
from benzene-hexane giving 15.3 g (56% ) of 3-bromo~4,2'- 
dithienylcarbinol as large white crystals. An additional re- 
crystallization from benzene-hexane provided the analytical 
sample: mp 61.5—63°; ir (melt) 3380 cm-1 (O H ); nmr (CS2)
r 2.77-3.33 (m, 5 H , thiophene), 4.18 (d, 1 H, / = 4  Hz, methine), 
7.22 (d, 1H , J  =  4 Hz, -O H ).

Anal. Calcd for C9H7BrOS2: C, 39.28; H , 2.57; Br, 29.04;
S, 23.30. Found: C, 39.46; H, 2.36; Br, 29.20; S, 23.04.

3-Bromo-2',4-dithienylmethane (17).-—A  solution of aluminum 
chloride (6.1 g, 46 mmol) in absolute ether (100 ml) was slowly 
added to a cooled suspension of lithium aluminum hydride (1.75 
g, 46 mmol) in absolute ether (50 ml). The mixture was allowed 
to come to room temperature and a solution of 3-bromo-2',4- 
dithienylcarbinol (11 g, 40 mmol) in absolute ether (50 ml) was 
added at such a rate as to promote a gentle reflux. The suspen
sion was maintained at reflux for an additional 30 min and then 
cooled by means of an ice bath. The excess hydride was decom
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posed by dropwise addition of 3 M  sulfuric acid. The mixture 
was poured into ice and 1 M  hydrochloric acid. Work-up fol
lowed the procedure which was previously outlined in the 
preparation of 13. The resulting liquid was fractionated giving
8.9 g (86% ) of a colorless liquid: bp 94-98° (0.1 mm); nmr 
(CS2) t  2.79-3.33 (m, 5 H , thiophene), 5.95 (s, 2 H, -C H 2- ) .

Anal. Calcd for C9H,BrS2: C, 41.70; H , 2.72; Br, 30.83; 
S, 24.74. Found: C, 41.75; H, 2.87; Br, 30.58; S, 24.92.

2',4-Dithienylmethane-3-carboxylic Acid (18).— A solution of 
3-bromo-2',4-dithienylmethane (23 g, 89 mmol) in absolute 
ether (50 ml) was added under a constant stream of nitrogen to an 
ethereal n-butyllithium solution (85 ml, 1.18 M ,  100 mmol) 
which was maintained at —70°. A fter stirring at —70° for 30 
min, the solution was run onto excess D ry Ice. The mixture 
was allowed to come to room temperature and water (200 ml) 
was cautiously added. After normal work-up as previously 
described, the solvent was removed and the white solid was 
recrystallized from benzene-hexane as white needles (13.8 g, 
69%). An additional recrystallization from benzene-hexane 
afforded the analytical sample: mp 136-137°; ir (K B r) 1675 
cm“ 1 (acid C = 0 ) ;  nmr (acetone-de) r  1.71 (d, 1 H, J i,5 =  3.5 
Hz, thiophene), 2.66-3.17 (m, 4 H , thiophene), 3.63 (broad s, 
1 H , COOH), 5.52 (s, 2 H, -C H 2- ) .

Anal. Calcd for CioH80 2S2: C, 53.55; H, 3.59; S, 28.59. 
Found: 0,53.51; H.3.61; S, 28.56.

4,8-Dihydrobenzo[l ,2-b: 4,5-c'] dithiophen-4-one (5k).— Phos
phorus pentachloride (2.88 g, 14 mmol) was added portionwise 
to a stirred solution of 2',4-dithienylmethane-3-carboxylic acid 
(3.1 g, 14 mmol) in dry benzene (25 m l) which was maintained 
at 4°. The mixture was then warmed on a steam bath until the 
evolution of hydrogen chloride had ceased. The resulting acid 
chloride solution was added dropwise to a stirred solution of 
stannic chloride (2.1 ml, 4.7 g, 18 mmol) in dry benzene (100 ml) 
at 4°. The mixture was allowed to come to room temperature 
and wras stirred for 1 hr. The yellow suspension was poured into 
ice and 2 M  hydrochloric acid (100 ml). The layers were sepa
rated and the aqueous phase was extracted with benzene (100 ml). 
The combined organic portions were washed with saturated 
sodium bicarbonate solution and with water, then dried (MgSO<), 
and concentrated to 100 ml. The warm solution was chromato
graphed on neutral silica gel, using benzene (500 ml) as the eluent 
followed by benzene-chloroform (3:1) solution (1000 ml), which, 
after evaporation of the solvent, gave a slightly pink solid. 
Sublimation (90°, 0.1 mm) provided 1.65 g (58% ) of a yellow 
solid. Recrystallization from ethanol-water afforded an analyti
cal sample: mp 151-153°; uv max (95% CTRO H ) 279 m/u 
(e 13,700); ir (K B r) 1635 cm-1 (ketone C = 0 ) ,  no enol (OH) 
absorption was observed. The nmr spectra of 5k appear in 
Table I.

Anal. Calcd for C i„H6OS2: C, 58.22; II,  2.93; S, 31.09. 
Found: C, 57.99; H, 2.84; S, 30.80.

3-Bromo-2,2'-dithienylmethane (21).— A  solution of 2-chloro- 
methylthiophene (26.5 g, 0.20 mol) in carbon disulfide (120 ml) 
was dropwise added to a vigorously stirred solution of 3-bromo- 
thiophene (97.8 g, 0.60 mol) and stannic chloride (2 g, 7.7 mmol) 
in carbon disulfide (300 ml). The mixture was stirred for 4 hr, 
then poured into ice and 2 M  hydrochloric acid, and shaken 
vigorously. Ether (500 ml) was added and the layers were 
separated. The aqueous phase was extracted with either (200 
m l) and the ethereal portions were combined and filtered. The 
solution was washed with saturated sodium bicarbonate solution 
and with water, then dried (MgSCh), and concentrated. The 
resulting yellow liquid was fractionated giving a 3-bromothio- 
phene (60 g), bp 60-62° (15 mm), and 3-bromo-2,2'-dithienyl- 
methane (15.2 g, 29%), bp 91-98 (0.05 mm). The product was 
redistilled, bp 95-97° (0.1 mm), to given an analytical sample 
of the clear, colorless liquid: nmr (CS2) r 2.83-3.23 (m, 5 H, 
thiophene), 5.78 (d, 2 H , -C H 2- ) .

Anal. Calcd. for C9H,BrS2: C, 41.70; H, 2.72; Br, 30.83; 
S, 24.74. Found: C, 41.78; H, 2.78; Br, 31.04; S 24.81.

2,2'-Dithienylmethane-3-carboxylic Acid (22).— A solution of 
3-bromo-2,2'-dithienylmethane (23 g, 89 mmol) in absolute ether 
(50 m l) was added under a constant stream of nitrogen to an 
ethereal n-butyllithium solution (80 ml, 1.28 M ,  102 mmol) 
which was maintained at —70°. A fter stirring at —70° for 30 
min, the solution was run onto excess Dry Ice. The mixture 
was allowed to come to room temperature and stand for 10 hr. 
Water (200 m l) was cautiously added and the layers were sep
arated. Following acidification and normal work-up, the sol
vent was removed and the resulting white solid was recrystallized

from benzene-hexane. The yield was 16.2 g (81% ). An addi
tional recrystallization from benzene-hexane provided the 
analytical sample: mp 122.5-123.5°; ir (K B r) 1675 cm-1 
(a c id C = 0 );  nmr (acetone-d6) t 2.46-3.15 (m, 5 H , thiophene),
4.08 (broad s, 1 H, COOH), 5.20 (s, 2 H , -C H 2- ).

Anal. Calcd. for CioH80 2S2: C, 53.55; H, 3.59; S, 28.59. 
Found: C, 53.50; H , 3.54; S, 28.48.

B enzo[l,2-5:5,4-5']dithiophen-4-ol (6e ).— Phosphorus penta
chloride (4.16 g, 20 mmol) was added portionwise to a stirred 
solution of 2,2'-dithienylmethane-3-earboxylie acid (4.48 g, 20 
mmol) in dry benzene (50 ml) which was maintained at 4°. The 
mixture was then gently warmed until the evolution of hydrogen 
chloride had ceased. The resulting solution was cooled to 4° 
and a solution of stannic chloride (3 ml, 6.7 g, 26 mmol) in dry 
benzene (50 ml) was dropwise added during 30 min. The mix
ture was stirred at room temperature for 2 hr and then heated to 
reflux, cooled, and poured into ice and 2 M  hydrochloric acid. 
Following a vigorous shaking, the layers were separated and the 
aquecus phase was extracted with ether (150 ml). The com
bined organic portions were washed with saturated sodium bicar
bonate solution and with water, dried (MgSOO, and concen
trated to 50 ml. The resulting solution was chromatographed 
on a 20 cm X  2 cm column packed with neutral silica gel. Elu
tion with benzene provided a white granular solid which was 
recrystallized from benzene-hexane as off-white clusters, 1.65 g 
(40%). An additional recrystallization from benzene-hexane 
provided the analytical sample: mp 179-180°; uv max (95%
C2H 5O H ) 245 mM (e 58,600), 252 (66,500), 300 (8430), 325 (8000), 
340 19400); ir (K B r) 3330 cm“ 1 (O H ), no carbonyl ab
sorption was observed. The nmr spectra of 6e appear in 
Table I I .

Anal. Calcd for C10H 6OS2: C, 58.22; H, 2.93; S, 31.09. 
Found: C, 57.96; I I ,  3.00; S, 31.35.

4-A;etoxybenzo[l,2-6:5,4-6'] dithiophene (23).— A stirred mix
ture of 2,2'-dithienylmethane-3-carboxylic acid (10 g, 45 mmol), 
glacial acetic acid (100 ml), acetic anhydride (70 ml), and freshly 
fused zinc chloride (0.87, 6.4 mmol) was heated at reflux for 15 
min and while still hot was cautiously diluted with water (170 
m l). The resulting yellow-green crystalline solid was filtered, 
dried in vacua, and sublimed (110°, 0.1 mm) to give 7.1 g (64% ) 
of the yellow solid. An analytical sample was obtained by re
crystallization from benzene-hexane: mp 131.5-133°; uv max
(95% C2H 5O H ) 246 mM (e 66,000), 253 (76,200), 307 (9000), 328 
(2650); ir (K B r) 1750 cm" 1 (acetate C = 0 ) ;  nmr (CCU) r 1.84 
(s, 1 H , C8 hydrogen), 2.68 (d, 2 H, /2,3 =  5 Hz, thiophene), 2.82 
(d, 2 H , J 2,3 =  5 Hz, thiophene), 7.60 [s, 3 H , - 0 C (= 0 )C H 3] .

Anal. Calcd for C,2H s0 2S2: C, 58.04; H, 3.25; S, 25.83. 
Found: C, 57.81; H , 3.25; S, 25.80.

3,3'-Dithienylcarbinol (25).— A solution of freshly distilled 
ethyl formate (36 g, 0.49 mol) in absolute ether (100 m l) was 
dropwise added to a solution of 3-thienyllithium, which had been 
prepared at —70° from ethereal n-butyllithium (640 ml, 1.52 M , 
0.97 mol) and a solution of 3-bromothiophene (170 g, 1.04 mol) 
in absolute ether (300 ml). The reaction mixture was stirred at 
— 70° for 1 hr and then allowed to warm to 0°. Water (600 ml) 
was cautiously added with stirring. The layers were separated 
and the ethereal solution was washed neutral with copious quanti
ties of water and dried (MgSCh). The solvent was removed and 
the viscous oil which remained was warmed in  vacuo for 3 hr. 
On cooling the oil solidified. The solid was recrystallized from 
hexane, to give 73.2 g (77%) of the alcohol: mp 65-68° (lit .11 
68-69°); ir (melt) 3230 cm" 1 (O H ); nmr (CS2) 7- 2.79-3.27 (m, 
6 H , thiophene), 4.40 (d, 1 H , /  =  4 Hz, methine), 6.85 (d, 1 H , 
T  =  4 Hz, OH ).

2-Bromo-3,3'-dithienylmethane (27).— A  solution of 3,3'-di- 
thienylmethane (16.7 g, 93 mmol) in carbon tetrachloride (65 ml) 
was briskly added to a vigorously stirred mixture of bromine 
(14.85 g, 0.186 g-atom) and water (500 m l) at 15°. A fter 15 
min the solution had turned colorless. Stirring was continued 
for an additional 10 min and ether (300 m l) was added. The 
layers were separated and the organic layer was extracted with 
ether (100 ml). The combined organic portions were washed 
with saturated sodium bicarbonate solution, then with water, 
and dried (M gS04). The ethereal solution was concentrated and 
the resulting oil was fractionated giving 3,3'-dithienylmethane 
(3.2 g ), bp 65-75° (0.05 mm), and 2-bromo-3,3'-dithienyl- 
methane (13.2, g , 68%  based on unrecovered starting material), 
bp 85-95° (0.05 mm). An analytical sample was obtained by 
repeated distillation: bp 95-99° (0.1 mm); nmr (CS2) r 2.77-
3.45 (m, 5 H, thiophene), 6.18 (s, 2 H, -C H 2- ).
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Anal. C a lo d  f o r  C 9H 7B r S 2: C ,  4 1 .7 0 ; H ,  2 .7 2 ; B r ,  3 0 .8 3 ; 

S , 2 4 .7 4 . F o u n d :  C ,  4 1 .5 9 ; H ,  2 .5 0 ; B r ,  3 0 .6 2 ; S , 2 4 .4 9 .

F a ir  q u a n t it ie s  o f  b o th  2 ,2 -d ib r o m o -3 ,3 -d ith ie n y lm e th a n e  (m p  

4 1 - 4 3 ° ,  l i t . 10 4 3 ° )  a n d  2 ,2 ',5 ,5 '- t e t r a b r o m o - 3 ,3 '- d i th ie n y lm e th -  

a n e  w e r e  is o la te d  w h e n  th e  a d d it io n  r a t e  fo r  3 ,3 '- d i th ie n y l-  

m e th a n e  w a s  s lo w . T h e  t e t r a b r o m id e  w a s  r e c r y s ta l l iz e d  fr o m  
h e x a n e  as w h it e  n e e d le s : m p  1 0 2 -1 0 3 ° ; n m r  (C S 2) r  3 .3 2  (s , 2 

H ,  th io p h e n e ) ,  6 .2 5  (s , 2  H ,  - C H 2- ) .

Anal. C a lc d .  f o r  C 9H 4B r 4S 2: C ,  2 1 .8 0 ; H ,  0 .8 1 ; B r ,  6 4 .4 6 ;
S , 12 .9 3 . F o u n d :  C ,  2 1 .7 6 ; H ,  0 .7 6 ; B r ,  6 4 .3 1 ; S , 13 .05 .

3 ,3 '-D ith ie n y lm e th a n e -2 - c a r b o x y l ic  A c id  (2 8 ) .— A  s o lu t io n  o f  

2 -b r o m o -3 ,3 '- d ith ie n y lm e th a n e  (3 3  g ,  0 .1 3  m o l )  in  a b s o lu te  e th e r  
(7 5  m l )  w a s  a d d e d  d r o p w is e  t o  an  e th e r e a l n -b u t y l l i th iu m  s o lu t io n  

(9 2  m l, 1 .55  M , 0 .1 4  m o l )  w h ic h  w a s  m a in ta in e d  a t  — 7 0 ° . T h e  

m ix tu r e  w a s  s t ir r e d  fo r  30 m in  a n d  ru n  t o  ex cess  D r y  I c e .  A f t e r  

w a rm in g  t o  r o o m  te m p e ra tu r e ,  th e  r e a c t io n  m ix tu r e  w a s  p o u re d  

in t o  ic e  a n d  w a t e r  (4 0 0  m l )  a n d  s h a k en  v ig o r o u s ly .  T h e  la y e r s  

w e r e  s e p a ra te d  a n d  th e  o r g a n ic  p h a s e  w a s  w a s h e d  w i t h  w a t e r  

(1 5 0  m l ) .  T h e  c o m b in e d  a q u eou s  p o r t io n s  w e r e  a c id i f ie d  w ith  

ex cess  2 M  h y d r o c h lo r ic  a c id . T h e  r e s u lt in g  p r e c ip i t a t e  w as  

ta k e n  u p  in  e th e r  a n d  d r ie d  (M g S 0 4) .  T h e  s o lv e n t  w a s  e v a p o 

r a te d  le a v in g  2 5 .8  g  o f  w h it e  s o lid , w h ic h  w a s  r e c y s ta l l iz e d  fr o m  

a c e to n it r i le  as w h i t e  c lu s te rs  (2 4 .2  g ,  8 5 % ) :  m p  1 3 5 -1 3 6 ° ; i r  

( K B r )  1655 c m “ 1 (a c id  C = 0 ) ;  n m r  (C S 2)  r  - 2 . 8  (s , 1 H ,  
C O O H ) ,  2 .6 7  (d ,  1 H ,  J 2.3 =  5 H z ,  t h io p h e n e ) ,  2 .8 2 -3 .0 2  (m ,  1 

H ,  th io p h e n e ) ,  3 .0 7 -3 .2 9  (m , 3 H ,  th io p h e n e ) ,  5 .7 2  (s , 2 H ,  
- C H 2- ) .

Anal. C a lc d .  f o r  C 10H 8O 2S 2: C ,  5 3 .5 5 ; H ,  3 .5 9 ; S , 2 8 .5 9 . 
F o u n d : C ,  5 3 .3 3 ; H ,  3 .7 7 ; S , 2 8 .7 7 .

B e n z o [ l , 2 -6 :5 ,4 -b ']d ith io p h e n -8 -o l ( 7 e ) .— P h o s p h o ru s  p e n ta -  

c h lo r id e  (6 .2 4  g , 30 m m o l )  w a s  a d d e d  p o r t io n w is e  t o  a  s t ir r e d  

s o lu t io n  o f  3 ,3 '- d ith ie n y lm e th a n e -2 - c a r b o x y l ic  a c id  (6 .7 2  g ,  30 
m m o l)  in  d r y  b e n z e n e  (2 5  m l )  w h ic h  w a s  m a in ta in e d  a t  4 ° .  T h e  

m ix tu r e  w a s  th e n  w a r m e d  on  a  s t e a m  b a th  u n t i l  th e  e v o lu t io n  o f  

h y d r o g e n  c h lo r id e  h a d  c e a s ed . T h e  r e s u lt in g  a c id  c h lo r id e  s o lu 

t io n  w a s  d r o p w is e  a d d e d  t o  a  s t ir r e d  s o lu t io n  o f  s ta n n ic  c h lo r id e  

(4 .8  m l, 10 .6 , g  40  m m o l )  in  d r y  b e n z e n e  (1 0 0  m l )  a t  4 ° .  T h e  

m ix tu r e  w as  a l lo w e d  t o  c o m e  t o  r o o m  te m p e ra tu r e  a n d  w a s  s t ir r e d  
fo r  2 h r . T h e  g r e e n  su sp en s ion  w a s  h e a te d  t o  r e f lu x , th e n  w as  

c o o le d , a n d  p o u r e d  in t o  ic e  a n d  2 M  h y d r o c h lo r ic  a c id  (1 0 0  m l ) .  

T h e  la y e r s  w e r e  s e p a ra te d  a n d  th e  a q u eo u s  p h a s e  w a s  e x t r a c t e d  

w i th  a  b e n z e n e - e th e r  s o lu t io n  ( 1 : 1 ,  150 m l ) .  T h e  c o m b in e d  

o rg a n ic  p o r t io n s  w e r e  w a s h e d  w i th  s a tu ra te d  so d iu m  b ic a rb o n a te  

s o lu t io n  a n d  w i th  w a t e r ,  th e n  d r ie d  (M g S 0 4),  a n d  c o n c e n tra te d  

t o  100 m l. T h e  w a r m  s o lu t io n  w a s  c h ro m a to g ra p h e d  on  n e u tr a l 

s il ic a  g e l ,  u s in g  b e n z e n e  as th e  e lu e n t . E v a p o r a t io n  o f  th e  s o l

v e n t  l e f t  a  g r e e n -b r o w n  s o lid  w h ic h  w a s  r e c r y s ta l l iz e d  f r o m  

b e n z e n e -h e x a n e  g iv in g  la r g e  g r e e n -b la c k  c lu s te rs  (1 .6  g ,  2 6 % ) .  
A n  a d d it io n  r e c r y s ta l l iz a t io n  f r o m  b e n z e n e -h e x a n e  p r o v id e d  an 

a n a ly t ic a l  s a m p le : m p  1 4 0 .5 -1 4 2 ° ; u v  m a x  (9 5 %  C2H5OH) 246  

h im  ( c 5 4 ,5 0 0 ), 253 (6 1 ,6 0 0 ),  298 (7 7 7 0 ), 309 (9 5 0 0 ), 321 (8 1 2 0 ), 

335 (7 5 5 0 );  i r  ( K B r )  3330  c m -1 (OH), n o  c a rb o n y l a b s o rp t io n  

w a s  o b s e r v e d .  T h e  n m r  s p e c tr a  o f  7 e  a p p e a r  in  T a b le  I I .

Anal. C a lc d  f o r  C i 0H 6O S 2: C ,  5 8 .2 2 ; H ,  2 .9 3 ; S , 31 .0 9 . 

F o u n d :  C ,  5 8 .0 7 ; H ,  3 .0 5 ; S , 3 0 .9 7 .

8 - A c e t o x y b e n z o [ l ,  2 -5 :5 ,4 -6 ']  d ith io p h e n e  (2 9 ) .—  A  s t ir r e d  

m ix tu r e  o f  3 ,3 '- d i th ie n y lm e th a n e -2 - c a r b o x y l ic  a c id  (2 .2 4  g ,  10 

m m o l ) ,  g la c ia l  a c e t ic  a c id  (2 8  m l ) ,  a c e t ic  a n h y d r id e  (2 0  m l ) ,  a n d  

d r y  z in c  c h lo r id e  (0 .2 3  g ,  1 .7  m m o l )  w a s  h e a te d  a t  r e f lu x  fo r  15 

m in  a n d  w h ile  s t i l l  h o t  w a s  c a u t io u s ly  d i lu t e d  w i t h  w a t e r  (4 8  m l ) .  

T h e  r e s u lt in g  w h ite  c r y s ta l l in e  s o lid  w a s  f i l t e r e d ,  d r ie d  in  vacuo, 
a n d  s u b lim e d  (1 0 0 ° ,  0 .1  m m ).  T h e  y ie ld  w a s  1 .9  g ,  7 7 % . A n  
a n a ly t ic a l  sa m p le  w a s  o b ta in e d  b y  r e c r y s ta l l iz a t io n  f r o m  a c e t ic  

a c id - w a te r  as lo n g  w h it e  n e e d le s : m p  1 2 7 .5 -1 2 8 .5 ° ; i r  ( K B r )  

1765 c m -1  (a c e t a t e  C = 0 ) ;  u v  m a x  (9 5 %  C 2H 5O H )  244 h im  ( «  

5 3 ,6 0 0 ), 252 (5 7 ,6 0 0 ),  294 (7 2 5 0 ),  303 (8 1 6 0 ),  314 (sh , 4 4 0 0 ), 

328 (2 2 1 0 );  n m r  (a c e to n e -d 6) t 1 .75  (s , 1 H ,  C 4 h y d r o g e n ) ,  2 .3 6  
(d ,  2  H ,  J 2,3 =  5 H z ,  t h io p h e n e ) ,  2 .5 0  (d ,  2  H ,  J 2 .3  =  5 H z ,  t h io 

p h e n e ) ,  7 .5 2  [s , 3 H ,  - O C ( = 0 ) C H 3] .

Anal. C a lc d .  fo r  C^HgOiSi: C , 5 8 .0 4 ; IP , 3 .2 5 ; S, 2 5 .8 3 . 

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

3 -B r o m o -2 ,3 '-d ith ie n y lc a r b in o l (3 0 ) .— A  s o lu t io n  o f  2 ,3 -d i-  

b ro m o th io p h e n e  (9 5 .3  g ,  0 .3 9  m o l )  in  d r y  e th e r  (1 0 0  m l )  w a s  
a d d e d  d r o p w is e  t o  a  fr e s h ly  p r e p a re d  e th e r e a l s o lu t io n  o f  n- 
b u ty l l i t h iu m  (2 5 0  m l, 1 .65  M ,  0 .41  m o l )  a t  — 7 0 °  u n d e r  n it r o 

g e n .  T h e  m ix tu r e  w a s  s t ir r e d  a t  — 7 0 °  fo r  30 m in  a n d  th e n  a 
s o lu t io n  o f  3 - th io p h e n e c a rb o x a ld e h y d e  (4 4  g ,  0 .3 9  m o l )  in  d r y  

e th e r  (1 0 0  m l )  w a s  a d d e d . A f t e r  th e  a d d it io n  w a s  c o m p le te , 

th e  m ix tu r e  w a s  a l lo w e d  t o  w a r m  s lo w ly  t o  r o o m  t e m p e ra tu r e .

S t ir r in g  w a s  c o n t in u e d  fo r  an  a d d it io n a l 12 h r . T h e  m ix tu r e  

w a s  p o u re d  in to  ic e  a n d  w a t e r  a n d  s h a k e n  v ig o r o u s ly .  T h e  

la y e r s  w e r e  s e p a ra te d  a n d  th e  a q u eou s  p h a s e  w a s  e x t r a c t e d  w i th  

e th e r  (1 0 0  m l ) .  T h e  c o m b in e d  o r g a n ic  p o r t io n s  w e re  w a s h ed  

n e u tr a l w i th  w a t e r  a n d  d r ie d  ( M g S 0 4) .  T h e  s o lv e n t  w a s  r e 

m o v e d  le a v in g  68  g  (6 3 % )  o f  a  r e d d is h  b r o w n  o i l ,  w h ic h  w as  

u sed  w i th o u t  fu r th e r  p u r if ic a t io n .

A  sm a ll p o r t io n  o f  th e  p r o d u c t  o b ta in e d  f r o m  a  s im ila r  e x p e r i

m e n t  w a s  c h ro m a to g ra p h e d  on  n e u tr a l a lu m in a  u s in g  b e n z e n e -  

h e x a n e  ( 1 : 1 )  as th e  e lu e n t .  R e p e a t e d  s h o r t -p a th  d is t i l la t io n  o f  
th e  a lc o h o l c o n ta in in g  fr a c t io n  p r o v id e d  an  a n a ly t ic a l  s a m p le  o f

3 -b r o m o -2 ,3 '-d ith ie n y lc a r b in o l as a  c le a r , s l ig h t ly  y e l lo w -g r e e n  
o i l  (8 0 °  b a th ,  0 .0 5  m m ) w h ic h  s o l id i f ie d  d u r in g  p r o lo n g e d  r e 

f r ig e r a t io n :  m p  3 9 -4 0 ° ;  i r  (n e a t )  3400  c m -1 (O H ) ;  n m r  (C S 2) 

r  2 .7 5 -3 .2 5  (m , 5  H ,  th io p h e n e ) ,  4 .1 5  (s , 1 H ,  m e th in e ) ,  7 .4 0  
(s , 1 H ,  O H ) .

Anal. C a lc d  fo r  C 9H 7B r O S 2: C ,  3 9 .2 8 ; H ,  2 .5 7 ; B r ,  2 9 .0 4 ; 

S , 2 3 .3 0 . F o u n d :  C ,  3 9 .4 2 ; H ,  2 .7 0 ; B r ,  2 8 .8 4 ; S , 2 3 .0 9 .

3 -B ro m o -2 ,3 '-d ith ie n y lm e th a n e  (3 1 ) .— A  s o lu t io n  o f  a lu m in u m  

c h lo r id e  (42  g ,  0 .31  m o l )  in  a b s o lu te  e th e r  (1 5 0  m l )  w a s  c a u t io u s ly  

a d d e d  t o  a  c o o le d  su sp en s ion  o f  l i th iu m  a lu m in u m  h y d r id e  (1 2  g , 

0 .31  m o l )  in  a b s o lu te  e th e r  (10 0  m l ) .  T h e  m ix tu r e  w as  a l lo w e d  

t o  c o m e  t o  r o o m  t e m p e ra tu r e  a n d  a  s o lu t io n  o f  u n p u r if ie d  3- 

b r o m o -2 ,3 '- d i th ie n y lc a rb in o l  (68  g ,  ~ 0 . 2 5  m o l )  in  a b s o lu te  e th e r  

(200 m l )  w a s  a d d e d  a t  su ch  a  r a t e  as t o  p r o m o t e  a  g e n t le  r e f lu x . 
T h e  su sp en s ion  w a s  m a in ta in e d  a t  r e f lu x  f o r  an  a d d it io n a l  30 

m in  a n d  th e n  c o o le d  b y  m ea n s  o f  an  ic e  b a th .  T h e  ex ces s  h y 

d r id e  w a s  d e c o m p o s e d  b y  d r o p w is e  a d d it io n  o f  3 M  s u lfu r ic  a c id . 

T h e  m ix tu r e  w a s  p o u r e d  in to  ic e  a n d  1 M  h y d r o c h lo r ic  a c id  a n d  
w o r k e d  u p  in  th e  m a n n e r  d e s c r ib e d  f o r  13 . A f t e r  th e  s o lv e n t  

w a s  r e m o v e d ,  th e  re s id u e  w a s  fr a c t io n a te d  y ie ld in g  3 -b ro m o -2 ,3 ' 

d ith ie n y lm e th a n e  (4 2  g ,  6 6 % )  as a  c o lo r le s s  l iq u id :  b p  9 5 -1 0 0 °  
(0 .1  m m ) [ l i t .10 b p  1 0 2 -1 0 6 °  (0 .2  m m ) ] ;  n m r  (C S 2) t  2 .7 7  3 .2 1  

(m , 5 H ,  th io p h e n e ) ,  5 .95  (s , 2 H ,  - C H 2- ) .

Anal. C a lc d  fo r  C 9H 7B r S 2: C ,  4 1 .7 0 ; H ,  2 .7 2 ; B r ,  3 0 .8 3 ; 
S , 2 4 .7 4 . F o u n d :  C ,  4 1 .7 5 ; H ,  2 .5 6 ; B r ,  3 0 .5 9 ; S , 2 5 .0 2 .

2 ,3 '-D ith ie n y lm e th a n e -3 -c a rb o x y l ic  A c id  (3 2 ) .— A  s o lu t io n  

o f  3 -b r o m o -2 ,¿ '-d ith ie n y lm e th a n e  (3 2  g ,  0 .1 2  m o l )  in  a b s o lu te  
e th e r  (1 0 0  m l )  w a s  a d d e d  u n d e r  a  n it r o g e n  a tm o s p h e re  t o  an 

e th e r e a l n -b u ty l l i th iu m  s o lu t io n  (1 3 5  m l, 1 .05  M ,  0 .1 4  m o l )  

w h ic h  w a s  m a in ta in e d  a t  — 7 0 ° . A f t e r  s t ir r in g  a t  — 7 0 °  fo r  30 

m in , th e  s o lu t io n  w a s  ru n  o n to  ex ces s  D r y  I c e .  T h e  m ix tu r e  

w a s  a l lo w e d  t o  c o m e  t o  r o o m  t e m p e ra tu r e  a n d  w a t e r  (3 0 0  m l )  

w a s  c a u t io u s ly  a d d e d . T h e  la y e r s  w e r e  s e p a r a te d  a n d  th e  o r 

g a n ic  p h a s e  w a s  w a s h e d  w i th  w a t e r  (1 0 0  m l ) .  T h e  c o m b in e d  

a q u eo u s  p o r t io n s  w e r e  a c id if ie d  a n d  w o r k e d  u p  as d e s c r ib e d  in  
th e  p r e p a ra t io n  o f  14. T h e  r e s u lt in g  e th e r e a l s o lu t io n  w a s  c o n 

c e n t ra t e d  le a v in g  2 6 .8  g  o f  a w h it e  s o l id . R e c r y s t a l l i z a t io n  f r o m  

a c e to n it r i le  g a v e  23  g  ( 8 3 % )  o f  a  w h i t e  c r y s ta l l in e  s o l id .  A n  
a d d it io n a l r e c r y s ta l l iz a t io n  f r o m  b e n z e n e -h e x a n e  p r o v id e d  th e  

a n a ly t ic a l  s a m p le : m p  1 3 2 -1 3 3 .5 ; i r  ( K B r )  1665 c m “ 1 (a c id  

C = 0 ) ;  n m r  (a c e to n e -d e ) t  2 .4 8 -3 .0 0  (m , 5 H ,  th io p h e n e ) ,  5 .38  

(s , 2 H ,  - C H 2- ) .

Anal. C a lc d  f o r  C io H 80 2S 2: C ,  5 3 .5 5 ; H ,  3 .5 9 ; S , 2 8 .5 9 . 

F o u n d :  C ,  5 3 .7 1 ; H ,  3 .6 2 ; S , 2 8 .3 0 .
B e n z o [ l ,2 - 6 :4 ,5 - 6 ']d i th io p h e n - 4 - o l  ( 8 e ) . — A  s o lu t io n  o f  2 ,3 '-  

d i th ie n y lm e th a n e -3 -c a r b o x y l ic  a c id  (4 .4 8  g ,  20  m m o l )  in  d r y  

b e n z e n e  (5 0  m l )  w a s  t r a n s fe r r e d  t o  a  f la m e -d r ie d , 3 0 0 -m l, t h r e e 

n e c k e d  fla s k  a n d  m a in ta in e d  a t  4 °  u n d e r  a  c o n s ta n t  f lo w  o f  n i t r o 

g e n . P h o s p h o ru s  p e n ta c h lo r id e  (4 .1 6  g ,  20  m m o l )  w a s  a d d e d  
p o r t io n w is e  w i t h  s t ir r in g  o v e r  a  4 5 -m in  p e r io d .  T h e  m ix tu r e  

w a s  th e n  w a r m e d  u n t i l  th e  e v o lu t io n  o f  h y d r o g e n  c h lo r id e  ce a s ed . 

T h e  r e s u lt in g  s o lu t io n  w a s  c o o le d  t o  4 °  a n d  a s o lu t io n  o f  s ta n n ic  
c h lo r id e  (3  m l,  6 .7  g ,  26 m m o l )  in  d r y  b e n z e n e  (5 0  m l )  w a s  a d d e d  

d u r in g  30  m in . T h e  m ix tu r e  w a s  s t ir r e d  a t  r o o m  t e m p e r a tu r e  fo r  
2  h r  a n d  th e n  h e a te d  t o  r e f lu x , c o o le d , a n d  p o u re d  in to  ic e  a n d  2 

M  h y d r o c h lo r ic  a c id . A f t e r  v ig o r o u s  s h a k in g , th e  la y e r s  w e r e  
s e p a r a te d  a n d  th e  a q u eo u s  p h a s e  w a s  e x t r a c t e d  w i t h  b e n z e n e  

(1 0 0  m l ) .  T h e  c o m b in e d  o r g a n ic  p o r t io n s  w e r e  w a s h e d  w i th  
s a tu ra te d  so d iu m  b ic a r b o n a te  s o lu t io n  a n d  w i th  w a t e r ,  d r ie d  

(M g S 0 4),  a n d  c o n c e n tr a te d  t o  50  m l.  T h e  r e s u lt in g  s o lu t io n  
w a s  c h ro m a to g ra p h e d  on  a  20  c m  X  2 c m  c o lu m n  p a c k e d  w i th  

n e u tr a l s il ic a  g e l .  E lu t io n  w i th  b e n z e n e  y ie ld e d  a  y e l lo w -g r e e n  

s o l id , w h ic h  w a s  r e c r y s ta l l iz e d  f r o m  b e n z e n e -h e x a n e  t o  g i v e  3 .0  
g  (7 3 % )  o f  a  lu s tro u s  b la c k  c r y s ta l l in e  s o l id . R e p e a t e d  re -  

c r y s t a l l iz a t io n  f r o m  b e n z e n e -h e x a n e  p r o v id e d  an a n a ly t ic a l  

s a m p le : m p  1 8 0 -1 8 1 ° ; u v  m a x  (9 5 %  C 2H 5O H )  227 m n (e
3 0 ,0 0 0 ), 246 (3 8 ,4 0 0 ),  253 (5 1 ,1 0 0 ),  276 (4 6 0 0 ),  285 (6 7 4 0 ), 296 

(6 3 7 0 ),  335 (1 0 ,4 5 0 ),  349 (1 2 ,4 5 0 );  ir  ( K B r )  3300  c m “ 1 ( - O I I ) ,  

n o  c a rb o n y l a b s o rp t io n  w a s  o b s e r v e d ;  n m r  (p o ly s o l- d )  r  0 .3 3
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(broad s, 1 H, -O H ), 2.08 (s, 1 H , Ca hydrogen), 2.12-2.72 (m, 
4 H, thiophene).

Anal. Caled for C10H 6OS2: C, 58.22; H, 2.93; S, 31.09. 
Found: C, 58.37; H, 2.83; S, 30.90.

4-Acetoxybenzo[l,2-b:4,5-5']dithiophene (33).— A  stirred mix
ture of 2,3'-dithienylmethane-3-carboxylic acid (15 g, 67 mmol), 
glacial acetic acid (150 ml), acetic anhydride (105 ml), and 
freshly fused zinc chloride (1.3 g, 9.6 mmol) was heated at reflux 
for 15 min and while still hot was cautiously diluted with water 
(255 ml). The resulting yellow crystalline solid was filtered, 
dried in  vacuo and purified by sublimation (90°, 0.1 mm). The 
yield was 12.5 g (75%). An analytical sample was obtained by 
recrystallization from benzene-hexane: mp 113-115°; uv max
(95% C2H 5O H ) 231 mM (« 22,900), 246 (44,200), 254 (61,900), 
289 (7680), 299 (8500), 323 (9620), 337 (14,900); ir (K B r) 1755 
cm-1 (acetate C = 0 ) ;  nmr (CCh) r 1.96 (s, 1 H, Cs proton), 2.60-
3.00 (m, 4 H, thiophene), 7.62 [s, 3 H, - 0 C (= 0 )C H 3- : .

Anal. Caled, for Ci2H80 2S2: C, 58.04; H, 3.25; S, 25.83. 
Found: C, 57.97; H, 3.39; S, 25.83.

Registry No.—4k, 31936-79-5; 5k, 31981-26-7; 6e,
31936-80-8; 7e, 31936-81-9; 8e, 31936-82-0; 12,
31936-83-1; 13, 17965-66-1; 14, 31936-85-3; 16,
31936-86-4; 17, 31936-87-5; 18, 31936-88-6; 21,
31936-89-7; 22, 31936-90-0; 23, 31936-91-1; 25,
31936-92-2; 27, 31936-93-3; 27 tetrabromide, 31936-
94-4; 28, 31936-95-5; 29, 31936-96-6; 30, 17964-88-4; 
31,17965-56-9; 32,31936-99-9; 33,31937-00-5.
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Treatment of 8-alkyl-7(8fi)-pteridinone-6-carboxylic acid derivatives (substituted at position 4 with hydrogen 
or methyl) with sodium borohydride leads to the formation in high yield of bright yellow dihydro compounds 
which are 10,000 times weaker acids, and exhibit uv absorption maxima some 50-60 nm higher, than the starting 
pteridinones. The influence of 2 and 4 substituents on this reduction has been carefully examined, and evalua
tion of both spectroscopic (uv, ir, and nmr) and chemical data has shown conclusively that these reduction 
products are 3,4-dihydro derivatives, and not 4,8- (or 5,8-) dihydro derivatives as previously suggested. By 
contrast, catalytic reduction of the same series of 8-alkyl-7(8H)-pteridinone-6-carboxylic acids and esters has 
been shown to give 5,6-dihydro compounds with very different chemical and physical properties. I t  has been 
demonstrated that the 3,4-dihydro compounds rearrange quantitatively and irreversibly to the 5,6-dihydro 
isomers in trifluoroacetic acid solution. The preparation of 22 new 8-alkyl-7(8H)-pteridinone-6-carboxylic 
acids and esters, as well as the requisite pyrimidine precursors, is described.

Dihydropteridines are attracting considerable cur
rent attention because of their role as naturally occur
ring cofactors in one-carbon transfer reactions involving 
the folic acid coenzymes,1 2 3 the enzymatic hydroxylation 
of phenylalanine to tyrosine,4 and a variety of other 
oxygenase reactions,5 and as intermediates in photo
synthetic electron transport processes in higher plants 
and photosynthetic bacteria.6 Previous uncertainties 
as to the location of the hydrogen atoms in certain di
hydropteridines (such as drosopterin, isodrosopterin, 
neodrosopterin, dihydrofolic acid, etc.)7 have led to 
numerous efforts to prepare model dihydropteridines of 
known structure. For these reasons we have re
investigated and extended our finding of several years 
ago8’9 that a number of 7(8/7)-pteridinone-6-carboxylic

(1) For the previous paper in this series, see E. C. Taylor and K . Lenard, 
Justus Liebigs Ann. Chem., 726, 100 (1969).

(2) A  part of this work was supported by a grant (CA-02551) to Princeton 
University from the National Cancer Institute, National Institutes of Health, 
Public Health Service.

(3) R. L. Blakley, “ The Biochemistry of Folic Acid and Related Pteri
dines,”  Wiley-Interscience, New York, N. Y ., 1969.

(4) S. Kaufman, J. Biol. Chem., 242, 3934 (1967).
(5) Summarized by S. Kaufman, Ann. Rev. Biochem., 36, 171 (1967).
(6) (a) N. A. Nugent and R. C. Fuller, in “ Chemistry and Biology of

Pteridines,”  K . Iwai, M . Akino, M . Goto, and Y . Iwanami, Ed., Inter
national Academic Printing Co., Ltd., Tokyo, 1970, pp 371-379. (b) R . C.
Fuller and N. A. Nugent, Proc. Nat. Acad. Sci. U. S ., 63, 1311 (1969).

(7) W . Pfleiderer and E. C. Taylor, Ed., “ Pteridine Chemistry,”  Perga-
mon Press, Oxford, 1964.

acid derivatives were reduced with sodium borohydride 
to dihydro compounds with unusual chemical and physi
cal properties. The present work was undertaken in 
an effort to delineate the structural features (primarily 
the substitution pattern in the pyrimidine ring) neces
sary for sodium borohydride reduction of 7(8H ) -  
pteridinone-6-car boxy lie acids to these novel dihydro 
derivatives and to settle the controversy which has de
veloped concerning their structure.10 We describe 
herein the preparation of the requisite pteridine pre
cursors, and the pyrimidine intermediates required for 
their preparation, the reduction experiments carried out 
on these pteridines, both with sodium borohydride and 
with hydrogen in the presence of various catalysts, and, 
finally, both spectroscopic and chemical evidence which 
firmly establishes the sodium borohydride reduction 
products as 3,4-dihydro derivatives, and the catalytic 
reduction products as their 5,6-dihydro isomers.

Synthesis of Intermediates. Pyrimidines.—Most of 
the requisite 4-alkylamino-5-aminopyrimidines re
quired in this work were prepared by standard pro
cedures and used directly in the pteridine preparations. 
Some special cases are described below.

(8) W . Pfleiderer and E. C. Taylor, J. Amer. Chem. Soc., 82, 3765 (1960).
(9) E. C. Taylor, M . J. Thompson, and W. Pfleiderer, ref 7, pp 181- 

205.
(10) Reference 7, pp 205-210.
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Although 2-methyl-4-methylamino-6(lZ7)-pyrimidi- 
none (3) has been prepared previously11 by a three-step 
sequence (21% overall yield) from 2-methyl-4,6(1/7,- 
3//)-pyrimidinedione,12 it seemed that a simpler pro
cedure would be transamidation13-16 with the readily 
accessible 2-methy]-4-amino-6( 1//)-pyrimidinone (l).17 
Fusion of this latter compound with méthylammonium 
acetate gave a mixture containing the 4-amino-, 4- 
methylamino-, and 4-acetamido derivatives, but fusion 
with methylamine hydrochloride at 200° resulted in the 
formation of a more homogeneous product which, by 
nmr, consisted primarily of the desired 2-methyl-4- 
methylamino-6(17/)-pyrimidinone (3) (90%), along 
with a small amount of unreacted starting material. 
Nitration of this mixture with fuming nitric acid in 
glacial acetic acid, however, gave pure 2-methyl-4- 
methylamino-5-nitro-6(l/I)-pyrimi dinone (5). Treat
ment with phosphorus oxychloride then gave the 6- 
chloro compound 7 which upon reduction in aqueous 
ethanol containing magnesium oxide18 underwent 
simultaneous dehalogenation and reduction of the nitro 
group to yield the desired 2-methyl-4-methylamino-5- 
aminopyrimidine (9). The same sequence of reactions, 
applied to 2-phenyl-4-amino-6(l/7)-pyri nudinone (2),19 
gave 2-phenyl-4-methylamino-5-aminopyrimidine (10). 
These reactions are summarized in Scheme I.

Scheme I

NH2
1, R =  CH3
2, R =  C6H5

CH3NH2'HCI
fuse

NHCH,

5, R =  CH3
6, R — C; I I;,

9, R =  CH3
10, R = CeHs

R ' "NHCH,

7, R =  CH3
8, R =  C6H5

2-Dimethylamino-4-phenyl-5-amino-6-ethylaminopy- 
rimidine (16) was prepared as follows. Condensation 
of dimethylguanidine with ethyl benzoylacetate in the 
presence of sodium ethoxide gave 2-dimethylamino-4- 
phenyl-6(l/7)-pyrimidinone (11) in about 40% yield 
(a competing base-catalyzed cleavage of ethyl benzoyl-

(11) H. Hirano and H. Yonemoto, J. Pharm. Soc. Jap., 76, 234 (1956); 
Chem. Abstr., 50, 13043 (1956).

(12) H. R . Henze, W . J. Clegg, and C. W. Smart, J. Org. Chem., 17, 1320 
(1953).

(13) E. C. Taylor and C. K . Cain, J. Amer. Chem. Soc., 73, 4384 (1951).
(14) D. J. Brown, J. Appl. Chem., 7, 109 (1957).
(15) W . Y. Curran and R. B. Angier, J. Org. Chem., 28, 2672 (1963).
(16) C. W . Whitehead and J. J. Traverso, J. Amer. Chem. Soc., 82, 3971 

(1960).
(17) A. Maggiolo, A. P. Phillips, and G. H. Hitchings, ibid., 73, 106 

(1951).
(18) C. G. Overberger and I. C. Kogon, ibid., 76, 1879 (1954).
(19) R. Andrisano and L. Maioli, Gazz. Chim. Ital, 83, 264 (1953).

acetate to give acetophenone is apparently responsible 
for the low yield). This was converted to the 5-nitro 
compound 13 either by direct nitration with fuming 
nitric acid in glacial acetic acid at 20° (these conditions 
do not cause nitration of the 4-phenyl substituent) 
or by nitrosation to give 2-dimethylamino-4-phenyl-5- 
nitroso-6(l//)-pyrimidinone (12) followed by oxidation 
with pertrifluoroacetic acid.20 Chlorination with phos
phorus oxychloride to 14 followed by reaction with aque
ous ethylamine then gave 2-dimethylamino-4-phenyl-5- 
nitro-6-ethylaminopyrimidine (15), which was reduced 
catalytically to the desired 5-amino derivative 16. 
These reactions are summarized in Scheme II.

Pteridines.—All of the ethyl 8-alky 1-7 (8/7)-pteridi- 
none-6-carboxylates utilized in the reduction experi
ments were prepared by the condensation of diethyl 
mesoxalate with the appropriate 4-alkylamino-5-amino- 
pyrimidine (often prepared in  situ  by catalytic re
duction of the appropriate 5-nitro pyrimidine; see 
Experimental Section). The corresponding methyl 
esters were prepared from the ethyl esters by trans
esterification utilizing a large excess of methanol as 
solvent; this transesterification was particularly facile 
and complete because of the insolubility of the methyl 
esters in methanol. Free carboxylic acids were pre-

R,

pared either by condensation of the appropriate diami- 
nopyrimidine with sodium mesoxalate or by alkaline 
hydrolysis of the esters. The 8-alkyl-7(8/7)-pteridi- 
none-6-carboxylic acid derivatives are listed, along 
with pertinent uv data, in Table I  (for ir and nmr 
data, see Experimental Section).

Reduction Experiments with Sodium Borohydride.— 
Reduction of a series of 4-unsubstituted 8-alky 1-7 (8/7)- 
pteridinone-6-carboxylic acids and their corresponding 
ethyl (or methyl) esters, with the 2 position substituted 
by CH3, C6H6, CH3NH, (CH3)2N,8 CHsO, and HO, was 
effected by addition of sodium borohydride to a solution 
of the pteridinone in ethanol or dimethylformamide, 
followed by careful acidification with dilute acetic acid. 
In each instance, a yellow dihydro derivative, which ex
hibited a characteristic high wavelength absorption 
maximum between 402 and 453 nm, was obtained in 
high yield. Physical (see Table II and Experimental 
Section) and chemical evidence firmly establishing that 
these yellow compounds are 3,4-dihydro derivatives will 
be discussed later.

Substituents in the 4 position of the pyrimidine ring 
had a dramatic effect on the course of the sodium boro
hydride reduction. In fact, the only substituent be
sides hydrogen which yielded a 3,4-dihydro derivative 
under the above conditions was methyl; thus, methyl 
2-methylamino-4,8-dimethyl-7 (8H )  - pteridinone - 6 - car- 
boxylate (27) (and its corresponding acid 28) under
went smooth reduction with sodium borohydride to give 
yellow 3,4-dihydro derivatives (45 and 46, respectively), 
but no reduction was observed when the 4 position 
was occupied by oxygen [2-amino-8-ethyl-4,7(3/7,8/7)-

(20) E. C. Taylor and A. McKillop, J. Org. Chem., 30, 3153 (1965).
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Scheme II

16 15 14

T able  I
8-ALKYIi-7(8H)-PTERIDINONE-6-CARBOXYLIC AclD DERIVATIVES

(Jompd /---- --------------------------------U v spectra------------------------------------ '
no. Ri Ra r 8 Ri ^maxi nm Log € Solvent

2 1 c h 3 H c 2 h 5 CH a
2 2 c h 3 H c h 3 CH a 245 (sh), 265, 275 (sh), 323 3 .8 0 , 3 .5 5 ,  3 .4 9 , 4 .0 1 C 2 H 6O H

23 c 6 h 6 H c 2 h 6 C H 3 228, 245 (sh), 290 (sh), 345 4 .2 5 , 3 .9 2 , 3 .7 3 , 4 .2 7 c 2 h 5o h

24 CeEU H c h 3 CH a 227, 245 (sh). 290 (sh), 347 4 .4 4 , 3 .9 7 , 3 .8 5 , 4 .2 9 c 2 h 6o h

25 ( C H s)2N c 6 h 5 c 2 h 5 c 2 h 5 230, 257 (sh), 295, 395 4 .3 3 , 4 .1 6 ,  4 .1 5 ,  4 .3 5 c 2 h „o h

26 c h 3n h c h 3 c 2h 5 C H 3 224, 245 (sh), 298, 378 4 .5 0 , 4 .0 2 , 3 .7 2 , 4 .3 5 c 2 h 5o h

27 C H jNTI c b 3 CH a CH a 222, 243 (sh), 295, 377 4 .4 8 , 3 ,9 8 , 3 .6 2 , 4 .3 6 c 2 h 5o h

28 C H s N H C H , H CH a 222, 240, 293, 395 4 .4 4 , 4 .0 7 , 3 .6 5 , 4 .3 6 c 2 h 6o h

29 C H 3N H H C 2 H 5 CH a 238, 288, 354 4 .4 7 , 4 .0 9 , 4 .1 0 p H  - 1

225, 297, 387 4 .5 0 , 3 .7 4 , 4 .4 0 p H  4

30 c h 3n h H CH a C H 3 225, 245 (sh), 303, 378 4 .4 3 , 3 .9 7 , 3 .7 0 , 4 .3 7 C 2 H 6O H

238, 290, 355 4 .4 8 , 4 .0 9 , 4 . 1 1 p H  - 1

225, 297, 388 4 .5 1 ,  3 .7 3 , 4 .4 1 p H  3

31 C H 3N H H H CH a 223, 245 (sh), 300, 385 4 .1 6 ,  3 .7 3 , 3 .5 6 , 4 .0 9 C 2 H 6O H

236, 288, 353 4 .5 1 ,  4 .1 0 ,  4 . 1 1 p H  - 1

225, 288, 391 4 .4 6 , 3 .8 6 , 4 .2 6 p H  2

222, 240 (sh), 300, 366 4 .4 5 , 3 .9 5 , 3 .8 0 , 4 .3 0 p H  6

32 c h 3o H c 2 h 6 CH a 257, 2 77  (sh), 283, 329 .3 .7 0 , 3 .6 6 , 3 .6 7 , 4 . 1 7 C 2H 6O H
33 H O H H CH a 235 (sh), 2 9 1, 356 3 .9 3 , 3 .7 2 , 4 .2 9 c 2 h 6o h

34 H O H C 2 H 5 CH a 233 (sh), 291, 355 3 .9 3 , 3 .7 2 , 4 .2 9 c 2h 5o h

35 H 3N H c 2h 6 CH a 220, 294, 364 4 .3 9 , 3 .5 3 , 4 .1 8 c 2h 6o h

234, 280, 340 4 .5 4 , 4 .0 , 4 .1 5 p H  - 1

222, 290, 373 4 .5 7 , 3 .7 2 , 4 .3 5 p H  7
36 h 2n H CH a CH a 232, 280, 340 4 .5 0 , 4 .0 1 ,  4 .1 5 p H  1

222, 290, 373 4 .5 5 ,  3 .7 1 ,  4 .3 6 p H  3
37 h 2n H H CH a 291, 350 3 .8 0 , 4 .1 8 p H  10
38 H ( C H 3)2N C 2H 6 c h 3 218, 230 (sh), 270, 380 4 .3 1 ,  4 .2 5 , 4 .0 0 , 4 .0 3 CaH sO H
39 H (C H 3)2N H CH a 219, 272, 389 4 .3 7 , 4 .0 3 , 4 .0 2 c 2h 6o h

40 H c 2h 5n h C 2H 5 C 2H 5 218 , 264, 379 4 .3 2 , 3 .9 7 , 3 .9 7 c 2h 6o h

41 H c 2h en h H c 2h 5 219 , 268, 3 3 5 -3 5 0  (sh), 404 4 .3 7 , 3 .9 6 , 3 .6 3 , 4 .0 1 c 2h 4o h

42 H II c 2h 6 CH a 252 (sh), 258, 269 (sh), 319 3 .5 9 , 3 .5 8 , 3 .4 8 , 3 .9 5 c 2h 6o h

pteridinedione-6-carboxylic acid (64)21 ], dimethylamino 
[ethyl 4 - dimethylamino - 8 - methyl - 7 (8H) - pteridinone- 
6-carboxylate (38), and the free acid 39], ethylamino 
[ethyl 4 - ethylamino - 8 - ethyl - 7 (8H) - pteridinone -6-car- 
boxylate (40), and the free acid 41], or phenyl [ethyl 2- 
dimethylamino-4-phenyl-8-ethyl-7 (8ii) - pteridinone -6- 
carboxylate (25) ]. It should be noted that these sub
stituents (methyl is a borderline case) are known to 21

(21) E. C. Taylor and H. M . Loux, J. Amer. Chem. Soc., 81, 2474 (1959).

prevent covalent hydration at the site of substitution 
both in the quinazoline and pteridine ring systems.22

Catalytic Reduction Experiments.—In contrast to 
sodium borohydride, which yields yellow 3,4-dihydro 
derivatives exhibiting bathochromic ultraviolet ab
sorption maxima, catalytic reduction of 8-alky 1-7 (81/)- 
pteridinone-6-carboxylic acid derivatives yields iso
meric 5,6-dihydro derivatives (vide infra) which exhibit

(22) A. Albert, Angew. Chem. Int. Ed. Engl., 6, 919 (1967).
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T a b l e  II
3,4-Dihydro-8-a lk y l -7(8î î )-pteridxnone-6-cabboxylic A cid D erivatives

H,
HN COOR,

I
r4

Compd -------------------------------------U v spectra-
no. R i Rs R. R i Ijnaxi nm Log « Solvent

43 c h 3 H CHa CHa 245, 270, 437 3.26, 3.09, 3.85 c 2h 5o h
44 c 6h 5 H CHa CHa 225 (sh), 260, 330 (sh), 453 3.96, 3.91, 3.54, 3.91 c 2h 5o h

45 CHaNH CH3 CHa CHa 263, 290, 410 3.59, 3.43, 3.99 c 2h 5o h

46 CHaNH CH S H CHa 265, 285, 412 3.80, 3.74, 4.20 c 2h 6o h
47 CH3N H H CHa CHa 245 (sh), 298, 402 3.40, 3.33, 3.64 c 2h 6o h
48 CHaNH H H CH3 265, 288, 408 3.88, 3.78, 4.43 c 2h 6o h
49 CH30 H C2H 5 CHa 263, 326-338 (sh), 416 3.79, 2.94, 4.34 CaHsOH
50 HO H H CHa 225 (sh), 253-260, 285, 402 3.85, 3.67, 3.66, 4.39 C2H 6OH
51 HO H C2H 6 CHa 238, 269, 276-285 (sh), 425 3.88, 3.84, 3.82, 4.33 c 2h 5o h

marked hypsochromic shifts in their long wavelength 
absorption maxima and which are generally colorless. 
The preparation and properties of these latter dihydro 
derivatives, as well as experiments designed to probe 
possible interconversions between the two dihydro 
isomers, are described below.

Reduction of ethyl 2-ethylamino-8-ethyl-7 (8H)-pteri- 
dinone-6-carboxylate (52) with hydrogen and platinum 
oxide as catalyst resulted in the absorption of 1 mol of 
hydrogen and the formation of a precipitate which, upon 
isolation, proved to be identical with the sodium boro- 
hydride reduction product 53s of the same pteridinone. 
However, examination of the uv spectrum of the filtrate 
showed the presence of a compound with an absorption 
maximum at 358 nm (compared with 390 nm for the 
nonreduced pteridinone 52 and 408 nm for the sodium 
borohydride reduction product 53). Attempts to iso
late and characterize this reduction product (which is 
shown later to be the 5,6-dihydro derivative 54) led only 
to starting material. This lability toward air oxidation 
contrasts sharply with the stability of the borohydride 
reduction product 53, which was indefinitely stable to
ward air.8

Since 53 was much less soluble than the product of 
catalytic reduction (i .e ., 54), this system appeared to be 
a favorable one in which to explore possible isomeriza
tion of the latter into the former (it is conceivable that 
the 3,4-dihydro derivative may have been formed by 
initial borohydride reduction to give some other isomer, 
followed by tautomerization). However, the yield of 
the yellow 3,4-dihydro isomer 53 never exceeded 20% in 
catalytic reduction experiments, regardless of reaction 
conditions. Reductions were attempted under condi
tions designed to favor tautomerism (reduction in alka
line solution, reduction followed by addition of sodium 
borohydride), but in no case could an increase in the 
amount of the yellow, less soluble isomer be observed. 
One must conclude that, under the above conditions, 
there is no isomerization of the more soluble, colorless
5,6-dihydro isomer 54 to the less soluble, yellow 3,4- 
dihydro isomer 53.

This conclusion was reinforced by an experiment car
ried out with the corresponding free acid [2-ethylamino-
8-ethyl-7(8ii)-pteridinone-6-carboxylic acid, 55]. Re
duction with sodium borohydride has been shown to 
give the yellow 3,4-dihydro derivative 56, which can be

reoxidized to starting material with potassium per
manganate or ferricyanide.8 On the other hand, re
duction of 55 with hydrogen in the presence of Pd/C 
resulted in the absorption of 1 mol of hydrogen and the 
formation of a colorless solution w'hich exhibited a 
hypsochromic ultraviolet absorption maximum (354 
nm, as contrasted with 365 nm for the starting mate
rial). Treatment of this reduction product (presum
ably the 5,6-dihydro derivative 57) with potassium fer
ricyanide, however, resulted in loss not only of the two 
hydrogens but also of the carboxylic acid grouping 
giving 2-ethylamino-8-ethyl-7(8H)-pteridinone (58) 
(Scheme III). This difference in stability of the two 
isomeric dihydro acids is striking and emphasizes the 
lack of interconversion between them under the reaction 
conditions employed.

Isolation and characterization of the colorless 5,6- 
dihydro esters resulting from these catalytic reductions 
proved to be extremely difficult because of their lability 
toward reoxidation to starting material, particularly in 
the presence of alkali (see Experimental Section), and 
it was impossible to isolate the pure dihydro acids. For 
example, catalytic reduction of 4-dimethvlamino-8- 
methyl-7(8H)-pteridinone-6-carboxylic acid (39) gave 
4 - dimethylamino - 8 - methyl - 7 (8H )  - pteridinone (61),
presumably via initial reduction followed by spon
taneous decarboxylation and subsequent reoxidation. 
Parallel results were obtained in attempts to reduce 4- 
ethylamino-8-ethyl-7 (8H)-pteridinone-6-carboxylic acid 
(41); 4-ethylamino-8-ethyl-7(8H)-pteridinone (63) was 
the only product isolated. It is certain that decarboxyl
ation in the above two instances takes place with the 
dihydro acids, and not prior to reduction, since the 
starting acids can be sublimed without decarboxylation.

Analogous behavior was noted with 2-amino-8-ethyl- 
4,7(3H,8H)-pteridinedione-6-carboxylic acid (64),21 
which upon catalytic reduction with hydrogen and Pd 
in aqueous potassium hydroxide solution gave 2-amino-
8-ethyl-4,7(3H,8H)-pteridinedione (67). The ultravi
olet absorption spectrum of the initial alkaline solu
tion before reduction showed a maximum at 366 nm 
which shifted to 325 nm immediately upon reduction. 
After acidification of the reduction mixture, however, it 
shifted slowly to 340 nm, and the resulting spectrum 
was identical with that given by a solution of 2-amino-
8-ethyl-4,7(3H,8H)-pteridinedione (67) prepared by
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Sc h e m e  III

catalytic reduction of 64 followed by deliberate oxida
tion with potassium ferricyanide. Catalytic reduction 
of 67 resulted in loss of its bright blue fluorescence, but 
isolation of the (presumed) 5,6-dihydro derivative 66 
was not possible because of rapid air oxidation back to 
starting material. We thus conclude (see Scheme IV)

S c h e m e  I V

1

that catalytic reduction of 64 first yields the 5,6-dihydro 
derivative 65 (similar in structure to the other colorless
5,6-dihydro compounds, i.e ., 57, discussed above), 
which first decarboxylates to 66 and then oxidizes to 
give the observed product 67. Similar instability of 
dihydropteridine-6-carboxylic acids has been noted 
many times previously. For example, 2,4-diamino- 
7(8f7)-pteridinone-6-carboxylic acid, on reduction with 
sodium amalgam or with zinc and alkali, yields an un

stable dihydro acid which readily loses carbon dioxide 
to give the (presumed) 5,6-dihydro derivative.23 Simi
larly, 2-amino-4,7 (3i/, 8//)-pteri di nodi on e-6-carboxy li c 
acid has been reduced with zinc and alkali to give a 
mixture of the 5,6-dihydro acid and the decarboxylated
5,6-dihydro derivative; heating of either in  vacuo at 
150° results in ready decarboxylation and dehydrogena
tion to give isoxanthopterin.23 Again, the contrast be
tween the instability of the 5,6-dihydro acids (produced 
by catalytic reduction) and the stability of the isomeric
3,4-dihydro acids (produced by reduction with sodium 
borohydride) is remarkable.

Structures of the Isomeric Dihydropteridines.—One 
of the most striking spectroscopic features of the di
hydropteridines resulting from sodium borohydride 
treatment is their characteristic long wavelength uv 
absorption maxima, representing a bathochromic shift 
of some 50-60 nm as compared with the nonreduced 
pteridines. It is clear that a new, extended conjugated 
system has been introduced which, at the same time, 
must accommodate the observed 10,000-fold increase 
in base strength. Since borohydride does not normally 
reduce a carboxyl or amide carbonyl group (independent 
evidence, in any event, excludes reduction of the 6- 
carboxyl grouping8), there appear to be five structures 
(A-E) which must be considered (structure F is ex
cluded by the uv data).

Nmr studies on the sodium borohydride reduction 
products clearly limit a choice to A or B. It will be 
seen from the data given in the Experimental Section 
that in a representative series of 4-unsubstituted 8-al-

(23) G. B. Elion and G. H. Hitchings, J. Amer. Chem. Soc., 74, 3877 
(1952).
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H Rj

H f X - N y C O O R s

rA nA ^ o

r 4
A  (3,4-dihydro)

C (2,8-dihydro)

kyl-7(8H)-pteridinone-6-carboxylic acid derivatives the 
aromatic C-4 proton appears between 9.1 and 9.6 ppm, 
while in their respective dihydro derivatives resulting 
from borohydride reduction this signal disappears and is 
replaced by a two-proton singlet at ca. 5.0 ppm (CH2 
adjacent to N). Unequivocal evidence that C-4 is the 
site of reduction is provided by an examination of the 
spectrum of methyl 2-methylamino-4,8-dimethyl-7(S//)- 
pteridinone-6-carboxylate (27) and its sodium borohy
dride reduction product 45. The C-4 methyl group, 
which appears as a sharp singlet at 2.96 ppm in the 
former compound, appears as a doublet (1.66 ppm) in 
the latter, while the methine proton introduced by re
duction now appears as a quartet at 5.00 ppm. Analo
gous results were obtained with the corresponding 
carboxylic acid (c/. 28 and 46). The nmr spectra of 
methyl 2,8-dimethyl-7 (8H)-pteridinone-6-carboxylate 
(22) and its sodium borohydride reduction product 43 
confirm the fact that reduction has indeed taken place 
at C-4 and that C-2 is unaffected.

The position of the second added hydrogen, which 
must reside either on nitrogen (structure A) or on oxy
gen (structure B), cannot be determined by nmr, since 
the dihydro compounds are insoluble in DMSO and 
other aprotic solvents, and spectra could only be ob
tained in trifluoroacetic acid solution. However, the 
ir spectra of the starting pteridinones and their sodium 
borohydride reduction products provide a possible 
criterion for this choice. All of the 7(8//)-pteridinone-
6-carboxyIic acid esters studied show the presence of 
two carbonyl bands, one in the 1724-1754-cm-1 region 
(ester) and the other in the 1667-1684-cm_I region 
(cyclic lactam). In the yellow dihydro esters, however, 
only one carbonyl band appearing from 1692 to 1709 
cm-1 is observed, and this must be due to the ester func
tion, which is known from independent chemical evi
dence to be still present, unaffected by the borohydride 
reduction.8 Interpreted in terms of the 4,8-dihydro 
structure B, the observed lowering of the frequency of 
the ester carbonyl band could be attributed to intramo
lecular hydrogen bonding of the 7-hydroxyl group to

the carbonyl oxygen of the ester function.24 It is strik
ing (and fortuitous) that the amount of the observed 
shift is in approximate agreement with the shift ob
served in analogous systems when a hydroxyl group is 
introduced into a position ortho to an ester function.25

A similarly consistent interpretation in terms of 
structure B is possible when the corresponding carbox
ylic acids are considered. Thus, in contrast to the cor
responding esters, all of the 7(8H)-pteridinone-6-carbox- 
ylic acids show only one carbonyl band between 1736 
and 1767 cm-1, which must be due to the carbonyl 
grouping. As a result of intramolecular hydrogen 
bonding between the amide carbonyl and the acid 
hydroxyl group, the amide band could be considered to 
be shifted to much lower frequencies where it would not 
be readily identified, with the acid carbonyl band oc
curring at the same frequency as the corresponding 
ester. In the reduction products, this single band 
would be shifted to much lower frequencies (1678- 
1706 cm-1); in terms of structure B, this would be ex
plicable as a result of a reversal of the hydrogen bonding 
so that the carbonyl oxygen participating is that of the 
carboxyl group.

On the other hand, the ir spectra of all of the sodium 
borohydride reduction products show a sharp new band 
at ca. 3300 cm-1, certainly at variance with the broad 
band at lower frequencies expected of a strongly hy
drogen-bonded -OH group.24 This feature of their ir 
spectra is certainly more reasonably interpreted in 
terms of the 3,4-dihydro structure A. The observed 
shifts of the carbonyl frequencies upon reduction are 
also consistent with structure A; the lowered carbonyl 
frequency of the ester and carboxylic acid groupings is 
consistent with the change of environment to a vinylo- 
gous urethane, and the “disappearance” of the amide 
carbonyl band (present in the nonreduced pteridine 
esters at 1667-1684 cm-1) could be due to a shift to 
lower frequencies because of its vinylogous urea char
acter. The observed 10,000-fold increase in base 
strength8 is better explained by the amidine structure 
A; this interpretation has strong precedent in the much 
greater base strength of the covalent hydrate of quin- 
azoline, and of 3,4-dihydroquinazoline, as compared 
with quinazoline itself.22

The high wavelength uv absorption maxima found 
for all of the sodium borohydride reduction products are 
consistent with either structure A or B and appear to 
be characteristic of the system -NR(CH=CH)3:C=0; 
many examples are known which support this general
ization.26 Although the conjugated system present in 
structure A is considerably longer than in the examples 
cited,26 competitive amide resonance involving the 7- 
carbonyl grouping and the 8 nitrogen must introduce 
dipole-dipole repulsions which wTould be expected to 
lower the importance of the former. An observation

(24) M. Tichy, Advan. Org. Chem., 5, 115 (1965).
(25) The following examples are illustrative of this effect.

0 = 0  band,
cm -1 A, cm -1
1730 47
1683

1724 69
1655

1726 58
1668

(26) See ref 7, p 204.

Ester
Methyl benzoate 
Methyl salicylate

Methyl 1-naphthoate 
Methyl 2-hydroxy-l-naphthoate

Ethyl 2-naphthoate
Ethyl l-hydroxy-2-naphthoate
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T a b l e  I I I

3,8-D im e t h y l -6-carbal,k o x y -7-oxo-7,8-i >ih y d r o p t e r im n iu m  T o sylate s

^COOR,

CH,— 1  \ — SO,'
C H - N ^ T  V

CH,
Compd /—---------------------------U v spectra-------------------------- -—»

no. Ri R2 pKg. value® ^maxi nm Log e Solvent Species

70 H,N c h 3 5.21 ±  0.06 229, 278, 339 
262, 280 (sh), 393

4.56, 3.98, 4.17 
3.97, 3.72, 4.51

pH 3 
pH 8

Cation
Pseudobase

71 H 2N c 2h 6 5.13 ±  0.03 230, 278, 340 
262, 280 (sh), 394

4.57, 4.00, 4.17 
4.00, 3.75, 4.53

pH 3 
pH 8

Cation
Pseudobase

72 CHsNH c h 3 5.99 ±  0.03 230, 237, 289, 351 
264, 280 (sh), 394

4.47, 4.46, 4.06, 4.14 
4.05, 3.94, 4.47

pH 3 
pH 8

Cation
Pseudobase

73 CHsNH c 2h 5 6.06 ±  0.04 229, 237, 290, 352 
264, 280 (sh), 395

4.47, 4.47, 4.07, 4.15 
4.03, 3.85, 4.52

pH 3 
pH 8

Cation
Pseudobase

° Determined spectrophotometrically.

compatible only with structure A, and not with struc
ture B, is the fact that 2-ethylamino-3,4-dihydro-8- 
ethyl-7(8H)-pteridinone-6-carboxy]ic acid (68) and its 
decarboxylation product 69 (formed by sublimation of 
68 in  vacuo at 175°) have approximately the same long 
wavelength uv maxima.8,27

Conclusive evidence that the sodium borohydride 
reduction products are 3,4-dihydro derivatives (A) and 
not the 4,8-dihydro tautomers (B) was obtained as 
follows. A series of 8-alkyl-7(8H)-pteridinone-6-car- 
boxylates substituted at position 2 with -NH2, -NHCH3, 
and -N(CH3)2 was heated with methyl p-toluenesulfo- 
nate. In all cases except with ethyl 2-dimethylamino- 
8 - ethyl- 7 (8 H ) - pteridinone - 6- carboxylate,8 crystalline 
monomethylated pteridinium tosylates 70-73 were ob
tained (see Table III). The fact that the 2-dimethyl- 
amino compound was recovered unchanged under the 
above reaction conditions indicates that méthylation 
probably took place on one of the ring nitrogen atoms 
adjacent to the 2 position (i.e ., N-I or N-3), which 
would be expected to be sterically affected by the bulky 
2-dimethylamino grouping. (Méthylation on oxygen 
was excluded by the observation that each of the four 
methylpteridinium tosylates 70-73 contained only one 
alkoxy (ester) group by a Zeisel determination.) The 
similarity of the uv spectra and the pK & values (Table
III ) determined for all four compounds showed that 
they all possessed analogous structures. The position 
of alkylation was then firmly established as N-3 by the 
observations that (a) the méthylation product 71 of 
ethyl 2-amino-8-methyl-7 (8H)-pteridinone-6-carboxyl- 
ate (35) was smoothly converted by oxidation with 
potassium ferricyanide at pH 7 to the known 3,8-di- 
methylisoxanthopterin-6-carboxylic acid ethyl ester

(27) It  was this observation that led one of us (W . P.) to question the 
originally assigned 5,8-and 4,8-dihydro structures for the sodium borohydride 
reduction products and to favor the 3,4-dihydro structure A  (see ref 7, p 
207). I t  should be noted that decarboxylation of 68 in aqueous acid gives 
the isomeric 5,6-dihydro derivative (see ref 8), which arises by rearrangement 
of the initially formed 3,4-dihydro isomer 69.

(78),28 and (b) 71 underwent the Dimroth rearrange
ment29 in sodium bicarbonate solution at room temper
ature to give ethyl 2-methylamino-8-methyl-7(8H)- 
pteridinone-6-carboxylate (29), identical with an authen
tic sample. Furthermore, heating 71 in pH 9 buffer 
resulted in a Dimroth rearrangement with accompany
ing saponification of the ester grouping to give 2- 
methylamino-8-methyl-7 (8H)-pteridinone - 6- carboxy.ic 
acid (31), again identical with an authentic sample. 
These conversions and rearrangements are summarized 
in Scheme V.30

Sodium borohydride reduction of these 3,8-dimeth3d- 
pteridinium tosylates 70-73 then gave bright yellow
3.4- dihydro derivatives (74-77) whose uv spectra were 
essentially superimposable with the uv spectra of the 
sodium borohydride reduction products of the parent 
pteridinones (see Tables II  and IV). We thus confi
dently assign the 3,4-dihydro structure to the yellow 
dihydro compounds resulting from sodium borohydride 
reduction of all of the pteridinones discussed above. 
The 4,8- and 5,8-dihydro structures previously dis
cussed7,8 are in error and should be amended accord
ingly.

The structures of the colorless dihydro derivatives 
obtained by catalytic (and occasionally zinc dust; 
see Experimental Section) reduction of the above series 
of 8-alky 1-7 (SH)-pteridinones were evident by examina
tion of their uv and ir spectra, and readily confirmed by 
examination of their nmr spectra (Table V) to be the
5,6-dihydro isomers (structure F). Thus, the only 
spectral change which occurred upon catalytic reduc
tion (best carried out in trifluoroacetic acid) of the 
pteridinones 21-42, apart from a shift of the C-4 
proton singlet (when present) to lower field (from '~9 
to 7.7-8.3 ppm) was the appearance of a new one-

(28) W. Pfleiderer and M . Rukwied, Chem. Ber., 95, 1591 (1962).
(29) D. J. Brown in “ Mechanisms of Molecular Migrations,”  Vol. 1, B. 

S. Thyagarajan, Ed., Interscienee, New York, N .Y ., 1968, p 209.
(30) I t  is interesting to note that the nmr spectrum of 2-methylamino-3,8- 

dimethyl-6-earbomethoxy-7-oxo-7,8-dihydropteridinium tosylate (72) in tri
fluoroacetic acid shows the 2-methyl amino grouping .as a doublet. That 
the splitting of the methyl signal was due to coupling with the adjacent 
N H  was demonstrated by a decoupling experiment (irradiation at —258 
Hz). Apparently proton exchange at the 2-NH group is slow even in tri
fluoroacetic acid because of steric hindrance by the methyl group. Further 
evidence for this steric effect is seen in a comparison of the pK a values for the
3.4- dihydro derivatives 74—77 (Table IV ). The two 2-CH 3N H  derivatives 
76 and 77 are actually weaker bases than the 2-N H 2 derivatives 74 and 75; 
this observation provides indirect evidence that protonation in these com
pounds occurs at N -l.
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Sc h e m e  V

T a b l e  IV

3,8-D im e t h y l -3,4-d ih td r o -7 (8 î I )-p t e r id in o n e -6-c a e b o x ylate s

Compd .---------------------UV spectra---------------------•>
no. Ri r 2 piTa value“ Xmaxi nm Log é Solvent Specieŝ
74 H 2N c h 3 1.66 ±  0.12 230, 392

242, 269, 290 (sh), 
408

4.05, 4.20
4.0, 3.9, 3.69, 4.43

pH  - 1  
pH 6

Cation
O

75 h 2n c 2h 5 1.85 ±  0.05 230, 392
242, 268, 290 (sh), 

408

4.05, 4.23
3.99, 3.90, 3.67, 4.43

pH O  
pH 6

Cation
O

76 c h 3n h c h 3 0.55 ±  0.05 287, 390 
240, 272, 405

3.61, 4.22 
3.84, 4.00, 4.44

pH - 1  
pH 4

Cation
O

77 CHsNH c 2h 6 0.65 ±  0.05 290, 390 3.62, 4.20 pH - 1 Cation
240, 373, 408 3 .88, 3.99, 4.44 pH  5 0

° Determined spectrophotometrically. b O denotes the neutral species.

proton methine singlet at ^5.1 ppm, arising from 
reduction at C-6.

In an attempt to determine the nmr spectra of the 
yellow 3,4-dihydro isomers in trifluoroacetic acid, it 
was noted that a rapid change occurred even at room 
temperature; the 4-methine signal disappeared and 
was replaced by a one-proton methine singlet at about
5.1 ppm, while an aromatic one-proton singlet appeared 
at 7.7-8.3 ppm in the 4-unsubstituted compounds. 
Indeed, these latter spectra were identical with the 
spectra of solutions of the starting pteridinones in 
trifluoroacetic acid which had been reduced with 
hydrogen and platinum and with the spectra of tri
fluoroacetic acid solutions of the isolated, colorless
5,6-dihydro compounds obtained by catalytic reduction 
in water or ethanol ( vide su p ra ). It is thus evident that 
rearrangement of the 3,4- to the 5,6-dihydro isomers 
occurs in trifluoroacetic acid solution; this change

represents the long sought isomerization (even if 
irreversible) between the two series of dihydro com
pounds.

The various interconversions among the 3,4- and
5,6-dihydro isomers discussed above are summarized 
in Scheme VI.

Experimental Section31
2-Methyl-4-methylamino-6(l//)-pyrimidinone (3).— A  mixture 

of 30.0 g of 2-methyl-4-amina-6(lff)-pyrimidinone17 and 120 g of 
methylamine hydrochloride was heated in an oil bath for 30 min

(31) All melting points were determined on a Thomas-Hoover silicone oil 
bath apparatus and are uncorrected. Microanalyses were performed by the 
Schwarzkopf Microanalytical Laboratories, Woodside, N . Y ., Spang Micro- 
analytical Laboratories, Ann Arbor, Mich., and Dr. G. Robertson, Florham 
Park, N. J. U v spectra were determined on a Cary Model 11 recording 
ultraviolet spectrophotometer, ir spectra on a Perkin-Elmer Model 237B 
Infracord by the normal Nujol mull technique, and nmr spectra on a Varian 
A-60 instrument, using TM S  as internal standard in CFsCOOH as solvent 
(unless otherwise indicated).
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Scheme VI

Ri Ri Ri

T able V
N mr Spectra of R epresentative 

5,6-Dihydro-8-alkyl-7(877)-pteridinone-6-carboxylic 
A cid D erivatives“

Substrate
compd

no. Ri R2 Ce-H
22 2.83 (s, 3) 8.15 (s, 1) 5.28 (s, 1)
24 7.70 (m, 3) 

8.10 (m, 2)
8.30 (s, 1) 5.43 (s, 1)

25 3.40 (s, 6) 7.70 (s, 5) 5.13 (s, 1)
27 3.18 (s, 3) 2.55 (s, 3) 5.15 (s, 1)
28 3.13 (s, 3) 2.50 (s, 3) 5.17 (s, 1)
30 3.20 (s, 3) 7.70 (s, 1) 5.15 (s, 1)
31 3.16 (s, 3) 7.70 (s, 1) 5.20 (s, 1)

° These 5,6-dihydro compounds were prepared in CF3COOH 
solution by hydrogenation with H 2-Pd/C or H 2-P t0 2. Reduc
tion was complete within 30 m in; the catalyst was then removed 
by filtration and the nmr spectrum of the filtrate determined at 
room temperature [see A. Bobst and M. Viscontini, Helv. Chim. 
Acta, 49,875 (1966)].

with the internal temperature of the melt maintained at ISO- 
1950. A t the end of this time, the melt was cooled to about 100° 
and dissolved in 150 ml of warm water. The resulting solution 
was cooled to 0°, and the crystals which separated were collected 
by filtration (25 g ) and recrystallized from water, mp 279-281° 
dec (lit.11 mp 282° dec), yield 31.2 g (94%). Despite the agree
ment with the literature melting point, inspection of the nmr 
spectrum of this product indicated that it contains approximately
5-10% of unchanged 2-methyl-4-amino-6(ll¥)-pyrimidinone. 
This proved to be inconsequential, however, since the residual 
starting material was eliminated in the nitration step (see below).

2-Methyl-4-methylamino-5-nitro-6 (177 )-pyrimidinone (5).—• 
Over a period of 10 min, 6.0 g of 2-methyl-4-methylamino-6(177)- 
pyrimidinone was added to a mixture of 60 ml of fuming nitric 
acid and 24 ml of glacial acetic acid at 30-32°. The mixture was 
stirred at this temperature for an additional 30 min and then

poured into ice-water, and the precipitated solid was collected 
by filtration, washed with water, and dried, yield 4.3 g (55% ), mp 
301-302° dec. Recrystallization from dimethylformamide did 
not change the melting point.

A n d . Calcd for CeHsNA,: C, 39.13; H , 4.38; N , 30.43. 
Found: C,39.12; H , 4.51; N , 30.54.

Ethyl 2,8-Dimethyl-7(8i7)-pteridinone-6-carboxylate (21).— A 
solution of 3.5 g of 2-methyl-4-methylamino-5-nitro-6(177)- 
pyrim.dinone in 35 ml of phosphorus oxychloride was heated 
under reflux, with stirring, for 1.5 hr, the excess phosphorus 
oxychloride removed by distillation under reduced pressure, and 
the residual gum crystallized from ether. The resulting yellow, 
crystalline 2-methyl-4-methylamino-5-nitro-6-chloropyrimidine
(7) was dissolved in 40 ml of ethanol and 40 ml of water containing 
10 g of magnesium oxide and 1 g of palladium-on-carbon catalyst, 
and the mixture was hydrogenated at 60 psi in a Parr shaker. 
Hydrogen uptake was very rapid and was complete within 10 
min. The reduction mixture was filtered and 3.80 g of diethyl 
mesoxalate was added to the filtrate. The resulting solution was 
heated under reflux for 30 min, the ethanol evaporated under 
reduced pressure, and the residual solid recrystallized from etha
nol to give 2.0 g (40%) of yellow crystals, mp 94-95°.

Anal. Calcd for CnH „N 4Os: C, 53.22; H , 4.87; N , 22.57. 
Found: C, 53.33; H , 4.93; N , 22.50.

Methyl 2,8-Dimethyl-7(8//)-pteridinone-6-carboxylate (22).— A  
solution of 1.0 g of ethyl 2,8-dimethyl-7(877)-pteridinone-6- 
carboxylate in 25 ml of methanol containing a few crystals of 
thorium nitrate was heated under reflux for 24 hr and cooled, and 
the red crystals of the methyl ester were collected by filtration: 
yield 0.75 g (80% ); mp 153-154°; ir 1675 (C7- C = 0 ) ,  1725 
cm-1 (ester); nmr 5 9.41 (s, 1, C4-H ), 3.33 (s, 3, C2-CH3).

Anal. Calcd for C i0H 10N 4O3: C, 51.28; H , 4.30; N , 23.92. 
Found: C, 51.31; H, 4.37; N , 23.86.

2-Phenyl-4-methylamino-6(li7)-pyrimidinone (4).— A  mixture 
of 20 g of 2-phenyl-4-amino-6(177)-pyrimidinone19 and 80 g of 
methylamine hydrochloride was stirred and heated at 235-240° 
(internal temperature) for 45 min. The melt was then cooled to 
about 100°, digested with 150 ml of warm water, and cooled, and 
the precipitate was collected by filtration, yield 14.7 g (70% ), 
mp 255-257°. The compound was recrystallized for analysis 
from dimethylformamide; the crude product (containing some 
10%  of unchanged starting material by nmr) could be used 
directly in the next step.

Anal. Calcd for CuSuNjO: C, 65.67; H, 5.51; N , 20.88. 
Found: C, 65.50; H, 5.27; N , 20.79.

2-Phenyl-4-methylamino-5-nitro-6(li7)-pyrimidinone (6).— To 
a mixture of 12 ml of fuming nitric acid and 60 ml of glacial acetic 
acid at 25-30° was added, over a period of 15 min, 10.8 g of
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2-phenyl-4-methylamino-6( ITT )-pyrimidinone. The mixture was 
stirred for an additional 15 min and then poured into 150 ml of 
ice-water. The resulting purple solid was collected by filtration, 
washed well with water, and then recrystallized from aqueous 
dimethylformamide to give 9.3 g (78% ) of cream-colored crystals, 
mp 330-332° dec.

Anal. Calcd for C .jih o N A : C, 53.64; H , 4.09; N , 22.76. 
Found: C, 53.47; H , 3.96; N , 22.51.

Ethyl 2-Phenyl-8-methyl-7 (877 j-pteridinone-6-carboxylate (23). 
— A  suspension of 6.0 g of 2-phenyl-4-methyIamino-5-nitro-6- 
(lff)-pyrim idinone in 60 ml of phosphorus oxychloride was 
heated under reflux with stirring for 2.5 hr. A  homogeneous 
solution resulted after about 1 hr of heating. The excess phos
phorus oxychloride was removed by distillation under reduced 
pressure and the residual solid recrystallized from ether to give
4.35 g of 2-phenyl-4-methylamino-5-nitro-6-chloropyrimidine
(8). This material was dissolved in 120 ml of 50% aqueous etha
nol containing 12 g of magnesium oxide and 2.0 g of Pd/C cata
lyst and hydrogenated in a Parr apparatus until hydrogen uptake 
was complete (about 20 min). The reduction mixture was 
filtered, and to the filtrate was added 4.0 g of diethyl mesoxalate. 
The mixture was heated under reflux for 30 min and filtered, and 
the collected colorless solid recrystallized from ethanol to give
2.75 g (58% ); mp 203-204°; ir 1690 (C ,-C = 0 ),  1760 cm“ 1 
(ester); nmr S 9.51 (s, 1, C4-H ).

Anal. Calcd for C^H hNAV. C, 61.93; H , 4.55; N , 18.06. 
Found: C, 62.05; H, 4.47; N , 18.15.

Methyl 2-Phenyl-8-methyl-7(877)-pteridinone-6-carboxylate 
(24).— Heating a solution of 1.0 g of ethyl 2-phenyI-8-methyI- 
7(877)-pteridinone-6-carboxylate for 24 hr in 100 ml of methanol 
resulted in the separation of 0.95 g of pure methyl ester: mp
202-203°; ir 1675 (C7- C = 0 ), 1750 cm-1 (ester); nmr 5 9.61 
(s, 1, 0 ,-H ).

Anal. Calcd for CisH^l^Ch: C, 60.80; H , 4.08; N , 18.91. 
Found: C, 60.60; H, 4.20; N , 18.82.

2-Dimethylamino-4-phenyl-6(177)-pyrimidinone ( 11).— A  solu
tion of 46 g (0.17 mol) of dimethylguanidine sulfate in 240 ml of 
methanol containing 8.5 g (0.37 mol) of sodium was heated under 
reflux for 30 min, the precipitated sodium sulfate filtered off, 
and 66 g (0.34 mol) of ethyl benzoylacetate added to the filtrate. 
The resulting solution was heated under reflux for 18 hr, the 
excess methanol removed by distillation under reduced pressure, 
and the semicrystalline residue dissolved in water. The pH was 
adjusted to 6-7 with acetic acid and the precipitated colorless 
crystals were collected by filtration, yield 26.7 g (37% ), mp 
240-241° (acetophenone separated from the filtrate as an oil). 
Recrystallization of the solid from methanol raised the melting 
point to 242-243°.

Anal. Calcd for C12H 13N 3O: C, 66.95; H , 6.09; N , 19.52. 
Found: C, 66.95; H , 6.16; N , 19.80.

2-Dimethylamino-4-phenyl-5-nitroso-6 (177 )-pyrimidinone (12). 
— To a solution of 10.5 g of 2-dimethylamino-4-phenyl-6(177)- 
pyrimidinone in 40 ml of 5 TV sulfuric acid was added 4.0 g of 
sodium nitrite dissolved in 15 ml of water. The mixture was 
stirred at room temperature for 4 hr, solid sodium acetate added to 
pH 6, and the precipitated solid collected by filtration and washed 
well with water, yield 11.3 g (92% ). The analytical sample 
melted at 133-134° after recrystallization from ethanol.

Anal. Calcd for C12H 12N 4O2: C, 59.01; H, 4.95; N , 22.94. 
Found: C, 59.03; H , 5.07; N , 22.87.

2-Dimethylamino-4-phenyl-5-nitro-6 (177 )-pyrimidinone (13). 
Method A.— Aqueous 30% hydrogen peroxide (8 ml) was added 
dropwise over a period of 1 hr to a stirred solution of 4.0 g of 2- 
dimethylamino-4-phenyl-5-nitroso-6(177)-pyrimidinone in 40 ml 
of trifluoroacetic acid.20 The temperature of the mixture was 
maintained below 40°. The initial brown solution had become 
pale yellow after 6 hr of stirring; it was then diluted with 200 
ml of cold water and the precipitated solid collected by filtration 
and washed well with cold water, yield 2.2 g (52%), mp 277-278° 
dec (after recrystallization from dimethylformamide).

Method B.— To a cooled mixture of 50 ml of glacial acetic acid 
and 10 ml of fuming nitric acid was added slowly, and with 
stirring, 10 g of 2-dimethylamino-4-phenyl-6(177)-pyrimidinone; 
the temperature of the mixture was maintained below 20°. 
The mixture was stirred at room temperature for 15 min and then 
poured into 150 ml of ice-water and filtered and the product was 
washed well with water, yield 9.8 g (75% ), mp 274-276° dec.

Anal. Calcd for C,2H i2N 40 3: C, 55.38; H , 4.65; N , 21.53. 
Found: C, 55.55; H , 4.72; N , 21.60.

2-Dimethylamino-4-phenyl-5-nitro-6-ethylaminopyriinidine
(15).— A  mixture of 5.5 g of 2-dimethylamino-4-phenyl-5-nitro- 
6(177)-pyrimidinone and 55 ml of phosphorus oxychloride was 
heated under reflux for 2 hr and evaporated under reduced pres
sure, and the residual crystalline 6-chloro compound 14 was dis
solved in 500 ml of ether and filtered (to remove a small amount 
of insoluble impurity). To the cooled, stirred ether solution was 
added 60 ml of 30% aqueous ethylamine, and the two-phase 
system was stirred overnight. The ether layer was evaporated, 
the aqueous solution was diluted with an additional 100 ml of 
water, and the precipitated yellow crystals were filtered, washed 
well with water, and dried, yield 5.5 g (92% ), mp 123-125°.

Anal. Calcd for CuHnNs02: C, 58.52; H, 5.96; N , 24.38. 
Found: C, 58.32; H, 5.95; N , 24.62.

Ethyl 2-Dimethylamino-4-phenyl-8-ethyl-7 (877 )-pteridinone-6- 
carboxylate (25).— A  solution of 4.45 g of 2-dimethylamino-4- 
phenyl-5-nitro-6-ethylaminopyrimidine in 75 ml of ethanol con
taining 0.4 g of Pd/C catalyst was hydrogenated in a Parr 
apparatus at room temperature until hydrogen uptake was 
complete. The mixture was filtered, the filtrate evaporated to 
35 ml, 4.0 g of diethyl mesoxalate added, and the solution then 
heated under reflux for 2 hr. Cooling resulted in the separation 
of 3.65 g (74%) of orange crystals, mp 132-134°, which were 
recrystallized from ethanol: ir 1675 (C7- C = 0 ) ,  1740 cm-1
(ester).

Anal. Calcd for C 19H 21N 5O3 : C, 62.11; H , 5.76; N , 19.06. 
Found: C, 62.26; H, 5.73; N , 19.19.

2,6-Bis(methylamino)-4-methyl-5-nitropyrimidine (17), mp 
234-235°, was prepared by the procedure described8 for the prep
aration of 2,6-bis(ethylamino)-4-methyl~5-nitropyrimidine, ex
cept that methylamine was employed instead of ethylamine.

Anal. Calcd for CîHiiNsCh: C, 42.63; H , 5.62; N , 35.52. 
Found: C, 42.42; H , 5.69; N , 35.60.

Ethyl 2-Methylamino-4,8-dimethyl-7 (877)-pteridinone-6-car- 
boxylate (26).— A  suspension of 15.0 g of 2,6-bis(methyl- 
amino)-4-methyl-5-nitropyrimidine in 150 ml of ethanol contain
ing 1.8 g of 10% Pd/C catalyst was hydrogenated in a Parr 
apparatus at room temperature until hydrogen uptake was 
complete (about 15 min). The catalyst was removed by filtra
tion, and to the filtrate was added 14.5 g of diethyl mesoxalate. 
The mixture was heated under reflux for 15 min, cooled, and 
filtered to give 17.0 g (81% ) of yellow crystals, mp 220-222°, 
which were recrystallized from ethanol: ir 1675 (C7- C = 0 ), 1745 
cm-1 (ester).

Anal. Calcd for C^H^NsCh: C, 51.98; H , 5.45; N , 25.26. 
Found: C, 51.87; H, 5.41; N , 25.32.

The corresponding methyl ester 27, mp 254-255°, was pre
pared in the usual manner by transesterification in methanol: 
nmr 5 2.96 (s, 3, C2-CH3).

Anal. Calcd for ^ ¡H ;sN 60 3: C, 50.18; H, 4.98; N , 26.61. 
Found: C, 50.22; H , 4.95; N , 26.62.

2-Methylamino-4,8-dimethyl-7(877)-pteridinone-6-carboxylic 
acid (28) was prepared from the ethyl (or methyl) ester by heating 
for 30 min with 0.1 TV sodium hydroxide, followed by acidification 
of the alkaline solution. The free acid was obtained as yellow 
crystals, mp 259-260° dec, upon recrystallization from dimethyl
formamide: ir 1765 cm-1 (acid); nmr S 3.07 (s, 3, C 2-CH 3 ).

Anal. Calcd for CJ0Hi,N6O3: C, 48.19; H , 4.45; N , 28.10. 
Found: C, 48.38; H , 4.52; N , 28.12.

2,4-Bis(methylamino)-5-nitropyrimidine (18), mp 260-261°, 
was prepared as described8 for the corresponding 2,4-bis(ethyl- 
amino) compound except that methylamine was used instead of 
ethylamine.

Anal. Calcd for C sH ^C h : C, 39.34; H , 4.95; N , 38.24. 
Found: C, 39.58; H, 4.96; N , 38.30.

Ethyl 2-methylamino-8-methyl-7 (877)-pteridinone-6-carboxylate
(29) was prepared essentially by the method described8 for the 
preparation of ethyl 2-ethylamino-8-ethyl-7(8T7)-pteridinone-6- 
carboxylate except that the ethanol solution of 2,4-bis(methyl- 
amino)-5-aminopyrimidine (from the catalytic reduction) was 
treated directly with diethyl mesoxalate. The product was ob
tained as glistening yellow needles, mp 197-198° dec, upon re
crystallization from ethanol.

Anal. Calcd for CuH13N 50 3: C, 50.18; H , 4.98; N , 26.61. 
Found: C, 50.35; H, 5.02; N , 26.48.

The methyl ester 30, mp 245-246° (from water), was prepared 
by transesterification in the usual manner by refluxing in metha
nol with a crystal of thorium nitrate as catalyst: ir 1675 (G r  
C = 0 ) ,  1750 cm-1 (ester); nmr S 9.00 (s, 1, C4-H ).
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Anal. Calcd for C ,J I„N 60 3: C, 48.19; H, 4.45; N , 28.10. 
Found: C, 48.31; H, 4.44; N , 28.18.

2-Methylammo-8-methyl-7(8fi)-pteridinone-6-caiboxylic acid
(31) was prepared from the above methyl ester by heating in 0.5 
N  sodium hydroxide solution for 3 hr, followed by acidification. 
The free acid, mp 247-248° dec, was recrystallized from dimethyl- 
formamide for analysis: ir 1680 (C7- C = 0 ), 1712 cm-1 (acid); 
nmr 8 9.23 (s, 1, C4-H ).

Anal. Calcd for CgHgNsOs: C, 45.96; H , 3.86; N , 29.78. 
Found: C, 46.05; H , 3.95; N , 29.72.

Ethyl 2-Methoxy-8-methyl-7(87/)-pteridinone-6-carboxylate
(32) .— A  solution of 1.5 g of 2-methoxy-4-methylamino-5- 
nitropyrimidine32 33 in 50 ml of ethanol was reduced under 3 atm of 
hydrogen, using 5% Pd/C as catalyst. After hydrogen uptake 
had ceased, the mixture was filtered and 3 ml of diethyl mesoxa- 
late was added to the filtrate. The solution was then heated 
under reflux for 2 hr and evaporated to a small volume, and 50 ml 
of water was added to the syrupy residue, whereupon the product 
separated as a pale yellow solid, mp 99-102°, yield 1.5 g (70%). 
Recrystallization from water gave white needles: mp 100-102°; 
ir 1677 (C7-C = 0 ),  1739 cm“ 1 (ester).

Anal. Calcd for CnHi2N 40 4: C, 50.00; H , 4.58; N , 21.20. 
Found: C, 49.68; H , 4.52; N , 20.94.

2-Hydroxy-8-methyl-7(87/)-pteridinone-6-carboxylic Acid (33). 
Method A.— A  solution of 0.50 g of 2-hydroxy-4-methylamino-5- 
nitropyrimidine33 in 50 ml of water containing 2 equiv of sodium 
hydroxide was reduced under 3 atm of hydrogen, using 5% Pd/C 
as catalyst, until hydrogen absorption had ceased. The mixture 
was filtered, 1.0 g of sodium mesoxalate added to the filtrate, and 
the resulting solution heated under reflux for 2 hr. The mixture 
was then cooled and hydrochloric acid added to pH  5. Filtration 
gave 0.46 g (65% ) of an orange solid which was purified by re
precipitation from alkaline solution. The pale yellow solid 
turned green upon heating above 230° and then slowly decom
posed without melting up to 320°.

Anal. Calcd for C8H 6N 40 4 H 20 : C, 40.00; H, 3.36; N ,
23.33. Found: C, 40.32; H , 3.48; N , 23.60.

Method B.— Heating a solution of 0.50 g of ethyl 2-methoxy-8- 
methyl-7(8f/)-pteridinone-6-carboxylate in 50 ml of 0.1 N  
sodium hydroxide for 30 min on a steam bath followed by acidifica
tion gave 0.40 g (88% ) of a yellow solid identical in all respects 
with the product obtained by method A.

Ethyl 2-Hydroxy-8-methyl-7 (8H  )-pteridinone-6-carboxylate 
(34).— A solution of 0.50 g of 2-hydroxy-4-methvlamino-5- 
nitropyrimidine in 50 ml of water was reduced as described above, 
the catalyst removed by filtration, 1.0 ml of diethyl mesoxalate 
added to the filtrate, and the mixture heated under reflux for 1.5 
hr. The reaction mixture was evaporated to dryness under re
duced pressure and the residue triturated with water and filtered 
to give 0.49 g (67% ) of a gray solid, mp 253-256° dec. Recrystal
lization from ethanol gave small brown needles, mp 258-260° dec.

Anal. Calcd for CioHi0N 40 4: C, 48.00; H , 4.02; N , 22.39. 
Found: C, 47.92; H , 4.28; N , 22.62.

Ethyl 2-Ammo-8-methyl-7(8/7)-pteridinone-6-carboxylate (35). 
— A  suspension of 1.60 g of 2-amino-4-methylamino-5-nitro- 
pyrimidine34 in 100 ml of ethanol was reduced under 3 atm of 
hydrogen, using 5% Pd/C as catalyst, until hydrogen absorption 
ceased. The reduction mixture was filtered, 3 ml of diethyl 
mesoxalate added to the filtrate, and the mixture heated under 
reflux for 1 hr. Evaporation to a small volume under reduced 
pressure followed by dilution with water and chilling resulted in 
the crystallization of 1.71 g (72% ) of glistening yellow needles, 
mp 201-203°. Recrystallization from ethanol did not affect the 
melting point: ir (HCCI3) 1681 (C7- C = 0 ) ,  1739 cm-1 (ester).

Anal. Calcd for C10H 11N 5O3: C, 48.19; H , 4.45; N , 28.10. 
Found: C, 48.18; H , 4.37; N , 28.19.

Methyl 2-Amino-8-methyl-7(87/)-pteridinone-6-carboxylate 
(36).— This compound was prepared from 2-amino-4-methyl- 
amino-5-nitropyrimidine and dimethyl mesoxalate as described 
above, yield 54%, mp (from water) 237°.

Anal. Calcd for CgHsTShCh: C, 45.96; H , 3.86; N , 29.78. 
Found: C, 46.11; H, 3.84; N , 29.84.

2-Amino-8-methyl-7(87/)-pteridinone-6-carboxylic Acid (37).—  
A  suspension of 1.10 g of 2-amino-4-methylamino-5-nitropyrimi- 
dine34 in 80 ml of ethanol was reduced as described above and

(32) (a) D. J. Brown, J. Appl. Chem., 4, 72 (1954); (b) D. J. Brown, ibid., 
7, 109 (1957).

(33) D. J, Brown, ibid., 5, 358 (1955).
(34) E. C. Taylor and M. J. Thompson, J. Org. Chem., 26, 5224 (1961).

filtered, and the filtrate was evaporated to dryness. A  solution 
of 1.5 g of sodium mesoxalate in 30 ml of water was added to the 
residue, and the mixture was heated under reflux for 2 hr. 
Acidification with hydrochloric acid resulted in the separation of 
0.50 g (35% ) of a yellow solid which was purified by acidification 
of a hot solution of the potassium salt. The product was obtained 
as fine, mustard-yellow needles, mp 258° dec, which then resolidi
fied and remelted at 293-295°: ir 1754 cm-1 (acid).

Anal. Calcd for C8H7N 50 3: C, 43.44; H , 3.19; N , 31.67. 
Found: C, 43.18; H , 3.35; N , 31.76.

4-Methylamino-5-nitro-6-dimethylaminopyrimidine (19).— A 
suspension of 3.0 g of 4-chloro-5-nitro-6-dimethylaminopyrimi- 
dine® in 50 ml of ethanol was treated with 10 ml of 25% aqueous 
methylamine. The reaction mixture became warm and the 
chloropyrimidine dissolved. Evaporation under reduced pressure 
followed by crystallization of the residue from water gave 1.7 g 
(58% ) of fine, pale yellow needles, mp 101-101.5° (lit .36 mp 
96-97° ).

Anal. Calcd for C7HnN60 2: C, 42.63; H , 5.62; N , 35.52. 
Found: C, 42.80; H, 5.79; N , 35.61.

Ethyl 4-Dimethylamino-8-methyl-7 (8T7)-pteridinone-6-carbox- 
ylate (38).— A  solution of 4.0 g of 4-methylamino-5-nitro-6- 
dime jhylaminopyrimidine in 100 ml of ethanol was reduced with 
hydrogen, using 5% Pd/C as catalyst, until rapid hydrogen ab
sorption ceased. The mixture was filtered to remove the catalyst, 
8 ml of diethyl mesoxalate was added to the filtrate, and the 
resulting solution was heated under reflux for 1 hr. Evaporation 
under reduced pressure to 30 ml, dilution with water, and chilling 
to 0° resulted in the separation of 4.3 g (76% ) of a bright yellow 
solid, mp 122-123°. Recrystallization from aqueous ethanol 
gave fine, canary-yellow needles: mp 124-125°; ir (HCCh)
1667 (C7- C = 0 ) ,  1733 cm' 1 (ester).

Anal. Calcd for C i2H 16N 60 3: C, 51.98; H , 5.45; N , 25.26. 
Found: C, 52.18; H, 5.54; N , 25.54.

4-DimethyIamino-8-methyl-7 (8 H  )-pteridinone-6-carboxylic 
Acid (39).— A  mixture of 2.0 g of ethyl 4-dimethylamino-8- 
methyl-7(8T/)-pteridinone-6-carboxylate, 2 g of sodium hydroxide 
and 100 ml of water was allowed to stand at room temperature 
for 14 hr. The resulting solution was carefully acidified with 
hydrochloric acid. Filtration then gave 1.6 g (89% ) of a yellow 
solid, mp 209-210°. Recrystallization from aqueous ethanol 
yielded fine, brilliant yellow needles, mp 210-211°. The acid 
could be sublimed in  vacuo without decarboxylation: ir (HCC13) 
1761 cm-1 (acid).

Anal. Calcd for CwHu^Os: C, 48.19; H , 4.45; N , 28.10. 
Found: C, 47.94; H, 4.60; N , 28.22.

4,6-Bis(ethylamino)-5-nitropyrimidine (20).— A  solution of
10.0 g of 4,6-dichloro-5-nitropyrimidine in 150 ml of ethanol was 
treated with an excess of aqueous ethylamine (70% ). A  vigorous 
reactian ensued with the separation of 8.2 g (76% ) of pale yellow 
needles, mp 86-87°. Recrystallization from ethanol raised the 
melting point to 87-88°.

Anal. Calcd for C8H i3N 60 2: C, 45.49; H , 6.20; N , 33.16. 
Found: C, 45.50; H, 6.39; N , 33.42.

Ethyl 4-Ethylamino-8-ethyl-7(8//)-pteridmone-6-carboxylate
(40) .— A  solution of 2.14 g of 4,6-bis(ethylamino)-5-nitropyrimi- 
dine in 100 ml of ethanol was reduced with hydrogen, using 5% 
Pd/C as catalyst. After hydrogen uptake had ceased, several 
milliliters of ethanolic hydrogen chloride were added, the mixture 
filtered, and 3.5 ml of diethyl mesoxalate added to the filtrate. 
The mixture was heated under reflux for 30 min, the ethanol 
removed by evaporation under reduced pressure, and the residue 
triturated with 50 ml of water. Filtration gave 2.30 g (81% ) of 
a yellow-green solid, mp 88-93°. Recrystallization from aqueous 
ethanol gave long golden-yellow needles: mp 93-95°; ir (HCC13) 
1667 (C7-C = 0 ) ,  1733 cm-1 (ester).

Anol. Calcd for C13H 17N 60 3: C, 53.60; H , 5.88; N , 24.04. 
Found: C, 53.85; H , 6.02; N , 24.01.

4-Ethylamino-8-ethyl-7(8//)-pteridinone-6-carboxylic Acid.
(41) .'—A  solution of 0.60 g of ethyl 4-ethylamino-8-ethyl-7(8H)- 
pteridinone-6-carboxylate in 40 ml of water containing 0.6 g 
of sodium hydroxide was stirred at room temperature overnight, 
cooled, and acidified with hydrochloric acid. Filtration yielded 
0.45 g (83% ) of a bright yellow solid, mp 186-189°. Recrystal
lization from water gave bright yellow needles, mp 191-193°. 
The acid could be sublimed in  vacuo without change: ir (HCC13) 
1751 cm-1 (acid).

(35) F. L. Rose, /. Chem. Soc., 4116 (1954).
(36) D. Soli and W. Pfleiderer, Chem. Ber., 96, 2977 (1963).
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Anal. Calcd for C hH uN bOs: C, 50.18; H , 4.98; N , 26.61. 
Found: C, 50.32; H , 5.14; N , 26.93.

Ethyl 8-Methyl-7 ( 8 H )-pteridinone-6-carboxylate (42).— A  solu
tion of 2.0 g of 4-methylamino-5-aminopyrimidine32'‘ and 5.0 g of 
diethyl mesoxalate in 10 ml of ethanol was heated under reflux 
for 2 hr and then diluted with 10 ml of water. Chilling resulted 
in the separation of 3.5 g (93% ) of white needles, mp 115-116°, 
which were recrystallized from aqueous ethanol: ir (CC14) 1695 
(C7- C = 0 ) ,  1758 cm -1 (ester).

Anal. Calcd for C i0H i0N 4O3: C, 51.28; H, 4.30; N , 23.92. 
Found: C, 51.30; H , 4.52; N , 23.66.

Reduction with Sodium Borohydride. General Procedure.— A 
solution of 0.01 mol of the 7(8Z/)-pteridinone-6-carboxylate in 20 
ml of dimethylformamide was treated with 0.015 mol of sodium 
borohydride. The resulting mixture was stirred at room tempera
ture for 30 min and diluted with water and the excess sodium 
borohydride was decomposed by the cautious addition of dilute 
acetic acid. The precipitated orange solid was collected by filtra
tion, washed well with water, and dried. The dihydro acids 
were reduced analogously but in 1 A  sodium hydroxide solution. 
When solubility permitted, the 3,4-dihydro compounds were re
crystallized from hot dimethylformamide.

Methyl 2,8-dimethyl-3,4-dihydro-7 (8/7)-pteridinone-6-carbox- 
ylate (43): mp 265-266° dec (75% yield ); ir 1705 cm-1 (ester); 
nmr 8 2.75 (s, 3, C2-CH3), 5.12 (br s, 2, C4-H ) (at -1 5 ° ) .

Anal. Calcd for C ioH i2N 40 3: C, 50.84; H , 5.12; N , 23.72. 
Found: C, 50.61; H , 5.19; N , 23.91.

Methyl 2-phenyl-8-methyl-3,4-dihydro-7 (8H  )-pteridinone-6- 
carboxylate (44): mp 210-211° dec (30% yield); ir (1720
cm-1 (ester); nmr 8 5.20 (br s, 2, C4-H ) (at — 15°).

Anal. Calcd for Ci5H i4N 40 3: C, 60.39; H , 4.73; N , 18.78. 
Found: C, 60.12; H, 4.96; N , 18.65.

Methyl 2-methylamino-4,8-dimethyl-3,4-dihydro-7(8//)-pteri- 
dinone-6-carboxylate (45): mp 242-244° dec (rapid heating)
(90% yield); ir 1700 cm-1 (ester); nmr 8 5.00 (q, 1, C4-H ) (at 
room temperature), 1.66 (d, 3, C4-CH3) (at —15°).

Anal. Calcd for CuHi5N s0 3: C, 49.80; H, 5.70; N , 26.40. 
Found: C, 49.72; H , 5.86; N , 26.48.

2-Methylamino-4,8-dimethyl-3,4-dihydro-7 (8/f )-pteridinone-6- 
carboxylic acid (46): mp 235-237° dec (78% yield); ir 1720 
cm-1 (acid); nmr 5 5.18 (q, 1, C4-H ), 1.83 (d, 3, C4-CH3) (at 
- 1 5 ° ) .

Anal. Calcd for C ioH iSN 60 3: C, 47.80; H , 5.22; N , 27.88. 
Found: C, 47.83; H , 5.09; N , 27.70.

Methyl 2-methylamino-8-methyl-3,4-dihydro-7(8//)-pteridi- 
none-6-carboxylate (47): mp 278-280° dec (35% yield); ir 
1700 cm-1 (ester); nmr 8 4.98 (brs, 2, C4-H ) (at —15°).

Anal. Calcd for C 10H 13N 5O3 : C, 47.80; H, 5.22; N , 27.88. 
Found: C, 47.76; H , 5.39; N , 27.70.

2-Methylamino-8-methyl-3,4-dihydro-7 (8 H  )-pteridinone-6- 
carboxylic acid (48): mp 270-272° dec (60% yield); ir 1705 
cm-1 (acid); nmr 8 4.98 (br s, 2, C4-H ) (at —15°).

Anal. Calcd for C .HuN ,0 ,: C, 45.57; H , 4.67; N , 29.53. 
Found: C, 45.68; H . 4.71; N , 29.58.

Ethyl 2-methoxy-8-methyl-3,4-dihydro-7 (8H  )-pteridinone-6- 
carboxylate (49): mp 267-268° dec (36% yield); ir 1709 cm-1 
(ester)

Anal. Calcd for CuH14N 40 4: C, 49.62; H , 5.30; N , 21.04. 
Found: C, 49.85; H, 5.42; N , 21.00.

8-M ethyl-3,4-dihydro-2,7 (T//,8//)-pteridinedione-G-carboxylic 
acid (50): mp 277-278° dec (70% yield; the same compound 
was prepared in 71% yield by alkaline hydrolysis of ethyl 2- 
methoxv-8-methyl-3,4-dihydro-7(8//)-pteridinone-6-carboxylate).

Anal". Calcd for C8H 8N 40 4: C, 42.86; H , 3.60; N , 24.99. 
Found: C, 43.03; H , 3.49; N , 25.21.

Ethyl 8-methyl-3,4-dihydro-2,7 (1/7,8/7 )-pteridinedione-6-car- 
boxylate (51): mp 305-307° dec (75% yield).

Anal, Calcd for C i0H i2N 4O4: C, 47.62; H , 4.80; N , 22.22. 
Found: C, 47.68; H , 4.92; N , 22.03.

Catalytic Reduction of Ethyl 2-Ethylamino-8-ethyl-7(8Zf)- 
pteridir.one-6-carboxylate (52).— To a solution of 0.30 g of 528 
in 250 ml of ethanol was added 0.2 g of P t0 2 catalyst and the 
mixture was shaken with hydrogen in a Parr apparatus for 2 hr 
at room temperature. I t  was then heated to boiling and filtered, 
and the filtrate was cooled and filtered to give 0.06 g (19% ) of a 
bright yellow solid, mp 298°, identical with an authentic sample 
of ethyl 8-ethyl-3,4-dihydro-7(8Z/)-pteridinone-6-carboxylate (53) 
prepared by the reduction of 52 ¡with sodium borohydride.8’37

(37) This compound was described as the 5,8-dihydro derivative in the 
original publication.8

The uv spectrum of the filtrate exhibited a maximum at 358 nm, 
as contrasted with 390 nm for the starting material, and 405 nm 
for the 3,4-dihydro ester 53. An attempt to isolate this presumed
5,6-dihydro ester 54 by evaporation of the filtrate, however, gave 
only unchanged ethyl 2-ethylamino-8-ethyl-7(8//)-pteridinone-6- 
carboxylate (52), mp 142-144°, resulting from rapid air oxidation 
of the extremely labile 5,6-dihydro derivative 54.

2-Ethylamino-8-ethyl-5,6-dihydro-7(8//)-pteridinone-6-carbox- 
ylic Acid (57).— A  solution of 1.0 g of 2-ethylamino-8-ethyl-7(8//)- 
pteridinone-6-carboxylic acid (55) in 50 ml of water containing 
2 equiv of sodium hydroxide was shaken with hydrogen and 5% 
palladium-on-carbon catalyst until 1 mol of hydrogen had been 
absorbed. The reduction mixture was filtered and the filtrate 
weis acidified with concentrated hydrochloric acid and then evapo
rated to dryness under reduced pressure. The residue was 
triturated with ethanol and filtered to remove sodium chloride. 
Evaporation of the ethanol filtrate gave a gray-green solid which 
was dissolved in 10 ml of water. A  yellow solid precipitated after 
a few minutes at 0°. Filtration gave 0.27 g (27% ) of a light green 
solid, mp 175° dec. The product was unstable, for it rapidly 
turned brown upon standing in the air.

Anal. Calcd for CnHisNsCh: C, 49.80; H , 5.70; N , 26.40. 
Found: C, 49.06; H , 5.82; N , 26.70.

2-Ethylamino-8-ethyl-7(8Z7)-pteridinone (58).— A  solution of 
0.26 g of 2-ethylamino-8-ethyl-7(8Z7)-pteridinone-6-carboxylic 
acid (55) in 10 ml of water containing 1 equiv of sodium hydroxide 
was shaken with 3 atm of hydrogen, using 5% Pd/C catalyst, 
until 1 mol of hydrogen had been absorbed. The solution was 
filtered and 1.0 g of potassium ferricyanide in 10 ml of water was 
added to the filtrate. A fter 10 min, the white precipitate which 
had formed was collected by filtration to give 0.13 g (60% ), mp 
159-163°. Recrystallization from water raised the melting point 
to 164-165° (lit .8 mp 155°).

Ethyl 2-Methoxy-8-methyl-5,6-dihydro-7 (8H  )-pteridinone-6- 
carboxylate (59).— To a solution of 0.50 g of ethyl 2-methoxy-8- 
methyl-7(8Z/)-pteridinone-6-carboxylate (32) in 25 ml of glacial 
acetic acid was added, with stirring, zinc dust until the initial 
yellow color of the solution had disappeared. The mixture was 
then filtered to remove excess zinc and the filtrate was evaporated 
to dryness under reduced pressure. The residue was dissolved in 
5 ml of ethanol, several pieces of ice were added, and the mixture 
was stirred until crystallization was complete. Filtration gave 
0.40 g (80%) of a light yellow solid, mp 133-135°. Recrystalliza
tion from water then gave a white, microcrystalline solid, mp 
138-139°. I t  is apparently stable in air but oxidizes extremely 
rapidly in solution in the presence of a trace of alkali to regenerate 
the starting material: X ^ '0H 219 nm (log e4.44), 337 (3.79); ir 
(HCCla) 1709, 1739 cm-1.

Anal. Calcd for CuH i4N 40 4: C, 49.62; H , 5.30; N , 21.04. 
Found: C, 49.77; H , 5.32; N , 21.25.

Ethyl 4-Dimethylamino-8-methyl-5,6-dihydro-7 (8H  )-pteridi- 
none-6-carboxylate (60).— A  solution of 1.2 g of ethyl 4-dimethyl- 
amino-8-methyl-7(8//)-pteridinone-6-carboxylate (38) in 100 ml 
of ethanol was reduced with hydrogen, using 5% Pd/C as catalyst, 
until 1 mol of hydrogen had been absorbed. The reduction mix
ture was filtered to remove catalyst and the filtrate concentrated 
under reduced pressure to approximately 5 ml. Addition of 15 
ml of water followed by several pieces of solid carbon dioxide 
resulted in the crystallization of 1.2 g ( 100% ) of fine white needles, 
mp 76-78°. This dihydro ester is readily oxidized in solution 
back to the starting material but may be preserved in the solid 
state by storage in the absence of oxygen. I t  is considerably less 
stable than the corresponding 4-ethylamino derivative described 
below: X S T H 229 nm (log e 4.26), 286 (3.80), 324 (3.79); ir 
(HCCI3 ) 1695, 1739 cm "1.

Anal. Calcd for Ci2H 17N 60 3: C, 51.60; H , 6.14; N , 25.08. 
Found: C, 51.26; H , 6.27; N , 25.35.

4-Dimethylamino-8-methyl-7 (8/7 )-pteridinone (61).— A  solu
tion of 0.40 g of 4-dimethylamino-8-methyl-7(8Zf)-pterid:none-6- 
carboxylic acid (39) in 30 ml of ethanol was reduced with hydro
gen, using 5%  Pd/C as catalyst, until 1 mol of hydrogen had 
been absorbed. This solution then exhibited ultraviolet absorp
tion maxima at 260, 267, and 318 nm. Oxygen was bubbled 
through the reduction solution for 10 min, the ethanol was re
moved by evaporation under reduced pressure, and the residue 
was triturated with cold water. Filtration gave 0.26 g (79% ) of 
fine pale green needles, mp 161-163°. The material was purified 
by sublimation at 140° (0.05 mm), followed by crystallization from 
ethanol, and was obtained as fine white needles, mp 161-163° 
(lit .36 mp 159-161°). The product exhibited ultraviolet absorp
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tion maxima at 211, 232, 246, 264, 303, and 356 nm. Catalytic 
reduction of this compound in ethanol solution, using Pd/C 
catalyst, resulted in the uptake of 1 mol of hydrogen. The uv 
spectrum of this reduction solution was identical with the spec
trum given by the reduction solution of the carboxylic acid, in
dicating that decarboxylation had apparently accompanied re
duction of the latter. 4-Dimethylamino-8-methyl-5,6-dihydro- 
7(8ii)-pteridinone was too readily oxidized by air to permit 
isolation and characterization as a solid.

Anal. Calcd for CfHuN60 : C, 52.67; H , 5.40; N , 34.13. 
Found: C, 52.98; H , 5.61; N , 34.06.

Ethyl 4-Ethylamino-8-ethyl-5,6-dihydro-7(877 )-pteridinone-6- 
carboxylate (62).— A  solution of 1.0 g of ethyl 4-ethylamino-8- 
ethyl-7(8H)-pteridinone-6-carboxylate (40) in 50 ml of ethanol 
was reduced with hydrogen, using 5% Pd/C as catalyst, until 1 
mol of hydrogen had been absorbed. The resulting colorless solu
tion was filtered, the filtrate was evaporated to dryness 
under reduced pressure, and the residue was dissolved in water. 
Chilling resulted in the separation of 1.0 g (100%) of small white 
plates, mp 129-131°. Recrystallization from aqueous ethanol 
raised the melting point to 132-133.5°. This dihydro ester was 
readily oxidized in solution by air back to the starting material, 
but the solid was more stable and could be preserved without 
difficulty by storing in the absence of oxygen: x S «s0H 216 nm 
(log e 4.32), 228 sh (4.25), 275 (3.89), 317 (3.70); ir (HCCls) 
1689, 1742 cm“ 1.

Anal. Calcd for Ci3H 19N 50 3: C, 53.23; H, 6.53; N , 23.88. 
Found: C, 53.42; H, 6.62; N , 23.68.

4-Ethylamino-8-ethyl-7(87/)-pteridinone (63).— A solution of 
0.20 g of 4-ethylamino-8-ethyl-7(8/7)-pteridinone-6-carboxylic 
acid (41) in 20 ml of ethanol was reduced with hydrogen, using 
5% Pd/C as catalyst, until 1 mol of hydrogen had been absorbed. 
This solution exhibited uv maxima at 215, 276, and 317 nm. 
Evaporation of the ethanol, addition of water to the residue, and 
filtration give 0.10 g (60% ) of a white solid, mp 126.5-127.5°, 
which exhibited uv maxima at 226, 259, and 353 nm in ethanol 
solution. Isolation of this material is facilitated if oxygen is 
bubbled through the reduction solution prior to evaporation. 
Catalytic reduction of this compound in ethanol solution, using 
Pd/C catalyst, resulted in the uptake of 1 mol of hydrogen. 
The uv spectrum of this reduction solution was identical with 
the spectrum of the reduction solution of the carboxylic acid. 
However, 4-ethylamino-8-ethyl-5,6-dihydro-7 (8i7)-pteridinone
could not be isolated because of the ease with which it is re
oxidized by air to 4-ethylamino-8-ethyl-7(8flr)-pteridinone (63).

Anal. Calcd for C10H 13N 5O: C, 54.78; H , 5.98; N , 31.95. 
Found: C, 55.05; H , 6.08; N , 31.70.

2-Ammo-8-ethyl-4,7(317,8//)-pteridinedione (67).— A  solution 
of 1.0 g of 2-amino-8-ethyl-4,7(377,8T7)-pteridinedione-6-carbox- 
ylic acid (64)4' in 100 ml of water containing 0.6 g of potassium 
hydroxide was reduced under 3 atm of hydrogen, using 5% 
Pd/C as catalyst. After 4 hr, the catalyst was removed by filtra
tion and the filtrate treated with a solution of potassium ferri- 
cyanide until the color persisted. The solid which precipitated 
was collected by filtration, washed well with water, and dried to 
give 0.7 g (78% ), mp >300°. An alkaline solution of this mate
rial exhibited a bright blue fluorescence. Recrystallization from 
aqueous ethanol gave colorless plates. The same product was 
formed in lower yield and more slowly when the reduction mixture 
was acidified with acetic acid rather than treated with potassium 
ferricyanide solution.

Anal. Calcd for CsH gN 60 2-H20 : C, 42.66; H . 4.92; N , 
31.10. Found: C, 42.90; H, 5.18; N , 30.94.

2-Ethylamino-8-ethyl-3,4-dihydro-7 (877 )-pteridinone (69).— 2- 
Ethylamino-8-ethyl-3,4-dihydro-7(877) -pteridinone-6 - carboxylic 
acid8 (1 g ) was heated for 3 days at 175° under vacuum (0.1 mm). 
The sublimate (0.3 g ) was identified as 2-ethykmino-8-ethyl- 
7(877)-pteridinone by comparison with an authentic sample.8 
The orange-yellow residue was repeatedly recrystallized from 
water with the use of a small amount of decolorizing charcoal to 
give 0.3 g (36% ) of glittering orange-yellow crystals: mp 243- 
244°; 242 nm (log e 3.76), 280 (3.54), 390 (4.26); pTC, =
3.75 ±  0.04.

Anal. Calcd for CwH 16N 60 ; C, 54.28; H , 6.83; N , 31.66. 
Found: C, 53.96; H , 6 .66; N , 31.78.

2-Amino-3,8-dimethyl-6-carbomethoxy-7-oxo-7,8-dihydropteri- 
dinium Tosylate (70).— A  mixture of 0.50 g of methyl 2-amino-
8-methyl-7(877)-pteridinone-6-carboxylate (36) and 10 ml of 
methyl p-toluenesulfonate was heated for 1 hr at 120°, cooled, 
and filtered. The collected solid was washed well with ether and

then dried at 100°, yield 0.72 g (81%), mp 233°. The analytical 
sample was prepared by dissolution of the above solid in methanol 
followed by precipitation by addition of ether: nmr S 4.17 (s, 3, 
N+-CI-R), 9.03 (s, 1, C4-H ).

Anal. Calcd for Ci0H 12N 6O3-C7B 7SO3: C, 48.45; H , 4.55; 
N , 16.62; OCH3, 7.37. Found: C, 48.19; H , 4.65; N , 16.42; 
OCH3, 7.58.

2-Amino-3,8-dimethyl-6-carbethoxy-7-oxo-7,8-dihydropteridin- 
ium Tosylate (71).— A  mixture of 0.70 g of ethyl 2-amino-8- 
methyl-7(877)-pteridinone-6-carboxylate (35) and 14 g of methyl 
p-to:uenesulfonate was heated for 1.5 hr at 120°, and the fine 
colorless needles which had separated were collected by filtration 
(hot) and washed well with ether, yield 0.80 g (66% ), mp 245°. 
An additional 0.25 g of product, mp 240°, was obtained by cooling 
of the filtrate followed by filtration. The analytical sample, mp 
245°, was prepared in the form of colorless, silky needles by re
crystallization from ethanol: nmr S 4.2 (s, 3, N +-CH3), 9.00 (s, 
1, C4-H ).

Anal. Calcd for C iiH 14N 60 3-C,H7S0 3: C, 49.65; H , 4.86; 
N , 16.09; OC2H 6, 10.13. Found: C, 49.67; H , 4.79; N , 15.84; 
OC2H6, 10.91.

2-Methylamino-3,8-dimethyl-6-carbomethoxy-7-oxo-7,8-dihy- 
dropteridinium Tosylate (72).— In the same manner as described 
above, methyl 2-methylamino-8-methyl-7(877)-pteridinone-6-car- 
boxylate (30) was methylated by heating with methyl p-toluene- 
sulfonate: yield 75%; mp (by precipitation from methanol
solution with ether) 246°; nmr S 4.13 (s, 3, N +-CH 3), 9.05 (s, 1, 
C4-H ).

Anal. Calcd for CnHl4N 60 3-C,H,S03: C, 49.65; H, 4.86;
N , 16.09; OCH3, 7.13. Found: C, 49.80; H, 4.80; N , 15.89; 
OCH3, 7.30.

2-Methylamino-3,8-dimethyl-6-carbethoxy-7-oxo-7,8-dihydro- 
pteridmium Tosylate (73).— This compound was prepared as 
described above from ethyl 2-methylamino-8-methyl-7(8/7)- 
pteridinone-6-carboxylate (29) and methyl p-toluenesulfonate: 
yield 73%; mp (from methanol) 249°; nmr S 4.1 (s, 3, N+-CH3),
9.01 (s, 1, C4-H ).

Anal. Calcd for Ci2Hi6N60 3-C7H 7S03: C, 50.78; H, 5.16; 
N , 15.58; OC2H 6, 9.81. Found: C, 50.50; H , 5.11; N , 15.65; 
OC2H5, 11.10.

Methyl 2-Amino-3,8-dimethyl-3,4-dihydro-7(877)-pteridinone-
6-carboxylate (74).— To a suspension of 0.27 g of 70 in 10 ml of 
ethanol was added 0.15 g of sodium borohydride, and the mixture 
was diluted with 10 ml of water and stirred at room temperature 
for 12 hr. The yellow needles which had separated were collected 
by filtration, washed well with ether, and dried to give 0.12 g 
(75%), mp 230-233°. The analytical sample, mp 240°, was 
prepared by recrystallization first from water and then from 
methanol: nmr (in DMSO-d6) S 2.96 (s, 3, N 3-CH3), 4.36 (s, 2 , 
C4-CH2).

Anal. Calcd for Ck,Hi3N 60 3: C, 47.80; H , 5.22; N , 27.88. 
Found: C, 47.63; H , 5.33; N , 27.59.

Ethyl 2-Amino-3,8-dimethyl-3,4-dihydro-7(8H )-pteridinone-6- 
carboxylate (75).— To a solution of 0.20 g of 71 in 10 ml of water 
was added 0.10 g of sodium borohydride. The solution foamed 
slightly and turned yellow. After a few minutes a yellow solid 
started to separate. The mixture was stirred at room temperature 
for 3 hr and filtered, and the collected solid was washed well with 
ether and dried to give 0.12 g (96%), mp 181°. The analytical 
sample was prepared in the form of yellow, silky needles, mp 
194°, by recrystallization from ethanol: nmr (in DMSO-(4) &
2.97 (s, 3, N 3-CH3), 4.36 (s, 2, C4-CH2).

Anal. Calcd for OiiHuNsOrVJFiO: C, 48.52; H , 5.91;
N , 25.37. Found: C, 48.22; H, 5.89; N , 25.56.

Methyl 2-Methylamino-3,8-dimethyl-3,4-dihydro-7 (S II )-pteri- 
dinone-6-carboxylate (76).— A  solution of 0.50 g of 72 and 0.10 
g of sodium borohydride in 20 ml of methanol was stirred at room 
temperature for 30 min and evaporated to dryness, and the 
residue was triturated with 10 ml of water. Filtration then gave
O. 30 g of a yellow solid which was dissolved in 10 ml of hot water; 
neutralization with a few drops of hydrochloric acid and cooling 
gave 0.20 g (66% ) of yellow needles, mp 233°. The analytical 
sample, mp 240°, was prepared by recrystallization from metha
nol: nmr (in DMSO-d6) d 2.93 (s, 3, N 3-CH3), 4.31 («, 2, C,-C112).

Anal. Calcd for CuH i6N 60 3: C, 49.80; H , 5.70; N , 26.40. 
Found: C, 49.77; H, 5.61; N , 26.24.

Ethyl 2-M ethylamino-3,8-dimethyl-3,4-dihydro-7 (8H  )-pteridi- 
none-6-carboxylate (77).— To a suspension of 1.1 g of 73 in 50 
ml of ethanol was added 0.5 g of sodium borohydride. The 
mixture foamed slightly and turned greenish yellow and the
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suspended solid dissolved. Dilution with 150 ml of water, 
followed by evaporation under reduced pressure to a small volume, 
cooling, and filtering gave 0.7 g (97%) of yellow needles, mp201°. 
The analytical sample, mp 213°, was prepared by recrystalliza
tion from water: nmr (DMSO-d6) $ 2.94 (s, 3, N 3-CH3), 4.32 
(s, 2, C,-CH2).

Anal. Calcd for C12H 17N 5O3: C, 48.47; H, 6.44; N , 23.56. 
Found: C, 48.57; H, 6.13; N , 23.88.

3,8-Dimethylisoxanthopterincarboxylic Acid Ethyl Ester (78). 
— A  solution of 0.108 g of 2-amino-3,8-dimethyl-6-carbethoxy-7- 
oxo-7,8-dihydropteridinium tosylate (71) and 0.165 g of potassium 
ferricyanide in 27 ml of pH 7 buffer was stirred at room tempera
ture for 4 days and the light yellow precipitate was collected by 
filtration, washed with ether, and dried, yield 0.033 g (49%), mp 
305° (lit .88 mp 308°). The product was identical (tic ) with an 
authentic sample of 3,8-dimethylisoxanthopterincarboxylic acid 
ethyl ester, and its uv spectrum was also in agreement with 
published data: 266 nm (log c 3.92), 290 (3.87), 375 (4.38)
[lit.28 265 (3.94), 289 (3.81), 374 (4.38)].

Dimroth Rearrangement of 2-Amino-3,8-dimethyl-6-carbethoxy-
7-oxo-7,8-dihydropteridinium Tosylate (71).— A  solution of 75 
mg of 71 in 10 ml of saturated sodium bicarbonate solution was 
stirred at room temperature for 3 hr, and the bright yellow solid 
which had separated was collected by filtration, washed well 
with water, and dried, yield 19 mg (42%), mp 197-198°. The 
product was identical with an authentic sample of ethyl 2- 
methylamino-8-methyl-7 (8H  )-pteridinone-6-carboxylate (29).

Heating 100 mg of 71 in 10 ml of pH 9 buffer under reflux for

20 min, followed by acidification, gave 25 mg (46% ) of 2-methyl- 
amino-8-methyl-7(8ii)-pteridinone-6-carboxylic acid (31), identi
cal in every respect with an authentic sample.

Registry No.—4, 31937-01-6; 5, 31937-02-7; 6, 
31937-03-8; 11, 31937-04-9; 12, 31937-05-0; 13,
31937-06-1; 15, 31937-07-2; 17, 31937-08-3; 18,
5177-26-4; 20,31937-10-7; 21,31937-11-8; 22,31937-
12-9; 23, 31937-13-0; 24, 31937-14-1; 25, 31937-15-2; 
26, 31937-16-3; 27, 31937-17-4; 28, 31937-18-5; 29, 
31937-19-6; 30,31937-20-9; 31,31937-21-0; 32,2046- 
74-4; 33, 2046-73-3; 34, 2046-72-2; 35, 2539-49-3; 
36, 31937-26-5; 37, 2046-69-7; 38, 2046-68-6; 39, 
2235-77-0; 40,2046-67-5; 41,2235-76-9; 42,2047-23-6;
43, 31934-03-9; 44, 31934-04-0; 45, 31934-05-1 ;
46, 31934-06-2; 47, 31981-27-8; 48, 31934-07-3;
49, 31934-08-4; 50, 31934-09-5; 51, 31934-10-8;
52, 2144-73-2; 53, 31934-12-0; 57, 31934-13-1; 59, 
1471-66-5; 60, 1471-87-0; 61, 1639-38-9; 62, 1471- 
67-6; 63, 1471-81-4; 67, 31934-17-5; 69, 31934-18-6; 
70, 31934-19-7 ; 71, 31981-30-3; 72, 31981-31-4 ; 73, 
31934-20-0; 74, 31934-21-1; 75, 31934-22-2; 76,
31934-23-3; 77,31934-24-4.

Synthesis of the 1,4-Dihydropyrazine Ring System.
A Stable 8-7r-Electron Heterocycle

Sh u e -Je n  C h e n  a n d  F r a n k  W. F o w l e r *

Department of Chemistry, State University of New York at Stony Brook, Stony Brook, New York 11790

Received May 11, 1971

A previous report on the synthesis of the 1,4-dihydropyrazine ring system by the reaction of carboxylic anhy
drides with dihydropyrazine 4 has been shown to be incorrect. The tetrahydropyrazine 6 is the product of this 
reaction. A  stable dihydropyrazine 5a has been prepared from 4 using acetyl chloride. Chemical reactions and 
physical properties of this 8-7r-electron heterocycle are reported.

It has been known since the last century that certain 
conjugated cyclic molecules, such as benzene, possess 
unusual properties not consistent with those of simple 
open-chain conjugated olefins. However, it remained 
until the 1930’s with the advent of quantum mechanics, 
for a theoretical understanding of these molecules to be 
developed. Now, due initially to the investigations of 
Huckel,1 conjugated cyclic molecules can be divided 
into two groups. The first group contains molecules 
possessing (4n  +  2) ir electrons (where n  =  0, 1, 2,...). 
Those molecules are predicted to have additional 
stability due to the cyclic delocalization of t  electrons 
and should display aromatic properties analogous to 
benzene. Considerable research effort in recent years 
has verified this original prediction.2 *

The second group consists of molecules containing 
4w 7r electrons (where n  = I, 2, 3. . .) which were orig
inally predicted not to be stabilized by the cyclic de- 
localization of ir electrons. Therefore, molecules in this 
group were designated simply as nonaromatic. The 
best and most classical representative of this group is 
cyclooctatetraene which behaves as a cyclic polyene.

Molecules containing 4n  ir electrons where the cyclic

(1) (a) E. Htlekel, Z. Phys., 70, 204 (1931); (b) Z. Electrochem., 43, 752 
(1937).

(2) J. P. Snyder, “ Nonbenzenoid Aromatics,”  Academic Press, New York,
N . Y ., and London, 1969.

delocalization of ir electrons can occur have recently 
attracted attention. Simple HMO theory predicts that 
monocyclic molecules containing 4n ir electrons should 
possess zero delocalization. Since some delocalization 
is predicted for the open-chain analogs containing 4n  
ir electrons, the cyclic compared to the noncyclic struc
tures are actually destabilized. For this reason cyclic 
molecules containing 4n  ir electrons have been desig
nated as antiaromatic.8

Most work on the concept of antiaromaticity has been 
concerned with electronic systems containing 4 ir elec
trons. However, antiaromaticity should also be ob
served in molecules containing 8 ir electrons i f  electron 
delocalization can occur.

Cyclooctatetraene, lH-azepine, and 1,4-dihydropyr
azine potentially all contain 8 ir electrons. Since the 
7r overlap of two p orbitals is proportional to cos 6 
(where 6 = angle between the axis bisecting each p or
bital),4 molecular models indicate that little delocaliza
tion should occur in cyclooctatetraene. The smaller 
seven-membered lH-azepine ring is more planar and 
more delocalization should be possible compared to 
cyclooctatetraene. However, molecular models indi-

(3) (a) R. Breslow, J. Brown, and J. Grajewski, J. Amer. Chem. Soc., 
89, 4383 (1967); (b) R. Breslow, Angew. Chem., In t. Ed. Engl., 7, 565 
(1968).

(4) A. Streitwieser, ‘ ‘Molecular Orbital Theory for Organic Chemists,”  
Wiley, New  York, N . Y ., and London, 1961, p 16.
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cate that the magnitude of this delocalization still must 
be small and it is unlikely that there is a large degree of 
antiaromatic character associated with lH-azepine.s 
In contrast to cyclooctatetraene and lH-azepine, 
molecular models indicate that the 1,4-dihydropyra- 
zine ring system is nearly planar and that substantial 
delocalization of ir electrons can occur. Clearly, the
1,4-dihydropyrazine ring system would be a suitable 
model for a study of antiaromaticity in 8-5r-electron 
molecules.

R

1 2 3

The 1,4-dihydropyrazine ring system is reported in 
the older literature to be a known structure. Because 
of our interest in this ring system as a potential syn
thetic intermediate for the preparation of large hetero
cyclic molecules, we have repeated what would appear 
to be the most plausible syntheses. We have been un
able to reconfirm any of these earlier claims.6

One logical approach to the 1,4-dihydropyrazine ring 
system has been reported by Mason and Dryfoos.7 
They state that when 2,3-diphenyl-5,6-dihydropyrazine 
is heated with either acetic or benzoic anhydride a de
rivative of the 1,4-dihydropyrazine ring system is pro
duced. The melting points of the products from these 
reactions that we obtain, in addition to an equivalent 
amount of 2,3-diphenylpyrazine, are consistent with 
those originally reported. However, the nmr spectrum 
and elemental analysis are not in agreement with the 
proposed structures. The elemental analysis of the

product from the reaction of 4 with acetic anhydride 
suggests a formula C20H20N2O2 which contains two addi
tional hydrogens compared to 5a. This is confirmed

(5) L. A. Paquette in “ Nonbenzenoid Aromatics/’ J. P. Snyder, Ed., 
Academic Press, New York, N . Y ., 1969, p 250.

(6) S.-J. Chen and F. W. Fowler, J. Org. Chem., 35, 3987 (1970).
(7) A. T. Mason and L. Dryfoos, J. Chem. Soc., 63, 1293 (1893).

by the nmr spectrum, which show's a four-hydrogen 
singlet at r 5.90. We conclude from this data that the 
product must possess the 1,4,5,6-tetrahydropyrazine 
structure 6a. Although the mechanism for the for
mation of 6 is unknown, it is likely that an intermediate 
leading to 5 is reduced by the 5,6-dihydropyrazine 4 to
6. This would also explain the formation of 1 equiv of
2,3-diphenylpyrazine.

We have prepared what we believe to be the first 
characterized derivative of the 1,4-dihydropyrazine ring 
system8 by the slow addition of acetyl chloride to 5,6-di- 
hydropyrazine 4 in benzene containing 2 equiv of pyr
idine. In addition to a 30% yield of 5a, 6a and 7 are 
also produced. The nmr spectrum shows olefinic hydro
gen s occurring as a two-hydrogen singlet at r 3.15. Hy
drolysis of 5a with potassium hydroxide in diethylene 
glycol gave 2,3-diphenylpyrazine. This reaction prob
ably involves the intermediate dihydropyrazine, which 
is rapidly oxidized in air. An attempt to carry out the 
hydrolysis at —20° using methyllithium and working 
up the reaction in an inert atmosphere gave only a 
small quantity of pyrazine 7 and a red polymer.

Confirmation of the proposed structure was obtained 
by catalytic hydrogenation (Pd/C). This resulted in

the rapid uptake of 1 mol of hydrogen with the forma
tion of 1,4,5,6-tetrahydropyrazine 6a previously pre
pared from 4 and acetic anhydride.

I

6a

Reduction of 5a with lithium aluminum hydride did 
not give the expected A,A'-diethyl derivative. The 
major product was A,A'-diethylbenzilimine 8, in ad
dition to a small amount of pyrazine 7 and benzil which 
was probably formed by hydrolysis of 8 in the work-up 
procedure. The structure of 8 was indicated by the

(8) A fter this work was written up for publication, another report of a
1,4-dihydropyrazine derivative appeared: R. A. Sulzbach and A. F. M. 
Agbal. Angew. Chem., Int. Ed. Engl., 10, 127 (1971).
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spectral data and chemical analysis. The structure was 
confirmed by independent synthesis.9

The unusual course of this reduction is probably due 
to the presence of the completely conjugated 7r system, 
since the reduction of partially hydrogenated ring sys
tems (6a) occurs normally.

c w  . c h 3T c2h5

.N. Oft.
V  ^ 1. UA1H,

J L  J 2. NaOH ’
c,6h3 n c6h5-

0 ch3
6a

c 2h 5

10

It is possible that the A^A^-diethyl-TI-dihydropyra- 
zine ring system 11 is being formed in the reaction but 
is extremely reactive, decomposing to give imine 8. In
stability of 11 would be expected compared to the di
acetyl derivative 5, since the ethyl groups would allow 
the nonbonding electrons on nitrogen to interact with 
the 7T system. Even with azepine the A-methyl deriv
ative is extremely reactive and it can only be isolated at 
low temperatures.

Attempts to carry out the reduction at lower tem
perature changed the course of the reaction completely. 
Only 2,3-diphenylpyrazine could be isolated. Also, 
carrying out the reaction in the more polar tetrahydro- 
furan gave only 2,3-diphenylpyrazine.

Although imine 8 could be explained as being the 
product from a retro Diels-Alder reaction of 11, all at
tempts to detect acetylene in this reaction have been 
unsuccessful.

r
CeH5>

c2h6'
c6h5̂

c2h5

.N

_CeH5"

Y i
tr
c2h6J

retro

Diels-Alder ̂
c6h5̂ Cn + 

|
l i c 2H5

Dihydropyrazine 5a does not undergo thermal cyclo
additions with either dimethyl acetylenedicarboxylate 
or tetracyanoethylene. An attempted photochemical 
cycloaddition between 5a and dimethyl acetylene di- 
carboxylate gave 2,3-diphenylpyrazine as the only 
isolable product.

In summary, dihydropyrazine 5a, which has strong 
electron-withdrawing substituents on the nitrogen, 
does not appear to possess any significant antiaromatic 
character.

(9) H, Weingarten, J. P. Chupp, and W. A. White, J. Org. Chem., 32,
3246 (1967).

Experimental Section10

2.3- Diphenyl-l,4-dibenzoyl-l,4,5,6-tetrahydropyrazine (6b ).—  
A mixture of 2.34 g (0.01 mol) of 2,3-diphenyl-5,6-dihydropyr- 
azine (4) with 4.52 g (0.02 mol) of benzoic anhydride, in the pro
portion of 1 mol to 2 was heated over a naked flame under di
minished pressure (20-30 mm). The mixture was slowly brought 
to boiling, and, after being allowed to cool, it was dissolved in hot 
alcohol and left overnight. A  yellow solid was removed by 
filtration. The solvent was stripped from the filtrate, the residue 
was dissolved in ether, and the crystals formed were recrystallized 
from ethanol: mp 192-195°; yield 0.846 g; nmr (CDC13) r 
2.55-2.75 (m, 20 H ), 5.7 (s, 4 H ); ir (K B r) 2929, 1660 (C = 0 ) ,  
1470, 1380, 725, and 700 cm "1.

Anal. Calcd for C3oH2<N 20 2: C, 81.06; H , 5.44; N , 6.30. 
Found: C, 80.99; H , 5.42.

2.3- Diphenyl-l ,4-diacetyl-l ,4,5,6-tetrahydropyrazine (6a).—
2,3-Diphenyl-5,6-dihydropyrazine (10 g ) was heating to boiling 
under reduced pressure (20-30 mm), and allowed to cool to about 
100°; 10 g (0.98 mol) of acetic anhydride was then added, 
and the mixture was boiled in a reflux apparatus for 15 min. 
The product was digested on a water bath with 10% sodium 
hydroxide solution until the excess of anhydride was decomposed. 
The residue was dissolved in ethanol and the yellow solid was 
removed by filtration. The solvent was stripped from the fil
trate, and the residue was chromatographed on tic plate (1.5 
mm silica gel, eluted with ether). The first band eluted was 
recrystallized from ethanol, giving 2,3-diphenylpyrazine: nmr
(CDC1,) r  1.41 (s, 2 H ), 2.4-2.8 (m, 10 H ); mp 113-115° (lit .11 
112-116°). The second band eluted was recrystallized from 
ethyl acetate: mp 131-132°; nmr (CDCls) r  2.52-2.92 (m, 
10 H ), 5.9 (s, 4 H ), and 8.2 (s, 6 H ); ir (K B r) 1660 (C = 0 ) ,  
1385, 1300,1225 cm“ 1.

Anal. Calcd for C2oH20N 20 2: C, 74.97; H , 6.29; N , 8.74. 
Found: C, 74.95; H , 6.53; N , 8.72.

2.3- Diphenyl-l ,4-diacetyl-l,4-dihydropyrazine (5a).— To a 
mixture of 3.16 g (0.04 mol) of pyridine and 3.95 g (0.05 mol) of 
acetyl chloride in refluxing benzene stirred with magnetic stirrer 
was slowly added over 3 hr 4.68 g (0.02 mol) of 2,3-diphenyl-5,6- 
dihydropyrazine in 30 ml of chloroform, and the mixture refluxed 
for 12 hr. The reaction mixture was cooled and washed thor
oughly with water. The organic layer was dried with magnesium 
sulfate, the solvent was stripped off, and the residue was chro
matographed on tic (1.5 mm silica gel, eluted with ether). The 
first band gave a compound possessing an nmr spectrum identical 
with that of 2,3-diphenylpyrazine (7) from previous work. The 
second band was crystallized from ethanol and from ethyl acetate 
and gave 5a: mp 194-195°; nmr (CD Ch) r 2.54-2.92 (m, 10 H ), 
3.12 (s, 2 H ), and 8.20 (s, 6 H ); ir (K B r) 1680 (C = 0 ) ,  1624, 
1380, 780, and 700 cm“ 1.

Anal. Calcd for C20H 18N 2O2: C, 75.45; H , 5.70; N , 8.80. 
Found: C, 75.12; H , 5.99; N , 8.56.

The third band gave 2,3-diphenyl-l,4-diacetyl-l,4,5,6-tetra- 
hydropyrazine (6a). The relative yield of each compound 4, 
5a, and 6a was determined to be 34:32:34 from the nmr spectrum 
of the crude product. Pure 5a can more conveniently be pre
pared by recrystallizing the crude product several times from 
ethyl acetate-ethanol (7 :5).

Hydrogenation of 2,3-Diphenyl-l,4-diacetyl-l,4-dihydropyr
azine (5a).— 2,3-Diphenyl-l,4-diacetylpyrazine (0.136 m g) was 
added to a solution with 0.02 g of 10% Pd/C in 20 ml of ethyl 
acetate. The mixture was subjected to microhydrogenation at 
room temperature for up to 2 hr. The nmr spectrum showed 
90% conversion to 2,3-diphenyl-l,4-diacetyl-l,4,5,6-tetrahydro- 
pyrazine (6a).

Alkali Hydrolysis of 5a.— 2,3-Diphenyl-l,4-diacetylpvrazine 
(0.318 g ) and 0.5 g of potassium hydroxide was added to 11 ml 
of diethylene glycol and refluxed for 1.5 hr. The reaction mix
ture was cooled to room temperature, extracted with ether, and 
washed thoroughly with water. The ethereal solution was 
evaporated and the residue was crystallized from n-pentane, mp 
112-116°; nmr (CDC13) shows this to be pyrazine 7.

Reduction of 5a.— To 0.3 g of lithium aluminum hydride in 
21 ml of anhydrous ether was slowly added 0.478 g (0.0015 mol) 
of 2,3-diphenyl-l,4-diacetylpyrazine (5a) and the mixture was

(10) Melting points are uncorrected. The microanaiyses were performed 
by Galbraith Laboratories, Knoxville, Tenn. Infrared spectra were deter
mined with a Perkin-Elmer Model 137 Infracord. The nmr spectra were 
determined with a Varian A-60 spectrophotometer.

(11) L. H. Amundsen, J . Chem. Educ., 16, 567 (1939).
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stirred for 1 hr. The reaction mixture was cooled in an ice bath 
and 3 ml of 20% sodium hydroxide solution was carefully added. 
Stirring was continued for another hour at room temperature and 
the white precipitate was removed by filtration. The filtrate was 
dried with magnesium sulfate and the ether was removed. Chro
matography of the residue on a thin layer plate (1.5 mm silica 
gel eluted with 10% ether in benzene) gave 0.119 g of benzil 
(yield 37%), nmr (CDCI3) t  1.9-2.8 (only aromatic hydrogens), 
mp 94-95° (lit.12 94°), and 0.177 g of 2,3-diphenyl-l,4-diethyl-
1,4-diaza-l,3-butadiene (8): y ield44%; mp 37-39°; nmr (CDC13) 
t 2.1-2.35 and 2.55-2.85 (m, 10 H ), 3.61 (q, 4 H ), and 8.75 (t, 
6 H ); ir (K B r) 1630, 1580, 1450, 775, and 700 cm-1. A  small 
amount of 2,3-diphenylpyrazine (0.022 g ) is also produced.

1,4-Diethyl-2,3-diphenyl-l ,4-diaza-l ,3-butadiene (8).— The 
method of imine synthesis by Weingarten9 was modified as de
scribed below.

Benzil (4.2 g, 0.02 mol) was placed in a 250-ml flask and mixed 
with a solution of 100 ml of ether containing 15 ml of anhydrous 
ethylamine at —10°. A  solution of 20 ml of pentane containing
3.6 ml of T iC l, (6.2 g, 0.0326 mol) was then added over 45 min. 
A fter all of the TiCh was added, the material was allowed to warm 
up to room temperature over 1 hr, then heated to reflux for 0.5 
hr. The solvent was removed and 4.0 g of 8 was obtained (76% 
yield). The analytical sample was purified by recrystallization 
from ether: mp 37-39°; nmr (CDC13) r 2.1-2.35 and 2.55-2.85

(12) "Handbook of Chemistry and Physics,”  40th ed, Chemical Rubber 
Publishing Co., Cleveland, Ohio, 1958-1959, p 844.

(m, 10 H ), 3.61 (q, 4 H ), and 8.75 (t, 6 H ); ir (K B r) 1630, 1580, 
1450, 775, and 700 cm -1.

Anal. Calcd for C18H 20N 2: C, 81.77; H, 7.63; N , 10.60. 
Found: C, 81.61; H , 7.77; N , 10.62.

Reduction of 6a.— To 0.3 g of lithium aluminum hydride in 
21 ml of anhydrous ether was slowly added 0.48 g (0.0015 mol) 
of 2,3-diphenyl-l,4-diacetyl-l,4,5,6-tetrahydropyrazine (6a) and 
the mixture was stirred for 1 hr. The reaction mixture was cooled 
in an ice bath and 3 ml of 20% sodium hydroxide was carefully 
added. Stirring was continued for another hour at room tem
perature and the white precipitate was removed by filtration. 
The filtrate was dried with magnesium sulfate and the ether was 
removed. The residue was crystallized on standing and re
crystallized from ethyl acetate: mp 100-102°; 0.43 g (98% 
yield); nmr (CDC13) r 2.65-3.06 (m, 10 H ), 7.03 (s, 4 H ),
7.33 (q, 4 H ), and 9.0 (t, 6 H ); ir (K B r) 2970, 2850, 1590, 1445, 
1380, 1128, 755, and 700 c m '1.

Anal. Calcd for C2oH 24N 2: C, 82.14; H , 8.27; N , 9.58. 
Found: C, 82.28; H, 8.43.

Registry No.—5a, 32174-84-8; 6a, 32174-85-9; 6b, 
32174-86-0; 7,1588-89-2; 8,32174-88-2; 10,32174-89-3.
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A mechanism is proposed for the formation of 2-methyl-2£T-l-benzopyran (3) by the reaction of 3-(o-formyl- 
phenoxy)propylphosphonium salts ( 1) in alcoholic alkoxide. 2,3-Dihydro-l-benzoxepin-4-tri-n-butylphos- 
phonium bromide (17b) and 2-methyl-2.ff,l-benzopyran-3-triphenylphosphonium bromide (15a) were prepared 
using catalytic amounts of base in alcoholic solvent and their reactions were observed. The reaction of o-vinyl- 
oxybenzaldehyde ( 10) with methylene triphenylphosphorane ( 11) yielded l-phenyl-2-(o-vinyloxyphenyl)ethyl- 
diphenylphosphine oxide (13).

In a previous paper1 we have discussed and discarded 
a number of possible mechanisms for the unexpected 
formation of 2-methyl-2I7-l-benzopyran (3) from 3-(o- 
formylphenoxy)propyltriphenylphosphonium bromide 
(la) under normal Wittig2 reaction conditions, An 
alternate mechanism (Scheme I) has recently been 
proposed.3 It is supported by (a) the data1 * which indi-

CHO

0 (CH2)3PR3Br

la, R =  C6H5 
b, R =n-Bu

solvent

(1) E. E. Schweizer, C. J. Berninger, D. M . Crouse, R. A. Davis, and R. S. 
Logothetis, J . Org. Chern., 34, 207 (1969); E. E. Schweizer and R. Schepers, 
Tetrahedron Lett., 979 (1963).

(2) A. Maercker, Org. Reactions, 14, 272 (1965).
(3) Proposed by Professor H. T. Bestmapn at the Chemical Societies

International Symposium on Ylides, Leicester, England, July 14, 1970.
Although Professor Bestmann did not really believe that this would be the
right mechanism, we felt compelled to find supporting evidence or disprove 
it.

cate that the rearrangement of 1 to 3 is favored in more 
highly protonic solvents, i.e ., inhibiting decomposition 
of betaine 5 to the expected benzdihydrooxepin (2) by 
protonation of 5 to 6; (b) the /3 elimination (6 -*■ 7) 
which would also be favored by a more electrophilic 
phosphonium species, i.e ., la vs. lb (see Table I).

T a b l e  I

So l v e n t  a n d  P h o s p h o r u s  Su b s t it u e n t  E f f e c t s  o n

R a t io s  o f  2 a n d  3 f r o m  Sa l t s  1»

R in salt 1 Solvent

Overall 
yield of 

2 +  3, % Ratio of 2 :3

P h D M F 70 100:0
n-Bu D M F 43 48:52
P h MeOH 65 0:100
P h M eOH6 88 0:100
n-Bu M eOH ' 0
n-Bu M eOH6’' 0
n-Bu M eO H -D M F  20:80 10 1:99
n-Bu M eO H -D M F  10:90 31 4:96
n-Bu D M F" 50 78:22

“ A t 64° for 24 hr under N 2 with 1.0 equiv of NaOM e except 
as noted. 6 As in a except 4.44 equiv of NaOM e. '  Only start
ing salt 1 and 17b recovered on work-up after HBr neutraliza
tion . d Base used is NaH.
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S c h e m e  I

I f  the mechanism in Scheme I  is feasible, one would 
expect to be able to produce 3 from o-vinyloxybenzalde- 
hyde (10) and methylene triphenylphosphorane (11), 
since the proposed intermediate 7 would be in equilib
rium with the betaine 12 which would be formed from 
the reaction of 10 and 11.

Ph3P = C H 2

Via

o~

CHCH2PPh3

O CH =CH 2

12a

12a +  HOR

OH

XHCHjPPh,
7a

OCH=CH,

The reaction of 10 and 11 was allowed to take place 
and the product was shown to contain no trace of 2-

10 +  11

Ph 0
I

CH2— CH— PPh2

/ H a
O C = <
/ ^ H b

He b
13

H B r  a q  

E tO H

Ph O

Figure 1.— Phosphonium salt ( la )  decomposition in mixed sol
vents.

methyl-2/7-l-benzopyran (3) (by vpc) and only 
1 - phenyl-2- (o- vinyloxy phenyl) ethyldiphenylphosphine 
oxide (13) was found in 70% yield.

The formation of the oxide 13 is consistent with some 
alcoholic alkoxide reactions of phosphonium salts with 
aldehydes;4-5 however, it is not consistent with the 
mechanism shown in Scheme I. The structure of 13 
was also supported by obtaining and characterizing 14 
as its hydrolysis product.

I t  has been shown that the reaction of salt la  to give 
3 is highly solvent dependent1 and that more acidic 
solvents enhance the formation of the rearranged prod
uct 3. The results obtained by using a variable ratio 
of only two solvents (D M F-M eO H ) with the triphenyl- 
phosphonium salt (la ), sodium methoxide as a base, are 
shown in Figure 1.

The tri-w-butylphosphonium salt (lb ) (prepared in 
the same manner as la 1) was significantly more sensi
tive to the effects of MeOH in D M F  than the salt la. 
I f  pure D M F  ivas used as solvent with NaOMe as the 
base (thus 1 equiv of MeOH would be present per 1 
equiv of ylide formed) the ratio of 2 to 3 was 48:52 
(Table I). Elimination of all of the MeOH by em
ploying NaH as a base gave mainly the expected 2,3- 
dihydrobenzoxepin (2). Using pure MeOH (no D M F) 
as solvent, none of the cyclized products 2 or 3 were 
observed, and on work-up only the starting material lb 
and a vinyl phosphonium salt (17b) were recovered. 
Thus a reduction of the electrophilic nature of the phos
phonium moiety both reduced the overall yield of the 
reaction and increased the ratio of the 2-methy 1-2//-1- 
benzopyran (3) to 2 formed.

The search for a vinyl salt as a possible intermediate 
in the reaction of 1 was pursued by lowering the con
centration of the base used (Table I I ) .  Isolation of 
large quantities of vinyl salt 17b (90% yield) and 15a 
(76%) were accomplished by using 0.25 equiv or less 
of base per 1 equiv of the corresponding salt 1.

When salt 15a was treated with 1 equiv of NaOH in 
anhydrous MeOH, 2-methyl-2i/-l-benzopyran (3) was

(4) E. M . Richards and J. C. Tebby, Chem. Commun., 494 (I960); S. 
Trippett and B. J. Walker, J. Chem. Soc. C , 887 (1966).

(5) E. E. Schweizer, unpublished résulta.
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T a b l e  I I

R e a c t io n  o f  3 (o-F o r m y l p h e n o x y )p r o p y l p h o s p h o n iu m  Sa l t s  (1 )  w it h  So d iu m  M e t h o x id e

R  in 1 Solvent Ratio of N aO M e:l Y ield of 2 +  3 % Ratio of 2:3 Yield of 15a,

Ph MeOH 4.0 8 8 “ b
Ph MeOH 1 .0 65“ b
Ph MeOH 0.40 31“ b 53

Ph M eOH 0.23 15« 8:92“* 77

Ph M eOH 0 . 1 0 9« 44:56<* 76

n-Bu M eOH 1 .0

n-Bu M eOH 0 . 8

n-Bu M eOH 0.62

n-Bu MeOH 0.39

n-Bu M eO H -D M F 1 .1 9<* 4:96*

20:80
n-Bu M eO H -D M F 0.25 43 64:36'*

Ratio of lb : 17b

20:80

“ Isolated and purified. b 100% of 3.

83:17« 
83:17» 
81:19« 
94:6« 

0:87“

0:90“

« Yields based on nmr; accuracy ± 2 %  for salts lb : 17b. d Ratio determined by vpc.

+

Ph3PO

16

+  (n-Bu )3PO 

18

isolated in 82% yield and triphenylphosphine oxide 16 
was isolated in 92% yield, whereas aqueous NaOH gave 
3 and 16 in 88 and 97% yields, respectively. These 
data compel us to write the mechanism shown in Scheme 
I I  for the formation of 3 from 1.

The postulation is that the initial reaction is that of a 
phosphonium salt under basic conditions giving an 
ylide (4) which forms the normal “ W ittig” betaine (5). 
The expected collapse of the betaine (5) yields the 2,3- 
dihydrobenzoxepin-1 (2). However, the more acidic 
the solvent system becomes,1 the more the alkoxide in 5 
is protonated to afford 6. The hydroxyphosphonium 
salt is readily dehydrated to give the conjugated vinyl- 
phosphonium salt (17).4'5 The lower electrophilicity of 
the tri-w-butylphosphonio group in salt lb  allows us 
to stop the reaction at the nowring-contracted salt 17b 
(Table I I ) ,  whereas in the reaction of la  the /3-elimina- 
tion step that initiates the sequence converting 17a to 
15a must be faster than the conversion of 6a to 17a, 
since we have been unable to obtain 17a. Even with
out the assistance of the phosphonium moiety, 2,3- 
dihydrobenzoxepin-1 (2) has been found to be readily 
converted to 20.6 The conversion of 20 to 3 occurs6’7

(6) E. E. Schweizer, D. M . Crouse, and D. L. Dalrymple, Chem. Commun., 
354 (1969).

(7) R. Hug, H. J. Hansen, and H. Sehmid, Chimia, 23, 108 (1969).

Sc h e m e  I I

.CHO

OCH2CH2CH2PR3

1

+  O R ;
H Ö R

CHO

OCH2CH2CHPR3

4

via an allylidenecyclohexadienone intermediate 21 as 
shown in the conversion of 17 to 15 via 19.

The aqueous (or methanolic) hydrolysis of 17b with 
NaOH produces 2-methy 1-2//-1 -benzopyran (3) and 
salicvlaldehyde, but never any of the expected oxepin 2 
(Table I I ) .  The lack of 2 shows that the ring contrac
tion of 17b to 15b must be considerably faster than the 
hydrolysis of 17b to 2. It  also indicates that, although 
the n-butyl groups (instead of phenyl) on the phos
phorus lower the electrophilicity of phosphorus so that 
hydroxide attack is slower at that site, the predominant
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T a b l e  I I I

A q u e o u s  A l k a l in e  H y d r o l y s is  o f  P h o s p h o n iu m  Sa l t s

Salt
Ratio (equiv) of 

NaOH: salt Solvent Temp, °C

15a 1 M eOH 64
15a 2 H 20 100
17b 1 M eOH 64
17b 2 H 20 100
17b 2 h 2o 100
lb 2 h 2o 100
lb 2 h 2o 100
lb 2 h 2o 100

° Yields based on nmr of isolated materials.

Time, hr Products (yield, %)°
24 3 (82) +  16 (92)
4 3 (88) +  16 (97)

24 3 (5) +  17b (75)
4 3 (trace) +  22 (26) +  17b (64)

18 3 (4) +  22 (40) +  17b (37)
4 22 (8) +  18 (5) +  lb (68)

18 22 (16) +  18 (7) +  lb  (65)
45 22 (61) +  18 (24) +  lb  (25) +  3 (9)

reaction of 17b with hydroxide is undoubtedly a reversal 
of the pathway back to 4 which then gives salicylaldé
hyde, probably as shown below (Table I I I ) .  Previous

work from this group has shown that this is a common 
reaction.8 We have also shown that treatment of lb 
with aqueous NaOH gives salicylaldéhyde as the main 
identifiable product (Table I I I ) .

Thus a mechanism has been proposed, which is sup
ported by all of the data, for the conversion of 3-(o- 
formylphenoxy)propylphosphonium salt (1) to 2- 
methyl-2//-l-benzopyran (3). Also of considerable 
interest is the first isolation of vinylphosphonium salts 
in a reaction of a phosphorane with a carbonyl reagent, 
thus showing a pathway (in protonic solvents) which is 
not that of a normal W ittig2 reaction to give olefins.4

Experimental Section

Preparation of o-Formylphenyl Vinyl Ether (10).— A  mixture 
of 22.9 g (0.1 mol) of o-formylphenyl /3-bromoethyl ether and
6.7 g (0.12 mol) of KO H  was refluxed for 24 hr in 40 ml of ethanol. 
After ethanol was removed, the residue was distilled to give
4.25 g (28.7%) of 10: bp 59° (0.3 mm); ir v 1680 (C = 0 )  and 
1640 cm“ 1 (-0 C H = C H 2); nmr (CCh) 5 4.5 (dd, 1 H , J b* =
6.3 Hz, H b), 4.75 (dd, 1 H , J M =  13.7 Hz, H „), 6.65 (dd, 1 H, 
H c); 6.85-7.87 (m, 4 H , phenyl protons), 10.30 (s, 1 H, alde
hyde proton).

A n a l .  Calcd for C jH80 2: C, 72.96; H , 5.44. Found: C, 
73.05; H , 5.33.

Reaction of 10 with Triphenylmethylenephosphorane (11).— 
Sodium metal (0.58 g, 0.025 g-atom) was added to a refluxing 
solution of 8.93 g (0.025 mol) of methyltriphenylphosphonium 
bromide dissolved in 100 ml of anhydrous MeOH. To  this was 
added dropwise 3.70 g (0.025 mol) of vinyl ether 10 dissolved in 
50 ml of MeOH. The reaction mixture was allowed to reflux for 
24 hr under dry N 2. A fter M eOH was removed, the residue was 
poured into 300 ml of H 20  and extracted with benzene. The 
benzene extract was washed with water, dried over 08304, and * 33

(8) E. E. Schweizer, C. J. Berninger, and J. G, Thompson, J. Org. Ckem.,
33, 336 (1968); E. E. Schweizer and J. G. Thompson, Chem. Commun., 
666 (1966).

evaporated to give 7.50 g (70% ) of 13: ir (K B r) v 1640 (C = C ),  
1435 (P -C ), 1220 (Ph-O ), 1180 c m '1 ( P = 0 ) ;  nmr (CDC13) 8
3.13-3.58 (m, 2 H, -C H 2CPhHPPh2), 3.75-4.17 (m, 1 H, 
-C H 2CPhHPPh2), 4.41 (dd, 1 H, J hc =  5 .4  Hz, H„), 4.67 (dd, 1 
H, J „  =  13.4 Hz, Ha), 6.50 (dd, 1 H, H„), 6.63-8.30 (m, 19 
H , phenyl protons); mass spectrum (75 eV ) m / e  424.

A n a l . "  Calcd for C28H 250 2P : C, 79.23; H, 5.94; P , 7.29. 
Found: C, 79.47; H , 5.69; P , 7.09.

Hydrolysis of 13.— Hydrobromic acid (48% ), 1 ml, was added 
to a solution of 13 (1.06 g, 2.5 mmol) in 35 ml of ethanol. The 
solution was refluxed for 22 hr. After the ethanol was removed 
by distillation, the residue was dissolved in 100 ml of methylene 
chloride. The methylene chloride extract was washed with water, 
dried over anhydrous sodium sulfate, and evaporated to give 
0.90 g (91%) of product 14 as white crystals. The analytical 
sample was prepared by recrystallization from benzene-alcohol 
to give white crystals: mp 213-214°; ir (K B r) v 3000 cm-1 
(O H ); nmr (CD 3S0CD 3) 8 2.90-3.40 (m, 3 H, OH and methylene, 
one D 20  exchangeable proton), 4.08-4.62 (m, 1 H, methine),
6.25-8.35 (m, 19 H, phenyl).

A n a l .  Calcd for C26H 230 2P : C, 78.38; H , 5.82; P , 7.78. 
Found: C, 78.62; H , 5.69; P , 7.66.

Standard Reaction Procedure (for Figure 1).— Into a 250-ml, 
flame-dried, three-necked flask fitted with reflux condenser, 
mechanical stirrer (sometimes a magnetic stirrer), and glass 
stopper and containing 4.1 g (0.0083 mol) of triphenylphospho- 
nium salt la  in 150 ml of dried solvent was added 0.5 g (0.0091 
mol) of NaOMe. The reaction mixture was heated at 64° for 24 
hr under nitrogen, then poured into 300 ml of distilled water and 
extracted four times with ether. The combined ether extracts 
(150 m l) were washed two times with water, dried (MgSCh), 
filtered, and concentrated at room temperature on a rotary 
evaporator to give an oil. Glc of the oil yielded the values for 
Figure 1.

3-(o-Formylphenoxy)propyltri-n-butylphosphonium Bromide 
( lb ).— Tri-n-butylphosphine (110 g, 0.36 mol) was dissolved in 
600 ml of acetonitrile. While mehanically stirring under nitro
gen, 88 g (0.36 mol) of 3-(o-formylphenoxy)propyl bromide was 
added dropwise (20 min). The yellow solution was refluxed for 
24 hr. The solvent was removed under aspirator vacuum. 
After cooling, ca . 500 ml of anhydrous ether was added with fast 
stirring. In 5 min the semiliquid crystallized, causing the ether 
to reflux. After decanting the ether and adding 500 ml of fresh 
anhydrous ether, the salt was stirred overnight. Filtering and 
recrystallizing from methylene chloride-ethyl acetate gave 151 g 
(78% ) of lb : mp 107-108°; ir (N u jol) 1680 (C = 0 ) ,  1240 cm -1 
(C -O -C ); nmr (CDC13) 8 0.97 (t, 9, -C H S), 1.2-1.9 (broad, 12),
2.1-3.1 (broad, 10), 4.30 (t, 2, -O C H *-), 6.8-7.8 (m, 4, aro
matic), 10.43 ppm (s, 1, -C H O ).

A n a l .  Calcd for C22H 38B r02P : C, 59.32; H, 8.59; Br, 17.71. 
Found: C, 59.48; H , 8.74; Br, 17.65.

General Procedure for the Reaction of 3 -(o-Formylphenoxy)- 
propylphosphonium Salt (1) with NaOM e (Data for Table I I ) .—  
To a solution of 0.432 g (8 mmol) of sodium methoxide in 100 
ml of dried M eOH was added 3.60 g (8 mmol) of phosphonium 
salt lb . The reaction was allowed to stir at the M eOH refluxing 
temperature for 24 hr under dry N 2. After the reaction mixture 
was cooled to room temperature, it was neutralized with hydro
bromic acid. The alcoholic solution was poured into 350 ml of 
H 20  and extracted with ether (four 150-ml portions) and C H 2C12 
(four 150-ml portions), respectively. The ether and the methy
lene chloride extractions were washed with water and dried over 
CaSOt. N o  product was detected in the ether extraction.



The methylene chloride extraction was concentrated until 50 ml 
of solvent remained.

The concentrated solution was added to 11. of anhydrous ether 
to give 3.0 g of a white precipitate. The precipitate (80% yield) 
was identified as a mixture of the starting material lb  (83%) and 
the contracted product 17b (17%) by nmr. Data was entered in 
Table II.

This technique was also used to obtain salt 15a, with the yield 
and ratio of 2 and 3 coming from examination of the ether 
extract.

Reaction of 3-(o-Formylphenoxy)propyltributylphosphonium 
Bromide ( lb )  with NaOM e in M eO H  D M F.— Sodium metal 
(0.10 g, 4.35 g-atoms) was placed into 40 ml of anhydrous MeOH. 
After the evolution of hydrogen gas stopped, 160 ml of anhydrous 
DMF was added to the NaOMe solution. Then 8.20 g (18.5 
mmol) of phosphonium salt lb  was added to the NaOMe solution 
in MeOH-DMF. The reaction was allowed to stir at 64° for 24 
hr under dry Na. The work-up followed was that used in the 
general procedure for the reaction of phosphonium salt with 
NaOMe in MeOH. Vinylphosphonium salt 17b (7.10 g, 90%) 
and 0.25 g of a mixture of benzopyran 3 (1.44%), benzoxepine 2 
(2.56%), and tributylphosphine oxide (4%) were obtained. 
All compounds were identified by comparison with authentic 
samples.

2,3-Dihydro-l-benzoxepin-4-tri-ri,-butylphosphonium Bromide 
(17b).—The salt from experiment 10 in Table I I  was recrystal
lized from methylene chloride-ethyl acetate, giving an analyti
cally pure sample: mp 157-158°; ir (KBr) 1220 (C-O-C) and 
1130 cm"1 (C -P); nmr (CDC13) 8 1.00 (t, 9, -CH 3), 1.23-2.10 
(broad, 12), 2.35-3.16 (broad, 8), 5.52 (t, 2, Jhh = 6 Hz), 6.78-
7.72 (m, 4, aromatic), 8.10 ppm (d, 1, Jph = 18 Hz, vinyl); 
mass spectrum (70 eV) m/e 347.

A nal. Calcd for C22H36BrOP: C, 61.82; H, 8.49; P, 7.24; 
Br, 18.69. Found: C, 62.20; H, 8.67; P, 7.38; Br, 18.45.

Hydrolysis of Vinylphosphonium Salt 17b in Methanol.—  
Dried NaOH (0.32 g, 8 mmol) was added to a solution of 3.42 g 
(8 mmol) of phosphonium salt 17b in 80 ml of dried MeOH and 
the mixture was allowed to stir at 64° for 24 hr under dry Na. 
The work-up followed the procedure of the reaction of phos
phonium salt lb  with NaOH. The ether extract gave 0.15 g of 
the mixture of benzopyran 3 (5%) and tributylphosphine oxide 
(16%) by nmr. The methylene chloride extract afforded 2.55 g 
(74.5%) of the unreacted starting salt 17b. All compounds were 
identified by comparison with authentic samples.

Hydrolysis of Vinylphosphonium Salt 17b in Water.—Sodium 
hydroxide (0.64 g, 16 mmol) was added to a solution of 3.42 g (8 
mmol) of phosphonium salt 17b in 100 ml of water and the 
mixture was allowed to stir at 100° for 18 hr under a nitrogen 
atmosphere. The mixture was neutralized with aqueous hydro- 
bromic acid and extracted with three 200-ml portions of ether 
and then three 300-ml portions of methylene chloride. The 
ether extract was washed with three 150-ml portions of water and 
dried (CaS04). A mixture of salieylaldehyde 5 (40%), benzo
pyran 3 (4%), and tributylphosphine oxide (3.6%) was obtained 
by removing ether (total wt 0.50 g). The methylene chloride 
was similarly washed with two 200-ml portions of water and 
dried (CaS04). The methylene chloride extract wyas concen
trated until 50 ml of methylene chloride remained. The con
centrated methylene chloride extract was added dropwise to 1 1. 
of anhydrous ether; 1.25 g (37%) of white crystals of salt 17b
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were recovered. All compounds were identified by comparison 
with authentic samples.

2-Methyl-2fi-l-benzopyran-3-triphenylphosphonium Bromide
(15a).— The solid from experiment 5 listed in Table II ,  run in a 
manner similar to the reaction for the preparation of 17b, was 
recrystallized from chloroform-ethyl acetate to give analytically 
pure 15a: mp 264-266°; ir (KBr) 1210 (C-O-C), 1100 cm "1 
(C -P); nmr (CDC13) 8 1.17 (d, 3, /hh =  6 Hz, decoupled, 
-CH3), 5.20 (pentuplet, 1, /hh =  /hp =  6 Hz, -OCH-), 6.9-8.1 
(m, 19, aromatic), 8.30 ppm (d, 1, J ph =  13 Hz, vinyl); mass 
spectrum (70 eV) m/e 262.

A na l. Calcd for C28I i24BrOP: C, 69.00, H, 4.96; Br, 16.39;
P. 6.36. Found: C, 68.80; H, 4.93; Br, 16.64; P, 6.17.

Hydrolysis of Phosphonium Salt 15a in M eO H .— Dried NaOH 
(0.40 g, 0.01 mol) was added to a solution of 4.87 g (0.01 mol) of 
phosphonium salt 15a in 100 ml of dried MeOH and the reaction 
mixture was allowed to stir at reflux temperature for 24 hr under 
dry Na. The reaction mixture was poured into 2 I. of anhydrous 
ether. The ether was washed with water and dried over CaS04. 
After the solvent ether was removed under reduced pressure, the 
reaction product was distilled to give 1.20 g (82%) of 2-methyl- 
2H-l-benzopyran (3). The residue was chromatographed to 
give 2.55 g (92%) of triphenylphosphine oxide. Comparison 
with authentic samples provided positive identification.

Hydrolysis of Phosphonium Salt 15a in Water.—Sodium 
hydroxide (0.20 g, 5 mmol) was added to an aqueous solution of 
1.22 g (2.5 mmol) of phosphonium salt 15a dispersed in 50 ml 
of water and the reaction mixture was allowed to stir at 100° for 4 
hr. The reaction mixture was cooled to room temperature and 
extracted with ether (four 100-ml portions). The ether extract 
was washed with water and dried over CaS04. After the solvent 
ether was removed under reduced pressure, 1.0 g of residue was 
obtained. It  was shown to be a mixture of 3 (88%) and tri
phenylphosphine oxide (97%) by nmr.

Aqueous Hydrolysis of 3-(o-Formylphenoxy)propyltributyl- 
phosphonium Bromide ( lb ).—In a 250-ml flask equipped with 
magnetic stirrer, a mixture of phosphonium salt lb  (4.44 g, 0.01 
mol) and NaOH (0.80 g, 0.02 mol), dissolved in 100 ml of water, 
was allowed to stir at 100° for 18 hr under a nitrogen atmosphere. 
The mixture was cooled to room temperature and neutralized 
with aqueous HBr. The aqueous mixture was extracted with 
three 150-ml portions of ether and then three 150-ml portions of 
CH2C12. The ether extract gave a mixture (0.35 g) of salicyl- 
aldehyde 2 (16%) and tri-n-butylphosphine oxide 3 (7% ), 
identified by comparison with authentic samples. The methylene 
chloride extract was concentrated to 50 ml and added dropwise 
into 1 1. of anhydrous ether. The starting phosphonium salt 
(2.90 g, 65%) was recovered (nmr showed a trace of impurity as 
a contaminant).

Registry No.—NaOMe, 124-41-4; la, 17954-76-6; 
lb, 31600-73-4; 2, 14949-49-6; 3, 2513-24-8; 10,
31600-76-7; 13, 31600-77-8; 14, 31600-78-9; 15a, 
31600-79-0; 17b, 31600-80-3.
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Unsubstituted and substituted pyrazolinyltriphenylphosphonium salts are prepared by 1,3-dipolar cyclo- 
addition of diazoalkanes to vinyltriphenylphosphonium bromide. Thermal decomposition, aqueous basic 
hydrolysis, alkylation, and Wittig olefination reactions are examined.

Synthetic methods for the preparation of heterocyclic 
compounds by 1,3-dipolar cycloadditions have been re
viewed recently by Huisgen.2 Pyrazolinylphospho- 
nates,3-9 pyrazoylphosphonates,10'11 and pyrazolinyl- 
dialkylphosphine oxides and sulfides12 have been pre
pared by 1,3-dipolar cycloadditions. Zbiral13 investi
gated the preparation of triazoles from 1,3-dipolar cyclo
addition reactions of acyl-substituted vinyltriphenyl
phosphonium chlorides and sodium azide.

We wish to report the preparations and reactions of 
unsubstituted and 5-substituted 2-pyrazolin-3-yltri- 
phenylphosphonium salts.14 The uniqueness of these 
salts over the products mentioned above,3“ 12 which re
tain the phosphorus moiety, is that they provide an in
termediate of great synthetic utility which may undergo 
a number of interesting conversions as depicted gener
ally in Scheme I.

Vinyltriphenylphosphonium bromide (1), on reaction 
with diazoalkanes 2a e at room temperature for 1-2 hr, 
gave only the corresponding 2-pyrazolin-3-yltriphen- 
ylphosphonium bromides, 3a-e, in excellent yields (84- 
100%). None of the corresponding 4-substituted salts

+ - R\_ +
CH2= C H P (C 6H5)3Br +  % N = N  — ►

1 IT
2a-e

I \ + -
tt^ N  ,p P(C6H5)3Br
H V

3a, R =  R' =  H
b, R = H ;R ' =  CH3
c , R =  R' =  CHs
d , R =  H ;R ' =  C6H5
e, R *= R '=  C6H5

were obtained. Undoubtedly steric factors inhibit the 
formation of 4-substituted salts which would require the

(1) Part 28: E. E. Schweizer, T . Minaroi, and D. M . Crouse, J. Org. 
Chem., 37, 4028 (1972).

(2) R . Huisgen, Angew. Chem., In t. Ed. Engl., 2, 563, 633 (1963).
(3) E . Seyferth, P. Hilbert, and R. S. Marmor, J. Amer. Chem. Soc., 89, 

4811 (1967).
(4) N . Kreutzkamp, E. Schmidt-Samoa, and K . Herberg, Angew. Chem., 

77, 1138 (1965).
(5) M . Regitz, W . Anscheutz, and A. Liedhegener, Chem. Ber,, 101, 

3734 (1968).
(6) A. N . Pudovik, et al., Zh. Obshch. Khim., 40, 1189 (1970).
(7) A. N . Pudovik, et al., ibid., 40, 1025 (1970).
(8) A. N . Pudovik, et al., ibid., 39, 1536 (1969).
(9) A. N. Pudovik, et al., ibid., 34, 3942 (1964).
(10) B. C. Saunders and P. Simpson, J. Chem. Soc., 3351 (1963).
(11) A. N . Pudovik and N. G. Khusaimova, Zh. Obshch. Khim., 40, 697 

(1970).
(12) I. G. Kolokol, et ah, ibid., 40, 667 (1970).
(13) von E. Zbiral, et ah, Justus Liebigs Ann. Chem., 725, 22 (1969).
(14) E. E. Schweizer, C. S. Kim, and R. A. Jones, Chem. Commun., 39, 

1584 (1970).

Sc h e m e  I
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I \\ /
b C- C H <
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phosphonium moiety of the vinyl salt 1 to be adjacent 
to the substituted diazoalkane carbon moiety. Allyl- 
phenylphosphonium or ^-substituted vinyltriphenyl
phosphonium salts did not react with diazoalkanes to 
give 1,3-dipolar cycloaddition products. Only starting 
salts were recovered even under more vigorous reaction 
conditions.

Only species with the 2-pyrazoline structures were 
isolated, from the reaction of 1 and 2, even when mild 
conditions were employed similar to those which were 
used by Pudovik9 to obtain l-pyrazolin-3-yldialkyl- 
phosphonates instead of the 2-pyrazolin-3-yldialkyl- 
phosphonates, on reaction of diphenyldiazomethane with 
vinylphosphonates. The rapid isomerization of the 1- 
into the 2-pyrazoline structure during the reaction is due 
to the greater stability of the 2-pyrazoline structure 
engendered by overlapping between the ir electrons 
of the C = N  bond and a vacant d orbital of the positive 
phosphorus atom.8

I f  the diazoalkane was not added in excess, or all at 
once, phosphonioethylated compounds15 were also 
formed, and the separation of the mixed salts was very 
difficult. The reaction, however, was readily controlled 
by rapid addition of diazoallcanes 2a-e in excess to I in 
order to obtain pure pyrazolinyl salts, 3a-e.

(15) Part 30: E. E. Schweizer and C. S. Kim, J. Org. Chem., 36, 4041 
(1972).
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The ir spectra of 3a-e show a strong, broad band at 
3050-3150 cm-1 which indicates a strong intermolecular 
interaction between amine proton and bromine anion 
(N— H ■ • -Br). This type of interaction is supported16 
by the observation that the N -H  stretching vibration 
band shifted into higher frequencies (3200-3250 cm-1) 
when the bromine anion was replaced by tetraphenyl- 
borate anion in compound 3a. The nmr data for 3a-e 
are consistent with the structures assigned.12'17 18 19 20 21“22

When the isopropenyl salt 4 was allowed to react with 
diphenyldiazomethane (2e) for 1 week at room tempera
ture, a decomposition product, 6, of the initially formed 
adduct, 5, was obtained in 45% yield. On the other 
hand, a 1-pyrazoline adduct, 7, was isolated from the re
action of 4 and diazomethane, 2a (Scheme I I ) .  This

S c h e m e  I I

P.
CH2= C — P(C6H5)3Br 

4

N = N — C H ,

N s s N — C :

■ C«HS

C H —  CH2
/  \ ^ c h 3

> K  x C\ +
X P(C6H5).,Br

C Ä  

c6h 5— c — ch2
/ \  / C H 3

V '  > ( C 6H5)3Br

C6H.

CsH.

ÇH3

5XC=CHCH— P(C6H5)3Br

latter adduct slowly decomposed on standing at room 
temperature into 3-methylpyrazole hydrobromide 
(14a) and triphenylphosphine. Attempts to purify 7 
without decomposition proved unsuccessful. Only in 
CD3OD solution could an acceptable nmr spectrum be 
obtained before the salt would undergo spontaneous de
composition. Immediate decomposition was observed 
in deuterated chloroform or in trifluoroacetic acid.

Thermal Decomposition of 3a-e.—It has been 
known2 that 2-pyrazolines decompose thermally to 
give cyclopropanes and olefins with varying product 
distributions. In most cases, the corresponding cyclo- 
propanes were observed, either as a major product or as 
a contaminant. Pudovik reported8 that he only iso
lated the corresponding cyclopropane product 9 in 92% 
yield by heating 8 to 160-170°. The catalyzing effect

C A

CeH5— Ç— CH2 j

I \ — P(C6H5)2

h - ' N /
8

(16) L. B. Senyavina, et al., Zh. Obshch. Khim., 37, 499 (1967).
(17) K . B. Sloan and N. Rabjohn, J. Heterocyd. Chem., 7, 1273 (1970).
(18) R. Sustmann, R. Huisgen, and H. Huber, Chem. Ber., 100, 1802 

(1967).
(19) A. Hassner and M . J. Michelson, J. Org. Chem., 27, 3974 (1962).
(20) R . C. Cookgon, et al., Tetrahedron Suppl., No. 7, 355 (1967).
(21) J. R. Dyer, “ Application of the Absorption Spectroscopy of Organic 

Compounds," Prentice-Hall, Englewood Cliffs, N. J., 1965, p 108.
(22) G. L. Vecchio, M . Crisafulli, and M . C. Aversa, Tetrahedron Lett.,

1909 (1966).

of the bromine anion in the present system was sug
gested by the fact that the corresponding cyclopropane 
compounds were not observed as thermal decomposition 
products of the salts 3a-e and 7. The salts 3a, 3b, and 7 
eliminated triphenylphosphine to form the correspond
ing pyrazole hydrobromides (14a,b) while 3c e re
sulted in the formation of the corresponding allyltri- 
phenylphosphonium bromides, 13c-e, by loss of nitrogen 
(Scheme III).

S c h e m e  I I I

R \  r / “
R '— C------C H  \ +

7 \ ./ P (C 6HA,Br3a-e

counterclockwise ,
-N ,

^ C = C H C H = P (C 6H5)3 +  HBr 

He 1
S c = C H — C H — P(C6H5)3Br

13c, R =  R/== CH3
d , R =  H;R/ =  C6H5
e, R — R7 ~  C6H5

N n ^ h

10

t +  HBr +  P (C6H5)3]i
R' \ / H

C----- C
J  »
N v  / C — H

H
12b

R' /H 
C— C
/f+W

Yi N
I Br 

H

14a, R ' =  H  

b, R ' =  C H j

In the mechanism of the thermal decomposition of 2- 
pyrazolines, the isomerization of 2- into 1-pyrazoline be
fore losing nitrogen has been generally accepted as a 
first step.23 The isomerized 1-pyrazoline, 10, will de
compose by two unique pathways (see Scheme III). 
In 3c-e the allylphosphonium salts, 13c,e, are expected 
since the intermediate, 12a, formed by clockwise elec
tron transfer would not be able to isomerize into a stable 
pyrzole, 12b, due to the absence of a proton at C-5. 
Isomerization (to 12a) is possible if one of the C-5 sub
stituents is a hydrogen, as in 3a,b, via a 1,3-hydrogen 
shift. The formation of 13d, rather than the alternate 
pyrazole salt, 14 (from 3d), may be due to the electron- 
withdrawing effect of the phenyl ring at C-5. This ef
fect would result in the formation of the double bond in 
conjugation with the phenyl giving 11, rather than the

(23) R. H. Wiley, “ Chemistry of Heterocyclic Compounds (Pyrazolines)," 
Interscience, New York, N. Y ,, 1967, p 209.
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intermediate 12a where the double bond formed is not in 
conjugation with the phenyl.

The structure of 13e was supported by allowing the 
phosphorane produced from 13e to react with benzo- 
phenone. This resulted in the known 1,1,4,4-tetra- 
phenylbutadiene (62%).

Attempted Alkylation of 3a-e.—Only N-alkylated 
compounds, 15a-c, were obtained upon treatment of 
reactive alkyl halides by the ylide formed from the 
salt 3e in the presence of ethanolic sodium ethoxide 
(Scheme IV ). Only the corresponding pyrazoles were

5-10% NaOH 
15a-c ------------- ■

Sc h e m e  V

c6h - -c— c h 2 1 \

R ''

1 \
'N \

R=C00Et

c 6H5

O f t — O---- CH2

/ N k  J c — H

16a, R =  CH3
b, R =  CH2COOH
c, R =  COOEt

_ EtONa 
3e --------I

Scheme IV

C Æ

C Æ - b -

N.
N ■N*’

-CH2

X - •P(C6H5)3

Cjtr,

c 6H , ~ c — c h 2

l L  .C = P (C 6H5)3

RX
g h 6

c 6h 5— c — c h 2 
! \ +

R-/ r■N\ ^ C — P(C6H6)3X 
1ST

15a, R =  CH3; X  =  I (84%)
b, R =  CH2-COOEt, X =  Br (69%)
c, R =  COOEt, X  =  Cl (43%)

observed on attempting to alkylate salts 3a,b,d, under 
basic conditions, i.e., when 3 contained one or more pro
tons in the C-5 position.

In addition to the spectra data, which supported the 
structures assigned, hydrolysis of 15a c gave the corre
sponding N-alkylated 2-pyrazolines, 16a,b. Where the 
intermediate anion 17 is stabilized (in 15c), the cyano- 
urethane, 18, was obtained by N -N  bond cleavage as 
well as 16c (Scheme V ) in a ratio of 7 to 3, respectively 
(overall yield 67%). The saponified acid, 16b, was 
thermally decarboxylated into 16a (100%).

Hydrolysis of 3a-e.—When compounds 3b,d,e were 
treated with 5-10% aqueous NaOH, the corresponding 
2-pyrazolines, 19b,d,e, and triphenylphosphine oxide 
were isolated.

, 5-10% NaOH
3b, d, e, ------------- -

\
R— Ç---- CH2

IT
/ N X n #=C— H +  (C6H6)3PO

19b, R =  H; R' =  CH3
d,R =  H;R' =  C6H5 
o, R = R ' =  C6H5

Triphenylphosphine oxide was similarly isolated, in 
90-95% yield, on basic hydrolysis of 3a and 3c; the cor
responding 2-pyrazolines were not isolated.

Wittig Olefination Reaction of 3a-e.—The salts 
3a-e undergo the W ittig olefination reaction. Reac
tions of 3a-e with ethanolic sodium ethoxide and benz- 
aldehyde gave different types of products, and the 
yields depend on the order of mixing the starting mate
rials (Scheme VI).

ÌT
EtOCNCCH2CN

c 6H5

O ÇeW

E tO C =N  C CH2CN 

CgH5
17

|H,0

O CeW

EtOCNHC— CH2CN

c6h 5
18

Three orders of mixing were employed for these reac
tions: (a) benzaldehyde was added to a mixture of the 
salt and ethanolic sodium ethoxide, (b) the salt was 
added to a mixture of benzaldehyde and ethanolic so
dium ethoxide, and (c) ethanolic sodium ethoxide was 
added to an ethanolic solution of the salt and benzal
dehyde.

Only 3e furnished the expected benzilidene product, 
20, regardless of the order of mixing (78% by method c). 
The structure of 20 was supported by its spectral 
data.21,24,25

When 3a,b,d were treated in manner "a,”  no W ittig 
olefination products were observed. The correspond
ing pyrazoles were isolated as observed previously on at 
tempting the alkylation reactions. If, however, 3a,b,d 
were allowed to react under method b or c, W ittig ole
fination products, 24a,b and 26, were obtained in good 
yields. Generally method c gives the best yields. Fur
ther isomerization or addition of benzaldehyde to the 
initial product, 21, is undoubtedly caused by the rela
tive stability of the anion intermediate, 22. Thus, if 
R ' =  H  or CH3, 22 will isomerize rapidly to the more 
stable anion, 23, which has aromatic character. On the 
other hand, if R ' is phenyl, 22 has a long enough life
time to be able to react with another mole of benzalde
hyde and give adduct 26. In both cases the alternate 
products were observed in trace amounts. The re
versibility of 23 to 22 was ruled out by experiments in 
which 3(5)-methyl- (24b) or phenyl-5(3)-benzylpyra- 
zoles (24d) were observed to give unchanged starting ma
terials and none of adducts of type 26 upon treatment 
with benzaldehyde in the presence of ethanolic sodium 
ethoxide.

Several reactions were carried out in order to support 
structure 26. Thermal decomposition of 26 by heating

(24) von P. Bosshard, et al., Helv. Chim. Acta, 47, 769 (1964).
(25) R. J. Crawford, A. Mishra, and R. J. Dummel, J. Amer. Chem. 

Soc., 88, 3959 (1966).
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Scheme VI
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to 260-290° gave 1 mol of 3(5)-benzyl-5(3)-phenylpyr- 
azole [2 4 d (d ')  ] and benzaldehyde (Scheme Y I I ) .

Treatment of 26 with 48% aqueous hydrogen bro
mide furnished an unstable bromine-substituted salt, 
27, whose analysis was not consistent with the struc
ture. When 27 was recrystallized from methanol, it 
underwent a solvolysis reaction to give 28 (29 was ob
tained in ethanol.)

The ir spectrum of 26 in KBr indicates that 26d is in 
equilibrium with 26d ', since a sharp and strong band ap
pears at 3365 A  5 cm-1 due to free N H  and a strong 
broad band at 3310-3325 cm-1 due to hydrogen-bond
ing hydroxy group. The nmr spectrum also suggests 
the existence of the hydrogen-bonded structure of type 
26d, since a free N H  shows at d 5.30 with one of the 
benzal hydrogens and a hydrogen-bonded OH as part of 
the phenyl proton region.

The salt 3c gave benzaldehyde diethyl acetal in 80% 
yield (isolated) when it was treated under condition c 
and worked up in the standard manner. The mecha
nism of acetal formation is not clear at present. A  simi

lar result was observed during an intramolecular W ittig 
olefination reaction by Minami and Schweizer.26

Experimental Section

Indices of refraction were obtained on a Bausch and Lomb 
refractometer, ultraviolet spectra on a Perkin-Elmer Model 202 
spectrometer, infrared spectra on a Perkin-Elmer 137 spec
trophotometer or a Perkin-Elmer Model 421 grating spectro
photometer, and nmr spectra on a Varian A-60A spectrometer 
using tetramethylsilane as internal standard. A ll melting points 
were uncorrected and obtained on a Thomas-Hoover capillary 
melting point apparatus. Elemental analyses are by M icro- 
Analysis Inc., Wilmington, Del., and M H W  Laboratories, 
Garden C ity, Mich. Any analytical and spectral data not in
cluded in the text may be found in the tables. A ll reactions 
were run under dry nitrogen except for aqueous reactions. A ll 
solvents used were anhydrous.

W a r n in g .  Diazoalkanes are skin irritants and reactions for 
their preparation and use should be done in a hood, wearing 
gloves.

2-Diazopropane (2c).— Reagent grade acetone (52 g, 1.0 m ol) 
was added to 32 g (1.0 mol) of 95% hydrazine in the course of

(26) T, Minami and E. E, Schweizer, unpublished results.

R'
\

c -

N-x

24a, b, d
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Sc h e m e  V II

C A

V = C
\ /

H^ N \ N^ C — CH
\

H— O '
:CHC6HS

\  / H

II \\ / C*
h^ N\ n/ C— CH ^ C 6H5

H

26d

5% NaOH||48% HBr

QA
\

c — c  c6h 5 c a

I ( + )\  I I
c — CH—  CH— Br

I
H

Br

27

HC A

X c — C/  ç a  ç a

I ( + ) \ I
„ ^ N n^ >  C— CH—  CHOEt
H N

\
H— I

CH

H
26d'

Ç A  H

c — c

II \
N ^  .C -C H 2C6H 6 

N

I +  C6H5CHO
H
24d

U
A

C A

Y _ A
I \

^ n n  , c - g h , c a

24d'

iro v
/ Hc ca ça

I
H

H
/ N n

Br

29

N

H

C— CH— CHOCHj 

Br 

28

2 hr with cooling. After all the acetone was added, the mixture 
was allowed to stir for an additional 1 hr at room temperature. 
The resultant mixture was extracted with 300 ml of ether and 
filtered through anhydrous magnesium sulfate into a 500-ml 
flask equipped with a magnetic stirrer. The extract was cooled 
to —5° in an ice-salt mixture, and yellow mercuric oxide (50 g ) 
was added portionwise while keeping the temperature below 0°. 
After all of the mercuric oxide had been added, the reaction mix
ture was stirred until a deep pink color developed. The ethereal 
solution was filtered immediately through a cotton plug. The fil
trate was used immediately for a further reaction and the yield 
was not determined.

Phenyldiazomethane (2d).27— Benzaldehyde (110 g, 1.03 mol) 
was added dropwise over a period of 1 hr with vigorous stirring 
to a mixture of 100 ml of ether and 95% hydrazine (32 g, 1.0 mol). 
The reaction was cooled with cold water in order to prevent the 
ether from boiling. The solution was diluted with 100 ml of 
ether, and cooled to below 5° in an ice-salt mixture. Yellow 
mercuric oxide (113 g ) was added slowly, making sure that 
no nitrogen was evolved. Bubbling indicates a too rapid rate of 
oxide addition. The deep red mixture was allowed to stir vigor
ously for 2 hr at room temperature, filtered through a cotton plug, 
and dried (M gS04). The dried ethereal solution was allowed to 
react immediately with vinyl salts.

2-Pyrazolin-3-yltriphenylphosphonium Bromide (3a).— A
freshly distilled ethereal solution of diazomethane28 was added as 
rapidly as possible, at room temperature, to a solution of vinyl- 
triphenylphosphonium bromide29 (1) (56 g, 0.15 mol) dissolved 
in 400 ml of methylene chloride. Addition was continued until 
the orange color persisted. The mixture was allowed to stir for 
an additional 2 hr at room temperature. Ether was added 
to the solution in order to precipitate white crystals which

were collected (61.0 g, 97% ) by filtration. The crystals were 
dissolved in methylene chloride and precipitated with ethyl ace
tate to give an analytically pure sample: mp 162-164° dec; ir 
(K B r) 3100 (hydrogen bonded N H ), 2850 (C H ), 1580 (C = N ,  
phenyl), 1115 (C P ), 725, 690 cm-1 (phenyl); uv (M eO H ) Xmax 
231 mM (e 26,000), 301 (9800); nmr (CDC13) 5 2.88-3.30 (m, 2, 
C4), 3.70-4.30 (m, 2, C5), 7.45-8.20 (m, 15, C6H 5), 9.90 ppm 
(s, 1, N H ). The N H  proton chemical shift depends on concen
tration and its exchangeable with D20  for all 3a-e species.

A n a l .  Calcd for C2iI I2oBrN2P : C, 61.32; H , 4.90. Found: 
C, 61.17; H , 5.08.

2-Pyrazolin-3-yltriphenylphosphonium Tetraphenylborate.—
Methylene chloride (10 m l) was added to a solution of 3a (1 g ) and 
sodium tetraphenylborate (0.7 g ). The mixed solution was 
boiled for 5 min and filtered. The filtrate was concentrated while 
adding EtOAc to precipitate 1.0 g of needlelike crystals. Re- 
crystallization from acetone-ether gave an analytically pure 
sample: mp 181-185°; ir (K B r) 3250 (N H ), 2980 (C H ), 1580 
(C = N ,  phenyl), 1115 (C P ), 735, 710 c m '1 (phenyl).

A n a l .  Calcd for C45H 40B N 2P : C, 83.07; H , 6.19. Found: 
C, 83.15; H , 6.21.

5-Methyl-2-pyrazolin-3-yltriphenylphosphonium bromide (3b)
was prepared by the above procedure using a freshly distilled 
ethereal solution of diazoethane,30 200 ml of methylene chlo
ride, and 23.48 g (0.0635 mol) of vinyltriphenylphosphonium 
bromide (1). On filtration, 26.7 g (99% ) of white crystals were 
collected. An analytical sample was obtained as in the pre
vious experiment: mp 174-175° dec; ir (K B r) 3050 (hydrogen 
bonded N H , C H ), 1115 (C P ), 755, 730, 693 cm "1 (phenyl); 
nmr (CDC13) S 1.42 (d, 3, C H 3, J  =  6.5 H z ), 2.54 (dd, 1, C4, 
/vic-trans =  10 H z , /gem =  16 H z), 3.17 (dd, 1, C4, J v  ic-ois =  11.5 
H z), 4.46 (m, 1, C 5, J  =  6.5H z), 7.40-8.20 (m, 15, C6H 6), 10.18 
ppm (s, 1, N H ).

A n a l .  Calcd for C22H 22BrN2P : C, 62.12; I I ,  5.21. Found: 
C, 62.28; H ,5.32.

5.5- Dimethyl-2-pyrazolin-3-yltriphenylphosphonium Bromide
(3c).— A  freshly prepared deep pink ethereal solution of 2-diazo- 
propane was added to a solution of 1 (5 g, 0.0135 m ol) in 100 ml 
of methylene chloride while keeping the temperature below 5° 
until the color persisted. The pink-colored mixture was stirred 
for 1 hr at room temperature, and precipitated 5.0 g (84% ) 
of white crystals by adding ether. The product was recrystal
lized from CH2Clj-E tOAc: mp 180-183° dec; ir (K B r) 3150, 
3100 (hydrogen bonded N H ), 1575 (C = N ,  phenyl), 1115 (C P ), 
760, 695 cm-1 (phenyl); nmr (CDC13) 3 1.53 (s, 6, C H 3), 2.80 
(s, 2, C4), 7.30-8.10 (m, 15, C6H 5), 10.22ppm (s, 1, N H ).

A n a l .  Calcd for C23H 24B rN 2P : C, 62.88; H , 5.50. Found: 
C ,62.99; H,5.14.

5-Phenyl-2-pyrazolin-3-yltriphenylphosphonium Bromide (3d).
— An ethereal solution of phenyldiazomethane was added to a solu
tion of 1 (60.1 g, 0.16 mol) in 400 ml of methylene chloride with 
vigorous stirring at room temperature until the color persisted. 
After 30 min of stirring, ether was added slowly to precipitate 
white crystals (79 g, 100%). An analytical sample was recrystal
lized from CH2Cl2-M eO H -E tO A c: mp 202-203° dec; ir (K B r) 
3050 (hydrogen bonded N H ), 1608, 1580 (C = N ,  phenyl), 1115 
(C P ), 753, 530, 690 cm "1 (phenyl); nmr (C F3C 02H ) & 3.22 (dd, 
1, C4, Tvic-trans — 9 H z, Jgem — 18 H z), 3.73 (1, C4, J v ic-cis — 10 
H z), 5.38 (dd, 1, C5), 7.07 (s, 5, CC6H 5), 7.20-7.83 ppm (m, 15, 
P C A s ).

A n a l .  Calcd for C27H 24BrN2P : C, 66.59; H , 4.97. Found: 
C, 66.54; H ,5.02.

5.5- Diphenyl-2-pyrazolin-3-yltriphenylphosphonium Bromide
(3e).— To a solution of 1 (40 g, 0.108 m ol) dissolved in 300 ml of 
methylene chloride was added crystalline diphenyldiazometh&ne31 
(23 g, 0.118 mol) in 50 ml of ether or a dark red petroleum ether 
(bp 30-60°) solution of diphenyldiazomethane32 in excess. The 
mixture was vigorously stirred at room temperature for 1 hr. 
Ether (200 m l) was added slowly to complete the precipitation of 
the product (53.9 g, 97.5%). The crude salt was placed in 
boiling C H 2C12 (250 m l) and methanol was added until it dissolved. 
The solution was filtered and ethyl acetate was added while con
centrating to give analytically pure white crystals. An analytical 
sample had mp 213-216° dec: ir (K B r ) 3050 (hydrogen bonded 
N H ), 1580 (C = N ,  phenyl), 1110 (C P ), 750, 720, 690 cm“ 1

(27) This synthesis was a modification of C. G. Overberger, J. Amer. 
Chem. Soc., 86, 658 (1964).

(28) J. A. Moore and D. E. Reed, Org. Syn., 41, 16 (1961).
(29) E. E. Schweizer and R. D. Bach, ibid., 48, 129 (1969).

(30) A. L. Wilds and A. L. Meader, J. Org. Chem., IS, 763 (1948).
(31) J. B. Miller, ibid., 24, 560 (1959).
(32) L. I. Smith and K. L. Howard, “ Organic Syntheses,”  Collect. Vol. I l l ,  

Wiley, New  York, N . Y ., 1955, p 351.
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(phenyl); uv (E tO H ) Xmax 216 m g .  (e 30,100), 302 (e 10,050); 
nmr (C F3C 02H ) 5 3.92 (s, 2, CH2), 7.37 (s, 10, CC6H 5), 7.5-8.1 
ppm (m, 15, PC sH 5).

A n a l. Caled for C3(1H 2aBrN2P : C, 70.34; H , 5.01. Found: 
C,70.24; H , 4.75.

3-Methyl-l-pyrazolin-3-yltriphenylphosphonium Bromide (7). 
— The reaction was run by the same manner as in 3a, using 100 ml 
of methylene chloride, an ethereal solution of diazomethane, and 
isopropenyltriphenylphosphonium bromide33 (4) while keeping 
the temperature below 20° during addition. White crystals 
(9 g, 81.5%) were obtained by filtration. This salt slowly de
composed even at room temperature. In  a protonic solvent like 
chloroform or trifluoroacetic acid, the salt decomposed into 3- 
methylpyrazole hydrobromide and triphenylphosphine. No 
analytical sample was obtained by recrystallization. Nmr, 
ir, and uv spectra were taken immediately after reprecipitation 
from M eOH with EtOAc: mp 100-102°; ir (K B r) 3000, 2940 
(C H ), 1550 (C = N ) ,  1115 (C P ), 757, 730, 692 cnw1 (phenyl); 
uv (M eO H ) Xmax 235, 332 m g ;  nmr (C D 3O D ) S 1.85 (d, t, 2, 
protons at C-4, /gem =  15, /vie =  8 H z), 4.85 (m, 2, protons at 
C-5), 7.65-8.25 ppm [m, 15, P (C 6H 5)3] .

A na l. Caled for C22H 22BrN2P : C, 62.11; H , 5.21; N , 6.58. 
Found: 0,61.03; H,5.34; N,6.17.

3.3- Diphenyl-l-methylallyltriphenylphosphonium Bromide (6). 
— A  mixture of 4 (2.0 g, 0.0053 mol) and an excess amount of di- 
phenyldiazomethane (1.3 g, 0.0061 mol) in 10 ml of methylene 
chloride was allowed to stand for 1 week at room temperature 
(reaction is too slow at 5 °) and precipitated into ether to obtain
1.3 g (45% ) of 6 . An analytical sample was recrystallized from 
CH2Cl2-E tO Ac: mp 194-196°; ir (K B r) 2950 (C H ), 1480 
(phenyl), 1430 (-C H 3), 1110 cm“ 1 (C P ); nmr (CDC13) 5 1.80 
(d d, 3, -C H 3, /hp =  18.5, J  = 7 H z), 4.55 (m, 1, proton at 
C - l),  5.77 ppm (d d 1, vinyl proton at C-2, / =  7.5, /hp =
10.5 H z).

A n a l. Caled for C34H30PBr: C, 74.97; H , 5.50. Found: 
C, 74.83; H,5.50.

Thermal Decomposition of 3a-e. Method A.— A  sample of 
3a-e was heated to its melting point temperature for 15-30 min 
in an oil bath (temperature maintained 10° over melting point). 
After cooling, the solidified decomposition product was worked 
up by individual procedure.

Method B.— A  sample of the salt was refluxed in mesitylene 
for 12-24 hr under dry nitrogen. After cooling the mixture, the 
solvent was removed by decantation and the solid material was 
purified.

Pyrazole Hydrobromide (14a).— Compound 3a (4.2 g, 
0.01 m ol) was treated by method A. The solidified residue was 
washed with anhydrous ether several times under nitrogen atmo
sphere. The ether-insoluble solid was dissolved in methylene 
chloride and concentrated while adding EtOAc to precipitate
1.4 g (93.5%) of 14a. The product was extremely hygroscopic. 
An analytical sample was prepared by sublimation at 60° under 
vacuum. Spectral data and melting point were the same as 
as those of an authentic sample prepared from pyrazole: mp 
164-166°; nmr (CDC13) 5 6.82 (t, 1, proton at C-4, /  =  2.5 H z),
8.42 (d, 2, proton at C-3 and C-5), 13.04 ppm (broad s, 2, N H , 
chemical shift depends on concentration, exchangeable with 
D 20 ).

3(5)-Methylpyrazole Hydrobromide (14b).— The residue 
resulting from the reaction of 3b by method A  or B was washed 
with EtOAc. Triphenylphosphine was obtained in quantitative 
yield by concentration of the EtOAc wash. The insoluble resi
due (2 g, 100%) was sublimed (50°) to obtain an extremely 
hygroscopic analytical sample: mp 98-101°; nmr (CDC13) S
6.69 (d, 1, proton at C-4, /  =  2.5 H z ), 2.66 (s, 3, - C H 3), 8.25 
[d, 1, proton at C-3 (5 )], 14.65 ppm (s, 2, N H , exchangeable with 
D 20 , and chemical shift depends on concentration).

A n a l. Caled for C.H7B rN 2: C, 29.46; H, 4.26; N , 17.18. 
Found: C, 29.52; H , 4.31; N , 16.92.

3.3- Dimethylallyltriphenylphosphonium Bromide (13c).— A 
sample of 3c (2 g, 0.0045 mol) was treated by method B, refluxing 
for 12 hr. The solid residue (1.8 g, 98% ) was recrystallized from 
CH 2Cl2-E tO Ac: mp 234-236° (lit.34 mp 242°); ir (K B r) 1380, 
1385 (geminal methyl), 1120 (C P ) 895, 845 (vinyl), 755, 725, 
695 cm“ 1 (phenyl); nmr (CDC13) S 1.32 (d, 3, cis methyl to 
vinyl proton, /  =  4.0 H z), 1.70 (d, 3, trans methyl to vinyl pro
ton ,/ =  6.0 H z), 7.40-8.25 ppm [m, 15,-P (C 6H 6)3] .

(33) P. T . Keough and M . Grayson, J. Org. Chem., 29, 631 (1964).
(34) R. RUegg, et al., Helv. Chim. Acta, 44, 984 (1961).

3 -Phenylallyltriphenylphosphonium Bromide (13d).— A  5-g
(0.0102 mol) quantity of sample, 3d, was heated by method A  for 
20 min. A  pale yellow solid (4.6 g, 100%) was recrystallized 
from CH2Cl2-EtO Ac: mp 249-250° (lit. mp 240°35 36,256-258°36); 
ir (K B r) 1125 (C P ), 980 (trans vinyl), 760, 745, 695 cm -1 
(phenyl); nmr (CDC13) S 4.95 (d d, 2, -C H 2-, /  =  7 Hz, / h p  =
15.5 H z), 6.01 (d d ,t , 1, vinyl proton at C-2/trana =  15.5, / h p  =  
5 Hz, 687 ppm (d d, 1, vinyl proton at C-3, Jh p  =  5.5 H z). The 
nmr spectrum indicated a trans configuration between the phenyl 
at C-3 and the methylene group.

3,3-Diphenylallyltriphenylphosphonium Bromide (13e).— A  
quantitative yield of the crude salt was obtained by method A  
(15 min heating) or method B (refluxing 24 hr). An analytical 
sample was recrystallized from CH2Cl2-EtO Ac: mp 248-250°; 
ir (K B r) 3000 (C H ), 1110 cm.-1 (C P ); uv (M eO H ) Xmax 212 m M 

(e 46,000), 270 (17,600); nmr (CDC13) S 4.77 (d d, 2, -C H 2-  
/ h p  =  15.5 H z), 6.00 (d d, 1, vinyl proton at C-2, /  =  8 H z), 
6.67-7.50 (m, 10, phenyl protons at C-3), 7.50-8.18 ppm [m, 15, 
-P (C 6n 28)3],

A n a l .  Caled for C2,H2aBrP: C, 73.80; H , 5.28; Br, 14.93. 
Found: C, 73.95; H , 5.36; Br, 14.88.

Thermal Decomposition of 7.— On heating 7 for 5 min (method 
A ), 14t and triphenylphosphine were obtained in a quantitative 
yield. The salt 7 was also decomposed completely during drying 
at 60° under vacuum for 1 day.

5,5-Diphenyl-l-methyl-2-pyrazolin-3-yltriphenylphosphonium 
Iodide (15a).— To a solution of 0.23 g (0.01 g-atom) of sodium 
dissolved in 150 ml of ethanol was added 5.63 g (0.01 mol) of 3e 
under dry nitrogen. The solution was stirred at room tempera
ture for 10 min. The resulting yellow mixture was allowed to 
stir with 4.2 g (0.03 mol) of methyl iodide at room temperature 
for 18 hr. The solution was precipitated by adding to ether 
(500 m l), filtered, and the residue dissolved in CH2C12. Insoluble 
sodium bromide was eliminated by filtration and the filtrate was 
concentrated and precipitated by adding EtOAc; 5.2 g (84% ) of 
15a was obtained and recrystallized from methylene chloride- 
ethyl acetate: mp 249-254°; ir (K B r) 1580 (C = N ,  phenyl), 1080
(C P ), 760, 730, 690 cm "1 (phenyl); uv (M eO H ) Xmax 215 m g  

(e 37,200), 321 (11,600); nmr (CDC13) 5 3.15 (s, 3, -C H 3), 3.78 
(s, 2, -C H 2- ) ,  7.43 (s, 10, phenyl protons at C-5), 7.55-8.10 
ppm [m, 15, P (C 6H 5)3] .

A n a l .  Caled for C3iH 3oIN2P : C, 65.39; H , 4.85. Found: 
C, 65.26; H ,4.97.

5,5-Diphenyl-l-ethylaceto-2-pyrazolin-3-yltriphenylphospho- 
nium bromide (15b) was prepared by the same procedure as 15a 
using 0.23 g (0.01 mol) of sodium, 5.63 g (0.01 mol) of 3e, and
3.7 g (0.02 mol) of ethyl bromoacetate. The precipitate was 
partially dissolved in boiling acetone, and the sodium bromide 
and unreacted starting salt were removed by filtration. The 
acetone solution was concentrated while adding ethyl acetate to 
precipitate 4.4 g (69%5 of 15b, recrystallized from acetone-ethyl 
acetate: mp 207-210°; ir (K B r) 1750 (C = 0 ) ,  1210 (CO), 
1115 (C P ), 770, 730, 700 cm“ 1 (phenyl); nmr (CDC13) 5 1.08 
(t, 3, -O H 3, /  =  7.0 H z), 3.88 (q, 2, -O C H 2- ) ,  3.88 (s, 2, two 
protons at C-4), 4.32 (s, 2, -N C H 2- ) ,  7.38 (s, 10, phenyl protons 
at C-5). 7.50-8.10 ppm [m, 15, PICeHsh].

A n a l  Caled for C3,H3<BrN20 2P : C, 68.40; H , 5.28. Found: 
C, 68.58; H, 5.18.

1 -Carbethoxy-5,5-diphenyl-2-pyrazolin-3-yltriphenylphospho- 
nium Chloride (15c).— A  mixture of 0.42 g (0.01 mol) of NaH  
(57% mineral oil dispersion) and 5.63g (0.01 mol) of 3ein 100 ml of 
acetonitrile was allowed to stir at room temperature for 3 hr. 
To the resulting yellow solution was added ethyl chloroformate 
(1.5 g, 0.015 mol) and the mixture was stirred at room tempera
ture for 8 hr. After filtering the reaction mixture, the filtrate 
was precipitated by adding to ether; 2.5 g (43% ) was collected 
of 15c. An analytical sample was recrystallized from CH2C12-  
EtOAc: mp 179-180° dec; ir (K A r ) 1750 (C = 0 ) ,  1350 (-C H 2-  
C N ), 1200 (CO ), 1115 (C P ), 760, 730, 700 cm "1 (phenyl); nmr 
(CDClal S 1.00 (t, 3, -C H 3, /  =  7.0 H z), 4.06 (q, 2, -C H 20 - ) ,
4.08 (s, 2, protons at C-4), 7.40 (s, 10, phenyl protons at C-5), 
7.45-8.00 ppm [m, 15, P (C 6H5)3] .

A n a l .  Caled for C36H 32C1N20 P : C, 73.15; H , 5.46. Found: 
C, 73.35; H , 5.56.

Aqueous Basic Hydrolysis of 15a,b. General Methods.— A
sample of the salt was allowed to stir with a volume of 10% aque
ous soduim hydroxide by warming the mixture to ca . 80° for

(35) K . Friedrich and H. G. Henning, Chem. Ber., 92, 2756 (1959).
(36) E. T. Shaffer, Ph.D. Thesis, University of Delaware, 1967, p 32.
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1 hr. The resulting mixture was cooled to room temperature 
and worked up as described in the individual procedures.

5.5- Diphenyl-l-methyl-2-pyrazoline (16a).— The resultant 
heterogeneous reaction mixture from the treatment by the general 
method, using 6.3 g (0.01 mol) of 15a and 50 ml of 10% aqueous 
sodium hydroxide, was diluted with an equal volume of water, 
and extracted with ether (300 ml). The ether extract was washed 
with water several times and dried (MgSO,). The dried ether 
extract was concentrated to give an oily liquid which was chro
matographed (silica gel-ether) to obtain 1.8 g (76%) of 16a. 
An analytical sample was collected by a microscale distillation 
under vacuum: n ud 1.5998; ir (neat) 3050, 2950 (C H ), 1600 
(phenyl, C = N ) ,  1230 (C N ), 760, 700 cm“ 1 (phenyl); uv (M eO H ) 
Xmas 217 m u  (e 12,700), 273 (4700); nmr (CDCls) 5 2.55 
(s, 3, -C H 3), 3.37 (d, 2, -C H 2-, J  =  1.7 H z), 6.68 (t, 1, vinyl 
proton at C-3), 7.25 ppm (s, 10, phenyl protons).

A n a l .  Calcd for C i6H«N2: C,81.30; H , 6.82. Found: C, 
81.49; H , 6.82.

5.5- Diphenyl-2-pyrazolin-l-ylacetic Acid (16b).— Compound 
15b (4.5 g, 0.0069 mol) was treated with 20 ml of 10% aqueous 
sodium hydroxide by the general method. The cooled mixture 
was filtered to collect 1.4 g (73%) of triphenylphosphine oxide. 
The aqueous filtrate was washed with ether several times to elim
inate dissolved phosphine oxide. The aqueous alkaline layer 
was neutralized with dilute hydrochloric acid to precipitate 1.6 g 
of a pale yellow crude product, which was recrystallized from 
ether-methanol-hexane to obtain 1.4 g (71.5%) of 16b: mp 
164-167°; ir (K B r) 3050-3100 (hydrogen bonded OH), 1720 
(C = 0 ) ,  1600 (C = N ,  phenyl), 1250 (CO ), 760, 710 cm “ 1 
(phenyl); nmr (CDC13) 8 3.37 (s, 2, -N C H 2- ) ,  3.55 (d, 2, pro
tons at C-4, J  =  1.7 H z), 7.06 (t, 1, vinyl proton at C-3), 7.36 
(s, 10, phenyl protons), 11.37 ppm (m, 1, -O H , exchangeable with 
D 20 , chemical shift depends on concentration).

A n a l .  Calcd for C i7H i6N 20 2: C, 72.83; H, 5.75. Found: 
C, 72.93; H , 5.98.

Thermal Decomposition of 16b.— A  small amount of 16b, 
in an nmr tube, was heated to 180° for 40 min in an oil bath (bath 
temperature 170-190°). After cooling, the orange solid was 
dissolved in deuterated chloroform and its nmr spectrum was 
shown to be identical with that of 16a.

Aqueous Basic Hydrolysis of 15c.—The salt 15c (4.0 g, 6.8 
mmol) was stirred with 50 ml of 5% aqueous sodium hydroxide 
for 4 hr at room temperature. The cooled reaction mixture 
was extracted with ether (300 ml), dried (MgSO<), and concen
trated to furnish an oily liquid. The oily liquid was chromato
graphed (silica gel-ether) to obtain 0.96 g (47% ) of 18 and 0.40 g 
(20% ) of 16c.

An analytically pure sample of each compound was furnished 
by recrystallization from ether-petroleum ether.

0-Cyano-a,a-diphenylethylurethane (18).— An analytically 
pure sample had mp 114-116°; ir (K B r) 3230 (N H ), 2230 (C N ), 
1710 (C = 0 ) ,  1245 (CO), 770, 703 cm "1 (phenyl); nmr (CDCla) 
8 1.15 (t, 3, -C H 3, J  =  7.0 H z), 3.74 (s, 2, -C H 2C N ), 3.98 (q, 
2, -O CH 2- ) ,  5.88 (s, 1, N H , exchangeable with D 20  slowly and 
chemical shift depends on concentration), 7.25 ppm (s, 10, phenyl 
protons).

A n a l .  Calcd for Ci8H 18N 20 2: C, 73.45; H, 6.16; N , 9.51. 
Found: C, 73.30; H , 6.21; N , 9.41.

l-Carbethoxy-5,5-diphenyl-2-pyrazoline (16c).— An ana
lytically pure sample melted at 157-158°: ir (K B r) 1705 (C = 0 ) ,  
1608 (C==N phenyl), 1165 (CO ), 850 (vinyl), 762, 700 cm-1 
(phenyl); nmr (CDC13) 8 1.14 (t, 3, -C H 3, J  =  7.0 H z), 3.58 
(d, 2, protons at C-4, J  =  1.3 H z), 3.96 (q, 2, -O C H 2- ),  6.83 
(t, 1, proton at C-3), 7.25 ppm (s, 10, phenyl protons).

A n a l .  Calcd for C,8H 18N 20 2: C, 73.45; H , 6.16. Found: 
C, 73.93; H, 6.19.

Attempted Alkylation of 3a and 3d.— A  0.01-mol sample of the 
individual salt was treated under the same procedure as 15a. 
The precipitated salt in ether was identified as methyltriphenyl- 
phosphonium iodide in 50-70% yield. No alkylated salt was 
observed in each case. From the ether solution the corresponding 
pyrazole was isolated in over 70% yield and identified by compar
ing its nmr spectrum with that of the reported nmr spectrum.87

Reaction of 3d,e with Ethanolic Sodium Ethoxide. 3(5)- 
Phenylpyrazole.— Compound 3d (4.87 g, 0.01 mol) was added to 
a solution of 0.23 g (0.01 g-atom) of sodium in 150 ml of ethanol. 
The mixture was allowed to reflux for 10 hr. After cooling, the

(37) N. S. Bhacca, et al., "NMR Spectra Catalog,” Vol. II, Varian As
sociates, Palo Alto, Calif., 1963.

resultant mixture was concentrated to 20 ml, and 200 ml of ether 
was added. The resulting solution was washed with two 20-ml 
portions of ether. The ether layer was vigorously shaken with 
dilute hydrochloric acid (150 ml), and the acidic aqueous layer 
was separated and washed with ether-ethyl acetate (1 :1 ) mixture 
which was combined with the former ether layer. The combined 
organic layers furnished triphenylphosphine (2.6 g, 97%). The 
acidic aqueous solution was basified with 10% aqueous sodium 
hydroxide. The heterogeneous resultant solution was extracted 
with ether (100 ml), dried (MgSCh), and concentrated to obtain
1.5 g (80% ) of an oil which crystallized on standing, mp 77-78° 
(lit.38 mp 78°). The nmr spectrum is identical with that found 
in the literature.38 39

3(5)-Phenylpyrazole Picrate.— To a solution of 1.0 g (0.007 
mol) of pyrazole in 10 ml of ether was added a saturated ether 
solution of picric acid (2.13 g, 0.01 mol). The solution was 
brought to a boil and then cooled immediately. Cooling over
night gave 2.2 g (91%) of yellow crystals: mp 170-172° (lit.40 
mp 168-170°); nmr (CDC13) 8 6.92 (d, 1, proton at C-4, J  =  2.5 
H z), 8.09 [d, 1, proton at C-3(5)], 7.32-7.62 (m, 3, meta and 
para protons of phenyl ring), 7.62-7.96 (m, 2, ortho protons of 
phenyl ring), 8.71 (s, 2, protons of picric acid ring), 14.84 ppm 
(broad s, 2, N H , exchangeable with D 20 , chemical shift depends 
on concentration).

5,5-Diphenyl-2-pyrazoline, (19).— This reaction was run in the 
same manner as the reaction with 3d using 0.23 g (0.01 g-atom) 
of sodium and 5.63 g (0.01 mol) of 3e. Refluxing for 3 hr gave 
triphenylphosphine oxide instead of triphenylphosphine from the 
combined organic layers. A fter the usual work-up procedure,
1.4 g (72.5%) of an oily product was obtained. A ll spectral 
data and melting point were identical with those of 19e obtained 
by basic hydrolysis of 3e: ir (K B r) 3330 (N H ), 1600 (C = N ,  
phenyl), 780, 740, 700 (phenyl), 545 cm-1 (vinyl); nmr i'CD C 13) 
8 3.23 (d, 2, -C H 2- , /  =  1.6 H z), 6.67 (t, 1, proton at C-3),
5.9 (broad s, 1, N H , exchangeable with D20 , chemical shift 
depends on concentration), 7.21 ppm (s, 10, phenyl protons).

Aqueous Basic Hydrolysis of 3a-e. General Procedure.— A 
sample (0.01 mol) of 3a-e was allowed to stir with a specified 
volume of 10% aqueous sodium hydroxide at room temperature 
or warmed and then immediately cooled to room temperature. 
The resultant reaction mixture was diluted with an equal volume 
of water and extracted with ether (200 ml). The ether extract 
was washed with dilute hydrochloric acid (two 100-ml portions). 
The separated acidic aqueous layer was washed with ether (50 
ml), and the organic layers were combined, dried (MgSO,), 
and concentrated to give triphenylphosphine oxide. The aque
ous solution was basified and extracted with ether (200 ml). 
The dried (MgSCh) ether extract was concentrated to obtain the 
individual 2-pyrazoline (see results in Table I ) .

T a b l e  I

A q u e o u s  B a s ic  H y d r o l y s is  o f  C o m p o u n d s  3 a -e

2-Pyrazo-

Sait
Base,
ml

Time,
min

Temp,
°C

(CsHslsPO,
%

line (19),
% Ref

3a 50 30 25 99 a

3b 70 60 25 95 6 2 .56 43
3c 60e 120 25 100 a

3d 50e 80 40 96

cb00 44
3e 100 60 80 97 83 .3d 44, 45

° 2-Pyrazoline was not observed. b Picrate was prepared, 
mp 124-126° [mp 126°, von K . Freudenberg and W. Stoll, 
J u s tu s  L ie b ig s  A n n .  C h e m ., 440, 44 (1924)]. c 5% aqueous 
sodium hydroxide. d M p 70-73° [mp 72—78.5°, D. S. Matteson, 
J .  O rg . C h e m ., 27, 4293 (1962); 64.5-65.5°, M . Hamada, et a l ,  

B u l l .  In s t .  C h em . R e s .,  K y o to  TJniv., 24, 81 (1951)]; see the nmr 
and ir data in 19e. e Nmr (CDC1S) 8 2.38 (ddd, 1, cis proton 
at C-4 to phenyl, J eem =  16.5 Hz, J =  9.5 H z), 2.90 (ddd, 
1, trans proton at C-4 to phenyl, J cu =  10 Hz), 4.52 (t, 1, proton 
at C-5), 6.56 (t, 1, proton at C-3, J  =  1.5 Hz), 7.19 (s, 5, phenyl 
protons), 5.20 ppm (broad, s, 1, N H , exchangeable with D 20, 
chemical shift depends on concentration).

(38) K . Bowden and E. R. H. Jones, J. Chem. Soc., 953 (1946).
(39) L. G. Tensmeyer and C. Ainsworth, J. Org. Chem., 31, 1878 (1966).
(40) I. I. Grandberg, Zh. Obshch. Khim., 31, 2793 (1961).
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Attempted Wittig Olefination Reaction of 3a-e.41 General 
Method A.— Sodium was dissolved in ethanol and the salt was 
added. After stirring the mixture for 10 min, freshly distilled 
carbonyl compound was added to the yellow ylide solution and 
allowed to stir at room, temperature for 12 hr. The reaction mix
ture was worked up by the individual procedure cited.

General Method B.—To a solution of sodium dissolved in 
ethanol was added freshly distilled carbonyl compound and then 
the salt was added portionwise through a wide rubber tube which 
is connected to an erlenmeyer flask. The reaction mixture was 
allowed to stir at room temperature and worked up as described.

General Method C.— To a mixture of salt and carbonyl com
pound in ethanol was slowly added ethanolic sodium ethoxide 
through a dropping funnel. After stirring the reaction mixture 
for a defined time at room temperature, the mixture was worked 
up as described.

3(5)-Benzylpyrazole [24a(a')l-—The reaction was carried out 
by method B, using 250 ml of ethanol, 0.69 g (0.03 g-atom) of 
sodium, 3.67 g (0.035 mol) of benzaldehyde, and 12.3 g (0.03 
mole) of 3a. Reaction time was 8 hr. The resultant reaction 
mixture was concentrated to 50 ml, poured into water (100 ml), 
extracted with ether-ethyl acetate (3:2) mixture (150 ml), and 
dried (MgSCh). After removing the solvent, the pale yellow 
oily liquid was distilled (short path) under vacuum. A colorless 
oil (3.0 g, 65%) was collected at 140-150° (0.05 mm Hg): ?i20d 
1.5762; ir (neat) 3300 (free NH), 3100 (hydrogen bonded NH ), 
1608 (C = N ,  phenyl), 950 (vinyl), 765, 720 700 cm^1 (phenyl); 
nmr (CDC13) S 3.95 (s, 2, -CH2-), 5.96 (d, 1, proton at C-4, 
J  =  2 Hz), 7.18 (s, 5, phenyl protons), 7.28 ppm [d, 1, proton at 
C-3(5)]. The chemical shift of the NH  proton depends on con
centration of sample and is exchangeable with D2O.

A na l.. Calcd for CioHi0N 2: C, 75.91; H, 6.36; N, 17.71. 
Found: C, 75.96; H, 6.49; N , 17.67.

3(5)-Benzylpyrazole Picrate.—To a solution of 0.2 g (1.33 
mmol) of 24a(a') in 5 ml of ethanol was added 0.458 g (2.0 mmol) 
of picric acid. The solution was boiled for 5 min. To the 
orange-colored mixture was added enough hexane to double the 
volume, and it was cooled in the refrigerator overnight. Yellow 
crystals (0.5 g, 99.5%) were collected and recrystallized from 
ethanol-petroleum ether: mp 125-127°; nmr (DMSO-d6 +  
CDCI3 ) 8 4.17 (s, 2, -CH 2- ), 6.42 (d, 1, proton at C-4, J  = 2.5 
Hz), 7.30 (s, 5, phenyl protons), 8.01 [d, 1, proton at C-3(5)],
8.76 (s, 2, protons of picric acid ring), 15.54 ppm (s, 2, NH, 
chemical shift depends on concentration, exchangeable with D20 ).

A na l. Calcd for Ci6Hi3N 5C>7: C, 49.61; H, 3.38; N , 18.08. 
Found: C, 49.60; H, 3.24; N, 18.14.

3(5)-Benzyl-5(3)-methylpyrazole [24b(b ')].—The reaction was 
run according to method C using 150 ml of ethanol, 8.5 g (0.02 
mol) of 3b, 2.5 g (0.025 mol) of benzaldehyde, and 0.46 g (0.02 
g-at,om) of sodium. The ethanolic sodium ethoxide was added 
over the period of 2 hr and the reaction mixture was subsequently 
stirred for 10 hr. The resultant mixture was concentrated to 20 
ml and ether (300 ml) was added. The solution was washed with 
water (two 200-ml portions). The ether layer was shaken with
10-20% hydrochloric acid (100 ml) for 10 min. The acidic aque
ous layer was separated and washed with ether and ethyl acetate, 
basified with 20% aqueous sodium hydroxide, and extracted with 
two 200-ml portions of ether. The combined, dried (MgS04) 
ether extracts were concentrated to give 3.3 g (96%) of a pale 
yellow oil. An analytical sample of 24b(b') was obtained by 
distillation at 135-145° (0.05 mm). The distillate solidified on 
standing: mp 71-73° (lit. mp 72-73.5°,42 77-78° 43); ir (K B r) 
3370 (free NH ), 3170-3070 (hydrogen bonded NH ), 1600, 
1580 (C = N , phenyl), 1030 (vinyl), 735, 700 cm-1 (phenyl); 
nmr (CDCIS) 5 2.17 (s, 3, -CHS), 3.91 (s, 2, -CH2-), 5.75 (s, 1, 
vinyl proton at C-4), 7.20 (s, 5, phenyl protons), 12.40 ppm (s, 1, 
NH, exchangeable with D20  and chemical shift depends on con
centration). Compound 28b(b') was also obtained by method B 
(95%).

3-Benzyl-5-methylpyrazole Picrate.— To a solution of 1.0 g 
(5.9 mmol) of 24b(b') in 20 ml of ether and a few drops of EtOAc 
was added 2.0 g (8.7 mmol) of picric acid dissolved in EtOAc 
(3 ml). The mixture was boiled for 10 min and petroleum ether 
was added. After cooling in a refrigerator, one obtained 2.2 g 
(93%) of yellow crystals, recrystallized from ethanol: mp 119-

(41) Attempted reactions with benzophenone, cyclohexanone, or cyclo- 
pentanone gave the same results as the reactions with refluxing ethanolic 
sodium ethoxide alone.

(42) J. B. Wright, et a l J .  Med. Chem., 7, 102 (1964).
(43) V. Y . Grinshtein, et al., ibid., 32, 1077 (1962).

121°; nmr (0M SO-d6 +  CDC13) S 2.42 (s, 3, -C H S), 4.11 (s, 2, 
-CHa-), 6.17 (s, 1, proton at C-4), 7.30 (s, 5, phenyl protons),
8.88 ppm (s, 2, protons of picric acid ring). Two N H  protons are 
exchangeable with D ,0  and their chemical shifts depend on con
centration.

A n a l .  Calcd for CnHijNsO,: C, 50.87; H, 3.77; N , 17.45. 
Found: C, 50.74; H, 3.69; N , 17.39.

3(5)-a,0-Diphenyl-|3-hydroxyethyl-5(3)-phenylpyrazole [26d- 
(d ')l ■— The reaction was carried out by method B using ethanol 
(200 m l), 0.69 g (0.03 g-atom) of sodium, 7.42 g (0.07 g-atom) of 
benzaldehyde, and 15 g (0.031 mol) of 3d. The reaction was run 
for 11 hr. The resultant reaction mixture was concentrated to half 
its volume, poured into water, and extracted with 300 ml of 
ether. The dried (MgSO*) ether extract was concentrated to 
furnish an oily liquid. The oily liquid was chromatographed on 
silica gel (hexane-ethyl acetate). Compound 26d(d'), was ob
tained (9.0 g, 88%), recrystallized from CH 2Cl2-E tO Ac: mp 
183-185°; ir (K B r) 3360 (freeN H ), 3225-3125 (hydrogen bonded 
N H  and OH ), 1580, 1550 (C = N ,  phenyl), 1050 (CO ), 770, 700 
cm-1 (phenyl); nmr (DMSO-ds) 8 4.35 [d, 1, -CH(C6Hs), J  =
8.0 H z], 5.30 [d, 2, N H  and -C H (C 6H 5)O H ], 6.59 (s, 1, proton 
at C-4), 7.00-7.58 [m, 14, OH phenyl protons at side chain and 
meta ar.d para protons of the phenyl ring at C -5(3 )], 7.58-7.90 
ppm [m, 2, ortho protons of phenyl ring at C -5(3 )]. After added 
D20 , the integration of the phenyl proton region was 13 and 1 
at 5.30.

A n a l .  Calcd for C23H 2„N20 : C, 81.15; H , 5.92; N , 8.23. 
Found: C, 81.36; H , 5.63; N , 8.30.

3-(a,d-Diphenyl-|3-hydroxyethyl)-5-phenylpyrazole Picrate.—■ 
To a solution of 0.5 g (1.45 mmol) of 26d(d') dissolved in EtOAc 
(10 m l) was added 0.6 g (2.00 mmol) of picric acid in EtOAc 
(5 ml). A fter boiling for 5 min, the resultant yellow solution 
was concentrated while adding hexane to precipitate 0.8 g (100%) 
of the picrate, recrystallized from EtOAc-hexane: mp 183-
185°; nmr (D M SO -A +  CDC13) 8 4.52 [d, 1, -C H (C 6H 5)-, 
J  =  6.0 H z], 5.45 [d, 1, -C H (C 6H 6)O H ], 6.84 (s, 1, proton at 
C-4), 7.19-7.35 (d, 10, phenyl protons at side chain), 7.35-7.60 
(m, 3, meta and para protons of phenyl ring at C-5), 8.81 (s, 2, 
protons of picric acid ring), 10.39 ppm (s, 2, N H  and OH, ex
changeable with D 20  and chemical shift depends on concentra
tion).

A n a l .  Calcd for C29H 23N 60 8: C, 61.15; H , 4.06; N , 12.02. 
Found: C, 61.03; H, 4.15; N , 12.13.

3(5)-Benzyl-5(3)-phenylpyrazole [24d(d')] by Thermal De
composition of 26d(d')-— A  sample of 26d(d') (2 g, 5.8 mmol) 
was heaced to 270-290° for 90 min in a microscale distillation ap
paratus. In  the center section of the apparatus, 0.53 g (91.3%) 
of benzaldehyde was collected. The residue was dissolved in 
ether and concentrated while adding petroleum ether until crys
tals formed. The white crystalline 24d,d' (1.3 g, 93.5%) was 
obtained: mp 89-90° (lit. mp 89-90°,44 45 90.5-91° 46); ir (neat) 
3250-3150 (N H ), 1595, 1575 (phenyl, C = N ) ,  1040, 1015 (v inyl), 
970 (vinyl), 770, 720, 700 cm-1 (phenyl); nmr (CDCls) 8 3.75 
(s, 2, —CH2—), 6.15 (s, 1, proton at C-4), 7.0-7.4 (m, 8, para and 
meta proton of phenyl ring at C-5 and phenyl protons at side 
chain), 7.5-7.7 (m, 2, ortho protons of phenyl ring at C-5), 
13.48 ppm (s, 1, N H , exchangeable with D 20 , chemical shift 
depends on concentration).

Attempted Reactions of 3(5)-Methyl- [24b(b')l or Phenyl-5 (3)- 
benzylpyrazole46 [24d(d')] with Benzaldehyde.— A  sample (0.005 
mol) of 24b(b') or 24d(d') was added to 30 ml of ethanol in which 
an equimolar amount of benzaldehyde and a catalytic amount of 
sodium had been dissolved. The resultant solution was allowed 
to stir at room temperature for 12 hr. The reaction mixture 
was poured into water, extracted with ether (100 ml), and dried 
(MgSO,). The dried ether extract was concentrated to obtain an 
oily liquid which was shown by nmr to be only a mixture of 
starting materials in each case. No additional products were 
observed.

3-(ff,/3-Diphenyl-/3-bromoethyI)-5-phenylpyrazole Hydro
bromide (27).— A  sample of 26d(d') (0.5 g, 1.47 mmol) was 
allowed to stir with 48% hydrogen bromide (20 m l) at room tem 
perature for 1 hr. The mixture was filtered to furnish wet solids 
which were dissolved in chloroform. The chloroform solution 
was dried (MgSO<) and concentrated while adding ether to pre

(44) D» G. Farnum and P. Yates, J. Amer. Chem. Soc., 84, 1399 (1962).
(45) C. Bürow and H. Grotowsky, Chem. Ber., 34, 1479 (1901).
(46) Prepared by a method reported by D. S. Matteson, J . Org. Chem., 

27, 4293 (1962).
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cipitate 0.4 g (56.5%) of white crystals. Even after numerous 
attempts at recrystallization, an analytical sample could not be 
obtained. The best sample we could obtain had mp 210-212°; 
ir (K B r) 3250 (N H ), 2050, 2900 (amine salt); nmr (DMSO-de) 
5 4.50 [d, 1, -C H (C 6H 6)-  J  =  8.0 H z], 5 .4 3  [d ,  1, -C H (C 6H 6)- 
B r ], 7.10 (s, 1, proton at C-4), 7.10-8.00 (m, 15, phenyl protons),
9.6 ppm (s, 2, N H , exchangeable with D 20 , chemical shift de
pends on concentration).

3-(oi,i3-Diphenyl-i3-«iethoxyethyl)-5-phenylpyrazole Hydro
bromide (28).— Reagent grade methanol (5 m l) was added to a 
boiling solution of 0.4 g (0 .8 3  mmol) of 27 dissolved in 10  ml of 
CH 2C12. The clear solution was concentrated while adding hex
ane to precipitate 0.35 g (98% ) of 28. Recrystallization from 
methanol-hexane gave an analytical sample: mp 150-153°; 
ir (K B r) 3200 (N H ), 2700 (amine salt), 1070 (CO ), 750, 705, 
695 cm-1 (phenyl); nmr (DMSO-d6) S 3.35 (s, 3, -O C H 3), 
4.61 (d, I, -C H (C 6H5)-, J  =  6.5 HzJ, 5 .5 8  [d ,  1, -C H (C «H 6)0 - ),
6.99 (s, 1, proton at C-4), 7.08-7.66 (m, 13, meta and para 
protons of phenyl ring at C-5, protons of phenyl ring at side 
chain), 7 .6 6 -8 .0 0  (m, 2, ortho protons of phenyl ring at C-5),
9.00 ppm (s, 2, N H , exchangeable with D 20  and chemical shift 
depends on concentration).

A n a l .  C a lc d  for C24f i 23B rN20 : N ,  6.43. Found: N , 6.29.
3 - (a ,(3 - Diphenyl - (3 - ethoxy ethyl) - 5 - phenylpyrazole hydrobro

mide (29) was prepared in the same manner as described above 
but using reagent grade ethanol instead of methanol. A  0.36-g 
(94% ) sample of 29 was obtained. Recrystallization from eth
anol-hexane gave an analytically pure sample: mp 154-156°; 
ir (K B r) 3200 ( N H ) ,  2700 (amine salt), 1630 (C = N ,  phenyl), 
1040 (CO ), 1005 (-C H 2CH3), 745, 700 cm -1 (phenyl); nmr 
(DMSO-d6 +  CDCls) S 1.18 (t, 3, -C H 3, J  =  6.0 H z), 3.62 (q, 2, 
-O C H i-), 4.60 [d, I, -C H (C ,H 6)-, J  =  6.2 H z], 5.57 [d, 1, 
-C H (C sH 6)0 -| , 6.92 (s, 1, proton at C-4), 7.00-7.58 (m, 13, 
meta and para protons of phenyl ring at C-5 and phenyl protons 
at side chain), 7.58-8.00 (m, 2, ortho protons of phenyl ring 
at C-4), 8.33 ppm (s, 2, N H , exchangeable with D 20  and chemical 
shift depends on concentration).

A n a l .  Calcd for C25H25N rN 20 : N ,  6.23. Found: N , 6.25.
3-Benzilidene-5,5-diphenyl-l-pyrazoline (20) was prepared by 

following method C using 13.8 g (0.025 mol) of 3e, 200 ml of 
ethanol, 2 .7 5  g (0.026 mol) of benzaldehyde, and 0.57 g (0.025 
g-atom) of sodium. The reaction mixture was allowed to stir 15 
hr. The resultant mixture was concentrated to 50 ml, poured 
into water (100 ml), and extracted with ether (300 m l). The 
dried Mg(SCh) ether extract furnished a pale yellow, oily liquid

on concentration. To the oily liquid was added methanol (20 
ml) and water (5 ml), and the mixture was allowed to stand in 
a refrigerator overnight. Needlelike crystals (6 g, 78% ) were 
obtained. Recrystallization from ether-methanol gave an ana
lytically pure sample of 20: mp 123-124°; ir (K B r) 1575 
(—N = N —), 1100 (C N , v inyl), 780-700 cm-1 (phenyl); uv 
(M eO H ) 212 m M (* 21,800), 316 (19,400); nmr (CD Cb) S 
3.23 (d, 2, -C H 2- , J  =  2.5 H z), 7.00-7.55 (m, 15, phenyl pro
tons), 7.64 ppm (t, 1, benzilidene proton).

A n a l .  Calcd for C2iH i8N 2: C, 84.80; H , 6.15. Found: 
C, 84.78; H , 5.98.

From the mother liquor, 5,5-diphenyl-2-pyrazoline (19e) 
was identified in trace amount by nmr spectrum. By method A  
24 was also prepared in 65% yield.

1,1,4,4-Tetraphenyl-l,3-butadiene.— The reaction was carried 
out by method A  using 50 ml of ethanol, 0.23 g (0.01 g-atom) of 
sodium, 5.4 g (0.01 mol) of 13e and 1.8 g (0.01 mol) of benzophe- 
none in the course of 7 hr. The resultant reaction mixture was 
diluted with 10 ml of water and cooled in a refrigerator overnight. 
Collected was 2.2 g (61.5%) of white crystals of the product: 
mp 195-196°; ir (K B r) 2950 (C H ), 910 (vinyl), 765, 703 cm’ 1 
(phenyl). The nmr spectrum was identical with that reported 
in the literature.37

Registry N o.—3a, 32251-61-9; 3a tetraphenylborate, 
32237-61-9; 3b, 32251-62-0; 3c, 32251-63-1; 3d, 
32251-64-2; 3e, 32251-65-3; 6, 32251-66-4; 7, 32251- 
67-5; 13c, 1530-34-3; 13d, 7310-74-9; 13e, 25201-67-6; 
14a, 27981-65-3; 14b, 32251-72-2; 15a, 32251-73-3; 
15b, 32251-74-4; 15c, 32251-75-5; 16a, 32251-76-6; 
16b, 32251-77-7; 16c, 32251-78-8; 18, 32251-79-9; 
19e, 25201-66-5; 20,25201-65-4; 24a(a'), 32251-82-4; 
24a (a ') picrate, 32251-83-5; 24b (b '), 32251-84-6;
24b(b') picrate, 32251-85-7; 24d(d'), 21917-99-7;
26d(d'), 32251-87-9; 26d(d') picrate, 32304-10-2;
27,32251-88-0; 28,32251-89-1; 29,32251-90-4; 3(5)- 
phenylpyrazole picrate, 6456-07-1; 1,1,4,4-tetraphenyl-
1,3-butadiene, 1450-63-1.
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Reactions of Phosphorus Compounds.1,2 30. Preparation and Basic Hydrolysis of
l-(|3-Triphenylphosphonioethyl)-2-pyrazolin-3-yltriphenylphosphonium Dibromides

E d w a r d  E .  S c h w e i z e r * a n d  C h o o n g  S. K i m  

D e p a r tm e n t  o f  C h e m is try , U n iv e rs ity  o f  D e la w a re , N e w a rk , D e la w a re  19711 

R e ce iv ed  M a y  24, 1971

Unsubstituted or 5-substituted l-(/3-triphenylphosphonioethyl)-2-pyrazolin-3-yltriphenylphosphonium di
bromides were prepared by the phosphonioethylation reaction of vinyltriphenylphosphonium bromide and un
substituted or 5-substituted 2-pyrazolinyltriphenylphosphonium bromides. Their basic hydrolysis was investi
gated and unusual phenyl migration and N -N  bond cleavage were observed o n  th e  hydrolysis of phosphonium 
moiety attached at C-3.

During investigations of the preparations and re
actions of pyrazolinyltriphenylphosphonium salts,2 we 
found that vinyltriphenylphosphonium bromide easily 
undergoes Michael-type additions3 (phosphonioethyla
tion) with 2-pyrazolinyltriphenylphosphonium salts. 
In the preparation of pyrazolinyltriphenylphosphonium 
salts, when diazoalkanes were added slowly (not in 
excess) to vinyltriphenylphosphonium bromide, the 
phosphonioethylated salts were observed as contami-

(1) Part 28: E. E. Schweizer, T . Minami, and D. M . Crouse, J. Org* 
Chem., 36, 4028 (1971).

(2) Part 29: E. E. Schweizer and C. S. Kim, ibid., 36, 4033 (1971).
(3) E. E. Schweizer and R . D. Bach, ibid., 29, 1746 (1964).

nants. On the other hand, the phosphonioethylated 
salts, 3a-d were prepared (>95%  yield) by treatment 
of equal molar amounts of vinyltriphenylphosphonium 
bromide (1) and 2-pyrazolin-3-yltriphenylphosphonium 
bromides (2a-d) in the presence of a catalytic amount 
of base (potassium ferf-butoxide) (Scheme I).

The phosphonioethylation reactions of 5-substituted 
salts of 2 a necessitated more vigorous reaction condi
tions in order to achieve comparable yields to that of 
the unsubstituted salt. This sluggishness is postulated 
as being due to the steric hindrance of substituents 
next to the reaction site.
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Sc h e m e  I
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a ,  R  =  R '  =  H

b, R  =  H; R '  =  CH 3
c, R  =  H ; R ' = C 6H 5

d, R  — R' — CeHs

In the nmr spectrum the chemical shifts for protons 
at C-4, C-5, and the ethyl group attached to nitrogen 
could not be assigned individually, except for the single 
proton at C-5 in 3d.

The basic hydrolysis of 3a d gave a series of unique 
products whose relative abundance could be varied by 
changing the acidity of the solvent used (Scheme I I ) .

Hydrolysis in anhydrous methanolic sodium hy
droxide gave relatively greater amounts of phenyl mi
grated product 14 (60%) over protonated compound 
7 (40%). Hydrolysis in aqueous sodium hydroxide 
gave 14 (40%) and 7 (60%). I f  the carbanion S is 
assumed to be an intermediate during the hydrolysis 
reaction, the carbanion 5 will be protonated less readily 
in methanol than in the more acidic aqueous medium, 
as shown by the above ratio. The carbanion 5 attacks 
the phenyl moiety (attached to the phosphorus atom 
at the /3-ethyl position) more readily in methanol (where 
it is longer lived) than in water. We have, however, 
no data which would allow us to say that the free car
banion 5 is indeed an intermediate in this reaction or 
that a concerted reaction, similar to that postulated 
by Trippett,4 takes place. Similarly, the yield of 9 
was also increased on hydrolysis of 3d in methanol 
(47%) in comparison to the yield of 9 observed in water 
« 1 0 % ) .

The phosphorus atom attached to C-3 was expected 
to be more electrophilic than the phosphonium group 
attached at the /3-ethyl position. This expectation 
was borne out by the fact that at no time could it be 
shown that basic hydrolysis would form a diphenyl- 
phosphine oxide moiety at the /3-ethyl position prior 
to the cleavage of the phosphonium moiety attached 
at C-3. The phosphonium salts, 8b and 6c, were, how
ever, isolated, thus clearly showing precedence of hy
drolysis. This difference is attributed to the greater 
electrophilicity imparted by the - N = C <  group at
tached to the former (C-3) phosphonium moiety in 
contrast to the -C H 2CH2-  group attached to the latter 
(/3-ethyl).

The phenyl migration in this system is quite unusual, 
comparable only to 1,2-phenyl migrations reported by

(4) J. R. Corfield and S. Trippett, Chem. Commun., 1267 (1970).

earlier workers.56 The migrated (to C-3) phenyl 
moiety is one of the phenyl substituents attached to 
the phosphorus atom at the /3-ethyl position. The 
two migrating pathways (a and b) are possible from the

4 or 5

X \

I l

14a, b

intermediate 4 or the free carbanion 5 described in 
Scheme II. Attempts to isolate the assumed inter
mediate 13 were fruitless. This intermediate was 
presumably easily oxidized to give 14 under the hy
drolysis condition, similar to the oxidation of ethyl- 
diphenylphosphine.7 The possibility of the nucleo
philic attack (Sn2) on C-3 by the phenyl anion formed 
by the hydrolysis of the phosphonium moiety attached 
to the /3-ethyl position was ruled out by two facts: 
(a) no triphenylphosphine was observed; (b) 1-methyl- 
5,5-diphenyl-2-pyrazolin-3-yltriphenylphosphonium io
dide (15) did not give the phenyl-substituted compound 
(16) at C-3, when it was allowed to react with phenyl- 
lithium. No reaction is observed.

C A

C6H 5̂
/ N  ^  

CH, w P ( c (.H5)3r

15

u + c p r

CH;

C *-7  \
/ « „ A

N

16

+  ( C Ä ) 3P

CeH5

The phenyl migrated structure, 14 (where R  =  R ' =  
H), was characterized by its comparison with an authen
tic sample prepared by aqueous basic hydrolysis of

(5) J. J. Brophy, K . L. Freeman, and M . J. Gallagher, J. Chem. Soc., 
2260 (1968).

(6) E. Zbiral and L. Werner, Justus Liebigs Ann. Chem., 707, 130 (1967).
(7) von A. Michaelis and A. Link, ibid., 207, 214 (1881).
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3-phenyl-2-pyrazolin-1 -ylethyltriphenylphosphonium 
bromide (18), which was synthesized from 3-phenyl-
2-pyrazoline (17) and 1.

C H , = C H — P ( C 6H i )3B r~
HN ^

'C 6H6 

17

B r- (C6H5)3PCH2CH2— N.

18
T T  ' C Ä

10%  N a O H w

R
(C6h 5),p c h 2c h 2/ ' c6h .*5̂ 3-1'^■n2C/n2

14a

The formation of nitrile compounds by N -N  bond 
cleavage of 3-unsubstituted 2-pyrazolines under basic 
conditions was reported in the literature.8-10 This 8 9 10

(8) N. Rabjohn, H. R. Havens, and J. L. Rutter, J. Heterocycl. Chem.» 
3, 413 (1966).

(9) J. J. Grandberg and A. V. Potanova, Zh. Obshch. Khim., 32, 651 
(1962).

(10) A. N . Kost, et al., Dokl Akad. Nauk SSSR, 144, 359 (1962).

cleavage during basic hydrolysis of 3 may be considered 
to take place via intermediate 4 or 5 by 6 elimination. 
Kost10 reported that 3-alkyl substituted 2-pyrazoline 
did not give any N -N  bond cleavage product (nitrile 
compound) under conditions which gave nitrile prod
ucts from the 3-H species. The alkyl substituent at 
C-3 obviously blocked the formation of the anion at 
C-3. The structure of 9b was shown to be identical 
with that of an authentic sample prepared by the phos- 
phonioethylation of 1 and 2-aminobutyronitrile (20), 
which was synthesized by the ammonolysis of allyl 
cyanide (19).

NHa 1
C H 2=C H C H 2C N  — >  c h 3c h c h 2c n  — >■

19 ¿ h 2
20

CH3CH CH 2C N
I

H N C H 2C H 2P (C 6H 6)3B r-
9b

Experimental Section

Infrared spectra were obtained on a Perkin-Elmer Model 137 
spectrophotometer or a Perkin-Elmer Model 421 grating spectro
photometer, and nmr spectra were obtained on a Yarian A-60A 
spectrometer using tetramethylsilane as internal standard. 
A ll melting points were uncorrected and obtained on a Thomas- 
Hoover capillary melting point apparatus. Elemental analyses 
are by M . H . W . Laboratories, Garden C ity, M ich., and Micro- 
Analysis Inc., Wilmington, Del.

Any analytical and spectral data not included in the text may 
be found in the tables. A ll reactions were run under dry nitro
gen except for aqueous reactions, and solvents used were anhy
drous.

Preparation of Phosphonioethylated Salts. General Method
A.— A catalytic amount of potassium ierf-butoxide was added 
to a mixture of the salt (0.01 mol) and vinyltriphenylphospho- 
nium bromide (3.7 g, 0.01 mol) in acetonitrile (50 m l) and allowed 
to stir at room temperature for 6 hr. To the resultant reaction 
mixture was added EtOAc (100 m l) slowly to precipitate the 
phosphonioethylated salt. An analytically pure sample was ob
tained by recrystallization from CH 2Cl2-E tO Ac.

General Method B.— The reaction was carried out in the same 
manner as method A  using 0.03 mol of the starting materials, 
and refluxed for 12 hr. The reaction mixture was worked up 
by the general procedure of method A.

l-(i3-Triphenylphosphonioethyl)-2-pyrazolin-3-yltriphenylphos- 
phonium dibromide (3a) was prepared by method A  in 95% 
yield: mp 251-253°; ir (K B r) 1570 (C = N ,  phenyl), 1340 
(-C H 2- ) ,  1115, 1100 (C P ), 730, 695 cm-1 (phenyl); nmr (CD C lj) 
S 2.85-3.35 (m, 2, protons at C-4), 3.75-4.68 (m, 6, protons at 
C-5 and ethyl group), 7.45-8.19 (m, 30, phenyl protons).

A n a l .  Calcd for C «H 38Br2N 2P 2: C, 63.09; H , 4.89; P , 
7.93. Found: C, 63.11; H , 4.90; P, 8.06.

5-M ethyl-1 - (/3-triphenylphosphonioethyl )-2-pyrazolin-3-yltri- 
phenylphosphonium Dibromide (3b).— The salt prepared by 
method A  in quantitative yield had mp 251-252°: ir (K B r) 
1590 (C = N ,  phenyl), 1150, 1100 (C P ), 725, 690 cm-1 (phenyl); 
nmr (CDC13) S 1.32 (d, 2, -C H 3, J  =  6.0 H z), 2.35-5.15 (m, 7, 
protons at C-4, C-5, and ethyl group), 7.40-8.20 (m, 30 phenyl 
protons).

A n a l .  Calcd for C42H 4l)Br2N 2P 2: P , 7.79. Found: P , 7.72.
5-Phenyl-l-(d-triphenylphosphonioethyl)-2-pyrazolin-3-yltri- 

phenylphosphonium Dibromide (3c).— The salt prepared by 
method B (94% ) had mp 262-264° dec: ir (K B r) 3000 (C H ), 1580 
(C = N ,  phenyl), 1440 (-C H 2), 1115-1105 (C P ), 730, 695 cm-1 
(phenyl); nmr (C D CL) 8 2.50-5.25 (m, 6, protons at C-4 and 
ethyl group), 6.19 (d, d, 1, protons at C-5, J d t  =  13, / tram =  
12 H z), 7.25-8.20 (m, 35, phenyl protons).

A n a l .  Calcd for C47H 42Br2N 2P 2: C, 65.89; H , 4.94; N , 
3.27. Found: C, 65.92; H , 5.01; N , 3.18.

5,5-Diphenyl-l-(/3-triphenylphosphonioethyl)-2-pyrazolin-3-yl- 
triphenylphosphonium dibromide (3d) was prepared by method B 
in 94% yield. Recrystallized salt by the general method had mp
182-185°: ir (K B r) 1580 (C = N ,  phenyl), 1340 (-C H 2- ) ,  1115-
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1105 (C P ), 727, 695 cm“ 1 (phenyl); nmr (CDC1,) 5 3.50-4.30 
(broad s, 6, protons at C-4 and ethyl group), 7.45 (s, 10, phenyl 
protons at C-5), 7.50-8.20 (m, 30, protons attached to phenyl on 
phosphorus atoms).

A n a l .  Calcd for C53H 46Br2N 2P 2: C, 68.24; H, 4.97; P, 
6.53. Found: C, 68.07; H, 5.11; P , 6.34.

Basic Hydrolysis of 3a-d. General Method A .— A  sample 
of the salt (0.01 mol) was allowed to stir with 10% aqueous 
sodium hydroxide (100 ml) at 60° for 2 hr. The resultant hetero
geneous solution was diluted with water to double its volume 
and extracted with EtOAc-ether (3 :1 ) mixed solvent (300 ml). 
The dried (MgSO<) extract was concentrated to obtain a white 
solid which was chromatographed (silica gel-E tOAc) to give 
compounds 7, 14, and ring-opened products.

General Method B.— A  mixture of the salt (0.01 mol) and 
NaOH (1.2 g, 0.03 mol) in methanol (100 ml) was allowed to 
reflux for 1 day. The cooled reaction mixture was poured into 
water (200 ml) and extracted with EtOAc-ether (3 :1 ) mixed sol
vent (300 ml). The dried (MgSCh) extract was worked up by 
the same procedure as the above.

/3-(2-Pyrazolin-l-yl)ethyldiphenylphosphine oxide (7a) was 
prepared by method A  (25% yield) or by method B (16% ): 
mp 114-116°; ir (K B r) 2800 (C H ), 1580 (C = N ,  phenyl), 1180 
(PO ), 1125 (C P ), 810 (vinyl), 720, 700 cm-1 (phenyl); nmr 
(CDC13) 5 2.30-3.50 (m, 8, protons at C-4, C-5, and ethyl group),
6.77 (t, 1, vinyl proton at C-3, J  — 1.5 H z), 7.25-8.10 (m, 10, 
phenyl protons).

A n a l .  Calcd for C „H 19N 2OP: C, 68.79; H, 6.43; P , 10.82. 
Found: C, 68.59; H , 6.53; P , 10.88.

/3-(3-Phenyl-2-pyrazolin-l-yl)ethyldiphenylphosphine oxide 
(14a) was prepared by method A  (17%) or by method B (26%), 
mp 153-155°.

Preparation of Authentic Sample of 14a.— The salt 18 (1.5 g,
2.9 mmol) was allowed to warm with 10% aqueous sodium hy
droxide (30 ml) for 1 hr. The cooled reaction mixture was fil
tered and washed with water and gave 1 g (92% ) of pale yellow 
crystals. An analytically pure sample was obtained by re
crystallization from EtOAc-ether: mp 152-154°; mmp with 
14a, 151-154°; ir (K B r) 2800 (C H ), 1580 (C = N ,  phenyl), 1180 
(PO ), 1125 (C P ), 765, 700 cm “ 1 (phenyl); nmr (CDCI3) 8 2.35-
3.70 (m, 8, protons at C-4, C-5, and ethyl group), 7.00-8.10 
(m, 15, phenyl protons).

A n a l .  Calcd for C23H 23N 2OP: C, 73.78; H, 6.46; N , 7.48. 
Found: C, 73.85; H , 6.48; N , 7.50.

(i-(3 -Phenyl-2-pyrazolin-1 -yl)ethyltriphenylphosphomum Bro
mide (18).— A  mixture of 1 (7.2 g, 0.02 mol) and 3-phenyl-2-pyr- 
azoline11 (3.0 g, 0.0206 mol) was allowed to stir in acetonitrile 
(60 ml) and a catalytic amount of potassium fcri-butoxide at room 
temperature for 7 hr. The resulting reaction mixture was pre
cipitated by pouring into ether to collect pale yellow solids (6.2 
g, 60%). An analytically pure sample was recrystallized from 
CH 2Cl2-acetone: mp 192-196°;. ir (K B r) 1553 (C = N ) ,  1120
(C P ), 760, 740, 695 cm-1 (phenyl); nmr (CDC13) 3 2.50-4.52 
(m, 8, protons at C-4, C-5, and ethyl group), 7.10-8.20 (m, 20, 
phenyl protons).

A n a l .  Calcd for C29H28BrN2P: C, 67.57; H , 5.47; N , 5.43. 
Found: C, 67.80; H, 5.37; N , 5.32.

/3-(5-Methyl-2-pyrazolin-l-yl)ethyldiphenylphosphine oxide
(7b) was prepared by method A  (26%) or by method b (23%): 
mp 98-100°; nmr (CDCls) 5 1.15 (d, 3, -C H 3, /  =  5.5 H z), 1.95-
3.75 (m, 7, protons at C-4, C-5, and ethyl group), 6.70 (t, 1, 
proton at C-3, J  =  1.5 Hz), 7.20-8.00 (m, 10, phenyl protons).

A n a l .  Calcd for C i8H 21N 2OP: C, 69.21; H, 6.77. Found: 
C, 69.45; H.6.83.

/3-(5-Methyl-3-phenyl-2-pyrazolin-l-yl)ethyldiphenylphosphine 
oxide (14b) was prepared by method A  (18%) or method B 
(30% ): mp 144-147°; ir (K B r) 3000, 2900, 2800 (C -H ), 1555 
(C = N ) ,  1180 (PO ), 1120 (C P ), 760, 690 cm-1 (phenyl); nmr 
(CDCI3 ) 5 1.25 (d, 3, -C H 3 J  —* 5.5 H z), 2.35-3.90 (m, 7, pro
tons at C-4, C-5, and ethyl group), 7.00-8.00 (m, 15, phenyl 
protons).

(11) von K . Auwers and P. Heimke, Justus Liebigs Ann. Chem., 458, 211
(1927).

A n a l .  Calcd for C24H25N 2OP: C, 74.26; H, 6.48. Found: 
C, 74.31; H , 6.25.

0- [ A’ -( (3-Cyano-a-methyl jethyl] aminoethyltriphenylphospho- 
nium Bromide (8b).— The salt 3b (16.0 g, 0.02 mol) was allowed 
to stir with 5% aqueous NaOH at room temperature for 5 hr. 
The heterogeneous reaction mixture was diluted with water 
(100 ml), neutralized with dilute HC1, and extracted with EtOAc 
(500 ml). The dried (MgSO*) extract was concentrated to 10 ml 
and ether was added to precipitate white crystals (1.2 g, 13%). 
A  pure sample was recrystallized from CH2Cl2-EtOAc, mp 175- 
177°. This sample was identical in all respects with an authentic 
sample.

Preparation of 8b from 1 and /3-Aminobutyronitrile.— A  mixture 
of 1 (1 6 .8  g, 0 .0 4 5  mol) and /3-aminobutyronitrile12 ( 3 .8  g, 0 .0 4 5  

mol) was allowed to stir in acetonitrile (50 ml) at room tempera
ture for 1 0  hr. Ethyl acetate (2 0  ml) was added to the solution 
and the mixture was stirred for 3 0  min. White crystals ( 1 9 .5  

g, 8 5 % )  were collected. A  recrystallized sample from CH2C12-  
EtOAc gave analytically pure 8b: mp 1 7 5 - 1 7 6 ° ;  ir (K B r) 3 2 0 0  

(N H ), 2 2 3 0  (C = N ) ,  1 1 2 0  (C P ), 7 6 0 , 7 5 5 , 7 3 0 , 6 8 0  cm "1 (phenyl); 
nmr (CDC13) obtained after adding D 20 , 3 1 .0 1  (d, 3 ,  -C H 3, J  

=  6 .0  H z), 2 .3 7  (d, 2 ,  -C H 2C N, /  =  5.5 H z), 3 .0 3  (d, t, 2 ,  

N C H 2-, / Hp =  1 7 .5 ,  /  =  6 .0  H z), 3 .9 3  (d, t ,  2 ,  -C H 2P ; J h p  

=  1 1 .5  H z), 2 .5 5 - 3 .3 5  (m, 1, > C H C H 3), 7 .5 0 - 8 .1 5  (m, 1 5 , phenyl 
protons).

A n a l .  Calcd for C «H 26B rN 2P : C, 63.57; H , 5.78; P , 6.83. 
Found: C, 63.55; H , 5.90; P, 6.71.

i8-(5-Phenyl-2-pyrazolin-l-yl)ethyltriphenylphosphonium Bro
mide (6c).— The salt 3c (4.2 g, 5.0 mmol) was allowed to react with
O. 2 g (5.0 mmol) of NaOH in refluxing water (20 m l) for 12 hr. 
The reaction mixture was extracted with EtOAc (300 ml), dried 
(MgSOi), and concentrated to obtain an oily liquid. The oily 
liquid was partly dissolved in EtOAc-ether (1 :1 ) mixed solvent 
(100 ml) and filtered to collect crystals (1.0 g, 40% ). Recrystal
lization from CH 2Cl2-E tO Ac gave an analytically pure sample: 
mp 194:-196°; ir (K B r) 2950, 2800 (C H ), 1580 (C = N ,  phenyl), 
1115 (C P ), 755, 725, 690 cm“ 1 (phenyl); nmr (CDC13) 3 2.25-
4.85 (m, 7, protons at C-4, C-5, and ethyl group), 6.85 (t, 1, 
protons at C-3, J  =  1.5 H z), 6.95-7.45 (m, 5, phenyl protons at 
C-5), 7.45-8.00 (m, 15, protons attached to phenyl on phosphorus 
atom).

A n a l .  Calcd for C29H 28B rN 2P : C, 67.57; H , 5.47; N , 5.43;
P , 6.0C. Found: C, 67.73; H,5.62; N , 5.38; P , 6.17.

/3-[A'-(fl-Cyano-a,«-diphenyl)ethyll aminoethyldiphenylphos- 
phine oxide (9d).— The salt 3d (3 g, 3.12 mmol) was allowed to 
reflux in 10% aqueous NaOH (50 ml) for 2 hr. The cooled mix
ture was extracted with EtOAc (100 m l); the extract was dried 
(MgSOi) and concentrated to 5 ml. Ether (100 ml) was added 
to the concentrated solution, and the solution was allowed to 
stand overnight in a refrigerator. Collected were white crystals 
of 9d (0.65 g, 47%). Recrystallization from EtOAc gave an 
analytically pure sample: mp 176-178°; ir (K B r) 3250 (N H ), 
2250 (C = N ) ,  1200 (PO ), 1130 (C P ), 730, 725, 700 cm’ 1 (phenyl); 
nmr (CDC13) 3 2.18-3.00 (m, 5, -C H 2CH2-  and N H , after add
ing D 20  integration decreased to four protons), 3.17 (s, 
2, -C H 2C N ), 7.26 (s, 10, protons attached to phenyl on carbon), 
7.30-7.95 (m, 10, protons attached to phenyl on phosphorus).

A n a l .  Calcd for C29H27N 2OP: N , 6.22; P , 6.87. Found: 
N , 6.23; P, 6.71.

Registry No.— 3a, 32247-17-9; 3b, 32247-18-0;
3c, 32247-19-1; 3d, 32304-09-9; 6c, 32247-20-4; 7a, 
32247-21-5; 7b, 32247-22-6; 8b, 32247-23-7; 9d,
32247-24-8; 14a, 32247-25-9; 14b, 32247-26-0; 18, 
32247-27-1.
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6,ll-Dihydro-ll-hydroxy-6-oxo-2,2,5-trimethyl-2H-naphtho[l,2-b]pyran. 
A Stable Quinone Hemiketal Related to Vitamin K and of Special 

Interest Concerning Oxidative Phosphorylation
N o r m a n  I. B r u c k n e r  a n d  N a t h a n  L. B a u l d *

D e p a r tm e n t  o f  C h e m is try , T h e  U n iv e rs ity  o f  T e x a s , A u s t in ,  T e x a s  78712  

R ece iv ed  M a y  10, 1971

Argentic oxide oxidation of 6-methoxy-2,2,5-trimethyl-2Ii-naphtho[ 1,2-5] pyran gives the title compound in 
35% yield. The latter is a stable hemiketal of special interest because it is structurally analogous to an inter
mediate proposed for oxidative phosphorylation. The hemiketal is isolated from an acidic medium and is isom- 
erized only slowly and partially by triethylamine in refluxing benzene. Various attempts to prepare phosphate 
esters of the ketal hydroxyl function were unsuccessful.

Although the involvement of quinones in oxidative 
phosphorylation has been decisively demonstrated, the 
detailed mechanism whereby electron transport (oxida
tion-reduction or respiration) is coupled to phosphoryl
ation (the conversion of AD P to A T P ) remains specu
lative. Several plausible mechanistic proposals have 
recently been found inconsistent with the isotope label
ing experiments performed in the phylloquinone-Mi/- 
cobadenum phlei system.1'2 One of the several remain
ing possibilities consistent with the aforementioned ex
periments is that proposed by Durckheimer and Cohen 
(Scheme I ) .3 The hemiketal 2 was identified as a

S c h e m e  I

OH O
II

O
||w NBS , 

1 h2o XX- r0 ^ V
" R hoA

1

° x | P i

2 3

0

*5
R

4

A D P ^ ATP +  3

R = c16h33

transient intermediate in the NBS oxidation of «-to
copherol (1) in the presence of water. The correspond
ing phosphate (4 ) ,  which might be formed by oxidation 
of 1 in the presence of inorganic phosphate (Pi), was 
proposed as an analog of a possible A D P  phosphorylat- 
ing agent, and arguments were advanced in support of 
this possibility. In this context it is especially interest
ing that a relatively stable quinone hemiketal (6) has 
been isolated as a product of the oxidation of chromene 
5 by argentic oxide (35% yield).4 The hemiketal is 
amazingly stable for its structural type, as indicated by

(1) S. J. DiMari, C. D. Snyder, and H. Rapoport, Biochemistry, 7, 2301
(1968) .

(2) C. D. Snyder and H. Rapoport, ibid., 7, 2318 (1968).
(3) W . Durckheimer and L. A. Cohen, J. Amer. Chem. Soc., 86, 4388 

(1964).
(4) W . E. Rondinell, C. D. Snyder, and H. Rapoport, ibid., 91, 6889

(1969) .

its isolation from an acidic aqueous medium and from 
the fact that long heating with triethylamine in benzene 
leads to a 27% yield of recovered 6, along with two other 
interesting compounds, 7 (10%) and 8 (29%, all isolated 
yields, Scheme I I ) .  The special stability of 6 relative

S c h e m e  I I

to Durckheimer and Cohen’s hemiketal may be attrib
uted to the conjugation energy of the pyranyl double 
bond with the aromatic ring, which could be diminished 
in the open chain form, and/or to the formation of a 
naphthoquinone system in the present instance as con
trasted to a benzoquinone system in the earlier one. 
This extraordinary stability provided encouragement 
for attempts to prepare the phosphate of 6 of interest 
for oxidative phosphorylation experiments, as men
tioned earlier.

The naphthopyranol 9 was oxidized by NBS in the 
presence of excess tétraméthylammonium diphenyl 
phosphate (1 0 ) .  The desired phosphate was not found

0

+ / P
+  Me4N(PhO)2— PC —

X 0

10 

9

among the products, but the novel molecule 11 was. 
It was considered possible that the phosphate had been 
formed but had undergone Sn I substitution by succin- 
imide, giving 11. To reduce the Sn I reactivity of any

or j
»
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phosphate formed, the more basic and nucleophilic salt 
ditetramethylammonium phenyl phosphate was substi
tuted for 10 in a similar reaction. Still, none of the de
sired product was observed. The methyl group at the 
5 position provides a convenient means for decomposi
tion of such phosphates, by elimination. I t  therefore 
seems possible that model studies on a suitable unmeth
ylated system might be to more avail.

Experimental Section

Melting points were determined without correction using a 
Mel-Temp apparatus. Infrared spectral measurements utilized 
a Beckman IR-5, nmr spectra a Varian A-60 spectrometer, unless 
otherwise specified. A  consolidated Electrodynamics 21-102 
spectrometer was used for obtaining mass spectra.

6,11-Dihydro-l l-hydroxy-6-oxo-2,2,5-trimethyl-2//-naphtho- 
[l,2-b]pyran (6).—To a stirred solution of 1.7 g (6.7 mmol) of the 
chromenol methyl ether 5 dissolved in dioxane (77 ml) and 85% 
phosphoric acid (7.7 ml) was added 2.5 g (20 mmol) of argentic 
oxide. After stirring for 2.5 hr at room temperature, the mixture 
was diluted with 200 ml of water and 100 ml of ether and worked 
up in the usual way. The ether solvent was evaporated cold, 
leaving an oil, which crystallized from 10% ether-hexane. 
There was obtained 0.584 g (35.4% yield) of the hemiketal 6: 
mp 128-130° dec; ir (CDC13) v 3600, 3400, 1650, 1605, 1340 
cm-1; mass spectrum m/e 256 (M ), 238 (M  — H20 ); nmr (10% 
DMSO-de-CDCh) t 8.68 (s, 3 H ), 8.32 (s, 3 H ), 8.0 (s, 3 H ), 5.9 
(br s, 1 H), 3.74, 3.35 (q, 2 H, Jab =  10.0 Hz), 2.47 (m, 2 H), 
and 2.04 (m, 2 H ). Analytical purity could not be achieved 
because of the decomposition accompanying attempted re
crystallizations.

Triethylamine Experiment.—A solution of 0.194 g (0.759 
mmol) of the hemiketal 6 in benzene (20 ml) and triethylamine 
(0.32 ml, 2.27 mmol, 3 equiv) was refluxed for 44 hr under nitro
gen and cooled, and the solvent was evaporated. Crystallization 
of the resulting gum from 4:1 hexane-ether afforded 52 mg 
(26.8%) of unreacted 6. The mother liquor was evaporated 
cold and chromatographed on Plorisil. The combined 1:1 
benzene-hexane eluates were evaporated and gave 57 mg (29.4%) 
of 8 as a yellow gum: ir (CHCfi) v 1700, 1650, 1600 cm” 1; 
mass spectrum m/e 256 (M ); nmr (CDCI3, HA-100) t  8.73 
(several sharp lines, 9 H, among which are two doublets at 8.83 
and 8.63, J =  7.0 Hz), 6.85 (sextet representing two overlapped 
quartets, 1 H, J  =  7.0 Hz), 4.74 and 4.14 (q, 1 H, J  =  6.0 Hz),
4.45 and 4.12 (q, 1 H, J = 6.0 Hz), 2.39 (m, 2 H ), and 2.05 (m, 
2 H ).

The chloroform eluate yielded another gum which crystallized 
from 1:1 ether-hexane, affording 20 mg (10.3%) of the ring- 
opened quinone alcohol 7 as a tan solid: mp 81-85°; ir (CS2) v
3600, 1665, 1295, 713 cm” 1; mass spectrum m/e 256 (M ); nmr 
(CDCls, HA-100) r 8.55 (s, 6 H), 7.74 (s, 3 H ), 3.35 (s, 2 H ),
2.35 (m, 2 H ), and 1.95 (m, 2 H ); nmr (DMSO-d6, 500 Hz 
sweep) showed the 3.35 singlet to be a doublet separated by 
about 1 Hz. The initially formed quinone alcohol must certainly 
have the cis geometry, but may isomerize by reversible addition 
of triethylamine to the terminal end of the dienone system. Be
cause of the spectral similarity between 7 and the previously 
reported trans compound,6 the assignment of the trans geometry 
is made, pending further evidence.

Tétraméthylammonium 0,0-Diphenyl Phosphate (10).—To a 
stirring solution of 0.616 g (4.0 mmol) of tétraméthylammonium 
bromide in 4 ml of water was added 0.927 g (4.0 mmol) of silver- 
(I )  oxide. The mixture was stirred for 3 hr, filtered, and washed 
three times with 1-ml portions of water. Diphenyl phosphate 
(1.0 g, 4.0 mmol) was added to the filtrate, and the solution was 
stirred for 12 hr and then evaporated to a solid. This crude 
product was stirred in acetone, filtered, washed (acetone), and 
dried. There was obtained 1.17 g (91%) of 10 as a white solid, 
nmr (DMSO-JO r 6.90 (s, 12 H ) and 2.95 (m, 10 H ).

NBS Oxidation of 9 in the Presence of 10.—To a stirring solu
tion of 0.24 g (1 mmol) of 9 in acetonitrile (20 ml) was added 1.14 
g (3.52 mmol) of tétraméthylammonium diphenjd phosphate
(10) and then 0.18 g (1.0 mmol) of A-bromosuccinimide. The 
mixture was stirred for 0.5 hr at room temperature, filtered 
under nitrogen, and evaporated cold under reduced pressure to 
afford a solid. The latter was leached several times with carbon 
tetrachloride, the washes were evaporated, and the crude solid 
was chromatographed on Florisil. Elution with 3:1 benzene- 
chloroform gave a product which formed yellow crystals in 1:1 
ether-hexane. There was obtained 32 mg (9.4%) of the suc- 
cinimidyl derivative 11: mp 136° (with resolidification); ir 
(CHCh) v 1700, 1650, 1600, 1205 cm“ 1; mass spectrum m/e 239 
(M  — succinimidyl); nmr (CCh, HA-100) r 8.68 (s, 3 H ), 8.52 
(s, 3 E ), 8.20 (s, 3 II), 7.36 (s, 4 H), 4.59, 4.10 (q, 2 H, J ab  =
10.0 Hz), and 2.0 (d, 1 H, J = 8.0 Hz).

Recrystallization from ether-hexane gave 11 as yellow crystals, 
mp 144-145°.

A n a l. Calcd for C ^ C h N :  C, 71.20; H, 5.68; N , 4.15. 
Pound: C, 71.06; H, 5.81; N, 4.40.

Registry No.— 6, 31819-55-3; 7, 22268-05-9; 8, 
31819-57-5; 10,31819-58-6; 11,31883-40-6.

(5) C. D. Snyder and H. Rapoport, J. Amer. Chem. Soc., 91, 731 (1969).

Neutral and Positively Charged Azonitriles. 
Decomposition Rates and Efficiencies of Radical Production1
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The uncharged azonitrile, 4,4'-azobis-4-cyano-l-methylpiperidine (ACMP), and its monopositive A-methyl 
and dipositive A,A'-dimethyl derivatives (M ACM P and DACM P) have been synthesized. Their decomposi
tion rates and efficiencies of radical production have been measured in the solvent DMSO and compared with the 
analogous data for l,l'-azobis-l-cyanocyclohexane (ACC) and the new compound, l,l'-azobis-l-cyano-4,4-di- 
methylcyclohexane (ACDC). The resulting activation parameters follow [azonitrile, A H *  (kcal/mol), AS* 
(eu), AF *  (kcal/mol)]: ACMP, 32.6, 10.4, 28.8; MACMP, 31.7, 9.2, 28.4; DACMP, 29.8, 4.6, 28.1; ACC, 32.4,
9.7, 28.9; ACDC, 31.6, 8.6, 28.5. The efficiencies of radical production from ACC, ACDC, and DACMP are 
ca. 0.6, 0.5, and 0.4, respectively. These data are discussed in terms of electrostatic interactions between the 
positively charged ends of the molecules and the resultant geminate radicals. It  is concluded that electrostatic 
effects are of minimal importance and that rate differences are largely the result of steric and/or solvation effects.

In order to determine whether positively charged 
geminate radicals possess a significant “ cage effect,”  
Hammond studied the thermal decomposition reactions

(1) Support by the National Science Foundation (GP-8670) ie gratefully 
acknowledged.

(2) N D E A  Predoctoral Fellow, 1968-1971.

of a pair of azobisisobutyramidines (la, R  =  H ; lb, 
R  =  —CH2—) and their conjugate acids (2a and 2b).3 
Products were consistent with radical formation (3 and

(3) G. S. Hammond and R. C. Neuman, Jr., J. Amer. Chem. Soc., 85, 
1501 (1963).
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RN.
RN%  ■

0C(CH3̂ N = )2 C C (C H 3) 2 +  n 2 (1)
RHN R fflT

la,b 3a, b

RHN

+ ,JjCC(CH3)2N == )2 
RHN

R H N ^
+ 'lC C (C H 3)2 +  n 2 

RHN
(2)

2a, b 4a, b

4) and efficiency measurements indicated that the neu
tral and positively charged systems had cage effects 
similar to each other and to that for azobisisobutyro- 
nitrile (A IB N ) (Table I).

T able I
E f f ic ie n c y  o f  R a d ic a l  P r o d u c t io n  f r o m  

1, 2, and A IB N “ '6
Compd Temp, °C Solvent Efficiency“

la 70 DMSO-cumene 0.4
lb 80 DMSO-cumene 0.4

70 D M SO -M M A * 0.4
2a 70 DMSO-cumene 0.60
2b 60 DMSO-tetralin 0.66
A IB N 70 DMSO-cumene 0.58

° Taken from ref 3. 6 From hydrocarbon oxidation unless 
otherwise indicated. c Fraction of azo compound yielding 
scavengeable radicals. d Efficiency from methyl methacrylate 
(M M A ) polymerization.

It  was suggested that the smaller cage effects 
(greater efficiencies of radical production) for 2a and 
2b could reflect electrostatic repulsion between the pos
itively charged geminate radicals (4). However, it was 
also recognized that this difference could be due to a 
greater stability of the radicals 4 compared to the neu
tral species 3. In both cases the conjugate acids de
composed faster than the neutral azoamidines (fc2a/ 
fcia ca. 50, and &2b/ îb ca. 20). Since decomposition 
rates of azo compounds (R N = N R ) reflect the stabili
ties of the product radicals (R- ),4-5 it was suggested that 
the positive radicals 4 were more stable than the neutral 
radicals 3. This is consistent with the contributing 
forms which can be written for these species (eq 3 and
4).

R N  R N
\  .  \

C C (C H 3)2 >- C = C (C H 3)2 (3)

R U N "7  r h n ^
3

R H N  R H N  +
' V  . \

+ > C C (C H 3)2 -r— >  C = C (C H 3)2
/

R H N  R H N
4

R H N

C = C (C H 3)2 (4)
/

R H N  - +

(4) For reviews see (a) C. Walling, “ Free Radicals in Solution,”  Wiley, 
New York, N . Y ., 1957, pp 511-516; (b) G. G. Overberger, J.-P. Anselme, 
and J. G. Lombardino, “ Organic Compounds with Nitrogen-Nitrogen 
Bonds,”  Ronald Press, New York, N. Y., Chapter 4.

(5) See also R . C. Neuman, Jr., and E. S. Alhadeff, J. Org. Chem., 35,
3401 (1970).

To resolve this uncertainty, it was proposed6 that a 
similar study be carried out using azo compounds such 
as 5 and 6. While the geminate product radicals from

+  /  \  CN  
c h 3n r  k

w " n = ) ;

these systems would be expected to possess different 
electrostatic interactions, their stabilities should be es
sentially the same due to delocalization into the a- 
cyano group (7). Also, because of the expected simi-

\ .  \
C—CN-e—> C=C=N •

/  /
7

larities in radical stabilities, electrostatic repulsive in
teractions in the dipositive azo compound might be re
flected in differences in the decomposition rate con
stants of 5 and 6.

In this manuscript, we report such a study using the 
neutral, monopositive, and dipositive azo compounds 
5, 8, and 9. The results are compared with those for 
the reference compounds 10 and l l . 7-8

5

A C M P

/ \  X N  N C . /— \+

CH3Nv _ ) < n = n : > C N(CH3)2

8

M A C M P

(CH 3) i T V CN
W ^ N = ) 2

9

D A C M P

OC
10

ACC

<chaO < nI),
11

ACD C

Results and Discussion

Decomposition Kinetics. Rates of thermal decom
position of these azo compounds in DMSO were deter
mined at 80, 85, 90, and 95° by monitoring the evolu
tion of molecular nitrogen. An automatic pressure- 
equilibrating “ gas apparatus”  was utilized in these 
studies.9 In all cases, the kinetic plots were first order 
and rate constants were calculated by least-squares 
analysis of the data. Rate constants reported in Ta
ble I I  are the result of least-squares analysis of the 
data from several runs and errors reported are standard 
deviations. Activation parameters were calculated 
from these data (Table I I ).

Acid-base titration data and microanalytical results 
indicated that the sample of M A C M P nitrate used in

(6) Proposition V submitted by R. C. N. in partial fulfillment of the re
quirements for the Ph.D. degree, California Institute of Technology, 1963; 
see Ph.D. dissertation of R . C. N.

(7) All kinetic data in this study were obtained using the nitrate salts of 
M A C M P and D A CM P.

(8) Compounds 5 and 10 were synthesized by W. Snider and M . 
Amrich, respectively.

(9) (a) T. G. Traylor and C. A. Russell, J. Amer. Chem. Soc., 87, 3698
(1965). (b) We thank Professor Traylor for his help in providing us in
formation about construction of the gas apparatus.
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T a b l e  I I

K i n e t i c  D a t a  f o b  T h e r m a l  D e c o m p o s i t i o n  o f  ACM P, M A C M P, D AC M P, ACC, a n d  ACD C i n  DM SO“

Temp, °C 

80 
85 
90 
95

A CM P

0.97 ±  0.03 
1.75 ±  0.07 
3.64 ±  0.05 
6.47 ±  0.06

M A C M P 

1.83 ±  0.02 
3.36 ±  0.07 
6.62 ±  0.34 

11.80 ±  0.10

--------- k  X  10s sec-1----------
D A CM P

2.84 ±  0.02 
5.11 ±  0.05 
9 .87 ±  0.25 

16.26 ±  0.24

ACC

1.01 ±  0.01 
2.01 ±  0.11 
3.89 ±  0.05 
6.83 ±  0.16

ACDC

1.51 ±  0.02 
2.79 ±  0.08 
5 .40  ±  0.08 
9 .77 ±  0.04

AH* 
AS* 
A F*

32.6 ±  0.9 
10.4 ±  2 .6  
28.8

31.7 ±  0.6  
9 .2  ±  1.5 

28.4

29.8 ±  1.0 
4 .6  ±  2.7  

28.1

32.4 ±  0.9  
9 .7  ±  2 .4  

28.9

31.6 ±  0.5  
8 .6  ±  1.3 

28.5

° Rate constants determined from nitrogen evolution.

these kinetic studies was contaminated by about 6 
mol %  D ACM P dinitrate. Based on this and the 
known rate constants for decomposition of D ACM P 
dinitrate, corrected rate constants for decomposition 
of M AC M P nitrate were calculated from the kinetic 
data.10 These and the resulting activation parameters 
are compared in Table I I I  with those obtained by

T a b l e  I I I

A  C o m p a r i s o n  o f  C o r r e c t e d  a n d  

U n c o r r e c t e d  K i n e t i c  D a t a  f o r  M A C M P  N i t r a t e

,---------------------------- k X 10* sec“ 1----------------------------- .
Temp, °C Uncorrected0 Corrected3

80 1 . 8 3  ±  0 .0 2 1 . 7 6  ±  0 .0 4
85 3 . 3 6  ±  0 .0 7 3 . 3 1  ±  0 .0 9
90 6 . 6 2  ±  0 .3 4 6 . 2 3  ±  0 . 1 6
95 1 1 . 8 0  ±  0 . 1 0 1 1 . 5 6  ±  0 . 1 2

AH* 3 1 . 7  ±  0 .6 3 1 . 7  ±  0 .4
AS* 9 . 2  ±  1 . 5 9 . 2  ±  1 . 0
A F* 2 8 .4 2 8 .4

“ Experimental results based on nitrogen evolution. 3 Cal
culated from experimental data assuming 6 mol %  contamination 
by D A C M P  dinitrate.

least-squares analysis of the uncorrected kinetic data 
( i . e . , those reported in Table I I ) .  Their similarity sug
gests that the contamination of M AC M P nitrate can 
be ignored.

The differences in rate constants between the di
positive (D ACM P) and neutral compound (A C M P) 
are substantially smaller than those found between the 
compounds 1 and their conjugate acids 2. This sup
ports the arguments presented relative to radical 
stability in the azoamidine series ( v id e  s u p r a )  and sug
gests that only a small fraction of the rate difference 
observed by Hammond could have been due to elec
trostatic repulsion between the positively charged ends 
of the azobisamidinium molecules.3 That electro
static repulsion is probably not responsible for even the 
small differences between A C M P and D ACM P is indi
cated by the intermediate values of the decomposition 
rate constants for the monopositive compound 
M ACM P.

The regular trend in rate constants and AF*  values 
for ACM P, M ACM P, and D ACM P suggests that their 
differences are the result of steric and/or specific solva

(10) (a) The best values of the rate constant for decomposition of M A C M P 
(ki) were calculated from the known values (Table I I )  for D A C M P (fa) using 
the equation10*1 Va> — V t =  Vcoie~klt -j- Vcose"*2*, where V mand Vt are the 
experimental volumes of nitrogen at infinite time and time t, and Fcoi and
V 002 are infinite time volumes from M A C M P and D ACM P, respectively; 
it was assumed that V m =  Pool +  P od2 and that Pcoi =  0.94 Pco. (b) See,
e.g., I .  Amdur and G. G. Hamraes, “ Chemical Kinetics,”  McGraw-Hill,
New York, N. Y ., 1966, pp 15-16.

tion effects. A  comparison of the rate data for ACC 
and ACDC shows that dimethyl substitution in the 4 
positions increases the decomposition rate constants. 
Molecular models indicate that rehybridization of the 
ring carbon bearing the cyano group from sp3 to sp2 de
creases steric interactions between the axial methyl in 
the 4 position and the r i n g  m e th y le n e  g r o u p s  i n  th e  2  p o 
s i t i o n s .  Since such rehybridization should occur to 
some extent in the transition state for decomposition 
of the azo compounds, the observed rate (and AF *) 
differences between ACC and ACDC are reasonably 
explained on this basis.

In terms of these 1,3-steric interactions and their rate 
effects, it seems proper to compare the difference be
tween ACDC and ACC with that between D A C M P and 
ACM P. While the latter already has one methyl 
group on each ring nitrogen, these should be in equa
torial positions11 and this is supported by the similar 
rates and AF*  values for ACC and ACM P. Addition 
of the two methyl groups to form D ACM P might then 
be expected to lead to the same rate enhancement as 
observed on going from ACC to ACDC. The effect 
is bigger, however, suggesting that other factors may 
be involved. Since DMSO is a good cation solvator, 
perhaps the increase in bulk around the positive ring 
nitrogens increases steric interactions in the ground 
state which are relieved somewhat in the decomposition 
transition state.

Examination of the values of AH *  and A/S* suggests 
that the rate variations are enthalpic and this does not 
conflict with the explanations proposed. While the 
value of AS* for D ACM P appears to be lower than 
those for the other systems, the magnitude of the dif
ference does not seem to warrant special consideration.

Efficiencies of Radical Production.— The efficiencies 
of radical production from ACC (10), ACDC (11), 
and D ACM P dinitrate (9) were determined from studies 
of inhibition of hydrocarbon oxidation.3’12 The solvent 
system was a 2:1 v/v mixture of dimethyl sulfoxide and 
cumene;3 the inhibitor was di-ferf-butyl-p-cresol 
(DBPC). The neutral azo compound A C M P func
tioned as an oxidation inhibitor, and data could not be 
obtained for this system.13 The efficiencies were cal-

(11) While the relative “ sizes”  of the N H  hydrogen and the nitrogen 
lone pair in piperidine are not certain [G. A. Yousif and J. D. Roberts, J. 
Amer. Chem. Soc., 90, 6428 (1968)1 it seems accepted that the methyl group 
on nitrogen in N-methylpiperidine should occupy an equatorial position 
[J. B. Lambert, R. G. Keske, R . E. Carhart, and A. P. Jovanovich, ibid., 
89, 3761 (1967); J. L. Sudmeier and G. Occupati, ibid., 90, 154 (1968)].

(12) (a) C.-H. S. Wu, G. S. Hammond, and J. M . Wright, ibid., 82, 5386
(1960) (b) Inhibition times (ri) were sufficiently short to preclude com
plications from ketenimine formation.

(13) The tertiary amino groups must be acting as the inhibitors. Similar 
results were observed in attempts to study neutral azoamidines.8
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T a b l e  IV
E f f ic ie n c ie s  o f  R a d ic a l  P r o d u c t io n  f r o m  ACC, ACDC, a n d  

D A C M P  D in it r a t e  i n  2:1 D M S O - C u m e n e  b y  

I n h ib it io n  o f  C u m e n e  A u t o x id a t io n  (8 0 ° )

k X 105,“ (RN2R)o, (DBPC)o, Effi
R N jR sec-1 M  X 102 M  X 10» ti, min ciency0

ACC 1.03 6.57 5.20 215.8 0.64
6.40 1.40 58.2 0.62
6.85 1.40 54.0 0.63

ACD C 1.40 6.44 1.40 51.6 0.51
6.04 0.866 33.7 0.51
5.13 0.866 37.9 0.54

D A C M P- 3.28 1.10 0.253 31.7 0.38
2N 03 0.87 0.174 26.3 0.40

° Rate constant for decomposition of R N 2R  in DMSO-cumene 
solvent system; determined from nitrogen evolution.

culated (Table IV ) using eq 5 in which (D B PC )0 and 
(R N 2R )o are the initial concentrations of inhibitor and

a  — (D B P C )o/ (R N 2R )o(1 — G —fcfi) (5 )

initiator, respectively; k is the rate constant for de
composition of R N 2R  in 2:1 DMSO-cumene (Table
IV ),14 and h is the duration of the inhibition period.3-12

The a Values for ACC (Table IV ) are in reasonable 
agreement with those reported by Hammond (0.61).12 
In comparison, the values of a for ACDC are smaller 
than those for ACC, while those for the dipositive azo 
compound, D ACM P nitrate, are the smallest of the 
three. These data imply that any electrostatic repul
sion between the positively charged geminate neighbors 
must be balanced by contributions which tend to de
crease kd. We suggest that among such factors, the 
mass of the radicals is of substantial importance. In
creasing radical mass should lead to lower values of 
fed, and a decrease in the efficiency of radical production. 
I f  it is assumed that the nitrate anions contribute to 
the mass of the product radicals from D ACM P dini
trate, the data in Table IV  follow the expected trend. 
These results indicate that the variation in the data in 
Table I  is largely due to relative radical stability.

Experimental Section

Syntheses. 4,4'-Hydrazobis-4-cyano-l-methylpiperidine.— A
64.3-g (0.569 mol) sample of A-methyl-4-piperidone (Aldrich) 
was dissolved in 283 ml of water containing 56 g of concentrated 
hydrochloric acid. To this solution was carefully added with 
stirring 45.7 g of hydrazine sulfate followed by 31.3 g of sodium 
cyanide. A fter stirring for 24 hr, sufficient concentrated aqueous 
sodium hydroxide was added to bring the pH  of the solution above
10. The resultant white precipitate was collected, washed with 
three portions of water, and dried i n  va cu o  over P 20 5, yield 57.0 
g (72.6%).

4,4'-Azobis-4-cyano-l-methylpiperidine (ACM P) (5).— The 
57.0-g sample of the hydrazo compound was dissolved in 347 ml 
of water containing 68.6 ml of concentrated hydrochloric acid 
in a three-necked, round-bottom flask fitted with an immersion 
thermometer, dropping funnel, and drying tube. While stirring 
this solution, 12.1 ml (35.3 g ) of bromine was added dropwise 
over a period of 45 min. During the addition a small amount of 
red solid material was formed and at the end of the addition a 
white solid precipitated from solution. The latter was redissolved 
by wanning the flask briefly and the red material was removed by 
filtration. The pH  of the clear solution was raised above 10 by 
the addition of concentrated aqueous sodium hydroxide and the 
resultant white precipitate was collected by filtration, washed

(14) The rate constants for decomposition of ACC and ACDC are about 
the same in 2:1 DMSO-cumene as in pure DMSO (Table I I ) ; however, that 
for D A C M P is slightly larger. I t  is possible that this reflects an electro
static repulsion effect.

with water, and dried i n  va cu o  over P 20 6, yield 44.8 g (79.2%). 
The azo compound was recrystallized from 95% ethanol: mp 
137-138° dec; uv Xmal (95% E tO H ) 349.5 mM (e 16). A n a l .  

Calcd for C »H 22N 6: C, 61.29; H , 8.08; N , 30.63. Found: 
0,61.30; 8.24; N , 30.20. The yield of nitrogen gas on thermal 
decomposition was ca . 99.9% of theoretical.

A,A'-Dimethyl-4,4'-azobis-4-cyano-l-methylpiperidine Di- 
nitrate (DACM P Dinitrate) (9).— A  3.4-g (0.014 mol) sample of 
recrystallized A C M P  was dissolved in 300 ml of 95% ethanol. 
T o  this was added a solution consisting of 2 ml (c a . 0.032 mol) 
of C H 3I  diluted to 30 ml with 95% ethanol. The flask was 
stoppered, covered with aluminum foil, and stirred at room tem
perature for 48 hr. The resultant white precipitate was filtered 
from solution, shaken with 100 ml of 95% ethanol, refiltered, and 
rinsed with three 10-ml portions of 95% ethanol. The 2.5 g 
(36.6% yield) of D A C M P  diiodide was dried i n  v a cu o  over phos
phorus pentoxide: mp 187-190° dec; uv Xmal (50% E tO H )
349.0 m u  (e 9.0). A n a l .  Calcd for Ci6H 28N 6I 2: C, 34.42; 
H , 5.06; N , 15.06; I ,  45.46. Found: C, 35.13; H , 5.61; 
N , 15.04; 1,42.70.

A  2.2-g sample of D A C M P  diiodide was dissolved in 50 ml of 
water and carefully titrated with stirring by 0.25 M  aqueous 
silver nitrate until formation of silver iodide ceased. Tests on 
the resultant solution indicated the virtual absence of ionic 
iodide or silver. The solution was lyophilized, yielding 1.7 g 
(99% ) of D A C M P dinitrate: mp 183-185° dec; uv X„iax (H 20 )
351.2 mja (e 11.6). A n a l .  Calcd for Ci6H 28N 8C)6: C, 44.85; 
H , 6.59; N , 26.15; O, 22.41. Found: C, 44.91; H , 6.91; 
N , 24.99. The yield of nitrogen gas on thermal decomposition 
was ca . 99.8% of theoretical.

A-Methyl-4,4'-azobis-4-cyano-l-methylpiperidine Nitrate 
(M ACM P Nitrate) (8).— A  22.3-g (0.081 mol) sample of re
crystallized A C M P  was dissolved in 300 ml of anhydrous meth
anol and to this was added a solution of 0.50 ml (0.008 mol) of 
methyl iodide in 25 ml of methanol. The solution was stirred 
for 2 days in a stoppered flask covered with aluminum foil. Sub
sequently, the methanol was evaporatively distilled giving white 
crystals with a yellowish tinge. Excess A C M P  was removed 
using a Soxhlet extractor with ether as the solvent. The solid 
was continuously extracted until ho more A C M P  was found 
in the ether solvent. The remaining 2.6 g of solid material was 
canary yellow and tests with aqueous A g N 0 8 showed that it 
contained ionic iodide. Titration with standard hydrochloric 
acid indicated that the solid was the iodide salt of M A C M P  
contaminated with about 3 mol %  D A C M P  diiodide.

The nitrate salt was obtained by ion exchange. A  15.2-g 
sample of wet Dowex 1-10X anion-exchange resin (33.4 mequiv 
exchangeable anions) was placed in a standard 100-ml buret. 
The column was treated with a solution of 28.3 g of sodium ni
trate in 100 ml of water and rinsed with 200 ml of water. A  solu
tion made up of 1.86 g of M A C M P  iodide in 50 ml of water was 
slowly run through the column followed by an additional 50 ml of 
water. The solution was lyophilized, giving white crystals. 
Titration with standard hydrochloric acid indicated that 
M A C M P  nitrate was contaminated by c a . 6 mol %  (8 wt % ) 
D A C M P  dinitrate. A n a l .  Calcd for C iSH 25N703: C, 51.27; 
H , 7.17; N , 27.90; O, 13.66. Found: C, 50.86; H , 7.50;
N , 26.80. Calcd for 92 wt %  CisH^NiOs and 8 wt %  Ci6- 
H 28N 80 6: C, 50.76; H , 7.12; N , 27.77; O, 14.35. Based on 
92 wt %  M A C M P  nitrate in the samples used in the kinetic 
study, the yield of nitrogen gas on thermal decomposition was 
c a . 97% of theoretical.

4,4-Dimethyl-2-cyclohexen-l-one.15— A  solution of 58.5 g (0.81 
mol) of distilled isobutyraldehyde and 56.9 g (0.81 mol) of dis
tilled methyl vinyl ketone in 300 ml of anhydrous methanol was 
placed in a 1-1. single-neck round-bottom flask fitted with a con
denser, drying tube, and magnetic stirrer. A  30-ml portion of 
1 A  sodium methoxide in methanol was added and the resulting 
solution started to reflux immediately. A fter 1 hr, the solution 
was neutralized with 1.8 ml of glacial acetic acid, mixed with 11. 
of water, and extracted eight times with 20-ml portions of ether. 
The ether extracts were combined, dried over anhydrous mag
nesium sulfate, and evaporatively distilled. The resulting liquid 
was vacuum distilled and the desired product was collected in 
37% yield over the range 84-87° (20 mm): ir 1680 cm-1 (C = 0 )  
(lit.15 1680 cm-1); uv Xmaic (95% E tO H ) 318.5 mu (e 29.5) [lit.15 
X,™,* (E tO H ) 318.0 mil (e 30)]; semicarbazone mp 207-208° 
(lit.15 209°).

J. Org. Chem., Vol. 8 6 , No. 26 , 1971 4049

(15) J. M . Conia and A. Le Craz, Bull. Soc. Chim. Fr., 1934 (1960).
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4,4-Dimethylcyclohexanone.16— A  mixture of 15.4 g of 4,4- 
dimethyl-2-cyclohexen-l-one, 50 ml of ether, and 1 g of platinum 
black was hydrogenated at room temperature using an initial 
hydrogen pressure of 24 psi. The mixture was allowed to react 
for 14 hr, filtered, and evaporatively distilled. The ir showed 
an absorption at 1710 cm-1 ( 0 = 0 )  (lit.15 1710 cm-1). Another 
absorption was observed at 3390 cm-1 (O H ) indicating that a 
part of the ketone had been reduced to the corresponding alcohol. 
To reoxidize the alcohol to the ketone, the procedure of Auwers 
and Lange was used.16 A  solution consisting of 10 g of potassium 
dichromate and 8.5 g of concentrated sulfuric acid in 50 ml of 
water was prepared and the crude reaction mixture containing 
both alcohol and ketone was added. This mixture was stirred 
for 0.5 hr, heated on a steam bath for 10 min, and steam distilled. 
The distillate was saturated with sodium chloride, extracted with 
ether, dried over anhydrous magnesium sulfate, and evapora
tively distilled, resulting in the recovery of 12.1 g of white needle 
crystals: uv Xmax (E tO H ) 281.0 mju (e 31) [lit.16 Xma* (E tO H )
281.0 mM (e 32)].

1,1 '-Hydrazobis-l-cyano-4,4-dimethylcyclohexane.— A  solution 
of 19.0 g (0.15 mol) of 4,4-dimethyleyclohexanone, 7.4 g (0.15 
mol) of sodium cyanide, 9.8 g (0.075 mol) of hydrazine sulfate, 
and 15 ml of dioxane in 100 ml of water was stirred for 50 hr 
at room temperature. The resulting solid was filtered and re
crystallized from 95% ethanol, 2.19 g (97% yield), mp 148-149°.

l,l'-Azobis-l-cyano-4,4-dimethylcyclohexane (ACDC) (11).—  
A  15.1-g (0.05 mol) sample of the hydrazo compound was stirred

(16) K . v . Auwers and E. Lange, Justus Liebigs Ann. Chem., 401, 303 
(1913).

with 25 ml of 2 A  HC1, and bromine was added in 0.5-ml portions 
to the resulting slurry with cooling until the mixture retained a 
yellowish color. A  total of 2.58 ml of bromine was added (94.5% 
of theoretical). The yellowish, fluffy solid was removed by 
filtration, recrystallized first from methanol, and then from low- 
boiling petroleum ether (bp 30-60°). The azo compound was 
obtained in 79% yield: mp 132-133° dec; uv Xmax (95% E tO H )
351.0 him (e  18.3). A n a l .  Calcd for Ci8H 2aN 4: C, 71.96; 
H , 9.39; N , 18.65. Found: C, 71.75; H , 9.38; N , 18.24. 
The yield of nitrogen gas on thermal decomposition was ca . 

100% of theoretical.
1,1 -Azobis-l-cyanocyclohexane (ACC) (10).— This compound 

was synthesized by M r. M . Amrich according to the procedure 
reported by Overberger (see Hammond)1 2® and recrystallized from 
methanol: mp 113-115° dec (lit.12 113-114°, 114-115°); uv 
e at 350.0 mfi (95% ethanol), 18.2 (lit.12 17.9, ethanol; 19.4, 
chlorobenzene).

Kinetic Studies.— Nitrogen evolution was monitored using a 
constant-pressure gas apparatus based on a design by Professor
T . Traylor.9

Efficiency Studies.— Oxygen uptake was monitored using the 
gas apparatus employed in the kinetic studies.

Registry No.— 5, 32174-90-6; 8, 32174-91-7; 8
nitrate, 32174-92-8; 9, 32174-93-9; 9 dinitrate, 32256-
09-0; 9 diiodide, 32174-94-0; 11, 32174-95-1; 1,1'- 
hydrazobis- l-cyano-4,4-dimethylcyclohexane, 32174-
96-2.

Ion Radicals. XXIII. Some Reactions of the Perylene Cation Radical1,2
C h a r l e s  V. R is t a g n o 3 a n d  H e n r y  J. Sh i n e *

D e p a r tm e n t o f  C h e m is try , T e x a s  T e c h  U n iv e rs ity ,  L u b b o ck , T e x a s  7 9 f0 9  

R e ce iv ed  M a y  18 , 1971

Solid perylene cation radical perchlorate has been prepared (a) in admixture with perylene by anodic oxidation 
of perylene, and (b ) in admixture with silver iodide by oxidation of perylene with iodine-silver perchlorate. 
Each of these preparations is usable for studying reactions of the cation radical. Reaction with water led to 
perylene and 3,10-perylenequinone (3). The stoichiometry of this reaction is 8C2oHi2- + +  2H20  —► 5C20H i2 +  
C20H i0O2 +  6H +. Reaction with pyridine gave M-(3-perylenyl)pyridinium perchlorate (9), degradation of which 
by the Zincke method gave 3-aminoperylene. Compound 9 was also obtained easily by the direct reaction of 
perylene, iodine, silver perchlorate, and pyridine. Perylene cation radical was reduced quantitatively by iodide 
ion. Reduction by bromide ion also appeared to be quantitative. Reaction with chloride ion also led mostly to 
perylene. Reaction with fluoride ion did not occur; reaction with unremoved small amounts of water occurred 
slowly instead. Reaction with acetate and benzoate ion led to the 3-perylenyl esters. The overall picture is that 
nucleophilic substitution occurs where the nucleophile is not easily oxidized, and substitution occurs at the posi
tion in the cation radical which has the highest positive charge density according to simple HM O  calculations.

Although the perylene cation radical has been known 
for some time and has been well characterized spectro
scopically,4 hardly anything is known about its chem
istry. Some years ago it was found that perylene was 
recovered from dilution of a solution of the cation radi
cal in 96% sulfuric acid with water.6 Since conversion 
of perylene into the cation radical in 96% sulfuric acid 
is high,5 the re-formation of perylene by dilution with 
water was, apparently, a chemical rather than physical 
reaction.

Cation radicals are frequently made in strong acid 
solutions. Chemical studies in such cases are almost 
impossible. Antimony pentachloride is also frequently 
used, both for spectroscopic, solution studies4 and for 
precipitating cation radicals as antimony halide salts.6

(1) Part X X I I :  J. J. Silber and H. J. Shine, J. Org. Chem., 36, 2923 (1971).
(2) Supported by the National Science Foundation Grant No. GP-25989X.
(3) Postdoctoral fellow.
(4) I. C. Lewis and L. S. Singer, J. Chem. Phys., 43, 2712 (1965).
(5) W . I. J. Aalbersberg, G. J. Hoijtink, E. L. Mackor, and W. P. Weij- 

land, J. Chem. Soc., 3049 (1959).
(6) Y . Sato, M . Kinoshita, M . Sano, and H. Akamatu, Bull. Chem. Soc.

Jap., 42, 3051 (1969).

The composition of the perylene cation radical salt has 
been reported as C2oHi2SbCl6, for example.6 The use of 
antimony pentachloride systems for chemical studies, 
however, does not seem to be suitable. Complications 
are caused by the antimony halide, and, in reaction with 
nucleophiles, organoantimony compounds or complexes 
are formed.7

Recently, the perylene cation radical was prepared 
in the solid state by two methods which we have 
adapted fruitfully to chemical studies. Williams pre
pared a 1:1 complex of perylene and perylene per
chlorate by anodic oxidation,8 while Sato and co
workers6 precipitated the perchlorate in admixture with 
silver iodide by treating perylene with iodine and silver 
perchlorate. We have already shown that the cation 
radical isolable by each of these methods can be used

(7) Unpublished work in these laboratories by T . Okuyama.
(8) D. F. Williams, Abstracts, Fourth Molecular Crystal Symposium, 

Enschede, Holland, July 1968. We thank Dr. Williams for further details 
by private communications. T. C. Chiang, A. H. Reddoch, and D. F. 
Williams, J. Chem. Phys., 54, 2051 (1971).
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for a convenient, new preparation of 3-nitroperylene.9 6C20H 12- + +  2H20  — >■ 5C20H 12 +  CmH kA  +  6H+ (1 )

We now report a number of other studies. 1 2 3

Results

Electrochemical Preparation.— We have not been able 
to grow large, well-defined crystals of perylene-perylene 
perchlorate complex.8 In our hands, anodic oxidation 
of perylene gave deposits of small crystals containing 
both perylene and its cation radical perchlorate, but 
in varying proportions. Both elemental and iodimetric 
analysis showed the cation-radical content to be be
tween 60-70%. A  1:1 complex requires 58% by 
weight. Repeated washing of the solid mixture re
moved perylene. Attempts to remove all of the 
perylene only resulted in eventual decomposition of the 
cation radical. In spite of its composition, the electro- 
chemically prepared product was easily usable for 
chemical studies. In most reactions of the perylene 
cation radical perylene itself is one of the products. 
Therefore, in using the electrochemical preparation for 
quantitative chemical studies it is necessary to know its 
perylene content. We have found that iodimetric 
analysis is very easy and reliable. Electron transfer 
between the cation radical and iodide ion is quantita
tive, and potentiometric titration of the iodine gives a 
quick assay of cation-radical content.

Chemical Preparation with Iodine-Silver Perchlo
rate.— By mixing a concentrated solution of perylene 
and silver perchlorate with one of iodine a well-dispersed 
mixture of silver iodide and cation radical perchlorate 
precipitates.6 The solid mixture is easily analyzed 
iodimetrically, and has been found to contain at least 
95% of the required cation radical perchlorate. This 
method of preparing cation-radical salts has also been 
used for heterocyclic and amino compounds by Led- 
with,10 who was able to extract the cation radical with 
solvent. We have found that perylene cation radical 
perchlorate can be extracted from admixture with silver 
iodide, but losses occur because of the impossibility of 
having perfectly dry solvents. Instead of extracting 
the cation radical for later use we have found that the 
mixed solids can be used for many preparative chemical 
reactions. We have also found that in some cases re
action of the cation radical can be achieved in one step 
by mixing a solution of perylene, silver perchlorate, and 
reactant with a solution of iodine. Reaction with 
nitrite ion is a case in point, and in that we have also 
achieved reaction by using only perylene, silver nitrite, 
and iodine.9

Reaction with Water.— Reactions of cation radicals 
with water are not well documented and are still not 
well understood. I t  has been thought in some in
stances that one-electron exchange occurred.11’12 More 
recently, the water molecule has been represented as a 
nucleophile attacking a cationic rather than a radical 
center, but there is no general agreement on mechanistic 
details. Reaction of water with thianthrene cation 
radical is second order in cation radical, and has been 
interpreted as involving the thianthrene dication 
rather than the cation radical directly.18 The role of

(9) C. Y. Ristagno and H. J. Shine, J. Amer. Chen. Soc., 93, 1811 (1971).
(10) F. A. Bell, A. Ledwith, and D. C. Sherrington, J. Chem. Soc. B, 2719 

(1969).
(11) G. Cauqnis, Bull. Soc. Chim. Fr., 1618 (1968).
(12) H. J. Shine and L. Piette, J. Amer. Chem. Soc., 84, 4798 (1962).
(13) Y . Murata and H. J. Shine, J. Org. Chem., 34, 3368 (1969).

Sc h e m e  I

3

the dication in this reaction has also been examined 
electrochemically.14’15 Reaction of the 9,10-diphen- 
ylanthracene cation radical is first order in cation radi
cal and has been interpreted as occurring by direct at
tack of water on the cationic 9 position of the cation 
radical.16

Several other examples of in situ reaction of water 
with a cation radical formed at an anode have been in
terpreted analogously as ECE reactions.17

No detailed chemical study of the reaction of a hy
drocarbon cation radical with water has been reported.

(14) V. D. Parker and L. Eberson, J. Amer. Chem. Soc., 92, 7488 (1970).
(15) L. S. Marcoux, personal communication.
(16) R. Sioda, J. Phys. Chem., 72, 2322 (1968).
(17) (a) L. Jeftic and R. N . Adams, J. Amer. Chem. Soc., 92, 1332 (1970); 

(b) E. J. Majeski, J. D. Stuart, and W . E. Ohnesorge, ibid., 90, 633 (1968).
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Anodic oxidation studies ordinarily rely on electrochem
ical data without isolation of products. Sioda isolated 
one of the products (9,10-dihydroxy-9,10-diphenylan- 
thracene) but not the other (the original hydrocar
bon).16 In our present work we have isolated the final 
products quantitatively and can write the overall 
stoichiometry for the reaction of the perylene cation 
radical (1) with water (eq 1). We have not attempted 
kinetic work yet. According to eq 1, 82 mol %  of cat
ion radical reverts to perylene (2). I t  is not sur
prising, therefore, that perylene was recovered by 
previous workers.5 The only other product obtained 
by us was 3,10-perylenequinone (3). Our results with 
electrochemically prepared cation radical gave 91% of 
the perylene and 86% of the quinone required by eq 1. 
Analogous results with the silver iodide mixture were 
87 and 70%.

It  is possible to explain the results in two ways 
(Schemes I  and II ) ,  and a distinction cannot be made

Sc h e m e  II

O

3

until, possibly, kinetic data for the series of reactions 
are obtained. Each of these schemes has 3-hydroxy- 
perylene (5) as an intermediate. We have written the 
schemes in this way rather than having the initial for
mation of 3,10-dihydroxyperylene (or 3,10-dihydro-
3,10-dihydroxyperylene) on the basis of our work with 
1 and pyridine. Only one pyridine unit is introduced 
into the perylene nucleus (see later) in a very rapid re
action. I t  does not seem reasonable that, in contrast, 
reaction with water, a poorer nucleophile, would go di
rectly to the dihydroxy compound.

In Scheme I, attack of water (eq 2) occurs at the po
sition in the cation radical which simple HMO calcula
tions18 show as having the highest positive charge den
sity. I t  is to be expected that 3-hydroxyperylene would

(18) C. A. Coulson and A. Streitwieser, Jr., “ Dictionary of ^-Electron 
Calculations," Pergamon Press, New York, N. Y ., 1965.

be oxidized by the perylene cation radical (eq 4), and 
under our experimental conditions, therefore, would 
not survive. The possibilities that 3-hydroxyperylene 
is further oxidized by air to the quinone, or that either
3,10-dihydroxyperylene or 3,10-dihydro-3,10-dihy- 
droxyperylene are formed and similarly oxidized do not 
seem to be serious, since our quantities of isolated 
perylene would not fit large-scale incursions of those 
oxidation reactions.

Reaction with Pyridine.—Reaction of perylene cation 
radical with pyridine is fast and clean, and has the 
stoichiometry of eq 10. On the basis of this stoichiome

try, reaction with the electrochemically prepared cation 
radical gave 92% of the required perylene and 87% 
of the required substitution product (9). Reaction 
with the silver iodide mixture gave 98% of the re
quired perylene and 84% of 9.

Compound 9 was identified by elemental analysis and 
by Zincke degradation to 3-aminoperylene.

The difference between the pyridine and water reac
tions is probably attributable to the difficulty one 
might expect of oxidizing 9, which bears an electron- 
withdrawing group, as compared with oxidizing 5 (eq 
4) which bears an electron-donating substituent. 
Rochlitz19 has isolated monopyridinium substitution 
products from reaction of polynuclear aromatic hydro
carbons with iodine and pyridine, while Lund ob
tained 9,10-dihydroanthracenyldipyndinium diper
chlorate from anthracene.20

Reaction with Acetate and Benzoate Ions.—The 
reactions of perylene cation radical with sodium acetate 
and sodium benzoate are fast and give relatively low 
yields of the corresponding esters. Reaction of the 
cation radical with sodium acetate and sodium benzoate 
gave 26 and 33% of the corresponding 3-perylenyl esters, 
10 and 11, and 105 and 113% of perylene based on 
the stoichiometry in eq 11. It  is believed that the

2C2„H12- + +  R C 0 2-  — >  C20H „O 2CR  +  C20H 12 +  H  +
10, R  =  M e (11)
11, R = Cells

relatively low yields of the esters can be attributed in 
part to hydrolysis in the presence of the perchloric acid 
which is generated. The hydrolysis product, 3-hydroxy
perylene, was not identified positively, but is thought, 
from spectroscopic evidence, to have comprised one of 
the fractions removed from the chromatography col-

(19) J. Rochlitz, Tetrahedron, 23, 3043 (1967).
(20) H. Lund, Acta Chem. Scand., 11, 1323 (1957).
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umn. Some 3,10-perylenequinone was formed also, 
and this might account for the high yield of perylene 
(see stoichiometry for the formation of the quinone by 
reaction of P - +C104_ with water). The acetate and 
benzoate esters are rapidly hydrolyzed by base.

Electron Exchange Reactions.— Perylene cation radi
cal is reduced quantitatively by iodide ion. The re
action is a good way of assaying cation-radical purity. 
Reduction by bromide ion also occurs. Anodic bro- 
mination of anthracene has been reported by Milling
ton.21 We had thought that reaction between perylene 
cation radical and bromide ion might give 3-bromo- 
perylene, but none could be detected by tic. Bromine 
formed in reaction was determined iodimetrically. The 
quantities of perylene and bromine formed (eq 12, X  =

2C20H12- + +  2X- — =» 2C20H12 +  X2 (12)

Br) from both the electrochemical product and the sil
ver iodide mixture gave results consistent with eq 12, 
that is, 92 and 84% of the anticipated perylene and 87 
and 90% of the bromine.

The facts that the color of both preparations of cat
ion radical was discharged by addition of bromide ion 
and both preparations gave similar analytical results 
establish reliability in the results. I t  is possible with 
the use of the silver iodide mixture and a nucleophile 
X -  that, if the solubility product of A gX  were sig
nificantly smaller than or comparable with that of A g l 
(K ap =  8.5 X 10-17), exchange between X -  and 1“  
may occur. In that case reduction of cation radical by 
iodide ion would follow. This does not seem to be the 
case when bromide ion (K sp AgBr =  5.0 X 10“ 13) is 
used. Reaction between chloride ion (K ap AgCl =1 .7  
X 10 ~10) and the silver iodide mixture led to 84% of the 
anticipated perylene and 90% of the anticipated halo
gen (eq 11), while the electrochemically produced 
cation radical gave 95% of the anticipated perylene 
and 84% of the anticipated halogen.

Reaction with cyanide ion remains unsettled. Use 
of potassium cyanide with the silver iodide mixture was 
accompanied by almost total reduction of the cation 
radical to perylene. Use of electrochemical product, 
however, gave a mixture of perylene and a green, 
fluorescent compound which has not as yet been charac
terized. I t  appears that the use of the silver iodide 
mixture and cyanide may lead to halide exchange 
(K ap AgCN =  1.6 X 10 ~14) through the complex 
A g (C N ),-.

I t  is recognized, of course, that data on solubility 
products and complex formation relate to aqueous solu
tions and may have limited validity in the reactions we 
have examined.

Reaction with fluoride ion failed to occur. We had 
hoped that since electron transfer was not to be ex
pected, nucleophilic substitution by fluoride ion would 
occur. However in none of the many attempts with 
various fluorides was an organic fluoride formed. The 
only products isolated were perylene and its 3,10- 
quinone, and these are presumed to have been formed 
from slow reaction with small amounts of water re
maining in the reactants or finding ingress from the at
mosphere. We conclude that fluoride ion is too weakly 
nucleophilic to react with perylene cation radical.

(21) J. P. Millington, J. Chem. Soc. B, 982 (1969).

Summary

Perylene cation radical reacts with certain nucleo
philes at the 3 position. Other nucleophiles, e.g., 
iodide and bromide ion, usually acknowledged as 
“ good”  nucleophiles do not attack at carbon but donate 
an electron to perylene cation radical. Earlier work 
showed that pyrene cation radical is “ nitrated”  by ni
trite ion in the 1 position.9 The overall picture is that 
a cation radical will undergo nucleophilic substitution 
at the position of highest positive charge density pro
vided that the nucleophile is itself not easily oxidized 
by the cation radical. Thus, in their reactions with 
cation radicals, nucleophiles are controlled by their 
nucleophilicity and oxidation potentials. I t  is hoped 
that further work will bring out the relationships 
more quantitatively.

Experimental Section

Perylene was purified by chromatography on an alumina col
umn followed by crystallization from benzene. Tetrahydro- 
furan (TH F) was dried by distilling over lithium aluminum hy
dride.

Electrochemical Preparations.—Controlled potential oxida
tions were performed with a Princeton Applied Research Electro
chemistry System, Model 170. An H cell with compartments 
separated by a fritted glass disk, and with a platinum gauze 
anode and a copper wire cathode, was used. In a typical pro
cedure about 25 ml of TH F containing 1.2 g of dried tetrabutyl- 
ammonium perchlorate (TBAP) (an approximately 0.2 M  solu
tion) was placed in each compartment of the cell. Perylene was 
then added to the anode compartment to saturate the solution. 
Electrolysis was carried out at 1.25 V (vs. see) while the anolyte 
was stirred continuously magnetically. A black solid began 
depositing on the anode as soon as electrolysis was begun. Elec
trolysis was interrupted at 15-min intervals and the anode de
posit was carefully scraped off. Perylene was added to the anode 
compartment at each interval. In this way it was possible to 
collect quantities of deposit of the order of 1 g in 5 hr. The 
deposit was washed with 10-ml portions of TH F and dried under 
vacuum. Washing removed perylene from the deposit, but 
perylene removal was never complete. Attempts to completely 
extract perylene ended only in slow decomposition of the cation 
radical salt. As a typical example, 563 mg of deposit was washed 
with ten 10-ml portions of THF, leaving 475 mg of solid.

A nal. Calcd for C20H 12CIO,: C, 68.2; H, 3.41; Cl, 10.10. 
Found: 0,70.15; H,4.36; Cl, 7.10.

Analysis indicated that the composition of the solid was 70% 
C2oH12C10i and 30% C20Hl2. This was confirmed by potentio- 
metric iodimetric titration, as follows. A solution of the solid in 
100 ml of dry acetonitrile was deaerated by nitrogen bubbling for 
5 min. Addition of 100 mg of tetrabutylammonium iodide im
mediately discharged the purple color of the ion radical. The 
yellow iodine solution was titrated potentiometrically with thio
sulfate, using the PAR instrument. Two analyses, beginning 
with 55 and 57 mg of solid, respectively, showed the solid to 
contain 68 and 71% of its weight as cation radical perchlorate. 
In the latter case perylene was extracted from the solution with 
benzene after titration was complete. The perylene was placed 
on a silica gel column and eluted with benzene, a solvent capable 
of separating perylene and its 3,10-quinone. The amount of 
perylene recovered was 41 mg. If the electrochemical solid was 
a mixture of 70% cation radical perchlorate and 30% perylene, 
the amount of perylene anticipated after reduction with iodide 
ion is 45.8 mg. Stripping of the silica gel column with benzene- 
methanol (3:1) gave a solution whose visible spectrum indicated 
the presence of some perylene-3,10-quinone (3).

Chemical Preparation ( P +C10<_ , Agl).—To a solution of 504 
mg of perylene in a minimum of dry methylene chloride was added 
a solution of 414 mg of dry silver perchlorate in a minimum 
of acetonitrile. To this mixture was added a solution of 203 mg 
of iodine in a minimum of methylene chloride. All operations 
were carried out under nitrogen to exclude moisture. A dark 
precipitate formed immediately. After stirring for 3 min the 
mixture was filtered and dried under vacuum, giving 912 mg
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(97% ) of P - +C104~, A g l. Potentiometrie iodimetry showed 
the solid to contain 95% of the required amount of P  • +C104_ .

Reaction with Water. A. Electrochemical Product.— To 
75 mg of solid product was added 150 ml of acetonitrile con
taining 0.1 ml of water. The mixture was stirred under a nitro
gen bubbler for 7 hr. Five grams of silica gel was added and the 
solvent was evaporated. The silica gel was placed on the top 
of a column of silica gel for chromatography. Perylene was 
removed with benzene, and the column was next eluted with ben
zene-methanol (3 :1 ). Evaporation of the benzene solutions gave 
51 mg (96% ) of solid, found to be perylene by ultraviolet and 
visible spectroscopy. Evaporation of the benzene-methanol 
solution gave 6  mg (8 6 % ) of solid identified by visible spectrum 
as perylene-3,10-quinone. On the basis that the electrochem
ical product was 70% cation radical perchlorate and 30% peryl
ene, the anticipated products from reaction with water are 53 mg 
of perylene and 7 mg of quinone (see discussion for stoichiom
etry).

B. P  +C104-, Agl.— A  suspension of 151 mg of solid in 60 ml 
of acetonitrile containing 0.5 ml of water was stirred for 3 hr 
under nitrogen. Filtration gave 44 mg (73% ) of silver iodide. 
The acetonitrile was evaporated and the residue was chromato
graphed on alumina, using benzene to remove perylene, and 3:1 
benzene-methanol to remove the 3,10-quinone. Isolation of 
solutes gave 47 mg (87% ) of perylene and 8.5 mg (70% ) of the 
quinone.

Reaction with Pyridine. A. Electrochemical Product.— A
solution of 0.1 ml of pyridine in 150 ml of acetonitrile was added 
to 75 mg of electrochemical product under nitrogen. The reac
tion mixture turned yellow immediately. After 30 min of stir
ring, the solvent was pumped off and the residue was extracted 
with 50 ml of hot benzene. Evaporation of the benzene gave 38 
mg (92%) of perylene, identified and assayed by its absorption 
spectrum. The benzene-insoluble portion was 39 mg of yellow 
solid. This was washed with 100 ml of water to remove pyri- 
dinium perchlorate, leaving 28 mg (87% ) of yellow-brown solid, 
which was identified as lV-(3-perylenyl)pyridinium perchlorate
(9) as described later.

On the basis that the electrochemical product contained only
52.5 mg (70% ) of cation radical perchlorate, reaction with pyri
dine should have given 32.2 mg of lV-(3-perylenyl)pyridinium 
perchlorate and a total of 41.4 mg of perylene.

B. P + C 1 0 4_ , A g l.— A  solution of 0.1 ml of pyridine in 100 
ml of acetonitrile was added to 123 mg of the mixture of salts. 
After stirring, a yellow solution and a yellow precipitate (silver 
iodide) were obtained. Filtration gave 48.7 mg (99% ) of silver 
iodide. Evaporation of the acetonitrile solution and benzene 
extraction gave 30 mg of benzene-soluble and 59 mg of benzene- 
insoluble material. Chromatography of the benzene-soluble 
solid on silica gel column gave 26 mg (98% ) of perylene.

C. By Direct, Iodine-Silver Ion Initiated Reaction.— To a
mixture of 300 mg (1.2 mmol) of perylene, 606 mg (2.4 mmol) of 
iodine, and 1.0 g (4.8 mmol) of silver perchlorate in 200 ml of 
acetonitrile was added 2 ml (26 mmol) of pyridine. The mixture 
turned yellow immediately. Work-up as above gave 125 mg 
(32% ) of A-(3-perylenyl)pyridinium perchlorate (9). A  sample 
of 9 was crystallized from benzene-methanol: mp 309° dec;
Xmax (methanol) 442, 419, 400 (s), 252, 247 nm (s).

A n a l .  Calcd for C2SH 16C1N04: C, 70.0; H , 3.73; N , 3.26; 
Cl, 8.25. Found: C, 70.1; H , 4.24; N , 3.22; Cl, 7.73.

Degradation of 50 mg (0.12 mmol) of 9 to 3-aminoperylene was 
carried out by Zincke’s method. 22 The organic product was 
extracted with benzene and chromatographed on silica gel with 
50:50 benzene-ether as eluent, giving 8  mg (26% ) of 3-amino
perylene, mp 218° dec, shown to be identical with an authentic 
sample.

3-Aminoperylene.—-3-Nitroperylene was prepared by the 
reaction of perylene cation radical with nitrite ion , 9 and reduced 
with hydrazine and a palladium/charcoal catalyst, 23 mp 2 2 2 ° 
dec (lit. mp 220-230° dec. ) 23

Reaction with Sodium Acetate.— A  solution of 328 mg (4
mmol) of sodium acetate in 1 0 0  ml of acetonitrile was deaerated 
by nitrogen bubbler. To this was added 401 mg (0.68 mmol) 
of P - +C104", A g l. Immediately the reaction mixture turned 
yellow. The mixture was stirred for 15 min under nitrogen, 
filtered, and chromatographed on silica gel. Perylene was

(22) T. Zincke, Justus Liebigs Ann. Chem., 330, 361 (1903); 333, 296 
(1904).

(23) M . J. Dewar and T. Mole, J. Chem. Soc., 1441 (1956).

removed with benzene-petroleum ether ( 1 : 1 ) and the blue-fluo
rescent ester was removed with benzene. Evaporation of the 
benzene-petroleum ether fraction gave 111 mg (105%) of peryl
ene. Evaporation of the benzene solution gave 22 mg (26% ) of 
a bright yellow solid, mp 182-187°, which was identified as 3- 
perylenyl acetate (10). A  sample was recrystallized from eth
anol: mp 193-194°; Xmax (methanol) 438, 412, 390 (s), 253, 246 
nm.

A n a l .  Calcd for C22HHO2: C, 85.16; H , 4.52. Found: 
C, 84.92; H, 4.41

The ester bands on the column were followed by a small yellow 
band having a strong green fluorescence. This was eluted and 
had ultraviolet and visible spectra identical with those attrib
uted to 3-hydroxyperylene (see below). Continued elution with 
benzene-methanol (3 :1 ) gave some 3,10-perylenequinone.

Reaction with Sodium Benzoate.— A mixture of 331 mg (0.56 
mmol) of P ■ +C1()4- , A g l, and sodium benzoate was treated as 
described above; 80 mg (113%) of perylene and 34 mg (33% ) 
of 3-perylenyl benzoate (11) were obtained. A  sample of the 
benzoate was recrystallized from ethanol: mp 209-210°; Xmax
(methanol) 439, 412, 391 (s), 253, 247 nm.

A n a l .  Calcd for C 27H 10O2: C, 87.09; H , 4.30. Found: 
C, 86.89; H ,4.14.

Treatment of either 10 or 11 with 5% sodium hydroxide in 
methar.ol caused a rapid change in the ultraviolet spectrum re
sulting, we believe, from hydrolysis to the anion of 3-hydroxy
perylene, Xmax (methanol) 488, 345, 330, 300 (s), 270 (s), 264 nm. 
Acidification of the basic solution gave, we believe, 3-hydroxy
perylene, Xmax (methanol) 448,426, 258, 252 nm (s).

Reaction with Bromide Ion. A. Electrochemical Product.—  
The electrochemical product was found to be 60% cation radical 
perchlorate by iodimetry. Of this, 49.8 mg in 50 ml of aceto
nitrile was deaerated by nitrogen bubbler and capped with a 
serum cap. A  solution of 100 mg of tetrabutylammonium bro
mide in acetonitrile was injected. The solution turned yellow. 
After 5 min a solution of tetrabutylammonium iodide in aceto
nitrile was injected. The yellow-orange solution was removed 
for potentiometrie titration with thiosulfate, and found to con
tain 87% of theoretical iodine. The titrated solution was ex
tracted with benzene and gave 38 mg (92% ) of perylene. Based 
on electron exchange between bromide ion and 29.9 mg of cation 
radical perchlorate (60% of the solid used), the expected yield 
of perylene was 41.4 mg.

B. With P +C104~, Agl.— A sample of 109 mg of salt was 
treated as above. Titration gave 90% of theoretical iodine. 
Extraction gave 39 mg (84%) of perylene.

Reaction with Chloride Ion. A. Electrochemical Product.—• 
The electrochemical product was found to be 63% cation radical 
perchlorate by iodimetry; 75 mg of the cation radical salt and 
144 mg of tetrabutylammonium chloride were placed in a one- 
neck, 1 0 0 -ml round-bottom flask under nitrogen and sealed with a 
serum cap; and 40 ml of CH3C N  was injected. The solution 
turned yellow. After 5 min a solution of tetrabutylammonium 
iodide in acetonitrile was injected. The solution turned yellow- 
orange. The solution was removed for potentiometrie titration 
with thiosulfate and found to contain 84% of theoretical iodine. 
The titrated solution was extracted with benzene and chroma
tographed on silica gel to give 58 mg (95% ) of perylene.

B. With P +C104_ , Agl.— A  sample of 103 mg of salt was 
treated as above. Titration gave 90% of theoretical iodine. 
Extraction gave 37 mg (84%) of perylene.

Attempted Reaction with Fluoride Ion.— P ' +C104~, A g l was 
used in all attempts. The cation radical salt was added to the 
fluoride salt, which was either dissolved or suspended in aceto
nitrile. The mixture was stirred under nitrogen until the color 
of the cation radical either disappeared or failed to disappear 
over a period of 36 hr. In the latter case reaction was presumed 
not to have occurred. When hydrogen fluoride was used at 
room temperature the gas was bubbled through the acetonitrile 
solution. Liquid hydrogen fluoride was used at 0°. A  reaction 
mixture was worked up by first evaporating the solution and next 
chromatographing on a column of silica gel, using benzene and 
3:1 benzene-methanol for elution as described earlier. These 
solvents were chosen for separating perylene and its 3,10-quinone 
when considerable exploratory work showed that these two 
compounds were the only ones formed. In no case was any evi
dence found by tic for the presence of any other compound than 
these two. Further search for the presence of an organic fluoride 
was made by subjecting each organic fraction isolated from the 
silica gel column to sodium fusion and the zirconium-alizarin
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test for fluoride ion.24 This method was successful when applied 
to small amounts of 1-fluoronaphthalene. A ll of the isolated 
organic fractions failed to show the presence of a fluoride.

Perylene and its 3,10-quinone were isolated from attempted 
reaction with AgF  (97%, 46% ); AgF, H F (gas) (90%, 47%); 
and K F  (97%, 50%). The figures in parentheses refer to prod
ucts formed in reaction with unremoved water according to the 
stoichiometry of eq 1. The use of H F (gas), K F , H F  (gas), 
K F , H F (liquid), and (n-C4H 9)4N F  failed to discharge the color 
of the cation radical during a 36-hr period.

(24) A. I. Vogel, “ Practical Organic Chemistry,”  Wiley, New York, N. Y .. 
1956, p 1043.

Iodimetric Assay.— In a typical iodimetric analysis, 124.8 mg 
of P ■ +C10(, A g l (2.13 X  10~4 equiv) was placed in 150 ml of 
deaerated, dry acetonitrile and 200 mg (5.42 X  10-4 equiv) of 
tetra-n-butylammonium iodide was added. The purple reaction 
mixture im m e d ia te ly  turned yellow. The reaction mixture was 
then titrated potentiometrically using a 0.0566 N  sodium thio
sulfate solution. An end point corresponding to 2.13 X  10“ 4 
equiv of I 2 was obtained. The titrated solution was then poured 
into water and extracted with benzene. The benzene extract 
was chromatographed on silica gel giving 48 mg of perylene 
(89.6% of theory).

Registry No. 1, 12576-62-4; 1 perchlorate, 12576- 
63-5: 9,32174-97-3; 10,32174-98-4; 11,32174-99-5.
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The organometallic character of triaryliodine compounds has been demonstrated by the reactivity of 5-phenyl-
oli-dibenziodole toward water, protonic acids, and Lewis acids. Cleavage of 5-phenyl-5//-dibenziodole by elec
trophilic reagents is rapid and gives both cyclic dibenziodolium and acyclic 2-biphenylylphenyliodonium salts. 
The product ratio was found to be dependent on the electrophile used. Thermal decomposition and rearrange
ment of 5-phenyl-5H-dibenziodole have also been studied,- '  A  free-radical mechanism is suggested to account for 
the complexity of the products in the presence of alkyl and acyl halides. In  contract, heating in hexane gives
2-iodo-o-terphenyl in good yield and suggests a molecular rearrangement. Various new 5//-dibenziodoles have 
been prepared with aryl groups attached to iodine: p-tolyl, to- and p-chlorophenyl, and 1-naphthyl. Cleavage
of these species with ethereal hydrogen chloride has also been studied.

Since the first isolation of triphenyliodine (1) by 
W ittig2 in 1952, little work has been reported on the 
relatively unstable triorganoiodine compounds. In 
1955, Clauss3 prepared from dibenziodolium iodide and 
phenyllithium the first triaryliodine, 5-phenyl-5//-di- 
benziodole (2) that is stable at room temperature.

1 2

Using the method of Clauss, we have successfully pre
pared three previously unknown 5-aryl-5//-dibenz- 
iodoles, i.e., 5-(p-chlorophenyl)-5//-dibenziodole (3),
5-(p-tolyl)-5/7-dibenziodole (4), and S-(l-naphthyl)- 
5i/-dibenziodole (5), in 75-85% yield. Attempts to 
isolate 5-(m-chlorophenyl)-5ii-dibenziodole (6) from 
the reaction mixture of dibenziodolium chloride and 
m-chlorophenyllithium solution were unsuccessful be
cause of its high solubility in the reaction medium. 
Therefore, 6 was often used immediately without isola
tion for further reaction. 5-Phenyl-5H-dibenziodole 
was also successfully prepared by the present authors 
from dibenziodolium chloride and phenylmagnesium 
bromide in 90% yield.

Thermal Decomposition and Rearrangement.— It
has been long known that trisubstituted organoiodine

(1) (a) Taken from the dissertation of L. L. Chang submitted to the
Polytechnic Institute of Brooklyn in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy (Chemistry), 1971. (b) Supported
by National Institutes of Health, 1968—1969, through Grant No. 5-S05- 
FR-07063-04.

(2) G. W ittig and K. Clauss, Justus Liebigs Ann. Chem., 578, 136 (1952).
(3) K. Clauss, Chem. Ber., 88, 268 (1955).

5 6

compounds on heating decompose homolytically to com
plex products.4-6 When a suspension of 5-phenyl-5/7- 
dibenziodole (2) in hexane was decomposed gradually 
at room temperature, the products were benzene, 
iodobenzene, biphenyl, 2-iodobiphenyl, and 2,2'-di- 
iodobiphenyl, all in 10-15% yield, and 2-iodo-o-ter- 
phenyl in about 10% yield. A t higher temperature 
(refluxing hexane), 2-iodo-o-terphenyl was formed as the 
major product (ca. 80%). Adapting the radical 
mechanism proposed previously4'5 for the thermal 
cleavage of Ph2IR 6 and Ph2ISR, one can envision free- 
radical sequences initiated by homolysis to account for 
the complexity of the products from 2. Path L, in-

(4) F. M. Beringer, J. W. Dehn, Jr., and M . Winicov, J. Amer. Chem. 
Soc., 82, 2948 (1960).

(5) J. W. Greidanus, W. J. Rebel, and R. B. Sandin, ibid., 84, 1504 
(1962).

(6) M. C. Caserío, D. L. Glusker, and J. D. Roberts, ibid., 81, 339 (1959).
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volving the cleavage of the phenyl-iodine bond, is prob
ably the process of the lowest activation energy and is 
therefore favored at low temperature. Path M, in
volving a ring opening, seemed to compete better at 
high temperature with a statistical limit of 67%. How
ever, it seems unlikely that the high yield of 2-iodo-o- 
terphenyl arises from homolysis followed by coupling; 
a direct migration of the phenyl group from iodine to 
carbon seems moi’e likely.

Heterolytic Cleavage.—The first example2 of the 
heterolytic cleavage of a triaryliodine was the regenera
tion of the starting diphenyliodonium salt from tri- 
phenyliodine (1) by cleavage with hydrogen chloride. 
Similarly, Clauss3 reported the recovery of dibenzio- 
dolium salts from 5-phenyl-5//-dibenziodole (2) by 
cleavage with a number of electrophilic reagents. How
ever, contrary to the findings of Clauss, we have 
found that the cleavage of 2 with electrophiles gave

two iodonium salts. The cyclic dibenziodolium salt 
from the cleavage of bond a (the phenyl-iodine 
bond) and the previously unknown acyclic 2-biphenyl- 
ylphenyliodonium salt from the cleavage of bond b 
(the biphenylene-iodine bond) were both formed. A  
fully random cleavage of both types of bonds would 
give 66.7% of the cyclic salt and 33.3% of the acyclic 
salt.

Reaction of 2 with cold water was very slow. Only 
when the suspension of 2 in degassed water was heated 
at 60-70° under argon for 3 hr did reaction occur, giving 
iodonium hydroxides which contained only traces of 
acyclic iodonium ions. A  solution of 2 in tetrahydro- 
furan under fully anhydrous condition was essentially 
inert to carbon dioxide gas.

Cleavage of 2 with protonic and Lewis acids (Table 
I ) was fast and gave both cyclic and acyclic iodonium 
salt, with product distribution dependent on the acid 
used. The weak carboxylic acids (acetic and benzoic) 
reacted predominantly with the phenyl group. The 
stronger inorganic acids showed low selectivity in the

R e a c t io n 0 o f  5-PHENYL-5/f-mBENZiODOLE 

w it h  P r o t o n ic  a n d  L e w is  A c id s  

R eac-
tion& % of iodonium ions Total - I +-

Table I

Acid Solvent time, hr Cyclic0 Acyclic** yield, %

c h ,c o 2h T H F 0 .1 89.5° 10.5 87
c 6e 6c o 2h T H F 0 . 5 78.5° 21.5 98
H F T H F 0 . 5 79.5° 20.5 104
HC1 T H F 0 . 5 50.0° 50.0 96
H N 0 3 T H F 0 . 5 37.0° 63.0 101
C H 3SO3H T H F 0 . 5 42.5° 57.5 93
h b f 4 T H F 0 . 5 44.6° 55.4 92

h ‘ T H F 0 . 5 62.0° 38.0 94
Ph3B Ph il 3 . 0 100.0 0 .0 77
AlCls PhH 0 . 5 31.5 68.5 80

0 Inverse addition of a solution of 2 to the acids. h The reac-
tion was completed at the end of addition of 2. However, the 
mixture was stirred totally for 0.5 hr before work-up. 0 Per
centage of 2,2'-diiodobiphenyl based on the number of millimoles 
in the pyrolysate of the iodonium salt mixture. While benzene 
was identified as a reaction product, quantitative determination 
by vpc was not successful because of overlapping with solvent 
(T H F ). d Percentage of iodobenzene based on the number of 
millimoles in the pyrolysate of the iodonium salt mixture. 
0 Two equivalents of iodine to 1 equiv of 2 was used.

cleavage of bonds to iodine. As for Lewis acids, the 
large triphenylboron cleaved the carbon-phenyl bond 
slowly and selectively to form dibenziodolium tetra- 
phenylborate. At the’ other end of the scale, the strong 
electrophile aluminum chloride cleaved 5-phenyl-5H- 
dibenziodole in a completely random manner. Finally, 
molecular iodine cleaved both bond a and b; however, 
the former cleavage was favored.

The reaction of fi-phenyl-fiH-dibenziodole with 
borane in tetrahydrofuran gave not iodonium salts but 
reduced products such as biphenyl and 2-iodobiphenyl.

Concerning the relative stability of the carbon-iodine 
bonds in the molecule of 5-phenyl-5//-dibenziodole, 
one might suggest that the iodine-phenyl bond is the 
most labile bond in the molecule. Bearing in mind that 
solid 5-phenyl-5H-dibenziodole is stable to around 100° 
while triphenyliodine decomposes at —10°, one sees 
that the joining of the two phenyl rings contributes 
some special stability to the molecule. I t  has also 
been found that the dibenziodolium ion is much less 
reactive than the diphenyliodonium ion.7

Cleavage of other 5-aryl-5H-dibenziodoles with hy
drogen chloride in tetrahydrofuran has also been 
studied (Table I I ) .  Both 5-(p-chlorophenyl)-f>//-di- 
benziodole (3) and 5-(m-chlorophenyl)-5H-dibenziodole
(6) have yielded only cyclic dibenziodolium cation with 
benzoic acid and with hydrogen chloride. In other 
words, both a weak and a strong acid cleaved off 
the chlorophenyl group exclusively. A  comparison of 
the results of acid cleavage of 2, 5-(p-tolyl)-5//-dibenz- 
iodole (4), and 5-(l-naphthyl)-5H-dibenziodole (5), 
has suggested that the p-tolyl group was cleaved with 
about the same ease as the phenyl group, while the 1- 
naphthyl group was cleaved with greater ease than a 
phenyl group.

The effect of substituents on the benzene nucleus in 
the protodemetalation of organometallic compounds 
has been most exhaustively explored in the group IV  
elements. Accumulated results have been excellently

(7) J. Nachtigal, Ph.D. Dissertation, Polytechnic Institute of Brooklyn, 
1967.
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R e a c t io n “ of 5-Ar y l -5I?-d ib e n zio d o le s  w it h  
H yd ro g en  C h lo r id e  in  T e trah yd ro ftjran

% of iodonium salts Total - I +-

T able II

Ar Cyclic Acyclic yield, % Other product
Ph 50 50 96 PhH (Table I)
p-ClPh too6 0 85-97° PhCH
TO-ClPh 1008 0 70 PhCP
p-Tolyl 52® 48* 100 PhC W
1-Naphthyl 76® 24» 93 N aphthalene*
“ Inverse addition of triaryliodine to the acid. 6 Results from 

three identical experiments with hydrogen chloride and two with 
benzoic acid. 8 Range of the yield in five experiments. d The 
yield was 95 ±  5%. 8 Results from duplicate runs. 1 The yield
was 61%. ® Based on 2,2'-diiodobiphenyl in the pyrolysate of 
the mixture of iodonium iodides. h Based on 4-iodotoluene in 
the pyrolysate of the mixture of the iodonium iodides. * The 
yield was 47%. » Based on 1-iodonaphthalene in the pyrolysate
of the mixture of iodonium iodides. k The yield was 67%.

organized by Dessy and Ivitching,8 Reutov and 
Beletskaya,9 and MacDiarmid.10 In general, the 
mechanism proposed for the cleavage of metal-carbon 
bonds is electrophilic attack at carbon with or without 
nucleophilic participation at metal; often the latter is 
an important factor. In the cases where nucleophile 
and electrophile are combined in the same molecule, a 
multicenter pathway is available. The effect of sub
stituents in the aryl groups usually can be correlated 
with those in electrophilic aromatic substitution; i.e., 
electron-releasing substituents increase the ease of 
cleavage and electron-withdrawing substituents de
crease it.

However, according to Table II, a p-methyl group 
seems to exert only a slight influence on the ease of the 
cleavage of phenyl-iodine bonds. Most striking is the 
observation that both m - and p-chlorophenyl groups 
were cleaved exclusively. Exclusive cleavage of a p - 
chlorophenyl group from an acyclic triaryliodine has 
been also observed.1

The authors do not have any fully satisfactory 
rationalization of the enhancement of reactivity by m- 
or p-chlorine in the heterolysis of the phenyl-iodine 
bond by acids. The transition state might be pictured 
as involving a weakened carbon-iodine bond with par
tial charge separation. If the leaving phenyl group 
has a partial negative charge, a m - or p-chlorine might 
favor this process.

Ph
""T— Ph +  HA 

P h " '

Ph

Ph

V
5“

I — Ph

r  s+
A— H

PhJ+A_ +  PhH

Attempted alkylation and acylation of 5-phenyl- 
5H-dibenziodole with methyl iodide, carbon tetra
chloride, and acetyl chloride failed to give a clean reac
tion yielding alkylated or acylated product. Even 
though in each case a good yield (70-80%) of dibenz- 
iodolium salt was obtained, the organic phase was al
ways a very complex mixture. With acetyl chloride, 
a low yield (13%) of acetophenone was detected among 
products derived from ho mo lytic decomposition.

(8) R. E. Dessy and W . Kitching, Advan. Organometal. Chem., 4, 267 
(1966).

(9) O. A. Reutov and I. P. Beletskaya, “ Reaction Mechanisms of Organo- 
metallic Compounds,”  Wiley, New York, N. Y ., 1968, Chapter 5.

(10) A. G. MacDiarmid, Ed., “ The Bond to Carbon,”  Marcel Dekker, 
New York, N. Y ., 1968.

With methyl iodide, the formation of toluene was either 
in trace amount or in question. With carbon tetra
chloride, chlorobenzene and 2-chloro-2/-iodobiphenyl 
were identified among other products. In summary, 
reaction of 5-phenyl-5H-dibenziodole with organic 
halides probably went largely by a homolytic process. 
The small yield of acetophenone may have arisen from 
a competitive electrophilic attack by acetyl chloride. 
Similarly, reactions of diphenylmercury with an ex
cess of acetyl or benzoyl chloride led to complex organic 
mixtures in which only small amounts of acetophenone 
or benzophenone were found.11

Experimental Section

Analyses were performed by Galbraith Laboratories, Knoxville, 
Tenn., and by Chemalytics, Tempe, Ariz. Gas chromatography 
was done on 6-ft columns, packed with 20% OV-1 on 60-80 
Chromosorb W with an Aerograph 1520-A gas chromatograph. 
Melting points were taken in capillary tubes on a Thomas- 
Hoover apparatus and corrected. The technique involved in 
taking the melting points of iodonium salts has previously been 
discussed.12 All reactions involving the handling of organo- 
metallic reagent and triorganoiodine compounds were performed 
under argon atmosphere unless otherwise stated.

Organometallic Reagents.—n-Butyllithium in hexane, phenyl- 
lithium in 70:30 benzene-ether, phenylmagnesium bromide, and 
triphenylboron were purchased from Alfa Inorganics, trans- 
Chlorovinylmercuric chloride was prepared by the addition of 
mercuric chloride to acetylene.13 14 15“ 16

Concentrations of n-butyllithium and phenyllithium solution 
were frequently checked by the double titration method17 using 
benzal chloride and water.

p-Tolyllithium,4 3-chlorophenyllithium,18 4-chlorophenyl- 
lithium,19 1-naphthyllithium,20 p-dimethylaminophenyllithium,21 
and 2-lithiobiphenyl were prepared by the exchange reactions of 
corresponding aryl bromides or iodides with n-butyliithium. 
2,2'-Dilithiobiphenyl20 was prepared by the action of n-butyl- 
lithium on 2,2'-diiodobiphenyl, obtained in turn from the ther
mal decomposition of dibenziodolium iodide.22

Iodonium Salts.—Phenyl(irares-chlorovinyl)iodonium chlo
ride23 and dibenziodolium chloride24 were prepared by known 
procedures.

5-Aryl-5H-dibenziodoles.—Because of their instability, 5- 
aryl-5H-dibenziodoles can be kept at room temperature even 
under vacuum for only a few days; decomposition is more 
rapid in the presence of air. Recrystallization from anhydrous 
tetrahydrofuran was accomplished by preparing and filtering a 
solution of the sample under argon at room temperature and 
partially removing the solvent under vacuum at Dry Ice-ace
tone temperature. The crystals were collected by rapid filtra
tion under air. Analytical samples were shipped in sealed 
tubes, degassed, then filled with argon and covered with alumi
num foil.

5-Phenyl-5if-dibenziodole (2).—The procedure described by 
Clauss3 was modified as follows. To a suspension of 3.14 g (10

(11) H. O. Calvery, J. Amer. Chem. Soc., 48, 1009 (1926).
(12) F. M . Beringer, R. A. Falk, N . Karniol, I. Lillien, G. Massulo, M. 

Mausner, and E. Sommer, ibid., 81, 324 (1952).
(13) A. N. Nesmeyanov, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk, 239 

(1945); Chem. Abstr., 40, 2122 (1946).
(14) R. Kh. Freidlina and A. N. Nesmeyanov, C. R. Acad. Sci. USSR, 29, 

567 (1940).
(15) A. N. Nesmeyanov and L. S. Isaeva, Dokl. Akad. Nauk SSSR, 117, 

996 (1957); Chem. Abstr., 52, 8090^ (1958).
(16) D. L. Chapman and W. J. Jenkins, J. Chem. Soc., 115, 847 (1919).
(17) H. Gilman and F. K. Cartledge, J. Organometal. Chem., 2, 447 

(1964).
(18) H. Gilman and S. M . Spatz, J. Amer. Chem. Soc., 66, 621 (1944).
(19) H. Gilman in “ Organic Reactions,”  Collect. Vol. I l l ,  Wiley, New 

York, N. Y ., 1954, p 285.
(20) F. M . Beringer and R. A. Nathan, J. Org. Chem., 34, 685 (1969).
(21) H. Gilman and I. Banner, J. Amer. Chem. Soc., 62, 344 (1940).
(22) L. Mascarelli and G. Benati, Gazz. Chim. lia i., 38, 619 (1908).
(23) E. M . Brainina and R. Kh. Freidlina, Bull. Acad. Sci. USSR, Cl. Sci. 

Chim., 623 (1947); Chem. Abstr., 42, 58636 (1948).
(24) J. Collete, D. McGreer, R. Crawford, F. Chubb, and R. 3. Sandin, 

J. Amer. Chem. Soc., 78, 3819 (1956).
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mmol) of dibenziodolium chloride in 1 0 0  ml of anhydrous ether 
held at 0 ° under argon, 12  mmol of phenyllithium solution was 
added dropwise. The resulting citrus-yellow suspension was 
further stirred at 0° under argon for 3 hr. The yellow solid was 
quickly collected, washed with a small amount of ether once, with 
water a few times, and finally with hexane, and dried under 
vacuum over P 2O5 overnight. The yield of the crude product was
3.2 g (90%).

An analytical sample was prepared by recrystallization from 
anhydrous tetrahydrofuran under argon. The bright yellow 
crystals decomposed vigorously at around 100°. Reported3 

decomposition range was 105-115°.
A n a l .  Calcd for C i8H 13I: C, 60.70; H , 3.68; I , 35.63. 

Found: C, 60.49; H , 3.95; 1,35.37.
This compound was also successfully prepared by treating a 

suspension of 3.14 g (10 mmol) of dibenziodolium chloride in 
anhydrous ether at 0 ° with 12  mmol of phenylmagnesium bromide 
solution. The yellow solid collected was washed first with 10 ml 
of anhydrous ether, then a few times with water, and finally with 
dilute aqueous ammonium chloride. After drying, 3.0 g (85%) 
of the lemon-yellow 5 -phenyl-off-dibenziodole, mp 105° dec, 
was obtained.

5-(p-Chlorophenyl)-5ff-dibenziodole (3).— A  suspension of 3.14 
g (10 mmol) of dibenziodolium chloride was treated with 13 
mmol of freshly prepared p-chlorophenyllithium solution. The 
resulting yellow solid was collected and worked up as described 
above to give 2.6 g (66.5%) of 5-(4-chlorophenyl)-5ffT-dibenzi- 
odole, mp 85-90° dec.

A n a l .  Calcd for CigH12IC I: C, 55.10; H, 3.06. Found: 
C, 55.37; H, 3.12.

The bright yellow color of the filtrate indicated some solubility 
of 5-(p-chlorophenyl)-5fl'-dibenziodole in benzene-ether mixture. 
Titration with standard hydrochloric acid, using the disap
pearance of the yellow color as the end point, showed that ap
proximately 10% of the product remained in the filtrate. The 
crude iodonium salts weighed 0.29 g.

5-(m-Chlorophenyl)-5ff-dibenziodole (6 ).— When the sus
pension of dibenziodolium chloride was treated, as above, with 
m-chlorophenyllithium solution, a bright yellow, semitransparent 
solution resulted. By filtration, 0.04 g (1.2% ) of unreacted di
benziodolium chloride was recovered. The yellow filtrate, pre
sumably containing the triarjdiodine, was used immediately for 
further reactions. Reaction with hydrogen chloride etherate 
gave 2.2 g (7.0 mmol, 71%) of dibenziodolium chloride, mp 280° 
dec; its iodide decomposed at 225° to give only 2,2'-diiodobi- 
phenyl.

5-(p-Tolyl)- and 5-(l-Naphthyl)-5//-dibenziodole (4 and 5).—  
These compounds were prepared in 70-80% yield as described 
above for compound 2  and decompose vigorously at about 1 00  

and 90°, respectively.
A n a l .  Calcd for C,9H 15I :  C, 61.62; H, 4.05; I, 34.33. 

Found: C, 61.95; H , 4.10; I, 34.10. Calcd for C22H 15I :  C, 
65.02; H, 3.69; I , 31.29. Found: C, 64.96; H , 3.72; I, 
31.59.

Thermal Rearrangement of 2  in Hexane.— A  suspension of 3.2 
g (9 mmol) of 2 in 150 ml of hexane was heated under reflux with 
stirring under argon for 6  hr. The bright citrus-yellow color of 2 

faded completely. After a trace of insoluble material was re
moved by filtration, the filtrate was condensed and by vpc 
analysis was shown to contain iodobenzene (0 .2  mmol, 2 .2 % ), 
biphenyl (0.35 mmol, 3.9%), 2-iodobiphenyl (0.48 mmol, 5.7%), 
2,2'-diiodobiphenyl (0.31 mmol, 3.4%), and a high-boiling mate
rial (c a . 80% by peak height). Purification of this high-boiling 
product was accomplished by chromotography of the mixture of 
neutral alumina with hexane and cyclohexane. The cyclo
hexane fraction that contained more than 95% of this material 
(detected by vpc) was condensed to a colorless oil which was then 
triturated with cyclohexane and slowly crystallized to give a 
white solid. The mass spectrum of this solid gave a molecular 
ion at 356; isotopic analysis was in good agreement with the 
formula Ci8H i3I; and fragmentation was consistent with that ex
pected of an iodoterphenyl. The melting point of 53-54° agrees 
with that of 2-iodo-o-terphenyl (lit . 25 26 27 mp 55-57°).

A n a l .  Calcd for C iSH,3I: C, 60.69; H , 3.68; I , 35.63. 
Found: C, 60.79; H , 3.53; 1,35.69.

Repeated attempts at synthesis of an authentic sample by the 
reported procedure25 from fluorobenzene and phenyllithium were 
unsuccessful.

(25) G. W ittig and D. Hellwinkel, Chem. Ber., 97, 769 (1964).

Cleavage of 5-Aryl-5H-dibenziodole with Electrophilic R e
agents. Determination of Concentration of Triaryliodine Com
pounds.— Because of the instability of triaryliodine compounds 
in solution, their concentration was best established by dissolving 
a weighed amount of sample in anhydrous tetrahydrofuran and 
filtering through a sintered-glass funnel into a three-necked round- 
bottomed flask containing a weighed amount of benzoic acid in 
tetrahydrofuran under argon. The color of triaryliodine solution 
was usually immediately discharged by the acid solution. After 
the reaction, the excess benzoic acid was titrated with dilute 
standard sodium hydroxide solution. The difference between 
the concentrations of the starting acid and the unreacted acid 
gave the number of millimoles of the weighed sample of triaryl
iodine. Then another solution of the identical batch of the 
sample was prepared and allowed to react with other electrophilic 
reagents in the same fashion as described above.

General Reaction Procedure.— A  solution of triaryliodine com
pound of known concentration was prepared and added dropwise 
with stirring and gentle cooling under argon to a solution of the 
electrophilic reagent. In cases where the resulting iodonium 
salts were insoluble in the reaction media, an appropriate solvent 
such as acetone, methanol, or water was added, and the reaction 
mixture was treated with a concentrated solution of potassium 
iodide. The iodonium iodides were collected, washed with 
dilute aqueous sodium thiosulfate, water, and ether, and dried 
over P 20 6. The composition of the iodonium iodide mixture was 
determined as described in the following section. The filtrate 
was extracted a few times with ether, and the combined organic 
layers were washed with dilute sodium hydroxide solution, dried 
over MgSCh, and analyzed by vpc.

In order to obtain samples of iodonium salts from the above 
reactions, duplicates were run. After removal of tetrahydro
furan, the mixed salts were separated by fractional recrystalliza
tion from appropriate solvents.

Analysis of the Mixture of Iodonium Salts.— On heating, 
iodonium iodides are known to give high yields of aryl 
iodides. 12,22,26,27 Therefore, the amounts of aryl iodides deter
mined by vpc were used to calculate the composition of two- 
component mixtures of iodonium salts. The mixture of iodo
nium iodides from the reaction of triaryliodine with electrophiles 
was heated at decomposition temperature under argon in a round- 
bottomed flask equipped with a condenser. After cooling, the 
contents were transferred with methylene chloride into a flask, 
and a weighed amount of dibenzofuran was added as internal 
standard. The mixtures were analyzed by vpc. The area under 
each peak was read by a planimeter. Calibration factors were 
determined using standard mixtures of authentic samples with 
dibenzofuran, and averaged calibration factors were used to de
termine the weights in grams of all products obtained from the 
reactions.

An authentic sample of 2 -biphenylylphenyliodonium iodide 
was prepared by application of a newly developed synthesis. 20 

To a ccoled ( — 78°) stirred suspension of 3.01 g (10 mmol) of 
phenyl(£rows-chlorovinyl)iodonium chloride, a solution of 12 

mmol of 2-lithiobiphenyl was added dropwise. The lemon-yel
low suspension was stirred at —78° for 2  hr and allowed to warm 
slowly. A t —40° the bright yellow color began to fade. The 
mixture was further stirred at room temperature overnight. 
The pale yellow solid was collected, washed with ether and water, 
and dried to give 1.233 g of crude salt. Metathesis of the crude 
salt with potassium iodide gave 0.97 g (2 mmol, 20% ) of 2-bi
phenylylphenyliodonium iodide, mp 148-149° dec. Recrystal
lization from ethanol gave an analytically pure sample, mp 148- 
149° dec.

A n a l .  Calcd for C i8H i3I 2: C, 44.64; H , 2.90; I , 52.46. 
Found: 0,44.29; H ,2.85; 1,52.80.

Pyrolysis of the iodide gave 1 mol of iodobenzene with 0.95 
mol of 2 -iodobiphenyl.

Pyrolysis of a mixture of 0.8 g (1.94 mmol) of dibenziodolium 
iodide and 0.1 g (0.203 mmol) of 2-biphenylylphenyliodonium 
iodide, after work-up and vpc analysis, gave iodobenzene (0 .2 0 2  

mmol, 99%), 2-iodobiphenyl (0.253 mmol), and 2,2'-diiodobi- 
phenyl (1.8 mmol, 93%).

Reaction of 2 with Hot Water.— A  suspension of 3.2 g (9 
mmol) of 2 in 2 0 0  ml of degassed distilled water was heated at 
65-70° under argon with stirring for 3 hr. The yellow color of 2

(26) F. M . Beringer, L. Kravetz, and G. B, Topliss, J. Org. Chem., 30, 
1141 (1965).

(27) F. M . Beringer and M . Mausner, J. Amer. Chem. Soc., 80, 4535 
(1958).
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gradually disappeared, giving a colorless solution. This hot, 
strongly basic solution was neutralized with 7.02 ml of 1 N  hydro
chloric acid (7.02 mequiv, 78% of hydroxide ion). The white 
precipitate that formed immediately in the hot solution was col
lected after the mixture was cooled to room temperature to give
2.3 g (6.75 mmol, 75%) of dibenziodolium chloride, mp 290-291° 
dec (lit.24 mp 293-294° dec).

Treatment of this hot basic solution with aqueous potassium 
iodide solution yielded iodonium iodides which thermally de
composed to 94% of 2,2'-diiodobiphenyl, 2%  of iodobenzene, and 
1.7% of 2-iodobiphenyl.

Crude dibenziodolium hydroxide was obtained by cooling of 
the hot basic solution. I t  has a melting point between 165 and 
220° with decomposition and its infrared spectrum showed 
strong, broad peaks at 3600-3200, 1700-1550, and 1450-1200 
cm-1, indicative of hydroxide and bicarbonate ions. The filtrate 
was extracted three times with 20 ml of ether. The combined 
organic layers were analyzed by vpc and shown to contain ap
proximately 55% of benzene (based on 2).

Reaction of 2 with Carbon Dioxide.— Through a bright citrus- 
yellow solution of 2.15 mmol of 2 in T H F , which was carefully 
dried and freshly distilled over lithium aluminum hydride, a 
stream of dry carbon dioxide gas was passed with stirring. The 
yellow color of 2 persisted for 2 hr. Quenching of 2 with ethereal 
hydrogen chloride gave approximately 70% of iodonium salts.

Cleavage by Protic Acids.— A  solution of 5-phenyl-5i/-di- 
benziodole of known concentration in tetrahydrofuran was pre
pared and added immediately with stirring to a tetrahydrofuran 
solution of glacial acetic acid, benzoic acid, hydrofluoric acid, 
hydrogen chloride, nitric acid, methanesulfonic acid, or hydro- 
fluoroboric acid. Stirring with gentle cooling was continued for 
a half hour except with acetic acid, where the product was worked 
up immediately (5 min). Analysis of product distribution were 
performed according to the general procedure described above.

In parallel runs, removal of the solvent gave crude iodonium 
salt mixtures. The following salts were obtained in pure form 
from the mixtures by repeated recrystallizations.

Dibenziodolium acetate (one recrystallization from water) 
turned dark at 185° and decomposed at 195-196° [lit.28 187° 
(darkens), mp 195.5° dec].

A n a l .  Calcd for C u H „I0 2: C, 49.70; H, 3.25; I, 37.57. 
Found: C, 49.81; H , 3.32; I , 37.29.

Dibenziodolium benzoate (two recrystallizations from water) 
darkens at 190° and decomposes at 198-199° (lit.28 turns dark at 
177°, mp 184° dec). This salt is soluble in organic solvents such 
as tetrahydrofuran and methanol and partially soluble in cold 
W8/1i6r

A n a l .  Calcd for C,»Hi3I 0 2: C, 57.00; H , 3.25; I , 31.75. 
Found: C, 56.98; H , 3.25; I , 31.71.

Dibenziodolium fluoride (two recrystallizations from water) 
is very soluble in water, mp 269° dec (lit.28 mp 166°). Because 
of the large discrepancy in the melting point with the reported 
value, the identity of this compound was carefully established by 
an independent synthesis from dibenziodolium chloride and silver 
fluoride to give, after careful recrystallization, pure dibenzio
dolium fluoride.29 Samples obtained both ways have identical 
melting points and satisfactory elementary analysis.

A n a l .  Calcd for C,2H i8IF : C, 48.33; H , 2.69; I, 42.62; 
F, 6.36. Found: C, 48.67; H , 2.81; I , 42.27; F, 6.29 (from 
acidic cleavage of 2); C, 48.30; H , 2.76; 1,42.31; F, 6.37 (from 
metathesis with AgF ).

Dibenziodolium nitrate was obtained after three recrystalliza
tions from water, mp 243.5-244° dec (lit.28 mp 230°).

A n a l .  Calcd for Ci2H sIN 0 3: C, 42.24; H , 2.35; N , 4.11; 
1,37.22. Found: C, 42.62; H, 2.35; N , 4.25; 1,36.94.

2-Biphenylylphenyliodonium fluoroborate was obtained after 
six recrystallizations from water as colorless, crystalline needles, 
mp 200-201°.

A n a l .  Calcd for C i8H „IB F 4: C, 48.68; H, 3.15; I ,  28.59; 
F, 17.13. Found: C, 49.00; H , 3.24; I ,  28.92; F, 16.94.

Dibenziodolium fluoroborate was isolated, after condensation 
of the mother liquor of the recrystallizations of 2-biphenylyl- 
phenyliodonium fluoroborate, in crude form. Three recrystal
lizations of the crude salt from water gave crystalline needles of 
dibenziodolium fluoroborate, mp 247-248°.

A n a l .  Calcd for C12H 8IB F 4: C, 39.35; H, 2.18; I , 34.70; 
F, 20.78. Found: C, 39.18; H , 2.12; 1,35.69; F , 20.45.

(28) L. Mascarelli, D. Gatti, E. Jons, and V. Leoncini, Gazz. Chim. Ital., 
59, 867 (1929).

(29) Unpublished work by S. Messing in this laboratory.

Another sample has also been prepared by metathesis of di
benziodolium chloride with AgBF4 in 20% H 2O-80% MeOH. 
The infrared spectrum was identical with that of the sample pre
pared above.

Dibenziodolium Methanesulfonate.— The white gummy mate
rial obtained from the reaction of 2 with methanesulfonic acid 
was dissolved in methanol and filtered. The filtrate was con
densed to give a viscous oil, which, upon standing, gave colorless 
crystals. Trituration with acetone of the crude crystals yielded 
pure dibenziodolium methanesulfonate, mp 231-232°, decomposi
tion point 285°.

A n a l .  Calcd for Ci3H nIS03: I ,  32.55; S, 8.56. Found: 
1,32.78; S, 8.75.

Reactions with Lewis Acids. A. With Iodine.— Addition of 
a solution of 2 (3.08 mmol) in tetrahydrofuran to a solution of
1.58 g (6.2 mmol) of iodine in tetrahydrofuran gave a dark brown 
suspension, from which a brown solid was separated and stirred 
with dilute aqueous N a2S20 3 for a few hours to give 0.93 g (2.33 
mmol, 61.3%) of crude dibenziodolium iodide. One recrystal
lization from dimethylformamide gave pure iodide, mp 220° 
dec (lit.22 mp 210-215°). Condensation of the filtrate to 15 ml 
yielded a brown residue, which was redissolved in methylene 
chloride. After shaking with aqueous Na2S20 3, the methylene 
chloride layer was condensed slowly to 20 ml, giving pale yellow 
crystalline 2-iodo-2'-biphenylylphenyliodonium iodide (0.67 g,
1.1 mmol, 29%), mp 165-170° dec. Pyrolysis of this salt gave 1 
equiv of iodobenzene for each 0.95 equiv of 2,2'-diiodobiphenyl. 
Recrystallization of the salt from hot ethanol did not raise the 
melting point and sometimes caused decomposition of the salt.

A n a l .  Calcd for C i8H 13I 3: C, 35.42; H, 2.15; I, 62.43. 
Found: C, 35.47; H , 1.97; I, 62.55.

The filtrate contained 1.54 mmol (66.6%) of iodobenzene 
according to vpc analysis.

B. With Triphenylboron.— After a solution of 2 (2.43 mmol) 
and triphenylboron (0.726 g, 3 mmol) in benzene had been 
stirred at room temperature for a few hours, the yellow precipitate 
was collected, washed with benzene, and dried to give 1.21 g (2.03 
mmol, 83.7%) of dibenziodolium tetraphenylborate, mp 196- 
197° (lit-3 mp 195-196°). Recrystallization from 50% aqueous 
D M F  produced yellow, crystalline, analytically pure salt, mp 
196° dec. There was no depression of melting point on admix
ture with an authentic sample prepared by treating dibenzio
dolium hydroxide solution28 with sodium tetraphenylborate. 
Their infrared spectra were identical.

C. With Aluminum Chloride.— A  solution of 2.7 mmcl of 2 
in benzene was prepared and added under argon with gentle 
cooling to a suspension of 0.8 g (6 mmol) of aluminum chloride in 
50 ml of benzene. The light brown solution was stirred at room 
temperature under argon for 0.5 hr and hydrolyzed by pouring 
into cold dilute hydrochloric acid. The white precipitate was 
collected, dissolved in hot water, and treated with K I  to give 
iodonium iodides. The aqueous layer of the filtrate was also 
treated with K I .  The combined mixture of iodonium iodides 
(0.85 g ) was decomposed by heating to 1.25 mmol of iodobenzene, 
1.13 mmol of 2-iodobiphenyl, and 0.83 mmol of 2,2'-diiodobi- 
phenyl. Total yield of iodonium salt was 2.08 mmol (76%), 
in which there were 68.5% of 2-biphenylylphenyliodonium salt 
and 31.5% of dibenziodolium salt. In the organic phase, 0.14 
mmol of iodobenzene, 0.59 mmol of biphenyl, 0.19 mmol of 2- 
iodobiphenyl, and 0.05 mmol of 2,2'-diiodobiphenyl were found. 
The total recovery of iodine atom was 2.51 mg-atoms (93.5%).

D. With Borane.— After a solution of 2.8 mmol of 2 in tetra
hydrofuran was added to 4 mmol of borane in tetrahydrofuran, 
the pale yellow mixture was stirred for 0.5 hr and hydrolyzed 
with cold dilute hydrochloric acid (gas evolution). After con
centration by solvent removal, the reaction mixture was ex
tracted a few times with ether. The aqueous layer gave no 
iodonium iodide when treated with K I  solution. Vpc analysis 
of the ether layer showed iodobenzene (0.074 mmol, 2.6% ), bi
phenyl (0.52 mmol, 18.6%), 2-iodobiphenyl (1.72 mmol, 61.5%), 
and 2,2'-diiodobiphenyl (0.046 mmol, 1.6%). The total re
covery of iodine atom was 68% (1.9 mg-atoms)

Reactions with Acyl and Alkyl Halides. A. With Acetyl 
Chloride.— Pure dibenziodolium chloride (0.62 g, 1.96 mmol, 
72% ) was isolated from the mixture of 2.73 mmol of 2 and 4 
mmol of freshly distilled acetyl chloride in benzene and stirred 
for 12 hrs under argon at room temperature. Infrared spectrum 
and thermal decomposition product of this salt were completely 
in accord with those of an authentic sample. The organic phase 
showed iodobenzene (0.30 mmol, 11%), acetophenone (0.35
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mmol, 12.8%), biphenyl (0.6 mmol, 22.2%), 2-iodobiphenyl 
(0.07 mmol, 2.55%), 2,2'-diiodobiphenyl (0.5 mmol, 1.8%), 2- 
iodo-o-terphenyl (0.125 mmol, 4.25%), and small amounts of 
unidentified high-boiling products.

B. With Carbon Tetrachloride.— A  yellow suspension of 0.86 
(2.24 mmol) of 2 in 30 ml of carbon tetrachloride was stirred 
under Ar at room temperature in the dark for 6 hr. The white 
precipitate was collected, washed with carbon tetrachloride, and 
dried to give 0.563 g (1.8 mmol, 80%) of dibenziodolium chloride, 
mp 295° dec. The mother liquor was shown by peak enhance
ment with authentic samples to be a complex mixture of chloro
benzene, iodobenzene, benzotrichloride, biphenyl, 2-iodobi
phenyl, 2-chloro-2'-iodobiphenyl, 2,2'-diiodobiphenyl, and traces 
of unidentified high-boiling products.

C. With Methyl Iodide.— A suspension of 1 g (2.08 mmol) of 
2 in 50 ml of methyl iodide was stirred for 12 hr to yield 0.83 g 
(1.97 mmol, 70%) of dibenziodolium iodide, mp 220° dec. In 
the complex organic phase, benzene, toluene, iodobenzene, bi
phenyl, 2-iodobiphenyl, and 2,2'-diiodobiphenyl have been iden
tified.

Cleavage of 5-Aryl-5//-dibenziodole with Hydrogen Chloride.—
5-(p-Tolyl)-, 5-(p-chlorophenyl)-, 5-(w-chlorophenyl)-, and 5-(l- 
naphthyl)-577-dibenziodole have been cleaved by benzoic acid

and by hydrogen chloride in tetrahydrofuran. The mixtures of 
iodonium salts formed were all precipitated as iodides and ana
lyzed as described previously.

Iodonium iodides obtained from 5-(p-tolyl)-5ff-dibenzoidole 
decomposed to 4-iodotoluene (48% ), 2-iodobiphenyl (45%), 
and 2 2'-diiodobiphenyl (52%). From 5-(1-naphthyl)-5H-di- 
benziodole, the iodides were pyrolyzed to 1-iodonaphthalene 
(23.8%), 2-iodobiphenyl (21.0%), and 2,2'-diiodobiphenyl 
(76.3%). 5-(p-Chlorophenyl)- and 5-(m-chlorophenyl)-5I7-di- 
benziodole were cleaved by hydrogen chloride to form pure di
benziodolium chloride and with benzoic acid to give pure dibenzio
dolium benzoate.

Registry No.—2, 32174-73-5; 3, 32174-74-6; 4,
32174-75-7; 5,32174-76-8; 6,32174-77-9; 2-biphenylyl- 
phenyliodonium iodide, 32174-78-0; 2-biphenylyl- 
phenyliodonium fluoroborate, 32174-79-1; dibenzio
dolium fluoroborate, 18116-06-8; dibenziodolium 
methanesulfonate, 6478-21-8;' 2-iodo-2'-biphenylyl- 
phenyliodonium iodide, 32174-81-5; dibenziodolium 
chloride, 4673-26-1; dibenziodolium iodide, 1010-76-0.
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The mass spectra of 4,4-dimethylsilacyclohexanone (I), 4,4-dimethylsilaeycloheptanone (I I ) ,  and 5,5-dimethyl- 
silacyclooctanone ( I I I )  are discussed. I  was prepared by a modified Dieckmann cyclization. I I  and I I I  were 
prepared by use of a modified acyloin reaction. Significantly improved yields over previous synthetic routes 
were obtained.

Only a limited amount of work has been done so far 
on the mass spectra of functionally substituted organo
silicon compounds. Significant differences from the 
behavior of analogous organic molecules in which 
silicon is replaced by carbon have been observed. 
These differences may arise due to strong interaction 
of the silyl center with electron-rich functional groups. 
Such interaction often leads to rearranged ions, in 
which the silyl center and the previously distant elec
tron-rich functional group become directly bonded.2'8 
Two major types of rearrangements involving silyl 
centers have been observed. The first involves the 
direct transfer of an intact trimethylsilyl group from 
one part of the ion to another with concurrent frag
mentation in a manner similar to certain types of spe
cific hydrogen migrations frequently observed in mass 
spectrometry.3'4 * The second involves interaction of a 
siliconium ion center formed by loss of a methyl group 
from the quaternary silyl center with a distant elec
tron-rich center in the molecule.8

We were interested in the mass spectral behavior of 
medium-sized organosilicon heterocyclic ketones, since

(1) National Science Foundation Graduate Trainee, 1970-1971.
(2) W. P. Weber, R. A. Felix, and A. K. Willard, J. Amer. Chem. Soc., 

91, 6544 (1969).
(3) W . P. Weber, R. A. Felix, and A. K. Willard, ibid., 92, 1420 (1970).
(4) G. H. Draffan, R. N. Stillwell, and J. A. McCloskey, Org. Mass

Spedrom., 1, 669 (1968).

it is well known that strong transannular interactions 
often play a dominant role in the carbonium ion chem
istry of analogous medium-sized organic com
pounds.6-7 We propose to discuss the mass spectra 
of three compounds in which transannular interaction 
of a silyl center with a remote keto functionality ap
pears to play a dominant role. The compounds are
4,4-dimethylsilacyclohexanone (I ),8 4,4-dimethylsila- 
cycloheptanone ( I I ) ,9 and 5,5-dimethylsilacycloocta- 
none (III).®

Most of the major ions in the mass spectrum of I  
are probably formed by interaction of the silyl center 
with *he carbonyl functionality. The fragmentation 
pattern of I  is outlined in Figure 1. Metastable peaks 
at appropriate masses m* =  (m2) 2/mi were observed 
for all fragmentation rearrangement processes dis
cussed (see Table I).

The peak at mass 142 is the parent ion. Loss of a 
methyl radical from the parent leads to a siliconium 
ion at mass 127. Cleavage at a quaternary silyl center

(5) "V. Prelog, Rec. Chem. Progr., 18, 247 (1957).
(6) V. Prelog and J. G. Traynham in “ Molecular Rearrangements,1' 

P, de Mayo, Ed., Interscience, New York, N. Y., 1963, p 593.
(7) A. C. Cope, M . M. Martin, and M. A. McKerray, Quart. Rev., Chem. 

Soc., 20. 119 (1966).
(8) R  A. Benkeser and E. W. Bennett, J. Amer. Chem. Soc., 80, 5414 

(1958).
(9) R  A. Benkeser and R. F. Cunico, J. Org. Chem., 32, 395 (1967).
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T a b l e  I

M e t a s t a b l e  I o n s  O b s e r v e d

Possible
Mass of 

metastable
process ion

4,4-Dimethylsilacyclohexanone 011
142 —  127 113.6 A
142 —  114 91.5 Kl

1114 —  99 85.9
127 —  99 77.2 CH3

114 —  86 64.8
m/e= 127

©
0‘

n/e = 142

•CH3

k-''*
*

Ô ̂  rfvSi 
-  /  \ 

ch3 ch3

c2h4 [T
1— Si^ 

m/e =99

Si -  ch3 

* /  6H3
ch3* \

m/e = 114

CO

ch3

ch2
\ ®/CH3
C H g-Sq

m/e =86 CHî

4,4^DimethylsilacycIoheptanone
156— 141 127.5
156— 128 105
128— 113 99.5
141— 113 90.5

5,5-Dimeth.ylsilacycIooctanone
170 —  155 141.4
170 — 142 118.6
142 —  127 113.6
155— 127 104
142— 114 91.5
114 —  99 85.9
127 —  99 77.2

is a favored process.10’11 The parent ion also frag
ments by loss of C2H4 to yield an ion of mass 114. 
Deuterium labeling indicates specific loss of ethylene. 
The four hydrogens a  to the carbonyl group were ex
changed by base-catalyzed equilibration of I with 1M). 
In the mass spectrum of I-cU, the parent loses 30, i .e . ,  
C2 H 2D 2 , rather than 28, C2 H 4 . A structure for this 
ion consistent with this result is the 1,1-dimethyl- 
silacyclobutan-2-one cation radical. B y analogy, 
Berchtold has reported that photolysis of the anal
ogous y-keto sulfide yields thiacyclobutan-2-one. A 
prominent ion formed by loss of C2H4 is also observed 
in the mass spectrum of this compound (eq l ) . 12

0

Loss of a methyl radical from the ion of mass 114 
leads to an ion of mass 99. This a-keto siliconium ion 
is also formed by rearrangement of the mass 127 ion 
with specific loss of C2H 4. Both the high resolution 
data and the mass spectrum of I-d4 are consistent 
with these conclusions. Finally, the ion at mass 86 
is formed by loss of carbon monoxide from the ion of 
mass 114 (see Tables II and III).

Clearly, the mass spectrum of 4,4-dimethylsila- 
cyclohexanone is very different from that of cyclo
hexanone where major fragmentation processes are 
controlled by the initial cleavage a  to the carbonyl 
group.13-14

(10) N. Ya. Cherynak, et al., Zh. Obshch. K h i m 36, 89 (1966).
(11) N. Ya. Chernyak, et al., ibid., 36, 96 (1966).
(12) P. Y . Johnson and G. A. Berchtold, J. Org. Chem., 35, 584 (1970).
(13) D. H. Williams, H. Budzikiewicz, Z. Pelah, and C. Djerassi, Montash. 

Chem., 95, 166 (1964).
(14) J. Seibl and T . Gaumann, Helv. Chim. Acta, 46, 2857 (1963).

Figure 1.— Mass spectral fragmentation scheme for 4,4-dimethyl- 
silacyclohexanone (*, metastable ion observed).

m/e = 156 J

CHi

m/e = 141

m/e = 128

m/e = 113

Figure 2.—Mass spectral fragmentation scheme for 4,4-dimethyl- 
silacycloheptanone (*, metastable ion observed).

The mass spectrum of II (Table IV) is dominated by- 
ions which may be formed by transannular interaction 
of the silyl center with the keto group. The fragmen
tation pattern of II is outlined in Figure 2. M etastable 
peaks were observed for all fragmentation-rearrange
ment processes discussed (see Table I). Loss of a 
methyl group from the silyl center of the parent ion at 
mass 156 leads to the expected siliconium ion at mass 
141. The parent ion also fragments by loss of C2 H 4 

to yield an ion of mass 128. Evidence for the specific 
loss of C JL  was obtained by deuterium labeling. Ex
change of the four hydrogens a  to the keto group by 
base-catalyzed equilibration in D 20  leads to II-cJ4. 
All four deuterium atoms are retained in the (par
ent — C5 H 4 ) • + ion. Evidence that the P — 28 ion 
did not involve loss of carbon monoxide was obtained 
from high-resolution mass spectrometry (see Table 
V). Hence the P — 28 ion is probably formed by an 
intramolecular rearrangement in which the silyl center 
interacts with the positively charged carbonyl group 
with simultaneous loss of C 2 H 4 specifically from the 
C5-C 6 carbons of the three-carbon methylene bridge.3

Loss of a methyl radical from this ion of mass 128 
leads to a siliconium ion of mass 113. This ion is also 
formed from the ion of mass 141, by loss of C2 H 4 . In 
this case, the siliconium ion center interacts with the 
oxygen of the carbonyl group with simultaneous loss of 
C2H 4. The spectrum of II-d4 proves that C2H 4 is spe
cifically lost from Co-C8.

A note of caution must be sounded. In mass spec
trometry one never absolutely knows the structure of 
an ion The transannular formation of an S i-0  bond 
as shown in Figure 2 provides an economical explana
tion of the data consistent with the high silicon-oxygen 
bond strength.

A similar silyl-McLafferty rearrangement (eq 2) is 
observed to be a dominant fragmentation pathway in 
the mass spectrum of 5-trimethylsilylpentan-2-one 
(see Table VI).
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Table II
M a s s  Sp e c t r u m  o f  4 ,4 -D im e t h y l s il a c y c l o h e x a n o n e

Mass (i) (i) (1-4) ( I -4 ) Mass (I) (I) (1-4) (I-*)
m/e 70 eV 20 eV 70 eV 20 eV m/e 70 eV 20 eV 70 eV 20 eV

39 2.5 97 1.5
98 0.25

41 2.5 99 16.0 27.2 1.1 0.5

42 8.0 6.0 100 1.0 2.6 4.3 8.6

43 51.0 36.0 101 0.5 0.9 10.0 25.3

44 7.0 8.3 102 2.3 3.8

45 14.0 7.0 103 1.2 1.6

46 0.5 5.0 104 0.3

47 1.5 1.0 105 0.3

53 5.5 2.5 109 0.5

54 1.5 2.0 110

55 11.5 4.5 111 0.8 0.3

56 2.5 6.0 112 0.5

57 4.5 4.0 113 5.5 44.0 0.8 4.8

58 100.0 1.7 100.0 2.7 114 12.0 100.0 3.5 42.5

59 32.5 17.3 0.5 115 1.8 12.9 3.5 44.7

60 6.0 14.7 116 0.5 3.4 8.0 100.0

61 10.0 5.0 117 0.3 0.5 13.5

62 5.4 118 0.5 4.3

63 2.0 119

66 0.5
67 4.5 125 0.8 0.4

68 0.5 126 0.3 0.4
69 1.0 0.5 127 3.8 22.0 0.3
70 1.5 2.0 128 0.5 2.6 0.5 2.7

71 7.5 2.0 129 0.3 0.9 0.5 6.5

72 1.5 3.5 130 1.3 11.8
73 1.0 4.5 131 2.0 14.0
74 0.5 132 0.3 1.6

75 8.5 6.5 4.0 4.3 133 0.3 1.6

76 0.5 0.4 3.5 6.5 134 0.3 0.5
77 0.5

141 2.8 16.4
85 5.0 0.5 142 8.5 65.9 0.5
86 34.5 62.1 2.0 1.6 143 1.5 11.2 0.5 4.3
87 10.5 18.5 9.3 22.1 144 0.5 3.0 1.8 18.8
88 2.0 3.9 28.5 86.0 145 3.5 45.2
89 0.4 5.0 14.0 146 5.3 72.6
90 4.0 13.5 147 0.8 10.8

148 0.3 2.7

Si(CH3)3 (CH3)3Si T a b l e  I I I
CH2 o t c h 2

► I I  -
c h 2

V H ig h - R e s o l u t io n  M ass  Sp e c t r a l  D a t a  a t  70 e V

CĤ I
x c h 2

C
^  " " c h 3

 ̂ II —
C

H2C^ XCH,
Elemental
composi

f o r  4 ,4 -D im e t h y l s il a c y c l o h e x a n o n e

Caled Obsd Possible structure
tion mass mass of ion

(CH3)2sr C jH hS ìO 142.08139 142.0836 Parent
u
1 + CH3- (2) C7H13SÌO 141.07356 141.0728 P  -  1

c
H2Cr CH3

CeHuSiO 127.05791 127.0573 CH:,— S i ^ y = 0

The mass spectrum of III is also dominated by ions C5H10SÌO 114.05009 114.0514
which probably arise by transannular interactions of 1—Si— (CHj),

the silyl center and the keto group. The fragmen- C5H9SÌO 113.04226 113.0407

tation pattern of III is outlined in Figure 3. M eta- C4H7SÌO 99.02662 99.0245 C Í lstable peaks were observed for all pathways discussed CH,

(see Table I). Loss of a methyl radical from the silyl 
center of the parent ion at mass 170 leads to a silicon- CiHnSi 87.06300 87.0599 (C H 3)2— Si— GH2CH3

+
ium ion of mass 155. The parent ion also fragments C4H10SÌ 86.05518 86.0558 (C H 3)2Si— C H 2C H 2

by specific loss of C2H 4 to yield an ion of mass 142.
The four hydrogens a  to the carbonyl group were ex- deuterium. This demonstrates that the fragmenta- 
changed by base-catalyzed equilibration with D 20 . tion process is similar to that observed in II. Loss of a
The (parent — C2H 4) • + ion of Ill-ri, retained all the methyl radical from this ion of mass 142 leads to a
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Table IV
M ass Sp e c t r u m  o f  4,4-D im eth ylsilacyclo h eptano ne

Mass ( I I ) ( I I ) ( I I - * ) ( I I - * ) Mass ( I I ) ( I I ) ( I I - * ) ( I I - * )
m/e 70 eV 20 eV 70 eV 20 eV m/e 70 eV 20 eV 70 eV 20 eV

55 15 113 100 38 2 1
56 11 114 11 4 8 7
57 16 115 4 2 14 10
58 9 55 116 1 35 12
59 16 57 117 83 24
60 23 118 9 3
61 7 12 119 3 1
62 16
63 8 126
64 1 127 22 18 1
65 3 1 128 76 100 5 16

129 8 13 3 6
69 130 3 4 6 13
70 7 131 19 53
71 5 8 1 132 38 100
72 43 5 100 133 5 14
73 4 1 35 1 134 2 5
74 65 1
75 27 4 29 1 139 1
76 38 140
77 5 6 141 18 15
78 2 142 2 2 1

143 1 1 4
81 1 144 3 9
82 1 145 4 12
83 2 146 1 2
84 2
85 14 6 155 3 1
86 5 1 12 156 16 10
87 3 29 157 2 1
88 13 158 1 2

89 6 159 2 6

160 4 11

95 6 161 1 2

99 9 2 2

100 7 6 6 1
101 4 1 6 1
102 10 6
103 3 1
104 2

T a b l e  V

H ig h -R e s o lu t io n  M a s s  Spe c t r a l  D a t a  a t  70 e V  

for  4,4-D im e th y l s ila c y c l o h e pt a n o n e

Elemental
composi Calcd Obsd Possible structure

tion mass mass of ion

CiHieSiO 156.09704 156.0950 Parent

CvHjaSiO 141.07356 141.0721 HI

C6H12SiO 128.06574 128.0697 v v «
CR,^ s— '

CeHnSiO 127.05791 127.0612

♦ ACH3— S i ^ = C H 2CsIIsSiO 113.04226 113.0457

siliconium ion of mass 127. This ion is also formed by 
interaction of the siliconium ion center of the mass 
155 ion with the carbonyl functionality with simul
taneous specific loss of C2 H 4 from C3-C 4 of the three- 
carbon methylene bridge. The ion of mass 142 frag
ments further by specific loss of C2H 4 to yield an ion 
of mass 114. All four deuterium atoms of III-d4 are

Figure 3.—Mass spectral fragmentation scheme for 5,5-dime thy 1- 
silacyelooctanone (*, metastable ion observed).

retained in this ion as is required by the proposed 
mechanism.

Loss of a methyl group from the silyl center of the 
mass 114 ion leads to an ion of mass 99. The ion of 
mass 127 also specifically loses C2H 4 to yield the ion of 
mass 99. However, the spectrum of I ll-d i indicates
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T a b l e  V I

5-Trimethylsilylpentan-2-one

Mass * (¿5
m/e 70 eV 20 eV 70 eV 20 eV

67 1.7
68
69 1.1
70 1.7 3.5
71 2.8 5.0
72 17.9 22.3
73 81.6 4.9 100.0 5.6
74 7.8 16.1
75 76.0 25.8 26.2 3.5
76 5.6 1.5 65.3 11.7
77 2.2 0.5 13.8 17.7
78 6.9 11.2
79 1.2 3.0
85 2.8 1.9
99 2.8

100 1.5
101 1.2
115 100.0 66.3
116 9.5 6.3
117 2.8 2.0 6.2 7.6
118 24.6 26.9
119 64.2 46.1
120 57.3 34.0
121 7.3 4.1
122 1.9
130 33.5 100.0
131 3.4 11.2
132 0.6 3.4 3.0
133 5.8 27.4
134 18.5 91.9
135 21.9 100.0
136 2.7 13.7
137 3.0
143 14.5 42.0
144 1.1 4.9
145 0.5 1.5 1.5
146 2.7 12.7
147 8.8 41.1
148 9.6 44.2
149 1.2 6.1
150 1 .0

that thcso processes are complicated. In addition to 
an ion at mass 103, there is also observed a second 
peak of almost equal intensity at mass 101. It ap
pears that the mass 103 ion is formed by loss of a 
methyl radical specifically from the mass 118 ion. A 
metastable peak at mass 89.9 =  (103)2/118 is observed. 
On the other hand, it appears that the mass 101 ion is 
formed by specific loss of C2H 2D 2 from the mass 131 
ion. In support of this a metastable peak is observed 
at 77.8 =  (101)2/131. No evidence in the form of 
metastable peaks indicates that the mass 118 ion re
arranges to the mass 101 or that the mass 131 rear
ranges to the mass 103 ions. However, it is possible 
that both of these additional processes could be oc
curring (eq 3) (see Tables VII and V III).

Again a final note of caution must be sounded. The 
structures of ions proposed are consistent with the 
mass spectral data but cannot be absolutely known by 
present methods.

In all the compounds discussed transannular inter
actions of the silyl center with the electron-rich car
bonyl group dominate the spectra. The simplicity of 
the spectra supports the view that these interactions

+ CD,
^ S i - o - c

CH, CD2-

m/e 118

CH,- +  CH,- <>
c d 2

m/e 103

+ JO.
CH,— Si CD2

C2H2D2 +  CH,— Si'
. /

c d 2

(3)

CD,

m/e 131

\
CH2

m/e 101

CD2

are powerful enough to suppress the usual complex 
fragmentation patterns of cyclic ketones.13-16

Synthesis. -A ll of the' compounds have been pre
viously reported by Benkeser.8-9 However, our 
synthetic routes lead to improved overall yields.

Our route to I began with the preparation of di
me thyldiallylsilane16 by the i n  s i tu  trapping of allyl 
Grignard by dimethyldichlorosilane. D im ethyldi- 
allylsilane was converted to dimethyldi(3-hydroxy- 
propyl)silane by a hydroboration-oxidation se
quence.17-19 This reaction is highly specific due to 
the directive effect of the y-silyl center. The diol can 
be oxidized to the expected diacid by Jones reagent;20-21 
however, the yield is only 55%.8 After esterification 
with m ethanol-H 2S 0 4, the diester, dimethyldi(2-car- 
bomethoxyethyl)silane,8 was cyclized to the basic six- 
membered ring skeleton by a modified Dieckmann 
reaction.22 This is of interest since a carbon-silicon 
bond is considerably longer than a carbon-carbon 
single bond. For this reason, preparing a six-mem- 
bered ring containing silicon may be like preparing an 
all-carbon seven-membered ring system .23 To achieve 
reasonable yields, the enolate anion formed in the 
Dieckmann cyclization must be trapped by rapid ad
dition of trimethylchlorosilane to yield the correspond
ing silyl enol ether.22 This prevents the reverse re
action which occurs if quenching of the anion is slow 
as by addition of water. This silyl enol ether is re
fluxed overnight in aqueous methanolic HC1 to effect 
hydrolysis of the trimethylsilyl protecting group and 
decarboxylation of the /3-keto acid. The overall 
yield was 27%.

The basic seven-membered ring skeleton of II is 
formed by an acyloin reaction on dimethyldi(2-car- 
bom etlioxyethyl)silane.9 We have used the mod
ification of adding trimethylchlorosilane.22-24 A large 
excess of sodium is thus no longer required. Further, 
the reaction conditions remain essentially neutral 
instead of becoming strongly basic due to the presence 
of alkoxides. This is particularly useful for organo-

(15) J. H. Benyon, R. A. Saunders, and A. E. Williams, A-ppl. Spectrosc., 
14, 95 (I960).

(16) C. A. Burkhard, J. Amer. Chem. Soc., 72, 1078 (1950).
(17) (a) H. C. Brown, K. J. Murry, L. J. Murry, J. A. Snover, and G.

Zweifel, '¡.bid., 82, 4233 (1960). (b) H. C. Brown and B. C. Subba Rao,
ibid., 81, 6428 (1959).

(18) D. Seyferth, H. Yamazaki, and Y . Sato, Inorg. Chem., 2, 734 (1963).
(19) J. L. Speier, J. Amer. Chem. Soc., 74, 1003 (1952).
(20) K. Boden, I. M. Heibron, E. R. Jones, and B. C. L. Weedon, J. 

Chem. Soc., 39 (1943).
(21) A. Bowors, T. G. Halsall, E. R. H. Jones, and A. J. Lemin, ibid., 

2555 (1943).
(22) U. Schrapler and K . Rühlmann, Chem. Ber., 97, 1383 (1964).
(23) J. P. Schaefer and J. J. Bloomfield, “ Organic Reactions,”  Vol. 15, 

Wiley, New York, N. Y., 1967.
(24) J. J. Bloomfield, Tetrahedron Lett., 587, 591 (1968).
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T a b l e  Y I I

M a s s  Spe c tr u m  o f  5,5-D im e th yls ila c yc lo o c ta n o n e  
(in -

Mass (H I) * ) Mass ( i l l ) (H I) ( I I I - * ) ( I I I - * )
m/e 70 eV 70 eV m/e 70 eV 20 eV 70 eV 20 eV

50 6 2 109 2
51 1 5 110
52 1 111 3 1
53 7 4 112 1
54 2 2 113 6 2
55 15 11 114 100 26 5 1
56 3 7 115 11 3 4
57 10 9 116 4 1 7 2
58 15 18 117 1 33 12
59 42 38 118 100 31
60 5 12 119 12 4
61 24 11 120 4 1
62 2 11
63 1 4 125 2 1
64 1 126
65 2 1 127 96 35 5 2
66 2 1 128 12 4 8 6
67 6 3 129 4 2 12 6
68 1 2 130 31 12
69 5 4 131 98 31
70 5 6 132 12 4
71 11 8 133 5 1
72 58 3
73 11 12 141 1 1 2 2
74 4 35 142 58 100 2 3
75 39 19 143 8 11 1 1
76 3 25 144 2 3 4 7
77 3 5 145 22 36
78 2 146 62 100
79 1 147 8 14
80 148 3 4
81 5
82 155 6 7
83 4 2 156 1 1
84 2 2 157 1 2
85 23 7 158 3 4
86 5 8 159 4 6
87 3 12 160 1
88 7 161
89 3
90 2 167

168
95 1 169 0 .3 0.3
96 1 170 0 .3 0.3
97 3 1 171 0.1
98 2 2 172
99 60 6 173

100 7 9 174
101 2 27 175
102 19
103 32
104 4
105 1

silicon compounds, since alkoxides can cleave certain 
carbon-silicon bonds.25 The product is not the acy- 
loin but rather a bis-silyl enol ether. The bis-silyl enol 
ether is converted to the a-acetoxy ketone by hy
drolysis in acetic acid-acetic anhydride.26 The a -  
acetoxy ketone is reduced to the desired ketone by

(25) C. Eaborn, "Organosilicon Compounds,”  Buttenvorths, London, 1959, 
pp 129-140.

(26) K . Rtihlmann, H. Seefluth, and H. Becker, Chem. Ber., 100, 3820 
(1967).

T a b l e  V I I I

H ig h -R e so lu tio n  M ass Spe c t r a l  D a t a  a t  70 eV  
f o r  5,5-D im e th yls ila c yc lo o c ta n o n e

Elemental
composi Calcd Obsd Possible structure

tion mass mass of ion

CsHisOSi 155.08921 155.0870 cH3- s r ~ \

K J s >

CjHnOSi 142.08139 142.0815 C\ V '

CsHnSiO 127.05791 127.0585 ciij— s r ^ j ^ CH!

Ctt, + ^ CHI

ch/ ^ - S h,
CiHioOSi 114.05009 114.0503

C.HjOSi 99.02662 99.0291
+ / ° \

CH— Si y*=CH,

C.HsSi 85.04735 85.0456 (CH»),Si— C H = C H 2

CaHjOSi 75.02662 75.0286 (C H i) i— Si— OH
CiHsSi 72.03953 72.0402
C2H7Si 59.03170 59.0315

treatment with zinc dust in acetic acid.27 The overall 
yield is 12%.

The basic eight-membered ring skeleton of 4,4-di- 
methylsilacyclooctanone and III was prepared by use 
of an acyloin reaction. This required preparation of 
a suitable precursor diester. The problem is basically 
one of connecting unsymmetrical groups to silicon. 
Our sequence starts with the bromination of trimethyl- 
chlorosilane to yield dimethylbromomethylchloro- 
silane.28 Addition of allyl Grignard to this yields 
dimethylallylbromomethylsilane. This is expected, 
since a silicon-chlorine bond is much more reactive 
than a carbon-bromine bond. Dimethylallylbromo
methylsilane was then converted to the corresponding 
Grignard reagent, to which was added allyl bromide. 
The product, dimethylallyl-3-butenylsilane, was con
verted to dim ethyl(3-hydroxypropyl)(4-hydroxybu- 
tyl)silane by hydroboration-oxidation in excellent 
yield .17 The diol was oxidized to the corresponding 
diacid by use of the Jones reagent.20’21 The diacid 
was esterified with methanolic HC1 to yield dimethyl- 
(2 - carbomethoxyethyl) (3 - carbomethoxypropyl)silane. 
This was then cyclized to the basic eight-mem
bered ring skeleton by use of the modified acyloin 
reaction.22'24 The bis-silyl enol ether was hydrolyzed 
to the corresponding pair of isomeric a-acetoxy ketones 
as before.26 They were not separated but were con
verted directly to the ketones by treatment with zinc 
dust in acetic acid.27 The ketones were separated by 
gas chromatography. The overall yield was 3%.

The greater accessibility of these medium-sized 
organosilicon heterocycles opens the possibility of 
studying many types of transannular interactions in 
these systems.

Experimental Section

All reactions were carried out under a nitrogen atmosphere. 
All products were distilled through a 25-cm vacuum jacketed

(27) R. 3. Rosenfeld and T. F. Gallagher, J. Amer. Chem. Soc., 77, 4367 
(1955).

(28) J. L. Speier, ibid., 73, 826 (1951).
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Vigreux column unless otherwise noted. A ll compounds were 
purified for mass spectral study by preparative gas chromatog
raphy on a 0.25 in. X  10 ft SE-30 column unless otherwise noted. 
Ir  spectra were determined in CC14 solution on a Perkin-Elmer 
337. Nmr spectra were run on a Varian HA-100 using 10% 
solutions in CC14. Chloroform or methylene chloride was used 
as internal standard. Microanalysis was done by Elek Micro- 
analytical Laboratory.

Conditions in determining low-resolution mass spectra on 
a Hitachi R M U -6E instrument were source temperature 200°; 
all-glass inlet temperature 200°; ionizing voltage 70 and 20 eV; 
filament emission 70 /xA; target current 50 ¿¡A. Comparisons 
were made between unlabeled compounds and labeled compounds 
at 20 eV under identical conditions.

Conditions used in determining high resolution spectra on the 
A E I MS-902 instrument were as follows. Exact mass determina
tion of the composition of important ions were carried out at a 
resolution of at least 10,000 by peak matching with peaks of 
known mass of perfluorokerosene: ionizing voltage 70 eV; fila
ment emission 480 ¿¿A; source temperature 150°.

Dimethyldiallylsilane was prepared by the in  situ trapping of 
allylmagnesium bromide by dimethyldichlorosilane in T H F . 
The product was distilled; a central fraction, bp 134°, was ob
tained in 94% yield.16

Dimethyldi(3-hydroxypropyl)silane was prepared by hydro
bora tion-oxidation of dimethyldiallylsilane.17 The diol was 
purified by distillation; a central fraction, bp 133-135° (1.5 
mm), was obtained in 92% yield. Its physical properties were 
in agreement with literature values.7'19 Nmr spectrum follows: 
s ( 6 H ) i  0.1; m (4 H ) 0.4; m (4 H ) 1.4, t (4 H ) 3.4,/ =  7 Hz; 
s(2 H ), 3.6.

Dimethyl(2-carbomethoxyethyl)silane.— In a 5-1. flask
equipped with a mechanical stirrer, a thermometer, and an 
addition funnel was placed 100 g (0.57 mol) of dimethyldi(3- 
hydroxypropyl)silane dissolved in 700 ml of reagent acetone. 
The flask was cooled to 0° in an ice-salt bath; 1.14 1. of Jones 
reagent20'21 was then added at a rate such that the reaction tem
perature remained below 20°. The reaction mixture was then 
stirred for an additional 15 min. The organic layer was sep
arated, and the aqueous layer was extracted with three 500-ml 
portions of ether. The combined organic layers were extracted 
with 20% sodium hydroxide until the extract was basic. This 
basic solution was then acidified and extracted with three 500-ml 
portions of ether. The ether extracts were dried over anhydrous 
M gS04 and filtered, and the solvent was removed by evaporation 
under reduced pressure. The crude diacid was then refluxed 
overnight with 600 ml of methanol containing 5 ml of concen
trated H2S04. The volume was then reduced to one-ihird by 
evaporation under reduced pressure; 500 ml of ether was added; 
and the organic layer was extracted twice with 100-ml portions 
of water followed by 100-ml portions of 10%  sodium hydroxide 
until the extracts were basic. The organic layer was then dried 
over anhydrous M gS04 and filtered, and the solvent was removed 
by evaporation under reduced pressure. The residue was dis
tilled, a fraction, bp 90-100° (0.3 mm), 70 g, was obtained, 
53% yield. This diester had properties in agreement with re
ported values.8

l,l-Dimethyl-4-trimethylsiloxy-3-carbomethoxy-l-silacyclo- 
hexa-3-ene.— A  2-1., three-necked, round-bottom flask equipped 
with a mechanical stirrer, a pressure-equalizing addition funnel, 
and a reflux condenser was flamed out under nitrogen. In the 
flask was placed 24 g (1 mol) of NaH  and 1 1. of dry toluene. 
The mixture was stirred at reflux while 54 g (0.23 mol) of di
me thyldi(2-carbomethoxyethyl)silane was added over 4 hr. The 
reaction was then quenched by the addition of 66 g (0.6 mol) of 
trimethylchlorosilane.22 The reaction mixture was then filtered 
and the solvents were removed by distillation at atmospheric 
pressure. The residue was distilled; a fraction, bp 80-85° 
(0.15 mm), 36 g (56% yield), was obtained. The ir had a C-C 
double bond stretch at 1600 cm-1 and a carbonyl band at 1710 
cm -1: nmr s ( 6 H ) j  -0 .15 ; s (9 H ) -0 .03 ; t (2 H ) 0.50, / 
=  7 Hz; s (2 H ) 1.27; t (2 H ) 2.07; s (3 H ) 3.39, /  =  7 Hz. 
The exact mass of the parent ion was found to be 272.1222; 
calculated for Ci2H 240 3Si2, 272.1257. The exact mass of the (P  
— CH3) ion was found to be 257.0992; calculated for CnH21- 
0 3Si2, 257.1023.

4,4-Dimethylsilacyclohexanone.— A mixture of 30 ml of con
centrated HC1, 300 ml of methanol, 100 ml of H 20, and 33 g 
(0.12 mol) of l,l-dimethyl-4-trimethylsiloxy-3-carbomethoxy-
l-silacyclohexa-3-ene was stirred at reflux for 24 hr. The solu

tion was then extracted with two 100-ml portions of ether. The 
organic layer was dried over anhydrous M gS04 and filtered and 
solvent was removed by evaporation under reduced pressure. 
The residue was then distilled; a fraction, bp 110° (25 mm), 
was collected, 17 g (95% yield). A ll properties were in agree
ment:7 nmr spectrum s (6 H ) 5 0.13; t (4 H ) 0.88, J  =  7.5 Hz; 
t (4 H ) 2.40, J  =  7.5 Hz.

l,l-Dimethyl-4,5-di(trimethylsiloxy)-l-silacyclohept-4-ene.—  
A 1-1., three-necked flask equipped with a high speed stirrer, 
pressure-equalizing addition funnel, and a reflux condenser was 
flamed out under nitrogen. In the flask was placed 16.0 g (0.7 
g-atom) of sodium and 300 ml of dry toluene. After the toluene 
was heated to reflux, stirring was begun. To this N a  dispersion 
was added a mixture of 90 ml of trimethylchlorosilane (0.7 mol) 
and 25.9 g of dimethyldi(2-carbomethoxyethyl)silane over sev
eral hours.22'24 The reaction was stirred for 2 hr after the addition 
was complete. The mixture was then filtered. The solvent 
was removed by distillation at atmospheric pressure. The 
residue was then distilled, a fraction boiling at 90-100° (0.1 mm), 
20 g, was obtained, 60% yield: nmr spectrum s (6 H ) S. 0.0; 
s (18) 0.2; m (4 H ) 0.6; m (4 H ) 2.2. Its ir has a C -C  double 
bond stretch at 1680 cm-1. The mass spectrum of such bis-silyl 
enol ethers are quite interesting in that the parent ion carries a 
high portion of the total ion current. The exact mass of the 
parent ion was found at 316.1770 (calcd for C14H 320 2Si3: 
316.1701).

5,5-Dimethyl-2-acetoxy-5-silacycloheptanone.— A mixture of
13.0 g (41.2 mmol) of l,l-dimethyl-4,5-di(trimethylsiloxy)-l-sila- 
cyclohepta-4-ene, 12 ml of glacial acetic acid, 12 ml of acetic 
anhydride, and 150 mg of sodium acetate26 was stirred at reflux 
for 3 hr. After removal of 18 ml of solvent by distillation at 
atmospheric pressure, the residue was taken up in 50 ml of ether. 
The solution was extracted with 50 ml portions of water, 
followed by 20-ml portions of 10% sodium hydroxide solution 
until the extracts were basic. The organic layer was then dried 
over anhydrous M gS04 and filtered, and the solvents were removed 
by evaporation under reduced pressure. The residue was dis
tilled; a central fraction, bp 80-85° (0.25 mm), 7 g, was col
lected, 80% yield. Its ir had two carbonyl bands at 1720 and 
1740 cm-1; nmr spectrum s (3 H ), S 0.8; s (3 H ) 0.12; m (4 H ) 
0.8; m (2 H ) 2.00; s (3 H ) 2.07; m (2 H ) 2.50; and m (1 H )
5.40. Anal. Calcd for C9Hi80 2Si: C, 56.04; H,8.45. Found: 
C, 55.69; H, 8.39.

4,4-Dimethylsilacycloheptanone.-—In a 200-ml, three-necked 
round-bottom flask equipped with a Hirshberg mechanical stirrer 
and a reflux condenser was placed 7.8 g (36.5 mmol) of 5,5-di- 
methyl-2-acetoxy-5-silacycloheptanone dissolved in 100 ml of gla
cial ace dc acid. The reaction mixture was heated to reflux, while 
24 g (0.4 mol) of reagent zinc dust was added in several small 
batches over 4 hr.27 The solution was then decanted from the 
solids, which were washed with 100 ml of ether. The organic 
layer was extracted with two 50-ml portions of water, and then 
with 2C-ml portions of 10% NaOH until the aqueous extracts 
were basic. The organic layer was then dried over anhydrous 
M gS04 and filtered, and the solvent was removed by evaporation 
under reduced pressure. The residue was distilled. Two frac
tion were collected: the first, bp 115° (25 mm) (1.5 g), was largely 
the desired ketone; the second, bp 140° (25 mm) (4 g), was largely 
recovered a-acetoxy ketone. The yield of ketone based on con
verted a-acetoxy ketone is 50%. A ll physical properties were 
in agreement with those reported.8

Dimethylbromomethylchlorosilane was prepared by the bromi- 
nation of trimethylchlorosilane following the method of Speier.28 
The product was purified by distillation. A  central fraction, 
bp 134°, was collected: yield 50%; nmr spectrum s (6 H ) 5 
0.50; s (2 H ) 2.35.

Dimethylallylbromomethylsilane was prepared by the addition 
of allylmagnesium bromide to dimethylbromomethylchlorosilane 
in ethy. ether. After work-up, the residue was distilled, and a 
fraction, bp 84-88° (25 mm), was collected, yield 65%. Its ir 
is characterized by a C -C  double bond stretch at 1625 cm-1; 
nmr spectrum s (6 H ) a 0.14; d (2 H ) 1.64, J  =  7 H z; s (2 H ) 
2.43; a pair of multiplets (2 H ) 4.80 and 4.92; and m (1 H ) 
5.77. Anal. Calcd for C6H i3BrSi: C, 37.31; H , 6.78. Found: 
C, 37.16; H , 6.74.

Dimethylallyl-3-butenylsilane.— A 1-1. three-necked flask 
equipped with a pressure-equalizing addition funnel, a reflux con
denser, and a magnetic stirring bar was flamed out under nitrogen. 
In  the flask was placed 200 ml of dry T H F  and 5.2 g (0.22 g- 
atom) of M g turnings. To this was added 34.8 g (0.18 mol) of
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dimethylallylbromomethylsilane dropwise with stirring. When 
formation of the Grignard reagent was complete 36 g (0.3 mol) 
of allyl bromide was added. When the coupling reaction had 
ceased 100 ml of water was added. The layers were separated 
and the organic layer was washed with two 100-ml portions of 
water. The organic layer was then dried over anhydrous M gS04 
and filtered, and the solvents were distilled at atmospheric pres
sure. The residue was distilled; a central fraction, bp 62-64° 
(25 mm), 20 g, was collected, 80% yield. Its ir is characterized 
by a C -C  double bond stretch at 1630 cm-1; nmr spectrum 
s (6 H ) S 0.0; m (2 H ) 0.63; d (2 H ) 1.50; m (2 H ) 2.00, J  =  8 
H z; m (4 H ) 4.90; m (2 H ) 5.70.

The mass spectrum of the compound is characterized by sili- 
conium ions produced by fragmentation at the quaternary silyl 
center. High-resolution mass spectral data are shown below.

parent ion •+
Calcd for C 9H 18Si 154.11777
Found 154.1226

CH2C H = C H 2
« /

C H 3Si
\

c h 2c h 2c h = c h 2
Calcd for C8H 16Si 139.09430
Found 139.0938

(C H 3 )2SiCH2CH2C H = C H 2 
Calcd for C6H 13Si 113.07865
Found 113.0810

(C H 3)2SiCH2C H = C H 2 
Calcd for CsHuSi 99.0630
Found 99.0642

Dimethyl(3-hydroxypropyl)(4-hydroxybutyl)silane was prepared 
by the hydroboration and oxidation of dimethylallyl-3-butenyl- 
silane in T H F .17'18 The residue was distilled, a central fraction, 
bp 145-150° (0.1 mm), was obtained in 90% yield. Its ir has a 
strong OH stretch at 3600-3200 cm-1; nmr spectrum s (6 H ) 
S —0.1; m (4 H ) 0.40; m (6 H ) 1.40; m (4 H ) 3.40; and abroad 
singlet at 3.70 (2 H ). This last resonance disappeared after 
exchange with D20 . The diol was converted to the corresponding 
diacetate by treatment with acetyl chloride in pyridine- This 
was done to have a volatile derivative which could be purified by 
gas chromatography. Its ir has a carbonyl stretch at 1740 
cm-1: nmr spectrum s (6 H ) S 0.0; m (4 H ) 0.50; m (6 H ) 
1.55; s (6 H ) 2.00; t (2 H ) 3.94; J  =  7 Hz; t (2 H ) 4.00, J  =  
7 Hz. Anal, on diacetate. Calcd for C13H 260 4Si: C, 56.90; H, 
9.59. Found: C, 57.05; H , 9.43.

Dimethyl (2-carbomethoxyethyl)(3-carbomethoxypropyl)silane 
was prepared by Jones oxidation20'21 of dimethy 1(3-hydroxy- 
propyl )(4-hydroxybutyl)silane to the corresponding diacid 
followed by esterification with methanolic H 2S04. The pro
cedure is the same as was used to prepare dimethyldi(2-carbo- 
methoxyethyl)silane. The residue was distilled, a central 
fraction, bp 105° (0.2 mm), was collected in average yield (45%). 
The ir has a carbonyl stretch at 1745 cm-1; nmr spectrum s (6 
H ) 5 0.00; m (4 H ) 0.80; m (2 H ) 1.60; m (4 H ) 2.20; and 
s (6 H ) at 3.70. Its mass spectrum is characterized by silico- 
nium ions formed by fragmentation at the quaternary silyl center. 
The parent ion is quite small. The exact masses of the following 
three siliconium ions were determined.

CH 2C H 2C 0 2CH 3
* /

C H 3Si
\

c h 2c h 2c h 2c o 2c h 3
Calcd for Ci0H 19O4Si 231.10525
Found 231.1019

(CH 3 )2SiC H 2CH2CH2C 0 2CH3 
Calcd for C,H i50 2Si 159.08413
Found 159.0830

(CH 3)2SiCH2C H 2C 02CH3 
Calcd for C6H 130 2Si 145.06848
Found 145.0667

l,l-Dimethyl-4,5-di(trimethylsiloxy)-l-silacycloocta-4-ene was
prepared by an acyloin reaction of dimethyl(2-carbomethoxy-

ethyI)(3-carbomethoxypropyl)silane. The same procedure was 
used to prepare the corresponding seven-membered ring com
pound.22'24 The residue was distilled, a central fraction, bp 
95° (0.1 mm), was collected, average yield 60%. The ir has a 
characteristic C -C  double bond stretch at 1680 cm-1; nmr 
s (6 H ) 5 0.00; s (9 H ) 0.18; s (9 H ) 0.22; m (4 H ) 0.85; m 
(2 H ) 1.75; and m (4 H ) 2.16. The mass spectrum of such bis- 
silyl enol ethers are quite interesting in that the parent ion carries 
a quite high percentage of the total ion current. The exact 
mass of the parent ion was found to be 330.1928 (calculated for 
CI5H 340 2Si3, 330.1857).

5,5-Dimethyl-2-acetoxy~5-silacyclooctanone and 6,6-Dimethyl- 
2-acetoxy-6-silacyclooctanone.— A  mixture of the two compounds 
was prepared by reaction of l,l-dimethyl-4,5-di(trimethylsiloxy)-
l-silacyclooct-4-ene with a mixture of glacial acetic acid and 
acetic anhydride by the same procedure used to prepare 2-ace- 
toxy-5,5-dimethylsilacycloheptanone.26 The residue was dis
tilled; a fraction, bp 90° (0.1 mm), 13 g, was collected, 85% 
yield. Preparative gas chromatography served to purify the 
mixture, but not to separate the isomeric acetoxy ketones. The 
ir of the mixture was characterized by two carbonyl bands, one 
at 1720 and the other at 1745 cm-1. Anal. Calcd for CnH20- 
OsSi: C, 57.85; H , 8.83. Found: C, 57.99; H, 8.80.

4,4-Dimethylsilacyclooctanone and 5,5-dimethylsilacyclooc- 
tanone were prepared by the reduction of the mixture of acetoxy 
ketones by Zn and acetic acid.27 The procedure was the same 
as was used to prepare 4,4-dimethylsilacycloheptanone. The 
residue was distilled; a fracton, bp 115° (25 mm), was collected, 
yield 55%. The isomeric ketones were separated on a 0.25 in. 
X  15 ft TC E P  column at 135°. The component with the shorter 
retention time (48 min) was the symmetrical ketone. The 
component with the longer retention time (55 min) was the un- 
symmetrical ketone. They were present in a ratio of 60:40 
symmetrical to unsymmetrical.

Properties of 4,4-Dimethylsilacyclooctanone.— Its ir has a
carbonyl band at 1710 cm-1; nmr spectrum s (6 H ) 5 0.00; m 
(2 H ) 0.56; m (2 H ) 1.00; m (4 H ) 1.82; m (4 H ) 2.40. The 
exact mass of the parent ion determined by peak matching. 
Calcd for C9H 18OSi: 170.1122. Found: 170.1072.

Properties of 5,5-Dimethylsilacyclooctanone.— Its ir showed a 
carbonyl band at 1710 cm-1; nmr spectrum s (6 H ) 8 —0.07; 
m (4 H ) 0.68; m (4 H ) 1.91; m (4 H ) 2.34. For high-resolution 
mass spectral data, see Table V I I I .

5-Trimethylsilylpentan-2-one was prepared following the 
procedures of Sommer.29 Its ir was characterized by a carbonyl 
stretch at 1720 cm-1. Its nmr spectrum showed s (9 H ) S 0.0; 
m (2 H ) 0.5; m (2 H ) 1.6; s (3 H ), 2.1; t (2 H ) 2.4, J  =  6.8 Hz.

Deuterium Exchange.— The various ketones were deuterium 
labeled by the following procedure: 0.5 g of the desired ketone, 
6 ml of D 20  (99.8% deuterium), 0.2 g of sodium carbonate, 15 
ml of dioxane, and 5 ml of T H F  were placed in a small round- 
bottom flask equipped with a magnetic stirring bar and a reflux 
condenser. The reaction was stirred at reflux for 24 hr. The 
solution was then extracted with two 30-ml portions of pentane. 
The organic layer was then washed with two 10-ml portions of 
water, dried over anhydrous M gS04, and filtered, and finally the 
solvents were removed by evaporation under reduced pressure. 
Final purification was by preparative gas chromatography.

Deuterium content was determined at 20 eV using low-resolu
tion mass spectral data. The analysis was complicated by a 
significant (P  — 1) peak associated with the parent ion in the 
spectra of the unlabeled compounds. For this reason, the analy
sis was done using the (P  — 15) peak due to cleavage of a methyl 
group from silicon which has no complicating (P  — 15 — 1) ion 
associated with it .30

Deuterium contents determined were as follows: 4,4-dimethyl- 
silacyclohexanone, dt 38.7%, d3 33.7%, d3 19.2%, d4 8.4%;
4,4-dimethylsilacycloheptanone, di 44.4%, d3 35.2%, d2 16.2%, 
di 4.2%; 5,5-dimethylsilacyclooctanone, d4 48.9%, d3 33.2%, 
di 17.9%; 5-trimethylsilylpentan-2-one, da 42.1%, d4 42.8%, 
d3 13.5%,' * 1 .6 % .

Registry No.—I, 18276-42-1; II, 10325-26-5; III, 
10325-31-2; 1, l-dim ethyl-4-trim ethylsiloxy-3-carbo-

( 2 9 )  L .  H .  S o m m e r ,  F .  P .  M a c k a y ,  O .  W .  S t e w a r d ,  a n d  P .  G .  C a m p b e l l ,  

J. Amer. Chem. Soc., 79, 2 7 6 4  ( 1 9 6 7 ) .

( 3 0 )  K .  B i e m a n n ,  “ M a s s  S p e c t r o m e t r y — O r g a n i c  C h e m i c a l  A p p l i c a 

t i o n s , ”  M c G r a w - H i l l ,  N e w  Y o r k ,  N .  Y . ,  1 9 6 2 ;  s e e  C h a p t e r  5  f o r  t r e a t m e n t  

o f  d a t a  f o r  d e u t e r i u m - l a b e l e d  c o m p o u n d s .
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m ethoxy-l-silacyclohexa-3-ene, 32297-02-2; 1,1-di-
m ethyl-4,5-di(trim ethylsiloxy)-l-silacyclohept-4-ene, 
32297-03-3 ; 5,5-dimethyl-2-acetoxy-5-silacyclohepta- 
none, 32297-04-4; dimethylbromomethylchlorosilane, 
16532-02-8; dimethylallylbromomethylsilane, 32367-49- 
0; dimethylallyl-3-butenylsilane, 24171-43-5; dimethyl- 
(3-hydroxypropyI) (4-hydroxybutyl)silane, 32367-50-3, 
32367-51-4 (diacetate) ; dimethyl(2-carbomethoxy- 
ethyl) (3-carbomethoxypropyl) silane, 32367-52-5; 1,1- 
dim ethyl-4,5-di(trim ethylsiloxy)-l-silacyclocta-4-ene,

32296-53-0; 5,5-dimethyl-2-acetoxy-5-silacyclooctanone, 
32296-54-1; 6,6-dimethyl-2-acetoxy-6-silacyclooctanone, 
32296-55-2; 4,4-dimethyisilacyclooctanone, 32296-56-3;
5-trimethylsily lpentan-2-one, 17012-93-0.
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In an effort to investigate the possibility of aryne intermediates in the metallocene series, 2-methylchloro- 
ferrocene (2) was prepared by reduction of the methiodide of 2-chloro-iV,N-dimethylaminomethylferrocene (3). 
Reaction of 2 with butyllithium in tetrahydrofuran gave a-lithiation, while excess butyllithium in hexane gave 
a mixture of approximately equal parts of 2-methyl- and 3-me.hylbutylferrocene (7 and 8 ) in addition to re
covered 2 and methylferrocene (6). Similar results were obtained using the butyllithium-tetramethylethylene- 
diamine complex. For reference samples, 7 and 8 were synthesized by alternative routes, and l'-methylbutyl- 
ferrocene (9) was also prepared. The results from the reaction of 2 with butyllithium provide the first strong 
evidence for an aryne intermediate in the ferrocene series.

Several years ago, in work carried out in these lab
oratories, reactions of chloroferrocene with butyl
lithium and butyllithium-lithium piperidide were 
carried out.2 The products obtained in this study 
indicated that these reactions were probably proceeding 
v ia  a ferrocyne intermediate, but alternative paths 
involving prior halogen-metal interconversion could 
not be excluded.2 Following our earlier publication, 
there have been no additional studies on the inter
mediacy of arynes in the metallocene series, and the 
only related work appears to be the recent preparation 
and subsequent trapping of dehydrocyclopentadiene3 
and the selective a-lithiation experiments carried out 
on haloferrocenes by Hedberg and Rosenberg.4

In order to establish whether the reaction of chloro
ferrocene with n-butyllithium to give butvlferrocene 
was an example of an aryne reaction or simply W urtz- 
Fittig coupling, a substrate which would give an un- 
symmetrical aryne was needed. The classical work 
in the benzene series was carried out using such com
pounds as o-bromoanisole and the halotoluenes,5 
and by analogy it appeared that the reaction of a 2- 
or 3-substituted chloroferrocene with butyllithium  
should serve to either establish or refute the existence 
of the ferrocyne intermediate. In view of the limited 
synthetic methods available for preparing 1,3-disub-

(1) (a) Abstracted from the Ph.D. Dissertation of J. F. Cope, Clemson 
University, May 1971; (b) supported in part by Career Development Award 
GM-5433 from the National Institutes of Health.

(2) J. W. Huffman, L. H. Keith, and R. L. Asbury, J .  O rg . C h e m .,  3 0 ,  

1600 (1965).
(3) J. C. Martin and D. R. Block, J .  A m e r .  C h e m . S o c . ,  9 3 ,  451 (1971).
(4) (a) F. L. Hedberg and H. Rosenberg, T e tra h e d ro n  L e t t . ,  4011 (1969). 

(b) A. N. Nesmeyanov, B. A. Sazonova, and N. S. Sazonova, D o k l .  A k a d .  

N a u k  S S S R ,  1 7 6 ,  598 (1967), reported the preparation and thermal de
composition of 2-chIoroferrocenylsilver, but observed no products indicative 
of an aryne reaction.

(5) (a) T. L. Gilchrist and C. W. Rees, "Carbenes, Nitrenes and Arynes," 
Appleton-Century-Crofts, New York, N. Y., 1969, pp 42-54 and 103-119, 
(b) H. Heaney, C h e m . R e v .,  6 2 ,  81 (1962), and (c) R. Huisgen in ‘‘Organo- 
metallic Chemistry,” H. Zeiss, Ed., Reinhold, New York, N. Y., 1960, pp 
36—88, have all reviewed the work which establishes the fact that arynes are 
intermediates in the reactions of halobenzenes with strong bases.

stituted ferrocenes, a 2-substituted chloroferrocene 
seemed to be the substrate of choice. Since it has 
been noted that the reaction of A,A-dim ethylam ino- 
methylferrocene (1) with ?i-butyllithium proceeds to

1, R =  N(CH3)2;R' =  H 8, R =  C,Ha
2, R =  H;R '=C1 14,R =  COC3H7
3, R = N(CH3)2; R' = Cl
4, R=N (CH 3)2;R' =  B(OH)2
5, R = N(CH3)3+r ;  R = Cl
6, R = R' = H
7, R=H ;R' = C,H9

12, R =  N(CH3)2; R' =  CH =  CHC2H5
13, R =  H; R' =  COQjH,

9, R =  C,H9;R' =  CH3
10, R =  CON(C6H5);R' =  H
11, R =  CON(CeH5); R' =  COCjH, 

1 5 ,R = CH3;R' = COC3Hv

give almost exclusively lithiation at the 2 position6 and 
since the replacement of the dimethylamino group by 
hydrogen was quite feasible, 2-methylchloroferrocene 
(2) was chosen as the subject of our study. Initially

(6) D W. Slocum, B, W. Rockett, and C. R. Hauser, J .  A m e r .  C h e m . 

S o c . ,  8 7 ,  1241 (1965).
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2-chloro-Af,iV-dimethylammomethylferrocene (3) was 
prepared by means of a halogen-metal intercon
version utilizing 3,3,3-trichloropropylene oxide as a 
halogen source;7 however, the yields were rather poor 
and the product difficult to isolate. Subsequently the 
preparation of this compound by way of 2- (N,N-di- 
methylamino)ferrocenylboronic acid (4) was reported8 
and this method was used for the preparation of the 
bulk of the material used in this study. The conver
sion of the dimethylamine to the methiodide (5) and 
the sodium amalgam reduction to 2-methylchloro- 
ferrocene proceeded smoothly.

Initial reactions of 2 with butyllithium in hexane- 
tetrahydrofuran, even for prolonged periods at reflux, 
gave no evidence for either aryne reactions or coupling. 
The only volatile (glc) compounds which could be iso
lated were recovered 2 and methylferrocene (6), prob
ably the result of halogen-metal interconversion.la 
In order to ensure that lithiation was occurring at the 
position adjacent to the halogen atom2'4 the reactions 
with n-butyllithium-tetrahydrofuran were repeated, 
and either quenched with deuterium oxide or carbon
ated. Quenching with deuterium oxide gave a 7:1 
mixture of 2 and 6, with 44% incorporation of deu
terium in 2. The only nmr peak which was affected 
by deuteration was the low-field multiplet at 5 4.22, 
which may be assigned to the proton a  to the chlorine 
in 2. Carbonation gave an unstable acid, the spectral 
data for which (see Experimental Section) were in ac
cord with the structure 2-chloro-3-methylferrocene- 
carboxylic acid.

Since it was apparent that lithiation a  to the halogen 
was taking place, but the lithioferrocene was not de
composing, the reaction conditions were varied in an 
effort to obtain the aryne. The use of an alternative 
solvent, tetrahydropyran, and a more reactive organo- 
metallic, ferf-butyllithium in n-butyl ether, were ex
plored. The latter reaction gave no identifiable prod
ucts except methylferrocene (6), while the former gave 
2, 6, and traces of compounds which were subsequently 
identified as 2- and 3-methylbutylferrocene.

It has been noticed recently that the n-butyllith- 
ium-tetramethylethylenediamine complex is a very 
powerful lithiating agent,9 which is highly selective 
for reactions ortho to an electron-rich substituent on 
an aromatic ring.9b Reaction of 2 with this reagent 
in hexane-tetrahydrofuran, under conditions which 
favored first formation of the lithio derivative, and 
then prolonged heating with excess complex, gave a 
mixture which contained 40% of 6, 52% of recovered 
2, and 8% of a 5:3 mixture of 2-methylbutylferrocene
(7) and 3-methylbutylferrocene (8). Finally, since it 
had been noted that lithiation was occurring in tetra- 
hydrofuran, but decomposition to the aryne was not, 
2 was lithiated in tetrahydrofuran, and the lithio
ferrocene was treated with excess butyllithium in 
hexane and then heated at reflux for several hours. 
B y this method a mixture containing 45% of 6, 40%  
of 2, and 15% of a 2:3 mixture of 7 and 8 was obtained. 
The overall yield of 7 plus 8 by this procedure was 6%. 
Various reactions of 2 with butyllithium in the presence 
of lithium piperidide gave only traces of material

(7) W. Reeve and E. F. Group, Jr., J. Org. Chem., 32, 22 (1967).
(8) G. R. Marr, E. Moore, and B. W. Rockett, J. Chem. Soc. C, 24 (1968).
(9) (a) G. G. Eberhardt and W. A. Butler, J. Org. Chem., 29, 2928 (1964); 

(b) R. E. Ludt, G. P. Crowther, and C. Hauser, ibid., 33, 1288 (1970).

which may have been piperidylmethylferrocene, in 
contrast to the similar reaction of chloroferrocene 
which affords isolable quantities of piperidylferrocene.2

The mixture of 7 and 8 could be isolated by pre
parative glc, but could not be separated into its com
ponents. The infrared and nmr spectra of the mixture 
were indentical with the sum of the spectra of pure 7 
and 8, prepared as described below, as were the reten
tion times on glc. In addition, the mass spectrum of 
the mixture was the same as that of 7 and 8, while 
markedly different from that of l'-methylbutylferro- 
cene (9).10 The mass spectral data are summarized 
in Table I.

T a b le  1“

M ass Spe c tr a  of M e th ylb u ty lf e r r o c e n e s

m/e 7 8
Compd 
7 +  86 9

257 24 20 21 20
256 100 100 100 100
254 18 31 18 16
214 18 12 17
213 88 60 79 97
135 10 10 9 27
134 9 8 10 15
121 48 28 34 15
56 21 18 22 26

“ All peaks reported in relative abundances. b From prepara
tive glc of the reaction product of 2 and n-butyllithium.

Since the preparation of the three isomeric butyl- 
methylferrocenes had not been reported, and it was 
necessary to have samples available in order to rigor
ously assign structures to the products of the above 
reactions, the syntheses of these compounds was carried 
out. The most accessible of the three isomers is 1'- 
methylbutylferrocene, which was prepared in a straight
forward sequence from V,V-diphenylcarbamylferro- 
cene (10).11 Acylation of 10 with butyryl chloride 
gave lceto amide 11, which on hydrolysis followed by 
lithium aluminum hydride-aluminum chloride reduc
tion gave 9. It has been clearly established that elec
trophilic substitution reactions carried out on 10 pro
ceed to give exclusively the heteroannular product.11

The most attractive approach to 2-methylbutyl
ferrocene seemed to be v ia  2-lithio-V,V-dimethyl- 
aminomethylferrocene. However, the reaction with 
n-butyraldehyde did not proceed particularly well, 
and on isolation of the product it was found that the 
intermediate carbinol had dehydrated to a mixture of 
cis and trans butenyl compounds (12), contaminated 
with considerable 1. The mixture was converted to 
the methiodides and reduced first with sodium amalgam 
and then catalytically to give a 1:1 mixture of 2 and 7.

The only route available for the preparation of 3- 
methylbutylferrocene (8), and one which also afforded 
an alternative route to the 2 and 1' isomers (7 and 10, 
respectively), was from the reaction of methylferro
cene with butyryl chloride-aluminum chloride, which 
gave a mixture of 2-methylbutyrylferrocene (13, 18%),
3-methylbutyrylferrocene (14, 30%), and l'-m ethyl- 
butyrylferrocene (15, 52%). The heteroannular prod
uct 15 was easily distinguished due to the lack of

(10) The authors would like to thank the Research Triangle Institute for 
Mass Spectrometry, Research Triangle Park, N. C., for carrying out these 
determinations.

(11) W. F. Little and R. Eisenthal, J. Amer. Chem. Soc., 82, 1577 (1960).
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“9-10 bands” in the infrared, and the presence of an 
A2B 2 pattern in the aromatic region of the nmr, with 
two-proton multiplets centered about 6 4.38 and 4.60. 
The 2-methyl ketone 13 shows a deshielded aryl methyl 
singlet at § 2.24, while that of the 3-methyl isomer 14 
shows a methyl singlet at 5 1.98. Also, the aromatic 
region of the spectrum of 13 shows only one proton at 
significantly lower field, S 4.40, than the other aromatic 
protons, while 14 shows a two-proton multiplet at 5 
4.55.12 These structural assignments were strength
ened by the chromatographic behavior of these com
pounds, which paralleled that of the acetylmethyl- 
ferrocenes,13 and were confirmed by reduction of each 
isomer to the corresponding methylbutylferrocene, the 
structures of two of which had been established by the 
routes described above.

The three methylbutylferrocenes show slightly differ
ent but reproducible retention times on glc (two col
umns), and, although the mass spectra of the 2- and 
3-methyl isomers (7 and 8) are very similar, that of 
1'-methylbutylferrocene (9) is considerably different 
(see Table I). A comparison of these three compounds 
with the products of the reaction of 2-methylchloro- 
ferrocene (2) and butyllithium clearly shows that only 
the 2-methyl and 3-methylbutyl isomers are obtained. 
N o trace of the 1' isomer is found.

The results of the reaction of 2-chloromethylferro- 
cene with butyllithium provide very strong evidence 
for intervention of an aiyne intermediate, as outlined 
in eq 1. It is very difficult to envision any other mech-

methylferrocyne — ► 7 + 8  (1)

anism which is consistent with the formation of ap
proximately equimolar quantities of 2- and 3-methyl- 
butylferrocenes, from these reactions.14 The methyl- 
ferrocene (6) obtained probably arises from halogen- 
metal interconversion to 2-lithiomethyl ferrocene 
which would afford methylferrocene on hydrolysis, 
or perhaps by way of a /3-hydride transfer from butyl
lithium to the aryne.15 On the basis of the data avail
able, it is not possible to differentiate between these 
two reaction paths.

(12) M. I. Levenberg and J. H. Richards, J. Amer. Ckem. Soc., 86, 2634 
(1964), have used a more or less similar argument in assigning the structure 
to a series of acetylated alkylferrocenes.

(13) J. H. Richards and E. A. Hill, ibid., 83, 4216 (1961).
(14) One can postulate a series of halogen-metal interconversions and 

coupling reactions leading to 7. To arrive at 8, 2-chloro-3-methyllithio- 
ferrocene would react with butyl chloride to give 3-methyl-2-chlorobutyl- 
ferrocene, which would then undergo halogen—metal interconversion to give 
on hydrolysis 3-methylbutylferrocene. This route is highly unlikely for two 
reasons. First, 7 and 8 are formed in approximately equal amounts, while 
a preponderance of 7 would be predicted if this mechanism were operative. 
Second, no trace of a methylchlorobutylferrocene was found. Since a 
significant amount of 2 survives the reaction, a significant amount of chloro- 
butyl compound would be expected to be present in the final product mixture. 
The glc techniques used would have permitted the detection of even very 
small quantities of this substance if it were present.

(15) V. Franzen and H. I. Joschek, Angew. Chem., 72, 564 (1964).

Although the overall yields of butylmethylferro- 
cenes from these reactions are not high, there is strong 
evidence that they proceed, at least in part, through 
an aryne intermediate, and indicate that the earlier 
reactions of chloroferrocene reported from these lab
oratories2 probably proceed by a similar route.

Experimental Section16
2-Chloro-A,Ar-dimethylaminomethylferrocene. A.— The lith-

iation of 5.0 g of A,A-dimethylaminomethylferrocene was 
carried out following the published procedure.6 The resulting 
solution of 2-lithio-IV ,jV-dimethylaminomethylferrocene in 60 ml 
of dry ether and 5 ml of hexane was added dropwise to a chilled 
solution of 2.80 ml of 3,3,3-trichloropropylene oxide in 20 ml 
of anhydrous tetrahydrofuran. The reaction mixture was allowed 
to warm to room temperature, stirred for 6 hr, and then poured 
into water. The aqueous phase was drawn off, and the organic 
layer was extracted with 10% aqueous sulfuric acid. The acidic 
solution was made basic with 10%  potassium hydroxide and 
extracted with ether. The ether extracts were washed with 
water and dried and the solvent was removed to give an orange
oil. T ic (alumina-G) indicated that the reaction product con
sisted of two compounds, one of which was N ,N -dimethylamino- 
methylferrocene. Integration of the nmr spectrum indicated 
that this accounted for 60% of the product mixture, with the 
chloro compound accounting for the remaining 40%. Repeated 
chromatography on Bio-Rad neutral alumina and elution with 
hexane-benzene (2 : 1) gave a small quantity of pure 2-ehloro- 
Al,iV-dimethylaminomethylferrocene, which formed crystals from 
pentane, mp 42-43° (lit.8 mp 42-43°). The nmr spectrum of 
this compound was essentially the same as that reported sub
sequently by Slocum and Engelmann.17

Anal. Calcd for C13H 16NClFe: C, 56.21; H, 5.80; N , 5.05; 
Cl, 12.78. Found: C, 56.40; H , 5.69; N , 4.95; Cl, 12.97.

B.— 2-Chloro-A,A-dimethylaminomethylferrocene could be 
prepared more effectively from 2-(V,lV-dimethylaminomethyl)- 
ferrocenylboronic acid by the following modification of the 
published procedure.8 A  suspension of 1.68 g of the aminoboronic 
acid in 50 ml of water was added to a solution of 2.1 g of cupric 
chloride dihydrate in 50 ml of water, which had been warmed to 
40°. The solution was stirred mechanically and the temperature 
was raised to 55° for 1.5 hr. After cooling to room temperature, 
the reaction mixture was treated with excess concentrated am
monium hydroxide and extracted with ether. The organic solu
tion was washed with water and saturated sodium chloride solu
tion and dried over magnesium sulfate. Removal of solvent at 
reduced pressure gave 1.34 g (83%) of an orange oil which slowly 
crystallized, mp 41-42°, mmp 42.43° with material from part A. 
Both samples had identical infrared and nmr spectra.

2-Cnloro-iV,A',A,-trimethylammonium Methylferrocene Me- 
thiodide.— T o  a solution of 0.210 g of 2-chloro-A,Ar-dimethyl- 
aminoir.ethylferrocene in methanol at room temperature was 
added 0.50 ml of methyl iodide. The mixture was stirred for 
20 min at room temperature and then heated on the steam bath 
with stirring for an additional 5 min. Ether was added and the 
crystals were collected, washed with anhydrous ether, and dried 
under reduced pressure, giving 0.290 g (92%) of yellow crystals, 
mp 186-189° dec (lit. darkening from 185°).8

Anal. Calcd for CuHi.NCIFel: C, 40.07; H, 4.56; N , 3.34; 
Cl, 8.45; I, 30.25. Found: C, 40.03; H , 4.45; N , 3.28; Cl, 
8.50; I, 30.48.

2-Methylchloroferrocene.— To sodium amalgam, formed from 
65 g of mercury and 5 g of sodium maintained at 0°, was added

(16) All melting points were taken on a Kofier hot stage and are un
corrected. The analytical vapor phase chromatography was carried out 
with an F & M  research chromatograph, Model 810; unless otherwise 
noted a 6 ft X 0.125 in. SE-30 silicon gum column was employed. Prepara
tive glc was carried out on an Aerograph Autoprep, Model A-700 using a 5-ft, 
20% SF-96 silicone fluid column. A ll infrared spectra were taken on a 
Perkin-Elmer Model 137 spectrophotometer, as liquid or potassium bromide 
pellets, and are reported in microns. Nuclear magnetic resonance spectra 
were obtained on a Varian Associates A-60 nuclear magnetic resonance 
spectrophotometer using either deuterioehloroform or carbon tetrachloride 
as a solvent. All spectra are reported in parts per million relative to tetra- 
methylsilane (5). Elemental analyses were performed by Galbraith Labora
tories, Knoxville, Tenn. Unless otherwise noted, all reactions were carried 
in an atmosphere of dry nitrogen.

(17) D. W . Slocum and T. R. Engelmann, J .  Org. Chem., 34, 4101 (1969).
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0.416 g of methiodide 5 in 10 ml of water. The reaction was 
allowed to proceed for 10 min, after which 20 ml of benzene was 
added and the mixture was heated at reflux for 2 hr, at which 
point the aqueous phase was colorless. The organic phase was 
extracted with 10%  aqueous sulfuric acid and dried and the 
solvent was removed at reduced pressure. The residue was dis
solved in hexane and chromatographed on Merck alumina. 
Elution with hexane gave an orange oil which crystallized on 
standing. Recrystallization from pentane gave 0.052 g of yellow 
crystals (64% ): mp 54-57°; nmr 8 2.05 (s, 3 H, CH 3), 3.91 
(m, 2 H, FC H ), 4.06 (s, 5 H, FC H ), 4.22 (m, 1 H, FCH ).

Anal. Caled for C „H „C lF e: C, 56.33; H, 4.73; Cl, 15.12. 
Found: C, 56.29; H, 4.90; Cl, 15.00.

Reactions of 2-Methylchloroferrocene with n-Butyllithium. A. 
— To a solution of 0.270 g of 2-methylchloroferrocene, containing 
8%  methylferrocene in 25 ml of freshly distilled tetrahydrofuran, 
cooled to 0°, was added 1.6 ml of 0.9 N  n-butyllithium in hexane. 
The mixture was stirred for 1.5 hr at this temperature and 25 
ml of the reaction solution were withdrawn and mixed with 4 ml 
of deuterium oxide. After stirring for 5 min, the phases were 
separated, the organic solution was dried, and the solvent was 
removed at reduced pressure. Following chromatography on 
Bio-Rad neutral alumina and elution with hexane, the crystalline 
material was analyzed by glc and nmr. The former showed the 
sample to consist of 87% 2-methylchloroferrocene and 13% 
methylferrocene; nmr showed a 44% decrease in the intensity 
of the resonance at 4.22 assigned to the proton adjacent to the 
chloro substituent.

B. — The reaction of 0.970 g of 2-methylchloroferrocene with
2.0 ml of 2.1 A  n-butyllithium was carried out as described above; 
however, the reaction was heated at reflux for 6.5 hr. A  25-ml 
aliquot of the reaction solution was removed and added, under 
nitrogen, to a slurry of anhydrous ether and Dry Ice. The 
carbonation mixture was extracted with 10%  sodium hydroxide 
until the extracts were colorless. The extracts were washed with 
ether, acidified with 10%  hydrochloric acid, extracted with ether, 
and dried and the solvent was removed to give 0.168 g of soft 
crystals. Recrystallization from ether gave orange crystals: 
mp 178-183°; ir 3.75 br, 5.98; nmr 8 2.14 (s, 3 H, CH3), 4.25 
(s, 5 H, FC H ), 4.30 (m, 1 H, FC H ), 4.76 (m, 1 H, FCH ). 
T ic (ethyl acetate, silica gel-G) showed a single spot with an Rt 
value only slightly different than that of ferrocenecarboxylic acid. 
This material, 2-chloro-3-methylferrocenecarboxylic acid, de
composed in 12 hr when stored under nitrogen at — 10 and 
could not be submitted for analysis.

The balance of the original reaction mixture was treated with 
4 ml of deuterium oxide as described above to give 0.240 g 
of a mixture of methylferrocene and 2-methylchloroferrocene in 
which 15% deuterium incorporation in the chloro compound was 
observed.

C. — To a stirred solution of 0.215 g of freshly sublimed 2- 
methylchloroferroeene in 25 ml of tetrahydrofuran at 0° was 
added 3 ml of a mixture of 1.37 ml of tetramethylethylenediamine,
3.6 ml of hexane, and 10 ml of 0.9 N  n-butyllithium. The re
action mixture was heated at reflux for 15 min and the remaining 
butyllithium solution was added dropwise to the hot reaction 
mixture. After heating for 18 hr the dark brown solution was 
poured into ice water and the aqueous layer was drawn off. 
The aqueous solution was treated with ascorbic acid and ex
tracted with ether and the extracts were combined with the 
original organic phase. The combined extracts were washed 
with water and dried, and the solvent was removed to give a 
yellow oil. The oil was dissolved in hexane and chromatographed 
on Merck alumina to give 0.20 g of yellow oil which by glc 
contained 40% methylferrocene, 52% 2-methylchloroferrocene, 
5% 2-methylbutylferrocene, and 3% 3-methylbut.ylferrocene.

D. — The reaction of 0.130 g of 2-methylchloroferrocene with 
n-butyllithium-tetramethylethylenediamine was carried out 
essentially as described in C above; however, the chloro com
pound was dissolved in 10 ml of hexane to which had been added 
0.12 ml of piperidine. After heating at reflux for 11 hr the re
action mixture was poured over ice and the phases were separated. 
The organic phase was washed with water and extracted with 
10% hydrochloric acid. The acidic extracts were cooled in an 
ice bath and made basic with 10% sodium hydroxide. Extraction 
with ether gave a yellow organic phase which was washed with 
with saturated sodium chloride and dried over magnesium sul
fate. Removal of the solvent gave 0.032 g of brown material. 
T ic (alumina-G, benzene-hexane 1:1) left most of the sample at 
the origin; however, two spots appeared, the Rt values of which

were slightly greater than that of piperidylferrocene,2 which was 
simultaneously chromatographed.

The neutral fraction was washed with saturated brine and dried, 
and the solvent removed to give 0.070 g of dark oil which was 
dissolved in hexane and chromatographed on 20 g of Merck 
alumina. Elution with hexane gave 0.030 g of yellow oil which 
was analyzed by glc and found to contain 79% methylferrocene, 
9%  2-methylchloroferrocene, and 11% butylmethylferrocenes. 
A  second fraction was eluted with benzene and was nonvolatile 
under glc conditions. Tic showed that it had an R t value vir
tually identical with that of biferrocenyl.2 The infrared spectrum 
showed both alkyl and aromatic carbon hydrogen bands as well 
as the 9 and 10 bands characteristic of unsubstituted rings in 
ferrocene derivatives.

E.— To a solution of 1.00 g of feshly sublimed 2-methylchloro
ferrocene in 10 ml of tetrahydrofuran at 0° was added 2.5 ml of 
2.18 N  re-butyllithium in hexane. After 1.5 hr at 0°, 20 ml of 
purified hexane and an additional 10 ml of n-butyllithium in 
hexane were added. The reaction mixture was allowed to warm 
to room temperature and then heated at reflux for 6 hr. The 
products were isolated as described above, and on chromatog
raphy 0.386 g of material was obtained from the hexane fraction. 
This mixture was found to contain 45% (19% yield) methyl
ferrocene, 40% (17% recovery) 2-methylchloroferrocene, 6%  
(2% ) 2-methylbutylferrocene, and 9%  (4% ) 3-methylbutyl- 
ferrocene. Preparative glc of this material gave 0.010 g of the 
mixture of 2- and 3-methylbutylferrocenes, the infrared, nmr, 
and mass spectra of which were identical with the summation of 
the spectra of the pure isomers.

l'-Butyldiphenylcarbamylferrocene.— To a chilled ( — 40°) so
lution of 2.19 g of diphenylcarbamylferrocene11 in 50 ml of anhy
drous dichloroethane was added 0.90 g of aluminum chloride and 
then a mixture of 6.87 ml of butryl chloride and 0.90 g of alu
minum chloride was added dropwise. The mixture was stirred 
for 2 hr in the cooling bath and was then warmed to room tem
perature and stirred for an additional 1.5 hr. The reaction mix
ture was poured into water, the aqueous layer was drawn off, and 
the organic material was washed with two portions of 10%  
hydrochloric acid, sodium bicarbonate, and finally water. The 
dark organic solution was dried and the solvent was removed to 
give a dark oil which partially crystallized after standing under 
nitrogen at room temperature for several days. Crystallization 
from ether gave 1.48 g (56%) of dark red crystals: mp 125-127°; 
nmr 0.98 (t, 3 H, CH3), 1.70 (m, 2 H , CH2CH2C = 0 ) ,  2,70 (t, 
2 H, CH2CH2C = 0 ) ,  4.18 (s, 4 H , FC H ), 4.52, 4.78 (A 2 B2, 
FC H ), 7.28 (s, 10 H , Ar H ).

Anal. Caled for C2,H26N 0 2Fe: C, 71.85; H, 5.58; N , 3.10. 
Found: C, 72.04; H , 5.94; N , 3.06.

l'-Butyrylferrocenecarboxylic Acid.— A  suspension of 0.490 g 
of diphenyl amide 11 in 25 ml of 10% ethanolic potassium hydrox
ide was heated at reflux for 7 hr. The reaction mixture was 
poured into ice water and washed with methylene chloride. The 
aqueous layer was acidified with 10%  hydrochloric acid and ex
tracted with three portions of methylene chloride. The organic 
extracts were combined, washed with water, and dried and the 
solvent was removed to give 0.263 g (70% ) of orange crystals. 
Recrystallization from ether gave an analytical sample: mp
109-110°; resolidification then mp 119-120°; nmr 5 1.01 ft, 3 H, 
C H 3), 1.78 (m, 2 H, CH2CH2C = 0 ) ,  2.78 (t, 2 H, CH2CH2C = 0 ) ,
4.58 (m, 4 H, FCH ), 4.89 (br s, 4 H , FC H ).

Anal. Caled for CisHicOsFe: C, 60.02; H, 5.37. Found: 
C, 60.00; H, 5.41.

Butyrylmethylferrocenes.— To a solution of 3.57 g of methyl- 
ferrocene18 in 25 ml of methylene chloride was added dropwise a 
mixture of 1.34 ml of butyryl chloride and 2.38 g of aluminum 
chloride in 30 ml of methylene chloride. The mixture was 
stirred at room temperature for 4 hr and the poured over ice. 
The organic layer was drawn off and the aqueous solution was 
extracted with methylene chloride. The organic extracts were 
combined, washed with water and saturated aqueous sodium 
bicarbonate, and dried and the solvent was removed to give 4.06 
g of red oil. This oil was dissolved in hexane and chromato
graphed on Merck acid-washed alumina. Elution with hexane 
gave 0.637 g (18%) of recovered ferrocene, while 2:1 hexane- 
benzene gave 0.400 g (10%) of 2-methylbutyrylferrocene as a 
red oil: nmr 8 0.99 (t, 3 H, C H ), 1.70 (m, 2 H , CH2CH2C = 0 ) ,

(18) A. N. Nesmeyanov, E. G. Prevalova, L. S. Shilovtseva, and Z. NV 
Beinoreivichata, Dokl. Akad. Nauk SSSR, 121, 117 (1958); Chem. Abstr., 
53, 323 (1959).
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2.21 (s, 3 H, FC CH ,), 2.55 (m, 2 H , CH2CH2C = 0 ) ,  3.98 (s, 5
H , FC H ), 4.15 (m, 2 H, FC H ), 4.39 (m, 1 H , FC H ).

Anal. Calcd for Ci5H 18FeO: C, 66.60; H, 6.72. Found: C, 
66.92; H , 6.48.

Later fractions eluted with hexane-benzene mixtures gave 2.30 
g (57% ) of a mixture of 2-, 3-, and l'-methylbutyrylferrocene. 
The major fraction (1,68 g ) of this mixture, which as relatively 
rich in the 3 and 1' isomers, was dissolved in benzene and re
chromatographed on Woelm activity I  neutral alumina. 
Elution with 2:1 methylene chloride-ether gave 0.370 g of a 
mixture of 94% l'-methyl ketone and 6%  of the 3 isomer, while 
later fractions eluted with the same solvent pair gave first 0.440 
g of a mixture of 44% of the 1' and 56% of the 3' compound and 
finally 0.500 g containing 84% of 3-methylbutyrylferrocene and 
16% of the 1' isomer. The nmr assignments could be made on 
the enriched fractions and follow: 1 '-methylbutyrylferrocene, 5
I .  00 (t, 3 H , CH ,), 1.75 (m, 2 H, CH2CH2C = 0 ) ,  1.82 (s, 3 H, 
FC CH ,), 2.59 (t, 2 H, CH2CH2C = 0 ) ,  3.91 (s, 4 H, FCH ),
4.24 (m, 2 H, FC H ), 4.60 (m, 2 H, F C H ); 3-methylbutyryl
ferrocene, 0.98 (t, 3 H, CH ,), 1.68 (m, 2 H , CH2CH2C = 0 ) ,
1.99 (s, 3 H, FC H ), 2.55 (m, 2 H, CH 2CH2C = 0 ) ,  3.96 (s, 5 H, 
FC H ), 4.21 (m, 2 H, FCH ), 4.59 (m, 2 H, FC H ). The middle 
fraction consisting of the 44:56 mixture was submitted for 
analysis.

Anal. Calcd for CI6H !8FeO: C, 66.69; H, 6.72. Found: C, 
66.89; H , 6.67.

2-Methylbutylferrocene. A.— To a chilled suspension of 0.080 
g of aluminum chloride and 0.265 of lithium aluminum hydride 
in 20 ml of dry ether was added drop wise 0.100 g of 2-methyl- 
butyrylferrocene in 20 ml of ether. The reaction mixture was 
allowed to warm to room temperature and stirred for 30 min, 
and ice water was added cautiously. The aqueous layer was 
drawn off, the organic layer was dried, and the solvent was 
removed to give a yellow oil which was dissolved in hexane and 
filtered through a column of Woelm neutral alumina to give 0.048 
g (50% ) of 2-methylbutylferrocene, homogenous to glc: nmr S 
0.92 (m, 3 H, C H ,), 1.32 (m, 4 H, -C H 2CH 2- ),  1.98 (s, 3 H, 
FcCH,), 2.28 (m, 2 H, FcCH2- ) ,  3.78 (m, 3 H, FCH ), 3.81 (s, 
5 H, FCH ).

Anal. Calcd for CJ6H 20Fe: C, 70.33; H, 7.87. Found: C, 
70.63; H, 7.91.

B.— To a solution of 2-lithio-jYW-dimethylaminomethyl- 
ferrocene, from 1.67 g of (VW-dimethylamminomethylferrocene, 
was added 3.1 g of redistilled n-butyraldehyde and the reaction 
was stirred at reflux for 5 hr. Ice water was added and the layers 
were separated. The ethereal solution of products was extracted 
with 10%  hydrochloric acid, and the acid extracts were made 
basic with 10%  sodium carbonate and extracted with ether. 
The ether extracts were washed with water and dried, and the 
solvent was removed to give 2.56 g of various viscous oil. T ic 
(alumina-G; 1:1 benzene-ether) indicated the presence of 
starting material and a second compound of similar polarity. 
The ir showed no hydroxyl absorption and the nmr showed vinyl 
protons in the S 5.85-6.18 region. Attempted chromatographic

separation was unsuccessful and the mixture was converted to 
the methiodides and reduced with sodium amalgam as described 
above for the preparation of 2-methylchloroferrocene. From 
2.56 g of starting mixture, 1.50 g of amber oil was obtained. 
Glc analysis showed that the product consisted of 49% methyl- 
ferrocene, 45% 2-methylbutenylferrocenes (cis and trans), and 
6%  of a third component: nmr 1.83-2.42 (m, -C H 2, CH3), 3.60, 
3.65 (s, FeCH3), 3.95-4.34 (m, FC H ), 5.96 (m, C H = C H ).

Again, chromatographic separation was unsuccessful and 1.00 
g of the mixtue was dissolved in 40 ml of methanol and hydro
genated at 30 psig using 0.100 g of Adams catalyst. The catalyst 
was filtered off and the solvent was removed to leave 0.802 g of 
yellow oil. Glc showed that the product contained 42% methyl- 
ferrocene, 45% 2-methylbutylferrocene, and 13% minor com
ponents. The retention time of material prepared in this manner 
was identical with that prepared in part A, and differed from that 
of the other two isomers.

3-Methylbutylferrocene.— This compound was prepared from 
the corresponding ketone contaminated with 15% of the V  
isomer, by the procedure described above. From 0.100 g there 
was obtained 0.060 g (63%) of reduced material: nmr 0.91
(m, 3 H, CH ,), 1.32 (m, 4 H, CH 2CH2), 1.98 (s, 3 H, FcCH ,),
2.21 (m, 2 H , FcCH2), 3.79 (m, 3 H, FC H ), 3.85 (s, 5 H , F C H ).

Anal. Calcd for C,6H 2oFe: C, 70.33; H, 7.87. Found: C, 
70.42; H, 7.71.

l'-Methylbutylferrocene. A.— The reduction of l'-butyryl- 
methylferrocene, contaminated with 5% of the 3 isomer, was 
carried out as described above for the preparation of 2-methyl- 
butylferrocene. From 0.100 g of ketone there was obtained 0.73 
g (75% ) of l'-methylbutylferrocene, contaminated with 5% of 
the 3 isomer: nmr S 0:90 (m, 3 H, CH3), 1.34 (m, 4 H, CH2CH2), 
1.91 (s, 3 H , FcCH ,), 2.22 (m, 2 H , FcCH2), 3.80 (br s, 8 H, 
FC H ).

Anal. Calcd for Ci5H20Fe: C, 70.33; H, 7.87. Found: C, 
69.64; H, 7.33.19

B.—The reduction of l'-butyrylferrocenecarboxylic acid was 
carried out by the same procedure used for the reduction of the 
methylbutyryl compounds. From 0.030 g of acid 0.032 g of 
product, which was homogenous to glc, was obtained. The 
retention time of this material was identical with that of material 
prepared by method A, as were the ir and nmr spectra.

Registry N o .—2, 31852-03-6; 7, 32241-91-1; 8,
32241-92-2; 9, 32241-93-3; 11, 32241-94-4; 13, 32241-
95-5; 14,32241-96-6; 15,32241-97-7; n-butyllithium, 
109-72-8; 2-chloro-3-methylferrocenecarboxylic acid, 
32241-98-8; l'-butyrylferrocenecarboxylic acid, 32241-
99-9.

(19) Completely acceptable analytical data could not be obtained for 
this compound; however, ir, nmr, and mass spectral data (see Table I )  are 
in accord with the assigned structure.



Electrochemical Generation of Homogeneous Nickel(O)
Catalysts for Butadiene Oligomerization

W i l l ia m  B . H u g h e s

R e s ea rch  a n d  D e v e lo p m e n t D e p a r tm e n t, P h i l l i p s  P e tr o le u m  C o m p a n y , B a rt le s v il le ,  O k la h om a  7 4 OO4

R ece iv ed  M a y  2 4 , 1971

Electrolytic reduction has been used successfully to prepare nickel catalysts which will convert butadiene to 
principally 4-vinylcyclohexene and 1,5-cyclooctadiene. The effects upon conversion and product distribution of 
(a) initial nickel compound, (b) added ligands, (c) solvent, (d) electrolyte, and (e) reduction potential were in
vestigated. Of particular significance was a successful reduction in the absence of any supporting electrolyte.
Evidence that the catalytic species contained nickel(Q) was obtained by the isolation of NifPhiPCHsCHsPPhs^ 
when the reduction was effected in the presence of this chelating phosphine. The eleetroehemically reduced 
species were also shown to undergo reactions typical of nickel(O) leading to organonickel derivatives.
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Transition metals in low oxidation states (partic
ularly zerovalent) are known to be the active species 
in a number of homogeneous catalytic reactions of 
unsaturated hydrocarbons.1'2 In a number of cases, 
the action of a cocatalyst capable of acting as a re
ducing agent is necessary for catalyst formation. The 
objective of this research was to investigate the feasi
bility of i n  s i tu  electrochemical reduction as a method 
of generating low-valent metal species capable of 
functioning, without isolation or further treatment, 
as homogeneous catalysts. We have chosen as a 
model system the oligomerization of butadiene by 
reduced nickel species.

Yamazaki and Murai have reported3 that electrol
ysis of [Ni(py)4] [C104]2 or NiCl2 in the presence of 
butadiene yields a red-brown complex which upon 
decomposition by sulfuric acid or heat yields tr a n s ,-  
¿rans,£rans-n-hexadecatetraene. The tetraene pre
sumably arises by tetramerization of the butadiene by 
a reduced nickel species. The reaction, however, was 
not catalytic. Shortly after completion of this work, a 
communication appeared describing the electrochem
ical synthesis of organonickel compounds.4 It was 
also mentioned that the reduced nickel species would 
convert butadiene to cyclododecatrienes or (with tri- 
phenylphosphine present) to 4-vinylcyclohexene and
1,5-cyelooctadiene.

Results

The experimental procedure consisted of two phases: 
(1) catalyst generation and (2) reaction with butadiene. 
Catalyst generation involved the controlled-potential 
electrolysis of a solution of the nickel compound, elec
trolyte, and added ligand, if any, until the cell current 
decreased essentially to 0 mA. The initial current 
was arbitrarily limited to 100 mA. The reductions 
were generally accompanied by a series of striking 
color changes. Thus, in the system  NiCl2 • dimethoxy- 
ethane-Ph 3 P-B u 4 N C 1 0 4 -A ,A-dim ethylform am ide, the 
initially royal blue solution changed to dark green 
to red-brown to dark yellow-brown.

After completion of the electrolysis, the solution 
containing the reduced nickel species was transferred 
to a pressure vessel, butadiene was added, and the 
mixture was heated. The effect of a number of vari

(1) I. Wender and P. Pino, “ Organic Synthesis via Metal Carbonyls,” 
Interscience, New York, N. Y., 1968.

(2) C. W. Bird, “ Transition Metal Intermediates in Organic Synthesis,” 
Academic Press, New York, N. Y., 1967.

(3) N. Yamazaki and S. Murai, Chem. Commun., 147 (1968).
(4) H. Lehmkuhl and W . Leuchte, J. Organometal. Chem., 23, C30 (1970).

ables on the product distribution and per cent con
version were investigated and are discussed individually 
below. Under our experimental conditions, heating 
a mixture of butadiene and acetonitrile alone gave 3% 
of 4-vinylcyclohexene, a trace of 1,5-cyclooctadiene, 
and 2% of polymer. In some cases, the per cent VCH  
includes small amounts of octatrienes. The reduction 
potentials quoted below are referred to the A g|A g+ 
couple.

Effect of Nickel Source.—Table I lists the results 
obtained with several types of nickel(II) compounds. 
The first three entries indicate that several combina
tions of nickel (I I) chloride and triphenylphosphine 
may be used. Enhanced solubility in organic solvents 
makes nickel(II) chloride-tertiary phosphine com
plexes preferred sources of nickel (the phosphine is 
also necessary to prevent deposition of metallic nickel; 
v id e  i n f r a ) . For convenience, prior preparation of the 
phosphine complexes can be circumvented by using 
the 1:1 complex of nickel(II) chloride and 1,2-di- 
methoxyethane (DM E) which is also somewhat soluble 
in organic solvents. Addition of the appropriate 
phosphine results in the rapid i n  s i tu  formation of the 
phosphine complex. The low conversions in experi
ments 1 and 4 are believed to be due to the very low 
solubilities of NiCl2 and NiCl2(Cy3P )2 resulting in a 
very low concentration of reduced nickel. The five- 
coordinate complex, N i(C N )2(PhPM e2)3, when reduced 
in acetonitrile gave an active catalyst; this reaction, 
however, was not analyzed quantitatively.

Effect of Added Ligand.—The effect of various added 
ligands on the catalyst system  obtained from NiCl2- 
D M E  in acetonitrile is shown in Table II.

The reduction must be carried out in the presence of 
a ligand capable of stabilizing the reduced nickel spe
cies. Thus, as indicated by expt 7, metallic nickel is 
precipitated when NiCl2-D M E  alone is subjected to 
electrolysis. Nickel metal was also formed when 
triphenylarsine and 1,5-cyclooctadiene were the added 
ligands (expt 8 and 9). Acrylonitrile prevented the 
formation of metallic nickel but did not give a catalytic 
system (expt 14). The triphenyl- and trialkylphos- 
phines wrere effective in stabilizing the reduced nickel. 
The chelating phosphine, bis(l,2-diphenylphosphino)- 
ethane, gave a catalyst of low activity. The effect of 
varying the Ph3P :N i ratio from 2:1 to 4:1 is demon
strated by expt 10 and 11, respectively. A higher 
concentration of triphenylphosphine increases the 
conversion and the selectivity to VCH while decreasing 
the amounts of heavier materials, i .e . , CD T and poly-
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T a b l e  I o

E f f e c t  o f  N ic k e l  So u r c e 6

Expt Added CiHj, .----- ---------—------------ —Yield, %-
no. Nickel compd, mmol ligand, mmcl g VCH COD C D T Polymer

1 . NiCh, 0.4 Ph3P, 4.6 11.5 7 0.5 '—'0 2

2 N iC b-D M E ,« 1.0 Ph3P, 2.0 11.9 25 36 5 11

3 NiCM PhtP),, 1.0 None 17.3 18 29 5 2

4 N iC li(C y ,P ),,4 0.4 None 10.1 6 3 2 3

5 N iC l2(E t3P )2, 0.4 None 10.7 12 24 1 3

6 N lC l2(Bu3P )2, 0.4 Bu3P, 4.S 11.2 16 43 1 e

° The following abbreviations are used throughout the tables below: VCH  =  4-vinylcyclohexene, COD =  1,5-eyclooctadiene, and 
C D T  =  cyclododecatrienes. The per cent yield is the chemical yield. 6 Conditions: CI13CN  (25 ml), BruNCIO, (0.1 M ), —2.0 V. 
'D M E  =  1,2-dimethoxyethane. d Cv =  Cyclohexyl. " N o t determined.

T a b l e  I I

E ffe c t  of  Add ed  L ig an d “
,---------- Yield, %---------- N

Expt CiH,, Poly-
no. Added ligand, mmol g VCH COD CDT mer

7 None6'“ Metallic nickel
8 Ph3As,6 4 .6 Metallic nickei
9 1,5-COD,6 5.1 Metallic nickel

10 Ph jP/  2.0 11.9 25 36 5 h

11 Ph3P /  4.0 11.6 40 43 3 8
12 B u3P / 2 .0 7.3 14 28 2 11
13 diphos," 1.0 11.4 8 Trace Trace 9
14 CH2= C H C N / 4  0.4 8.9 No catalysis

° Conditions: CH3C N  (25 ml), Bu,¿STCIO, (0.1 M ), - 2.0 V.
6 0.4 mmol of N iCh -D M E . 0 BmNBr as electrolyte. d 1.0 mmol 
of N iC V D M E . e diphos =  bis(l,2-diphenylphosphino)ethane. 
r iV,iV-Dimethylformamide solvent. " N ot determined.

mer. The substitution of tributylphosphine for tri- 
phenylphosphine enhances the selectivity to COD.

Effect of Solvent. —Several solvents were found to be 
suitable media both for the electrolytic reduction and 
the subsequent oligomerization reaction (Table III).

T able . I l l

E f f e c t  o f  So l v e n t “

■Yield, %•
Expt
no. Solvent6

g-----Reduction------'
V Min VCH COD C D T

Poly
mer

15 c h 3c n - 2.0 40 25 36 5 11
16 D M F" - 2.0 42 17 32 8 7
17 D M E á - 2.0 196 6 2 ~ 0 13
18 D M E i - 3 .0 189 5 4 ~ 0 e
19 D M E t i - 3 .0 118 15 30 2 4

“ Conditions: N iC L-D M E ( 1.0 mmol), Ph3P (2.0 mmol),
BmNClOi (0.1 M ). 6 25 ml. c D M F  =  MA-dimethylformam- 
ide. d D M E  =  1,2-dimethoxvethane. e N o t determined.
t 0.5 mmol of N iCh-D M E.

Acetonitrile and A.A-dimethylformamide are, how
ever, the solvents of choice. The solubilities of the 
starting nickel complexes are much higher in these 
solvents. Much higher current densities can, there
fore, be achieved in these solvents and the reductions 
can thus be effected much more rapidly (c/. exp* 15 and 
16 with expt 17-19). In acetonitrile and N ,N - d \ -  
methylformamide, a lower Ph3P : N i ratio (2:1 vs. 4:1) 
was sufficient to obtain catalysts of satisfactory activity  
than was the case with 1,2-dimethoxyethane. It is 
likely that the former solvents are effective in stabilizing 
the reduced nickel species through coordination. Under 
the same experimental conditions, WW-dimethyl- 
formamide gives a higher selectivity to COD than does 
acetonitrile. This is additional evidence that the 
solvent may be acting as a ligand in the catalytic nickel

species. Sulfolane was also shown to be a suitable 
solvent, but the reaction was not analyzed quantita
tively.

Effect of Electrolyte.—The results obtained with  
several different supporting electrolytes are shown in 
Table IV.

T a b l e  IV

E f f e c t  o f  Su p p o r t in g  E l e c t r o l y t e “

Expt Supporting CiHi,
no. electrolyte6 g

20 BinNClO, 11.9
21 BinNCl 12.3
22 BinNBr 15.6

-Yield, % ■

VCH COD C D T
Poly
mer

25 36 5 11
10 17 5 13
26 39 5 12
26 34 5 9

mmol), Ph3P  (2.0 mmol), 
c Bu4NC10< present in anode

23 None' 13.6

“ Conditions: N iC fi-D M E  (1.0
CHsCN (25 ml), -2 .0  V. 6 0.1 M . 
compartment.

Tetra-n-butylammonium perchlorate is a commonly 
used supporting electrolyte in electrochemical studies 
because of the poor coordinating ability of the per
chlorate ion which minimizes interactions of the elec
trolyte with the metal-containing species. We have 
found that halide anions can be tolerated by the nickel 
catalyst systems (expt 21 and 22). The results ob
tained in the oligomerization reaction are very similar 
for the bromide and perchlorate salts; however, a 
lower conversion and a somewhat higher proportion 
of polymer resulted with the chloride derivative. Of 
significance, is the result of expt 23 in which supporting 
electrolyte was omitted. This could be useful in cases 
where interference from the electrolyte in subsequent 
reactions is a problem. W ith the exception of the 
B u 4N G 1  system, essentially the same results are ob
tained with or without supporting electrolyte present.

Effect of Reduction Potential.—The reduction of a 
2:1 P lp P :N iC k ■ D M E mixture in acetonitrile was 
carried out at several different potentials (Table V).

T a b l e  V

E f f e c t  o f  R e d u c t io n  P o t e n t ia l “

---------------Yield, % ----------------- s
Expfc ^—Reduction—̂  C4H«, Poly-
no. V Min i VCH COD CDT raer

24 - 1 . 5 57 12.6 8 <1 Trace 10
25 - 2 . 0 40 11.9 25 36 5 n
26 - 2 .5 78 12.2 14 25 2 16

“ Conditions: N iC fi-D M E  (4.0 mmol), Ph3P (2.0 mmol),
Bu.NCIO, (0.1 M ), C IljC N  (25 ml).

At —1.5 V a green solution and yellow solid were 
formed; this mixture exhibited lower activity for the 
oligomerization of butadiene (expt 24). A t —2.0 V a
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dark red-brown solution resulted which showed high 
catalytic activity. A more negative potential ( —2.5 
V) had a deleterious effect on the catalyst system when 
employing acetonitrile as the solvent. It is likely that 
at — 2.5 V some reduction of solvent is beginning to 
occur (the cathodic lim it for acetonitrile has been 
reported5 to be —2.84 V vs. Ag|Ag+) which yields species 
that deactivated the catalyst.

Discussion

The distribution of products in the butadiene oli
gomerization reaction catalyzed by electrochemically 
reduced nickel species is generally in accord with the 
results obtained with chemically reduced catalysts. 
Thus, the catalyst obtained from the interaction of 
nickel (II) acetylacetonate and ethoxydiethylalumi- 
num in the presence of triphenylphosphine gave (after 
5 hr at 80°) 30% of VCH, 62% of COD, and 4% of 
C D T.6 The results obtained in the electrochemical 
system  N i (acac) 2-p y  ridinc—R 4NBr are comparable to  
those we have obtained. The above system  gives 44%  
of VCH and 56% of COD.4 ............................. ..

A number of zerovalent nickel compounds are known 
to catalyze the oligomerization of butadiene.7 Direct 
evidence for the presence of nickel (0) species in the 
systems of this research was obtained by the following 
experiment. Reduction of a solution of NiCl2(Ph2- 
PCH2CH2PPh2) in acetonitrile at —2.0 V in the pres
ence of 1 equiv of Ph2PCH 2CH2PPh2 resulted in the 
precipitation of N i(Ph2PC H 2CH2PPh2)2 in 89% yield.

The nickel(O) complexes, Ni(l,5-cyclooctadiene)2, 
Ni(cyclooctatetraene), Ni(aH-frans-cyclododecatriene), 
and N i(Ph3P ) 4 , were prepared by Lehmkuhl and 
Leuchte from Ni(acac)2 and the appropriate ligand.4 
Recently, the electrochemical synthesis of two rho- 
dium(0)~tertiary phosphine complexes has been de
scribed.8

Additional evidence for the presence of nickel(O) in 
our system was obtained by the following experiments. 
Reduction of NiCl2(Ph3P )2 in acetonitrile followed by 
treatment of the solution with pentafluorobromoben- 
zene gave NiBr(C6F 6)(Ph3P )2. Similarly, a reduced 
solution of NiCl2(Et3P )2 reacted with tetrachloro- 
ethylene to give N iC l(C C l=C C l2)(E t3P)2. These or- 
ganonickel(II) derivatives arise from the oxidative 
addition of the organic halide to a nickel(O) species.9

Experimental Section

Reagents.— The following chemicals were obtained from the 
source indicated in parentheses and used as received: AgClO«
(K  and K  Laboratories), BmNClOi (G. Frederick Smith), 
B u4N X (X  =  Cl, B r) (Eastman), Hg (National Zinc Co.), 
N iC l2-D M E (A lfa Inorganics), Ph3P  and Bu3P  (Carlisle), and 
Ph2PC H 2CH2PPh2 (Arapahoe). The following complexes were 
prepared by established literature methods: N iC l2(Bu3P )2,
N iC l2(Ph2PCH 2CH2PPh2), N iC l2[(C 6H i,)3P ]2, N iC l2(E t3P )2, and 
N iC l2(Ph3P )2. The Ph3As (M  and T )  was recrystallized from 
M eOH. The COD (Columbia Carbon) and CH 2= C H C N  
(Eastman) were distilled materials. The acetonitrile (Mallin- 
ckrodt) was dried over Davidson Type 4A molecular sieves. 
The D M E  (Eastman) and D M F  (Mallinckrodt) were distilled

(5) E. O. Sherman and D. C. Olson, Anal. Chem., 40, 1174 (1968).
(6) G. Wilke, H. Muller, and M. Kroner, Angew. Chem., 73, 33 (1961).
(7) G. Wilke, Angew. Chem., Int. Ed. Engl., 2 ,  105 (1963).
(8) D. C. Olson and W . Keim, Inorg. Chem., 8, 2028 (1969).
(9) D. R. Fahey, J. Amer. Chem. Soc., 92, 402 (1970).

from CaH2. The solvents were degassed by sparging with pre
purified nitrogen before use.

Apparatus.— All electrochemical work was carried out in a 
Vacuum Atmospheres Corp. Dry-Lab/Dry-Train containing an 
atmosphere of 96% nitrogen and 4%  hydrogen.

Controlled-potential electrolyses were conducted in a U-shaped 
cell consisting of two compartments separated by a sintered-glass 
disk. One compartment (the cathode) was equipped with a 
ground-glass joint to hold the reference electrode assembly. 
Electrical contact with the cathode and anode compartments was 
made via platinum wires pinch-sealed through the base of the 
cell. The reference electrode assembly consisted of two parts: 
an upper tube containing a silver wire and a 0.001 M  solution of 
AgC10< in 0.1 M  Bu,NC10( in CHSC N  and a lower tube containing 
0.1 M  electrolyte in the reduction solvent. The upper tube was 
separated from the lower and the lower tube from the catholyte 
by sintered-glass disks.

Controlled-potential electrolysis was effected with a Kepco 
Model 60-G.5 power supply used in conjunction with a Heath 
voltage reference source.

The butadiene reactions were conducted in Fisher-Porter 
aerosol compatibility bottles equipped with a pressure gauge and 
fitting for admitting gaseous butadiene. A ll equipment was 
dried at 105-110° before use.

Analysis.— The reactions were analyzed by glpc on a F  & M  
Scientific Model 5750 chromatograph using a flame ionization 
detector. The analysis for VC H  and COD was conducted on a 
20 ft  X  V » in. column containing 20% tris(cyanoethoxy)propane 
on 35/80 mesh Chromosorb P  at 120°. Analysis for cyclododeca- 
trienes was carried out on a 6 ft  X  Vs in. column containing 
20% SE-30 on Chromosorb P  at 120°. The polymer content of 
the reaction mixture was taken as the material which would not 
distil into a D ry Ice cooled receiver at 100° (0.075-0.1 mm). 
The VCH , COD, and C D T  were isolated in an experiment using 
a catalyst obtained by reducing (at —2.0 V ) 0.4 mmol of N iC l2- 
D M E  and 4.5 mmol of Ph3P  in 0.1 M  Bu(NC IO ,-CH 3C N . 
They were identified by their ir and nmr spectra.

Catalyst Generation.— The following general procedure was 
used in all the experiments discussed above. The nickel com
pound, electrolyte, added ligand, and solvent were mixed (total 
volume 25 ml). The resulting solution or suspension was trans
ferred to the cathode compartment of the elctrolysis cell. A  
solution (0.1 M )  of electrolyte was placed in the anode compart
ment. Mercury was added to both compartments in an amount 
sufficient to cover the platinum wires sealed in the base. The 
reference electrode assembly was allowed to contact the solution 
in the cathode compartment. The mercury pool electrodes were 
stirred magnetically. Current was then passed through the cell 
at the desired reduction potential until a residual value of <5  mA 
was reached.

Butadiene Oligomerization.— After completion of the electroly
sis, the mercury was drained from the cathode via a stopcock 
located in the base of the cell and the solution containing the 
reduced nickel species was transferred to a Fisher-Porter bottle. 
Butadiene was added at room temperature and the reaction 
mixture was stirred and heated to 130° over 2 hr. After an 
additional 3 hr at this temperature, heating was discontinued. 
The reaction mixture was cooled in an ice bath, then analyzed 
by glpc. A  weighed quantity of VC H  was added to the reaction 
mixture followed by reanalysis. The increase in area of the VCH  
peak (relative to the COD peak) was used to determine the quan
tities of these materials present.

Preparation of N i(Ph2PCH 2CH2PPh2)2.— A  solution of 0.26 g 
(0.49 mmol') of N iC l2(Ph2PC H 2CH2PPh2), 0.20 g (0.50 mmol) of 
Ph2PC H 2CH2PPh2, and 0.86 g of BmNClO, in 25 ml of CH3CN 
was reduced at —2.0 V  over an 18-min period. The solution 
changed from red-brown to yellow and a gold solid precipitated. 
The solid was recovered by filtration and washed with pentane 
to give 0.38 g. The infrared spectrum of this material was 
identical with that of a sample of N i(Ph 2PC H 2CH2PPh2)2 
prepared by the procedure of Chatt and H art.10 A  sample re
crystallized from benzene-methanol gave orange crystals. 
Anal. C a lcd forC 62H 48P 2N i: C, 73.0; H , 5.7; N i, 6.9. Found: 
C, 73.0; H , 5.7; N i, 7.0.

Preparation of N iBr(C6F6)(Ph3P )2.— A  solution of 1.30 g 
(2.0 mmol) of N iC l2(Ph3P )2 in 50 ml of 0.1 M  Bu4NC104 in 1,2-di- 
methoxyethane was reduced at —3.6 V  for 4.75 hr. Pentafluoro- 
phenyl bromide, 2.20 g (8.9 mmol), was added to the reduced

(10) J. Chatt and F. A. Hart, J . Chem. Soc., 1378 (1960).
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solution after transfer from the cell to a 7-oz bottle. After heating 
at 60° for ca. 10 min, the reaction mixture was filtered through 
alumina. Concentration of the filtrate gave a green oil. Extrac
tion with pentane left a green gum. The addition of 30 ml of 
methanol resulted in the formation of a yellow solid, 0.19 g. 
An infrared spectrum of this material showed it to be NiBr- 
(C,Fi )(Ph3P V

Preparation of N iC l(C C l=C C l2)(E t3P )2.— A  solution of 0.3 g 
(0.8 mmol) of N iC l2(E t3P )2 and 0.86 g of Bu4NC10< in 25 ml of 
CH jCN  was reduced at —2.0 V  over a 52-min period. The solu
tion changed from dark red to brownish-gold. The solution was 
transferred to a 7-oz beverage bottle and treated with 1.82 g 
(11.0 mmol) of tetrachloroethylene. After standing overnight 
at room temperature, a 2-ml aliquot of the solution was chromato
graphed on alumina. Elution with 50% ether in pentane gave 
a yellow solid which had an infrared spectrum identical with that 
of authentic N iC l(C C l= C C l2)(E t3P )2. Chromatography of the 
remainder of the solution on alumina gave, with pentane elution,

0.19 g of the yellow solid. Recrystallization from methanol- 
water gave gold crystals, mp 89-91° (lit .11 mp 92-92.8°).

Registry N o .—Butadiene, 106-99-0; NiCl2(Ph3P )2, 
14264-16-5; NiCl2(Cy3P)2, 19999-87-2; NiCI2(E t3P)2, 
1752E-24-9; N iBr(C 6F 6)(P h3P )2, 14154-59-7.
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The interaction of silver ion with olefins that would have hindrance at the ba„ck of the complexed 7r orbital 
was studied. Hindrance causes a small decrease in complex formation indicating a slight dépendance on solva
tion at the back of the complex.

Steric effects have long been recognized as an impor
tant factor influencing complex formation of silver(I) 
with olefins.1 In an attem pt to further elucidate the 
nature of steric effects in these complexes, a variety of 
olefins were investigated in which backside (the face 
of the double bond opposite to that complexed with 
silver) steric hindrance to the incipient complex was 
varied. Norbornene type ring systems were used for 
this because the relatively rigid ring system  would pre
vent differences due to conformational variations. 
Silver ion has been shown to be largely complexed on 
the exo face of the norbornene ringlc'd so that substi
tution at the endo 5,6 positions would sterically block 
the back side of the complexed -zr orbital.

Conceivable blockage of solvation on the backside 
could drastically reduce complex formation. The

(1) (a) M. A. Muhs and F. T. Weiss, J. Amer. Chem. Soc., 84, 4697 
(1962); (b) S. Winstein and H. J. Lucas, ibid., 60, 836 (1938); (c) H. C. 
Brown and J. H. Kawakami, ibid., 92, 201 (1970); (d) C. F. Wilcox and 
W. Gaal, ibid., 93, 2453 (1971).

interactions of silver(I) ion with norbornene (1), e xo -
5,6-trimethylene-2-norbornene (2), endo-5,6-trimethyl- 
ene-2-norbornene (3), l,2,3,4,4a,5,8,8a-octahydro-l,4,-
5,8-es;o,endo-dimethanonaphthalcne (4), and 1,2,3,4,4a,- 
5,8,8a - octahydro - l,4,5,S-endo,exo-dimethanonapthth- 
alene (5) were investigated by the Muhs and Weiss pro
cedure18, and by the Winstein and Lucas m ethod.lb

The equilibrium constants determined by the Muhs 
and W eiss18 procedure (Table I) depend upon the dif-

T a b l e  I

E q u il ib r iu m  C o n s t a n t s  f o r  S i l v e r  C o m p l e x e s  

w it h  O l e f in s  b y  M u h s  a n d  W e is s  T e c h n iq u e  a t  60°
Compd Kha Xeq6 Rei Keq

1 15.1 16 .9C 1,0e
2 82.9 15.8 0.94
3 90.1 9 .84 0.58
4 369 11.5 0.68
5 406 13.9 0.82

Norbornadiene 25.9 6.75 0.40*
“ Ki. is the partition coefficient for olefin on pure ethylene 

glycol. b K eq is the equilibrium constant (l./mol) for formation 
of silver nitrate-olefin complex in ethylene glycol. c See discus
sion in Experimental Section. i  Reference la  gives 0.54 for this 
result at 40°.

ference in glpc retention time of olefin on an ethylene 
glycol column vs. its retention time on a silver nitrate 
impregnated ethylene glycol column.

In Table II are the equilibrium constants determined 
by distribution of olefin between carbon tetrachloride 
and an aqueous 1.0 M  silver nitrate solution by the  
W instein and Lucas1*3 treatment. The equilibrium  
constants are defined as follows.

K 0 =  [complex] h 2o / [olefin] ccifiAg +] h 2o 

K t> ~  [olefin] ecu/[olefin] HjO
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T able  I I

E q uilibrium  Constants for F ormation of Complexes 
of Silver  w ith  Olefins  by D istribution  betw een  A queous 

Silv er  N itrate  and  Carbon T etrachloride at  0.3°
Olefin K d Std dev Ka Std dev Ki Std dev

i 4,696 ±400 0.961 ±0.041 4513 ±430
2 131,625 ±13100 0.033 ± 0.002 4396 ±512
3 145,818 ±13600 0.020 ± 0.002 2989 ±408
4 >500,000 <0.005
5 >500,000 <0.005

This equals distribution of olefin between carbon 
tetrachloride and 1.0 M  aqueous potassium nitrate.

K , -  [complex]H2o/[oleflnlHso[Ag+]H2o

K \  =  K qK-d . In the discussion below it is K x that is 
used for the comparisons.

From Tables I and II it can be seen that steric 
blockage at the back side of the complex decreases the 
extent of complex formation slightly. Within the 
rather wide limits of error inherent in method II the 
relative equilibrium constants obtained by the two 
methods agree in the cases (1-3) where it is experi
mentally possible to compare them. The data in both 
methods support the conclusion that there is a small 
amount of charge developed on the vinyl carbon atoms 
which is stabilized by solvation. This is suggested 
by the lower value of K eq for 3 when compared to the 
value found for 1 and 2 and the lower value of 4 when 
compared to 5. The relatively small differences are in 
agreement with previous work suggesting little charge 
development on the olefinic carbons in the complex.2 3

In the Muhs and Weiss technique there appears to 
be one result that is inconsistent. The value of K eq for 
5 is a little lower than seems reasonable when compared 
to 1. Conceivably this could be due to differences in 
solvation of the complex of 5 due to the much greater 
size of 5 compared to 1. Perhaps a more reasonable 
model might be 4. A comparison of 5 with 4 shows 
that blockage at the endo side of the double bond does 
decrease complex formation, which is consistent with  
the results found in a comparison of 1-3.

Another aspect of interest is the use of silver ions as 
a means of purifying olefins. During the course of 
synthetic work involving norbornene type of ring 
systems, whose preparation utilizes Diels-Alder reac
tions, it is often necessary to separate 1:1 adducts from 
higher molecular weight materials. The value of K 0 
from Table II is indicative of the amount of olefin that 
could be extracted from a carbon tetrachloride solu
tion by aqueous silver nitrate when the olefin is largely 
insoluble in water. As the molecular weight increases 
the value of K a decreases very significantly. In 1-3 
it is clear that this is very largely due to the partition 
coefficient (A D) of olefin in carbon tetrachloride-water 
increasing in favor of carbon tetrachloride as the molec
ular weight of olefin increases. There are other 
factors but of much smaller magnitude such as the 
decrease due to blockage of solvation. Very probably 
for 4 and 5 the major factor is also an increase in A D, but 
this is not proven since experimental evaluation of the

(2) (a) R. D, Bach and H. F. Henneike, J. Amer. Chem. Soc., 92, 5589 
(1970); (b) T . Fueno, T. Okuyama., T. Deguchi, and J. Furukawa, ibid., 
87, 170 (1965).

(3) R. G. Parker and J. D. Roberts, ibid., 92, 743 (1970).

extremely high K B  and extremely low K 0 was not con
sidered reliable.

Experimental Section

General.— All near-infrared spectra were determined using 
a Cary 14 spectrophotometer. A ll glpc determinations were 
made on a Hewlett-Packard Model 5750 instrument with a flame 
ionization detector. Norbornene was purchased from Aldrich 
Chemical Co. and used without further purification, exo-5,6- 
Trimethylene-2-norbornene (2),2 3 4 l,2,3,4,4a,5,8,8a-octahydro-
l,4,5,8-exo,emfo-dimethanonaphthalene (4),6 and l,2,3,4,4a,5,8,- 
8a-octahydro-l,4,5,8-eiido,exo-dimethanonaphthalene (5 )6 were 
known compounds and prepared essentially according to 
literature procedures. eredo-5,6-Trimethylene-2-norbornene (3) 
was prepared essentially according to the procedure of Cristol4 
except that final purification to remove a small amount of 2 was 
carried out by repeated equilibration of an ether solution of 3 
with 15% aqueous silver nitrate solutions. After three equili
brations no 2 could be detected in 3 by glpc on the silver nitrate 
column described below.

Conditions for Glpc Determinations.1“— The ethylene glycol 
column was a 6-ft (0.25-in. o.d.) aluminum column packed with 
40.0% by weight of ethylene glycol on Chromosorb P  (60-80 mesh). 
The silver nitrate column was a 1.5-ft (0.25-in. o.d.) aluminum 
column packed with 40.0% by weight of 0.325 M  silver nitrate in 
ethylene glycol on Chromosorb P  (60% ). Determinations were 
carried out at 60°. To check for deterioration of the column 
with time, the retention time of norbornene was checked at var
ious intervals. No change in retention time for norbornene was 
found in either ethylene glycol or the silver nitrate column after 
72 hr at 60°. The samples were dissolved in pentane and the 
retention time was measured as the time from the solvent to the 
sample peak. The values of K eq are reproducible to 5%. We 
could not reproduce the absolute values of A eq for norbornene 
reported by Muhs and Weiss at 40°. We could not obtain C-22 
firebrick used by Muhs and Weiss and perhaps this is the cause 
of the differences. We obtained similar results on Chromosorb W  
and also using a stainless steel column with Chromosorb P  and 
W. However, relative values for K oc, were very similar to relative 
values reported by Muhs and Weiss. These values did not 
change after heating at 60° for 72 hr. Some comparisons of 
relative K eq at 40° are given below.

Norbornene
2,5-Norbornadiene
Camphene

Rel Keq Rel Keq
(this study) (Muhs and Weiss)

1.0 1.0
0.47 0.54
0.046 0.050

Conditions for Carbon Tetrachloride-Aqueous Silver Nitrate
Method."1’7— The aqueous phase was maintained at 1.0 M  ionic 
strength by using 1.0 M  potassium nitrate or 1.0 M  silver nitrate. 
The olefin in carbon tetrachloride was varied from 0.1 to 1 M . 
No variation in the values for the equilibrium constant could be 
detected in this range of concentrations. Equilibration was 
carried out by shaking 10.0 ml of aqueous phase with 4.0 ml of 
organic phase at 0.3° for 1 hr with a mechanical shaker. A  
sample of the olefin was shaken with silver nitrate solution and an 
identical sample was shaken with 1.0 M  potassium nitrate. 
The difference in the concentration of olefin in the carbon tetra
chloride phase equilibrated with silver nitrate and that equili
brated with potassium nitrate was evaluated and Ko was deter
mined as described by Traynham and Olechowski.7 In  cases 
where Ko was less than 0.005 no complex formation could be de
tected. A  value of 0.005 for Ko could have been detected. All 
of the compounds were examined by ir, nmr, and glpc before and 
after treatment with aqueous silver nitrate. In each case the 
compounds were homogeneous and the spectral properties were

(4) S. J. Cristol, W. K . Seifert, and S. B. Soloway, ibid., 82, 2351 (1960).
(5) S. B. Soloway, ibid., 74, 1027 (1952); J. K. Stille and D. R. Withered, 

ibid., 86, 2188 (1964).
(6) J. K. Stille, P. R. Kasper, and D. R. Withered, J ■ Org. Chem., 28, 682 

(1963); J. K. Stille and D. A. Frey, J. Amer. Chem. Soc., 81, 4273 (1959); 
K. Alder and H. F. Rickert, Justus Liebigs Ann. Chem., 543, 1 (1939).

(7) J, G. Traynham and J. R. Olechowski, J. Amer. Chem. Soc., 81, 571 
(1959).



completely in agreement with the proposed structures. No 
change in properties could be detected after treatment with silver 
nitrate.

The value of K v  was determined largely by the procedure of 
Wilcox and Gaal.ld Olefin was dissolved in 2.00 ml of carbon 
tetrachloride and shaken with 100.0 ml of 1.0 M  potassium nitrate 
at 0.3° for 1 hr. The layers were separated in a separatory 
funnel and the aqueous layer was centrifuged and then filtered 
through a Whatman No. 5 filter paper. A  90.00-ml aliquot of 
aqueous solution was cooled in an ice bath and extracted with
2.00 ml of ice-cold pentane. The pentane solution was then 
evaluated by gas chromatography on a 10-ft (0.25-in. o.d.) 
column of 10% UCC-W-982 Silicone on Chromosorb W  (60-80). 
The values for 4 and 5 were greater than five times the value for
3. However, we do not feel that a reliable estimate could be
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made for the absolute value of K d■ The extremely high value of 
K d for 4 and 5 leads to a high susceptibility to error due to traces 
of impurities and through incomplete separation of the phases. 
We obtained variations in the results for these two compounds 
which we attribute to these factors.

Registry N o .—1, 498-66-8; 2, 10466-50-9; 3, 2826-
19-9; 4, 15914-93-9; 5, 15914-93-9; silver ion, 14701-
21-4.
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The system chrom ium(III) acetylacetonate-ferf-butyl hydroperoxide has been used to initiate autoxidation 
of cyclohexene in 1-chlorooctane solvent in the temperature range 30-60°. Oxygen absorption rates and peroxide 
decomposition rates are presented and contrasted to a similar study of 1-octene. Disappearance rates of chro- 
m ium (III) acetylacetonate could not be determined spectrophotometrically because of the rapid appearance of 
an interfering absorption.

In connection with a study of the effectiveness of 
chromium(III) acetylacetonate and ¿erf-butyl hydro
peroxide as a free-radical initiator system ,2 an investi
gation of the autoxidation of cyclohexene initiated by 
this system has been undertaken. Some kinetic data 
for the autoxidation and for ¿erf-butyl hydroperoxide 
decomposition in the temperature range 30-60° are 
presented and compared to that reported earlier for 1- 
octene.2

Experimental Section

Chemicals.—Eastman “White Label” cyclohexene was dis
tilled under nitrogen prior to use. Samples of autoxidized 
cyclohexene were prepared by bubbling oxygen through cyclo
hexene (neat) at 30° in the presence of azobisisobutyronitrile for 
3 days and analyzed3 for peroxide content (2.9 X 10~2 M ).  No 
attempt was made to purify the peroxide formed. Aliquots of 
this autoxidized cyclohexene were added to solutions of pure 
cyclohexene in chlorooctane prior to chromium(III) acetyl- 
acetonate-ferf-butyl hydroperoxide initiated autoxidation. All 
other chemicals have been described previously.4

Kinetics.—All kinetic measurements have been described pre
viously.4 Attempts to study chromium(III) acetylacetonate 
disappearance rates spectrophotometrically2 were foiled by the 
rapid appearance of an absorption of unknown origin in the 
336-mM region. No absorption peak was observed in the 438-440- 
m/x region [Cr(VI)] during the course of this work, although at 
higher initial concentrations (~10-3 M )  of chromium(III) 
acetylacetonate, Cr(VI) was detected in reaction mixtures.

Products.—Products were identified by comparison with gas 
chromatographic retention times of previously analyzed reaction 
mixtures5 or with authentic samples of known reaction products. 
Analyses were performed on a Perkin-Elmer Model 154D gas 
chromatograph using a 6-ft stainless steel column packed with 
silicone grease on “GC-20” (Perkin-Elmer column type O). 
Helium flow was 8.0 psi, column temperature 148°. Gas chro

( 1 )  B r o o k l y n  C o l l e g e  o f  P h a r m a c y ,  L o n g  I s l a n d  U n i v e r s i t y .

(2 )  N .  I n d i c t o r ,  T .  J o c h s b e r g e r ,  a n d  D .  K u r n i t ,  J. Org. Chem., 34, 2 8 5 5  

( 1 9 6 9 ) .

(3 )  W .  F .  B r i l l  a n d  N .  I n d i c t o r ,  ibid., 2 9 ,  7 1 0  ( 1 9 6 4 ) .

( 4 )  N .  I n d i c t o r  a n d  T .  J o c h s b e r g e r ,  ibid., 31, 4 2 7 1  ( 1 9 6 6 ) .

( 5 )  D .  E .  V a n  S i c k l e ,  F .  R. M a y o ,  a n d  R. M .  A r l u c k ,  J. Amer. Chem. Soc.,
8 7 ,  4 8 2 4  ( 1 9 6 5 ) .

matograph analyses were performed on three reaction mixtures: 
one cyclohexene sample was autoxidized by chrom ium(III) acet
ylacetonate-ierf-butyl hydroperoxide at 50°; one cyclohexene 
sample was autoxidized by azobisisobutyronitrile at 50° similar 
to the procedure of Mayo, et al.]6 one cyclohexene sample was 
permitted to react at 50° in the presence of chrom ium(III) acetyl- 
acetonate-ferf-butyl hydroperoxide in  vacuo.

Results and Discussion

Tables I and II present initial oxygen absorption 
rates and ¿erf-butyl hydroperoxide decomposition rates

T a b l e  I
C y c l o h e x e n e  A u t o x id a t io n “'5 R a t e s  in  t h e  

P r e s e n c e  o f  C h r o m iu m ( I I I )  A c e t y l a c e t o n a t e  

a n d  ferf-BuTYL H y d r o p e r o x id e

[Cr(acac)3]o
[tert- [Cyclo- 

BuOOHJo, hexene ]o, ------ Rate X  106 M  see“-i —N

X 106 M M M 30° 40° 50°

0.00 0.00 4.95 0.0 0.0 0.0
0.00 0.99 4.95 5.26 28.9 56.3
1.35 0.99 4.95 6.76 nc n
2.69 0.00 4.95 0.0 n n
2.69 0.50 4.95 6.80 n n
2.69 0.99 0.99 1.29 n n
2.69 0.99 1.98 3.76 n n
2.69 0.99 4.95 9.05 n n
2.69 2.97 4.95 13.5 n n
2.69 3.96 4.95 14.5 n n
3.92 0.99 4.95 10.0 17.9 29.2
5.38 0.99 4.95 11.2 n n
6.10 0.99 4.95 6.66 n n
7.83 0.50 4.95 n 22.9 25.3
7.83 0.99 1.98 n 21.4 51.9
7.83 0.99 4.95 3.91 35.4, 28.0,d 

5.50e
46.9

7.97 0.00 4.95 0.0 n n
15.66 0.99 4.95 5.95 28.2 46.8

° 1-Chlorooctane solvent. 5 Oxygen pressure = 1 atm.
c n =  no data. d Autoxidized cyclohexene added. * 1.0 X  10 2 
M  cyclohexenone added.
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T a b l e  I I

te rt-B u t y l  H y d r o p e r o x id e  D e c o m p o s it io n “ ’6 

R a t e s  i n  t h e  P r e s e n c e  o f  C h r o m iu m ( I I I )  

A c e t y l a c e t o n a t e  a n d  C y c l o h e x e n e

[Cr(acae)8]o, 
X 105 M

[tert-
BuOOHJo,

M

[Cyclo
hexene ]o, 

M
✓-----Rate

40°
X 107 M  sec ' 

60° 61°

0.00 0.99 1.98 0.34 0.44 nc
3.05 0.99 1.98 0.667 3.74 n
3.92 0.99 1.98 n 4.62 7.70
6.10 0.99 1.98 2 .2 7 d 10.2 n
7.83 0.50 1.98 2.45 9.40 12.4
7.83 0.99 0.00 n 11.1 52.6
7.83 0.99 1.98 4.88 12,8 33.6
7.83 0.99 4.95 4.42 13.0 33.4

° 1-Chlorooctane solvent. 6 In vacuo. c n =  no data. 4 Re-
action temperature =  30°.

The dependence of the rate on chromium(III) acetyl
acetonate at low concentrations (< 4  X 10-6 M )  is 
kinetically first order but is rapidly reduced as the 
metal concentration increases. Indeed at some con
centrations the chelate retards the reaction (Table I). 
The lowering of kinetic dependence on initiator with 
increasing concentration has been observed in other 
system s.4'6’7

In this system the inhibitory effect of added chro- 
mium(III) acetylacetonate may arise from several 
sources. The first of these involves a reaction in which 
nonradical and therefore nonchain-carrying species are 
produced (eq 1). It should be pointed out that an

C r (I I I )  +  R- — ^  C r (I I I  ±  n ) +  R T*> ( 1)

T a b l e  I I I

C o m p a r is o n  o f  fert-BuTYL H y d r o p e r o x id e  D e c o m p o s it io n  R a t e s  a n d  O l e f in  A u t o x id a t io n  R a t e s  

in  t h e  P r e s e n c e  o f  C h r o m iu m ( I I I )  A c e t y l a c e t o n a t e

Temp, [Cr(acac)s]o [íer¿~BuOOH3o, [Olefin ]o, ,---------------Roa--------------- , /------------ —Bp6--------------- .
°C X 105 M M M CHEC Oct4 CHEC Oct4

30 0.00 0.8 5.0-6.0 5.26 0.0 0.0
30 8.0 0.0 3.0-5.0 0.0 0.17
30 8.0 0.8 5.0-6.0 3.91 0.53
30 6 .1-9.0 0 .8- 1.0 2.0-3.0 0.227 25.7
40 6 .0- 8.0 0 .8- 1.0 2.0-3.0 21.4 1.15 0.488 56.5
50 6 .0- 8.0 0 .8- 1.0 2.0-3.0 1.28 224

Iio = rate of autoxidation X  106 M  sec t  6 R p =  rate of feri-BuOOH decomposition X 106 M  sec-1. 6 Cyclohexene data from this
work. 4 1-Octene data from ref 2 and 4.

T a b l e  I V

E f f e c t  o f  V a r io u s  I n it ia t o r s  o n  t h e  R e l a t iv e  

A u t o x id a t io n  R a t e s  o f  C y c l o h e x e n e  and 1-Oc t e n e

Temp,
°C Initiator

Ache/
Boot“ Ref

80-85 Cobalt propionate 20-306 C
60 Azo initiated4 13.86 5, c
55 Benzoyl peroxide 10.3 /
45 Benzoyl peroxide 14.7 9
30 Photoinitiated6 37 14
40 Cr (acac b/iert-BuOOH 18.6*' 2, present work
30 Cr (acac h/ieri-BuOOH 7.4*' 2, present work

»  Estimated on the basis of reported rate constants for propaga
tion and termination. b Value for 1-hexene in place of 1-octene. 
c, S. J. Moss and H. Steiner, J. Chem. Soc., 2372 (1965). d 2,2'- 
Azobis(2-methylpropionitrile) or 1,1 '-azobis(cyclohexane-l-car- 
bonitrile). e D. E. Van Sickle, F. R. Mayo, R. M. Arluck, and 
M. G. Syz, J. Amer. Chem. Soc., 89, 967 (1967). f  L. Bateman, 
Quart. Rev., Chem. Soc., 8, 147 (1954). 9 J. L. Bolland, Trans. 
Faraday Soc., 46, 358 (1950). h l,l'-Azobis(cyclohexane-l-car- 
bonitrile) used as photoinitiator. * Based on rate of 0 2 absorp
tion.

respectively. Tables III and IV contrast kinetic data 
for 1-octene and cyclohexene obtained under similar 
conditions.

Autoxidations.—Unlike the 1-octene system 2 the 
presence of chromium(III) acetylacetonate is ap
parently not required for cyclohexene autoxidation. 
However, addition of small amounts of the chelate do 
enhance the rate under most conditions. Under com
parable conditions of chromium(III) acetylaeetonate- 
ferf-butyl hydroperoxide concentration, cyclohexene 
autoxidizes 7-19 times faster than 1-octene. Relative 
cyclohexene-l-octene autoxidation rates using other 
initiators are compiled in Table IV and are seen to be 
roughly comparable.

increase in the concentration of chromium(III) acetyl
acetonate does not decrease the rate of ¿erf-butyl hy
droperoxide decomposition which occurs in part by a 
chain mechanism.2’8 However, the chain-carrying 
radical may be different in the two cases. It has been 
shown9’10 that cyclohexene and its derivatives undergo 
rapid (relative to 1-octene) polar epoxidation with ter t-  
butyl hydroperoxide and metal acetylacetonates. The 
addition of chromium(III) acetylacetonate may there
fore deplete the peroxide concentration v ia  a nonradical 
mechanism. Depletion of peroxide both in the presence9 
and absence3 of added chromium(III) acetylacetonate in 
epoxide-forming reactions (performed in the absence of 
oxygen) has accounted for 10-60%  of the decomposed 
peroxide in the formation of the monoring epoxide of 4- 
vinylcyclohexene. A t high enough metal concentra
tions the decrease in peroxide concentration might reduce 
the autoxidation rate. Furthermore, since a product of 
¿erf-butyl hydroperoxide decomposition is molecular 
oxygen,11 an increased rate of O2 production i n  s i tu  
would lead to an apparent decrease in the rate of oxy
gen uptake.4 However, it should be noted that O2  

evolution was not found to be a significant factor in 1- 
octene autoxidation.12

It is known6 that products of an autoxidation often

(6) K. U. Ingold, Chem. Rev., 61, 563 (1961).
(7) A. E. Woodward and R. B. Mesrobian, J. Amer. Chem. Soc., 76, 6189 

(1953).
(8) N. Indictor, T. Jochsberger, and D. Kurnit, J. Org. Chem., 34, 2861 

(1969).
(9) N . Indictor and W. F. Brill, ib id . ,  30, 2074 (1965).
(10) M, N. Sheng and J. G. Zajacek, International Oxidation Symposium, 

San Francisco, Calif., Aug 1967.
(11) A. V. Tobolsky and R. B. Mesrobian, “ Organic Peroxides,“  Inter

science, New York, N. Y ., 1954, p 93.
(12) T. Jochsberger, Ph.D. Thesis, C ity University of New York, 1968, 

unpublished results.



inhibit the reaction. During the period of tempera
ture and concentration equilibration of reactants, before 
kinetic measurements are made, autoxidation products 
may be built up. Increasing chromium(III) acetyl- 
acetonate concentration probably increases product 
formation and may therefore diminish the reaction rate. 
Indeed, the respective introduction of small amounts of 
autoxidized cyclohexene or cyclohexenone, a known 
product of cyclohexene autoxidation,6 significantly 
reduces the autoxidation rate (Table I, footnotes d  and 
e). The addition of the normally chain-branching 
cyclohexenyl hydroperoxide in the form of autoxidized 
cyclohexene might cause depletion of the chromium 
reactivity by participation in metal-catalyzed rear-
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rangement,13 by competitive complex formation with the 
chromuim(III) acetylacetonate, or by producing fur
ther decomposition products (such as cyclohexenone) 
which act as inhibitors. Cyclohexenone may inhibit the 
reaction by forming phenols or their precursors.

As the concentration of chromium(III) acetylace
tonate is increased above a certain value, the inhibitory 
effect, whatever its source, appears to be overcome and 
the rate increases. This suggests a higher order ini
tiation process which only becomes important at higher 
metal concentrations.

The inhibitory effect of chromium (III) acetylace
tonate appears to be temperature dependent, increasing 
in importance with a rise in temperature. A t 50° the 
reaction rate is faster in the absence of metal than in its 
presence at all concentrations studied. Therefore, 
whatever the mode of inhibition, it clearly has a higher 
activation energy than the initiation process.

Unlike the 1-octene system ,2 no reaction occurs in 
the absence of ¿erf-butyl hydroperoxide. The data of 
Table I indicate that, while the autoxidation rate in
creases, the apparent kinetic order in peroxide dimin
ishes with increasing peroxide concentration. With
1-octene it was observed that increased ¿erf-butyl hydro
peroxide-olefin ratios retarded the reaction due to an 
increase in the concentration of ¿erf-butyl peroxy radi
cals.12 W ith cyclohexene this effect is somewhat less 
dramatic, perhaps due to the more rapid formation of 
cyclohexenyl compared to octenyl radicals.14

The autoxidation rate is kinetically first order with 
respect to cyclohexene under most conditions. This is 
again somewhat different from the 1-octene system  in 
which the reaction was first order in olefin only at low 
concentrations (<0.3  M )  and dropped off rapidly with 
increasing amounts of olefin.2 This decrease in order 
is due to an increase in termination v ia  unoxidized 
octenyl radicals. The fact that no decrease is observed 
with cyclohexene is consistent with the observation that 
propagation competes more favorably with termination 
for cyclohexene autoxidation than for 1-octene (eq 2 ).14

¿-l-octene/fcoyclohexene — 0.027 (2)
where

k = ¿̂propagation/(2/tterm¡nation ) at 30
(13) K , Allison, P. Johnson, G. Foster, and M . B. Sparks, Ind. Eng. 

Cham. Prod. Res. Develop., 5, 166 (1966).
(14) J. A. Howard and K. U. Ingold, Can. J . Chem., 46, 793 (1967).

As in the case of 1-octene the data indicate that the  
chromium (III) acetylacetonate-¿erf-butyl hydroper
oxide initiated autoxidation of cyclohexene proceeds v ia  
a multistep mechanism. This leads to a complex kinetic 
equation of several terms, each one having its own con
centration and temperature dependence.

Decomposition of ¿erf-Butyl Hydroperoxide.—The 
rate of ¿erf-butyl hydroperoxide decomposition in the 
absence of metal is consistent with previous work,3 
as is rate enhancement due to the presence of chromium-
(III) acetylacetonate.2'4'9 The decomposition of ¿erf- 
butyl hydroperoxide in the presence of metal acetyl- 
acetonates may be due to either a radical2 or nonradi
cal9'10 process or a combination of both. Although the 
reaction was observed to proceed almost entirely by a 
radical-chain mechanism in the presence of 1-octene,2'8 
other olefins apparently undergo a nonradical reaction 
with the hydroperoxide, especially in the presence of 
metals,9'10 to form epoxides.

Tables II and III present ¿erf-butyl hydroperoxide 
decomposition data both in the presence and absence of 
cyclchexene or 1-octene. It is noted that the presence 
of cyclohexene retards the decomposition at 61° but has 
a small accelerating effect at 50°. In the 1-octene 
system the reverse was observed, i .e . ,  the retarding 
effect of the olefin diminished with increasing tempera
ture. In the latter case the temperature effect on re
tardation was attributed to a lower activation energy 
for the termination process than for hydrogen abstrac
tion. It is known14 that hydrogen abstraction from 
cyclohexene is much more facile than from 1-octene, 
while termination by cyclohexenyl peroxy radicals is 
some 40 times slower than for octenyl peroxy radicals. 
It is therefore probable that in the case of cyclohexene 
the activation energy for termination is not significantly 
lower than that for propagation. Indeed, from the 
data of Howard and Ingold14 and Sajus,15 the estimated  
activation energies for propagation and termination in 
cyclohexene autoxidation are almost identical ( ~ 3  kcal/ 
m ol).16 Furthermore, the observation3’9'10 that cyclo
hexene and its derivatives interact to a greater extent 
than 1-octene with ¿erf-butyl hydroperoxide in non
radical reactions implies that the two olefins might 
retard decomposition by different mechanisms.

It is interesting to note that with both cyclohexene 
and 1-octene there is a relatively large difference in 
peroxide decomposition rate upon addition of small 
amounts of olefin. Once the olefin is present the rate is 
no longer affected by changes in concentration. It 
was observed in the 1-octene system 2 and in other sys
tem s17-19 that complex formation plays an important 
role in metal-induced peroxide decompositions. There
fore the whole effect of the olefin might be as a com
petitive ligand20-22 for a site on the chromium. The 
large excess of olefin relative to the metal produces a 
kinetically “zero” order effect.

(15) L. Sajus, Advan. Chem. Ser., 75, 59 (1968).
(16) Minimum value of ^termination based on the estimates in ref 15. 

Some data in this reference lead to higher values.
(17) N. G. Ariko and B. V. Erofeev, Usp. Khim. Org. Perekisnykh Soedin. 

Autookisleniya, Dokl. Fses. Konf., 3rd, 354 (1965) (Pub 1969); Chem. 
Ahstr.: 72, 42520m (1970).

(18) W . H. Richardson, J .  Amer. Chem. Soc., 87, 247 (1965).
(19) E. J. Y . Scott, J. Phys. Chem., 74, 1174 (1970).
(20) P. M . Henry, J. Amer. Chem. Soc., 87, 990 (1965).
(21) R . Cramer, ibid., 87, 4717 (1965).
(22) R. J. Cvetanovic, F. J. Duncan, W. E. Falconer, and R. S. Irwin, 

ibid., 87, 1827 (1965).
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Although autoxidation rates are of the order of ten  
times faster for cyclohexene relative to 1-octene, the 
data of Table III indicate that ¿erf-butyl hydroperoxide 
decomposes some hundred times faster in 1-octene than 
in cyclohexene. It is suggested that this effect is due to 
the greater ease of hydrogen abstraction from cyclo
hexene,14 the greater stability of the cyclohexenyl radi
cal, and the statistical factor (four allylic hydrogen 
atoms in cyclohexene vs. two in 1-octene).

An effort to observe the disappearance of chromium-
(III) acetylacetonate v ia  its ultraviolet absorption peak 
at 336 mg23 was thwarted by the appearance of an ab
sorption of unknown origin at that wavelength. None 
of the known5 products of cyclohexene autoxidation 
were observed to absorb in that region. Since this 
absorption of unknown origin occurs even in the ab
sence of metal acetylacetonate, it is suggested that the 
peak arises from a complex between the peroxide and 
either cyclohexene or product(s). In the 1-octene sys
tem 1 2 * the presence of Cr(VI) was detected both chemi
cally and spectrophotometrically; only at higher initial 
chromium(III) acetylacetonate concentrations ( ~ 1 0 -3 
M )  than runs reported in this communication was Cr- 
(VI) detected in the cyclohexene system. This implies 
that the oxidation state of chromium remains essentially 
unchanged over the course of the reaction24 probably 
v ia  the usual oxidation-reduction scheme proposed26 
for metal-peroxide reactions (eq 3 and 4). In the

(23) R. H. Holm and F. A. Cotton, J. Amer. Chem. Soc., 80, 5658 (1958).
(24) Although no effort was made to detect other chromium oxidation 

states (e.g., 4-2 , 4 -4 , and 4-5), these states are known to be unstable relative 
to the 4-3 and 4-6 states (cf. ref 25).

(25) J. Kleinberg, Wm. J. Argersinger, Jr., and E. Griswold, “ Inorganic 
Chemistry,”  D. C. Heath, Boston, Mass., I960, p 513 ff.

(26) R. Hiatt, K . C. Irwin, and C. W. Gould, J. Org. Chem., 33, 1430 
1968).

C r (I I I )  +  ROOH — Cr( IV)  +  RO- +  O H - (3)

C r(IV ) +  ROOH — s- C r ( I I I )  +  R 0 2- +  H  + (4)

presence of 1-octene a similar scheme was proposed2 
in which, however, Cr(III) does not survive but is oxi
dized eventually to Cr(VI). Since the Cr(III) dis
appearance rate is essentially zero in cyclohexene the 
chain lengths for these reactions must be extremely large 
based on initiation solely v ia  reactions 3 and 4. How
ever, unlike the 1-octene system, the data for cyclo
hexene autoxidation indicate that an initiation process 
involving only ierf-butyl hydroperoxide is also impor
tant.

The products detected in cyclohexene autoxidations 
initiated by chromium(III) acetylacetonate-ierf-butyl 
hydroperoxide were the same as those found using azo- 
bisisobutyronitrile initiator6 (cyclohexenone, cyclo- 
hexenol, and cyclohexene epoxide) and analyzed under 
identical gas chromatograph conditions. Results with 
azobisisobutyronitrile gave good agreement with other 
product studies6 made under somewhat different condi
tions. More ketone was found in the presence of 
chromium than in the presence of azobisisobutyro
nitrile; more epoxide was found i n  vacuo  than under 
autoxidation conditions. Although chromium(III) ace
tylacetonate enhances epoxide formation, the presence 
of oxygen either causes further reaction of the epoxide 
or adversely affects complexes that favor epoxide forma
tion.

Registry N o.—Cyclohexene, 110-83-8; terf-butyl 
hydroperoxide, 75-91-2; chromium(III) acetylaceto
nate, 13681-82-8; 1-octene, 111-66-0.
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These aminodefluorination reactions, occur at convenient rates in dipolar, aprotic solvents. Third-order terms 
predominate in their rate laws. These terms are first order in substrate, first order in the reacting nucleophilic 
amine, and first order in a catalytic amine which may or may not be the same as the “ reacting”  amine. The 
catalytic effect is taken to be base catalysis, and as an indication that expulsion of fluorine from the intermediate 
complex is the rate-limiting step, whereas in analogous reactions of p-fluoronitrobenzene the initial nucleophilic 
attack is rate limiting. The data are consistent with the hypothesis that the amine attacks exo to the chromium 
tricarbonyl moiety and that steric hindrance in the general acid catalyzed expulsion of fluorine from the conjugate 
base of the intermediate complex is a critical factor.

Chromium tricarbonyl complexes (CTC complexes) 
of aryl halides undergo nucleophilic replacement of 
halogen by moieties such as OR, SR, and N R 2 much 
more rapidly than does the parent halobenzene.2

Cr(CO)3

6 -F +  Y(YH )

Cr(CO)3

w -
Y +  F " (1)

1 Y  =  OR, SR, NH R

(1) (a) This investigation was supported in part by Public Health Service 
Research Grant No. GM  14647 from the National Institute of General 
Medical Sciences; (b) N ATO  Fellow, 1967-1968, on leave from University 
of Gottingen, Germany.

(2) (a) B. Nichols and M . C. Whiting, J. Chem. Soc., 551 (1959). (b)
M. C. Whiting, U. S. Patent 3,225,071 (1965); Chem. Abstr., 64, 6694 (1966).
(c) U. S. Patent 3,317,522 (1967); Chem. Abstr., 67, 64543 (1967).

A similar effect is found in the p R a’s of the CTC 
complexes of phenol, aniline, and benzoic acid; the 
acid dissociation constant is considerably increased by  
complexing. In its effects on pA’a,s ,2a,3a on rates of 
saponification of methyl benzoates,3b and on substitu
tion rates with methoxide,4 the chromium tricarbonyl 
moiety demonstrates approximately the same electron- 
attracting effect as the nitro group. However, the 
activating effects of the nitro group and of the chro
mium tricarbonyl moiety are not closely correlated. 
The activating effect of the latter is sometimes greater

(3) (a) E. O. Fiaeher, K . Öfele, H. Essler, W. Fröhlich, J. P. Mortensen, 
and W . Semmlinger, Chem. Ber., 91, 2763 (1958); (b) G. Klopman and F. 
Calderazzo, Inorg. Chem., 6, 977 (1967).

(4) D. A. Brown and J. R. Raju, J. Chem. Soc. A, 40 (1966).
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Figure 1.— Reaction of CTC-fluorobenzene with piperidine in 
acetonitrile at 25°. Second-order (ka ) and third-order (&t ) rate 
coefficients as functions of piperidine concentration.

than, sometimes less than, and sometimes nearly equal 
to that of the nitro group. This suggests that, be
sides its electronic effect, the chromium tricarbonyl 
moiety exerts a large steric effect.

It is known that nucleophiles may attack metal car
bonyl complexes with conjugated systems such as 
cyclopentadiene or benzene in three ways: on car
bonyl carbon, on the conjugated ligand, or on the metal 
atom (to effect replacement of ligands). Which path
way is followed depends on the metal atom and on the 
nucleophile.5'6 In the cases of the complexes of Cr, 
Mo, and W with a benzene ring bearing a leaving 
group,2-4 and with the tropylium cation,7 and even in 
the case of the cationic manganese tricarbonyl-ben
zene complex,8 nucleophiles attack almost exclusively 
on the aromatic moiety, but cleavage of the aro
matic moiety from the metal by phosphine nucleophiles6 
and displacement of one carbonyl group by an amine 
in the presence of light9 also have been observed.

Previous studies of aromatic nucleophilic substitu
tion in CTC complexes are chiefly those of Whiting 
and coworkers2 and of Brown and R aju.4 These 
studies have demonstrated several similarities with  
familiar aromatic nucleophilic substitutions activated  
by nitro groups.10 Substitutions occur without change 
of ring position; this testifies against an aryne mecha
nism. The order of halogen mobility is F ii> C l.

A further similarity is that reactions of CTC-fluoro
benzene with amines are strongly catalyzed by amines. 
This is reported by W hiting in a published lecture11 and 
in a patent,20 but we have been unable to find any fully 
documented report on these catalytic effects in the 
journal literature. Reactions of amines with 2,4-

(5) (a) D. A. White, Orgcinometal. Chem. Rev., A, 3, 497 (1968); (b)
P. H. Treichel and It. L. Shubkin, Inorg. Chem., 6, 1328 (1967).

(6) (a) F. Zingales, A. Chiesa, and F. Basolo, J. Amer. Chem. Soc., 88, 
2707 (1966); (b) A. Pideock, J. D. Smith, and B. W. Taylor, J. Chem. Soc. 
A, 872, 877 (1967); (e) H. Werner, Angew. Chem., 80, 1026 (1968).

(7) P. L. Pauson, G. H. Smith, and J. II. Valentine, J. Chem. Soc. C, 1057 
(1967).

(8) D. Jones, L, Pratt, and G. Wilkinson, ibid., 4458 (1962); D. Jones 
and G. Wilkinson, ibid., 2479 (1964).

(9) W. Strohmeier, Angew. Chem., Int. Ed. Engl., 3, 730 (1964).
(10) J. F. Bunnett and R . E. Zahler, Chem. Rev., 49, 273 (1961); J. F. 

Bunnett, Quart. Rev., Chem. Soc., 12, 1 (1958).
(11) M . C. Whiting, Chem. Weekbl., 59, 119 (1963).

dinitrofluorobenzene are base catalyzed in some situa
tions12'13 but not in others.14 Inasmuch as base cataly
sis of aromatic nucleophilic substitution reactions in
volving amine reagents is a matter of considerable in
terest in this laboratory,16- 17 we undertook to study  
the phenomenon in reactions of CTC-fluorobenzene.

Kinetic Results

Reactions of tricarbonyl(fluorobenzene)chromium  
(CTC-fluorobenzene) with amines in several solvents 
were followed photometrically. CTC-fluorobenzene 
has an absorption maximum at ca . 311 nm, and the  
CTC complexes of W-phenylpiperidine, A-phenylpyr- 
rolidine, and iV-n-butylaniline have maxima at ca . 
316-320 nm. The most satisfactory difference in ex
tinction coefficients is at 350 nm, the wavelength used 
in the kinetic studies. Reactions were run with the 
amine in large excess, so as to afford pseudo-first-order 
kinetics. The spectra of infinity solutions matched 
those of the expected aminodefluorination products, 
showing that side reactions did not occur to any ap
preciable extent. A few runs were also followed by  
titration of fluoride ion. The infinity titers showed 
the reactions to be essentially quantitative, and the rate 
coefficients were in agreement with those from photo
metric runs under the same conditions.

The pseudo-first-order rate coefficients (fcJ were 
divided by the amine concentration to afford second- 
order coefficients (fcA), and in some cases the fcA values 
were again divided by amine concentration to afford 
third-order coefficients (fcT) .

Reactions of CTC-Fluorobenzene with Piperidine.— 
This reaction was studied in three solvents. In 
a c e to n itr ile , the solvent favored by W hiting,2b'°’10 the 
rate was determined at from two to six piperidine con
centrations at each of three temperatures. Results 
at 25° are plotted in Figure 1, and data for all three 
temperatures are set forth in Table IV .18 It is to be 
noted that the second-order rate coefficient (fcA) rose 
steeply with increasing amine concentration, and that 
ever, the third-order coefficient (fcT) increased to some 
extent. Extrapolation of fcA to zero amine concentra
tion (Figure 1) gives an intercept which is zero or nearly 
zero; this shows that piperidino defluorination is es
sentially wholly catalyzed by piperidine. W hiting’s 
report10 of overall third-order kinetics is thus con
firmed. The moderate rise in /cT with increase in 
amine concentration evidently represents the same 
kina of mild augmentation that has been observed in 
numerous other investigations.14'19 '20

The variation of rate with temperature was remark-

(12) J. F. Bunnett and J. J. Randall, J. Amer. Chem. Soc., 80, 6020 
(1958).

(13) C. F. Bernasconi and H. Zollinger, Helv. Chim. Acta, 49, 103 (1966); 
50, 3 (1967).

(14) J. F. Bunnett and R. H. Garat, J . Amer. Chem. Soc., 87, 3875 (1965).
(15) J. F. Bunnett, T . Kato, and N. S. Nudelman, J. Org. Chem., 34, 785 

(1969).
(16) J. F. Bunnett and D. H. Hermann, Biochemistry, 9, 816 (1970).
(17) J. A. Orvik and J. F. Bunnett, J. Amer. Chem. Soc., 92, 2417 (1970).
(18) Tables IV —V III, inclusive, appear only in the microfilm edition of 

this journal. These tables will appear following these pages in the micro
film 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 $2.00 
for microfiche.

(19) T. C. Bruice and S. J. Benkovic, J. Amer, Chem. Soc„ 86, 418 (1964).
(20) C. F. Bernasconi and H. Zollinger, Helv. Chim. Acta, 49, 2570 (1966).
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Figure 2.— Second-order rate coefficient for reaction of C TC - 
fluorobenzene with piperidine in D M F  as function of piperidine 
concentration.

ably small. The extrapolated k T  at zero piperidine 
concentration increased only from 1.19 X 10 _3 M ~ 2 
s e c -1 at 10° to 1.87 X 10~3 M ~ 2 s e c - 1 at 40°. This 
effect was previously noted by W hiting.10 The Ar
rhenius plot is linear; AH  *  is 2.1 kcal/m ol and A S* is 
—64 gibbs/m ol. There is precedent for exceedingly 
large negative entropies of activation for third-order 
reactions of very low activation energy.19 The fact 
that translational and rotational entropy of two mole
cules are lost in forming the transition state is largely 
responsible for the low activation entropy.

I n  d im e th y l fo r m a m id e  (D M F) solvent (Table V 18), 
A a  again rose w ith increasing amine concentration. 
The plot of fcA v s . piperidine concentration (Figure 2) 
is linear. In this case the intercept is not zero. The 
plot conforms to eq 2 in which S is the substrate and

-d [S ]/ d i =  fc'[S][AJ +  fc"[S ][A ]>  (2)

A the amine. Clearly the k "  term, representing ca
talysis by piperidine, is the dominant one, but a small 
fraction of the reaction occurs uncatalyzed or with  
catalysis only by solvent.

A plot of the third-order coefficient, AT, vs . piperi
dine concentration, analogous to Figure 1, was tried. 
It was approximately linear and had negative slope 
of modest magnitude; c f. Table V .18 This suggests 
the alternative view  that the reaction is for the most 
part third order and that the third-order rate coeffi
cient, fcT, is somewhat depressed by increasing piperi
dine concentration through a medium effect. Al
though analogies to such an interpretation appear in 
data presented below, representation with respect to  
eq 2 seems on the whole to be more legitimate.

The situation i n  d im e th y l  s u l fo x id e  (DM SO) solvent 
(Table I) is similar to that in D M F. The correlation 
of k A with piperidine concentration is cleanly linear 
while the plot of At against amine concentration has 
obvious curvature. Neither plot is shown, but cor
relation coefficients appear in Table II. Representa
tion according to eq 2 is clearly indicated.

R e a c tio n s  w i th  p ip e r id in e  i n  D M S O  i n  the  p re se n c e  
o f  v a r y in g  c o n c e n tr a tio n s  ô f  1 , f - d ia z o b ic y c lo  [ 2 .2 .2 ]octane  
(DABCO), q u in u c l id in e ,  o r  N - m e th y lp ip e r id in e  were 
also investigated. In each set of experiments, piperi-

Figure 3.— Second-order rate coefficients for reactions of C TC - 
fluorobenzene with piperidine in DMSO, in the presence of diverse 
concentrations of other amines. Piperidine was 0.15 M  in the 
DABCO runs and 0.20 M  in the others.

T a b l e  I
R e a c t io n  o f  C T C - F l u o r o b e n z e n e  w it h  

P ip e r id in e  i n  DM SO a t  25°

[CjHwNHJ 104&^, sec 1
10 Va ,

M ~ l sec-1 103ä:t , M ~2 sec-1

0.103 1.30 1.26 12.2
0.108 1.31 1.22 11.3
0.108° 1.23 1.13 10.5
0.158 2.63 1.66 10.5
0.208 4.51 2.16 10.4
0.223 4.89 2.19 9.83
0.313 9.05 2.89 9.24
0.425 16.4 3.87 9.10
0.525 23.2 4.42 8.43
0.627 33.8 5.40 8.61

a Piperidine hydrochloride, 0.108 M , also present.

dine concentration was held essentially constant. N -  
Methylpiperidine depressed the reaction rate. There 
was a gentle, linear increase of k A with increase in 
DABCO concentration, and a much sharper, linear 
augmentation with quinuclidine concentration. Plots 
for all three amines are presented in Figure 3, and full 
data appear in Table V I.18

The behavior w ith A-methylpiperidine suggests a 
negative medium effect, while that w ith DABCO or 
quinuclidine might be interpreted either as a positive 
medium effect or as catalysis of the reaction of piperi
dine with CTC-fluorobenzene by the added amine as 
well as by piperidine, according to eq 3, in which B

—d[S]/di =  fc'[S] [A ] +  fc "[S ][A ]» +  fc " '[S ][A ][B ] (3)

stands for DABCO or quinuclidine. In other situa
tions in which such modest positive slopes as for that 
with DABCO in Figure 3 have appeared,14’20 21 inter
pretation as a medium effect appears better justified 
than as catalysis. However, in the present case there 
is good evidence for catalysis by piperidine, and there
fore interpretation of positive slopes as catalysis by 
other amines is admissible, though not compelled.

R e a c t io n s  w i th  p ip e r id in e  i n  D M S O  i n  the  p re se n c e  
o f  v a r y in g  c o n c e n tra tio n s  o f  te r t-b u ty la m in e  were studied 
at three levels of piperidine concentration. W hiting20•10 
has recommended ferf-butylamine as a catalyst for

(21) (a) O. L. Brady and F. R. Cropper, J. Chem. Soc., 507 (1950); (b) 
J. F. Bunnett and C. C. King, unpublished experiments.
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T a b l e  II

Su m m a r y  o p  C o r r e l a t io n s  o f  Aa  o r  At  vs. A m in e  C o n c e n t r a t io n

Reagent amine Other amine Solvent

c 5h 10n h CHsCN

C5&0NH D M F

C5H10NH DMSO

CsHioNID Quinuclidine DMSO
C5H10NIB DABCO DMSO
C5H10NHi C5H ioN C H 3 DMSO
C4H8NH DMSO
c 6h 10tsîh» leri-BuNTh" DM SO

CsHioNH" ¿erf-BuNHA DMSO

CsBioNID fert-BuNHV DMSO

Temp, Quantities correlated No. of
"C ya xb points

10 At [C5H,„NH] 4

25 At 6
40 At 2
25 Aa [C6H 10N H ] 6
25 At 6
25 Aa [C5H,oN H ] 9

At 9
25 Aa [Quinuclidine] 4
25 Aa [DABCO] 5
25 Aa [CsHwNCHâ] 4
25 Aa [C4h sn h ; 8
25 Aa [iert-Bu lO î] 4

7
25 Aa [ferf-BuNIT2] 3

4
25 Aa [ierf-BuNIi2] 3

Slope/
Slope X Intercept X intercept

1(U IO3 ratio rc

1.17 1.19 0.811
0.95 1.58 0.847
0.79 1.87
5.03 0.26 19 0.9994

- 1 .4 4 6.35 0.965
7.85 0.44 18 0.999

- 5 . 9 11.7 0.881
3.68 2.251 0.994

0.56 1.65/ 0.967
- 1 .0 9 2.17/ 0.997
38.7 0.52 74 0.997

8 .3 (initial segment)
5.5 (final segment)

11.1 (initial segment)
6 .3 (final segment)

12.6 (initial segment)
5.9 (final segment)

6 0.15 M . < This intercept includes sub-

5

“ Dependent variable. b Independent variable. c Correlation coefficient. d 0.20 M .  
stantial catalysis by piperidine. 13 0.10 M . h ierf-Butylamine.

Figure 4.— Second-order rate coefficients for reaction of C TC - 
fluorobenzene with piperidine in DMSO in the presence of various 
concentrations of ¿ert-butylamine. Three series of experiments 
are shown, each at a different piperidine concentration as in
dicated.

preparative purposes. Our data are plotted in Figure 
4, and appear in full in Table V II.18 A t each level of 
piperidine concentration, the increase of k A with ter t-  
butylamine concentration is nonlinear but can be rep
resented by two segments, each linear, the segment 
at lower ferf-butylamine concentrations having the 
greater slope. The initial segment is shorter and 
steeper the higher the level of piperidine concentration, 
while the final slopes are nearly the same in all three 
plots; see Table II. The second-order rate coeffi
cients ( k A) , defined as % /[C 6H i0N H ], are dependent 
mainly on ferf-butylamine concentration and only 
slightly on piperidine concentration.

Reactions of CTC-Fluorobenzene with Pyrrolidine 
in D M SO .—There are some remarkable differences 
between aromatic nucleophilic substitution reactions 
of piperidine and pyrrolidine. For example, reaction 
of 2,4-dinitrophenyl phenyl ether w ith piperidine in  
10% dioxane-90%  water is strongly (but curvilin-

early: catalyzed by N aO H ,22 whereas the correspond
ing reaction with pyrrolidine is not catalyzed by  
N aO H .16 It was therefore conceivable that differences 
would be found between their reactions w ith CTC  
fluorobenzene.

It was found that fcA increases linearly with pyrroli
dine concentration. The plot (not shown) resembles 
Figure 2. The slope, intercept, etc., are listed in Ta
ble II, and full data are given in Table V III .18 The 
intercepts in the plots for pyrrolidine and piperidine in 
DM SO are nearly the same (c f . Table II), but the 
slope in the plot for pyrrolidine is about five times 
greater.

Reactions of CTC-Fluorobenzene with n-Butylamine 
in D M SO .—In several cases it has been observed that 
reactions of aromatic substrates with secondary amines 
are base catalyzed whereas reactions with closely 
related primary amines under the same conditions are 
not.1--23

In the present investigation a difference is also ob
served, as evident in Figure 5. The numerical data  
appear in Table III. k A rises with n-butylamine con-

T a b l e  I I I

R e a c t io n  o f  C T C - F l u o r o b e n z e n e  w it h  

w-B u t y l a m in e  i n  DM SO a t  25°
[n-B ìtylamine], M lQ4fĉ », sec-1 103fcA, M “1 see“ 1

0.101 0.675 0.668
0.203 2.73 1.34
0.301 5.28 1.75
0.406 8.66 2.13
0.605 16.7 2.76
0.698 20.9 2.99
0.818 26.1 3.19
0.958 32.8 3.42
1.195 45.6 3.82

centration, but in curvilinear fashion. In cases some
what related to th is,16’22-24 such curvature has been

(22) J. F. Bunnett and C. F. Bernasconi, J. Amer. Chem. Soc., 87, 5209 
(1965).

(23) C. F. Bernasconi, J. Org. Chem., 32, 2947 (1967).
(24) J. F. Bunnett and R. H. Garst, J. Amer. Chem. Soc., 87, 3879 (1965),
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Figure 5.— Second-order rate coefficients for reaction of C TC - 
fluorobenzene with n-butylamine in DMSO at 25° as function of 
n-butylamine concentration.

attributed to a change in rate-limiting step with change 
of amine concentration.

A mechanistic model which serves well for other 
aromatic nucleophilic substitution reactions involving  
amine reagents17 is sketched in Scheme I for reactions

Schem e  I

H

< ( j ^ F +  RA NH %

Cr(C0)3 Cr(CO)3~
1 2

2 +  B
^  +  BH

C r(C O )f

3

+  BH NR,R2 +  B +

Cr(CO)3
4

2 4 +  HF

(4)

(5)

(6)

(7)

of CTC-fluorobenzene. B y the usual steady-state 
assumption, one m ay derive from this mechanism an ex
pression for k A

_  fclfca +  [feifaB] is)
A k _ ,  +  k 2 +  fc,[B] ■ 1

in which k i  represents the product, k j { e, regardless of 
whether equilibrium 5 lies mainly on the right or on 
the left.22

Equation 8 is qualitatively consistent with the cur
vature in Figure 5, if a molecule of n-butylamine is 
playing the role of base B. A more searching test in
volves inverting eq 8 to obtain

J_ =  fe-, , 1
kA kiki +  fcifelB] fci

0 )

Figure 6.— Reaction of CTC-fluorobenzene with n-butylamine in 
DM SO at 25°. Inversion plot.

If ks[B] »  /c2, which is likely except at low base con
centrations

—  =  —— f  — (10)
kA h k 3 [B] ^  h

An “inversion plot” according to eq 10, based on the 
data in Table III, is presented as Figure 6. It closely 
approximates linearity, and the negative deviations at 
lower amine concentrations (higher l/ |n -B u N H 2]) 
are as expected if the assumption whereby eq 9 is trans
formed into eq 10 is not fully justified. (The conform
ity  of the point at the far right to the linear regression 
line is perhaps fortuitous.) From the intercept in 
Figure 6, fci is evaluated as 7.25 X 10-3 M ~ l sec-1 , 
and from dividing the slope by the intercept the ratio 
k -  i /k 3 is evaluated as 1.03 M .

To evaluate also the ratio f a / k - u  one rearranges eq 
8 into

kA k2 . fc3[B] .
h  -  kA fc_i ^  ¿ - i (  1

The plot (not shown) of the data of Table III (except
ing that for 0.1 M  n -B uN H 2) according to eq 11 is 
linear (r =  0.998). From the intercept, fc2/fc-i 
is evaluated as 0.04 and from the slope k 3/ k - 1  is 0.910 
M ~ 1, or k - i /k - i  is 1.09 M .  The ratio k 3/ k 2 is 24 M -1 .

According to the model of Scheme I, w ith attention  
especial to eq 8, linear dependence of fcA on base con
centration is observed when k - 1  »  ( k 2 -(- Ai3 [B ]), in
dependence is observed when (fc2 +  fc3 [B ]) »  fc-i, 
and curvilinear dependence in the sense of Figure 5 
when fc-i and (fc2 +  M B ]) are of similar magnitude. 
The frequently observed shift from linear or curvi
linear dependence on base with secondary amines to 
independence with primary amines is understood as 
a consequence of an increase in the relative magnitude 
of (fc2 +  h  [B ]) over k - 1 . The present shift from linear 
dependence (Figures 2 and 3) to curvilinear dependence 
(Figure 5) may be attributed to the same cause.

Summary of Correlations.—In the foregoing pre
sentation, we have described several linear correlations 
(or attempted correlations) between k A or kT and 
amine concentration. These are summarized in Table 
II.

Experiments with Other Leaving Groups. —Efforts 
were made to observe reactions of amines with analogs 
of CTC-fluorobenzene in which the (intended) leaving
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group was chlorine, nitro, dimethylsulfonio, or tri- 
methylammonio. These were unsuccessful, but some 
chemistry of qualitative interest was encountered.

It is reported that the dimethylsulfonio and tri- 
methylammonio groups of, respectively, p-nitrophenyl- 
dimethylsulfonium ion and p-nitrophenyltri methyl- 
ammonium ion are exceptionally mobile in reactions 
w ith sodium methoxide in m ethanol.25a We obtained 
CTC-phenyldimethylsulfonium fluoroborate easily 
by m ethylation of CTC-thioanisole with trimethyl- 
oxonium fluoroborate. However, reactions of this 
sulfonium salt with piperidine in water, methanol, or 
acetonitrile and with sodium thiophenoxide in water 
or methanol afforded CTC-thioanisole in high yield, 
but no other CTC-complexed aromatic. C TC -thio
anisole was also the chief product from reaction with 
sodium methoxide in methanol; the infrared and mass 
spectra of the crude product mixture suggested the 
presence also of about 2% of CTC-anisole. Thus 
nucleophilic displacement on methyl carbon, releasing 
CTC-thioanisole as leaving group, was the predomi
nant reaction. Displacement on m ethyl carbon occurs 
on reaction of p-nitrophenyldimethylsulfonium ion 
with thiocyanate ion25b or piperidine (this work), but 
methoxide ion attacks to form p-nitroanisole.26a

In contrast to the behavior of CTC-thioanisole, 
CTC-dim ethylaniline was not methylated by tri- 
methyloxonium fluoroborate. Several attem pts were 
made, but only unreacted CTC-dimethylaniline or 
decomposition products were obtained. Trimethyl- 
oxonium fluoroborate did, however, smoothly methyl
ate both p-nitrophenyl m ethyl sulfide and N , N - d i -  
methyl-p-nitro aniline. Thus the unreactivity of 
CTC-dimethylaniline with trimethyloxonium fluoro
borate contrasts sharply with the facility of analogous 
reactions.

Reactions of CTC-chlorobenzene with 2 M  piperi
dine in DM SO afforded little chloride ion, and only 
decomposition products. This was a surprise, because 
CTC-chlorobenzene reacts smoothly with NaOCH3 
in CH3OH,2a and the reaction rate has been measured.4

The nitro group is exceptionally mobile in many aro
matic nucleophilic substitution reactions. However, 
like W hiting,2a we were unable to prepare CTC-nitro- 
benzene. We attem pted the preparation under non
oxidizing conditions, by allowing sodium nitrite to act 
upon CTC-fluorobenzene.26

Discussion

We shall give a large measure of attention to the 
form of the rate law, and especially to the pattern and 
extent of variation of the second-order rate coefficient, 
k A , with the concentration of the reacting nucleophilic 
amine and/or the concentration of an accompanying 
“catalytic” amine. It  is a fact that third-order terms 
predominate in the rate laws for these reactions, being 
first order in substrate, first order in the reacting amine, 
and first order in a “catalytic” amine which may be 
the reacting amine or another one. Although we have 
not specifically demonstrated that the observed cat
alytic effects represent base catalysis, as contrasted, 
say, to a general medium effect, we shall interpret them

(25) (a) B. A. Bolto and J. Miller, Aust. J. Chem., 9, 79 (1956); (b) J. 
Org. Chem., 20, 558 (1955).

(26) Cf. T . J. Broxton, Thesis, University of Western Australia, 1967.

as base catalysis because (a) base catalysis is well es
tablished for closely related reactions of benzene de
rivatives,17'22'24 and (b) the accelerations produced by  
most amines in the present work are quite large.

In this type of reaction, the incidence and form of 
base catalysis are instructive as to which step of the  
intermediate complex mechanism, as sketched in 
Scheme I for reaction of CTC-fluorobenzene with an 
amine, is rate-limiting.24 By analogy to reactions of 
analogous benzene derivatives, the second stage of 
reaction, from intermediate 2 to product 4, is catalyzed 
by base but the first step is not. Therefore, if the re
action is not catalyzed by base, the first step is rate 
limiting, that is (fc2 +  Ai3 [B]) »  fc-i- Base catalysis 
with linear dependence of fcA on base concentration in
dicates that expulsion of fluorine from complex 3 is 
rate limiting, that is that k - i  »  ( k 2 +  fc3[B]). Base 
catalysis with curvilinear dependence of k A  on base 
concentration indicates that each stage is partially 
rate limiting, that is that fc-i and (fc2 +  M B ]) are of 
similar magnitude, depending on the base concentra
tion.

The salient outcome of the present study is that re
actions of CTC-fluorobenzene with amines in dipolar, 
aprotic solvents are quite sensitive to catalysis by  
amines. In contrast, reactions of p-fluoronitrobenzene 
with amines in the same solvents are not base cat
alyzed.27 We conclude that the second stage of the 
intermediate complex mechanism is largely or wholly 
rate limiting in these reactions of CTC-fluorobenzene, 
while the first is rate limiting for corresponding reac
tions of p-fluoronitrobenzene.

The reaction of CTC-fluorobenzene with piperidine 
is wholly base catalyzed in acetonitrile (Figure 1), and 
mainly base catalyzed in D M F  (Figure 2) and in 
DM SO (Figure 3). In DMSO, the reaction with pi
peridine is catalyzed strongly by quinuclidine and 
weakly by DABCO (a weaker base), but is repressed 
by N -methylpiperidine (Figure 4). The same reac
tion is accelerated by ¿erf-butylamine, but in a curious 
nonlinear fashion (Figure 4) which is not understood. 
The reaction of CTC-fluorobenzene with pyrrolidine 
in DM SO is strongly catalyzed by pyrrolidine, in lin
ear fashion, but that with n-butylamine in DM SO  
shows a curvilinear dependence of k A on amine con
centration (Figure 5). W ith n-butylamine the first 
and second stages of the mechanism are both partially 
rate limiting, while in all other cases expulsion of fluo
ride ion from intermediate complex 2 or 3 is rate lim it
ing.

W hiting10 has pointed out that, conceptually, an 
amine might attack CTC-fluorobenzene either endo 
(syn) or exo (anti) with respect to the chromium tri
carbonyl moiety to form, respectively, intermediate 
5 or 6. He judged the evidence to support endo at-

H

5 6

(27) H. Suhr, Ber. Bunsenges. Phys. Chem., 67, 893 (1963); Justus Liebigs 
Ann. Chem., 687, 175 (1965); ibid., 689,, 109 (1965).
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tack, largely because piperidine is about 100,000-fold 
more reactive than diethylamine toward CTC-fluoro- 
benzene but only about 100-fold more reactive with 
ordinary aromatic substrates such as l-chloro-2,4-di
nitrobenzene.

On the other hand, related complexes bearing a posi
tive charge, such as the tropylium cation-CTC com
plex6 and the cationic tricarbonyl(benzene)-man- 
ganese complex,7 add nucleophiles on the less hindered 
exo side. Also, the reduction of C TC -l-indanone by  
LiAlH4 or N aB H 4 occurs almost exclusively by exo 
attack of the reducing agent,28a and the Friedel-Crafts 
acylation of CTC-alkylbenzenes is believed to involve  
exo attack of the electrophile.28b

A number of observations in the present research 
and in the earlier work of W hiting10 are compatible 
with the hypothesis that the amine attacks C T C - 
fluorobenzene on the exo side. The lack of catalytic 
activity by A-methylpiperidine (Figure 3) or by tri- 
ethylam ine10 may be ascribed to steric hindrance when 
the A-methylpiperidium or triethylammonium ion, 
with its comparatively large steric requirements, at
tem pts to approach the endo fluorine atom in order to  
provide electrophilic assistance to its severance from 
carbon.29 B y  analogy w ith reactions of substrates 
such as 2,4-dinitro-l-naphthyl ethyl ether with 
amines,17 the mechanism of general base catalysis of 
fluorine expulsion from intermediate complex 2 
(Scheme I) is general acid catalysis of departure of the 
leaving group from the conjugate base intermediate 
complex (3). The transition state for fluorine expul
sion, if the original nucleophilic attack is exo, may then  
be represented by structure 7. If the amine moiety,

B, has large steric requirements, structure 7 will pre
sent obvious problems of fit.

In similar terms, the fact that diethylamine is enor
mously less reactive than piperidine in reaction with  
CTC-fluorobenzene m ay be understood. If the react
ing amine is also the catalytic amine, its steric require
ments will affect the rate of the fluorine expulsion step, 
as well as having some effect on the equilibrium con
centration of intermediate complex 3 through steric 
interactions with the benzene moiety.

The very circumstance that reactions of C T C - 
fluorobenzene with amines of modest steric require
ments, such as piperidine, pyrrolidine, and «-butyl- 
amine, in DM SO solvent are base-catalyzed whereas 
corresponding reactions of p-fluoronitrobenzene are 
not27 also finds explanation in the hypothesis of exo 
attack and ultim ate expulsion of fluorine v ia  transition 
state 7. W ith the nitro-activated substrate, leaving

(28) (a) W . R. Jackson and T. R. B. Mitchell, J. Chem. Soc. B, 1228 
(1969); (b) W. R. Jackson and W. B. Jennings, ibid., 1221 (1969).

(29) Cf. F. Covitz and F. H. Westheimer, J. Amer. Chem. Soc., 85, 1773 
(1963).

group expulsion from the intermediate complex is much 
faster than rejection of the amine moiety, but with 
CTC-fluorobenzene fluorine dismissal is the slower 
step. Steric problems evident in transition state 7, 
even when the steric requirements of the amine are not 
great, are a plausible cause. If endo attack of amine 
were postulated, steric interactions between the amine 
and chromium tricarbonyl moieties would surely ac
celerate amine rejection, but they would also find relief 
in fluorine expulsion which would allow the amino group 
to move into coplanarity with the benzene ring car
bons. If the latter factor predominated, no base ca
talysis would be observed.

The fact that ferf-but.ylamine is an effective catalyst 
for reaction of CTC-fluorobenzene with piperidine, al
though not effective as a nucleophilic amine with this 
substrate, calls for comment. The bulkiness of te r t-  
butylamine is about its a  carbon, not about the nitro
gen atom as in triethylamine. Although its bulkiness 
does adversely affect exo attack by teri-butylamine to  
form complexes of type 2 or 3 (its reactivity with or
dinary aromatic substrates is also very low), the fact 
that in 7 the bulkiness is about an atom four atoms 
removed from aromatic carbon allows the ¿erf-butyl 
group to be adjusted into conformations in which it 
does not experience formidable compressions against 
other moieties in the transition state.

The unreactivity of CTC-phenyldimethylsulfonium  
ion with methoxide ion, insofar as replacement at aro
matic carbon is concerned, is also consistent with the 
hypothesis of exo attack by the nucleophile. In this 
case the intended leaving group is large, and in the 
intermediate complex it would be forced against the  
chromium tricarbonyl moiety. N o such problem is 
involved in attack at aromatic carbon in p-nitrophenyl- 
dimethylsulfonium or p - nitrophenyltrimethylammo- 
nium ion.

Experimental Section

Preparations.— All tricarbonyl(arene)chromium complexes were 
prepared from the corresponding benzene derivative and chro
mium hexacarbonyl in an apparatus designed by Strohmeier,30 
which allows back-transport of the sublimed chromium hexa
carbonyl to the reaction solution. The complexes were purified 
by recrystallization from «-heptane or better by high-vacuum 
sublimation,

CTC-fluorobenzene2a was obtained from fluorobenzene and 
chromium hexacarbonyl, mp 116-117° (lit .2a 122.5-124°). The 
melting point of the literature could not be obtained, even after 
extended purification by crystallization from «-heptane and sub
limation. The complex was pure according to its mass spectrum; 
uv-visible in acetonitrile Xm0I 310.5 nm (e 9050); in D M F  Xmax
310.5 (9360); in DM SO Xmax 311.5 (9020).

CTC-chlorobenzene2a was obtained from chlorobenzene and 
chromium hexacarbonyl, mp 98° (lit .2“ '31 102-103°, 97-100°).

CTC-anisole was obtained from anisole and chromium hexa
carbonyl, mp 86° (lit.2- 86-87°).

CTC-dimethylaniline was obtained from dimethylaniline and 
chromium hexacarbonyl, mp 146° (lit.2- 146-146.5°).

CTC-phenylpiperidine was obtained from phenylpiperidine 
and chromium hexacarbonyl, in 70% yield after sublimation, or 
from CTC-fluorobenzene and piperidine in acetonitrile3 in 99% 
yield: mp 126-127° (lit .20 125-126.5); uv-visible Xm I in aceto
nitrile 320 nm (<• 7800); in D M F  320 (8030); in DM SO 320 
(7750).

CTC-phenylpyrrolidine was obtained from CTC-fluoroben
zene and pyrrolidine in acetonitrile in 99% yield: mp 161-162°
(lit.20 161-162°); uv-visible Xmax in DM SO 317.5 nm (e 7550).

(30) W. Strohmeier, Chem. Ber., 94, 2490 (1961).
(31) M. C. Whiting, British Patent 941,061 (1963); Chem. Abstr., 60, 3006 

(1964).
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CTC-iV-n-butylaniline was obtained from CTC-fluorobenzene 
and n-butylamine in acetonitrile in 94% yield: mp 67°; uv- 
visible Xmax in DM SO 316 nm (e 6650). Anal. Calcd for 
C13H 15C rN 03: C, 54.73; H , 5.30; N , 4.91. Pound: C, 
55.04; H , 5.01; N , 4.80.

CTC-thioanisole was obtained from thioanisole and chro
mium hexacarbonyl in 71% yield (after the first sublimation) or 
from CTC-fluorobenzene and sodium methyl mercaptide in 
DM SO after 24 hr at room temperature in 50% yield (after the 
first sublimation). The complex slightly decomposes during 
sublimation: mp 101°; ir (K B r) rc-o 1940, 1880, 1850 cm-1. 
Anal. Calcd for Ci0H 8CrO3S: C, 46.15; H , 3.10; S, 12.32; 
mol wt ,260. Found:32 C, 46.48; H , 3.23; S, 12.12; mol wt 
(mass spectrum, parent peak), 260.

CTC-Phenyldimethylsulfonium Fluoroborate.— A  mixture of
4.2 g of CTC-thioanisole and 10 g of trimethyloxonium fluoro
borate in 50 ml of dichloromethane was kept at room temperature 
for 15 hr. After evaporation of the solvent the residue was 
crystallized from ethanol (under N 2). The yield was 5.2 g 
(89% ): on heating, it decomposed at 170-180°; ir (K B r) rc-o 
1980, 1915, 1890, 1855 cm-1 (shoulder); nmr (CD 3SOCD3) S, 
6 H , r  6.24 (CH 3); multiplet, 5 H, r  3.24-4.10 (aromatic protons). 
Anal. Calcd for Ci,HnBCrF4OaS: C, 36.49; H , 3.06. Found:32 
C, 36.25; H, 3.00.

Reactions of CTC-Phenyldimethylsulfonium Fluoroborate. 
With Piperidine in Water.— From 10-hr reaction at room tem
perature, after which time the water phase was colorless, only 
CTC-thioanisole in a yield of 95% could be isolated. The result 
was the same when the reaction was carried out in acetonitrile 
as solvent. No CTC-phenylpiperidine was detectable (by ir) in 
either experiment.

With sodium methoxide in methanol, a mixture of C T C - 
thioanisole and CTC-anisole was obtained, but, according to ir 
and mass spectra, the yield of the latter was less than 5%. The 
yield of CTC-thioanisole was 97%.

Attempts to Prepare CTC-Phenyltrimethylammonium Fluoro
borate.— Under the same conditions as for the preparation of the 
corresponding sulfonium salt, only starting material was de
tectable after a reaction time of 24 hr. Heating a solution of 
CTC-dimethylaniline with an excess of trimethyloxonium 
fluoroborate in ethylene chloride for 5 hr caused partial decom
position of the complex, but only starting material could be iso
lated. Carrying out the same experiment in tetrachloroethylene 
at its reflux temperature (140°) caused complete decomposition 
of the complex to form ill-defined products.

Attempts to Prepare CTC-Nitrobenzene.— CTC-Fluoroben- 
zene (320 mg) in 5 ml of a saturated solution of sodium nitrite in 
DM SO was heated for 40 min at 80°. The dark brown reaction 
mixture was diluted with water and extracted with ether. After 
removal of the ether, the oily residue did not contain a trace of 
CTC-nitrobenzene, but only starting material according to ir 
and mass spectra. From the same reaction carried out in 
acetonitrile (2 hr under reflux), the only isolable substance was 
starting material. No CTC-nitrobenzene was detectable by 
mass spectrum in the reaction mixture after careful removal of 
the solvent by evaporation at room temperature.

p-Nitrophenyldimethylsulfonium Fluoroborate.— A  mixture of
2.3 g of p-nitrothioanisole21 and trimethyloxonium fluoroborate 
(tenfold excess) in dichloromethane was kept at room temperature 
for 12 hr. The solvent was evaporated and the residue was 
crystallized twice from methanol; the product formed white 
plates, mp 118°, in 60% yield.

Reactions of p-Nitrophenyldimethylsulfonium Fluoroborate. 
With Piperidine in Water.— The sulfonium salt (305.5 mg) was 
kept for 10 hr at room temperature in a 15% solution of piperi
dine in water. The only isolable product, in 91% yield, was 
p-nitrothioanisole. The same reaction carried out in methanol 
in the presence of piperidine hydrochloride gave p-nitrothio
anisole in 85% yield. W ith sodium methoxide in methanol, 
p-nitroanisole was formed in 86%  yield.

Solvents.— DM SO (Crown Zellerbach) was purified by repeated 
fractional freezing until its ultraviolet spectrum was constant. 
D M F  was purified by distillation from P2O5 at 45° in the dark. 
Acetonitrile was purified after O ’Donnell, Ayres, and Mann.33

(32) Elemental analysis by Micro-Tech Laboratories, Skokie, 111.
(33) J. F. O’Donnell, J. T . Ayres, and C. K . Mann, Anal. Chem., 37, 1161 

(1966).

Kinetic Measurements.— Runs were conducted spectrophoto- 
metrically under conditions to afford pseudo-first-order kinetics. 
A  few crystals of CTC-fluorobenzene were placed in a nitrogen- 
flushed 10-mm cuvette with neck. The cuvette was flushed 
again with nitrogen and closed under a nitrogen stream with a 
cap made from silicone rubber tubing which was stoppered at 
the top with a flat-ended piece of glass rod. (Other types of 
rubber tubing were slowly attacked by solvent vapor.) A fter 
injection of a solution, prepared under nitrogen, of all reaction 
ingredients except CTC-fluorobenzene through the wall of the 
silicons rubber tubing by means of a syringe, the cap was pushed 
down, so that the planar end of the glass rod was attached to the 
neck of the cuvette as tightly as possible, so as to minimize direct 
contact of the silicone rubber tubing with the reaction solution. 
Then the reaction solution was thoroughly mixed and placed in 
the thermostated cell compartment of a Gilford 2000 automated 
kinetics spectrophotometer. Absorbance was then determined 
as a function of time, and the data were treated according to 
standard methods.

Ultraviolet spectra were determined by a similar procedure, by 
injecting solutions of the complexes in appropriate solvents. 
The spectra obtained in this way were reproducible and stable for 
several hours, an indication that this technique effectively 
excluded oxygen. In  DM SO and D M F  all complexes slowly 
decomposed, but too slowly to interfere with the kinetic measure
ments. A ll reaction solutions were light sensitive and had to be 
kept in the dark, because the photolytie decomposition of the 
complexes is quite rapid.

That reactions with amines in DMSO were entirely amino- 
defluorination was shown in two ways. First, ultraviolet-visible 
spectra taken during the course of the reaction with piperidine 
showed two isosbestic points, at 285 and 322 nm. The final 
spectrum was identical with that of CTC-phenylpiperidine, and 
intermediate spectra could be mimicked by combination of the 
spectra of CTC-fluorobenzene and CTC-phenylpiperidine. 
Only at low concentrations of piperidine (0.1M and below) was 
there a slight deterioration of the isosbestic points after the first 
half-life, owing to the slow deterioration of these C TC  complexes 
in DM SO, but the error caused in the infinity absorbance was 
not mere than 3%. Similar observations were made in respect 
to reactions with pyrrolidine and n-butylamine.

The second type of evidence showing that the reactions oc
curred in the expected sense was from fluoride ion titration against 
lanthanum nitrate solutions with reference to a fluoride ion- 
selective electrode (Orion Model 94-09). K inetic runs were 
performed, with CTC-fluorobenzene (0.01 M )  and piperidine 
(0.158 M )  in DMSO, under nitrogen, with samples being removed 
at recorded times by syringe. The samples were quenched with 
HC1 in water to pH  3, extracted with ether to remove CTC  
complexes, diluted with isopropyl alcohol and water to constant 
volume of 50% isopropyl alcohol content by volume, adjusted to 
pH 4 by addition of a few drops of piperidine solution in DM SO, 
and titrated with L a (N 0 3)3 solution. The end-point potential 
was found to depend on the volume of titrant added. I t  was 
therefore necessary to employ several L a (N 0 3)3 solutions for each 
run in order to get meaningful results, and to perform numerous 
test titrations with solutions of known fluoride ion concentration. 
Two identical runs at 25° afforded kj, values of 2.74 and 2.59 X  
10~4 sec-1, and infinity fluoride ion yields of 90 and 91%. The 
photometric under the same conditions (Table I )  was 2.63 X  
10“ 4 sec-1.

The infinity solutions from runs in acetonitrile and D M F  had 
ultraviolet-visible spectra which matched that of CTC-phenyl
piperidine. Reactions in D M F  showed well-defined isosbestic 
points at 220 and 283 nm (with piperidine 0.134 M ).  A  pre
parative run in acetonitrile afforded CTC-phenylpiperidine in 
99% yield.

Registry N o .—1, 12082-05-2; piperidine, 110-89-4; 
pyrrolidine, 123-75-1; n-butylamine, 109-73-9; qui- 
nuclidine, 100-76-5; DABCO, 280-57-9; iV-methyl- 
piperidine, 626-67-5; terf-butylamine, 75-64-9; CTC- 
(V-n-butylaniline, 32104-33-9; CTC-thioanisole, 32104- 
34-0; CTC-phenyldimethylsulfonium fluoroborate, 
32104-35-1.
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The oxidation of ethanol by peroxydisulfate has been found to proceed by three distinct paths, the first in the 
presence of 0 2 (path A ), the second in the absence of oxygen (path B), and the third in the presence of several 
metal ions, particularly C u (II ) (path C). The first two paths are similar to those observed for the 2-propanol and 
methanol oxidations; however, some differences are noted. Included are results showing inhibition by 0 2, by 
allyl acetate, and by product acetaldehyde. After minimization of effects due to catalysts and inhibitors, the 
observed rate law for path B was found to be rate =  k [S20 82-] B/1 2. A  survey of metal salts as potential catalysts 
has shown that copper and silver ions act as catalysts while ammonium molybdate apparently acts as an inhibitor. 
A  detailed study of the effect of cupric ion on the oxidation showed that the stoichiometry (including secondary 
oxidation of aldehyde product) was not changed by the metal ion, but that the rate law became rate =  fc»/,' 
[S A J -U C u a i) ]1/2. Radical chain mechanisms which are consistent with stoichiometry, rate laws, and other 
kinetic effects are presented.

As a part of our continuing study of the peroxydi
sulfate oxidation of alcohols, we decided to look at a 
primary alcohol, specifically ethanol, as reductant. 
This alcohol presents the possibility of finding a be
havior intermediate between those of 2-propanol2 
and m ethanol.3

A number of investigations which bear on the 
ethanol oxidation have been carried out.4 5“7 Prior to  
our study, however, there existed an inconsistency 
between the apparent rate law which suggested the bi- 
molecular initiation step (eq 1) while the results from

CH3CH2OH +  S20 82 -  — >  CHsCHOH +  H S04“  +  SCV ~ (1)

the use of radical traps (allyl acetate3b’4 and diphenyl- 
picrylhydrazyl6) were consistent only with the uni- 
molecular initiation step (eq 2). Further, since our

S2082- — >  2S04- ~ (2)

previous studies2’3 showed that oxygen inhibition, alde
hyde inhibition, and copper ion catalysis must be con
sidered in alcohol oxidations (but had not been in the 
ethanol case), a careful study of the oxidation of 
ethanol by peroxydisulfate was warranted; in the 
course of this study, we have made the first detailed 
study of metal ion catalysis in such reactions.

Experimental Section

Distilled 95% ethanol was used for both kinetic and stoichio
metric determinations. The K 2S2O8 was Baker and Adamson 
reagent grade, recrystallized twice from demineralized water. 
The acetaldehyde and allyl acetate were Eastman Organic 
Chemicals, usually distilled just before use. The cupric sulfate, 
anhydrous powder, was Baker and Adamson reagent grade and 
was used with no further purification. The 2,2,2-trifluoro- 
ethanol was K  & K , and the 2,3-butanediol was Matheson Cole
man and Bell; both alcohols were distilled (Vigreux column)

(1) (a) Abstracted from the Ph.D. thesis of A. R. Gallopo, Brown Uni
versity, 1967. (b) A  preliminary account of some of this work has been
published: J. O. Edwards, A. R. Gallopo, and J. E. Mclsaac, Jr., J . Amer.
Chem. Soc., 88, 3891 (1966). (c) NASA  Fellow, 1965-1966.

(2) D. L. Ball, M . M . Crutchfield, and J. O. Edwards, J. Org. Chem., 25, 
1599 (1960); see also references therein.

(3) (a) J. E. Mclsaac, Jr., and J. 0. Edwards, ibid., 34, 2565 (1969); (b) 
P. D. Bartlett and J. D. Cotman, J. Amer. Chem. Soc., 71, 1419 (1949).

(4) I. M. Kolthoff, E. J. Meehan, and E. M . Carr, ibid., 75, 1439 (1953).
(5) C. E. H. Bawn and D. Margerison, Trans. Faraday Soc., 51, 925 

(1955).
(6) M. Santappa and L. R. Subbaraman, Curr. Sci., 33, 208 (1964).
(7) (a) L. R. Subbaraman and M . Santappa, Proc. Indian Acad. Sci.,

64, 345 (1966); (b) Z. Physik. Chem., 48, 163 (1966).

before use. A ll other chemicals were reagent grade and were 
used without further purification. The demineralized water 
was obtained from a Bantam demineralizing column of the 
Barnstead Still and Sterilizer Co.

For the most part, kinetic runs were carried out speetrophoto- 
metrically using techniques similar to those of the previous 
studies.2’8t As both acetaldehyde and peroxydisulfate absorb 
in the ultraviolet, only a limited choice of convenient wave
lengths was available. Most of the data was taken in the 
range below 240 nm, where a significant change in absorption 
obtains during the course of a kinetic run. Details are reported 
elsewhere.8 With allyl acetate present, it was necessary to use 
a titrimetric technique.3b’8

Depending on the wavelength chosen, it was possible to analyze 
spectrophotometrically for peroxydisulfate (below 240 nm) or 
for acetaldehyde (e 12.0 at Xma% 280 nm and 70°). Knowledge 
of the concentration of aldehyde was particularly important be
cause of the stoichiometric complications.

The stoichiometric experiments that were performed in order to 
determine the total acid produced as a function of the ethanol-to- 
peroxydisulfate ratio were carried out in 5- or 10-cc ampoules and 
the reaction solution was titrated at infinite time with 0.05 or 
0.1 M  sodium hydroxide to the thymol blue (basic range pH 
8.0-9.6) end point.

The vpc detection data for the glycol (2,3-butanediol) were 
obtained on a flame ionization Aerograph 200 vpc using a 6 ft 
X 0.125 in. aluminum tubing using F FA P  (10% ) as the liquid 
phase and Chrom W  as the solid support.

A  Fortran program, similar to that of W iberg,9 was written8 to 
facilitate the calculations of rate constants from spectrophoto- 
metric data.

Results

General.—A number of characteristics of the ethanol 
oxidation by peroxydisulfate are akin to those char
acteristics reported2-4’6 for oxidations of other alcohols; 
these will be mentioned here without further substanti
ation. Oxygen gas is an inhibitor; the rate of oxida
tion while oxygen is present is barely above the rate due 
to spontaneous decomposition of peroxydisulfate. 
At the instant the last b it of oxygen is used up, a sudden 
end to the “induction period” (denoted part A) is ob
served, and the faster rate of part B commences. In  
Figure 1, the fashion by which oxygen gas influences 
the behavior of this oxidation reaction is clearly seen. 
Product aldehyde is known to be a mild inhibitor.lb’3a 
Allyl acetate, both in the presence and absence of 
copper ion, lowers the rate of loss of peroxydisulfate to  
the level of the spontaneous decomposition; allyl

(8) Ph.D. thesis of A. R. G.; see ref la . Procedures, results, and discus
sion in considerable detail can be found therein.

(9) K . B. Wiberg, “ Physical Organic Chemistry,”  Wiley, New York,
N. Y ., 1964, p 560.
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Figure 1.— The relative length of the induction period (part A ) 
as a function of oxygen concentration (as established by nature of 
gas bubbled through solution before start of reaction) and a 
spectrophotometric plot showing how part B of reaction can be 
changed back to part A  on réintroduction of oxygen.

alcohol also lowers the rate, but it  is not quite so effec
tive as allyl acetate. As expected, copper(II) under 
certain conditions is a catalyst for the reaction.

Under some conditions (carefully purified reactants 
and water, etc.), the rate of reaction during the induc
tion period gave a rate constant value of 1.4 X 10-5 
min-1 at 7 0 ° ,10 which is the constant reported for loss of 
peroxydisulfate in pure water. This indicates that the 
rate of radical formation is the same when alcohol is 
present as when alcohol is absent.

A search using glc for 2,3-butanediol as a possible 
product of the ethanol oxidation gave conclusive re
sults. The standards used in the analysis showed that 
the amount of glycol formed even by chain termination 
alone would be readily detectable (approximately ten  
times background). We found none; thus the pre
dominant (90%) termination product must also be 
aldehyde. N o ethyl acetate was detected in either glc 
or the stoichiometric studies.

It is appropriate to discuss this oxidation reaction 
in three sections. The initial period during which the 
reaction is inhibited by dissolved oxygen is designated 
part A and the reaction is said to proceed by path A. 
The reaction after initiation of the faster section is 
termed part B, and is subdivided on the basis of copper 
additive. The mechanism in the absence of copper(II) 
is termed path B, and the mechanism when copper is 
present is termed path C.

Stoichiometry.—Because of the complications during 
the initial period (see below), a careful study of the 
stoichiometry was not feasible. On the other hand, 
the stoichiometry during the second part for both paths 
B and C was carefully investigated, and these data 
supply an important clue as to mechanism.

The predominant stoichiometry of the reaction in the 
absence of oxygen, with and without the presence of 
copper(II), was confirmed to be

S A V -  +  CH3CH2OH — >- CHsCHO +  2HS04-  (3)

(10) I. M . Kolthoff and I. K . Miller, J. Amer. Chem. Soc., 73, 3055 
(1951).

This was based on yields of acetaldehyde, on titration  
of the total acid produced, and on the unchanging ab
sorbance at an isoabsorptive point (270 nm at 70°) for 
the production of acetaldehyde and the disappearance 
of peroxydisulfate.

The yields of acetaldehyde and initial rates of reac
tion as a function of the ethanol-to-peroxydisulfate 
ratio are listed in Table I. The yields of acetaldehyde

T able  I

I n it ia l  R ates and  P er Cent  Y ield  of A ldehyde as a  
F unction of Ethanol-to-Peroxydisulfate  R atio  at  70°“
[EtOEJo, (S208a )o, [EtOHJo/ Initial rate, Yield,

M M [SîC>82- ]q M  min-1 %
4.2 0.0314 134 2.05 X  1 0 -“
3.9 0.0326 120 2.22 X  10“ 2 100
3.5 0.0328 107 2.34 X  10~2 99
3.1 0.0339 92 2.51 X  IO“ 2 100
3.1 0.0362 86 2.48 X  lO “ 2
2.6 0.0354 74 2.79 X  10“ 2 101
2.2 0.0365 60 2.68 X  10“ 2 100
2.2 0.0372 59 2.34 X  IO“ 2
1.7 0.0374 45 2.50 X  10- 2 100
1.2 0.0392 31 2.76 X  IO“ 2 98
0.61 0.0403 15 2.00 X  IO“ 2 93
0.31 0.0415 7.5 1.80 X  10“ 2 83
0.16 0.0406 4.0 1.29 X  10- 2 71
0.063 0.0426 1.5 7.96 X  10“3
0.013 0.0418 0.31 4.40 X  10“3
“ Further data may be found in ref 8.

are essentially constant at 100 ±  1% when the ethanol- 
to-peroxydisulfate ratio is 40 or above, and the yields 
are seen to decrease when this ratio falls below about 
40. This indicates that the mole ratio of acetaldehyde 
produced to peroxydisulfate reacted is 1:1 when the  
ethanol-to-peroxydisulfate ratio is 40 or above.

The above stoichiometry (eq 3) predicts that 2 mol 
of monohydrogen sulfate will be produced for every 
mole of peroxydisulfate reacted. Under some condi
tions, however, a higher ratio of acid produced to 
peroxydisulfate reacted was observed; these conditions 
were the same as those for which the yield of acetalde
hyde was less than 100%. Separate experiments8 
showed that the reaction of peroxydisulfate with  
acetaldehyde to form acetic acid (eq 4) can take place
S2< v ~  +  CHaCHO +  H 20  — >- CH3C 02H  +  2HSO,“  (4)

under our conditions. It can be seen that for this re
action 3 mol of titratable acid are produced per mol 
of peroxydisulfate reacted.

In Table II, data relevant to  this point are presented. 
In this table, 100% yield of total acid represents 2 mol 
of H + released per S2( V -  mole used up. It  is clear 
that the deviation from 100% when the ethanol-to- 
peroxydisulfate ratio is less than 40 represents aldehyde 
oxidation. The limiting value, based on the complete 
conversion of ethanol to acetic acid, would be 1.25. 
Therefore, at low reactant ratios, a significant fraction 
of ethanol is transformed into acetic acid. A number 
of experiments8 in which the initial concentrations of 
reactants were varied by a factor of four showed that 
both the “per cent yield total acid” and the initial rates 
were a function only of the ratio of reactants rather 
than a function of the individual concentrations.

The important conclusion from the data in Table 
II and in Figure 2 is that addition of copper ion does
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T a b l e  I I

P e b  C e n t  Y ie l d  o f  T o t a l  A c id  a s  a  F u n c t io n  o f  

E t h a n o l -t o - P e r o x y d is u l f a t e  R a t io  f o r  

Sp o n t a n e o u s  a n d  C o p p e r ( I I ) - M o d if ie d  R e a c t io n s  a t  70°

Yield«
[EtOHJo, ([E tOH ]»/ Yield6 total total Yield*1 total

M a [S20 8»-lo )“ acid, % acid, % acid, %

3 9 130 100 100 100
3,4 113 100 100 100
2.9 98 100 100 100
2.4 81 101 100 100
1.9 64 100 100 101
1.4 48 101 101 101
0.97 33 101 102 101
0.48 16 103 102 103
0.24 8,1 106 104 105
0.12 4.0 109 109 108
0.097 3.2 111 111 109
0.072 2.4 111 111 111
0.048 1.6 114 114 115
0.024 0.80 117 120 119

“ [S20 82 ]o =  3.0 X  10 2 AT for all runs. b N o added C u (II ). 
‘  [C u (II)] =  5.0 X  10~5 M . <* [C u (II )] =  3.0 X  10~4 M .

not change the stoichiometry. The relative yields of 
acetaldehyde and acetic acid are independent of the 
amount of copper ion in the solution, even though, as 
will be seen below, the rate and rate law are significantly 
changed. The fact that unchanging absorbance at the 
isoabsorbtive point (270 nm) as a function of tim e was 
observed both in the presence and absence of copper 
ion also indicates that the stoichiometry is unchanged.

Part A .—The general features of the part A reaction, 
which occurs when dissolved oxygen is present, are 
similar to the features of the analogous parts of the 2- 
propanol2 and m ethanol3a oxidations. The length of 
part A increases as the amount of dissolved oxygen in
creases. W hen the oxygen present is exhausted, the 
rate changes dramatically to the much faster part B, 
during which the oxygen inhibition can be made to re
intrude by opening the reaction vessel to air. These 
phenomena are demonstrated by the curves in Figure 1. 
Trace metals also affect this part of the reaction. The 
water solvent had to be carefully purified, as did the 
sample of K 2S 2 0 8; in both cases, purification decreased 
the rate, which is the behavior expected if trace amounts 
of active metals were present. Addition of E D T A  
also decreased the rate.

Some variables affecting part A are (1) the peroxy- 
disulfate concentration, (2) the ethanol concentration, 
(3) the temperature, and (4) the nature and concentra
tion of the m etal ion. B oth the rate of decrease of 
peroxydisulfate concentration and the tim e length r 
(the “induction period”) for part A can be studied; 
however, we shall limit the data discussed here to those 
things which are presently explicable. In Table III, 
the length of induction period is presented as a function  
of peroxydisulfate concentration and of temperature. 
Assuming that the amount of oxygen is the same in all 
solutions and that the oxygen reacts at every collision 
with an organic radical (details given below), the dis
appearance of oxygen should be more rapid (smaller r) 
as peroxydisulfate concentration increases and as 
temperature increases. This is what is observed. 
The temperature-dependence data make possible a 
calculation of apparent activation energy; the value 
obtained from the plot of 1 / r i>s. 1/7' is 26 ±  2 kcal

O
Ü<
-I
?.0t-
o-Iu
>
*

[EtOH]/CSjOi]0

Figure 2.— The yield of total acid (H S04~ plus CH 3C 02H ) as a 
function of the ethanol-to-persulfate ratio for both path B 
(circles) and path C [triangles and squares for two different 
concentrations of copper(II) ion].

I S O  - 

120 I
à

no !| 

100- 

to-

[ca(n)3 *0 — o
[CuUH ] eS.OalcAi —  A 
[CuUD] *3.0*lö\l — □

—So----------&---------- m----------s

20 <1© go 80 100 120

T a b l e  I I I

L e n g t h  o f  t h e  I n d u c t io n  P e r io d  a s  a  F u n c t io n  o f  

P e r o x y d is u l f a t e  C o n c e n t r a t io n  a n d  T e m p e r a t u r e

—Dependence on [SaCM “ Jo, M a-------- , ,----- Dependence on temp-
[S2CV ]o, M a t , min«

2.80 X  10~2 2.0
1.58 X 1 0 “ 2 3.0
8.27 X  IO“ 3 5.0
5.72 X  IO“ 3 7.0
3.42 X  10~3 7.5
1.96 X  IO- 3 9.0
1.49 X  IO- 3 10.5
1.11 X  IO“ 3 11.5

“ [EtOH]„ =  1.4 M . » A t 70°.

Temp, °C r, min“
55 25
60 12

65 7.5
70 5.0
75 3.0
80 2.5

« [S20 82- ]o =  8.9 X  IO -3 M .

m ol-1 , which is in agreement with the value of 26 ±  1 
for the 2-propanol case2 and 29 ±  2 for the methanol 
case.3a The value of r increased from 4.0 to 8.0 min as 
the ethanol concentration decreased from 2.3 to 0.23 
M  ([S20 82"] =  8.7 X 10-3 M  at 70°). A similar de
pendence was observed with the other alcohols. W ith  
purified reagents and addition of ED TA , the rate of 
loss of peroxydisulfate is close to that for spontaneous 
decomposition of S20 82- in pure water.

In Table IV, the influence of Cu(II) concentration on 
the initial rate of part A, the amount of peroxydisulfate

T a b l e  I Y

E f f e c t  o f  C o p p e r ( I I )  o n  t h e  R a t e  o f  P a r t  A  a t  7 0 °°

S2O82
Initial rate, lost in

[Cu(II)J, M M  min “ J A, % t , min

None 0.2-1.8 X  10~4 1-2 4 .5- 5.0

1.0 x  10-» 1.8 X  IO“ 4 5.8 5.5

5.0 X  10“ 8 1.8 X  IO- 4 3.5 6.0

1.0 x  10-7 3.2 X  IO-4 13 5.6

5.0 X  10-? 4.5 X  IO-4 23 6.5

1.0 X  10~6 4.9 X  IO-4 30 6.0

1.5 X  10~6 5.5 X  IO“ 4 31 6.5

1.0 x  10-5 6.2 X  IO- 4 43 6.5

2.0 X  IO-5 6.6 X  IO“ 4 45 6.0

4.0 X  10-6 6.2 X  IO- 4 42 6.5

6.0 X  IO“ 5 6.6 X  IO-4 44 6.0

8.0 X  10"6 6.4 X  IO-4 43 6.5

1.0 x  10-4 6.4 X  IO-4 43 6.5

» [EtOH]» = 1.4 M ;  [SiO»2- ]»  =  8.7 X

T0

lost in part A, and the length of the induction period 
r are presented. The first horizontal row gives 
ranges of values of these observables found in a number
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Figure 3.— Data for evaluation of kinetic order (path B ) in. per
sulfate concentration. Points are log initial rate against log 
initial [S20 82-]; for [C2H5OH] =  1.4 M , no added acetaldehyde, 
and T  =  70°.

of experiments carried out in the absence of added 
Cu(II) ion. It is noted that 10 -s M  copper ion has a 
barely observable effect. The initial rate of reaction 
(second column) increases with copper concentration, 
but the rate variation is much smaller than the varia
tion in metal ion concentration. The amount of 
peroxydisulfate lost in part A also increases with copper 
concentration, but not in a simple manner. An im
portant observation is the lack of a strong inverse de
pendence of r on copper concentration; this indicates 
that the metal ion does not increase the rate of radical 
production. Explanations for some of these observa
tions will be given in the Discussion.

D ata on the effect of a number of other metal ions 
on part A of the reaction are given in Table V. Ten 
metal ions [N i(II), Fe(II), C r(III), H g(II), Sn(II), 
Sn(IV), A g(I), Ce(IV), Co(II), and T i(III)] increase 
(sometimes marginally) the rate of part A, while 
five others [M n(II), M g(II), Cd(II), Sr(II), and Zn(II) ] 
show no detectable catalytic activity at a level of 
10 -5 M .  In part, the existence of a redox couple 
(■e .g ., Hg22+ <=± 2 H g2+ +  2e- ) seems to be a factor in 
the catalytic activity; however, the complete explana
tion must be more complex. N o significant influence 
on the r values was observed.

Path B. —The oxidation of ethanol by peroxydisulfate 
in the absence of oxygen and of metal ions follows the 
stoichiometry mentioned above. The problems un
covered in the order determination have been briefly 
discussed earlier,1*3 and it was shown there that the 
oxidation of ethanol is inhibited by the product 
acetaldehyde when the concentration of aldehyde be
comes equal to or larger than 1 X 10-3 M .

In order to minimize the problem of aldehyde in
hibition while determining the order of the reaction,

T a b l e  V

E f f e c t  o f  So m e  M e t a l  I o n s  o n  t h e  R a t e  o f  P a r t  A  a t  70° a

Metal ion6
Initial rate, 

M  min-1
S2O82

lost in A, %

N i ( I I ) 3.2 x  10-4 13
F e (I I ) 2.9 x  10-4 10
C r (I I I ) 5.0 x  10-4 32
H g (I I ) 4.5 X  IO-4 26
S n (II) 5.0 X  IO-4 33
S n (IV ) 6.5 X  IO-4 31
M n (I I ) 8.4 X  10~6 5.8
M g ( I I ) 5.5 X  lO-6 4.2
A g (I ) 4.8 X  IO-4 26
A g (I ) 1.3 X  10-4 5.7
C e (IV ) 3.2 X  10-4 29
Cd ( I I ) 3.1 X  IO-6 2.5
S r (I I ) 4.5 X  IO-6 3.0
Z n (II) 6.3 X  10“ 6 4.0
C o (I I ) 2.5 X  IO-4 14
T i ( I I I ) 3.2 X  lO-4 16

[EtOHJo =  1.4 M ; [S20 82- ]o =  8.7 X  10-"3 M . b Metal ion
concentration is 1.0 X  10-6 M, except for A g + where it is 1.0 X  
10~6 M .

the method of initial rates was employed. The rate 
was determined as a function of peroxydisulfate con
centration at the commencement of part B with the 
ethanol concentration constant and in large excess. 
A plot of log (initial rate) against log ( [S20s2 - ]o) was 
made in order to determine the kinetic order; see Figure
3. The slope was 1.52 ±  0.05 (correlation coefficient 
of 0.930) and hence the order in peroxydisulfate is 
three halves.

This method was also used to determine the order in 
ethanol (see Table V I). The value of fa / 2 appears to be

T a b l e  V I

D e t e r m in a t io n  o f  I n i t i a l  R a t e s  o f  

P a t h  B a s  a  F u n c t io n  o f  E t h a n o l

[EtOHJo, Initial rate,
M [SjOs2-]» (B)<* M  min-1 k>/f

2.E 7.67 X  lO-3 4.78 X  10-3 7.53
2.3 8.15 X  10-3 6.04 X  lO -3 8.23
2.C 7.90 X  10-3 5.43 X  lO -3 7.75
2.0 7.93 X  10-3 4.92 X  lO-3 6.97
1.8 7,84 X  lO-3 5.63 X  lO -3 8.68
1.8 8.34 X  lO -3 4.84 X  lO -3 6.34
1.6 8.08 X  lO-3 4.50 X  10-3 6.21
1.4 7.88 X  10-3 5.24 X  lO-3 7.48
1.1 7.96 X  lO -3 4.57 X  lO-3 6.47
0.91 8.08 X  lO-3 6.18 X  lO-3 8.54
0.68 7.96 X  lO-3 5.78 X  lO-3 8.17

“ Concentration (M )  of S20 82 at initiation of part B; note the
essential constancy. b Units are M  min 1.

independent of ethanol concentration and hence the 
order in ethanol is zero in this concentration range.

The rate law for path B is

- d [S 2(V - ]/ d i =  fcy2[S20 82- ] sA

Confirmation of this is seen in Figure 4 which is a typi- 
ical integrated rate plot covering 89% reaction.

The apparent activation energy for path B was de
termined from the values of fa / ,  at 55, 60, 65, 70, 75, and 
80° to be found in the middle column of Table V II. 
A linear Arrhenius plot was obtained (correlation co
efficient 0.993) with a slope corresponding to an ac
tivation energy of 17.2 ±  0.8 kcal m ol-1 .
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T a b l e  V I I

S u m m a r y  o f  R a t e  C o n s t a n t s  f o r  P a t h  B a n d  

P a t h  C  a s  a  F u n c t io n  o f  T e m p e r a t u r e

Temp, °C iî/î, M ~ *h  min- '6 fc' “/a, M  lAm in -;

55 2.30
60 3.88 70.3
65 5.97 116
70 8.48 177
75 11.0 288
80 16.1 393

“ [S iCy-]o (B ) =  1.0 X  10~2 M ;  [E tOH ]0 =  1.4 M . * Reac
tion in absence of C u (II ); i.e., path B. c [C u (II)] =  5.0 X 
10~bM ; i.e., path C.

Path C.— In our initial experiments, it was found 
that rates in part B of the reaction were not signifi
cantly influenced by small amounts of E D TA  (ethylene- 
diaminetetraacetic acid); therefore, catalysis by adven
titious metal ions was not considered important. 
However, further investigation showed that copper(II) 
ion at concentrations of 10 ~5 M  or higher changed the 
kinetic behavior without dramatically increasing the 
rate. A  similar effect of copper(II) had been noted in 
the methanol oxidation.3a This was interesting be
cause part B of the 2-propanol system was not in
fluenced by any of the metal ions tried.2 This basic 
difference suggested that a study of the behavior of 
copper(II) in the ethanol oxidation would be worth
while.

I t  should be noted that metal ions may enter into a 
chain reaction and not change the rate appreciably 
but change the mechanism significantly. This was 
found to be the case here. For this reason the reaction 
in the presence of copper(II) might better be called 
“ the copper(II)-modified mechanism”  rather than 
“ the copper(II)-catalyzed mechanism.”  For the sake 
of simplicity, however, it will be called path C. In a 
series of kinetic runs, the concentration of copper(II) 
was varied over a factor of 50,000 in order to determine 
in which fashion the metal ion modifies the mechanism. 
Some results are presented in Table V III. A t con-

T a b l e  V I I I
V a r i a t i o n  i n  R a t e  C o e f f i c i e n t s  w i t h  V a r i a t i o n  i n  

C o p p e r ( I I )  C o n c e n t r a t i o n  f o r  P a t h  a t  70°
[EtOHJo [S2082- ]o(B),

Rib[Cu(ip], M M M R 3/2“

5 .1 X 1 0 -4 1.1 6 .85 X 10-® 22.3 1.73
1 .5 X 10“ 4 1.1 6 .43 X 1 0 -3 30.0 1.98
1.,0 X 1 0 -4 1.1 6 .20 X 10“ 3 20.6 1.28
5.,0 X 1 0 -6 1.4 5, O O X 1 0 -3 21.9 1.29
5..1 X 1 0 -6 1.1 6 .25 X 10“ 3 18.3 1.08

1..0 X 1 0 -5 1.1 5 .87 X 1 0 -3 13.3 0.793
1.0 X 1 0 -6 1.4 5..10 X 10“ 3 14.8 0.868
1.5 X 10~6 1.4 6. O O X 10~3 9.32 0.601

1.0 X 1 0 -6 1.4 6..10 X 10“ 3 9.17 0.574

1..0 X 1 0 -6 1.4 6 .46 X 10“ 3 8.02 0.522

5. 0 X 10“ 7 1.4 6 .77 X 10~3 9.25 0.626

1..0 X 10“ 7 1.4 7 .63 X 10“ 3 8.55 0.591
5,.0 X 10“ 8 1.4 8,.40 X 10“ 3 7.79 0.575

1 .0 X 10-* 1.4 8 .18 X 10“ 3 9.32 0.632

° Units are M “ 1/2 min“-It assuming three-halves order
S2Os2~. b Units are min-1, assuming first order in S20 82 .

centrations of 10 _6 M  or lower, the rate was about the 
same as in the absence of metal ion. A t concentrations 
of 10 ~s M  or higher, the rate is more rapid and increases 
with increasing copper concentration.

Figure 4.— A typical s/2-order integrated plot for path B; 
[S2Os2- ] 0 =  1.0 X 10- 2 M , [C2H 5OH] =  1.4 M , and T  =  70°.

In view of the fact that chain mechanims such as are 
seen in the present reaction are not additive (see Dis
cussion), the assumption that path C is dominant when 
the copper concentration is greater than 10-5 M  was 
made. The internal consistency of the results below 
indicates that the assumption is probably valid.

Path C was found to be first order in peroxydisulfate. 
The rate coefficient Ri was evaluated over an eightfold 
concentration range (see Table IX )  and the value is

T a b l e  IX

V a r i a t i o n  o f  R a t e  C o e f f i c i e n t  w i t h  P e r o x y d i s u l f a t e  

C o n c e n t r a t io n  a t  C o n s t a n t  E t h a n o l  a n d  

C o p p e r ( I I )  C o n c e n t r a t i o n s “

[S2082-]o(B), m  r 1, min 1 [S2C>82- ]o(B), M Ri, min-:

2.80 X  10” 2 1.40 1.10 X  10- 2 1.42

2.38 X  10“ 2 1.33 8.27 X  IO- 3 1.51
1.58 X  10' 2 1.45 6.57 X  IO- 3 1.29
1.43 X  10- 2 1.42 5.72 X  IO- 3 1.54

1.16 X  10“ 2 1.35 3.42 X  IO- 3 1.41
1.14 X  10“ 2 1.34

» [EtOHJo =  1.4 M ; [C u (II)l =  5.0 X  10~5 M ; at 70°.

constant. Further, plots using the integrated first- 
order rate equation were linear to between two and 
three half-lives. A  typical plot is shown in Figure 5. 
Path C was found to be zero order in ethanol; the re
sults are shown in Table X . In this copper-modified 
mechanism, it was found8 that product aldehyde does 
not act as an inhibitor as it does in the path B 
mechanism.

The order in copper(II) ion for path C was found to 
be one-half. The copper(II) concentration was varied 
over a factor of 5 and the observed first-order rate
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Figure 5.— A  typical first-order integrated plot for path C; 
[S20 82_]o =  1.5 X  10~2 M , [C2H 5OH] =  1.4 M , [Cu2+] =  5.0 X  
10-6 M , and T  =  70°.

T a b l e  X

V a r i a t i o n  o f  K a t e  C o e f f i c i e n t  w i t h  E t h a n o l  

C o n c e n t r a t i o n  a t  C o n s t a n t  P e r o x y d i s u l f a t e  

a n d  C o p p e r ( I I )  C o n c e n t r a t i o n s 3

[EtOHJo, M [S2Oa*-]o(B), M Ri, min_:

1.8 5.12 X  10- 3 1.36
1.6 4.82 X  10- 3 1.52
1.4 4.74 X  10- 3 1.23
1.1 4.74 X  10~3 1.52
0.91 4.71 X  10- 3 1.55
0.68 4.82 X 10- 3 1.36
0.46 4.96 X lO“ 3 1.55
0.23 5.17 X  10- 3 1.23
0.091 5.83 X  10~3 1.21

[C u (II)] = 5.0 X  10~5 M ; at 70°.

constants appear to be dependent upon the copper(II) 
ion concentration to the one-half power (see Figure 6). 
The rate law for part C is, at least over a limited range, 
therefore

rate =  l i/ , '[S A * 1  [C u (II ) ] ‘A

It  should be noted that all kinetic runs in the study 
of path C were done at or above an ethanol-to-peroxy- 
disulfate ratio of 40, so that the yields of aldehyde in 
all cases should be 100 ±  1%, as in Figure 2.

The apparent activation energy for path C was de
termined from kinetic runs at five temperatures (see 
last column in Table V II). A  linear Arrhenius plot 
was obtained (correlation coefficient =  0.996) with a 
slope corresponding to an activation energy of 20.2 ±  
0.8 kcal mol-1.

In order to find out if the C u (II) ion changes oxida
tion state during the course of the reaction, several 
experiments were carried out, as follows. Copper(II) 
ion in aqueous solution has an extinction coefficient of 
390 M ~ l cm-1 at 228 nm and 70°; consequently, there 
is a significant absorbance at high copper(II) concen
trations (1.00 X 10~3 M ). I f  one performs a kinetic 
run at this copper ( I I )  concentration (such that the 
only absorbing species are peroxydisulfate and copper) 
and if copper(II) undergoes no chemical change, the 
absorbance at infinite time should be due to copper(II) 
alone. On performing such a kinetic run and using 
the extinction coefficient of copper(II) the absorbance 
at time infinity was predicted well within experimental

Figure 6.— The dependence of the pseudo-first-order rate con
stant on [Cu2+] for path C; [S2( V - ]o =  2.5 X  10-2 M , [C2H 5OH] 
=  2.3 M , and T  =  60°.

error (± 2 % ), indicating that copper(II) has undergone 
no net chemical change.

The second experiment was carried out to show 
that the expression below is valid. Two runs at [Cu-

[Cu(II)]added [C ll( I I )] during run - 0

( I I ) ]  =  1 X  10-3 M  were made. In the first run, 
the same concentration of copper ( I I )  was put in both 
the sample and reference cells. In the second run, 
copper(II) was put only in the sample cell. I f  the 
expression in question is valid, the absorbance in the 
first run should be due to persulfate alone. Initial 
rates and rate constants were calculated from both 
runs, assuming in the second run that the expression in 
question was valid and the concentration of persulfate 
calculated assuming that all the copper(II) still existed 
mainly in the plus two state. The rate constants agreed 
within experimental error (± 5 % ) indicating that the 
equation is valid.

I t  seemed worthwhile to find out if other metal ions 
had comparable effects to copper(II). Considerable 
scatter in the rate constant values were obtained in 
these experiments, but no significant alteration in rate 
was observed except for the cases of A g (I) and (N H 4)6- 
M 07O4. The silver acted as a catalyst, as expected,11 
but only when increased in concentration to 10~4 M . 
The molybdate acted as an inhibitor; the observed 
rate was lower by a factor of two when the molybdate 
salt concentration was 10 ~5 M . The reason for this 
inhibition is not understood.

Discussion

Comparison of Rates.—Before proceeding with the 
discussion of mechanism, it is helpful to make a sum
mary of the relative rates of the various paths involved 
(see Table X I ).  These relative rates are based on the 
rates of the spontaneous thermal decomposition of 
peroxydisulfate10-11 as unity. The rate in part A, in 
some runs, was essentially identical with the basis 
rate. For path B, the chain length (as given by the

(11) (a) W. K . Wilmarth and A. Haim in “ Peroxide Reaction Mecha
nisms,”  J. O. Edwards, Ed., Wiley-Interscience, 1962, p 204; (b) D. A. 
House, Chem. Rev., 62, 185 (1962); (c) E. J. Behrman and J. E. Mclsaac, 
Jr., in “ Mechanisms of Sulfur Reactions,”  Vol. 2, N. Kharasch, Ed., Inter
science, Los Angeles, Calif., 1968, p 193.



M etal-M odified Oxidations of E thanol J .  Org. Chem ., Vol. 3 6 , N o. 2 6 , 1 9 7 1  4095

T a b l e  XI
C o m p a r is o n  o p  R e l a t i v e  R e a c t i o n  R a t e s  (C h a i n  L e n g t h )  o p  V a r io u s  P a t h s  S t u d ie d  (70°)

Alcohol
Alcohol
concn [SaOs2-], M [C u (II)], M

EtO H 1.4 1.0 X  10~2
EtOH 1.4 1.0 X  10-2
EtOH 1.4 8.7 X  10-3 1.0 x  10-6
EtOH 1.4 1.0 X  IO -2 5.0 X  10-6
CF2CH 2OH 1.3 9.36 X  10-3

Part of 
reaction ki, min-1

Initial rate, 
M  min“ 1 Rel rate“ ' **

A
1.45 X  10"3«

1.30 X  10-“
1
1

B 8.60 X  10-3 590
A 6.4 X  10-! 51'
C

5.91 X  10-“
870

4.3
“ References 4, 10, and 11. The value of relative rate may be defined as the chain length under the conditions of the experiment. 

The chain length for this reaction is dependent on concentrations. 6 See General under Results. • See Table IV . d Defined by the 
relative rate of loss of peroxydisulfate under the conditions. e After correction for spontaneous thermal decomposition.

relative rate) is about 600; this value falls between those 
for methanol (about 50)3 and 2-propanol (about 1800).2 
The relative rates for path B and path C are not greatly 
different, but, as mentioned above and discussed below, 
there is a definite change in the kinetics.

Included in Table X I  is the rate of oxidation of 2,2,2- 
trifluoroethanol.8 The powerful electron-withdrawing 
effect of the trifluoromethyl group appears to have an 
enormous retarding effect upon the rate of loss of 
peroxydisulfate, decreasing it to only four times the 
rate of the spontaneous thermal decomposition. The 
rate of oxidation of ethanol under these same conditions 
is about 140 times faster.

Evidence for Free Radical Nature.—The evidence 
for the free radical nature of the mechanisms of the 
oxidation of various alcohols is vast and has been 
commented on in many articles and reviews.2-8'10 In 
the course of our work, we found no reason to doubt 
this general conclusion. For example, we observed 
the following: (a) inhibition by oxygen gas, and
marked increase in rate at the time of oxygen disap
pearance, (b) inhibition by allyl acetate and allyl 
alcohol, (c) fractional orders in the rate laws, (d) in
hibition by product aldehyde, and (e) change in kinetic 
pattern and rate on addition of copper(II) ion. All 
of these phenomena are characteristic of free radical 
chain reactions. We shall, therefore, postulate mech
anisms of this type.

Chain Initiation Step.—The apparent discrepancy 
mentioned in the introduction between the allyl acetate 
experiments4 and the tentative rate laws3b’4 was first 
pointed out by Kolthoff, Meehan, and Carr,4 although 
not resolved at that time. The difficulty, essentially, 
is that the allyl acetate experiments indicate that 
chain initiation is occurring by way of the unimolecular 
initiation step (eq 2) while the overall second-order 
nature of the tentative rate law, which as reported was

- d [S 2(y - ]/ d i  =  fc[S20 82- ] 3/i [R C H 2OH] ‘A  (R  =  C H 3 or H )

indicates that initiation is occurring by way of the bi- 
molecular initiation step (eq 1). I t  is to be noted, how
ever, that the early kinetic experiments were carried 
out in the concentration ranges where aldehyde is now 
known to be an inhibitor.111’8 Further, it has been ob
served here that the rate appears to be a function of the 
ethanol concentration when the yields of aldehyde are 
less than 100%. These observations suggest that 
the apparent half-order dependence on alcohol con
centration in the second-order rate law is related to the 
aldehyde inhibition. The results would be explicable 
if there is a competition between ethanol and acetalde

hyde for the very reactive sulfate radical ion; the 
competition steps would be

S 0 4- -  +  CTLCIDOH  ——>• H S 0 4-  +  C H 3C H O H  

S 0 4- -  4- c h 3c h o  — >- h s o 4-  +  c h 3c o

Under conditions where [CH3CH2OH] »  [CH3CHO], 
the ethanol would compete successfully and any alde
hyde inhibition would be minimized. Therefore, the 
order in ethanol which is observed at high concentra
tions of ethanol would be the true order. As seen in 
Table V I, this order is zero. We conclude that the 
proper rate law for part B of the reaction is

rate =  fcy2[S20 82-] *A

and that the unimolecular initiation step kia is the 
correct one. The apparent discrepancy is therefore 
resolved.

Recently, the evidence for a unimolecular initiation 
step in the oxidation of a number of organic compounds 
has been supported by the careful studies of Crematy12 
on oxidation of organic detergents by peroxydisulfate.

Path B. Mechanism.— The mechanism of the re
action in the absence of either oxygen or copper can now 
be formulated. The proposed steps are fcia, fc2a, and

. fcsa
CH3CHOH +  S20 82"  — ^  C H 3CHO +  HSO4-  +  S04- -

. fci&
2CH3CHOH — >- c h 3c h o  +  CH3C H 2OH 

H 20  +  CH 3CHO CH 3C H (O H )2

The first step (constant hi*) is the unimolecular homo- 
lytic scission of the peroxydisulfate ion. The second 
step (constant fc2a), which is the abstraction of a hydro
gen atom on the carbon having a hydroxyl group, is 
analogous to the second step in the 2-propanol and 
methanol oxidations. The rate constants for these 
hydrogen atom abstractions have recently been 
measured13 and found to be very large. Little is 
known of the third step (/c3a), but it is a reasonable one 
and it fits both stoichiometry and kinetics. The 
type of termination step (fc4a) is demanded by the 
kinetics, it is consistent with the absence of 2,3- 
butanediol, and it has recently been reported14 in the 
photolytic oxidation of ethanol by hydrogen peroxide. 
The final step is the known, rapid hydration equilib
rium of acetaldehyde. Upon application of the steady- 
state approximation and neglect of the term due to the

(12) E. P. Crematy, Ph.D. Thesis, University of Sydney, Australia, 
1970.

(13) L. Dogliotti and E. Hayon, J. Phys. Chem., 71, 2511 (1967).
(14) J. Barrett, A. L. Mansell, and R . J. M. Rateliffe, Chem. Commun., 

48 (1968).
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spontaneous thermal decomposition of peroxydisulfate, 
the following rate law is obtained.

- d IS 2(V - ]/ d i  =  >-]'/.

This is consistent with the observed rate law. In view 
of the fact that S04-~ reacts directly with alcohols,13 
there is no need to postulate the intermediacy of hy
droxyl radicals OH •.

It  is a necessary condition of such a chain mechanism 
that the observed activation energy be greater than 
one-half the activation energy (33.5 kcal mol- ') of the 
initiation step. The values are 17.2 and 16.7, respec
tively; the difference is small and in the proper di
rection. We conclude that the chain propagation step 
fc3a has a very small activation energy.

When acetaldehyde is present in kinetically signifi
cant amounts, the mechanism must be modified to 
include appropriate steps. For several reasons, the 
most important of which is the obvious activation of 
a-hydrogen extraction by hydroxyl groups, we feel 
that the hydrate form of the aldehyde is the reactive 
form. The new steps are

tab
S O v -  +  C H 3C H (O H )2 — >  H SO i- +  C H 3C (O H )2

tab
C H 3C (O H )2 +  S A P “  — >  C H 3C 02H  +  H S O r  +  S04--

tab
CH3C (O H )2 +  CH3CHOH — >  termination products

These three steps plus the fcla, fc2a, and fc3a steps 
mentioned above provide a derived rate law which is 
consistent with the observations concerning aldehyde 
inhibition. Since this type of inhibition has been ad
equately discussed elsewhere,lb'3a'8 further discussion 
on aldehyde inhibition is not deemed necessary.

Path C. Mechanism— The influence of copper ion 
on the kinetics turns out to be readily analyzed. The 
rate law is

rate =  [C u (II)] V»

Therefore, since the overall order is 3/2 and the r values 
do not depend on [C u (II)], the initiation step is 
again fcia . The data in Table I I, along with much other 
data reported elsewhere,8 show that the copper ion does 
not influence the stoichiometry. Since the product 
distribution between acetaldehyde and acetic acid is 
not a function of [C u (II)], one can conclude that 
copper ion does not enter at the fc2 stage. The copper- 
( I I )  must, therefore, react with the organic radicals 
formed in the fc2 stage.

The postulated mechanism for path C is then fcia , 

fc2a, and the new steps

CHsCHOH +  C u (II ) CHsCHO +  H + +  C u (I) 

C u (I) +  S A 2“  — >- C u (II ) +  SO,2-  +  S04- -

C u (I) +  CH2CHOH - % ■  Cu(O ) +  CHsCHO +  H  +

Cu(O ) +  S20 82- C u (II ) +  2SOd-

Step fcia is again initiation, steps fc2a, k6, and fc6 are the 
propagation steps, and fc7 is the new termination. 
Using the steady-state approximation for concentrations 
of S04■ -, CH3CHOH, Cu(0), and Cu(I), the rate law

rate =  (fc,afcsfc,/fc,)V.[S,082-] [C u (II)] ‘A

is obtained; this derived law is in agreement with the 
observed law. The observed activation energy 20.2 
kcal mol-1 also is consistent with expectations for it 
is less than E & for the fcla step but greater than half of 
that value.

In view of the fact that aldehyde is oxidized to acid 
in the presence of copper ion, other steps involving 
CH3C (O H )2 and Cu (II), etc., could be postulated. 
There appears no necessity for doing so. One point is, 
nevertheless, important. Since the termination step 
no longer involves the aldehyde radical CH3C (O H )2, 
inhibition by aldehyde is not expected. Within our 
experimental error, no influence of acetaldehyde on the 
rate of path C was observed.

Part A .—The results obtained for part A  are expli
cable in terms of oxygen inhibition and its consequences. 
We feel, however, that lengthy discussion here is un
warranted as the general behavior of part A  has been 
developed in earlier papers.2 3a Suffice it to say that 
steps fcia and fc2a are followed by the step

0 2 +  OH3C C IIO H  — -OOC(CH3)H O H  

or its kinetic equivalent

0 2 +  CH3CHOH — H (V  +  CHsCHO

Recombination of peroxy radicals can then occur to 
terminate the chain at short chain length. This pro
vides an entirely satisfactory explanation of the rate 
inhibition by oxygen gas.

Interconnection of Reactions.—The continuing prob
lem of interpretation of the mechanisms of peroxy
disulfate ion oxidations can be attributed, in part, to 
the implicit, but often employed, assumption that the 
mechanisms of these reactions are independent. For 
example, it has been felt that the oxidation of water 
will go on in the presence of alcohols in the same way 
that it goes in their absence. Also, it has been assumed 
that the alcohol oxidation can be treated identically 
when aldehyde is present as when it is absent. The 
invalidity of the assumption can be clearly recognized 
in one experimental result, namely, the inhibition of 
the oxidation of ethanol when acetaldehyde is present. 
I f  the product aldehyde were being oxidized inde
pendently, then the rate of disappearance of peroxy
disulfate would of necessity be greater, rather than 
smaller. Even if alcohol and aldehyde compete for 
the sulfate radical ions, the rate of disappearance of 
peroxydisulfate must still be greater when the aldehyde 
is present. The fact that there is inhibition can only 
be explained if the termination step for the ethanol 
oxidation is altered when aldehyde is present.

Registry No.—Cu(II), 15158-11-9; N i(II ),  14701-
22-5; F e (II), 15438-31-0; C r (III ), 16065-83-1; H g (II), 
14302-87-5; Sn(II), 22541-90-8; Sn(IV), 22537-50-4; 
M n (II), 16397-91-4; M g (I), 14581-92-1; M g (II), 
22537-22-0; A g (I), 14701-21-4; Ce(IV ), 16065-90-0; 
C d (II), 22537-48-0; S r(II), 22537-39-9; Zn (II), 23713- 
49-7; C o (II), 22541-53-3; T i ( I I I ) ,  22541-75-9; ethanol,
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Para-substituted phenyl methyl sulfoxides-,80  undergo oxygen-18 exchange with water in aqueous dioxane 
solutions of most mineral acids (reduction of the sulfoxides to sulfides takes place with hydrobromic and hydro- 
iodic acids), but hydrochloric acid is a more effective catalyst by at least a factor of ten than other mineral acids 
at the same concentration. A  much slower base-catalyzed exchange has also been detected. For the hydrogen 
chloride catalyzed exchange, the relative rates for p-methoxy-, p-methyl-, unsubstituted, p-chloro-, and p-nitro- 
phenyl methyl sulfoxides are 2.18, 1.61, 1.00, 0.52, and 0.21, respectively. A  Hammett plot of log k/k0 vs. <r is 
linear with p =  1.046. Coupled with the work of others, these results indicate that there are at least four mecha
nisms for oxygen-18 exchange between sulfoxides and water.

In the past few years Oae and coworkers have carried 
on an extensive and intensive investigation of the oxy
gen-18 exchange between sulfoxides and water,2 other 
acidic3 and basic reagents,4 and other sulfoxides;5 and 
many features of the varied mechanisms of these reac
tions have been worked out. In the initial6 oxygen-18 
study of sulfoxides, exchange with the oxygen atoms of 
sulfuric acid was demonstrated, but there was no in
corporation of oxygen-18 into diphenyl sulfoxide when a 
solution of it in 97% sulfuric acid was diluted with 
water-180. Following other reports that sulfoxides did 
not undergo oxygen-18 exchange reactions in acidic7’8 or 
basic8 solution (under mild conditions), Mislow, Sim
mons, Melillo, and Ternay showed9 that such an ex
change does take place quite readily with p-tolyl phenyl 
sulfoxide in an aqueous dioxane solution of hydrogen 
chloride. Furthermore, the rate of oxygen-18 exchange 
was found to be equal to the rate of racemization of 
(+ )-P -tolyI phenyl sulfoxide, indicating the presence of 
a symmetrical intermediate in the reaction. Since that 
time Oae and coworkers have shown that sulfoxides

O - lsO -
I h c i :

(+ )-p -ToS Ph  +  H 2180 ------- ^  (± )-p -ToS P h  +  H 20
+ dioxane +

kex — &rac

undergo acid-catalyzed oxygen exchange reactions with 
water in solutions of phosphoric acid,10 various chloro- 
acetic acids,11 hydrobromic acid in aqueous acetic acid,12 
and sulfuric acid at various concentrations.2’13'14

(1) Supported by Atomic Energy Commission Contract AT-(40-l)-3234; 
presented at the Southwest-Southeast Regional Meeting of the American 
Chemical Society, New Orleans, La., Dec 2-4, 1970; taken from the doctoral 
dissertation of I. O., St. Paul’s University, Tokyo, Japan, 1971.

(2) For leading references see N. Kunieda and S. Oae, Bull. Chem. Soc. 
Jap., 42, 1324 (1969), and other papers of this research group cited below.

(3) (a) S. Oae and M. Kise, ibid., 43, 1416, 1421 (1970); (b) N. Kunieda, 
K . Sakai, and S. Oae, ibid., 42, 1090 (1969), and references cited therein.

(4) S. Oae, M. Kise, N. Furukawa, and Y . H. Khim, Tetrahedron Lett., 
1415 (i967).

(5) S. Oae, M . Yokoyama, M. Kse, and N. Furukawa, ibid., 4131 (1968).
(6) S. Oae, T. Kitao, and Y . Kitaoka, Chem. Ind. {London), 291 (1961).
(7) N. J. Leonard and C. R. Johnson, J. Amer. Chem. Soc., 84, 3701 

(1962).
(8) D. Samuel and M . Weiss-Broday, in “ Advances in Physical Organic 

Chemistry,' Vol. 3, V. Gold, Ed., Academic Press, New York, N . Y ., 1965,
p 180.

(9) K . Mislow, T . Simmons, J. T . Melillo, and A. L. Ternay, Jr., J. Amer. 
Chem. Soc., 86, 1452 (1964); see also K . Mislow, Rec. Chem. Progr., 28, 217 
(1967).

(10) N. Kunieda and S. Oae, Bull. Chem. Soc. Jap., 41, 1025 (1968).
(11) S. Oae, M . Yokoyama, and M. Kise, ibid., 41, 1221 (1968).
(12) W. Tagaki, K . Kikukawa, and N. Kunieda, and S. Oae, ibid., 39, 614 

(1966).
(13) S. Oae and N. Kunieda, ibid., 41, 696 (1968).
(14) S. Oae, T. Kitao, Y . Kitaoka, and S. Kawamura, ibid., 38, 546 

(1965).

These exchange studies have frequently involved com
parative measurements of the rates of racemization of 
optically active sulfoxides under the same condi- 
tions.2’3’10’11’13’14 The effects of various para substitu
ents on the rates of oxygen-18 exchange2’8’10’11’13 or 
racemization10-13 of para-substituted phenyl sulfoxides 
were also determined in several cases. Some of the 
findings of these research efforts are summarized in 
Table I.

On the assumption that there is an intimate relation
ship between the exchange and racemization reactions, 
examination of the data in Table I  reveals that there 
are at least two distinct mechanistic patterns for acid- 
catalyzed exchange of oxygen-18 between sulfoxides 
and water, one where fcex/fcrao ^  1, and another where 
êx/̂ rac =  0-5. In addition, special, frequently closely 

related mechanisms are indicated for oxygen-18 ex
change between sulfoxides and N 20 4,3b carboxylic 
acids,11 acetic anhydride,3a other sulfoxides,5 potassium 
ieri-butoxide,4 and the oxygens of sulfuric acid.6’14 The 
data in Table I  reveal no clear pattern of substituent 
effects, the most noteworthy feature perhaps being the 
relative insensitivity of these reactions to substituents.

In investigating the substituent effect on the hydro
gen chloride catalyzed oxygen-18 exchange between 
para-substituted phenyl methyl sulfoxides and water in 
dioxane solution, the special role of hydrochloric acid 
immediately became apparent, as shown in Table II. 
Except for hydrobromic and hydriodic acids, which 
reduced p-methoxyphenyl methyl sulfoxide to p-meth- 
oxyphenyl methyl sulfide, all mineral acids investi
gated catalyzed the oxygen-18 exchange, but hydro
chloric acid was more effective15 than any other acid by 
at least a factor of 10. Under conditions (50°, 24 hr) 
where 0.12 N  HCI resulted in 40.5% exchange, there 
was no detectable exchange in 0.12 N  HCIO4. At 
higher concentrations, however, perchloric acid shows a 
normal increasing fraction of exchange with increasing 
acid concentration. Clearly, at least two different 
exchange mechanisms are required by these results, one 
faster reaction specifically catalyzed by HCI, and an
other slower reaction catalyzed by other mineral acids. 
Since the kex/kISbC data of Table I  require at least two 
sulfuric acid catalyzed exchange mechanisms in the 
absence of chloride ion, at least three different mecha
nisms must be involved in acid-catalyzed exchange of 
oxygen-18 between sulfoxides and water.

(15) Whether there are actual differences in the catalytic effects of the 
other mineral acids was not investigated further.
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T a b l e  I

C o m p a r is o n  o f  S u l f o x id e  O x y g e n -18 E x c h a n g e  a n d  R a c e m iz a t io n  R a t e s , a n d  t h e  

E f f e c t s  o f  Su b s t it u e n t s  o n  T h o se  R a t e s

Compounds used Reaction medium &ex A'rac Substituents and relative rates Ref

p-XC6H 4SOPh Coned HC1, dioxane 1“ 9
p-XCsHiSO-p-Tol 85% H 3P 0 4 0.98* fcex: H, 1.0; Cl, 0.6 10

1.02“ ¿rac: H, 1.0; Cl, 0.6
p-XC6H 4SOPh CCfiCOOII 1.01“ fcex: Me, 1.1; H, 1.0; Cl, 0.7 11
p-XC6H 4SOPh N 20 4 in CC14 0.98“ fcex: MeO, 7.4; Me, 1.9; H, 3b

1.0; Cl, 0.4
p-XCJbSO-p-Tol 96.7% H 2S04 fcrao: N H 2, 0.7; H , 1.0; Cl, 1.1 13

p-XC6H 4SOPh 95.5% H 2S04 0.97“ fcex: Me, 3.0; H, 1.0; Cl, 1.4 13
p-XC6I I4SOPh 91% H 2S04 0.75“ 2

86.9% H 2S04 0.65“
83.4% H 2S04 0.64“
80.5% H 2S04 0.52“
75.4% 0.49“ fcex: MeO, 6.0; Me, 0.8; H, 1.0;

Cl, 1.1; N 0 2, 1.3
p-XC6H 4SOPh A c20 0.50“ fcex: Me, 1.1; H, 1.0; Cl, 0.8 3a
p -X C 6H 4SOCH2Ph A c20 0.36“ fcex: MeO, 0.9; Me, 0.9; H, 1.0; 3a

Cl, 0.8; N 0 2, 1.1

=  Me. b X  =  H. X II o

T a b l e  I I

P r e l im in a r y  E x pe r im e n t s  on  th e  C a t a l y t ic  E ffects  of 
V a r io u s  A c id s  on  th e  O x y g e n -18 E x c h a n g e  b e tw e e n  

P -M e t h o x y p h e n y l  M e t h y l  Su l f o x id e - 180  an d  
W a t e r  in  D io x a n e  So l u t io n “

Catalyst
Catalyst 
eonen, N Temp, °C

% exchange 
after 24 hr

HC104 0.12 75 6.0
h n o 3 0.12 75 3.0
h 2s o 4 0.12 75 3.0
h 3p o 4 0.12 75 1.5
H F 0.12 75 9.9
HC1 0.12 75 95.5
HBr 0.12 75 Reduction6
H I 0.12 75 Reduction6
HC1 0.12 50 40.5
HC104 0.12 50 0.0
HC1 0.36 50 88.8
HC104 0.35 50 4.5
h c io 4 0.59 50 10.5
h c io 4 0.82 50 20.3
h c io 4 1.18 50 45.8

“ 88%  dioxane, 12% aqueous acid, by volume, [RSOR '] =  
0.195 M . 6 The sulfoxide was reduced to p-methoxyphenyl 
methyl sulfide.

More quantitative data on the effects of various con
centrations of hydrochloric acid and various other re
agents on the rate of exchange are given in Table I I I .

T a b l e  I I I

R a te  C o n s ta n ts  f o r  th e  O x y g e n -18 E x c h a n g e  b e tw e e n

P -M e t h o x y p h e n y l  M e t h y l  Su l f o x id e - 180  a n d  W a t e r  
in  D io x a n e  So l u t io n “ as  a  F u n c t io n  of  

C o n c e n t r a t io n  o f  HC1 a n d  Ot h e r  R e a g e n ts

k „  X  10‘ ,
Catalyst and concn Temp, °C sec-1

0.12 N  HC1 75 2.42
0.24 N  HC1 75 7.13
0.36 N  HC1 75 2 1 .8
0.48 N  HC1 75 38.6
0.12 N  HC1 +  0.12 N  N H 4C104 50 0.046
0.12 N  HC1 +  0.12 N  N H 4C1 50 0.059
0.12 W HC1 +  0.12 N  HC104 50 0.184
0.05 A N a O H 125 0.006

“ 88%  dioxane, 12% aqueous solution, by volume, [RSOR '] =  
0.195 M .

There is a clear, greater than first-order dependence of 
the exchange rate on hydrochloric acid concentration. 
Addition of 0.12 N  ammonium chloride to 0.12 N  hy
drochloric acid gives more effective catalysis than addi
tion of 0.12 N  ammonium perchlorate, demonstrating 
again the specific catalytic effect of chloride ion. How
ever, substitution of 0.12 N  perchloric acid for the 0.12 
N  ammonium chloride results in much faster reaction, a 
fact which is probably best interpreted in terms of a 
mechanism involving higher order catalytic dependence 
on hydrogen ion than on chloride ion (see below). In 
the absence of activity coefficient or acidity function 
data for these aqueous dioxane solutions, and since the 
experimental limitations of the exchange procedure 
precluded the use of either very dilute solutions or large 
excesses of catalyst relative to sulfoxide, no attempt was 
made to put the hydrogen ion and chloride ion catalytic 
effects on a more quantitative basis. However, in 
closely related work, Landini, Montanari, Modena, and 
Scorrano reported16 that the racemization of (+ )-p -  
tolyl methyl sulfoxide in aqueous perchloric acid was 
near first order with respect to added chloride or bro
mide ion over a wide range of acidities, and that the 
slopes of the linear log fcrao vs. H n plots at constant 
halide ion concentration had slopes of near unity at high 
acidities and near two at low acidities, Allenmark 
and Hagberg reported17 a similar first-order dependence 
of the rate of racemization of the same compound on 
halide ion concentration in aqueous acetic acid. Kuni- 
eda and Oae also reported that plots of —H 0vs. log fcrac2’13 
or log kex2 for (-f)-p-tolyl phenyl sulfoxide-180 in aque
ous sulfuric acid were linear with slopes near unity at 
high acidities, but no halide ion catalysis was involved 
in those cases.

Our data on the catalytic effects of hydrogen ion and 
chloride ion on the rate of oxygen-18 exchange between p- 
methoxyphenyl methyl sulfoxide-180 and water, coupled 
with the related work of Landini and coworkers and

(16) D. Landini, E. Montanari, G. Modena, and G. Scorrano, Chem. 
Commun., 86 (1968); in a very recent report [J. Amer. Chem. Soc., 92, 7168 
(1970)] these authors have given more details of this research, utilizing other 
acidity function data, but the basic conclusions regarding orders of reaction 
remain unchanged.

(17) S. Allenmark and C. Hagberg, Acta Chem. Scand., 22, 1461, 1694 
(1968).
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Allenmark and Hagberg on the racemization of sul
foxides, seems to be best interpreted in terms of the 
mechansim of Scheme I  (*  indicates asymmetric

S c h e m e  I

“ O -  18OH 18OH
I I ci; I

R — S— R ' Z Z ± : R — S— R ' : z ±  R - S -R'
*  + fast * +  fast *1

Cl
1 2

18OH 18OH2
H 4

R — S— R ' R — S— R 1
fast * I

Cl
2 3

•¿ i

— H2180 +
< t  R—S—R' 
U d  * I

* A

Cl o -
+ 01 reverse i
~ ~ i— S— F  -  -  - •  • -  ~R — S— R ' R

* I fast
Cl 
4

I ,

-R R — S— R ' +  R — S— R
a l l  s t e p s ,  *  +  

H 20

exchange and 
racemization

sulfur). Sulfoxides react with concentrated sulfuric 
acid to yield their conjugate acids,181, rather than dica
tions, R -+S+-R ', as shown by oxygen-18 exchange 
experiments6'18-19 and by freezing point depression 
measurements.6’19-21 Suggestion that the conversion 
of 3 to 4  is rate determining is consistent with higher 
order H + than C l-  dependence of the exchange rate as 
observed in this research and as noted by Landini and 
coworkers16 for the racemization reaction. These 
workers point out that at very high acidities where the 
sulfoxide is essentially all converted to its conjugate 
acid, a plot of log fcrac vs. —H0 would be expected to have 
a slope of about unity as observed.16 Since 5 is a sym
metrical intermediate which inevitably leads to ex
change and racem iza tion , kex should equal fcrao as ob
served.9 Finally, the reversible formation of dibromo 
and dichloro compounds from the corresponding sul
foxides by treatment with hydrobromic and hydro
chloric acids is well known.22

Additional significant support for this mechanism is 
provided by the data on the effects of substituents on 
the oxygen-18 exchange rate as presented in Table IV . 
Clearly, electron-donating substituents accelerate the 
exchange reaction, while electron-withdrawing sub
stituents slow it down. A  Hammett plot of log k/k0 
vs. a is linear with p = — 1.046. A  negative p would 
certainly be expected for the first step of the above 
mechanism, and the basicity measurements of Landini, 
Modena, Scorrano, and- Taddei23 on a series of para-

(18) G . A. Olah, A. T. Ku, and J. A. Olah, J. Org. Chem., 35, 3904 (1970), 
have reported that sulfoxides protonate on sulfur rather than on oxygen in 
HSOaF-SbFs solutions in SO2CIF. It is difficult to see how the oxygen-18 
exchange, racemization, or reduction reactions of sulfoxides in more con
ventional acid solutions could proceed through such sulfur protonated 
species.

(19) S. Oae, T .  Kitao, and Y. Kitaoka, Bull. Chem. Soc. Jap., 38, 543 
(1964).

(20) H. J. Shine and D. R. Thompson, Tetrahedron Lett., 1591 (1966).
(21) R. J. Gillespie and J. A. Leisten, Quart. Rev. {London), 8, 40 (1954); 

R. J. Gillespie and R. C. Passerini, J. Chem. Soc., 3850 (1956).
(22) T. Zincke and W. Frohneberg, Chem. Ber., 43, 837 (1909); K. Fries 

and W. Vogt, Justus Liebigs Ann. Chem., 381, 337 (1911); E. Fromm, ibid., 
396, 75 (1913); K. Issleib and M. Tzschacb, Z . Anorg. Allg. Chem., 306, 198 
(1960).

(23) D. Landini, G. Modena, G. Scorrano, and F. Taddei, J. Amer. Chem. 
Soc., 91, 6703 (1969).

T a b l e  IV

R ate Constants fob the H ydrochloric A cid Catalyzed 
Oxygen -18 E xchange of Para-Substituted P henyl 

M ethyl Sulfoxides- i80  and  W ater in  A queous 
D ioxane“ a t  75°

Para kex X  K F ,

substituent Registry no. sec-1 Relative kex
c h 3o 3517-99-5 2.87 2.18
CH„ 934-72-5 2.12 1.61
H 1193-82-4 1.32 1.00
Cl 934-73-6 0.685 0.52
n o 2 940-12-5 0.275 0.21

“ 88%  dioxane, 
.19 M ;  [HC1] =

12% aqueous acid, by volume; [RSOR'] 
0.14 M .

su bstitu ted  p h en y l m e th y l su lfox ides (p  =  — 0.85) are 
in  accord  w ith  th is  v ie w . S im ila r ly , fo r  para-substi
tu ted  d ip h en y l su lfox ides24 and para -su bstitu ted  ace to 
phenones,25 p lo ts  o f  a+ vs. p K BH+ are lin ea r w ith  p va lu es  
o f  — 2.00 and — 2.17. F o r  th e  equ ilib r iu m  constan ts 
fo r  th e  con vers ion  o f 1 to  2, on  th e  o th er hand, a  posi
t iv e  p w ou ld  be exp ec ted ; perhaps a v e r y  sm all nega
t iv e  p w ou ld  b e  exp ec ted  fo r  th e  con vers ion  o f  2 to  3; 
and a  r e la t iv e ly  la rge  n ega tiv e  p w ou ld  be exp ec ted  fo r  
th e  ra te -d e term in in g  con vers ion  o f  3 to  4. T h e  net 
resu lt o f th is com b in a tion  o f substituen t e ffec ts  should 
a lm ost ce rta in ly  be a n ega tiv e  p, as observed .

T h e  v a lid it y  o f these a rgu m ents is fu rth er  su pported  
b y  consideration  o f substitu en t e ffec ts  and lik e ly  

m echanism s fo r  re la ted  reactions, se lected  d a ta  fo r  
w h ich  are su m m arized  in  T a b le  V . I t  is seen th a t the 
substituen t e ffe c t d a ta  fo r  th e  red u ction  o f su lfox ides to  

sulfides b y  h yd r iod ic  a c id 26’27 fo llo w  a lm ost ex a c tly  
th e  sam e p a tte rn  as th a t o b served  in  th is research. A n  
a ttra c t iv e  p oss ib ility  fo r  th e  m echan ism  o f  th e  redu c
t io n  reac tion  (w h ich  w as also ob served  w ith  H B r  and 
H I  in  aqueous d ioxane in  th e  p resen t research ) is th e  
ra te -d e term in in g  fo rm a tio n  o f  R - + S I - R '  (co rrespon d 
in g  to  4 ) b y  a sequence o f  steps correspon d in g  ex a c tly  to  
th a t g iv en  in  th e  ab ove  m echan ism  fo r  exchange and 
racem iza tion . U n d er  cond itions fa v o r in g  reduction , 
iod id e  ion  w ou ld  th en  a tta ck  iod in e  to  fo rm  th e  su lfide 
and iod ine ra th er than  a tta ck in g  su lfu r to  g iv e  th e  d i-

I

R— S— R'
I
I

R— S— R'
I
I

-U .  R— s — R' +  I2

iod ide . A lte rn a t iv e ly ,  a redu ction  m ech an ism 26 in v o lv 
in g  ra te -d e term in in g  a tta ck  o f iod id e  ion  on  iod in e  in  a 

species correspond ing to  3 w ou ld  p rob a b ly  h a ve  m uch 
th e  sam e su bstitu en t e ffe c t b eh av io r, p ro v id in g  0 -8  bon d  
ru p tu re  proceeds “ ah ead ”  o f  th e  e lec tron  tran sfer fro m  
iod in e  to  sulfur. Such a m echan ism  w ou ld  requ ire  
second-order dependence on iod id e  ion  fo r  th e  redu ction

C f 2
R—  s— R' — ► R— s — R' +  HaO +  I2

:i5
i -V

( 2 4 )  S .  O a e ,  K .  S a k a i ,  a n d  N .  K u n i e d a ,  B u l l .  C h e m . S o c .  J a p . ,  42, 1 9 6 4  

( 1 9 6 9 ) .
( 2 5 )  R -  S t e w a r t  a n d  K .  Y a t e s ,  J .  A m e r .  C h e m . S o c . ,  80, 6 3 5 5  ( 1 9 5 8 ) .

( 2 6 )  D .  L a n d i n i ,  F .  M o n t a n a r i ,  H .  H o g e v e e n ,  a n d  G .  M a c c a g n a n i ,  T e t r a -  

h e d ro n  L e t t . ,  2 6 9 1  ( 1 9 6 4 ) .

( 2 7 )  R .  A .  S t r e c k e r  a n d  K .  K .  A n d e r s e n ,  J .  O rg . C h e m .,  33, 2 2 3 4  ( 1 9 6 8 ) .
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T a b l e  V

C o m p a r is o n  o p  S u b s t it u e n t  E f f e c t s  o n  V a r io u s  R e a c t io n s  o f  Su l f o x id e s

X

p-XCÆUSOMe, 
rei in 

HCl-dioxane“

p-XCeaSOM e,
rei ¿¡reduction In

HOAc-HsO-H I6

c h 3o 2.2 1.5
C I13 1.6 1.4
H 1.0 1.0
Cl 0.5 0.5
n o 2 0.2 0.2

“ This research. b Reference 26. c Reference 27. * Reference 2.

p-XCjHtSOMe, p-X CtfLSOPh,
p-XCUL-

SOCEUPh,
rei ¿¡reduction in rei kex in rei ¿¡ex in

H C lC .-H .O -H Ic 75.4% H 2SOd AosO*

1.2 6.0 0.9
1.4 0.8 0.9
1.0 1.0 1.0
0.5 1.1 0.8
0.2 1.3 1.1

Reference 3a.

reaction, in contrast to the known16 first-order iodide ion 
dependence in a somewhat different reaction medium, 
but this mechanism could account for the fact that rates 
of racemization are lower than rates of reduction by a 
factor of about 30 in some cases.28

For racemization and exchange reactions of sulfox
ides in 75.4% sulfuric acid in acetic anhydride, kw/kiac 
—  0.5, in contrast to the value of about one for the 
hydrochloric acid catalyzed reaction (see Table I). 
The substituent effect pattern is also very different, as 
can be seen by comparing the smooth trend in the first 
column of Table V  with the erratic results in the last 
two columns. These two lines of evidence complement 
each other and are probably best rationalized by a 
mechanism in which 1 (or the -OAc analog in Ac20 ) can 
react with water (or AcO~ in Ac20 ) in a rate-determin
ing step to give rapidly equilibrating sulfoxide hydrate 
conjugate acids (or a symmetrical sulfoxide-Ac20  addi
tion compound in Ac20 ) (Scheme I I ) . In such a mech-

SCHEME I I

lsOH 18OH
I h ,o S 

R — S— R ' Z Z ± . R — S— R ' 
*+  *1

+o h 2
1 6it

18OH2
+ I

R — S— R ' R — S— R '

'Ah' 'Ah
1 inverted and 

exchanged

anism, every exchange would result in inversion at sul
fur, so the racemization rate would be twice the exchange 
rate, as observed.2>3a Since substituents should have 
opposite effects on the formation of 1 and its reaction 
with a nucleophile (C l- , H20, AcO- , see above), it is 
not surprising that erratic substituent effect results 
should be observed.2’3*1 The results obtained in this 
research and those of others in dilute acids in the ab
sence of chloride ion seem to be best explained by a 
mechanism of this type. In the presence of chloride 
ion, a much better nucleophile than water toward sulfur, 
1 reacts to form primarily 2 rather than 6.

In more concentrated sulfuric acid,13 and apparently 
also in phosphoric acid,10 trichloroacetic acid,11 and 
N 204,3b yet another racemization and exchange mecha
nism is involved, in which 1 is further protonated on

(28) D. Landini, F. Montanari, G. Modena, and G. Scorrano, Chem. 
Commun.y 3 (1969).

oxygen to give, by loss of water or the radical cation 
H 20  • + in a rate-determining step, a transitory dication, 
R -+S+-R ', or radical cation, R -S+-R '. Oae and co
workers have discussed the evidence for this mechanism 
quite extensively.2-315'10’11’13'14 A  negative p behavior 
would certainly be expected for reactions taking place 
by this mechanism, and most of the scattered data 
available are in accord with this view, 3b*10’u>13 although 
the variation with substituent is surprisingly small, 
even for radical cation formation. Some esr data appear 
to favor the radical cation rather than the dication 
mechanism.2’13’20

In addition to the three distinct acid-catalyzed 
mechanisms for oxygen-18 exchange between sulfoxides 
and water discussed above, the last entry in Table I I I  
makes it clear that a base-catalyzed mechanism is also 
operative. The simplest mechanism for such a reac
tion would involve addition of hydroxide ion to the sul
foxide sulfur (numerous other mechanisms, e.g., one 
involving rate-determining proton abstraction from 
the sulfoxide methyl group, might be considered, but 
the one bit of data available does not justify extensive 
speculation); see Scheme I I I .  Although no substituent

Sc h e m e  III

•so- 180 ~
I I

R — S— R ' R — S— R '
*+  v F  *\

OH

| | fa8t

18OH
+ - « o h - j

R — S— R ' ±  7  R — S— R '

*A- *i-
inverted and 
exchanged

effect or comparative fcex vs. fcrac studies have as yet 
been carried out under basic conditions, reaction by 
the above mechanism would be predicted to give fcex/ 
fcrac =  0.5 and a positive p. In a similar manner, a 
neutral path for the exchange might also be envisioned, 
but reaction by it should certainly be very slow, and 
there is currently no experimental evidence to support 
such speculation.

It  is perhaps noteworthy to mention that the nmr 
chemical shifts of the methyl protons of the para-sub- 
stituted phenyl methyl sulfoxides show the expected 
correlation with substituent, the Atms' ’ values being 
2.55, 2.55, 2.66, 2.69, and 2.75 for the substituents 
CH30, CH3 , H, Cl, and N 0 2, respectively.
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Experimental Section

Preparation of Oxygen-18 Enriched Para-Substituted Phenyl 
Methyl Sulfoxides.— Unenriched p-methoxy-, p-methyl-, un
substituted, p-chloro-, and p-nitrophenyl methyl sulfoxides were 
prepared by treatment of the corresponding thiophenols with 
dimethyl sulfate in alkaline solution,29 followed by oxidation of 
the sulfides to the sulfoxides using hydrogen peroxide in acetic 
acid. The sulfoxides were distilled under reduced pressure or 
recrystallized until their physical constants agreed with those 
given in the literature. A ll samples were determined to be at 
least 99.5% pure by glc and nmr analyses.

The above sulfoxides were prepared in oxygen-18 enriched form 
by hydrogen chloride catalyzed exchange with water-180 in 
dioxane solution. A  5-g sample of the unenriched sulfoxide was 
dissolved in 150 ml of dioxane, and 20 ml of 1.2 A  hydrochloric 
acid containing 1.54% oxygen-18 in the water was added. The 
solution was heated in a 75 ±  0.2° oil bath for 4 hr for the p- 
methoxy and p-methyl compounds, and for 20 hr for the p- 
nitro, p-ehloro, and unsubstituted compounds. The reaction 
mixture was poured into 100 ml of cold chloroform. The water 
layer was separated and the chloroform layer was washed with 
20 ml of water, with 5% sodium hydroxide, and then with water 
again. The chloroform solution was dried over sodium sulfate 
the solvent was removed, and the residue was distilled under 
reduced pressure or recrystallized from methanol. The purities 
of the recovered sulfoxides were over 99% as shown by glc analy
ses or nmr spectroscopy. The oxygen-18 contents were deter
mined to be 1.38, 1.43, 1.54, 1.25, and 1.11 excess atom per 
cent for the p-methoxy-, p-methyl-, unsubstituted, p-chloro-, 
and p-nitrophenyl compounds, respectively. For the p-methoxy 
compound the excess atom per cent value given is corrected (ex
perimental excess times 2) for dilution by the methoxy oxygen. 
For the p-nitro compound, it seemed possible that the nitro 
group oxygens might undergo exchange. Fry and Lusser30 
found no oxygen-18 exchange for a group of aromatic nitro com
pounds under a variety of conditions, but no sulfoxide-substituted 
nitro compounds were included in their study. Accordingly, the 
overall oxygen-18 enrichment of the recovered p-nitrophenyl 
methyl sulfoxide was determined, the sulfoxide was reduced to 
the nitro-substituted sulfide by the procedure of Landini, M on
tanan, Hogeveen, and Maccagnani,26 and the oxygen-18 enrich
ment (now of the nitro group only) was determined again. A  
small amount of oxygen-18 enrichment (about 5% of the sulf
oxide oxygen enrichment in the longest time experiments) was 
found in the nitro group, and appropriate dilution (experimental 
excess times 3) and nitro group oxygen enrichment corrections 
were made.

Oxygen-18 Analyses.— Oxygen-18 analyses were carried out 
by the method of Rittenberg and Ponticorvo31 as modified by 
Anbar and Guttmann32 and in this laboratory. Samples of about 
20 mg of the compounds to be analyzed were pyrolyzed with 
about 100 mg of a mixture of mercuric cyanide and mercuric 
chloride in sealed tubes at 500° for 7 hr. The tubes were opened 
in a vacuum system, and the carbon dioxide was distilled twice, 
utilizing 5,6-benzoquinoline to remove the hydrogen chloride 
and other acidic gases formed in the pyrolysis. The purified 
carbon dioxide was analyzed for oxygen-18 in a mass spectrom
eter by recording the intensities of the m/e 44 and 46 peaks. 
The oxygen-18 content of the carbon dioxide is given by the 
formula

JR,
atom %  oxygen-18 =  ¡j X  100

(29) H. Gilman and M. J. Beaber, J . Amer. Chem. Soc., 47, 1449 (1925).
(30) A. Fry and M. Lusser, J. Org. Chem., 31, 3422 (1966).
(31) D. Rittenberg and L. Ponticorvo, J. Appl. Rad. Isotopes, 1, 208 

(1956).
(32) M . Anbar and S. Guttmann, ibid., 5, 233 (1959).

where R  is the 46/44 m/e ratio. To correct for day-to-day in
strumental variations in the operation of the mass spectrometer, 
a standard sample of tank carbon dioxide (taken to be 0.204 atom 
%  oxygen-18, the normal abundance ratio) was analyzed prior to 
each set of analyses, and all samples were normalized to the 
0.204 value. These correction factors were seldom very large, 
being in the range of 1.022-1.041. For each case, the normal 
abundance atom per cent, 0.204, was substracted from the mea
sured atom per cent value to give the excess atom per cent.

Preliminary Experiments.— In preliminary experiments solu
tions of about 0.6 mmol of p-methoxyphenyl methyl sulfoxide-180 
in 3 ml of dioxane were brought to temperature in a constant- 
temperature bath, and 0.4 ml portions of various aqueous acid 
solutions were added. A fter 24 hr in the constant-temperature 
bath, the mixtures were poured into cold chloroform. The water 
layers which separated were removed by pipette, and the chloro
form solutions were washed with alkali and water. The chloro
form solutions were dried over sodium sulfate and the solvent was 
removed. The residues were kept in a vacuum desiccator. The 
purities of the recovered sulfoxides were determined by gas 
chromatography and nmr spectroscopy, and in all cases were over 
99%. The results of the oxygen-18 analyses in these preliminary 
experiments are listed in Table I I .

Kinetic Experiments.— The procedure for the kinetic experi
ments was substantially the same as that used for the prelim
inary experiments, except that the amounts of the various -sub
strates, solvents, and reagents were increased by a factor of ten, 
and aliquots were removed from the reaction solution when it 
had reached bath temperature (zero time sample) and at various 
appropriate times after that. These aliquots were worked up 
and analyzed as described above. Representative per cent 
excess oxygen-18 analytical data as a function of time for the 
determination of the rate of hydrochloric acid catalyzed exchange 
between water and p-nitrophenyl methyl sulfoxide-180  are as 
follows: 0.948%, 0 time; 0.873%, 0.5 hr; 0.868%, 1 hr; 
0.810%, 2 hr; 0.612%, 5 hr; 0.372%, 10 hr. Individual points 
were generally reproducible to ±0.005 in excess atom per cent.

Treatment of Kinetic Data.— The first order rate expression 
for a simple exchange reaction is given33 by

— In (1 — F )  =  kext

where fcex is the observed first-order rate constant for exchange. 
F  is defined as the fraction of exchange and is calculated from the 
equation

„  =  (18Oo) -  0*0 «)
( 18Oo) -  ( 180 «,)

where (18Oo) =  atom fraction in sulfoxide at time zero, (lsO «) =  
atom fraction in sulfoxide at time t, and ( lsO „ )  =  atom fraction 
in sulfoxide at infinite time.

The values for the oxygen-18 contents at infinite time were 
calculated as the percentages of total oxygen-18 to total ex
changeable oxygen in the system (not including the dioxane, meth
oxy, or nitro oxygens). For all cases, the calculated values 
were used as the infinite time values. Since the nitro group 
oxygen-18 exchange was so much slower than that of the sulf
oxide oxygen, for the purposes of these short time calculations it 
was assumed that the excess oxygen-18 in the nitro group did not 
decrease during the reaction.

Plots of (1 — F )  vs. time were linear up to 60-70% reaction in 
all cases, with relatively little scatter of the points. The rate 
constants for the various reactions were calculated from the 
slopes of the lines in these plots, using the method of least squares. 
These rate constants are summarized in Tables I I I  and IV .

Registry No.— Hydrogen chloride, 7647-01-0; oxy
gen-18, 14797-71-8; water, 7732-18-5.

(33) A. Frost and R. Pearson, "Kinetics and Mechanism,”  2nd ed, Wiley, 
New  York, N . Y ., 1963, Chapter 8.
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The present paper describes a reliable two-stage process for preparing N-monoalkyl sulfonamides 5 from the 
corresponding alkyl bromide without going through the alkylamine. The method calls for alkylation of the 
sodio derivative 3 of sulfonyl carbamate 2, followed by mild saponification and decarboxylation of the resulting 
ethyl V-(arylsulfonyl)carbamate (4) to give 5.

This work started when a need arose for a practical 
source of W-(3-bromallyl)benzenesulfonamide.lb A t
tempts to prepare 3-bromallylamine failed, so that we 
could not combine benzenesulfonyl chloride with the 
amine in the usual way. We then considered the alter
nate way of alkylating benzenesulfonamide directly 
with 1,3-dibromopropene. Use of the sodio derivative 
of benzenesulfonamide, even in excess, gave only the 
dialkylation product, A,A-di(3-bromally])benzenosul- 
fonamide.2 The silver salt with 1,3-dibromopropene 
also gave no sign of the desired monoalkyl compound. 
With direct alkylation showing little promise, we sought 
a way of blocking one of the sulfonamide position, and 
this approach led eventually to sequence 1 5 (Scheme
I).

decarboxylation step 4 to 5 occurred smoothly to give 
the monoalkyl product 5 in feasible yield (cf. Table I I ).  
The exceptions were ethyl iV-(p-nitrobenzyl)-IV-(p- 
toluenesulfonyl) carbamate, which gave 38% of mono
alkyl sulfonamide, and ethyl A-(p-phenylphenacyl)- 
yV-(p-toluencsulfonyl) carbamate, which gave only a 
trace of product. Only with these two carbamates 
was a deep color observed during the saponification 
step 4 to 5. Possibly formation of the corresponding 
carbanions, e.g., 6, complicated the procedure.

COOC2H5

CH3- ^ y S0 2N - 5 H - { 3 - N 0 2

6

ArSO.,NH2
1

C1COOCÄ
NaOH

Scheme I

COOC2H6

ArS02NH

2

NaOCHj.

COOC2H5

ArS02NNa
3

RBr

COOCJI,,

ArS02NR — H»  ArSOjNHR

4 5

The generality of this method was tested with several 
bromides. Tables I  and I I  summarize the results, 
which show that a variety of alkyl bromides can be 
converted to IV-monoalkyl sulfonamides in a straight
forward way, with the complication of mixtures avoided 
altogether. Arylsulfonamides combine smoothly with 
ethyl chloroformate to give the necessary blocked inter
mediates, the ethyl N - (aryIsulfonyl)carbamates. Al
though we did not try the reaction, there seems to be no 
reason to expect difficulty with alkylsulfonamides. 
Alkylations 3 to 4 were conducted in various solvents, 
under various conditions, with yields of alkylation 
product 4 ranging from 27 to 88%. The only com
pound that failed to yield a product was trimethyl- 
bromoethylammonium bromide. The saponification-

(1) (a) To whom correspondence should be addressed at Boston Uni
versity. (b) S. K . Dheer, unpublished work at Boston University. Dr. 
Dheer first worked out and used the general carbamate approach as de
scribed in this paper.

(2) A 'priori, mixtures of unchanged sulfonamide, monoalkylated sulfon
amide, and dialkylated sulfonamide would always have to be contended with, 
the ratio of products being dependent on the relative rates of the first and 
the second alkylation [cf. D. Klamann, G. Hofbauer, and F. Drahowzal, 
Monatsh. Chem., 83, 870 (1952); Z. Foldi, Chem. Ber., 55, 1535 (1922); M. 
de Montmollin and P. Matile, Helv. Chim. Acta, 12, 870 (1929); D. H. 
Peacock and U. C. Dutta, J. Chem. Soc., 1303 (1934)]. Preparation of 
monoalkyl compounds in this way may also be further complicated by the 
insolubility of certain monoalkylated sulfonamides in alkali, in which case 
separating the monoalkyl from the dialkyl sulfonamide becomes troublesome 
[see references in W. J. Gensler and J. C. Rockett, J. Amer. Chem. Soc., 77, 
3262 (1955)].

Experimental Section

General.— Temperatures are uncorrected. The infrared 
absorption data were obtained from double-beam instruments, 
with wavenumbers calibrated against polystyrene. Most 
curves were obtained with the compounds in chloroform or carbon 
tetrachloride solutions, some from mineral oil mulls. Nuclear 
magnetic resonance curves were obtained at 60 M H z, with 
chemical shifts reported in parts per million downfield from tetra- 
methylsilane. Analyses for elements were performed by Gal
braith Laboratories, Knoxville, Tenn., Spang Microanalytical 
Laboratory, Ann Arbor, Mich., and Scandinavian Microana
lytical Laboratory, Herlev, Denmark. Thin layer chro
matography made use of silica gel layers from Gelman Instrument 
Co. (type SG) or from Eastman Kodak Co. (type K301R or 
Chromogram Sheet 6060), with fluorescence or iodine vapor for 
bringing out the spots. Volatile solvents were removed routinely 
in a rotary evaporatory under water pump pressures and at 
temperatures just above room temperature.

Ethyl A'-(Arylsulfonyl)carbamate (2 ).— Ethyl V-(benzenesul- 
fonyl)carbamate, precipitated by acidifying the alkaline mixture 
in which it was formed from ethyl chloroformate and benzene
sulfonamide,3 was obtained in 69% yield. The melting point 
was 107-109° before and after crystallization from methanol 
(lit .3 mp 108-110°).

Anal. Calcd for C9H uN 0 4S: C, 47.16; H, 4.80. Found: 
C, 47.20; H, 4.68.

This carbamate (as in 2) shows ir absorptions (CHCI3) at 1155 
and 1350 (S02N ),  1750 (C= 0 ), and 3390 cm' 1 2 (N H ); nmr 
(CDCI3) 8 1.15 (t, 3 ,/  =  8.0Hz, CH2CH3), 4.15 (q, 2 ,/  =  8.0Hz, 
OCH2CH3), and 7.8 ppm (m, 6, N H  plus aromatic H ’s).

Ethyl V-(p-toluenesulfonyl)carbamate, prepared from p- 
toluenesulfonamide essentially according to the directions 
given for the phenyl compound, was obtained as white crystals; 
mp 80-82° (lit .4 5 75-77°; 82-84°); ir (CHC1S) 1160, 1350, 1750, 
and 3390 cm-1.

Sodio Derivative of Ethyl AT-(Arylsulfonyl)carbamate (3 ).6—  
The sodium salt was obtained as a white solid, mp 220-222°, in 
59-75% yield by neutralizing the corresponding carbamate (30

(3) F. J. Marshall and M. V. Sigal, Jr., J. Org. Chem., 23, 927 (1958).
(4) E. S. Levchenko, E. S. Kozlov, and A. V. Kirsanov, Chem. Abstr., 56, 

4654a (1962) [Zh. Obshch. Khim., 31, 2381 (1961)]; K . Lanyi and Zs. 
Szabo, Chem. Abstr., 56, 7194 (1962) [Acta Chim. Acad. Sci. Hung., 29, 85 
(1961)].

(5) O. C. Billeter, Chem. Ber., 37, 690 (1904).
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T a b l e  I

E t h y l  .¿V-(Al K Y l ) - V - (a RYLSTJLFONYL)cARBAMATE (4 ) BY ALKYLATING  THE SODIO 

D e r iv a t iv e  o f  E t h y l  V - (A r y l s u l f o n y l )c a r b a m a t e  (3 )

COOC2H6 GOOC2H5
| RB r I

ArS02N -N a  — >  ArS02N -R

Alkyl bromide, g (mmol)
Sodio deriv, Time, hr;

Yield* of 
product,

g (mmol) Solvent (ml) temp7* %
B rC H = C H C H 2Br, 

10 (50)
12.6 (50)“ CHsOH 

plus H 20
C 27“

p -N 02C6H4CH 2Br, 
0.18 (0.83)

O

0.25 (1 .0 )“ DMSO (3) 21/4; ca. R T “ 85“

p-C6H 5C6H 1llC H 2Br, 
1.9 (6 .9)

2.0 (8 .0)“ DMSO 2>/3; R T “ 62“

C2H 5OOCCH2Br, 
0.52 (3 .1)

1.0 (4 .1 )“ DMSO (8) 50; R T ' 87“

CeHsCHaCl, 
2.3 (18)

5.3 (20y DMSO (27) 20; RT* 58“

p-BrC6H 4CH2Br, 
5.2 (21)

6.0 (23)8 DMSO (40) 61/,; R T ' 80»

CeH6C H = C H C H 2Br, 
2.0 ( 10)

2.9 ( l l )8 Acetone-water 
9:1 (25)

16; R T 1 ~ 8 0 8

CH3CH2CH2CH2Br, 
0.68 (5)

1.5 (5 .5)8 D M F  (20) 16; R T* *—'608

C8H 5CH2C H 2Br, 
1.9 (10)

2.9 ( 12)8 D M F  (40) 18; R T ! 88*

(C H 3 )3N C H 2CH2Br Br, 
2.46 (10)

2.92 ( 11y DM SO (30) 24; R T 0"

“ Benzenesulfonyl derivative. b N o  special effort was made to determine optimal conditions. c After the reaction mixture in 250 
ml of methanol had been stirred for 19 hr at room temperature, water (150 m l) was added and the temperature was held at the boiling 
point for 12 hr. Volatiles were removed in  vacuo at 50°, and the residue was extracted with benzene. The carefully dried extract was 
freed of solvent, and the residue was chromatographed through neutral alumina with benzene as eluent. Solvent-free ethyl N - (3- 
bromoallyl)-jV-(benzenesulfonyl)carbamate was obtained as a viscous water-white oil (4.7 g), homogeneous according to thin layer 
chromotography; nu d 1.5436; ir (CC14) 307.5, 3050 (B rC H = C H R ), 1737 (C = 0 ) ,  1375, and 1175 cm -'; nmr (CCU) S 1.15 (t, 3, J  =
6.0 Hz CHjCHs), 4.10 (q, 2, J  =  6.0 Hz, C H 2C H 3), 4.40 (q, 2, J  =  6.0 Hz, CH2N ), 6.30 (m, 2, olefinic H ’s), and 7.70 ppm (m, 5, 
aromatic H ’s). Anal. Calcd for Ci2H i4B rN 0 4S: 0,41.38; H, 4.02. Found: C,41.59; H, 4.02. d Adding 15 ml of water to the 
reaction mixture precipitated essentially pure ethyl V-(p-nitrobenzyl)-V-(benzenesulfonyl)carbamate, which melted at 110- 112° 
before crystallization from aqueous methanol and at 111.5-112.5° after crystallization; ir (CHC13) 1730, 1520, 1375, 1350, and 1170 
c m '1; nmr (CDC1,) S 1.10 (t, 3, /  =  7.0 Hz, CH2CH3), 4.10 (q, 2, J  =  7.0 Hz, CH2CH3), 5.10 (s, 2, N C H 2), 7.4-8.2 (m, 9, aromatic 
H ’s). Anal. Calcd for C ieH ieN ^S : 0,52.74; H, 4.43. Found: 0,52.54; H, 4.32. The same product was obtained in 66%  yield 
when the reaction solvent was boiling aqueous ethanol. * Dilution of the reaction mixture (protected from air) with 125 ml of water 
gave a sticky solid, which after crystallization from 95% ethanol appeared as yellow crystals of ethyl Ar-(p-phenylphenacyl)-Ar-(ben- 
zenesulfonyl)carbamate ( 1.8 g), mp 145-147°. The same product was obtained in 45% yield when the alkylation was performed with 
hot aqueous ethanol. Crystallization from aqueous acetone furnished analytically pure material; mp 150.5-152°; ir (CHC13) 1735, 
1700,1360,1170 cm-1. Anal. Calcd for C23H 2iN 0 3S: 0,65.23; H, 5.00. Found: 0,65.41; H, 4.80. 1 Benzene extraction of the 
reaction mixture that had been diluted with water, followed by removal of solvent from the extract, left residual white ethyl JV-(earb- 
ethoxymethyl)-V-(benzenesulfonyl)carbamate (0.86 g), which melted at 52.5-54.5° before and at 56.5-58° after crystallization from 
chloroform-petroleum ether (bp 30-60°); ir (CHCls) 1735, 1360, 1170 cm-1; nmr (CDC13) & 0.97-1.35 (m, 6, 2CH3), 3.9-4.5 (m, 4, 
20CHo), 4.55 (s, 2, N C H 2), 7.55-8.1 ppm (m, 5, aromatic H ’s). Anal. Calcd for CiJfnNOoS: 0,49.52; H, 5.43. Found: 0,49.70; 
H, 5.55. 8 p-Toluenesulfonyl derivative. h The reaction mixture (nitrogen atmosphere) was diluted with water and extracted with 
ether. The extract was rinsed with bicarbonate and with water, then dried and stripped of solvent. Refrigeration of the residue for 
several days gave an oil-solid mixture that was pressed on filter paper and washed with cold petroleum ether. The resulting ethyl 
./V-benzyl-.V-(p-toluenesulfonyl)carbamate (3.5 g, mp 52-55°) was’ recrystallized from petroleum ether to furnish white, crystalline 
product; mp 56-58°; ir (CHC13) 1725, 1355, 1168 cm-1. Anal. Calcd for Ci7H i9N 0 4S: 0, 61.24; H, 5.74. Found: 0,61.52; H, 
5.86. i The product, isolated by diluting the reaction mixture with water and extracting with ether, was crystallized from aqueous 
methanol to give ethyl V-(p-bromobenzyl)-V-(p-toluenesulfonyl)carbamate (80%); mp 84-85°; ir (CHC13) 1720, 1350, 1170 cm-1; 
nmr (CDC13) S 1.11 (t, 3, /  =  7.0 Hz, C H 2CH 3), 2.38 (s, 3, ArCH 3), 4.09 (q, 2, J  =  7.0 Hz, CH2CH3), 4.94 (s, 2, N C H 2), 7.1-7.7 ppm 
(m, 8, aromatic H ’s). Anal. Calcd for GnHisBrN04S: 0, 49.53; H, 4.40. Found: 0,49.37; H, 4.24. 3 The crude, solvent-free 
product (2.9 g, 81%), obtained by ether extraction of the reaction mixture that had been diluted with water, consisted according to 
thin layer chromatography (Rt 0.43 with benzene solvent) essentially of a single product; actually, hydrolysis of this material gave 
V-cinnamyl-p-toluenesulfonamide in the same yield and quality as hydrolysis of the purified product. Column chromatography over 
Fisher alumina using first ligroin and then benzene afforded 0.9 g of colorless oily ethyl V-(cinnamyl)-./V-toluenesulfonyl)carbamate 
showing a single thin layer chromatographic spot (R , 0.43); n26»  1.5920; ir (CHC13) 1720, 1340, 1160 cm-1; nmr (CDC13) <5 1.16 (t, 
3, J  =  7.0 Hz, CH2CH3), 2.37 (s, 3, ArCH 3), 4.12 (q, 2, J  =  7.0 Hz, CH 2CH 3), 4.60 (d, 2, /  =  6.0 Hz, N C H 2), 6.50 (m, 2, olefinic 
H ’s), 7.1-7.9 ppm (m, 9, aromatic H ’ s). Anal. Calcd for GwH mN O iS: C, 63.49; H, 5.89. Found: C, 63.49; H, 6.06. * The solvent- 
free product isolated from its ether extract appeared as a near-colorless oil (1.0 g, 71%), naD 1.5075, estimated by thin layer chromatog
raphy to be more than 80% pure. Column chromatography as in footnote j  gave 0.38 g (26%) of colorless oily ethyl JV-butyl-iV-(p- 
toluenesulfonyl)carbamate, homogeneous according to thin layer chromatography (Rf 0.35); n 2BD 1.5082; ir (CHCI3) 1720, 1345, 1170 
cm-1; nmr (CD C la) a 0.97 (d, /  =  6 Hz, C H 2CH2CH3), 1.20 (d, /  =  7 Hz, OCH2CH3), 1.6 (m, CH2CH2CH3), 2.40 (s, 3, A rCH 3),
3.7-4.3 (m, 4, N C H 2 plus OCH2), 7.25 and 7.77 ppm (two d’s, J  =  9 Hz, aromatic H ’s). The 5 0.97-1.6 ppm signals integrate to a 
total of 10 protons. Anal. Calcd for C i4H 2iN 0 4S: C, 56.16; H, 7.07. Found: C, 56.14; H, 7.17. 1 The crude product obtained
as described in footnote j  emerged as an oil, which after standing for a day afforded pure, white crystals of ethyl iV-(phenethyl)-V- 
(p-toluenesulfonyl)carbamate (3.8 g ); mp 77-78°; ir (CHC13) 1720, 1345, 1160 cm-1; nmr (CDC13) S 1.15 (t, 3, J  =  7.0 Hz, CH2CH 3), 
2.40 (s, 3, ArCH3), 3.00 (deformed t, 2, J  =  8.0 Hz, (N C H 2), 4.05 (m, 4, ArCH 2 plus OCH2), 7.3 (m, CSH S), 7.73 ppm (d, /  =  8 Hz, 
CH3C6H4). The last two signals correspond to a total of 9 protons. Anal. Calcd for C i8H2iN 0 4S: C, 62.23; H, 6.09. Found: C, 
62.35; H, 6.31. “ The starting trimethyl(bromoethyl)ammonium bromide was recovered to an extent of 88%. Ihe same process 
using aqueous ethanol as solvent and a 16-hr reflux period led to a 79% recovery of starting material. n R T  =  room temperature.
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T a b l e  I I

JV-Al k y l a b y l s t j l f o n a m id e  ( c f ■ 5 ) b y  H y d r o l y s is  a n d  

D e c a r b o x y l a t io n  o p  E t h y l  1V-(Al k y l ) a r y l c a r b a m a t e  (cf. 4 )

COOCsHs

ArS02N R  — >- ArS02N H R

Yield of
Carbamate (R ), NaOH Time, hr; product,

g (mmol) [and solvent (m l)] tempft %“
B rC H = C H C H 2-,4 2-9 g 21; R T “ 93s

3.5 (10) [C2H 6OH (400) 
+  H 20  (200)]

p-BrC6H 4CH2-/ 3% aq NaOH (10) 151/«; R T e 85
0.40 (1 .0 ) [C2H 6OH (15) +  

T H F  (5)]
CeHsCH,-/ 1% aq NaOH (100) 17Vs; stiri 83

1.7 (5 .2 ) [C2H 6OH (200)] R T
V- N O îC e& C H ïV 5% aq NaOH (40) 20y 2; stir» 38*

1.5 (4 .1 ) [TH F  (15)] R T
C6H 6C H = C H C H 2- / 1% ale NaOH (15) 4; reflux'1 78

0.24 (0.69) 
C H 3CH2CH2CH2- ‘i 1% ale NaOH 4; reflux* 74
C6H 5CH2CH2-<7 1% ale NaOH 4; reflux' 76
p-C6H 5C6H4COCH2--i 1% ale NaOH 4; reflux <1
“ No special effort was made to find optimal conditions. 

b Refers to the benzenesulfonyl derivative. c Most of the alcohol 
solvent was removed under reduced pressure, and the aqueous 
residue was acidified with 5% hydrobromic acid. The ether 
extract from this acid mixture was washed with water and with 
bicarbonate solution, dried, and stripped of all volatiles. The 
residual water-white, viscous A-bromoallylbenzenesulfonamide 
(2.6 g ) was homogeneous by thin layer chromatography (Rs 0.26 
with benzene); u 26d 1.5712; ir (neat) 3300, 3075, 1625, 1325, 
1165 cm "1; nmr (CCI,) S 3.55 (q, 2, J  £S 5 Hz, CH2N ), 6.00 (m, 
3, olefinic H ’s plus N H ), 7.60 ppm (m, 5, aromatic H ’s). Anal. 
Calcd for C9H i„BrN02S: C, 39.13; H, 3.62; N , 5.07. Found: 
C, 39.24; H, 3.54; N , 5.11. d Refers to the p-toluenesulfonyl 
derivative. '  The reaction mixture, after acidification with 5% 
hydrochloric acid, was concentrated in vacuo at room tempera
ture. Filtration afforded white crystals of analytically pure N -  
(p-bromobenzyl)-p-toluenesulfonamide; mp 115-117°; ir (CHC13) 
ca. 3500, 1330, 1160 cm -1. Anal. Calcd for C i4H „B rN 0 2S: 
C, 49.42; H, 4.15. Found: C, 49.59; H, 4.36. / When alcohol 
was removed from the hydrolysis reaction mixture, the glistening 
white crystals of product were collected on the funnel (0.7 g, 
mp 109-111°). Acidification of the filtrate gave more of the 
same white material (0.4 g, mp 112-113°); ir (C H C lj) 3360, 
1332, 1160 cm“ 1. V-Benzyl-p-toluenesulfonamide prepared from 
p-toluenesulfonyl chloride and benzylamine melted at 111- 112°; 
the mixture melting point was 111-113°. » iV-(p-Nitrobenzyl)- 
benzenesulfonamide, isolated as described in footnote e, showed 
mp 121.5-122.5°. In  another preparation, crystallization of the 
product from aqueous methanol brought the melting point to 
122-123.5°; ir (CHC1,) 3390, 1520, 1348, and 1160 cm“ 1. Anal. 
Calcd for C13I I 12N 20 4S: C, 53.42; H, 4.14. Found: C, 53.28; 
H, 4.20. h The hydrolysis reaction mixture, diluted with 25 ml 
of water, was extracted thoroughly with benzene. The benzene 
solution was shaken with 5% aqueous sodium bicarbonate, 5% 
hydrochloric acid, and water, dried, and finally stripped of 
solvent. The residual white crystalline V-cinnamyl-p-toluene- 
sulfonamide showed mp 110-111° [P. A. Briscoe, F. Challenger, 
and P. S. Duckworth, J. Chem. Soc., 1755 (1956), and E. E. 
Schweizer, L. D. Smucker, and R. J. Votral, J. Org. Chem., 31, 
467 (1966) report mp 108-109 and 110°] ; ir (CHC1,) 3500, 1330, 
1160 cm“ 1. * The isolation procedure followed footnote h except 
that ether was used for extraction instead of benzene. White 
A-butyl-p-toluenesulfonamide was obtained with mp 40-41°. 
A  sample of the same material prepared from p-toluenesulfonyl 
chloride and butylamine and crystallized from aqueous methanol 
melted at 40-42° both before and after mixing with the hydrolysis 
product. ’ By following essentially the same procedure as given 
in footnote i, V-phenethyl-p-toluenesulfonamide was obtained as 
white needles, mp 65-66° [G. R. Proctor and R. H. Thomson, 
J. Chem. Soc., 2302 (1957), and M. S. Kharasch and H. M. 
Priestley, J . Amer. Chem. Soc., 61, 3425 (1939), report mp 66 and 
67°]; ir (CH Clj) ca. 3400, 1330, 1160 cm "1. k R T  =  room 
temperature.

g, 0.13 mol) with sodium (3.0 g, 0.13 g-atom) dissolved in meth
anol (750 m l); ir 1175 and 1375 (S02N ) and 1660 cm-1 (C = 0 ) .

Anal. Calcd for C9H 10NNaO 4S: C, 43.03; H, 3.98. Found: 
C, 43.30; H, 4.09.

Crystallization raised the melting point to 221-223°. Adding 
hydrochloric acid to an aqueous solution of the sodium derivative 
regenerated ethyl A-(benzenesulfonyl)carbamate, mp 108.5- 
109.5°.

The sodio derivative of ethyl W-(p-toluenesulfonyl)carbamate 
was prepared in 95% yield in a manner analogous to that used 
with the phenyl compound.

Alkylation of Sodio Derivatives 3.— Generally the sodio deriva
tive was stirred with the alkyl bromide (in slight molar deficiency) 
in solvents such as methanol, aqueous ethanol, and dimethyl 
sulfoxide for periods ranging from 2 hr to 2 days. In  most of the 
preparations, water was added after the reaction period, and the 
product was collected by filtration or by extraction. Table I  
gives details.

A'-Alkylarylsulfonamides (5).— The carbamates 4 were hydro
lyzed and decarboxylated by exposure to sodium hydroxide, 
generally with stirring. Acidification precipitated the monoalkyl 
sulfonamide 5. Table I I  presents details.

1.3- Dibromopropene. A. By Allylic Bromination of 1-Bromo- 
propene.— According to its gas-liquid chromatographic assay, 
the 1-bromopropene used here consisted of one part cis material 
and eight parts trans. A  mixture of 1-bromopropene (100 g, 0.83 
mol), IV-bromosuceinimide (147 g, 0.83 mol) and benzoyl peroxide 
(0.61 g ) in carbon tetrachloride (750 ml) was boiled and stirred for 
for 2 hr under a blanket of nitrogen. The cooled mixture was 
filtered, and the filtrate was fractionated through a short vacuum- 
jacketed Vigreux column. The product, 1,3-dibromopropene, 
weighed 105 g (64% ), boiled at 62-69° (30 mm) [lit.6 bp 60-66° 
(25 m m )], and showed two peaks in gas-liquid chromatography 
with retention times the same as those from the dehydration 
procedure.

B. From l,3-Dibromo-2-hydroxypropane.— Phosphorus pent- 
oxide (9.8 g, 0.069 mol) was added in small portions over a 3-hr 
period to l,3-dibromo-2-hydroxypropane (10.0 g, 0.040 mol) in a 
moisture-protected flask. The mixture was stirred during the 
addition until, when most of the reagent was in, the increased 
viscosity made stirring impossible. A fter standing for 0.5 hr at 
room temperature, the mixture was warmed on the steam bath 
for 1 hr and then allowed to cool. Ice (250 g ) was added followed 
by 5% aqueous sodium hydroxide until the mixture was basic. 
Extraction with ether gave a solution of the crude product, which 
was rinsed three times with water, twice with 2 N  hydrochloric 
acid, several times with saturated aqueous bicarbonate, finally 
with water, and was then dried with sodium sulfate. Fractiona
tion through a 6-in. Vigreux column gave 1.9 g (21% ) of the 
desired 1,3-dibromopropene, rc26D 1.5600 (lit .6 re25d  1.552-1.557), 
bp 150-156° (lit .7 bp 156°).

Anal. Calcd for C3H 4Br2 (cis and trans): C, 18.00; H, 
2.00; Br, 80.00. Found: C, 18.02; H, 2.02; Br, 80.03.

The 1,3-dibromopropene, as a cis-trans mixture, showed two 
peaks of roughly equal area in gas-liquid chromatography; ir 
(CC14) 3070 and 3080 (R C H = C H R ), 1620 cm" 1 (RCH==CHBr); 
nmr (CC14) 8 3.95 (m, 2, CH2Br), 6.40 ppm (m, 2, olefinic H ’s).

Dehydration of l,3-dibromo-2-hydroxypropane with phos
phorus oxybromide7 instead of phosphorus pentoxide offered no 
advantage.

A  higher fraction (2.1 g, 17%) proved to be 1,2,3-tribromo- 
propane, n 26d  1.5800 (lit .8 ra18D 1.584), bp 220° (lit7 bp 220°), nmr 
(CC14) S 3.85 (d, 4, /  =  3 Hz, 2CH2Br), 4.30 ppm (quintet, 1, 
J  — 3.0 Hz, CHBr), and was homogeneous according to gas- 
liquid chromatography.

Anal. Calcd for C3H 6Br3: C, 12.81; H , 1.78; Br, 85.41. 
Found: C, 12.84; H, 1.80; Br, 85.45.

1.3- Dibromopropene with the Sodio Derivative of Benzene- 
sulfonamide.—A  mixture of 1,3-dibromopropene (10 g, 0.050 
mol), benzenesulfonamide (12 g, 0.075 mol), sodium hydroxide

(6) Compare A. T, Bottini, B. J. King, and J. M. Lucas, J. Org. Chem., 
27, 3688 (1962), who utilize the procedure of F. L. Greenwood, M . D. 
Kellert, and J. Sedlak, "Organic Syntheses,”  Collect. Vol. IV , W iley, New  
York, N . Y ., 1963, p 108, for the allylic bromination of 2-heptene.

(7) J. v. Braun and M . Kuhn, Chem. Ber., 58, 2168 (1925). Stanley M . 
Klainer and Joseph Casella contributed to developing this preparation of 
1,3-dibromopropene, which develops less tar and shows better reproducibility 
than the preferred phosphorus oxybromide method of Braun and Kuhn.

(8) I. M . Heilbron, Ed., “ Dictionary of Organic Compounds,”  Vol. 3, 
Oxford University Press, New  York, N . Y ., 1934, p 809.
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(2.0 g, 0.050 mol), water (400 ml), and 95% alcohol (700 ml) was 
stirred for 18 hr. A fter several separation steps, the only alkali- 
soluble material that could be identified was unchanged benzene- 
sulfonamide (0.8 g). Other products included a trace of solid (40 
mg) whose melting point (123-125°) and infrared absorption 
spectrum agreed with those of diphenyl sulfone; a trace of oil 
whose Ri value suggested its identity as unchanged 1,3-dibromo- 
propene; 3.7 g (19%) of lV,A-di(3-bromallyl)benzenesulfonamide 
with R i (benzene) 0.58 and with n16d 1.5801; and 3.1 g (15% ) of
N , iV-di(3-bromallyl)benzenesulfonamide with Rt (benzene) 0.28 
and with nnD 1.5704. The absorption curves for the last two 
materials were essentially the same, both showing ir (neat) 3075, 
1613, 1350, 1170 c m '1; nmr (CC14) S 3.82 (q, 4, /  =  4 Hz, 
2CH2N ), 6.15 (m, 4, olefinic H ’s), and 7.60 ppm (m, 5, aromatic 
H ’s). A  roughly 1:1 mixture of the last two materials was 
analyzed.

Anal. Calcd for Ci2H [3Br2NOsS: C, 36.46; H, 3.29; Br, 
40.51. Found: C, 36.42; H , 3.33; Br, 40.70.

1,3-Dibromopropene with the Silver Derivative of Benzenesul- 
fonamide.— The silver salt was prepared9'10 by adding silver 
nitrate (0.25 g, 1.5 mmol) in 2 ml of water to a stirred solution of 
benzenesulfonamide (0,2 g , 1.5 mmol) and sodium hydroxide (0.6 
g ) in 2 ml of water. The resulting brown-yellow silver derivative 
of benzenesulfonamide was collected, washed with 95% alcohol 
and ether, and dried in a desiccator. The derivative weighed
O. 33 g and showed mp 220-230° dec.

A  heterogeneous mixture of 1,3-dibromopropene (0.2 g, 1 
mmol), the silver derivative (0.32 g, 1.2 mmol), and ether (45 
m l) was stirred at room temperature for 16 hr. Processing the 
reaction mixture afforded no sign of A’ -(3-bromalIyl)benzenesul- 
fonamide. According to thin layer chromatographic evidence, 
the viscous oily product contained N.A'-diiS-bromallyllbenzene- 
sulfonamide. This was substantiated by recovery of the same 
material from column chromatography (neutral alumina) and 
comparing its nmr curve with the corresponding material 
obtained from the sodio derivative. The neat crude oil before

(9) A. Hantzach and E. Voegelen, Chem. Ber., 34, 3142 (1901).
(10) J. Casella, unpublished work at Boston University.

separation showed an ir peak at 3200 cm ', an indication that a 
propargyl group might be present.

Registry No.—2 (Ar =  Ph), 32111-09-4; 2 (Ar =  
C eH4CH3-p), 5577-13-9; 3 (Ar =  Ph), 32111-11-8; 
4 (Ar =  Ph, R  =  CH2C H =C H B r), 32111-12-9; 
4 (Ar =  Ph, R  =  CH2C 6H4N 0 2-p), 32207-42-4; 4 

(Ar =  Ph, R  =  CHsCOCeHPh-p), 32111-13-0; 4 

Ar =  Ph, R  =  CH2COOEt), 32120-94-8; 4 (Ar =  
CelRCHj-p, R  =  CH2Ph), 32120-95-9; 4  (Ar =  
CetpCIR-p, R  =  CH2CeH4Br-p), 32120-96-0; 4

(Ar =  CJLCPB-p, R  =  CH2CH==CHPh), 32120-
97-1; 4 (Ar =  C6H4CH3-p, R  =  Bu), 32120-98-2;
4  (Ar =  C 6H 4CH3-p, R  =  CH2CH2Ph), 32120-99-3;
5 (Ar =  Ph, R  =  CH2C H =C H B r), 32121-00-9; 5 

(Ar =  C6H4CH3-p, R  =  CH2C 6H4Br-p), 10504-96-8; 
5 (Ar =  C6H4CH3-p, R  =  CH2Ph), 1576-37-0; 5 

(Ar =  Ph, R  =  CH2C 6H4N 0 2-p), 32121-03-2; 5 (Ar 
=  C 6H4CH3-p , R  =  C2C H =C H Ph ), 32121-04-3; 
5 (Ar =  C 6H4CH3-p, R  =  CH2CH2Ph), 5450-75-9; 
ds-l,.3-dibromopropene, 32121-06-5; trans- 1,3-dibro
mopropene, 32121-07-6; 1,2,3-tribromopropane, 96- 
21-9; jV,jV-di(3-bromoalIyl)benzenesulfonamide, 32111-
14-1.
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Nucleosides. LXXI. 3'-Amino-3'-deoxyhexopyranosyl Nucleosides.
VI. Reactions of Some Mesyloxy Nucleosides1
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The reactions of variously mesylated l-(3-acetamido-3-deoxy-/3-D-glucopyranosyl)uracils were studied in order 
to examine the behavior of their neighboring groups. Alkaline treatment of the 2',4',6'-trimesylate (5) af
forded the 4',6'-dimesylate of the 2,2'-anhydromanno nucleoside 6 which by further alkaline treatment gave
l-(3-acetamido-2,6-anhydro-3-deoxy-4-0-mesyl-/S-D-mannosyl)uracil (7) and l-(3-acetamido-2,6-anhydro-3- 
deoxy-0-D-talosyl)uracil (8). The nmr spectra of 7 and 8 were consistent with the bicyclo[2.2.2]octane system 
for their carbohydrate moieties. Treatment of l-(3-acetamido-3-deoxy-2,4-di-0-mesyl-6-0-trityl-/3-D-glucosyl)- 
uracil (12) with alkoxide gave the 2,2'-anhydro derivative 13 which was detritylated and then hydrolyzed in 
alkali to the 4'-mesylate of 3'-acetamidomannosyluracil (16). When nucleoside 12 is detritylated first and 
then treated with alkali, l-(3-aeetamido-3-deoxy-d-D-talopyranosyl)uracil (19) was formed which was con
verted to its crystalline triacetate 20 and hydrogenated to the 5,6-dihydro derivative 21. The unexpected 
chemical shift for the 2'-acetoxy signal in the nmr spectrum of 21 relative to 20 was observed and assigned un
equivocally by the syntheses and spectral comparison with the analogous 4',6'-di-0-deuterioacetylated deriva
tives 25 and 26. Attempts to prepare a 2,6'-anhydro nucleoside 31 from l-(3-acetamido-2-0-acetyl-3-deoxy-^-D- 
glucopyranosyl)uracil (29) via its 4',6'-dimesylate 30 was not successful. The 6'-mesylate 32 of 29 was displaced 
by nucleophiles (iodide or benzoate) to afford compounds 33. Treatment of the 6'-iodo analog 33b with silver 
fluoride in pyridine afforded l-(3-acetamido-2-0-acetyl-3,6-dideoxy-/3-D-®j/to-hex-5-enopyranosyl)uracil (34).

cleosides from uridine as part of a program designed 
toward the synthesis of analogs of certain nucleoside 
antibiotics2*1 containing amino sugar moieties. It  was 
found2*1 that treatment of l-(3-acetamido-3-deoxy- 
2 - 0 - mesyl - 4,6 - O-benzylidene - 0 - d - glucosyl)uracil (1) 
with sodium methoxide gave the crystalline 2,2'- 
anhydromannosyl nucleoside 2 in high yield as the 
sole product rather than the oxazoline derivative 3

Previous reports2 from this laboratory dealt with 
the syntheses of 3'-deoxy-3'-aminohexopyranosyl nu-

(1) This investigation was supported in part by funds from the National 
Cancer Institute, National Institutes of Health, U. S. Public Health Service 
(Grant No. CA 08748).

(2) (a) K . A. Watanabe and J. J. Fox, Chem. Pharm. Bull., 12, 975 
(1964); (b) J. Org. Chem., 31, 211 (1966); (c) K. A. Watanabe, J. Beranek, 
H. A. Friedman, and J. J. Fox, ibid., 30, 2735 (1965); (d) ref 2b; (e) J. J. 
Fox, K . A. Watanabe, and A. Bloch, Progr. Nucleic Acid Res. Mol. Biol., 5, 
251 (1966).
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(Figure 1). Thus, in spite of the known facility for 
oxazoline formation with other acetamido sugars vic- 
inally substituted with sulfonyloxy groups, it is clear 
that (with uracil as the aglycon) the 2-carbonyl par
ticipated preferentially to the 3'-acetamido group in an 
intramolecular displacement reaction. The potential 
biological importance2® of amino sugar nucleoside de
rivatives warranted a study of the chemistry of vari
ously mesylated 3'-acetamido-3'-deoxyhexosyluracils 
in order to examine the behavior of their neighboring 
groups (Figure 2).

Crystalline 1- (3-acetamido-3-deoxy-tri-0-mesyl-/3-D- 
glucopyranosyl)uracil (5) was prepared by exhaus
tive mesylation of 3'-acetamidoglucosyluracil (4). 
This derivative (5) contains three leaving groups and 
several potential intramolecular nucleophiles. The 
behavior of this compound toward sodium ethoxide as 
well as that of mono- and di-O-mesylated nucleosides 
derived from 4 was investigated.

When treated with 1 equiv of sodium methoxide in 
anhydrous methanol, compound 5 was rapidly con
verted to 2,2'-anhydro-l-(3-acetamido-4,6-di-0-mesyl- 
d-D-mannosyl)uracil (6) with uv spectral characteris
tics (X“ ax H 247 and 277 mg) similar to those of 2. Com
pound 6 was treated further with 2 equiv of anhy
drous sodium ethoxide. After prolonged refluxing, ap
proximately 1.2 equiv of alkoxide was consumed and 
five products were detected on tic. After addition 
of water to the reaction mixture, only two products 
were detected by tic. From this hydrolysate two 
crystalline products were isolated.

The structure of one of these crystalline products 
was established as 8 on the basis of the following data: 
the elemental analyses were consistent with 8; nmr 
analyses showed the absence of mesyloxy substituents 
and the presence of only three replaceable protons 
suggestive of an anhydro-type structure. The uv 
spectrum was also similar to that for uracil nucleosides3 
and differed from those for anhydro nucleoside struc
tures4 involving a bridge between the aglycon and 
sugar moiety. The presence of a doublet at low field 
(NH , r 2.31, J  =  7.2 Hz) which disappears after ad
dition of CD 3 COOD showed that the 3'-acetamido 
group was not involved in a bridged structure. The 
configuration at C-2' was readily established by the

(3) J. J. Fox and D. Shugar, Biochim. Biophys. Acta, 6 369 (1952).
(4) J. F. Codington, I .  L. Doerr, and J. J. Fox, J. Org. Chem., 30, 476 

(1965).

small H -l'-H -2 ' coupling (anomeric signal, r 4.02, 
J it#  ~  0) diagnostic for the gauche relationship. 
Treatment of 8 with acetic anhydride in pyridine gave 
a crystalline mono-O-acetate (9) whose nmr spectrum 
showed a doublet for one proton at r 4.80 (J  ■= 10.0 Hz). 
This large coupling rules out C-2' as the position of 
attachment of the acetoxy group since H-2' is cis to 
both H - l ' and H-3'. Finally, since only one proton 
was shifted downfield upon O-acetylation of 8 to 9, 
position 6 can be excluded as the site of acetylation. 
Therefore, the acetoxy group is linked to C-4', and, 
consequently, the anhydro linkage in the sugar moi
ety must exist between the 2' and 6' positions. The 
large H-3'-H-4' coupling of -—'10.0 cps is indicative 
of a cis relationship for these protons in a dioxabi- 
cyclo[2.2.2]octane5 system.

The structure of the second crystalline product 
was established as 1 -(3-acetamido-2,6-anhydro-3- 
deoxy-4-0-mesyl-|S-D-mannosyl)uracil (7) on the 
following evidence: the uv spectrum of 7 resembled 
uridine. The nmr spectrum showed that it contained 
one acetyl and one mesyl group and only two replace
able protons (r  1.05 and —1.66) attributable to the 
acetamido and N-3 protons, respectively. The ano
meric singlet at r 4.15 and a narrow downfield singlet 
at t 5.09 (integrated for one proton) suggested that 
the mesyloxy function was attached to C-4' and that 
the anhydro bridge was formed between the 2' and 
6' positions. In such a dioxabic,yclo[2.2.2]octane 
system, H-3' and H-4' or H-4' and H-5' are no longer 
in trans-diaxial arrangement so that the H-4' signal 
would become a singlet. However, the nmr data 
alone are not sufficient to establish the structure de
finitively since, if the chemical shifts of H-2' and H-3' 
were very close, both the H - l ' and H-4' signals may 
become singlets even though the couplings between 
H - l ' and H-2' or between H-3' and H-4' are large.6

When compound 7 was treated with sodium iodide 
in acetone followed by catalytic hydrogenation, start
ing material was recovered unchanged, whereas even 
under milder conditions the trimesylate 5 afforded the
6-deoxy derivative 10. I t  is thus clear that the mesyl
oxy substituent in 7 is not on C-6' and, since 7 was 
derived from intermediate 6, the mesyloxy substituent 
is linked to C-4'. Compound 7 was also recovered 
unchanged after treatment with acetic anhydride in 
pyridine, which ruled out the possibility of free hy
droxyl functions in this compound. These data 
establish the structure of 7.

The overall conversion of the 2',2-anhydro nucleoside 
6 to the 2',6'-anhydro derivatives 7 and 8 is readily 
explained by the alcoholysis or hydrolysis at C-2 of 6 
to generate an intermediate 2'-hydroxy anion, which 
displaces the 6'-mesyloxy function by attack on the 
primary carbon atom to form a 2',6'-anhydro linkage. 
Such an intramolecular displacement is eminently 
feasible if the intermediate structure containing the 
2'-hydroxy anion adopts a boat (B2) conformation 
which would place the C-2' substituent very close to 
C-6'. The conversion of 7 to 8 probably occurs by 
participation of the 3'-acetamido group via an oxazo-

(5) J. S. Webb, R. W . Broschard, D. B. Cosulich, J. H. Mowafc, and J. E. 
Lancaster, Amer. Chem. Soc., 84, 3183 (1962); K . Tori, Y . Takano, and 
K. Kitahonoki, Chem. Ber., 97, 2798 (1964); K. Somekawa, T. Matsuo, and 
S. Kumamotoi Bull. Chem. Soc. Jap., 42, 3499 (1969).

(6) J. Musher and E. J. Corey, Tetrahedron, 18, 791 (1962).

W atanabe , K otick, K tjnori, Ctjshley, and Fox
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line intermediate. The formation of 7 and 8 from 6 
is somewhat akin to the conversion of 2',3'-epoxy- 
lyxofuranosyluracils by sodium benzylate to 2',5'- 
anhydro nucleosides previously reported from this 
laboratory.7 8 9 10 11 The formation of a (2.2.2)bicyclic sys
tem is of interest. Only few examples of bicyclic 
[2.2.2] carbohydrates have been reported.8-11

It  is noted that a 3',6'-cyclic linkage with a nitrogen 
bridge was not detected among the products formed 
by reaction of 6 with sodium methoxide even though 
the formation of such a pyrrolidine derivative could 
be expected from an internal displacement of the C-6' 
mesyloxy group by attack of acetamide nitrogen.12 
An examination of molecular models shows that a B1 
or 1C conformation would be required for the pyr
rolidine linkage to form. However, such conforma
tions would not bring the acetamido nitrogen as close 
to C-6' as does the 2B conformation for the 2'-oxygen 
atom. The preferential formation of a 2',6'-anhydro 
bridge may be due, therefore, mainly to the closer 
proximity of the 2'-hydroxy anion to C-6'.

Compound 8 was a very minor component formed 
in the overall reaction of 6 with sodium methoxide. 
When the reaction time was prolonged, the proportion 
of 8 was increased. This phenomenon is readily 
explained by intermediate 7 which slowly undergoes 
solvolysis13 to the talo nucleoside 8 via an oxazoline de-

(7) I. L. Doerr, J. F. Codington, and J. J. Fox, J . Org. Chem., 30, 467 
(1965).

(8) L. N. Owen and P. A. Robins, J . Chem. Soc., 326 (1949).
(9) D. A. Rosenfeld, N. K . Richtmyer, and C. S. Hudson, J. Amer. Chem. 

Soc., 70, 2201 (1948).
(10) N. A. Hughes, J. Chem. Soc. C, 2263 (1969).
(11) A. Zabacova and J. Jary, Collect. Czech. Chem. Commun., 29, 2042 

(1964).
(12) H. H. Baer and T. Neilson, Can. J. Chem., 43, 840 (1965), suggested 

the possible formation of a 3,6-pyrrolidine structure by reaction of methyl 
3-acetamido-2,3-dideoxy-4,6-di-0-mesyl-/3-D-glucoside with sodium acetate 
in refluxing methanol; however, their data did not permit definitive struc
tural assignment.

(13) B. R . Baker and R. E. Schaub, J. Amer. Chem. Soc., 77, 5900 (1955).

rivative formed by anchimeric assistance of the 3'- 
acetamido group. When compound 5 was refluxed 
with 3 equiv of aqueous sodium hydroxide for 20 hr, 
compound 8 was isolated as the major product (ca. 
30%) together with a small amount of 7.

I t  was of interest to study the behavior of a di-0- 
mesyl derivative in which there is no leaving group at 
the 6' position. For this purpose the 6'-0-trityl 
derivative 11 was prepared from 4. After mesylation, 
the di-O-mesylate 12 was treated with 1 equiv of so
dium methoxide in methanol. Crystalline 2,2'- 
anhydro nucleoside 13 was obtained which upon hy
drolysis gave the mono-O-mesyl-raanno nucleoside 14. 

It  is noted that, as in the reaction of 1 —► 2 or 5 6,

the reaction of 12 with alkoxide also produced a 2,2'- 
anhydro linkage (compound 13), showing again the 
preference of the 2-carbonyl over other potential 
intramolecular nucleophiles in the initial displacement. 
Detritylation of 14 gave l-(3-acetamido-3-deoxy-4-
0-mesyl-d-D-mannopyranosyl)uracil (16). The di-O- 
acetate 17 was prepared from 16 as a reference 
compound for nmr studies. Compound 16 was ob
tained alternatively from 13 by detritylation to 15 

followed by hydrolysis. The nmr data of these com
pounds are listed in Table I.

Attempts to displace the 4-mesyloxy group of 13 
in boiling methanolic sodium methoxide by anchimeric 
assistance of the 3'-acetamido function were unsuc
cessful and starting material was recovered unchanged. 
However, it was found (Figure 3) that after detrityla
tion of 12 to 18, displacement of both mesyloxy func
tions in alkali occurred with the formation of a nucleo
side (19). This compound was purified and acetylated 
to its crystalline tetraacetate and characterized as the 
talo nucleoside (20). The conversion of 18 to 20 
may have involved anchimeric assistance of the 6'- 
hydroxy anion, rather than the 3'-acetamido group, 
in displacement of the 4'-mesyloxy substituent.
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Assignment of the talo configuration to 20 is based 
on the following data: this nucleoside differs in melt
ing point, optical rotation, and ir spectrum from the 
known tetraacetylated derivatives of the corresponding 
gluco,2a’b manno,14 and galacto14 isomers. The nmr 
spectrum of 20 showed a very narrow doublet for the 
anomeric proton signal at r 4.01 —  1.0 Hz).
The narrow signal at r 4.92 integrated for two protons 
(H-2', H-4'), indicating that the couplings between 
the sugar ring protons are very small. The sextet 
for the H-3' signal at r 5.28 collapsed by deuterioacetie 
acid treatment to a narrow triplet (J r ,3' == 3.5 cps). 
These data (Table I ) are in good agreement with the 
talo configuration in which all the sugar ring protons 
are in a gauche relationship with their neighbors.

The nmr data for 20 do not rule out any one of the 
two chair conformations (C l or 1C). However, an 
examination of a Courtauld molecular model of 20 
showed that it was impossible to build a 1C confor
mation for this compound due to steric hindrance by 
the three bulky axial substituents which this con
formation requires. On the other hand, the Cl con
formational model showed no serious interactions 
between the bulky functional groups. The nmr data 
as well as the examination of Courtauld molecular 
models also rule out any boat conformation because 
in each of these one of the dihedral angles defined by 
H- l'-H -2 ', H-2'-H-3', or H-3'-H-4' must approach 
0° and should exhibit a large coupling. Such a large 
coupling is not shown by the nmr spectrum of 20. 
The data described thus far would warrant the as
signment of the talo configuration in the Cl confor
mation (in DMSO) to 20.

Previous nmr studies14 of a host of pyrimidine nu
cleosides from this laboratory have shown that removal 
of the anisotropy of the 5,6 double bond by hydrogena
tion produced an effect on the chemical shift of the 
C-2'-acetoxy resonance. A  generalization was de
veloped from these studies which stated that, in the 
case of pyraiKjsyl-pyrimidine nucleosides, when the 
C-2'-acetoxy group and the pyrimidine are in a cis 
relationship, the C-2'-acetoxy resonance will be shifted 
upfield by 0.21-0.23 ppm when the 5,6 double bond 
is hydrogenated. When a trans-diequatorial relation
ship obtains, a small but significant downfield shift of 
the C-2'-acetoxy signal occurs upon removal of the 
unsaturation. This approach was applied to the talo 
nucleoside 20.

The nmr spectrum of 20 exhibited four acetyl signals 
in DMSO-d6 at r 8.17, 8.00, 7.97, and 7.88. The
5,6-dihydro derivative 21, obtained by hydrogenation 
of 20 over Adams catalyst, exhibited acetyl signals at 
r 8.18, 8.01, and 7.88 (the latter signal integrating for 
six protons). A  diamagnetic shift expected for one 
of the acetoxy resonances in 21 on the basis of earlier 
studies14 with nucleosides was not observed. Indeed, 
these compounds (20 and 21) comprise the first example 
in the pyrimidine nucleoside area of the failure to 
conform to the generalization on upfield 2'-acetoxy 
resonance shifts for nucleosides bearing a cis relation
ship between the aglycon and the 2'-acef oxy group.

It should be noted that the generalizations proposed14 
for pyrimidine nucleosides assumed a 'priori a chair

R eactions of Some M esyloxy N ucleosides

(14) R. J. Cushley, K. A. Watanabe, and J. J. Fox, J. Amer. Chem. Soc.,
89, 394 (1967).

conformation for the carbohydrate and a substantial 
population in the anti conformation (that is, the 5,6 
double bond sits over the sugar ring). The failure of 
the pair 20 and 21 to obey these generalizations may 
be due to either of the following, (a) The population 
of conformers in the anti form may deviate substan
tially from the norm in which the plane of the uracil 
moiety lies perpendicular to the plane of the sugar 
ring and the 5,6 double bond “ sits over”  the sugar 
ring. Due to the nonbonded interactions inherent 
in the talo configuration, deformation of the chair 
and/or twisting the aglycone about the C - l '-N  bond 
to a form more nearly adopted in, say, the 2,2'-anhydro 
derivative (~90 ° deflection) can be expected so that 
the C-2'-acetoxy substituent lies outside the cone of 
anisotropy produced by the 5,6 double bond, (b) The 
acetoxy resonance at t 7.88 of 20 shifted diamagneti- 
ally to r 8.01 in 21 while the two other acetoxy res
onances at t 8.00 and 7.97 gave paramagnetic shifts. 
In order to examine the latter possibility (b) it is 
necessary to assign the acetoxy resonances in 20 and 
21 with certainty by a synthesis of l-(4,6-di-0-deu- 
terioacetyl-3-acetamido-di-O-acetyl-d-D-talopyranosyl)- 
uracil (25, see Figure 3). The acetyl signals for 25 
appeared at r 8.18 and 7.97 and (aside from the ab
sence of C-4' and C-6' acetoxy resonances) the rest 
of the nmr spectrum was identical with that exhibited 
by the undeuterioacetylated isomer 20. Hydro
genation of 25 over platinum catalyst proceeded very 
slowly and after 3 days only ~50 %  reduction oc
curred. The acetyl signals of this mixture (25 and 
26) appeared at t 8.18, 7.97, and 7.88, integrating 
approximately in a ratio of 2:1:1 protons respectively. 
Therefore, the acetyl signal at r 8.18 is assigned to the 
A-acetyl group because the 2' substituent should be 
most affected by the aglycon which is in cis relationship 
to it. Consequently, the 2'-acetoxy signal is at r 
7.97 in 20 and it is this signal which had moved down- 
held in 21 on removal of anisotropy by reduction of 
the 5,6 double bond. Thus possibility b is ruled out.

The possibility remains that a substantial population 
of conformers in 20 and 21 deviate from the anti con
formation so that the C-2' acetoxy group is outside of 
the positive region of the anisotropic cone produced 
by the 5,6 double bond. Frió, et al.,16 have shown in 
ORD studies with pyrimidine nucleosides that the 
orientation of the 2' position “ exerts a strong influence 
on the magnitude of the amplitude of the Cotton 
effect but not in its sign.”  Emerson, et al.,H have 
shown that the effect of inversion of the 2'-hydroxyl 
group (ribosyl arabinosyl) is to hold the pyrimidine 
ring in a more rigid conformation, thereby increasing 
the magnitude of the Cotton effect. The ORD data 
for the gluco (27), manno (28), and talo (20) nucleosides 
are given in Figure 4. Thus, while the molar amplitude 
of the Cotton effect of the manno nucleoside relative 
to the gluco isomer is increased, the talo isomer is 
considerably lower, contrary to what might be ex
pected from the previous studies.16'16 However, Em
erson16 has also shown that, as the uracil moiety in 
nucleosides departs from the anti conformation, the 
Cotton effect is reduced in amplitude. The ORD

(15) I. Frii, J. Smejkal, and J. FarkaS, Tetrahedron Lett., 75 (1806).
(16) T. R. Emerson, R. J. Swan, and T. L. V. Ulbrioht, Biochemistry, 6, 

843 (1967).
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ORD tolo piuco momo

Peak 285 280 280
Trough 260 225 250
Molor
amplitude*

38 200 260

* See ref. 16 for defini »¡on

Figure 4.

data in Figure 4 are at least consistent with the hy
pothesis that the “ failure”  of 20 and 21 to obey the 
C-2 -acetoxy shift generalization of Cushley, et al.,u 
may be a result of altered conformer populations away 
from anti in these derivatives; hence ORD studies 
should accompany nmr studies in cases inconsistent 
with the acetoxy shift rules.14

It  is noted that the formation of 2,6'- or 2,4'-anhy- 
dro nucleosides was not observed when the 2',4',6'- 
tri-O-mesylate (5, Figure 2) was treated with alkoxide 
and, instead, the 2,2'-anhydro derivative 6 was formed 
preferentially as the first step. The 2,2'-anhydro 
nucleoside 2 previously reported2d and those reported 
herein probably exist in the Cl conformation. Re
cently, 2,3 '-anhy dro-1- (/3-D-glycopyranosyl) pyrimidines 
were synthesized.17’18 These latter structures prob
ably adopt a 2B (boat) conformation, though the 1C 
conformation is possible but less likely. The 
hitherto unknown 2,4'-anhydro nucleoside structure 
would require a B1 conformation whereas the 2,6'- 
anhydro isomer (also unknown) could probably take 
a 1C or twist conformation.

Attempts to prepare (Figure 5) a 2,6'-anhydro 
nucleoside (e.g., 31, R ' =  mesyl or H ) from the 4',6'- 
dimesylate 30 or the 6'-mesylate 32 were not successful. 
These latter compounds were synthesized readily by 
exhaustive or by selective mesylation of the known2d
l-(3-acetamido-2-0-acetyl-3-deoxy-d-D-glucopyranosyl) 
uracil (29). Treatment of the dimesylate 30 with 
lithium aluminum hydride in tetrahydrofuran (con
ditions by which the 2,4-dimesylate of methyl 3- 
benzami do-3,6-dideoxy-a-L-glucosi de was converted 
into the 3,4-epiminogalactoside derivative)18 caused 
complete loss of selective absorption in the ultraviolet, 
indicating that the 5,6 double bond of the aglycon 
was reduced. Therefore, this reaction was not studied 
further. Heating of 30 and 32 with potassium tert- 
butoxide in D M F gave intractable mixtures, although 
under identical conditions l-(2-deoxy-3,4-di-0-mesyl- 
/3-D-en/f/wD-pentopyranosyl) uracil afforded a 2,3'- 
anhydro nucleoside.17 Reaction of 32 with sodium 
benzoate in D M F did not afford a 2,6'-anhydro de
rivative but rather the crystalline 6'-benzoate 33a 
in 80% yield. Similarly, treatment of 32 with sodium 
iodide in D M F afforded the 6'-iodo derivative 33b. 
I t  may be postulated that in the course of reaction of 
32 to 33 a 2,6'-anhydro derivative may have been an 
intermediate, but evidence for such a mechanism is 
lacking. Indeed, treatment of the 6'-iodo nucleoside 
33b with silver acetate in methanol (conditions which

(17) G. Etzold, R. Hintsehe, and P. Langen, Tetrahedron L e t t 4827 
(1967).

(18) A. D. Barford and A. C. Richardson, Carbohyd. Res., 4, 408 (1967).

convert a 5'-iodouridine into a 2,5'-anhydrouridine)19 
gave several products of which the major component 
was characterized as the 5',6'-unsaturated derivative 
34. Crystalline 34 was synthesized in good yield 
from 33b using silver fluoride in pyridine20 as the re
agent.

Experimental Section

M elting points were determined on a Thomas-Hoover appara
tus and are not corrected. Elementary analyses were performed 
by Galbraith Laboratories, Knoxville, Tenn., and by Spang 
Microanalytical Laboratory, Ann Arbor, Mich. The nmr spectra 
were determined on a Varian A-60 spectrometer using tetra- 
methylsilane as internal reference. Thin layer chromatography 
(tic ) was performed on silica gel GF254 (Merck) using the following 
solvent systems: solvent A , acetone-chloroform-water (5 :1 :1 ); 
B, n-butyl alcohol-water (84:16); C, chloroform-methanol 
(9 :1 ). The uv spectra were determined on a Cary Model 15 
spectrophotometer.

l-(3-Acetamido-3-deoxy-2,4,6-tri-0-mesyl-/3-D-glucosyl)uracil
(5).— Compound 42a (9.45 g, 0.03 mol) was dissolved in pyridine 
(190 ml) and cooled in an ice bath. Mesyl chloride (9.2 ml, 0.12 
mol) was added to the stirred solution. The mixture was kept 
overnight at room  temperature and evaporated to dryness. A  
small amount of pyridine was removed azeotropically with ethanol 
(100 m l) and the gummy residue was triturated twice with ethanol 
(50 m l). The ethanol-insoluble material was dissolved in hot 
water (30 m l) and diluted with hot ethanol (400 ml). The crystals 
which deposited after cooling the mixture were filtered and washed 
with 95% ethanol (20 ml). Amber-colored product (5, 8.5 g ) was 
obtained in 57% yield: mp 165-168°; [a]D +40 ° (c 0.75, H 20 ); 
uv X“ ' 0H 255 mM (c 10,900), X"?°H 226 mM (* 3000).

Anal. Calcd for CiBH 230 ,3N 3S3: C, 32.78; H , 4.22; N , 7.65; 
S, 17.50. Found: C, 32.76; H , 4.63; N , 7.59; S, 17.45.

Reaction of Compound 5 with Sodium Ethoxide, to 7 and 8.—  
A  mixture of 5 (8.25 g, 0.015 mol) in ethanol (450 m l) and 0.48 
N  sodium ethoxide (33.5 m l) was refluxed for 30 min. A  neutral, 
clear solution was obtained (uv X“ °H 248 and 227 m/n, 233 
mju). A  second mole of sodium ethoxide (0.48 N ,  31 m l) was 
added and after 30 min under reflux temperature the reaction 
was neutral. Finally, sodium ethoxide (0.48 N ,  12 m l) was 
added to the mixture and refluxing was continued for 1 hr. 
Sodium mesylate (3.4 g ) precipitated on cooling and was removed 
by filtration. The filtrate contained five compounds as de
termined by tic in solvent A . The filtrate was condensed to 
~300 ml, then diluted with water (200 m l) and 1 N  sodium 
hydroxide (15 m l). The mixture was warmed to 45-50° for 30

(19) D. M. Brown, A. R. Todd, and S. Varadarajan, J. Chem. Soc.. 868 
(1967).

(20) L. Hough and B. A. Ofcter, Chem. Commun.. 173 (1966); J. P. H. 
Verheyden and J. G. Mofïatt, J. Amer. Chem. Soc., 88, 5684 (1966).
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min. T ic  examination showed that the solution contained two 
compounds. The mixture was neutralized to pH  ~ 6.0-6.4 with 
1 N acetic acid (20 m l). A fter evaporation of the solvent, the 
residue was dissolved in water (25 m l) and allowed to stand over
night at room temperature, after which colorless crystals (plate
lets) separated. After recrystallization from ethanol-water, 0.22 
g of 8, mp 260-261°, [ « ] d  — 10° (c 0.11, pyridine), was obtained.

Anal. Calcd for Ci2H i506N 3: C, 48.48; H , 5.09; N , 14.14. 
Found: C, 48.48; H , 5.10; N , 14.08.

The filtrate of crude 8 (T .O .D .21 =  91,000) was applied on a 
column of Dowex 50 (H +) (500 g ) and the column was washed 
with water (5.6 1.). The uv-absorbing fractions (T .O .D . =
45,400) were collected and concentrated to dryness. The residue 
(1.55 g ) was dissolved in a small amount of water and precipitated 
by adding six volumes of ethanol. A fter two recrystallizations 
by the same procedure, colorless microcrystals of 7 were obtained, 
350 mg, mp 175-176°.

Anal. Calcd for Ci3H 17O8N 3S-0.5C2H 6OH: C, 42.20; H,
5.06; N , 10.54; S, 8.05. Found: C, 42.58; H , 5.16; N , 10.64; 
S, 8.13. (The sample contained ethanol as determined by nmr.)

l-(3-Acetamido-2,6-anhydro-3-deoxy-/3-D-talopyranosyl)uracil 
(8 ).— Compound 5 (2.7 g, 0.0052 mol) was dissolved in a mixture 
of methanol (54 m l), water (27 m l), and 1 N  sodium hydroxide 
(15.6 m l) and the mixture was refluxed for 48 hr. The mixture 
was evaporated to dryness and the residue was further dried 
azeotropically by distillation with ethanol. The residue was 
extracted with boiling ethanol (three 30-ml portions). Sodium 
mesylate (1.3 g ) was obtained as ethanol-insoluble crystals. The 
ethanol extracts were combined and evaporated to dryness and 
the residue was crystallized from a small amount of water. 
Compound 8 separated as colorless crystals, 419 mg (29% ), mp 
260-261°. The nmr and ir spectra were identical with those of 
8 obtained previously.

l-(3-Acetamido-4-0-acetyl-2,6-anhydro-3-deoxy-)3-D-talosyl)- 
uracil (9 ).— Acetic anhydride (2.4 m l) was added to a suspension 
of 8 (0.11 g ) in dry pyridine (1.8 m l). The mixture was stirred 
overnight, after which it was treated with ethanol (2.5 m l). 
A fter evaporation of the mixture, the residue was triturated with 
ether (10 m l). A  colorless powder, mp 163-165°, was obtained 
which was crystallized from ethanol-chloroform (0.1 g, mp 165- 
167°): M d + 1 5 ° (c 0.78, ethanol); uv X“ ‘x0H 261 mM (e 9200), 
X“ '„0H 228 mM (e 1400).

Anal. Calcd for C u H n N -A -I+O : C, 48.28; H , 5.17; N ,
12.07. Found: C, 48.54; H , 4.91; N , 11.95.

l-(3-Acetamido-3,6-dideoxy-2,4-di-0-mesyl-/3-n-glucosyl)uracil
(10 ) .— A  mixture of 5 (0.55 g ) and sodium iodide (1.5 g ) in acetone 
(4.5 m l) in a sealed tube was heated on a steam bath for 25 min. 
A fter cooling, the precipitated sodium mesylate was filtered and 
washed with acetone (5 m l). The combined filtrate and washings 
were evaporated to dryness to a syrup which was then dissolved 
in 50% aqueous ethanol (20 m l) and hydrogenated at room tem
perature in the presence of 5%  Pd/C catalyst (0.5 g). After 
consumption of 1 mol of hydrogen (3 hr), the catalyst was re
moved by filtration and the filtrate was evaporated to dryness. 
The residue was dissolved in a mixture of ethanol and water and 
treated batchwise with Dowex 50 (H +) and Dowex 1 (acetate) 
to remove sodium and iodide ions. After removal of the resins, 
the filtrate was evaporated to dryness and the residue was 
crystallized (0.3 g, mp 176-179° eff) from acetone-ether. Re
crystallization of the precipitate from methanol-water gave an 
analytical sample: mp 188.5-191°; [a]D + 2 2 ° (c 0.7, H 20 ); 
paper electrophoretic migration, +3 .4  cm (borate buffer pH  9.2, 
900 Y , 3.5 hr).

Anal. Calcd for Ci4H 210,oN3S2-H20 : C, 36.83; H , 4.86;
N , 9.21; S, 14.05. Found: C, 36.86; H , 4.82; N , 9.28; S,
14.08.

The presence of one molecule of water of crystallization was 
shown by nmr spectroscopy.

l-(3-Acetamido-3-deoxy-6-0-trityl-|3-D-glucopyranosyl)uracil
(11) .— A  mixture of 4 (15.7 g ) and trityl chloride (15.4 g ) in 
pyridine (300 m l) was heated at 80° for 6 hr and allowed to remain 
at room temperature overnight. Another charge of trityl chloride 
(10.1 g ) was added and the mixture was heated to 80° for 5 hr. 
The cooled mixture was poured into a stirred, ice-water mixture 
(2.5 1.). The precipitate was collected and triturated with a 
mixture of ethanol (60 m l) and ether (400 ml) in order to remove 
tritanol. The insoluble solid, (mp 159-162°) was dissolved in 
acetone (1 :1 ) and diluted with petroleum ether (bp 30-60°)

(21) Total optical density.

(2 1.). A fter standing overnight, crystallization of 11 occurred 
(17.0 g ): mp 165-168°; [ « ] d + 1 5 ° (c 0.74, M eO H ); uv X“ 8x0H 
252 m/i (e 11,000); X“ 8„0H 239 m/i (e, 7200). An analytical sample 
was prepared by recrystallization from ethanol, mp 165-168°.

Anal. Calcd for C3iH 31N 30 7-V 3C2H 50 H: C, 66.01; H, 5.99;
N , 7.14. Found: C, 65.90; H , 5.87; N , 7.40. 

l-(3-Acetamido-3-deoxy-2,4-di-0-mesyl-6-0-trityl-/3-D-glucosyl)-
uracil (12).— Mesyl chloride (4.28 m l) was added to a stirred, 
ice-cold solution of 11 (9.46 g, 0.017 mol) in pyridine (95 ml). 
The reaction mixture was kept overnight at room temperature 
and then poured into an ice-water mixture ( 1.2 1.) with stirring. 
The amber-colored precipitate was filtered and washed with a 
small amount of water. The solid (10.1 g, mp 198-201°) was 
dissolved in pyridine and treated with charcoal. The hot filtrate 
was treated with a few drops of water and cooled. Colorless 
crystals of 12 (7.5 g ) precipitated: mp 201-202°; [q:]d +61 ° 
(c 0.7, pyridine); uv X ^ f1 257 mM (e 10,200), X ^ 0H 240 m/* 
(£ 7200).

Anal. Calcd for C33H 36OnN3S2: C, 55.52; H, 4.94; N , 5.89; 
S, 8.98. Found: C, 55.11; H , 5.16; N , 5.75; S, 8.85.

2,2'-Anhydro-l-(3-acetamido-3-deoxy-4-0-mesyl-6-0-trityl-/3- 
D-mannosyl)uracil (13).— A  mixture of 12 (14.3 g, 0.02 mol), 
methanol (1.2 1.), and 0.47 N  sodium ethoxide (40 m l) was 
refluxed gently for 30 min and concentrated to ~ 7 0  ml. A fter 
dilution of the alcoholic solution with ethyl acetate (120 ml), the 
precipitate (sodium mesylate, 1.99 g ) was removed by filtration. 
The filtrate was concentrated to a syrup, dissolved in ethanol, 
and poured into ice-water (700 m l). A fter filtration, the pre
cipitate (12.9 g) was dissolved in chloroform (50 m l). Tic 
(solvent B ) showed one major spot accompanied by two small 
spots. The mixture was applied to an alumina column (500 g, 
neutral AG  7 grade). The column was washed with a mixture 
of chloroform and methanol (3 :1 ). Eluted fractions were moni
tored by tic and those containing the major spot were combined 
and evaporated to dryness. The residue was dissolved in chloro
form (20 m l) and the solution was diluted with ra-heptane. A  
white powder (7.8 g ) precipitated, mp 161-164°. This product
(13) exhibited a shoulder at ~250 m/i in its uv spectrum.

Anal. Calcd for C32H M0 8N 3S: C, 62.22; H , 5.06; N , 6.80; 
S, 5.19. Found: C, 61.93; H , 5.22; N , 6.54; S, 5.02.

l-(3-Acetamido-3-deoxy-4-0-mesyl-6-0-trityl-)3-D-mannosyl)- 
uracil (14).— Compound 13 (5.60 g ) was stirred in a mixture of 
ethanol (400 ml), water (100 m l), and 1 N  sodium hydroxide 
(8 m l) for 15 min at room temperature. During this period the 
uv spectrum of the mixture changed to a uridinelike absorption. 
The reaction mixture was neutralized with 1 N  acetic acid (20 ml) 
to *~pH 6. After evaporation of the solvent, the residue was 
triturated with water (three 20-ml portions). The almost color
less solid (mp 159-162°) was dissolved in methanol and diluted 
with water from which product 14 precipitated: 4.3 g; mp 165- 
168°; uv X lex0H 258 m/i, X“ ,8?11 242 m/i.

Anal. Calcd for C32H 330 9N 3S: C, 60.46; H, 5.23; N , 6.61; 
S, 5.04. Found: C, 59.98; H, 5.46; N , 6.33; S, 4.93.

2,2'-Anhydro-l-(3-acetamido-3-deoxy-4-0-mesyl-l3-D-manno- 
pyranosyl)uracil (15).— The trity l derivative (13, 2.15 g, 0.0035 
mol) was dissolved in a mixture of ethanol (38 ml) and water 
(49 m l). The mixture was gently refluxed for 3.5 hr and evapo
rated to dryness. The residue was triturated with water (10 ml) 
and filtered from trityl alcohol (0.81 g). The filtrate was evapo
rated to dryness and the colorless residual solid was recrystallized 
from water to afford needles: mp 194-196°; [ « ] d —17° (c
O. 66, M eOH ); uv xL'x0H 248 and 227 m/i (e 10,600 and 10,000), 
Xm(°H 236 m/i (e 9700). (For analyses, a small sample was re
crystallized from methanol.)

Anal. Calcd for Ci3H i70 8N 3S- CH30 H : C, 41.26; H, 5.40; 
N , 10.31; S, 7.86. Found: C, 40.87; H, 5.52; N , 10.17; 
S, 7.95.

The aqueous mother liquor of recrystallization was adsorbed 
on a column of Dowex 50 (H +) (6 m l) and washed with water 
(1500 ml). The eluate was concentrated to ~ 3  ml and the solu
tion was kept at 4° for 3 days. Colorless needles (80 mg) sepa
rated, mp 190-191°. The ir spectrum of this crystalline ma
terial was identical with that of compound 16 prepared from 15. 
(See below.)

l-(3-Acetamido-3-deoxy-4-0-mesyl-/3-D-mannopyranosyl)uracil
(16) from 15.— Compound 15 (440 m g) was dissolved in a mixture 
of dioxane (15 m l), water (15 ml), and 0.1 N  sodium hydroxide 
(10 m l). The solution was kept at room temperature for 1 hr, 
after which it was neutralized with Dowex 50 (H +) (3 m l). The 
resin was filtered and washed with water (200 m l). The combined
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filtrate and washings were evaporated to ~1 .5  ml and diluted 
with ethanol (1.5 m l). The mixture was kept at 4° overnight. 
Colorless needles (298 mg) separated: mp 193-195°; [c*]d
+ 2 6 ° (c 0.73, H 20 );  u v  260 mM (« 10,600), 228 mM
(e, 2000).

Anal. Caled for Ci3H 190 9N 3S-H 20 : C, 37.95; H, 5.15; N , 
10.21; S, 7.79. Found: C, 37.26; H , 5.30; N , 9.96; S, 7.72.

l-(3-Acetamido-2,6-di-0-acetyl-3-deoxy-4-0-mesyl-d-D-man- 
nosyl)uracil (17).— Compound 16 (250 mg) was acetylated with 
acetic anhydride (2.5 m l) in pyridine (2 m l) overnight at room 
temperature. The clear solution was evaporated to dryness and 
traces of pyridine and acetic anhydride were removed by azeo
tropic distillation with ethanol. The residual colorless solid was 
crystallized from methanol-ethanol to yield compound 17, 220 
mg, mp 195°, [<*]d  +34 ° (c 78, M eOH ).

Anal. Caled for CnH 23N 30i,S: C, 42.76; H, 4.86; N , 8.80; 
S, 6.71. Found: C, 42.75; H, 4.98; N , 9.06; S, 7.05.

l-(3-Acetamido-3-deoxy-2,4-di-0-mesyl-/3-D-glucopyranosyl)- 
uracil (18).— Compound 12 (7.13 g, 0.01 mol) was dissolved in 
warm acetic acid (80 m l). The solution was diluted with water 
(20 m l) and the mixture was heated on a steam bath for 45 min. 
After evaporation of the solvent, the residue was partitioned 
between water (80 m l) and ether (80 m l). The aqueous layer 
was separated and washed with ether (80 m l), and evaporated 
to dryness. The residue was crystallized from ethanol. R e
crystallization from ethanol yielded pale yellow crystals, 3.21 g 
(70% ), mp 160-161°, [o ] d  + 3 9 ° (c 0.82 pyridine).

Anal. Caled for Ch^ iOhN sSj: C, 35.67; H, 4.49; N , 8.91; 
S, 13.60. Found: C, 35.28; H, 4.61; N , 8.67; S, 13.42.

l-(3-Acetamido-2,4,6-tri-0-acetyl-3-deoxy-/3-D-talosyl)uracil 
( 20).— Compound 18 (471 mg, 0.001 mol) was dissolved in a 
mixture of water (8 m l) and 1 N  sodium hydroxide (1 ml). The 
mixture was refluxed for 10 min, at which time the reaction 
mixture became neutral. Another charge of 1 N  sodium hy
droxide (1 m l) was added and the mixture was refluxed for 30 min. 
The neutral mixture was evaporated to dryness. The residue 
was dried further by azeotropic distillation with toluene and 
acetylated with acetic anhydride (2 m l) and pyridine (2 m l) 
overnight. After evaporation of the solvent, the residue was 
mixed with chloroform (2 m l) and chromatographed over silica 
gel G column (10 g, 2.2 X  5 cm) using 10% methanol in chloro
form. Compound 20 (187 mg) was obtained as colorless crystals 
after recrystallization from methanol, mp 186-189°, [a]n +41 ° 
(c 0.96, pyridine).

Anal. Caled for C i8H 23O10N 3: C, 48.98; H, 5.22; N , 9.52. 
Found: C, 48.96; H, 5.14; N , 9.49.

l-(3-Acetamido-2,4,6-tri-0-acetyl-3-deoxy-/3-D-talosyl)-5,6-di- 
hydrouracil (21).— A  mixture of compound 20 (200 mg) and 
platinum oxide (100 mg) in methanol (50 m l) and acetic acid (1 
m l) was reduced for 20 hr at room temperature. The catalyst 
was filtered and the filtrate, was concentrated in  vacuo to a 
residue which was crystallized from methanol, 172 mg, mp 153— 
154°, [a ]D 0 (c 1.0, M eOH ).

Anal. Caled for C18H 25O10N 3: C, 48.76; H, 5.64; N , 9.48. 
Found: C, 48.52; H, 5.8l; N , 9.23.

l-(3-Acetamido-3-deoxy-j3-D-talopyranosyl)uracil (19).— To the 
suspension of compound 20 (2.1 g ) in methanol (55 m l) was 
added 1 N  sodium methoxide (1 m l). A  clear solution was 
obtained immediately. After 3 hr, the mixture was evaporated 
to dryness and the residue was dissolved in 20 ml of water and 
treated batchwise with Dowex 50 (H +) (2 m l). The resin was 
filtered and washed with a small amount of water. The combined 
filtrate and washings were evaporated to a syrup which was 
homogeneous as determined by tic (solvent B ) and nmr spectros
copy, but which did not crystallize. The yield of this syrup (19) 
was quantitative (1.5 g).

l-(3-Acetamido-4,6-0-benzylidene-3-deoxy-/3-D-talosyl)uracil 
(22).— Compound 19 (1.13 g ) was mixed with ~ 1 .5  g of zinc 
chloride (freshly fused and pulverized) and freshly distilled 
benzaldehyde (20 ml). The mixture was shaken for 16 hr and 
then poured into an ice-water mixture (200 ml). Ether (200 ml) 
was added to the suspension and the mixture was stirred vigor
ously for 20 min. The insoluble solid was removed by filtration 
and washed with ether. Purification from hot methanol gave a 
colorless powder (850 mg) which did not crystallize but which 
was homogeneous to tic. The mother liquor contained a con
siderable amount of compound 19, indicating that appreciable 
debenzylidenation had occurred. The nmr spectrum of the 
colorless powder was consistent with compound 22.

l-(3-Acetamido-2-0-acetyl-4,6-di-0-benzylidene-3-deoxy-/j-D- 
talosyl)uracil (23).— Compound 22 (850 m g) was acetylated with 
acetic anhydride (1 m l) in pyridine (5 m l) for 2 hr at room tem
perature. The solvent was removed by evaporation and traces 
of pyridine and acetic anhydride were removed by codistillation 
with toluene. The residue was dissolved in a small amount of 
methanol and the mixture was left overnight at room tempera
ture. A  small amount of insoluble material was removed and the 
filtrate was evaporated to dryness. The residue was triturated 
with a small amount of water and ether. A  colorless powder 
(500 mg) was obtained which was homogeneous on tic. The 
nmr spectrum of this product (see Table I )  was consistent with 
compound 23.

l-(3-Acetamido-2-0-acetyl-3-deoxy-4,6-di-0-deuterioacetyl-/3- 
D-talosyl)uracil (25).—Compound 23 (500 mg) was dissolved in 
80% acetic acid. After the solution was diluted with 5 ml of 
water, the mixture was heated on a steam bath for 45 min and 
then cooled to room temperature. The mixture was shaken in a 
hydrogen atmosphere in the presence of 5% palladium-on- 
charcoal catalyst (100 mg) for 30 min. A fter filtration from cata
lyst, the filtrate was evaporated to dryness. Traces of acetic 
acid were removed by azeotropic distillation with toluene. The 
residue (compound 24) was dissolved in pyridine (3 m l) and 
treated with deuterioacetic anhydride (0.5 m l) at room tempera
ture for 1 hr. The solvent was removed by distillation in  vacuo 
and the residue was dissolved in a small amount of 10%  methanol 
in chloroform and applied on a column of silica gel G (10 g, 6 X 
2 cm). The column was eluted with 10% methanol in chloro
form. Appropriate fractions were collected, concentrated to 
dryness, and crystallized from methanol. The yield of compound 
25, after two recrystallizations from methanol, was 184 mg, mp 
186-189°, [a]D + 4 0 ° (c 0.7, pyridine).

Anal. Caled for Ci8HnD6OioN3: C, 48.32; H , and D, 6.49; 
N , 9.40. Found: C, 48.49; H  and D, 6.27; N , 9.56.

l-(3-Acetamido-2-0-acetyl-3-deoxy-4,6-di-0-mesyl-(3-D-gluco- 
syl)uracil (30).— Compound 292d (2.5 g, 0.007 mol) was dissolved 
in pyridine (50 ml). Mesyl chloride ( 1.1 m l) was added dropwise 
to the stirred, ice-cold solution. The mixture was kept at 4° for 
30 min, after which it remained at room temperature overnight. 
The solvent was evaporated to dryness and the residue was 
triturated with 35 ml of ice-water. Crystals separated (2.6 g, 
76%) which were filtered and recrystallized from methanol to 
yield 2.04 g of 30, mp 199-202° dec, [a] d + 2 4 ° (c 0.9, pyridine).

Anal. Caled for Ci6H23Oi2N 3S2: C, 37.42; H, 4.51; N , 8.13; 
S, 12.49. Found: C, 37.34; H, 4.42; N , 8.07; S, 12.48.

l-(3-Acetamido-2-0-acetyl-3-deoxy-6-0-mesyM-D-glucosyl)- 
uracil (32).— To a stirred, cold solution of compound 29 (2.5 g) 
in pyridine (100 m l) was added mesyl chloride (0.5 m l). A fter 
30 min, ice was added and the mixture was stirred for 5 min. 
After evaporation of the mixture to dryness, the residue was 
triturated with ethanol. Product (compound 32) crystallized,
2.33 g, mp 229-230° dec, [<x] d + 1 6 ° (c 1.2, pyridine).

Anal. Caled for C16H 210 i«N 3S: C, 41.37; H, 4.86; N , 9.65. 
Found: C, 41.28; H , 4.87; N , 9.55.

l-(3-Acetamido-2-0-acetyl-6-0-benzoyl-3-deoxy-/3-D-glucosyl)- 
uracil (33a).— A  mixture of compound 32 (225 mg) and dry so
dium benzoate (144 mg) in D M F  (10 m l) was refluxed for 30 min. 
After cooling, insoluble precipitate was filtered and the filtrate 
was evaporated to dryness. The residue was extracted with 
acetone and the acetone extracts were applied to two silica gel 
P F 254 plates (20 X  20 cm, 2 mm thick). The plates were de
veloped in a mixture of chloroform and methanol (4 :1). The 
major band was scraped off and extracted with acetone. The 
acetone extracts were evaporated and the residue was dissolved 
in ethyl acetate. After removal of a small amount of insoluble 
material by filtration, the filtrate was concentrated in  vacuo and 
the residue was crystallized from ethyl acetate-benzene. Color
less crystals, 207 mg (80%), were obtained which sintered at 
143-145° but had no definite melting point, [ « ] d + 5 5 ° (c 0.8, 
pyridine).

Anal. Caled for C2tH 230 9N 3: C, 54.66; H, 5.02; N , 9.11. 
Found: C, 54.21; H, 5.08; N , 9.03.

l-(3-Acetamido-2-0-acetyl-3,6-dideoxy-6-iodo-|3-D-glucosyl)- 
uracil (33b).— A  mixture of compound 32 (1.0 g ) and sodium 
iodide (0.5 g ) in D M F  (40 m l) was refluxed for 30 min and then 
evaporated to dryness. The residue was chromatographed over 
a silica gel G (50 g ) column using a chloroform-methanol (10:1) 
solvent system as the eluent. Appropriate fractions were 
collected and concentrated to dryness. The residue was crystal-
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lized from a small amount of acetone, 530 mg (46% ), mp 191- 
193°, [a]n + 7 .2 ° (c 1.3, pyridine).

Anal. Calcd for ChH i80-N;iI : C, 35.99; H, 3.88; N , 8.99. 
Found: C, 35.93; H, 3.87; N , 8.92.

(l-(3-Acetamido-2-0-aceiyl-3,6-dideoxy-/3-D-x)//o-hex-5-eno- 
pyranosyl (uracil (34).— A  mixture of compound 33b (708 m g) 
and silver fluoride (1.83 g ) in pyridine (20 m l) was shaken for 3 
hr and filtered. The filtrate was evaporated to dryness and the 
residue was dissolved in methanol (100 ml). A  small amount 
of insoluble material was removed by filtration. Hydrogen sul
fide was bubbled into the methanol solution to precipitate 
silver ion. The dark mixture was filtered through a Celite bed 
and the filtrate was concentrated to dryness. The residue was 
dissolved in a small amount of methanol and applied to two silica 
gel PF254 plates (20 X  20 cm, 2 mm). The plates were developed 
with chloroform-methanol (4 :1 ). The main band was removed 
and extracted with acetone-methanol (4 :1 ) and concentrated to

dryness. The residue was crystallized from acetone, 297 mg, mp 
145-146°, [<*]d  —63° (c 1.2, pyridine).

Anal. Calcd for CI4H 170 7N 3: C, 49.56; H, 5.05; N , 12.38. 
Found: C, 49.40; H , 5.07; N , 12.32.

Registry N o .- 4 ,  4338-36-7; 5, 32254-26-5; 7,
32254-27-6; 8,32254-28-7; 9,32254-29-8; 10,32254- 
30-1; 11,32254-31-2; 12,32254-32-3; 13,32254-33-4; 
14, 32254-34-5; IS, 32254-35-6; 16, 32254-36-7; 17, 
32367-45-6; 18,32254-37-8; 19,32254-38-9; 20,32254-
39-0; 21, 32304-21-5; 22, 32254-40-3; 23, 32254-41-4; 
24, 32254-42-5; 25, 32254-43-6; 26, 32254-44-7; 30, 
32304-22-6; 32, 32254-45-8; 33a, 32254-46-9; 33b, 
32254-47-0; 34, 32254-48-1.
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The synthesis of p-(5-dichloroacetamido-5-deoxy-)3-D-ribofuranosyl)nitrobenzene (20b) and p-(0-D-ribo- 
furanosyl)nitrobenzene 5-phosphate (12) from 0-D-ribofuranosylbenzene (6) are described. Precursor 6 was 
obtained by condensation of diphenylcadmium with tri-O-benzoyl-D-ribofuranosyl chloride (2) and the/? con
figuration of 6 was established by periodate and nmr studies. Acetylation and nitration of 6 afforded a mixture 
of the 0- and p-nitro isomers 10a and 10b which was resolved after deacetylation to 0- and p-(/3-D-ribofuranosyl)- 
nitrobenzene (11a and l ib ) .  The para isomer l ib  was acetonated, phosphorylated, and deisopropylidenated 
to give the 5-phosphate 12. Acétonation of 6 followed by mesylation, azidation, and reduction afforded the amine 
16. Dichloroacetylation of 16 followed by deisopropylidenation gave (5-dichloroacetamido-5-deoxy-/3-D-ribo- 
furanosyl)benzene (18) which was converted in two steps to the 0- and p-nitro derivatives 20a and 20b.

I t  was reported2 that the antibiotic chloramphenicol 
(a protein synthesis inhibitor) adopts a “ curled” con
formation (Figure 1) in solution and, as such, resembles 
the nucleotide, uridine 5'-phosphate. It  has been 
suggested further that the mode of action of this anti
biotic may be related to this conformation.2-3 I f  this 
hypothesis is valid, one might expect that p-(5-di- 
chloroacetamido-5-deoxy-/3-D-ribosyl)nitrobenzene(20b) 
or j>-(d-D-ribofuranosyl)nitrobenzene 5-phosphate (12) 
may also be inhibitors of protein synthesis. This 
paper deals with the synthesis of 12 and 20 as part of 
our program directed toward the preparation of nu
cleoside analogs of potential biochemical significance.

The glucopyranosylbenzene derivative (1, Figure 2) 
has been prepared by Hurd and Bonner4 by condensa
tion of poly-O-acetyl-a-D-glucosyl chloride with phenyl- 
magnesium bromide. Zhdanov, et al.,5 have prepared 
ribopyranosylbenzene analogously by using the cor
responding ribopyranosyl chloride. The ¡3 configura
tion was assumed for l 6 solely by analogy of optical 
rotation data with a related derivative of the xylo 
series. With diphenylcadmium as the condensing 
agent, Hurd and Holysz7 also obtained compound 1,

(1) This investigation was supported in part by funds from the National
Cancer Institute, National Institutes of Health, U. S. Public Health Service 
(Grant No. CA  08748). Paper L X X I I :  Carbohyd. Research, in press.

(2) O. Jardetzky, J. Biol. Chem., 238, 2498 (1963).
(3) N. S. Beard, S. A. Armentrout, and A. S. Weisberger, Pharmacol. 

Rev., 21, 213 (1969).
(4) C. D. Hurd and W . A. Bonner, J. Amer. Chem. Soc., 67, 1972 (1945).
(5) Yu. A. Zhdanov, G. A. Dorol'chenko, and L. A. Kubasskaya, Dokl. 

Akad. Nauk SSSR, 128, 1185 (1959); Chem. Abstr., 54, 8644 (1960).
(6) W. A. Bonner and C. D. Hurd, J. Amer. Chem. Soc., 73, 4290 (1951).
(7) C. D. Hurd and R. P. Holysz, ibid., 72, 2005 (1950).

albeit in lower yield. Mertes, et al, , 8 reacted bis(2,6- 
dibenzyloxypyridyl-3)cadmium with tri-O-benzoyl- 
D-ribofuranosyl chloride (2) and obtained the cor
responding 3-ribosylpyridine derivative. Attempts in 
our laboratory to apply the condensation of phenyl- 
magnesium bromide with 2 in order to prepare 6 were 
unsuccessful. However, the use of diphenylcadmium 
with 2 in refluxing benzene solution afforded the “ nu
cleoside”  3 in 20% yield. The major product of this 
reaction (2 —► 3) was the sugar ketal 4 which, after 
saponification with methoxide, afforded the crystalline 
ketal 5. Proof of the structure of 5 as 1,2-0-diphenyl- 
methylidene-a-D-ribofuranose was obtained by ele
mental analyses, by nmr measurements, and by acid 
hydrolysis to benzophenone and ribose. Ketals anal
ogous to 5 had been reported7 from similar type reac
tions. Débenzoylation of 3 with sodium methoxide 
in methanol yielded the unblocked nucleoside 6.

The (3 configuration for 3 and 6 was established as 
follows. Periodate oxidation of 6 afforded the di
aldehyde 7, which was reduced with sodium borohy- 
dride to the trialcohol 8. Deacetylation of 1 followed 
by a similar oxidation and reduction afforded a tri
alcohol which was identical (melting point, mixture 
melting point, optical rotation) with compound 8 
obtained from 3. The nmr spectrum of 1 in pyridine- 
d6 and of its deacetylated derivative in DMSO-d6 all 
show large splittings for H -l-H -2 (./ =  10 Hz) which 
establishes definitively the ¡3 configuration for 1 and, 
thereby, the ¡3 configuration for 3 and 6.

Nitration of the tri-O-acetate 9 of 6 was accomplished

(8) M. P. Mertes, J. Zielinski, and C. Pillar, J. Med. Chem., 10, 320 (1967).



4114 J .  Org. Chem., V ol. 3 6 , No. 2 6 , 1 9 7 1 K le in , K otick, W atanabe , and F ox

HOCH

HCNHCCHClp 
I H 2 

h o c h 2 o

Chloramphenicol
"curled" 

conformation 

Figure 1.

0

HO OH

Uridine 5-phosphate

The synthesis of the 5-dichloroacetamido-5-deoxy- 
/3-D-ribosylnitrobenzenes (20) was achieved from 6 by 
the following route. Isopropylidenation of 6 to 13 
followed by mesylation gave the 5-mesylate 14, which 
was treated with sodium azide in D M F to afford the 
5-azido derivative 15. Reduction of the latter de
rivative with borohydride in refluxing 2-propanolu 
gave the 5-amino analog 16 which, after acylation, 
afforded the 5-dichloroacetamido derivative 17 as an 
analytically pure syrup in 65% overall yield from 6. 
Deacetonation of 17 gave an almost quantitative

h2N(>^o 0

V ?
v

H ,C  C H ,

16

C lg C H C N H O -b  o  0  C U C H C N H C H -w
° x °  

H3C  C H3

©

y?
H O  O H

a = ortho nitro isomers 
b-para nitro isomers

Figure 2.

in an acetic anhydride-cupric nitrate mixture9 to give 
both the ortho and para isomers (10) in approximately 
equal amounts in a combined yield of 58%. Attempts 
to obtain separation of this mixture by tic were un
successful. Even after deacetylation to 11, the iso
meric mixture exhibited similar migration properties 
on tic in a variety of solvent systems. It  was found 
that fractional crystallization of the mixture (11) 
could be achieved from ethyl acetate, whereby each 
crop was characterized by its ir and nmr spectrum. 
Isopropylidenation of the p-nitro isomer l ib  followed 
by phosphorylation with 2-cyanoethyl phosphate and 
dicyclohexylcarbodiimide10 and removal of the pro
tecting groups gave the “ nucleotide” 12, which was 
isolated as the calcium salt.

(9) J. M . Craig and W. A. Bonner, J. Amer. Chem. Soc., 72, 4808 (1950); 
A. Gerecs and M. Windholz, Acta Chim. Acad. Sci. Hung., 13, 231 (1957) 
[Chem. Abstr., 52, 11778 (1958)].

(10) P. T . Gilham and G. M . Tener, Chem. Ind. {London), 542 (1959).

yield of crystalline 18, which was acetylated and then 
nitrated with acetic anhydride-cupric nitrate reagent9 
to a mixture of ortho and para isomers in fair yield. 
Separation of these isomers was accomplished by use 
of thick layer chromatography on alumina. The 
dissimilar migratory properties of these isomers (19) 
are probably related to the susceptibility of the ortho 
isomer to intramolecular hydrogen bonding between 
the nitro and amido groups. Deacetylation of each 
of the isomers (19) was performed under mild conditions 
with triethylamine in methanol. Each of the isomers 
(20) was obtained in crystalline form.

A  more direct route to 20b was attempted from 
lib ,  which involved acetonation, mesylation, and 
displacement of the 5-mesylate with ammonia. 
Though this approach was satisfactory for the ortho 
series, the para 5-mesylate isomer underwent extensive

(11) H. Ohrui and S. Emoto, Agr. Biol. Chem. {Tokyo), 32, 1371 (1968).
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decomposition in the presence of ammonia. This 
approach to 20b was therefore abandoned.

The ribofuranosylnitrobenzenes described herein 
have been submitted to another laboratory for bio
chemical evaluation. The results of these studies, 
when completed, will be reported elsewhere.

Experimental Section

General Procedure.— M elting points were determined on a 
Thomas-Hoover apparatus (capillary method) and are un
corrected. The nmr spectra were measured on a Varian A-60 
spectrometer using TM S  as internal standard. Chemical shifts 
are reported in parts per million (S) and signals are described as 
s (singlet), d (doublet), t  (triplet), q (quartet), or m (complex 
multiplet). Values given for coupling constants are first order. 
Thin layer chromatography was performed on silica gel GF254 
(Merck); spots were detected by uv absorbance or by spraying 
with 20% v/v sulfuric acid-ethanol and heating. Column chrom
atography was performed12 over silica gel G under positive pres
sure. Microanalyses were performed by Spang Microanalytical 
Laboratory, Ann Arbor, Mich. A ll evaporations were carried 
out in  vacuo.

/3-D-Ribofuranosylbenzene (6) and 1,2-O-Diphenylmethylidene- 
a-D-ribofuranose (5).— To a suspension of 36.7 g (0.200,mol) of 
finely powdered CdCl2 (previously dried for 1 hr at 100°) in 1 1. 
of anhydrous tetrahydrofuran was added 133 ml of 3.13 M  phenyl- 
magnesium bromide in ether (A lfa Inorganics, Ventron). The 
gray suspension was heated to reflux and 300 ml of solvent were 
distilled off. T o  the resulting clear mixture was added a solution 
of 2,3,5-tri-O-benzoyl-D-ribosyl chloride (2) (from 0.2 mol of 
l-0-acetyl-2,3,5-tri-0-benzoyl-/3-n-ribose) in 500 ml of benzene. 
After addition of another 500 ml of benzene the solution was 
heated for 1 additional hr as 700 ml were distilled off. After 
cooling, the mixture was poured into 0.8 1. of an ice-water mix
ture and enough acetic acid was added to dissolve all precipitated 
solid (pH of aqueous layer was ~ 7 .0 ). After separation, the 
aqueous layer was washed with more benzene and the organic 
extracts were washed with aqueous NaHCCh and H 20 , dried over 
N a2SOi, and evaporated to dryness. The residue was dissolved 
in 1 1. of warm methanol containing 1 mmol of NaOM e. After 
complete reaction the solution was neutralized with Dowex AG  
50 (H +), filtered, and evaporated to dryness. The residue was 
partitioned between 500 ml each of water and ether and each 
layer was back-extracted again. The ether extracts were pooled 
and dried over N a2SO<. Evaporation to dryness and crystalliza
tion of the residue from benzene-petroleum ether (bp 30-60°) 
gave 35 g (55% ) of crude 5, which was recrystallized from the 
same solvent pair to give analytically pure material: mp 139- 
140°; nmr (CDC13) S 7.20-7.60 (10, m, 2 C6H 6), 5.84 (1, d, 
H - l),  4.53 (1, q, H-2), 4.15-3.50 (4, m, H-3, H-4, and H-5),
2.20 (2, s, O H ’s), J i,2 =  4, / 2,3 =  4 Hz.

Anal. Calcd for Ci8H 180 6: C, 68.78; H, 5.77. Found: C, 
68.82; H, 5.77.

The aqueous extract was evaporated to give a semicrystalline 
residue which crystallized from ethyl acetate-benzene to afford
7.8 g of crude 6. Column chromatography of the mother liquor 
on 400 g of silica gel G (7.5:1, chloroform-methanol) afforded 
another 2.6 g of 6 (25% total yield). Recrystallization from 
ethyl acetate-benzene gave the pure product: mp 121- 122°; 
nmr (D M S O -i) S 7.40 (5, m, C6H 5), 4.75-5.02 (3, m, O H ’s),
4.64 (1, d, H - l),  3.55-4.05 (5, m, H-2, H-3, H-4, and H-5), 
J\,i =  6.5 Hz,.

Anal. Calcd for Ci iH hO<: C, 62.85; H , 6.71. Found: C, 
62.45; H, 6.51.

2-[2-(l,3-Dihydroxy)propyloxy]-2-phenyl-2(E)-ethanol (8). 
Method A, from 6.— To a solution of 2.67 g (0.0147 mol) of 1 in 
50 ml of water was added 3.45 g (0.0161 mol) of NalO ,. The 
mixture was left at ambient temperature for 1 hr, then poured 
into 200 ml of absolute ethanol and stirred for 15 min at room 
temperature. A fter filtration from the white solid the solution 
was reduced in volume to 50 ml and added slowly to a stirred 
solution protected from light, containing sodium borohydride 
(3.06 g, 0.080 mol) dissolved in 70 ml of water. After stirring 
for 30 min the mixture was stored at 0-5° overnight. The pH 
was then adjusted to 7 with Dowex AG-50 (H +) and the resin was

(12) B. J. Hunt and W. Rigby, Chem. Ind. (London), 1868 (1967).

removed by filtration. The aqueous solution was then evaporated 
to dryness and the residue (one major spot on tic) was chromato
graphed on 100 g of silica gel G (4:1, chloroform-methanol). 
The fractions containing the product were evaporated to dryness 
and the residue was recrystallized from ethyl acetate. Com
pound 8 (1.59 g, 51%) was very hygroscopic and had to be filtered 
under a nitrogen atmosphere and stored over phosphorus pentox- 
ide: mp 69-71°; [a] 23d  +86  ±  1° (c 1.3, water); nmr (DMSO- 
d e)  S 7.31 (5, s, CeHs), 4.36-5.40 (4, m, 3 O H ’s and anomeric), 
3.40-3.70 (7, m).

Anal. Calcd for C n H iA : C, 62.25; H , 7.60. Found: C, 
62.05; H , 7.49.

Method B, from 1.— Tetra-0-acetyl-/3-D-glucopyranosylbenzene 
(6.70 g, 0.0164 mol) was deblocked with 300 ml of methanol 
containing 100 mg of sodium methoxide. The mixture was 
neutralized with Dowex AG  50 (H +), filtered, and evaporated 
to dryness. The syrupy glucopyranosylbenzene was then sub
jected to cleavage by metaperiodate (2 equiv) and borohydride 
reduction in a manner similar to that described in method A. 
Purification by column chromatography and recrystallization of 
the product from ethyl acetate gave compound 8 (2.41 g, 69%) 
identical in all respects with the product obtained by method A: 
mp and mmp 69-71°; [a ]23i> +86  ±  1° (c 1.3, water).o- and p-(S-D-Ribofuranosyl)nitrobenzene ( 11a and l ib ) .— £- 
D-Ribofuranosylbenzene 6 (1.90 g, 0.0104 mol) in 20 ml of pyri
dine was treated with 2 ml of acetic anhydride and kept overnight 
at room temperature. Excess acetic anhydride was hydrolyzed 
by addition of a small amount of water and the mixture was 
evaporated to dryness. A fter partition (chloroform-sodium 
bicarbonate, then water) the organic phase was dried over sodium 
sulfate and evaporated. T ic  (10:1, benzene-ethyl acetate) of 
the syrup indicated the presence of only one component ( Rt 0.2). 
The triacetate 9 was dissolved in 45 ml of acetic anhydride and 
15 g of cupric nitrate trihydrate was added in three portions. 
The mixture was kept at 50° for 35 min. I t  was then rapidly 
cooled and poured into 120 ml of ice-water. I t  was extracted 
with 300 ml of benzene in two portions and the organic layer was 
washed with aqueous sodium bicarbonate and water and was 
finally dried over anhydrous sodium sulfate. A fter evaporation 
to dryness, the yellow syrupy residue (3.4 g ) was chromato
graphed on 150 g of silica gel G (7:1 benzene-ethyl acetate). 
The major fractions were pooled and evaporated to give 2.3 g of 
syrup (~ 5 8 % ). This ortho-para mixture was deaeetylated in 
methanol with sodium methoxide and the product was crystal
lized from ethyl acetate to give 1.14 g (48% based on 6) of mixed 
o- and p-(/3-D-ribofuranosyl)nitrcbenzene (11a and l i b )  in four 
crops. Pure samples of each isomer were obtained using frac
tional crystallization from ethyl acetate by alternately seeding 
the concentrated mother liquor after the isolation of each pure 
fraction with crystals of the other isomer. Each crop was identified 
by its crystalline form and its ir spectrum.

The ortho isomer (11a, 0.225 g ) was obtained as small spherical 
fibrous aggregates: mp 155-157°; nmr (DMSO-d6) 5 7.30-8.30 
(4, m, C6H 4), 5.12 (1, d, H - l),  4.72-5.06 (3, m, O H ’s), 3.50-
3.95 (5, m, H-2, H-3, H-4, and H-5), J i ,2 =  4.5 H z; ir 790 
( 1:2 ¿¡substituted), 1005 and 1015 (1:2 disubstituted), 1180 and 
1200 (1:2 disubstituted), 1550 and 1575 cm-1 (N 0 2).

Anal. Calcd for CnH13N 0 6: C, 51.77; H , 5.13; N , 5.49. 
Found: C, 51.94; H , 5.09; N , 5.47.

The para isomer ( l ib ,  0.524 g ) crystallized from ethyl acetate 
as stout prisms: mp 151-153°; nmr (DMSO-d«) 5 7.72 and 8.30 
(4, 2d, C6H 4), 4.85-5.25 (3, m, O H ’s), 4.79 (1, d, H - l ) ,  3.55-4.05 
(5, m, H-2, H-3, H-4, and H-5), J il2 =  7.0 Hz; ir 850 (1:4 
¿¡substituted), 1180 (1:4 disubstituted), 1575 cm-1 (N 0 2).

Anal. Calcd for CnH13N 0 6: C, 51.77; H, 5.13; N , 5.49. 
Found: C, 51.94; H , 5.09; N , 5.47.

p-(/3-D-Ribofuranosyl)nitrobenzene 5-(Calcium phosphate) (12). 
— To a solution of l ib  (0.454 g, 0.0018 m ol) in 40 ml of acetone 
were added two drops of concentrated sulfuric acid and 0.25 ml 
of dimethoxypropane. The mixture was left overnight and 
neutralized by shaking with anhydrous sodium carbonate. The 
suspension was filtered and the filtrate was evaporated to dryness. 
The residue was dissolved in chloroform, which was extracted 
with water and dried over sodium sulfate. The residue, in 4 ml 
of dry pyridine, was added to a solution of 2-cyanoethyl phos
phate (0.54 g, 0.00356 mol) and dicyclohexylcarbodiin^e (1.46 
g, 0.00712 mol) in 25 ml of anhydrous pyridine. The mixture 
was left for 2 days at room temperature and treated with 3.5 ml 
of H 20  and filtered. The filtrate was evaporated under vacuum 
below 35° and the residue was dissolved in 100 ml of 70% acetic
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acid and heated for 30 min at 100°. The mixture was evaporated 
to dryness; the residue was dissolved in 70 ml of H 20 ; and the solu
tion was filtered again. To the filtrate was added 10 ml of 6 M  
K O H  and the solution was heated on a steam bath for 30-40 
min. After cooling, it was passed through a short Dowex AG  50 
(H +) column, washed, and adjusted to pH 7.5-8 with N H 4OH. 
The solution was concentrated and chromatographed on six 
sheets of Whatman No. 3 M M  with 5:2 ethanol-1 M  ammonium 
formate. The aqueous eluates from the appropriate bands were 
pooled, evaporated to a small volume, and passed through a 
short Dowex AG  50 (N a+) column. The solution was then 
evaporated to dryness to give 1.03 g of a white solid. Optical 
density measurements (based on 11) indicated that the solid 
obtained was 40% pure 12 (as the N a  salt in 60% yield) and was 
present together with a uv-nonabsorbing salt (possibly HCOONa). 
Paper chromatography (Whatman No. 1, 5:2 ethanol-0.5 M  
ammonium formate; Rf 0.35) and paper electrophoresis (What
man No. 3 M M , 0.05 M  ammonium bicarbonate, pH 5, .Rump 
0.91) indicated the presence of only one uv-absorbing component. 
The product was purified by precipitation as the sparingly soluble 
calcium salt of 12 (0.244 g).

Anal. Calcd for CuH i2N 0 9PC a-H 20 : C, 33.76; H, 3.60; 
N , 3.58; P , 7.91; Ca, 10.24. Found: C, 33.69; H, 3.60; N , 
3.58; P , 7.82; Ca, 10.12.

(2,3-Isopropylidene-5-dichloroacetamido-5-deoxy-/3-D-ribo- 
furanosyl(benzene (17).— Compound 6 (4.30 g, 0.0236 mol) in 
100 ml of acetone was treated with three drops of concentrated 
H 2S04 and 2.5 ml of dimethoxypropane at room temperature 
overnight. Tic (20:1, chloroform-methanol) showed complete 
conversion to product 13 (R f 0.65). Excess sodium carbonate 
was added to the solution and the suspension was filtered. The 
solution was evaporated to a syrup that did not crystallize. This 
was dissolved in 30 ml of pyridine and 3.2 g (0.0028 mol) of 
mesyl chloride. Mesylation was completed within 2 hr at room 
temperature. The mixture was evaporated to dryness and 
partitioned between chloroform and water, and the organic 
layer was dried over N a2S04 and evaporated to a syrup (14) 
(tic, 10:1 benzene-ethyl acetate, Rf 0.4). This was dissolved in 
50 ml of D M F , and finely powdered sodium azide (4.87 g, 0.0750 
mol) was added in portions. The suspension was heated over 
a steam bath with frequent shaking. After 45 min tic indicated 
complete conversion to compound 15 (10:1 benzene-ethyl ace
tate, R f 0.7). The mixture was cooled, filtered, and evaporated 
and the residue was partitioned between chloroform and water. 
The organic layer was dried and evaporated to give 15 as a 
syrup. This was dissolved in 160 ml of 2-propanol and sodium 
borohydride (2.85 g, 0.075 mol) was added. The mixture was 
heated to reflux for a total of 22 hr, evaporated to dryness, and 
partitioned between dichloromethane and water (150 ml each). 
The organic layer was dried and evaporated to give 16 as an oil. 
T ic of the product (20:1 chloroform-methanol, Rf =  0.3) 
revealed only small amounts of side products. The amine 16 
was therefore used without further purification. I t  was dissolved 
in 50 ml of dry pyridine, chilled to 0°, and treated with dichloro- 
acetic anhydride (6.0 g, 0.025 mol). The mixture was left for 
2 hr at room temperature, treated with a small amount of metha
nol, and evaporated to dryness. The residue was partitioned 
between water and chloroform and the organic layer was de
colorized with charcoal and dried over N a2S04. After evaporation 
of the filtrate, the residue was chromatographed on 400 g of 
silica gel G (5:1 benzene-ethyl acetate). Appropriate fractions 
were collected and after evaporation to dryness compound 17 
(5.60 g, 65% based on 6) was obtained pure as a colorless syrup: 
nmr (CDC1„) 8 7.33 (5, s, C6H 6), 7.00 (1, t, N H ), 5.94 (1, s, 
CHC12), 4.88 (1, m, H - l),  4.52 (2, m, H-2 and H-3), 4.02-4.30 
(1, m, H-4), 3.65 (2, q, H-5).

Anal. Calcd for C16H 19N 0 4C12-7 2H20 : C, 52.05; H, 5.46; 
N , 3.73; Cl, 19.20. Found: C, 52.03; H , 5.40; N , 3.81,
Cl, 19.25.

(5-D:.chloroacetamido-5-deoxy-;3-i)-ribofuranosyl(benzene (18). 
Compound 17 (4.94 g, 0.0134 mol) was dissolved in 100 ml of 
70% acetic acid and the solution was heated on the steam bath 
for 30 min. The mixture was evaporated to dryness and the 
residue was crystallized from ethyl acetate-ether to give 4.09 g 
of compound 18 (95%). Re crystallization from the same solvent 
pair gave the analytical sample (mp 109-111°) as long white 
needles: nmr (DMSO-d6) S 8.65 (1, t, N H ), 7.31 (5, s, C6H 6),
6.50 (1, s, CHC12), 5.00 (2, m, O H ’s), 4.60 (1, d, H - l),  3.30-3.95 
(5, m, H-2, H-3, H-4, and H-5), J i,2 =  6.0 Hz.

Anal. Calcd for C i3H i5N 0 4C12: C, 48.78; H, 4.72; N , 4.37; 
Cl, 22.12. Found: C, 48.68; H, 4.64; N , 4.36; Cl, 22.03.

o- and p-(5-Dichloroacetamido-5-deoxy-/3-D-ribofuranosyl)- 
nitrobenzene (20a and 20b).— Compound 18 (4,70 g, 0.016 mol) 
was acetylated in 30 ml of pyridine with 6.1 g (0.060 m ol) of 
acetic anhydride. The mixture was worked up as for 9 and com
pound 19 (obtained as a syrup) was dissolved in 60 ml of acetic 
anhydride. I t  was nitrated with 20 g of cupric nitrate and worked 
up in the manner described above. The crude mixture of prod
ucts was separated on 800 g of silica gel G (50:1, CH C l3-M eO H ) 
and appropriate fractions were collected and evaporated to give 
2.90 g of a mixture of 20a and 20b. The two isomers were sepa
rated on ten plates (20 X 40 cm, 2 mm alumina H F254, CHC13) 
where the ortho isomer migrated slightly ahead of the para 
isomer A ll bands were eluted with ethyl acetate and the ap
propriate eluates were pooled and evaporated to give 0.269 g 
of 19a (ortho) and 0.581 g of 19b (para) as syrups: nmr (19a in 
CDC13) 5 7.50-8.10 (4, m, C6H 4), 7.08 (1, broad t, N H ), 5.98 
(1, s, CHC12), 5.57 (1, d, H - l),  4.90-5.40 (2, m, H-2 and H-3),
4.05-4 45 (1, m, H-4), 3.50-3.95 (2, m, H-5), 2.09 and 2.17 
(6, 2 s, 2CH3CO -), J i,2 =  3.5 Hz; nmr (19b in CDC13) 5 8.20 
and 7.57 (4, 2 d, C6H 4), 7.14 (1, broad t, N H ), 6.00 (1, s, CHC12),
5.07 (8, broad s, H -l, H-2, and H-3), 4.30 (1, m, H-4), 3.80 
(2, m, H-5), 2.13 (6, s, 2CH3CO -). A ll of 19a obtained above was 
dissolved in 4 ml of methanol and treated with 0.2 ml of tri- 
ethylamine. The mixture was left at room temperature for 16 hr 
and evaporated to dryness. The semicrystalline residue was 
recrystallized from ethanol to give 120 mg of analytically pure 
20a: mp 157-158°; nmr (DMSO-de) 8 8.69 (1, broad t, N H ), 
7.30-8,00 (4, m, C9H 4), 6.50 (1, s, CHC12), 4.95-5.30 (3, m, 
H -l and O H ’s), 3.40-4.00 (5, m, H-2, H-3, H-4, and H-5), 
J  1 , 2  =  4.0 Hz.

Anal. Calcd for C i3H 14N 20 6C12: C, 42.76; H , 3.86; N , 7.67; 
Cl, 19.41. Found: C, 42.85; H, 3.72; N , 7.66; Cl, 19.56.

A ll of 19b obtained above was similarly deacetylated in 8 ml 
of methanol with 0.4 ml of triethylamine. After complete evapora
tion of the solvent, the syrupy residue was crystallized very 
slowly from ethanol. Recrystallization was repeated several 
times until 20b separated as analytically pure white needles (221 
mg). Compound 20b showed no definite melting point but, after 
cooling, the melt resolidified and melted sharply at 131-133°: 
nmr (DMSO-d6) 8 8.69 (1, broad t, N H ), 8.20 and 7.63 (4, 2 d, 
C6H 4), 6.50 (1, s, CHOU), 5.00-5.30 (2, m, O H ’s), 4.75 (1, d, 
H -l), 3.25-4.00 (5, m, H-2, H-3, H-4, and H-5), J U1 =  6.5 Hz.

Anal. Calcd for C i3H i4N 20 6C12: C, 42.76; H, 3.86; N , 7.67; 
Cl, 19.41. Found: C, 42.55; H, 3.77; N , 7.68; Cl, 19.48.

Registry N o .—5, 32252-02-1; 6, 32252-03-2; 8,
32304-19-1; 11a, 32252-04-3; lib , 32252-05-4; 12, 
32304-20-4; 17, 32252-06-5; 18, 32251-31-3; 19a,
32251-32-4; 20a, 32251-33-5; 20b, 32251-34-6.
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A Convenient Synthesis of Ketones from Certain Substituted 
Ethylenes. Procedure and Mechanism1
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A  novel method for the direct conversion of some substituted ethylenes to ketones is described. The ketone 
synthesis is shown to proceed with a concurrent rearrangement of the carbon skeleton. A  mechanism, sup
ported by isotopic labeling experiments, is postulated to account for the transformation.

The addition of bromine to olefins is a well-known 
reaction frequently used as a qualitative test for un
saturation. The products of such additions are 
usually the corresponding dibromides. However, in 
at least two reported4 5'6 instances ketones have been 
isolated as by-products.

In the first of these reports,4 the bromination of tri- 
phenylethylene (1) in either chloroform or glacial acetic 
acid, followed by decomposition with alcoholic silver 
nitrate, has been reported to give triphenylethylene 
bromide (2) as well as variable quantities of phenyl 
benzhydryl ketone (3).

1. Br,
2. ale AgNOs

Ph2C = C H P h --------------->  Ph2C = C P h  +  Ph2CHCPh

The same report described some of the experimental 
conditions which affect the nature and composition 
of the products.

A  similar bromination of triphenylethylene, this time 
in methanol, was found6 to give a mixture of phenyl 
benzhydryl ketone (3) and 2-bromo-l-methoxy-l,l,2- 
triphenylethane (4).

Br2
Ph2C = C H P h  — >  Ph2CHCPh +  Ph2C ^ - C H P h

I) ¿ C H 3i r
1 3 4

ketones 3 and 6 when treated with alcoholic silver 
nitrate.

Despite these reports, to our best knowledge, a sys
tematic study of the mechanism which can account for 
the ketone formation has never been undertaken. Fur
thermore, the potential synthetic utility of these reac
tions has not been fully explored. Consequently, we 
felt that it would be of considerable theoretical as well 
as practical interest to investigate the mechanism of 
these transformations and to establish a generally use
ful synthetic procedure for the direct conversion of 
certain substituted ethylenes to the corresponding ke
tones.

Our investigation consisted of three phases. First 
we directed our efforts toward the determination of 
the optimum experimental conditions for obtaining 
the maximum yield of ketones from the corresponding 
substituted ethylenes. We then tried to get some in
sight into the mechanism of the rearrangement by 
means of isotopic labeling and other techniques. Fi
nally we sought to determine the scope of the procedure 
by preparing a number of substituted ethylenes and 
subjecting them to the same experimental conditions 
which were identified in the first part of our study as 
producing maximum yield of ketones.

For convenience each of these phases of our work 
will be discussed individually.

Results and Discussion

This report also describes the conversion of cis- and 
irans-l-(p-anisyl)-l,2-diphenylethylene (5) to 1-keto-
2-(p-anisyl)-l,2-diphenylethane (6) and l-(p-anisyl)-2- 
bromo-l-methoxy-l,2-diphenylethane (7). The bro- 
mo compounds 4 and 7 were found6 to rearrange to

CH3OC6H 4 Br,
\  CHsOH

C = C H P h ------- ►
/  NaHCOs

Ph
5

CH3OC6H 4 Ph

^ C H — C— Ph +  CHsOC6H 4— CHPh 

P h ^  0  OCHa Br

(1) (a) This paper was presented in part at the 158th National Meeting 
of the American Chemical Society, New  York, N . Y ., Sept 1969; (b) sup
port of this work by grants from the Research Corporation is gratefully 
acknowledged.

(2) To  whom inquiries should be directed.
(3) Master of Arts in Teaching Chemistry Thesis, Chapman College, 

N ov 1968.
(4) S. Apelgot, A. Cheutin, S. Mars, and M. R . Berger, Bull. Soc. Chim. 

Fr., 19, 533 (1952).
(5) D. Y . Curtin and E. K . Meislich, J. Amer. Chem. Soc., 74, 5518

(1952).

Maximizing the Yield of the Rearranged Products. —
Since the rearrangement was first observed with tri
phenylethylene, most of our initial trials were con
ducted with this compound. The object was to dis
cover the experimental conditions which would aug
ment the yield of ketone, thus making it the main 
product instead of a by-product.

In this connection we conducted numerous experi
ments involving repetitive bromination reactions of 
triphenylethylene and other olefins, each time varying 
one of the experimental parameters and observing the 
effect that this variation had on the yield of the cor
responding ketones.

The variables consisted of (1) the reaction tempera
ture, (2) the reaction time, (3) the type of solvent used,
(4) the nature of the decomposition reagent, (5) the 
solvent used in preparing the decomposing solution,
(6) the contact time with the decomposition reagent,
(7) the size of the run, and (8) the molar ratio of bro
mine to olefin. After each experiment the reaction 
mixtures were examined by thin layer chromatog
raphy and nmr and infrared spectroscopy. The com
ponents of the mixtures were whenever possible sep
arated by column chromatography and identified.
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Since this phase of our investigation involved several 
hundred trials it is both impossible and unnecessary to 
describe each experiment in detail. Instead we will 
enumerate and discuss only the most important of our 
findings which can be summarized as follows.

1. The formation of the ketones occurs in the work
up, since the infrared spectra of the brominated reac
tion mixtures show no carbonyl absorption band be
fore decomposition and strong carbonyl absorption 
band right after decomposition. This explains why 
the ketone formation could not be prevented by ex
cluding oxygen from the reaction as was attempted 
by Apelgot, et til.* who erroneously sought an expla
nation for the ketone formation in the bromination re
action itself.

2. The elimination of hydrogen bromide gas in 
many instances competes with the ketone formation 
and gives rise to vinyl bromides which are unreactive 
toward silver nitrate or any of the other decomposi
tion reagents tried. This observation provides the 
clue for the profound effect that the reaction tempera
ture and time have on the nature and composition of 
the products. In general, lower temperatures and 
short reaction times favor the formation of ketones, 
whereas at high temperatures or long reaction times 
the principal products are vinyl bromides. This is 
because at low temperatures the initially formed di
bromides are more stable; thus hydrogen bromide gas 
elimination is considerably slower and the bulk of the 
substrate remains in a form which is reactive toward 
silver nitrate. Similarly, the longer the reaction time 
the greater the proportion of the substrate which has 
been transformed into the unreactive vinyl bromide. 
This explanation is supported by the fact that the re
actions of tetrasubstituted ethylenes, where hydrogen 
bromide gas elimination is not possible, are not affected 
by variations in the reaction temperature and time. 
Consequently such compounds are readily converted 
to ketones by our procedure, subject only to the limi
tations described in the last part of the discussion sec
tion.

3. The presence of water is essential to the forma
tion of the ketone. During several trials in which an
hydrous alcoholic silver nitrate was used no ketones 
were formed. However, duplicate runs, under iden
tical conditions except for the use of alcoholic silver ni
trate containing at least 5% water, readily generated 
ketones. The role of water was further investigated 
by oxygen-18 labeling and will be discussed in detail 
in the next part of this section.

4. Several other reagents, such as solutions of mer
curic and lead salts, activated alumina, silver hydrox
ide, or simply alcohol-water mixtures, were also found 
to promote the ketone formation; however, the con
version is much slower, the product mixtures are more 
complex, and the yields of ketone are generally much 
lower than those obtained when alcoholic silver nitrate 
is used.

In a few instances, silver carbonate precipitated on 
Celite, a mixture known as “ Fetizon’s Reagent,” 6 was 
found to be superior to alcoholic silver nitrate in bring
ing about the rearrangement to the ketone. A  more 
detailed discussion of the reactions involving this re
agent will be presented in the last part of this section.

(6) M. FStizon and M. Golfier, C. R. Acad. Set., Ser. C, 276, 600 (1968).

5. The action of alcoholic silver nitrate on chlori
nated substrates can also promote conversion to ketones. 
Although it is generally more convenient to work with 
bromine, with some compounds chlorine must be used. 
In the case of tetraphenylethylene (8) for example, 
which is unreactive toward bromine, we tried our pro
cedure with chlorine, passing the gas through a chloro
form solution of the olefin. Upon decomposition with 
alcoholic silver nitrate a nearly quantitative yield of 
phenyltrityl ketone (9) was obtained. This conver-

1. Cl2 gas, CHCIa
2. AgNOa, MeOH-IRO

Ph2C = C P h 2------------------------- >  Ph— C— CPhs

A
8 9

sion is incidentally an example of the favorable special 
cases of tetrasubstituted ethylenes, previously dis
cussed, where the competitive elimination of hydrogen 
halide gas cannot take place.

6. The necessary contact time with the alcoholic 
silver nitrate for ketone formation is proportional to 
the stability of the dihalide substrate. With very 
labile dihalides the rearrangement takes places within 
minutes. With relatively stable dihalides several 
hours of stirring with the decomposition solution may 
be necessary for complete precipitation of the silver 
halide salts. In most cases overnight contact is suffi
cient.

7. The choice of solvent for carrying out the bro- 
minat on reaction and for making up the bromine solu
tions has an important bearing on the outcome of the 
reaction. Nucleophilic solvents are generally unsat
isfactory and give rise to complex mixtures of products 
where one or both of the halogen atoms have been sub
stituted by nucleophilic species from the solvent. 
This results in lowering the yields of ketones and mak
ing their isolation and characterization difficult. The 
solvent also must be such that the substrates retain 
high solubility in it, even at very low temperatures. 
Thus from the various solvents tested (ether, dioxane, 
hexane, carbon tetrachloride, various alcohols, glacial 
acetic acid, etc.) we have found chloroform to be gen
erally the most suitable.

8. The molar ratio of bromine to olefins has no ef
fect on the nature and composition of the products; 
however, a large excess of bromine necessitates inor
dinate amounts of silver nitrate solution and thus 
should be avoided.

9. The per cent yield of ketone is independent of 
the size of the run. Thus our procedure can be equally 
applied to large as to small scale preparations of 
ketones.

Summarizing the above findings the best conditions 
for ketone formation are as follows: Dry Ice temper
ature, the shortest possible reaction time, chloroform 
solvent for both the olefin and the bromine, decom
position of the brominated mixtures with methanolic 
silver nitrate containing 5-12% water (higher water 
content gives rise to unsatisfactory two-phase sys
tems). and the allowance of sufficient time for com
plete precipitation of the silver halide salts.

When the above procedure is followed, high and of
ten quantitative yields of ketones are obtained from 
the corresponding olefins, subject only to the limita
tions discussed in the last part of this section.
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Mechanistic Studies.—As before, the principal 
model for these studies was triphenylethylene. Some 
of the clues as to the mechanism of the ketone for
mation were provided by the experiments described in 
the previous part of this section. However, there still 
remained several theoretically plausible pathways by 
means of which the conversion could have taken place. 
Consequently we have proceeded to list the various 
mechanistic alternatives and to perform experiments 
which would allow us to differentiate among them.

The possibilities which have been ruled out by our 
experiments are summarized in Scheme I. One pos-

Scheme I

T heoretically Plausible M echanistic Paths for the Conversion 
of T riphenylethylene to Phenyl Benzhydryl K etone

Ph,C=CHPh^-«.ph2c—CHPh-5Ü Ph2C=C—Ph

/  Br Br \  Br
1 /  10 \  2

/  1 I - « ’0/HO ♦ H,0 '  I
Ph2C—CHPh s^tPh iC —CH Ph==i Ph2C—CHPh

sible sequence could involve the formation of the di
bromide 10 from triphenylethylene (1) followed by 
direct or indirect hydrolysis of this compound to the 
glycol 11, an identified7 precursor of phenyl benzhydryl 
ketone (3) via the well-known pinacol rearrangement.8

This rearrangement can theoretically9 take place in 
two ways: either through the carbonium ion 12 fol
lowed by a hydride shift or through the enol form 13. 
The latter can also derive from the bromohydrin 14 by 
elimination of hydrogen bromide gas. The same bro
mohydrin 14 can also, theoretically, give rise to the 
carbonium ion 12 following the removal of the bromide 
by silver nitrate. The role of the carbonium ion 12a 
can be safely neglected since its contribution to the 
pinacol rearrangement of 11 has been shown7 to be in
significant.

To test for these possibilities we have subjected a 
sample of l,l,2-triphenylethylene-I-14C' (1) to our bro- 
mination and silver nitrate decomposition procedure 
as outlined in the Experimental Section. After two 
crystallizations from methanol, an 88% yield of pure 
(mp 139-140°) phenyl benzhydryl ketone-14C (3) was 
obtained. The ketone was subsequently oxidized to 
benzophenone and benzoic acid by the method of Bon
ner and Collins;10 the fragments were assayed for radio
activity. These transformations can be illustrated 
by the following equations. (The double asterisk des

(7) C. J. Collins, J. Amer. Chem. Soc., 77, 5517 (1955). This paper 
contains all the pertinent earlier references.

(8) C. J. Collins, Quart Rev. Chem. Soc., 14, 357 (1960).
(9) E. S. Gould, "Mechanism and Structure in Organic Chemistry," 

Holt, Rinehart and Winston, New York, N . Y ., 1962, p 602.
(10) W . A. Bonner and C. J. Collins, J. Amer. Chem. Soc., 75, 5378

(1953).

ignates uncertainty as to the position of the label and 
not double labeling.)

Ph2C *= C H P h

1. Bn, CHCIa
2. AgNOa, MeOH 
 >

1
2.967 ±  0.03 mC/mol

Ph2C *H C *Ph  +  Ph2C *= C H P h

I  i
3 2

2.863 ±  0.001 mC/mol (not isolated)

KMnOa
Ph2C *H C *P h ------->A

PhC*OOH +  Ph2CO
2.862 ±  0.002 mC/mol 0.003 ±  0.0002 mC/mol

Our radiochemical data, given above, showed that 
all of the label resided in the benzoic acid fraction. 
Thus the conversion of triphenylethylene to phenyl 
benzhydryl ketone by our method was found to pro
ceed with 100% phenyl migration. This rules out the 
participation of either the carbonium ion 12 or the 
bromohydrin 14 as intermediates in the present rear
rangement, since in each of those instances the carbon 
skeleton would have remained unrearranged. The 
same data also rule out the intervention of the enol 
form 13. Nevertheless, since the enol form was shown 
as the ketone precursor when our procedure was cited 
by Fieser,11 we have conducted an additional experi
ment for further confirmation. The bromination of 
triphenylethylene was carried out as usual except that 
this time the mixture was decomposed with methanolic 
silver nitrate prepared with 90% deuteriomethanol 
(CH3OD) and 10% D20.

The reaction afforded a 90% yield of pure (mp 139- 
140°) phenyl benzhydryl ketone. The integrated nmr 
spectrum of the product showed no incorporation of 
deuterium. Furthermore, when an authentic sample 
of the deuterated ketone Ph2CDCOPh (99.5% deute
rium) was subjected to our experimental conditions and 
examined by nmr all of the original label had been re
tained. Since the enol form 13 of phenyl benzhydryl 
ketone undergoes deuterium exchange readily, we have 
concluded that it cannot be a precursor of phenyl 
benzhydryl ketone in the present case.

It  has been known for some time12 that triphenyl
ethylene oxide (15) can under certain conditions revert 
to phenyl benzhydryl ketone. However, its involve
ment in the present rearrangement is highly unlikely 
for two reasons. First,- under the fairly mild acidic 
conditions of our experiment this compound has been 
found13 to give not phenyl benzhydryl ketone (3) but 
the glycol 11. Second, for the ketone production to 
proceed via the epoxide in a manner consistent with 
our radiochemical findings, the ring opening must take 
place in such a way as to produce the carbonium ion 
12a exclusively. This is entirely unreasonable since 
the alternate carbonium ion 12 is the more stable of 
the two. Hence if the epoxide 15 was a precursor of 
the ketone one would have expected the integrity of 
the carbon skeleton to be preserved at least in part.

(11) M . Fieser and L. Fieser, "Reagents for Organic Synthesis," Vol. 2, 
Wiley-Interscience, New York, N. Y ., 1969, pp 367, 368.

(12) R . Lagrave, Ann. Chim., 8, 363 (1927).
(13) J. F. Lane and D. R. Walters, J. Amer. Chem. Soc., 73, 4234 (1951).
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Since our labeling experiments showed conclusively 
that a 100% rearrangement has taken place, we are 
forced to rule out this possibility.

In view of the above, only one reasonable mecha
nism remained which was consistent with our data; it 
is summarized in Scheme II. The proposed mecha-

SCHEME II
Postulated M echanism for thf. Conversion of 

T riphenylethylene to P henyl Bknzhydryl K etone

Ph2C =C H Ph  
1

I"

no reaction 

Ag +1
AgBr +  Ph,C— CHPh < A A P h sC— CHPh— p h, C=C — Ph

Br

18

H,0

Ph,C---- CHPh
I I
OH Br 

16

Ag'

Br Br 
10

Ph

Ph— C----CHPh
I I

OH Br - • - Ag 
16a

Br

Ph2CH— C— Ph 
II
O

|Ab+ t-
AgBr +  Ph,C—CHPh [Ph—C— CHPh2< ► Ph -C  CHPh;

¿ H  OH 4 h
12a 17

nism postulates the initial formation of the dibromide 
10, which then can either remain intact to undergo 
further transformations during the work-up or elimi
nate hydrogen bromide gas, irreversibly producing the 
vinyl bromide 2, which is unreactive toward silver ni
trate. The profound effect of the reaction tempera
ture and time on this competition between the elimi
nation of hydrogen bromide gas and the formation of 
the ketone has already been discussed and explained 
in the previous part of this section. This explanation 
is supported by the findings of Meisenheimer,14 who 
has prepared the dibromide 10 and reported that it 
does in fact decompose on standing or heating to the 
vinyl bromide 2. It  is therefore the portion of the di
bromide 10 which remains unchanged that undergoes 
nucleophilic substitution either with water or other 
nucleophiles, e.g., methanol. The latter possibility 
will account for the reported5 isolation of such products 
as 2-bromo-l-methoxy-l,l,2-triphenylethane described 
in the beginning of this paper.

In the absence of silver nitrate these substitutions 
as well as the subsequent reactions of that system are 
slow and cannot effectively compete with the hydrogen 
bromide gas elimination. Thus only minor yields of 
ketones are obtained from the process. On the other 
hand the interaction of the dibromide 10 with silver 
nitrate accelerates the reaction by facilitating removal 
of the bromide from the carbon bearing the two phenyl 
groups. This is most likely an Sn I process involving 
the initial formation of the rather stable carbonium 
ion 18; however, our data do not permit differentiation 
between this and the alternate Sn 2 process. When 
water is the nucleophile the product of the above sub
stitution is the bromohydrin 16. The involvement of 
water as the oxygen source for the ketone formation 
was suggested by the fact that anhydrous decomposi-

(14) J. Meisenheimer, Justus Liebigs Ann. Chem., 456, 126 (1927).

tion reagents failed to produce the ketone. To obtain 
further confirmation we have conducted the bromina- 
tion of triphenylethylene under the usual conditions 
except that the decomposition reagent consisted of a 
saturated silver nitrate solution made up with an
hydrous methanol (95%) and oxygen-18 enriched wa
ter (5%). The isotopic enrichment of the water was 
3 atom per cent. The phenyl benzhydryl ketone thus 
produced was examined by mass spectrometry.

The mass spectrum contained no molecular ion. 
However it showed two fragmentation peaks at masses 
107 and 105 corresponding to the fragments PhCH 180  
and PhCH160, respectively. The ratio of these peaks 
was 1.5:1. To preclude the possibility of exchange 
after the ketone was formed, an authentic sample was 
subjected to the same reaction conditions and the mass 
spectrum of the recovered material was examined. 
This spectrum showed a peak ratio of mass 107 to mass 
105 of 0.5:1, most likely due to the double carbon-13 
isotope.

The data thus indicated a net incorporation of oxy
gen-18 from the water to the ketone of 1%.

Since the isotopic enrichment of the water was 
3 atom %, two-thirds of the label remained unac
counted for. We can offer only one explanation for 
this discrepancy: it may be due to a combination of 
a kinetic isotope effect and preliminary oxygen ex
change between the water and the nitrate ions of the 
decomposing solution. Such exchanges under acidic 
conditions are sometimes known16 to occur.

Continuing with our postulated mechanism we pro
pose further that the initially formed bromohydrin 
16 undergoes semipinacolic dehydrobromination cat
alyzed by silver ions and accompanied by phenyl 
migration. This may theoretically be a one-step pro
cess via the transition state 16a or a two-step process 
involving the formation of carbonium ion 12a followed 
by phenyl migration. Our data do not permit differ
entiation between these two possibilities. However, 
for reasons already stated the intervention of 12a is 
highly unlikely. In either case the product is the proto- 
nated ketone 17 which reverts to phenyl benzhydryl 
ketone (3) by a proton transfer.

This type of rearrangement of halohydrins to 
ketones is well known.13’16 Furthermore, the trans
formation of the bromohydrin 16 to phenyl benzhydryl 
ketone under a variety of conditions has already been 
reported by Lane and Walters.13 Finally, Bonner 
and Collins17 have radiochemically demonstrated that 
the ketone formation takes place with complete phenyl 
migration. As a further confirmation an authentic 
sample of the bromohydrin 16 was synthesized and 
subjected to our experimental conditions, following a 
procedure identical with the bromination and decom
position of the triphenylethylene samples. A  quan
titative yield of phenyl benzhydryl ketone was obtained 
from the above reaction.

It  is evident from the preceding discussion that the 
mechanism we have postulated is not only consistent 
with our own data but also strongly supported by the

(15) R. Klein and R. A. Friedel, J. Amer. Chem. Soc., 72, 3810 (1950).
(16) (a) D. Y . Curtin and E. K. Meilich, ibid., 74, 5905 (1952). (b) For

a complete discussion see G. W. Wheland, “ Advanced Organic Chemistry,”  
Wiley, New York, N. Y ., 1960, Chapter 12.

(17) W . A. Bonner and C. J. Collins, J. Amer. Chem. Soc., 75, 5379 
(1953).



Synthesis of K etones from Substituted Ethylenes J . Org. Chem., V ol. 3 6 , N o. 2 6 , 1 9 7 1  4121

findings of other investigators. We therefore believe 
it to be the correct mechanism for the transformation 
of substituted ethylenes to ketones by our previously 
described procedure.

Establishing the Scope of the Procedure.—In the
last part of our work, we sought to test the generality 
of our method of olefin conversion to ketones and to 
examine its relative merits from the point of view of 
synthesis. To this end a number of substituted ethyl
enes were prepared by action of appropriate Grignard 
reagents on ketones or esters, followed by dehydration 
of the resulting tertiary alcohols or by the W ittig reac
tion.18 The olefins obtained in this manner were then 
subjected to our bromination and decomposition pro
cedure as described at the end of the first part of this 
section. A  number of commercial products as well 
as samples supplied by private sources were also 
tested.

The results of these experiments are summarized 
in Table I, which shows the principal carbonyl com
pounds obtained in each case and the approximate 
yields. The list was meant to be representative of the 
various types of substituted ethylenes rather than ex
haustive. The data obtained from the reactions of 
these compounds permit us to make certain generaliza
tions regarding the usefulness of our procedure for con
verting substituted ethylenes to carbonyl compounds.

We can generally conclude that our method will 
work best with highly substituted ethylenes providing 
that at least some of the substituents are aromatic. 
The presence of such substituents on the ethylenic car
bons stabilizes the incipient carbonium ions, thus re
sulting in the formation of dihalides which are quite 
reactive toward silver nitrate. Thus the yields of ke
tones decrease as the proportion of alkyl substituents 
increases and the procedure fails completely with sys
tems that have only aliphatic substituents. With such 
compounds a modified procedure employing somewhat 
more drastic conditions was tried. I t  consisted of 
brominating the olefins at room temperature in either 
chloroform or carbon tetrachloride followed by decom
position with silver carbonate-Celite reagent.6

After stirring for several hours either at room tem
perature or under reflux, low yields of ketones were 
obtained. The product mixtures were, however, com
plex, containing the brominated compounds, some 
starting material, and variable quantities of substitu
tion products such as cyclic carbonates. We are now 
in the process of evaluating further the potential uses 
of the silver carbonate-Celite reagent, attempting to 
discover conditions which will minimize the yields of 
undesirable products.

With either procedure, if the substituents on the 
ethylenic carbon atoms are not all the same, mixtures of 
ketonic products may of course result. The composition 
of these mixtures will then depend on the relative migra
tion tendencies of the substituents and the stereochem
ical requirements of the molecules. The separation 
of the various components in these mixtures proved to 
be difficult and hence was not pursued. Con
sequently, in all such cases, only the principal com
ponent was identified and listed in Table I. 
The stated yield, however, is the total yield of the ke
tonic products.

(18) A. Maercker, Org. React., 14, 270 (1965),

It  is noteworthy, from the point of view of synthesis, 
that often when low yields of ketones were obtained, 
a substantial portion of the reaction mixture was un
changed starting material. Thus, at least in some in
stances, it is possible to augment the yield of ketones 
by recycling. Other important features of our pro
cess are the extremely mild conditions and the very 
short reaction time. These make it possible to achieve 
conversion of certain olefins to ketones even when other 
sensitive groups are present in the same molecule.

Taking into account the various limitations which 
we have outlined above, it can be concluded that our 
process can be conveniently applied to a large number 
of substituted ethylenes, converting them directly to 
ketones in high yields.

Although our initial studies were confined to simple 
compounds, further studies are now in progress, ex
ploring the reactions of more complex systems such 
as mono- and polycyclic olefins. We are also investigat
ing the potential application of this rearrangement to 
the synthesis and degradation of natural products.

Experimental Section19 20

I. Isoiopically Labeled Compounds“  and Experiments. Ra
dioactivity Assays.— Radioactivity levels of the various carbon-14 
labeled compounds were determined by dry combustion of the 
samples to carbon dioxide which was collected in an ionization 
chamber and assayed in the usual way,21 using a Cary Model 31 vi- 
brating-reed electrometer.

A ll determinations were performed in triplicate, the reported 
values being the average of these determinations.

1,1,2-Triphenylethylerie-I-14C (1).— This compound was pre
pared by the reaction of benzylmagnesium chloride with carbonyl- 
labeled benzophenone,22 followed by the formic acid dehydration 
of the resulting l,l,2-triphenylethanol-I-14C'. The procedure 
used was essentially that of Adkins and Zartman.23 A fter chro
matography on an alumina column and several recrystallizations 
from ethanol an analytically pure (mp 71-72°) sample of 1,2,2- 
triphenylethylene-l-,4C (specific activity 2.967 ±  0.03 mGi/mol) 
was obtained. The identity of the sample was established by 
comparing its infrared spectrum with that of an authentic sample.

Phenyl Benzhydryl Ketone-14(7 (3 ).— A sample of 1,1,2-tri- 
phenylethylene-l-14C' (2 g, ca. 0.00782 mol, specific activity 
2.967 ±  0.03 mCi/mol, mp 71-72°) was converted to phenyl 
benzhydryl ketone-14C by the application of method B as out
lined in the next part of this section. The crude product (1.92 g, 
90%, mp 136-138°) was purified by successive crystallizations 
from ethanol. Thus 1.87 g (88% ) of pure (mp 139-140°) phenyl 
benzhydryl ketone-14C (specific activity 2.863 ±  0.001 mCi/mol) 
was obtained. The infrared spectrum of this product matched 
that of an authentic sample.

Oxidative Degradation of Phenyl Benzhydryl Ketone-14C.—
A  sample of the above phenyl benzhydryl ketone-14C (1.77 g, 
0.00614 mol, specific activity 2.863 ±  0.001 mCi/mol) was oxi
dized to benzoic acid and benzophenone using potassium per
manganate dissolved in aqueous acetone, adapting the procedure 
of Bonner and Collines.10 Yields of the oxidation products were

(19) Melting points were taken on a Thomas-Hoover “ Uni-Melt”  
apparatus and are uncorrected. Nmr spectra were recorded on a Varian 
A-60A or T-60 spectrometer, with tetramethylsilane as an internal stand
ard. Infrared spectral data were recorded on Beckman IR -8 or Perkin- 
Elmer 457 spectrometers. Vpc analysis of liquid samples was performed 
with a Varian Aerograph 90-P chromatograph. Mass spectra were obtained 
with a consolidated CEC 110 high resolution mass spectrometer at Union 
Oil Research Center, Brea, Calif.

(20) A ll isotopically labeled compounds were synthesized by Dr. Frederic 
J. Kakis at Oak Ridge National Laboratory, Oak Ridge, Tenn., under a 
Research Participation Fellowship. Radioactivity determinations were 
also performed during that period.

(21) V. A. Raaen and G. A. Ropp, Justus Liebigs Ann. Chem., 25, 174 
(1953).

(22) From Oak Ridge National Laboratory.
(23) H. Adkins and W. Zartman, “ Organic Syntheses,”  Collect. Vol. II, 

Wiley, New York, N. Y ., 1943, p 606.
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T a b l e  I

S u b s t i t u t e d  E t h y l e n e s  T e s t e d  a n d  T h e i r  M a i n  R e a r r a n g e m e n t  P r o d u c t s

Alkene
R i R*

\  /c=c
/  \

P r i n c i p a l  c a r b o n y l  p r o d u c t  

Ri'

R i'— C— C—-Ra'

Il I
Rs Rs 0 Ra' Yield,

No Ri R3 Rs r 4 R i' Ra' Ra' R<' %° Method1

1 Ph Ph Ph Ph Ph Ph Ph Ph 94 A
2 Ph Ph M e Ph Ph ' M e Ph Ph 88 A

3 Ph Ph M e H Ph M e Ph H 85 B
4 Ph Ph »-Octyl H Ph Ph »-O ctyl H 87 B
5 Ph Ph Ph H Ph Ph Ph H 96 B
6 p-MePh p-MePh p-MePh H p-MePh p-MePh p-MePh H 95 B
7 p-CHsOPh p-CHaOPh p-CHaOPh H p-CH3OPh p-CH3OPh p-CH3OPh H 94 B
8' Ph p-CH3OPh o-MePh H Ph p-CHaOPh o-MePh H 85 B
9° Ph 3,4-Me2Ph 3,4-Me2Ph H 3,4-MesPh 3,4-Me2Ph Ph H 82 B

10° Ph 1-Naphtyl Ph H 1-Naphtyl Ph Ph H 60 B
11° Ph 2,4-Me2Ph 2,4-Me2Ph H 2,4-Me2Ph Ph 2,4-Me2Ph H 78 B
12° Ph 2,5-Me2Ph p-MePh H 2,5-Me2Ph Ph p-MePh H 72 B
13° Ph 2,5-Me2Ph o-MePh H 2,5-Me2Ph Ph o-MePh H 70 B
14° Ph 2,4-Me2Ph o-MePh H 2,4-Me2Ph Ph o-MePh H 68 B
15° Ph H p-CH3OPh p-MePh p-MePh Ph p-CHaOPh H 86 B
16° Ph 2,5-Me2Ph Ph H 2,5-Me2Ph Ph Ph H 85 B
17° Ph 3,4-Me2Ph Ph H 3,4-Me2Ph Ph Ph H 82 B
18° Ph 2,4-Me2Ph Ph H 2,4-Me2Ph Ph Ph H 78 B
19° Ph p-MePh Ph H Ph Ph p-MePh H 86 B
20° Ph m-MePh Ph H Ph Ph »i-M ePh H 76 B
21 p-MePh p-MePh Ph H p-MePh p-MePh Ph H 95 B
22° Ph o-MePh Ph H o-MePh Ph Ph H 76 B
23° Ph (C H 2)3- Ph Ph H H Ph Ph Ph (C H 2)3- 62 B
24° Ph p-CIPh Ph H p-CIPh Ph Ph H 45 B
25° Ph p-CIPh 3,4-Me2Ph H p-CIPh Ph 3,4-Me2Ph H 42 B
26° p-Biphenyl Ph Ph H Ph Ph p-Biphenyl H 84 B
27° p-CH3OPh p-CH3OPh Steroid' H p-CHaOPh p-CH3OPh Steroid' H 78 B
28 p-CH3OPh p-CHaOPh Steroid-^ H p-CH3OPh p-CHaOPh Steroid^ H 72 B
29* p-CHsOPh p-CH3OPh H H p-CH3OPh p-CHaOPh H H 62 B  +  C
30* Ph H M e H H Ph M e H 82 C
31« M e M e M e M e M e M e M e M e 58 C '
32* M e M e M e H M e M e Me H 38 O '
33d Ph M e H H Ph M e H H 55 C '
34* Ph M e H H M e Ph H H 60 B  +  C
35* M e M e Et H M e M e Et H 15 C '
36* M e H Et H Et M e M e H 10 0 '
37* 1-Methylcyclohexene 1-Methylcyclohexanone
° Often estimated from spectral and chromatographic data. In  the event of mixtures the stated yield is the total yield of carbonyl 

compounds in the mixture. 6 See Experimental Section. ° A  mixture of threo and erythro or cis and trails isomers. * Procedure B 
failed with these compounds. * See structure i. s See structure ii.

quantitative. The benzoic acid was purified by recrystallization 
from water followed by sublimation, mp 122.4-123.2°.

The benzophenone product was converted in the usual way into 
its 2,4-dinitrophenylhydrazone, which was purified by successive 
recrystallizations from ethyl acetate, mp 240.6-241.6°.

Radioactivity assays of these products showed that the benzoic 
acid fraction had retained all of the label (specific activity 2.862 
±  0.002 mCi/mol), whereas the benzophenone fraction was for 
all practical purposes nonradioactive (specific activity 0.003 ±  
0.0002 mCi/mol).

Thus it was radiochemically demonstrated that the conversion 
of l,l,2-t,riphenylethyIene-I-l4C to phenyl benzhydryl ketone-14C 
by method B was accompanied by 100% phenyl migration.

Chain Deuterium Labeled Phenyl Benzhydryl Ketone.— A  
sample of pure (mp 139-140°) phenyl benzhydryl ketone was dis
solved in reagent grade toluene and treated under reflux with suc
cessive portions of pure (99.8%) D 20  made basic by the addition

of lithium metal. A  specially constructed pressure addition fun
nel, equipped with a two-way stopcock and an outlet, permitted 
the withdrawal of the exchanged portions of D 20 .

The incorporation of deuterium in the sample was followed by 
nmr by observing the gradual disappearance of the singlet proton 
peak at S 6 ppm, relative to TM S (5 0 ppm). In  this fashion a 
sample of Ph2CDCOPh (99.5%) was obtained. The deuterated 
sample was subjected to the reaction conditions described in the 
next part of this section, under method B, after which it was re
isolated and its nmr spectrum reexamined. I t  was found that all 
of the original deuterium label had been retained.

Rearrangement of Triphenylethylene in a Deuterated Medium. 
— A  sample (1.0 g, 0.0039 mol) of pure (mp 71-72°) triphenyl
ethylene was subjected to the experimental conditions described in 
the next part of this section under method B, except that the de
composing reagent consisted of a saturated solution of silver ni
trate made up with D 20  (10% by volume) and C H 3OD (90% by
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volume). The yield of crude (mp 132-134°) phenylbenzhydryl 
ketone was quantitative. A fter two recrystallizations from 
methanol, 0.96 g (90%) of the pure ketone (mp 139-140°) was ob
tained. The integrated nmr spectrum of the pure product 
showed that no deuterium had been incorporated into the ketone 
under these conditions.

Rearrangement of Triphenylethylene to Phenyl Benzhydryl 
Ketone in the Presence of Oxygen-18.— The object of this experi
ment was to determine whether oxygen-18 label from the water in 
the silver nitrate reagent is incorporated into the rearrangement 
product, phenyl benzhydryl ketone. The ketone, however, 
could conceivably undergo isotopic exchange after it is formed. 
To  minimize this possibility, and in view  of the fact that the yield 
was not important in this case, a procedure was sought which 
would, in the shortest possible reaction time, give a reasonable 
amount of relatively pure product. The conditions were worked 
out during several preliminary trials with unlabeled reagents.

Thus triphenylethylene (1 g, 0.0039 mol, mp 71-72°) was dis
solved in spectral grade chloroform (25 m l) and cooled in a D ry 
Ice-isopropyl alcohol bath. The mixture was stirred magneti
cally and treated with a 5%  solution of bromine in chloroform 
(4 .1 m l) in a flask fitted with a drying tube.

Subsequently a saturated silver nitrate solution (35 m l), pre
pared with anhydrous methanol (95% by volume) and oxygen-18 
enriched (3 atom % ) water (5%  by volume), was added to the re
action mixture and the stirring continued for 15 min. To  remove 
the silver salts and achieve rapid drying three successive suction 
filia tions through layers of anhydrous magnesium and sodium 
sulfates were performed.

A fter removal of the solvents by rotatory evaporation a white 
solid was obtained which was purified by dissolving it in boiling 
ethanol, filtering the hot solution to remove insoluble impurities, 
and cooling at zero degrees overnight. The resulting crystals 
were collected by suction filtration and dried under vacuum over 
phosphorus pentoxide (0.31 g, 52%, mp 133-135°).

A  sample of this product, identified by its infrared spectrum as 
phenyl benzhydryl ketone, was without further purification (for 
fear that it might undergo isotopic exchange) submitted for mass 
spectrometric analysis.

The mass spectrum showed two fragmentation peaks at masses 
107 and 105 corresponding to the fragments PhCH lsO and Ph- 
C H 160  respectively. The ratio of these peaks was 1.5:1. How
ever, when an authentic sample of phenyl benzhydryl ketone was 
subjected to the above reaction conditions and the mass spectrum 
of the recovered material was examined it showed a ratio of the 
same peaks of 0.5:1. Thus the net incorporation of oxygen-18 
from the water to the ketone was found to be of the order of 1% .

I I .  Unlabeled Compounds and Experiments. Synthesis and 
Rearrangement of 2-B rom o-l,l,2-triphenylethanol.—An  authen
tic sample of 2-brom o-l,l,2-triphenylethanol was prepared by the 
method of Lane and Walters,13 and purified by filtration through 
decolorizing charcoal and recrystallization from hexane.

A  sample (0.91 g ) of the purified material (mp 123-124°) was 
then dissolved in chloroform (25 m l) and subjected to the condi
tions of method B described below. This resulted in the isolation 
of a quantitative yield (0.69 g, 98% ) of crude (mp 133-135°) 
phenyl benzhydryl ketone. After one recrystallization from 
ether, 0.61 g (92% ) of pure (mp 139-140°) phenyl benzhydryl 
ketone was obtained.

Substituted Ethylenes.— A  complete list of the substituted 
ethylenes used in our study appears in Table I. Compounds 1 
and 30-37 are commercial samples obtained from various sources 
and used without further purification. Compounds 2-4 and 
27-28 were privately supplied.24 All the other compounds were 
prepared by standard Grignard reactions of appropriate aryl- or 
alkylmagnesium halides with substituted benzophenones, deoxy- 
benzoins, or esters. Some of the resulting tertiary alcohols un
derwent spontaneous dehydration during the work-up, generat
ing the corresponding substituted ethylenes. The remainder 
were dehyrated by means of formic acid containing some p-tol- 
uenesulfonic acid. A  few  compounds were prepared by the 
W ittig  reaction.18

This process in most cases gave mixtures of either cis and trans 
or threo and erythro isomers.

The separation of these isomers proved to be difficult and time 
consuming and was therefore abandoned. Instead the mixtures 
were directly subjected to the rearrangement methods described 
below.

(24) Professor M . Fétizon, Ecole Polytechnique, Paris, France.
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Rearrangement of Substituted Ethylenes to Aldehydes or K e 
tones.— The following methods for converting substituted eth
ylenes to carbonyl compounds have resulted from numerous pre
liminary trials during which the conditions which would produce 
the maximum yield of the desired products were carefully worked 
out. The nature and scope of these experiments has been ex
plored in the Discussion section but space limitations preclude a 
detailed description. Method A  is recommended for compounds, 
which for steric reasons react too slowly or not at all with bro
mine. Method B is the most generally applicable method. 
Methods C and C ' were used with some success in those cases 
where the previous methods failed and are still in the development 
stage.

Method A. Phenyl Trityl Ketone from Tetraphenylethylene.
— A  chlorine cylinder was connected successively to an empty 
trap, a reaction flask, another empty trap, a trap containing wa
ter, and two traps containing a saturated solution of potassium 
carbonate. The reaction flask was equipped with a magnetic 
stirrer, a pressure addition funnel, and gas inlet tube with a fritted 
glass tip. Commercial grade (mp 220-223°) tetraphenylethylene 
(3.3. g, ca. 0.01 mol) was dissolved in chloroform (250 ml) and in
troduced to the reaction flask which was immersed in an ice bath. 
While the mixture was stirred chlorine gas was allowed to flow 
through at a slow rate until the solution had acquired a distinct 
yellow color. The flow of gas was then discontinued and the 
stirred mixture was treated all at once with a saturated silver ni
trate solution (350 m l) made up with methanol (90% by volume) 
and water (10% by volume). The mixture was stirred at room 
temperature overnight, after which the inorganic salts were fil
tered off and washed with chloroform, and the washings and the 
filtrate were combined. An excess of water was then added to the 
filtrate and the chloroform layer was separated, washed several 
times with water, and dried over anhydrous magnesium and so
dium sulfates. Upon removal of the solvents a viscous oil was ob
tained (3.27 g, 94% ) which crystallized spontaneously.

The product was identified by its infrared and nmr spectra as 
phenyl trityl ketone.

A fter two recrystallizations from ethanol a pure (mp 183-184°) 
product (3 g, 86% ) was obtained. Compound 2, Table I, was 
similarly treated.

Method B. Phenyl Benzhydryl Ketone from Triphenylethyl
ene.— A  sample (0.8832 g ) of pure (mp 71-72°) triphenylethyl
ene was dissolved in chloroform (25 m l) and cooled in a D ry Ice- 
isopropyl alcohol bath. The stirred reactants were then treated 
rapidly (ca. 1 min) with a bromine solution (5%  Br2 and 95% 
CHCL by volume) until the first appearance of a permanent am
ber color.

Approximately 5 ml of the bromine solution was required. 
The mixture was then decomposed at once by the addition of a 
saturated silver nitrate solution (50 m l) made up with methanol 
(90% by volume) and water (10% by volume). After a work-up 
procedure identical with that given in method A , a quantitative 
yield of crude phenyl benzhydryl ketone was obtained. After 
two recrystallizations from methanol a pure (mp 138-139°) sam
ple (0.8834 g, 94%) of phenyl benzhydryl ketone was obtained. 
Compounds 3-28, in Table I, were similarly treated with the re
sults shown therein.

Method C. 2-Phenylpropionaldehyde from (raras-l-Phenyl-1- 
propene.— A  commercial25 26 sample (1 ml, ca. 0.0076 mol) of trans-
1- phenyl-l-propene was dissolved in chloroform (50 m l). The so
lution was stirred magnetically at room temperature and treated 
rapidly with bromine (ca. 0.5 m l) until the first appearance of a 
permanent amber color. The mixture was then immediately de
composed by the addition of silver carbonate-Celite reagent6 
(6 g ). The heterogeneous mixture was stirred at room, tempera
ture for 2 days, during which the silver carbonate reagent became 
progressively darker. The phases were separated by filtration 
and the solid phase was washed several times with chloroform, 
combining the washings with the filtrate. After removal of the 
solvent by fractional distillation a residual oil (0.835 g, 82% ) re
mained which was identified by its infrared and nmr spectra as
2- phenylpropionaldehyde. Compounds 30, 34, and 37, Table I, 
were similarly treated except that in the case of compound 34 the 
starting solution was the end product of an unsuccessful attempt 
to promote the rearrangement by method B.

Method C '. Methyl Isopropyl Ketone from 2-Methyl-2-bu- 
tene.— A  commercial26 sample of 2-methyl-2-butene (1 ml, ca.

(25) Fluka Chemical Co., Geneva, Switzerland.
(26) Prolabo Chemical Co., Paris, France.
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0.0094 mol) dissolved in CCI4 (50 ml) was brominated and de
composed as in method C. The heterogeneous mixture was then 
refluxed for 2 days, after which the supernatant liquid was exam
ined by infrared, nmr, and gas chromatography. Comparison of 
these spectra with the corresponding spectra of an authentic sam
ple revealed that the only carbonyl compound produced was 
methyl isopropyl ketone. The yield of the ketone (38%) was de
termined by integration of the gas chromatographic peaks. 
Compounds 31, 33, and 35-36, Table I, were similarly treated, 
with the results stated therein.

Registry N o.—Phenyl trityl ketone, 466-37-5; tetra- 
phenylethylene, 632-51-9; phenyl benzhydryl ketone,

1733-63-7; triphenylethylene, 58-72-0; 2-phenylpro- 
pionaldehyde, 93-53-8; (rans-l-phenyl-l-propene, 873- 
66-5; methyl isopropyl ketone, 563-80-4; 2-methyl-2- 
butene, 513-35-9.
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Notes
Synthesis o f  di-M uscone from  

Exaltone (Cyclopentadecanone)

B. D. M o o k h e r Je e ,*  R. R. P a t e e , a n d  W. O. L e d ig

Research and Development Department, International 
Flavors & Fragrances, Union Beach, New Jersey 07735

Received June 23, 1971

Muscone (6) and exaltone (1) are two similar com
pounds. The difference is that the former is a natural 
product;1 the latter lacks a /3-methyl group. Though 
there is a plethora of publications2 for the synthesis 
of 6 from various starting materials, only Ruzicka 
and Stoll3 have described the preparation of 6 from 
1 in poor yield, The present paper reports an alter
nate five-step synthesis of dZ-muscone (6) from ex
altone (1) in an overall yield of 60%.

(1) Muscone is the principal constituent (1% ) of musk pod obtained from 
the male deer Moschus moschiferus.

(2) B. D. Mookherjee, R. Trenkle, and R. R . Patel. J. Org. Chem., 36, 
3266 (1971), and references cited therein.

(3) L. Ruzicka and M. Stoll, Helv. Chim. Acta, 17, 1308 (1934).

Treatment of 1 with ethylene glycol and p-toluene- 
sulfonic acid monohydrate4 in benzene afforded ketal 
2 (98%) which was brominated with phenyltrimethyl- 
ammonium tribromide4’5 in tetrahydrofuran for 2 hr 
at 0° to give 2-bromo ketal 3 («1 0 0 % ). Though the 
treatment of 3 with potassium ZerZ-butoxide in either 
ZerZ-butyl alcohol or dimethyl sulfoxide6 gave only 
dioxin 7, dehydrobromination of 3 with 1,5-diaza- 
bicyclo [4.3.0 ]non-5-ene7'8 at 110° for 64 hr furnished 
the a^-unsaturated ketal 4 (70%). M ild acid hy
drolysis of 4 gave cyclopentadecenone (5) (100%) 
which on treatment with methyl Grignard in the 
presence of cuprous chloride and ether2’9 was smoothly 
converted to cZZ-muscone (6) (81%).

Experimental Section

Melting points are uncorrected. Gas-liquid chromatography 
(glc) analyses were performed on an F  & M  810 instrument using 
5% Carbowax 20M and 5% silicone SE-30 coated on Anakrom 
ABS (80-100 mesh) packed in stainless steel columns (25 ft  X  
0.25 in.). The following spectrometers were used: infrared,
Beckman IR -5A  or Beckman IR-4; nuclear magnetic resonance, 
Varian HA-100 (CCh, TM S as internal standard); mass spectra, 
CEC Model 21-103 C, and A E I MS 9 for high-resolution spectra. 
Major mass spectral fragmentation peaks were recorded in 
decreasing order of intensity except for the molecular ion (M )+ 
peak which is listed first. Five per cent deactivated silicic acid 
made by adding 5 ml of water to 95 g of silicic acid (Grace, 100- 
200 mesh) was used for column chromatography. Anhydrous 
magnesium sulfate was used as drying agent. Exaltone was 
purchased from Firmenich, New York, N . Y .

Ethylene Ketal of Cyclopentadecanone (2).—A  mixture of 1 
(50 g, 0.22 mol), p-toluenesulfonic acid monohydrate (4.2 g, 
0.022 mol), freshly distilled ethylene glycol (444 m l), and 
anhydrous benzene (2.7 1.) was refluxed with constant removal 
of water. A fter 14 hr of reflux, 14 ml of water was collected. 
The mixture was cooled, the ethylene glycol layer was separated, 
and the benzene layer was washed successively with saturated 
sodium bicarbonate solution and sodium chloride solution and

(4) W . S. Johnson, J. D. Bass, and K . L. Williamson, Tetrahedron, 19, 861 
(1963).

(5) A. Marquet, M . Dvolaitzky, H. Kagan, L. M. C. Quannes, and J. 
Jacques, Bull. Soc. Chim. Fr., 1822 (1961).

(6) P. E. Eaton, J. Amer. Chem. Soc., 84, 2344 (1962).
(7) H. H. Wasserman, D. D. Ketih, and J. Nadelson, ibid., 91, 1264 (1969).
(8) H. Oediger, H. Kabbe, F. Muller, and K. Either, Chem. Ber., 99, 2012

(1966).
(9) M. Stoll and K . Commarmont, Helv. Chim. Acta, 31, 554 (1948),
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dried. Removal of solvent gave 60.9 g (100%) of 2 which solidi
fied on standing, mp 29.5-30°. Glc (silicone SE-30) showed one 
major peak (98.4%, 2) and one minor peak (1.6%, 1): ir of 2 
(neat) 3.4, 3.5, 6.83, 7.2, 7.29, 7.39, 8.0, 8.29, 8.42, 8.6, 8.99,
9.1, 9.25, 9.35, 9.55, 10.55, 10.9, 12.1, 12.7, 14.1 M; nmr S 1.32 
and 1.5 [two s, 28, - (C H 2)„ - ] ,  3.89 (s, 4, -0 C H 2CH20 - ) ;  mass 
spectrum m/e 268 (M )+, 99, 225, 155, 55, 84, 41.

Anal. Calcd for CnH320 2: m/e 268.2402. Found: m/e
268.2403.

Ethylene Ketal of 2-Bromocyclopentadecanone ( 3 ) .— To a 
cold (0 °) stirred solution of 2 (60.9 g, 0.228 mol, from the above 
experiment) in anhydrous tetrahydrofuran (1.5 1.) was added 
rapidly phenyl trimethylammonium tribromide (85.7 g, 0.228 
mol). An orange color was developed which gradually dis
appeared after 1 hr. The stirring was continued for an additional 
1 hr at 0°. The mass was poured into saturated sodium bi
carbonate solution (600 m l) and was stirred for 30 min. Most 
of the tetrahydrofuran was removed under reduced pressure 
without heating. The aqueous layer was extracted with ether. 
The ethereal solution was washed with saturated sodium chloride 
solution and dried. Removal of solvent gave 83 g (107%) of 
crude bromide 3 . Glc (silicone SE-30) showed a major peak and 
a minor peak due to 1 and 2, respectively. Bromide 3 did not 
elute from the glc column: ir of 3 (crude) 5.89 (C = 0  of re
generated 1) and 9.5 y (-C O C - of ketal 3 ) ;  nmr 8 1.1- 2.1 
(broad m with s at 1.32 and a shoulder at 1.3), 2.66 (small t),
3.42 (small t), 3.68 (small t ), 3.8-4.36 (m, -C H B r and -O C H 2- 
CH20 - ),  4.5-4.7 (small m ); mass spectrum m/e 346 (M )+ and 
348 (M  +  2)+.

Anal. Calcd for CuH310 2Br: m/e 346.1507. Found: m/e 
346.1508.

Ethylene Ketal of 2-Cyclopentadecen-l-one (4.)— A  2.5-1. flask 
equipped with stirrer, reflux condenser, thermometer, and a 
nitrogen inlet tube was charged with crude bromide 3 (83 g, 
0.2 mol, from the previous experiment) and 1,5-diazabicyclo- 
[4.3.0]non-5-ene (89.28 g, 0.72 mol). The mixture was heated 
at 110° for 64 hr, cooled, and poured into water. The aqueous 
mixture was extracted with ether. The combined ether extracts 
were washed successively with water and saturated sodium chlo
ride solution and dried. Removal of solvent gave 56.5 g of 
crude oil which was chromatographed on deactivated silicic acid 
(600 g ); 10-20% ether in hexane (1.51. per fraction) eluted 47.1 
g (74.6%) of 4. Glc (Carbowax 20M ) analysis showed one major 
peak (88%, 4) and two minor peaks due to 1 (5% ) and 2 (7% ): 
ir of 4 (neat) 3.45, 3.5, 6.0, 6.85, 6.9, 7.2, 7.3, 7.4, 7.65, 7.79,
7.99, 8.49, 8.9, 9.5, 10.25, 10.55, 12.4, 13.4, and 13.85 y, nmr 
5 1.1-2.3 (major s at 1.3, and broad m at 1.7 and 2.1, 24, -C H 2- ),
3.9 (s, 4, -0 C H 2C H 20 - ) ,  5.1-6.0 (d at 5.3, 1 and m at 5.7, 1, 
-C H = C H C O O ); mass spectrum m/e 266 (M )+, 125, 99, 55, 41.

Anal. Calcd for CnH3o02: m/e 266.2247. Found: m/e
266.251.

2-Cyclopentadecen-l-one ( 5 ) .— A  solution of 4 (46.1 g, 0.17 
mol, from the previous experiment) and p-toluenesulfonic acid 
monohydrate (6.65 g, 0.035 mol) in water (100 m l) and acetone 
(50 m l) was stirred for 16 hr at room temperature. Most of the 
acetone was removed under reduced pressure, and the residue 
was poured into water. The aqueous mixture was extracted with 
ether. The ether extracts were washed successively with water 
and saturated sodium chloride solution and dried. Removal of 
solvent under reduced pressure yielded 38.5 g (100%) of crude 5 . 
Glc analysis (silicone SE-30) showed one major peak (74%, 5 ) 
and one minor peak (26%, 1): ir of 5 (neat) 3.4, 3.5, 5.82, 5.9,
5.99, 6.15, 6.77, 6.82, 6.9, 7.2, 7.4, 7.8, 8.25, 8.75, 8.85, 9.25, 
9.55, 10.2 y  nmr S 1.1-2.0 (m, 20 with a s at 1.3, -C H 2- ) ,
2.1-2.54 (m, 4, -C H 2C O C = C C H 2), 6.08-7.0 (d, at 6.16, 1 and 
m at 6.8, 1, -C H = C H C O ); mass spectrum m/e 222 (M )+ 41, 
55, 81, 67, 68.

Anal. Calcd for CisH^O: m/e 222.1983. Found: m/e
222.1986.

di-Muscone (6).— A  solution of 5 (37.5 g, 0.169 mol, from the 
previous experiment) in anhydrous ether was added slowly over 
a period of 1 hr to a stirred mixture of methylmagnesium bromide 
(62 ml, 0.185 mol) and cuprous chloride (11.16 g ) in anhydrous 
ether (750 ml) at 10°. After the addition was completed, the 
reaction mixture assumed a dark grayish-green color and stirring 
was continued for 2 hr at 10°. Cold aqueous 10% hydrochloric 
acid (200 m l) was added slowly, and the organic phase was 
separated. The aqueous layer was extracted with ether. The 
combined ethereal solutions were washed successively with satu
rated sodium bicarbonate solution, water, and saturated sodium

chloride solution (50 m l) and dried. Removal of solvent under 
reduced pressure gave 40.2 g of crude oil which was chromato
graphed on 'deactivated silicic acid (600 g ): 5% and 7.5% ether 
in hexane (1 1. per fraction) eluted 32.2 g (81.1%; an overall 
61.5% from exaltone 2) of muscone (6 ). Glc analysis (Carbowax 
20M and silicone SE-30) showed one peak. This material was 
further distilled to obtain 27 g of 6 : bp 100-101° (0.09 mm); ir 
of 6 (neat) 3.41, 3.5, 5.84, 6.82, 7.09, 7.29, 7.8, 8.35, 8.85, 9.2,
9.45, 9.8, and 14.0 y  nmr S 0.92 (d, J  =  6 Hz, 3, CH 3C H -),
1.1-2.0 (m, 23, with s at 1.3), 2.1-2.5 (m, 4, -C H 2COCH2); 
mass spectrum m/e 238 (M )+, 41, 55, 85, 69, 71, 43.

(A ll these spectral data were superimposable with those of 
natural muscone and also with synthetic di-muscone made from
1,9-cyclohexadecadiene.2)

Anal. Calcd for Ci6H 30O: m/e 238.2296. Found: m/e
238.2298.

Reaction of 3 with Potassium ¿erf-Butoxide.— A  mixture of 3 
(1.15 g, 0.0033 mol), potassium ¿erf-butoxide (1.11 g, 0.01 mol), 
and anhydrous ¿erf-butyl alcohol (20 m l) was refluxed for 20 hr. 
Most of the solvent was removed under reduced pressure, water 
(20 ml) was added, and the mixture was extracted with ether. 
The combined ether extracts were washed with saturated sodium 
chloride solution and dried. Evaporation of solvent under 
reduced pressure gave 0.8 g of yellow oil. Glc (Carbowax 20M) 
gave one major peak due to 7: ir (neat) 3.42, 3.5, 5.92, 6.9, 7.4, 
7.82, 8.09, 8.3, 8.6, 8.7, 9.02, 9.32, 9.85, 10.8, and 11.15 y  
nmr S 1.2-1.8 (m, 22, w iths at 1.35, -C H 2), 2.04 (m, 4, -C H 2C =  
CCH 2), 3.98 (s, 4, -0 C H 2C H 20 - ) ;  mass spectrum m/e 266 (M )+, 
99 (base peak).

A  solution of 3 (1.15 g ) and potassium ¿erf-butoxide (1.11 g) 
in dimethyl sulfoxide (20 m l) was refluxed for 10 hr. A fter usual 
work-up, a crude oil (1 g ) was obtained. Glc showed a major 
peak due to 7.

Anal. Calcd for CnH3o02: m/e 266.2295. Found: m/e
266.2248.

Registry N o.—1, 502-72-7; 2, 184-41-8; 3, 32247-
06-6; 4, 32247-07-7; 5, 32247-08-8; 6, 956-82-1; 7, 
32304-18-0.
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T ransannular Ring Closure by Reduction of 
Cyclooctane-1,5-diones. Synthesis o f a 

B isnoradam antan-l-o l

W e s t o n  T h a t c h e r  B o r d e n *  a n d  T .  R a v i n d r a n a t h a n
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A  reasonable approach to the synthesis of the series 
of theoretically interesting bridgehead olefins 31 ap
peared to be double bond formation from the glycols 
2, by one of a number of known reactions.2-4 More-

(1) Fo r a recent example of a polycyclic molecule w ith  a sim ilar “ strained”  
double bond, see N . M . W einshenker and F. D . Greene, J .  A m e r .  C h e m . S o c . ,  

90, 506 (1968).
(2) E. J. Corey, F. A . Carey, and R . A . E. W inter, ib id . ,  87, 934 (1965).
(3) J. N . Hines, M . J. Peagram , G. H . W hitham , and M . W righ t, C h e m .  

C o m m u n . ,  1593 (1968).
(4) F . W . Eastwood, K . J. Harrington, J. S. Josan, and J. L . Pura, T e t r a 

h e d ro n  L e t t . ,  5223 (1970).
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over, the facility of 1,5-transannular reactions in cyclo
octane rings5 6 and instances of intramolecular pinacol 
formation on reduction of diketones6 suggested that the 
required diols (2) might be synthesized from the 
bridged cyclooctane-1,5-diones (1).

As a model system we first examined the reduction of 
cyclooctane-1,5-dione7 itself. Reaction of the diketone 
with Zn-HCl in acetic anhydride8 led to the isolation 
of a crystalline diacetate. Treatment with sodium  
methoxide in methanol liberated the bicyclic diol,9 10 
homogeneous by glc, in 60% overall yield after re
crystallization from hexane, mp 61.5-62.0.° Alterna
tively the diol could be obtained directly and in essen
tially quantitative yield by reduction of the diketone 
with zinc amalgam in aqueous hydrochloric acid.11

Similarly, in the bridged system, reduction of bi- 
cyclo [3.3.1 ]nonane-3,7-dione (1 , n =  l ) 12 gave tricyclo- 
[3.3.1.03'7]nonane-3,7-diol (2, n  =  1), mp 301-303°.13

In contrast, in the n  =  0 series the readily available
l,5-dimethylbicyclo[3.3.0]octane-3,7-dione14 15 on reduc
tion in aeetic anhydride did not give the corresponding 
tricyclic diol. Instead, after deacetylation and puri
fication by chromatography followed by sublimation,16 
a mono alcohol ( m / e  152, correct analysis for Ci0H 16O) 
was obtained in 50% yield, mp 108-109°. Its nmr 
spectrum (CDC13) showed 5 1.10 (s, 6 H), 1.2-1.9 (m, 
8 H), 2.10 (t, J  =  3 cps, 1 H) and one exchangeable 
proton, consistent with its formulation as 3,7-dimethyl- 
tricyclo[3.3.0.03’7]octan-l-ol (4). However, when the 
reduction was carried out in aqueous solution, 4 was

(5 ) R ev iew : A . C. Cope, M . M . M artin , and M . A . M cK ervey , Q u a r t .  

R e v .,  C h e m . S o c ., 20, 119 (1966).
(6) R ev iew : J. G . St. C. Buchanan and P . D . W oodgate, ib id . ,  23, 522

(1969).
(7) G. I .  Glover, R . B . Smith, and H. Rapoport, J .  A m e r .  C h e m . S o c . ,  87, 

2003 (1965).
(8) T .  J. Curphey, C. W . Am elotti, T . P . Laylo ff, R . L . M cCartney, and 

J. H . W illiam s, ib id . ,  91, 2817 (1969).
(9) T h e  expected cis ring fusion was documented by  the form ation of the 

cyclic acetal of benzaldehyde, which on reaction with  n-butyllithium 8 in ether 
gave A^M ucyclo  [3.3.0]octene.

(10) (a ) L . A . Paquette and R . W . Hauser, J .  A m e r .  C h e m . S o c . ,  91, 3870
(1969) ; (b ) E . J. Corey and E . Block, J .  O r g .  C h e m ., 34, 1233 (1969); (c) 
E . Block, Ph .D . Thesis, H arvard U niversity , 1967.

(11) E . W enkert and J. E . Yoder, J .  O r g . CTiem., 35, 2986 (1970).
(12) A . R . Gagneux and R . M eier, T e tra h e d ro n  L e t t . ,  1365 (1969).
(13) W hile this work was in progress, the preparation of this diol (re

ported mp 297-298°) by  transannular ring closure on photoreduction of the 
diketone was reported by T . M ori, K . H . K im oto , and H . Nozaki, ib id ., 2419
(1970) .

(14) U . W eiss and J. M . Edwards, ib id . ,  4885 (1968).
(15) From  the crude product l,5-dimethylbicyclo[3.3.03octan-3-one (5)

was also isolated in 10% yield.

only a minor product (10% yield); the major one 
was l,5-dimethylbicyclo[3.3.0[octane, the hydrocarbon 
formed by “ normal” Clemmensen reduction of the 
diketone.16

A  mechanism for the formation of 4, which also 
rationalizes the dependence of its yield on the solvent, 
is shown below. In the absence of appreciable in
teraction between the carbonyl groups in the diketone, 
due to the n =  0 bridge, Clemmensen reduction is 
expected to occur. A  postulated intermediate in the 
reduction is the organozinc compound shown below.6 
It  could undergo intramolecular addition to the re
maining carbonyl to give 4 or it could be protonated to 
give 5. Which course the reaction takes would depend 
on the availability of protons from the solvent. Clearly 
the path leading to 5 would be favored in aqueous solu
tion; and 5 is found, as expected, to undergo reduction 
to the observed bicyclic hydrocarbon in the aqueous 
reaction.

Not only is 4 of interest on account of the unusual 
mechanism by which it is formed, it is the first molecule 
with a bisnoradamantane skeleton in which the bridge
head carbonium ion can be studied.17 The geometry 
of this ion should be particularly unfavorable; in fact, 
Bingham and Schleyer have calculated that acetolysis 
of even the triflate to produce the bridgehead carbonium 
ion should have a rate constant on the order of 10_11 
sec-1 at 200°.18 Our preliminary results on the sol
volysis of the tosylate indicate that the reaction appears 
to be accelerated by fission of the bond between C-2 and 
C-3, which both circumvents the bridgehead ion and 
relieves strain present in the bisnoradamantane 
skeleton.19 Another manifestation of the strain present 
in this system is the transformation of 4 to 5 by potas
sium ferf-butoxide in refluxing ierf-butyl alcohol.20

(16) The hydrocarbon is not produced from  4, which is stable under the 
reaction conditions.

(17) Solvolysis of 2-chloro- and a derivative of 2-hydroxybisnoradaman-
tane haa been studied: (a ) P . K . Freeman, R . B. K innel, and J. D . Zie-
barth, T e tra h e d ro n  L e t t . ,  1059 (1970); (b ) R . R . Sauers and B . R . Sickles, 
ib id . ,  1067 (1970).

(18) R . C. Bingham and P. v. R . Schleyer, J .  A m e r .  C h e m . S o c . ,  93, 3189
(1971).

(19) W . T . Borden and C. Schmidt, unpublished results. W e are also 
studying the solvolysis of a derivative o f the unsubstituted bisnoradaman- 
tan-l-o l.

(20) Similar facile reketonizations are observed in other strained systems: 
(a ) cyclopropanols, C . H . D ePuy, A c c o u n ts  C h e m . R e s ., 1, 33 (1968); (b ) 
bird cage alcohols, R . H owe and S. W instein, J .  A m e r .  C h e m . S o c . ,  87, 915 
(1965); T . Fukunaga, ib id . ,  87, 917 (1965); (c ) strained cyclobutanols, 
K . B. W iberg, J. E. H iatt, and K . Hsieh, ib id . ,  92, 544 (1970).
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A  study of the stereochemistry of this reaction has been 
reported separately.21

Experimental Section

All nmr spectra were run on a Yarian A-60 instrument using 
CDC13 as solvent. M elting points were taken in sealed capil
laries and are uncorrected. A ll reactions were carried out under 
an atmosphere of nitrogen.

General Procedure for Zn-HCl Reductions.— Acetic anhydride 
(40 m l) was saturated with HC1 at —5 to — 10° and 1 g of dike
tone was added; 10 g of activated zinc dust22 was added slowly 
in portions over 3 hr with vigorous mechanical stirring so that the 
temperature of the reaction mixture remained below —5°. I f  
the temperature was allowed to rise higher than this, the reaction 
became uncontrollable and the temperature rose rapidly to 40- 
50°. On completion of the addition the mixture was stirred for 
2 hr longer at —5° and then filtered quickly through a prechilled 
funnel to remove the zinc residue, which was washed with cold 
acetic anhydride.

The diacetate was isolated by diluting the filtrate with 40 ml of 
water and adding solid N a2C 03 until the pH was neutral. The 
solution was extracted with three 100-ml portions of CIT2C12, 
and the combined organic layers were washed with two 100-ml 
portions of water and dried over MgSO<. Evaporation of 
solvents under reduced pressure gave the crude product.

This was converted to the free alcohol by stirring in 15 ml of 
methanol, 2 A  in NaO CH 3, for 1 hr at room temperature. The 
solution was neutralized with excess Amberlite IR  120 (pyri- 
dinium form23), and the solution was decanted from the resin, 
which was washed with two 20-ml portions of methanol. R e
moval of the methanol under reduced pressure gave the crude 
alcohol, which was purified by chromatography, recrystalliza
tion, or sublimation.

Alternatively the alcohol could be isolated directly by adding 
the acetic anhydride filtrate to 200 ml of cold methanol and leav
ing the solution overnight. The solvents were removed under 
reduced pressure, and the oily residue was taken up in CH2C12 
and washed with two 50-ml portions of H 20 , two 50-ml portions 
of 10% N aH C 03, and 50 ml of H 20 . The organic layer was dried 
over MgSO, and evaporated under reduced pressure to give the 
crude alcohol.

Reactions using zinc amalgam in aqueous solution were carried 
out using the procedure of Wenkert and Yoder.11

Bicyclo[3.3.0]octane-1,5-diol.— The diol showed a symmetrical 
multiplet centered at $ 1.8 (12 H ) and two exchangeable protons. 
An analytical sample, mp 61.5-62.0°, was obtained by recrystal
lization from hexane, mass spectrum m/e 142.

Anal. Calcd for C8H h0 2: C, 67.57; H , 9.92. Found: 
C, 67.61; H , 9.78.

A1.5-Bicyclo[3.3.0]octene.10— The benzaldehyde acetal of bi- 
cyclo[3.3.0]octane-l,5-diol was prepared by refluxing a solution 
of 426 mg (3 mmol) of the diol and 318 mg (3 mmol) of benzal
dehyde in 15 ml of benzene with a catalytic amount (20 mg) of 
p-toluenesulfonic acid for 3 hr. The cooled solution was stirred 
with solid K 2CO3 and the solvents were evaporated. The residue 
was chromatographed over 10 g of neutral alumina to remove 
trace amounts of unreacted starting material. Elution with 
hexane gave 620 mg (90% yield ) of a straw-colored liquid, nmr 
S 1-2.5 (m, 12 H ), 5.80 (s, 1 H ), and 7.4 (m, 5 H ).

To  a solution of 230 mg (1 mmol) of the benzaldehyde acetal in 
20 ml of ether at 0° was added 1.6 ml of 1.3 M  n-butyllithium in 
pentane (2.1 mmol). The solution was stirred for 24 hr at 0° 
and then 2 ml of I I 20  was added. The organic layer was sep
arated, the water was washed with two 2-ml portions of ether, and 
the combined ether washings were washed with 2 ml of I I 20  and 
2 ml of brine. A fter drying over M gS04, most of the solvent was 
removed by distillation through a 25-cm Yigreux column. Then 
1 ml of C H 2CI2 was added, the stillhead was attached directly 
to the pot, and the distillation was continued until no more sol
vent was collected at a pot temperature of 80°. The pot was 
allowed to cool to room temperature and the distillation was 
continued under vacuum (water aspirator ~  15 mm) while cool
ing the receiver in liquid nitrogen. The pot was briefly heated

(21) W . T . Borden, V . Varma, M . Cabell, and T . Ravindranathan, J .  A m e r • 
C h e m . S o c . t 93, 3800 (1971).

(22) S. Yam am ura and Y .  H irata, J .  C h e m . S o c .  C ,  2887 (1968).
(23) Prepared by washing the resin w ith  10% aqueous pyrid ine followed 

b y  distilled water and then methanol.

to 60° before the distillation was discontinued; 170 mg of volatile 
material was collected and analyzed by nmr, which showed three 
singlets, one for CH 2CI2, one for cyclohexane (present in the 
commercial n-butyllithium solution), and one at S 2.18 from the 
A 1|5-bicyclo[3.3.0]octenes.10b A  pure sample of this material was 
isolated by glc and had an ir spectrum identical with that re
ported by Block.10“

Tricyclo[3.3.1.03’7]nonane-3,7-diol (2, n =  1).— Prepared by 
the general procedure described above, the crude diol was stirred 
with ether and filtered to give a granular solid, mp 301-303° 
(lit. 297-298°), mass spectrum m/e 154.

Anal. Calcd for C0HuO2: C, 70.10; H , 9.15. Found: 
C, 70.05; H , 9.19.

3,7-Dimethyltricyclo[3.3.0.03»7]octan-l-ol (4 ).— The crude al
cohol obtained by the general procedure described above was 
purified by chromatography on siliea gel (25 g/g). Elution with 
7:3 pentane-ether removed the ketone 5 from the column. The 
alcohol 4 eluted with 1:1 pentane-ether. Sublimation at 55-60° 
(15 mm) gave a 50% yield of pure alcohol, mp 108-109°, mass 
spectrum m/e 152.

Anal. Calcd for CuHieO: C, 78.90; H , 10.59. Found: 
C, 79.15; H , 10.68.

Tosylate of 4.— To  a solution of 1.0 g (6.5 mmol) of the alcohol 
in 5 ml of dry pyridine at 0° was added 1.4 g (7.2 mmol) of tosyl 
chloride in 5 ml of pyridine. The solution was stirred for 16 hr, 
after which 0.5 ml of H 20  was added and the solution was stirred 
for an additional hour. Most of the pyridine was removed under 
reduced pressure, and the residue was taken up in C H 2CI2 and 
washed with 15 ml of 1 M  HC1, 15 ml of I I 20 , and 15 ml of 10% 
NaHCOj. The C H 2C12 was evaporated under reduced pressure 
to give 1.6 g (80% yield) of spectroscopically pure tosylate. 
Recrystallization from pentane afforded an analytical sample, 
mp 75.5-76.5°.

Anal. Calcd for C n H jA S : C, 66.65; H , 7.24; 8 , 10.46. 
Found: C, 66.57; H , 7.15; S, 10.54.

l,5-Dimethylbicyclo[3.3.0]octan-3-one (5 ).— A  solution of 152 
mg (1 mmol) of 4 and 168 mg (1.5 mmol) of potassium ¿-butyl 
alcohol was refluxed for 4 hr. A fter cooling it was diluted with 
7 ml of H 20 , neutralized with 1 M  HC1, and extracted with three
20-ml portions of ether. The ether extracts were washed with 
two 10-ml portions of water and with saturated brine, and dried 
over MgSO,. Evaporation of the solvent gave 130 mg (85% ) of 
the ketone 5 (ir 1740 cm-1), pure by nmr [S 1.06 (s, 6 H ), 1.73 
(s, 6 H ), and 2.20 (d, 4 H ) ] . An analytical sample was prepared 
by sublimation.

Anal. Calcd for CioHieO: C, 78.90; H , 10.59. Found: 
C, 78.65: H , 10.45.

Registry N o —2 (n =  1), 29898-26-8; 4, 32139-02-9; 
4 tosylate, 32256-06-7; 5,32139-03-0; bicyclo [3.3.0]- 
octane-1,5-diol, 32139-04-1.
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The interesting chemistry of adamantane1 and the 
biological activity of aminoadamantane and its de-

(1 ) R . C. Fort, Jr., and P . v . R . Schleyer, C h e m . R e v ., 64, 277 (1964).
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rivatives2 have stimulated an interest in the syntheses 
of 1,2-disubstituted adamantanes.3 The recent report 
on the syntheses of compounds containing heterocyclic 
ring systems fused onto the 1 and 2 positions of ada- 
mantane4 prompts us to report our synthesis of 1- 
methyladamantano[l,2-?>]pyrrolidine (10), a novel het
erocyclic system.

The successful route to the synthesis is based on the 
reaction sequence shown in Scheme I. The reaction

S c h e m e  I

4, R =  OH
5, R = Cl
6, R = NHCH3

8, R, = Cl
9

10

(2) (a) W . L. Davies, R . R . Grunert, R . F . Haff, J. W . McGrahen, E . N .
Newm ager, M . Paulshock, J. C. W atts, T . R . W ood, E . C. Hermann, and 
C. E. Hoffmann, S c ie n c e , 144, 862 (1964); (b ) K . Gerzon, D. J. Tobias, Sr., 
E . R . Holmes, R . E . Rathbun, and R . W . K attaw , J .  M e d .  C h e m ., 10, 603
(1967), and earlier papers; (c ) G. Tsatsas, E . Costakis, S, Casadio, B. 
Lumachi, and E . M arazzi-U berti, A n n .  P h a r m .  F r . ,  27, 364 (1969); (d )
A . Pedrazzoli, L . D a ll’asta, V . Guzzon, and E. Ferrerò, F a r m a c o .  E d .  S c i . ,  

25, 822 (1970).
(3) (a ) W . H . W . Lunn, W . D . Podmore, and S. S. Szinai, J .  C h e m . S o c .  

C , 1657 (1968); (b ) M . A . M cK ervey , C h e m . I n d .  (L o n d o n ) ,  1791 (1967).
(4) C. K . Chakrabarti, S. S. Szinai, and A . Todd, J .  C h e m . S o c .  C , 1303

(1970).

of 2-adamantanone with triethyl phosphonoacetate 
and sodium hydride gave A2,a-adamantaneacetic acid 
ethyl ester (2). I t  was determined that, by using 1.5 
equiv of triethyl phosphonoacetate to 1 equiv of 2- 
adamantanone and allowing the reaction to proceed 
at 45°, a nearly quantitative yield of 2 could be realized. 
Base hydrolysis of 2 furnished A2,a-adamantaneacetic 
acid (3) in 98% yield. Catalytic hydrogenation of 3 
over palladium on charcoal gave a quantitative yield 
of 2-adamantaneacetic acid (4). Compound 4 was 
converted to its acid chloride 5 by reaction with thionyl 
chloride. Treatment of 5 with 40% aqueous mono- 
methylamine furnished an 86% yield of N-methyl-2- 
adamantaneacetamide (6). Reduction of 6 with lith
ium aluminum hydride in tetrahydrofuran gave a 
90% yield of Ar-methyl-2-adamantaneethylamine (7). 
Treatment of 7 with aqueous sodium hypochlorite 
solution5 yielded the desired iV-chloroamine 8.

The iV-chloroamine 8 was then subjected to Hof- 
mann-Loeffler-Freytag reaction. The reaction is cus
tomarily run in strong sulfuric acid or sulfuric acid- 
acetic acid mixtures, with heat or ultraviolet light used 
to initiate the free-radical reaction.6 The use of strong 
acid and heat, in our case, led to the formation of
2-adamantanone.7 However, photolysis of 8 in the 
sulfuric acid-acetic acid mixture, using a low-pressure 
mercury lamp at 25° for I hr, gave a good yield (85%) 
of a single product (tic). It  has been assigned struc
ture 9: nmr r 6.05-6.30 (br, 1, N H ), 7.44-7.58 (m, 
2-CH2N < ),  7.75-7.87 (d, 3, CH3N H ), 7.87-8.09 (2, 
CH2), 8.09-8.5 (s, 14 H ). The alternate isomeric 
structure 11 is ruled out, since the characteristic up
held absorption (doublet at r 8.5-8.7) of the hydrogen 
on the carbon bearing the chlorine in compounds of 
type 128 is absent in our product. The much greater 
stability of the tertiary adamantane radical, together 
with the preferential formation of six-atom cyclic 
transition states, generally noted in Hofmann-Loeffler- 
Freytag reactions,9 would explain the exclusive forma
tion of 9.

The cyclization of 9 presented considerable diffi
culties. Compound 9 was found to be particularly 
resistant to solvolytic displacement under a variety of 
reaction conditions. Clearly, no “ back-side”  attack is 
possible at the tertiary center through the cage com
pound. Even the aluminum halide catalyzed sub
stitution reaction conditions involving the bridgehead 
“ carbonium ion,”  so generally successful in the ada
mantane field,1 failed. The cyclization was finally 
achieved in 34% yield by heating at 290° for 10 min. 
The structure of 10 is supported by microanalysis and 
the spectral data: ir 3.70-4.4 n (> N H + ); nmr r 
-2 .17  to -1 .50 (br, 1, N+H ), 5.83-6.42 (m, 2, CH2- 
N < ),  6.90-7.30 (m, 2, CH2), 7.35-7.45 (d, 3, > N +H - 
CH3), 7.65-8.5 (m, 14 H ); mass spectrum m/e 191 
(M +  — HC1).

(5) J. F. Kerw in, M . E. W olff, F . F . Owings, B. B . Lewis, B . Blank, 
A . Magnani, C. Karash, and V . Georgian, J .  Org. C h e m ., 27, 3628 (1962).

(6) M . E . W olff, C h e m . R e v ., 63, 55 (1963).
(7) H . W . Geluk and J. L. M . A . Schlatmann, T e tra h e d ro n , 24, 5361

(1968).
(8) F o r the synthesis of this compound, see ref 3 and Netherlands Paten t 

6,714,362 (1966), to  L illy  Industries L td .
(9) (a ) P . Kovacic, M . A . Lowery, and K . W . F ield, C h e m . R e v . , 70, 639 

(1970); (b ) R . S. Neale, S y n th e s is , 1 (1971).
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Experimental Section

Melting points were determined on a Thomas-Hoover “ Uni- 
M elting”  apparatus and are uncorreeted. Infrared spectra 
were determined on a Perkin-Elmer 21 spectrometer in Nujol. 
Nm r spectra were obtained on a Varian A-60 spectrometer in 
CDC13, with (CH ,)4Si as the internal standard. Mass spectra 
were determined on an AEI-MS-902 mass spectrometer.

A2,«-Adamantaneacetic Acid (3).— To a well-stirred suspension 
of 21.8 g (0.45 mol) of sodium hydride (N aH ) in 300 ml of dry
1,2-dimethoxyethane (D M E ), 100.9 g (0.45 mol) of triethyl 
phosphonoacetate was added slowly at 20°. A fter stirring for 
2 hr at room temperature, a solution of 45.0 g (0.3 mol) of 1 in 
450 ml of dry D M E  was added rapidly. The reaction mixture 
was maintained at 45° for 2 hr and then stirred overnight at room 
temperature. The mixture was concentrated, diluted with 
water, and extracted with ether. The ether extract was washed 
with water, dried (MgSO<), and concentrated to give 65.5 g 
(99% ) of 2 as a thick yellow liquid, ir 5.83 (C = 0 ) ,  6.08 m (con
jugated C = C ).

The crude ester 2 was hydrolyzed by refluxing with 300 ml of 
5 N  alcoholic KO H  for 4 hr. The basic solution was cooled, 
acidified with 5 N  HC1, and extracted with CHC13. The CHCh 
solution was dried (MgSO<) and evaporated in  vacuo to give 56.6 
g (98%) of 3 as brownish-white powder. Crystallization from 
dilute acetone gave an analytical sample: mp 136-138°; ir3.70-
4.00 (bonded O H ), 5.90 (C = 0 ) ,  6.10 ¡i (conjugated C = C );  
nmr r 4.38 (s, 1, vinyl H ), 5.83-6.05 (br, 1, O H ), 7.37-7.66 
(br, 2, CH adjacent to C = C ),  7.83-8.25 (s, 12 H ).

Anal. Calcd for C i2H i60 2: C, 74.97; H, 8.39. Found:
C.75.19; II, 8.49.

2-Adamantaneacetic Acid (4).— A  solution of 9.6 g (0.05 mol) 
of 3 in C2H 6OH containing 1 equiv of 5 N  NaOH was hydrogen
ated over 5% Pd/C. A fter acidification, the solvent was re
moved in  vacuo and the residue was extracted with CHC13, 
dried (M gS04), and evaporated in  vacuo to give 9.5 g (94% ) of 
white solid, mp 118-120°. Recrystallization from pentane gave 
an analytical sample as white crystals: mp 118-120°; ir 3.70-
4.00 (bonded O H ), 5.92 u (C = 0 ) ;  nmr r 5.34 (s, 1, OH ), 7.55 
(br, 2, CH2), 8.07-8.38 (s, 15H).

Anal. Calcd for C i2H i80 2: C, 74.19; H, 9.34. Found: C, 
74.05; H , 9.32.

A-Methyl-2-adamantaneacetamide (6).— The reaction of 8.9 
g (0.046 mol) of 4 with thionyl chloride gave 9.4 (97% ) of the 
acid chloride 5, ir 5.50 y. (C = 0 ) .  I t  was dissolved in 50 ml of 
dry tetrahydrofuran (T H F ) and added dropwise to 10 ml of 
40% aqueous solution of monomethylamine. The T H F  was 
evaporated in  vacuo, and the residue was extracted with CHC1S, 
dried (M gS04), and concentrated to give 7.9 g (86% ) of 6 as a 
white solid, mp 142-149°. Crystallization from CH3CN gave an 
analytical sample as white needles: mp 147-150°; ir 3.05-3.25 
(N H ), 6.02-6.12 fi (C = 0 ) ;  nmr t 4.00^.30 (br, 1, N H ), 7.14-
7.22 (d, 2, CH2), 7.70 (br, 3, N C H 3), 8.05-8.40 (s, 15H).

Anal. Calcd for C13H 21NO: C, 75.31; H, 10.21; N , 6.76. 
Found: C, 75.21; H, 10.15; N , 6.76.

A-Methyl-2-adamantaneethylamine (7 ).— To a well-stirred 
suspension of 3.0 g of lithium aluminum hydride in 100 ml of dry 
T H F  cooled in ice, a solution of 7.4 g (0.36 mol) of 6 in 100 ml of 
dry T H F  was added dropwise. The reaction mixture was then 
refluxed overnight. Working up the reaction yielded 6.5 g 
(90%) of 7 as an oil: ir 3.00 u  (N H ); nmr t  4.30-4.55 (N H ),
7.16-7.55, 8.08-8.45. The hydrochloride of 7 was crystallized 
from CH 3CN to give an analytical sample, mp >270°, ir 3.30-4.10 
M (N H 2+ and C II).

Anal. Calcd for C,3H 23N-HC1: C, 67.99; H , 10.53; N , 
6.10. Found: C, 68.11; H , 10.81; N , 6.02.

l-Chloro-A’-methyl-2-adamantaneethylamine (9 ).— A  solution 
of 15.4 g (0.08 mol) of 7 in CH2C12 was stirred at room temperature 
with 200 ml of 5% NaOCl for 2 hr. The aqueous layer was 
removed, 200 ml of fresh NaOCl was added, and the mixture was 
stirred overnight at room temperature. The organic layer was 
separated, washed with water, dried (M gS04), and evaporated 
in  vacuo to give 16.4 g (90% ) of 8 as an oil. Compound 8 was 
dissolved in 190 ml of acid solution (16.7 ml of 95-98% H 2S04,
4.3 ml of H 20 , and 160 ml of C II3C 02H ) and photolyzed at 25° 
in a Hanovia photochemical reactor with a low-pressure mercury 
lamp. After 1 hr exposure, the reaction mixture gave a negative 
halogen test with K I  solution. After cooling, the solution was 
made basic with 10% NaOH, extracted with CHC13, washed 
with water, dried (M gS04), and evaporated in  vacuo to give 15.5 g

(85%) of 9 as a yellow oil: ir 2.85-3.20 p (N H ); nmr t 6.05- 
6.30 (br, 1, N ;il), 7.44-7.58 (m, 2, CH 2N < ) ,  7.75-7.87 (d, 3, 
CH3N H ), 7.87-8.5 (br, 2, CH 2), 8.09-8.5 (s, 14 H ). The hydro
chloride of 9 was crystallized from CH3CN to give an analytical 
sample, mp >270°.

Anal. Calcd for Ci3H 22N Cb HC1: C, 59.10; H , 8.77; N , 
5.31. Found: C, 59.23; H, 8.92; N , 5.13.

1-Methyladamantano[1,2-6]pyrrolidine (10).— Compound 9 
(4.5 g, 0.02 mol) was heated under nitrogen at 290° (previously 
heated oil bath) for 10 min. After cooling, the residue, ir 3.70-
4.4 m (N +H - ), was triturated with 10% NaOH. The oil that 
formed was extracted with CHCla, washed with water, dried 
(M gS04), and evaporated to give 3.2 g of residue. I t  was dis
solved in 20 ml of acetic anhydride and stirred overnight at 
room temperature. The excess acetic anhydride was removed in  
vacuo and the residue was partitioned between CHC13 and 5 N  
HC1. The aqueous layer was separated, basified, extracted with 
CHC13, dried (M gS04), and evaporated in  vacuo to give 1.3 g 
(34% ) of 10 as a pale yellow oil. The hydrochloride of 10 was 
crystallized from dioxane to give white crystals: mp 231-236°; 
ir 3.70-4.44 n (> N + H - );  nmr r -2 .17  to -1 .50  (br, 1, N + H ), 
5.83-6.42 (m, 2, CH2N < ) ,  6.90-7.30 (m, 2, C H 2), 7.35-7.45 
(d, 3, > N + H C H 3), 7.65-8.5 (m, 14 H ); mass spectrum m/e 191 
(M + -  HC1).

Anal. Calcd for C i3H 21N H C 1 : C, 68.55; H , 9.74; N , 
6.15; Cl, 15.57. Found: C, 68.30; H, 9.61; N , 6.18; Cl,
15.38.

Registry N o.—3 , 25220-07-9 ; 4, 26082-22-4; 6, 
32132-60-8; 7 HC1, 32132-61-9; 9 HC1, 32132-63-1; 
10, 32139-10-9.
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Recently published work indicates that a controversy 
still exists regarding the exact nature of the influence 
exerted by a-alkyl groups on the rates of enolization 
of carbonyl compounds. According to Warkentin, 
et al.,1 “ the usual effect of an a-alkyl substituent is to 
accelerate acid-catalyzed enolization and to retard 
base-catalyzed enolization relative to the corresponding 
rates for unsubstituted ketone.”  This statement ap
pears to be well authenticated for the case of base- 
catalyzed enolization1'2 but appears to be less definite 
for acid-catalyzed enolization.3 The above generaliza
tion arises essentially from studies of the preferential 
enolization rates of ketones containing two reaction 
sites, which of course constitutes a slightly different 
problem from that encountered in the comparative 
studies of alkyl- and nonalkyl-substituted ketones. 
Actually this generalization is in contradiction with 
results obtained for phenyl alkyl ketones4 and dialkyl

(1) (a ) J. W arkentin  and O. S. Tee, J .  A m e r .  C h e m . S o c . ,  88, 5540 (1966); 
(b ) J. \yarkentin and C. Barnett, ib id . ,  90, 4629 (1968).

(2) (a ) D . P . Evans and J. J. Gordon, J .  C h e m . S o c ., 1434 (1938); (b ) 
C. F. Cullis and M . S. Hasmi, ib id . ,  2512 (1956); (c) C. Rappe, A c ta  C h e m . 

S c a n d ., 20, 2236 (1966).
(3) (a ) H . M . E . Cardwell and A . E . H . K ilner, J .  C h e m . S o c . ,  2430 

(1951); H . M . Dawson and R . W heatley, ib id . ,  2048 (1910); H . M . Dawson 
and H . Ark, ib id . ,  1740 (1911); (b ) C . Rappe and W . H . Sachs, J .  O rg .  

C h e m ., 32, 3700 (1967), and references cited therein.
(4) D . P . Evans, J .  C h e m . S o c . , 785 (1936).
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Figure 1.—Similar a-alkyl effects on acid- (ka) and base- (kb) 
catalyzed rate constants: with R  =  H  (I ') ,  log kb =  22.7 +  3.96 
log ka (r =  0.983); ( I I ' ) ,  log kb =  22.2 +  3.57 log ka (r =  0.995); 
without R  =  H  (I ),  log kb =  16.0 +  2.71 log ka (r =  0.997); 
( I I ) ,  log fcb =  18.0 +  2.86 log ka (r =  0.998).

ketones6’6 possessing a single enolization site, as well as 
with the results of the variation of the overall enoliza
tion rate of some dialkyl ketones with two different 
enolization sites.7 Bothner-By and Sun,8 on their part, 
maintain that a-alkyl substitution diminishes the acid- 
catalyzed reaction rate.

Our study of the acid-catalyzed enolization of 
R tCOCH2R  (R t =  Me3C or Et3C) and of the base-cata
lyzed enolization of the diketone CH3COCHRCOCH3 
allows a new approach to the latter problem. The 
results of these experiments are shown in Table I.

T able  I

A c id -  ( M o n o k e t o n e s 0)  a n d  B a s e -  (/3-D i k e t o n e s 6) 

C a t a l y z e d  E n o l i z a t i o n  R a t e  C o n s t a n t s

Compd f lo t ta  (R tC O C H jR ), sec-1— -
k b  (CHaCO- 

C H R C O C H 3),
R R t  =  M e.C c R t ~  EtsC M ~ l  sec- 1

H 2.10 0.97 2.4 X  104 i
M e 0.72 0.27 130
E t 0.49 0.18 38
ri-Pr 0.59 0.20 63
i-Pr 0.26 0.10 8

“ Measurements were done at 25° in the following mixture: 
AcOH-HjO (75% v/v), [HBr] =  0.5 M . Reproducibility ± 5 % . 
6 A t 25°, aqueoussolution, catalysis O H - , ionic strength 0.1. R e
producibility ±10% . c See ref 6. d4 X  104M -1 sec-1 has also 
been measured; see M. Eigen, Pure Appl. Chem., 6, 97 (1963); 
M . Ahrens, M . Eigen, W. Kruse, and G. Maass, Ber. Bunsenges. 
Phys. Chem., 74, 380 (1970).

When the logarithms of the acid-catalyzed enoliza
tion rate constants, k&, for a ketone with a given alkyl 
substituent R, are plotted against the logarithms of 
the base-catalyzed enolization rate constants kh, for 
the /3-diketones with the same alkyl substituent, straight 
lines are obtained (Figure 1). As is shown by the fol
lowing diagram, the same correlations can be made 
between the rate constants found in the present study

(5) D . P . Evans and J. R . Young, J .  C h e m . S o c . ,  1314 (1954).
( 6 )  J. E . Dubois and J. Toullec, C h e m . C o m m u n ., 292 (1969).
(7 ) F o r an example, see P . D . Bartle tt and C . H . Stauffer, J .  A m e r .  

C h e m . /Soc., 5 7 , 2580 (1935).
(8) A . A . Bothner-By and C. Sun, J .  O rg . C h e m ., 32, 492 (1967).

and those found in the literature for substituted alkyl 
phenyl ketones.2a’4

slope =  2.71
log ka (M e8CCOCH2R ) -€------------->  log fcb (C H 3COCHRCO CH„)

A r =  0.997 R  ^  H  A

slope =  
1.05 r =  0.994 slope =  

2.88 r  =  0.997

Y  slope =  1 . 1 0

log ka (C6H 6COCH2R ) ^ ------------------->  log kb (C 6H 6COCH2R )
r  =  0.996, E ^ H

I t  should be noted that the decrease in the rate con
stant observed in the presence of an a-alkyl substituent 
seems to be a general trend both for base- and acid- 
catalyzed reactions. Furthermore, the decrease in the 
rate constant as a function of R (R  9^ H ), is of the same 
magnitude both for acid and basic catalysis in the case of 
monoketones.

These findings are somewhat surprising when one 
considers that it is generally admitted that the transi
tion state for enolization under basic conditions is inter
mediate between the ketone and the enolate anion, 
whereas under acidic conditions the transition state is 
intermediate between the hydroxycarbonium ion and 
the enol.9 The effects of structure and solvent on the 
rate of enolization have been explained on the basis of 
the charge distribution and structure in these transi
tion states.10 It  seems doubtful that a given alkyl 
group would have the same effect, either polar or hyper- 
conjugative, on transition states of opposite charges 
and differing structures. We will presently investigate 
our results supposing that (a) dominant isosteric in
fluence of the R  groups acts on the transition states 
of both acid- and base-catalyzed enolization, or (b) 
the substituents influence primarily the common ground 
state and have relatively little effect on the energy 
levels of the transition states.

In order to evaluate these hypotheses, it was neces
sary to have more information about the enol equilib
rium constant. Such data are available from the 
studies carried out under acidic conditions at very low 
bromine concentrations.6’11 Under these conditions, 
the successive steps of enolization and bromination 
have comparable rates. The well-known mechanism 
for this reaction can be represented as

O +OH
\  II Kc \  I  k,

CHC—  +  H A  — -  CHC—  +  A -  
/  /  *-1

OH O
\  /  Br2 \  Jl

C = C  +  H A  — CBr C—  +  HBr
/  \  &Br2 /

(9 ) On the basis o f experiments concerning kinetic isotopic substitution 
effects and the influence of catalysts (Br^nsted correlations), it  is accepted 
that the transition state is close to  the enolate anion for the enolization of 
acetone (/3 ^  0 .8 ) b y  weak bases, m idway between the ketone and the enolate 
anion for O H - , and m idway between the hydroxy carbonium ion and the 
enol fo r acid catalysis: C . G. Swain and A . S. Rosenberg, J .  A m e r .  C h e m .  

S o c . ,  83, 2154 (1961). Th is latter affirmation has been confirmed b y  a 
study of the solvent isotope effect on the conversion of 2 -hydroxypropene 
into acetone under acidic conditions (a  =  0.5): J. E . Dubois and J. Toullec, 
C h e m . C o m m u n . ,  478 (1969).

(10) The opposite effect of substituents on acid-catalyzed enolization 
( p  <  0 ) and base-catalyzed enolization ( p  >  0 ) o f aryl-substituted aceto
phenones and phenyl benzyl ketones is considered as one o f the best pieces 
of evidence in favor of opposite charges in the transition states fo r acid and 
basic catalysis: A . Fischer, J. Packer, and J. Vaughan, J .  C h e m . S o c . ,  3318 
(1962); 226 (1963); D . P . Evans, V. G. M organ, and H. B. W atson, ib id . ,  

1167 (1935); J. R . Jones, R . E. Marks, and S. C. Subba Rao, T r a n s .  F a ra d a y  

S o c . , 63, 111, 993 (1967); H . J. Den H ertog and J. Koojm an, J .  C a ta l. , 6, 
347 (1966); S. M ishra, P . L. Nayak , and M . K . Rout, J .  I n d i a n  C h e m . 

S o c . , 46, 645 (1969); D . N . Nanda, P . L . Nayak , and M . K . Pont, I n d i a n  

J .  C h e m ., 7, 469 (1969).
(11) J. E . Dubois and J. Toullec, J .  C h im .  P h y s . ,  65, 2166 (1968).
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I f  a quasistationary state is assumed for the enol, the 
rate equation may be written as

d[Br2] [Bid
di 1 . 1 ™ ,

*n [C] + U C ][Br2]

fca =  Kcfci'IHA] ( I I )

*11 =  =  (_K c fc l'/ fc - l)*B r , ( H I )

with the keto-enol equilbrium constant represented 
by K e.

This being so, we have posited that, by analogy with 
the reactivity of a- and /3-alkyl vinyl ethers,12 the bromi- 
nation rate constant /cbi-2 is insensitive to variations 
in the structures studied.13 In this case, the variations 
in the experimental bromination rate constant kn  follow 
those of the enol equilibrium constant K E. It  is ex
tremely interesting in such conditions to look for a 
linear free-energy relation between ku and k&. Figure 
2 indicates a very satisfying one with unit slope for 
ketones with the same degree of a substitution.

This highly significant direct correlation could be 
explained by assuming that the steric structural effects 
(hypothesis a) arise from the change in hybridization 
of the carbon a acting in the same manner on the energy 
of the transition state and on that of the enol; the unit 
slope observed for the alkyl-substituted ketones (R  7̂  
H ) would then mean that the transition state is near 
the enol structure, i.e., the hybridization change is al
most completed. Unfortunatly, such a conclusion 
cannot be drawn if one considers the proton is equally 
bonded to the hydroxycarbonium ion and the base and, 
therefore, not fully transferred.9

Steric effects for acid and base catalysis could also 
arise from interactions between the alkyl substituent 
and the base removing the proton in the slow step. 
Such specific steric effects on the transition state do not 
explain the parallelism between the rate constants and 
equilibrium constants for acid-catalyzed enolization.

On the other hand, the hypothesis that structural 
effects (R  ^  H ) play a dominant role before the slow 
step in the reaction mechanism seems sufficient to ex
plain the unit slope correlation between log fca and log 
K e . These effects can be determinant for the magni
tude of the K c stability (cf. eq I I  and I I I ) . However, 
this explanation as such cannot really account for the 
parallel substituent effects on the acid- and base-cata
lyzed reaction rates, except when the K c  variations 
primarily depend on the ketone stability. Interpreta
tion b explaining these structural parallel effects then 
agrees with the unit slope rate-equilibrium relationship.

Such an analysis is still not fully satisfactory, since 
it implies a weak structural influence on the stability 
of the conjugated acid of the ketone, neglecting in 
particular solvation variations.14 Moreover, it is 
highly probablela that the population of conformers 
favorable to elimination is one of the major factors 
in determining the enolization rate. We are currently 
examining this aspect which could confirm our hypoth-

( 1 2 )  J .  E .  D u b o i s ,  J .  T o u l l e c ,  a n d  G .  B a r b i e r ,  T e tra h e d ro n  L e t t . ,  4 4 8 5  

( 1 9 7 0 ) .

( 1 3 )  S u p p l e m e n t a r y  e v i d e n c e  i n  f a v o r  o f  t h i s  s u p p o s i t i o n  w i l l  b e  f o u n d  

i n  a  l a t e r  p a p e r .

( 1 4 )  T h e  v a p o r - p h a s e  k e t o - e n o l  e q u i l i b r i u m  c o n s t a n t  o f  « - a l k y l  k e t o  

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

kb  [ J .  B .  C o n a n t  a n d  A .  F .  T h o m p s o n ,  J .  A m e r .  C h e m . S o c . ,  5 4 ,  4 0 3 9  ( 1 9 3 2 ) ] ,  

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

v a r i o u s  s p e c i e s .

Figure 2.— Parallel structural effects on the bromination rate 
constants of RtCOCH2R  (acid-catalyzed rate constant for enoliza
tion fca, and apparent rate constant ku =  KukB,,, for the bromina
tion of the enol): 1, R t =  M e3C, R  =  H ; 2, M e3C, M e; 3,
M e3C, E t: 4, M e3C, n-Pr; 5, Me3C, n-Bu; 6, M e3C, n-pentyl; 
7, M e3C, f-Pr; 8, EEC, H ; 9, EEC, Me, 10, E t3C, E t; 11, 
E t3C, n-Pr; 12, EEC, f-Pr.

esis regarding a dominant effect of alkyl groups 
before the slow step (conformational preequilibria).15

Experimental Section

Solvents and Reagents.— The monoketones, which were syn
thesized as part of a general study of hindered ketones,16 have been 
the object of a systematic study by ir17 and uv18 spectroscopy. 
Analysis by vpc has shown them to be consistently better than 
99% pure. The /3-diketones were commercially available com
pounds (K  & K  Laboratories) and were also purified by vpc to 
better than 99% purity. Their physical constants, ir spectra 
(Perkin-Elmer 225), and nmr spectra (Jeol JNM -C-60HL) were 
in accordance with those reported in the literature.

For the acid-catalyzed enolization of the monoketones, the 
solvent (0.5 N  H B rin  75% v/v aqueous acetic acid) was prepared 
as follows: 25 ml of 2 N  HBr (prepared from Merck “ suprapur” ) 
was mixed with 75 ml of pure acetic acid (Merck “ pro analysi,”
99-100%) and the volume was brought to 100 ml by the addition 
of water distilled from K M n 0 4. For the base-catalyzed enol
ization of the 0-diketones, the solvent used was a 0.1 IV solution 
of NaCIO, in deionized water, the desired pH being obtained by 
the addition of 1A  NaOH.

Kinetic Measurements.— The acid-catalyzed rate constants, 
fca, were obtained by the automated couloamperometric tech
nique19 which allows rapid changes in very low bromine concen
trations to be followed. W ith this technique the ketone is always 
in large excess (ca. 10~2 M )  with respect to the initial bromine 
concentration (10-4 to 10~6 M  depending on the ketone). The 
two constants fca and kn 'are  calculated from the experimental 
data using an integrated form of the rate expression 1.6,11

The base-catalyzed rate constants, fcb, were obtained by a 
chemical relaxation technique using a Messanlagen Studienge- 
sellschaft (Gottingen, Germany) temperature-jump transient 
spectrometer (Type SBA7, Ser. No. 2-30). The calculation of 
the constant fcb from the experimental data has been described 
by Eigen in the case of the 2,4-pentanedione.20

(15) J. Tou llec and J. E . Dubois, to  be submitted fo r publication.
(16) J. E . Dubois, M . Chastrette, and E . Schunk, B u l l .  S o c .  C h im .  F r . ,  

2011 (1967); J. E. Dubois, B. Leheup, F . Hennequin, and P . Bauer, ib id . ,  

1150 (1967); J. E . Dubois, G . Schütz, and J. M . Norm ant, ib id . ,  3578 
(1966).

(17) J. E . Dubois, A . Massat, and Ph . Guillaume, J .  M o l .  S t r u c t . ,  4, 403
(1969); unpublished ivork.

(18) J. E . Dubois and A . Barbi, J .  C h im .  P h y s . ,  6 5 ,  376 (1968); un
published work.

(19) J. E. Dubois, P . Alcais, and G. Barbier, J .  E le c t r o a n a l.  C h e m ., 8, 
359 (1964).

(20) M .  E ig e n ,  P u r e  A p p l .  C h e m ., 6, 97 (1963); M . Ahrens, M . Eigen, 
W . Kruse, and G. Maass, B e r ,  B u n s e n g e s . P h y s .  C h e m ., 74, 380 (1970).
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The photodimerization of unsaturated six-membered 
ring ketones which bear a heteroatom has been studied 
extensively. The structure of these photodimers de
pends upon the fragments of a polyene system which 
participate in a photoreaction. [2 +  2 ] cycloaddition 
products are obtained from 2-coumarins,1 2,3-dihydro-
2,6-dimethyl-4-pyrone,2 2-pyrone,3 and 2,6-diphenyl-4- 
thiapyrone;4 5 [4 +  4] cycloaddition products from 4,6- 
dimethyl-2-pyrone3 and 2-pyridones;6 [2 +  2 +  2 +  
2] cycloaddition products from 2,6-dimethyl-4-pyrone6 
and 2,6-dimethyl-4-thiapyrone.7

The present study is an attempt to extend these ob
servations to 4-thiapyrone (I). The result on the 
photodimerization of I is reported here.

The irradiation of a 1% acetonitrile solution of I 
under nitrogen in a quartz tube with a medium-pressure 
lamp gave a photodimer, 3,9-dithiapentacyclo[6.4.- 
0.02'7.04'n.06’10]dodecane-6,12-dione (II). The struc-

I H

ture of II  was determined from the following spectral 
data. An examination of its nmr spectrum showed a

(1) C. H . Krauch, S. Faird, and G. O. Schenck, C h e m . B e r . , 91, 625 
(1966); G. S. Hammond, C. A . Stout, and A . A . Lamola, J .  A m e r .  C h e m . 
S o c . ,  86, 3103 (1964).

(2 ) P . Ya tes  and D. J. M cG eor, T e tra h e d ro n  L e t t . ,  455 (1969).
(3) P. de M ayo  and R . W . Y ip , P r o c .  C h e m . S o c . , 84 (1964); W . H . Pirkle 

and L . H . M ckendry, J .  A m e r .  C h e m . S o c . , 91, 1179 (1969); C. T . Bedford, 
J. M . Forrester, and T . M oney, C a n . J .  C h e m ., 4S, 2645 (1970); J. P. Guth
rie, C. L . M cIntosh , and P. de M ayo, ib id . ,  48, 237 (1970).

(4 ) N . Sugiyama, Y .  Sato, H . Kataoka, C. Kashima, and K , Yam ada, 
B u l l .  C h e m . S o c .  J a p . ,  42, 3005 (1969).

(5) E . C. Tay lo r and R. O. Kan, J .  A m e r .  C h e m . S o c . ,  85, 776 (1963);
L. A. Paquette and G. Slomp, ib id . ,  85, 765 (1963).

(6) P. Yates and M . J. Jorenson, ib id . ,  80, 6150 (1958); ib id . ,  85, 2956 
(1963).

(7) N . Sugiyama Y . Sato, N . Kashima, and K . Yam ada, B u l l .  C h e m .

S o c .  J a p . ,  43, 3205 (1970).

multiplet at 5 3.45-3.70 assigned to the four «-carbonyl 
protons and a second multiplet at 5 4.55-4.80 ascribed 
to the four a-sulfide protons. There was no absorp
tion attributable to an olefinic proton. The photo
product no longer showed uv absorption characteristic 
of an unsaturated ketone. The infrared spectrum of 
the photoproduct has a strong carbonyl absorption at 
1710 cm-1 and lacks other significant absorption in the 
1650-1750-cm"1 region. The mass spectrum of the 
photoproduct displays a parent peak at m /e 224, which 
suggests that the photoproduct is a dimer of I. More
over, the molecular weight determined by vapor pres
sure osmometry was 212, which was consistent with a 
dimeric species. From these results the alternative 
structures I I I  and IV, in addition to II, could be writ-

m  IV

ten for this photodimer. Of these, I II  can be elimi
nated since there was no ir absorption of the carbonyl 
group in the five-membered ring (1745 cm-1) .8 In the 
mass spectrum of the photodimer, the presence of a 
peak at m/e 112 corresponding to the ion of 4-thia
pyrone, (C5II4SO)+, and the absence of peaks at m/e 
116 and 108 corresponding to the ions of 1,4-dithia- 
cyclohexadiene, (C4H4S2) +, and 1,4-benzoquinone, (C6- 
H402)+, respectively, suggest that the photodimer is 
assigned to the “head-to-tail” structure (II). More
over, this assignment is confirmed from the fact that in 
addition to the peak of monomer I, an intense peak at 
m/e 86 was observed which may arise from I by ex
pulsion of acetylene,9 while the fragments at m /e 82, 
80, and 54 were not observed, which could be expected 
from 1,4-benzoquinone ion.10 These results indicate 
that the photoproduct has the structure II.

While the irradiation of I in dioxane (2% solution) 
gave II  in 2% yield, II was obtained in very low yield 
(< 1%) from the irradiation of a 2% methanol solution 
of I. The 10% acetonitrile solution of I did not in
crease the yield of II. The photoreaction of I sensi
tized by benzophenone resulted in formation of I I  in 
2% yield. This result suggests that the photodimeri
zation of I proceeds via the excited triplet state of I.

The photodimerization of I  leads exclusively to the 
head-to-tail [2 +  2 +  2 +  2 ] cycloadduct in striking 
contrast to 2,6-diphenyl-4-thiapyrone4 and in close 
analogy with 2,6-dimethyl- and 2,6-diethyl-4-pyrone6'11 
and 2,6-dimethyl-4-thiapyrone.7 The presence of the 
phenyl group in the thiapyrone could increase the steric 
barrier to [2 +  2 +  2 +  2 ] cycloaddition. At the 
same time this could affect the nature of the excitation

(8) K . Nakanishi, “ IR  Absorption Spectroscopy,”  Nankodo, Tokyo , 
I960, p 48.

(9) H . Budzikiewicz, C. Djerassi, and D. H. W illiams, “ Mass Spectrom
etry  o f Organic Compounds,”  Holden-Day, San Francisco Calif., 1967, p 
208.

(10) Reference 13, p 527.
(11) P . Yates  and E. S. Hand, J .  A m e r .  C h e m . S o c . , 91, 4749 (1969), and 

the previous papers.
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step and/or the reaction of the excited state with a 
ground-state molecule.

Experimental Section

M elting points are uncorrected. The infrared spectra were 
recorded on a JASCO DS-402G spectrophotometer; the ultra
violet spectra were obtained with a Hitachi 124 spectrophotom
eter; the nmr spectra were measured with a JEOLCO C-60HL 
spectrometer using tetramethylsilane as an internal standard; 
the mass spectrum was recorded on a Hitachi RM U-6E spectrom
eter; the molecular weight was determined by a Hitachi 115 
molecular weight measuring apparatus.

4-Thiapyrone (I ) .— 4-Thiapyrone was prepared by the method 
of Arndt and Bekir,12 which gave a colorless needle after recrystal
lization from carbon tetrachloride, mp 110° (lit.12 110°). The 
uv and nmr spectra are consistent with the reported spectra.13'14

Direct Irradiation of I.— A  solution of 2 g of I  in 200 ml of 
acetonitrile was irradiated for 50 hr with a 100-W medium pres
sure mercury arc through a quartz filter. Purified nitrogen was 
passed through the solution during irradiation. A fter removal of 
solvent under vacuum the residual solid was chromatographed 
on a silica gel with benzene-chloroform eluent to yield 40 mg of I I .  
After isolation of I I  95% of I  was recovered. I I ,  a colorless 
solid, was recrystallized from acetone: mp 248° dec; uv X/«aCN' 
307 nm (e c a . 100); ir (K B r) 1710 cm-1 (rc-o ); nmr (DMSO-de) 
S  3.45-3.70 (m, 4 H ) and 4.55-4.80 (m, 4 H ); the principal 
peaks of mass spectrum at ro/e (rel intensity) 224 (48.5), 149 
(23.5), 137 (16.0), 113 (60.0), 112 (100.0), 86 (44.0), 84 (61.7), 
58 (37.8), and 57 (22.7).

A n a l .  Calcd for C10H 8O2S2: C, 53.55; H , 3.59; 0 , 14.27; 
S, 28.59. Found: C, 53.45; H , 3.71; 0 , 14.40; S, 28.38.

Photosensitized Reaction of I.— A  200-ml benzene solution of 
2 g of I and 1 g of benzophenone was irradiated for 50 hr with a
100-W medium-pressure mercury lamp filtered by a Pyrex glass. 
After similar work-up described above, 42 mg of I I  was isolated.

Registry N o.—I, 1003-41-4; I I , 32538-05-9.
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In  p rev iou s  w ork , it  has been  show n th a t th e  G r i
gn ard  rea gen t 1 fro m  cy c lo b u ty lm e th y l ch lorid e  under
goes a r in g -c lea va ge  rea rran gem en t to  2 .2 In  add ition , 
rea rran gem en t o f  G rign a rd  rea gen t 3 to  5 w as observed , 
th e  cyc liz ed  rea g en t 4 be in g  p roposed  as an in te r
m ed ia te .2a In  th e  la tte r  case, th e  rea c tio n  m ost p rob 
a b ly  has as its  d r iv in g  fo rce  th e  con vers ion  o f a secon
d a ry  G r ign a rd  rea gen t in to  a m ore s tab le  p r im a ry  one. 
R in g  closure to  a f iv e -m em b ered  r in g  has also been

(1) This research was supported in part by a grant from the Petroleum 
Research Fund, administered by the American Chemical Society.

(2) (a) E. A. Hill, H. G. Richey, Jr., and T. C. Rees, J .  O r g .  C h e m ., 28,
2161 (1963); (b ) E. A. Hill and J. A. Davidson, J .  A m e r .  C h e m . S o c . , 86,
4663 (1964).

CÎÎ2MgC1 k» ✓

kr_ CHjMgCl
1 2

observed3 (eq 3). It thus appeared desirable to dem
onstrate directly the reversibility implied in eq 1.

A  Grignard reagent was prepared from 5-chloro-l- 
pentene-5,.5-d2 in tetrahydrofuran. The original solu
tion lacked the high-field nmr signal of hydrogens a  to 
a magnesium. However, after heating for several 
hours at 140°, a high-field triplet from 10 appeared. 
From the rate of appearance of the a-proton signal, 
the rate of approach to equilibrium was determined.

After correction for Grignard reagent destroyed by 
reaction with the solvent (see Experimental Section), 
approximate rate constants of 3 X 10~6 sec-1 at 140° 
and 3.5 X 10~5 sec-1 at 160° were determined. If 
possible secondary isotope effects on the rates and 
equilibria are ignored, the rate of ring closure equals 
the rate of approach to equilibrium: each act of ring
closure would produce a molecule of 9, which on cleav
age, has an equal probability of yielding isomer 8 or 10.

1-Pentene, isolated from hydrolysis of a solution 
heated for several half-lives, was examined by nmr. 
Integration showed that about 40% of the 1-pentene 
had the deuterium distribution corresponding to 10.

Extrapolation of rate constants for the c l e a v a g e  of the 
cyclobutylmethyl Grignard reagent (see Experimental 
Section) yields a value of 7.5 X 10~3 sec-1 at 140°. 
With the ring closure rate, an equilibrium constant of
2.5 X 103 is derived for eq 1. In principle, it should 
be possible to derive A H  for eq 1 from the temperature 
dependence of this equilibrium constant, and hence 
an estimate of the strain energy of the cyclobutane 
ring. Because of the competing reaction with solvent, 
the present kinetics are insufficiently precise to allow 
this approach. However, by an alternative approach, 
A G  and an estimate of A S 4 for eq 1 may be combined 
to yield A H  =  —2.1 kcal/mol.

(3) H . G. R ichey, Jr., and T . C. Rees, T e tra h e d ro n  L e t t . ,  4297 (1966); 
E. A . H ill, R . J. Theissen, R . A . Doughty, and R . M iller, J .  O rg . C h e m ., 34, 
3681 (1969).

(4) This estimate, 10.6 eu at 140°, uses the gas-phase entropy change of 
the m odel reaction m ethylcyclobutane 1-pentene. T h e  entropy of 
m ethylcyclobutane was obtained b y  adjustments from  the published value 
fo r cyclobutane: G. W . Rathjens, Jr., N . K . Freeman, W . D . Gwinn, and 
K . S. P itzer, J .  A m e r .  C h e m . S o c . , 75, 5634 (1953). T h e  authors m ay be 
consulted for further details.
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Taken with an estimate of 21.7 kcal/mol5 for the 
bond cleavage process

R C H 2 ___  R C H 2M g X

R C H C H 2M g X  R C H = C H 2

a ring strain of 24 kcal is derived. A  value of 23 kcal 
is obtained from data at 160°.6

The estimates of ring strain obtained are in ap
proximate agreement with the heat of combustion 
value of 26.2 kcal/mol.7 The discrepancy, amounting 
to a factor of 10 to 40 in equilibrium or rate constants, 
could be the summation of errors from various sources 
in the kinetics and the estimation procedures, or it 
may represent the limits of applicability of the thermo
chemical approach to solution reactions. It  could 
also result from some additional stabilization of the 
four-membered ring in the cyclobutylmethyl Grignard 
reagent, or from the incidence of a new, higher activa
tion energy mechanism at the higher temperatures.8 
In any event, the current results provide a clear ex
ample of the quantitative influence of the thermo
chemical strain energy of a cyclobutane ring on the 
equilibrium constant for a chemical reaction.

Experimental Section

Nmr spectra were obtained on a Varian Associates HA-100 
nmr spectrometer. Boiling points are uneorrected.

Cyclobutylmethylmagnesium chloride in tetrahydrofuran was 
prepared as described previously.2b Samples in nmr tubes were 
heated for approprirate times, and the extent of rearrangement 
was determined by integration of the signals at 8 —0.35 and 
— 0.66 ppm, corresponding to Grignard reagents 1 and 2, re
spectively.28 Rate constants obtained were 2.55 X  10_e sec-1 
at 59.6°; 2.76 X  10-6 sec-1 at 80.2°, and 2.18 X  10-4 sec-1 
at 99.9°. Derived activation parameters were AH *  =  26.55 
±  0.2 kcal/mol and A S * =  —4.6 ±  0.5 eu.

4- Penten-l-o l-l , l - d 2 was prepared by reduction of methyl
4-pentenoate with lithium aluminum deuteride in diethyl ether, 
bp 137-140° (lit.9 bp 141-141.5°° for isotopieally normal com
pound).

5- Chloro-l-pentene-.5,5-ri2 was prepared from the alcohol with 
thionyl chloride and tri-n-butylamine in ether by a procedure 
similar to one described previously:28 bp 98-103° (lit.9 bp 103- 
104° for isotopieally normal compound). The nmr spectrum 
showed no detectable absorption (<0 .5% ) at 8 3.5 ppm, where 
the a hydrogens of the isotopieally normal compound absorb.

Grignard Reagent from 5-Chloro-l-pentene-5,5-d2.— A  Gri
gnard reagent was prepared from 0.679 g o f the chloride and 0.21 
g of magnesium in 3 ml of tetrahydrofuran, and sealed in nmr 
tubes. After heating for several hours at 140°, a triplet signal, 
J  =  8 Hz, appeared at 8 —0.66 ppm. Poorly defined changes 
occurred in the olefinic absorption, and a new signal appeared 
at 8 6.45 ppm, attributable to ethylene formed from, attack 
on the solvent.10 A t long reaction times, the a-hydrogen ab
sorption reached a maximum of about 60% of one hydrogen 
(relative to the olefinic protons) and then decreased in size, while 
the ethylene absorption continued to increase. By using the 
appearance of ethylene as a measure of the amount of Grignard 
reagent destroyed by reaction with solvent, the spectra obtained 
for shorter reaction times were corrected for the loss of total

(5) S. W . Benson, F . R . Cruickshank, D . M . Golden, G . R  ■ Haugen, 
H . E . O Neal, A . S. Rodgers, R . Shaw, and R . Walsh, C h e m . R e v . , 69, 279 
(1969).

(6) I t  m ight be more va lid  to  use only one-half o f the rate of ring opening 
in calculating an equilibrium constant, since the observed ring cleavage is 
the sum of cleavages of tw o ring bonds. Such a treatm ent would lower the 
strain energy estim ated b y  about 0.5 kcal/mol.

(7) S. Kaarsem aker and J. Coops, R e e l.  T r a v .  C h im .  P a y s -B a s ,  71, 261 
(1952).

(8) T h e  la tter is consistent with prelim inary results of T .  C. Rees (Ph .D . 
thesis, Pennsylvania State University, communicated to  us by Professor 
H . G. R ichey, Jr.) in which no reaction was found after 170 hr at 110°.

(9) A . Juvala, C h e m . B e r . ,  63, 1989 (1930).
(10) E . A . H ill, J .  O rg . C h e m ., 31, 20 (1966).

organometallic. The rate of loss appeared to be about 20-30% 
of the rearrangement rate. The best rate measurements were 
made using a similar sample of concentration 0.92 M  supplied 
by H . G. Richey, Jr., and T . C. Rees.

A  sample which had been heated for four half-lives was hydro
lyzed with water. The volatile materials were transferred from 
the residue under vacuum and gas chromatographed. The 
collected 1-pentene, the only detected reaction product, was 
analyzed by nmr. Integration yielded the following: 8 0.92 
(t, 1.8, J  S  7.1 Hz, CH3 and C H D 2), 1.4 (q, 2, /  ^  7.2 Hz, 
C B 2), 2.02 (q, 1.2, J  ^  7.2 Hz, allylic CH2), 4.95 (m, 2, = C H 2), 
and 5.7 ppm (m, 1, = C H ).

Registry No.—1, 32251-57-3; 2, 30090-51-8; 8, 
32251-59-5; 10,32251-60-8.
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Aromatic ethers have not often1’2 been used as pro
tecting groups because of problems associated with 
attachment and removal by making and breaking the 
aromatic carbon-oxygen bond. We recently reported3 
that 9-anthroxy alkyl ethers 1 are useful protecting 
groups which can be readily cleaved at the aromatic 
carbon-oxygen bond by a sequence using low tempera
ture ( — 30°) singlet oxygen oxidation4 to an anthracenyl 
peroxide5 (2) followed by mild catalytic reduction6 
of the weak oxygen-oxygen single bond. The initial 
reduction product is presumably the hemiketal 3, 
which spontaneously eliminates the alcohol 4. We 
report here some experimental details for cleaving 9- 
anthroxy ethers and a new method for synthesizing 
them.

(1) J. F . W . M cO m ie in “ Advances in Organic Chem istry— M ethods and 
Results,”  Vol. 3, Interscience, N e w  York , N . Y . , 1963, p 191.

(2 ) F o r a listing o f protecting groups devised after M cO m ie ’ s review  see 
W . Theilheimer, “ Synthetic M ethods,”  subject indexes to  Yo l. 24, 23, and 20.

(3) W . E . Barnett and Larry L . Needham, C h e m . C o m m u n . ,  1383 (1970).
(4 ) R . W . M urray and M . L. Kaplan, J .  A m e r .  C h e m . S o c . ,  91, 5358 (1969).
(5) W . Bergmann and M . J. M cLean, C h e m . R e v . , 28, 367 (1941).
(6) C . Dufraisse and J. Houpillart, C . R .  A c a d . S c i . ,  205, 740 (1937).
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In order for a protecting group to be generally useful 
it should be easily attached, it should survive reactions 
used for transforming other parts of the molecule, and 
it should be easily removed, preferably by some highly 
specific reaction. In this context, the singlet oxygen 
method for cleaving an aromatic ether is notable for its 
mildness. In a more general sense though, it is impor
tant because it has introduced a new kind of reagent 
for removing protecting groups. Thus in addition to 
protecting groups removable under acidic, basic, 
reductive,1’2 and photochemical7“ 10 conditions, we have 
a group removable under highly specific, and highly 
selective, oxidative conditions.11 The result of singlet 
oxygen oxidation is to generate a labile peroxide which 
can be cleaved by a variety of reactions12 to produce 
the alcohol 4 or a derivative thereof.

Singlet oxygen can be generated in a variety of ways. 
The removal scheme we use employs triphenyl phosphite4 
to generate singlet oxygen. This method is convenient 
and has the advantage that stoichiometry can be con
trolled better than by most other methods, but the 
triphenyl phosphate formed is a nuisance to separate 
from relatively nonpolar alcohols such as 1-hexadecanol. 
Hexadecanol and triphenyl phosphate have remarkably 
similar R ( values in several solvent sysems. Although 
the boiling points differ widely, we have preferred, for 
small-scale work, a chemical separation rather than 
distillation. In such a case, mild base-catalyzed hy
drolysis can be employed to free the alcohol from phos
phate ester. Obviously this difficulty can be corrected 
by modification of the phosphite for generating singlet 
oxygen, thus allowing the phosphite method to be used 
without the hydrolysis step. This would be necessary 
for 9-arithroxy cleavage in the presence of other esters 
whose hydrolysis is undersirable. In the case of 
water-soluble alcohols, no difficulty is experienced as 
shown by the isolation of butane-l,4-diol from its 9- 
anthroxy ether. The by-product triphenyl phosphate 
is easily separated by virtue of its water insolubility.

By choosing 9-anthroxy as the aromatic ether pro
tecting group we were able to develop a mild method 
of regenerating the protected alcohol. We were, 
however, still faced with the problem of synthesizing 
these ethers. The usual way to construct aromatic- 
aliphatic ethers is by the Williamson synthesis. With 
a few special exceptions,3 this turns out to be an 
effective method for attaching the 9-anthroxy group. 
The alcohol to be protected is changed into its tosylate, 
which is in turn converted into the 9-anthroxy ether 
by displacement with the phenolate ion from anthrone.3 
Obviously this method involves attachment by making 
the alkyl carbon-oxygen bond. I t  is desirable, however, 
to have a method for attaching the goup via the aromatic 
carbon-oxygen bond, a method which would be useful 
in cases where tosylate displacement is ineffective. 
I t  was noted that, although the 9-anthroxy group is 
stable to a variety of reaction conditions, in very strong 7 8 9 10 11 12

(7) J. A . Barltrap and P . Schofield, J .  C h e m . S o c . ,  4758 (1965).
(8) D . H. R . Barton, Y .  L . Chow, A . Cox, and G. W . K irb y , ib id . ,  3571 

(1965).
(9) J. W . Chamberlin, J .  O rg .  C h e m ., 31, 1658 (1966).
(10) A . J. K irb y  and A . G. Varvoglis, C h e m . C o m m u n . ,  406 (1967).
(11) Oxidation has been used as a secondary step in rem oving a protecting

group. In  strongly basic media, a lly l ethers are isomerized to  enol ethers 
which can becleaved b y  acid or b y  oxidation: R . G rigg and C. D . Warren,
J .  C h e m . S o c . ,  2 2 0 5  (1965).

(12) W . E . Barnett and L . L . Needham, results to  be published.

acid13 it will undergo hydrolysis to anthrone and an 
alcohol. We hoped to employ the reverse of this reac
tion as a method of synthesizing 9-anthroxy ethers via 
aromatic carbon-oxygen bond formation. However, 
using p-toluenesulfonic acid as catalyst we have been 
unable to force this reaction completely in the direction 
of ether formation. Prolonged refluxing of equimolar 
amounts of an alcohol and anthrone in benzene or 
toluene under conditions where water could be re
moved by azeotropic distillation gives mixtures con
taining starting materials as well as the desired ether.

Although these results were not fully understood, it 
was speculated that the difficulty might involve the 
unfavorable anthrone-9-anthrol, 5-6, equilibrium. A  
way of eliminating this probem would be to O-methyl- 
ate anthrone and to use the resulting methyl ether, 7, 
in acid-catalyzed exchange reactions with other higher 
boiling alcohols. In practice this works well. Equi
molar amounts of 9-methoxyanthracene14 and of the 
alcohol to be protected, 8, are refluxed in benzene con-

taining a catalytic amount of tosyl acid. The conden
sate is collected in a Dean-Stark trap containing cal
cium chloride to trap some of the methanol. The 
trap is drained periodically over a period of 24-63 
hr until almost all of the benzene and methanol have 
been removed from the system. Primary alcohols give 
excellent yields of ethers, 1, by this method. Secondary 
alcohols react only partially. Some examples are shown 
in Table I.

T a b le  I
9-An t h r o x y  E th e r s  pro m  9 -M e t h o x y a n t h r a c e n e

Y ie ld
Decrease® in of
9-m ethoxy Reflux ether,6

9-Anthroxy ether anthracene, % time, hr %
l'-Hexadecanyl Quantitative 62 83
l'-Dodecanyl Quantitative 21 90
l'-Octanyl Quantitative 22 91
4'-Hydroxy-l '-butanyl Quantitative 62 85
2'-Octanyl 63 62«
Cyclohexanyl 66 63«
3 '-Choies teryl 45 63«
Measured by nmr. 6 After chromatography. c Longer times

do not result in a further decrease of 9-methoxyanthracene.

Experimental Section
Nmr spectra were taken on a Varian HA-100 spectrometer. 

M elting points were taken on a Thomas-Hoover capillary tube 
melting point apparatus and are uncorrected. Except where 
indicated, all infrared spectra were taken in CHCb solution on a 
Perkin-Elmer Model 257 spectrometer. They were calibrated at 
1603 cm-1 with a polystyrene film. 13 14

(13) E . deB. Barnett, J. W . Cook, and M . A . M atthews, J .  C h e m . S o c . ,  

123, 1994 (1923).
(14) J. S. M eek, P . A . M onroe, and C. J. Bouboulis, J .  O rg . C h e m ., 28, 

2572 (1963).
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Methyl tosylate was prepared according to an "Organic Syn
theses”  procedure;16 an 88%  yield of crude tosylate was obtained.

9-Methoxyanthracene was prepared from crude methyl tosylate 
according to the method of Barnett, et al.,n  total yield 60%, mp
93-94° (lit.13 mp 94°).

9-Hexadecyloxyanthracene.— A mixture of 2.08 g (0.010 mol) 
of 9-methoxyanthracene, 2.42 g (0.010 mol) of hexadecanol, and 
0.020 g of p-toluenesulfonic acid in 50 ml of benzene was refluxed 
for 62 hr. Throughout this period, a Dean-Stark trap contain
ing approximately 10 g of CaCl2 was attached. Periodically, 
benzene was removed so that the final volume was about 10 ml. 
The mixture was then cooled and diluted to 75 ml with ether. 
This solution was washed with 5 ml of 2 N  NaOH and 5 ml of 
water. The organic layer was dried (MgSQt), filtered, and 
evaporated to give 3.92 g (96% ) of a crystalline solid. Nmr 
analysis showed this material to be greater than 90% pure hexa- 
decyloxy ether. The material was recrystallized from EtOAc- 
hexane (5 ml-20 m l) to give 2.31 g of white powder, mp 58-59.5°. 
The mother liquors were evaporated to dryness and triturated 
with 5 ml of pentane. On cooling ( —5°) white crystals pre
cipitated but some dark material coprecipitated. The pentane 
was removed and the residue was dissolved in 20 ml of warm 
hexane. This homogeneous solution was filtered through 10 g 
of activity I  Woelm alumina, using additional hexane. The 
first three 50-ml fractions gave white crystalline residues weighing 
0.982, 0.084, and 0.012 g, respectively. The total yield of ether 
isolated was thus 3.37 g (83%). Elution with 50 ml of ether 
gave 0.213 g of a red oil which was not further investigated. 
Pure hexadecyloxy ether gave the following nmr (DCCU): S 
5.60 (t, 2 H ), 7.34-8.30 (m, 9 H ), 0.87-2.09 (m, 31 H ).

Anal. Calcd for C30H 42O: C, 86.07; H, 10.11. Found: C,
86.21; H, 10.11.

9-Dodecyloxyanthracene.— A  procedure and apparatus similar 
to that used for the preparation of the hexadecyl ether were 
used. A  benzene solution of 1.86 g (0.010 mol) of dodecanol,
2.08 g (0.010 mol) of 9-methoxyanthracene, and 0.020 g of p- 
toluenesulfonic acid was refluxed for 21 hr with periodic removal 
of benzene. After the usual work-up with base and water, the 
reaction mixture was dried over Na2S04 and filtered, and the 
solvent was removed in  vacuo. The crude yield was 3.53 g. Nmr 
analysis showed nearly quantitative formation of the dodecanyl 
ether. The crystalline material was dissolved in the minimum 
amount of warm hexane and filtered through a column containing 
10 g of alumina. Additional hexane was added so that three 50- 
ml fractions were collected. The respective weights were 2.98, 
0.55, and 0.08 g. The first fraction was recrystallized from a 
small amount of pentane: yield 2.68 g; mp 48-49°; nmr 
(DCCU) 5 7.6-8.34 (m, 9 H ), 4.17 (t, 2 H ), 0.90-2.10 (m, 23 H ).

Anal. Calcd for C26H 340 : C, 86.13; H, 9.45. Found: C,
86.31; H, 9.65.

9-Dodecycloxyanthracene.— The amounts of reagents used were 
the same as in the preceding experiment. The reflux time was 44 
hr and no benzene was drained from the Dean-Stark trap. The 
work-up was as usual; the crude yield was 3.52 g. The nmr 
spectrum, however, showed only about a 50% decrease in the 
intensity of the methoxy singlet.

9-(4-Hydroxybutoxy)anthracene.— A mixture of 6.28 g (0.0302 
mol) of 9-methoxyanthracene, 54.3 g (0.604 mol) of 1,4-butane- 
diol, and 0.090 g of p-toluenesulfonic acid in benzene (120 ml) 
was refluxed for 62 hr with periodic draining of the Dean-Stark 
trap, which contained ca. 10 g of CaCl2. After cooling, benzene 
(50 ml) was added along with 2 N  NaOH (20 ml). After separat
ing the layers, the organic layer was washed twice with water (50 
ml) in order to rid the product of unreacted diol. The organic 
layer was dried (N a2S04) and filtered, and the solvent was re
moved in  vacuo. The product (7.116 g ) was dissolved in the 
minimum amount of methylene chloride. This solution was then 
preadsorbed onto 3 g of basic alumina (activity I ) .  The pre
adsorbed material was added to alumina (30 g), and the product 
was eluted with light petroleum containing increasing amounts of 
ether. The 9-(4-hydroxybutoxy)anthracene was collected in 
fractions varying in ether percentage from 15 to 100. The total 
yield was 6.77 g (84.5%), mp 77-81°. A  100% ether fraction 
was recrystallized from an ethyl acetate-hexane mixture: mp 
81-82°; nmr (DCC13) 5 7.20-8.31 (m, 9 H ), 4.18 (t, 2 H ), 3.78 
(t, 2 H ), 1.85-2.20 (m, 4 H ).

(15) ’‘Organic Syntheses,” Collect. Vol. I, Wiley, New York, N. Y., 1941,
p 146.

A n a l Caled for C i8H i80 2: C, 81.17; H, 6.81. Found: C, 
81.25; H, 6.81.

Cleavage of the Hexadecanyl Ether.— A  solution of triphenyl 
phosphite (3.1 g, 0.010 mol) in methylene chloride (100 ml) was 
ozonized for 45 min at the rate of 100 mmol/min. After purging 
the blue solution with nitrogen, a heterogeneous mixture of the 
9-hexadecyloxyanthracene (2.09 g, 0.005 mol) in methylene 
chloride (50 ml) at approximately —78° was added to the 
ozonolysis flask. The reaction temperature was allowed to rise 
slowly until it reached 25°. Methylene chloride was removed 
in  vacuo. The residue was dissolved in ethyl acetate (125 ml) 
and 0.52 g of 10% Pd/C was added. The hydrogenation was 
carried out at a pressure of 43.8H13.4 psi for 30 min. The hydro
genated turquoise solution was then filtered through 3 g of Celite. 
The Celite was washed repeatedly with ethyl acetate. The 
filtrate was concentrated in  vacuo to give a crude yield of crystal
line material, 5.2 g. The nmr of this material showed no 
-O C H 2-  triplet in the ether region (4-4.1 ppm), but there was a 
triplet at 3.6 ppm where the triplet in an authentic sample of 
hexadecanol is located. An attempt was made to separate the 
hexadecanol from triphenyl phosphate via column chromatog
raphy. However, an efficient separation was not possible.

In another run the crude Pd reduction product (from 0.003 
mol of 9-decyloxyanthracene) was treated with 6 equiv of K O H  
in 100 ml of methanol in order to hydrolyze the triphenyl phos
phate. The reaction mixture was stirred magnetically overnight 
at room temperature. The methanol was removed in  vacuo and 
water (200 m l) was added. This basic mixture was extracted 
twice with ether (100 ml). The combined ether layers were 
dried (N a2S04), and the ether was evaporated in  vacuo. Nmr 
analysis of the yellowish material indicated that the products 
were hexadecanol and a small amount of aromatic material. 
This material was then treated with hot hexane (10 ml) and 
filtered with suction. The insoluble material was washed twice 
with hot hexane (5 m l). The hexane layers were combined and 
the solvent was removed in  vacuo. The yield was 0.63 g (87% ) 
of beige crystalline material. Spectral data were almost identical 
with those of authentic hexadecanol. In order to purify this 
material further, it was dissolved in warm hexane (20 m l) and 
filtered through neutral alumina (5 g ). Fractions (40 m l) of 
hexane and varying amounts of ether (from 0 to 36%) were taken. 
These five fractions weighed 0.48 g (68% ). The nmr spectrum 
and the melting point were identical with those of hexadecanol.

Cleavage of 9-(4-Hydroxybutoxy)anthracene Ether.— The ap
paratus used was similar to that used previously. However, this 
time the procedure was slightly different. Methylene chloride 
(100 ml) was ozonized at —78° until the solvent was saturated 
with ozone (detected by blue coloring of CH2C12). The cold 
triphenyl phosphite in methylene chloride was added until the 
blue color disappeared. The ozonolysis was repeated until the 
appearance of a blue coloration again; then more of the triphenyl 
phosphite was added. This continual ozonolysis and addition 
was repeated until all the triphenyl phosphite (3.10 g, 0.010 mol) 
had been added. After purging with nitrogen, the 9-(4-hydroxy- 
butoxy)anthracene (1.33 g, 0.005 mol) was added in a methylene 
chloride solution. The yellow solution was then allowed to 
warm to room temperature. The methylene chloride was re
moved in  vacuo and the yellow residue was dissolved in ethyl 
acetate (100 ml). I t  was transferred to a Paar hydrogenation 
bottle and 0.52 g of 10% Pd/C was added as a slurry with ethyl 
acetate to the bottle. After hydrogenation for 30 min and fil
tration through Celite, the solvent was evaporated in  vacuo. 
In order to extract the water-soluble diol, distilled water (200 
ml) was added. After filtering through a Büchner suction filter, 
the water was evaporated to a volume of about 70 ml. This 
aqueous solution was cooled at 5°. The contents again were 
filtered and the water was evaporated in  vacuo, yield 0.31 g. 
Nmr analysis indicated that the product still contained some 
water and that the per cent yield of diol was 47.

Registry N o.—9-Hexadecyloxyanthracene, 30253-18- 
0; 9-dodecyloxyanthracene, 31734-34-6; 9-(4-hydroxy- 
butoxy) anthracene, 31734-35-7.

Acknowledgment is made to the donors of the Petro
leum Research Fund, administered by the American 
Chemical Society, and to the office of General Research 
at the University of Georgia for support of this re
search (PRF 3321-A1).



A d d i t i o n s  a n d  C o r r e c t i o n s

Vol. 36, 1971

P. L, Durette and D. Horton: Conformational Studies on 
Pyranoid Sugar Derivatives. The Conformational Equilibria of 
the D-Aldopentopyranose Tetraacetates and Tetrabenzoates.

Page 2661. Column 2, lines 4 and 5. The sentence “ The 
values reported are considered accurate to ±0 .1  H z,”  should be 
deleted.

Page 2664. Table X , lines 3 and 4. The equilibrium data for 
a-n-arabino (3) and 0-n-arabino (4) should read as follows.

Page 2659. The formulas for ot-n-ribo (1 ) should be as follows.

Page 2660. The formula for the C l conformation of a-n-ribo 
(9) should be as follows.

The formula for the C l conformation of p-v-ribo (10) should be as 
follows.

OBz

% Cl % 1C K  = C1/1C
a-n-arabino 21 79 0.26
/3-d-arabino 4 96 0.04

Page 2665. The formula for the C l conformation of /3-d- 
lyxopyranose tetraacetate (8) should be as follows.

L. de Vries: An Aminocyanoketenime, Aminomalono- 
nitrile, and Aminocyanoimidazole from Diisobutene, Hydrogen 
Cyanide, and Hydrogen Fluoride. Preparation of Novel Di- 
aminoethylenes and Diiminoethanes.

Page 3444. The unnumbered figure in the middle of the first 
column is part of footnote 6.

Page 3445. In Scheme I I  the left-hand structure should be

CHs

CHS CH;

,— ¿ — 0=1

CH,

C
I

CH,

Page 3445. Structure 13 in footnote 17 should have the posi
tive charge associated with the central nitrogen atom not the R  
group.

Page 3447. Column 2, line 9. “ Ar-fert-octyl-iert-octylmaIono- 
nitrile”  should read A^-ferf-octylamino-ferf-octylmalononitrile.
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Adenosine, 3'-deoxv-, synthesis of, 3743; reaction with p-nitro- 

benzaldehyde and ethyl orthoformate, 2809; 2'-thio-, synthe
sis of derivatives of, 2646

Adenosine 3',5'-cycIic monophosphate, 5'-amido analogs of, 3029 
Adiantifoline, synthesis of, 2409 
A IC A  riboside, new synthesis of, 1594 
Ajenoic acids, from insect fat, aje, 2621
Alcohols, acyclic sulfoxide, conformations of, 1737; bridgehead, 

synthesis of, 1198; cyclopropane half-cage formation and 
transannular reactions of, 1316; formimidation by vinyl iso
cyanide, 2876; p-Ks values of, from a* constants and from the 
carbonyl frequencies of their esters, 1205; reaction with di- 
tert-butyl dithiol tricarbonate, 1180; secondary, dehydration 
by hexamethylphosphoric triamide, 3826; secondary, oxida
tion in diethyl ether with aqueous chromic acid, 387; use in 
alkylation of active methylene compounds, 2948 

Aldehyde bisulfites, aromatic, reaction with ( — )-ephedrine, 
2253

Aldehydes, acyclic, addition of methylzine and -cadmium re
agents to, 3311; aromatic, reaction with ( — )-ephedrine in syn
thesis of oxazolidines, 2256; conversion into a,/S-unsaturated 
carbonyl compounds, 752; homologation of, 2731; improved 
synthesis from 1,3-dithianes, 366; unsaturated, photolysis 
of, 214

D-Aldopentopyranose tetraacetates and tetrabenzoates, 2658 
Alicyclic ethers, protonated, 1121
Aliphatic (3 diketones, lithium aluminum hydride reduction of, 

2110
2,7-Alkadienÿl derivatives, prep, of, 2116
Alkali metal reduction, of 7-norbornenone and 9-benzonor- 

bornenone, 1559; of oxepins, 1402; of epoxides, ketals, and 
related heterocycles, 330

Alkali metals, as hydrogenation catalysts for aromatic molecules, 
694 _

Alkaline decomposition, of organic disulfides; 1003; of organic 
disulfides, 1394

Alkaloids, cherylline, total synthesis of, 1827; dimeric indole, 
alstonisidine, 582; 6-hydroxybuphanidrine and 6-hydroxy- 
powelline, 3202; murrayacine, structure of, 725; Nuphar, 
thiospirane, 3703; proaporphine, synthetic approach to, 111; 
syntheses of dasycarpidone, uleine, and related compounds, 
1291; synthesis of galanthamine, 1295; synthesis of homo- 
petaline-tvpe compounds, 1293; thalictrum, synthesis of 
adiantifoline and thalicsimidine, 2409 

Alkanes, chloroiodc-, synthesis using copper ( I I )  halides, 2088 
Alkenes, acyclic, carbon-13 nmr of, 2757; chlorination with tri

chloramine, 3566
Alkenylpyridines, intramolecular nucleophilic cyclizations of 

alkenylpyridines, 2308
Alkoxide, alcoholic, reaction of 3-(o-formylphenoxy)propyl- 

phosphonium salts in, 4028 
Alkoxide ions, calculated charges in, 204
4-Alkoxybutyrates, mass spectra of, 1796 
2-Alkoxyiminoalkyl bromides, prepn of, 3467
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3-Alkoxyoxetanes, synthesis of, 2232
iV-Alkylanilines, via aryne reaction in primary aliphatic amine 

solvent, 1841
l-Alkyl-2-aryl-3-carboaziridines, nmr and nitrogen inversion in, 

3911
Alkylated guanine 3-oxides and 3-hydroxyxanthines, prepn of, 

2635
Alkylating agents, active, nonnucleophilic, reactions of diaryl 

disulfides with, 1513
Alkylations, of ambident anions, control of the site of, 1931; 

of amidrazones and hydrazide imides, 1155; of amines, ex
haustive method, 824; of benzohydroxamic acid, 284; cycli- 
and bicycli-, with diphenylalkyl chlorides, 3342; of cymenes 
with isobutylene, 2042; of dianions derived from trienes, 3614; 
of di-2-pyridylglyoxal, 1056; of enolates in DMSO, 1112; 
of enolates from unsymmetrical ketones, 2361; by gramme, 
of 3-piperidones, 2471; mono-, of phenylacetonitrile, 2948; 
N-mono-, of sulfonamides, 8002; and protonation, of a benzil 
dianil-disodium adduct, 2516; of pyridine with ieri-butyl- 
lithium, 2541; of a pyridine system, anomalous, 1709; of 
pyrrylthallium(I), 3993; of «-substituted phenylacetonitriles, 
2132; use of the tungsten hexachloride and ethylaluminum 
dichloride cocatalyst system in, 2951 

Alkyl benzohydroxamates, alkylation of, 284 
tert- A lkyl cations, generation of, 758
1- Alkyl-7-chloro-l,3-dihydro-3-acetoxy- 3 -m ethyl-5 -phenyl-2H-

l,4-benzodiazepin-2-ones, 1465
Alkyl derivatives, bridgehead, prepn by Grignard coupling, 

205
Alkyl groups, inductive effect of, 204 
Alkyl-1,3,5-hexatrienes, convenient synthesis of, 1695 
Alkylidenecycloalkane oxides, base-induced rearrangement of, 

1365
Alkylmagnesium fluorides, prepn of, 2123
ieri-Alkylnitroso compounds, synthesis and dimerization equi

libria, 3055
IV-Alkyloxazolidinones, derived from vicinal trans diequatorial 

amino hydroxy groups, 1085 
sec-Alkyl perchlorates, prepn in strong acid, 1716
2- Alkyl-5-phenyltetrazoles, formation of, 3807
Alkyl radicals, ligand transfer oxidation by eopper(II) halides, 

3095
Alkyl substitution, effect on the boron-11 chemical shifts in 

aminoboranes and borates, 1300
Alkynes, cyclic addition of alkoxy radicals in, 2674; diaryl, in

ternal rotation in, 2710
1-Alkynyl derivatives, controlled cis or trans reduction of, 3520 
Alkynylmagnesium bromides, reaction with phosphorochlori- 

dates, 2719
1- Alkynylphosphonates, convenient synthesis of, 2719 
Alkynyl-l-thiophosphonates, dialkyl, synthesis of, 2720 
Aliéné, tetramethyl-, reactions of, 2225
Aliénés, long-range effects in the nmr of, 999 
Alloocimene, 1,4 cycloaddition with various dienophiles, 1584 
Allophanates, diprotonation and cleavage reactions of, 3582 
Allophanic acid, reaction in fluorosulfuric acid-antimony penta- 

fluoride, 3582
Allyl alcohol, chlorination of, in synthesis of 3-alkoxyoxetanes, 

2232
Allylation, of hindered phenoxides, effect of pressure on, 193 
A lly l compounds, reaction with carbethoxycarbene, 1732
2- AIIyIcycIohexanone, photochemical formation of, 1428, 1434 
Allylic alcohols, from the base-induced rearrangement of ep

oxides, 1365; conversion to allylic chlorides, 3044; having a 
di-x-methane structure, novel photochemical rearrangement- 
elimination, 2384; irradiation of, 214

Allylic chlorides, coupling reaction with phenyllithium, 2099, 
and stereochemistry of the reaction, 2105; prepn from allylic 
alcohols, 3044

Allylic coupling constants, in bicyclo [2.2.2] oct-2-ene deriv
atives, 1871

2-Allylphenols, formation of, 193 
Allyl phenyl ethers, formation of, 193
Allylthioglycolic acid chlorides, intramolecular cyclization of, 

2077
Alsonia muelleriana Domin, isolation of the alkaloid from, 582 
Alstonisidine, a novel dimeric indole alkaloid, structure of, 582 
Alumina, and chromia, in prepn of toluene from n-heptane, 

337; reaction with 1,1-difluorocycIoalkane, 818; Woelm, 
chromatographic comparison with a synthetic polymer, 2606

Aluminum chloride, use in preparation of guanine nucleosides, 
842

Aluminum chloride catalyzed condensation, of butadienes with 
methyl acrylate, 924

Amaryllidaceae alkaloid cherylline, total synthesis of, 1827 
Amide, metal, reaction with halothiophenes, 2690 
Amide moiety, polar effects by the, 1160
Amides, bisaryl-, of «,«'-difluoroadipic and mu conic acid, 501; 

conversion of nitriles to, 3048; direct conversion to amidines, 
1613; formimidation by vinyl isocyanide, 2876; reaction 
with DM SO-DCC, 3391; simple method for the synthesis of, 
1305

Amidines, direct prepn of, 1613; prepn from gem-dichloro- 
aziridines, 3627

5'-Amido analogs, of adenosine 3',5'-cyclic monophosphate, 3029
7-Amidofurazano [3,4-d] pyrimidines, synthesis, 3211 
/3-Amido sulfoxides and sulfones, prepn of, 1742 
Amidoximes, reaction with “ activated”  esters, 1306 
Amidrazones, methylation of, 1155
Amination, side chain, in reaction of methylbromothiophenes 

with potassium amide, 3820
Amines, aldazine or a 1,2,4,5-tetrazine derivative, from reaction 

of nitriles with hydrazine hydrate and Raney nickel, 3539; 
aliphatic primary, reaction of sulfur with, 3041; alkylation of, 
exhaustive method, 824; amidoximes, and amidines, derived 
from 5-oxo-10,ll-dihydro-5if-dibenzo[a,d] cycloheptene-10- 
carboxylic acids, synthesis of, 466; aromatic, hydrogen bond
ing of hydroxylic solvents to, 3852; in benzyne reaction with
o-halobenzenes, 327; .V,.V-bis(2-fluoro-2,2-dinii roet hy 1 )-A:-
alkyl-, synthesis of, 2138; cis- and iraws-2-(o-bromophenyl)- 
cyclohexyl-, synthesis and resolution of, 3046; condensation 
with ketones using molecular sieves, 1570; diacetylation of, 
735; co-dimethylamino alkyl, basicities of amino groups, 2926; 
2-fluoro-2,2-dinitroethyl-, prepn of, 2599; formimidation by 
vinyl isocyanide, 2876; formylation with phenyl formate, 
3238; kinetics of reaction with tricarbonyl(fluorobenzene)- 
chromium, 4081; methylation with formic acid-formaldehyde, 
829; optically active, synthesis and spectral properties, 3659; 
tert-,oxidation by triarylimidazolyl free radicals, 2267; poly-, 
prepn of, 3041; primary and secondary, reaction with 2,6- 
cycloheptadienone and 2,7-cyclooctadienone, 1718; pyrolysis 
of, 189; reaction with carbodiimide-sulfoxide, 3861; reaction 
with di-ieri-butyl dithiol tricarbonate, 1180; reaction with 
fluorinated 3-keto esters, 37; reaction with mixed sulfonic- 
carboxylic anhydrides, 532; reaction of nitroprusside with, 
363; reactions with oxaziridines, 1064; from reduction of 
aromatic nitro compounds with sodium borohydride, 803; 
from reductive amination of benzaldehydes, 1710; in synthesis 
of IV-alkylanilines via the aryne reaction, 1841; tertiary, in the 
general base catalysis of an aryl sulfinyl sulfone, 2291 

Amine imides, pyrolysis studies of, 1474 
Amine exchange reactions with /3-ketoallylamines, 272 
Amine solvents, aryne reactions in, 3252 
Amino acid A'-carboxyanhydrides, use in peptide synthesis, 49 
Amino acids, iV-acyl-, resolutions of, 1580; a-cyano-, synthesis 

and properties, 3960; deuterated and tritiated, prepn of, 
3019; pyrolysis to hydrogen cyanide, 189; synthesis of a 
decapeptide sequence of rubredoxin, 3022; viomycidine, syn
thesis of, 873

«-Aminoalkanesulfonates, derived from ( — )-ephedrine and aro
matic aldehyde bisulfites, 2253

Aminoalkanethiosulfuric acids, action of hydrogen sulfide on, 
3681

(3-Aminoalkyl)silicon compounds, synthesis of, 3120 
2-Aminobenzenesulfonanilides, formation of, 799
2-Aminobenzimidazole, methylation of, 3469
o-Aminobenzonitrile, from condensation of phenylacetic acid 

with anthranilamide, 642
2- Aminobenzylacrylophenones, reaction with morpholine and 

£er£-butylamine, 272
3- Amino-l-benzylindazole, rearrangement to 4-amino-2-phenyl-. 

quinazoline, 1463
Aminoboranes and borates, boron-11 chemical shifts of, 1300 
3-Amino-4-£er£-butyl-5-nitrobenzoic acid, diazotization of, 1483 
2-Amino-l-(2-carboxyethyl)pyrimidinium betaine, prepn of, 

604
2-Amino-6- and -7-chloroquinoxalines, unequivocal syntheses of, 

1158
Aminocyanoketenimine, prepn of, 3442 
2'-Amino-2'-deoxycytidine, synthesis of, 250
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3 '-Amino-3 '-deoxyhexopyranosyl nucleosides, 4105 
2'-Amino-2'-deoxyuridine, synthesis of, 250 
Amino derivatives, of dibenzo [6,/] [1,4,5] thiadiazepine, 2889
3-Amino-3,4-dihydroquinazolines, synthesis and reactions of, 782 
Amino esters, use of o-phenazophenoxyaeetyl as an amino- 

protecting group for, 2250
Amino groups, condensation with nitro groups in prepn of py- 

razolotriazines, 2972; hydroxy, vicinal trans diequatorial, in 
prepn of A-alkyloxazolidinones, 1085

3- Aminoisocoumarin, synthesis of, 1503
a-Amino ketone hydrochlorides, synthesis and spectral proper

ties of, 3659
Amino ketones, ÿm-bis(difluoro)-, synthesis of, 1148; from 

hydrolysis of azocines, 2681; a-, oxidation with lead tetra
acetate, 3668

o -  and p-amino-2-nitrodiphenyl sulfides, formation of, 799
0- Aminophenol, acyl- and alkoxycarbonyl derivatives, rear

rangements of, 3130; silver carbonate oxidation of, 1339
2- Amino-a-(R-phenyl [cinnamic acids, diazonium tetrafluoro- 

borates of, electrolytic reduction of, 1769
4- Amino-2-phenylquinazoline, formation of, 1463 
Aminophosphines, reaction with thiolsulfonates, 322
3- Aminopropanol, reaction with glutaraldehyde in synthesis of 

heterocycles, 226
Amino-protecting groups, removable by neighboring-group 

assistance, 2250
Aminopterin, 1-deaza-, studies directed toward synthesis of, 

2818
Aminopyridines, thiadiazolo-, prepn of 1846
7-Aminopyrimido[5,4-e]-as-triazines, prepn of 3502
5- Amino-l-08-D-ribofuranosyl)imidazole-4-carboxamide, new syn

thesis of, 1594
Amino sugar derivatives, heterocyclic, reactions of, 1079, 1085
4- Aminotetrahydropyran, synthesis of, 522 
Aminothiazole derivatives, of tetrahydroindoles, 1232 
3-Amino-1,2,4-triazines, N-oxidation of, 787
/3-Amino a,/3-unsaturated esters, intramolecular hydrogen bond

ing in, 219
Aminovinylsuccinimide, synthesis of a, 3929 
Ammonia, nitrogen-15 exchange of benzamides with, 3587 
Ancepsenolide, isolation from Pterogorgia quadalupensis, 719 
Anchimeric involvement, of an ortho carboxylate moiety in dis

proportionation of unsymmetrical o-carboxyphenyl disulfides, 
623

Anchimeric processes, in preparation and reactions of a,/3-epoxy 
ketones, 390

Androcymbine, 0-methyl-, photolytic synthesis, 3733; synthesis 
of, 3729

Androsta-4,7-diene-3,l7-dione, 19-hydroxy-, synthesis, 2129 
Androstanes, 17/3-oxygenated 16a, 17-cyclopropyl-, synthesis and 

reactions of, 1952
5a-Androstan-17/3-ol-3-one 17-acetate, improved prepn of, 81 
Androst-5-ene, 3/3-hydroxy-17-oxo-, conversion to 3/3-acetoxy-5/3- 

14a-bufa-20,22-dienolide, 3207
Androst-6-enes, 5a,8-epidioxy-, synthesis and reactions of, 2391 
Androst-5-eno [ 16/3,17/3-6] azetidinium tosylate, 1 ', 1 ',4 '-trimethyl- 

3-trityloxy-, synthesis and chemistry, 1386 
Androst-13(14)-en-3/3-ol, 18-nor-17/3-methyl-17a-isopropyl-, for

mation of, 716
Androsterone, dehydroiso-, addition of dilithiopropionate to, 

2403
Anhydride, cyclic steroidal, hydride reduction of, 2397 
Anhydrides, sulfonic-carboxylic, mixed, reaction with aliphatic 

ethers and amines, 532; reaction with aromatic ethers and 
aromatic hydrocarbons, 540; new syntheses of, 528 

Anhydro Butenandt acid, structure of, 3719 
Anilides, physical properties of, 1160
Aniline, base-catalyzed reaction with nitrosobenzene, 170; diace

ty l derivative of, 735; and 2-nitroaniline, correlation of p A a’s 
of, 610

Anilines, o - and p-alkoxy-, from deoxygenation of nitrosobenzene, 
295; A^-alkyl-, via aryne reaction in primary aliphatic amine 
solvent, 1841; N-alkyl-, via aryne reactions in amine solvents, 
3252; condensation with 2,6-di-ierf-butylbenzoquinone, 3497; 
A^-A-difcarboxymethyl)-, ionization scheme for, 3051; methy
lene-, reaction with aryl nitroso compounds, 634 

Anilinoboranes, oxidative photocyclization of, 3821 
Anilinodiazosuccinates, formation of, 2520
1- Anilino-l,2-dibenzoylethylenes, formation of, 2520 
Anion effects, upon rates of Sn I  solvolyses, 887

Anionic bases, reaction of 2-halo-2,3,3-trimethylbutanes with, 
897

Anions, ambident, alkylation of, 1931; of benzo[6] [l]pyrindine, 
reactions of, 3376; imide and sulfonamide, reactivity with 
methyl iodide in methanol, 1659; a, isomerization of unsatu
rated carboxylic acid dianions, 3290 

Anisidine, o- and p-, from the deoxygenation of nitrosobenzene by 
triethyl phosphite, 295

Anisole derivatives, conformation analysis of, 2747 
Anisole-a-d0, p-methyl-, solvent effects on the energy of the prin

cipal electronic transition of, 239 
Anisotropic effects, of the epoxy group, 809
1-p-Anisyl-l-bromoethane, reaction with a pyridinone, reductive 

alkylation, 1709
0- Anisyllithium, photolysis of, 3331
Annelation reaction, Robinson, with 3-penten-2-one, 178 
Anodic decarboxylation, of glycidic acids, 3232 
Anodic oxidation, cyanomethoxylation of 2,5-dimethylfuran, 

1523; of cyclopropanes, 1771; of 2,5-dimethyl thiophene, 
3673; of perylene, 4050

Anthracene, 1,4-benzylation of, 2860; 9,10-dihydro-, reaction 
with mixed sulfonic-carboxylic anhydrides, 540; 9-nitro-, 
addition of active methylene and methine compounds to, 
2327; 2,3,6,7-tetramethoxy-9,10-dihydro-, question of ring 
inversion in, 2723

Anthracenes, 9-fluoro-, prepn of, 1140; novel synthesis of, 3002 
Anthranilamide, self-condensation of, 642 
Anthrone, thiophene analogs, tautomerism in, 3999, 4004
9-Anthrone oximes, 1-substituted, prepn of, 2327 
9-Anthroxy, a protecting group removable by singlet oxygen oxi

dation, 4134
Antibiotic, lincomycin, cleavage of, 596; nogalamycin, structure 

of the sugar nogalose, 2670; X-537A, nitration and conversion 
of, 3621

Antimony pentachloride, use in the chlorination of adamantane, 
3138

Antioxidant in biological systems, selenomethionine, 2561 
Aporphines, phenolic, uv of, 3253; photochemical synthesis of, 

2413
D-Arabinofuranoses, anomeric, 2,3,5-tri-O-benzyl-l-O-p-nitroben- 

zoyl-, reaction with HC1, 3598
Arenes, fluoro-, from photolysis of aryldiazonium salts, 631 
Aromatic compounds, activated, reaction with acetylsulfenyl 

chloride, 3546; alkyl-, addition to conjugated hydrocarbons, 
2299; N ,X'-dimethylhydrazo, rearrangements of, 2787; ethers 
and hydrocarbons, reaction with mixed sulfonic-carboxylic 
anhydrides, 540; ketones, lithium-ammonia reduction to 
aromatic hydrocarbons, 2588; nitro, photoexcited, reactions of 
cyanide ion with, 3762; nitro, reduction by dihydroflavins, 
1389; nitro, reduction with sodium borohydride, 803; ortho 
substituted, 1SC -H  coupling constants in study of, 2201; poly
cyclic, novel synthesis of, 3002; polycyclic, synthesis, 2053; 
reaction of thianthrenium perchlorate with, 2923 

Aromatic demethoxylation, in the cyclization of 3-(/?-dialkoxy- 
arylethylamino)phthalides to 2,3-dihydro-7ii-dibenzo[de,6]- 
quinolines, 1413

Aromatic hydroxylation, with hydrogen peroxide-aluminum 
chloride, 3184

Aromatic molecules, alkali metals as hydrogenation catalysts 
for, 694

Aromatic reactivity, ring strain effects on, 227 
Aromatic substitution, during deoxygenation, nucleophilic, 

295; electrophilic, ester directed, 689; electrophilic, relative 
leaving abilities and isotope effects, 420; nucleophilic, 1544, 
1749; palladium (II) catalyzed, 1886; substituent effects of 
positive poles in, 1745 

Aromatic systems, photooxidation of, 1765
Aromatization, of cyclopropene adducts, approach to the naph- 

tho[b]cyclopropene system, 1419; of 7-norbornadienone ketals, 
1996

Aroylations, of 2-acetonylquinoline, 354
1- Aroyl-2,2-dimethylaziridines, substituent effects in the pyro

lytic isomerization of, 3907
Artemisia triene, from thermal decomposition of chrysanthemyl 

oxalate, 1968
a-Arylamino-iV-arylnitrones, formation of, 634
2- Arylaminoethanols, prepn of, 3071 
l-Aryl-2-(arenesuifonyl)ethenes, prepn of, 2536
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Arylation, of pyridine and pyridine N -oxide and the effect of 
localization energy and temperature on arylation patterns, 
1526

Aryl azides, mass spectra of, 3796 
Ar-Arylaziridines, syntheses of, 3071 
Arylazonaphthols, tautomer dimerization of, 3838, 3842
3- Aryl-3-buten-l-ols, pyrolysis of, 1755 
Aryldiazonium salts, photolysis of, 631
5- Aryl-577-dibenziodoles, electrophilic and homolytic cleavage 

of, 4055
4- Aryl-2,3-dihydro-2(17/)-benzazepines, synthesis, 461
Aryl glucuronides, improved Koenigs-Knorr synthesis of, 863 
Aryl-group migration, during chromic acid oxidation of l,l-d i(p - 

iodophenyl)ethane, 573
2-Arylhexafluoroisopropyl glycidyl ethers, reaction with dibutyl- 

amine, 1209
Aryl hydrodisulfides, prepn of, 3677
N -Arylimidic esters, kinetics and mechanism of hydrolysis of, 

162
Aryliodine dicarboxylates, radical-induced decomposition of, 

1531
Arylketene cycloadditions, stereochemistry of, 1486
IV-Arylmaleimides, addition to the acridizinium ion, 3778 
a-Arylneopentylammonium salts, rearrangements of, 984
l-Aryl-4-(2-quinolyl)-l,3-butanediones, synthesis and reactions 

of, 354
Aryl rings, in cis-l,2-diarylcyclopentanes and diarylmethylcyelo- 

butanes, restricted rotation of, 565 
Aryltriazenofumarates, prepn of, 2520
Aryne intermediate, in the ferrocene series, evidence for, 4068 
Aryne reactions, in amine solvents, synthesis of A-alkylanilines, 

3252; in primary aliphatic amine solvent, use in synthesis of 
A'-alkylanilines, 1841

Asparagine, 2,4-dimethoxybenzyl as a protecting group for, 
3966

Aspergillus glaucus, structure and synthesis of kotanin and des- 
methylkotanin from, 1143 

Asymmetric synthesis, from ephedrine, 2253, 2256 
Atiserene, partial synthesis of, 2625
Autoxidation, of cyclohexene with ¿erf-butyl hydroperoxide and 

chrom ium(III) acetylacetonate, 4078; of hydrocarbons, by
1,1 '-bis (A-phenyl-2-naphthy lamine), 1214 

Aza-aromatic systems, nonpyridinoid, studies in, 2065, 3376
6- Azabicyclo[3.2.1]oct-2-ene, formation of, 442
7- Azabicyclo[4.2.0Joct-3-ene, rearrangement of, 442
4- Azabishomoadamantan-5-one, formation of, 2454 
Azacyclobutadienes, attempted synthesis of, 435
1-Aza- 2,4,6-cyclooctatriene-7 - azabicyclo [4.2.0] octadiene va

lence tautomeric equilibrium, 435
5- Azaindolizine, protonation of, 3087
cis-2-Aza-3-oxo-4^oxabicyclo[4.1.0]heptane, synthesis of, 3356 
«s-2-Aza-3-oxo-4-oxabieyclo [4.2.0] octane, synthesis of, 3356
8- Azapurines, new approach to synthesis of nucleosides of, 1962 
Azasemibulvalene, intermediate in thermal decomposition of 5-

( 1-naphthyl )-5-azido-577-dibenzo [a,d]cycloheptene, 1045 
l-Aza-2^silacyclopentanes, prepn of, 3120 
15-Aza steroid, synthesis of, 1599
Azepine, 377-, 4,5-dihydro-2-ethoxy-4,4,6-trimethyl-, photochem

ical valence isomerization of, 1934; Azepine, ring expansion 
of a 1,2-dihydropyridine to an, 978 

Azetes, attempted synthesis of, 435 
Azetidines, activation parameters for, 1309 
Azetidinium tosylate, of an androstene compound, 1386 
Azetidinone, from reaction of tetramethylallene with sulfonyl 

isocyanate, 2225
Azetidinones, 2-, 3-alkoxy-l-(trichloroacetyl)-, prepn of, 2228; 

2-, NH , prepn of, 2841; synthesis of, 2205
1- Azetine derivative, photochemical formation from a hetero

diene, 1934
Azides, ary], mass spectra of, 3796; aryl, reactions with sulfonium 

ylides, 2520; 2,2-dinitroalkyl, properties of, 806; p-toluenesul- 
fonyl, reaction with acetone azine, 3629 

a-Azidochalcone, prepn of, 258 
2'-Azido-2'-deoxyuridine, synthesis of, 250
5-Azido-577-dibenzo[o,d]cycloheptenes, photochemistry of, 2681;

thermal decomposition of, 1045 
Azidoformate, ¿erf-butyl, direct prepn of, 2387
2- Azido-3-nitronaphthalene, photolysis and pyrolysis of, 3464 
1-Azidonorbornane, prepn and decomposition of, 2864

a-Azidovinyl ketones, synthesis from iodine azide adducts of 
a,/S-unsaturated ketones, 258

Aziridine, iV-chlorobenzovlphenyl-, invertomers of, 230; indano- 
[1,2-6], thermally disallowed valence tautomerization of, 
1405; 2-vinyl-, reactions of derivatives of 3076 

1-Aziridinecarboximidoyl chlorides, JV-aryl-, isomerization to N -  
(2-chloroalkyl)-lV-aryl carbodiimides, 2142 

Aziridines, activation parameters for, 1309; l-alkyl-2-aryl-3 
carbo-, nmr and nitrogen inversion in, 3911; aromatic, alkali 
metal reduction of, 330; l-aroyl-2,2-dimethyl-, pyrolytic isom
erization of, 3907; A-aryl-, syntheses of, 3071; l-benzoyl-2,2- 
dichloro-, 3-monosubstituted, 1937; bicyclic fused, synthesis 
and nmr of, 31; 2,3-dialkyl-, reaction with carbon disulfide, 
1068; f/em-dichloro-, in prepn of amidines, 3627; as inter
mediates in synthesis of l,4-benzodiazepin-5-ones, 777; sub
stituted, solvent effects in the nmr of, 1107 

Azo or azoxy derivatives, from the reduction of aromatic nitro 
compounds with sodium borohydride, 803 

Azobenzene, reaction with triphenylphosphine, 3994 
Azobenzenes, base-catalyzed synthesis of, mechanism of, 170 
4,4'-Azobis-4-cyano-l-methylpiperidine, decomposition of, 4046 
Azocine, novel synthesis of, 2681 
Azocine series, valence tautomeric equilibria in, 435 
Azo compounds, synthesis and decomposition of 3,3'-diphenyl- 

5,5'-bi-l-pyrazoline, 975 
Azodibenzenesulfonates, prepn of, 3816 
cis-Azo dienophile, the s-triazolone ring system, 518 
Azo and hydrazo sulfides and sulfoxides, prepn of, 2887 
Azomethine dyes, prepn of, 3497 
Azomethines, adducts with dimethylketene, 2211 
Azoniaanthracene, ketene acetal adducts of, 2991; 4a-, reaction 

with benzyne, 2995
Azonitriles, decomposition rates and efficiencies of radical pro

duction, 4046
Azoxybenzene, reaction with benzene, benzene-(4, and cyclo

hexane at 600°, 3878; reduction by dihydroflavins, 1389 
Azulenoids, a new class of aromatic nonalternant hydrocarbons, 

3418

Baeyer-Villiger oxidation, of 2/3-acetyl-l-norcholestane, 2400; 
reaction with 2-arylmethylene-3-quinuclidinones, 390; of 
tricyclo[3.2.1.03'6]octan-7-one, 3350 

Barbituric acid derivatives, synthesis of, 2407 
Base-catalyzed addition, of alkyl aromatics to conjugated hy

drocarbons, 2299
Base-catalyzed condensation, of nitrobenzene with benzhydra- 

zide, 2008
Base-catalyzed conversion, of nitriles to amides by hydrogen 

peroxide, 3048
Base-catalyzed (i elimination from 2-butyl halides, 662 
Base-catalyzed interactions of 8-substituted 6,7-dimethyllum- 

azines, 3937
Base-catalyzed reactions, intramolecular nucleophilic cycliza- 

tions of alkenylpyridines, 2308; of methyl a-cyano-/3-(2-thi- 
enyl)acrylate, 2196; of iV-methyl-2-pyrrolidinone and N -  
methyl-2-piperidone with olefins and diolefins, 2311 

Base-catalyzed rearrangement, of w-bromolongifolene, 3455 
Base-catalyzed synthesis of azobenzenes, mechanism of, 170 
Base-induced eliminations, of phenyl 2-pentyl sulfones, 1898 
Base-induced reactions, of methylenecyclobutane derivatives, 

1024
Base-induced rearrangment, of epoxides to allylic alcohols, 1365 
Base-promoted reactions, of epoxides, 510
Base-promoted rearrangements, of a-arylneopentylammonium 

salts, 984
Bases, reaction with chloromethylquinazolin-4-ones, 777 
Basicities, of amino groups in h-dimethylaminoalkylamines, 

2926
Basicity of pyridine, substituent effects on, 2284 
Beckmann rearrangement, of the homoadamantan-4-one sys

tem, 2454; of ketoximes, use of Lewis base-sulfur trioxide 
complexes, 2159; of phenacyl bromide oxime, 2023 

Benz [c] acridines, anomalous diborane reductions of, 3067 
Benzal chloride derivatives, from chlorination of benzaldoximes, 

2146
Benzaldehyde, acetal of, effect of pressure on, 200; Hammick 

reaction with pyridine-2-carboxylic acids, 2002 
Benzaldehyde phenylhydrazone formation, kinetics of, 3412 
Benzaldehydes, use in novel synthesis of benzylamines, 1710
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Benzaldoximes, chlorination in chloroform and methylene chlo
ride, 2146

Benzamides, nitrogen-15 exchange with ammonia, 3587 
Benzamidine, condensation with 1,3-indandiones, 3382 
Benz[o]anthracene, 7,2-dimethyl-, mew synthesis of, 966; 6- and

10-methyl-, separation by alumina and a synthetic polymer, 
2606

Benz [a] anthracenes, 1-aryl-, use in synthesis of polycyclic aro
matic compounds, 2053

Benzazepine derivatives, from reaction of l-acetyl-3-piperidino- 
indole with acetylenic esters, 645

2(lif)-Benzazepmes, 4-ary 1-2,3-dihydro- and 2,3,4,5-tetrahydro-, 
new synthesis of, 461

3-Benzazepinium salts, 4,5-dihydro-177-1,4-methano-, synthesis 
of, 491

3-Benzazocine-l,4-dione, 3,6-dimethyl-l,2,3,4,5,6-hexahydro-2,6- 
methano-, synthesis of, 607

Benzene, alkylation using the tungsten hexachloride and ethyl- 
aluminum dichloride cocatalyst system, 2951; reaction with 
pyrosulfuryl fluoride, 940; reactions with nitrosobenzene and 
azoxybenzene at 600°, 3878; and toluene, isopropylations of, 
2753

Benzenediazonium tetrafluoroborate, electrolytic reduction of, 
1526

Benzenediazo sulfides, cis-trans isomerization of, 2194 
Benzenes, l,4^bis(2,3-diphenyloxiranyl)-, prepn, characteriza

tion, and photofragmentation of, 2956; dihalo-, reactions with 
potassium amide in ammonia, 184; substituted, nature of the 
ortho effect, 260, 266; substituted, reaction with xenon di
fluoride, 2917; thia-, prepn and properties of, 791; 2,4,6-tri 
cyano-, interaction with ly ate ions, 2333 

Benzenesulfonamide, anions, reactivity with methyl iodide in 
methanol, 1659

Benzenesulfonyl fluoride, prepn of, 940 
Benzhydrazide, condensation with nitrosobenzene, 2008 
Benzhydroxamic chloride derivatives, from chlorination of benz

aldoximes, 2146; pyrolysis of, 2155 
Benzhydryl chlorides, phenyl-substituted, methanolysis, 2724 
Benzil, reaction with dimethylketene, 2222; from reaction of 

tolan with iodine-peracetic acid mixture, 2164; reaction with 
trialkyl phosphites, kinetics, 2584 

Benzil dianil, reduction of, 2516
Benzilic acid type rearrangement, in the prepn of 3-oxazoline- 

2( l i f ) - 2-thiones, 2886
Benzimidazole, 2-amino-, methylation of, 3469 
Benzimidazolones, 1,3-diaroyl-, from the photolysis of quinoxa- 

line di-iV-oxides, 514
Benz[o]indeno[l,2-c]fluorene-9,14-dione, prepn of, 1116 
10//-Benz[6]indeno[2, l-d\ thiphene, synthesis, 3995
2.1- Benzisoxazoline, hexahydro-, stereochemistry of formation 

of, 2440
1.2- Benzisoxazolinones, photochemical rearrangements of, 1088
2.3- Benzo-7-azabicyclo[4.3.0]nonane-4,8-dione, 1,7-dimethyl-, 

synthesis of, 607
Benzo [7,8] bicyclo [4.2.1] nonen-9(exo)-yl p-bromobenzenesulfo-

nate, solvolyses of, 2777
Benzobicyclo [2.2.2] octen-2(exo and endo)-yl derivatives, sub

stituent effects on solvolyses of, 425 
Benzocyclobutene, derivative, unique formation of, 1483; molec

ular orbital treatment of ring strain effects, 227
1.4- Benzodiazepines, 4-hydroxy-5-phenyltetrahydro-, ring con

traction to tetrahydroquinoxalines, 1248; rearrangement of, 
1465; studies related to, 1064

1.4- Benzodiazepin-5-ones, prepn of, 777
Benzodithiophenes, synthesis and keto-enol tautomerism in, 

4004
3-Benzofuranols, from photolysis of substituted benzophenones, 

1808
Benzofurans, 3-hydroxy-2-methyl-2,3-dihydro-, stereoisomers of, 

1805; perhydro-, cis- and trans-, synthesis of, 846 
Benzofurazan oxide, reaction with aroylacetophenones to form 

quinoxaline di-iV-oxides, 514 
Benzofurazan 1-oxide, reaction with enamines, 1842 
Benzohydroxamic acid, alkylation of, 284
Benzoic acid, 2-nitro-5-thio-, synthesis of, 2727; reaction with 

pyrosulfuryl fluoride, 940
Benzoic acids, deactivated, reaction with formaldehyde, 689
o-Benzoic sulfimides, prepn of, 1843
Benzoin, sodium salt, reaction with vinylphosphonium salts, 

2244

l,2-Benzoisothiazolin-3-one 1,1-dioxides, prepn of, 1843 
Benzomorphan analgesics, synthetic studies related to, 607 
Benzonorbornadiene, addition of butyflithiums to, 2874 ; 2,3-, 

thermal rearrangement of, 2080
Benzonorbornadienes, formation of, 3979; photorearrangement 

of, 2057
7-Benzonorbornenone, convenient route to, 1996
9-Benzonorbornenone, esr of semidiones from reduction of, 1559 
4/7-Benzo [1,10] phenanthro[3,4-c] thiophene, synthesis of, 2683 
Benzo[6]phenazines, 6-phenyl-, synthesis of, 479 
Benzophenone, 5-chloro-2-(l,2,2-triacetyl-l-hydrazinylmethyl- 

eneamino)-, synthesis of, 782; diethyl ketal, search for 
general acid catalysis of, 2357; hydrogenolysis of, 737; li
thium-ammonia reduction to diphenylmethane, 2588; oxime 
anion, phénylation of, 1780; photoreduction of, effects of 4- 
alkyl substitution on, 861; from reaction of diazodiphenyl- 
methane with peroxybenzoic acid, 3774 

Benzophenones, mass spectral cleavage of, 137; photolysis of, 
1808

Benzo [kjphosphinolinium salts, l-ethyl-l,2,3,4-tetrahydro-l- 
phenyl-, synthesis and resolution of, 2791 

2ff-l-Benzopyrari, 2-methyl-, prepn of, 4028 
Benzo [6] [l]pyrindine, reactions of the anion of, 3376; synthesis 

and tautomeric character of, 2065
1.4- Benzoquinoid systems, 2,5-heterosubstituted, borylation of, 

1161
p-Benzoquinone, reaction with dimethylketene, 2216 
Benzothiadiazepine, rearrangement of a, 2190
1.2.4- Benzothiadiazine 1,1-dioxide, ring expansion of, 2968
2.1.3- Benzothiadiazole series, anomalous nitration, 207
1.3- Benzothiazines, condensed, 2190
Benzothiazole-2-thiol, Michael and Mannich reactions with, 636 
Benzothiazoline-2-thiones, N-substituted, prepn of, 636 
Benzo[6]thien-2-vl group, in l,2-di(hetaryl)ethenes, photolysis 

of, 2797
Benzo [c] thiophene, simple synthetic route to, 3932 
Benzo [6] thiophenes, photochemical addition of acetylenes to, 

3755
Benzotriehloride, dechlorination by metals, 3517
1.2- Benzotropilidene, from the thermal rearrangement of 2,3- 

benzonorbornadiene, 2080
4,5-Benzotropolone, improved synthesis of, 2780
1.4- Benzoxazepines, 5-phenyl-2,3,4,5-tetrahydro-, synthesis of, 

305
1.3- Benzoxazine-2,4-dione, 3-(A’-ethylacetamido)-, prepn of, 157
1.4- Benzoxazines, reactions of, 2449
4if-3,l-Benzoxazin-4-one, 2-phenyl-, from the photoisomeriza

tion of 2-phenylisatogen, 224
Benzoxazole, 2-carbethoxymethyl-5-nitro-, prepn of, 2449 
Benzoxazolinone, 6-methoxy-, improved prepn of] 2004; photo

chemical formation of, 1088
Benzoylation, of 3-monosubstituted l-benzoyl-2,2-dichloroaziri- 

dines, 1937
0- Benzoylbenzhydroxamic chloride derivatives, from pyrolysis 

of benzhydroxamic chloride derivatives, 2155
2'-Benzoyl-4'-chloroanilides, reaction with hydrazine, 782
1- Benzoyl-2,2-dichloroaziridines, 3-monosubstituted, 1937 
Benzoylferrocene, Clemmensen reduction products of, 761 
Benzoyl isocyanate, reaction with phosphonium ylide, 2029 
Benzoyl isothiocyanate, reaction with ethyl /3-dimethylamino-

crotonate, 2602
Benzoyl peroxide, reaction with indoles, 458
Benzoyl peroxides, in decomposition of aryliodine dicarboxylates, 

1531
Benzoylphenylaeetanilide derivatives, formation of, 1685 
imns-fl-Benzoyl-7-phenylallyl halides, rearrangement-substitu

tion reactions of, 3918
5-Benzoyl-2,2,2,5-tetraphenyloxa-2-phospholanes, 3- and 4-sub- 

stituted, prepn and reactions of, 2244 
Benzyl alcohols, reaction with cyclic trans carbonate, 3126 
Benzylamine, N-methyl- and N-phenyl-, metalation with w-butyl- 

lithium, 1607
Benzylamines, formic acid-formaldehyde methylation of, 829;

novel synthesis from  benzaldehydes, 1710 
Benzyl 2-amino-4,6,-0-benzylidene-2-deoxy-D-glucopyranosides, 

reactions of, 1079, 1085
Benzylammonium ion rearrangements, with organolithium, 1217 
Benzylammonium salts, photolysis of, 3112
1.4- Benzylation, of anthracene, 2860
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iV-Benzyl-3-carbamylpyridinium AT,iV-dimethyldithiocarbamate, 
prepn of, 525

Benzyl a-chloro-a,a-diphenyl-o-tolyl ether, fragmentation of,
2508

Benzyl cyanides, oxidative coupling of, 3160 
iV-Benzyl-3-cyanopyridinium bromide, kinetics of hydrolysis of, 

1661
iV-Benzyldiethylaniine, in the catalysis of the hydrolysis of an 

aryl sulfinyl sulfone, 2291
Ar-BenzyI-l,4-dihydronicotinamide, use in redox cleavage of 

tetramethylthiuram disulfide, 525 
Benzyl ethers and amines, photochemical formation of, 3112 
Benzyl halides, kinetics of the reaction with pyridine, 1792 
Benzyl o-hydroxycarbanilate, reaction with acid chlorides or 

anhydrides, 3130
Benzylideneacetone, a-azido-, prepn of, 258 
Benzylideneanilines, kinetics of hydrolysis of, 1345
4- Benzylidene-2-methyl-2-oxazolin-5-one, synthesis of, 1073
6-Benzylidenepyrido[2,l-a]isoindolium salts, prepn of, 1603 
JV-Benzylisoquinolinium 4-dithiocarboxvlate adducts, from N -

benzylisoquinolinium halides and carbon disulfide, 627 
iV-Benzylisoquinolinium halides, adducts with hydroxide and 

carbon disulfide, 3156; and carbon disulfide, adducts from, 627 
Benzylmethylphenylphosphine oxide, prepn of, 335 
lV-(Benzyloxycarbonyl)alanine, racemic, resolutions of, 1580 
2-(Benzyloxy)-4-(dodecyloxy)benzophenone, photolysis of, 1808 
Benzyloxy ethers, mass spectra of, 3526
1- Benzyl-l-phenylphospholanium bromide, hydroxide decom

position of, 3226
2- Benzyl-4-quinazolinone, formation of, 642 
Benzyl radicals, «-substituted, coupling of, 3575 
Benzylsilanes, substituted, mass spectra of, 933
5- Benzyl sulfides, in synthesis of a,«-dichlorosulfenyl chlorides, 

3145
1-Benzyltetralin, prepn of, 3342 
«-Benzylthioacetophenone, photoelimination of, 3550
3- Benzylthiophene, metalation of, 1053
Benzyne, addition, to A^lV-dimethylbenzylamine, 1222; cyclo

addition to cyclopentadienes and cyclopentadienyl Grignard 
reagents, 3979; photochemically generated, 1536; reaction 
with 4o-azoniaanthracene, 2995; reaction with 1,1-dimethyl-
2,5-diphenyl-l-silacyclopentadiene, 1626; in solution, attempts 
to generate, 2905

Benzyne reaction, of o-halobenzenes with acetonitrile or phenyl- 
acetonitrile in organic solvents, 327 

Bergmann-Schlenk adducts, chemical synthesis with, 2516 
Bersama abyssinica, cytotoxic bufadienolides from, 2611 
Berscillogenin, structure of, 2611 
Bersenogenin, structure of, 2611 
Betaines, phosphonium, prepn and reactions of, 1489 
Bethamethasone 17,21-orthobenzoate, isolation of, 2903 
Beyerane diterpenes, rearrangements of, 3722 
Beyeran-19-oic acid, ent-lS-oxo-, modifications of, 2625 
Biacenedione, formation of, 745
Bicyclic alcohols, from cyclization of luciferin aldehyde, 1195;

oxidation in diethyl ether with aqueous chromic acid, 387 
Bicyclic Claisen rearrangement, of 2,6-dimethyl-4-pyrone- 

alkyne photoadducts, 910
Bicyclic dinitropropenides, oxidation to isoxazoline N -oxides, 

3059
Bicyclic enamines and iminium salts, studies of, 491 
Bicyclic enone, from Robinson annelation reaction, 178 
Bicyclic fused aziridines, synthesis and nmr of, 31 
Bicyclic immonium zwitterions, stable, from enamines and sym- 

trinitrobenzene, 856
Bicyclic ketones, stereoselective reduction with lithium tn-tert- 

butoxyaluminum hydride, 197 
Bicyclic lactams, prepn of, 450
Bicyclic nitroso chloride dimers, lithium aluminum hydride, re

duction of, 2534
Bicyclobutane, derivatives of, 1882 
Bicyclo[4.4.0]decanebarbiturie acid derivative, 2407 
Bicyclo[4.3.1]decane, 3,10-diaza-, conformation of, 2061 
Bicyclo [4.4.0] decanes, l,2-epoxy-2-methyl-3-methylene-, syn

thesis and thermal rearrangement of, 2855 
Bicyclo[5.3.0]dec-l(7)-ene, synthesis of, 2035 
Bicyclo [ra.2.0]dicarboxylates, synthesis from maleic acid de

rivatives of ethylene, 3768
Bicyclo[2.2.1]heptadiene, addition of deuterium chloride to, 

2769

Bicyclo[3.1.1]heptane, ring contraction to a bicyclo[2.1.1]-
hexane, 412

Bicyclo[4.1.0]heptane, anodic oxidation of, 1771; cis-2-aza-3- 
oxo-4-oxa-, synthesis of, 3356; 3-ferf-butyl-7,7-dibromo-, reac
tion with methyllithium, 1877 ; reaction with hydrogen chlo
ride, 901

Bicyclo[2.2.1]heptane-2,3-dicarboxylic acid lactone, endo-cis-
5-hydroxy-, prepn of, 1714

Bicyclo[2.2.ljheptanol-2, 2-benzyl-l,3,3-trimethyl- and 2-ben- 
zyl-3,3-dimethyl-, bromination of, 2030; dehydration in the 
mass spectrometer, 3057

Bicyclo [3.2.0] heptanone, 2-tosyldiaza-, rearrangement of, 2676 
Bicyclo[2.2.1]heptene, lithium diethylamide isomerization to 

nortricyclanol, 510
Bicyclo[2.2.1]hept-5-ene, 2,2,4-trimethyl-7-methylene-, forma

tion of, 1017
Bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride, 745 
Bicyclo [3.2.0] hept-6-ene oxide, Lewis acid rearrangement of, 1697 
Bicyclo [3.2.0] hept-2-en-6-one, 7,7-dichloro-, hydrolysis of, 2780 
Bicyclo [3.2.0] heptenyl system, acid-catalyzed rearrangements of, 

1017
Bicyclo[2.2.1]heptyl bridgehead ketol, synthesis of compound 

related to, 1075
Bicyelo[2.1.1]hexane, (+)-2«-acetyl-5,5-dimethyl-, prepn of, 

412
Bicyclo [3.1.0] hexane, anodic oxidation of, 1771 
Bicyclo[3.1.0]hexan-3-one derivatives, from reaction of di- 

methylketene and a-dicarbonyl compounds, 2222 
Bicyclo[3.1.0]hex-2-ene, 6-carboxy-6-methyl-, prepn of, 2033 
Bicyclo[3.1.0]hex-3-en-2-ol, 6,6-diphenyl-, irradiation of, 2384 
3,3'-Bicyclohexenyl, 2,2'-dibromo-, prepn of, 1694 
Bicyclo[3.1.0]hexyl and bicyclo[3.1.0]hexylidene systems, reac

tive intermediates in, 905
iV-«a;o-6-Bicyclo[3.1.0]hexyl-p-bromosulfonamide, X -ray dif

fraction studies of, 2929
Bicyclo[3.3.1]nona-2,6-diene, formation of, 3342 
Bicyclo[4.3.0]nona-3,7-diene, l,8-diphenyl-3,4,9,9-tetramethyl- 

9-sila-, prepn of, 1626
Bicyclo[4.3.0]nonane, 7-aza-8-oxa-, synthesis of, 2440 
Bicyclo [4.3.0] nonanebarbituric acid derivatives, 2407 
Bicyclo [6.1.0]nonanones, photochemistry, 1428, 1434 
Bicyclo [4.2.1 ] nonen-9(exo)-yl p-bromobenzenesulfonate, solvol- 

yses of, 2777
Bicyclo[3.3.1]non-6-ene-3-aldehyde and -iso-propyl alcohol, 

3460
Bicyclo[3.3.0]-l,4-octadiene, 2-methyl-3-oxa-8-thia-, structure of 

kahweofuran, 199
Bicyclo[2.2.2]octane, chromic acid oxidation of, 1198; N ,N '~  

diaryl-2,5-diaza-3,6-dioxo-, 501; 2,5-diphenyl-2,5-diaza-, for
mation of, 3361; 2- and 3-keto-5-endo-(2-imidazolyl)-, syn
thesis of, 2609; l-methoxy-2-aza-, from the decomposition of 
1-azidonorbornane, 2864 

Bicyclo[3.2.1]octane, 8-oxa-, prepn of, 19
Bicyclo[3.3.0]octane, 2-acetyl-6-chloro-, from acetylation of

1,5-cyclooctadiene, 670
Bicyclo[3.2.ljoctane, eredo-4-bromo-6-thia-, synthesis of, 855 
Bicyclo [4.2.0] octane, cfs-2-aza-3-oxo-4-oxa-, synthesis of, 3356 
Bicyclo [5.1.0] octane, 1-methyl-, synthesis of, 2315 
Bicyclo[3.2.1]octane-l-methyl p-bromobenzenesulfonate, 6-oxa-, 

acetolysis of, 504
ea;o-Bicyclo[3.2.1]octan-6-on-3-yl tosylate, base-catalyzed ring 

closure of, 3350
Bicyclo [2.2.2] octatriene, dibenzo-, comparison of reactivity with 

dehydrojanusene, 1849
Bicyclo [2.2.2] oct-2-ene, derivatives, nmr and mass spectra of, 

1871
Bicyclo[3.2.1]oct-2-ene, 6,8-dioxa-, formation and isomerization 

of, 1311; formation of, 1554 
Bicyclo [3.2. l]oct-3-ene, 6-thia-, synthesis of, 855 
Bicyclo [4.2.0] oct-3-ene, 7-aza-, rearrangement of, 442 
Bicyclo[2.2.2]octene oxide, isomerization of, 510 
Bi-2,4-cyelopentadien-l-yl, decachloro-, isomerization and 

chlorination of, 676
Bieyclo[2.1.0]pentane, derivatives of, 1882; reaction with hy

drogen chloride, 901
Biimidazole, hexaaryl-, flash photolysis of, 2272 
Biimidazole-sensitized photooxidation of leuco triphenylmethane 

dyes, 2275
A3 3 '-Bi-3//-indazole, prepn of, 1563
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Biogenetically patterned synthesis, of (±)-cherylline, 1827 
Biogenetic-like rearrangements, of tetracyclic diterpenes, 3722 
Biologically oriented organic sulfur chemistry, 309
1.1- Biphenylene-2-methylcyclopropane, synthesis and reductive 

cleavage of, 1036
Biphenyl-related compounds, series, polarographic reduction po

tentials of, 666
Biphenyls, synthesis by oxidative coupling of organocuprates, 

1143
trans-Biphthalyl, photochemical formation of, 615 
Bis(aminoalkyl)disulfide thiosulfuric acid salts, prepn of, 3681
1.4- Bisbiphenylene-l,3-butadiene, protonation and méthylation 

of dianion derived from, 240
Bisbutenolide, ancepsenolide, from Pterogorgia guadalupensis, 719 
Biscarbamyl and bisthiocarbamylhydrazones, of malondialde- 

hyde, cyclization of, 3895
Bischler-Napieralski reaction, use in synthesis of thalictrum 

alkaloids, 2409
jrem-Bis(difluoramino)ketones, synthesis of, 1148 
Bis-2,4-dinitrophenyl phosphate, inhibition of hydrolysis by a 

nonionic detergent, 2571
1.4- Bis(2,3-diphenyloxiranyl)benzenes, prepn; characterization, 

and photofragmentation of, 2956,
Bisdithiocarbamic anhydrides, phthaloic, photochemical trans

formations, 615
A,,A7-Bis(2-fl>ioro-2,2-dinitroethyl)-.V-alkylamines, synthesis of, 

2138
Bis(5-hexenoyl) peroxide, thermal decomposition of, 174 
m,ci's-Bis(2-hydroxycyclohexyl) disulfide, prepn. of, 591 
3,3'-Bisindolylmethane, prepn of, 3861
1.1- Bis(methylthio)eyclohexane, photochemistry of, 3971 
Bisnoradamantan-l-ol, synthesis of, 4125 
Bisnorallocholanes, 20-substituted, rearrangement of, 716
1,1 '-Bis(jV-phenyl-2-naphthylamine), use in inhibition of hydro

carbon autoxidation, 1214
Bisphosphonium salt, use in the W ittig  reaction, 2026 
13,14-Bis(2-pyridyl)pentaphene, prepn of, 2995 
Bis-A3-l,3,4-thiadiazolines, from the addition of diazomethane to 

dithiones, 3885
1.4- Bis(p-tolylsulfonyl)hexahydro-6-hydroxy-177-l,4-diazepine, 

prepn of, 1711
1.4- Bis(p-tolylsulf onyl )-2-hydroxymethylpiperazine, 1711 
Bisulfites, aromatic aldehyde, reaction with ( — )-ephedrine, 2253 
Bithiabenzene analog, one-electron reduction and dispropor

tionation of, 794
Blocking groups, introduction into nucleosides, 2809 
Boll weevil sex attractant, synthesis of compounds comprising 

the, 2616
Bornane, 2-exo-hydroxy-3-exo-amino-, deamination of, 2552 
Borane-dimethyl sulfide, a convenient hydroborating agent, 2388 
Boranes and borates, amino-, nB chemical shifts of, 1300 
Borneol, 3-benzyloxyphenyl-, in synthesis of fràns-isobornyl- 

cyclohexanol, 358
Bornylene oxide, isomerization to camphor, 510 
Borohydride reduction, of a nitrophenoxy ester, Smiles rear

rangement on, 1171 
Boron, transfer reactions of, 1790
Boron-11 chemical shifts, in aminoboranes and borates, 1300 
Boron hydrides, stable hydride Meisenheimer adducts, 937 
Boron photochemistry, photocyclization of anilinoboranes, 

3821 ; photolysis of borate complexes, 544 
Boron trifluoride etherate, removal of the terf-butyloxycarbonyl 

group of peptides with, 488
Borylation, of 2,5-heterosubstituted 1,4-jenzoquinoid systems, 

1161
Bread aroma, synthesis of 2-acetyl-l,4,5,6-tetrahydropyridine, a 

constituent of, 609 
Brevicomin, synthesis of, 2390 
Brexane, from hydrogenation of brex-4-ene, 243 
Brex-4-ene, new route to, 243 
Bridged ferrocenes, double, synthesis of, 2832 
Bridged intermediates, possible role in the photolysis of borate 

complexes, 544
Bridged polycyclic compounds, 1849, 1854, 1861, 1865, 1866 
Bridged tricyclic ketone, of the kaurene class, synthesis, 3196 
Bridgehead derivatives, alkyl, prepn by Grignard coupling, 

205; synthesis by chromic acid oxidation, 1198 
Bridgehead ketol, 3,3-dimethyl-l-hydroxynorbornan-2-one, syn

thesis of, 1075
Bridgehead nitrogen heterocycles, prepn of, 1846

Bromination, of O-alkyl oximes with ¿Y-bromosuceinimide, 3467; 
of iert-butylbenzene in trifluoroacetic acid, the meta partial 
rate factor, 1002; of cyclohex-4-ene-l,2-dicarboxylic acids, 
stereochemistry of, 142; of cycloprop[2,3]indene, free radical, 
971; of cyclopropylthiophenes, 2236; free-radical, of bicyclo- 
[2.2.1]heptanols, 2030; of methanetriacetic acid chloride, 3613; 
of photodimers of 1,4-naphthoquinone, 485; selective, in 
synthesis of dithienothiophenes, 1998 

Bromine, addition to N-sulfonyl derivatives of l,6-dimethyl-7- 
. azabicyclo [4.2.0] oct-3-ene, 442

Bromine azide, addition to 3,3,3-triphenylpropene, 2176
2-Bromoacetanilides, reaction with sodium 4-nitrophenoxide, 

1921
a-Bromoacetophenones, reaction with triphenylphosphine, 88 
Bromoacetylene, reaction with triethylamine in D M F, 3856 
a-Bromocamphor, debromination of, 1153 
1- and 2-Bromo-3,3-dimethylcyclopentene, formation of, 1031 
Bromohydrins, epoxidation of methylenecyclohexanes via, 216; 

of methylenecyclobutane, 2915
1- Bromomethylene-2,2-dimethylcyelobutane, reaction with po

tassium ieri-butoxide, 1031
Bromonaphthalene, reaction with potassium ierf-butoxide and 

iert-butyl alcohol in dimethyl sulfoxide, 318
7-Bromo /3-oxo esters, Favorskii-type rearrangement of, 414
2- (o-Bromophenyl)cyclohexylamines, cis- and trans-, 3046 
JV-Bromosuccinimide, oxidation of bicyclic dinitropropenides to

isoxazoline iV-oxides, 3059; reaction with bicyclo[2.2.1]- 
heptanols, 2030

cnrio-4-Bromo-6-thiabicyclo[3.2.1]octane, synthesis of, 855 
/3-Bromothiophenes, convenient prepn of, 2690 
Br0nsted equation, deviations from, 702 
5/3,14a-Bufa-20,22-dienolide, 3/3-acetoxy-, formation of, 3207 
Bufadienolides, cytotoxic, structures of, 2611 
Bufadienolides, synthetic studies, 3736 
Bufotalien, synthesis of, 3736 
Bunte salts, action of hydrogen sulfide on, 3681 
Buphanidrine, 6-hydroxy-, characterization of, 3202 
Butadiene, condensation with cyclopentenones, 1277; 2-ferro- 

cenyl-, Diels-Alder reactivity of, 1699; hydrogenation with 
cobalt hydrocarbonyl, 3604; reaction with copper(II) halides, 
2898; reaction of 3-methylpyridine with, 2299

1.3- Butadiene, 2,3-dimethyl-, reaction with l,l-dimethyl-2,5- 
diphenyl-l-silacyclopentadiene, 1626; palladium-catalyzed re
action with ethyl acetoacetate, 2116; perfluoro-, structure by 
electron diffraction, 920; reaction with chlorosulfonyl iso
cyanate, 2841; reaction with phenyldiazomethane, 975

Butadiene-norbornadiene codimerization, Ziegler-Natta cata
lysts in the, 1443

Butadiene oligomerization, electrochemical generation of nickel 
catalysts for, 4073

Butadienes, kinetics of reaction of methyl acrylate with, 924;
and -trienes, dianions derived from, 240 

Butanediols, 2,3-diphenyl, irradiation of, 1095
1.3- Butanediones, l-aryl-4-(2-quinolyl)-, synthesis and reactions 

of, 354
2- Butenal, 4,4-diethoxy-, synthesis from a dithiane, 366 
Butenandt acid, anhydro, structure of, 3719
1-Butene, l-chloro-4-bromo-l-phenyl-, reaction with magnesium, 

1356
Butenes, from the hydrogenation of butadiene with cobalt hydro

carbonyl, 3604
Butenolide, bis-, isolation from Pterogorgia guadalupensis, 719
3- Buten-l-ols, 3-aryl-, pyrolysis of, 1755
l-(3-Butenyl)-l,3-cyclopentadiene, use in synthesis of brex-4- 

ene, 243
/3-ieri-Butoxydicyclopropyl sulfone, synthesis of, 1015 
ierf-Butoxymagnesium bromide, in rearrangement of thietane 

dioxides, 2693
n-Butylamine, diacetyl derivative of, 735
ierf-Butyl azidoformate, direct prepn ,of, 2387; use in acylation of 

peptides, 1267
ferf-Butylbenzene, bromination in trifluoroacetic acid, 1002 
ierf-Butyl bromide, specific kinetic salt effects upon solvolysis of, 

887
4- ierf-Butylcyclohexanone, reactions of in  situ n-propylmag- 

nesium, -cadmium, and -zinc with, 186
3-f«rt-Butyl-7,7-dibromobicyclo[4.1.0]heptane, reaction with 

methyllithium, 1877



4178 J .  Org. Chem., V ol. 3 6 , N o. 2 6 , 1 9 7 1 Subject I ndex

ferf-Butyldimethylaminoborane and -trideuterioborane, activa
tion parameters for iert-butyl rotation in, 3782 

cis- and irares-4-terf-Butyl-iV,iV-dimethylcyclohexylamines, 1688
2-Butyl halides, orientation in base-catalyzed /3 elimination, 662 
ferf-Butyl hydroperoxide, reaction with sym- and unsym-phthaloyl 

chloride 2900
ferf-Butyl hydroperoxide-chromium ( I I I )  acetylacetonate, in 

autoxidation of cyclohexene, 4078 
Butyllithium, reaction with 2-methyl chloroferrocene, 4068; 

Butyllithium, use in 2-metalation of dimethylaminoethyl- 
ferrocene, 377

iert-Butyllithium, in alkylation of pyridine, 2541 
»-Butyllithium, reaction of N ,N --dimethylbenzylanilinium halides 

with, 1217; reaction with phenalenothiophenes, 2683; reaction 
with triphenylcyclopropane, 2592 

Butyllithiums, addition to benzonorbornadiene and 1,4-di- 
hydronaphthalene 1,4-endo-oxide, 2874 

»-Butyl mercaptan, reaction with p-toluenesulfinyl p-tolyl 
sulfone, 2288

ierf-Butoxy carbonyl group, removal with boron trifluoride 
etherate, 488

ieri-Butyl peroxide, solvent effects on the decomposition of, 733 
ieri-Butyl phenylperacetates, products from thermal decom

position of, 657; thermal decomposition of, 654 
Butylpyridines, 2,6-di-ferf- and 2,4,6-tri-ieri-syntheses of, 2541
8-ieri-Butyl-l-(2-pyridyl)naphthalenes, prepn of, 2986 
ieri-Butyl rotation, in ferf-butyl di methyl ami n o boran e, 3782 
2-(Ar-ieri-Butylsulfamoyl)benzoic acids, prepn of, 1843 
ieri-Butyl trimethylsilyl carbonate, prepn. and reaction of, 2954 
2V-ieri-Butyl-2,4,6-trinitrobenzamide, interaction of lyate ions 

with, 1544
1- Butyne, 3,3-bis(difluoramino)-, synthesis of, 1148; 3-phenyl-, 

prepn of, 1319
2- Butyne, hexafluoro-, addition of methanol to, 345; perfluoro-, 

structure by electron diffraction, 920
Butyrates, 4-alkoxy-, mass spectra of, 1796

Cadmium carbonate, a catalyst in the Koenigs-Knorr synthesis 
of aryl glucuronides, 863

Cadmium reagents, methyl-, and phenyl-, reaction with pyri- 
dinium ions, 772

Cage effects for geminate benzyl and ieri-butoxy radicals, pressure 
dependence of, 657

Calonectria decora, in the microbiological oxygenation of an 
octahydro-of/-cyclooct [6] indole, 2823 

Camphene derivatives, in synthesis of 3,3-dimethyl-l-hydroxy- 
norbornan-2-one, 1075

Camphene hydrochloride, specific salt effect upon rate of sol
volysis of, 887

Camphor, a-bromo-, debromination of, 1153; from the isomer
ization of bornylene oxide, 510 

(± )-Cam phor synthesis, methyl-labeled, 2324 
Cannabinol, ( — )-A9<u,-irims-tetrahydro-, synthesis of, 721 
Carbamate and carbonate derivatives, of amino sugars, 1085 
Carbamates, A',A?-(diisopropyl)-, O protonation and rearrange

ment, 3585; JV-fluorodinitroethyl-, prepn of, 2599 
Carbamoyl chloride, from reaction of chloramine and carbon 

monoxide, 858
Carbanilates, phenyl, thermal dissociation of, 2295 
Carbanion inversion, of cyclic organomagnesium compounds, 

1368
Carbanion oxyphosphonium dipoles, formation of, 553 
Carbanions, alkylation of enolates from unsymmetrical ketones, 

2361; a-chloro enolate, comparison with a-diazo ketones, 
3429; derived from phenylacetonitriles, nucleophilicities of, 
2132; of dimethyl sulfoxide, reactions of, 1742; intermediacy 
in alkali metal reductions of epoxides, ketals, and related 
heterocycles, 330

Carbene, addition to the enol ether of 17-keto steroids, 1952; 
reaction with sulfide, 1732

Carbenium ions, alkyl, from cleavage reactions of allophanates, 
3582; alkyl and aryl, prepn from olefins, 2354 

Carbenoid decomposition, of 5-norbornenecarboxaldehyde tosyl- 
hydrazones, 1554

Carbenoids, intramolecular rearrangement of, 128; with neigh
boring heteroatoms, 369

Carbethoxycarbene, reaction w ith  sulfides and a lly l compounds, 
1732

Al-Carbethoxyim inocarboxylic acid esters, syn thesis of, 3251 
Carbinolam ines, cyclic, use in synthesis of pyrid ines, 2784

Carbinols, alkylphenyl-, cerium (IV) oxidation of, 1890; cycli- 
hydration of, 1040

Carbocations, stable, studies of, 3582, 3585
Carbodiimide-sulfoxide reactions, of acids, hydroxamic acids, 

and amides, 3391 ; of amines and hydrazine derivatives, 3861 ; 
of sulfonamides, 3686

Carbodiimides, via rearrangement of aziridine carboximidoyl 
chlorides, 2142

Carboethoxyhydrazine in Mannich-type condensation with 
ethylenedinitramine, 3846

Carbohydrate chemistry, neighboring-group participation in, 
3218

Carbohydrates, synthesis of methyl glycoside of methylcuracin, 
1166; synthesis of the Tay-Sachs ganglioside, 832; thermal 
reactions of, 2809

Carbohydrate sulfonates, thioacetate displacements with, 3714
2- Carbomethoxycyclohexanone, conversion into 4-methyl-l(9)- 

octal-2-one-10-carboxylates, 178
Carbomethoxy vs. hydroxymethyl groups, directive effect in 

catalytic hydrogenation, 2577
Carbomethoxymercury compounds, photodecomposition of, 3644 
Carbonate, cyclic trans, reaction with benzyl alcohols, 3126 
Carbonates, chlorophenyl ethyl, photochemistry of, 769 
2',3'-Carbonates of 8-hydroxypurine nucleosides, 2556 
Carbon disulfide, adducts with Ar-benzylisoquinolinium halides, 

627, 3156; reaction with 2,3-dialkylaziridines, 1068; reaction 
with dialkyltin dialkoxides, 1176; reaction with a-sulfonyl 
carbanions, 237

Carbonium ion intermediates search for general acid catalysis of 
acetal and ketal hydrolysis based on stability of, 2357 ; from 
ligand transfer oxidation of alkyl radicals, 3103 

Carbonium ion rearrangements, of janusene, hemiisojanusene, 
and isojanusene derivatives, 1854 

Carbonium ions, anii-7-norbornenyl and 7-norbornadienyl cations 
from thiocyanate isomerizations, 1549; protonated alicyclic 
ethers and sulfides, 1121

Carbonium ion-silane hydride transfer reactions, 758 
Carbon monoxide, reaction with chloramine in synthesis of 

carbamoyl chloride, 858
Carbon suboxide, reaction with 2-A'-methylaminopyridine, 8 
Carbon tetrabromide and chloride, reaction with neopentyl 

a'cohol and triphenylphosphine, 403 
Carbon-14 tracer study, of the dehydrocyclization of »-heptane, 

337
5-Carbonyl amides, use in peptide chemistry, 1818 
Carbonylation, of chloramines, 858
Carbonyl compounds, cyclization with alkylthiomercaptoene- 

thioamide, 2009; cycloadditions with halogenated ketones, 
1637; from oxidative hydrolysis of 1,3-dithiane derivatives 
using Al-halosuccinimide reagents, 3553; reaction of lithium 
dimethylcarbamoylnickel carbonylate, 2721; reaction with 
a-lithiated acid salts, 1149

Carbonyl derivatives, hydrogenolysis, as a route to pure aliphatic- 
aromatic hydrocarbons, 737

Carbostyrils, 3,4-dihydro-, from the irradiation of acrylanilides, 
3975

Carboxamides, N -H , reaction with tetrakis(dimetbylamino)- 
titanium, direct prepn of, 1613

3- Carboxyacryloylhydrazines, reactions of, 3372 
Carboxybenzenediazonium salts, thermal decomposition reactions

of, 2905
3-Carboxycycloalkanones, synthesis and keto-enol equilibria in, 

955
Carboxylate inhibition, of phenylhydrazone formation, 3412 
Carboxylate moiety, ortho, in disproportionation of o-carboxy- 

phenyl disulfides, possible anchimeric involvement of, 623 
Carboxylic acid dianions, 2- and 3-unsaturated, isomerization 

of, 3290
Carboxylic acids, conversion to amides by use of triphenylphos

phine, 1305; cycloalkane-, ionization constants of, 146; 
mercapto, oxidation by iodine, 2530; metalated, addition to 
steroids, 2403; reaction with DCC-DM SO, 3391 

Carboxylic acid salts, a-lithiated, use in synthesis of 5-hydroxy 
acids, 1149

Carboxylic anhydrides, reaction with a dihydropyrazine, 4025
o-Carboxyphenyl o-carboxybenzenethiolsulfonate, reaction with 

thiols, 309
o-Carboxyphenyl disulfides, disproportionation of, 623; syn

thesis of, 309
Carboxysilanes and -germanes, studies of, 3475, 3480
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Carpesterol, chemistry of, 3946
Carvenone, photocycloaddition with cyclohexene and other 

olefins, 3334
Catalysis, of nucleophilic substitutions by micelles of dicationic 

detergents, 2346
Cations, classical norbornyl, evidence for the existence of, 340; 

cyclic 1,3-diphenylallyl, nmr of, 698; dithiazolium, reaction 
with sodium azide, 3465

CD, of /3-diketone obtained from anhydro butenandt acid, 3719; 
of oximino and amino ketones, 3659; of phenyl-2-piperidyl- 
carbinols, 3065

Cephalexin, conversion of penicillins to, 1259 
Cephalosporin antibiotics, conversion of penicillins to cephalexin, 

1259
Cerium (IV), in oxidation of organic compounds, 1890 
Chain extension of sugars, with acetylenic intermediates, 3242 
Chalcone, a-azido-, prepn of, 258 
Charge densities, of substituted benzene + 1  ions, 2917 
Chelate, zinc(II), of 6-(c*-hydroxy-/3-carbomethoxyethyl)pyr- 

roporphyrin methyl ester, 3824 
Chemical shifts, boron-11, in aminoboranes and borates, 1300 
(±)-Cherylline, biogenetically patterned synthesis of, 1827 
Chiral configuration and centers of stereoisomerization, 3293 
Chiralities, of the bridge carbon atoms of ircms-decahydro- 

quinoxalines, 3989
Chirality, of enol and ketophosphonium salt formation, 88 
Chloral, cycloadditions with ketenes, 1637 
Chloral adducts, of phospholene oxides, 1285 
Chloramination, formation of sulfur-selenium and selenium- 

selenium bonds by, 1700
Chloramine, reaction with carbon monoxide in formation of 

carbamoyl chloride, 858 
Chloramphenicol, ribosyl analogs of, 4113 
Chlorinated norbornenes, mass spectra of, 1893 
Chlorinating systems, of aromatic compounds, 3184 
Chlorination, of adamantane by ferric chloride and antimony 

pentachloride, 3138; of alkenes with trichloramine, 3566; 
of allyl alcohol, in the synthesis of 3-alkoxyoxetanes, 2232; 
of decachlorobi-2,4-cyclopentadien-l-yl, 676; of oximes in 
chloroform and methylene chloride, 2146; of sulfides, 3145. 

Chlorine migration, during mass fragmentation of chlorinated 
norbornenes, 1893

Chlorins, meso-tetraphenyl-, oxidation of, 2019 
/V-Chloroacetyl-2-(a-naphthyl)ethylamine, photolysis of, 24
4- iV-Chloroacetyl-2',3',5'-tri-0-chloroaeetylcytidine, prepn of, 

729
Chloroadamantane, prepn of, 3138 
iV-(2-Chloroalkyl)-iV-aryl carbodiimides, prepn of, 2142 
2'-Chloroanilides, 2'-benzoyl-, reaction with hydrazine, 782 
p-Chlorobenzotrifluoride, reaction with methylsulfinyl carbanion, 

3636
IV-Chlorobenzoylphenylaziridine, invertomers of, 230 
Chlorobiumquinone, synthesis of, 3951
1- Chloro-4-bromo-l-phenyl-l-butene, reaction with magnesium, 

1356
2- Chlorobutane, base-catalyzed /3 elimination from, 662
l-Chloro-2-butenes, coupling with phenyllithium, 2099; stereo

chemistry, 2105
Chlorocarbons, with extended conjugation, 676
5- Chlorocyclononane, 1-acetyl-, formation of, 1191
3- Chlorocyclopropene, reaction with cyclopentadiene, 1775 
a-Chlorodicyclopropyl sulfone, synthesis and reaction with bases,

1015
5- Chloro-l,2-dihydropyrimido[5,4-e]-as-triazines, in prepn of 

alkyl 6-amino-os-triazine-5-carboxylates, 2974
6- Chloro-l,3-dimethylcytosines, synthesis of, 1829 
l-Chloro-4,5-diphenylpentane, cyclialkylation of, 3342 
a-Chloro enolate anions, comparison with a-diazo ketones, 3429
7- Chloro-4,5-epoxy-l-m ethyl-5-phenyl-l,3,4,5-tetrahydro-2 fl-l ,4- 

ben zodiazepin-2-one, reaction w ith  ethylamine, 1064
Chloroethanol, reaction with pyrosulfuryl fluoride, 940 
3-Chloro-3-ethylheptane, borohydride reduction of, 1568 
3-Chloroglutaric acid, from nitric oxidation of 4-chlorotetra- 

hydropyran, 522
1,3-Chlorohydrins, kinetics in aqueous methanol, 943 
Chloroiodoalkanes, synthesis using copper(II) halides, 2088 
Chloroiodoethenes, dipole moments of, 3834 
Chloromercurials, sodium borohydride reduction of, 504 
Chloromethylquinazolin-4-ones, ring enlargement of, 777

l-C h loro-l-n itro -2-keto -l,2-d ihydronaphthalene, re la tive  leaving 
ab ilities  in, 420

Chloronitronaphthalene, piperidinodechlorination of, 1723 
1-Chloro-l-nitro-l-phenylethane, solvolysis of, 3561
5-Chloro-l-pentene-7,5-^2, Grignard reagent from, rearrangement 

of, 4133
1-Chloroperfluoro olefins, nucleophilic displacement of, 2351 
Chlorophenyl ethyl carbonates, photochemistry of, 769 
l-Chloro-l-phenylsulfonyl-2,3-dimethylcyclopropane, 3401 
iV-Chloropiperidine, addition to conjugated enynes, 2572 
Chloropropanols, from chlorination of allyl alcohol, 2232
4- Chloroprotoadamantene, synthesis of, 1821
5- Chloropyrazoles, substitution of, 2542
6- and 7-Chloroquinoxalines, 2-amino-, unequivocal syntheses of 

1158
a-Chlorostyryl isocyanates, synthesis and reactions of, 3542 
Chlorosulfonyl isocyanate, reaction of dienes with, 2841
4- Chlorotetrahydropyran, syntheses from, 522 
/J-Chlorovinyl sulfones, synthesis of, 3691
5a-Cholestane, 6a-tosyloxy-3a- and -3/3-chloro-, acetolysis of, 

3458
5a-Cholestane-3,4-dione 3-ethylene ketal, prepn of, 1812 
Cholestanes, 2,5-epithio- and 2,5-epoxy-, solvolysis studies of, 

1648
Cholestan-3/3-ol -6-one acetate, 8<*-methyl-, synthesis of, 3277 
5a-Cholest-2-ene, 3-acetyl, from the anodic decarboxylation of a 

steroidal glycidate, 3232
Cholest-5-ene, 19-hydroxy-19a-methyl-, synthesis, 2558 
Cholest-5-ene-3/3,4/3-diol, action of triphenylphosphine dibromide 

on ,3243
5- Cholestanyl cation, generation of, 758 
Cholesterol 24-hydroperoxide, studies of, 1007 
Cholesteryl benzoate, 5,6-dibromo-, rearrangement of, 2568 
Cholesteryl methylphosphinates, prepn. and reaction of, 335 
Cholic acid derivatives, acetylation studies of, 1271 
Chromatographic studies, of a synthetic polymer in comparison

with Woelm neutral alumina, 2606 
Chromic acid, aqueous, in diethyl ether, in oxidation of secondary 

alcohols, 387
Chromic acid oxidation, of l,l-di(p-iodophenyl)ethane, isotopic 

evidence for an aryl-group migration, 573; of polycyclic hy
drocarbons, 1198

Chromic anhydride-pyridine oxidation, of steroidal acetonidols, 
586

Chromium tricarbonyl moiety, exo amine attack to, 4081 
Chrysanthemylamine, deamination of, 1968 
Chrysanthemyl oxalate, thermal decomposition of, 1968 
Chrysene series, stereoselective reduction of, 3306 
Claisen rearrangement, bicyclic, of 2,6-dimethyl-4-pyrone-alkyne 

photoadducts, 910; in conversion of 5-hydroxyuracils into
6-alkyluracils, 1251

Classical norbornyl cation, evidence for the existence of, 340 
Cleavage, of aliphatic ethers, with mixed sulfonic-carboxylic 

anhydrides, 532; of 5-aryl-5if-dibenziodoles, 4055; carbon- 
sulfur, of 1-adamantyl sulfides, 3038; of cyclopropane rings, 
2773; of cyclopropane rings, reductive, 1036; of cyclopro
panes, 901; of a,a'-dinitrocyclanones, 140; Haller-Bauer, of 
phenyl cyclopropyl ketones, 2937; of phenylpropargylalde- 
hyde in the presence of sodium hydroxide, 1348; of phosphates, 
phosphites, phosphonates, and phosphorus oxy acids, nmr, of, 
1374

Clemmensen reduction products, of benzoylferrocene, 761 
Clionasterol, synthesis of, 3944
Cobalt-cyano complexes, oxidation and reduction reactions in

volving, 2717
Cobalt hydrocarbonyl, in hydrogenation of butadiene, 3604 
Cobalt-60 radiation-initiated oxidation, of hydrocarbons, 3423 
Codimerization, of norbornadiene-butadiene, Ziegler-Natta 

catalysts in, 1443 
Coelenterates, chemistry of, 719
Coffee aroma constituent, structure and synthesis of kahweo- 

furan, 199
(=)-Collinusin, synthesis of, 3453
Complexes, alkali, alkaline earth, and silver cation, of macro- 

cyclic polyether sulfides, 254; crystalline, of macrocyclic poly
ethers with thiourea and related compounds, 1690 

Condensation, of acetone with methyl cyclopentadiene, 2853; 
of 1,2-dibenzoylcyclohexa-l,4-dienes, 1048; of nitro groups 
with amino groups in prepn. of pyrazolotriazines, 2972; of a
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olefins with paraformaldehyde, acetylation agents, and hy
drogen chloride, 2505; self-, of anthra nil amide, 642; of suc
cinic anhydrides with Schiff bases, 3404 

Condensation-cyclization reactions, of electron-deficient aro
matics, 3059; of electron-deficient aromatics, bicyclic immo- 
nium zwitterions from enamines and sj/m-trinitrobenzene, 856 

Configuration, of IV-alkyl-lV-nitrosoanilines, by nmr, 992; ele
ments of stereoisomerism and prostereoisomerism, 3293; of 
long-chain acetals of glycerol, 2743 

Configuration and conformation, of dibromides obtained from 
reaction of bromine with 2-ethoxy-5,6-dihydro-2f7-pyran, 3633 

Conformation, of acyclic sulfoxide alcohols, 1737; of the bicyclo- 
[3.1.0]hexane system, 2929; of conjugated dienones, 1977; 
in the cfs,£rcms-2,6-cyclodecadienyl system, 2932; of the 3,10- 
diazabicyclo[4.3.1]decane system, 2061; of dibenzylanthra- 
cenes, 2860; of 1,4-dihydro-l-naphthoic acid, 2011; of 1,2-di- 
imines, 2014; of 2/S-hydroxytestosterone, 3246; of isomers of 
2-piperidino-a-(p-methoxyphenyl)cyclohexanemethanol, 2072; 
of long-chain cyclic acetals of glycerol, 2743; preferred, of 
IV-alkyl-iV-nitrosoanilines, by nmr, 992 : of valerane, 2426 

Conformational analysis, equilibration study of the perhydro- 
anthracenes, 2051; méthylation rates of cis- and transA-tert- 
butyl-lV, 77-dimethyl cyclohexylamines, 1688; of perhydro- 
durenes, 3437; of perhydrophenanthrenes, 739; of phenol 
and anisole derivatives, 2747; solvolysis studies with the
5-phenylcyclooctanol system, 1360; of sulfur-containing hetero- 
cycles, a dipolar effect, 1314

Conformational equilibria, of D-aldopentopyranose tetraacetates 
and tetrabenzoates, 2658 

Coniine, improved method of resolution of, 3648 
Conjugated dienones, molecular spectra and conformations of, 

1977; photoisomerization of, 1988 
Conjugated hydrocarbons, addition of alkylaromatics to, 2299 
Conjugated pentaenoic acids, of insect fat, identification of, 2621 
Conjugate méthylation, in synthesis of fukinone, 877 
Conjugation, with trivalent phosphorus among 2-phospholenes, 

1297
Conjugative effects, on polarographic reduction potentials of bi

phenyl- and phenanthrene-related compounds, 666 
Copacamphene, total synthesis of, 2826
Copper-catalyzed cycloaddition reactions, of isocyanides, 3316 
Copper-catalyzed decomposition, of dimethylphosphono-substi- 

tuted diazoalkanes, 128.
Copper ( I I )  chelate, of 8-quinolinol, electrophilic halogénation of, 

1616
Copper chloride-ethanolamine-catalyzed addition, of polyhalo- 

alkanes to olefins, 2596
C opper(II) halides, complexed, halogénation of olefins with, 

3324; halogénation, in synthesis of dehydroadiponitrile, 2898; 
halogénation with, 2088 ; in ligand transfer oxidation to alkyl 
radicals, 3095

Cordycepin, synthesis of, 3743 
Coronopilin, photolysis of, 229 
Coumarin photodimerization, mechanism of, 102 
Coumarins, 3-acylaminoiso-, facile synthesis of, 1503 
Coupled aromatic compounds, 1886
Coupling, intramolecular, of disilver reagents, 1694; oxidative, of 

benzyl cyanides, 3160; oxidative, of hindered phenols, 1339 
Coupling constants, I3C-H, as a probe of ortho-substituent 

effects, 2201; in trans- and cfs-4,5-epoxy-£rons-2-(p-chloro- 
phenyl)nitroeyclohexane, 809

Coupling reaction, of phenyllithium with allylic chlorides, 2099; 
stereochemistry, 2105

Crotonaldehyde, 3-methyl-, electrochemical dimerization of, 
1683

Cubanone, homo-, photochemical formation of, 1423 
Cumene autoxidation, kinetics of inhibition of, 1214 
Cumulated double-bond compounds, chemistry of, 2029 
Cumulenes, hetero-, reactions with ketenes, 2205; heteroatom, 

reaction with phenyl (bromodiehloromethyl)mercury, 1786 
Curacin, methyl-, synthesis of methyl glycoside of, 1166 
Cyanide ion, reaction with photoexcited aromatic nitro com

pounds, 3762
Cyanoacetic acid, reaction with enamines, 1000 
Cyanoacetylene, cycloaddition with pyridazinium methylides, 

813
a-Cyanoamino acids, synthesis and properties of, 3960 
3-CyanocycIoheptanone, synthesis and hydrolysis of, 955 
a-Cyanocyclohexylideneacetic acid morpholinium salt, prepn of, 

1000

5- Cyanocyclopentanoneimines, 2,2-disubstituted, synthesis and 
and hydrolysis of, 2203

Cyanodithioimidocarbonate anion, novel reaction with halogens, 
14

/3-Cyanoethyl phosphate derivatives of thymidine, 245 
Cyanoketenimine, amino-, prepn of, 3442
2- Cyano-5-methoxy-2,5-dimethyldihydrofurans, isomers, prepn 

of, 1523
Cyanomethoxylation, of 2,5-dimethylfuran, 1523 
Cyanomethylidenebis(briphenylphosphonium) dibromide, use in 

the W ittig  reaction, 2026
6- Cyanopurine, oxidation of, 1228
3- Cyanopyridinium bromide, iV-benzyl-, hydrolysis of, 1661 
3-Cyanopyridinium ions, reaction with methyl Grignard reagent,

772
Cyanostilbene acids, synthesis of, 461 
Cyanothienylacrylates, base-catalyzed reaction of, 2196 
Cyanylation, of sulfhydryl groups, 2727 
Cyclanones, a,a'-dmitro-, cleavage of, 140 
Cyclialkylation, of 3-alkylpyridines, 2304; Friedel-Crafts, with 

diphenylalkyl chlorides, 3342; of phenol with 1,5-hexadiene, 
3345

Cyclic addition of alkoxy radicals in alkynes, 2674 
Cyclic 1,3-diphenylallyl cations, nmr of, 698 
Cyclic guanidines, synthesis of, 46
Cyclic organomagnesium compounds, carbanion inversion of, 

1368
Cyclidehydration, of primary phenylakanols to indans, 1040 
Cyclization, of alkenylpyridines, 2308; of 3-(/3-dialkoxyaryl- 

ethylamino)phthalides, 1413; of alkylthiomercaptoenethio- 
amide with carbonyl compounds, 2009; of the diazonium salt 
of 5-amino-l,4-diphenylpyrazole, 2972; of /3-diketones to 
3-quinaldylpyrazoles, 354; of o,o'-dilithiobibenzyl and di- 
chlorodimethylsilane, 3365; directed, in cyclopentenone syn
thesis, 3191; of 2-(haloacylamino)pyrimidines, 604; of hy- 
drazones, 3895; intramolecular, of allylthioglycolic acid 
chlorides, 2077; of cis- and £rans-2-(2-methoxycyclohexyl)- 
ethanol to cis- and irans-perhydrobenzofurans, 846; of N-sub- 
stituted diallylamines to pyrrolidine derivatives, 3187; nucleo
philic, in synthesis of triazino[4,3-/]phenanthridine deriva
tives, 2767; of 3-phenylindene derivatives, 650; of iS-(2-pro- 
pynyl )-n-cysteine ,8-oxide and ,8-dioxide, 611; of 3-thienyl- 
mandelic acid, 1053; of 4-(2,6,6-trimethylcyclohexenyl)-2- 
methylbutanal, acid-catalyzed, 1195 

Cycloaddition, arylketene, stereochemistry of, 1486; of benzyne 
to cyclopentadienes and cyclopentadienyl Grignard reagents, 
3979; diarylmethylene-tetracyanoethylene, 1441; 1,3-dipolar, 
of an isoquinolinium imine, 1405; 1,3-dipolar, in synthesis of 
of steroidal isoxazolines, 3470; of a 1,4-dipole with alkyl 
ketones, 2838; of enamines to vinylpyridines, 1449; of halo- 
genated ketenes with carbonyl compounds, 1637; of ketenes 
with heterocumulenes, 2205; nitrone-olefin, intramolecular, 
2440; photochemical, of 1,3-dipolar systems, 1589; 1,4-reac
tions, of alloocimene with various dienophiles, 1584; reactions, 
of 3,4-diazacyclopentadienone oxides with olefins and acet- 
ylenedicarboxylic ester, 19; reactions, 1,3-dipolar, of hetero- 
aromatic nitrogen methylides with dipolarophiles, 813; reac
tions, of aniij/dro-2-hydroxy-l-methyl-4-oxopyrido[l,2-a]py- 
rimidinium hydroxide, 8 ; reactions, of isocyanides, copper- 
catalyzed, 3316; of styrene with acridizinium ions, kinetics, 
969

Cycloadducts, of olefins with halogenated ketene, 2033 
Cycloalkanecarboxylic acids, ionization constant determinations 

of, 146
Cycloalkanones, 3-carboxy-, synthesis and keto-enol equilibria, 

955; di-, 2,2'-methylene-, stereochemistry of, 2728 
Cyeloalkenes, carbon-13 nmr of, 2757; 1-fluoro-, synthesis of, 818 
Cycloalkylation, of arylacetonitriles in dimethyl sulfoxide, 1308 
Cyclobutane, l-bromomethylene-2,2-dimethyl-, reaction with 

potassium ierf-butoxide, 1031; methylene-, bromohydrins of, 
2915; pyridyl-, prepn of, 1449

Cyclobutane derivative, from reaction of tetramethylallene with 
acrylonitrile, 2225; methylene substituted, base-induced 
reactions of, 1024

1,3-Cyclobutanediones, reactions of diazo compounds with, 3885 
Cyclobutene, benzo-, unique formation of a, 1483; 1-phenyl-, 

from reaction of l-chloro-4-bromo-l-phenyl-l-butene with 
magnesium, 1356

Cyclobutene derivatives, photochemical formation of, 3755
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Cyclobutene epoxides, stereospecific Lewis acid rearrangement, 
“1697

Cyclobutylideneacetonitrile, dimerization to Michael addition 
products, 1024

Cyclobutyl 0-naphthalenesulfonate, solvolysis of, 1913
2.6- Cyclodeeadienyl system, cis,tram-, conformation and reac

tiv ity  of, 2932
Cyclodehydrations, in prepn of N-substituted isoindolines, 1607
2.6- Cycloheptadienone, reaction with primary and secondary 

amines, 1718
Cycloheptanes, dimethyl-, stereospecific syntheses of, 2315 
Cycloheptanone, 3-carboxy-, synthesis and keto-enol equilibria 

in, 955
Cycloheptene and homologs, pyrolysis of, 913
1,9-Cyclohexadecadiene, use in synthesis of muscone and exal- 

tone, 3266
Cyclohexadecanone, methyl-, synthesis of, 3266
1.3- Cyclohexadiene, reversible hydration in aqueous perchloric 

acid, 3180; methyl-, formation of, 917
Cyclohexane, reactions with nitrosobenzene and azoxybenzene at 

600°, 3878
Cyclohexaneacetaldehydes, as boll weevil sex attractants, syn

thesis, 2616
Cyclohexane ring conformation, in isomers of 2-piperidino-a- 

(p-methoxyphenyl )cyclohexanemethanol, 2072 
Cyclohexanone, acetal of, effect of pressure on, 200; alkylation of 

enolates from, 2361; 2-ehloro-, conversion to enol acetates and 
trimethylsilyl enol ethers, 3429; ketalization using a catalytic 
dihydrator, 2550; methyl-, reaction with phenylmagnesium 
bromide and phenyllithium, 2909; 0-(2-pyridyl)oximes of, 
rearrangement of, 1061

Cyclohexanone oxime, Beckmann rearrangement of, 2159 
Cyclohexene, autoxidation with tert-butyl hydroperoxide and 

ehrom ium(III) acetylacetonate, 4078
2-Cyclohex- 1-ene and related compounds, new method for prepn. 

of, 752
1- Cyclohexenecarboxylic acid, lithium-ammonia reduction of, 

1151
Cyclohex-4-ene-l,2-dicarboxylic acids, stereochemistry of the 

halogenation of, 142
Cyclohexenols, photoinitiated fragmentation of, 214
2- Cyelohexen-l-one, 5,5-dimethyl-, dimerization of, 367
2- Cyelohexenone, 3-isopropyl-6-methyl- and 3-ier<-butyl-, photo

cycloaddition reactions of, 3334
Cyclohexylamine, diacetyl derivative of, 735; reaction with nitro- 

prusside, 363; cis- and ¿rons-2-(o-bromophenyl)-, synthesis and 
resolution of, 3046; cis- and ira»s-4-iert-butyl-fV,lV-dimethyl-, 
methylation rates of, 1688

Cyclohexyl isocyanide, adduct with dimethyl acetylenedicar- 
boxylate, 3632

Cyclohexylnitroketimine, methyl 1-ehloro-, synthesis of, 1169 
Cyclolignan lactones, dihydro-, synthesis, 3740 
Cyclononene. acetylation of, 1191
1.3- and 1,5-Cyclooctadiene, acetylation of, 670
1.5- Cyclooctadiene, reaction with triisobutylaluminum, 381
2.7- Cyclooctadienone, reaction with primary and secondary 

amines, 1718
Cyclooctane-1,5-diones, reduction of, 4125 
Cyelooetanol, 5-phenyl-, solvolysis studies of, 1360 
Cyclooctanone, 4,5-epoxy-, photoreduction of, 1428; photochem

istry of, 1434
1.3.5- Cyclooctatrien-7-yne, reaction at various temperatures, 

3339
Cyclooctene, acetylation of, 670; and related olefins, hydrogena

tion with soluble lithium-based coordination catalysts, 1445; 
irons-simple, partial resolution of 1569

3- and 4-Cyclooctenone, thermal transformations of, 913 
5/f-Cyclooct [6] indole, octahydro-, microbiological oxygenation

of, 2823
Cyclopentadecanone (exaltone), synthesis of dl-muscone from, 

4124; synthesis from 1,9-cyclohexadecadiene, 3266 
Cyclopentadiene, Diels-Alder reaction with <*,/3-unsaturated 

trihalosilanes, 929; methyl-, condensation with acetone, 2853; 
cycloaddition of benzyne to, 3979; hetero-, synthesis of, 3995 

Cyclopentane-1,2-dicarboxylic acids, (3S)-methyl-, synthesis 
of, 414

Cyclopentanoneimines, 2,2-disubstituted 5-cyano-, synthesis and 
hydrolysis of, 2203

Cyclopenta[l,2-d]pyrimidin-5-ones 2,4-diaryl-5/7-pyrido-, syn
thesis of, 3382

Cyclopenta[b] quinoline, anions of, reactions, 3376; synthesis and 
tautomeric character of, 2065

Cyclopentene, 1- and 2-bromo-3,3-dimethyl-, formation of, 
1031; 1-vinyi-, Diels-Alder condensation with frons-o-methyl-
0-nitrostyrene, 1480

C yclopentene derivatives, reaction  w ith  potassium  ferf-butoxide, 
1024

Cyclopentenones, condensation of butadiene, 1277; new synthe
sis of jasmone, 2021

2- Cyclopentenones, from the pyrolysis of 3-cyclopropyl-3-oxopro- 
panoates, 3787

Cyclopentenone synthesis, by directed cyclization, 3191 
Cyclopropane, l-chloro-l-phenylsulfonyl-2,3-dimethyl-, molecu

lar structure of, 3401; diarylmethylene, prepn of, 1441 
Cyclopropane and cyclobutane systems, comparison of reactivi

ties with bicyclo systems, 3356
Cyclopropane half-cage alcohols, formation and transannular 

reactions of, 1316
Cyclopropane ring cleavage studies, 2773
Cyclopropane ring opening, use of chrysanthemyl system as a 

model for, 1968
Cyclopropanes, anodic oxidation of, 1771; cleavage of, 901; 

dimethylphosphono-substituted, prepn of, 1379; 1,2-diphe- 
nyl-, photolysis of, 66; 1,1-disubstituted, prepn of, 1489; Hal- 
ler-Bauer cleavage of phenyl cyclopropyl ketones, 2937; 
halo-, reduction with sodium naphthalenide, 2186; hydrogen- 
olysis of, 383: phenylalkenylidene-, pyrolysis of, 3061; reduc
tive cleavage of, 1036; substituted, solvent effects in the nmr 
of, 1107

Cyclopropanesulfinic acid, trans-1,2-diphenyl-, formation of, 
2698; formation of cis isomer, 2703 

Cyclopropene, 1-methyl-, synthesis of, 1320; from photolytic 
decomposition of sulfonium ylides, 1126; halo-, Diels-Alder 
reaction of, 1775

Cyclopropene adducts, aromatization of, 1419 
Cyclopropenium ions, nmr of, 698 
Cycloprop [2,3] indene, free-radical bromination of, 971 
16a,17-Cyclopropylandrostanes, 17/3-oxygenated, synthesis and 

reactions of, 1952
Cyclopropylcarbinyl radical reactions, in the cycloprop [2,3] in

dene system, 971
Cyclopropylidenes, stereospecific intramolecular insertion of, 

1877
Cyclopropyl ketones, prepn from esters of 3-hydroxypropylphos- 

phonium salts, 2379
Cyclopropyllithium compounds, triphenyl-, ring-opening reac

tions of, 2592
3- Cyclopropyl-3-oxopropanoates, pyrolysis of, 3787 
Cyclopropyl 2-pyrrolyl ketone, prepn of, 2897 
Cyclopropylthiophenes, syntheses, reactions, and uv spectra,

2236
Cycloserine dimer hydrolysis, and its equilibration with cyclo

serine, 2631
Cymenes, alkylation with isobutylene and other olefins, 2042 
Cysteamine, mass spectra of, 73
Cysteine-containing unsymmetrical disulfides, synthesis of, 

3828
Cysteine, reaction with ethyl 4,4,4-trifluoro-3-ketobutanoate, 37 
L-Cysteine S-oxide and S-dioxide, S-(2-propynyl)-, synthesis and 

cyclization of, 611
Cystine derivatives, mass spectra of, 73 
Cytosine derivatives, prepn and properties of, 727 
Cytosine nucleosides, prepn of, 108 
Cytosines, 1,3-dimethyl-, new synthesis of, 1829

(±)-Dasycarpidone, total synthesis of, 1291 
Deamination, of 3-amino-4-iert-butyl-5-nitrobenzoic acid, 1483; 

of chrysanthemylamine, 1968; of 2-exo-hydroxy-3-exo-amino- 
bornane, 2552

1- and 3-Deazamethotrexate, syntheses of, 2818 
Debromination. of a-bromocamphor, 1153; of stilbene dibro

mides and other vicinal dibromides by tricovalent phosphorus, 
2377

Decachlorobi-2,4-cyclopentadien-l-yl, isomerization and chlori
nation of, 676

Decahydro-177-dibenzo[o,fi]quinolizine system, synthesis of, 
3624

irares-Decahydroquinoxalines, chiralities of the bridge carbon 
atoms of, 3989

Decalins, cfs-dimethyl-, nmr of, 2426; energies of, 739
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1- Decalone, alkylation of enolates from, 2361
9-Decalyl cation, generation of, 758
Decarboxylation, anodic, of glycidic acids, 3232; of an ethyl N -  

(arylsulfonyl)carbamate, 4102; of 2-pyridinecarboxylic acids, 
454; of a resin acid, induced by a degenerate acyloin rearrange
ment, 3899

Dechlorination, of benzotrichloride and tolane tetrachloride by 
metals, 3517 ; electrolytic, of perchlorinated styrene and vinyl- 
pyridines, 2000; of a hexachloro half-cage alcohol, 1316; piper- 
idino-, of chloronitronaphthalenes, 1723 

Decomposition, of 1-azidonorbornane, 2864; base-catalyzed, of
O-benzyloxycarbonylglycyl-lV-ethylsalieylamide, 157; of tert- 
butyl peroxide, solvent effects, 733; of 3,3'-diphenyl-5,5'- 
bi-l-pyrazoline, 975; of ^-substituted ethyl acetyl disulfides, 
2735; of p-toluenesulfonylazoalkenes, 1915 

Decomposition rates, of azonitriles, 4046 
Deeonjugation, of isophorone, 1446
Dehydration, of bicyclo[2.2.1]-2-heptanols in the mass spectrom

eter, 3057; of bisnorallocholane-3/3,20-diol, 716; of diarylcyclo- 
butylcarbinols, 565; of 4-hydroxy-5-phenyl-2,3,4,5-tetrahydro- 
177-1,4-benzodiazepines, 1248; of A'-phenylmaleamic acid 
with dicyclohexylcarbodiimide, 1941; of secondary alcohols 
by hexamethylphosphoric triamide, 3826 

Dehydrator, catalytic, for acetal and ketal synthesis, 2550;
catalytic, for rapid ester synthesis, 2548 

Dehydroadiponitrile, synthesis of, 2898
1.3- Dehydrobenzene, attempts to generate, 2905 
Dehydrocyclization, of re-heptane, carbon-14 tracer study, 337 
Dehydrocyclooctatetraene, adduct formation with a trapping

agent, 3339
Dehydrodimethylconidendrin and -retrodendrin, synthesis of, 

3450
Dehydroepiandosterone, conversion to a bufadienolide, 3207 
9(ll)-Dehydroergosteryl acetate, novel dehydrogenation with 

tetracyanoethylene, 83
Dehydrogenation, catalytic, of estr-4-en-3-ones, 2715; of steroi

dal Ar-phenyl[3,2-c]pyrazoles to indazoles, attempted, 1597; 
of steroids via ene adducts with tetracyanoethylene, 83; 
of tetralone, 686

Dehydrohalogenation, of 3-iodo-4-(perfluoroalkyl)butanoic acids, 
1904; of steroidal haloketones, 711 

Dehydrojanusene, electrophilic additions to, 1849
3.4- Dehydroquinoxalinones, preparation of, 27 
Déméthoxylation, in the cyclization of 3-(0-dialkoxyarylethyl-

amino)phthalides to 2,3-dihydro-77/-dibenzo[de,/i]qumolines, 
1413

3'-Deoxyadenosine, synthesis of, 3743
Deoxydative substitution, of pyridine IV-oxides by mercaptans, 

3749; of pyridine IV-oxides by thiophenols in the presence of 
sulfonyl halides, 1641

Deoxygenation, of nitrosobenzene by triethyl phosphite in alco
hols, 295, 300; with triethyl phosphite, structure-reactivity 
studies, 300

2- Deoxy-D-glucopyranosides, benzyl 2-amino-4,6-0-benzylidene-, 
reaction of, 1079, 1085

Deoxyketose, via two-carbon chain extension of mannose, 3222 
9-(3-Deoxy-a-L-i/ireo-pentofuranosyl)adenine, synthesis of, 3743 
rac-Deoxypicropodophyllin, synthesis of, 3740 
Deprotonation, of 2,4,6-trinitrotoluene in basic solution, 1671 
Desmethylkotanin, structure and synthesis of, 1140 
Desoxybenzoin, hydroxymethylene-, condensation with phenyl- 

hydroxylamine, 1685
Desulfonylation, of phenyl sulfone in molten sulfur, 3845 
Desulfurization, of cyclic thiosulfonates, 322; selective, in syn

thesis of L-lanthionine, 73
Detergent, nonionic, inhibition of hydrolysis of bis-2,4-dinitro- 

phenyl phosphate by, 2571; dicationic, catalysis of nucleo
philic substitution by micelles of, 2346 

Detosylations, with hydrogen fluoride, 46 
Deuterated amino acids, prepn of, 3019 
Deuterated analogs of 4-alkoxybutyrates, mass spectra of, 1796 
Deuterated cis isomers of 2-piperidino-a-(p-methoxyphenyl)- 

cyclohexanemethanol, nmr of, 2072 
Deuterated neopentyl alcohols derivatives, preparation of, 403 
Deuterated spiro ketones, mass spectra of, 948 
Deuteration, of lithioamines, 1607
Deuterium chloride, addition to norbornadiene and quadricy- 

clene, 2769
Deuterium isotope effects, secondary, for hydrolysis of Sehiff 

bases, 1345

Deuterium substitution, in isoquinolines and dithiocarboxylate 
adducts, 627

!V,1V-Diacetylamine, prepn and isolation of, 735 
Diacetylation, of amines, 735
Af,S-Diacetyl-erj/Aro-3-phenylcysteine ethyl ester, chlorination 

and subsequent ammoniation of, 1073 
Diacid chlorides, reaction with lithium nitride, 44 
lV,0-Diacylhydroxylamines, conversion of hydroxamic acids to, 

2565
2-Dialkylamino-6- and -7-hydroxy-5,8-dioxoquinolines, synthe

sis, 3490
2.3- Dialkylaziridines, reaction with carbon disulfide, 1068 
Dialkyltin dialkoxides, reaction with carbon disulfide, 1176 
Diallylamines, cyclization to pyrrolidine derivatives, 3187 
Diamines, quaternization of, 824; reaction with S,iS-dimethyl-

IV-tosyliminodithiocarbonimidate, 46 
Diaminoethylenes and diiminoethanes, novel prepn of, 3442
1.5- Dianilino-4,8-naphthoquinones, tautomerism in, 235 
Dianions, derived from 1,4-bisbiphenylenebutatriene and 1,4-

bisbiphenylene-1,3-butadiene, 240; derived from trienes, 
protonation and alkylation of, 3614; oxepinyl, formation of, 
1402; 2- and 3-unsaturated carboxylic acid, isomerization of, 
3290

Diaroylmethanes, symmetrical, new synthesis of, 1447 
Diarylalkynes, internal rotation in, 2710
cis-l,2-Diarylcyclopentanes, restricted rotation of aryl rings in, 

565
N ,N  '-Diaryl-2,5-diaza-3,6-dioxobicyclo [2.2.2] octanes, 501
1.3- Diaryl-3,4-dihydro-7-methoxy-2(177)-quinoxalinones, 27 
Diaryl disulfides, reactions with active, nonnucleophilic alkylating

agents, 1513
1.6- Diarylhexatrienes, prepn by a modified W ittig reaction, 3473 
Diarylmethylcyclobutanes, restricted rotation of aryl rings in,

565
Diarylmethylene-tetracyanoethylene, cycloadditions, 1441
3,10-Diazabicyclo[4.3.1]decane system, conformation of, 2061
1.5- Diazabicyclo[4.3.0]non-5-ene, reaction with dienyl halides, 

1695
2.5- Diazabicyclo[2.2.2]octane, 2,5-diphenyl-, formation of, 3361
3.4- Diazacyclopentadienone oxides, cycloaddition reactions with 

olefins and acetylenedicarboxylic ester, 19
lff-l,4-Diazepine, l,4-bis(p-tolylsulfonyl)hexahydro-6-hydroxy-, 

prepn of, 1711
Diazepines, 1,2-, photochemical synthesis of, 2962; from the 

pyrolysis of l-methyl-2-phenylpiperidine-l-acylimides, 2467
1.2- Diazepin-4-one, 2,3-dihydro-5-methyl~6-phenyl-, toluenesul- 

fonyl derivatives of, 2676
2-Diazoacenaphthenone, reaction with olefins and acetylenes, 745 
Diazoalkanes, dimethylphosphono-substituted, copper-catalyzed 

decomposition of, 128; dimethylphosphono-substituted, prepn 
and decomposition of, 1379; 1,3-dipolar cycloaddition to vinyl- 
triphenylphosphonium bromide, 3881

1.5- Diazocine, l,5-diphenyl-3,7-dihydroxyoctahydro-, reaction 
with phosphorus tribromide, 3361

Diazo compounds, reactions with 1,3-cyclobutanediones and 
dithiones, 3885

Diazodiphenylmethanes, reaction of peroxybenzoic acid toward, 
3774

Diazo ketones, a-, comparison with a-chloro enolate anions, 
3429; in prepn of vinyloxyboranes, 1790 

Diazomethane, dipolar addition to dithiones, 3885 
Diazomothane methylation of uracil and its methyl derivatives, 

848
Diazonium coupling, of the pyrido [2,1-a] isoindole system, 1603 
Diazonium fluoroborates, reduction by rhodium complexes, 1725 
Diazonium salts, aryl-, photolysis of, 631; photolysis of, 3729 
Diazonium tetrafluoroborates, electrolytic reduction of, 1769 
2-Diazotate, octane, basic hydrolysis of, 3881 
Diazotization, of 3-amino-4-ieri-butyl-5-nitrobenzoic acid, 1483 
Dibenz [b j ]  azocine system, photochemical formation of, 2681
1.2- Dibenzhydrylidenecyclohexane, synthesis of, 1164 
5/7-Dibenziodoles, 5-aryl-, electrophilic and homolytic cleavage

of, 4055
2,3:6,7-Dibenzocycloheptatriene, 1,1-dimethyl-1-sila-, synthesis 

of, 3365
577-Dibenzo[o,d] cycloheptene-10-carboxylic acids, 5-oxo-10,11- 

dihydro-, synthesis of, 466
5/7-Dibenzo[a,(i]cycloheptenes, 5-azido-, thermal decomposition 

of, 1045
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5/f-Dibenzo [b j ]  phosphepin, 10,ll-dihydro-5-phenyl-, prepn of, 
2566

Dibenzo [a, 1] pyrenes, new approach to, 2053
7.ff-Dibenzo[de,fi] quinolines, 2,3-dihydro-, formation of, 1413 
lif-Dibenzo[a,/i]quinolizine, decahydro-, synthesis of, 3624 
Dibenzosilepin ring system, synthesis of, 3365 
5,12/7-1iibenzo[6,e]- 1,3a,6,6a-tetraazapentalene, 217 
2,3,11,12 - Dibenzo - 1,7,13,16 - tetraoxa - 4,10 - dithiacycloocta- 

deca-2,11-diene, 254
Dibenzo[6,/] [1,4,5]thiadiazepine, nitro and amino derivatives of, 

2889; synthesis of sulfide and sulfoxide derivatives of, 2887
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of disubstituted acetaldehydes, 1449; reaction with benzo- 
furazan 1-oxide, 1842; reaction with cyanoacetic acid, 1000; 
reaction with dithiotosylates, 1137; and sym-trinitrobenzene, 
stable bicyclic immonium zwitterions from, 856 

Enamine thiophosphonates, prepn of, 2892 
Enamino ketone, steroidal, hydride reduction of, 211 
Enolate anions, a-chloro-, comparison with a-diazo ketones, 3429 
Enolates, phosphorylation of, 3282; relative nucleophilicities of, 

1112; from unsymmetrical ketones, alkylation of, 2361 
Enol ether of 17-keto steroid::, addition of carbene to, 1952 
Enolization, réévaluation of a-alkyl substituent kinetic effects on, 
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Enol phosphonium salt formation, mechanism and chirality of, 88 
Enthalpies of transfer of transition states, in the Menshutkin 

reaction from a polar protic to a dipolar aprotic solvent, 1792 
Entropy of activation, in base-catalyzed synthesis of azoben

zenes, 170; of 1,3-chlorohydrins, 943; for rotation about the 
N -N  bond for IV-isopropyl-JV-nitrosoaniline, 992 

Enynes, conjugated, addition to iV-ehloropiperidine, 2572 
Enynic and diynic esters, intramolecular Diels-Alder reactions of, 

2169
Enzymic deacylation, of acetamidocyanoactic acid, 3960 
( — )-Ephedrine, reaction with aromatic aldehyde bisulfites, 2253
3- Epiberscillogenin, structure of, 2611
( ±  )-3-Epidasycarpidone, total synthesis of, 1291 
5a,8-Epidioxyandrost-6-enes, synthesis of, 2391
7-Epiguaiol, synthesis of, 2569 
( ±  )-3-Epiuleine, formal total synthesis of, 1291 
Epoxidation, of methylenecyclohexanes via bromohydrins, stereo

selective, 216; of olefins with peroxybenzimidic acid, 3832; 
of styrenes, molybdenum-catalyzed, 2493; by thallium triace
tate, 1154

Epoxide-carbonyl rearrangement, use of molten salts as medium 
for, 3135

Epoxide rearrangement, thermal, 2855 
Epoxide ring openings, of 5a,lla-epoxyjanusene, 1849 
Epoxides, alkali metal reduction of, 330; base-induced rearrange

ment to allylic alcohols, 1365; base-promoted reactions of, 
510; cyclobutene, stereospecific Lewis acid rearrangement, 
1697; of 1,5-dienes, oxymercuration of, 3511; reductive elimi
nation to olefins with zinc-copper couple, 1187; studies on
2,2,5,5-tetramethyl- 4- isopropylidene-1 - oxaspiro [2.2] pentane, 
1184

4.5- Epoxy-iraras-2-(p-chlorophenyl)nitrocyclohexane, trans- and 
cis-, and derivatives, nmr studies of, 809

4.5- Epoxycyclooctanone, photoreduction of, 1428 
Epoxy group, nmr anisotropic effect of, 809
a,/3-Epoxy ketones, frangomeric and anchimeric processes in the 

preparation and reactions of, 390
6/3,19-Epoxy steroid derivatives, in synthesis of 19-hydroxy-19a- 

methyl-5-ene steroids, 2558 
a,/3-Epoxysulfonamides, prepn of, 2538 
Equilenin-like 15-aza steroid, synthesis of, 1599 
Equilibration study, of the perhydroanthracenes, 2051 
Equilibrium, between phenylfurazan oxides, 5 
Equilibrium constants, for the formation of complexes between 

tetranitronaphthalene and hydroxide and sulfite ions, 1749; 
for the thiol-iodine-disulfide-hydrogen iodide system, 2525 

E2 reactions, electronic effects in, 1898
Eremophilane-valencane type sesquiterpene, fukinone, synthesis 

of, 877
Ergosteryl acetate, dehydrogenation with tetracyanoethylene, 83 
Eritadenine, synthetic studies on, 1573 
Eschweiler-Clarke methylation of amines, 829 
Esr, of the 2-furanylmethyl radical, 3837; of oxidation of ferro- 

cenyl ketones, 2092; of semidiones from alkali metal reduction 
of 7-norbornenone and 9-benzonorbornenone, 1559; of thermal 
reaction of an xylopyranoside, 2813; use in studies of substit
uent effects, 560

Ester-directed electrophilic aromatic substitution process, 689 
Esterification, of 5-hydroxy-l,3-dioxane derivatives, 2407 
Esterification rates, of 2,3-dimethylsuccinic acid diastereoisomers, 

2200
Esters, difunctional, reaction with vicinal trans diequatorial amino 

hydroxy groups, 1079; hindered, reduction with diborane, 
3485; /3-hydroxy, thermal decomposition of, 3579; of 3- 
hydroxypropylphosphonium salts, prepn of cyclopropyl ke
tones from, 2379; infrared of, use in calculation of pAVs of 
corresponding alcohols, 1205; photochemical acid type I I  reac
tion of, 598; reduction of acyl fluorides to, 2547; synthesis, 
catalytic dehydrator for, 2548 

Estratrienes, 11-substituted 2,3-dihydroxy-, nmr of, 1832
4- Estrene-3,17-dione, 6,6-difluoro-, chemistry of, 575 
Estr-4-en-3-ones, catalytic dehydrogenation of, 2715 
Estrogen catechols, 11-oxygenated, nmr of, 1832
Estrone and related steroids, synthesis of glucuronides of, 863
1,1-Ethano groups, replacement of the carbonyl oxygen of hy

droxy ketones by, 3515
Ethanol, oxidation by peroxydisulfate ion, 4089
l,4-Ethano-l,2,3,4-tetrahydronaphthalen-2(e:ro and endo)-yl de

rivatives, substituent effects on solvolyses of, 425 
Ethenes, chloroiodo-, dipole moments of, 3834

1,9-Ethenophenothiazine, A'-methyl-, synthesis of, 2437 
Ether cleavage, anomalous, in mass spectra of, 3526 
Ethers, 1-adamantyl alkyl, conversion into 1-chloroadamantane, 

3038; alicyclic, protonated, 1121; aliphatic, reaction with 
mixed sulfonic-carboxylic anhydrides, 532; 9-anthroxy, oxida
tion of, 4134; aromatic, reaction with mixed sulfonic-carbox
ylic anhydrides, 540; cyclic, trifluoroacetic anhydride ring open
ing addition to, 3640; five-membered, photochemical forma
tion of, 1093; of hydroxymethylferrocene, reaction with Gri
gnard reagents, 2027 ; of 5-hydroxyuracils, Claisen rearrange
ment of, 1251; phenyl allyl, formation of, 193; unsaturated, 
reactions with trichloroacetyl isocyanate, 2228 

1-Ethoxypropenyl esters of 7- and S-keto acids, intramolecular 
rearrangement of, 2740

3-(Ar-Ethylacetamido)-l,3-benzoxazine-2,4-dione, prepn of, 157 
Ethyl acetoacetate, palladium-catalyzed reaction with 1,3- 

butadiene, 2116
Ethyl acetyl disulfides, /3-substituted, decomposition of, 2735 
Ethyl alkylmercaptoacetates, prepn of, 1732 
Ethyl 3-aminocrotonate, reaction with maleimide, 3929 
Ethyl 2-benzamido-5-benzoyl-4-dimethylamino-6-thioxonicoti- 

nate, prepn and X-ray of, 2602
Ethyl chloroformate, in ring opening of a fused indenopyrrole, 650 
Ethyl |8-dimethylaminocrotonate, reaction with benzoyl iso

thiocyanate, 2602
Ethyl dimethylsulfuranylidene-2,4,6-trinitrophenylacetate, 2891 
Ethylenedinitramine, Mannich-type condensation with carbo- 

ethoxyhydrazine, 3846 
Ethylene dithiotosylates, prepn of, 1137
Ethylene glycol, acid-catalyzed reactions with propiolophenone 

and 2-ethynyl-2-phenyl-l,3-dioxolane, 2048 
Ethylene oxide, reaction with acetyl p-toluenesulfonate, 532. 
Ethylene oxides and sulfides, protonated, nmr study of, 1121 
Ethylenes, substituted, in synthesis of ketones, 4117 
a,/3-Ethylenic ketones, attempted synthesis from enamine thio- 

phosphonates, 2892
Ethyl 5-ethyl-2,4-pentadienoates, alkaline hydrolysis of, 3178 
Ethylidenecycloalkanes, reaction with nitrosyl chloride, a re

examination, 1169
Ethylmagnesium bromide, reaction with 2,4-diphenylthietane 

dioxides, 2698
Ethyl methylcyclohexenyl ethers, elimination of ethanol from, 

917
l-Ethyl-2-methylcyclopentane, cis- and trans-, synthesis of, 381 
Ethyl orthoacetates, reaction with 5-amino-4-chloro-6-hydrazino- 

pyrimidine, 2974
Ethyl orthoformate, introduction into nucleosides in the presence 

of p-nitrobenzaldehyde, 2809
1- Ethylpyrazolyl-5-aminomethylenemalonic acid diethyl ester, 

hydrogen bonding of, 219
Ethyl a-(2-pyridyl)cyanoacetate, formation of, 1165
S-Ethylsulfonium salts of ethyl p-thiophenoxyphenyl sulfide, 

formation of, 1513
Ethyl 4,4,4-trifluoro-3-ketobutanoate, reaction with amines, 37 
17a-Ethynyl-19-nortestosterone, 6,6-difluoro-, synthesis of, 575
2- Ethynyl-2-phenyl-l,3-dioxolane, acid-catalyzed reactions with 

ethylene glycol, 2048
Etienic acid acetonide, formation of, 586 
12a,13|3-Etiojervane analog, of testosterone, 711 
Europium ( I I I ) ,  tris(dipivalomethanato)-, use in the nmr of syn/ 

anti ratios of oximes, 2912
Europium (III) chelate induced chemical shifts, in stereochemical 

assignments of isomeric perhydrophenalenols, 2199 
Exaltone, syntheses from 1,9-cyclohexadecadiene, 3266; synthesis 

of di-museone from, 4124 
Exocyclic double compounds, prepn of, 2497

traras-Farnesylfarnesylacetone, synthesis from geranylacetone, 
3951

Favorskii rearrangement, of methylcyclohexadecanone, 3266 
Favorskii-type rearrangement, of 7-bromo /3-oxo esters, 414 
d-Fecht acid, attempted assignment of the absolute configuration 

of, 834
Ferric chloride, use in chlorination of adamantane, 3138 
Ferrocene, dimethylaminoethyl, 2-metalation with butyllithium 

and condensations with electrophilic reagents, 377; hydroxy
methyl-, reactions of, 2027

Ferrocenes, alkyl, synthesis of, 2027; 2-substituted vinyl-, syn
thesis of, 377

Ferrocene studies, 761 ; synthesis of 1,2-terferroeene, 1499
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[m] [raJFerrocenophanes, synthesis of, 2832 
2-Ferrocenylbutadiene, Diels-Alder reactivity of, 1699 
Ferrocenyl ketones, oxidation of, 2092 
Ferrocil, cyclocondensation with acetone, 1499 
Ferrocyne intermediate, evidence for, 4068 
Flash photolysis, of triphenylmethane dyes, 2275 
4/7-Flavene, 3-formyl-, prepn and reactions of, 600 
Flavins, dihydro-, use in reduction of aromatic nitro compounds, 

1389
Flavone, pilloin, from Ovidia pillopillo, 3829 
Fluoramino ketones, synthesis of, 1148 
Fluorene, 9-propyl-, prepn of, 1036
Fluorenes, 9a-substituted hexa- and tetra-, synthesis of, 2577 
Fluorenone anil JV-oxide, isomerization to A^-phenylphenanthri- 

done by photochemical and mass spectral pathways, 3619 
9-Fluorenone oximate, sodium salt, reaction with methyl iodide 

or methyl tosylate, 1931 
Fluorenone oxime anion, phénylation of, 1780 
Fluorenones, hexahydro, in synthesis of gibbane synthons, 3707 ;

reactions with tricovalent phosphines and phosphites, 553 
Fluorescence quenching, effects of micelles on, 3762 
Fluoride ion, elimination in the dehydrohalogenation of 3-iodo-4- 

(perfluoroalkyl)butanoic acids, 1904 
Fluorides, alkylmagnesium, prepn of, 2123 
Fluorinated 3-keto esters, reactions with amines, 37 
Fluorinated sorbic acid analogs, prepn of, 1904 
Fluorination, of substituted benzenes with xenon difluoride, 2917 
Fluorine-containing compounds, aliphatic gem-dinitramines, syn

thesis of, 350; heterocyclic compounds, 37; heterocyclic ni- 
tramines, 347

Fluoroacetylenes, addition of methanol to, 345 
9-Fluoroanthracenes, prepn of, 1140
Fluoroarenes, from photolysis of aryldiazonium salts in the solid 

state, 631
Fluorobenzene, reaction with lithiated AfjlV-dimethylbenzyl- 

amine, 1222
Fluorobenzyltrimethylsilanes, mass spectra of, 933 
Fluoroborates, aryldiazonium, photolysis of, 631; reaction with 

diaryl disulfides, 1513 
Fluorocarbons, halogen metathesis in, 3651
1- Fluorocycloalkenes, synthesis of, 818
5-Fluoro-7,12-dimethylbenz[a]anthraeene, synthesis of, 966
2- Fluoro-2,2-dinitroethanol, Mannich reactions of, 2599 
2-Fluoro-2,2-dinitroethyl tosylate, reaction with nucleophiles, 806 
Fluorodinitromethane, reaction with JV,fV-bis(alkoxymethyl)-lV-

alkylamines, 2138
Fluoromethane, photodifluoramination of, 3819 
Fluoronaphthalenes, nucleophilic substitution of, 314 
Fluoro olefins, nucleophilic displacement of, 2351 
Fluoro phosphates, aryldiazonium, photolysis of, 631 
Fluorophosphoranes, nmr of, 998
Fluoro-substituted glycidyl ethers, reaction with dibutylamine, 

1209
Fluorosulfuric acid, nmr studies of phosphorus compounds, 1374 
Fluorosulfuric acid-antimony pentafluoride, reaction with al- 

lophanates, 3582
Fluorothiophenes, synthesis and nmr of, 2188 
Folic acid antagonists, syntheses of 1- and 3-deazamethotrexate, 

2818
Force-field method, in calculation of heats of formation of per- 

hydroanthracenes, 2051
Formaldehyde, reaction with deactivated benzoic acids, 689;

reaction with 2-thiouraeils under acidic conditions, 602 
Formamidinium salts, reaction with organolithium reagents, 

2881
Formanilides, formation of, 634; hydrolysis in alkaline solutions, 

3870
Formic acid-formaldehyde méthylation of amines, 829 
Formimidates, Ar-aryl, hydrolysis of, 162
Formimidation, of amine, alcohol, and amide by vinyl isocyanide, 

copper(I)-catalyzed, 2876 
Formylation, of amines with phenyl formate, 3238
2- Formylcholesta-2,4,6-triene, prepn and nmr of, 3243
3- Formyl-47/-flavene, prepn and certain reactions of, 600
3-(o-Formylphenoxy)propylphosphonium salts, reaction in al

coholic alkoxide, 4028
Formyl proton of salicylaldéhyde, obtained by the Reimer- 

Tiemann reaction, origin of, 202 
Fragmentation reactions, of 1,3-chlorohydrins, 943

Frangomeric processes in the prepn and reactions of a,/3-epoxy 
ketones, 390

Free energy of activation, of 2,6-disubstituted aryl rings, 565 
Free-energy relationships, between partitioning solvent systems, 

1539
Free-radical addition, of methanethiol to bicyclo[3.1.0]hexene-2, 

905; of thiophenol to 3-methylenenortricyclene, 1866 
Free-radical bromination, of bicyclo[2.2.1]heptanols, 2030; 

of cycloprop [2,3] indene, 971
Free-radical vs. ionic addition, of bromine azide to 3,3,3-tri- 

phenylpropene, 2176
Free-radical reactions, of halohydrins and hydroxy sulfides, 

neighboring-group participation, 731 
Free radicals, in reactions of uracil and thymine derivatives with 

hydrogen peroxide, 1256; triarylimidazolyl, reactivity toward 
tris (2-methyl-4-diethylaminophenyl )methane, 2280 

Friedel-Crafts alkylation, observance of metathesis during, 2951 
Friedel-Crafts catalyst, use in the preparation of guanine pento- 

furanosyl nucleosides, 842
Friedel-Crafts chemistry, cyclidehydration of phenylalkanols to 

indans, 1040
Friedel-Crafts conditions, in acetylation of pinane, 2434; for 

reactions of 2-dichloromethylene-3-oxazolin-5-ones, 3990 
Friedel-Crafts cyelialkylations with diphenylalkyl chlorides, 

3342
Friedel-Crafts isopropylation, in nonpolar solvents, 2753 
Friedel-Crafts reaction, in the 1,4-benzylation of anthracene, 

2860; in synthesis of polyalkyl-l-tetralones, 2480 
Frontalin, synthesis of, 2390
Fukinone, racemic, stereoselective total synthesis, 877 
Fulvalene, heterocyclic analogs of, 1563 
Fulvalenes, dihydro-, mass spectra of, 553
Fulvena, heterocyclic analogs of, 1563; 2,6,6-trimethyl-, forma

tion of, 2853
Furan, 2,5-dimethyl-, cyanomethoxylation of, 1523 
2-Furanacetic ester, 5-substituted, ring opening of a, 3191 
Furan derivatives, from neighboring-group replacement reactions 

of phenylcyclohexyl tosylates, 399
2-Furanol, 2,3-dipheny 1-2,5-dihydro-, synthesis and reactions of, 

3011
Furano[2,3-6]xanthones, synthesis of, 845
Furans, thienyl-, synthesis of, 1011
2-Furanylmethyl radical, esr of, 3837
Furazano [3,4-d] pyrimidine, 7-amino-, synthesis of, 3211
Furo [2,3-6] pyridines, formation of, 1061

(±)-Galanthamine, alternative total synthesis of, 1295 
Ganglioside series, synthesis of the trisaccharide inherent in the 

Tay-Sachs ganglioside, 832
Gas chromatographic analysis, of electric discharge reactions of 

hydrocarbons, 2894
Gas chromatography, of compounds related to the benzyne 

addition of dimethylbenzylamine, 1222 
Gas-liquid chromatographic retention times, of diastereoisomers 

of 2,3-dimethylsuccinic acid and its esters, 2200 
General acid catalysis, of acetal and ketal hydrolysis, search for, 

2357; by a tertiary amine of the hydrolysis of an aryl sulfinyl 
sulfone, 2291

Geometrical isomers, of ortho-substituted acetophenone N ,N -  
dimethylhydrazones, 1719

Germanecarboxvlic acid, triorgano-, synthesis and spectral 
properties of, 3475; ionization constants, 3480 

Gibbane synthons, via hexahydrofluorenones, 3707 
Gibberellic acid, synthesis of the B, C, and D rings of, 1277 
Gibberellic acid intermediate, stereochemistry of, 1299 
Girinimbine, ozonolysis of, 725
a-D-Glucopyranoside 2,3-carbonate, methyl 4,6-O-benzylidene-, 

reaction with benzyl alcohols, 3126 
D-Glucose, penta-O-acetyl-aWekj/do-, photolysis of, 2575 
Glucuronides, aryl, synthesis by an improved Koenigs-Knorr 

synthesis, 863
Glutamine, 2,4-dimethoxybenzyl as a protecting group for, 3966 
Glutaraldehyde, facile synthesis of heterocycles from, 226 
Glycerol, long-chain cyclic acetals of, 2743 
Glycidic acids, anodic decarboxylation of, 3232 
Glycidyl ethers, 2-arylhexafluoroisopropyl, reaction with di

butylamine, 1209
Glycine, a-cyano-, synthesis and properties, 3960
1,2-Glycol cleavage, with nickel peroxide, 1703 
Glycoside, of methylcuracin, synthesis of, 1166
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Glyoosidic cleavage, in thermal reactions of xylopyranose and 
xylopyranosides, 2813

Glycosyl azides, reaction with acetylenes, 2553 
C-Glycosyl nucleosides, synthetic studies of, 1507
3-Glycosyl-i>-triazolo [4,5-d] pyrimidines, synthesis of, 1962 
Glyoxal, condensation with stilbenediamine, 3810; methyl or 

phenyl, condensation with 2,4,5-triamino-4-hydroxypyrimi- 
dine, 3925

Glyoxime, phenyl-, separation, characterization, and structure of 
isomers, 1

Gomberg reaction with trityl compounds, reinvestigation of, 
2508

Gramme alkylation, of 3-piperidones, 2471 
Grapefruit oil, sesquiterpene paradisiol from, 2422 
Grignard coupling, bridgehead alkyl derivatives by, 205 
Grignard derivatives, of indole, nmr of, 3091 
Grignard reaction, on 4-oxoindoles, 1232
Grignard reagents, aryl, reaction with pyridine 1-oxide, 1705; 

cyclopentadienyl, cycloaddition of benzyne to, 3979; from 5- 
chloro-l-pentene-5,5-d2, rearrangement of, 4133; methyl, re
action with 1-methyl and l-benzyl-3-cyanopyridinium ions, 
772; for reaction of l-chloro-4-bromo-l-phenyl-l-butene with 
magnesium, 1356; reaction with ethers of hydroxymethyl- 
ferrocene, 2027; reaction with norbornene oxides, 3255; re
action with perfluoroalkyl halides, 364; reaction with phosphi- 
nate esters, 335; in reduction of phenyl trimethylsilyl ketone 
and phenyl triphenylsilyl ketone, 3168 

Griseofulvin, reaction with dimethylsulfoxonium methylide, 2375 
Guaiane sesquiterpenes, synthetic studies of, 2035 
Guaiol, selective degradation of, 2569
Guanidines, cyclic, synthesis of, 46; mechanism of acid hydrol

ysis of, 3805
Guanidinium chloride, hexamethyl-, prepn of, 2885 
Guanidino amino acid, viomycidine, synthesis of, 873 
Guanine 3-oxides, alkylated, prepn. of, 2635 
Guanine 3-lV-oxide, tautomeric structures of, 2639 
Guanine pentofuranosyl nucleosides, prepn using a Friedel- 

Crafts catalyst, 842

Half-cage alcohols, cyclopropane, formation and transannular 
reactions of, 1316

Halides, alkyl, in alkylation of potassium salts of alkyl benzo- 
hydroxamates, 284; ligand transfer from copper(II) to alkyl 
radicals, 3095; organic, reaction with lithium dimethylcar- 
bamoylnickel carbonylate, 2721; tertiary, sodium borohydride 
reduction of, 1568

Haller-Bauer cleavage, of phenyl cyclopropyl ketones, 2937 
2-(Haloacylamino)pyrimidines, cyclization of, 604 
Haloalkanes, poly-, addition to olefins, 2596 
Haloanilines, reactions with potassium amide in ammonia, 184 
iV-Haloaziridines, invertomers of, 230
Halobenzenes, o-, benzyne reaction with acetonitrile or phenyl- 

acetonitrile, 327 ; polarographic half-wave potentials of, 260 
1-Halocyclopentenes, from rearrangement of halomethylene- 

cyclobutanes, 1024
Haloeyclopropanes, reduction with sodium naphthalenide, 2186 
Halocyclopropenes, Diels-Alder reaction of, 1775 
a-Halocyclopropyllithium reagents, synthetis and nucleophilic 

reactions of, 369
Halogenated ketene-olefin cycloadducts, substitution vs. re

arrangement, 2033
Halogenated ketenes, cycloadditions with carbonyl compounds, 

1637; cycloadducts of, 1486
Halogenated methylenediphosphonates, new approaches to, 1835 
Halogénation, a of acetals, 1311; with copper(II) halides, 2088; 

with copper(II) halides, synthesis of dehydroadiponitrile, 
2898; of eyelohex-4-ene-l,2-dicarboxylic acids, stereochem
istry of, 142; electrophilic, of 8-quinolinol and its copper(II) 
chelate, 1616; of olefins with complexed copper(II) halides, 
3324

Halogen donors, reaction with propargyl alcohols, 2713 
Halogen metathesis, in fluorocarbons, 3651
Halogens, comparative mobility in reactions of dihalobenzenes 

with potassium amide in ammonia, 184; endo attack on hin
dered 2-phenylnorbornenes, 2870; novel reactions with cyano- 
dithioimidocarbonate anion, 14

Halohydrins, free-radical reactions of, neighboring-group partici
pation, 731

Halo ketones, a-, reaction with 2-mercaptobenzimidazole, 1352; 
reaction with tertiary phosphines, 88; a-, reaction with s- 
triazole-3-thiols, 10

Halomethyl metal compounds, studies of, 1786 
Halonaphthalenes, reaction with potassium feri-butoxide and 

iert-butyl alcohol in dimethyl sulfoxide, 314, 318
4-Halonitrobenzenes, reaction with trichloromethyllithium, 2907 
1-Halophospholene oxides, reduction of, 1285
1- Halophospholenes, synthesis and properties, 1285 
Halopyridines, hydrolysis at 250-350°, 1455 
A-Halosuccinimide reagents, in oxidative hydrolysis of 1,3-di-

thiane derivatives, 3553
Halothiophenes, reactions with metal amides, 2690
2- Halo-2,3,3-trimethylbutanes, reactions of, 897
Hammett correlation, differential, in the reaction of butadienes 

with methyl acrylate, 924
Hammett equation, correlation with nmr of ortho-substituted 

benzenes and naphthalenes, 266; in the dissociation of aryl 
carbanilates, 2295

Hammett plot, of addition of styrene to acridizinium ions, 969 
Hammick reaction, of methoxypyridine-2-carboxylic acids with 

benzaldehyde, 2002
Heats of formation, of perhydroanthracenes, 2051 
“ Heavy atom”  effect, in coumarin photodimerization study, 102 
Helicenes, hetero-, synthesis and resolution of, 2797 
Hemiisojanusene derivatives, carbonium ion rearrangements of, 

1854; nmr of, 1861
Hemiketals, derived from 5-10,ll-dihydro-5if-dibenzo[o,d] cyclo- 

heptene-10-carboxylic acids, 466
Henbest reagent (trimethyl phosphite-chloroiridic acid), use in 

synthesis of a bufadienolide, 3207
3.5- Heptadienone, 4,6-dimethyl-, photochemical formation of 

pyran from, 1988
Heptaheterohelicenes, formation of, 2797
«-Heptane, carbon-14, tracer study of the dehydrocyclization of, 

337
Heptapeptide, fragment of the H G H  molecule, 2419
1.3.5- Heptatrienes, synthesis of, 1695
Heteroaromatic nitrogen methylides, 1,3-dipolar cycloaddition 

reactions with dipolarophiles, 813 
Heteroaromatics, tetrazolo-azido isomerization in, 446 
Heteroaromatic substrates, Meisenheimer-type compounds from, 

1918
Heterocumulenes, reactions with ketenes, 2205 
Heterocycles, alkali metal reduction of, 330; alkali metal reduc

tion of oxepins, 1402; bridgehead nitrogen, prepn of, 3506; 
carbon-phosphorus, 2791; facile synthesis from glutaralde- 
hyde, 226; formation of 2-substituted perimidines, 1477; 
nitrogen, adducts with dimethylketene, 2211; nitrogen, pyro
lysis of, 189; nitrogen, reduction by lithium in liquid ammonia, 
279; nucleic acid, methylation of uracil, 848; organosilicon, 
transannular interactions in, 4060; phosphorus-oxygen, forma
tion of, 2713; polycyclic orthoquinonoidal, formation of, 1416; 
sulfur containing, conformational analysis of, 1314; synthesis 
of 1,3-dimethylcytosines, 1829; synthesis of pyrido[l,2-a]- 
pyrimido[4,5-b]pyridine, 2192; synthesis of 3H-[l,2,4]thiadia- 
zolo[4,3-o]pyridines, 1846; stable 8 ir electron, synthesis of 
4025

Heterocyclic compounds, with active methylene groups, reaction 
with 3-formyl-4.ff-flavene, 600; amino sugar derivatives, re
actions of difunctional esters with vicinal trans diequatorial 
amino hydroxy groups, 1079; analogs, of fulvene and fulvalene, 
1563; l-aza-2-silacyclopentanes, prepn of, 3120; fluorine con
taining, synthesis and properties of, 37; nitramines, fluorine 
containing, 347; phosphinic acid, seven membered, prepn and 
properties of, 2566; photolytic syntheses of O-methylandro- 
cymbine and kreysigine, 3733; synthesis of homopetaline- 
type compounds, 1293; synthesis of racemic galanthamine, 
1295; total synthesis of androcymbine, 3729 

Heterocyclic studies, toluenesulfonyl derivatives of 2,3-dihydro-
5-methyl-6-phenyl-l,2-diazepin-4-one, 2676 

Heterocyclic system, novel, l-methyladamantano-[l,2-fc] pyrroli
dine, 4127; seven membered, rearrangement of, 2190 

Heterocyclopentadienes, synthesis, 3995 
Heterodiene, photochemical valence isomerization, 1934 
Heterohelicenes, synthesis and resolution of, 2797
2.5- Heterosubstituted 1,4-benzoquinoid systems, borylation of, 

1161
Hexachloroeyclopentadiene adducts, of 1,3-alkadienes, 1631 
Hexadecitol, synthesis of a, 3242
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1,5-Hexadiene, cyclialkylation with phenol, 3345 
4b,5,6,7,7a,8-Hexahydropentaleno[2,l-b]pyridine, formation of, 

2308
(±)-Hexahydropronuciferine and related compounds, synthesis 

of, 111
Hexamethylbenzene, photooxidation of, 1765 
Hexamethylphosphoric triamide, dehydration of secondary alco

hols by, 3826
2,4-Hexanedione, lithium aluminum hydride reduction of, 2110
3- Hexanone, reaction with dimethyl phthalate, 1561 
Hexatrienes, 1,3,5-, alkyl-, convenient synthesis of, 1695; 1,6-

diaryl-, prepn by a modified W ittig  reaction, 3473
1- Hexene, condensation with paraformaldehyde, acetylating 

agents, and hydrogen chloride, 2505; from pyrolysis of 1,1- 
dihexyl-l-methylamine-2-acylimides, 1474

2- Hexenoic acid, «s-5-hydroxy-, synthesis of, 2181
Hexenoic acids, 2- and 3-, stable dianions of, 3290; 5-oxo-, syn

thesis of, 2181
5-Hexenoyl peroxide, iodometric kinetic experiments on, 174 
7i-HexyImagnesium fluoride, prepn of, 2123 
Hexyl 2- and 3-, perchlorates, prepn of, 1716 
HG H  molecule, synthesis of two peptide fragments of, 2419 
High pressure studies, polar effects in decomposition of tert- 

butyl phenylperacetates, 654; pressure dependence of cage 
effects, 657

Hofmann degradation, of an androstene azetidinium tosylate, 
1386

Hofmann elimination, of oxazolidines, 2256 
Homodamantan-4-one system, Schmidt and Beckmann re

arrangements of, 2454
Homocubanone, photochemical formation of, 1423 
Homologation, of aldehydes, 2731
N-Homologization, use in synthesis of l- « - (3,4-dihydroxy- 

benzyl )-a-hydrazinopropionic acid, 1949 
Homomorphinandienone and homoaporphine derivatives, for

mation of, 3733
Homopetaline-type compounds, synthesis of, 1293 
Homoproaporphine, formation of, 3729 
-D-Homo steroids, dehydration of, 716; synthesis of, 59 
Hiickel molecular orbital charge density, for 5-azaindolizine, 3090 
Hiickel molecular orbital x resonance energies, nonalternant 

hydrocarbons, 3418
Human pituitary growth hormone, synthesis of two peptide frag

ments of, 2419
Hybridization, on amino nitrogens, 3847, 3852 
Hydralumination, of acetylenes, 3520
Hydration, reversible, of 1,3-cyclohexadiene in aqueous per

chloric acid, 3180
Hydrazide imides, methylation of, 1155
Hydrazine derivatives, reaction with carbodiimide-sulfoxide, 

3861
Hydrazines, aryl, use for papain-catalyzed resolutions of racemic 

AT-(benzyloxycarbonyl)alanine, 1580; 3-carboxyacryloyl-, re
actions of, 3372; derivatives, studies of, 2008; reaction with
6-acyl-5H-l-pyridine-5,7(6if)-diones, 3890; reaction with 
2'-benzoyl-4'-chloroanilides, 782; reaction with a,/3-epoxy 
ketones, 390; in reduction of steroidal 4-en-3/S-ols, 2730 

Hydrazine hydrate, reaction of nitriles in presence of Raney 
nickel, 3539

4- Hydrazino-6-hydroxypyrim idine, formation of, 2462 
2-Hydrazinonaphthyridines, conversion into naphthyridines, 450
o-Hydrazinopropionic acid, d- and L-«-(3,4-dihydroxybenzyl)-,

synthesis of, 1946, 1949
Hydrazones, o f a,/S-unsaturated carbonyl compounds, cycliza- 

tion of, 3895
Hydride Meisenheimer adducts, stable, 937
Hydride reductions, of a steroidal enamino ketone and a dike

tone, 211; of a steroidal cyclic anhydride, 2397 
Hydride shift, endo-endo, to a secondary carbonium ion, 2552 
Hydrides, tin, addition to norbornadiene, 2083 
Hydride transfer, in fragmentation of trityl compounds, 2508 
Hydrindanol derivative, synthesis of, 2035 
Hydroazulenes, a thermal epoxide rearrangement, 2855 
Hydroazulenic homoallylic acetate, in synthetic studies of guaiane 

sesquiterpenes, 2035
Hydroborating agent, dimethyl sulfide-borane, 2388 
Hydroboration-oxidation, of a-guaiene, 2569 
Hydrocarbon autoxidation, kinetics of inhibition by l,l'-bis(JV- 

phenyl-2-naphthylamine), 1214

Hydrocarbons, aliphatic-aromatic, hydrogenolysis of carbonyl 
derivatives as a route to, 737; from alkylation of cymenes, 
2042; aromatic, reaction with mixed sulfonic-carboxylic an
hydrides, 540; Ci to C), electric discharge reactions of, 2894; 
highly strained, electrochemical prepn of, 2017 ; nonalternant, 
Hiickel molecular orbital x resonance energies, 3418; radiation- 
initiated oxidation of, 3423; saturated, pseudo x bonding in, 
3987; from sodium borohydride reduction of tertiary halides, 
1568

Hydrodisulfides, aryl, prepn of, 3677
H ydroform ylation, o f 5,6-dideoxy-l,2-0-isopropylidene-a-D-xylo- 

hex-5-enofuranose, 592
Hydrogenation, cf 2-acetylpyridine, 609; of butadiene with co

balt hydrocarbonyl, 3604; catalysts, for aromatic molecules, 
alkali metals, 694; directive effect of carbomethoxy vs. hydroxy
methyl groups in, 2577 ; of olefins with soluble lithium-based 
coordination catalysts, 1445; of 3-oxo-4-ene steroids, palladium 
catalyzed, 231; in the phenanthrene series, 739; of tolane and 
stilbene in liquid ammonia, 3649

Hydrogen bonding, in /3-amino-af,/S-unsaturated esters, intra
molecular, 219; in the 1,2-diphenylethanol system, 3236; 
by hydroxylic solvents to aromatic amines, 3852; in solvent 
systems, 1539; in study of the ortho effect, 882 

Hydrogen bonds, with negative activation energy, 702 
Hydrogen chloride, addition to quadricyclenedicarboxylic acid, 

2773; condensation with a olefins, 2505; use in cleavage of 
cyclopropane rings, 901

Hydrogen cyanide formation, from pyrolysis of amino acids, 189 
Hydrogen fluoride, use in detosylation, 46
Hydrogen isotope effect, in the reaction of trityl radicals with 

thiophenol, 2582
Hydrogenolysis, of carbonyl derivatives as a route to pure ali

phatic-aromatic hydrocarbons, 737 ; of cyclopropanes, 383 
Hydrogen peroxide-aluminum chloride, in the aromatic hydroxyl

ation reaction, 3184
Hydrogen peroxide anion, reaction with a,/3-unsaturated ketones, 

390
Hydrogen peroxide and derivatives, reaction with uracil, thymine, 

and thymidine 5'-phosphate, 1256 
Hydrogen sulfide, action on Bunte salts, 3681 
Hydrolysis of acetals and ketals, search for general acid catalysis 

of, 2357; acid, of imidazolines, 3803; alkaline, of ethyl 5-ethyl-
2,4-pentadienoates, 3178; of iV-arylimidic esters, kinetics of, 
162; of an aryl sulfinyl sulfone, general base catalysis by a 
tertiary amine 2291; basic, of octane-2-diazotate, 3881; of 
Af-benzyl-3-cyanopyridinium bromide, 1661; of bis-2,4-dini- 
trophenyl phosphate by a nonionic detergent, 2571; of cyclo
serine dimer, 2631; of 7,7-dichlorobicyclo[3.2.0]hept-2-en-6- 
one, 2780; of formanilides in alkaline solution, 3870; of 
guanidines, kinetics, 3805; of halopyridines at 250-350°, 
1455; of hindered 2,2-disubstituted 5-cyanocyclopentanone- 
imines, 2203; of methylguanine 3-oxides, 2635; of iV-phenyl- 
maleisoimide, 1941; of reaction product derived from tri- 
isobutylaluminum and 1,5-cyclooctadiene, 381; of Sehiff bases, 
substituent and secondary deuterium isotope effects for, 1345; 
of 1- (/3-triphenylphosphonioethyl )-2-pyrazoIin-3-yltriphenyl-
phosphonium dibromides, 4041 

Hydroperoxide reactions, metal catalyzed, 2493 
Hydroperoxides of cholesterol, studies of, 1007 
Hydroquinones, oxidation with silver carbonate, 1339; redox po

tentials of, 2849
Hydroxamic acids, conversion to JV,0-diacylhydroxylamines, 

2565; reaction with DM SO-DCC, 3391 
Hydroxide, adducts with iV-benzylisoquinolinium halides, 3156 
Hydroxide and alkoxide ions, Meisenheimer complexes of 1,3,5- 

trinitrobenzene with, 1325
Hydroxide decomposition, of cyclic phosphonium salts, 3226 
Hydroxide ion, reaction with fluoro-2,4-dinitrobenzene, 2346 
Hydroximoyl chlorides, use in synthesis of oximinoglyoxylates, 

3813
Hydroxy acids, /3-, from a-lithiated carboxylic acid salts, 1149; 

a-, steroidal, dioxolone derivatives of, 586
2- (a-Hydroxyalkyl)indoles, dimerization of, 1759
3- Hydroxy-1,2-benzisoxazole, irradiation of, 1088 
15a-Hydroxybufa]in, synthesis of, 3736
6-Hydroxybuphanidrine, characterization of, 3202
6-Hydroxychroman, 2,2,4-trimethyl-7-iert-octyl-, microbiological

transformation of, 2563
5-Hydroxyl-l,3-dioxane derivatives, esterification, 3407 
/3-Hydroxy esters, thermal decomposition of, 3579
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Hydroxy ketones, replacement of the carbonyl oxygen by methyl
ene and 1,1-ethano groups by reaction with the Simmons- 
Smith reagent, 3515

Hydroxylamine hydrochloride, reaction with o-isonitrosoaceto- 
phenone, 1

Hydroxylamines, ¿V,0-diacyl-, conversion of hydroxamic acids to, 
2565; trityl protected, 3835

Hydroxylation, aromatic, with hydrogen peroxide-aluminum 
chloride, 3184

Hydroxyl radical, reaction with thyropropionic acid, 2016 
Hydroxyméthylation, of ketones, new method, 3070 
Hydroxymethylenedesoxybenzoin, condensation with phenyl- 

hydroxylamine, 1685
l-Hydroxy-3-methylfurano[2,3-b]xanthone, synthesis of, 845
3- Hydroxymethyl-2-naphthoic acid lactones, syntheses of, 2169 
/3-Hydroxy olefins, thermolysis of, 1755 
19-Hydroxy-A4'7- and 8,19-oxido-A4'*-3-keto steroids, 2129
4- Hydroxy-5-phenyltetrahydro-l,4-benzodiazepines, ring con

traction to tetrahydroquinoxalines, 1248
6-Hydroxypowelline, characterization of, 3202 
Hydroxy steroids, acetylation of, catalysis by oxygen-containing 

groups, 1271
Hydroxy sulfides, in free-radical reactions, neighboring-group 

participation of, 731
2/3-Hydroxytestosterone, synthesis and conformation of, 3246 
Hydroxytetrahydrofuran, electrochemical formation of, 1683
4- Hydroxy-2,2,6,6-tetramethylpiperidine-l-oxyl, photolytic stud

ies on, 209
5- Hydroxyuracils, conversion into 6-alkyluraeils via Claisen 

rearrangements, 1251
Hypochlorite, action on sulfanilate, 3816

Imidazole, aminocyano-, prepn of, 3442 
Imidazole nucleosides, synthesis of, 1594
Imidazole ring formation, from a olefins, carbon monoxide, and 

ammonia, 3927
Imidazole ring of nucleosides, base cleavage of, 1962 
Imidazole series, mesoionic compounds of, 3368 
Imidazolines, kinetics of acid hydrolysis, 3803 
Imidazolyl, triaryl-, radicals, properties of, 2262; reactions of, 

2267
5-eiido-(2-Imidazolyl)bicyclo[2.2.2]octane, 2- and 3-keto-, syn

thesis of, 2609
Imidazolyl free radicals, reactivity toward tris(2-methyl-4-di- 

ethylaminophenyl)methane, 2280 
Imidazolyl radical, reactions of, 2272 
3ff-Imidazo[l,2-b]pyridazin-2-one, synthesis of, 3506 
Imidazopyrimidine, hydrolysis of a, 727 
Imide anions, reactivity with methyl iodide, 1659 
Imides, alkyl, prepn and reduction of, 461; cyclic, synthesis of, 

44; hydrazide, alkylation of, 1155 
Imines, 2,2-disubstituted 5-cyanocyclopentanoneimines, syn

thesis and hydrolysis of, 2203 
Iminium salts, bicyclic, 491
Imino ether, conjugated, photochemical valence isomerization 

of, 1934
1-Iminopyridinium ylide, photosensitization of a, 2962 
Immonium zwitterions, bicyclic, stable, from enamines and sym- 

trinitrobenzene, 856
1,3-Indandione, prepn of, 1477; 2-acyl-, reaction with 1,8- 

naphthalenediamine, 1477; condensation with benzamidine, 
3382; 2-substituted, new route to, 1561 

Indano[l,2-b]aziridine, thermally disallowed valence tautomer- 
ization to an isoquinolinium ¡mine, 1405 

1-Indanone, 2-amino-3,3-dimethyl-, oxidation of, 3668; lithium- 
ammonia reduction to indan, 2588; 0-(2-pyridyl)oximes of, 
rearrangement of, 1061 ; use in synthesis of a hexahydrocyclo- 
pent[y]isoquinoline, 111

Indans, from the cyclidehydration of primary phenylalkanols, 
mechanism of, 1040

Indazoles, attempted dehydrogenation of steroidal JV-phenyl- 
[3,2-c]pyrazoles, 1597; nitration in the 3 position, 3084 

Indene and indan derivatives, tetrahydro, prepn in synthesis 
of gibberellic acids, 1277

Indene, 3-phenyl-, novel cyclizations and ring-opening reactions 
of, 650

5fl-Indenocyclopenta[l,2-d]pyrimidin-5-one, 2,4-diaryl-, syn
thesis of, 3382

Indenopyrrole, prepn of, 650
4ff-Indeno[] ,2-b] thiophene-4-carboxylic acid, synthesis of, 1053

IND O , in calculation of the geometry and rotational barrier of
2- furanylmethyl radical, 3837

Indole alkaloid, dimeric, as structure of alstonisidine, 582; syn
thesis of dasycarpidone, uleine, and related compounds, 1291 

Indoles, l-acetyl-3-piperidino-, reaction with acetylenic esters, 
645 ; 3-formyl-l-methyl-, prepn of, 600; iV-methyl-, direct 
conversion into indoxyl, oxindole, and dioxindole O-benzoates, 
459; organometallic derivatives of, nmr of, 3091; reduction 
by lithium in liquid ammonia, 279; synthesis from 4-oxo-
4,5,6,7-tetrahydroindoles, 1232, 1241; 2-vinyl-, dimerization 
of, 1759

Indolizine, 5-aza-, protonation of, 3087 
Indolo[3,2-b]benzoxazine, formation of, 2449 
Indolylmagnesium bromide, condensation with methyl 3-ethyl-

isonicotinate 1-oxide, 1291
2- (3-Indolylmethyl)-4-piperidineacetic acid derivatives, syn

thetic route to, 2471
Indoxyl 0-benzoates, direct conversion of A’-methylindoles into, 

458
Inductive effect, of alkyl groups, 204; on polarographic reduction 

of biphenyl- and phenanthrene-related compounds, 666 
Insect fat, aje, identification of two conjugated pentaenoic acids 

from, 2621
Intermolecular contact, carbon-oxygen, in a gibberellic acid 

intermediate, 1299
Internal rotation, in diarylalkynes, 2710
Intramolecular catalysis, by oxygen-containing groups in the 

acetylation of hydroxy steroids, 1271 
Intramolecular cyclization, of allylthioglyeolic acid chlorides, 

2077
Intramolecular Diels-Alder reactions, syntheses of 3-hydroxy- 

methyl-2-naphthoic acid lactones, 2169 
Intramolecular hydrogen bonding, in ,8-amino «,/3-unsaturated 

esters, 219
Intramolecular insertion, stereospecific, of cyclopropylidenes, 

1877
Intramolecular nitrone-olefin cycloadditions, 2440 
Intramolecular nucleophilic cyclizations of alkenylpyridines, 

2308
Intramolecular quaternization, in synthesis of benzo[b]phos- 

phinolinium salts, 2791
Intramolecular rearrangement, of 1-ethoxypropenyl esters of 

y- and S-keto acids, 2740
Invertomers of JV-chlorobenzoylphenylaziridine, isolation and 

chemistry of, 230
Iodination of 2,3-pentadiene, stereospecificity of, 275 
Iodine azide adducts of a,/3-unsaturated ketones, in synthesis 

of a-azidovinyl ketones, 258
Iodine, oxidation of organic divalent sulfur by, 2525, 2530 
Iodine and peracetic acid mixture, reaction with tolan, 2164 
Iodine, reaction with cis-2-mercaptocyclohexanol, 591 
irrms-a-Iodo-a'-acetoxystilbene, prepn of, 2164 
Iodo aromatic compounds, photolysis of, 2413 
Iodobenzene, from the decomposition of aryliodine dicarboxyl- 

ates, 1531
p-Iodobenzoic acid, from chromic acid oxidation of l,l-d i(p - 

iodophenyl)ethane-2-14C', 573
( — )-irans-3-Iodo-(4S)-methoxy-2-pentene, preparation of, 275 
Iodometric kinetic experiments, on 5-hexenoyl peroxide, 174
3- Iodo-4-(perfluoroalkyl)butanoic acids, dehydrohalogenation 

of, 1904
1-Iodoperfluorobutane, radical addition reactions of, 3187 
p-Iodophenyl group, 1,2-migration during oxidation of l,l-d i(p - 

iodophenyl)ethane, 573 
Ionic peroxide reactions, mechanism of, 407 
Ionization constant determinations, of cycloalkanecarboxylic 

acids, 146
Ionization constants, of iV-(4-nitrophenyl)polymethylenimines, 

3847; of organophosphorus acids, 1201; of ortho-substituted 
compounds, 882; of silane- and germanecarboxylic acids, 
3480; for thenoic acids, 2489; of xanthine and guanine
3- Af-oxides, 2639

Ionization scheme, for the AT,Ar-di(carboxymethyl)anilines, 3051 
Ion radicals, reactions of the perylene cation radical, 4050 
Ion radical studies, 2923
Ir, of amino sugar derivatives, 1079; of aryl hydrodisulfides, 

3677; of carboxysilanes and -germanes, 3475; of chlorocarbons, 
conjugated, 676; of conjugated dienones, 1977; of esters, 
use of frequencies in calculation of the piva values of alcohols,
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1205; near, of 4-,substituted 1,2-diphenylethanols, 3236; 
of nepetic acid derivatives, 414; of phenyl carbanilates, 
2295; of 2-phospholenes, 1297; of phosphono diazoalkanes, 
1379; of quinoxaline di-iV-oxides, 514; and Raman spectra, 
of dichlorostilbenes, 3517; of ring-chain tautomeric equilib
rium carbinolamine-amino ketones, 1352; of steroidal di- 
oxolones, 586; of tetrazolopolyazines, 446 

Irradiation, of a diazonium salt, 1483; ultraviolet, use in the 
addition of thiophenol to 3-methylenenortricyclene, 1866 

Isay reaction, in synthesis of 6-substituted pterins, 3925 
Isoalloxazines, dihydro-, use in reduction of aromatic nitro 

compounds, 1389
Isoatiserene, partial synthesis of, 2625 
Isobenzofurans, 1,3-diphenyl-substituted, synthesis of, 1048 
Isobenzothiophenes, 1,3-diphenyl-substituted, synthesis of, 1048 
Isoborneol, 8-tosyloxy-, prepn of, 2324
Isobornyl chloride, specific kinetic salt effects upon the solvolysis 

of, 887
¿rcms-Isobornylcyclohexanol, stereoselective synthesis of, 358 
Isobutylene, alkylation and cyclialkylation of cymenes with, 

2042
Isobutyraldehyde, 180-labeled, presence of in the ozonolysis of 

diisopropylethylenes, 1103
Isocoumarins, facile synthesis of 3-acylamino derivatives of, 

1503
Isocyanate derivatives, from the pyrolysis of benzhydroxamic 

chloride derivatives, 2155
Isocyanates, aryl, reaction with IVjiV-dimethylformamide, 2005; 

a-chlorostyryl, synthesis and reactions of, 3542; reaction 
with phenyl(bromodichloromethyl)mercury, 1786; reactions 
of carbanions of dimethyl sulfoxide and dimethyl sulfone 
with, 1742; reaction with tetramethyl-2-tetrazene, 1566

2- Isocyanato-4-(alkylthio) acid chlorides, novel rearrangement 
of, 3639

Isocyanide, cyclohexyl, adduct with dimethyl acetylenedicar- 
boxylate, 3632; copper-catalyzed cycloaddition reactions of, 
3316

3- Isoeritadenine, synthesis of, 1573
Isoindoles, 1,3-diphenyl-substituted, synthesis, 1048 
Isoindolines, N-substituted, prepn of, 1607
Isojanusene derivatives, carbonium ion rearrangements of, 1854; 

nmr of, 1861
Isojanusenes, diketo-, prepn and structures of, 1865 
Isolongifolene ketone epimers, stereochemistry of, 2560 
Isomaleimides, formation of, 3372; synthesis from maleamic 

acids, 821
Isomerization, of l-aroyl-2,2-dimethylaziridines, 3907; of N -  

aryl-l-aziridinecarboximidoyl chlorides to lV-(2-chloroalkyl)- 
iV-aryl carbodiimides, 2142; catalysts, selective, transition 
metal complexes as, 2497; of chloroadamantane by metal 
halides, 3138; cis-trans, of light-sensitive benzenediazo 
sulfides, 2194; of cyclopropanes to dihydrofurans, 1489; 
of decachlorobi-2,4-cyclopentadien-l-yl, 676; of 6,8-dioxabi- 
cyclo[3.2.1]oct-2-ene and 6,8-dioxabicyclo[3.2.1]oct-3-ene, 
1311; in 1,3-dipolar addition reactions of 1-alkoxycarbonyl- 
iminopyridinium ylides with dimethyl acetylenedicarboxylate, 
2978; of fluorenone anil iV-oxide to AT-phenylphenanthridone, 
3619; in the methylcyclohexadiene system, 917; of 2-p- 
nitrophenyl-4,7-dihydro-l,3-oxazepine, 3078; photochemical 
valence, of a conjugated imino ether, 1934; of pyridotetrazolo- 
[ 1,5-5] pyridazines, 3812; tetrazolo-azido, in heteroaromatic 
compounds, 446; thermal, of 7-norbornenyl and 7-norborna- 
dienyl thiocyanates, 1549; thermal, of phenylglyoxime isomers, 
1; of 2- and 3-unsaturated carboxylic acid dianions, 3290 

Isomers, from mononitration of 2,4,6-trinitrobiphenyl, 1926 
u-Isonitrosoacetophenone, reaction with hydroxylamine, 1 
(±)-Isonootkatone, total synthesis of, 178 
Isophorone, deconjugation of, 1446 
Isoprene, reaction with chlorosulfonyl isocyanate, 2841 
Isoprenoids, studies on reactions, of, 1584
( +  )-cis-2-Isopropenyl-l-methylcyclobutaneethanol, boll weevil 

sex attractant, 2616
2-Isopropoxy-4-methoxybenzophenone, photolysis of, 1808 
Isopropylation, Friedel-Crafts, in nonpolar solvents, 2753 
Isopropyl butyrate and related esters, photochemical acid type 

I I  reaction of, 598
4- Isopropylcyclohexane, 1-acetyl-, prepn of, 1191
Isopropyl fluoride, in isopropylations of benzene and toluenei 

2753

Isoquinoline, cyclopent-, synthesis of, 111; 7,8-dioxygenated, 
synthetic routes to, 1293; pentaoxygenated benzyltetra- 
hydro-, synthesis of, 2409; tetrahydro-, photocyclization of 
iodo derivatives of, 2413

Isoquinoline-4-ca rb o x a n ilid es , 2-m e th y  1-1,3(217,4/7)-dioxo-, 
prepn of, 1160

Isoquinolinium 4-dithiocarboxylates, iV-benzyl-, prepn of, 
3156

Isoquinolinium imine, thermally disallowed valence tautomeri- 
zation of an indano [1,2-b] aziridine to an, 1405 

Isoquinolinium salts, l,4-dihydro-l,4-ethano-, synthesis of, 491 
Isoquinolyl pyrroles, synthesis of, 1459
2- (l-Isoquinolyl)-3,3,5-triarylpyrrolenines, synthesis of rear

rangement products of, 1459
Isosteviol, structural modifications of, 2625 
Isothianaphthene, synthesis of, 3932
3- Isothiazolidone 1,1-dioxide, trans- and efs-4-acetamido-5- 

phenyl-, synthesis and rearrangement of, 1073
Isothiocyanate, benzoyl, reaction with an o!,ii-unsaturated 

amino ester, 2602; from isomerization of thiocyanates, 1549; 
reactions of carbanions of dimethyl sulfoxide with, 1742 

Isotope dilution method, adducts of iV-benzylisoquinolinium 
halides with hydroxide and carbon disulfide, 3156 

Isotope effect, deuterium, for hydrolysis of Schiff bases, 1345; 
in electrophilic aromatic substitution, 420; hydrogen, in the 
reaction of trityl radicals with thiophenol, 2582 

Isotopic evidence, for aryl-group migration during chromic acid 
oxidation of 1,1-di (p-iodophenvl jethane, 573 

Isoxazole derivatives, of tetrahydroindoles, 1232 
Isoxazoles, 4-(3-oxoalkyl)-, use in pyridine synthesis, 2784 
Isoxazolidines, synthesis and stereochemistry, 2440 
Isoxazoline JV-oxides, oxidation of bicyclic dinitropropenides to, 

3059
Isoxazolines, steroidal, by 1,3-dipolar c.ycloaddition, 3470 
Isoxazolo [ 1,2-6] pyrazoles, prepn of, 19

Janovsky complex formation, of 2,4,6-trinitrotoluene, 1671 
Janusene, dehydro-, electrophilic additions to, 1849 
Janusene derivatives, carbonium ion rearrangements of, 1854; 

nmr of, 1861
Jasmone, synthesis of, 2021
Jervane, 12«, 13/3-etio-, analog, of testosterone, 711 
Justicidin B, synthesis of, 3453 
Justicidin E, synthesis of, 3450

Kahweofuran, a constituent of coffee aroma, structure and syn
thesis of, 199

Karplus equation, dihydrobenzofurans which obey, 1805 
Kaurene and atiserene diterpenes, formation of, 3722 
Kaurene class, synthesis of the BCD ring system of, 3196 
Ketal hydrolysis, general acid catalysis, search for, 2357 
Ketalizing agents, reactions with steroidal 3,4-diones, 1812 
Ketals, alkali metal reduction of, 330; synthesis, use of a cata

lytic dehydrator for, 2550; dimethyl-, reaction with a-dicar
bonyl compounds, 2222

Ketene, dimethyl-, adducts with azomethines and N-hetero- 
cycles, 2211; dimethyl-, reaction with p-benzoquinone, 2216; 
halogenated, olefin cycloadducts of, 2033; thioacetals, reaction 
with electrophiles, 2731

Ketene acetal-azoniapolycyclic adduct, reduction of, 3002 
Ketenes, halogenated, cycloadditions with carbonyl compounds, 

1637; reactions with heterocumulenes, 2205 
Ketimines, catalysis by molecular sieves in prepn of, 1570 
Keto acids, y- and S-, 1-ethoxypropenyl esters of, intramolecular 

rearrangements of, 2740; 0-, methoxymethyl enol ethers of, 
lithium-ammonia reduction of, 1151; reaction in sulfuric 
acid, 1714

/3-Ketoallylamine, amine exchange reaction^ with, 272 
Keto allyl systems, kinetic studies of, 3918; mobile, 272; 

mobile, studies of, 3033
Ketocarbene, possible intermediate in the pyrolysis of tetra- 

chloro-o-phenylene carbonate, 1469 
Keto-enol equilibria, in 3-carboxycycloalkanones, 955 
Keto-enol tautomerism, in the thiophene analogs of anthrone, 

3999, 4004
Keto esters, 0-, condensation with 3-aminopyridazines, 2457;

fluorinated, reactions with amines, 37 
2- and 3-Keto-5-en<fo-(2-imidazolyl)bicyclo[2.2.2]octane, syn

thesis of, 2609
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a-Ketols, from hydride reduction of a steroidal enamino ketone 
and a diketone, 211

Ketone formation, from the cerium(IV) oxidation of alkylphenyl- 
carbinols, 1890

Ketones, alkyl, cycloaddition with a 1,4-dipole, 2838; aromatic, 
lithium-ammonia reduction to aromatic hydrocarbons, 2588; 
condensation with amines using molecular sieves, 1570; con
version to enolates by dimsyl reagent, 1112; conversion into 
a,/3-unsaturated carbonyl compounds, 752; cyclopropyl 
methyl, hydrogenolysis of, 383; in high epimeric purity, con
venient procedure for, 387 ; new method for the controlled hy
droxyméthylation of, 3070; spiro, mass spectra of, 948; stereo
selective reduction studies with lithium tri-ferf-butoxyalumi- 
num, hydride, 197; synthesis from substituted ethylenes, 
4117; unnsymmetrical, alkylation of enolates from, 2361

Ketophosphonium salt formation, mechanism and chirality of, 
88

Ketoses, synthesis and studies of, 3222
3-Keto steroids, 19-hydroxy-A4'7- and 8,19-oxido-A4'6-, prepn of, 

2129
/3-Keto sulfides, novel synthesis of, 2540; photoelimination of, 

3550
Ketoximes, Beckmann rearrangement of, use of Lewis base- 

sulfur trioxide complexes, 2159
Kharasch, M . S. (Correction), 3657
Kinetic effects, a-alkyl substituent, on enolization, 4129
Kinetics, of addition of styrene to 9-substituted acridizinium ions, 

969; of alkaline hydrolysis of ethyl 5-ethyl-2,4-pentadienoates, 
3178; of alkaline hydrolysis of formanilides, 3870; of amine 
exchange reactions with /3-ketoallyIamines, 272; of autoxida- 
tion of cyclohexene with iert-butyl hydroperoxide-chromium-
( I I I )  acetylacetonate, 4078; of base-catalyzed synthesis of 
azobenzenes, 170; of benzaldehyde phenylhydrazone forma
tion, 3412; of cleavage of phenylpropargylaldehyde with so
dium hydroxide, 1348; of coumarin photodimerization, 102; 
of decarboxylation of 2-pyridinecarboxylic acids, 454; of 
decomposition of azonitriles, 4046; of decomposition of tert- 
butyl peroxide, 733; of decomposition of ferf-butyl phenyl- 
peracetates, 654, 657; of dehydrohalogenation reactions, 1904; 
of deoxygenation of nitrosobenzene, monosubstituted deriva
tives, and 2-nitrosomesitylene by triethyl phosphite, 300; 
of the Diels-Alder reaction of halocyclopropenes, 1775; of 
disappearance of triarylimidazolyl radicals, 2262; of electron 
abstraction from teri-amines by triarylimidazolyl free radicals, 
2267; of enolate alkylation in DMSO, 1112; of epoxidation of 
olefins with peroxybenzimidic acid, 3832; of epoxidation of 
styrene, 2493; of esterification of 2,3-dimethylsuccinic acid 
diastereoisomers, 2200; of esterification of 5-hydroxyl-l,3- 
dioxane derivatives with acid anhydrides and acid chlorides, 
3407; of formation of alkylmagnesium fluorides, 2123; of 
homogeneous base-catalyzed addition of alkyl aromatics to 
conjugated hydrocarbons, 2299; of hydrolysis of acetals and 
ketals, 2357; of hydrolysis of A-arylimidic esters, 162; of the 
hydrolysis of an aryl sulfinyl sulfone, 2291; of hydrolysis of 
A-benzyl-3-cyanopyridinium bromide, 1661; of hydrolysis of 
cycloserine dimer, 2631; of hydrolysis of guanidines, 3805; 
of hydrolysis of a trieyclo[5.1.0.03’6]octan-2-ol p-nitrobenzoate, 
2941 ; of hydroxide decomposition of cyclic phosphonium salts, 
3226; of inhibition of hydrocarbon autoxidation by l,l'-b is- 
(A-phenyl-2-naphthylamine), 1214; of interaction of lyate 
ions with A-ieri-butyl-2,4,6-trinitrobenzamide, 1544; of the 
interaction of lyate ions with 2,4,6-tricyanobenzenes, 2333; 
of the interaction of nucleophiles with 1,3,6,8-tetranitro- 
naphthalene, 1749; of cis-trans isomerization of benzenediazo 
sulfides, 2194; of isomerization of thiocyanates, 1549; of iso- 
propylations of benzene and toluene, 2753; of ligand transfer 
oxidation of alkyl radicals, 3103; of methanolysis of phenyl- 
substituted benzhydryl chlorides, 2724; of the methoxyde- 
chlorination of l-ehloro-4-substituted phthalazines, 3248; 
of méthylation of cis- and fr(ras-4-iert-butyl-A,A-dimethyl- 
cyclohexylamines, 1688; of methyl transfer from sulfonium 
compounds to nucleophiles, 2337; of nitration, effects of sul
fonium and selenonium poles, 1745; of nucleophilic substitu
tions, catalysis by micelles of dicationic detergents, 2346; of 
oxidation of alkanenitronate anions, 1335; of oxidations of 
ethanol by peroxydisulfate ion, 4089; of oxidation of 1,2-gly- 
cols with nickel peroxide, 1703; of oxygen-18 exchange between 
phenyl methyl sulfoxides and water, 4097 ; of oxymercuration 
of 1,5-diene monoxides, 3511; partial, for bromination of tert- 
butylbenzene, 1002; of the photoelimination of a /3-keto sul

fide, 3550; of photoisomerization of 1,2-diphenyl cyclopropane, 
66; of photolysis of stilbene and 1,1-diphenylethylene in the 
presence of 2-methyl-4,5-dihydrofuran, 3015; of photoreduc
tion of benzophenones, 861; of pyrolysis of 3-aryl-3-buten-l- 
ols, 1755; of pyrolytic rearrangement of l-aroyl-2,2-dimethyl- 
aziridines, 3907; for pyruvic acid semicarbazone formation, 
1668; of quaternization of amines, 824; of radical-induced de
composition of aryliodine dicarboxylates, 1531; of reaction of 
amines with tricarbonyl(fluorobenzene)chromium, 4081; of 
reaction of 2-arylhexafluoroisopropyl glycidyl ethers with di- 
butylamine, 1209; of the reaction of benzyl alcohols with cyclic 
carbonate, 3126; of reaction between bromoacetylene and tri- 
ethylamine in D M F, 3856; of reaction of 1,3-chlorohydrins in 
aqueous methanol, 943; of reaction of 2-(o-chlorophenyl)-
4,5-diphenylimidazolyl radicals with additives, 2272; of reac
tion of l,3,5-cyclooctatrien-7-yne and tetracyclone, 339; 
of reaction of halonaphthalenes with potassium ieri-butoxide, 
314, 318; of reaction of hydrogen peroxide and p-cyanobenzoic 
acid, 3048; of reaction of imide and sulfonamide anions with 
methyl iodide in methanol, 1659; of the reaction of mercaptans 
with aryl sulfinyl sulfones, 2288; of the reaction of methoxide 
ion with 2-methoxy-3,5-dinitrothiophene, 1918; of reaction of 
methyl acrylate with various butadienes, 924; of reaction of 
peroxides with thiocyanates, 3053; of reaction of peroxybenzoic 
toward diazodiphenylmethanes, 3774; of reaction of peroxy- 
carbonates with trivalent phosphorus nucleophiles, 407 ; of re
action phenylglyoxal hydrate with sodium hydroxide, 3591; 
of reaction of phosphorus esters with phenylmagnesium bro
mide, 98; of reaction of pyridine with benzyl halides, 1792; 
of reaction of sodium fluorenone oximate with methyl iodide 
or methyl tosylate, 1931; of reaction of sodium 4-nitrophen- 
oxide with 2-bromoacetanilides, 1921; of the reaction of thi- 
anthrenium perchlorate with aromatics, 2923; of reaction of 
tolan with iodine-peracetic acid mixture, 2164; of the reaction 
of trialkyl phosphites with benzil, 2584; of reaction of uracil 
and thymine derivatives with hydrogen peroxide, 1256; of the 
rearrangement of aziridine carboximidoyl chlorides, 2142; 
of the rearrangements of janusene and related compounds, 
1854; of the rearrangement-substitution reactions of trans-0- 
benzoyl-y-phenylallyl halides, 3918; of the reversible hydra
tion of 1,3-cyclohexadiene in aqueous perchloric acid, 3180; 
of secondary deuterium isotope effects for hydrolysis of Schifi 
bases, 1345; of Sn I  solvolyses of organic halides, 887; of sol
volysis of ea;o-benzobicyclo[n.2.1]alkenyl derivatives, 2777; 
of solvolysis of 1-chloro-l-nitro-l-phenylethane, 3561; of sol
volysis of cycloalkylcarbinyl tosylates, 146; of solvolysis of cy
clobutyl /3-naphthalenesulfonate, 1913; of solvolysis of epithio 
derivatives, 1648; of solvolysis of l,4-ethano-l,2,3,4-tetrahy- 
dronaphthalen-2-yl derivatives, 425; of solvolysis of 2-halo-
2,3,3-trimethylbutanes, 897; of solvolysis of 5-phenylcyclo- 
octanol, 1360; of solvolysis of tricyclo[3.2.1.03'6]octan-7-yl 
derivatives, 3350; of the synthesis of /3-chlorovinyl sulfones, 
3697; of the thenilic acid rearrangement, 2489; of thermal de
composition of bis(5-hexenoyl) peroxide, 174; of the thermal 
decomposition of /3-hydroxy esters, 3579; of the thermal reac
tion of xylopyranosides, 2813

Kinetic schemes, triangular, of return-rearrangement solvolyses, 
2182

Kinetic study, of Meisenheimer complexes of 1,3,5-trinitrobenzene 
with hydroxide and alkoxide, 1325; of 15N  exchange of benz- 
amides with ammonia, 3587; of reactions of 2,4,6-trinitro
toluene in basic solution, 1671

Knorr pyrrole condensation, modified, mechanism of, 853
Koenigs-Knorr synthesis, of the Tay-Sachs ganglioside, 832; 

improved, of aryl glucuronides, 863
Kotanin, structure and synthesis of, 1140
Kreysigine, photolytic synthesis of, 3733

Lactams, bridged, reaction with organometallic reagents, 491; 
cyclic, synthesis of, 607; derived from 5-oxo-10,ll-dihydro- 
5i7-dibenzo[a,d]cycloheptene-10-carboxylic acids, 466; forma
tion, from condensation of stilbenediamine with glyoxal, 3810; 
related to 1,5- and 1,7-naphthyridines, synthesis of, 450; tri
cyclic, photochemical synthesis of, 24

/3-Lactams, A-chlorosulfonyl-, prepn of, 2841; from dimethyl- 
ketene and C = N  compounds, 2211; steroidal, synthesis of, 59

Lactols, reaction in sulfuric acid, 1714
Lactones, bridged, derived from 5-oxo-10,ll-dihydro-5A-di- 

benzo[a,d]cycloheptene-10-carboxylic acids, 466; S- and hind
ered esters, reduction with diborane, 3485; intermediate from
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shikimic acid, synthesis of, 118; in the Friedel-Crafts reaction, 
in synthesis of polyalkyl-l-tetralones, 2480; isolation from 
Gorgonian Pterogorgia guadalupensis, 719; 7-, steroidal, from 
hydride reductions of cyclic anhydrides, 2397 

Lactonization, of cis, ci's-3-phenylcyclohex-4-ene-l,2-dicarboxylic 
acid on treatment with bromine, 142 

Lanthionine, derivatives, mass spectra of, 73; l-, novel synthesis 
by selective desulfurization, 73

Lead tetraacetate oxidation, of a-amino ketones, 3668; of 
oxazolidines, 2256

Leaving abilities, in electrophilic aromatic substitution, 420 
Leuco dyes, photooxidation of, 2275
Levopimaric acid-formaldehyde adduct, in synthesis of a resin 

acid, 3271
Lewis acids, in acetylation of cyclooctene, 1,3-cyclooctadiene, 

and 1,5-cyclooctadiene, 670; rearrangement, of cyclobutene 
epoxides, 1697

Lewis base-sulfur trioxide complexes, as reagents for the Beck
mann rearrangement of ketoximes, 2159 

Ligands, for copper(ll) halide halogenations, 3324 
Ligand transfer, of halides and pseudohalides from copper(II) to 

alkyl radicals, 3095; oxidation of alkyl radicals, kinetics of, 
3103

Lignan lactones, synthesis of, 3453 
Lignans, arylnaphthalene, synthesis of, 3450 
Lincomycin, cleavage of, 596
Linnett electronic theory, the Sn2 transition state, 702 
a-Lithiated carboxylic acid salts, use in synthesis of /3-hydroxy 

acids, 1149
Lithioamines, deuteration of, 1607
Lithium aluminum hydride reductions, of aliphatic /3-diketones, 

2110; of bridged bicyclic nitroso chloride dimers, 2534; of p- 
menthane-2,5-diones, 960; of thio acids, 3235 

Lithium-ammonia reduction, of aromatic ketones to aromatic 
hydrocarbons, 2588; of a,/3-unsaturated acids and 0-keto acid 
methoxymethyl enol ethers, 1151

Lithium-based coordination catalysts, facile olefin hydrogenation 
with, 1445

Lithium bromide-rubidium bromide eutectic, use in rearrange
ment of epoxides, 3135 

Lithium carbenoids, prepn of, 369
Lithium chloride, in conversion of allylic alcohols to allylic 

chlorides, 3044
Lithium diethylamide, isomerization, of bicyclo[2.2.1]heptene, 

510; use in rearrangement of epoxides, 1365 
Lithium dimethylcarbamoylnickel carbonylate, reactions of, 

2721
Lithium dimethylcopper, use in synthesis of fukinone, 877 
Lithium enolates, prepn of, 1790
Lithium in liquid ammonia, in reduction of indoles and quinolines, 

279
Lithium nitride, reaction with diacid chlorides, 44
Lithium tri-ieri-butoxyaluminum hydride, stereoselectivity of, 197
Localization energies, of 8-quinolinol species, 1616
Longifolene, w-bromo-, rearrangement of, 3455
Lowe’s rule, application to the spiro [3.3] heptane system, 834
L  strain, assessed, 702
Luciferin aldehyde, acid-catalyzed cyclization of, 1195 
Lumazines, 8-substituted 6,7-dimethyl-, synthesis and base- 

catalyzed interactions of, 3937
2,6-Lutidine, quaternization of, 824
Lyate ions, interaction with !V-teri-butyl-2,4,6-trinitrobenzamide, 

1544; interaction with 2,4,6-tricyanobenzenes, 2333 
Lysine containing peptides, specific, reversible acylation of, 1267

Mass spectra, of aryl azides, 3796
Macrocyelic polyether sulfides, synthesis and properties, 254 
Macroline, monomeric units of alstonisidine resemble, 582 
Magnesium fluorides, alkyl-, prepn of, 2123
Maleamic acid, N-phenyl-, reaction with acetic anhydride, oxy

gen-18 study, 1941; synthesis of isomaleimides from, 821 
Maleic acid derivatives photoaddition of ethylene with, 3768 
Maleimides, formation of, 3372; reaction with ethyl 3-amino- 

crotonate, 3929
Malonates, halogenated, new approaches to, 1835 
Malondialdehyde, biscarbamyl- and bisthiocarbamylhydrazones 

of, cyclization of, 3895 
Malonimides, prepn of, 2205 
Malononitrile, amino-, prepn of, 3442 
Mandelaldehyde dimers, synthesis of, 2184

Mannich reactions, with benzothiazole-2-thiol, 636; of 2-fluoro-
2,2-dinitroethanol, 2599

Mannich-type condensation, of ethylenedinitramine with carbo- 
ethoxyhydrazine and formaldehyde, 3846 

Mannose, two-carbon chain extension in synthesis of a deoxy- 
ketose, 3222

Mass spectra, of iV-benzylisoquinolinium 4-dithiocarboxylate 
adducts, 627; of benzyloxy ethers, 3526; of bicyclo [2.2.2] oct- 
2-ene derivatives, 1871; of chlorinated norbornenes, 1893; 
of chlorocarbons, 676; of cystine and lanthionine derivatives, 
73; of dichloro-l,5-naphthyridine, 1331; of dihydrofulvalenes, 
553; of diisopropyl ozonides, 1103; of 7,7-dimethoxy-l,2,3,4- 
tetrachlorobenznorbornadiene, 1996; of dimethyl fumarate 
and maleate, 995; of heterohelicenes, 2797; interaction of re
mote functional groups in acyclic systems, 1795; of organo- 
silicon compounds, 1620; of organosilicon heterocycles, 4060; 
of phenyl and benzyl silanes, substituted, 933; of tetrachloro-
o-phenylene carbonate, 1469; of thiabenzenes, 791; of thia- 
zolidinethiones, 1068; of thiazolo[2,3-c]-s-triazole derivatives, 
10

Mass spectral cleavage, of benzophenones, steric inhibition of 
resonance in, 137

Mass spectral fragmentation, of spiro ketones and olefins, 948 
Mass spectral isomerization, of fluorenone anil IV-oxide, 3619 
Mass spectrometer, dehydration if bicyclo[2.2.1]-2-heptanols in 

the, 3057
Mass spectrum, of alstonisidine, 582; of l,4,5,7-tetraphenyl-2,3- 

dithiabicyclo [2.2.2] octane, 2708 
M E D IN A , trifluoromethyl-, synthesis of, 350 
Meerwein-Ponndorf-Verlay reduction, of a spiroindene, 1116 
Meisenheimer adducts, hydride, stable, 937
Meisenheimer complex equilibria, electrolyte and micellar effects 

on ,2172
Meisenheimer complexes, of lV-iert-butyl-2,4,6-trinitrobenzamide, 

1544; of cyanobenzenes, 2333; nmr of, 1749; of 1,3,5-trinitro
benzene with hydroxide and alkoxide, 1325; of 2,4,6-trinitro
toluene in basic solution, possible, 1671 

Meisenheimer reaction, of 1,5- and 1,6-naphthyridine 1-oxides, 
1720; in the 1,5-naphthyridine series, 1331 

Meisenheimer-type compounds, from heteroaromatic substrates, 
1918

^-Melanotropin, triacyl-, formation of, 1267 
Menshutkin reaction, enthalpies of transfer of transition states 

in the, 1792
p-Menthane-2,5-diones and -2,5-diols, absolute configurations of, 

960
l(7)-p-Menthene, trans-2,8-dihydroxy-, synthesis and crystal 

structure of, 63 
Menthol, oxidation of, 387
Menthyl methylphenylphosphinates, prepn and reaction of, 335 
Mercaptans, deoxydative substitution of pyridine N-oxides by, 

3749; hydrogen atom abstraction by triarylimidazolyl free 
radicals, 2267 ; reaction with aryl sulfinyl sulfones, 2288 

2-Mercaptobenzimidazole, reaction with a-halo ketones, 1352 
2-Mercaptobenzoic acid, methyl ester, novel rearrangement of, 

1520
2-Mercaptocyclohexanol, disulfides of, 591
Mercaptoethancl catalysis, for hydrolysis cf A-benzyl-3-cyano- 

pyridinium bromide, 1661 
Mercaptoles, photochemistry of, 3971
Mercuric chloride, reaction with tetrakis(hydroxymethyl)phos- 

phonium chloride, 549
Mercuri procedure, in synthesis of 2-thiouridine, 3026 
Merrifield solid-phase synthesis, of T M V  protein 81-85, 870 
cis-l-Mesityl-2-phenylcyclopentane, rotation of mesityl ring in, 

565
Mesoionic adducts, from N-benzylisoquinolinium bromides, 627 
Mesoionic compounds, cycloaddition reactions of, 8 ; of imidazole 

series, 3368
Mesylate derivatives, of pyrazolines, novel, 118 
a-Mesyloxy ketones, conversion into ketophosphonium salts, 88 
Mesyloxy nucleosides, reactions of, 4105 
syn-Metaeyclophane, bridged, synthesis of, 2437 
Metal acetylide in liquid ammonia, treatment with a phenyl 

ester, 749
Metal amides, reaction with halothiophenes, 2690 
Metal-ammonia reduction, in the chrysene series, 3306 
Metalation, of 3-benzylthiophene, 1053; 2-, of dimethylamino- 

ethylferrocene with butyllithium and condensations with
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electrophilic reagents, 377 ; of iV-methyl- and JV-phenylbenzyl- 
amine, 1607 ; of phenalenothiophenes and a fused benzo deriva
tive, 2683; reactions of dilithiophenyl-l-propyne, 1319 

Metal complexes, group I I I ,  prepn of vitamin E, 2910 
Metallocenes, paramagnetic, oxidation of ferrocenyl ketones, 

2092
Metal-modified oxidations, of ethanol by peroxydisulfate ion, 

4089
Metal partial rate factor, in bromination of fert-butylbenzene, 

1002
Metathesis reactions, use of tungsten hexachloride and ethyl- 

aluminum dichloride cocatalyst systems in, 2951 
Methanethiol, free-radical addition to bicyclo[3.1.0]hexene-2, 905 
Methanolysis, of l-benzoyl-2,2-dichloroaziridine, 1937; of 

phenyl-substituted benzhydryl chlorides, 2724 
Methine and methylene compounds, active, addition to 9-nitro- 

anthracene, 2327
Methionine, seleno-, a potential catalytic antioxidant in bio

logical systems, 2561
Methotrexate, 1- and 3-deaza-, syntheses of, 2818 
Methoxide ion, reaction with 2-methoxy-3,5-dinitrothiophene, 

1918
6-Methoxybenzoxazolinone, improved prepn of, 2004 
2-Methoxybiphenyl, from the photolysis of o-anisyllithium, 3331 
2-(2-Methoxycyclohexyl)ethanol, cis- and trans-, cyclization to 

cis- and frons-perhydrobenzofurans, 846 
2-Methoxy-3,5-dinitrothiophene, reaction of methoxide ion with, 

1918
5- Methoxy-l-methylindole, reduction with lithium in ammonia, 

279
2- and 4-Methoxy-l,6-naphthyridine, prepn of, 1720 
Methoxy-2-pyridyl phenyl ketones, prepn of, 2002
6- Methoxyquinoline, reduction with lithium in ammonia, 279 
Methyl acrylate, kinetics of reaction of various butadienes with,

924
4- Methyl-4-alkoxy-2-pentanones, photochemistry of, 1093 
2-M-Methylaminopyridine, reaction with carbon suboxide, 8 
p-Methylanisole-a-d3, solvent effects on the energy of the princi

pal electronic transition of, 239
Methylation, of amidrazones and hydrazide imides, 1155; of 

amines with formic acid-formaldehyde, 829; of 2-aminobenz- 
imidazole, 3469; of dianions derived from 1,4-bisbiphenylene- 
butatriene and 1,4-bisbiphenylene-l,3-butadiene, 240 

Methylation rates, of cis- and irau.s-4-ieri-butyl-7V',iV-dimethyl- 
cyclohexylamines, 1688

2-(o-Methylbenzal)-3-amino-4,4-dimethyl-l-tetralones, 3033 
Methylbromothiophenes, reaction with potassium amide, 3820
1- Methyl-4-(carbethoxymethylene)phosphorinane, double-bond 

migration in, 1495
2- Methylchloroferrocene, reactions of, 4068
3- Methylcrotonaldehyde, electrochemical dimerization of, 1683 
Methylcuracin, methyl glycoside of, synthesis, 1166
M ethyl <*-cyano-/3-(2-thienyl)acrylate, base-catalyzed reaction 

of, 2196
(3S)-Methylcyclopentane-, 2-dicarboxylic acids, 414 
1-Methylcyclopropene, efficient and convenient synthesis of, 1320 
1-Methyldiamantane, prepn of, 205
17a-Methyl-3,4-dinor-iS-homo-j9-homo-5-azaandrostane-2,17a-di- 

one, synthesis of, 59
L-a-Methyl-dopa dimethyl ether, reactions with hydroxylamine-

O-sulfonic acid, 1949
Methylene compounds, active, reaction with 1,3-butadiene, 2116 
Methylenecyclobutene, bromohydrins of, 2915; derivatives, 

base-induced reactions of, 1024 
Methylenecyclohexanes, epoxidation via bromohydrins, 216 
2,2'-Methylenedicycloalkanones, stereochemistry of, 2728 
Methylenediphosphonates, halogenated, new approaches to, 

1835
Methylene ketones, reactions with dimethyl phthalate, 1561
5- Methylenenorbornene, formation of, 1554
3-Methylenenortricyclene, free-radical addition of thiophenol to,

1866
Methylene, replacement of the carbonyl oxygen of hydroxy ke

tones by, 3515
Methylene triphenylphosphorane, reaction with o-vinyloxy- 

benzaldehyde, 4028
l-Methylene-2-vinylcyclopentane, synthesis of, 381 
JV-Methyl-1.9-ethenophenothiazine, synthesis of, 2437 
14-Methyl-cfs-8-hexadecen-l-ol, sex attractant, synthesis of, 2902

Methylhydrazine, reaction with 4,6-dimethoxy-5-nitropyrimi- 
dine, 2462

Methylide, dimethylsulfoxonium, reaction with griseofulvin, 
2375; heteroaromatic nitrogen, 1,3-dipolar cycloaddition re
actions with dipolarophiles, 813

IV-Methylindoles, direct conversion into indoxyl, oxindole, and 
dioxindole O-benzoates, 459

Methyl iodide in methanol, reactivity of imide and sulfonamide 
anions with, 1659; reaction with phenylacetonitriles, 2132; 
or tosylate, reaction with sodium 9-fluorenone oximate, 1931 

M ethyl jasmonate, synthesis of, 2021 
Methyl-labeled ( ±  )-camphor synthesis, efficacious, 2324 
Methyllithium, reaction with keto acetates and keto ethers, 2319 
Methyl 2-mercaptobenzoate, novel rearrangement of, 1520
1- Methylmercapto-2-naphthol, preparation of, 314, 318 
Methyl 14-methyl-cis-8-hexadecenoate, sex attractant, synthesis,

2902
Methyl A’-methyl-a-thiolincosaminide, from cleavage of lino- 

mycin, 596
Methylmuconic acid, cis,trans-0-, and related lactones, formation 

of, 3606
Methyl p-nitrobenzoate, reaction with sodium 1-dodecanethio- 

late, 396
Methyl-«-(4-nitrophenyl)acrylate, photodimerization of, 1302 
frares-o-Methyl-/S-nitrostyrene, Diels-Alder condensation with 1- 

vinylcyclopentene, 1480
Methylolphosphonium salts, displacement of tertiary phosphines 

by tributylphosphine, 549
2- Methyl-3-oxa-8-thiabicyclo[3.3.0]-l,4-octadiene, structure of 

kahweofuran, 199
2-Methyl-3,4-pentadien-l-ol and esters, nmr of, 999 
M-Methyl-M-(a-phenethyl)aniline, formation of, 1222
1- Methyl-2-phenylpiperidine-l-acylimides, pyrolysis of, 2467
2- Methylpropene, from reaction of alkyl diphenyl phosphates 

with potassium fert-butoxide, 1013
Methyl propiolate, reaction with l-acetyl-3-piperidinoindole, 645
6-Methylpurine 3-oxide, synthesis of, 1228 
Methyl sterculate, synthesis of, 3064
8-a-Methyl steroids, synthesis of, 3277
Methylsulfinyl carbanion, reaction of p-chlorobenzotrifluoride 

with, 3636
l-Methyl-l,2,5,6-tetrahydrophosphorin, formation of, 1495
3- Methyl-3-(p-tolyl)-l-butanol, cyclidehydration of, 1040 
Methyl transfer, from sulfonium compounds to nucleophiles,

2337
M ethyl vinyl ketone, in prepn of vinyloxyboranes, 1790 
Methylzinc and -cadmium reagents, addition to acyclic alde

hydes, 3311
Micellar effects, on Meisenheimer complex equilibria, 2172 
Micelles of dicationic detergents, catalysis of nucleophilic sub

stitutions by, 2346; effects on photoinduced substitution re
actions and fluorescence quenching, 3762 

Michael addition products, from dimerization of cyclobutylidene- 
acetonitrile, 1024

Michael reactions, with benzothiazole-2-thiol, 636 
Microbiological oxygenation, of cis-5-acetyl-5a,6,7,8,9,10,ll,lla- 

octahydro-5ff-cyclooct [6] indole, 2823 
Microbiological transformation, of 2,2,4-trimethyl-7-fert-octyl-6- 

hydroxyehroman, 2563 
Minocycline, synthesis of, 723 
Mitomycin, synthesis of a model of, 31
Molecular orbital calculations, IND O , of saturated hydrocarbons, 

3987; McLachlan, of naphthyl nitroxides, 560 
Molecular orbital resonance energies, of nonalternant hydro

carbons, 3418
Molecular orbital treatment, of ring strain effects on aromatic 

reactivity, 227
Molecular sieves catalysis, in prepn of ketimines and enamines, 

1570
Molten salts, as medium for epoxide-carbonyl rearrangement, 

3135
Molybdenum-catalyzed epoxidations, of styrene^, 2493 
Morpholine, reaction with 2-[(a-substituted amino)benzyl]- 

acrylophenones, 272
1-Morpholino-l-cyclohexene, reaction with cyanoacetic acid, 

1000
Murrayacine, structure of, 725
Muscone, synthesis from 1,9-cyclohexadecadiene, 3266; dl- syn

thesis from exaltone, 4124
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Nagata reagent, use in the addition of H C N  to a conjugated 
dienone, 3196

Naphthalene, hydrogenation with alkali metals, 694; 1-methoxy- 
reaction with acetyl p-toluenesulfonate, 540; 2-(o-methyl- 
benzyl)-l,4-dihydro-4,4-dimethyl-l-keto-, formation of, 3033

1.8- Naphthalenediamine, reaction of 1,3-indandiones with, 1477 
Naphthalene 1,4-e redo-oxide, 1,4-dihydro-, addition of butyl-

lithiums to, 2874
Naphthalenes, 8-<erf-butyl-l-(2-pyridyl)-, prepn. and spectral 

properties of, 2986; corresponding to polyalkyl-l-tetralones, 
synthesis, 2480; nature of the ortho effect, 266 

/3-Naphthalenesulfonate, cyclobutyl, solvolysis of, 1913 
lff-N ap h th [l,8-de]azocine, 2-oxo-2,3,4,5-tetrahydro-, photo

chemical synthesis of, 24
Naphth] 1,2-g] indoles, synthesis of derivatives of, 1599 
Naphtho[6]cyclopropene system, synthetic approach to, 1419
1- Naphthoic acid, 1,4-dihydro-, conformation of, 2011
2- Naphthoic acid lactones, 3-hydroxymethyl-, syntheses of, 2169 
1- and 2-Naphtol, 5,6,7,8-tetrahydro-5,8-dimethyl-, from cyclial-

kylation of phenol with 1,5-hexadiene, 3345 
Naphthols, arylazo-, tautomer dimerization of, 3838, 3842; 

from dehydrogenation of 1-tetralones, 686; 2-, novel synthesis 
of, 3002; 1- and 2-, preparation of, 314, 318 

2 ff-N  aphtho [ 1,2-6] pyran, 6,11-dihydro-l l-hydroxy-6-oxo-2,2,5- 
trimethyl-, a quinone hemiketal related to vitamin K , 4045 

Naphthoquinone, 2,6- and 2,7-di-ferf-butyl-, reaction with phe- 
nylmagnesium bromide and phenyllithium, 3533

1.4- Naphthoquinone photodimers, bromination of, 485
4.8- Naphthoquinones, 1,5-dianilino-, tautomerism in, 235 
Naphtho [2,3-6] thiophene, derivatives, nmr of, 3999 
Naphtho[2,3-c] thiophene, transient, formation of, 1416 
Naphtho [c] thiophenes, synthesis of, 3932 
Naphthylamines, A-aryl-, nitroxide radicals from, 560
9-(1-Naphthyl [anthracene, formation of, 1045 
Naphthyl ethers, preparation of, 314, 318
[3-(2-Naphthyl)propyl] phosphonous dichloride, synthesis of, 

2791
1.5- Naphthyridine, Meisenheimer reaction of, 1331
1.5- and 1,6-Naphthyridine 1-oxides, Meisenheimer reaction of, 

1720
1.5- and 1,7-Naphthyridines, synthesis of, 450 
Neighboring-group assistance, in removable of amino-protecting

groups, 2250
Neighboring-group participation, in carbohydrate chemistry, 

3218; in free-radical reactions of halohydrins and hydroxy 
sulfides, 731; by oxirane oxygen during oxymercuration of
1,5-monoxides, 3511; by sulfonamide nitrogen, 442 

Neighboring-group replacement reactions, of phenyleyclohexyl 
tosylates, 399

Neighboring oxide ion, in fragmentation reactions of 1,3-chloro- 
hydrins, 943

Neopentyl alcohol, reaction with triphenylphosphine, 403 
Neopentylammonium salts, a-aryl-, rearrangements of, 984 
Neopentyl carbon, stereochemistry of displacement reactions 

at, 403
Nepatalactones, synthesis of nepetic acids related to, 414 
Nepetic acids related to the nepetalactones, synthesis of, 414 
Nickel boride, use in reduction of unsaturated compounds 

containing oxygen, 2018
Nickel catalysts, homogeneous, electrochemical generation for 

butadiene oligomerization, 4073 
Nickel complexes, of phenylglyoxime isomers, 1 
Nickel peroxide, use in 1,2-glycol cleavage, 1703 
Nicotinamide, A-benzyl-l,4-dihydro-, use in cleavage of sulfur- 

sulfur and carbon-sulfur bonds, 525 
Nitramines, gem-di-, fluorine-containing, synthesis, 350; hetero

cyclic, fluorine-containing, synthesis of, 347 
Nitration, of antibiotic X-537A, 3621; of aromatic compounds, 

effects of sulfonium and selenomium poles, 1745; in the
2,1,3-benzothiadiazole series, 207; of cyclopropyl thiophenes, 
2236; of indazoles in the 3 position, 3084; of methyl abieta-
8,ll,13-trien-18-oate, 3062; of pentachlorobenzene, 3638; 
of 2,4,6-trinitrobiphenyl, isomers, 1926 - 

Nitrene addition, transannular, 1045 
Nitrilase reaction, model for, 1661
Nitriles, 1-arylcycloalkylcarbo-, synthesis of, 1308; conversion 

to amides by hydrogen peroxide, 3048; derived from 5-oxo- 
10,11 - dihydro - 5H  - dibenzo [a,d] cycloheptene -10 - carboxylic 
acids, 466; 3,3-dichloroacrylo-, synthesis and reactions of, 
3386; obtained from a convenient modification of the W ittig

reaction, 2026; reaction with hydrazine hydrate and Raney 
nickel, 3539

Nitrile synthesis, via acid-nitrile exchange reaction, 3050 
N itrite ion, displacement in nitrobenzenes by sodium thiolates, 

396
5-Nitro-3-acetoxy-2-methyl-2,3-dihydrobenzofurans, 1805 
Nitroalkanes, oxidation of alkanenitronate anions from, 1335;

prepn from nitro nitrates, 2574 
2-Nitroaniline and aniline, correlation of pX a’s of, 610
4- Nitroaniline derivative, solvatochromic shifts for, 1342 
9-Nitroanthraeene, addition of active methylene and methine

compounds to, 2327
p-Nitrobenzaldehyde, reaction with ribonucleosides, 2809 
Nitrobenzene, reduction by dihydroflavins, 1389 
Nitrobenzenes, displacement of nitrite ion by sodium thiolates, 

396; 4-halo-, reaction with triehloromethyllithium, 2907; 
polarographic half-wave potentials of, 260 

Nitrobenzenesulfenanilides, thermal reactions of, 799
5- Nitrobenzoic acid, 3-amino-4-£eri-butyl-, diazotization of, 1483 
2-Nitro-3-benzyloxy-4-methylbenzoic acid, in acylation of a

peptide, 3746
Nitro compounds, aromatic, reduction by dihydroflavins, 1389;

aromatic, reduction with sodium borohydride, 803 
9-Nitro-6-demethyl-6-deoxytetracycline, in synthesis of min

ocycline, 723
Nitro derivatives, of dibenzo [6,/] [1,4,5] thiadiazepine, 2889 
N itro fluoroamines, synthesis of, 2138 
Nitrogen-15 exchange, of benzamides with ammonia, 3587 
Nitrogen inversion, in l-alkyl-2-aryl-3-carboaziridines, 3911; 

in cyclic A-tosylamines, 1309
Nitro-group and aza-group activation, comparison in dechlorina

tions, 1723
N itro groups, condensation with amino groups in prepn of 

purazolotriazines, 2972'
Nitroketimine, methyl 1-ehlorocyclohexyl-, synthesis of, 1169 
Nitronaphthalene, chloro-, piperidinodechlorination of, 1723 
Nitronate anions, alkane-, kinetics and mechanism of oxidation 

of, 1335
Nitrone-olefin cycloadditions, intramolecular, 2440 
Nitrones, a-arylamino-.V-aryl-, prepn of, 634; prepn of, 1780 
Nitronitrates, vicinal, conversion to nitroalkanes with sodium 

borohydride, 2574
Nitronium fluoroborate, reaction with olefins in acetonitrile, 

3641
p-Nitrophenol, laO-enriched, prepn of, 1171
4-Nitrophenol derivatives, solvatochromic shifts for, 1342 
Nitrophenoxy ester, Smiles rearrangement on borohydride 

reduction of, 1171
1- (4-Nitrophenoxy)-2-propanol, prepn of, 1171
2- p-Nitrophenyl-4,7-dihydro-l,3-oxazepine, reactions of, 3078 
p-Nitrophenyl diphenyl phosphate, reactions with hydroxide

and fluoride ions, 2346
p-Nitrophenyl phenacylmethylphosphonate oxime, syn- and 

anti-, synthesis and stereochemistry of, 2023 
p-Nitrophenyl phosphate groups, thymidine derivatives con

taining, 245
A-(4-Nitrophenyl)polymethylenimines, uv, nmr, and ionization 

constants of, 3847, 3852 
Nitroprusside, reaction with amines, 363
4- Nitropyrazole, 3(5)-methyl-, formation of, 3081 
Nitropyrazoles, 3-, formation of, 3081; N -, rearrangement of,

3081
5- Nitropyrimidine, 4,6-dimethoxy-, reaction with methyl hydra

zine, 2462
5-Nitroquinoline, 6-hydroxy-2,7-dimethyl-, from antibiotic X- 

537A, 3621
Nitrosating agent, nitroprusside, 363 
A-Nitrosoanilines, A-alkyl-, nmr structural studies of, 992 
Nitrosobenzene, base-catalyzed reaction with aniline, 170; 

condensation with benzhydrazide, 2008; deoxygenation by 
triethyl phosphite in alcohols, 295, 300; reaction with benzene, 
benzene-d«, and cyclohexane at 600:, 3878 

Nitroso chloride dimers, bridged bicyclic, lithium aluminum 
hydride reduction of, 2534

Nitroso compounds, ieri-alkyl-, synthesis and dimerization 
equilibria, 3055; aryl, reaction with methyleneanilines, 634 

2-Nitrosomesity!ene, deoxygenation by trimethyl phosphite, 300 
Nitrostyrene, 4-, crystal state photodimerization of, 1302; 

/3-, irans-o-methyl-, Diels-Alder condensation with 1-vinyl- 
cyclopentene, 1480
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Nitrosyl chloride, reaction with ethylidenecycloalkanes, a 
reexamination, 1169

2-Nitro-5-thiocyanatobenzoic acid, synthesis, 2727
p-Nitrotoluene-<*-d3, solvent effects on the energy of the principal 

electronic transition of, 239
8-Nitro-s-triazolo [3,4-6] (l,3,4)benzothiadiazepine, rearrange

ment of, 2190
Nitrotrifluoromethylchlorobenzenes, nucleophilic substitutions 

of, 242
Nitrotrifluoromethylphenols, synthesis of, 242
Nitroxide free radical, stable, photolytic studies on, 209
Nitroxide radicals, from bis(./V-arylnaphthylamines), 560
Nmr, of acetophenone A^JV-dimethylhydrazones, 1719; of acetyl

enic carbinols, 749; ISC, of acyclic alkenes, 2757; of acyclic sulf
oxide alcohols, 1737; of adducts of indano[ 1,2-6] aziridine, 
1405; of adducts of 9-nitroanthracene and oximes, 2327; 
of D-aldopentopyranose derivatives, 2658; of 2-alkoxyimino- 
alkyl bromides, 3467; of l-alkyl-2-aryl-3-carboaziridines, 
3911; of allenes, long-range effects, 999; of amidines, 1613; 
of ,3-amino a,/3-unsaturated esters, 219; anisotropic effects, of 
the epoxy group in 4,5-epoxy-irares-2-(p-chlorophenyl)nitro- 
cyelohexane and derivatives, 809; of aryl hydrodisulfides, 3677; 
of 5-azaindolizines, 3087; of azepines, 978; of 2-aeetidinones, 
2841; of base-catalyzed interactions of 6,7-dimethyllumazines, 
3937; of benzohydroximates, 284; of l-benzyl-2-deuterio-6- 
phenyl-3-cyano-l,6-dihydropyridine, 772; of benzyl 1,2-di- 
phenylcyclopropyl sulfones, 2698; of bicyclic fused aziridines, 
31; of bicyclo [2.2.2] oct-2-ene derivatives, 1871; of 4,5-bis(2- 
pyridyl)phenanthrene-3,6-diols, 2991; of boron containing 
heterocycles, 1161; of bufadienolides from Bersama abyssinica, 
2611; of 8-terf-butyl-l-(2-pyridyl)naphthalenes, 2986; of 
carboxysilanes and -germanes, 3475; of chlorocarbons, con
jugated, 676; of chloro-l,5-naphthyridines, 1331; of 3-chloro-
1.2.4- thiadiazole-5-sulfenyl chloride-olefin adducts, 14; of 
conjugated dienones, 1977; coupling constants, in study of the 
ortho-substituent effect, 2201; of cyclic 1,3-diphenylallyl cat
ions, 1,3-orbital interactions, 698; of cyclic ethers, 399; 
of cycloadducts of 3,4-diazacyclopentadienone oxides, 19; 
of cyclobutene systems, 3755; of cyclohexane ring conforma
tion in isomers of 2-piperidino-a-(p-methoxyphenyl)cyclohex- 
anemethanol, 2072; of cyclopropyl 2-pyrrolyl ketone, 2897; 
in determining the basicities of amino groups in w-dimethyl- 
amino alkyl amines, 2926; of Ar,Af-diaryl-2,5-diaza-3,6-dioxo- 
bicyclo[2.2.2]octanes, 501; of diazepines, 2467; of 5,12-ff-di- 
benzo[b,e]-l,3a,6,6a-tetraazapentalene, 217; of 1,4-dibenzyl- 
anthracenes, 2860; of l,l-difluoro-2-aryl(alkyl)ethylenes, 
1438; of dihydrobenzofurans, 1805; of /3-diketones and 3- 
quinaldylpyrazoles, 354; of di-y-lactone from actinobolamine, 
3456; of 1,1-dimethylcycloalkylmagnesium halides, 1368; 
of cis-9,10-dimethyldecalins, 2426; 31P, of dioxaphospholes and 
phosphites, 2584; of 3,5-diphenyl-l,2-oxathiolane 2-oxides, 
2693; of enols-diones, 2110; of ferrocene derivatives, 1499; 
of 3-ferrocenophanylpropionic acids and ferrocenophanes, 2832; 
of 1-fluorocycloalkenes, 818; of fluorothiophenes, 2188; of 
2-formylcholesta-2,4,6-triene, 3243; of a fused indenopyrrole, 
650; of 1-iV-glycosyl-l,2,3-triazoles, 2553; of halo esters, 142; 
of l-halophospholenes, 1285; of helicenes, 2797; of hexachloro- 
cyclopentadiene adducts of 1,3-alkadienes, 1631; of hydride 
Meisenheimer adducts, 937; of interaction of lyate ions with 
Ar-tert-butyl-2,4,6-trinitrobenzamide, 1544; investigations, of 
the interaction of lyate ions with 2,4,6-tricyanobenzenes, 2333; 
ir, and uv, of 1,3-oxazine and 2-pyrone derivatives, 2451; 
of isoindoles, 1048; of isolongifolene alcohols, 2560; of isomeric
1.4- bis(l,2-diphenylvinyl)benzenes, 2956; of isomeric dien- 
aminonitriles, 2962; of janusene, hemiisojanusene, and iso- 
janusene, 1861; of lactones from Pterogorgia guadalupensis, 719; 
of lignan arylnapht.halene lactones, 3450; of long-chain cyclic 
acetals of glycerol, 2743; of mesoionic cycloaddition products, 
8 ; of methanol adducts of fluoroacetylenes, 345; of 1-methoxy- 
perfluoro olefins, 2351; of 2,2'-methylenedicycloalkanones, 
2728; of methyltin halides, 2083; of naphtho [2,3-6] thiophene 
analogs, 3999; of ./V-(4-nitrophenyl)polymethylenimines, 3847; 
of nogalose, 2670; of organometallic derivatives of indoles, 
3091; of ortho-substituted benzenes and naphthalenes, 266; 
of 3-oxabicyclo [re. 1.0] ring systems, 369; of 11-oxygenated estro
gen catechols, 1832; of 2,3-pentadiene adducts, 275; of pen- 
taphenes, 2995; of perhydrodurenes, 3437; of 4-phenylfurazan 
2-oxide, 5; of phenylhalo- and arylalkylketene cycloadducts of 
cyclopentadiene, 1486; of 2-phospholenes, 1297; of phosphono 
diazoalkanes, 1379; of photolyzed borate complexes, deuter-

ated and undeuterated, 544; of product of the reaction of 
dimethylsulfoxonium with griseofulvin, 2375; of protonated 
alicyclic ethers and sulfides, 1121; of protonated allophanates, 
3582; of protonation and cleavage of phosphates, phosphites, 
phosphonates and phosphorus oxy acids, 1376; of pyrazolo- 
[1,5-a] pyridine derivatives, 2980; of pyridines and related 
compounds, 1455; of 2-pyridones, 3792; of pyrrolo[ 1,2-6]- 
pyridazine derivatives, 813; of 8-quinolinolsulfonic acids, 3494; 
of reaction products of the benzyne addition to dimethyl- 
benzylamine, 1222; of reduced indoles and quinolines, 279; 
of ring-chain tautomeric equilibrium in carbinolamine-amino 
ketones 1352; solvent effects, 1107; of solvolysis products of
l,4-ethano-l,2,3,4-tetrahydronaphthalen-2-yl derivatives, 425; 
of steroidal adducts, 83; of steroidal cyclic anhydrides and lac
tones, 2391; of steroidal dioxolones, 586; studies, of the 
D M SO -D CC oxidation, 1909; in study of tetrazolo-azido 
equilibrium, 446; in study of valence tautomeric equilibrium 
of l-aza-2,4,6-cyclooctatriene systems, 435; of substituted 
ferrocenes, 377; of 1-substituted pyrroles, 3993; of sulfide 
acids, 399; of syn/anti ratios of oximes using tris(dipivalometh- 
anato)europium(III), 2912; of tautomeric behavior of azo- 
naphthols, 3842; of tautomeric l,5-dianilino-4,8-naphtho
quinones, 235; of tetracyanoethylene adducts, 2853; of thiane 
oxides, 1314; of thiazolidine-2-thiones and 2-thiazolines, 1068; 
of thiazolo [2,3-c]-s-triazole derivatives, 10; of thiomethylene 
groups, 3703; of 2-thio-D-ribofuranoses, 2646; of 1,2,4-tri- 
azine 1-oxides, 787; of tricyclo [5.1.0.03'*■] oetan-2-ols, prepn of, 
2941; use in determining the conformation of 1,4-dihydro-1- 
naphthoic acid, 2011; use of europium (III) chelate induced 
chemical shifts in stereochemical assignments of perhydro- 
phenalenols, 2199; use in optical resolutions, 3046; use in 
structural studies of N-alkyl-iV-nitrosoanilines, 992; use in 
studying the interaction of nucleophiles with 1,3,6,8-tetra- 
nitronaphthalene, 1749; use in study of rotation of aryl rings, 
565; of vinyl phosphates, 3282; of viomycidine, 873 

Nogalose, structure, absolute configuration, and chemistry of, 
2670

¿rtms-5,8-Nonadienal, photochemical formation of, 1428 
Nootkatone, racemic, stereoselective total synthesis of, 594 
Nopinone, (+)-3|3-methyl-, formation of, 412 
A-Norandrostanes, synthesis via the Dieckmann cyclization, 81 
Noraporphines, photochemical synthesis of, 2413 
Norbornadiene, addition of deuterium chloride to, 2769; addi

tion of tin hydrides to, 2083; benzo-, addition of butyllithium 
to, 2874; benzo-, photorearrangement of, 2057; 2,3-benzo-, 
thermal rearrangement of, 2080; reaction with chlorocarbenoid, 
1775

Norbornadiene-butadiene codimerization, Ziegler-Natta cata
lysts in the, 1443

Norbornane, 1-azido-, prepn and decomposition of, 2864 
Norbornane-7-carbo-2-lactone, 1,7-dimethyl-, prepn of, 2324 
exo-Norbornanol, 1-phenyl-, oxidation in diethyl ether with 

aqueous chromic acid, 387
Norbornan-2-one, 3,3-dimethyl-1-hydroxy-, synthesis of, 1075 
Norbornene oxides, reaction with Grignard reagents, 3255 
Norbornenes, chlorinated, mass spectra of, 1893 
Norbornene systems, electrophilic approach on, 2870 
Norbornenone, 7-benzo-, convenient route to, 1996; 7-, esr of 

semidiones from reduction of, 1559
7-Norbornenyl and 7-norbornadienyl cations, from thiocyanate 

isomerizations, 1549
5-Norbornenyl- and 2-norbornylcarbene intermediates, 1554 
exo-Norbornyl adducts, from additions of protonic acids to 2,3- 

dideuterionorbornene, 340 
2-Norbornylcarbene intermediates, 1554 
Norbornyl cation, classical, evidence for the existence of, 340 
2-Norbornylmethanesulfonate, solvolysis of, 1650 
Norcamphor, reactions of, 2324
A-Nor-5<*-cholestan-2-one, via Dieckmann cyclization, 1009 
Norethindrone, 6,6-difluoro-, synthesis of, 575
ll-Nor-9-ketohexahydrocannabinol 1-methyl ether, synthesis of, 

721
Norrish type I I  reaction, photochemistry, 1838 
Nor steroids, synthesis of, 81
A-Nor steroids, Dieckmann cyclization in synthesis of, 1009; via 

pinacol-type rearrangement, 2400 
19-Nor steroids, 7,7-dimethyl-, total synthesis, 3260 
19-Nortestosterone, use in synthesis of 6,6-difluoro-17a-ethynyl 

derivatives, 575
Nortricyclanol, isomerization of bicyclo [2.2. l]heptene to, 510



Subject I ndex J .  Org. Chem., Voi. 3 6 , No. 26 , 1 9 7 1  4197

Nortricyclene, 3-methylene-, free-radical addition of thiophenol 
to, 1866

N T  A  peptide syntheses, 49
Nucleic acid heterocycles, methylation of uracil, 848 
Nucleophiles, interaction with 1,3,6,8-tetranitronaphthalene, 

1749; methyl transfer from sulfonium compounds to, 2337; 
reaction with 2-acetonylidenoxazolidin-5-ones, 1818; reaction 
with 2,2-dinitroalkyl tosylates, 806; trivalent phosphorus, 
reaction with peroxycarbonates, 407 

Nucleophilic aromatic substitution, during deoxygenation, 295; 
intermediates in, 1325; intermediates in, 1544; intermediates 
in, 2333

Nucleophilic attack, on di-ierf-butyl dithiol tricarbonate, 1180; 
of dodecabromopentacyclo[5.3.0.02’6.03'9.04'8]decane, by so
dium methoxide, 352

Nucleophilic cyclization, in synthesis of triazino[4,3-/]phenanth- 
ridine derivatives, 2767

Nucleophilic displacement, of chloride ion on 1-chloroperfluoro 
olefins, 2351; of a 5-tosylate, by neighboring-group participa
tion of the A^N-diethylamido group, 3218 

Nucleophilic heteroaromatic substitution, of phthalazines, 3248 
Nucleophilicities, of carbanions derived from phenylacetonitriles, 

2132; relative, of enolates, 1112; toward »-propyl tosylate in 
dimethyl sulfoxide, 730

Nucleophilic reactions, of a-halocyclopropyllithium reagents, 
369; on sulfenyl sulfur, 322

Nucleophilic substitution, at an acetylenic carbon, 3856 
Nucleophilic substitutions, catalysis by micelles of dicationic 

detergents, 2346; of nitrotriofluoromethylchlorobenzenes, 242 
Nucleophilic vinylic substitution, 3386
Nucleosides, 3'-amino-3'-deoxyhexopyranosyl, 4105; of 8 -aza- 

purines, 1962; guanine pentofuranosyl, prepn of 842; 8 -hydroxy- 
purine, 2',3'-carbonates of, 2556; imidazole, synthesis of, 1594; 
purine, photochemical and 7 -ray induced reactions of, 3594; 
pyrimidine, acetalation and acetylation of, 2383; pyrimidine 
2'-amino-2'-deoxy-, synthesis of, 250; pyrimidine, synthetic 
approaches to, 1251; ribo-, introduction of two different block
ing groups into, 2809; ribosyl analogs of chloramphenicol, 4113; 
synthesis of 5'-amido analogs of adenosine 3',5'-cyclic mono
phosphate, 3029; synthesis of 3'-deoxyadenosine and 9-(3- 
deoxy-a-L-i/ireo-pentofuranosyl)adenine, 3743; synthesis of 
pseudouridine and related compounds, 1507; synthesis of 2'- 
thioadenosine derivatives, 2646; synthesis of 2-thiouridine 
and 2-thioisouridine, 3026; 4-thio-D-arabinofuranosylpyrimi- 
dine, prepn of, 108

Nucleoside synthesis, derivatives of thymidine containing p- 
nitrophenyl phosphate groups, 245 

Nuphar alkaloids, thiospirane, 3703

Octahydrotriborate ion, use in formation of stable hydride Mei- 
senheimer adducts, 937

Octalin diol monotosylates, fragmentation of, 2932 
cfs-A'^-Octalin, df-12-oxo-7,9-ethano-, synthesis of, 3196 
Octane-2-diazotate, basic hydrolysis of, 3881 
Octanol-water, linear free-energy relationships, 1539 
Octapeptide, fragment of HG H  molecule, 2419 
Octulose, deoxy-, synthesis of a, 3332
Olefinic dienophiles, 1,4-cycloaddition reactions of alloeimene 

with, 1584
Olefinic epoxides, thermal rearrangement of, 2855 
Olefinic hydrocarbons, reactions with 3-methyl- and 3-ethyl- 

pyridine, 2304
Olefins, activated, in Michael reaction with benzothiazole-2-thiol, 

636; addition of polyhaloalkanes, to 2596; alkylation and 
cyclialkylation of cymenes with, 2042; from base-catalyzed 
f) elimination from 2-butyl halides, 662; a, carbon monoxide, 
and ammonia, in synthesis of 2,4,5-trialkylimidazoles, 3927; 
1-chloroperfluoro, nucleophilic displacement of, 2351; from 
cleavage of cyclopropane ring containing compounds, 901; 
a, condensation with paraformaldehyde, acet.ylating agents, 
and hydrogen chloride, 2505; conjugated, addition of alkyl- 
aromatics to, 2299; cycloadducts with halogenated ketene, 
2033; cycloaddition reactions with 3,4-diazacyclopentadienone 
oxides, 19; decomposition of dimethylphosphono-substituted 
diazoalkanes in presence of, 1379; and diolefins, reactions with 
Ar-methyl-2-pyrrolidinone and N-methyl-2-piperidone, 2311; 
epoxidation with peroxybenzimidic acid, 3832; epoxidation by 
thallium triacetate, 1154; with an exocyclic double bond, prepn 
from unsaturated cyclic hydrocarbons, 2497; halogenation 
with complexed copper(II) halides, 3324; halogenation with

copper(II) halides 2088; hydration studies of, 3180; hydro
genation with soluble lithium-based coordination catalysts, 
1445; mass spectra of, 948; medium ring, thermal transforma
tions of, 913; oxidation and reduction using cobalt-cyano 
complexes, 2717; photocycloaddition with 2-cyclohexenones, 
3334; prepn of alkyl and aryl carbenium ions from, 2354; reac
tion with benzyne, 1536; reaction with 2-diazoacenaphthenone, 
745; reaction of nitronium fluoroborate with, 3641; reactions 
of 3-halo-l,2,4-thiadiazol-5-yl sulfenyl chloride with, 14; re
duction using nickel boride, 2018; from the reductive elimina
tion of epoxides with zinc-copper couple, 1187; strained, inter
action of silver ion with, 4076; temperature effects in ozonol- 
ysis of, 1098, 1103; terminal, using Norrish type I I  reactions, 
1838; terminal and internal, from reaction of methylmagnesium 
chloride with perfluoroalkyl iodides, 364 

Oligomerization, during acylation of 0-(benzyloxycarbonyl- 
sarcosyl-L-N-methylvalyl)-L-threonyl-D-valyl-ij-prolme, 3746 

Optical resolution, of (±)-2a-tropanol, 3241 
Optical rotation data, for halogenation of 2,3-pentadiene, 275
1.3- Orbital interaction, in cyclic 1,3-diphenylallyl cations, nmr 

study of, 698
ORD, of phenylsilylcarbinols, 3168; of spiro [3.3]heptane deriva

tives, 834
Organocuprates, oxidative coupling of, in synthesis of biphenyls, 

1143
Organolithium compounds, in quaternary benzylammonium ion 

rearrangements, 1217
Organolithium reagents, reaction with formamidinium salts, 2881 
Organomagnesium compounds, cyclic, carbanion inversion of, 

1368
Organomercury compounds, photochemical reaction of, 3644 
Organometallic derivatives, of indoles, nmr of, 3091 
Organometallic photochemistry, photolysis of o-anisyllithium, 

3331
Organometallic reagents, reaction with pyridinium ions, 772 
Organometallics, reaction with bridged lactams, 491 
Organophosphorus compounds, 98; correlation constants in the 

chemistry of, 1201; nmr of reactions of, 1374 
Organosilicon compounds, mass spectra of, 933, 1620; hetero

cycles, transannular interactions in, 4060; hydrides, in reduc
tion of acyl fluorides to esters, 2547 

Orientation, in base-catalyzed /3 elimination from 2-butyl halides, 
662

Orthocarbonates, prepn from dialkyl tin dialkoxides, 1176 
Ortho effect, with respect to side-chain structure, 882; in sub

stituted benzenes, 260, 266
Ortho-substituent effects, 1?C -H  coupling constants as a probe 

of, 2201
Overcrowded molecules, 13-14-bis(2-pyridyl)pentaphene, 2995;

4,5-bis(2-pyridyl)-phenanthrene-3,6-diols, 2991; 8-tert-butyl-l- 
(2-pyridyl)naphthalenes, 2986

Overlap indicator method, further evidence for the validity of, 
610

2-Oxa- and 3-oxabicyclo[4.1.0]heptyl ring systems, 7,7-dihalo-, 
nucleophilic ring reactions of, 369

6-Oxabicyclo [3.2.1] octane- 1-methyl p-bromo-benzenesulfonate, 
acetolysis of, 504

2-Oxabicyclo[3.3.0]oct-7-ene, 1,3,3,5-tetramethyl-, formation of, 
1017

1.2.4- Oxadiazetidines, purported, reinvestigation of, 634 
Oxadiazines, 1,3,4-tetrahydro-, novel synthesis of, 2838
1.2.4- Oxadiazoles, a convenient synthesis of, 1306 
Oxalates, di(a-substituted benzyl)-, prepn of, 3575 
l-Oxaspiro[3.5]nona-5,8-diene-2,7-dione, 3,3-dimethyl-, synthe

sis and reactions of, 2216
1-Oxaspiro [2.2] pentane, 2,2,5,5-tetramethyl-4-isopropylidene-, 

studies of, 1184
Oxathiazines, pyrimido-, prepn of, 602
1.3- Oxazepine, 2-p-nitrophenyl-4,7-dihydro-, reactions of, 3078
1.3- Oxazine derivatives, from reaction of pyridinium ylides with 

diphenylcyclopropenone, 2451
Oxazinediones, prepn of, 2205 
Oxazinone derivatives, synthesis of, 2211 
4if-l,3-Oxazin-4-one, 2-(trichloromethyl)-, prepn of, 2228 
Oxaziridines, reactions with amines, 1064
Oxazolidine, 2-p-bromophenyl-3,4-dimethyl-5-phenyl, X-ray of, 

2261; from reaction of ( — )-ephedrine with aromatic aldehyde 
bisulfites, 2253

Oxazolidines, absolute configuration and synthesis of, 2256
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Oxazolidin-5-ones, 2-acetonyliden-, use in synthesis of peptides, 
1818

2- Oxazolidone, IV-aryl-, reductive cleavage of, 3071 
Oxazoline, 2-, 2-p-nitrophenyl-5-(l,2-dibromoethyl)-, formation

of, 3078; novel synthesis of, 3316 
Oxazolines, formation of, 553
3- Oxazoline-2(lH j-2-thiones, novel prepn of, 2886
3-Oxazolin-5-ones, 2-dichloromethylene-, reaction with toluene,

3990
Oxepins, alkali metal reduction of, 1402
Oxetane formation, from photolysis of cyclohexenols, 214
Oxetanes, 3-alkoxy-, synthesis of, 2232
Oxibase scale, in discussion of N  substitution of benzothiazole-2- 

thiol anion, 636
Oxidations, of actinobolamine, 3456; of alkanenitronate anions, 

1335; of a-amino ketones with lead tetraacetate, 3668; anodic, 
cyanomethoxylation of 2,5-dimethylfuran, 1523; of aromatics 
of mercurated aromatics with nucleophiles with palladium(II) 
salts, 1886; of bicyclic dinitropropenides to isoxazoline N - 
oxides by iV-bromosuccinimide, 3059; of bis(lV-arylnaphthyl- 
amines), 560; of l,3-dihydro-l,3-diphenylthieno-[3,4-6] quinoxa- 
line 2,2-dioxides, 479; of the 6-12-diols of isojanusenes, 1865; 
of dithienothiophenes, 1645; of divalent sulfur by iodine, 2525, 
2530; DM SO-DCC, mechanism of, 1909; electrochemical, 
of 2,5-dimethylthiophene, 3673; electrolytic, of 1,2,3,4-tetra- 
hydroisoquinoline phenols, 3006; of electron-rich substances, 
by triarylimidazolyl free radicals, 2267; of ethanol by peroxy- 
sulfate ion, 4089; of ferrocenyl ketones, 2092; of 1,2-glycols 
with nickel peroxide, 1703; N -, of methylguanines, 2635; of 
organic compounds with cerium(IV), 1890; peroxyacetic, of
4-methylphenols, 3606; of perylene with iodine-silver per
chlorate, 4050; of phenols with silver earbonate/celite, 1339; of 
phenylglyoxime isomers, 5; of IV-phenylpyrroles by singlet 
oxygen, 31; of a-pinene, 2319; of polycyclic hydrocarbons, 1198; 
radiation initiated, of hydrocarbons, 3423; of cobalt-cyano 
complexes, 2717; of l,3-diaryl-3,4-dihydro-7-methoxy-2(lif)- 
quinoxalinones, 27; of secondary alcohols in diethyl ether with 
aqueous chromic acid, 387; of semicarbazones with selenium 
dioxide, 2836; by singlet oxygen, in removal of the 9-anthroxy 
group, 4134; of 5-substituted s-triazolin-3-ones with lead tetra
acetate, 518; of meso-tetraphenylchlorins by DMSO, 2019; of 
thenoins, 2486; of viomycidine, 873 

Oxidative cleavage, of alkylphenylcarbinols, 1890 
Oxidative coupling, of organocuprates, in synthesis of biphenyls, 

1143; of a-substituted benzyl cyanides, 3160 
Oxidative dehydrogenation, in prepn of a,d-unsaturated carbonyl 

compounds, 752
Oxidative hydrolysis, of 1,3-dithiane derivatives to carbonyl 

compounds using N-halosuccinimide reagents, 3553 
Oxidative phosphorylation, studies with a quinone hemiketal 

related to vitamin K, 4045
S-Oxide and S-dioxide, of n-cysteine, S-(2-propynyl) derivative, 

synthesis and cyclization of, 611
Oxides, norbornene, reaction with Grignard reagents, 3255; N-,

1,2,4-triazine, synthesis and characterization of, 787; 3-N -, of 
xanthine and guanine, tautomeric structures of, 2639

8,19-Oxido-A4’6-3-keto steroids, prepn of, 2129 
Oxime anions, phenylation with diphenyliodonium bromide, 1780 
Oximes, O-alkyl, bromination with NBS, 3467; chlorination in 

chloroform and methylene chloride, 2146; erythroses, threoses, 
and riboses, 3937; p-nitrophenyl phenacyl methylphosphonate, 
synthesis and stereochemistry of, 2023; syn/anti ratios from 
nmr, 2912

Oximinoglyoxylates, alkyl, synthesis from acid and hydroximoyl 
chlorides, 3813

2- Oximino-/3-keto esters, condensation with 4-acetyl-5-oxohexan- 
oate, 853

a-Oximino ketones, synthesis and spectral properties, 3659 
Oxindole O-benzoates, conversion, of A'-rnethylindoles into, 458 
Oxiranes, protonated, nmr study of, 1121; substituted, solvent 

effects in the nmr of, 1107
5- O xo-10,11 - dihydro - 5H - dibenzo, [a,d\ cy cloheptene-10 - car

boxylic acids, corresponding nitriles, and related bridged 
lactones, hemikctals, lactams, amines, amidoximes, and 
amidines, 466

3- Oxo-4-ene steroids, palladium-catalyzed hydrogenation of, 231
5-Oxohexenoic acid, synthesis of, 2181 
fnwis-l'-Oxomenaquinone-7, synthesis of, 3951
5-Oxooxazolo[3,2-a] quinoline, 2-phenyl-, prepn and reactions of,

222

4-Oxo-4,5,6-7-tetrahydroindoles, use in synthesis of indoles, 1232, 
1241

2-Oxo-2,3,4,5-tetrahydro-lff-naphth[l,8-de]azocine, synthesis by 
photolysis, 24

Oxygen, directing effect in perhydrophthalans, 3830; molecular, 
molecular, reaction with sulfonium salts, 3149 

17/3-Oxygenated 16a,17-cyclopropylandrostanes, synthesis and 
reactions of, 1952

11-Oxygenated estrogen catechols, 1832
Oxygenation, microbiological, of an octahydro-57/-oyclooct [6] - 

indole, 2823
Oxygen-containing groups, catalysis by, 1271 
Oxygen-18 exchange, between phenyl methyl sulfoxides and 

water, 4097
Oxygen-18 study, of the reaction of iV-phenylmalearnic acid with 

acetic anhydride, 1941
Oxygen —► sulfur migration of the methyl group in methyl 2- 

mercaptobenzoate, 1520
Oxymercuration, of 4,4-bis(hydroxymethyl)-l-eyclohexene, 504; 

of 1,5-diene monoxides, 3511
Oxysulfonium ylide, formation in the D M SO -D CC oxidation, 

1909
Ozonides, mass spectra of, 1103 
Ozonization, of ajenoic acids, 2621.
Ozonolysis, of cis- and frans-diisopropylethylene, temperature 

effects, 1098, 1103; of Girinimbine, 725; of unsaturated phos
phorus compounds, 1840

Palladium on carbon, in hydrogenolysis of cyclopropanes, 383; 
reaction with 1-tetralones, 686

Palladium (II) catalyst, use in prepn of a,/3-unsaturated carbonyl 
compounds, 752

Palladium(II[-catalyzed reactions, aromatic substitution, 1886; 
hydrogenation, of 3-oxo-4-ene steroids, 231; of 1,3-dienes with 
active methylene compounds, 2116 

Papain-catalyzed resolutions, of racemic A'-lbenzyloxycarbonyl )- 
alanine, 1580

Paradisiol, new sesquiterpene alcohol, 2422 
Paraformaldehyde, condensation with a-olefins, 2505 
Paramagnetic metallocenes, oxidation of ferrocenyl ketones, 2092 
Pelletierine, pseudo-, Schmidt reaction on, 2061 
Penicillins, conversion to cephalexin, 1259 
Penicillin sulfoxide esters, formation of, 1259 
Pentaazadecanetetraones, formation of, 2005 
Pentachlorobenzene, nitration of, 3638 
/9-Pentadepsipeptide, acylation of, 3746
2.3- Pentadiene, iodination of, 275
2.4- Pentadiene nitriles, 5-(aryl)-, prepn and properties of, 1705
2.4- Pentadienoates, 5-ethyl-, kinetics of alkaline hydrolysis of, 

3178
1.4- Pentadiyn-3-ols, 3-substituted, synthesis of, 749 
Pentaenoic acids, of insect fat, aje, identification of, 2621 
Pentamethylbenzyl methyl ether, photochemical formation of,

1765
2- Pentanones, 4-methyl-4-alkoxy-, photochemistry of, 1093 
Pentaphenes, 13,14-bis(2-pyridyl)-, prepn of, 2995
3- Penten-2-one, trans, condensation with methyl 4-ethylidene-2- 

oxocyclohexanecarboxylate, 594; Robinson annelation reac
tion with 4-isopropylidene-2-carbomethoxycyclohexanone, 178

Pentofuranosyl halides, mechanism of formation of, 3598 
Peptides, acylation studies of, 3746; containing lysine, specific, 

reversible acylation of, 1267; fragments of the H GH molecule, 
synthesis, 2419; optically active, synthesis of, 1818; penta, 
synthesis of T M V  protein, 870; rearrangement, during hy
drolysis, 73; synthesis in aqueous medium, 49; synthesis, 2,4- 
dimethoxybenzyl as a protecting group for, 3966; synthesis, 
evaluation of acyloxysilane as an acylating agent for, 850; 
synthesis of a decapeptide sequence of rubredoxin, 3022 

Perchlorates, sec-alkyl, prepn in strong acid, 1716 
Perchloric acid, aqueous, in the reversible hydration of 1,3-cyclo- 

hexadiene, 3180
Perchlorinated styrene and vinylpyridines, electrolytic dechlorina

tion of, 2000
Perfluoroalkyl halides, reaction with Grignard reagents, 364 
Periluoroalkyl iodides, cyclization of, 3187
Perfluorobutadiene-1,3, structure by gas-phase electron diffrac

tion, 920
Perfluorobutyne-2, molecular structure by gas-phase electron 

diffraction, 920
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Perhydroanthracenes, equilibration study of, 2051 
Perhydrobenzofurans, cis- and trans-, preparation of, 846 
Perhydrodurenes, conformational analysis, 3437 
Perhydrophenalenols, isomeric, nmr using europium (III) che

lates, 2199
Perhydrophenanthrenes, conformational analysis of, 739 
Perhydrophthalans, directing effect of oxygen in, 3830 
Perimidines, 2-substituted, new route to, 1477 
Perkow reaction, in synthesis of vinyl phosphates, 3282 
Permanganate ion oxidation, of alkanenitronate anions, 1335 
Peroxide, bis(5-hexenoyl)-, kinetics of thermal decomposition of, 

174
Peroxide reactions, ionic, mechanism of, 407 
Peroxides, diacyl, reaction with ionic thiocyanates, 3053 
Peroxyacetic acid oxidation, of 4-methylphenols and their methyl 

ethers, 3606
Peroxy acids, a mild and general synthesis of, 2162 
Peroxybenzimidic acid, in epoxidation of olefins with, 3832 
Peroxvbenzoic acid, reaction toward diazodiphenylmethanes, 

3774
Peroxycarbonates, reaction with trivalent phosphorus nucleo

philes, 407
Peroxydisulfate ion, oxidation of ethanol by, 4089
Perylene cation radical, reactions of, 4050
Petaline-type compounds, synthesis of, 1293
pH, dependence, of the disproportionation of disulfides, 623;

influence on kinetics of hydrolysis of IV-arylimidic esters, 162 
2-Phenacylisoquinolinium bromide, reaction with hydrazine, 

2767
Phenalenothiophenes, metalation of, 2683 
Phenanthrene-3,6-diols, 4,5-bis(2-pyridyl)-, prepn of, 2991 
Phenanthrene-related compounds, polarographic reduction po

tentials of. 666
Phenanthrenes, hydrogenation with alkali metals, 694; perhy- 

dro-, conformational analysis of, 739; synthesis, from the 
Pschorr reaction by electrochemical generation of free radicals, 
1769

Phenanthridone, IV-phenyl-, isomerization of fluorenone anil 
iV-oxide to, 3619

Phenanthrols, novel synthesis of, 3002
o-Phenazophenoxyacetyl moiety, an effective amino-protecting 

group, 2250
lV-(o:-Phenethyl)aniline, IV-methyl-, formation of, 1217
Phenol, cy dialkylation with 1,5-hexadiene, 3345
Phenol blue derivatives, synthesis and spectral properties of, 3497
Phenol derivatives, conformational analysis, 2747
Phenolic aporphines, uv of, 3253
Phenolic products, from dehydrogenation of 1-tetralones, 686 
Phenols, hindered, allylations of, 193; hydrogen atom abstrac

tion by triarylimidazolyl free radicals, 2267 ; from the hydroxy
lation of toluene and anisole, 3184; 4-methyl-, peroxyacetic 
acid oxidation of, 3606; nitrotrifluoromethyl-, synthesis of, 
242; oxidation with silver carbonate-Celite, 1339; 1,2,3,4- 
tetrahydroisoquinoline, electrolytic oxidation of, 3006 

Phenothiazine, iV-methyl-l,9-etheno-, synthesis, 2437 
Phenothiazines, formation of, 799
Phenoxides, hindered, effect of pressure on allylation of, 193 
Phenylacetie acid, condensation of anthranilamide with, 642 
Phenylacetonitrile, in benzyne reaction with o-halobenzenes, 327 
Phenylacetonitrile, monoalkylation of, 2948 
Phenylacetonitriles, nucleophilicities of carbanions derived from, 

2132; preparation of, 327
Phenylacetylene, from phenylpropargylaldehyde, 1348; reaction 

with 2-diazoacenaphthenone, 745 
Phenylalkanols, primary, cyclidehydration to indans, 1040 
Phenylalkenylidenecyclopropanes, pyrolysis of, 3061 
Phenylallene, irradiation of, 1679; thermal dimerization of, 1440 
Phenyl allyl ethers, formation of, 193
7-Phenylallyl halides, irans-/î-benzoyl-, rearrangement-substitu

tion reactions of, 3918
Phénylation, of oxime anions with diphenyliodonium bromide, 

1780; of pyridine, 1526
Phenyl benzohydroxamate, improved synthesis of, 233
6-Phenylbenzo[6]phenazines, synthesis of, 479 
2-Phenyl-4H-3,l-benzoxazin-4-one, from the photoisomerization 

of 2-phenylisatogen, 224
Phenyl benzoyl three-membered ring compounds, solvent effects 

in the nmr of, 1107
l-PhenyI-3-benzoyltriazene, formation of, 2008

Phenyl(bromodichloromethyl)mereury, reaction with heteroatom 
cumulenes, 1786

Phenyl carbanilates, thermal dissociation of, 2295 
Phenylcarbinols, alkyl-, oxidative cleavage and ketone formation 

of, 1890
1-Phenylcyclobutene, from reaction of l-chloro-4-bromo-l-phenyl- 

1-butene with magnesium, 1356
cis, eis-3-Phenyleyclohex-4-ene-1,2-dicarboxylic acid, lactoniza- 

tion on treatment with bromine, 142
3- Phenylcyclohexenes, preparation of, 399
Phenylcyclohexyl tosylates, neighboring-group replacement re

actions of, 399
5-PhenylcyclooKanoI system, solvolysis studies of, 1360 
1-Phenylcyclopropane, 1,2-dibenzoyl-, prepn of, 2379 
Phenylcyclopropanes, hydrogenolysis of, 383 
Phenyl cyclopropyl ketones, Haller-Bauer cleavage of, 2937
4- Phenyl-l-diazc-3-butyn-2-one, photochemical reaction of, 1679 
Phenyldiazomethane, reaction with 1,3-butadiene, 975
1- Phenyldienones, photoisomerization of, 1988 
Phenyldimethylcarbenium ion, prepn of, 2354 
Phenyldimethylsulfonium perchlorates, reaction with nucleo

philes, 2337
2- (Phenyldithio)benzoic acid, disproportionation of, 623 
/5-Phenylethylaminophthalide, polyphosphoric acid cyclization

of, 1413
Phenyl O-ethylbenzohydroxamate, synthesis from phenyl benzo

hydroxamate, 233
Phenyl ethyl carbonate, photo-Fries rearrangement of, 769 
Phenylethynyldiphenylphosphine oxide, ozonization of, 1840 
Phenylethynyllithium, coupling with 2,4,6-triphenylthiopyrylium 

perchlorate, 791
Phenylethynylnitrene, photochemical formation of, 1679 
2- and 4-Phenylethynyl-2,4,6-triphenylthiopyran, mixture, for

mation of, 791
Phenylferrocenes, polarographic half-wave potentials of, 260 
Phenyl formate, use in the formylation of amines, 3238 
Phenylfurazan oxide, preparation and nmr of, 5 
Phenylglyoxal, use in synthesis of mandelaldehyde dimer, 2184 
Phenylglyoxal hydrate, reaction with sodium hydroxide to give 

sodium mandelate, 3591
Phenylglyoxime, separation, characterization, and structure of 

isomers, 1
Phenylglyoxime isomers, oxidation of, 5
Phenylhydrazine, reaction with 2-carbethoxy-3-methylmercapto-

6-nitro-2H-l,4-benzoxazine, 2449; use for papain-catalyzed 
resolutions of racemic iV-(benzyloxycarbonyl)alanine, 1580 

Phenylhydrazone of benzaldehyde, kinetics of formation, 3412 
Phenylhydroxylamine, condensation with hydroxymethylene- 

desoxybenzoin, 1685
2- Phenylimidazole, 4-anilino-1-methyl-, synthesis of, 3368
1- Phenylindan, photolysis of, 66; from photolysis of 1,2-diphenyl- 

cyclopropane, 66
3- Phenylidene derivatives, novel cyclizations and ring-opening 

reactions of, 650
Phenyliodine dibenzoate, peroxide-induced decomposition of, 

1531
2- Phenylisatogen, photoisomerization to 2-phenyl-4/7-3,1-benz- 

oxazin-4-one, 224
Phenyl isocyanate, reaction with hexylmethylaminoisoeyanate, 

1474
Phenyllithium, coupling reaction with allylic chlorides and stereo

chemistry, 2099; reaction with 2,6- and 2,7-di-ieri-butyl-l,4- 
naphthoquinone, 3533; reaction with methylcyclohexanones, 
2909

Phenylmagnesium bromide, reaction with 2,6- and 2,7-di-ieri- 
butyl-1,4-naphthoquinone, 3533; reaction with methylcyclo
hexanones, 2909; reaction with norbornene oxides, 3255; re
action with phosphorus esters, 98 

7V-Phenylmaleamic acid, reaction with acetic anhydride, 
study, 1941

2-Phenyl-2,2'-methylenebis-l,3-dioxolane, formation of, 2048 
IV-Phenyl methylphenylphosphinic amide, prepn of, 335 
Phenyl methyl sulfoxides, 180  exchange with water, 4097 
Phenyl migration, during addition of bromine azide to 3,3,3-tri- 

phenylpropene, 2176
1- Phenylnaphthalene, 2,3-dimethyl-, from thermal dimerization 

of phenylallene, 1440
2- Phenylnorbornenes, endo attack of halogens on, 2870 
Phenyl 2-pentyl sulfones, base-induced eliminations of, 1898 
Phenyl O-phenylbenzohydroxamate, prepn of, 233
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Phenyl-2-piperidylcarbinols, absolute configuration of, 3065 
Phenylpropargylaldehyde, reaction with aqueous sodium hydrox

ide to give phenylacetylene and sodium formate, 1348 
Phenylpropargylene, photochemical generation of, 1679 
Phenylpropiolyl azide, photoreaction of, 1679 
iV-Phenylpyrroles, photooxygenation to pyrrolinones, 31 
Phenylsilane, mass spectra of, 933
Phenyl-substituted benzhydryl chlorides, methanolysis of, 2724 
Phenyl sulfone, desulfonylation in molten sulfur, 3845
5-Phenyl-2,3,4,5-tetrahydro-l,4-benzoxazepines and correspond

ing 3-ones, synthesis of, 305
4- Phenyltetrahydropyran, synthesis of, 522
5- Phenyl thiolacetate, uv irradiation of, 221
9-Phenylthioxanthylium ion, one-electron reductions and dispro

portionation of, 794
Phenyl trimethylsilyl ketone, reduction of, 3168 
/J-Phorone, from the deconjugation of isophorone, 1446 
Phosgene-pyridine, reaction with !V,iV'-di-ieri-butylurea, 3056 
Phosphate groups, p-nitrophenyl, use in thymidine derivatives, 

245
Phosphines, amino-, reaction with thiolsulfonates, 322; tertiary, 

displacement from methylolphosphonium salts by tributyl- 
phosphine, 549; tertiary, reaction with halo ketones, 88; tri
covalent, reactions with fluorenones. and tetraphenylcyciopenta- 
dienones, 553 ; tricarbethoxy-, synthesis of, 3461 

Phosphates, acyl diethyl, use in prepn of peroxy acids, 2162; 
alkyl diphenyl, reaction with potassium ierf-butoxide in DMSO, 
1013; protonation and cleavage of, 1374; vinyl, from the Per- 
kow reaction, 3282

Phosphinic acid, heterocyclic, seven-membered, 2566 
Phosphites, protonation and cleavage of, 1374; trialkyl, reaction 

with benzil, 2584; tricovalent, reactions with fluorenones and 
tetraphenylcyclopentadienones, 553 

2-Phospholanes, 5-benzoyl-2,2,5-tetraphenyloxa-, studies of, 
2244

Phospholenes, 1-halo-, synthesis and properties, 1285; 2-, spectral 
effects attributable to conjugation with trivalent phosphorus, 
1297

Phosphonate oximes, synthesis and stereochemistry of, 2023 
Phosphonates, 1-alkynyl-, convenient synthesis of, 2719; dialkyl 

alkynyl-1-thio-, synthesis of, 2720; dimethyl acyl-, prepn of, 
128; protonation and cleavage of, 1374; reactions with phenyl- 
magnesium bromide, 98

Phosphonium betaines, prepn and reactions of, 1489 
Phosphonium dibromides, l-(/3-triphenylphosphonioethyl)-2-pyr- 

azolin-3-yltriphenyl-, prepn and hydrolysis of, 4041 
Phosphonium salt formation, enol and keto, chirality of, 88 
Phosphonium salts, cyclic, hydroxide decomposition of, 3226; 

3-(o-formylphenoxy)propyl-, reaction in alcoholic alkoxide, 
4028 ; 3-hydroxypropyl, esters of, in prepn of cyclopropyl 
ketone, 2379; methylol-, displacement of, 549; pyrazolinyl- 
triphenyl-, prepn and reactions of, 4033 

Phosphonium ylides, reaction with benzoyl isocyanate, 2029 
Phosphonoacetates, halogenated, new approaches to, 1835 
Phosphono-substituted diazalkanes, decomposition and 1,3-di- 

polar additions to, 1379 
Phosphoranes, thermal rearrangement of, 553 
Phosphorane substituent, electronic effects of, 998 
Phosphorinane, l-methyl-4-(carbethoxymethylene)-, double-bond 

migration in, 1495
Phosphorus, chiral, a stereochemical reaction cycle with, 335; 

tricovalent, debromination of vicinal dibromides by, 2377; 
trivalent, conjugation among 2-phospholenes, 1297 

Phosphorus compounds, organo-, correlation constants in the 
chemistry of, 1201; studies of 3- and 4-substituted 5-benzoyl-
2,2,2,5-tetraphenyloxa-2-phospholanes, 2244; unsaturated, ozo- 
nolysis of, 1840; enamines, prepn of, 2892; esters, reactions 
with phenylmagnesium bromide, 98; heterocycles, synthesis 
and resolution of, 2791; nucleophiles, trivalent, reaction with 
peroxy carbonates, 407; oxy acids, protonation and cleavage of, 
1374

Phosphorus-oxygen heterocycle, formation of, 2713 
Phosphorylation, of enolates, 3282
Photoadducts, of 3/3-acetoxypregna-5,16-dien-20-one with tetra- 

fluoroethylene and dichloroethylene, 2381; 2,6-dimethyl-4- 
pyrone-alkyne, pyrolysis of, 910 

Photobenzidine rearrangements, 2787 
Photochemical acid type I I  reaction, of organic esters, 598 
Photochemical addition of acetylenes to benzo [b] thiophenes, 

3755

Photochemical cycloadditions, of 1,3-dipolar systems, 1589;
of maleic acid derivatives and ethylene, 3768 

Photochemical decomposition, of 5-azido-5//-dibenzo[a,(i]cyclo- 
heptene, 2681; of 3,3'-diphenyl-5,5'-bi-l-pyrazoline, 975 

Photochemical generation, of phenylpropargylene, 1679 
Photochemical interconversion, of diastereomeric acetophenone 

pinacols, 1095
Photochemical isomerization of fluorenone anil iV-oxide, 3619 
Photochemically generated benzyne, 1536
Photochemical and 7-ray induced reactions of purines and purine 

nucleosides, 3594
Photochemical reaction, of cyelopropylthiophenes, 2236; keto- 

sulfene intermediate in, 361; of l-oxaspiro[3.5]nona-5,8-diene-
2,7-dione, 2216; of phenylpropiolyl azide, 1679 

Photochemical rearrangement-elimination, of an allylic alcohol 
having a di-ir-methane structure, 2384 

Photochemical rearrangements, of 1,2-benzisoxazolinones, 1088 
Photochemical synthesis, of aporphines, 2413; of 1,2-diazepines, 

2962
Photochemical transformations, of phthaloyl dixanthates and 

phthaloic bisdithiocarbamic anhydrides, 615 
Photochemical valence isomerization, of a conjugated imino 

ether, 1934
Photochemical valence tautomerization, of an indano[l,2-6]- 

aziridine, 1405
Photochemistry, of bicyclo[6.1.0]nonanones, 1428, 1434; of 

borate complexes, 544; of chlorophenyl ethyl carbonate, 769; 
of cyclooctanones, 1428, 1434; of 4-methyl-4-alkoxy-2-pen- 
tanones, 1093; the Norrish type I I  reaction, 1838; of purine 
3-oxides, 1228; of a tricyclo[5.2.0.02'6]nona-3,8-dien-6-one, 
1423

Photochlorination, of decachlorobi-2,4-cyclopentadien-l-yl, 676 
Photocoronopilin-A, a cleaved pseudoguaianolide from the pho

tolysis of coronopilin, 229
Photocyclization, of acrylanilides, 3975; oxidative, of anilino- 

boranes, 3821
Photocycloaddition, of 2-cyclohexenones, 3334 
Photodechlorination, of chlorophenyl ethyl carbonates, 769 
Photodecomposition, of carbomethoxymercury compounds, 3644 
Photodifluoramination, of fluoromethane, 3819 
Photodimerization of coumarin, mechanism of, 102; of methyl 

a-(4-nitrophenyl)acrylate and 4-nitrostyrene in the crystal 
state, 1302; of 4-thiapyrone, 4132 

Photodimers, of 1,4-naphthoquinone, bromination of, 485 
Photoelimination, of 0-keto sulfide, 3550
Photofragmentation, of isomeric l,4-bis(2,3-diphenyloxiranyl)- 

benzenes, 2956
Photo-Fries rearrangement, of phenyl ethyl carbonate, 769 
Photoinduced substitution reactions, effects of micelles on, 3762 
Photoinitiated fragmentation, of cyclohexenols, 214 
Photoirradiation, of S-phenyl thiolacetate, 221 
Photoisomerization, of conjugated dienones, 1988; of 1,2-di- 

phenylcyclopropane, 66; of 2-phenylisatogen to 2-pheny 1-4/7- 
3, l-benzoxazin-4-one, 224

Photolysis, of A-acylsulfilimines, 3391; of 1-adamantylcarbamoyl 
azide, 1821; of o-anisyllithium, 3331; of aryldiazonium salts, 
631; of 2-azido-3-nitronaphthalene, 3464; of 1-azidonor- 
bornane, 2864; of benzylammonium salts, 3112; of 2-(benzyl- 
oxy)-4-(dodecyloxy)benzophenone and 2-isopropoxy-4-meth- 
oxybenzophenone, 1808; of A3.3'-bi-3//-indazole, 1563; of N -  
chloroacetyl-2-(a-naphthyl)ethylamine, 24; of an A-chloro- 
amine, 4127; of Ar-chloro-2-benzoyl-3-phenylaziridine, 230; 
of coronopilin, 229; of diazonium salts, 3729; of 1,2-dibromo- 
acenaphthylene-5,6-sultone, 361; of l,2-di(hetaryl)ethenes, 
2797; of diphenylsulfonium allylide, 1126; of, 7,8-diphenyl- 
tetrazolo[l,5-a]pyrazine, 446; of ethyldiazoacetate, 1732; 
flash, of a hexaarylbiimidazole, 2272; of penta-O-acetyl-aMe- 
fij/do-D-glucose, 2575; of 4-pentynyl nitrite ester, 2674; of 
quinoxaline di-VV-oxides, 514; of stilbene and 1,1-diphenyl- 
ethylene in presence of 2-methyl-4,5-dihydrofuran, 3015; 
of sydnones and tetrazoles, 1589; of thyropropionic acid, 2016 

Photolytic chlorination, of adamantane by antimony penta- 
chloride, 3138

Photolytic oxidation, of 3,4-dihydroquinoxalinones by 4,4'- 
dimethoxyazobenzene, 27

Photolytic studies on 4-hydroxy-2,2,6,6-tetramethylpiperidine-l- 
oxyl, a stable nitroxide free radical, 209 

Photolytic syntheses, of O-methylandroeymbine and kreysigine, 
3733
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Photooxidation, of hexamethylbenzene and related aromatic sys
tems, 1765; of leuco triphenylmethane dyes, biimidazole-
sensitized, 2275

Photooxygenation, of 77-phenylpyrroles to pyrrolinones, 31;
of steroidal 5,7-dienes, 2391 

Photorearrangement, of benzonorbornadienes, 2057 
Photoreduction, of benzophenone, effects of 4-alkyl substitution 

on, 861
Photosensitization, of a 1-iminopyridinium ylide, 2962 
Phthalaldehydic acid, condensation with arylacetonitriles, 461 
Phthalans, perhydro-, directing effect of oxygen in, 3830 
Phthalazines, nucleophilic heteroaromatic substitution, 3248 
Phthalide derivatives, from reaction of deactivated benzoic acids 

with formaldehyde, 689 
Phthalides, prepn of, 3533
Phthalimide, synthesis from diacid chloride and lithium nitride, 

44
Phthaloic bisdithiocarbamic anhydrides, photochemical trans

formations of, 615
Phthaloyl chloride, sym- and unsym-, reaction with ¿erl-butyl hy

droperoxide, 2900
Phthaloyl dixanthates, photochemical transformations of, 615
Phthaloyl peroxide, photolysis, formation of benzyne, 1536
4-Picoline 1-oxide, reaction with tert-butyl mercaptan, 3749
Picrylbenzene, nitration of, 1926
Pilloin, a new flavone from Ovidia pillopiUo, 3829
Pinacols, acetophenone, photochemical interconversion of, 1095
Pinacol-type rearrangements, of a-pineneglycol tosylate, 412;

in synthesis of A-nor steroids, 2400 
Pinane, acetylation of, 2434
Pinane-2,3-diols, isomeric, synthesis and stereochemistry of, 

2319
a-Pinene glycol tosylate, pinacol-type rearrangements of, 412 
( — )-Pinocamphone, formation of, 412
Piperazine, l,4-bis(p-tolylsulfonyl)-2-hydroxymethyl-, prepn of, 

1711
2,5-Piperazinediones, cis-3,6-disubstituted, hydrolysis of, 2631 
Piperidine, 1,2,2,6,6-pentamethyl-, quaternization of, 824;

spiroindeno-, formation of a, 650 
Piperidinediones, prepn. of, 2211
Piperidine-l-oxyl, 4-hydroxy-2,2,6,6-tetramethyl-, photolytic 

studies on, 209
Piperidinodechlorination, of chloronitronaphthalenes, 1723
3- Piperidinoindole, 1-acetyl-, reaction with acetylenic esters, 645 
2-Piperidino-a-(p-methoxyphenyl)cyclohexanemethanol, nmr of

ring conformation of, 2072
4- Piperidinotetrahydropyran, synthesis of, 522
2- Piperidone, N -methyl-, reaction with olefins and diolefins, 2311
3- Piperidones, gramine alkylation of, 2471 
2-Piperidylearbinols, phenyl-, absolute configuration of, 3065 
Pivalic acid, reaction with di-icri-butyl dithiol tricarbonate, 1180 
p i fa values, of alcohols from a* constants and from the carbonyl

frequencies of their esters, 1205; of corresponding aniline and 
2-nitroaniline, 610; of vinyl-substituted pyridines, 2284 

Podocarp-8(14)-en-13-on-15-oie acid, methyl ester, synthesis of, 
3271

Polar effects, by the amide moiety, 1160; in decomposition of 
fert-butyl phenylperacetates, 654

Polarographie half-wave potentials, for ortho-substituted ben
zenes, 260; for quinones, 2849

Polarographie reduction potentials, of biphenyl- and phen- 
anthrene-related compounds, 666; of tetraalkylammoniumsalt 
solutions, 2371

Polyalcohols, conversion to primary polyamines, 3041 
Polyalkyl-l-tetralones, synthesis of, 2480 
Polyamines, primary, prepn from polyalcohols, 3041 
Polycyclic compounds, bridged, 1849, 1854, 1861, 1865, 1866 
Polycyclic orthoquinonoidal heterocycles, formation of, 1416 
Polyethers, macrocyclic, crystalline complexes with thiourea, 

1690
Polyether sulfides, macrocyclic, synthesis and properties, 254
Polyhaloalkanes, addition to olefins, 2596
Æ-Polymer, synthesis of, 2602
Polymerization catalyst, pyrosulfuryl fluoride, 940
Polypeptides, sulfur-containing, 488
Polyphenyls, hydrogenation with alkali metals, 694
Polysulfides, prepn of, 3041
Pomeranz-Fritsch reaction, modified, in synthesis of (± )-hexa- 

hydropronuciferine, 111 
Porphyrin derivative, z in c (II) chelate of, 3824

meso-Porphyrins, prepn of, 2019
Potassium amide, in ammonia, reactions with dihalobenzenes, 184;

reaction with methylbromothiophenes, 3820 
Potassium borchydride, in reduction of an amino-protecting 

group, 2250
Potassium iert-butoxide, as a catalyst in reactions of Ar-methyl-2- 

pyrrolidinone and A-methyI-2-piperidone with olefins and di
olefins, 2311; in D M F, reaction with 2,4-diphenylthietane 
1-oxides, 2703; reaction of alkyl diphenyl phosphates with, 
1013; reaction with cyclobutane derivatives, 1024, 1031; re
action with monohalonaphthalenes, 314, 318 

Potassium dimesityldiphenylborate, photolysis of, 544 
Potassium fluoride, reaction with a,a'dibromoadipic acid bisaryl- 

amides, 501
Powelline, 6-hydroxy-, characterization of, 3202 
Pregna-l,4-diene-3,20-dione 17 benzoate, 9a-fluoro-ll|3,17a,21- 

trihydroxy-163-methyl-, isolation of, 2903 
Pregna-5,16-dien-20-one, structure of photoadducts of, 2381 
Pregnane compounds, synthesis of, 59
Pregnenolone acetate, reaction with 3-ethyl-4-methylpentyl- 

magnesium bromides, 3944
Pregn-5-en-3/3-yl trityl ether, 16/3-dimethylamino-, prepn of, 1386 
Pressure, effect on acetal equilibria, 200; effect on allylation of 

hindered phenoxides, 193
Proaporphine alkaloids, synthetic approach to, 111 
Propanal and butanal, 2-phenyl-, addition of methylzinc and 

-cadmium reagents to, 3311 
Propargyl alcohols, reaction with halogen donors, 2713 
Propargyl phenylpropiolate, cyclization, of 2169 
Propiolophenone, acid-catalyzed reactions with ethylene glycol, 

2048
Propionaldehyde, acetal of, effect of pressure on, 200 
n-Propylcadmium, reaction with 4-ierf-butylcyclohexanone, 186 
Propylene, epoxidation by thallium triacetate, 1154 
A^-(n-Propyl)isomaleimide, synthesis of, 821 
ra-Propylmagnesium, reaction with 4-ieri-butylcyclohexanone, 186 
re-Propyl tosylate, nucleophilicities, in DMSO, 730 
n-Propylzinc, reaction with 4-ieri-butylcyclohexanone, 186 
1-Propyne, dilithiophenyl-, reactions of, 1319 
7>-(2-Propynyl)-n-cysteine ¿»-oxide and S-dioxide, synthesis and 

cyclization of, 611
Prostereoisomerism, elements of, 3293
Protecting group, 9-anthroxy, removable by singlet oxygen oxi

dation, 4134
Protein synthesis, tobacco mosiac virus, sequence 81-85, 870 
Protoadamantanes, rearrangement of, 1821 
Protonation, of 5-azaindolizine, 3087; of dianions derived from

1,4-bisbiphenylenebutatriene and l,4-bisbiphenylene-l,3-bu- 
tadiene, 240; of dianions derived from trienes, 3614; studies of 
various phosphorus compounds, nmr of, 1374 

Protonic acids, additions to 2,3-dideuterionorbornene, 340 
Protons, continuous titration during photolyses, 24
1,2-Proton shift studies, 202
Pschorr reaction, by electrochemical generation of free radicals, 

1769
Pseudo 7r bonding, in saturated hydrocarbons, 3987 
Pseudoguaianolide, cleaved, from the photolysis of coronopilin, 

229
Pseudopelletierines, synthesis of, 1718 
Pseudouridine and related compounds, synthesis of, 1507 
Pteridines, 3,4- and 5,6-dihydro-, prepn of, 4012 
7(877)-Pteridinone-6-carboxylic acid derivatives, reaction with 

sodium borohydride, 4012
Pterins, 6-substituted, prepn via the Isay reaction, 3925 
Pterogorgia guadalupensis, isolation of lactones, 719 
Pteroic acid, convenient synthesis of, 860 
Purine-6-carboxaldehyde 1-oxide, synthesis of, 1228 
Purine nucleosides, 8-hydroxy-, 2',3'-carbonates of, 2556 
Purine JV-oxides, prepn of, 2635; tautomeric structures of, 2639 
Purine 3-oxides and related derivatives, synthesis of, 1228 
Purines, photochemical and 7-ray induced reaction of, 3594; re

actions with the 2,3-O-protected dihydroxybutyrolactone, 1573 
Pyran, 277-, 2-ethoxy-5,6-dihydro-, action of bromine on, 3633; 

photochemical formation from 4,6-dimethyl-3,5-heptadienone, 
1988

Pyranoid sugar derivatives, conformational studies on, 2658 
Pyrazine, 1,4-dihydro-, synthesis of the ring system, 4025 
Pyrazinones, from reaction of dimethylketene with a-dianils, 2222 
Pyrazole-l-carboxamide, formation of, 3895
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Pyrazoles, JV-nitro-, rearrangement of, 3081; spiro-, formation of, 
745

Pyrazoline, derivatives, synthesis of, 118; 4-keto-, prepn of de
rivatives of, 19

Pyrazolines, from 1,3-dipolar addition reactions of phosphono- 
substituted diazoalkanes, 1379; hydroxy-, prepn of, 390 

2-Pyrazolin-5-ones, 1,3-dialkyl-, synthesis, 2542 
Pyrazolinyltriphenylphosphonium salts, prepn and reactions of, 

4033
Pyrazolo [3 ',4':3,4] cyclopenta [ 1,2-6] pyridines, 1 ,4-dihydro-, prepn 

of, 3890
Pyrazolo [1,5-a] pyridines, prepn of, 2978
Pyrazolo[l,5-c]quinazolines, chloromethyl-, ring expansion of, 

2968
Pyrazolotriazines, from condensation of nitro with amino groups, 

2972
Pyrazol-4-yl aryl ketones, l,3-dialkyl-5-chloro-, synthesis of, 

2542
Pyridazine derivatives, synthesis of, 446
Pyridazines, formation of pyrimido [l,2-6]pyridazines, 2457;

tetrazolo-azido isomerizations of, 3812 
Pyridazinium methylides, cycloaddition with cyanoacetylene and 

dimethyl acetylenedicarboxylate, 813 
Pyridazinones, formation of, 3372
Pyridine, alkylation with tert-butyllithium, 2541; 1,2-dihydro-, 

ring expansion to an azepine, 978; kinetics of the reaction with 
benzyl halides, 1792; 3-methyl- and 3-ethyl-, reactions with 
olefinic hydrocarbons, 2304; and its iV-oxide, arylation of, 
1526; substituent effects on the basicity of, 2284; synthesis, 
via 4-(3-oxoalkyl)isoxazoles, 2784; system, anomalous alkyla
tion of, 1709

2-Pyridinecarboxylic acids, decarboxylation of, 454; Hammick 
reaction with benzaldehyde, 2002 

Pyridine 77-oxides, deoxydative substitution of, 1641; deoxyda- 
tive substitution by mercaptans, 3749; reaction with aryl 
Grignard reagents, 1705

Pyridines, alkenyl-, intramolecular nucleophilic cyclizations of 
alkenylpyridines, 2308 ; 3-alkyl-, cyclialkylation of, 2304;
1,2- and 1,6-dihydro-, mixtures of, formation of, 772; halo-, 
hydrolysis at 250-350°, 1455; vinyl-, perchlorinated, electroly
tic dechlorination of, 2000

Pyridinium JV-betaines, addition reactions with dimethyl acetyl
enedicarboxylate, 2978

Pyridinium carbethoxycyanomethylide, 1,3-dipolar addition 
reaction of, 1165

Pyridinium ions, reaction with organometallic reagents, 772 
Pyridinium ylides, reaction with DPP, 2451 
577-Pyridocyclopenta[l,2-d]pyrimidin-5-ones, 2,4-diaryl-, syn

thesis of, 3382
Pyrido [2, l-o] isoindole system, electrophilic substitution of, 1603
4-Pyridone, from the hydrolysis of halopuridines, 1455 
2-Pyridones, nmr of, 3792; 3-(2-oxoalkyl)-, formation of, 1061;

1H, use in prepn of 2-dimethylaminopyridines, 1613 
Pyrido[2,3-d]pyrimidine, 5,6-dihydro-, synthesis, 2385 
Pyrido [l,2-a]pyrimidinium hydroxide, anhydro-2-hydroxyl-l- 

methyl-4-oxo-, cycloaddition reactions of, 8 
Pyrido[l,2-o]pyrimido[4,5-6]pyridine, synthesis of, 2192 
Pyridotetrazolo] 1,5-6] pyridazines, isomerization of, 3812 
Pyridyl cyclobutanes, prepn of, 1449
4-Pyridyl ketone, di-, viologen radical from methiodides of, 357
0-(2-Pyridyl)oximes, thermal rearrangement of, 1061 
(2-Pyridyl)phenanthrene-3,6-diols, 4,5-bis-, prepn of, 2991
3,4-Pyridyne, intermediate in hydrolysis of 3-halopyridines, 1455 
Pyrimidine 2'-amino-2'-deoxynucleosides, synthesis of, 250; 4,6- 

diamino-5-nitroso-, conversion to a 7-aminofurazano [3,4-d]- 
pyrimidine, 3211; 4-hydrazino-6-hydroxy-, formation of, 2462; 
nucleosides, acetalation and acetylation studies, 2383; 2,4,5- 
triamino-4-hydroxy-, condensation with methyl or phenyl gly- 
oxal, 3925; trimethylsilylated, use in nucleoside synthesis, 108 

Pyrimidines, conversion of 5-hydroxyuracils into 6-alkyluracils 
via Claisen rearrangements, 1251 

Pyrimidines, 2-(haloacylamino)-, cyclization of, 604
4-Pyrimidone, 2-methoxy-3-methyl-, prepn of, 848 
6fl-Pyrim ido[2,l-d] [1,3,5] oxathiazin-6-one, prepn of, 602 
Pyrimido [1,2-6] pyridazines, prepn of, 2457 
2H (and 4fi)-Pyrim ido [1,2-6]pyridazin-2(and 4)-ones, synthesis 

of, 3506
2#-Pyrimido[l,2-a]pyrimidin-2-one hydrobromide, preparation 

of, 604

Pyrimido [5,4-e]-os-triazines, studies of, 2974; 5-substituted
7-amino-, prepn of, 3502 

Pyrindine derivatives, synthesis, 2065
5if-l-Pyrindine-5,7(6J7)-diones, 6-acyl-, prepn and reaction with 

hydrazine, 3890
Pyrolyses, of acridizinium arylmaleimide addition products, 3778; 

of amino acids, hydrogen cyanide formation from, 189; of 3- 
aryl-3-buten-l-ols, 1755; of 2-azido-3-nitronaphthalene, 3464; 
of benzhydroxamic chloride derivatives, 2155; of betaines, 
1489; of 3-cyclopropyl-3-oxopropanoates, 3787; of 1,1-di- 
alkylated 3-phenylindene, 650; of 1,1-dihexyl-l-methylamine- 
2-acylimides, 1474; of 2,6-dimethyl-4-pyrone-alkyne photo
adducts, 910; of di( «-substituted benzyl)oxalates, 3575; of
1-ethoxypropenyl esters of keto acids, 2740; of l-methyl-2- 
phenylpiperidine-l-acylimides, 2467; of oxaphospholanes, 
2244; of phenylalkenylidenecyclopropanes, 3061; of phenyl- 
propiolyl azide, 1679; of tetrachloro-o-phenylene carbonate 
and tetrachloro-o-benzoquinone, 1469; of 1,1,3,3-tetrafluoro- 
acetone, 3572

Pyrolytic isomerization, of l-aroyl-2,2-dimethylaziridines, 3907 
Pyrone, 4-thia-, photodimerization of, 4132
2-Pyrone derivatives, from reaction of pyridinium ylides with 

diphenylcyclopropenone, 2451
2- Pyrones, 6-styryl-, synthesis of, 1832 
Pyrosulfuryl fluoride, some reactions of, 940
Pyrrole, condensation, Knorr, modified, mechanism of, 853;

studies, alkylation of pyrrylthallium(I), 3993 
Pyrrolenines, 2-(l-isoquinolyl)-3,3,5-triaryl-, synthesis of rear

rangement products of, 1459
Pyrroles, isoquinolyl, synthesis of, 1459; JV-phenyl-, photooxy

genation of, 31; via l-(pyrrol-2-ylmethylene)pyrrolidinium 
salts, 1005

Pyrrolidine, derivatives, cyclization of diallylamines to, 3187; 
enamines, use in synthesis of 2-(3-indolylmethyD-3-piperidones, 
2471

3- iV-Pyrrolidinocholest-2-en-4-one, hydride reduction of, 211
3-Pyrrolidinomethyl-2-benzothiazoline-2-thione, prepn of, 636 
2-Pyrrolidinones, l-cyclohexyl-4-carboxy-5-aryl-, formation of,

3404; iV-methyl-, reactions with olefins and diolefins, 2311
2- Pyrroline, 1-p-nitrocarbobenzoxy)-, prepn of, 3076
3- Pyrroline, iV-p-nitrobenzoyl-, formation of, 3078 
A'-Pyrroline, novel synthesis of, 3316
Pyrrolinones, from the photooxygenation of iV-phenylpyrroles, 31 
“ Pyrrolo[l,2-a] indole,”  Scholtz, reassignment of structure, 222 
9-ff-Pyrrolo[l,2-a]indoles, 9-(disubstituted amino)-, prepn and 

reactions of, 3992
Pyrrolo [2,3-6] pyrrole derivatives, synthesis of, 3929 
2-Pyrrolyl cyclopropyl ketone, prepn of, 2897 
l-(Pyrrol-2-ylmethylene)pyrrolidinium salts, use in synthesis of 

/3-substituted pyrroles, 1005
Pyrroporphyrin methyl ester, 6-(«-hydroxy-/3-carbomethoxy- 

ethyl)-, z in c (II) chelate of, 3824 
Pyrrylthallium (I), alkylation of, 3993 
Pyruvic acid semicarbazone, kinetics of formation of, 1668

Quadricyclene, addition of deuterium chloride to, 2769 
Quadricyclenedicarboxylic acid, addition of hydrogen chloride 

to, 2773
Quaternary ammonium compounds, synthesis of, 824 
Quaternary benzylammonium ion rearrangements, with organo- 

lithium, 1217
Quebrachidine, monomeric units of alstonisidine resemble, 582 
Quinazoline, 4-amino-2-phenyl-, formation of, 1463 
Quinazolines, 3-amino-3,4-dihydro-, synthesis and reactions of, 

782; ring expansion of, 2968; studies related to, 1064
4- Quinazolinones, chloromethyl-, ring enlargement of, 777; 

studies on, 642
Quinoline, 6-hydroxy-2,7-dimethyl-5-nitro-, from antibiotic 

X-537A, 3621; tetrahydro-, sulfones and sulfonamide deriva
tives of, 1321

Quinoline 1-oxides, deoxydative substitution of, 1641 
Quinolines, chloro-, dechlorination of, 1723; 2-dialkylamino-6- 

and -7-hydroxy-5,8-dioxo-, synthesis of, 3490; reduction by 
lithium in liquid ammonia, 279

8-Quinolinol, electrophilic halogenation of, 1616
8-Quinolinolsulfonic acids, prepn. of, 3494 
Quinolizidines, thiomethylene groups in, nmr, 3703 
477-Quinolizin-4-ones, 1,2-disubstituted, prepn of, 8
4-(2-Quinolyl)-l,3-butanediones, 1-aryl-, synthesis and reactions 

of, 354
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Quinone, 3,3',5,5'-tetraphenyldipheno-, thermolysis of, 218 
Quinone hemiketal related to vitamin K , studies of, 4045 
Quinonoid compounds, steric effects of vicinal substituents on 

redox equilibria in, 2849
Quinoxaline 1,4-dioxide, 2-dimethylamino-3-methyl-, synthesis of, 

1842
Quinoxaline di-A-oxides, photolysis of, 514 
Quinoxalines, 2-amino-6- and 7-chloroquinoxalines, syntheses of, 

1158; chiralities of bridge carbon atoms, 3989; tetrahydro-, 
from the ring contraction of 4-hydroxy-5-phenyltetrahydro-
1,4-benzodiazepines, 1248

2(lA)-Quinoxalinones, l,3-diaryl-3,4-dihydro-7-methoxy-, un
usual oxidation reactions of, 27

3-Quinuclidinones, 2-aryl methylene-, Baeyer-Villiger oxidation 
of, 390

Radiation-initiated oxidation, of hydrocarbons, 3423 
Radical addition, of perfluoroalkyl iodides in cyclization of diallyl- 

amines, 3187; of protonated iV-chloropiperidine to conjugated 
enynes, 2572

Radical-induced decomposition, of aryliodine dicarboxylates, 
1531

Radical processes, in the photolysis of benzylammonium salts, 
3112

Radical production, from decomposition of azonit-riles, 8025 
Radicals, alkoxy, cyclic addition in alkynes, 2674; alkyl, kinetics 

of ligand transfer oxidation of, 3103; alkyl, ligand transfer 
oxidation by copper(II) halides, 3095; nitroxide, from bis(A- 
arylnaphthylamines), 560; from thermal decompositions of 
¿erf-butyl phenylperacetates, 657; triarylimidazolyl, and their 
dimers, properties of, 2262, and reactions of, 2267; trityl, reac
tion with thiophenol, 2582; viologen, from di(4-pyridyl) ketone 
methiodides in hydroxide, 357 

Raman spectra, of selinane and analogs, 2422 
Raney nickel, reaction with nitriles in presence of hydrazine 

hydrate, 3539
Raney nickel desulfurization, of l,3-diphenylthiene[3,4-6j- 

quinoxaline 2,2-dioxides, 479
Rearrangements, accompanying free-radical addition of thio

phenol to 3-methylenenortricyelene, 1866; of trans- and cfs-4- 
acetamido-5-phenyl-3-isothiazolidinone 1,1-dioxide, 1073; acid 
catalyzed, in the bicyclo [3.2.0] heptenyl system, 1017; of O- 
and iV-acyl and alkoxyca.rbonyl derivatives of o-aminophenol, 
3130; of 3-alkyl-8-nitro-s-triazolo[3,4-6] (l,3,4)benzothiadi- 
azepine, 2190; of allyldimethylsulfonium salts, 1126; of 3- 
amino-l-benzylindazole to 4-amino-2-phenylquinazoline, 1463; 
of arylsulfonanilides, 1321; of 7-azabicyclo [4.2.0] oct-3-ene, 
442; of aziridine carboximidoyl chlorides, 2142; base induced, 
of epoxides to allylic alcohols, 1365; base-promoted, of a-aryl- 
neopentylammonium salts, 984; benzilic acid type, in the 
prepn of 3-oxazoline-2(lff)-2-thiones, 2886; of 1,4-benzodi
azepines, 1465; of bicyclobutane derivatives, 1882; of w-bro- 
molongifolene, 3455; of l-bromomethylene-2,2-dimethylcyclo- 
butane, 1031; carbonium ion, of janusene, hemiisojanusene, 
and isojanusene derivatives, 1854; diaxial-diequatorial, of
5,6-dibromocholesteryl benzoate, 2568; of 1,2-diazepines, 
2962; of A,iV-(diisopropyl)carbamates, 3585; of dilithio- 
phenyl-l-propyne, 1319; of dimethylbenzylanilinium salts, 
1222; of 2,4-diphenylthietane dioxides, 2693, 2698, 2703; 
epoxide-carbonyl, use of molten salts as medium for, 3135; 
of epoxides, thermal, 2855; of the Grignard reagent from 5- 
chloro-l-pentene-5,5-d2, 4133; of halomethyleneeyclobutanes, 
1024; intramolecular, of a carbenoid, 128; intramolecular, of 
1-ethoxypropenyl esters of y- and S-keto acids, 2740; intra
molecular, in removal of the o-phenazophenoxyacetyl amino 
protecting group, 2250; of 2-isocyanato-4- (alkylthio) acid 
chlorides, 3639; of 2-(l-isoquinolyl)-3,3,5-triarylpyrrolenines, 
1459; of methyl 2-mercaptobenzoate, 1520; of A-nitropy- 
razoles, 3081; of l-oxaspiro[3.5]nona-5,8-diene-2,7-dione, 2216; 
of penicillin sulfoxide, 1259; pinacol type, in prepn of A-nor 
steroids, 2400; photobenzidine, 2787; photochemical, of 1,2- 
benzisoxazolinones, 1088; Smiles, on borohydride reduction of 
a nitrophenoxy ester, 1171; solvolytic, of 6-oxabieyclo[3.2.1]- 
octane-l-methyl p-bromobenzenesulfonate, 504; of 20-sub- 
stituted bisnorallocholanes, 716; of 4-substituted protoada- 
mantanes, 1821; vs. substitution, of halogenated ketene olefin 
cycloadducts, 2033; -substitution reactions, of trans-fi-benzoyl-
7-phenyIallyl halides, 3918; of tetracyclic diterpenes, 3722; 
of 2,2,o,5-tetramethyl-4-isopropylidene-l-oxaspiro[2.2]pentane, 
1184; of thenilic acid, 2489; thermal, of 2,3-benzonorbornadi-

ene, 2080; thermal, of nitrobenzenesulfenanilides, 799; ther
mal, of 0-(2-pyridyl) oximes, 1061; of thiazolo[5,4-«']pyrim
idines, 3502; of p-toluenesulfonylazoenes, to 2-p-toluenesul- 
fonyldiazo compounds, 1915; of toluenesulfonyl derivatives of
2,3-dihvdro-5-methyl-6-phenyl-l,2-diazepin-4-one, 2676 

Redox cleavage of the sulfur-sulfur bond and carbon-sulfur bond 
in tetramethylthiuram disulfide by A-benzyl-l,4-dihydronic- 
otinamide, 525

Redox equilibria, in quinonoid compounds, steric effects of 
vicinal substituents on, 2849

Reductions, of acyl fluorides to esters using organosilicon hy
drides, 2547; alkali metal, of epoxides, ketals, and related 
heterocycles, 330; of 1-alkynyl derivatives, 3520; of aromatic 
nitro compounds by dihydroflavins, 1389; of aromatic nitro 
compounds, with sodium borohydride, 803; of benz[c] acridines, 
anomalous, 3067; of l-bromocycloprop[2,3]indenes, 971; 
of cholesterol 24-hydroperoxides, 1007; in the chrysene series, 
3306; of cyclooctane-1,5-diones, transannular ring closure by, 
4125; of diazonium fluoroborates by rhodium complexes, 1725; 
of D IC  riboside, 1594; of dihalophosphonoacetates and dihalo- 
malonates, 1835; of l ,37dihydro-l,3-diphenylthiene[3,4-b]- 
quinoxaline 2,2-dioxides, 479; of 9-dimethylamino-9.ff-pyrrolo- 
[ 1,2-a] indole, 3992; of halocyclopropanes, with sodium naphtha- 
lenide, 2186; of indoles and quinolines by lithium in liquid 
ammonia, 279; of ketones with lithium tri-ieri-butoxyalumi- 
num hydride, 197; of 5-lactones and hindered esters with di- 
borane, 3485; lithium aluminum hydride, of aliphatic /S dike
tones, 2110; lithium-ammonia, of aromatic ketones to aro
matic hydrocarbons, 2588; lithium-ammonia, of <*,0-unsatu- 
rated acids and /3-keto acid methoxymethyl enol ethers, 1151; of
4-methylsulfonoxyadamantan-2-one, 3460; of 7-norbornenone, 
1559; one-electron, of thioxanthylium and 9-phenylthiox- 
anthylium ion and a bithiabenzene analog, 794; of oxepins with 
alkali metals, 1402; of 6-phenyldibenz[b,/]azocine, 2681; of 
phenyl trimethylsilyl ketone and phenyl triphenylsilyl ketone, 
3168; of pyridine A-oxides, 1526; of steroidal 4-en-3/3-ols with 
hydrazine, 2730; of sulfoxides, 613; of tertiary halides, to 
hydrocarbons with sodium borohydride in sulfolane, 1568; 
of testosterone esters, improved procedures, 81; of thio acids 
with lithium aluminum hydride and sodium borohydride, 3235; 
of unsaturated compounds containing oxygen, 2018 

Reduction products, Clemmensen, of benzoylferrocene, 761; 
of reaction of n-propylmagnesium, -cadmium, and -zinc re
agents with 4-lert-butylcyclohexanone, 186 

Reduction reactions, of cobalt-cyano complexes, 2717 
Reductive alkylation, of ll//-5,6-dihydrobenzo[5,6]cyclohepta- 

[l,2-b]pyridin-ll-one, 1709 
Reductive amination, of benzaldehydes, 1710 
Reductive cleavage, of cyclopropane rings, 1036 
Reductive cyclization, of nitropyridinepyruvates, 450 
Reductive elimination, of epoxides to olefins with zinc-copper 

couple, 1187
Reductive ring contraction, in formation of a benzoxazole from 

a 1,4-benzoxazine, 2449
Reformatsky reaction, intramolecular, in synthesis of gibbane 

synthons, 3707; on 4-oxoindoles, 1232 
Regiospeeific reduction, in the chrysene series, 3306 
Reimer-Tiemann reaction, origin of the formyl proton of salicyl- 

aldehyde obtained by, 202 
Resibufogenin, synthesis of, 3736
Resin acids, decarboxylation induced by a degenerate acyloin 

rearrangement, 3899; synthesis of methyl podocarp-8(14)-en-
13-on-15-oate, 3271

Resolutions, of A-(benzyloxycarbonyl)alanine, racemic, 1580; 
of coniine, improved method, 3648; partial, of trans-cyclo- 
octene, 1569; of d- and n-a-(3,4-dihydroxybenzyl)-a-hydrazino- 
propionic acid, 1946; of l-ethyl-l,2,3,4-tetrahydro-l-phenyl- 
benzo[li]phosphinolinium salts, 2791; of heterohelicenes, 2797; 
of nepetic acids, 414; optical, use of nmr in, 3046 

Resonance in the mass spectral cleavage of benzophenones, steric 
inhibition of, 137

Return-rearrangement in solvolyses, triangular kinetic schemes, 
2182

Rhodium complexes, use in reduction of diazonium fluoroborates, 
1725

D-Ribofuranosyluracils, 5-/3 and 5- a ,  prepn of, 1507
D-Ribose, 2-thio-, synthesis of, 2646
Riboside, A ICA , new synthesis of, 1594
Ribosyl analogs, of chloramphenicol, 4113
Ribosyl derivatives, of 8-azahypoxanthine, synthesis of, 1962
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Ring-chain equilibrium, substituents effects on, 1352 
Ring closure reactions, of [mjferrocenophanylpropionic acids, 

2832
Ring contraction, of 4-hydroxy-5-phenyltetrahydro-l,4-benzo

diazepines to tetrahydroquinoxalines, 1248 
Ring enlargement, of chloromethylquinazolin-4-ones, 777; 

during free-radical bromination of bicyclo[2.2.1]heptanol-2, 
2030

Ring expansion, of chloromethylpyrazolo[l,5-c]quinazolines and 
a 1,2,4-benzothiadiazine 1,1-dioxide, 2968 

Ring inversion, in 2,3,6,7-tetramethoxy-9,10-dihydroanthracene, 
2723

Ring-opening reactions, of triphenylcyclopropyllithium com
pounds, 2592

Ring strain effects, on aromatic reactivity, 227 
Ring strain and inductive effects, in cyeloalkylcarbinyl tosylates, 

solvolysis studies, 146
Ritter reaction, of adamanto[2,1-d] oxazolidin-2-one, 1821;

of nitronium fluoroborate with olefins in acetonitrile, 3641 
Robinson annelation reaction, with 3-penten-2-one, 178 
Rotational barriers, for phenols and anisoles, 2747 
Rotation, restricted, of aryl rings in cz.s-l,2-diaryleyelopentanes 

and diarylmethylcyclobutanes, 565 
Rubredoxin, synthesis of a decapeptide sequence of, 3022 
Ruthenium (II) complex, in selective isomerization of vinyl- 

cycloalkenes and vinylcyeloalkanes, 2497

Saccharin, adduct with DCC, 3686
Salicylaldehyde formyl proton, obtained by the Reimer-Tiemann 

reaction, 202
Salicylamide, O-benzyloxycarbonylglycyl-JV-ethyl-, base-cata

lyzed decomposition of, 157 
l-Salicyloyl-3-ethylhydantoin, prepn of, 157 
Salt effects, specific, upon rates of Sn I solvolyses, 887 
Sativene, acid-catalyzed interconversion of copacamphene with, 

2826
Schiff bases, condensation with succinic anhydrides, 3404; 

dimethylamine borane reduction of, 860; substituent and 
secondary deuterium isotope effects for hydrolysis of, 1345 

Schmidt reaction, of pseudopelletierine, 2061 
Schmidt rearrangement, of the homoadamantan-4-one system, 

2454
Scholl reaction, in new approach to dibenzo [a, l] pyrenes, 2053 
Scholtz “ pyrrolo[l,2-o]indole,”  reassignment of structure, 222 
Schotten-Baumann reaction, in synthesis of homopetaline-type 

compounds, 1293
1,2,3-Selenadiazole, synthesis of, 2836 
Selenium dioxide oxidation, of semicarbazone, 2836 
Selenium-selenium bonds, formation by chloramination, 1700 
Selenomethionine, a potential catalytic antioxidant in biological 

systems, 2561
Selenonium poles, effects on orientation and rate of nitration, 1745 
5/377,7/3,10a-Selin-ll-en-4a-ol, as structure for paradisiol, 2422 
Semicarbazone, of pyruvic acid, kinetics of formation of, 1668 
Semicarbazones, oxidation with selenium dioxide, 2836 
Semidiones, esr of, 1559; paramagnetic, from oxidation of ferro- 

cenyl ketones, 2092
Sesquiterpene, fukinone, synthesis of, 877 
Sesquiterpene alcohol, paradisiol, structure of, 2422 
Sesquiterpenes, guaiane, synthetic studies of, 2035; total synthe

sis of racemic nootkatone, 594 
Sex attractants of Trogoderma inclusum, synthesis of, 2902 
Shikimic acid, synthesis of lactone intermediate from, 118
9-Silabicyclo [4.3.0] nona-3,7-diene, l,8-diphenyl-3,4,9,9-tetra-

methyl-, prepn of, 1626
Silacyclohexanone, 4,4-dimethyl-, mass spectra of, 4060 
l-Sila-2,3:6,7-dibenzocycloheptatriene, 1,1-dimethyl-, synthesis 

of, 3365
Silane, acyloxy-, as an acylating agent for peptide synthesis, 850 
Silanecarboxylic acid, triorgano-, synthesis and spectral proper

ties of, 3475; ionization constants, 3480 
Silane hydride transfer-carbonium ion transfer reactions, 758 
Silanes, phenyl- and benzyl-, mass speGtra of, 933; a,/3-unsatu- 

rated trihalo-, Diels-Alder reaction with cyclopentadiene, 929 
Silicon compounds, (3-aminoalkyl)-, syntheses of, 3120; mass 

spectra of, 1620
Silicon hydrides, in reductions of acyl fluorides, 2547 
Silicon ring systems, improved synthetic routes to, 4060 
Silicon tetrachloride, use in prepn of dipeptides, 850

Silver carbonate/celite, oxidation of phenols with silver carbon- 
ate/celite, 1339

Silver ion, interaction with strained olefins, 4076 
Silylcarbamates, prepn of, 2954 
Silyl carbinols, configurational studies, 3168 
Silyl carbonate, ieri-butyl trimethyl-, prepn and reactions of, 

2954
Silyl ketones, asymmetric Grignard reductions of, 3168 
Simmons-Smith reagent, in replacement of the carbonyl oxygen 

of hydroxy ketones by methylene and 1,1-ethano groups, 3515 
/3-Sitosteryl acetate, synthesis of, 3944
Smiles rearrangement, on borohydride reduction of a nitrophen- 

oxy ester, 1171
Sn2 transition state, Linnett electronic theory, 702 
Sodium azide, reaction of dithiazolium cations with, 3465 
Sodium borohydride, in conversion of vicinal nitro nitrates to 

nitroalkanes, 2574; reaction of 8-alkyl-7(877)pteridinone-6- 
carboxylic acid derivatives, 4012; use in reduction of aromatic 
nitro compounds, 803; use in the reduction of thio acids, 3235 

Sodium borohydride-cobalt chloride, reduction of diphenyl 
sulfoxide with, 613

Sodium borohydride reduction, of chloromercurials, 504; of
l,3-diphenylthiene[3,4-b]quinoxaline 2,2-dioxides, 479; of di
sulfides, 309; of murrayacine, 725; of tertiary halides to hydro
carbons, 1568

Sodium borotritiide, use in labeling of pseudouridines, 1507 
Sodium cyanide, reactions of p-toluenesulfonyl chloride and p- 

toluene sulfonyl cyanide with, 1654 
Sodium l,l-dimethoxy-2,4,6-trinitrocyclohexadienylide, electro

lyte and micellar effects on, 2172
Sodium hydroxide, aqueous, in cleavage of phenylpropargyl- 

aldehyde, 1348
Sodium mandelate, from the reaction of phenylglyoxal hydrate 

with sodium hydroxide, 3591
Sodium methoxide, ' reactions of dodeeabromopentacyclo- 

[5.3.0.02.s.03-9.04.8] decane with, 352 
Sodium naphthalenide, in reduction of halocyclopropanes, 2186 
Sodium 4-nitrophenoxide, reaction with 2-bromoacetanilides, 

1921
Sodium phenoxide, reaction with diethyl bromomalonate, 3646 
Sodium- and potassium-catalyzed reactions, of alkylpyridines 

with olefinic hydrocarbons, 2304
Sodium tetraphenylboride, use in depressing the dissociation of 

sodium 9-fluorenone oximate, 1931 
Sodium thiolates, use in displacement of nitrite ion in nitroben- 

zenes, 396
Sodium p-toluenesulfinate, reactions of p-toluenesulfonyl chloride 

and p-toluenesulfonyl cyanide with, 1654 
Solarium xanthocarpum, carpesterol from, 3946 
Solute-solvent interactions, linear free-energy relationships be

tween, 1539
Solvatochromic shifts, for 4-nitroaniline and 4-nitrophenol de

rivatives, 1342
Solvent effects, in the decomposition of tert-butyl peroxide, 733; 

on the energy of the electronic transition of p-nitrotoluene-a- 
d3 and p-methylanisole-a-ds, 239; in nmr, 1107; in orientation 
in base-catalyzed /3 elimination from 2-butyl halides, 662 

Solvent isotope incorporation, in prepn of deuterated and triti- 
ated amino acids, 3019 

Solvent proton affinities, measure of, 1342
Solvolysis, of benzo[7,8]bicyclo[4.2.1jnonen-9(ezo)-yl p-bromo- 

benzenesulfonate, 2777; of 1-chloro-l-nitro-l-phenylethane, 
3561; of cyeloalkylcarbinyl tosylates, 146; of cyclobutyl /3- 
naphthalenesulfonate, 1913; of 2,6-dimethyl-cis,irans-2,6- 
cyclodecadienol p-nitrobenzoate, 2932; of 2o,5-epithio-5a- and 
-epoxy-5a-cholestane derivatives, 1648; of 1,4-ethano-l,2,3,4- 
tetrahydronaphthalen-2(ezo and endo)-yl derivatives, sub
stituent effects on, 425; of 2-halo-2,3,3-trimethylbutanes, 
kinetics, 897; of the 5-phenylcyclooctanol system, 1360; of 
phthaloyl chlorides with feri-butyl hydroperoxide, 2900; 
return-rearrangement, triangular kinetic schemes, 2182; 
Sn I, specific salt effects upon rates of, 887; of 2,2,5,5-tetra- 
methyl-4-isopropylidene-l-oxaspiro [2.2] pentane, 1184; of a 
tricyclo[5.1.0.03'6]octan-2-ol p-nitrobenzoate, 2941 

Solvolytic processes, in the photolysis of benzylammonium salts, 
3112

Solvolytic studies, of tricyclo[3.2.1.03’6]octan-7-yl derivatives, 
3350

Sommelet-Hauser rearrangement, of a-arylneopentylammonium 
salts, 984
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Sorbic acid analogs, fluorinated, prepn of, 1904 
Specific resistances, for tetraalkylammonium salt solutions, 2371 
Spectra, of 2,4,6-trinitrotoluene in basic solution, 1671 
Spiro[acenaphthenone-2,1'-cyclopropanes], formation of, 745 
d-Spiro[3.3]heptane-2,6-dicarboxylic acid, configuration of, 834 
Spiro [3.3] heptanes, 2,6-disubstituted, attempted assignment of 

absolute configuration of, 834
Spiro [indan-l-one-3,10'- [46,9a]dihydro-46-phenylindeno- [1,2-a] 

inden-9-one], formation of, 1116 
Spiroindenopiperidine, formation of, 650 
Spiro ketones, mass spectra of, 948
Spiro lactone, from reaction of dimethylketene and p-benzo- 

quinone, 2216
Spiro olefins, mass spectra of, 948 
Spiro orthocarbonates, synthesis of, 1176 
Spiro [5.5] undecane systems, facile synthesis, 3653 
Staphylococcal nuclease, synthesis of substrates of, 245 
Sterculic acid, methyl ester, synthesis of, 3064 
Stereochemical assignments, of isomeric perhydrophenalenols, 

with europium ( I I I )  chelate nmr, 2199 
Stereochemical considerations, of reactions of phenylmagnesium 

bromide and phenyllithium with methylcyclohexanones, 2909 
Stereochemical control of reductions, 2577 
Stereochemical reaction cycle, with chiral phosphorus, 335 
Stereochemical studies of monoterpene compounds, 412 
Stereochemical studies of the Robinson annélation reaction with

3-penten-2-one, 178
Stereochemistry, of addition of IV-arylmaleimides to the acri- 

dizinium ion, 3778; of the addition of deuterium chloride to 
norbornadiene and quadricyclene, 2769; of addition of metal- 
ated carboxylic acids to steroids, 2403 ; of addition of methanol 
to hexafluoro-2-butyne and trifluoromethylacetylene, 345; of 
the addition of methylzinc and -cadmium reagents to acyclic 
aldehydes, 3311; of addition products of reaction of n-propyl- 
magnesium, -cadmium, and -zinc reagents with 4-iert-butyl- 
cyclohexanone, 186; of addition reactions of aliénés, 275; 
of arylketene cycloadditions, 1486; of bimolecular Clemmensen 
reduction products of benzoylferrocene, 761; of the cyclo
addition of benzyne, 1536; of cyclopropane ring cleavage, 2773; 
of displacement reactions at the neopentyl carbon, 403; of a 
gibberellie acid intermediate, 1299; oi halogénation of cyclo- 
hex-4-ene-l,2-dicarboxylic acids, 142; of hexahydro-2,l-benz- 
isoxazoline formation, 2440; in the hydralumination of 
acetylenes, 3520; influence on thioacetate displacements with 
carbohydrate sulfonates, 3714; of isolongifolene ketone epi- 
mers, 2560; of isomeric pinane-2,3-diols, 2319; of 2,2'-meth- 
ylenedicycloalkanone, 2728; of p-nitrophenyl phenacyl methyl- 
phosphonate oximes, 2023; of nucleophilic displacement of 
chloride ion on ^-substituted 1-chloroperfluoro olefins, 2351; 
of the palladium-catalyzed hydrogenation of 3-oxo-4-ene 
steroids, 231; of product from the acetylation of pinane, 2434; 
of radical addition of methanethiol-d to bicyclo[3.1.0]hexene-2, 
905; of vinyl phosphates, 3282; of the zinc-acetic acid de- 
bromination of a-bromoeamphor, 1153 

Stereoisomerism, elements of, 3293
Stereoisomers, of 3-hydroxy-2-methyl-2,3-dihydrobenzofurans, 

1805; of trimethyl methanetri(a-bromoacetate), 3613 
Stereoselective epoxidation of methylenecyclohexanes via bromo- 

hydrins, 216
Stereoselective reduction, in the chrysene series, 3306 
Stereoselective synthesis, of 0-chlorovinyl sulfones, 3691; of a- 

halocyclopropyllithium reagents, 369; of frans-isobornylcyclo- 
hexanol, 358

Stereoselective total synthesis, of racemic fukinone, 877; of 
racemic nootkatone, 594

Stereoselectivity, of lithium tri-ierl-butoxyaluminum hydride, 197 
Stereospecific intramolecular insertion, of the cyclopropylidenes, 

1877
Stereospecificity, of iodination of 2,3-pentadiene, 275 
Stereospecific Lewis acid rearrangement, of cyclobutene epoxides, 

1697
Stereospecific synthesis, of dimethylcycloheptanes, 2315; of 

8a-methyl steroids, 3277 
Steric deshielding, in nonrigid systems, 1631 
Steric effects, in ortho-substituted benzenes, 260, 266; in ortho- 

substituted compounds, 882; of vicinal substituents on redox 
equilibria in quinonoid compounds, 2849 

Steric hindrance, in a cis-trisubstituted cyclopropane derivative, 
3401

Steric inhibition, of resonance in the mass spectral cleavage of 
benzophenones, 137

Steric strain effects, on polarographic reduction potentials of 
biphenyl- and phenanthrene-related compounds, 666 

Steroid, 15-aza, synthesis of, 1599
Steroidal 17,20- and 20,21-acetonides, prepn and properties of, 586 
Steroidal adducts, prepn of, 83
Steroidal cyclic anhydride, hydride reductions of, 2397 
Steroidal 3,5-dieno[3,4-6]dioxanes, prepn of, 1812 
Steroidal 3,4-diones, reactions with ketalizing agents, 1812 
Steroidal enamino ketone and a diketone, hydride reduction of, 

211
Steroidal 4-en-3/3-ols, reduction with hydrazine, 2730 
Steroidal epoxides, reductive elimination of, 1187 
Steroidal isoxazolines, by 1,3-dipolar cycloaddition, 3470 
Steroidal ß-lactams, synthesis of pregnane and D-homo com

pounds, 59
Steroidal ¿-lactones and esters, reduction with diborane, 3485 
Steroidal «-oximino ketones, prepn of, 3659 
Steroidal 17-phenyl[3,2-c]pyrazoles, evidence for the structures 

of, 1597
Steroid conjugates, improved Koenigs-Knorr synthesis of aryl 

glucuronides, 863
Steroid derivatives, polarity effects in the solvolysis of, 3458 
Steroid nitroxide, photolysis of, 209
Steroids, addition of metalated carboxylic acids to, 2403; cata

lytic dehydrogenation of estr-4-en-3-ones, 2715; conformation 
of valerane related to, 2426; 7,7-dimethyl-19-nor-, total syn
thesis, 3260; generation of carbonium ions of, 758; hydroxy, 
catalysis by oxygen-containing groups in the acetylation of, 
1271; hydroxy ketones, reaction with the Simmons-Smith 
reagent, 3515; 19-hydroxy-19a-methyl-5-ene, synthesis via the 
6(3,19-epoxy derivatives, 2558; 19-hydroxy-A4'7- and 8,19- 
oxido-A4’6-3-keto-, prepn of, 2129; isolation of betamethasone 
17,21-orthobenzoate, 2903; 8<*-methyl, synthesis of, 3277; 
nmr of 11-oxygenated estrogen catechols, 1832; A-nor, via 
Dieckmann cyclization, 1009; N-nor-, via pinacol-type re
arrangement, 2400; 3-oxo-4-ene, palladium-catalyzed hydro
genation of, 231; reactions of NO F and SF4 with, 575; re
arrangement of 20-substituted bisnorallocholanes, 716; syn
thesis of the 12a,13ß-etiojervane analog of testosterone, 711; 
synthesis of A-norandrostanes via the Dieckmann cyclization, 
81; synthesis and reactions of 5a,8-epidioxyandrost-6-enes, 
2391; synthesis and reactions of 17/3-oxygenated 16a,17-cyclo- 
propylandrostanes, 1952; synthesis of /3-sitosteryl acetate and 
its 245 epimer, 3944; synthesis of 1',1',4'-trimethyl-3-trityl- 
oxyandrost-5-eno[16ß,17/3-fe]azetidinium tosylate, 1386 

Sterol metabolism, studies of cholesterol 24-hydroperoxide, 1007 
Sterol from Solanum xanthocarpum, carpesterol, 3946 
Stevens rearrangement, of a-arylneopentylammonium salts, 984;

from Ar,4V-dimethyl-A-benzylanilinium cation, 1217 
Stigmast-7-en-3(3-yl benzoate, (22fi)-22-hydroxy-6-oxo-4a- 

methyl-, as structure of carpesterol, 3946 
Stilbene, hydrogenation in liquid ammonia, 3649; photolysis in 

the presence of 2-methyl-4,5-dihydrofuran, 3015; from ring
opening reactions of triphenylcyclopropyllithium compounds, 
2592

Stilbenediamine, condensation with glyoxal, 3810 
Stilbenediamines, reactions of, 2516 
Stilbene dibromides, debromination of, 2377 
Stilbene epoxides, reductive eliminations of, 1187 
Structure-reactivity studies, of deoxygenation reactions, 300 
Styrene, addition to 9-substituted acridizinium ions, kinetics, 

969; 4-nitro-, crystal state photodimerization of, 1302; per- 
ehlorinated, electrolytic dechlorination of, 2000; radiation- 
initiated oxidation of, 3423; ß-(trimethylsilyl)-, mass spectra 
of, 1620

Styrene and derivatives, molybdenum-catalyzed epoxidations of, 
2493

Styrene epoxides, reductive eliminations of, 1187 
Styrenes, addition of sulfonyl chlorides to, 2536
6-Styryl-2-pyrones, synthesis of, 1832
Substituent constants, novel and facile method of determination 

of, 1205
Substituent effects, on the basicity of pyridine, 2284; m the cou

pling of phenyllithium and allylic chloride, 2099; stereochem
istry of the reaction, 2105; esr in study of, 560; for hydrolysis 
of Schiff bases, 1345; kinetic, on enolization, 4129; of positive 
poles in aromatic substitution, 1745; in the pyrolytic isomeri
zation of l-aroyl-2,2-dimethylaziridines, 3907; in the reaction
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rates of 2-arylhexafluoroisopropyl glycidyl ethers with di- 
butylamine, 1209; in the reaction of sodium 4-nitrophenoxide 
with 2-bromoacetanilides, 1921; on the reactivity of triaryl- 
imidazolyl free radicals toward tris(2-methyl-3-diethylamino- 
phenyl]methane, 2280; on sovlolyses of 1,4-ethano-l,2,3,4- 
tetrahydronaphthalen-2(exo-and endo) yl derivatives, 425; 
transmission by three-membered rings, 1107; in the valence 
tautomeric equilibrium study of l-aza-2,4,6-eyclooctatriene 
systems, 435

Substitution, of aromatics with nucleophiles, 1886; of 5-chloro- 
pyrazoles, 2542; nucleophilic vinylic, 3386 

Succinic acid, 2,3-dimethyl-, glc and esterification rates of the 
diastereoisomers of, 2200

Succinic anhydrides, condensation with Schiff bases, 3404 
Succinimide, synthesis from diacid chloride and lithium nitride, 

44
Succinimide phthalimide, anions, reactivity with methyl iodide in 

methanol, 1659
Succinonitriles, 2,3-diphenyl-, prepn of, 3160
Sugar derivatives, heterocyclic amino, reactions of, 1079,1085
Sugars, chain extension through acetylenic intermediates, 3242;

unsaturated, hydroformylation of, 592 
Sulfanilate, action on hypochlorite, 3816 
Sulfenanilides, nitrobenzene-, thermal reactions of, 799 
Sulfene, keto-, in intermediate in photochemical reactions, 361 
Sulfenyl chlorides, <x,a:-dichloro-, synthesis of, 3145; 1,2,4-

thiadiazolyl-, synthesis and reactions of, 14 
Sulfenyl iodide intermediates, evidence for, 2525, 2530 
Sulfenyl sulfur, nucleophilic reactions on, 322 
Sulfhydryl groups, selective cyanylation of, 2727 
Sulfhydryl proton chemical shifts, of phenyl hydrodisulfides, 3677 
Sulfide derivatives, of dibenzo[b,/] [1,4,5] thiadiazepine, 2887 
Sulfides, 1-adamantyl, carbon-sulfur cleavage of, 3038; alicyclic, 

protonated, 1121; aliphatic, reaction with carbethoxycarbene, 
1732; alkyl aryl, prepn of, 396; benzenediazo, cis-trans 
isomerization of, 2194; di-, tri-, and tetra-, prepn of, 3681; 
hydroxy, in free-radical reactions, neighboring-group partici
pation of, 731; ß-keto, novel synthesis of, 2540; macrocyclic 
polyether, 254; and sulfones, nmr of, 1737; 4-tetrahydro- 
pyranyl, synthesis of, 522 

Sulfilimines, iV-aryl-<S,S-dimethyl-, prepn of, 3861 
Sulfimides, o-benzoic, prepn of, 1843
Sulfinate esters, from reaction of thiolsulfonates with amino- 

phosphines, 322
Sulfinic acid, irans-l,2-diphenylcyclopropane-, formation of, 2698; 

formation of cis isomer, 2703
Sulfinyl sulfone, general base catalysis by a tertiary amine of the 

hydrolysis of, 2291
Sulfinyl sulfones, aryl, reaction with mercaptans, 2288 
Sulfolane, use in sodium borohydride reduction of aromatic nitro 

compounds, 803
Sulfonamide anions, reactivity with methyl iodide in methanol, 

1659
Sulfonamide nitrogen, neighboring-group participation by, 442 
Sulfonamides, carbodiimide-sulfoxide reactions of, 3686; a,ß- 

epoxy-, prepn of, 2538; N-monoalkylation of, 4102; of 1,2,3,4- 
tetrahydroquinoline, 1321

Sulfonate esters, solvolyses, triangular kinetic schemes, 2182 
Sulfonates, carbohydrate, thioacetate displacements with, 3714 
Sulfone, a-chloridicyclopropyl, synthesis and reaction with 

bases, 1015; of thiete, precautionary note on the synthesis of, 
1324

Sulfones, aryl sulfinyl, reaction with mercaptans, 2288; ß- 
chlorovinyl, syntheses of, 3691; diphenylcycloprooyl, prepn of, 
2698, 2703; phenyl 2-pentyl, base-induced eliminations of, 
1898; from reaction of thiolsulfonates with aminophosphines, 
322; of 1,2,3,4-tetrahydroquinoline, 1321; from thermal 
decomposition of ylides derived from p-toluenesulfonyl- 
hydrazides, 3642; unsaturated, prepn of, 2536; use in prepn of 
dialkylmercaptoethenes, 237 

Sulfonic acids, 8-quinolinol-, prepn of, 3494 
Sulfonic anhydrides, synthesis from diacyl chlorides, 528 
Sulfonic-carboxylic anhydride, mixed, new syntheses of, 528; 

reactions with aliphatic ethers and amines, 532; reactions with 
aromatic ethers and aromatic hydrocarbons, 540 

Sulfonium compounds, in methyl transfer to nucleophiles, 2337 
Sulfonium perchlorate derivatives of aromatics, 2923 
Sulfonium poles, effects on the orientation and rate of nitration, 

1745

Sulfonium salts, reaction with molecular oxygen, 3149; uv of, 
3149

Sulfonium ylides, reactions with aiyl azides, 2520; stabilized, 
2891; vinyl, prepn and chemistry of, 1126 

a-Sulfonyl carbanions, reaction with carbon disulfide, 237 
Sulfonyl chlorides, addition to acetylenes, 3691, 3697; addition 

to styrenes, 2536
Sulfonyl halides, with thiophenols, in deoxydative substitution of 

pyridine iV-oxides, 1641
Sulfonyl halides and cyanides, reaction with sodium cyanide, 1654 
Sulfonyl iodides, adducts with acetylenes, 1727 
Sulfonyl isocyanate, reaction with tetramethylallene, 2225 
.¡V-Sulfonylsulfilimmes, iS,S-dimethyl-, prepn of, 3686 
Sulfoxide alcohols, acyclic, conformations of, 1737 
Sulfoxide-carbodiimide reactions, 1909
Sulfoxide derivatives, of dibenzo [b,f] [1,4,5] thiadiazepine, 2887 
Sulfoxides, phenyl methyl, oxygen-18 exchange with water, 4097 ; 

reduction of, 613
Sulfoxides and sulfones, /3-amido and fi-thioamido, prepn of, 1742 
Sulfur, reaction with aliphatic primary amines, 3041 
Sulfuration reaction, aromatic, novel, 3546 
Sulfur chemistry, biologically oriented, 309 
Sulfur-containing heterocycles, conformational analysis of, 1314 
Sulfur-containing nucleosides, prepn of, 108 
Sulfur-containing polypeptides, 488
Sulfur dichloride, addition to o-bis(phenylethynyl)benzene, 3995 
Sulfur dioxide extrusion, from l,3-dihydro-l,3-diphenylthieno- 

[3,4^5] quinoxaline 2,2-dioxides, 479 
Sulfuric acid, action on ethyl 3,3-diphenyl-3-hydroxypropanoate, 

1116
Sulfur-nitrogen bond, chemistry of, 799
Sulfur participation, in solvolysis studies of a 7-thiabicyclo- 

[2.2.1]heptane derivative, 1648 
Sulfur-selenium bonds, formation by chloramination, 1700 
Sulfur-sulfur and carbon-sulfur bond, redox cleavage of, 525 
Sulfur trioxide-Lewis base complexes, as reagents for the Beck

mann rearrangement of ketoximes, 2159 
Sydnone, Ar,C'-diphenyl-, photochemical cycloadditions of, 1589 
Symbolic addition method, use in structure determination of 

terpenoid diol, 63

Taiwanin C, synthesis of, 3450
Tautomer dimerization, of ionic arylazonaphthols, 3838, 3842 
Tautomeric character, of cyclopenta[b]quinoline, 2065 
Tautomeric equilibrium, valence, study of, 435 
Tautomeric structures, of 3-iV-oxides of xanthine and guanine, 

2639
Tautomerism, in l,5-dianilino-4,8-naphthoquinones, 235; in

2,3-dihydro-3-oxo-l,2,4-triazines, 3921; keto-enol, in thiophene 
analogs of anthrone, 3999, 4004

Tay-Saehs ganglioside, synthesis of the trisaccharide inherent in, 
832

Temperature effects, in ozonolysis of cis- and Zrares-diisopropyl- 
ethylene, 1098, 1103

1,2-Terferrocene, synthesis of, 1499
Terpenes, epoxides of, reductive eliminations of, 1187; mono, 

stereochemical studies, 412; nmr of, 2757; synthesis of the 
BCD ring system of kaurene class, 3196; synthesis of methyl 
podocarp-8 ( 14 )-en- 13-on-15-oat e, 3271 

Terpenoid diol, iraws-2,8-dihydroxy-l(7)-p-menthene, synthesis 
and crystal structure of, 63

Terpenoids of the boll weevil sex attractant, synthesis of, 2616
o-Terphenyl, hydrogenation to dodecahydrotriphenylene, 694 
Testosterone esters, reduction of, 81
Testosterone, 17-ethynyl-8-a-methyl-, synthesis of, 3277; a 

12a,13/3-etiojervane analog of, 711; 2(3-hydroxy-, synthesis and 
conformation of, 3246; oxidation in DMSO-de, 1904 

Tetraalkylammonium salts, as supporting electrolytes in organic 
electrochemical reactions, 2371 

Tetraarylborate salts, synthesis and photolysis of, 544
1,3,5,7-Tetraazacyclooctane, fluorine-containing, synthesis of, 347 
Tetrachloro-o-benzoquinone, mass spectrum and pyrolyses of, 

1469
Tetrachloro-o-phenylene carbonate, mass spectra, 1469 
Tetracyanoethylene, use in novel dehydrogenations of steroids, 83 
Tetracyanoethylene adducts, in structure proof of the condensa

tion product of acetone with methylcyclopentadiene, 2853 
Tetracyanoethylene-diarylmethylene, cycloadditions, 1441 
Tetracycline, 7-dimethylamino-6-demethyl-6-deoxy-, synthesis 

of, 723
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Tetracyclo[3.2.0.02-7.04'6]heptane, addition of deuterium chloride 
to, 2769

Tetraeyelo[3.2.0.02>7.04>6] heptane-1,5-dicarboxylic acid, addition 
of hydrogen chloride to, 2773

Tetracyclone, reaction with l,3,5-cyclooctatrien-7-yne, 3339 
Tetracyclo[5.4.02-4.03’6]undeca-l(7),8,l0-trien-5-ols, synthesis 

of, 2057
Tetrafluoroethylene, photoadducts with pregna-5,16-dien-20-one, 

2381
2.3.4.5- Tetrahydro-l,4-benzoxazepines and their corresponding

3-ones, synthesis of, 305
( — )-A9(n)-lrans-Tetrahydrocannabinol, synthesis of, 721 
Tetrahydrofuran, hydroxy-, electrochemical formation of, 1683;

reaction with acetyl methanesulfonate, 532 
Tetrahydroindan derivatives, formation of, 1480
1.2.3.4- Tetrahydroisoquinoline phenols, electrolytic oxidation of, 

3006
l,10,ll,lla-Tetrahydro-lla-methyl-2if-naphth[l,2-(7]indol-7-ol,

synthesis of, 1599
1.3.4- Tetrahydrooxadiazines, novel synthesis of, 2838 
Tetrahydropyran, 4-chloro-, syntheses from, 522
1.4.5.6- Tetrahydropyridine, 2-acetyl-, synthesis of, 609
1.2.3.4- Tetrahydroquinoline 8-sulfones, prepn of, 1321 
Tetrakis(dimethylamino)titanium, reaction with N -H  carbox

amides, 1613
Tetrakis(hydroxymethyl)phosphonium chloride, reaction with 

mercuric chloride, 549
l-Tetralone-4-acetic acid, 4-methyl, use in synthesis of cyclic 

lactams, 607
1- Tetralone, lithium-ammonia reduction to tetralin, 2588; 2- 

(o-methylbenzal)-3-amino-4,4-dimethyl-, thermal decomposi
tion of, 3033; polyalkyl-, synthesis of, 2480; reaction with 
palladium-carbon, 686

2.3.6.7- Tetramethoxy-9,10-dihydroanthracene, ring inversion, 
2723

Tetramethyl alkyl-l-hydroxy-l,l-diphosphonates, prepn of, 3843 
Tetramethylallene, reactions of, 2225
Tetramethylchloroformamidinium chloride, reaction with meth- 

yllithium, 2881
1.2.4.5- Tetramethyleyclohexanes, conformational analysis, 3437 
Tetramethylethylenediamine, effect on metalation of IV-methyl-

and Ai-phenylbenzylamine with n-butyllithium, 1607 
Tetramethylguanidinium azide, reaction with iert-butyl chloro- 

formate, 2387
Tetramethyl-4-isopropylidene- 1-oxaspiro [2.2] pentane, studies of, 

1184
Tetramethylphthalyl bismethyl ether, photochemical formation 

of, 1765
Tetramethylthiuram disulfide, redox cleavage by JV-benzyl-1,4- 

dihydronicotinamide, 525
2.4.5.7- Tetranitrofluorenylideneaminooxysuccinic moiety, syn

thesis of a polymer containing, 2606
1.3.6.8- Tetranitronaphthalene, interaction of nucleophiles with, 

1749
Tetraones, pentaazadecane, formation of, 2005 
2,2',6,6'-Tetraphenyl-p,p'-biphenol, formation of, 218 
Tetraphenylcyclopentadienones, reaction with tricovalent phos

phines and phosphites, 553
3,3',5,5'-Tetraphenyldiphenoquinone, thermolysis of, 218
2- Tetrazene, tetramethyl-, reactions with diphenylketene and 

isocyanates, 1566
Tetrazoles, 2-alkyl-5-phenyl-, formation from l-alkyl-5-phenyl- 

tetrazoles, 3807
Tetrazolo[4,5-d]-4-azabisliomoadamantane, formation of, 2454 
Tetrazolo-azido isomerization, in heteroaromatics, 446 
Tetrazolo-azido isomerizations, of pyridotetrazolo[l,5-b]pyri- 

dazines, 3812 
Tetrazolopoylazines, 446 
Tetrodotoxin intermediates, synthesis of, 118 
Thalicsimidine, synthesis of, 2409
Thalictrum alkaloids, synthesis of adiantifoline and thalic

simidine, 2409
Thallium (I) benzohydroxamate, reaction with diphenyliodonium 

chloride, 233
Thallium triacetate, epoxidation by, 1154 
Thenils, synthesis, 2486; kinetics, 2489
Thermal decomposition, of 5-azido-5H-dibenzo[a,d]cyclohep- 

tenes, 1045; of 6fs(5-hexenoyl) peroxide, kinetics of, 174; 
of 6is-A3-l,3,4-thiadiazolines into diepisulfides, 3885; of teri- 
butyl phenylperacetates, 654, 657; of chrysanthemyl oxalate,

1968; of 3,3'-diphenyl-5,5'-bi-l-pyrazoline, 975; of ethyl 
diazoacetate, 1732; of /3-hydroxy esters, 3579; of 2-(o-methyl- 
benzal)-3-amino-4,4-dimethyl-1-tetralones, 3033; of phthaloyl 
dixanthates, 615; of trityl compounds, 2508 

Thermal decomposition reactions, of carboxybenzenediazonium 
salts, 2905

Thermal dimerization, of phenylallene, 1440 
Thermal dissociation, of aryl carbanilates in glyme, 2295 
Thermal extrusion, of the methylamino bridge of iV-methy 1-1,9- 

ethenophenothiazine, 2437
Thermal isomerization, of isoxazolidines, 2440; in the methyl- 

cyclohexadiene system, 917
Thermally disallowed valence tautomerization, of an indano- 

[ 1,2-6] aziridine to an isoquinolinium imine, 1405 
Thermal reactions, of nitrobenzenesulfenanilides, 799; of <*-d- 

xylopyranose and a-D-xylopyranosides, 2813 
Thermal rearrangement, of 2,3-benzonorbornadiene, 2080; 

of 0 - (2-pyridyl)oximes, 1061
Thermal stability, of mixed sulfonic-carboxylic anhydrides, 528 
Thermal transformations, of medium-ring olefins, 913 
Thermal two-carbon ring expansion studies, 3787 
Thermolysis, of 3-substituted l-benzoyl-2,2-dichloroaziridines-, 

1937; of 3,3',5,o'-tetraphenyldiphenoquinone, 218 
Thiabenzenes, one-electron reductions and disproportionations 

of thioxanthylium and 9-phenylthioxanthylium ion and a bi- 
thiabenzene analog, 794; prepn and properties of, 791

7-Thiabicyclo[2.2.1 ¡heptane derivative, sulfur participation in 
solvolysis study of, 1648

6-Thiabicyclo[3.2.1]octane, endo-4-bromo-, synthesis of, 855 
3#-[l,2,4]Thiadiazolo[4,3-a]pyridines prepn of, 1846 
7ff-l,3,4-Thiadiazolo[3,2-alpyrimidm-7-ones, synthesis of, 3506
1.2.4- Thiadiazol-3,5-yl 6fs(sulfenyl chloride), prepn of, 14
1.2.4- Thiadiazolylsulfenyl chlorides, synthesis and reactions of, 14 
Thiane oxides, nmr of, 1314
Thianthrenium perchlorate, reaction with aromatics, 2923
4-Thiapyrone, photodimerization of, 4132 
Thiaranes, protonated, nmr study of, 1121
1.3- Thiazepine, 2-anilino-4,7-dihydro-, prepn of, 3076 
477-1,4-Thiazine 5-dioxide, '.i-(K )-carboxy-5-methyl-2,3-d¡hydro-,

synthesis of ammonium salt of, 611
1.3- Thiazine-4-thiones, formation of, 2009
2£f-l,4-Thiazino[3,4-b] [l,3]oxazine, 6-cyano-3,4,6,9,9a-hexahy-

dro-, synthesis of, 226
2,5-Thiazolidinediones, prepn and use in peptide synthesis, 49 
Thiazolidine-2-thiones, 4,5-disubstituted, formation of, 1068 
Thiazolo[2,3-nlisoquinolinium-2-thione betaines, prepn of, 3156 
Thiazolo[2,3-c]-s-triazole system, synthesis of, 10; synthesis of, 

10
Thieno [3,4-6] quincline, transient, formation of, 1416
2- Thienylacrylate,a-cyano-, base-catalyzed reaction of, 2196 
Thienylfurans, synthesis of, 1011
Thienyl Grignards, reaction with thienylglyoxals, 2486 
Thienyllithiums, reaction with dimethyl oxalate, 2486
3- Thienylmandelic acid, cyclization of, 1053
Thietane, irans-2,4-diphenyl-, products formed via dimerization 

of, 2708
Thietanes, rearrangement of dioxides of, 2693, 2698, 2703 
Thiete sulfone, precautionary note on the synthesis of, 1324 
Thioacetals, of aldehydes, prepn of, 2731; ketene, reactions with 

electrophiles, 2731
Thioacetate displacements, with carbohydrate sulfonates, 3714 
Thio acids, reduction with lithium aluminum hydride and sodium 

borohydride, 3235
2'-Thioadenosine derivatives, synthesis, 2646 
/3-Thioamido sulfoxides and sulfones, prepn of, 1742 
Thio amino acids, use in peptide synthesis, 49 
Thiol analog, of iert-butyl trimethylsilyl carbonate, prepn and 

reactions of, 2954
4- Thio-D-arabinofuranosylpyrimidine nucleosides, prepn of, 108 
Thiobarbituric acid derivatives, synthesis of, 2407 
Thiobenzothiazoles, 2-alkyl-, prepn of, 636 
Thiobicyclo[3.1.0]hexanes, formation of, 905 
Thio-2-butanols, free-radical reactions of, 731 
JV-Thiocarboxyamino acid anhydrides, in synthesis of peptides, 49 
Thiocyanate isomerizations, an<i-7-norbornenyl and 7-norborna-

dienyl cations from, 1549
Thiocyanates, ionic, reaction with diacyl peroxides, 3053
5- Thiocyanatobenzoic acid, 2-nitro-, synthesis, 2727 
Thiocyanogen, formation of, 3053
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Thioglycolic acid chlorides, allyl-, intramolecular cyclization of, 
2077

Thiolane 2-oxides, 3,5-diphenyl-l,2-ox&-, formation of, 2693 
a-Thiolincosaminide, methyl iV-methyl-, prepn of, 596 
Thiol-iodine-disulfide-hydrogen iodide system, 2525, 2530 
Thiols, oxidation by iodine, 2530; reaction with acetylsulfenyl 

chloride, 2735; reaction of o-carboxyphenyl o-earboxybenzene- 
thiolsulfonate with, 309; reaction of vinyl isocyanide with, 
2876

Thiomercaptoenethioamide, alkyl-, cyclization with carbonyl 
compounds, 2009

Thiomethylene groups, nmr of, 3703 
Thiomethyl esters, prepn of, 3391
Thiophene, 2,5-dimethyl-, anodic oxidation of, 3673; cyclo

propyl-, syntheses, reactions, and uv spectra, 2236; dithieno-, 
synthesis of, 1998; halo-, reaction with metal amides, 2690; 
phenaleno-, synthesis and metalation of, 2683; ring-fused, 
synthesis of, 3932; free-radical addition to 3-methylenenor- 
tricyclene, 1866; reaction with trityl radicals, 2582 

Thiophene analogs, of anthrone, keto-enol tautomerism in, 3999, 
4004

Thiophene-2-carboxylic acid, 4-benzyl-, prepn of, 1053 
Thiophenes, fluoro-, synthesis and nmr of, 2188; methylbromo-, 

reaction with potassium amide, 3820 
Thiophenols in the presence of sulfonyl halides, use in deoxydative 

substitution of pyridine N -ox ides, 1641 
Thiophosphonates, enamine, prepn of, 2892; dialkyl alkynyl-, 

synthesis of, 2720
Thiopyran-3-ones, dihydro-, synthesis of, 2077 
Thiopyridines, a- and /3-aryl-, prepn of, 1641 
2-Thio-D-ribose, synthesis of, 2646
Thiosulfonates, cyclic, desulfurization of, 322; and related de

rivatives, chemistry of, 322
Thiosulfuric acids, aminoalkane-, action of hydrogen sulfide on, 

3681
2-Thiouracils, reaction with formaldehyde under acidic condi

tions, 602
Thiourea and related compounds, crystalline complexes with 

macrocyclic polyethers, 1690
2-Thiouridine and 2-thioisouridine, synthesis by mercuri pro

cedure, 3026
Thioxanthylium ion, one-electron reductions and disproportion

ations of, 794
Thiuram disulfides, from photochemical reaction of phthaloic 

bisdithiocarbamic anhydrides, 615 
Thymidine derivatives containing p-nitrophenyl phosphate 

groups, 245
Thymidine 5'-phosphate, reaction with hydrogen peroxide and its 

derivatives, 1256
Thymine, reaction with hydrogen peroxide and its derivatives, 

1256
Thymine nucleosides, prepn of, 108 
Thyropropionic acid, reaction with hydroxyl radical, 2016 
Thyroxine, model reactions for the metabolism of, 2016 
Tin dialkoxides, reaction with carbon disulfide, 1176 
Tin hydrides, trimethyl- and methylhalo-, addition to norborna- 

diene, 2083
Tobacco mosaic virus protein sequence 81-85, synthesis of, 870 
Tocopherol, via the trimethylhydroquinone-BF3 complex, 2910 
Tolan, reaction with a mixture of iodine and peracetic acid, 2164 
Tolane, hydrogenation in liquid ammonia, 3649 
Tolane tetrachloride, dechlorination by metals, 3517 
Toluene, from dehydrocyclization of n-heptane, 337; reactions 

of 2-dichloromethylene-3-oxazolin-5~ones, 3990 
p-T  oluenesulf onamide, N -  [ 1- (isopropylidenehydrazino )ethyli-

dene]-, prepn of, 3629
p-Toluenesulfonyl azide, reaction with acetone azine, 3629 
p-Toiuenesulfonylazoalkenes, decomposition of, 1915 
p-Toluenesulfonyl chloride, reactions with sodium cyanide and 

with sodium p-toluenesulfinate, 1654 
p-Toluenesulfonyl cyanide, reactions with sodium cyanide and 

with sodium p-toluenesulfinate, 1654 
Toluenesulfonyl derivatives, of 2,3-dihydro-5-methyl-6-phenyl-

l,2-diazepin-4-one, 2676
p-Toluenesulfonylhydrazides, ylides from, thermal decomposition 

of, 3642
pp-Toluenesulfonylhydrazones, prepn of, 128 
p-Toluenesulfonyl iodide, adducts with acetylenes, 1727 
p-Tolylsulfenyl p-toluenethiolsulfonate, prepn of, 322 
Torgov-Smith reactions, in steroid total synthesis, 3260

JV-Tosylamines, cyclic, nitrogen inversion in, 1309 
Tosylate, of 3,5-dicarbomethoxy-2,6-dimethyl-2-hydroxymethyl-

1,2-dihydropyridine, 978; displacement, by weak bases, 806; 
n-propyl, nucleophilicities toward, 730; cycloalkylcarbinyl, 
solvolysis studies of, 146; dithio-, in organic synthesis, 1137; 
kinetics of solvolysis of, 1360; phenylcyclohexyl, neighboring- 
group replacement reactions of, 399 

Tosyl chloride in pyridine, reaction with trans-2-2-(2-methoxy- 
cyclohexyl)ethanol, 846

Tosyl group, displacement at neopentyl carbon, 403 
Tosyloxyethylanilines, use in synthesis of iV-arylaziridines, 3071 
Tosyl-protected cyclic guanidines, synthesis, 46 
Transannular interactions, in organosilicon heterocycles, 4060 
Transannular nitrene addition, 1045
Transannular reactions, of cyclopropane half-cage alcohols, 1316 
Transannular ring closure, by reduction of cyclloctane-l,5-diones, 

4125
Transfer reactions involving boron, 1790
Transition metal complexes, as selective isomerization catalysts, 

2497
Transition state, leading to decarboxylation of 2-pyridine- 

carboxylic acids, 454 
gem-Triamine, synthesis of, 2885
Triarylimidazolyl free radicals, reactivity toward tris(2-methyl-

4-diethylaminophenyl)methane, 2280 
Triarylimidazolyl radicals and their dimers, properties of, 2262; 

reactions of, 2267
2.4.6- Triazabicyclo[3.2.1]octane, 7-endo-carboxy-3-imino-, as 

structure of viomycidine, 873
Triazene, l-phenyl-3-benzoyl-, formation of, 2008 
os-Triazine-5-carboxylates, alkyl 6-amino-, prepn of, 2974
1.2.4- Triazine N-oxides, synthesis and characterization of, 787
1.2.4- Triazines, 2,3-dihydro-3-oxo-, tautomerism in, 3921 
s-Triazines, fluorine-containing, 347
Triazino[4,3-/]phenanthridine derivatives, synthesis of, 2767
1.2.3- Triazoles, 1-iV-glycosyl-, synthesis of, 2553
1.2.4- Triazoles, synthetic studies, 10
s-Triazolone ring system, as a new cfs-azo dienophile, 518 
2-Triazolylhydrazines, ring closure reactions of, 10 
Tributylphosphine, displacement of tertiary phosphines from 

methylolphosphonium salts by, 549 
Tri-n-butyltin reduction, of l-bromocycloprop[2,3]indenes, 971 
Tricarbethoxyphosphine, synthesis of, 3461
Tricarbonyl(fluorobenzene)chromium, kinetics of reactions with 

amines, 4081
Trichloramine, in chlorination of alkenes, 3566 
Trichloroacetyl isocyanate, reactions with unsaturated ethers, 

2228
Trichloromethyl keto acids, reaction in sulfuric acid, 1714 
Trichloromethyllithium, reaction with 4-halonitrobenzenes, 2907 
2-Trichloromethylthioaminopyridiue, use in synthesis of thia- 

diazolopyridines, 1846
Trichlorosilanes, reaction with a-chloro-/3-keto sulfides, 2540
2.4.6- Tricyanobenzenes, interaction with lyate ions, 2333 
Tricyclic nitrogen systems, synthesis of, 2192 
Tricyclo[6.4.0.0! '7jdodeca-2,12-diene, cis- and trans-, synthesis

by intramolecular coupling of disilver reagents, 1694 
Tricyclo[3.2.0.02'7]heptane, 5- and exo-4-ierf-butyl-, establish

ment of the structures of, 1882
Tricyclo[4.1.0.02 '] heptane, 3- and 4-fert-butyl-, establishment of 

structures of, 1882
Tricyclo[5.2.0.02'6]nonane system, synthetic studies of, 1423 
Tricyclo[5.1.0.03'5]octan-2-ols, prepn of, 2941 
Trieyclo[3.2.1.03'6]octan-7-yl derivatives, synthesis, chemistry, 

and solvolytic studies of, 3350 
erado-Tricyelo[3.2.1.02'4]octene-6, formation of, 1554 
Tricycloquinazoline, formation of, 642 
Tricyclo[5.3.1.03'8iundecane, facile synthesis, 3653 
Trieyclo[4.3.1.13'10]undecanium iodide, 10-methyl-3,10-diaza-, 

synthesis of, 2061
Trienes, protonation and alkylation of dianions derived from, 

3614
Triethylamine, effect on the deoxydative substitution of pyridine 

N -oxides by mercaptans, 3749; reaction with bromoacetylene, 
3856

Triethyloxonium fluoroborate, reaction with diphenyl disulfide, 
1513

Triethyl phosphite, use in deoxygenation of nitvosobenzene 
295, 300

Triethynylmethanol, synthesis of, 749
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Trifluoroacetic acid, use in bromination of icri-butylbenzene, 1002 
Trifluoroacetic acid-methylene chloride, in generation of tert- 

eations, 758
Trifluoroacetic anhydride, reaction with maleamic acids, 821;

ring opening addition to cyclic ethers, 3640 
Trifluoroacetyl derivative, of n-lanthionine, 73 
Trifluoromethylacetylene, addition of methanol to, 345 
Trihalide ions, with negative activation energy, 702 
Trihalosilanes, a,^-unsaturated, Diels-Alder reaction with cyclo- 

pentadiene, 929
Triisobutylaluminum, reaction with 1,5-cyclooctadiene, 381
2.3.3- Trimethylbutanes, 2-halo-, reactions of, 897 
Trimethylene dithiotosylate, prepn of, 1137 
Trimethyl methanetrifa-bramoacetate, prepn of, 3613 
Trimethylsilylated pyrimidine, reaction with 2,3,5-tri-O-benzoyl-

4-thio-/3-D-arabinofuranosyl bromide, 108 
l-(Trimethylsilyl)-3-phenylpropane, mass spectra of, 1620 
syw-Trinitrobenzene and enamines, stable bicyclic immonium 

zwitterions from, 856
1.3.5- Trinitrobenzene, Meisenheimer complexes with hydroxide 

and alkoxide, 1325
2.4.6- Trinitrobenzenes, stable hydride Meisenheimer adducts of, 

937
2.4.6- Trinitrobiphenyl, nitration of, 1926
2.4.6- Trinitrocyclohexadienylide, 1,1-dimethoxy-, electrolyte and 

micellar effects on, 2172
2.4.6- Trinitrotoluene, kinetics of reaction in basic solution, 1671 
Triphenylcyclopropyllithium compounds, ring-opening reactions

of, 2592
Triphenylmet.hane dyes, leuco, biimidazole-sensitized photo

oxidation of, 2275
0- Triphenylmethylhydroxylamine, a useful O-protected form of 

hydroxylamine, 3835
Tripheny¡phosphine, reaction with azobenzene, 3994; reaction 

with diisopropyl peroxydicarbonate, 407; reaction with poly- 
halomethane-alcohol reaction, further observations, 403; 
in reduction of diene-phosphorus trihalide cycloadducts, 1285; 
use in synthesis of amides, 1305

Triphenylphosphine dibromide, action on cholest-5-ene-3/3,4/3- 
diol, 3243

1- (0-Triphenylphosphonioethyl) -2 - pyrazolin - 3 - yltriphenylphos- 
phonium dibromides, 7026

3.3.3- Triphenylpropene, addition of bromine azide to, 2176
2.4.6- Triphenylthiopyrylium perchlorate, coupling with phenyl- 

ethynyllithium, 791
Trisaccharide inherent in the Tay-Sachs ganglioside, synthesis of, 

832
Trisfcarboalkoxy&mino ¡methane, synthesis of, 3251 
Tris(diethylamino¡phosphine, use in desulfurization of cystine 

derivatives, 73
<*,a,a-Tris(dimethylamino)toluene, synthesis of, 2885 
Tris-m-fluorophenyldiethoxyphosphorane, electronic effects of, 

998
Tris(2-methyl-4-diethylaminophenyl)methane, reactivity of tri- 

arylimidazolyl free radicals toward, 2280 
Triterpene ester aglycones, acerotin and acerocin, 1972 
Tritiated amino acids, prepn of, 3019 
Trityl compounds, thermal decomposition of, 2508 
Trityloxyamine, a useful O-protected form of hydroxylamine, 

3835
Trity l radicals, reaction with thiophenol, 2582
2- Tropanols, total synthesis of four isomers of, 3240 
Tropilidene, 1,2-benzo-, from rearrangement of 2,3-benzonor-

bornadiene 2080 
Tropinones, synthesis of, 1718
Tropolone, from hydrolysis of 7,7-dichlorobicyclo[3.2.0]hept-2- 

en-6-one, 2780
Tropone ethylene ketal, search for general acid catalysis of, 2357 
Tumor inhibitors, acerotin and acerocin, 1972; from Bersama 

abyssinica, 2611
Tungsten hexachloride and ethylaluminum dichloride cocatalyst 

system, in alkylation and metathesis reactions, 2951

(± )-U leine, formal total synthesis of, 1291 
Ullman coupling, intramolecular, use in synthesis of dimethyl 

6,6'-diethyldiphenate, 1398
Ullmann reaction, use in synthesis of adiantifoline, 2409; in 

synthesis of nitropicrylbenzenes, 1926 
Ultraviolet irradiation of S-phenyl thiolacetate, 221

Ultraviolet spectra, of adenine nucleosides, 2646; of benazepine 
derivatives, 645; of biphenyls in D M F, 666; of carboxysilanes 
and -germanes, 3475; of chlorocarbons, conjugated, 676; 
of conjugated dienones, 1977; of cyclopropylthiophenes, 2236; 
of M,M-di(carboxymethy] ¡anilines, 3051; of ß diketone ob
tained from anhydro Butenandt acid, 3719; of dithienothio- 
phenes, 1645; of dye derivatives of 3-formyl-4rir-flavene, 600; 
of heterocyclic phosphinic acids, 2566; of isomerically sub
stituted purines, 1573; of isomeric l,4-bis(l,2-diphenylvinyl)- 
benzenes, 2956; of macrocyclic polyether sulfides, 254; of
4-nitroanüine and 4-nitrophenol derivatives, 1342; of N -  
(4-nitrophenyl)polymethylenimines, 3845, 3852; of nucleosides 
of 8-azapurine, 1962; of 3-JV-oxides of xanthine and guanine, 
tautomeric structures, 2639; of pentaphenes, 2995; of phenolic 
aporphines in basic solution, 3253; of purine oxides, 1228; 
of steroidal a-oximino ketones, 3659; of sulfonium salts, 3149; 
of tautomeric l,5-dianilino-4,8-naphthoquinones, 235; of 
thienylfurans, 1011; of trans alkenes, 2797 

a,/3-Unsaturated acids, lithium-ammonia reduction of, 1151 
a,0-Unsaturated amino ester, reaction with benzoyl isothio

cyanate, 2602
a,/3-Unsaturated carbonyl compounds, cyclization of hydrazones 

of, 3895; new method for prepn of, 752
2- and 3-Unsaturated carboxylic acid dianions, isomerization of, 

3290
Unsaturated compounds, reduction over nickel boride, 2018 
<x,d-Unsaturated esters, electroreduction of, 3740 
Unsaturated ethers, reactions with trichloroacetyl isocyanate, 

2228
œ,/î-Unsatm’ated ketones, from the anodic decarboxylation of 

glycidic acids, 3232; dehydrogenation of, 686; iodine azide 
adducts of, 258

Unsaturated phosphorus compounds, ozonolysis of, 1840 
Unsaturated sugars, hydroformylation of, 592 
a,i8-Unsaturated trihalosilanes, Diels-Alder reaction with cyclo- 

pentadiene, 929
Uracil, reaction with hydrogen peroxide and its derivatives, 1256 
Uracil derivatives, diazomethane méthylation of, 848 
Uracil nucleosides, prepn of, 108
Uracils, 5-hydroxy-, conversion into 6-alkyluracils via Claisen 

rearrangements, 1251; 2-thio-, reaction with formaldehyde 
under acidic conditions 602

Urea derivatives, isolation of a-chlorostyryl isocyanates as, 3542 
Ureas, M-acyl-, formation of, 3391 
Uretidinedione, di-ierf-butyl-, prepn of, 3056 
Uridine, 5-allyloxy-, Claisen rearrangement of, 1251; 2'-amino- 

2'-deoxy-, synthesis of, 250; 2-thio-, synthesis by mercuri 
procedure, 3026

Valence tautomeric equilibrium, of l-aza-2,4,6-cyclooctatriene-7- 
azabicyclo [4.2.0] octadiene, 435

Valence tautomerization, of an indano[ 1,2-6] aziridine to an iso- 
quinolinium imine, 1405 

Valerane, conformation of, 2426
Valeryl peroxide, reaction with cupric thiocyanate, 3095 
a-Vetivone, total synthesis of, 178 
Vicinal dibromides, debromination of, 2377 
Vicinal methyl-methyl eclipsing interaction across a carbon- 

nitrogen single bond, 3782
Vicinal substituents, steric effects on redox equilibria in quinonoid 

compounds, 2849
Vilsmeier-Haack formylation, of tetrahydroindoles, 1241 
Vilsmeier reaction, of triphenylphosphine dibromide on cholest-5- 

ene-3fl,4(3-diol, 3243
2- Vinylaziridine, reactions of derivatives of, 3076 
Vinyl benzoates, prepn of, 1447 
Vinylcyeloalkanes, prepn of, 913
Vinylcycloalkenes and vinylcyeloalkanes, selective isomerization 

to exocyclic compounds, 2497
3- Vinylcycloheptanone, photochemical formation of, 1428, 1434 
1-Vinylcyclopentene, Diels-Alder condensation with trans-o-

methyl-/3-nitrostyrene, 1480
Vinylene carbonate, condensation with benz [a] anthracene, 966 
Vinyl ester interchange, in prepn of symmetrical diaroylmethanes, 

1447
Vinyl esters, use in synthesis of 1,2,4-oxadiazoles, 1306 
Vinylferrocenes, 2-substituted, synthesis of, 377 
Vinyl fluorides, two-step synthesis of, 818
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Vinyl groups, fi substituted, attached to pyridine, 2284 
Vinylic substitution, nucleophilic, 3386 
Vinylidenebisdimethylamine, prepn of, 2881 
2-Vinylindoles, dimerization of, 1759
Vinyl isocyanide, in formimidation of amine, alcohol, and amide, 

2876
5-Vinylnorbornene, selective isomerization of, 2497 
Vinyloxyboranes, use in prepn of dialkylated ketones, 1790 
Vinyl phosphates, from the Perkow reaction, 3282 
Vinylphosphonium salts, reaction with the sodium salt of benzoin, 

2244
Vinylpyridines, cycloaddition of enamines to, 1449; formation of, 

2978
Vinyl sulfonium ylides, prepn and chemistry of, 1126 
Vinyltriphenylphosphonium bromide, phosphonioethylation re

action of, 4041; use in phosphonioethylation of active meth
ylene compounds, 1489

Viologen radical, from di(4-pyridyl) ketone methiodides in 
hydroxide, 357

Viomycidine, structure of, 873
Vitamin E, group I I I  metal complexes in the prepn of, 2910 
Vitamin K , studies of a quinone hemiketal related to, 4045

Wagnei'-Meerwein rearrangement, of 2,3-dideuterionorbornene, 
340; of diterpenes, 3722; of luciferin aldehyde, 1195; in 
solvolysis studies, 1648

Walden inversion, in the study of the Sn2 transition state, 702 
Westheimer method, in calculation of the geometries and energies 

of perhydrophanthrenes, 739
W ittig  reaction, convenient modification of, 2026; of l-methyl-4- 

phosphorinanone, 1495; modified, in prepn of 1,6-diarylhexa- 
trienes, 3473; of 4-oxoindoles, 1232; of pyrazolinyltriphenyl- 
phosphonium salts, 4033; in synthesis of racemic nootkatone, 
594

Wolff-Kishner reduction, of tricyclo[3.2.1.03'6]octan-7-one, 3350

Xanthates, phthaloyl di-, photochemical transformations of, 615 
Xanthine 3-JV-oxides, tautomeric structures of, 2639 
Xanthines, 3-hydroxy-, alkylated, prepn of, 2635

Xanthones, furano-substituted, synthesis of, 845 
Xenon difluoride, reaction with substituted benzenes, 2917 
X-ray analysis, of adducts of sulfonyl iodides with acetylenes, 

1727; of 2-p-bromophenyl-3,4-dimethyl-5-phenyloxazolidine, 
2261; of the cyclization product from luciferin aldehyde, 1195; 
of imras-2,8-dihydroxy-l(7)-p-menthene, 63; of diketoiso- 
janusenes, 1865; of ethyl 2-benzamido-5-benzoyl-4-dimethyl- 
amino-6-thioxonicotinate, 2602; of a gibberellic acid inter
mediate, 1299; of a nogalose derivative, 2670; of the oxidation 
product of an octahydro-5i?-cyclooct[6]indole, 2823; of 
oxidized l-chloro-l-phenylmercapto-2,3-dimethyl cyclopropane, 
3401; of a rearrangement product of l,4-benzodiazepin-2-ones, 
1465

X-ray crystallographic analysis, of a dimeric amine, 1064 
X-ray diffraction, of JV-eso-6-bicyclo[3.1.0]hexyl-p-bromosulfon- 

amide, 2929; of dihydrobenzofurans, 1805; of 7,7-dimethyl- 
19-nor steroids, 3260

X ylito l and ribitol derivatives, esterification of, 3407 
Xylopyranose and xylopyranosides, thermal reactions of, 2813

Ylide, oxysulfonium, formation in the D M SO -D C C  oxidation, 
1909

Ylide formation, from carbene and sulfides, 1732 
Ylides, 1-alkoxycarbonyliminopyridinium, addition reactions 

with dimethyl acetylenedicarboxylate, 2978; derived from p- 
toluenesulfonylhydrazides, thermal decomposition of, 3642; 
phosphonium, reaction with benzoyl isocyanate, 2029; pyridin- 
ium, reaction with D PP, 2451; sulfonium, reactions with aryl 
azides, 2520; sulfonium, stabilized, 2891; vinyl sulfonium, 
prepn and chemistry of, 1126

Ynamines, from l,l-difluoro-2-aryl- and-2-alkylethylenes, 1438

Ziegler-Natta catalysts, in the norbornadiene-butadiene co
dimerization, 1443

Zinc-acetic acid debromination, of a-bromocamphor, 1153 
Zinc-copper couple, use in reductive elimination of epoxides, 1187 
Zinc dust distillation, of murrayacine, 725
Zwitterions, stable bicyclic immonium, from enamines and sym- 

trinitrobenzene, 856
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C a r b e n e  C h e m i s t r y

Dr. Robert A. Moss 
Rutgers State University 
New Brunswick, N.J.
June 16, 1969 & June 30, 1969 154

Carbenes are im p ortan t in the syn thes is  o f 
cyc lop ropanes and fa r  m ore h igh ly strained 
sm all ring com pounds and, in fac t, th ere 's  
hardly a substrate, from  stero ids to  e lem en ta l 
n itrogen, that h asn 't been  “ h it"  w ith a car- 
bene. 06169

C h e m i c a l  O r i g i n  o f  C e l l s

Sidney W. Fox and Dr. Kaoru Harada, 
University o f Miami; Dr. Gottfried  
Krampitz, University o f Bonn; and Dr. 
George Mueller, University of 
Concepcion, Chile
June 22, 1970 504

W e now have chem ica l and g e o lo g ica l rea
sons to  be lieve  m olecu les  evo lved  to  prim itive 
life lik e  system s through rugged  reactions, 
sim ply, qu ickly, o ften , and in m any terrestria l 
locations. The answers so fa r a va ilab le  are 
s im p ler than those gen era lly  anticipated . 
The research  has shown that the problem  can 
be approached  through ch em ica l d isc ip line ; it 
need no lon ger be regarded  as im ponderab le.

62270

R e i n f o r c e d  P l a s t i c s

Gilbert R. Parker, C&EN
January 26, 1970 504

In the 1970-75 period re in forced  p lastics  will 
en joy  m any su ccesses— in term s o f sales, 
production, and earn ings grow th , product 
value, and accep tance. The industry, the 
products, and the consum ers are exam ined 
in th is artic le . 12670

M o l e c u l a r  O r b i t a l  
S y m m e t r y  R u l e s

Ralph G. Pearson 
Northwestern University 
Evanston, III.
Septem ber 28, 1970 504

Reaction m echan ism s in both organ ic  and in
organ ic chem istry  have been so ex tens ive ly  
and su ccessfu lly  studied in past years  tha t in 
the 1960's it seem ed  im poss ib le that any revo
lu tionary advance cou ld o ccu r in th is field . 
Ye t chem is ts ' recen t realization  o f  the im por
tance o f orb ita l sym m etry  e ffe c ts  in chem ical 
reactions m ust be considered  in th e  m ajor 
breakthrough ca tegory . 92870

E t h y l e n e

Bruce F. Greek, C&EN
February 22, 1971 504

Another price-capacity-construction  cycle un
der way. T h e  ethylene cost-supply situation 
will in terest m anagem ent, en gin eering , and 
techn ical s ta ff p eop le  alike. Tak ing the U.S. 
e th y len e  industry as a w hole, fu tu re  supply 
seem s to  rank ab ove  o th er concerns now as 
com pany research men and o th er planners 
revise the ir v iew s fo r  the next five years.

22271

C h e m i c a l  M u t a g e n s

Howard J. Sanders, C&EN
May 19, 1969 & June 2, 1969 75<j

G eneticists, physic ians, chem ists , and g row 
ing segm en ts  o f the public at la rge  are be
com in g  in tense ly aw are o f th e  possib ility 
that drugs o f all sorts, as w e ll as pestic ides, 
food  ingred ien ts and add itives , industrial 
chem icals , and o th er substances, m ay be 
causing g en etic  d am age  in human genera l- 
body ce lls  (som atic  ce lls ) and in germ ina l 
(sex  ce lls ). 05199

H e t e r o c y c l e s

Alan R. Katritzky 
University o f East Anglia 
England
April 13, 1970 50^

The a rtic le  exam ines som e o f the recent ad 
vances in h eterocyc lic  chem is try— a fie ld  im 
portant to  understanding b iochem ica l m ech
anism s, natural-product chem istry, dyes, 
pharm aceutica ls, and po lym ers. 41370

E l e c t r o o r g a n i c  S y n t h e s i s

Lennart E. Fberson 
University o f Lund, Sweden 
Norman L. Weinberg 
Hooker Chemical
Niagara Falls, N.Y. 504
January 25, 1971

A usefu l too l fo r  syn thetic  o rgan ic  chem ists. 
Industry in genera l is m aking a very  c lose  
reappra isa l o f e lec trochem ica l processing. 
Perhaps it is o verly  op tim istic  to exp ect e le c 
tro ly tic  p rocesses fo r  th e  production o f the 
m ost com m on o rgan ic  chem icals , but such 
m ethods should certa in ly  be o f g rea t in terest 
to m anu facturers o f fin e  chem ica ls . 12571

R u b b e r

Earl V. Anderson, C&EN
July 14, 1969 504

T od ay ’s rubber com pan y reaches out in m any 
d irections. The trad itiona l rubber products 
are still vita l, to  be sure. But rubber com 
pany in terests now extend back to  petroch em 
ical raw m ateria ls fo r  the ir e las tom ers  and 
spill o ve r  into o th er chem icals , tex tiles , m et
als, aerospace, nuclear en ergy  and, m ost im 
portant o f all, into plastics. 71469

F i b e r - R e i n f o r c e d  P l a s t i c s

Michael Heylin, C&EN
February 1, 1971 50<£

Fiber-rein forced p lastics ready fo r  boom ing 
grow th  in the 70's. They have estab lished  
foo th o ld s  in severa l m ajor m arkets, and they 
continue to  a ttract the attention  and the re
search  funds o f som e  o f the b igges t com p a 
nies in the country. 02171

F o o d :
P r o t e i n s  f o r  h u m a n s

Aaron M. Altschul
U. S. Departm ent o f Agriculture
Washington, D.C.
Nov. 24, 1969 504

W orldw ide, the overr id in g  prob lem  is poverty, 
thus econ om ic  prob lem s m ust be so lved  in 
addition  to im p roving  natural food stu ffs  and 
deve lop in g  new ones. 11249

F r e e  R a d i c a l  P a t h o l o g y

William A. Pryor 
Louisiana State University 
Baton Rouge
June 7, 1971 504

Efforts have in tensified  in recen t years  to  un
derstand th e  m echan ism s o f ag in g  at a m o
lecu lar leve l and, as part o f  the program , a 
grea t dea l o f  research  has been done on the 
free  radical th eory  o f ag in g  and th e  role o f 
radical inhib itors such as vitam in E in the 
cell. 06771
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